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Preface to ”Immunotherapy, Tumor

Microenvironment and Survival Signaling”

Immunotherapy, Tumor Microenvironment and Survival Signaling

The book is based on the Cancers journal Special Issue entitled “Immunotherapy, Tumor

Microenvironment and Survival Signaling”, and focuses on important problems concerning tumors

and tumor microenvironment interactions, as well as novel immunotherapies such as CAR-T cell

therapy. Immunotherapies have recently shown remarkable results in the treatment of cancer

patients. However, there are still many questions that remain to be solved in regards to more effective

therapies, such as the tumor heterogeneous profile, tumor microenvironment, tumor survival

epigenetic and genetic pathways, all of which make patients resistant to the presently available

treatments for cancer.

This book demonstrates different approaches to overcome the challenges faced by

immunotherapies due to suppressive tumor microenvironment. This book includes 18 papers that

can be divided into three chapters: 1. novel immunotherapies; 2. targeting tumor microenvironment

and novel approaches; 3. targeting tumors and tumor microenvironment in different types of cancer.

Novel Immunotherapies

Recently, a novel type of immunotherapy, CAR-T cell therapy, has demonstrated excellent

and exciting efficacy in leukemia, lymphoma and multiple myeloma. CD19 and BCMA-CAR-T

cell therapies have been approved by the FDA to treat patients with the above diseases. There

are still several challenges for CAR-T cells, such as targeting solid tumors with a repressive

microenvironment, resistance to CAR-T cell therapy due to the loss of antigens or other mechanisms,

persistency of CAR-T cells, etc. One of the approaches presented in the paper used to overcome

potential CD19 loss during treatment with CD19 CAR-T cells is the use of novel CD37 and

CD37-CD19-CAR-T cells.

Another group presented novel DCLK1 (Doublecortin-like kinase 1) antibody and DCLK-1-

CAR-T cells, which target colorectal cancers. The authors also demonstrated that DCLK1 is a marker

of tuft cells (TC) and cancer stem cells (CSCs), suggesting that DCLK1-positive TCs participate in the

initiation and progression of inflammation-associated cancer.

The different approaches were discussed in regards to generating metabolically fit CAR-T cells

to overcome immune-suppressive tumor microenvironment. Different enzymes or protein regulators

of metabolism were presented, able to be modulated to increase the efficacy of T cells. One of the

approaches is to induce the expression of PPAR-gamma coactivator 1-α (PGC1-α), which controls

mitochondrial biogenesis and increases the efficacy of T cells. Another approach is to generate the

CAR-T cell secreting antioxidant catalase enzyme to overcome hypoxic tumor microenvironment.

Several other approaches are highlighted, including CAR-T cells engineered to effect glycolysis,

glutaminolysis and other metabolic pathways

An original approach to overcome potential antigen loss during immunotherapy was described,

where the authors engineered T cells with a gp100 antigen (also known as premelanosome

protein, PMEL-specific TCR) and a CSPG4 (chondroitin sulfate proteoglycan 4, also known as

melanoma-associated chondroitin sulfate proteoglycan, MCSP, or high-molecular-weight melanoma-

associated antigen, HMW-MAA)-specific CAR. This represents a novel approach in immunotherapy

needing future expansion and optimization for used in clinic.
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Targeting Tumor Microenvironment and Novel Approaches

It is well known that the solid tumor microenvironment is hypoxic when treated with a high level

of TGF–repressing immunotherapy. The hypoxic tumor microenvironment is present not only in the

case of solid tumors, but also in bone marrow niches where B cells reside. One of the reports studied

the effect of hypoxia on the function of CAR-T cells, and detected that hypoxia impaired CAR-T cell

expansion, differentiation and cytokine production. This novel study could allow to generate better

equipped CAR-T cells to overcome the effects of a hypoxic tumor microenvironment.

Most tumors are surrounded and infiltrated by TAMs (tumor-associated macrophages) that

promote tumor motility, angiogenesis, metastasis and repress T cell functions and inhibit the effect

of chemo- or immunotherapies. An interesting study delivered special lytic proapoptotic peptides to

block TAMs, eliminating circulating monocytes and macrophages.

One of the approaches to block tumors and tumor microenvironment is to use antibodies to

block programmed cell death 1 (PD-1) or its ligand 1 (PD-L1). One of the reports demonstrated that

the sequential use of PD-1 and PD-L1 antibodies could cause cardiotoxicity in patients with brain

metastatic lung adenocarcinoma.

Another report reviewed different agents to improve checkpoint inhibitor efficacy in clinic.

The authors reported that while in melanoma and non-small cell lung cancer the use of immune

checkpoint inhibitors resulted in a high efficacy, the response rate in other tumors, such as

gastrointestinal cancers, breast cancer, sarcomas, and other genitourinary cancers, remained low.

Several strategies were discussed that could improve efficacy, such as the use of predictive

factors of response (for example, PD-L1 expression, tumor mutational burden and clinical factors),

a combination therapy approach, the use of different drugs such as microbiota modulators,

antiangiogenic agents, small molecules and oncolytic viruses, and drugs targeting coinhibitory

receptors.

An interesting review focused on the role of microRNA in the modulation of damage-associated

molecular patterns modulation (DAMP) immunogenic cell death (ICD), which is triggered by several

ICD inducers released into the tumor microenvironment and plays a major role in stimulating the

antitumor response. The exposure of DAMP, such as calreticulin, ATP, Hsps and HMGB1, confers

adjuvanticity to cancer cell death. The authors reviewed the main microRNA that targets DAMPs

such as Hsp 70, Hsp 90, HMGB1 and calreticulin.

Another review summarized the interactions and crosstalk between myeloid-derived suppressor

cells and regulatory T cells within the immunosuppressive tumor microenvironment. The authors

reviewed the role of beta-integrins, metabolic pathways and cell–cell interactions.

An interesting review focused on nanoparticles in cancer immunotherapy as the delivery

agents of immunotherapeutic agents, as well as immunomodulators. The authors discussed

nanoimmunotherapy, targeting the microenvironment with different nanoparticle-based agents and

overviewed future directions and challenges of this novel promising field.

Another interesting review focused on the novel mechanism of intercellular mitochondria

transfer in both solid and hematological cancers. The mitochondria transfer can change metabolic

pathways and affect the microenvironment and drug resistance mechanisms in different types of

cancers.

Targeting Tumors and Tumor Microenvironment in Different Types of Cancer

Several reviews concentrated on the interplay between targeting tumors and the tumor

microenvironment in different types of cancer, such as triple-negative breast cancer, breast, pediatric

and colorectal cancer.

The role of dendritic cells was reviewed in the immunotherapy of colorectal cancer. Novel
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strategies to combine DC vaccination with checkpoint inhibitors introduce novel perspectives for

the attainment of a more effective treatment of the disease.

The role of autophagy in the regulation of the tumor microenvironment in colorectal cancer

was discussed, and the specific mechanism by which autophagy is implicated in immune responses

during CRC tumorigenesis was described in the context of anticancer therapy.

Conclusions

This Special Issue demonstrated the complex interactions between tumors and the tumor

microenvironment, reviewed the cross-talk and interplay between them and provided best strategies

to overcome challenges in targeting tumors with a repressive immune environment. The reports

provided future directions in regards to increasing the number of available anticancer therapies.

Vita Golubovskaya

Editor
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1. Novel Immunotherapies

Recently, novel types of immunotherapies such as CAR-T cell therapy demonstrated
efficacy in leukemia, lymphoma, and multiple myeloma [1–3]. CD19 and BCMA-CAR-T
cell therapies were approved by FDA to treat patients with the above diseases. There are
still several challenges for CAR-T cell therapy, including safe and effective antigen targets
for solid tumors, overcoming a suppressive tumor microenvironment, and loss of antigen
expression, among others [4,5].

One of the approaches to overcome potential CD19 loss during treatment with CD19
CAR-T cells was presented in a paper with novel CD37 and CD37-CD19-CAR-T cells [6].
The authors generated a novel CD37 antibody and engineered both novel Cd37-CAR-T cells
and bispecific CD37-CD19-CAR-T cells that effectively targeted CD19+CD37+ lymphoma
in vitro and in vivo [6].

Another group presented novel DCLK1 (doublecortin-like kinase 1) antibody and
DCLK-1-CAR-T cells targeting colorectal cancers [7]. The authors demonstrated that DCLK1
was a marker of tuft cells (TC) and cancer stem cells (CSCs) and suggested that DCLK1-
positive TCs participated in the initiation and progression of inflammation-associated
cancer [8].

In another report, the authors reviewed different approaches to generate metabolically
fit CAR-T cells to overcome the immune-suppressive tumor microenvironment [9]. Since it
is known that metabolic pathways can control T cell proliferation, expansion, differentiation,
and function, the authors describe different enzymes or protein regulators of metabolism
that can be modulated to increase the efficacy of CAR-T cells [9]. One of the approaches is to
induce expression of PPAR-gamma coactivator 1-α (PGC1-α), which controls mitochondrial
biogenesis and results in an increased efficacy of T cells. Another approach is to generate
CAR-T cells which secrete the antioxidant enzyme catalase to overcome the hypoxic tu-
mor microenvironment [9]. Several other approaches are highlighted with CAR-T cells
engineered to effect glycolysis, glutaminolysis, and the pentose phosphate pathway.

In an original approach to overcome potential antigen loss during immunotherapy, the
authors engineered T cells with anti gp100 TCR antigen targeting PMEL (premelanosome
protein) and anti-CSPG4 CAR targeting chondroitin sulfate proteoglycan 4 (also known as
melanoma-associated chondroitin sulfate proteoglycan, MCSP, or high molecular weight
melanoma-associated antigen, HMW-MAA) [10]. These armed T cells were generated with
stable lentiviral delivery of gp100 TCR and transient delivery of CSPG4-CAR using RNA
electroporation [10]. This represents a novel approach in immunotherapy which needs
further optimization to be used in clinics.

2. Novel Approaches Targeting the Tumor Microenvironment

It is well known that the solid tumor microenvironment is hypoxic with high level of
TGF-β which represses immunotherapy. Hypoxia is present in the case of solid tumors and
in bone marrow niche where B cells reside [11]. One report studied the effect of hypoxia
on function of CAR-T cells and found that hypoxia impaired CAR-T cell expansion and
affected differentiation and cytokine production [12].

Cancers 2022, 14, 91. https://doi.org/10.3390/cancers14010091 https://www.mdpi.com/journal/cancers1
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Most tumors are surrounded and infiltrated by TAM (tumor associated macrophages)
that promote tumor motility, angiogenesis, metastasis, repress T cell functions, and in-
hibit the effect of chemo- or other immunotherapies [13]. The authors delivered spe-
cial lytic proapoptotic peptides to block TAMs, eliminate circulating monocytes and
macrophages [13].

One of the approaches to block tumors and tumor microenvironment players is to
use antibodies to block programmed cell death 1 (PD-1) or its ligand 1 (PD-L1). One of
the reports demonstrated that sequential use of PD-1 and PD-L1 antibodies can cause
cardiotoxicity in patient with brain metastatic lung adenocarcinoma [14]. Thus, the authors
conclude that the combinatory use of PD-1 and PD-L1 blockade, either sequentially or
concurrently, should be used carefully to avoid cardiotoxicity [14].

Another report reviewed different agents to improve checkpoint inhibitor efficacy in
clinic [15]. The authors report that while in melanoma and non-small cell lung cancer using
immune checkpoint inhibitors results in a high efficacy, the response rate in other tumors,
such as gastrointestinal cancers, breast cancer, sarcomas, and some genitourinary cancers
remains low [15]. Several strategies are discussed that can improve efficacy such as use of
predictive factors of the response (for example PD-L1 expression, tumor mutational burden,
and clinical factors), combination therapy approach, use in addition to abscopal effect of
radiotherapy other drugs such as microbiota modulators, anti-angiogenic agents, small
molecules, and oncolytic viruses (drugs targeting co-inhibitory receptors) [15].

Another review focuses on the role of microRNA in the modulation of damage-
associated molecular patterns (DAMP) [16]. Immunogenic cell death (ICD) which is
triggered by several ICD-inducers released into tumor microenvironment plays a major
role in stimulating anti-tumor response [16]. The exposure of DAMP such as calreticulin,
ATP, Hsps and HMGB1 confers adjuvanticity to cancer cell death [16]. The authors review
the main microRNA that target DAMPs such as Hsp 70, Hsp 90, HMGB1, calreticulin [16].

Another report summarizes interactions and crosstalk between myeloid-derived sup-
pressor cells and regulatory T cells within the immunosuppressive tumor microenviron-
ment [17]. The authors review role of beta-integrins, metabolic pathways, and cell-cell
interactions as modulators of this cross-talk [17].

Another review focused on nanoparticles in cancer immunotherapy as the delivery
agent of immunotherapeutic agents and as the immunomodulators [18]. The authors
discussed nano-immunotherapy, targeting microenvironment with different nanoparticle-
based agents, and overviewed future directions and challenges of this novel promising
field [18].

Another review presented new mechanism of intercellular mitochondria transfer in
both solid and hematological cancers [19]. The mitochondria transfer can change metabolic
pathways and affect microenvironment and drug resistance mechanisms in different types
of cancers.

3. Targeting Tumors and Tumor Microenvironment in Different Types of Cancer

Several reviews concentrated on targeting tumors and interplay with tumor microen-
vironment in different types of cancer such as triple negative breast cancer [20], breast
cancer [21], pediatric cancer [22], and colorectal cancer [23,24].

The challenges in treating triple negative breast cancer patients with immune check-
point inhibitors (ICI) are partly attributed to dysregulated angiogenesis, resulting in hypoxic
tumor microenvironment, increased production of VEGF, EGF, and PDGF, thereby stimu-
lating angiogenesis and metastasis [20]. Other challenges are long non-coding RNAs and
microsatellite instability that cause immunosuppression and affect the efficacy of ICI [20].
Since there is limited T-cell infiltration in most breast cancers, the development of novel
strategies to enhance sufficient lymphocyte infiltration, as well as to generate de novo T-cell
responses that overcome the immunosuppressive tumor environment, may be the key to
the success of this kind of therapy in breast cancer patients [21].
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The role of dendritic cells is reviewed in immunotherapy of colorectal cancer [23].
New strategies to combine DC vaccination with check-point inhibitors open perspectives
for a more effective treatment of disease [23].

The role of autophagy in the regulation of the tumor microenvironment for colorectal
cancer, the specific mechanism by which autophagy is implicated in immune responses
during CRC tumorigenesis, and the context of anticancer therapy is reviewed in [24].

4. Conclusions

This issue demonstrated the complex interaction between tumors and tumor mi-
croenvironment, reviewed cross talk and interplay between them, and provided the best
strategies for overcoming challenges in targeting tumors with repressive immune environ-
ment. The reports provided future directions in increasing anticancer therapies.

Conflicts of Interest: The author declares no conflict of interest.
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Simple Summary: Chimeric antigen receptor (CAR) T cell therapy represents a major advancement
in cancer treatment. Recently, FDA approved CAR-T cells directed against the CD19 protein for
treatment of leukemia and lymphoma. In spite of impressive clinical responses with CD19-CAR-T
cells, some patients demonstrate disease relapse due to either antigen loss, cancer heterogeneity or
other mechanisms. Novel CAR-T cells and targets are important for the field. This report describes
novel CD37, humanized CD37 and bispecific humanized CD37-CD19-CAR-T cells targeting both
CD37 and CD19. The study demonstrates that these novel CAR-T cells specifically targeted either
CD37 positive or CD37 and CD19-positive cells with endogenous and exogenous protein expression
and provides a basis for future clinical studies.

Abstract: CD19 and CD37 proteins are highly expressed in B-cell lymphoma and have been success-
fully targeted with different monotherapies, including chimeric antigen receptor (CAR)-T cell therapy.
The goal of this study was to target lymphoma with novel CD37, humanized CD37, and bi-specific
humanized CD37-CD19 CAR-T cells. A novel mouse monoclonal anti-human CD37 antibody (clone
2B8D12F2D4) was generated with high binding affinity for CD37 antigen (KD = 1.6 nM). The CD37
antibody specifically recognized cell surface CD37 protein in lymphoma cells and not in multiple
myeloma or other types of cancer. The mouse and humanized CD37-CAR-T cells specifically killed
Raji and CHO-CD37 cells and secreted IFN-gamma. In addition, we generated bi-specific humanized
hCD37-CD19 CAR-T cells that specifically killed Raji cells, CHO-CD37, and Hela-CD19 cells and did
not kill control CHO or Hela cells. Moreover, the hCD37-CD19 CAR-T cells secreted IFN-gamma
against CD37-positive and CD19-positive target CHO-CD37, Hela-CD19 cells, respectively, but not
against CD19 and CD37-negative parental cell line. The bi-specific hCD37-CD19 significantly inhib-
ited Raji xenograft tumor growth and prolonged mouse survival in NOD scid gamma mouse (NSG)
mouse model. This study demonstrates that novel humanized CD37 and humanized CD37-CD19
CAR-T cells specifically targeted either CD37 positive or CD37 and CD19-positive cells and provides
a basis for future clinical studies.

Keywords: chimeric antigen receptor; CAR-T cells; CD37; CD19; immunotherapy; cell therapy;
tumor antigen; lymphoma

1. Introduction

Chimeric antigen receptor (CAR) T cell therapy is an exciting and novel area of
immuno-oncology research [1–3]. CAR-T cells have been tested against several targets
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for hematological cancers, such as CD19, CD20, CD22, CD123, BCMA, and others in
clinical trials [4–13]. Novel approaches and targets are being developed to overcome
challenges to existing cell therapies, such as loss of antigen, an immunosuppressive tumor
microenvironment, and limited persistence of CAR-T cells [4,12,14–17]. Recently, novel
anti-CD37 CAR-T cell therapy was developed for lymphoma patients [18,19].

CD37 is highly expressed in many hematological cancers, such as non-Hodgkin’s
lymphoma (NHL), diffuse large B-cell lymphoma (DLBCL), chronic lymphocytic leukemia
(CLL), acute lymphocytic leukemia (ALL), and in some peripheral and cutaneous T cell
lymphomas [20–22], and absent or weakly expressed in multiple myeloma and Hodgkin’s
lymphoma [23]. CD37 is a 40–52 kDa heavily glycosylated member of the transmembrane
4 superfamily (TM4SF) of tetraspanin proteins [24,25]. CD37 plays a role in integrin,
AKT, PI3-Kinase-dependent survival, and apoptotic signaling, motility, immune response
signaling via activation of dendritic cell migration [25,26].

CD37 expressing cancers have been targeted with several antibody-based therapies, in-
cluding Fc engineered antibodies (BI836826), drug or radio immunoconjugates (maytansinoid
DM1 IMGN529; monomethyl auristatin E, AGS67E, and (177 Lu) Betalutin), DuoHexaBody-
CD37, and single-chain variable fragments (ScFv) (Otlertuzumab/TRU-016), either alone or
in combination with rituximab, chemotherapy, or other agents [22,27–32].

Recently, FDA-approved CD19-CAR-T cells (Kymriah (tisagenlecleucel) and Yescarta
(axicabtagene ciloleucel) have successfully treated patients with CD19+ B-cell leukemias [8,33].
However, the relapse due to loss of the CD19 antigen via alternative splicing or mutations
leading to loss of the protein transmembrane domain has been observed [34,35]. To improve
the efficacy of CAR-T cells in case of loss of antigen, dual, tandem, or bispecific CAR-T
cells were generated which target two different antigens, such as CD19/CD20 [36,37];
CD19/CD22 [38,39]; CD19/CD123 [40].

This report demonstrates the efficacy of three novel CAR-T cells derived from CD37
antibody, clone 2B8D12F2D4: mouse CD37, humanized hCD37 CAR-T cells, and bis-
pecific hCD37-CD19 CAR-T cells against lymphoma. Data show effective and specific
targeting of lymphoma cells expressing CD37 in vitro, and decreased tumor burden, and
increased median survival in a xenograft model in vivo, providing a solid basis for future
clinical studies.

2. Results

2.1. CD37 Antibody Clone 2B8D12F2D4 Binds Specifically and Selectively with High Affinity to
CD37 Antigen

Several murine anti-human CD37 mAbs were isolated from hybridoma and screened
for binding to recombinant human CD37-Maltose binding protein (MBP)-His antigen
(Figure 1A) and seven other unrelated proteins (Figure 1B). CD37 antibody, clone 2B8D12F2D4,
hereafter referred to as 2B8, specifically bound to CD37 antigen and did not bind to any of
the other proteins tested. (Figure 1B). To detect the affinity of the CD37 antibody, a kinetic
surface plasmon resonance experiment was performed on a Biacore with CD37-His protein.
The CD37 antibody bound to CD37 antigen with high affinity, with binding constant KD of
1.65 nM (Figure 1C).

To detect binding of CD37 antibody on the cell surface, we transfected human em-
bryonic kidney, HEK-293 cells either with CD37 antigen plasmid or with negative control
CD18 plasmid and showed specific binding of CD37 antibody 2B8 clone to CD37 in HEK-
293-CD37 cells but not in control HEK293-CD18 or HEK293 cells (Figure 1D). In addition,
Fluorescence Activated Cell Sorting, FACS analysis with Raji lymphoma cells demon-
strated positive staining with CD37 antibody but not with other K562 leukemia cells or
multiple myeloma RPMI8226, colon cancer Lovo cells, breast cancer MCF-7, or MDA-231
cells (Figure 1E). In addition, the CD37 antibody detected CD37 antigen in three primary
leukemia samples (Supplementary Figure S1). This shows that the CD37 antibody specif-
ically binds CD37 in lymphoma cells with endogenous expression of CD37 but not in
other types of cancer. To additionally test the specificity of the CD37 antibody, we tested
CHO-CD37 and CHO cells (Figure 1F).
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Figure 1. (A). Recombinant CD37 extracellular domain protein used for enzyme-linked immunosorbent assay, ELISA assay.
The CD37 protein had C-terminal Maltose Binding Protein, MBP and His tag. SDS (sodium dodecyl sulfate) gel shows
56 kDa CD37 protein. (B). ELISA shows binding of CD37 antibody 2B8D12F2D4 (2B8) clone to CD37 protein and no binding
to other unrelated control proteins. (C). Surface plasmon resonance kinetic data collected on Biacore with anti-CD37 2B8
antibody bound to mouse capture chip and titration of CD37-His. KD of 1.65 nm was measured from two independent
experiments. (D). Immunostaining shows binding of CD37 2B8 clone antibody to CD37 antigen in HEK293-CD37 cells but
not in HEK293-CD18 and HEK293 cells. Indirect immunofluorescence microscopy was performed with anti-CD37 2B8
followed by Goat-Anti-mouse IgG Alexa 488 (top row) and counterstained with DAPI (4′,6-diamidino-2-phenylindole)
nuclear stain (bottom row). (E). FACS shows positive staining of CD37 2B8 antibody in CD37-positive Raji cells but not in
other cancer cell lines. (F). FACS with CD37 antibody shows specific detection of cell surface CD37 in CHO-CD37 cells but
not in CHO cells. (G). Indirect immunohistochemistry was performed on health (upper panel) and tumor (lower panel)
adult tissue sections with anti-CD37 2B8 staining, followed by anti-mouse HRP (horseradish peroxidase). Positive staining
was observed in tonsil, a lymphoid tissue, but not in normal lung, cerebellum, or muscle. Negative staining was observed
in representative tumor samples.

We show that CD37 antibody has negative FACS staining in CHO cells but high
staining in CHO-CD37 cells (Figure 1F). There was also negative staining with IgG1 isotype
control in CHO-CD37 cells (Figure 1F). These and the above data demonstrate 2B8 bound
to surface-expressed CD37 and not to other surface proteins.

Immunohistochemical staining (IHC) demonstrated low or negative staining in many
normal tissues (esophagus, stomach, rectum, thyroid, kidney, lung, muscle, brain) (Sup-
plementary Table S1) but increased staining in tonsils where lymphocytes were present
(Figure 1G, upper panel). There was also negative staining in most types of cancer tumors
(ovarian, lung, cervical, bladder, lung, prostate, rectal, gastric cancer) (Figure S1) (Figure 1G,
lower panel).
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Thus, the specific binding of CD37 to extracellular CD37 antigen in lymphoma cells
makes this novel antibody suitable for CAR generation.

2.2. CD37-CAR-T Cells Specifically Target CD37-Positive Cells

We generated CAR with CD37 2B8 ScFv with a CD28 costimulatory domain and
CD3 zeta activation domain (Figure 2A). The CD37-CAR-T cells were >70% CAR-positive
after transduction with CD37-CAR lentivirus (Figure 2B). Then CD37-CAR-T cells were
tested in Real-time cytotoxicity assay (RTCA) using target CD37-positive CHO-CD37 and
CD37-negative CHO cells. CD37-CAR-T cells killed CHO-CD37 cells but did not kill CHO
cells (Figure 2C, upper panels). Cytotoxicity was significantly higher for CD37 CAR-T
cells than T cells or mock CAR-T cells (Figure 2C, bottom panels). IFN-γ released by
CD37 CAR-T cells in response to CHO-CD37 target cells was significantly higher than in
response to CHO cells (Figure 2D). Significantly higher secreted levels of IFN-gamma by
CD37-CAR-T cells were detected with CD37-positive Raji cells than with CD37-negative
K562 cells (Figure 2E). Thus, novel CD37 2B8 ScFv-CAR-T cells are effective and specific
against CD37-positive target cells with exogenous and endogenous expression of CD37.

Figure 2. The specific CD37-chimeric antigen receptor (CAR)-T cell activity against CD37-positive cells in vitro. (A). The
structure of CD37-CAR. The mouse ScFv (single-chain variable fragment) was used with CD8 hinge, CD28 transmem-
brane/costimulatory domains, and CD3 zeta activation domain. CD8 s.p-CD8 alpha signaling peptide; TM-transmembrane.
(B). FACS with mouse F(ab)2 antibody (mFAB) detected CAR-positive cells. (C). Real-time cytotoxicity assay (RTCA)
showed specific killing activity of CD37-CAR-T cells against CHO-CD37 cells but not CHO cells (upper panels). Lower
panels: Percent cytotoxicity calculated at the end of the experiment. Significantly high cytotoxicity was observed against
CHO-CD37 for CD37-CAR-T cells. p < 0.0001, One-Way ANOVA followed by Sidak multiple comparisons test. (D).
Interferon-gamma (IFN-γ) secretion by CD37-CAR-T cells against CHO-CD37 cells is significantly higher than against CHO
cells. asterisk *, p < 0.0001, two-way ANOVA p <0.0001, followed by Tukey’s multiple comparison test. (E). Secretion of
IFN-gamma by CD37-CAR-T cells is significantly higher with Raji cells than with CD37-negative K562 cells. asterisk *,
p < 0.005, mCD37 CAR-T cells with Raji cells versus same CAR-T cells with K562 cells, Student’s t-test.
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2.3. Humanized CD37-CAR-T Cells Specifically Target CD37-Positive Cells

We humanized CD37 VH and VL, as described in Materials and Methods, and gen-
erated lentiviral humanized CD37 CAR with a 4-1BB costimulatory domain and CD3
activation domain, called hCD37 CAR (Figure 3A). Surface expression of the CAR was
detected by FACS with both anti-mouse Fab (72% positive) and anti-Human Fab (92%
positive) (Figure 3B). In real-time cytotoxicity assay against CHO-CD37 and CHO cells,
humanized anti-CD37 CAR-T cells effectively killed CHO-CD37 cells and demonstrated
limited or no killing of CHO cells (Figure 3C). Cytotoxicity of humanized CD37 CAR-T
cells against CHO-CD37 (95.3% ± 0.8%) was significantly higher than non-transduced
T cells (17.5% ± 1.3%) or mock CAR-T cells (Figure 3D). The hCD37-CAR-T cells se-
creted significantly higher levels of IFN-gamma with CD37-positive target cells than with
CD37-negative cells (Figure 3E). Thus, humanized CD37-CAR-T cells specifically target
CD37-positive cells.

Figure 3. The humanized CD37-CAR-T cells specifically target CD37-positive cells. (A). The structure
of humanized CD37-CAR-T cells. The structure includes CD8 signaling peptide; humanized CD37
ScFv, CD8 hinge, CD28 TM (transmembrane domain); 41BB domain; CD3 zeta activation domain. (B).
FACS with mouse and human FAB detected CAR-positive cells. (C). Humanized CD37-CAR-T cells
killed CHO-CD37-positive cells and did not kill CHO cells. (D). Quantification of cytotoxicity shows
significantly higher killing by CD37CAR-T cells in CHO-CD37 cells than Mock and T cells. *, hCD37
CAR-T cells with CHO-CD37 cells versus T and Mock CAR-T cells, p < 0.0001, One-Way ANOVA
followed by Dunnett’s Multiple Comparison Test. (E). hCD37-CAR-T cells secrete significantly higher
IFN-gamma with CHO-CD37 cells than with CHO cells. *, p < 0.05, IFN-gamma of humanized Hum
CD37 CAR-T cells with CHO-CD37 cells versus same CAR-T cells with CHO cells by Student’s t-test.

2.4. Bispecific Humanized CD37-CD19 CAR-T Cells Specifically Target CD37-Positive Cells

Next, we tested the efficacy of bi-specific humanized hCD37-CD19 CAR-T cells in vitro.
To generate bi-specific humanized CD37-CD19 CAR-T cells, we used the following design
as shown in Figure 4A with humanized CD37 ScFv and mouse CD19 FM63 ScFv [41].
These CAR-T cells had a surface expression of CAR as detected by FACS with anti-mouse
and anti-human Fab antibodies (not shown). Real-time cytotoxicity assays were performed
against CHO-CD37 and CHO cells (Figure 4B) and against Hela-CD19 and Hela cells
(Figure 4C). Killing by bispecific hCD37-CD19 CAR-T cells was compared to CAR-T cells
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expressing monospecific hCD37 CAR or CD19 CAR. Bi-specific hCD37-CD19 CAR-T cells
killed CHO-CD37 as effective as single hCD37-CAR-T cells and did not kill CHO cells
(Figure 4B).

Figure 4. Bi-specific hCD37-CD19-CAR-T cells specifically target CD37-positive and CD19-positive
cells. (A). The structure of bi-specific CD37-CD19 CAR-T cells. VL-light chain; VH-heavy chain;
ScFv-single chain variable fragment; L-linker; H-hinge; TM, transmembrane domain. (B). RTCA
activity of hCD37-CD19-CAR-T cells with CHO-CD37 cells (left) and CHO cells (right). Cytotoxicity
of bispecific CD37-CD19 CAR-T cells against CHO-CD37 cells was significantly higher than that of
humanized CD37 CAR-T cells, *, p < 0.0001, hCD37 and hCD37-CD19-CAR-T cells with CHO-CD37
cells vs T and Mock CAR-T cells, One-Way ANOVA followed by Sidak’s multiple comparison test
p = 0.0006. (C). RTCA activity of hCD37-CD19-CAR-T cells with Hela-CD19 cells (left) and Hela cells
(right). Quantification of RTCA at the end time point is shown under the RTCA plots. * p < 0.0001,
* hCD37-CD19 CAR-T cells and CD19 CAR-T cells with Hela-CD19 cells vs T cells, Mock CAR-T
cells, CD37 CAR-T cells by One-Way ANOVA followed by Sidak’s multiple comparison as in B. (D).
IFN-gamma secretion by hCD37-CD19-CAR-T cells was significantly higher with CHO-CD37 cells
than with CHO cells. * p < 0.0001, CD37, hCD37-CD19 CAR-T cells vs other groups with CHO-CD37
cells by One-way ANOVA followed by Tukey’s test. (E). IFN-gamma secretion by CD37-CAR-T cells
was significantly higher with Hela-CD19 cells than with Hela cells, * p < 0.05, hCD37-CD19 and
CD19 CAR-T cells with Hela-CD19 cells vs other groups with Raji cells, Student’s t-test. (F). IFN
gamma secretion by hCD37-CD19-CAR-T cells against Raji cells was significantly higher than with
CD37-negative multiple myeloma MM1S cells, p < 0.001, * hCD37, hCD37-CD19 and CD19 CAR-T
cells with Raji cells vs Mock CAR-T cell groups with Raji cells by Tukey’s test.

The hCD37-CD19 CAR-T cells also killed Hela-CD19 target cells and did not kill Hela
cells (Figure 4C). As expected, single hCD37-CAR-T cells did not kill Hela-CD19 cells. The
hCD37-CD19 CAR-T cells and hCD37-CAR-T cells secreted significantly higher levels of
IFN-gamma against CHO-CD37 cells versus CHO cells (Figure 4D). Both hCD37-CD19 and
CD19-CAR-T cells secreted significantly higher levels of IFN-gamma against Hela-CD19
target cells but not against Hela cells (Figure 4E).
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In separate coculture experiments, IFN-γ release against Raji cells or MM1s cells
was measured (Figure 4F). Both CD37-CD19 CAR-T cells and CD19 CAR-T cells had
significantly more IFN-γ release than humanized CD37 CAR-T cells, mock CAR-T cells,
and non-transduced T cells (p < 0.0001, Tukey’s test) (Figure 4F). The secretion of IFN-
gamma was significantly higher for CD37-CD19-CAR-T cells against Raji cells than against
MM1S cells.

Thus, hCD37-CD19 CAR-T cells demonstrate high and specific efficacy against CD37
and CD19-positive target cells in vitro.

2.5. Humanized CD37-CD19 CAR-T Cells Inhibit Raji Lymphoma Xenograft Tumor Growth and
Prolong Mice Survival

At first, we tested the efficacy of CD37-CAR-T cells in vivo and performed survival
analysis using a Raji-xenograft tumor model after an injection of mouse CD37-CAR-T cells
and humanized CD37-CAR-T cells (Figure S2). Mouse and humanized CD37-CAR-T cells
prolonged mouse survival as well as CD19-CAR-T cells (Supplementary Figure S2).

To test the efficacy of the bispecific humanized CD37-CD19 CAR-T cells in vivo, Nod
Scid Gamma, NSG mice were injected with 5 × 105 Raji-Luc cells followed 24 h later
with 1 × 107 humanized CD37-CD19 CAR-T cells, mock CAR-T cells, or vehicle. Tumor
luminescence was detected in mice treated with mock CAR-T cells or vehicle but not in
mice treated with CD37-CD19 CAR-T cells (Figure 5A). Tumor luminescence in CD37-CD19
CAR-T cell treated mice was significantly lower than in mock CAR-T cell treated mice
(Figure 5B). Survival of CD37-CD19 CAR-T cell treated group was significantly longer
(≥75 days) (log–rank test p < 0.0001) than vehicle (18 days) and mock CAR-T cell treated
groups (Figure 5C). Thus, humanized CD37 CAR-T cells and bi-specific hCD37-CD19
CAR-T cells are efficacious in the model in vivo.

Figure 5. hCD37-CD19-CAR-T cells significantly block Raji xenograft tumor growth in vivo. (A).
In vivo imaging of Raji tumors in mice on days 7, 14, and 21 following Raji-Luc+ cells injection with
the vehicle, mock-CAR-T cells, or bispecific CD37-CD19 CAR-T cell-treated groups (n = 5 each).
(B). Tumor luminescence flux from In Vivo Imaging System, IVIS imaging. Vehicle-treated mice
had died by day 14. * p < 0.05, hCD37-CD19 CAR-T cells vs. Mock CAR-T cells, Student’s t-test.
(C). hCD37-CD19-CAR-T cells significantly prolong mouse survival in the Raji xenograft model.
Kaplan–Myer curve is shown, p < 0.05, log–rank test hCD37-CD19 CAR-T cell-treated vs. Mock
CAR-T cell-treated group.
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3. Discussion

The present report demonstrates the efficacy of novel CD37-CAR-T cells and bispecific
hCD37-CD19 CAR-T cells in vitro and in vivo. The novel CD37 antibody clone 2B8 was
specific for the CD37 extracellular domain and bound with high affinity.

Standard of care for Non-Hodgkin lymphoma may include chemotherapy combined
with anti-CD20 Ab (Rituximab) [21]. Relapse frequently occurs, demanding novel ap-
proaches. CD37 has been identified as a possible target for NHL immunotherapy. Anti-
CD37-radioimmunoconjugates [27], duaHexabody CD37R0 [32], CD37 chimeric antibody
(BI 836826) [29], and recently, CAR-T cells [18,19] have been tested.

The CD37-CAR-T cell therapy is especially important during lymphoma relapse when
CD19 antigen is lost in lymphoma by either alternative splicing or other mechanisms, such
as mutations [18]. Thus, CD37-CAR-T cells can improve the outcome of CD19-negative
relapsed lymphoma patients. Bi-specific CD37-CD19 CAR-T cells can be important to
increase the efficacy of CD19-CAR-T cells and also important in case of CD37 antigen loss
due to missense mutations or other mechanisms [42].

The CD19-CD37 CAR-T cells were described by [19], but they had a different structure
than described in this report. The CD37-CD19 CAR design presented here is similar to
the CD19-CD22 CAR design described by [39]. In the future, clinical studies will show
the advantages of each CAR. In addition, this study shows that humanized CD37-CD19
CAR-T cells effectively blocked lymphoma growth in vivo that can be advantageous in
case of downregulation of either CD19 or CD37 pathways or for more efficient targeting of
both antigens. Moreover, humanized CD37 ScFv can also be used for the development of
other approaches, such as antibody conjugates or bispecific antibodies.

Interestingly, IFN-gamma secreted by CD19-CAR-T cells was higher than by hCD37-
CAR-T cells. The differences by CAR-T cells in the secretion of IFN-gamma can be explained
by 3D conformation of antigen, distance to the membrane of the antibody epitope, and other
mechanisms. The lower secretion of IFN-gamma by CD37-CAR-T cells can be important
for potentially reducing of cytokine release storm (CRS) in the clinic.

Since lymphoma tumors are heterogeneous and surrounded by a microenvironment
that can block immune response functions [43], the combination therapy of CAR-T cells
with checkpoint inhibitors, checkpoint blocking antibodies with agonist antibodies induc-
ing an immune response, or with small molecules can overcome these barriers. Tumor-
associated macrophages (TAM)s were also reported to block immune responses in leukemia
and lymphoma, and novel therapies needed to repress TAM in combination with targeting
lymphoma cells [44]. Thus, future combination therapies can be tested in preclinical and
clinical studies that target both the tumor and tumor microenvironment.

The novel CD37, humanized CD37, and CD37-CD19 CAR-T cells provide a basis for
future clinical studies.

4. Materials and Methods

4.1. Cell Lines, Antibodies, Recombinant Proteins

Raji, RPMI8226, H929, MM1S, K562, CHO, MCF-7, MDA-231, and Lovo cell lines
were purchased from the ATCC (Manassas, VA, USA) and cultured either in DMEM (GE
Healthcare, Chicago, IL, USA) or in RPMI-1640 medium (ThermoFisher, Waltham, MA,
USA) containing 10% FBS (AmCell, Mountain View, CA, USA). CHO-CD37 cells were
purchased from BPS Bioscience (San Diego, CA, USA) and cultured in Ham’s F12K medium
containing 10% Fetal Bovine Serum, FBS and 1 mg/mL geneticin (ThermoFisher). Hela-
CD37 were generated by transducing Hela cells with CD37 lentivirus. Human peripheral
blood mononuclear cells (PBMC) from whole blood obtained in the Stanford Hospital
Blood Center, Stanford, according to IRB-approved protocol (#13942), were isolated by
density sedimentation over Ficoll-Paque (GE Healthcare, San Ramon, CA, USA).

CD37 antibody clone 2B8D12F2D4 was from Promab, (Richmond, CA, USA). Control
monoclonal CD37 antibody was from Biolegend (San Diego, CA, USA). Recombinant
proteins CD37, CD318, GATA3, CD89, CD43, SP10, MSH2, SERPINA1 were obtained from
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Promab (Richmond, CA, USA). For ELISA with CD37 and other proteins, HRP labeled
anti-Mouse IgG was used from Sigma-Aldrich (St Louis, MO, USA) (Cat#: A0168). Human
serum and goat anti-mouse (Fab)2 or anti-human (Fab)2, CD3 antibodies for FACS were
from Jackson Immunoresearch (West Grove, PA, USA).

4.2. Generation of CD37 Antibody, Clone 2B8D12F2D4

Six-eight weeks old BALB/c mice were immunized by subcutaneous injection, with
the recombinant fusion CD37 extracellular domain (109–242 amino-acids of isoform 1
(P11049-1) with C-terminal MBP (Maltose binding protein) and 6× His (histidine) tags. For
hybridoma generation, the immunized mice splenocytes were fused with SP2/0 myeloma
cells using PEG (Polyethylene glycole) and then hypoxantine (HAT) medium selection.
Hybridomas were diluted to obtain single clones on 96-well plates and then were screened
by ELISA for the selection of positive clones against the immunogen and unrelated tagged
proteins. Several positive hybridoma clones were further cultured and expanded to produce
anti-CD37 antibodies. The supernatants of these antibody clones were collected, purified
through the Protein G affinity capture column, and analyzed by ELISA, Western, and FACS.
The positive clone 2B8D12F2D4 (called 2B8) was selected for VH and VL sequencing and
CAR generation.

4.3. CAR Lentiviral Construct Design

The codon-optimized sequence ScFv based on CD37, clone 2B8D12F2D4 VH and VL
was synthesized in Integrated DNA Technologies (IDT) (San Diego, CA, USA) as a Gblock
and subcloned into second-generation CAR sequence with either CD28 costimulatory
domain for mouse CD37-CAR-T cells or 4-1BB costimulatory domain for humanized CD37
and bispecific hCD37-CD19 CAR-T cells and CD3 zeta activation domains. The CAR was
subcloned into 3d generation lentivirus under either EF1 (with CD28 costimulatory domain
CAR) or MNDU3 promoter (with 41BB costimulatory domain CAR). Mock CAR-T cells
without ScFv (TF tagged)-CD28-CD3 CAR-T cells were used as Mock CAR-T cells [10].

4.4. Humanization of CD37

Humanization of CD37 VH and VL was performed as described before [12,45] by
grafting mouse complementarity-determining regions (CDRs) with humanized framework
sequences [46].

4.5. CAR Lentivirus

2.5 × 107 HEK293FT cells (Thermo Fisher) were seeded on 0.01% gelatin-coated 15 cm
plates and cultured overnight in DMEM, 2% FBS, 1xpen/strep, and then transfected with
the pPACKH1 Lentivector Packaging mix (System Biosciences, Palo Alto, CA, USA) and
10 μg of the lentiviral vector using the NanoFect transfection reagent NF100 (Alstem,
Richmond, CA, USA). The next day the medium was replaced with fresh medium, and
48 h later, the lentivirus-containing medium was collected. The medium was cleared of
cell debris by centrifugation at 2100× g for 30 min. The virus particles were collected
by centrifugation at 112,000× g for 60 min at 4 ◦C using a SW28.1 rotor, suspended in
serum-free DMEM medium, aliquoted, and frozen at −80 ◦C.

4.6. CAR-T Cells

PBMC were suspended at 1 × 106 cells/mL in AIM V-AlbuMAX medium (Ther-
moFisher) containing 10% FBS and 10 ng/mL IL-2 (ThermoFisher), mixed with an equal
number (1:1 ratio) of CD3/CD28 Dynabeads (ThermoFisher), and cultured in non-treated
24-well plates (0.5 mL per well). At 24 and 48 h, lentivirus was added to the cultures. The
T cells proliferated over the next 10–12 days, the cells were counted every 2–3 days, and
fresh medium with 10 ng/mL IL-2 was added to the cultures to maintain the cell density at
1–2 × 106 cells/mL.
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4.7. Flow Cytometry (FACS)

To measure CAR expression, 0.25 million cells were suspended in 100 μL of buffer (PBS
(phosphate buffered saline) containing 2 mM EDTA pH 8 and 0.5% BSA) and incubated
on ice with 1 μL of human serum for 10 min. Diluted primary antibody biotin-conjugated
goat anti-mouse (Fab)2 or anti-human (Fab)2 was used with cells for 30 min at 4 ◦C, and
after washing, the secondary antibody was added with APC-conjugated mouse α-human
CD3 antibody and PE-conjugated streptavidin at 1:100 dilution for 30 min incubation at
4 ◦C. The cells were rinsed with 3 mL of washing buffer, then stained for 10 min with
7-AAD, suspended in the buffer, and acquired on a FACSCalibur (BD Biosciences, San
Jose, CA, USA). Cells were analyzed first for light scatter versus 7-AAD staining, then the
7-AAD– live gated cells were plotted for anti-CD3 staining versus CAR+ staining with
anti-(Fab)2 antibodies.

4.8. Cytotoxicity (RTCA)

Adherent target cells (CHO-CD37; CHO; Hela-CD37 or Hela) were seeded into 96-well
E-plates (Acea Biosciences, San Diego, CA, USA) at 1 × 104 cells per well and monitored in
culture overnight with the impedance-based real-time cell analysis (RTCA) xCELLigence
system (Acea Biosciences). The next day, the medium was removed and replaced with
AIM V-AlbuMAX medium containing 10% FBS ± 1 × 105 effector cells (CAR-T cells or
non-transduced T cells) in triplicate. The cells in the E-plates were monitored for another
24–48 h with the RTCA system, and impedance was plotted over time. Cytotoxicity was
calculated as (impedance of target cells without effector cells—impedance of target cells
with effector cells) × 100/impedance of target cells without effector cells.

4.9. Affinity Measurement Using SPR Biacore Assay

Anti-CD37 antibody 2B8 clone affinity for CD37 antigen was measured in duplicate
experiments on Biacore 3000 using an anti-mouse IgG coated CM5 chip for anti-CD37
antibody 2B8 capture and an activated reference surface. Following Anti-CD37 antibody
2B8 capture in degassed pH 7.4 HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) buffered saline with 0.005% (w/v) Tween-20 and 3 min stabilization, duplicate serial
dilutions of extracellular domain of CD37, CD37-His protein (Prospec, Rehovot, Israel)
were injected for 3 min association phase kinetics followed by 15 min dissociation and
surface regeneration with pH 1.7 10 mM glycine. The average KD was detected in nM.

4.10. ELISA for Detection IFN-Gamma

Nonadherent target cells (Raji, MM1S, K562) were cultured with the effector cells
(CAR-T cells or non-transduced T cells) at a 1:1 ratio (1 × 104 cells each) in U-bottom
96-well plates with 200 μL of AIM V-AlbuMAX medium containing 10% FBS, in triplicate.
After 16 h, the top 150 μL of the medium was transferred to V-bottom 96-well plates and
centrifuged at 300 g for 5 min to pellet any residual cells. The top 120 μL of supernatant
was transferred to a new 96-well plate and analyzed by ELISA for human IFN-γ levels
using a kit from R&D Systems (Minneapolis, MN, USA) according to the manufacturer’s
protocol. The supernatant after RTCA with adherent target cells was collected and analyzed
as above.

4.11. Mouse Tumor Xenograft Model and Imaging

Six-week-old male NSG mice (Jackson Laboratories, Bar Harbor, ME, USA) were housed
in accordance with the Institutional Animal Care and Use Committee (IACUC) (# LUM-001).
Each mouse was injected subcutaneously on day 0 with 100 μL of 5 × 105 Raji-luciferase
positive cells in sterile serum-free medium. The next day 1 × 107 CAR-T cells in serum-free
medium were injected intravenously. Imaging was done using Raji-luciferase positive cells
after luciferin injection with Xenogen Ivis System. Quantification was done by measuring
photons/sec signals. A Kaplan–Myer survival curve was done based on mice survival data.
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4.12. Immunohistochemistry (IHC)

Tumor tissue sections (4 μm) were deparaffinized in xylenes twice for 10 min, then hy-
drated in graded alcohols and rinsed in PBS. Antigen retrieval was performed for 20 min in
a pressure cooker using 10 mM citrate buffer, pH 6.0. The sections were cooled, rinsed with
PBS, incubated in a 3% H2O2 solution for 10 min, and rinsed with PBS. The tissue sections
were incubated in goat serum for 20 min and then incubated with primary CD37 antibody.
Then sections were rinsed with PBS, incubated with biotin-conjugated goat anti-mouse IgG
for 10 min, rinsed with PBS, incubated with streptavidin-conjugated peroxidase for 10 min,
and rinsed with PBS. Finally, the sections were incubated in DAB (3,3’Diaminobenzidine)
substrate solution for 2–5 min, immersed in tap water, counterstained with hematoxylin,
rinsed with water, and dehydrated in graded alcohols and xylenes. Coverslips were
mounted with glycerin. Images were acquired on a Motic DMB5-2231PL microscope with
Images Plus 2.0 software (Motic, Xiamen, China).

4.13. Statistical Analysis

Data were analyzed and plotted with Prism software (GraphPad V7, San Diego, CA,
USA). Comparisons between two groups were performed by unpaired Student’s t-test; one
or two-way ANOVA, followed by Sidak or Dunnett’s tests for multiple comparisons. The
p-value < 0.05 was considered significant.

5. Conclusions

This study demonstrates that novel CD37, humanized CD37, and humanized CD37-
CD19 CAR-T cells specifically targeted CD19 and CD37 positive cells and provides the
basis for future clinical studies.

6. Patents

The patent application was filed based on the work reported in this manuscript.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-669
4/13/5/981/s1, Figure S1: FACS with CD37 antibody (clone 2B8) shows positive staining in three
patient-derived leukemia samples. Figure S2: Mouse and humanized CD37 CAR-T cells significantly
block Raji xenograft tumor growth in vivo. Table S1: IHC staining with CD37 antibody (clone 2B8) in
different normal and tumor tissues.
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Abstract: CAR-T (chimeric antigen receptor T cells) immunotherapy is effective in many hematological
cancers; however, efficacy in solid tumors is disappointing. Doublecortin-like kinase 1 (DCLK1) labels
tumor stem cells (TSCs) in genetic mouse models of colorectal cancer (CRC). Here, we describe a
novel CAR-T targeting DCLK1 (CBT-511; with our proprietary DCLK1 single-chain antibody variable
fragment) as a treatment strategy to eradicate CRC TSCs. The cell surface expression of DCLK1
and cytotoxicity of CBT-511 were assessed in CRC cells (HT29, HCT116, and LoVo). LoVo-derived
tumor xenografts in NOD Scid gamma (NSG™) mice were treated with CBT-511 or mock CAR-T cells.
Adherent CRC cells express surface DCLK1 (two-dimensional, 2D). A 4.5-fold increase in surface
DCLK1 was observed when HT29 cells were grown as spheroids (three-dimensional, 3D). CBT-511
induced cytotoxicity (2D; p < 0.0001), and increased Interferon gamma (IFN-γ) release in CRC cells
(2D) compared to mock CAR-T (p < 0.0001). Moreover, an even greater increase in IFN-γ release was
observed when cells were grown in 3D. CBT-511 reduced tumor growth by approximately 50 percent
compared to mock CAR-T. These data suggest that CRC cells with increased clonogenic capacity
express increased surface DCLK1. A DCLK1-targeted CAR-T can induce cytotoxicity in vitro and
inhibit xenograft growth in vivo.

Keywords: DCLK1; CAR-T; tumor stem cells; immunotherapy; clonogenicity

1. Introduction

Colorectal cancer (CRC) is the third leading cause of cancer-related deaths in the U.S. [1].
For individuals diagnosed with stage IV of the disease, the five-year survival rate is just 12% [1].
A growing body of evidence suggests that cancer stem cells (CSCs) play a critical role in the initiation,
progression, and metastatic spread of cancer [2,3]. In solid tumor cancers, including CRCs, the tumor
attempts to either evade the anti-tumor immune system or emit inhibitory signals to suppress immune
effector cells and limit their anti-tumorigenic activity [4,5].

Immunotherapy has been remarkably successful for treating solid tumor cancers due to its unique
ability to inhibit immune system checkpoint proteins (e.g., PD-1, PD-L1, CTLA4) and reactivate the
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host’s anti-tumor immunity [6]. Mechanistically, these checkpoint inhibitors enable cytotoxic CD8+ T
cells to attack and destroy cancer cells [6]. However, the efficacy of these inhibitors as a monotherapy
or in combination with other therapeutics varies considerably and is largely dependent on tumor type
and individual patient characteristics [7]. In addition, the composition, pH, and metabolic activity
within the tumor microenvironment (TME) are additional factors that can influence the effectiveness of
these agents [8]. Infiltrating T lymphocytes that invade the TME and exert cytotoxic effects within
the tumor have been shown to correlate with increased efficacy and improved survival rate in several
cancers [8,9]. However, the efficacy again varies greatly between patient populations and the type of
tumor being targeted.

The CSC hypothesis is based on findings that solid tumor cancers, including CRCs, are derived
from a rare population of long lived, relatively quiescent, self-renewing cancer cells that are able to
differentiate into every individual epithelial cell type within the tumor mass [10,11]. These cells are
also able to differentiate into non-epithelial cell types via a process called epithelial-mesenchymal
transition (EMT) [3,12–16]. This process facilitates TSC entry into the blood stream prior to
dissemination and uptake into distant organs where they re-epithelialized through a process known
as mesenchymal-epithelial transition (MET) [17]. Although the molecular mechanisms that regulate
these highly integrative processes are under investigation, their contribution to advanced CRC-related
mortality is clear. Inhibition of protooncogenic processes within the TSCs, as well as TSC eradication
and inactivation, are crucial for successful anti-cancer treatments [10,11,18]. Recent studies have
demonstrated that increased expression of EMT transcription factors and CSC-related proteins in
human CRC tissues are strongly associated with unfavorable clinicopathological manifestations and
poor patient outcomes [18]. Given the aggressive nature of CRC tumors and their high rate(s) of
recurrence or metastasis, EMT-and CSC-related proteins may provide novel therapeutic targets for the
treatment of CRC [10,11,18].

Doublecortin-like kinase 1 (DCLK1) is a microtubule-associated kinase that regulates EMT and is
associated with microRNAs known to regulate tumor growth and progression [19–24]. A compelling
study published in Nature Genetics utilizing the Dclk1CreErt2 mouse model demonstrated that Dclk1
specifically marks TSCs that continuously produce tumor progeny in the polyps of ApcMin/+ mice.
In addition, specific ablation of Dclk1+ TSCs resulted in marked polyp regression and no intestinal
damage [25]. This landmark study was the first to identify Dclk1 as a marker that can distinguish
normal gastrointestinal epithelial cells from TSCs and to demonstrate that normal intestinal Dclk1
expressing epithelial cells are not required for normal homeostatic function [25]. In another study,
quiescent Dclk1+ tuft cells served as colon cancer-initiating cells following loss of Apc and in the
presence of inflammation in a Dclk1CreErt mouse model [26]. In human CRC tumors, elevated levels
of DCLK1 are associated with higher rates of recurrence and mortality [27]. Therefore, strategies
directed at eliminating DCLK1-expressing TSCs have the potential to mitigate CRC-related morbidity,
recurrence, and metastasis and improve survival in patients afflicted by this insidious disease.

Immunotherapy using CAR-T (T cells modified with chimeric antigen receptor) is recognized as
an increasingly effective therapy for the treatment of hematologic malignancies [28–30]. However, its
efficacy in treating solid tumor malignancies has been less promising [31]. Several hypotheses have
been generated that may explain this treatment disparity: a hypoxic TME that reduces CD8+ cytotoxic T
cell viability, tumor associated induction of innate immunosuppression, and solid tumor-based physical
impediments that prevent T cell cytotoxicity against the tumor [32–35]. These solid tumor-associated
features are not encountered during systemic administration of CAR-T therapies used for hematologic
malignancies [32–35]. CAR-T therapy is an exciting new treatment modality in which a patient’s CD8+

T cell population is removed and re-engineered to create a new population of chimeric T cells. The cells
are designed to include an extracellular antigen-binding domain targeting tumor-specific antigens
expressed on the surface of cancer cells [36,37]. This personalized approach to cancer therapy enables
a patient’s own T cells to be programmed to attack and eliminate their specific cancer. Typically,
the tumor antigen specific targeting region is a single-chain antibody variable fragment (ScFv) fused
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to a hinge, transmembrane domain, and co-stimulatory domains (CD28, 4-1BB, CD27 or others) to
stimulate the immune response, as well as a CD3ζ activation domain [38–43].

In this report, we demonstrate that the proprietary humanized DCLK1 ScFv sequence can be used
to detect cell surface expression of the extracellular DCLK1 (human isoforms 2 and 4) on several CRC cell
lines. Furthermore, we demonstrate that HT29 cells grown in three-dimensional (3D) matrices exhibit
a 4.5-fold increase in cell surface DCLK1 expression compared to cells grown in two-dimensional (2D).
These data support our hypothesis that the TSC population can be targeted using a DCLK1-specific
CAR-T. Here, we report that, in collaboration with ProMab Inc., we have developed a novel CAR-T
based on the DCLK1 ScFv containing a CD28 transmembrane and co-stimulatory domain and CD3ζ
activation domain [39–46]. CAR-T cells generated using DCLK1 ScFv (CBT-511) demonstrated ~20%
CAR expression and significantly induced CRC cell cytotoxicity. Compared to mock CAR-T treatments,
CBT-511 significantly induced Interferon gamma (IFN-γ) production in CRC cells grown in 2D and
3D matrices, indicating that the CAR-T cells are able to successfully bind/interact with CRC cells
(HT29, HCT116, and LoVo). Finally, CBT-511 treatment resulted in significant inhibition of LoVo CRC
cells-derived tumor xenograft growth in NSG™mice. These data taken together strongly suggest that
DCLK1 CAR-T can be developed to specifically target TSCs in CRC and perhaps other solid tumors.
This paper represents the first demonstration of a DCLK1-directed CAR-T formulation.

2. Results

2.1. DCLK1 mAb CBT-15 Has High Binding Affinity to DCLK1

Of the four DCLK1 isoforms (1–4), isoforms 2 and 4 are highly upregulated in cancers, whereas
isoforms 1 and 3 are not [47–49]. Our proprietary DCLK1 mAb, CBT-15, recognizes a 13 amino acid
sequence (extracellular domain) of the tumor-specific DCLK1 isoforms 2 and 4 with a binding affinity
of < 1 nM Kd. We previously reported that targeting renal cell carcinoma TSCs with CBT-15 resulted in
xenograft growth arrest and EMT inhibition [47]. Here, we have generated a humanized version of
CBT-15 (hCBT-15) and demonstrated its ability to recognize the extracellular domain of DCLK1. Using
flow cytometry, we analyzed several cancer cell lines with hCBT-15.

When HT29 human CRC cells were grown in 2D matrices, approximately 9% of the total population
were positive for surface DCLK1 (Figure 1A). However, when grown in 3D matrices, the HT29 cells
developed a spheroid-like morphology and cell sorting revealed a striking increase in surface DCLK1 to
45% of the cells (Figure 1A,B). Interestingly, when HCT-116 and LoVo cells when grown in 2D matrices,
we observed 20% and 22% of cells expressing surface DCLK1, respectively. However, when grown
in 3D matrices, no significant increase in cell surface DCLK1 expression was observed (Figure 1C–F).
These data taken together suggest that HT29 cells with high clonogenic capacity express a marked
increase in cell surface DCLK1 expression. This is not surprising, as DCLK1 marks TSCs in intestinal
adenomas and targeting them resulted in complete abrogation of the adenomas [25]. Furthermore, this
also provides a strong rationale to utilize the cell surface expression of DCLK1 to deliver anti-cancer
payloads or for developing DCLK1-based CAR-T therapy. Interestingly, we did not observe any
increases in cell surface expression in HCT116 or LoVo cells when grown in 3D. Although this finding
was unsuspected, those two cell lines exhibited approximately two-fold more cell surface DCLK1 than
HT29 cells grown on adherent slides.
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Figure 1. Doublecortin-like kinase 1 (DCLK1) surface expression in human colorectal cancer cell lines.
HT29, human colorectal cancer (CRC) cells were grown in adherent 2D tissue culture plates and as 3D
spheroids. These cells were disassociated and subjected to Fluorescence-activated cell sorting (FACS)
using humanized DCLK1 mAb (hCBT-15). HT29 cells grown in 2D culture demonstrated extracellular
DCLK1 expression on 9.89% of cells (A—Top panel). HT29 cells grown in 3D matrices demonstrated
extracellular DCLK1 expression on 45% of cells (A—bottom panel). The quantitative expression is
represented in the bar graph (B). (C,D): HCT116, grown in 2D demonstrated DCLK1 extracellular
expression on 20% and 3D demonstrated DCLK1 extracellular on 19.5% of cells. (E,F): LoVo, grown
in 2D demonstrated DCLK1 extracellular expression on 22% of cells and 3D demonstrated DCLK1
extracellular on 25% of cells.
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2.2. DCLK1 Is Upregulated in Human CRC and CBT-15 Specifically Recognizes DCLK1 in CRC

Our previous studies demonstrated that DCLK1 is highly upregulated in human CRCs and
that this upregulation is associated with poor clinical outcomes [27]. As part of the validation of
CBT-15, we used a tissue microarray containing human CRC tissues and adjacent normal tissues
and immunohistochemistry (IHC) to assess levels of DCLK1. DCLK1 expression was increased
in human CRC tissues compared to adjacent normal (Figure 2A). This data is relatively consistent
with our previous reports using an anti-DCLK1 polyclonal antibody (Abcam, Cambridge, MA, USA,
catalog # ab31704) [21,23]. Additionally, we have immunostained several human tissues (normal and
cancer) with CBT-15 (DCLK1 mAb). There was increased expression of DCLK1 in human cancers
(Kidney, CRC, Liver, Esophagus, Bladder, Cervix, Uterus, Rectal, Lung, Ovary, Melanoma, and
Breast) compared to human normal tissues (Supplementary Figure S1). To measure DCLK1 mRNA
expression and determine if the levels correlated with patient survival, we analyzed the Illumina
HiSeqV2 RNA-sequencing The Cancer Genome Atlas (TCGA) database. We observed a significant
increase in overall and recurrence-free survival in patients with low DCLK1 expression and reduced
overall and recurrence-free survival in patients with high DCLK1 expression (Figure 2B). Interestingly,
patients with high DCLK1 had increasing amounts of EMT-related transcription factors (e.g., SNAI1,
TWIST1, ZEB1, ZEB2 and Vimentin; Figure 2C). These data taken together suggest that high DCLK1
is associated with increased EMT transcription factors within the human CRC tissues. Furthermore,
increased DCLK1 RNA (isoforms 2 and 4) was associated with increased expression of programmed
cell death-ligand 1 (PD-L1) and PD-L2 mRNAs, suggesting that patients with high DCLK1 may be
more responsive to immune check point inhibitors (Figure 2D,E; p < 0.01).

2.3. CBT-511, CAR-T Cells Generated with DCLK1 CBT-15 Antibody ScFv, Recognizes DCLK1 Protein

Using the ScFv of the hCBT-15 DCLK1 mAb, we created a second-generation DCLK1-based
CAR-T cell (CBT-511; ProMab biotechnologies, Richmond, CA, USA) (Figure 3A) [39,41–43]. CBT-511
has DCLK1 ScFv fused to a CD28 transmembrane domain and co-stimulatory domain with a CD8
hinge. CBT-511 also contains a CD3zeta activation domain (Figure 3A). CAR-T cells generated
using DCLK1 ScFv expanded in vitro and demonstrated ~20% CAR expression when analyzed by
Fluorescence-activated cell sorting (FACS) using F(ab)2 antibody compared to non-transduced T cells
(Figure 3B). These data demonstrate that DCLK1 CAR-T cells had sufficient DCLK1 CAR expression
and were used in further experiments.
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Figure 2. Doublecortin-like kinase 1 (DCLK1) expression in human colorectal cancer patient
tissues. (A) Human colorectal cancer (CRC) tissues and adjacent normal tissues were subjected to
immunohistochemical analyses for DCLK1 using hCBT-15 mAb. Representative images are presented.
Scale bars are presented at the image. (B) The Cancer Genome Atlas (TCGA) data was generated using
Illumina HiSeqV2 RNA-sequencing data and was sorted for overall survival of the patients with low
or high DCLK1 expression. (C) Moreover, TCGA data was generated and sorted for the expression
of various epithelial-mesenchymal transition (EMT)-related transcription factors in the samples with
low or high DCLK1 expression indicating that EMT and DCLK1 expression is correlated with poor
overall survival. (D) Heatmap of the TCGA analyses for DCLK1 and immunomodulating checkpoints
proteins programmed cell death-ligand 1 (PD-L1) and PD-L2. (E) TCGA data were sorted for samples
with low or high PD-L1 expression. The samples with high PD-L1 had increased expression of DCLK1,
cancer stem cells (CSCs)-associated DCLK1 isoform 2 and isoform 4 (p < 0.01 for all comparisons).
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Figure 3. Expression of chimeric antigen receptors (CARs) in Doublecortin-like kinase 1 (DCLK1)
CAR-T cells (CBT-511). (A) The illustration represents the structure of DCLK1-CAR (CBT-511). The
second-generation CAR with DCLK1 ScFv, CD28 co-stimulatory domain, and CD-3zeta activation
domain was generated. (B) Expression of DCLK1-CAR in T cells transduced with lentiviral
DCLK1-CAR by Fluorescence-activated cell sorting (FACS) with F(ab)2 antibody. CBT-511 cells
were effectively transduced with DCLK1-CAR and expression of CAR (~20%) was confirmed by FACS
with F(ab)2 antibody.

2.4. CBT-511 Effectively Kills CRC Cells and Induces the Secretion of IFN-γ

In real-time cytotoxicity assays (RTCA), CRC cells grown in 2D were co-cultured with effector
cells (DCLK1 CAR-T cells or mock CAR-T cells) at dilutions of 10:1 and 20:1 (effector cells: CRC cells).
Additionally, based on our previous experience and recent published reports an E:T 10:1 and 20:1
are optimal [39,42,43]. The CRC cells were monitored for another one to two days with the RTCA
xCELLigence system (Acea Biosciences, San Diego, CA, USA), and impedance were plotted over time
and cytolysis were calculated. At 72h, DCLK1 CAR-T cells (10:1 dilution) effectively killed ~30% of
HT29 cells and 23% of HCT116 cells (Figure 4A,B). However, at 20:1 dilution, DCLK1 CAR-T cells killed
nearly 100% of HT29 cells, 60% of HCT116, and 78% of LoVo cells (Figure 4A–C). These data suggest
that DCLK1 CAR-T cells effectively kill CRC cells grown in 2D at 20:1 dilution. In order to demonstrate
the effects of CBT-511 on IFN-γ release, we performed co-culture experiment similar to RTCA. IFN-γ
release is the best measure of CAR-T interaction with target cells that results in cytotoxicity of the
cancer cells. CAR-T cells were co-cultured with CRC cells grown in 2D culture system and in 3D
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matrices as spheroids separately. The supernatant from these experiments were collected and subjected
to IFN-γ release assay using enzyme-linked immunosorbent assay (ELISA). Treatment of HT29 cells
grown in 2D with CBT-511 resulted in a dramatic release of IFN-γ as compared to mock CAR-T cells
(~25 versus 0 pg/mL; p < 0.01). However, treatment of HT29 cells grown in 3D with CBT-511 resulted
in an even higher IFN-γ release (~32 pg/mL versus 0 pg/mL; p < 0.01; Figure 4D). Treatment of HCT116
cells grown in 2D with CBT-511 resulted in a dramatic release of IFN-γ as compared to mock CAR-T
cells (~150 versus 0 pg/mL; p < 0.01). However, treatment of HCT116 cells grown in 3D with CBT-511
resulted in an even higher IFN-γ release (~250 pg/mL versus 0 pg/mL; p < 0.01; Figure 4D). In LoVo cells
however, we did not observe a similar pattern of IFN-γ release. In 2D, there was ~50 pg/mL of IFN-γ
release with CBT-511 treatments; however, in cells treated with mock CAR-T treatments, there was 35
pg/mL of IFN-γ release (Figure 4E). Whereas in 3D, there was ~90 pg/mL of IFN-γ release with CBT-511
treatments and in mock CAR-T treatments there was ~50 pg/mL of IFN-γ release (Figure 4E). These
data taken together suggest that although DCLK1 CAR-T cells induced IFN-γ release as expected, the
mock CAR-T cells also induced IFN-γ release indicating a non-specific IFN-γ response in LoVo cells.
These data suggest that hDCLK1-specific CAR-T cells successful bind to CRC cells and induce IFN-γ
secretion consistent with CAR-T cells-induce cytotoxicity.

2.5. CBT-511 Blocks Subcutaneous LoVo CRC Cells-Derived Xenograft Tumor Growth In Vivo

To confirm the in vivo efficacy of DCLK1 CAR-T cells in CRC cell lines, we generated LoVo CRC
cell line-derived tumor xenografts in NSG™mice. Although we did not observe a significant increase
in cell surface DCLK1 expression in LoVo cells grown in 3D compared to cells grown in 2D, we observed
a 23% extracellular DCLK1 expression at baseline in adherent cells (2D). This level of expression is
significantly higher than observed in many cancer cell lines (data not shown) and higher than HT29
cells (9%) in 2D. This may explain the robust cytotoxicity seen in CRC cell lines grown in adherent
conditions. We chose to evaluate the effects of the DCLK1 CAR-T in LoVo cells, because this colorectal
cancer cell line is derived from the distant metastatic lesion of a 56-year old patient with a histologically
confirmed adenocarcinoma of the colon. Furthermore, the cell line has been well characterized and
has been used extensively to evaluate the effects of drugs on colony formation and clonogenicity [50].
Moreover, the cell line is reported to have oncogenic activation of cMYC and RAS [51] that have been
associated with DCLK1 [22,52]. Tumor-bearing mice were given intravenous (i.v.) injections of DCLK1
CAR-T or mock CAR-T cells (1 × 107 cells/mice/dose) every week for three weeks (days 7, 14, and 21
post-cell implantations; Figure 5A). The tumor growth and animal body weights were measured every
week until day 45. The mice were euthanized and tumors were extracted and final volumes were
measured. Mice treated with CBT-511 had a significant reduction in tumor size compared to those
given mock CAR-T treatments (mean tumor volume of mock CAR-T versus DCLK1 CAR-T = 2123
versus 1216 mm3 with a p = 0.02; Figure 5B). These data taken together indicate that DCLK1-based
CAR-T cells when administered i.v. significantly inhibited CRC tumor growth. Additionally, there was
no significant difference in animal body weights between the CBT-511-treated and mock-CAR-T-treated
animals (Figure 5C). Based on this in vivo experiment, these data taken together strongly suggests that
DCLK1 CAR-T treatments did not have any obvious toxicity in the mice.
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Figure 4. CBT-511 treatment induced colorectal cancer (CRC) cell cytotoxicity and secretion of
Interferon gamma (IFN-γ). Human CRC cells (HT29, HCT116, and LoVo) were subjected to real-time
cytotoxicity assays (RTCA). Doublecortin-like kinase 1 (DCLK1) CAR-T cells effectively killed HT29 cells
compared to mock CAR-T or T cells alone (A–C). Bar graphs in (A,B): Cytotoxicity of human DCLK1
(hDCLK1)-CAR-T and mouse Dclk1 (mDCLK1)-CAR-T cells versus T cells and Mock-CAR-T cells. The
quantitation of RTCA from three independent experiments is shown. All pairwise comparisons were
significant (p < 0.0001), except for Mock CAR-T cells versus T cells (p = 0.9363) and hDCLK-1-CAR-T
cells 20:1 versus mDCLK-1-CAR-T cells 10:1 (p = 0.0703). Bar graphs in (C): All pairwise comparisons
were significant (p < 0.05), except for Mock CAR-T cells versus T cells (p = 0.2017) and Mock CAR-T
cells versus mDclk-1-CAR-T cells (p = 0.3769). All p-values were adjusted using Tukey’s method. (D)
Treatment of HT29 cells grown in 2D with CBT-511 resulted in a dramatic release of IFN-γ (~25 pg/mL)
as compared to mock CAR-T cells (0 pg/mL; p < 0.01). However, treatment of HT29 cells grown in 3D
with CBT-511 resulted in an even higher IFN-γ release (~32 pg/mL versus 0 pg/mL; p < 0.01) compared
to mock CAR-T. Similar treatment of HCT116 cells with CBT-511 resulted in increased IFN-γ release
grown in 2D culture (150 pg/mL) compared to mock CAR-T (0 pg/mL). However, treatment of HCT116
cells grown in 3D with CBT-511 resulted in an even higher IFN-γ release (~250 pg/mL) compare to
mock CAR-T (0 pg/mL; p < 0.01). (E) Treatment of LoVo cells with CBT-511 resulted in increased IFN-γ
release grown in 2D culture (~50 pg/mL) compared to mock CAR-T (~30 pg/mL). However, treatment of
LoVo cells grown in 3D with CBT-511 resulted in an even higher IFN-γ release (~95 pg/mL) compare to
mock CAR-T (50 pg/mL). These data taken together suggests that CBT-511 is more active against CRC
cells grown in 3D culture consistent with the increased clonogenic capacity of Tumor stem cells (TSCs).
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Figure 5. CBT-511 treatment reduced LoVo, human colorectal cancer (CRC) cell-line induced tumor
xenograft growth. (A) LoVo, human CRC cells were injected subcutaneously into NOD Scid gamma
(NSG™) mice and the tumors were allowed to grow. On days 7, 14, and 21 post-cell implantations,
the mice were injected intravenous (i.v.) with either Doublecortin-like kinase 1 (DCLK1) CAR-T or
mock CAR-T cells (1 × 107 cells/mice). Tumor volumes were measured and all the mice were weighted
during the experiment period. (B) CBT-511 treatment resulted in a significant (* p = 0.02) decreased
tumor xenograft growth compared to treatment with mock CAR-T cells. The mice treated with CBT-511
had smaller tumors compared to mock CAR-T treated mice. (C) There were no significant differences
in the animal weights between CBT-511 and mock CAR-T treated mice.
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3. Discussion

Advanced CRC remains an extraordinarily difficult cancer to treat. CRC is the third-leading
cause of cancer death in the U.S. It represents an enormous challenge and has a poor overall survival
(~12% 5-year overall survival (OS); Stage IV CRC). Novel therapeutic approaches designed to eradicate
metastatic dissemination of CRC cells would fill a major gap in successful therapy.

Adoptive T cell-based immunotherapy has the potential to improve patient outcomes due to
the ability of cytotoxic T cells that target the tumor epithelium, penetrate the TME, and eliminate the
tumor. CAR-T cell therapy builds upon this approach by using the patient’s own T cells to activate,
proliferate, and destroy tumor cells. This is accomplished by engineering the T cells to express a
specific tumor-related antigen that is recognized by the extracellular targeting region of the CAR-T.
In this report, we describe a novel CSC-directed CAR-T that specifically binds to the extracellular
regions of the TSC protein DCLK1 expressed in CRC. Using LoVo CRC cells derived from metastatic
tissue from a patient with adenocarcinoma of the colon, we demonstrate that CAR-T cells expressing
the ScFv region of a humanized mAb directed at isoforms 2 and 4 of human DCLK1 (hCBT-15) reduced
LoVo colon cancer xenograft growth by greater than 42 percent compared to mock CAR-T controls.
This occurred without any weight loss or obvious adverse effect of CAR-T cells compared to controls.

One major determinant of successful CAR-T therapy is the specificity of the mAb, and as such
the ScFv regions used to generate the CAR-T against the cell surface expression of the target antigen.
With respect to DCLK1 surface expression, many cancer cell lines express low levels of extra cellular
isoforms 2 and 4 (e.g., BxPC3 and MIA PaCa-2 pancreatic cancer cell lines); however, in this report,
we describe three cancer cell lines that express greater than 9 percent DCLK1 cell surface expression
at baseline: HT29, HCT116, and LoVo cells. This level of expression was sufficient to allow CAR-T
cells at 20:1 dilution to exhibit significant real time cytotoxicity. However, our overall hypothesis is
that the clonogenic capacity of the CSC population is the true target of successful immunotherapy.
When CRC cell lines were subsequently grown in 3D culture systems in order isolate the clonogenic
population, we observed a marked increase in the expression of extracellular DCLK1 isoforms in HT29
cells (from 9 to 45%). Interestingly, we did not observe a similar increase in HCT116 or LoVo cancer
cells. However, baseline expression in these two cell lines was higher than that observed in the HT29
cell line. We predict that in 3D clonogenic culture systems, we select for more undifferentiated stem-like
cells [53]. HCT116 and LoVo cells had relatively higher expression of surface DCLK1 when grown in 2D
compared to HT29. Although these findings are under investigation in our laboratory, tumorspheres
have more undifferentiated cells that express surface DCLK1 compared to cells grown in 2D. Moreover,
in these cell lines, we did not observe an increase in DCLK1 cell surface expression when grown in
3D. We speculate that LoVo cells have a more mesenchymal-like phenotype [54] and may express
sufficient DCLK1 to promote tumorigenesis, whereas HT29 cells, which appear to be of a more epithelial
phenotype, require a less differentiated state in order to demonstrate increased DCLK1 expression on
the surface. LoVo cells, according to recent reports, generally express more vimentin than E-cadherin,
suggesting a more mesenchymal phenotype compared to HCT116 or HT29 [54]. Nevertheless, studies
are underway to assess the sensitivity of clonogenic cells to CAR-T based cytotoxicity.

Our in vitro studies using HT29, HCT116, and LoVo cells cultured in 3D matrices revealed a
significant increase in IFN-γ release, a surrogate measure of cytotoxicity, compared to cells grown in
2D with a 19.8 percent DCLK1 CAR expression. However, we are fully aware that further studies are
needed to fully assess cytokine release and accurate cytotoxicity of the specific clonogenic cells (CSC)
within spheroids. In future studies, we intend to reclone the DCLK1 ScFv into a vector containing
the MND U3 promoter. In preliminary studies, this promoter resulted in a nearly three-fold increase
in cell surface CAR expression compared to the EF1 promoter we used in this report [55]. These
data support our overall hypothesis that the clonogenic population of tumor cells may represent an
ideal target for DCLK1 driven CAR-T therapy. Because DCLK1 cell surface expression is increased
on a diverse range of TSCs, the need for highly specific CAR-T cells may be reduced. It is important
for us to emphasize that unlike traditional extracellular antigens that are upregulated in tumors but
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undetectable in normal tissues, DCLK1 is highly upregulated in tumor cells and expressed at low levels
in normal tissues. However, the specific TSC population and progeny are the targets of DCLK1 CAR-T
therapy. Furthermore, because DCLK1 is not expressed on normal stem cells, the risk for off-target
serious adverse effects may be reduced [25]. One particular advantage of a DCLK1-based anti-TSC
strategy is that although DCLK1 marks TSCs, it is not expressed on normal LGR5+ stem cells Thus,
DCLK1 is the first and only TSC marker that can distinguish between normal cells from TSCs [25].

Analysis of the TCGA database of patients with CRC revealed that elevated levels of DCLK1
mRNA transcripts compared to normal adjacent tissue was associated with a poor prognosis and
reduced OS. Conversely, patients with low DCLK1 expression levels exhibited an increase in overall
and recurrence-free survival. At the protein level, tissue microarray of patients with CRC had increased
levels of DCLK1 compared to normal adjacent tissues. These data illustrate the potential importance of
targeting DCLK1 to eliminate and perhaps inactivate the TSC population in CRC [19,21–24].

Low levels of DCLK1 are associated with increased OS and recurrence free survival and are
associated with low expression of EMT transcription factors. These data suggest that reduction of
DCLK1 and DCLK1 expressing cells may be an important goal of CRC therapies aimed at reducing
EMT factors to improve OS outcomes [19,21–24]. We previously demonstrated that interruption of
DCLK1 signaling blocked EMT and inhibited the invasion and migration of cancer cells [20,22–24].
Furthermore, siRNA-mediated knockdown of DCLK1 has been shown to upregulate anti EMT, miR-200
family of microRNAs with downregulation of transcription factors—ZEB1, SNAIL and SLUG [19–22].

A major study by Maliar et al., demonstrated that a CAR-T construct targeting the putative CSC
protein CD24 in pancreatic ductal adenocarcinoma (PDAC) improved overall survival (OS) and reduced
metastasis in orthotopic patient-derived xenografts and in CAPAN-1-derived xenografts. In separate
experiments, treatment with Her2/neu CAR-T cells also resulted in improved OS, and tumor eradication
in xenograft models [56]. However, the anti Her2/neu CAR-T cells only demonstrated significant
efficacy when epidermal growth factor receptor (EGFR) was highly expressed in the majority of cells
within the tumor, whereas anti-CD24 CAR-T was successful despite low levels of CD-24 expression
within the tumor. These data taken together illustrate that targeting CSCs can display similar efficacies
to CAR-Ts targeting antigens expressed on rapidly proliferating tumor cell populations. The studies
presented above support our rationale for targeting a highly specific TSC antigen for the treatment of
CRC and perhaps other solid tumors.

4. Materials and Methods

4.1. Cells, Primary Tissues

CRC cell lines HT29, HCT116, and LoVo were purchased from the ATCC (Manassas, VA, USA)
and cultured in RPMI-1640 medium (ThermoFisher, Waltham, MA, USA) containing 10% Fetal Bovine
Serum (FBS) (AmCell, Mountain View, CA, USA). Human peripheral blood mononuclear cells (PBMC)
were isolated from whole blood obtained in the Stanford Hospital Blood Center (Stanford University)
according to Institutional Review Board (IRB)-approved protocol (#13942). PBMC were isolated by
density sedimentation over Ficoll-Paque (GE Healthcare, Chicago, IL, USA).

4.2. Monoclonal Antibody

DCLK1-targeted monoclonal antibody (CBT-15 mAb), DCLK1 mAb analogue (previously reported,
see [47,48]), and isotype control mAb were generated as previously described. Binding affinity of CBT-15
was confirmed by enzyme-linked immunosorbent assay (ELISA) using full-length DCLK1 [47,48,57].

4.3. Generation of CAR-Encoding Lentivirus

DNA encoding the DCLK1 CAR was synthesized and subcloned into a third-generation
lentiviral vector, Lenti CMV-MCS-EF1a-puro by Syno Biological (Beijing, China) [39,42]. Ten million
growth-arrested HEK293FT cells (ThermoFisher) were seeded into T75 flasks. Cells were cultured
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overnight and transfected using the CalPhos Transfection Kit (Takara, Mountain View, CA, USA) and
pPACKH1 Lentivector Packaging Mix (System Biosciences, Palo Alto, CA, USA) containing 10 μg
of the lentiviral vector. The media was changed the following day and 48 h later, media containing
the lentivirus was collected and clarified by centrifugation at 2100× g for 30 min. The virus particles
were collected by centrifugation at 112,000× g for 100 min, suspended in AIM V medium, aliquoted,
and frozen at −80 ◦C. The titers of the virus preparations were determined by quantitative Reverse
transcription polymerase chain reaction (RT-PCR)using the Lenti-X qRT-PCR kit (Takara) according to
the manufacturer’s protocol and the 7900HT thermal cycler (ThermoFisher). The lentiviral titers were
>1 × 108 plaque forming units (pfu)/mL [39,42].

4.4. Generation and Expansion of CAR-T Cells

PBMCs were suspended at 1 × 106 cells/mL in AIM V-AlbuMAX medium (ThermoFisher)
containing 10% FBS and 10 ng/mL IL-2 (ThermoFisher), mixed with an equal number (1:1 ratio)
of CD3/CD28 Dynabeads (ThermoFisher), and cultured in non-treated 24-well plates (0.5 mL per
well) [39,42]. At 24 and 48 h, lentivirus was added to the cultures at a multiplicity of infection (MOI) of
5 along with 1 μL of TransPlus transduction enhancer (AlStem, San Francisco, CA, USA). As the T cells
proliferated over the next 10–12 days, the cells were counted every 2–3 days and spent media was
replaced with fresh media containing 10 ng/mL IL-2 was added to maintain the cell density at 1 to
3 × 106 cells/mL [39,42].

4.5. Flow Cytometry

To measure CAR expression, 0.25 million cells were suspended in 100 μL of buffer
(Phosphate-buffered saline (PBS) containing 2 mM Ethylenediaminetetraacetic acid (EDTA) pH
8 and 0.5% Bovine serum albumin (BSA)) and incubated on ice with 1 μL of human serum
(Jackson Immunoresearch, West Grove, PA, USA) for 10 min. Then, 0.3 μg of biotinylated human
DCLK1 protein (AcroBiosystems, Newark, DE, USA) was added and the cells were incubated
on ice for 30 min. Cells were rinsed with 3 mL of buffer and suspended in 100 μL of buffer.
Next, 1 μL of phycoerythrin (PE)-conjugated streptavidin (BD Biosciences, San Jose, CA, USA),
1 μL of allophycocyanin (APC)-labeled anti-CD3 (BioLegend, San Diego, CA, USA) and 2 μL of
7-aminoactinomycin D (7-AAD) solution (BioLegend) were added to the cells and incubated on ice for
30 min [39,42]. The cells were rinsed with 3 mL of buffer and suspended in buffer and acquired on a
FACSCalibur (BD Biosciences). Cells were analyzed first for light scatter versus 7-AAD staining, and
the 7-AAD− live gated cells were plotted for anti-CD3 staining versus DCLK1 protein staining [39,42].

4.6. Cytokine Induction Assay

Target cells (HT29, HCT116, and LoVo) were cultured with the effector cells (CAR-T cells or
non-transduced T cells) at a 10:1 ratio (E:T; 1 × 104 cells each) in U-bottom 96-well plates with 200 μL
of AIM V-AlbuMAX medium containing 10% FBS, in triplicate. After 16 h, the top 150 μL of medium
was transferred to V-bottom 96-well plates and centrifuged at 300 × g for 5 min to pellet any residual
cells. The top 120 μL of supernatant was transferred to a new 96-well plate and analyzed by ELISA
for human IFN-γ levels using a kit from R&D Systems (Minneapolis, MN, USA) according to the
manufacturer’s protocol. Additionally, based on our previous experience and published report an E:T
10:1 and 20:1 are optimal for cytokine induction and cytotoxicity [39,42,43].

4.7. Real-Time Cytotoxicity Assay (RTCA)

Adherent target cells (HT29, HCT116, and LoVo) were seeded into 96-well E-plates (Acea
Biosciences, San Diego, CA, USA) at 1 × 104 cells per well and monitored in culture overnight using
impedance-based real-time cell analysis (RTCA) xCELLigence system (Acea Bio). The next day, the
media was removed and replaced with AIM V-AlbuMAX medium containing 10% FBS ± 1 × 105

effector cells (CAR-T cells or non-transduced T cells), in triplicate. The cells in the E-plates were
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monitored for another 24–48 h with the RTCA system, and impedance was plotted over time. Cytolysis
was calculated as follows: (impedance of target cells without effector cells-impedance of target cells
with effector cells) × 100/impedance of target cells without effector cells.

4.8. Mouse Xenograft Study

Six-week old male NSG™mice (Jackson Laboratories, Bar Harbor, ME, USA) were housed and
manipulated in strict accordance with the Institutional Animal Care and Use Committee (IACUC). All
animal experiments were performed at Joint Innovation Park Animal Facility, Richmond, CA according
to approved IACUC protocol. Each mouse was injected subcutaneously (both sides of the flanks; n = 3
mice with six tumors in each group) on day 0 with 100 μL of 1 × 107 LoVo cells/mice separately. CAR-T
cells (CBT-511 or mock CAR-T cells) were injected intravenously (1 × 107 cells/mice each day) on days
7 or 14 and 21. Tumor sizes were measured with calipers twice weekly and tumor volume (in mm3)
was determined using the formula W2L/2, where W is tumor width and L is tumor length until day 45.
At the end of the studies, tumors were excised and final volumes measured.

4.9. Statistical Analysis

Data were analyzed and plotted using Prism software (GraphPad, San Diego, CA, USA).
Comparisons between two groups were performed by unpaired Student’s t-test. Comparisons
between three or more groups were performed by one-way ANOVA or two-way ANOVA followed by
Tukey’s or Sidak’s post hoc test. The difference with p < 0.05 was considered significant.

5. Conclusions

Together, these results indicate that DCLK1-targeted CAR-T immunotherapy provides a novel
mechanism for eliminating the cell of origin and perhaps the metastatic progeny in CRC. This study is
the first of its kind to demonstrate the therapeutic utility of a CAR-T directed against a TSC-specific
antigen for the treatment of CRC. The results of this study may lead to the development of novel
TSC-directed CAR-T therapies for CRC and perhaps other solid tumor cancers.

6. Patents

This work is part of a provisional patent application filed by COARE Biotechnology Inc.
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Simple Summary: Doublecortin-like kinase 1 (DCLK1) is a tumor stem cell marker in colon, pancreatic,
and potentially other cancers that has received wide attention recently. Aside from its role as a
tuft cell marker in normal tissue and as a tumor stem cell marker in cancer, previous studies have
demonstrated that silencing DCLK1 functionally reduces stemness, epithelial mesenchymal transition
(EMT), and tumorigenesis in cancers. More recently, DCLK1′s role in regulating the inflammatory,
pre-cancer, and tumor microenvironment including its ability to modulate immune cell mechanisms
has started to come into focus. Importantly, clinically viable therapeutic means of targeting DCLK1
have finally become available in the form of kinase inhibitors, monoclonal antibodies, and chimeric
antigen receptor T cells (CAR-T). Herein, we comprehensively review the mechanistic role of DCLK1
in the tumor microenvironment, assess the potential for targeting DCLK1 in colon, pancreatic and
renal cancer.

Abstract: Microtubule-associated doublecortin-like kinase 1 (DCLK1) is an accepted marker of tuft
cells (TCs) and several kinds of cancer stem cells (CSCs), and emerging evidence suggests that
DCLK1-positive TCs participate in the initiation and formation of inflammation-associated cancer.
DCLK1-expressing CSCs regulate multiple biological processes in cancer, promote resistance to
therapy, and are associated with metastasis. In solid tumor cancers, tumor epithelia, immune cells,
cancer-associated fibroblasts, endothelial cells and blood vessels, extracellular matrix, and hypoxia all
support a CSC phenotype characterized by drug resistance, recurrence, and metastasis. Recently,
studies have shown that DCLK1-positive CSCs are associated with epithelial-mesenchymal transition,
angiogenesis, and immune checkpoint. Emerging data concerning targeting DCLK1 with small
molecular inhibitors, monoclonal antibodies, and chimeric antigen receptor T-cells shows promising
effects on inhibiting tumor growth and regulating the tumor immune microenvironment. Overall,
DCLK1 is reaching maturity as an anti-cancer target and therapies directed against it may have
potential against CSCs directly, in remodeling the tumor microenvironment, and as immunotherapies.

Cancers 2020, 12, 3801; doi:10.3390/cancers12123801 www.mdpi.com/journal/cancers
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1. Introduction

Microtubule-associated doublecortin-like kinase 1 (DCLK1) was originally thought to be a
brain-specific protein before 2006 [1] when Giannakis et al. first reported DCLK1 as a potential marker
of stem-like cells of the small intestine [2]. However, further research has identified these cells as
differentiated tuft cells (TCs) possessing a variety of unique molecular and functional characteristics [3].
DCLK1+ tuft cells of the gastrointestinal tract are characterized by microvilli and may be long-lived and
display self-renewal or progenitor functionality under some conditions [4–6]. Importantly, they regulate
the immune microenvironment through IL-25/IL-17RB signaling in order to affect epithelial repair
after injury, and may initiate inflammation-associated tumorigenesis after mutation [7–12]. In 2008,
the Houchen group proposed that DCLK1 is a specific marker protein for intestinal adenoma stem
cells [13], which brought attention to DCLK1 in cancer research and was the first of a series of
research reports providing evidence that it might be an effective target for oncology drug development.
To date, DCLK1 has been demonstrated to be a relatively selective marker of several kinds of cancer
stem-like cells or cancer stem cells (CSCs) including in colon, breast, pancreas, kidney, and esophageal
cancers [14–17]. After twenty years of research, DCLK1 is accepted as a specific marker of TCs
and several kinds of CSCs, and is well known for its ability to regulate tumor growth, invasion,
metastasis, epithelial-mesenchymal transition (EMT), pluripotency, angiogenesis, and pro-survival
signaling [18–21].

CSCs are an important subpopulation of cells in the immunosuppressive tumor microenvironment
(TME), which in turn provides a niche to support stem cell characteristics including self-renewal,
differentiation, and immunosuppressive cell recruitment. Tumors create an immunosuppressive
microenvironment by secreting a variety of chemokines and cytokines which may recruit tumor
associated macrophages (TAM), tumor associated neutrophils (TAN), myeloid derived suppressor cells
(MDSC), and other regulatory immune cells. TAM and TAN differentiate from polarized macrophages
and neutrophils respectively, and remodel the TME to support tumor growth and angiogenesis [22].
TAM have been shown to promote the degradation of extracellular matrix and secrete exosomes
containing mRNA and miRNA which ultimately promote tumor invasion and metastasis. Both TAM
and CD4+ T-cells secrete tumor necrosis factor alpha (TNF-α) and up-regulate NF-κB signal pathway
to induce the expression of EMT transcription factors Snail and Twist [23]. Moreover, they enhance
transforming growth factor-β (TGF-β) signaling to promote the self-renewal of CSCs [24]. Presently,
CSCs are considered a key driver of chemotherapy resistance, recurrence, and metastasis. Recent work
shows that DCLK1 promotes CSC self-renewal and drug-resistance and can be targeted to inhibit
tumorigenesis in kidney cancer [25]. Furthermore, several recent studies show that DCLK1 affects tumor
growth and metastasis via regulating TAM and immune checkpoint. Finally, monoclonal antibodies
and chimeric antigen receptor T-Cells (CAR-T) based on DCLK1 have demonstrated potential as novel
cancer immunotherapies [26–28]. Herein we review key advances in the understanding of DCLK1 and
DCLK1+ TCs function in the context of the tumor and immune microenvironment and discuss future
directions for DCLK1-based research and development.

2. Function of DCLK1-Expressing Gastrointestinal Tuft Cells

TCs are present above the +4 position of the intestinal crypt and in the villus where they function
as a chemosensory and secretory cell type. Additionally, TCs are found in the respiratory tract, salivary
gland, gallbladder, pancreatic duct, auditory tube, urethra, and thymus [29–33]. The majority within
the intestinal epithelium express DCLK1, and accumulating evidence suggests that DCLK1+ tuft cells
take part in a diffuse chemosensory system where they serve a sentinel function to detect chemical
signals in the microenvironment and orchestrate the repair of local epithelial tissue [12]. For instance,
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TCs located in the lung, colon and stomach epithelium can sense alterations to pH, nutrients, or the
microbiota using taste receptors including GTP-binding protein α-gustducin and transient receptor
potential cation channel subfamily M member 5 (TRPM5), or regulate capillary resistance to hypoxia
by inducing an epithelial response via secretion of IL-25, leading to the activation of innate lymphoid
type 2 cells (ILC2) and IL-13 secretion [34–37]. Using a transgenic intestinal epithelium specific DCLK1
knockout mouse model (VillinCre;Dclk1fl/fl), May et al. reported that DCLK1 deletion in tuft cells
resulted in altered gene expression in pathways for epithelial growth, stemness, barrier function,
and taste reception signaling further suggesting its importance in TCs [9]. Furthermore, several
studies have reported that DCLK1-expressing TCs secrete various kinds of regulatory molecules
such as leukotrienes, prostaglandins, nitric oxide and IL-25, which lead to ILC2 and LGR5+ stem
cell-mediated tuft and goblet cell differentiation in chronic inflammation and injury [35,38]. This is a
key emerging area of interest that will provide new knowledge about the inflammatory, pre-cancer,
and tumor microenvironments as well as immune–tumor interactions as they relate to tumorigenesis
and progression.

There is strong evidence that DCLK1 expression in TCs play an important functional role
in epithelial repair processes of the gut. Intestinal epithelium-specific knockout of DCLK1
(VilCre;Dclk1flox/flox) leads to increased severity of injury and death in mouse whole body irradiation
and dextran sulfate sodium (DSS)-induced colitis models [6,9,39]. A recent study expounded on this
idea more directly. Yi et al. reported the deletion of DCLK1 in the mucin-type O-glycan deficient model
of ulcerative colitis (UC) resulted in greater severity of disease characterized by enhanced mucosal
thickening and increased inflammatory cell infiltration. They found that in the absence of DCLK1,
epithelial proliferative responses to chronic inflammation were impaired. However, the deletion
of DCLK1 did not affect the numbers of intact TCs. These results indicate that DCLK1 expression
is a regulator of TC activation status, despite not being involved in TC expansion [10]. Moreover,
this function has consequences to the entire intestinal epithelial response to injury as supported by
previous findings [6,9,39]. Although these findings are highly suggestive, further studies will be
necessary to fully determine the exact mechanisms by which DCLK1 in TCs regulate this response.

DCLK1-expressing TC expansion has been observed in human Barrett’s esophagus, chronic
gastritis in transgenic mice, rat gastric mucosa and intestinal neoplasia [14,40,41]. While TCs are
not usually proliferative, it appears that mutations acquired by stem cells or progenitors can be
passed on to TCs, which might then interconvert into tumor initiating cells under inflammatory
or injurious conditions. Alternatively, putative “long-lived” TCs might acquire and maintain
mutations, finally initiating tumorigenesis after a secondary insult such as colitis [6]. During the
early stages of tumorigenesis, DCLK1+ TC expansion is observed in the gastrointestinal niche
where they interact with neurons and promote tumorigenesis by secreting acetylcholine to stimulate
enteric nerves. Notably, intestinal epithelial cells can express acetylcholine receptors to activate
Wnt signaling and regulate the differentiation of intestinal epithelial cells which may be required
for tumorigenesis [42]. Using lineage tracing mouse models, Nakanishi et al. and Westphalen et al.
concurrently demonstrated the DCLK1+ TC’s cell-of-origin status in Wnt-driven tumorigenesis. In the
Nakanishi study, the ApcMin/+ model of intestinal polyposis was crossed with a Dclk1Cre-ERT mouse
to generate lineage tracing (ApcMin/+;Dclk1Cre-ERT;R26LacZ) and diptheria-toxin receptor TC-specific
deletion (ApcMin/+;Dclk1Cre-ERT;iDTR) mice. Dclk1+ TC-based lineage tracing specifically traced the
entirety of the adenoma in these mice. In comparison, an intestinal stem cell marker Lgr5-based
model traced the entirety of the normal epithelium and the polyp. Moreover, deletion of DCLK1+ TCs
using the diptheria-toxin receptor model resulted in a complete collapse of polyps within days [43].
The Westphalen study made use of an alternative Dclk1Cre model which was crossed to an Apcflox/flox

mouse. In this model, spontaneous tumorigenesis did not occur. However, lineage tracing experiments
demonstrated a small, but abnormally long-lived, population of DCLK1+ TCs in the intestinal
epithelium. In conditions of colitis induced chemically via DSS, these long-lived TCs gave rise to
tumors with a severe adenocarcinoma-like phenotype [6]. Importantly, this study was the first to
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ascertain the existence of multiple functionally unique populations of TCs. This finding has now been
confirmed by single-cell RNA-Sequencing studies which identified a separate immunomodulatory
population of TCs [44].

In summary, DCLK1-expressing TCs play an important role in stimulating gastrointestinal
epithelial stem cells in the microenvironment and contributing to cancer progression [45]. Moreover,
studying the two distinct subpopulations of TCs separately may clarify their dual-role in epithelial
restitution and tumorigenesis. Promisingly, specific markers for each TC subtype have already been
identified [44]. Finally, limited evidence suggests that DCLK1-expressing intestinal TCs in the gut
can promote tumor progression in hepatocellular carcinoma (HCC) through activating alternative
macrophages in tumor microenvironment via secreting IL-25 [46]. This distant signaling functionality
across the gut-liver axis adds an interesting new dimension to understanding the role of TCs.

3. Function of DCLK1+ Acinar and Tuft Cells in Pancreatitis and Pancreatic Cancer

In the pancreas, DCLK1 is a marker of a population of pancreatic cancer-initiating cells, some of
which have morphological and molecular features of gastrointestinal TCs [47]. However, DCLK1
also notably marks pancreatic acinar cells, which are a likely source of tumorigenesis through the
acinar-ductal metaplasia process. Genetic lineage tracing experiments show that Dclk1+ pancreatic
epithelial cells are necessary for pancreatic regeneration following injury and chronic inflammation.
Moreover, KRAS mutation in Dclk1+ pancreatic epithelial cells leads to pancreatic cancer in the
presence of induced pancreatitis [43]. In pancreatic tumors, it has recently been shown that immune
cell-derived IL-17 regulates the development of TCs via increased expression of DCLK1, POU domain
class 2 transcription factor 3 (POU2F3), aldehyde dehydrogenase 1 family member A1 (ALDH1A1),
and IL17RC [48]. Intriguingly, DCLK1 kinase inhibitor can inhibit DCLK1+ organoids derived from
pancreatic ductal adenocarcinoma patient tumors, indicating that DCLK1 activity and perhaps DCLK1+
TCs or acinar cells are a potential target for pancreatic ductal adenocarcinoma [49]. Although the
underlying signaling mechanisms of DCLK1+ epithelial cell-mediated tumorigenesis require further
elaboration, DCLK1 and DCLK1+ epithelial cells such as TCs are likely to be a target for new classes of
immunotherapies and TME-remodeling drugs in gastrointestinal tract cancers.

4. Interactions between DCLK1 and the Tumor Microenvironment

CSCs depend on the surrounding microenvironment to maintain immune evasion, EMT,
drug efflux, DNA repair, signaling pathway regulation, metabolic reprogramming, and epigenetic
reprogramming to enhance tumor metastasis, multi-drug resistance and antitumor immunity [50].
Hypoxia is a key regulator of the TME and evidence indicates that DCLK1-positive colorectal cancer
cells have increased stemness in hypoxic conditions [51]. Hypoxia famously induces CSCs to express
hypoxia inducible factor (HIF) which is a key factor in inducing vascular endothelial growth factor
(VEGF) and angiogenesis, which in turn further fuel CSCs. Knockdown of DCLK1 with siRNA or
downregulation of DCLK1 with a kinase inhibitor (XMD8-92) results in decreased expression of
angiogenic markers/VEGF receptors (VEGFR1 and VEGFR2) and EMT-related transcription factors
ZEB1, ZEB2, Snail and Slug [19,52] in pancreatic tumor xenografts. Hypoxia can also be increased
epigenetically by histone lysine demethylase 3A (KDM3A) overexpression in pancreatic cancer cells,
which leads to increased expression of DCLK1. Knockdown of KDM3A in this context results in
reduced invasion, spheroid formation, and orthotopic tumor formation [53]. Finally, in renal cell
carcinoma, siRNA-mediated knockdown of DCLK1 significantly sensitized co-cultured endothelial
cells to the vascular endothelial growth factor receptor (VEGFR) inhibitor sunitinib in an in vitro
angiogenesis assay, demonstrating that expression of DCLK1 on neoplastic cells directly modulates
this component of the tumor microenvironment. However, further studies will be needed to determine
if this effect is direct [17]. Together these results link the activity of DCLK1, hypoxia, and angiogenesis
and further research should be promising.
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EMT and CSCs are both linked by key biological characteristics, such as resistance to cytotoxic
T lymphocytes (CTLs) and reliance on TGF-β signaling pathway [54]. Microenvironmental changes,
such as hypoxia, induce CSCs and in turn CSCs maintain plasticity in their niche via inflammation,
EMT, and hypoxia through various signaling pathways [55]. Strong evidence demonstrates that
DCLK1 is a regulator of EMT in gastric, colorectal, pancreatic, breast, renal, and other cancers [56,57].
EMT is defined as cellular phenotypic changes from epithelial to mesenchymal type with high
expression of N-cadherin and Vimentin [58], and is further associated with TGF-β signaling pathway
and functional migration, invasion, metastasis, extracellular matrix (ECM) alteration, apoptosis and
drug resistance [59]. Enhanced EMT features after exposure to inflammatory cytokines (i.e., TGF-β,
interferon gamma (IFN-γ) and TNF-α) can impact proliferation, differentiation and apoptosis of natural
killer cells (NKs) and T and B cells [60], suggesting the importance of EMT in the tumor immune
microenvironment. Indeed, evidence suggests that blocking TGF-β signaling may sensitize tumors to
immune checkpoint inhibitors [61], and checkpoint ligand programmed cell death 1 (PD-1) ligand
(PD-L1) is frequently upregulated in EMT-high tumors.

Additionally, miRNAs are known to play an important role in regulating EMT [62]. Members of
miR-200 family directly inhibit ZEB1/ZEB2 activity and overexpression of the miR-200 family can
suppress EMT and sensitize cancer cells to chemotherapeutic agents [63]. Knockdown of DCLK1
expression leads to down-regulation of miR-200a, miR-144, and miR-let7a along with downregulation
of EMT-associated transcription factors ZEB1, ZEB2, Snail, Slug, and Twist in human pancreatic and
colon cancer cells [20,64]. Therefore, DCLK1-mediated EMT could be a target in decreasing HIF
levels to regulate angiogenesis and suppress migration by inhibiting cell-to-cell adhesion. Moreover,
targeting DCLK1-mediated EMT to regulate TGF-β pathway may alter resistance to CTLs and other
anti-tumor immune cells. Blocking DCLK1-mediated EMT also may damage CSC homeostatic
processes through several correlated signaling pathways. A study using lung cancer models showed
that downregulation of miR-200 family members and upregulation of ZEB1 not only drive EMT, but also
lead to upregulation of the PD-L1 in association with exhaustion of intratumoral CD8+ T lymphocytes,
which ultimately promotes metastasis [65]. These results suggest that targeting DCLK1-mediated
EMT may increase PD-L1 regulated CD8+ T lymphocyte infiltration via regulation of the miR-200
family. Indeed, some evidence shows that DCLK1 marked CSCs support growth, metastasis, and
escape from eradication in the tumor microenvironment [25,66,67]. These results are not the only ones
demonstrating a relationship between DCLK1 and miRNA activity. Razi et al. showed that DCLK1 is
expressed at higher levels in colorectal cancer (CRC) tissue compared to pre-cancerous polyps and that
it is inversely correlated with the expression of functional tumor suppressor miRNAs miR-137 and
miR-15a. The combined effect of miR-137/miR-15a loss could be significant in CRC as loss of the first is
associated with more severe pathological characteristics, and loss of the second has anti-apoptotic,
pro-proliferative, and pro-invasive effects [68].

Another key area of focus for DCLK1′s role in the tumor microenvironment involves its basic
activity in cell signal transduction. Unlike other prominent target kinases, little is known about
DCLK1′s ligands, interacting proteins, and substrates. This perhaps results from the difficulty in
studying DCLK1′s complex isoforms, two of which are initiated from an upstream CpG-island regulated
promoter (alpha-promoter) and another two of which are initiated from a downstream TATA-box
promoter (beta-promoter). However, strides in understanding DCLK1′s basic molecular function
have been made in recent years. Notably, DCLK1 has been identified as a potential RAS effector and
activator in multiple studies, and DCLK1 expression in pancreatic cancer patients is correlated with
RAS downstream signaling pathways ERK, PI3K, and MTOR [49,69–71]. DCLK1-AL (transcribed from
the α-promoter and characterized by a lengthened C-terminus) can complex with RAS and increase
GTP-bound active RAS [71].

Kato et al. showed that loss of the G9a (EHMT2) histone methyl transferase results in a decrease in
the number of Dclk1-positive cells and correlated reduction in Erk phosphorylation in mouse pancreatic
intraepithelial neoplasia (mPanIN) lesions of a pancreatic cancer mouse model [70], which concurs
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with findings in the Dclk1Cre;KrasLSL-G12D model of pancreatic tumorigenesis [69]. Ferguson et al.
also provided evidence for the importance of the interaction between DCLK1 and ERK in a subset of
KRAS-mutant pancreatic cancers [49]. In regards to substrates of DCLK1, Liu et al. used the novel
and specific inhibitor DCLK1-IN-1 as a tool to identify several candidates including ERK2, GSK3B,
CDK1, CDK2, CHK1, and PKACA. Additional potential substrates in nucleic acid processing such as
CDK11, MATR3, and DNA topoisomerase 2-beta (TOP2B) were also identified and phosphopeptides
including TOP2B, CDK11B, and MATR3 were significantly decreased after treatment with DCLK1-IN-1.
Pathway analysis suggested substrate involvement in RNA processing, insulin signaling, ErbB signaling,
proteoglycan synthesis, and maintenance of focal adhesion and tight junction pathways [72]. Finally,
Koizumi et al. experimentally identified MAP7D1 (microtubule-associated protein 7 domain containing
1) as a substrate of DCLK1 in cortical neurons and the phosphomimetic MAP7D1 fully rescued the
impaired callosal axon elongation in neurons after DCLK1 knockdown [73]. All together, these findings
are some of the first to unravel DCLK1′s complex molecular mechanisms and may have implications
for future translational research and biomarker development.

5. Regulation of Immune Checkpoint and Macrophage Polarization by DCLK1

The tumor immune microenvironment (TIME) refers to the microenvironment as it relates to
immune cells including: infiltrated-excluded TIME in which there is a relative lack of cytotoxic
T lymphocytes in the core location of the tumor; infiltrated–inflamed TIME in which infiltration
occurs to a large degree with expression of immune negative regulatory receptor PD-1 of CTLs and
inhibitory PD-L1 of leukocytes; and tertiary lymphoid structure TIME, which contains a large number
of lymphocytes, including initial and activated T-cells, regulatory T-cells, B cells, and dendritic cells [74].
Overexpression of PD-L1 on tumor cells inhibits the activation of immune cells by binding PD-1
on the surface of T cells after a T-cell receptor binds to cancer cells to promote PD-1 expression.
PD-1 and PD-L1 antibodies can block PD-1/PD-L1 co-inhibition signaling and relieve the inhibition
of T cells and induce their cytotoxicity. A recent study reported that DCLK1 regulates the level of
PD-L1 expression by affecting the corresponding expression level of yes-associated protein (YAP)
in the Hippo pathway in pancreatic tumors [26]. These findings concur with others in renal cancer
which also show a direct relationship between DCLK1 and PD-L1 expression [26]. CSCs maintain
TME stemness as well as increase angiogenesis, which is associated with reduced recognition of T cells
and evasion of the immune system via lack of T-cell recognition [75]. PD-L1 perhaps has a key role
in helping DCLK1-positive CSCs to evade the immune system, leading to an immune suppressive
microenvironment. Moreover, this process may be linked to DCLK1 regulatory activity on EMT, as the
EMT process is also strongly associated with immune checkpoint [76].

In the TME, TAMs can serve an anti-tumorigenic or pro-tumorigenic role depending on their
status. Typically, the M1 pro-inflammatory macrophage status is correlated to tumor suppression,
while the M2 anti-inflammatory/tissue-repair status promotes tumor progression and metastasis.
CSCs can secrete various cytokines and chemokines to recruit TAMs to infiltrate the tumor and
maintain the M2 phenotype. In turn, M2 macrophages activate STAT3 signaling via secreting IL-6 and
epidermal growth factor to increase the expression of Sox2 and enhance the tumorigenic potential of
CSCs. In addition, M2 macrophages can also secrete TGF-β to induce EMT and maintain stemness.
Overexpression of DCLK1 has been related to worse clinical prognosis via increasing immune and
stromal components in colon and gastric cancer patients, and DCLK1 affects multiple immune cell
types such as TAMs and Treg and notably inhibits CD8+ T-cells by increasing inhibitor proteins
TGF-β1 and chemokine (C-X-C motif) ligand 12 (CXCL12) and their receptors [77]. A recent study
demonstrated that overexpression of DCLK1-AL in pancreatic tumor cells can lead to polarization of
M1-macrophages towards an M2-phenotype characterized by secretion of chemokines and cytokines
such as IL-6, IL-10, and CXCL12, which enhance tumor cell migration, invasion, and self-renewal [28].
In addition, DCLK1-AL induced M2-macrophages inhibited CD8+ T-cell proliferation and Granzyme-B
activation, resulting in immunosuppression. Interestingly, silencing DCLK1 caused macrophages to
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retain the M1 phenotype and abrogated the M2-macrophage ability to enhance aggressiveness and
self-renewal in pancreatic cancer cells. Together, these findings suggest that DCLK1 is a promising
target to enhance antitumor effect through regulating TIME in some types of cancer (Figure 1).

 

Figure 1. Potential Role of DCLK1 and DCLK1+ Cells in the Intestinal Tumor Microenvironment.
DCLK1+ tuft cells (TC) will recruit innate lymphoid type-2 cells (ILC2) by secreting IL-25 which in turn
reprograms intestinal stem cells (ISC) through IL4/13-IL4R signaling to express transcription factor
POU2F3 leading to TC hyperplasia. In the presence of mutation and inflammation, DCLK1+ TCs can be
converted to cancer stem cells (CSC) and initiate a tumor. Under hypoxia, DCLK1+ CSCs may induce
angiogenesis by upregulation of HIF-1 and secretion of VEGF. Furthermore, DCLK1+CSCs promote EMT
via the miR-200 family leading to metastatic CSCs (mCSC) with high levels of PD-L1. DCLK1+ CSCs
further regulate the immune tumor microenvironment by polarization of M1 macrophages towards
an M2 status by secreting IL-6, IL-10 and CXCL12, which leads to inhibition of T-cell proliferation
and activation. DCLK1-positive CSCs also express programmed death ligand 1 (PD-L1) expression to
inhibit CD8/PD1++ CTL function.

6. Development of DCLK1-Targeted Therapeutic Agents and Biologics

The recent discovery of new CSC surface markers and functional membrane proteins has led to
suitable candidate targets such as CD13 and α3β1 for hepatocellular carcinoma (HCC) and bladder
cancer, respectively [78,79]. DCLK1 is an optimal target as it represents a more specific CSC marker
for colorectal, pancreatic, and possibly other cancers such as gastric cancer, esophageal cancer,
breast cancer and renal carcinoma. A small molecule kinase inhibitor, LRRK2-IN-1, was first reported
to regulate DCLK1-mediated stemness and EMT by suppressing DCLK1 kinase activity in colorectal
and pancreatic cancer [80]. LRRK2-IN-1 impaired cell proliferation, induced apoptosis, and decreased
colony formation capacity in cholangiocarcinoma primary cells. Interestingly, it was also shown
that DCLK1 marks a subpopulation of LGR5+ and CD133+ CSC-like cells in cholangiocarcinoma,
suggesting its potential as a target in this disease [81]. However, LRRK2-IN-1 has notable activity against
ERK5 and sub-optimal properties for in vivo delivery. Recently a more specific and in vivo-compatible
inhibitor, DCLK1-IN-1, was developed to target the DCLK1 kinase domain based on chemo-proteomic
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profiling and structure-activity based design. Importantly, this inhibitor showed significant activity
against clinically relevant DCLK1+ patient-derived pancreatic ductal adenocarcinoma organoids [49].
Additionally, DCLK1-IN-1 was shown to be effective in CRC using kinase-modified engineered DCLK1
in the DLD-1 cell line [72]. Further studies are needed using DCLK1-IN-1 and other specific DCLK1
kinase inhibitors, and an assessment of its ability to influence anti-tumor immunity is especially
desirable as the clinical use of kinase inhibitors in conjunction with immune checkpoint therapies is
emerging [82].

Overexpression of DCLK1-AL induces the expression of aldehyde dehydrogenase, stimulates
CSC self-renewal, and enhances resistance to FDA-approved receptor tyrosine kinase inhibitors
(sunitinib/sorafenib) and mammalian target of rapamyoin inhibitors (everolimus/temsirolimus) in
renal cell carcinoma (RCC), suggesting its value as a target in this cancer. A novel monoclonal antibody
(CBT-15) was developed to target DCLK1′s extracellular C-terminus and effectively blocked RCC
tumorigenesis in an RCC xenograft model [25]. Notably, DCLK1 variants containing the extracellular
domain show restricted expression in normal tissue but overexpression in tumor tissue. CBT-15 also
showed a significant effect in inhibiting tumor growth in vivo in mouse models of pancreatic cancer [71].
Another DCLK1-targeted mAb, DCLK1-87, stains tissue regions with CSC-marker ALDH expression
in CRC, and CRC patients bearing tumors with low tissue staining intensity from this mAb showed
improved survival [83].

Utilizing well-characterized CSC markers makes it possible to develop CAR-T cells with the
potential to eliminate CSCs. As a CAR-T target, DCLK1 single-chain antibody variable fragment
(CBT-511), showed a prominent cytotoxic effect against tumor cells and reduced tumor growth in
CRC [27]. CBT-511 also increased IFN-γ release in CRC cells (2D and 3D). It has been reported
previously that CSCs decrease the number of activated dendritic cells which is accompanied by
decreased secretion of IL-10, IL-12 and IFN-γ cytokines, resulting in the inhibition of proliferation and
differentiation of immature T lymphocytes [84]. Further investigation of DCLK1-targeted CAR-T in
this context is warranted (Table 1).
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7. Future Directions for DCLK1 Research and Drug Development

Although traditional radiotherapy and chemotherapy have therapeutic effects on tumors,
clinical data show that CSCs are resistant to chemotherapy and radiotherapy, which is a key reason for
tumor metastasis and recurrence. Therefore, it is desirable to develop specific and effective targeted
therapies against CSCs. DCLK1 is a promising therapeutic target as shown by studies using kinase
inhibitor, mAb or CAR-T. However, further studies of DCLK1-expressing TCs and their biological
effect in normal conditions and in initiating cancer will be needed to safely target DCLK1. Furthermore,
exploration of DCLK1′s relationship to other biological aspects are sorely needed.

Under hypoxia, DCLK1 overexpression induces stemness, but the intermediary mechanisms
remain unknown. Hypoxia is known to protect CSCs from chemotherapy and radiation
therapy-mediated damage in the TME, and to induce angiogenesis by secreting VEGF and recruiting
monocytes, macrophages, macrophages and endothelial cells. Moreover, it limits the proliferation
and activation of cytotoxic CD8+ T-cells, activates WNT and Notch signaling pathways to maintain
self-renewal, and induces TGF-β signaling to promote EMT. Although DCLK1 is upregulated in
angiogenesis and regulates chemotherapy resistance and cancer stemness by WNT signaling, knowledge
of the effect of DCLK1 on hypoxia-driven immune cells, endothelial cells, blood vessels, and ECM
remains limited [91]. Prior studies show that hypoxia induce CSCs to different metabolic phenotypes
including glycolysis for the quiescent M state and oxidative phosphorylation for the proliferative E-state
to enhance chemoresistance and acquire other stem-cell characteristics [92–94]. Strong evidence shows
that the metabolism of CSCs is context-dependent and reliant on glycolysis or mitochondrial oxidative
metabolism [95–100]. Currently, conventional therapies such as chemotherapy and radiotherapy have
a low effect on CSCs because of increased expression of drug transporters, maintenance of a slow
dividing state (quiescence), and efficient DNA repair mechanisms. Metabolic phenotypes are directly
related with CSC dividing state and it is thought that targeting CSC metabolism may be an effective way
to eliminate chemo-resistance and tumor relapse. One interesting study showed that Doublecortin-like
(a splice-variant produced from DCLK1′s alpha promoter) knockdown is associated with reduced
mitochondrial activity which significantly decreases tumor growth by regulating cytochrome c oxidase
activity and ATP synthesis in neuroblastoma tumor xenografts. Another study showed that glycolysis
promotes the expression of DCLK1 and maintains the CSC and EMT phenotypes via low reactive oxygen
species levels in chemo-resistant pancreatic cancer cells [101]. Tumor microenvironmental factors
including hypoxia, glucose deprivation, low pH, oxygen stress, and others are key in promoting CSC
selection of metabolic pathways leading to metastasis or drug-resistance [102]. Metabolic alterations
may cause cells to acquire stem-cell-like characteristics, and DCLK1+ TCs are long-lived and quiescent
before they are activated by injury. Recent studies demonstrate that targeting oxidative phosphorylation
may inhibit CSC metabolic processes and proliferation in some cancers [103]. Switching metabolic
phenotypes of CSCs and TCs by enhancing oxidative phosphorylation to inhibit their tumorigenesis or
tumor growth may be a feasible direction for further study. Future studies should focus on whether
targeting DCLK1 to regulate metabolic processes or targeting metabolic activity of DCLK1+ TCs or
CSCs may be a viable focus for therapy.

Targeting the TIME has already resulted in remarkable achievements including CAR-T and
CAR-NK technologies that can potentially kill CSCs. The composition of immune cells in the tumor
microenvironment will affect their response to specific immunotherapies and alter antigen presentation
and macrophage polarization. Inhibition of IL-6 secretion from TAMs can inhibit the activation of
CSCs to improve therapy, and overexpression of immune checkpoint ligand PD-L1 on CSCs blocks
the cytotoxic CD8+ T-cell response [104]. Although existing data is relatively limited, DCLK1 has
shown promising prospects in the above areas and a full assessment of DCLK1′s impact on immune
checkpoint and pro-tumor macrophages is warranted.
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8. Conclusions

DCLK1+ TCs are closely related with tumor initiation and chronic inflammatory diseases.
Currently, the TC biological effect on cancer initiation and progression is not fully understood.
Although CSCs drive chemotherapy and radiotherapy failures, there is still no effective therapeutic
strategy against them. Due to these limitations, targeting the tumor microenvironment provides a
prospective option for cancer treatment. However, in different tumor types or different developmental
stages of the tumor, the interaction between CSCs and the microenvironment varies and will complicate
developing these therapeutic strategies. Finding a reliable molecular target is crucial, and DCLK1 is
one such potential marker that should be pursued in this context. DCLK1 is a multifaceted target due
to several isoforms with variable functions and cellular localization. However, new evidence of their
various roles is emerging. Importantly, efforts are underway to determine how DCLK1 functions within
the TC to promote the response to injury, including how it modulates the immune microenvironment
and how it balances this role with potential pro-tumorigenic signaling. When sufficient knowledge is
gained, a variety of DCLK1-specific targeting modalities are already available for translation including
specific kinase inhibitors and targeted monoclonal antibodies and CAR-T therapies.
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Simple Summary: This review paper here describes the recent progress that has been made in
chimeric antigen receptor (CAR) -based therapies for treatment of tumors and the role of metabolism
in the tumor microenvironment in relation to these therapies. Moreover, this manuscript also
discusses role of different CAR-based cells for treatment of solid tumors, which is a major challenge
in the CAR immunotherapy field.

Abstract: Chimeric antigen receptor (CAR) T cell-based therapies have shown tremendous advance-
ment in clinical and pre-clinical studies for the treatment of hematological malignancies, such as the
refractory of pre-B cell acute lymphoblastic leukemia (B-ALL), chronic lymphocytic leukemia (CLL),
and large B cell lymphoma (LBCL). However, CAR T cell therapy for solid tumors has not been suc-
cessful clinically. Although, some research efforts, such as combining CARs with immune checkpoint
inhibitor-based therapy, have been used to expand the application of CAR T cells for the treatment of
solid tumors. Importantly, further understanding of the coordination of nutrient and energy supplies
needed for CAR T cell expansion and function, especially in the tumor microenvironment (TME),
is greatly needed. In addition to CAR T cells, there is great interest in utilizing other types of CAR
immune cells, such as CAR NK and CAR macrophages that can infiltrate solid tumors. However,
the metabolic competition in the TME between cancer cells and immune cells remains a challenge.
Bioengineering technologies, such as metabolic engineering, can make a substantial contribution
when developing CAR cells to have an ability to overcome nutrient-paucity in the solid TME. This
review introduces technologies that have been used to generate metabolically fit CAR-immune cells
as a treatment for hematological malignancies and solid tumors, and briefly discusses the challenges
to treat solid tumors with CAR-immune cells.

Keywords: CAR macrophage; CAR T cell; immunotherapy; solid tumors; immunometabolism;
tumor microenvironment

1. Introduction

Adoptive cell transfer (ACT) strategies including tumor-infiltration lymphocytes
(TILs), T cell receptor (TCR) engineered T cells, and CAR T cells have been highly efficacious
cancer immunotherapies in clinic. CAR T cells are a type of cell-based therapy where
autologous T lymphocytes are genetically engineered to express the binding site of specific
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antibodies for the ability to target tumor-associated antigens (TAAs) [1]. There have been
three generations of CAR T cells to date. In the first generation of CARs, the T-cell signaling
domain was fused with an intracellular portion of a TCR CD3ζ subunit [2]. However, their
poor performance in vivo, due to lack of co-stimulation, led to the development of second-
generation CAR T cells where two types of T-cell signaling domains, a co-stimulatory
domain, either CD28 or 4-1BB, and a T-cell activation domain were incorporated into the
construct. Both of these generations expressed a single chain variable fragment (scFv)
against CD19, which is expressed at a high-level on B cell malignancies. However, the
second generation of CARs was more efficacious in showing antitumor effects in patients.
The later generation of CAR T cells incorporated two co-stimulatory domains derived
from different co-stimulatory domains [2], for purposes of enhancing the activation and
proliferation of these cells upon interaction with their target antigen [3]. There have been
more than 370 clinical trials on CAR T cells to date worldwide (clinicaltrials.gov, accessed
on 29 June 2020) [4] and, although there are risks associated with CAR T cells, such as
neurotoxicity and cytokine release syndrome (CRS), CAR T cells are the first case of cellular
gene therapy to be commercially approved by the U.S. FDA. Figure 1 shows the general
methodology of generating CAR expressing cells. Specifically, as the first step, leukocytes
are extracted from the patient’s blood or donor’s body, and T cells are purified. Next,
these T cells are genetically modified to express CAR using lentivirus (KymriahTM) or
retrovirus (YescartaTM). After T cells are differentiated into their CD4 or CD8 T cells
subsets, activation of the T cells is needed. CD8+ T cells can be activated with cytokines,
such as IL-2 [5]. Interestingly, in addition to activation and proliferation of CAR CD8+ T
cells, IL-2 has also been used clinically as a monotherapy to induce cancer regression in
patients [6]. Importantly, the CARs are encoded with viral vectors, which integrate into the
genome of the patient T cells, thus allowing them to bind directly to TAA, such as CD19,
independent of HLA. However, the efficacy of CAR-T cell therapy is challenged by the
nutrient depleted and immunosuppressive TME ensued by tumor cells. The high metabolic
demand required for tumor cell proliferation and metastasis, as well as the increased
ability for tumor cells to internalize nutrients, leaves the TME nutrient depleted [7,8].
Thereby starving effector T cells and preventing their anti-tumor cytotoxic effects [8]. This
increased uptake of nutrients by tumor cells can lead to an increased accumulation of
metabolic by-products, such as lactic acid and CO2, in the TME which in turn has been
found to prevent effector T cell activity [9,10]. Additionally, tumor cells can evade the
immune system via immunosuppressive mediators, such as immunosuppressive enzyme
(Indoleamine-2,3-dioxygenase (IDO) or arginase) [6,11] or cytokine (Interleukin 10 (IL-10)
or Transforming growth factor beta (TGFβ) [12,13] production for the induction of T cell
suppression or tolerance. This here demonstrates the need to engineer highly resilient
and metabolically fit CAR-T cells with capabilities of enduring the nutrient depleted and
immunosuppressive TME.

In addition to CAR-T cells, bioengineering technologies have enabled great progress
in developing other immune cell types such as CAR-NK cells, CAR-macrophages (CAR-M),
and CAR-γδ T cells, which can provide effective responses in persistent solid tumors [14,15].
The following sections will discuss several bioengineering strategies that have led to
the development of effective CAR T cell therapies, as well as the metabolic demand of
anti-tumor CAR immune cells and an introduction to different types of non-T cell-based
CAR therapies.
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Figure 1. Treatment of patients with CAR immune cells. In the first step, immune cells are isolated
from the patient’s blood by leukapheresis. These autologous immune cells are then manufactured
off-site and genetically modified to target and kill antigen carrying cancer cells. The treatment is
initiated by intravenous infusion of CAR immune cells into the patient.

2. Challenges of CAR T Cell Therapy

Although, CAR T cells provide tremendous advantages in killing cancer cells, they also
have drawbacks and mechanisms of resistance related to off-targeting effects and antigen
loss of cancer cells. Antigen loss in certain cancers is likely contributed to antigen escape or
lineage switch [16]. Antigen escape, which is occurs when there is a loss or downregulation
of the target antigen, may take place when a patient relapses with a phenotypically similar
cancer but lacks the expression of the previously targeted antigen [17]. For example, CAR
T therapy can successfully kill one type of cancerous cell, but the patient may relapse if
the tumor reforms with a different population of cancerous cells [18,19]. Monitoring CAR
T cell efficacy for antigen loss may be essential for relapse prediction and prevention. In
contrast, lineage switch can occur when a patient develops a genetically similar tumor with
differences in phenotypic expressions [17].

In addition to antigen escape and lineage switch, unforeseen toxicities are another
common limitation associated with CAR T cell therapies. The toxicity associated with T cell
therapies may be related to incorrect dosages, off targeting effects, and incorrect timing of T
cell activity. Specifically, CAR T cells can target healthy B cells in non-tumor tissues, and this
can lead to “on-target, off-tumor” toxic responses. Additional mechanisms of resistance
to CAR T cell therapy is the inability to harvest enough autologous T cells for CAR
engineering, the inability to generate effective CAR technologies from patients who have
previously been exposed to chemotherapy, and the inherent tumor heterogeneity being an
obstacle in recognizing the most optimal target [20–22] Therefore, in order to overcome the
drawbacks of CAR T cell therapies, further research needs to be done to identify multiple
tumor-specific antigens, signaling domains, and optimizing and development of safe,
reliable CARs, based on the specific type of tumor.

Notably, some of these challenges have been addressed pre-clinically using recent
strategies of suicide genes, inhibitory CAR, dual-antigen receptors, or the use of exogenous
molecules to help control CAR T cell function [23]. The implementation of these strategies
have led to the development of more effective CAR T cell therapies [23]. Despite the
deficiencies associated with CAR T cells, studies have clearly shown that CAR-based T-cell
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therapies can control tumor progression in patients that do not respond to conventional
treatments [24,25].

Furthermore, three additional important parameters that should be considered when
engineering CAR in T cells include (i) identifying the most relevant T cell subset to induce
the most robust antitumor response, (ii) finding the best ex vivo T cell processing procedure
to ensure that the most fit T cells are generated, and (iii) determining whether or not
additional T cell engineering is required for the most optimal in vivo performance [26].
Each of these aspects require additional study for the further development of effective
CAR cells that have a higher capability in targeting and killing cancerous cells within
heterogeneous tumor complexes. Moreover, additional research on the manufacturing
process of CAR cells can also decrease costs and increase the number of centers that
specialize in engineering CAR constructs.

3. CAR T Cell Immunotherapy for Solid Tumors

Despite extensive efforts in pre-clinical studies, CAR T cell therapy has not been
successful in treating solid tumors in clinic. There are several limitations to current CAR T
cell technologies that need to be addressed in order to have a more efficacious construct
when treating solid tumors. Namely, one of the limitations being the physical nature of solid
tumors itself. The solid feature of the tumor creates a physical barrier, in turn preventing
CAR T cells from successfully infiltrating the tumor. Consequently, this affects the CAR
T cells’ ability to locate the ideal target antigen as compared to hematological diffused
tumors [27]. Moreover, as observed in human tumor cultures, in order to access tumor
sites and exert antitumor effects, CAR T cells must be able to degrade heparan sulphate
proteoglycans (HSPGs) by releasing specific enzymes, such as heparanase (HPSE) in the
TME to reach their target [28,29]. Notably, in solid tumors, chemokine-receptor mismatch,
cancer associated fibroblasts (CAFs), physical barriers represented by the extracellular
matrix (ECM) and stroma, and abnormal vasculature at tumor sites are also some of the
limitations to CAR T cell infiltration [27]. In contrast to hematological cancers, where CAR
T cells can circulate the bloodstream to eventually reach the targeted cancer cells without
having to overcome physical barriers. Additionally, solid tumors promote infiltrating
myeloid cells to produce immunosuppressive signals and molecules within the TME
for the inhibition of T effector cell infiltration and activity [30]. Interestingly, a strategy
of photothermal therapy has been shown to promote direct tumor cell killing, partial
disruption of the ECM, and enhanced tumor infiltration and activation of CAR T cells in
mice bearing human melanoma tumors [31]. Additionally, clinical studies have shown
that CAR T cell infiltration within solid tumors can be enhanced when targeting a tissue-
specific antigen, such as prostate-specific membrane antigen (PSMA), which can be found
on malignant prostate cells [32]. However, the selective targeting of conventional CAR T
cells is reliant on identifying specific TAAs of interest. Therefore, universal CAR-T cells
have become a popular area of study and can promote the selective targeting of various
antigens without prior TAA identification. For instance, given that CD16-CAR T cells are
capable of identifying the FC-region of monoclonal antibodies, the combinatorial delivery
of CD16-CAR T cells and monoclonal antibodies can promote the selective targeting of
multiple antigens, and in turn avert the antigen loss, downregulation or mutation limitation
that is associated with conventional CAR cell therapy [33–36].

In addition to trafficking and infiltration, multiple challenges in the hostile solid TME
can affect the efficacy and function of CAR T cells. For example, nutritional depletion,
acidic pH, oxidative stress, and hypoxia that are rendered by the metabolism of tumor
cells, can also inhibit CAR T cell function [32,37]. Something that is also important to
note when generating effective CAR T cells is to consider the reduction in memory and
effector T cell activity in the TME due to (1) the clonal deletion of self/tumor-specific T
cells leads to a decreased number in tumor-specific TCRs, (2) poor activation of innate
immune cells and antigen-presenting cells (APCs) in the TME, and (3) formation of an
overall immunosuppressive TME [38]. Interestingly, these challenges have inspired the
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development in CAR T cell-based treatments that partially overcome each of these three
obstacles. However, the efficacy of CAR T cell therapy is influenced by multiple challenges
generated by stromal cells, such as cancer associated fibroblast, and suppressive immune
cells, tumor associated macrophages, tumor associated neutrophils, and Tregs. Other
factors, such as immunosuppressive cells, the presence of inhibitory soluble factors, and
cytokines are also responsible for hindering the ability of CAR T cells to target the solid
tumors effectively.

The following sections discuss a few of these issues that are involved in reducing the
efficiency of CAR T cells within solid tumors and the TME, as well as how metabolism
plays a role in CAR T cell efficacy.

3.1. Impact of TME on T Cell Metabolism

Over the past few decades, the role of immune cell metabolism is being recognized as
a major hurdle in limiting the function and efficacy of antitumor T cells for cancer therapy.
The metabolic pathways within immune cells, in particular T cells, is known to control
T cell activation, proliferation, differentiation, migration and function [39]. Therefore,
recent efforts identifying that metabolites within the TME can alter T cell function is vital
information for the future development of more stable and effective CAR technologies [40].
Additionally, hypoxia associated with the TME in solid tumors is one of the challenges
that has been shown to decrease T-bet expression in TILs and reduce lymphocyte’s activa-
tion [41], and generation of high level of reactive oxygen species (ROS) by tumor cells can
cause oxidative stress in mouse melanoma models. Therefore, such a TME can inhibit T
cell immune responses, such as activation, proliferation, differentiation and apoptosis [42].
Interestingly, engineered CAR T cells have been generated to secrete an antioxidant enzyme,
catalase (CAT), to reduce hydrogen peroxide to water and oxygen. Thus, these CAT-CAR T
cells can maintain their anti-tumor function and were shown to have a reduced oxidative
state with decreased levels in ROS accumulation in solid human tumor samples [32]. More-
over, since the metabolism of memory T cells relies on oxygen, hypoxic conditions are a
major challenge for these cell types in the TME. Additionally, low oxygen concentrations
can limit oxidative phosphorylation [27]. Studies have shown that increased levels of
hypoxia can lead to an upregulation of PD-L1 and HIF-1a in myeloid-derived suppressor
cells (MDSCs) to ultimately lead to T cell exhaustion and Treg generation [43].

Therefore, understanding the metabolic transition of T cells in the TME, and a change
in the cellular metabolic reprogramming of cancer cells due to oncogenic mutations can
lead to a better understanding of the issues related to the metabolic state in TME [44].
Glycolysis plays a crucial role in the differentiation and expansion of effector T cells. Upon
encountering an antigen (such as lymphoma specific CD20) T cells undergo changes in
their metabolic activity for their differentiation into effector cell subsets. Indeed, naïve
T cells rely on oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO) to
meet energy demands. However, activated effector T cells rely on aerobic glycolysis to
facilitate faster proliferation [44–46]. On the other hand, glycolysis is also a preferred
metabolic program of cancer cells. An increased reliance on glycolysis over OXPHOS,
known as Warburg effect, generates energy in the form of adenosine triphosphate (ATP)
and lactate [44], under hypoxic conditions during the early avascular phase of tumor
development [47]. Therefore, glucose availability in the TME is decreased due to the
increased uptake by tumor cells, in turn, leading to lowered AKT and mTOR signaling
in T cells, which are vital for a greater reliance on anabolic metabolism of T cells and
their function. This then leads to a downregulation of glucose transporter (Glut1) and
prevention of effector T cell activation and function [27,46]. Consequently, this process
further diminishes an effector T cells ability to have an increased reliance on glycolytic
metabolism. More recently, it has been shown that a reduction in glucose availability
leads to a decrease of phosphoenolpyruvate, a glycolysis metabolite, which is necessary
to sustain TCR signaling and antitumor T-cell effector activity [48]. Glucose depravation
can also lead to an increased expression of programmed cell death protein 1 (PD-1) on
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T cells [49], however the inhibition of programmed cell death ligand 1 (PD-L1) on solid
tumor cells, to prevent tumor-mediated T cell death, can drive tumor cells to rely more on
OXPHOS. This in vivo data, within a sarcoma mouse model, suggested that this increased
tumor reliance on OXPHOS may lead to an increase in glucose availability in the TME for
effector T cell function and survival [49,50].

Interestingly, lactate, as a major byproduct of aerobic glycolysis is generated in large
amounts in the TME and can hinder cytotoxic T lymphocyte activity and disturb T-cell
metabolism [30,45,51]. Increased extracellular levels of lactate has shown to decrease the
intracellular pH of T cells and inhibit T cell glycolysis, via direct inhibition of hexokinase 2
(HK) and 6-phosphofructo-2-kinase (PFK) [52,53]. Blocking acidification prior to anti-PD-1
or anti-CTLA-4 may lead to efficient anti-tumor responses [52]. Generation of lactate, and
factors like vascular endothelial growth factor (VEGF), IDO, Prostaglandin E2 (PGE2), and
adenosine are active players that contribute to the suppression of T cell immune responses
within the TME. Moreover, low level of amino acids such as cysteine, arginine, tryptophan,
and lysine within the TME can cause malfunctions in protein translation or can induce
autophagy responses in effector T cells as well [37,54]. Low levels of arginine can alter T cell
responsiveness due to the decreased expression of the CD3ζ chain. However, providing T
cells with arginine has demonstrated an increase in pro-inflammatory cytokine production
and an increase antitumor T cell responses in vitro [55,56]. Therefore, supplementing
CAR-T cells with amino acids, such as cysteine or arginine, may lead to an increase in
antitumor CAR T cell activity.

Notably, metabolic adaptation of cancer cells extends beyond ATP production. For
example, cellular metabolism of several tumors can be modified by loss of tumor sup-
pressors, such as P53, or activation of oncoproteins, such as phosphoinositide 3-kinase
(PI3K). In fact, balance between energy production and macromolecular biosynthesis and
redox status are key requirements of metabolic adaptation of tumor cells [44,47]. These
factors lead to the immunosuppressive TME and low immunogenicity of cancer cells,
which are ultimately responsible for restricting the therapeutic efficacy of CAR T cells in
solid tumors. Thus, TME metabolism and immunometabolism is an active area of research
to substantially improve clinical outcomes of CAR T immunotherapy for treating solid
tumors. For example, to improve cell-based cancer immunotherapy, research has been
performed on immune cell metabolism (e.g., T cells, dendritic cells, [57] macrophages) to
understand how it is affected by the TME, and how it can be manipulated specifically in
adoptive transfer therapies like CAR T immunotherapy [58–61].

Interestingly, studies suggest that cancer cells outcompete T cells for glucose in vivo in
cancerous mouse models, therefore preventing the cytokine production that is required for
T cells to mount a cellular response against the tumor (Figure 2A) [50,62]. Although further
studies are required to understand if this phenomenon is also consistent in human studies.
However, it is observed that checkpoint inhibitor therapies (e.g., anti-CTLA-4) combined
with other therapies are effective, and it is known that these checkpoint inhibitors accelerate
glycolysis in TILs [63,64]. Therefore, this suggests that the ineffectiveness of antitumor
T cells may be due to them being deprived of glucose in the TME. Notably, metabolic
pathways diverge and converge at many different levels, and therefore, cells have to choose
the most optimal path to achieve their metabolic goals to further determine their fate and
function [65]. Overall, different metabolic pathway choices affect the function and fate of
immune cells. Thus, metabolic commitment to a pathway is influenced by both signaling
pathways and substrate availability in the microenvironment. These concepts have been
applied to CAR T cell therapies for making these cells more effective in killing cancer
cells in the solid TME (Figure 2B). For instance, inhibition of IDO because of increased
tryptophan has shown promise for greater success in cancer treatment [66]. Similarly, check-
point blockade therapy (anti-PD-1, anti-PD-L1, anti-CTLA-4) corrects nutrient restriction
experienced by T cells in a progressing tumor by upregulating CD28 mediated glycolysis
(Figure 2C) [50]. These elegant studies clearly demonstrate that metabolic regulation affects
both the function of T cells and their response to low nutrient microenvironments [67].
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These data also suggest that T cell function and cellular metabolism can be modified to
treat different types of tumors in vivo [68]. Table 1 demonstrates how the TME modulates
immunometabolism and potential strategies to overcome the induced metabolic impairments.

 

Figure 2. Metabolically fit chimeric antigen receptor (CAR) cells need to be generated for effective
CAR immunotherapy. (A) When CAR immune cells reach their target, due to the paucity of nutrients,
these cells can become exhausted. This prevents the CAR immune cells from functioning and allows
for tumor growth. (B) Metabolically fit CAR immune cells can be generated by modifying the
metabolic pathways that endow these immune cells to out-compete cancer cells for nutrients and
thus remain active even in the TME for the eradication of cancer cells. (C) Metabolic pathways that
are disrupted and can be modified to generate metabolically fit CAR-immune cells.
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Nonetheless, the strategic selection of which co-stimulatory molecule is expressed
by a CAR T construct can influence CAR T cell function and fate within the challenging
TME. Several examples of T cell co-stimulatory molecules are CD28, ICOS (inducible T
cell co-stimulator (CD278)), 4-1BB (CD137), OX40 (CD134), and CD27. The expression of a
4-1BB domain by a CAR T construct has previously demonstrated the induction of CD8+
central memory T cells with increased respiratory capacity and heightened mitochondrial
biogenesis. In contrast, the incorporation of a CD28 domain has shown to stimulate effector
memory T cell phenotypes with a gene signature signifying glycolytic metabolism [71,72].
Notably, a sustained activation, proliferation, and effector function in resting T cells, via the
activation of NFκB, has been observed when combining a CD28 and OX40 domain to a CD3
ζ chain (CD28-OX40-CD3ζ) [73]. Nonetheless, ICOS can activate the PI3K-AKT signaling
more effectively than CD28, which may elucidate a mechanism behind the increased T cell
persistence within ICOS-based CAR T cells [74]. Furthermore, the incorporation of the
CD27 domain, as a CAR co-stimulatory molecule, has exhibited a decrease in apoptotic
pathways with an upregulation of B-cell lymphoma-extra large (BCL-(X) L), which is
known to modulate metabolic functions of mitochondrial multiprotein complexes [71,75].
Therefore, the incorporation or combination of various intracellular signaling domains can
alter the outcome of the CAR construct within the TME.

Among different approaches, one of the most promising approaches to modifying
the TME in solid and hematological malignancies may be the combined delivery of CAR
T therapies with existing protein therapies for an improvement of CAR T cell function.
An example of such as approach is the constitutive expression of IL-12 by CAR T cells
for an increased ability to eliminate cancer cells more effectively, which in turn leads to
overcoming the immunosuppressive TME [76]. Therefore, generation modified CAR T cell
immunotherapy, based on combinatorial engineering and treatments to reprogram T cell
properties and the TME, can be unprecedented hope of therapeutic interventions for solid
and hematological tumors.

3.2. Metabolic Engineering of CAR Cells

Metabolic engineering of CAR cells has a great potential to develop highly potent CAR
T cells. For example, gene engineering approaches, such as overexpression of intercellular
metabolic enzymes, [30] can improve CAR T cell activity in solid tumors. Overexpression
of PPAR-gamma coactivator 1-α (PGC1-α), which programs mitochondrial biogenesis
is one approach to potentially engineering the metabolism of CAR T cells. A defect in
PPAR-gamma coactivator 1-α, due to chronic protein kinase B (Akt) signaling inhibiting
Foxo transcription factor activity and consequent PGC1-α repression, can lead to loss of
mitochondrial function in tumor-reactive T cells in the TME. Therefore, PGC1-α overex-
pressing T cells significantly increases mitochondrial mass, resulting in greater metabolic
efficiency of T cells in the TME [77]. However, studies have not yet implemented this
approach in CAR T cell therapies, indicating that further studies are required. Interestingly,
another study showed that co-inhibitory factor gene editing, such as the combination of
PD-1 blockade in CAR T cells [78] can also enhance CAR T cell function. Specifically, cancer
cells often upregulate ligands, such as PD-L1, that bind to inhibitory receptors on T cells
and limit the capacity of CAR T cells to combat solid tumors. Using clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 system to knockout PD-1 has been
shown to augment the function of CAR T cells in vitro and in vivo. Indeed, CRISPR/Cas9
system can disrupt PD-1 gene locus in human primary T cells, which leads to reduction of
PD-1HI population. Notably, this reduction does not have a significant effect on CAR T cell
proliferation. Besides the boosting of CAR T cell cytokine production, a combination of
CAR T cells with CRISPR/Cas9-mediated PD-1 genome can enhance the ability of CAR T
cells to recognize antigens and target antigen-expressing tumors [78]. Furthermore, the
inhibition of PD-1 in T cells, is shown to lead to metabolic changes where T cells transition
from glycolysis toward the Krebs cycle with an increased rate of FAO. This alteration in T
cell metabolism using PD-1 inhibitors demonstrated an increase in T cell survival, function,
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and terminal differentiation by relying on a fat-based metabolism and in turn mimicking
functions similar to memory T cells. PD-1 ligation has also been shown to enhance the
PPAR/PPARγ PGC1-α axis when administering bezafibrate (a pan-PPAR agonist) for the
prevention of T cell death and for the initiation of a long-lived T cell phenotype under
PD-1 blockade [79–81]. Therefore, utilizing PD-1 therapies in conjunction with CAR T cell
therapies may be a feasible approach to altering the metabolic profile of T cells as a strategy
to maintain CAR T cell function in a nutrient depleted environment.

Adoptive cell therapy, such as TIL therapy, has also shown success and is a current
clinical approach to treating cancer. In comparison to CAR-T cell therapy where circulating
T cells from the blood are extracted and engineered to bind to specific proteins expressed
by cancer cells, TILs are found and extracted from the tumor. TILs that recognize the
tumor cells are then expanded and infused back into the patient. Although TIL therapy
does not require engineering of T cells, TIL therapy is a more invasive approach and
requires identifying TIL-rich tumor samples which may not exist or may be challenging
to acquire [82]. Additionally, TILs have dysregulated metabolism due to the nature of the
TME, which has shown to increase exhaustion and deplete effector T cell function [83].
Therefore, acquiring metabolically stable T cells from the periphery for CAR therapy may
be an advantage in comparison to expanding metabolically dysregulated TILs for the
treatment of cancer.

4. Other Potent CAR Immune Cells

The idea of generating metabolically fit immune cells can also be extended to other
CAR immune cells such as NK cells, macrophages, and dendritic cells [84–88]. In fact, re-
cent research is beginning to explore specific metabolic enzymes in these immune cell types,
which can be manipulated to make these cells more metabolically fit. The metabolic repro-
gramming of macrophages and dendritic cells [89] has led to the discovery of metabolic
processes, such as glycolysis, the Krebs cycle, and fatty acid metabolism, having significant
effects on their cellular function [90]. For example, macrophages undergo metabolic repro-
gramming in response to environmental cues, danger signals, and cytokines. Macrophage
function is also affected by certain metabolites such as succinate and citrate [90]. Over-
all, the immune system can regulate metabolic pathways to change cell function and
fate, thus modulating these pathways in immune cells could generate a metabolically fit
CAR-based immunotherapy.

4.1. NK Cell CAR Therapies

CAR NK cells have shown promising results for tumor suppression in pre-clinical
testing. Successful pre-clinical tests of anti-CD19 CAR T cell therapy and remission of B cell
malignancies has led to further investigations in CAR NK cells and its clinical applications
(Figure 3) [87]. The inspiration for generating anti-CD19 CAR NK cells was to overcome the
complexity in manufacturing CAR T cells and circumvent their associated toxicities [91].
About 73% of CD19-positive lymphoid tumor patients, who were treated with CAR NK
therapy responded to treatment and approximately 88% of those patients had reached
complete remission [91]. Additionally, patients had shown a response to the treatment
within 30 days of the infusion, regardless of the dosage. Furthermore, CAR NK cells
were active for at least 12 months in patients who received low doses [91]. CAR NK cells
have also shown success in targeting solid tumors expressing antigens such as HER2,
PSMA, mesothelin, ROBO1, or MUC1[92]. Importantly, a majority of the patients receiving
CAR NK therapy had a positive response to the treatment, and CAR NK cells were not
associated with any toxicity such as cytokine release syndrome, neurotoxicity, or graft-
versus-host disease. Therefore, CAR NK cell immunotherapy presents an allogenic therapy
that can be readily available for instant use [93,94]. Moreover, CAR NK cells are able to
exert anti-tumor effects in addition to the CAR function since they also obtain their native
receptors, therefore averting any relapse or resistance associated with antigen loss and
CAR therapy [93,95,96]. Additionally, unlike CAR T cells, CAR NK cells can target tumor
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cells without the requirement of specific TAA recognition and despite the down-regulation
of MHC class I on tumor cells [94,97]. This demonstrates the potential of CAR NK cells as
universal CAR cells [93,98].

 

Figure 3. Targeting of tumor cells by T cells and NK cells. T cells and Natural Killer (NK) cells
expressing a chimeric antigen receptor (CAR) recognize the antigens present on the tumor cells, bind
them and release perforin and granzymes to directly initiate tumor cell death.

Although NK cells are effective phagocytic lymphocytes with high tumor suppressing
activity, NK cells are functionally exhausted in the TME [99]. This is likely due to the nutri-
ent and oxygen deprived TME that also consists of high levels of metabolic by-products,
such as lactic acid. A reduction in IL-2-induced mitochondrial metabolism, such as OX-
PHOS and maximal respiration has been observed in human NK cells within the TME [100].
Nonetheless, the hypoxic environment can be used as an advantage when constructing NK
cells. Juillerat et al. demonstrated that the incorporation of the oxygen-sensitive domain,
HIF-1a, can generate a construct where the expression of CAR is reliant on low oxygen con-
centrations [101,102]. Additionally, CRISPR/Cas9 can be utilized to alter pathways that are
involved in NK exhaustion or function [103]. For instance, CRISPR/Cas9 can successfully
express the NKG2D ligand, major histocompatibility complex class I polypeptide-related
sequence A (MICA), which may promote NK-mediated anti-tumor effects [104]. It is also
important to note that tumor cells in the TME evade NK cell function via TGF-b, metabolic
disturbances, and checkpoints among many other immunosuppressive mechanisms [96].
However, NK cells with a chimeric receptor consisting of the activating receptor, NKG2D,
along with the cytotoxic ζ-chain of a TCR can overcome the immunosuppressive TME while
promoting inflammatory responses within the TME [97,105]. Furthermore, transduction of
NK cells with activating cytokines, such as IL-2, IL-12, IL-15, IL-18, and IL-21, can promote
the proliferation and function of NK cells [106]. For example, NK cells co-expressing CAR
and IL-15 were more potent than unmodified NK cells with and had shown to increase
proliferative rates and selective cell-killing activity in breast carcinoma [107]. Furthermore,
CAR NK persistence and function can be achieved when engineering memory-like NK
cells with CAR [108].

Although CAR NKs have shown some success in recent clinical trials, there are still
challenges associated with this treatment option. For example, CAR NK cells have low ex
vivo expansion as well as low transduction efficiency and lifespan, which limits their use
and warrants further research [94,109]. However, electroporation pulse codes and buffer
optimization for protein uptake can improve NK transduction rates [103]. Nonetheless,
CAR NK cells may have several advantages over CAR T cells including safer clinical uses,
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more advanced mechanisms of cancer cell recognition, and an increased abundance of NK
cells in clinical samples for the generation of CAR NK cells [109].

4.2. CAR Macrophages

Due to the success of CAR T cell and CAR NK cell therapies in the clinic, further
research has been carried out to engineer other potent CAR immune cells in pre-clinical
animal models. Among those, a promising cell type, that is gaining traction in CAR-based
immunotherapy, is CAR macrophages. Engineering CAR macrophages is a relatively new
avenue for CAR research which attempts to overcome some of the previously mentioned
limitations associated with CAR T therapies.

Macrophages are known to naturally traffic into solid tumors and may result in a
targeted cancer cell treatment that leaves healthy cells unaffected. Interestingly, a family
of engineered chimeric antigen receptors for phagocytosis (CAR-Ps) has recently been
generated and might direct macrophages towards the desired cancerous cells targets [88].
CAR-P macrophages have shown specificity toward targets as they have been shown
to recognize and attack beads coated with the CD19 protein [88]. Furthermore, CAR-P
macrophages have been able to phagocytose cancer cells and debris in vitro as well.

In another interesting development, human epidermal growth factor receptor 2 (HER2)
targeting-CAR-Ms were developed with the capacity to phagocytose HER2 antigen ex-
pressing ovarian cancer cells [14]. Moreover, it was found that a one-time combined
treatment of CAR-Ms and T cells decreased tumor burden in a xenograft mouse models.
Interestingly, the infusion of CAR-Ms in mice converted the M2 (immunosuppressive
macrophage phenotype) type of macrophages in the tumor to M1 (pro-inflammatory
macrophage phenotype) [14] and induced antigen specific T cell responses against the
tumors. Interestingly, in 2018, Carisma Therapeutics was successful in raising funds for
developing CAR macrophage immunotherapies. In addition to CAR-macrophages, the
precursor of macrophages, monocytes can also have antitumor activity. The advantage
of using monocytes as oppose to macrophages can be that it reduces the time between
retrieval and infusion from seven days to one day.

Overall, CAR monocytes/macrophages are a promising avenue of CAR cell-based
immunotherapy and has the potential to overcome the shortcomings of CAR T cell-based
immunotherapies, especially in targeting solid tumors.

5. Summary

In summary, cellular metabolism plays a crucial role in the immune response and
based on different stages of immune cell phenotype (naive, effector, memory, regulatory
T cells; M1; M2) and their activation state, the metabolic properties of these cells will
change. Additionally, other factors, such as nutrients, cytokines, and growth factors, can
affect effector T cell metabolism. Moreover, the high glycolytic metabolism of tumor
cells creates a microenvironment that is low in vital nutrients, in turn making it highly
hypoxic and acidic, which then leads to the metabolic inhibition of immune cells, poor
inflammatory cell trafficking to the tumor, the production of immunosuppressive cytokines,
and expression of co-inhibitory ligands. These suppressive influences render significant
challenges for CAR cell therapies. Moreover, although several strategies have been tested
to tackle solid tumor barriers, such as the use of alternative cytoplasmic activation domains
and the use of CRISPR-Cas9 as gene-editing techniques, these need to be validated in
clinic. Notably, combination therapy with checkpoint inhibitors and armed CARs has
been used to improve the function of CAR T cells in solid tumors and are being tested in
clinical trials. Importantly, new strategies are required to improve the metabolic fitness of
CAR T cells within the TME and strategies are also required to improve the safety of CAR
cells, particularly as they move into clinic. Indeed, CAR cells can be optimally designed
based on the metabolic properties of the tumor being targeted, and cultured to promote a
less differentiated, long-lived phenotype that can efficiently self-renew and differentiate
in vivo into potent effector cells. Next-generation CAR cell immunotherapy based on
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combinatorial engineering and treatments to reprogram immune cell properties and the
TME offer unprecedented hope of therapeutic interventions for solid tumors.

6. Future Directions

Generating highly pure and metabolically fit CAR immune cells is a major challenge,
and precision genetic modulation of metabolic pathways may improve efficacy toward
treating solid tumors. Moreover, pharmaceutical modification of CAR immune cells can
also be utilized to modify these energy metabolic pathways to drive the activation of CAR
immune cells, specifically for the treatment of solid tumors. These strategies may pave the
way to more efficient CAR therapies against solid tumors.

A major issue that needs to be addressed for CAR therapy is the costs associated
with manufacturing. Engineering strategies of non-viral vectors, developing protocols for
in-hospital CAR therapy generation and generating CAR expression in non-T cells are some
of the approaches that may lead to a decrease in these costs. Furthermore, a significant
investment in engineering principles and omics approaches are needed to improve cellular
manufacturing and the quality control and assurance of CAR therapies. The next stages in
developing CAR immune cells will require marrying the fields of engineering and gene
therapy for increasing the efficacy of treatment of solid tumors with low toxicity.
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Abbreviations

ACT Adoptive cell transfer
AKT protein kinase B
APCs Antigen presenting cells
ATP Adenosine triphosphate
B-ALL B cell acute lymphoblastic leukemia
Bcl-X(L) B-cell lymphoma-extra large
CAFs Cancer-associated fibroblasts
CAR Chimeric antigen receptor
CAR-M Chimeric antigen receptor macrophage
CAR-Ps Chimeric antigen receptors for phagocytosis
CAT Catalase
CCR Chimeric costimulatory receptor
CLL Chronic lymphocytic leukemia
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CRS Cytokine release syndrome
ECM Extracellular matrix
ETBR Endothelin B receptor
FAO Fatty acid oxidation
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GLUT1 Glucose transporter 1
HER2 Human epidermal growth factor receptor 2
HK Hexokinase 2
HPSE Heparinase
HSPG Heparan sulphate proteoglycans
ICOS Inducible T cell co-stimulator
IDO Indoleamine-2,3-dioxygenase
IL-10 Interleukin 10
LBCL Large B cell lymphoma
MDSC Myeloid-derived suppressor cells
MICA Major histocompatibility complex class I polypeptide-related sequence A
NK Natural killer
OXPHOS Oxidative phosphorylation
PD-1 Programmed cell death protein 1
PD-L1 Programmed cell death ligand 1
PFK-6 phosphofructo-2-kinase
PGC1-α PPAR-gamma coactivator 1-α
PGE2 Prostaglandin E2
PI3K Phosphoinositide 3-kinase
PSMA Prostate-specific membrane
ROS Reactive oxygen species
ScFv Single chain variable fragment
TAA Tumor-associated antigens
TCR T cell receptor
TGFβ Transforming growth factor beta
TILs Tumor-infiltration lymphocytes
TME Tumor microenvironment
VEGF Vascular endothelial growth factor
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Abstract: Tumor cells can develop immune escape mechanisms to bypass T cell recognition, e.g.,
antigen loss or downregulation of the antigen presenting machinery, which represents a major
challenge in adoptive T cell therapy. To counteract these mechanisms, we transferred not only one,
but two receptors into the same T cell to generate T cells expressing two additional receptors (TETARs).
We generated these TETARs by lentiviral transduction of a gp100-specific T cell receptor (TCR)
and subsequent electroporation of mRNA encoding a second-generation CSPG4-specific chimeric
antigen receptor (CAR). Following pilot experiments to optimize the combined DNA- and RNA-based
receptor transfer, the functionality of TETARs was compared to T cells either transfected with the
TCR only or the CAR only. After transfection, TETARs clearly expressed both introduced receptors
on their cell surface. When stimulated with tumor cells expressing either one of the antigens or
both, TETARs were able to secrete cytokines and showed cytotoxicity. The confirmation that two
antigen-specific receptors can be functionally combined using two different methods to introduce
each receptor into the same T cell opens new possibilities and opportunities in cancer immunotherapy.
For further evaluation, the use of these TETARs in appropriate animal models will be the next step
towards a potential clinical use in cancer patients.
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1. Introduction

Adoptive transfer of T cells transfected with tumor-specific T cell receptors (TCRs) or chimeric
antigen receptors (CARs) has already been successfully used in clinical trials treating patients suffering
from several types of solid and hematologic malignancies [1–5]. Especially for therapy-refractory
B-cell acute lymphoblastic leukemia (ALL) and diffuse large B-cell lymphoma, CD19-directed CAR T
cell therapy revealed impressive response rates in clinical trials [5–8]. This has resulted in the recent
approval of two CD19 CAR T cell constructs in the United States and the European Union [5–8].

However, a major hurdle in the use of adoptively transferred T cells, especially for the use in solid
tumors, is posed by mechanisms of tumor cells that enable them to escape T cell recognition [9–11].
Occurrences of, e.g., tumor antigen loss, downregulation of the antigen presenting machinery, or defects
in antigen processing are collectively known as “immune escape mechanisms” and give rise to disease
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progression after an initial response [9–11]. Thus, new strategies to improve the adoptive transfer of
engineered T cells are required [12–14]. A possible approach is the introduction of not only one but
two tumor-specific receptors into the same T cell in order to generate T cells expressing not only one,
but two additional tumor antigen-specific receptors. This would reduce the risk of immune escape,
as it is less likely that both tumor antigens recognized by the same T cell will be lost or downregulated
by the same tumor cell at the same time. Additionally, a multi-hit therapy by attacking tumor cells via
more than one target antigen simultaneously may result in a more efficient tumor cell killing.

In our previous studies, we have already generated so called “T cells expressing two additional
receptors” (TETARs) with two TCRs specific for human immunodeficiency virus (HIV)-epitopes [15]
or melanoma antigens [16] using co-electroporation of receptor-encoding mRNAs. These TETARs
equivalently responded to both epitopes with regard to cytokine secretion and cytotoxic function [15,16].
However, by equipping the same T cells simultaneously with two TCRs, tumor cells could still escape
immune recognition by defects in antigen processing or loss of human leukocyte antigen (HLA)
expression. This could be circumvented by, e.g., co-transfection of the T cells with a CAR and a
TCR: While TCRs recognize intracellular tumor antigens that are presented on the cell surface by
major histocompatibility complex (MHC) molecules [17], CARs bind to unprocessed tumor surface
antigens independent of MHC restriction and antigen processing [18,19]. Thus, we generated TETARs
by simultaneous transfection of a second-generation CAR and a conventional TCR using again
co-electroporation of receptor-encoding mRNAs [20]. We could confirm that a CAR and a TCR can be
functionally combined, as these TETARs produced cytokines and were cytotoxic upon recognition of
each of their cognate antigens, while no reciprocal inhibition of the receptors occurred [20].

Using only transient RNA-based transfection to introduce the two receptors into the same T cells
to generate TETARs represents a safer method, as potential side effects will be transient as well. At the
same time, a clinical application would require repetitive infusions and thus, a higher amount of
engineered T cells [21–23]. The use of only DNA-based receptor transfer to introduce both receptors
stably—and not transiently—into the same T cell, however, would most likely result in higher rates of
severe side effects [24], complicating its clinical application as well. Thus, the logical strategy would
be to stably transfer receptors which have already proven to be effective and safe, and to transiently
transfer receptors into the same T cell which are likely potent, but potentially more dangerous regarding
on-target off-tumor toxicities. Thus, an effective strategy could be to stably transfer receptors which
have already proven to be effective and safe, and to transiently transfer receptors into the same T cells
which have been shown to be potent, but potentially more dangerous regarding side effects. In this
context, the receptor, which is virally transduced into the T cell using receptor-encoding DNA, should
have a strong and permanent anti-tumor effect, whereas the receptor, which is transfected into the
same T cell using receptor-encoding RNA, should have an additional “boost” effect at the beginning of
the therapy. This initial “boost” effect could massively increase the pressure on the tumor by enhanced
induction of direct tumor-cell killing and rapid on-site T cell expansion and could be an effective and
fast way to eradicate large quantities of tumor cells.

The CSPG4 antigen (chondroitin sulfate proteoglycan 4, also known as melanoma-associated
chondroitin sulfate proteoglycan, MCSP, or high molecular weight melanoma-associated antigen,
HMW-MAA) is expressed in 90% of melanoma lesions [25] and other malignancies, e.g., gliomas and
sarcomas [26,27]. It is a major driver of melanoma progression by influencing adhesion/spreading,
migration, invasion, and metastasis [25]. It is also expressed on healthy tissue, e.g., precursor cells
of hair follicle and epidermal cells, as well as on endothelial cells and on activated pericytes [28,29].
The gp100 antigen (also known as premelanosome protein, PMEL) is an intracellular transmembrane
glycoprotein enriched in melanosomes, which is involved in the synthesis of melanin [30]. Thus,
both antigens, CSPG4 and gp100, may represent effective target antigens for the use in adoptive T
cell transfer.

The aim of this study was to simultaneously transfer two receptors into the same T cell to generate
TETARs by combining stable DNA- and transient RNA-based receptor transfer. Since the gp100
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antigen has been previously used as a target antigen in adoptive T cell therapy and has proven to be an
effective as well as a safe target antigen [1,31], we decided to stably introduce a gp100-specific TCR
into the T cells via lentiviral transduction. Due to the more distributed expression pattern of CSPG4 in
malignant as well as healthy tissue, we additionally introduced a CSPG4-specific second-generation
CAR transiently into the same T cell via electroporation of receptor-encoding RNA. Following pilot
experiments to optimize the combined DNA- and RNA-based receptor transfer, we examined the
functional activity, i.e., cytokine production and cytotoxicity, of TETARs and compared them to T
cells either transfected with the TCR only or the CAR alone to provide a proof of principle of this
novel approach.

2. Results

2.1. Generation of TETARs

At the beginning of experimental procedures, healthy donor T cells were extracted from
peripheral blood mononuclear cells (PBMCs) via magnetic-activated cell sorting (MACS) and short-time
activated with the anti-CD3 antibody OKT-3, IL-2, and αCD28 (Figure 1). At day two, T cells were
lentivirally transduced with a gp100-specific TCR. Non-transduced cells served as a negative control.
In order to directly expand transduced cells, antigen-specific stimulation was performed with A375M
melanoma cells pulsed with the HLA-A2-restricted peptide gp100280–288 for one week (Figure 1). This
antigen-specific stimulation of cells was performed twice consecutively, adding IL-2 and fresh medium
at day four after each stimulation. At the same time, non-transduced cells were again activated with
OKT-3, IL-2, and αCD28. On day 20, half of the transduced cells as well as non-transduced cells were
electroporated with a CSPG4-specific CAR leading to the following T cell conditions: non-transduced
cells (mock), CSPG4 CAR-transfected cells (CAR T cells; CAR only), gp100 TCR-transduced T cells
(TCR T cells; TCR only), and TCR-transduced plus CAR-transfected T cells (TETARs). After T cell
engineering, cells were examined for their receptor expression levels. In the next step, functionality of
these TETARs, i.e., cytokine production and cytotoxicity, was analyzed and compared to CAR T cells
and TCR T cells (Figure 1).

 
Figure 1. Experimental procedure for the generation of T cells expressing two additional receptors
(TETARs). CD8+ T cells were first isolated from peripheral blood mononuclear cells (PBMCs) and
subsequently activated with OKT-3, CD28 antibody, and IL-2 (T cell isolation and activation). After two
days, T cells were lentivirally transduced with the gp100 TCR virus (lentiviral transduction). On day 6
and 13, antigen-specific stimulation of transduced T cells with gp100 peptide-loaded A375M melanoma
cells was performed (antigen-specific stimulation). New medium and IL-2 was added to the cells on
day 10 and 17 (+ IL-2 and new medium). Transduced T cells were then electroporated with mRNA
encoding the CSPG4-specific chimeric antigen receptor (CAR), and functionality assays, i.e., analysis
of cytokine secretion and cytotoxicity, were conducted at day of or one day after electroporation.
In addition, a receptor expression analysis was performed in a time-course experiment.
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2.2. Gp100-Specific TCR T Cells Can Be Efficiently Transfected with a CSPG4-Specific CAR Using
mRNA Electroporation

In order to determine whether the lentivirally transduced T cells can be additionally transfected
with mRNA coding for a tumor-specific CAR, the surface expression of the gp100-specific TCR and
the CSPG4-specific CAR were examined following RNA electroporation. The expression of the
gp100-specific TCR was confirmed using an MHC-Dextramer (HLA-A*0201/YLEPGPVTV), whereas
successful CAR transfection was detected via an anti-IgG1 antibody. Successive TCR and CAR stainings
were performed in a time-course experiment at 4, 8, and 24 h after CAR transfection.

Mock-transfected cells showed no or only few unspecific TCR- or CAR-positive cell populations
(Figure 2A,B). The gp100-specific TCR was constantly expressed on lentivirally transduced cells
indicated by the similar expression pattern exhibited by TCR T cells and TETARs (Figure 2A and
Figure S1). Regarding transient CAR expression, an increase from 4 to 8 h after RNA-electroporation
was observed in both CAR T cells and TETARs, with a subsequent decrease of receptor expression at
24 h after transfection (Figure 2A and Figure S1). TETARs revealed expression of both receptors on
the cell surface, indicated by a single double-positive population as seen in the dot plots (Figure 2B).
Further analysis of transfection efficacy displayed no significant differences in CAR-positive cells when
cells engineered with the CAR only were compared to TETARs (Figure 2C and Table S1).

Taken together, these results demonstrate that it is feasible to generate TETARs through additional
mRNA-transfection of already lentivirally transduced T cells. In addition, TETARs showed an equal
transfection efficacy in comparison to CAR T cells and TCR T cells.

 

Figure 2. Gp100-specific T cell receptor (TCR) T cells can be additionally equipped with a CSPG4-specific
CAR via mRNA electroporation. (A–C) CD8+ T cells were lentivirally transduced with a gp100-specific
TCR (TCR only) and electroporated with mRNA coding for the CSPG4-specific CAR (TETARs),
as indicated. Non-transduced T cells were either transfected without mRNA (mock) or with
CSPG4-specific CAR mRNA (CAR only). Mock-transfected cells served as a negative control.
(A,B) The surface expression of the gp100-specific TCR and the CSPG4-specific CAR at eight hours
after electroporation are shown. (A) Average geometric mean values of three independent experiments
with SEM and (B) dot plots of one representative out of three independent experiments are depicted.
(C) Mean percentages of CAR-positive cells of three independent experiments ± SEM are shown.
The p-values were calculated by unpaired Student’s t-test and are listed in Table S1.
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2.3. TETARs Antigen-Specifically Secrete Cytokines

In the next step, antigen-specific cytokine production of engineered T cells in response to tumor
cells, expressing either one of the antigens or both, was examined. Lentivirally transduced T cells were
subsequently electroporated either without mRNA (TCR T cells; TCR only) or with mRNA coding
for the CSPG4-specific CAR (TETARs). Non-transduced cells were either transfected without mRNA
as a control (mock) or with the CSPG4 CAR mRNA (CAR T cells; CAR only). As target cells, either
the human TxB cell hybridoma T2.A1 (HLA-A2+, CSPG4−, gp100−) or the human melanoma cell line
A375M (HLA-A2+, CSPG4+, gp100−), both either unpulsed or pulsed with the HLA-A2-restricted
peptide gp100280–288, were used. At 4 h after electroporation, T cells were co-incubated with target cells
to assess cytokine production profiles. The specific tumor necrosis factor (TNF) and interferon-gamma
(IFNγ) secretion were calculated by subtracting the number of cytokines produced after stimulation
with T2.A1, which served as a negative control target cell line (Figure 3).

Figure 3. TETARs specifically produced cytokines after antigen encounter. (A,B) CD8+ T cells were
lentivirally transduced with a gp100-specific TCR (TCR only) and electroporated with mRNA coding
for the CSPG4-specific CAR (TETARs). Non-transduced T cells were either transfected without mRNA
(mock) or with CSPG4-specific CAR mRNA (CAR only). Mock-transfected cells were used as a negative
control. Following overnight stimulation of T cells with either gp100 peptide-loaded or unpulsed T2.A1
(HLA-A2+, CSPG4−, gp100−) and A375M (HLA-A2+, CSPG4+, gp100−) tumor cells, the production of
cytokines was measured in a cytometric bead array (CBA). (A) Specific secretion of tumor necrosis
factor (TNF) and (B) interferon-gamma (IFNγ) were calculated by subtracting the number of produced
cytokines after co-incubation with unpulsed T2.A1 target cells, which served as a negative control.
(A,B) Mean values of four independent experiments with SEM are shown. The p-values were calculated
by unpaired Student’s t-test and are listed in Table S2. ** p ≤ 0.01, * p ≤ 0.05.

Mock-electroporated T cells, which served as a negative control, showed no specific TNF or IFNγ

secretion following incubation with any of the abovementioned tumor cells (Figure 3). Stimulation
with gp100 peptide-loaded T2.A1 cells (expected TCR response only) revealed significantly higher
production of TNF by TCR T cells and TETARs compared to mock-transfected cells, whereas no or
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only little unspecific cytokine expression was observed in CAR T cells (Figure 3A and Table S2). CAR
T cells and TETARs exhibited a significant TNF secretion after co-incubation with unpulsed A375M
melanoma cells (expected CAR response only) in comparison to mock-electroporated cells, while no
cytokine secretion was observed in TCR T cells (Figure 3A and Table S2). Following stimulation with
gp100-pulsed A375M cells (expected TCR and CAR response), CAR T cells, TCR T cells, as well as
TETARs showed a significant TNF production when compared to mock-transfected cells (Figure 3A
and Table S2). IFNγ secretion patterns were similar to that of TNF (Figure 3B and Table S2). Compared
to the T cells transfected with only one receptor, TETARs secreted in general lower quantities of
cytokines when stimulated with only one of the two antigens (Figure 3). Of note is, however, that
TETARs stimulated with both cognate antigens showed at least the same amount of cytokine secretion
(TNF) or a trend towards higher secretion (IFNγ) in comparison to T cells engineered with the CAR
only or the TCR alone, indicating an additive effect through recognition of both target antigens by the
same T cell (Figure 3).

Analysis of the anti-inflammatory cytokine interleukin-4 (IL-4) showed only very low production
levels with values below 100 pg/mL in all T cell conditions (Figure S2).

In summary, these results display that TETARs produce significant amounts of pro-inflammatory
cytokines after stimulation with target cells expressing either one of the targeted tumor antigens
or both.

2.4. TETARs Antigen-Specifically Eliminate Tumor Cells

An important characteristic of tumor-specific T cells is their ability to lyse antigen-positive tumor
cells. Thus, for cytotoxicity testing, CD8+ T cells were lentivirally transduced with the gp100-specific
TCR and subsequently electroporated either without mRNA (TCR T cells; TCR only) or with mRNA
encoding the CSPG4-specific CAR (TETARs). Non-transduced cells were either mock-transfected
(mock) and used as a control or electroporated with the CSPG4 CAR mRNA (CAR T cells; CAR
only). Receptor-transfected T cells were then analyzed in a standard 51chromium-release assay for
their antigen-specific cytotoxicity after incubation with the abovementioned target cells at following
effector-to-target cell ratios (E:T): 60:1, 20:1, 6:1, and 2:1.

With decreasing effector-to-target cell ratios, a decline in lysis of target cells was observed, as
expected (Figure 4 and Figure S3). All T cell conditions showed no or only little unspecific response
after incubation with unpulsed T2.A1 cells, which served as negative control target cells (Figure 4
and Figure S3). Stimulation with gp100-loaded T2.A1 cells (expected TCR response only) revealed a
significant lysis by TCR T cells and TETARs, while no or only little unspecific background effect was
observed in mock or CAR T cells (Figure 4 and Table S3). Lysis of peptide-pulsed T2.A1 cells by TETARs
was, however, in general lower when compared to TCR T cells (Figure 4). Following co-incubation with
A375M melanoma cells (expected CAR response only), CAR T cells and TETARs exhibited significant
cytolytic capacity after antigen encounter at a 60:1 ratio, whereas only few unspecific effects were
observed in the case of mock and TCR T cells (Figure 4 and Table S3). In addition, CAR T cells, TCR
T cells, and TETARs showed a significantly higher killing of gp100-pulsed A375M melanoma cells
(expected TCR and CAR response) at a 60:1 and 20:1 ratio in comparison to mock-electroporated
cells, while cytotoxicity of TETARs was in general lower when compared to TCR T cells (Figure 4 and
Table S3).

Altogether, these results show that TETARs specifically kill tumor cells expressing either one of the
targeted antigens or both through the equipment with a gp100-specific TCR and a CSPG4-specific CAR.
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Figure 4. TETARs lyse tumor cells in an antigen-specific manner. CD8+ T cells were lentivirally
transduced with a gp100-specific TCR (TCR only) and electroporated with mRNA coding for the
CSPG4-specific CAR (TETARs), as indicated. Non-transduced T cells were either transfected without
mRNA (mock) or with CSPG4-specific CAR mRNA (CAR only). Mock-transfected cells served as a
negative control. One day after electroporation, T cells were co-incubated for 4–6 h with the target cell
lines T2.A1 (HLA-A2+, CSPG4−, gp100−) and A375M (HLA-A2+, CSPG4+, gp100−), which were either
used unpulsed or loaded with gp100 peptide beforehand. Cytotoxicity of T cells was assessed in a
51chromium-release assay, and the percentages of lysed cells were determined at the effector-to-target
ratios (E:T) of 60:1 and 20:1. Average values of four independent experiments, each additionally
depicted as an individual symbol, ± SEM are shown. The p-values were calculated by unpaired
Student’s t-test and are listed in Table S3. ** p ≤ 0.01, * p ≤ 0.05.

3. Discussion

To transfer not only one, but simultaneously two different antigen-specific receptors into the same
T cell represents a logical consequence to counteract possible immune escape mechanisms, which may
be developed by tumor cells under adoptive T cell therapy. TCRs of CD8+ T cells bind to intracellular
tumor antigens which upon antigen processing are presented on the cell surface by MHC molecules [17].
In addition, a TCR can also recognize target antigens, which are cross-presented by tumor stromal cells,
leading to a more efficient tumor regression [32]. The repertoire of available tumor-specific TCRs has
increased in the last decades, as many tumor antigens are expressed intracellularly, and more epitopes
have been discovered for the use in adoptive transfer of receptor-transfected cells, especially for the
use in solid tumors [33]. CARs consist of an antibody-derived single chain variable fragment (scFv)
fused to intracellular domains to provide T cell stimulation [34,35]. A major advantage presented
by the use of CARs is their ability to recognize an unprocessed tumor surface antigen independent
of MHC restriction and antigen processing [18,19]. The combination of the best of both worlds, the
expression of a TCR and a CAR within the same T cell, as well as the combination of stable DNA-based
receptor transfer (for receptors which are known to be potent but comparably safe at the same time)
and transient RNA-based receptor transfer (for receptors, which are known to be potent, but possibly
more dangerous regarding side effects) to generate TETARs, will represent in this context a novel
approach in the immunotherapy of cancer, which has yet to be explored.
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In our study, it was possible to introduce a gp100-specific TCR into T cells using stable lentiviral
transduction, and in addition a second-generation CSPG4-specific CAR into the same T cells by
subsequent transient RNA-electroporation. These TETARs were able to secrete cytokines and showed
cytotoxicity after stimulation with one of the targeted antigens or both. However, the lytic capacity
of TETARs was not as high as that of T cells transfected with the TCR only and unlike in previously
reported studies [20,35], no or only little additive or enhanced effect was observed after stimulation
with target cells which expressed both target antigens. For further evaluation of a potential benefit
of these TETARs, their use in appropriate animal models will be the next important step towards a
clinical use in cancer patients.

The approved CD19-directed CAR T cell therapy represents a milestone in cancer immunotherapy
for the treatment of therapy-refractory B-cell ALL and diffuse large B-cell lymphoma [6,7]. Patients with
a previously poor outcome now have a realistic chance to achieve a complete response and long-term
disease remission. However, in a significant number of these patients as well as patients suffering
from other types of leukemia and solid tumors, tumor cells are able to develop escape mechanisms
under adoptive T cell therapy that lead to resistance and relapse [9–11,14,35,36]. For instance, June and
colleagues at the University of Pennsylvania observed that up to 60% of B-cell ALL patients may relapse
despite CD19-directed CAR T cell persistence [35]. These patients are characterized by the occurrence
of CD19-negative leukemia under therapy, most likely due to potent selective pressure by CD19 CAR T
cells [35]. Thus, as a potential strategy to counteract the loss of CD19 on leukemia cells, they generated
T cells expressing both a CD19-specific CAR and a CD123-specific CAR [35] using stable lentiviral
transfection to transfer both receptors into the same T cell. They observed that these engineered T cells
prevented antigen loss relapses and revealed higher T cell activation and enhanced anti-tumor efficacy
in a mouse model against B-cell ALL compared to T cells expressing CD19 CAR only, CD123 CAR
only, or a pooled combination of both CD19 or CD123 CAR T cell populations [35]. In another study,
Slaney et al. introduced two receptors, a Her2/ERBB2-specific CAR and additionally a gp100-specific
TCR, into the same T cell [37]. They used a regimen of adoptive cell transfer incorporating vaccination
(ACTIV) with recombinant vaccinia virus expressing gp100 to treat a range of tumors including breast
tumors and large liver tumors and observed a massive infiltration of T cells into the tumor, resulting in
durable complete remission of Her2+ tumors in mice [37].

However, a drawback of CAR T cell therapy is the presence of on-target off-tumor toxicities,
depending on the used target antigen [24]. In the approved CD19 CAR T cell therapy, loss of healthy
CD19+ cells can be compensated by supplementing intravenous immunoglobulins. The CD123
antigen, for instance, which was used in the above discussed study, is known to be also expressed
on non-malignant cells [24]. Thus, although anti-CD123 CAR T cell therapy proved to be efficient
for the treatment of acute myeloid leukemia (AML) in a preclinical setting [38,39], its clinical use
is impeded due to CD123 expression on healthy stem cells [40]. Furthermore, Her2/ERBB2, which
was used by Slaney et al. as the target antigen of their CAR construct [37], is known to be expressed
on lung epithelial cells, which might cause fatal side effects [24]. For instance, a patient with colon
cancer metastatic to the lungs and liver received Her2/ERBB2-specific CAR T cells [41] and within
15 minutes after cell infusion the patient experienced respiratory distress and displayed a dramatic
pulmonary infiltrate on a chest X-ray [41]. Despite intensive medical intervention, the patient died
5 days after treatment [41]. The administered cells most likely localized to the lungs immediately
following infusion and were triggered to release cytokines by the recognition of low levels of ERBB2
on lung epithelial cells, which then caused the fatal side effects [41].

A possible strategy to bypass these hurdles and still use the dual-CAR or TCR+CAR expressing T
cells by Ruella et al. and Slaney et al. for further clinical development could be the combined DNA-
and RNA-based receptor transfer [35,37]. In this context the “safer” receptor, which is lentivirally
transduced into the T cells using receptor-encoding DNA (e.g., the CD19 CAR or the gp100 TCR)
should have a strong and permanent anti-tumor effect, whereas the “more dangerous” receptor, that is
transfected into the same T cell using receptor-encoding RNA (e.g., the CD123 CAR or Her2/ERBB2
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CAR), should have an additional “boost” effect at the beginning of the therapy. This could massively
increase the pressure on the tumor by enhanced induction of direct tumor-cell killing and rapid on-site
T cell expansion and might be an effective and fast way to eradicate large quantities of tumor cells
before tumor cells might escape immune recognition.

4. Materials and Methods

4.1. Cells

Blood was collected from healthy donors after informed consent and approval by the institutional
review board of the Friedrich-Alexander-University (FAU) of Erlangen-Nürnberg (Reference Number:
65_16 B) had been obtained. First, peripheral blood mononuclear cells (PBMCs) were extracted using
density centrifugation via Lymphoprep reagent (Axis-Shield, Oslo, Norway). CD8+ T cells were then
obtained via MACS according to manufacturer’s instructions (Miltenyi, Bergisch-Gladbach, Germany).
Purified T cells were cultured in X-Vivo 15 medium already containing L-glutamine, gentamycin,
and phenol red (Biozym Scientific GmbH, Hessisch Oldendorf, Germany). Target cell lines included
the TxB cell hybridoma T2.A1 (HLA-A2+, CSPG4−, gp100− [20]; kind gift from Prof. Dr. Schulz,
Nuremberg, Germany) and the melanoma cell line A375M (HLA-A2+, CSPG4+, gp100− [20]; kind gift
from Dr. Aarnoudse, Leiden, Netherlands; ATCC CRL-3223). Prior to co-incubation with T cells, we
cultured the target cells in R10 medium (RPMI 1640 (Lonza, Basel, Switzerland) supplemented with 2
mM L-glutamine (Lonza), 100 IU/mL penicillin (Lonza), 100 mg/ml streptomycin (Lonza), 10% (v/v)
heat-inactivated fetal calf serum (PAA, GE healthcare, Piscataway, NY, USA), 2 mM HEPES (PAA, GE
healthcare, Little Chalfont, UK), and 2 mM β-mercaptoethanol (Gibco, Life Technologies, Carlsbad,
CA, USA)). The above-mentioned target cells were additionally pulsed with HLA-A2-restricted
peptide gp100280–288 (YLEPGPVTA) as previously described [16], where indicated. Peptide-loading
was performed in DC-medium (RPMI 1640 (Lonza) supplemented with 1% heat-inactivated human
serum (Sigma-Aldrich, Taufkirchen, Germany), 2 mM L-glutamine (Lonza), and 0.04% of 20 mg/L
gentamycin (Lonza)).

4.2. Lentiviral Transduction of T Cells

The gp100 TCR α- and β-chains were encoded in a lentiviral vector (pcLV-EF1a-MCS-WPRE)
and expressed under control of an EF1a promotor (designed by and purchased from Sirion Biotech,
Planegg-Martinsried, Germany). Lentiviral transduction of T cells was performed as follows: After
MACS-isolation, T cells were subsequently stimulated with 0.1 μg/mL anti-CD3 antibody OKT-3
(Orthoclone OKT-3; Janssen-Cilag, Neuss, Germany), 0.25 μg/mL anti-CD28 antibody (BD Biosciences,
Franklin Lakes, NJ, USA), and 1000 IU/mL interleukin-2 (IL-2) (Proleukin; Novartis, Nuremberg,
Germany). Two days later, T cells were lentivirally transduced with a gp100-specific TCR using a
multiplicity of infection (MOI) of 10 and the transduction enhancer LentiBOOSTTM (consisting of
1000 μg/mL P338 and 10 μg/mL polybrene, Sirion Biotech, Planegg-Martinsried, Germany) together
with 1000 IU/mL IL-2 (Novartis) via spinoculation (800 g for 90 min). As a negative control, only
IL-2 was added to the cells prior to spinoculation. On the following day, culture medium of T
cells was replaced by fresh X-Vivo 15 medium, and 5 ng/mL IL-7 (PeproTech, Rocky Hill, NJ, USA),
5 ng/mL IL-15 (Miltenyi), and 1000 IU/mL IL-2 (Novartis) were added. After three days, T cells were
antigen-specifically stimulated with irradiated (140 gray for 6 min) and gp100 peptide-pulsed A375M
target cells for one week and subsequently stimulated for another week. Non-transduced cells were
re-stimulated with 0.1 μg/mL OKT-3 (Janssen-Cilag), 0.25 μg/mL anti-CD28 antibody (BD Bisosciences,
Franklin Lakes, NJ, USA), and 1000 IU/mL (Novartis). New culture medium and IL-2 was added to the
cells at day four after each stimulation.
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4.3. RNA Production and Transfection

The mMESSAGE mMACHINE T7 Ultra Transcription Kit (Life Technologies, Carlsbad, CA, USA)
was used for the generation of mRNA. The mRNA was further purified with the RNeasy Kit (Qiagen,
Hilden, Germany) according to manufacturer’s instructions. Then, T cells were electroporated with the
generated mRNA encoding a CSPG4-specific CAR (MCSPHL CD28-CD3ζ) [42] by the GenePulser Xcell
system (Bio-Rad, Hercules, CA, USA) with the square-wave protocol and 500 V for 5 ms, as previously
described [43]. Following electroporation, cells were rapidly transferred to X-Vivo 15 medium.

4.4. Receptor Expression Analysis of Engineered T Cells

The goat-F(ab’)2 anti-human IgG antibody (Southern Biotech, Birmingham, AL, USA) directed
against the extracellular IgG1 CH2-CH3 CAR domain was used to determine the CAR expression
on T cells. TCR expression on the cell surface of T cells was analyzed using an MHC Dextramer
(HLA-A*0201/YLEPGPVTV; Immudex, Copenhagen, Denmark) directed against the gp100-specific
TCR. In addition, the anti-7-AAD antibody (BD Biosciences) was used to exclude nonviable T cells.
The detailed procedure of cell surface staining was previously described [44]. Immunofluorescence
was measured via the FACS Calibur (BD Biosciences, Heidelberg, Germany), which was equipped
with the CellQuest Pro software (BD Biosciences). Data were analyzed using the FCS Express software,
version 5 (DeNovo Software, Glendale, CA, USA).

4.5. Cytokine Secretion Analysis of Engineered T Cells

Cytokine production of T cells was analyzed as previously described [45]. In brief, transfected
T cells were co-incubated with target cell lines T2.A1 and A375M (either unpulsed or pulsed
with the HLA-A2-restricted peptide gp100280–288) overnight at a 1:1 effector-to-target cell ratio.
Cytokine concentrations of TNF, IFNγ, and IL-4 in the supernatants were measured utilizing the
Th1/Th2 Cytometric Bead Array Kit II (BD Biosciences) according to manufacturer’s instructions.
Immunofluorescence was detected using the FACSCanto II (BD Biosciences) equipped with FACSDiva
software (BD Biosciences). Data were analyzed via FCS Express software, version 5 (DeNovo Software).

4.6. Cytotoxicity Analysis of Engineered T Cells

Cytolytic capacity of transfected T cells was assessed with a standard 4–6 h 51chromium-release
assay, as previously described [16]. First, target cell lines T2.A1 and A375M were labelled with 20 μCi
of Na2

51CrO4/106 cells (Perkin Elmer, Waltham, MA, USA) for one hour. Subsequently, half of the
target cells were pulsed with the HLA-A2-restricted peptide gp100280–288 for one hour. Transfected T
cells and target cells were co-incubated to obtain the following effector-to-target cell ratios (E:T): 60:1,
20:1, 6:1, and 2:1. Chromium release in supernatants was analyzed with the Wallac 1450 MicroBeta
plus Scintillation Counter (Wallac, Turku, Finland). The percentage of lysis was calculated as follows:
[(measured release – background release)/(maximum release − background release)] × 100%.

4.7. Figure Preparation and Statistical Analysis

Graphs were created and statistical analysis was performed using GraphPad Prism, version 7
(GraphPad Software, La Jolla, CA, USA). The p-values were analyzed using the unpaired Student’s
t-test, assuming a Gaussian distribution. * indicates p ≤ 0.05 and ** indicates p ≤ 0.01.

5. Conclusions

We have shown here that it is feasible to co-transfect the same T cells with a TCR specific for
gp100 and a CAR specific for CSPG4 using a combined DNA- and RNA-based receptor transfer to
generate TETARs for the use in adoptive T cell therapy of cancer. These TETARs proved to be functional
regarding cytokine secretion and cytolytic activity upon stimulation with each of their cognate antigens.
The confirmation that two antigen-specific receptors can be functionally combined using two different
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methods to introduce each receptor into the same T cell may open up new possibilities and opportunities
in cancer immunotherapy, which should be further evaluated in suitable preclinical models towards a
potential use in cancer patients.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/5/696/s1,
Figure S1: Gp100 TCR and CSPG4 CAR expression of TETARs, Figure S2: Antigen-specific IL-4 production of
TETARs, Figure S3: TETARs show antigen-specific cytotoxicity. Table S1: p-values corresponding to Figure 2C,
Table S2: p-values corresponding to Figure 3, Table S3: p-values corresponding to Figure 4 and Figure S3.
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Abstract: Hypoxia is a major characteristic of the solid tumor microenvironment. To understand
how chimeric antigen receptor-T cells (CAR-T cells) function in hypoxic conditions, we characterized
CD19-specific and BCMA-specific human CAR-T cells generated in atmospheric (18% oxygen) and
hypoxic (1% oxygen) culture for expansion, differentiation status, and CD4:CD8 ratio. CAR-T cells
expanded to a much lower extent in 1% oxygen than in 18% oxygen. Hypoxic CAR-T cells also
had a less differentiated phenotype and a higher CD4:CD8 ratio than atmospheric CAR-T cells.
CAR-T cells were then added to antigen-positive and antigen-negative tumor cell lines at the same or
lower oxygen level and characterized for cytotoxicity, cytokine and granzyme B secretion, and PD-1
upregulation. Atmospheric and hypoxic CAR-T cells exhibited comparable cytolytic activity and
PD-1 upregulation; however, cytokine production and granzyme B release were greatly decreased in
1% oxygen, even when the CAR-T cells were generated in atmospheric culture. Together, these data
show that at solid tumor oxygen levels, CAR-T cells are impaired in expansion, differentiation and
cytokine production. These effects may contribute to the inability of CAR-T cells to eradicate solid
tumors seen in many patients.

Keywords: CAR-T; hypoxia; tumor; microenvironment; CD19; BCMA; immunotherapy

1. Introduction

Autologous chimeric antigen receptor (CAR) T cells specific for CD19 provide a substantial
therapeutic benefit for a large percentage of patients with B cell leukemias and lymphomas [1–3].
Two types of CD19-specific CAR-T cells, tisagenlecleucel (Kymriah) and axicabtagene ciloleucel
(Yescarta), have been approved for clinical use by the FDA [4]. Unlike B cell-specific CAR-T cells,
CAR-T cells specific for antigens on solid tumors have to overcome multiple immunosuppressive
mechanisms intrinsic to the tumor microenvironment [5–8]. Solid tumors are hypoxic (1% oxygen or
less), contain high levels of soluble factors like TGF-β that directly inhibit T cell function [9,10], contain
immunosuppressive myeloid cells and regulatory T cells [11,12], and express ligands for checkpoint
proteins like PD-1 that down-regulate T cell function [13,14]. Each of these mechanisms have been
studied using tumor-specific T cells, but little is known about how these mechanisms affect CAR-T cells.

Hypoxia is also present in bone marrow hematopoietic niches where B lineage cells reside [15].
Therefore, in this study, we analyzed the effects of hypoxia on CD19 CAR-T cells [16,17] and B cell
maturation antigen (BCMA) CAR-T cells in vitro [18]. We generated CD19 and BCMA CAR-T cells
at atmospheric (18%) and hypoxic (1%) oxygen levels, and characterized the cells for expansion,
CAR expression, CD4:CD8 ratio and differentiation status. We then cultured the CAR-T cells with
antigen-positive and antigen-negative tumor cells at the same or lower oxygen level, and measured
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CAR-T cell cytotoxicity, cytokine production and PD-1 upregulation. The data show that both CD19
and BCMA CAR-T cells are not impaired by hypoxia with regards to CAR expression, cytotoxicity or
PD-1 expression. However, hypoxia reduces CAR-T cell expansion and differentiation, increases the
CD4:CD8 ratio, and substantially reduces cytokine and granzyme B production. These data are critical
for the development of next-generation CAR-T cells against tumors with hypoxic microenvironments.

2. Results

2.1. Hypoxia Greatly Decreases CAR-T Cell Expansion

To determine the effects of hypoxia on CAR-T cell expansion, CD19 CAR-T cells and BCMA
CAR-T cells were transferred into a chamber continually maintaining an oxygen level of 1% on day 5 of
the expansion period. The hypoxia chamber was placed inside a tissue culture incubator (humidified,
with 5% carbon dioxide), and cell expansion was monitored for another eight days. As shown in
Figure 1, hypoxia greatly diminished the expansion of both CAR-T cells and control (non-transduced)
T cells.

Figure 1. Hypoxia decreases chimeric antigen receptor-T cell (CAR-T cell) expansion. CD19 CAR-T
cells (A) and B cell maturation antigen (BCMA) CAR-T cells (B), along with control T cells, were
cultured in an 18% oxygen incubator for the entire 13-day expansion period (red lines), or were cultured
in the 18% oxygen incubator for the first 5 days and then in a hypoxia chamber for the remaining 8
days (blue lines). Data-points represent the average and standard error of 4 separate experiments.
* p = 0.02 (day 12) and ** p < 0.001 (day 13) for hypoxic vs. atmospheric CD19 CAR-T cells. ** p < 0.001
for hypoxic vs. atmospheric BCMA CAR-T cells.

2.2. Hypoxia Does Not Affect CAR-T Cell Frequency

The cells were analyzed by flow cytometry on days 8 and 13 of the expansion period for CAR
expression. CD19 CAR-T cells were detected with an anti-FLAG antibody, whereas BCMA CAR-T
cells were detected with BCMA protein. As shown in Figure 2, hypoxia did not affect the percentage of
cells that expressed the CAR (i.e., the CAR-T cell frequency).
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Figure 2. Hypoxia does not affect CAR-T cell frequency. CD19 CAR-T cells (A) and BCMA CAR-T
cells (B) were stained with an anti-FLAG antibody or BCMA protein, respectively. Representative flow
cytometry plots showing CAR expression on the X-axis (the Y-axis is an empty channel) are on the left.
Charts showing the average and standard error of 4 separate experiments are shown on the right.

2.3. Hypoxia Inhibits CAR-T Cell Differentiation

The cells were analyzed by flow cytometry on day 13 of the expansion period for T cell
differentiation subsets. Antibodies specific for CD27 and CD45RO were used, as they discriminate
the 4 primary subsets (from least to most differentiated): naïve T cells (Tn, CD27+CD45RO−), central
memory T cells (Tcm, CD27+CD45RO+), effector memory T cells (Tem, CD27–CD45RO+), and effector
T cells (Teff, CD27–CD45RO−). The FLAG antibody or BCMA protein was included, to identify the
CD19 CAR-T cells or BCMA CAR-T cells, respectively (see Figure S1 for the gating strategy). As shown
in Figure 3, all of the CAR-T cells and control T cells, in both the 18% oxygen culture and 1% oxygen
culture, were memory T cells (CD45RO+). Hypoxia caused an increase in the frequency of central
memory cells (CD27+) in the control T cell cultures and the BCMA CAR-T cell culture, and showed a
trend towards doing the same in the CD19 CAR-T cell culture (Figure 3). Hence, the differentiation of
Tcm cells into Tem cells was largely impaired in the hypoxic cultures.
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Figure 3. Hypoxia inhibits CAR-T cell differentiation. PBMC (A), CD19 CAR-T cells (B) and BCMA
CAR-T cells (C) were stained with antibodies for CD27 and CD45RO. CAR-T cells were first gated
using the anti-FLAG antibody or BCMA protein. Representative flow cytometry plots showing CD27
and CD45RO expression are on the left; the CAR-T plots show only the gated CAR-T cells. Charts
showing the average and standard error of 4 separate experiments are shown on the right. * p < 0.05
and ** p < 0.005.
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2.4. Hypoxia Increases the CAR-T Cell CD4:CD8 Ratio

The cells were analyzed on day 13 for the ratio of CD4 T cells to CD8 T cells. In normal human
PBMC, this ratio is typically 2:1. The FLAG antibody or BCMA protein was included in the staining, to
gate on the CD19 CAR-T cells or BCMA CAR-T cells, respectively. As shown in Figure 4, the CD4:CD8
ratio of atmospheric T cells was approximately 2.5:1, whereas the CD4:CD8 ratio of atmospheric
CAR-T cells was approximately 5:1. In contrast, the CD4:CD8 ratio of hypoxic T cells was 5:1 and the
CD4:CD8 ratio of hypoxic CAR-T cells was 8.6:1 (BCMA CAR-T cells) or 11:1 (CD19 CAR-T cells).
Hence, hypoxia increased the CD4:CD8 ratio of both CD19 and BCMA CAR-T cells, and the CAR-T
cells themselves had a higher CD4:CD8 ratio than non-transduced T cells.

Figure 4. Hypoxia increases the CD4:CD8 ratio. CD19 CAR-T cells (A) and BCMA CAR-T cells (B) were
stained with antibodies for CD27 and CD45RO, along with the anti-FLAG antibody or BCMA protein.
Representative flow cytometry plots showing CD27 and CD45RO expression are on the left; the CAR-T
plots show only the gated CAR-T cells. Charts showing the average and standard error of 4 separate
experiments are shown on the right. * p = < 0.05.

2.5. Hypoxia Does Not Affect CAR-T Cell Cytotoxicity

The cytolytic activity of the cells was evaluated on day 13 using a real-time cellular analysis
(RTCA) assay. In this assay, the effector cells (CAR-T cells or control T cells) are added to a monolayer
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of antigen-positive or antigen-negative target cells and the integrity of the monolayer—determined by
its impedance in an electrical field—is monitored over time. If the effector cells kill the target cells, the
impedance of the monolayer decreases. As shown in Figure 5, both CD19 CAR-T cells and BCMA CAR-T
cells killed cell lines stably expressing CD19 and BCMA, respectively, to a significantly greater extent
than the control T cells. In the parental cell lines, the CAR-T cells exhibited cytotoxicity comparable
to the control T cells. This CAR-independent cytotoxicity is likely an allogeneic phenomenon, since
the effector cells and target cells are not HLA-matched, and does not produce cytokines like IFNγand
IL-2. CAR-mediated cytotoxicity did not differ significantly between the three conditions tested:
(1) Atmospheric CAR-T cells mixed with atmospheric target cells, (2) atmospheric CAR-T cells mixed
with hypoxic target cells in the hypoxia chamber, and (3) hypoxic CAR-T cells mixed with hypoxic
target cells in the hypoxia chamber (Figure 5).

Figure 5. Hypoxia does not affect CAR-T cell cytotoxicity. (A) CD19 CAR-T cell RTCA assay. (B) BCMA
CAR-T cell RTCA assay. Left: HeLa, HeLa-CD19, CHO, and CHO-BCMA cells were monitored
overnight as they adhered to the plate and formed a monolayer. The next day, atmospheric CD19
CAR-T cells, BCMA CAR-T cells or control T cells were added to the monolayers at an E:T ratio of 10:1
(vertical bars). The cultures were monitored for approximately 24 more hours. Traces show the average
of 3 wells. Right: Cytotoxicity in the RTCA assays was calculated at the end of the assays. Data-points
represent the average and standard error of 4 separate experiments.

2.6. Hypoxia Decreases CAR-T Cell Granzyme B and Cytokine Production in Response to Transfected Cell Lines

The cell culture media from the RTCA assays was analyzed for the levels of the serine protease
granzyme B and the cytokines IFN-γ, IL-2 and IL-6. In most cases, the levels of all 4 analytes were
substantially decreased when the RTCA assay was performed in 1% oxygen compared to 18% oxygen,
regardless of whether the CAR-T cells were originally expanded in 18% oxygen or 1% oxygen (Figure 6).
BCMA CAR-T cell production of IL-2 did not follow this pattern, as atmospheric cells cultured in either
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18% oxygen or 1% oxygen produced low IL-2 levels and hypoxic cells produced 2.5-fold higher levels.
BCMA CAR-T cells produced extremely low levels of IL-6 regardless of oxygen level.

Figure 6. Hypoxia decreases CAR-T cell granzyme B and cytokine production. The media from the
CD19 RTCA assay (A) and BCMA RTCA assay (B) was analyzed by ELISA for the levels of granzyme B,
IFN-γ, IL-2 and IL-6. Data-points represent the average and standard error of 2–4 separate experiments.
* p < 0.05 and ** p < 0.005.

2.7. Hypoxia Decreases CAR-T Cell Granzyme B and Cytokine Production in Response to Tumor Cells

On day 12 of the expansion period, the CAR-T cells or control T cells were co-cultured overnight at
a 10:1 E:T ratio with hematopoietic cell lines endogenously expressing or lacking CD19 or BCMA. CD19
CAR-T cells were cultured with B lymphoma Raji cells, which express CD19, or with myelogenous
leukemia K562 cells, which do not express CD19. BCMA CAR-T cells were cultured with multiple
myeloma RPMI8226 cells or MM1S cells, both of which express BCMA, or with K562 cells, which do
not express BCMA. As before, three conditions were tested: (1) Atmospheric CAR-T cells mixed with
atmospheric tumor cells in the normal incubator, (2) atmospheric CAR-T cells mixed with hypoxic
tumor cells in the hypoxia chamber, and (3) hypoxic CAR-T cells mixed with hypoxic tumor cells in the
hypoxia chamber. The next day, the medium in the co-cultures was assayed for the levels of granzyme
B, IFN-γ, IL-2, and IL-6. For both CD19 CAR-T cells and BCMA CAR-T cells, the levels of granzyme B,
IFN-γ and IL-6 were lower in the co-cultures incubated at 1% oxygen than the co-cultures incubated at
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18% oxygen, regardless of whether the CAR-T cells were originally atmospheric or hypoxic (Figure 7).
This was also true for IL-2 production by CD19 CAR-T cells, but not BCMA CAR-T cells. Hypoxic
BCMA CAR-T cells produced low levels of IL-2, whereas atmospheric BCMA CAR-T cells produced
very low levels of IL-2. Both CD19 CAR-T cells and BCMA CAR-T cells produced very low levels
of IL-6.

Figure 7. Hypoxia decreases CAR-T cell granzyme B and cytokine production in response to tumor
cells. CD19 CAR-T cells or control T cells (A) were co-cultured with CD19+ Raji cells or CD19− K562
cells. BCMA CAR-T cells or control T cells (B) were cultured with BCMA+ RPMI8226 cells, BCMA+

MM1S cells or BCMA– K562 cells. The medium from the co-cultures was analyzed by ELISA for the
levels of granzyme B, IFN-γ, IL-2, and IL-6. Data-points represent the average and standard error of
2-4 separate experiments. * p < 0.05 and ** p < 0.005.

2.8. Hypoxia Does Not Affect CAR-T Cell PD-1 Upregulation

Since T cells upregulate PD-1 upon tumor cell recognition, we wanted to know whether PD-1
upregulation is altered in hypoxic settings; if hypoxia amplifies PD-1 upregulation, higher levels of
checkpoint protein inhibitors like Kymriah might be required for activity in solid tumors. Therefore, the
cells from the co-cultures were analyzed by flow cytometry for expression of PD-1. The FLAG antibody
or BCMA protein was included in the staining, to gate on the CD19 CAR-T cells or BCMA CAR-T
cells, respectively. As shown in Figure 8, PD-1 was expressed on a significantly higher percentage of
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CAR-T cells than control T cells when the cells were co-cultured with antigen-positive tumor cells (Raji,
MM1S or RPMI8226). In contrast, PD-1 expression was comparable between CAR-T cells and control
T cells when the cells were cultured with antigen-negative K562 cells. Importantly, the frequency of
antigen-mediated PD-1 upregulation on CAR-T cells was not affected by the level of oxygen during
the expansion period or during the co-culture.

Figure 8. Hypoxia does not affect CAR-T cell PD-1 upregulation. Top: the cells from the CD19 CAR-T
cell co-cultures were analyzed by flow cytometry for FLAG staining (i.e., CD19 CAR expression)
vs. PD-1 expression. Bottom: the percentages of CD19 CAR-T cells, BCMA CAR-T cells, or control
T cells expressing PD-1 were plotted; data-points represent the average and standard error of 2–4
separate experiments.
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2.9. CAR-T Cell Expansion in 5% Oxygen Results in Greater Cytotoxicity and Decreased
IFN-γ/IL-2 Production

Since hematological cancers reside partly in the bloodstream, which is more oxygenated than solid
tumors, we tested the effect of 5% oxygen on CD19 CAR-T cell expansion, differentiation, cytotoxicity
and cytokine production. Unlike 1% oxygen, 5% oxygen did not impair CAR-T cell expansion or
CAR-T cell differentiation (Figure 9). Interestingly, CAR-T cells expanded in 5% oxygen were actually
more cytotoxic against HeLa-CD19 target cells than were CAR-T cells expanded in 18% oxygen, even if
the latter cells were assayed in 5% oxygen. Despite the increased cytotoxicity, CAR-T cells expanded
and assayed in 5% oxygen produced lower levels of IFN-γ and IL-2 than CAR-T cells expanded and
assayed in 18% oxygen. In addition, CAR-T cells expanded in 18% oxygen produced less IFN-γ and
IL-2 when assayed in 5% oxygen—similar to when the cells were assayed in 1% oxygen (Figures 6
and 7). In contrast to IFN-γ and IL-2, IL-6 levels were not decreased by expanding or assaying the
CD19 CAR-T cells in 5% oxygen. These data show that 1% oxygen has much stronger effect on CAR-T
cell functions than 5% oxygen.

Figure 9. CAR-T cell expansion in 5% oxygen results in greater cytotoxicity and decreased IFN-γ/IL-2
production. CD19 CAR-T cells and control T cells expanded in 18% oxygen or 5% oxygen were analyzed
for cell expansion (A), differentiation (B), cytotoxicity (C), and cytokine production during the RTCA
assay (D). Data points indicate averages of 2–3 replicates; * p < 0.05 and ** p < 0.005.

3. Discussion

In this study we compared CAR-T cells expanded under atmospheric (18%) oxygen levels to
CAR-T cells expanded under hypoxic (1%) oxygen levels. Expansion of hypoxic CD19 CAR-T cells and
BCMA CAR-T cells, as well as control T cells, was impaired 10–20-fold over the eight-day expansion
period. The impairment was not due to altered T cell activation or lentiviral transduction, since these
events occurred in the 5-day period before expansion, when all cultures were kept in atmospheric
oxygen. Previous studies of non-CAR-T cells found that hypoxia reduced proliferation rates and
increased apoptosis rates [19–24]. However, the mechanisms by which hypoxia affects proliferation
and apoptosis are not clear. Prior studies have indicated that hypoxia is associated with alterations
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in Kv1.3 potassium channel activity that impair CD3ζ-mediated Ca2+ signaling [25], and that IL-2
signaling might also be impaired [26]. Hypoxia inducible factor 1α may be involved, as it can interact
with MCM replication proteins to regulate cell cycle progression [27]. Clearly, this is an important area
requiring a future detailed, comprehensive analysis.

Although hypoxia inhibited CAR-T cell expansion, the frequency of CAR-T cells in the cultures
was not affected by hypoxia. This suggests that hypoxia affects the expansion of CAR-T cells and
non-transduced T cells equally, and does not cause CAR down-regulation. Hypoxia did impair the
differentiation of central memory BCMA CAR-T cells into effector memory BCMA CAR-T cells, and
showed a trend towards doing the same to CD19 CAR-T cells. This suggests that differentiation of
CAR-T cells is oxygen-dependent, which is consistent with prior studies on non-CAR-T cells [19,21–23].
The impaired differentiation of CAR-Tcm cells into CAR-Tem cells might actually be favorable
therapeutically, since Tcm cells exhibit enhanced persistence after adoptive transfer [28]. Since culture
of CD19 CAR-T cells in 5% oxygen did not affect their expansion or differentiation, oxygen levels
below 5% are required for the reduction in differentiation. In addition, initial experiments indicate that
hypoxia skews the balance of CAR-T cell functional subsets from a Th1/Tc1-dominated composition to
a Treg-dominated composition.

Hypoxia also increased the CD4:CD8 ratio of the CAR-T cells, suggesting that CD4+ CAR-T cell
expansion is less oxygen-dependent than CD8+ CAR-T cell expansion. Previous studies of non-CAR-T
cells also found hypoxia-mediated increases in the CD4:CD8 ratio [19]. In fact, it is possible that
the hypoxia-mediated increased CD4:CD8 ratio and decreased differentiation we observed might be
related; perhaps CD4+ CAR-T cells differentiate more slowly than CD8+ CAR-T cells in culture. In
addition, we observed that, in both atmospheric and hypoxic cultures, both CD19 CAR-T cells and
BCMA CAR-T cells had a higher CD4:CD8 ratio than control T cells. This suggests either that CD4+T
cells are transduced by the CAR lentivirus more readily than CD8+ T cells, or that CAR expression
impacts CD4+T cell expansion less than CD8+ T cell expansion. These important questions should be
answered in our next study, when we analyze CAR-T cells generated from isolated CD4+ T cells and
CD8+ T cells.

Functionally, CAR-T cells expanded under hypoxia were not impaired in their ability to kill
cells transfected to stably express the target antigen, consistent with prior studies on non-CAR-T
cells [19,24,29]. The equivalent cytotoxicity coupled with the increased CD4:CD8 ratio indicates that
CD4+ CAR-T cells are cytotoxic in vitro [30]. In the clinic, a 1:1 mixture of separate CD4+ CAR-T cells
and CD8+ CAR-T cells was found to be highly efficacious in adult B-ALL patients [31]. However,
several recent studies indicate that a CD4:CD8 ratio greater than 1:1 might be beneficial, especially in
solid tumors. Wang et al found that IL-13 receptor α2-specific CD4+ CAR-T cells exhibited long-term
cytotoxicity against primary glioblastoma cells, whereas CD8+ CAR-T cells exhibited short-term
cytotoxicity but became exhausted, permitting tumor relapse [32]. The CD4+ CAR-T cells had
significant upregulation of genes responsible for stem cell renewal and memory function such as
WNT9B, WNT9A, AXIN2, LEF, TWIST1, ALDH1A3 and EGFR [32]; perhaps these genes helped CD4+

CAR-T cells overcome the hypoxia-mediated inhibition of expansion we observed, increasing the
CD4:CD8 ratio. Analysis of CAR-T cell products from GBM patients indicated that the products with
decreased CD4:CD8 ratios demonstrated decreased cytotoxicity [32]. In multiple myeloma, Cohen et
al showed that a higher CD4:CD8 T cell ratio in the leukapheresis product was associated with greater
CAR-T cell expansion in the patient and with a greater therapeutic response [33]. Interestingly, since
the CAR-T cells we expanded in 5% oxygen were more cytotoxic than the CAR-T cells expanded in
18% oxygen, it is possible that the clinical efficacy of CAR-T cells could be improved by expanding
them in 5% oxygen.

Despite their high cytolytic activity, hypoxic CAR-T cells produced relatively low levels of
granzyme B, IFN-γ, IL-2, and IL-6 in response to transfected cells and tumor cell lines endogenously
expressing the target antigen. This is consistent with prior studies on non-CAR-T cells [19,23,24].
Interestingly, this effect also occurred when atmospheric CAR-T cells were cultured with hypoxic target
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cells. The decreased levels were not due to decreased target expression on the transfected cells and
tumor cells; flow cytometric analysis indicated that CD19 and BCMA expression levels on the target
cells were not altered in 1% oxygen. Thus, decreased granzyme B and cytokine production occurs
in the hypoxic setting, even if the CAR-T cells are expanded in atmospheric oxygen. This is the case
in vivo, where CAR-T cells in the bloodstream move out of the capillaries and into the hypoxic tumor
or bone marrow. Next-generation CAR-T cells with increased production of cytokines might be needed
to overcome this hypoxia-mediated effect.

Lastly, hypoxia did not affect checkpoint protein PD-1 upregulation. Hence, PD-1 blocking
antibodies should be as active in solid tumors as the antibodies are in non-hypoxic settings. In fact,
next-generation CAR-T cells with down-regulation of the PD-1 pathway exhibit enhanced activity in
solid tumors [7,34,35]. CRISPR/Cas9-mediated disruption of the PD-1 pathway was actually more
effective than adding a PD-1 neutralizing antibody in enhancing CAR-T cytotoxicity against solid
tumors [35].

In summary, this is the first report to describe the effects of hypoxia on CAR-T cells. The effects
we observed were consistent between CD19 CAR-T cells and BCMA CAR-T cells, indicating that
the effects are CAR-independent and likely to apply to other targets. These data are critical
for clinical studies because the success of CAR-T cell therapy depends on multiple parameters
affected by hypoxia, including CAR-T cell expansion, CAR-T cell functional activity, and CAR-T cell
differentiation/maturation status [36,37]. In particular, the less differentiated phenotype of CAR-T
cells was found to preferable for expansion and persistence in patients, and adequate number of
CD4+ CAR-T cells and CD8+ CAR T cells in the manufactured CAR-T product was obtained without
pre-selection of T cell subsets [36]. Our experiments also provide baseline data important for the design
of hypoxia-resistant next-generation CAR-T cells. Analyzing the other aspects of the solid tumor
microenvironment on CAR-T cell expansion, differentiation, cytotoxicity, cytokine production, and
checkpoint protein expression will be critical for developing successful CAR-T cell therapies against
solid tumors in the future.

4. Materials and Methods

4.1. Cells

HeLa cells were purchased from the ATCC (Manassas, VA, USA) and cultured in DMEM (GE
Healthcare, Chicago, IL, USA) containing 10% FBS (Lonza, Walkersville, MD, USA). K562, Raji, MM1S
and RPMI8226 cells were purchased from the ATCC and cultured in RPMI-1640 medium (Thermo
Fisher, Waltham, MA, USA) containing 10% FBS. CHO-CD22 and CHO-BCMA cells were purchased
from BPS Bioscience (San Diego, CA, USA) and cultured in Ham’s F-12K medium (Thermo Fisher)
containing 10% FBS and 1 mg/mL geneticin (Thermo Fisher). HeLa-CD19 cells were generated in our
laboratory [16] and cultured in DMEM containing 10% FBS and 1 uM puromycin (Thermo Fisher).
Human peripheral blood mononuclear cells (PBMC) were isolated from LRS chambers (Stanford Blood
Center, Palo Alto, CA, USA) by density sedimentation over Ficoll-Paque (GE Healthcare). HEK293FT
cells were a gift from AlStem (Richmond, CA, USA) and were cultured in DMEM containing 10% FBS.

4.2. Generation of CAR-Encoding Lentivirus

Ten million growth-arrested HEK293FT cells were seeded into T75 flasks and cultured overnight,
then transfected with the pPACKH1 Lentivector Packaging mix (System Biosciences, Palo Alto, CA,
USA) and 10 μg of either the CD19-FLAG [16] or BCMA 4C8A [18] lentiviral vector using the CalPhos
Transfection Kit (Takara, Mountain View, CA, USA). The next day the medium was replaced with fresh
medium, and 48 h later the lentivirus-containing medium was collected. The medium was cleared of
cell debris by centrifugation at 2100× g for 30 min. The virus particles were collected by centrifugation
at 110,000× g for 100 min, suspended in AIM V medium (Thermo Fisher), aliquoted and frozen at
−80 ◦C, as described [16,37–39].
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4.3. Generation and Expansion of CAR-T Cells

Treated 24-well plates were incubated at 37 ◦C for 2 hours with PBS containing 0.1 μg/mL anti-CD3
clone OKT3 (Biolegend, San Diego, CA, USA) and 0.1 μg/mL anti-CD28 clone CD28.2 (Thermo Fisher).
PBMC were suspended at 1 × 106 cells/mL in AIM V medium containing 10% FBS and 10 ng/ml of IL-2
(Thermo Fisher). The wells were rinsed with PBS, then 0.5 mL of PBMC were added per well. The next
day, 20 uL of lentivirus was added to the cells, along with 5 μg/mL of DEAE-dextran (Sigma, St. Louis,
MO, USA). The day after that (day 2), another 20 ul of lentivirus was added to the cells. Three days
later, half of the cells were transferred into a humidified C chamber (Biospherix, Parish, NY, USA) set
to 5% carbon dioxide and either 5% oxygen or 1% oxygen. As the T cells proliferated over the next 8
days, the cells in the normal incubator and hypoxia chamber were counted every 2–3 days and fresh
medium (equilibrated overnight in the hypoxia chamber for the hypoxic cultures) with IL-2 was added
to the cultures to maintain the proper cell density.

4.4. Flow Cytometry

To measure CAR expression, cells were first suspended in 100 μL of cold buffer (PBS containing
0.5% BSA and 2 mM EDTA) supplemented with 2 μg of goat IgG (Jackson Immunoresearch, West
Grove, PA, USA) and incubated on ice. CD19-FLAG CAR-T cells were stained with 2 μL of PE- or
Alexa Fluor 488-conjugated anti-FLAG (Biolegend), whereas BCMA CAR-T cells were first stained
with 0.4 μg of BCMA-huFc protein (Acro Biosystems, Newark, DE, USA) and then stained with 1
μL of PE- or Alexa Fluor 488-conjugated goat anti-human IgG (Jackson Immunoresearch). Cells
were co-stained with either FITC-conjugated anti-CD4 and APC-conjugated anti-CD8; PE-conjugated
anti-CD27 and APC-conjugated CD45RO; or APC-conjugated anti-PD-1 (all from Biolegend). Dead
cells were identified with 7-aminoactinomycin D (7-AAD, BioLegend). The cells were rinsed with 3
mL of buffer, then suspended in buffer and acquired on a FACSCalibur (BD Biosciences, San Jose, CA,
USA). Gating strategies are shown in Supplemental Figure S1.

4.5. Cytotoxicity Assay

Adherent target cells were seeded into 96-well E-plates (Acea Biosciences, San Diego, CA)
at 1.5 × 104 cells per well (HeLa-CD19), 3 × 104 cells per well (HeLa), or 4 × 104 cells per well
(CHO-CD22, CHO-BCMA), and monitored in the normal incubator or hypoxia chamber overnight
with the xCELLigence impedance-based RTCA system (Acea Biosciences). The next day, the medium
was removed and replaced with normal or equilibrated RPMI-1640 medium containing 10% FBS ±
CAR-T cells or non-transduced T cells at an E:T ratio of 10:1, in triplicate. The cells in the E-plates
were monitored for another 20–24 h with the RTCA system, and impedance (normalized to the time of
effector cell addition) was plotted over time. Cytotoxicity was calculated as the percentage (X − Y)
× 100/X, where X = normalized impedance of target cells without effector cells and Y = normalized
impedance of target cells with effector cells. For hypoxic RTCA assays, target cells were cultured in the
hypoxia chamber for three days before use.

4.6. Cytokine and PD-1 Induction Assay

Effector cells (CAR-T cells or non-transduced T cells) were co-cultured overnight with target cells
(Raji, K562, MM1S or RPMI8226 cells) at a 10:1 E:T ratio in normal or equilibrated RPMI-1640 medium
containing 10% FBS, in duplicate or triplicate. The next day, the cultures were centrifuged at 300 g,
the supernatants were transferred to new tubes and frozen, and the cells were suspended in FACS
buffer and analyzed by flow cytometry for expression of the CAR and PD-1. Culture supernatants were
later thawed and analyzed by ELISA for the levels of IFN-γ, IL-2, IL-6, and Granzyme B according to
the manufacturer’s protocols (R&D Systems, Minneapolis, MN, USA). For hypoxic co-cultures, tumor
cells were cultured in the hypoxia chamber for three days before use.
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4.7. Statistical Analysis

Data were analyzed and plotted with Prism software v8.1.1 (GraphPad, San Diego, CA, USA).
Comparisons between two groups were performed by unpaired Student’s t test, and comparisons
between three or more groups were performed by one-way or two-way ANOVA with Tukey’s
post-hoc test.

5. Conclusions

CD19-specifc CAR-T cells and BCMA-specific CAR-T cells were selectively affected by exposure
to hypoxia (1% oxygen). CAR expression, CAR-T cell cytolytic activity and target antigen-induced
PD-1 upregulation were not affected by hypoxia. However, CAR-T cell expansion, differentiation,
CD8:CD4 ratio, and production of granzyme B and cytokines IFN-γ, IL-2, and IL-6 were all significantly
decreased by hypoxia. These effects may underlie the failure of CAR-T cells to eradicate solid tumors
in some patients and point to areas in which CAR-T cells may be modified for future clinical studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/5/602/s1,
Figure S1: Gating strategies used to identify cells by flow cytometry.
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Abstract: Several cells of myeloid origin, such as monocytes and macrophages are involved in various
human disorders, including cancer and inflammatory diseases. Hence, they represent attractive
therapeutic targets. Here we developed three lytic hybrid peptides, by fusing a monocyte- and
macrophage-binding peptide to pro-apoptotic peptides, and investigated their killing potency on
blood monocytes, macrophages, and leukemia cells. We first showed that the targeting NW peptide is
effective for depleting monocytes from whole peripheral blood mononuclear cells (PBMCs). Incubating
the cells with biotin-conjugated NW peptide, and the subsequent capture on streptavidin-conjugated
magnetic beads, depleted monocytes from the PBMCs. The NW peptide also depleted myeloid
leukemia blasts from patient PBMCs. The treatment of the PBMCs with the lytic hybrid NW-KLA
peptide killed monocytes, but not lymphocytes and primary mammary epithelial cells. Additionally,
the fusion peptide exhibited a potent toxicity against macrophages and leukemia cells. The free lytic
KLA peptide did not affect cells. Similarly, a second lytic hybrid peptide killed macrophages, leukemia
cell lines, and blood leukemia blasts from patients with acute and chronic myeloid leukemia. The IC50

towards target cells were in the low macromolar range (4–12 μM). Overall, the data indicate that the
NW peptide could be a potential drug delivery agent for monocytes, macrophages, and leukemia
cells. Moreover, the engineered lytic hybrid peptides acting alone, or in combination with other
therapeutic agents, might benefit many cancer patients and overcome drug resistance.

Keywords: tumor microenvironment; macrophages; leukemia cells; lytic peptides; targeted therapy;
immunotherapy; cancer

1. Introduction

Circulating blood monocytes extravasate into tissues, where they differentiate into M1 or
M2 macrophages, controlled by local environmental signals, such as colony-stimulating factor-1
(CSF-1) [1,2]. Under normal conditions, macrophages protect the host against infection and injury and
facilitate tissue remodeling [2]. However, in most solid tumors, high macrophage infiltration into tumor
tissues has been associated with poor clinical outcome [2–9]. These tumor associated macrophages
(TAMs) promote numerous important features of tumor progression, including angiogenesis, motility,
metastasis, and inhibition of T cell function [3]. Additionally, TAMs are known to suppress
responses to standard-of-care-therapeutics, including chemotherapy, irradiation and angiogenic
inhibitors [7–9]. In cancer, both the resident and the infiltrating macrophages have the pro-tumorigenic
M2 phenotype [4]. Similarly, some studies suggested that elevated number of circulating blood
monocytes was associated with poor prognosis in patients with various cancer types [5,7]. In addition
to malignancies, macrophages are associated with the progression of a number of other diseases,
such as asthma, allergic inflammation, and rheumatic inflammatory diseases [10–13]. In rheumatoid

Cancers 2019, 11, 1088; doi:10.3390/cancers11081088 www.mdpi.com/journal/cancers

103



Cancers 2019, 11, 1088

arthritis (RA), M1 macrophages secrete pro-inflammatory cytokines, such as tumor necrosis factor-
(TNF-α) and interleukin-1. The role of these cytokines in RA pathogenesis is well documented by
several experimental and clinical findings [11,12]. Hence, therapeutic strategies that either target
TAM recruitment from inflammatory monocytes, or deplete TAMs will benefit patients with cancer or
inflammatory diseases.

To therapeutically target TAMs, several pharmacological and immunological strategies have
been used. Trabecdedin is a synthetic tetrahydroisoquinoline drug originally isolated from the
marine Caribbean tunicate Ecteinascidia turbinate, approved for the treatment of sarcoma and ovarian
carcinoma [14]. In sarcoma patients, trabectedin reduced the density of TAMs and improved patient
outcome [15]. Clodronate is a bisphosphonate-family compound found to deplete macrophages, and is
currently used to prevent or block the development of bone metastases, as well as to treat inflammatory
diseases [16]. In animal models, an antibody targeting the CSF-1 receptor (R) reduced TAMs [17].
Treatment of patients with diffuse-type giant cell tumor with this antibody resulted in clinical benefit
that correlated with reduction of TAMs and blood circulating monocytes. Similarly, CSF-1 inhibition
by antisense oligonucleotides or small interfering RNAs (siRNAs) suppressed tumor growth in mice
xenografted with human cancer cells as a result of macrophages reduction in tumor tissues [18]. Despite
these advances, the current therapeutic strategies are not monocyte- and/or TAM-specific, and can
thus have substantial side effects over time. Moreover, there is a need for the development of new
therapeutic agents to treat drug-resistant cancers.

In recent years, antimicrobial peptides have attracted interest as potential anti-cancer drugs [19–23].
Usually these peptides do not bind to mammalian cell membrane, however, they can kill the cells
if internalized via targeting moieties, such as antibodies and peptides [22,23]. Within the cytosol,
they selectively disrupt mitochondrial membranes, leading to cell death by apoptosis [20]. Since their
killing activity is not dependent on cell proliferation, they do not have many of the undesirable toxic
effects of other chemo drugs. In the present study, we evaluated the effects of lytic peptides fused
to a targeting peptide on blood monocytes, M1 and M2 macrophages, and leukemia cell lines. In
addition, we included blood leukemia blasts from patients with myeloid leukemia, a disease that
remains incurable, despite improvement in treatment options. The targeting peptide was identified
using phage display libraries [24,25]. Two of the engineered lytic hydrid peptides killed monocytes,
macrophages, and leukemia cells in vitro at low peptide concentrations, supporting their further
clinical development.

2. Materials and Methods

2.1. Peptides

The following peptides were purchased from Biosynthesis (Lewisville, TX, USA). Italic letters
indicate the pro-apoptotic domains.

NW peptide: NWYLPWLGTNDW-NH2

NW peptide-biotin: NWYLPWLGTNDW-GGK-biotin
Control peptide: MEWSLEKGYTIK-GGK-biotin
KLA peptide: KLAKLAKKLAKLAK-NH2

KLL peptide: KLLLKLLKKLLKLLKKK-NH2

QLG peptide: QLGKKKHRRRPSKKRHW-NH2

Fusion lytic peptides:

NW-KLA: NWYLPWLGTNDWGGGKLAKLAKKLAKLAK-NH2

NW-KLL: NWYLPWLGTNDWGGGKLLLKLLKKLLKLLKKK-NH2

NW-QLG: NWYLPWLGTNDWGGGQLGKKKHRRRPSKKRHW-NH2
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All peptides were dissolved in sterile water at 600 μM and aliquots and stored at −80 ◦C until use.
Biotin-conjugated NW peptide and control peptide were dissolved in DMSO and stored at −80 ◦C.
A flexible short glycine linker (GGG) was placed between the NW peptide and the lytic domain to
minimize potential steric hindrance which may block the binding to target cells.

2.2. Antibodies and Cytokines

Cell staining was performed using fluorescein isothiocyanate (FITC), phycoerythrin (PE),
allophycocyanin (APC), or pacific blue (PB)-conjugated mouse monoclonal antibodies against CD80,
CD86, CD83, CD14, and CD163 (all purchased from BD Biosciences, San Jose, CA, USA). Fluorochrome
conjugated antibodies against CD8, CD4, CD56, and CD19 were purchased from BioLegends
(Nordic BioSite AS, Kristiansand, Norway). The following cytokines were used: Interleukin-4
(IL-4), granulocyte-colony stimulating factor (GM-CSF), monocyte-colony stimulating factor (M-CSF),
tumor necrosis factor-α (TNF-α), interleukin-10 (IL-10), and interferon-γ (IFN-γ; all purchased from
R&D Systems (Minneapolis, MN, USA).

2.3. Cell Lines and Peripheral Blood Mononuclear Cells

Leukemia cell lines MV-4-11 and U937 were purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA). Cells were cultured in RPMI medium-1640 supplemented with 10% fetal
calf serum (FCS) and antibiotics (complete medium). Primary human mammary epithelial cells were
purchased from ATCC. Peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats
of healthy individuals and isolated by density gradient centrifugation (Lymphoprep; Nycomed Pharm,
Oslo, Norway). Monocytes were prepared using plastic adherence. Briefly, PBMCs were plated into
T-75 flasks (3 × 106/mL) in complete RPMI medium and incubated at 37 ◦C for 1–2 h. Non-adherent
cells were removed, and adherent monocytes were harvested by gentle scraping with a plastic cell
scraper. CD4+ and CD8+ T cells were isolated using Dynabeads’ positive selection kits (Invitrogen
Dynal AS, Oslo, Norway), following the manufacturer’s instructions. CD19+ B cells were isolated by
positive selection using CD19 MicroBeads, following the manufacturer’s instructions, using manual
labeling and automated separation on autoMACS™ Pro Separator (Miltenyi Biotec, Lund, Sweden).
Natural Killer (NK) cells were isolated by negative selection using the NK Cell Isolation Kit (Miltenyi
Biotec Norden AB, Lund, Sweden), following the manufacturer’s instructions, in combination with
automated separation using autoMACS™ Pro Separator (Miltenyi Biotec Norden AB, Lund, Sweden).
The purity of the cells was verified using antibody staining and analysis by flow cytometry.

2.4. Primary Leukemia Cells

A single sample of 10 mL of peripheral blood was obtained from each patient with leukemia
at Oslo University Hospital. Cells were isolated by density gradient centrifugation as indicated
above. All cells were re-suspended in the growth medium, counted, frozen down, or freshly used
in downstream experiments. The collection of patient blood samples was approved by the Regional
Committees for Medical and Health Research Ethics (REK = 2017/1596). The study was conducted in
accordance with the declaration of Helsinki.

2.5. Generation of Immature Human Dendritic Cells

Blood monocytes were cultured in complete medium supplemented with IL-4 (100 ng/mL) and
GM-CSF (50 ng/mL) for 6 days. Under these conditions, immature DCs are in the supernatant while
macrophages stick well to the culture flask. We verified the floating cells to be DCs using flow cytometry
detection of CD80, CD86 and CD83. Adherent macrophages are positive for CD14.
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2.6. Generation of M1 and M2 Macrophages

To generate macrophages, blood monocytes were cultured in X-vivo 15 medium, supplemented
with 50 ng/mL GM-CSF (M1) or 50 ng/mL M-CSF (M2), followed by additional two days of culture
in the presence of 50 ng/mL LPS and 100 U/mL IFN-γ (M1), or 50 ng/mL IL-4 and 1 ng/mL IL-10
(M2). Under these conditions, the cells showed the morphological characteristic features of M1 or
M2 macrophages.

2.7. Flow Cytometry

Flow cytometry was performed to analyze the expression of certain surface markers and peptide
binding to tested human cells. Conjugated antibodies specific for cell surface markers were incubated
with the cells (1–2 × 105 cells/100 μL/sample) in PBS buffer containing 1% FCS or BSA (staining buffer)
for 30–60 min at 4 ◦C. After washing, the cells were re-suspended in 300 μL staining buffer before
being analyzed on BD FACS Canto II Flow cytometer, using BD FACSDiva™ software (BD Biosciences,
San Jose, CA, USA). Similarly, cells were incubated with biotinylated NW peptide or control peptide
(5 μg/mL each) in staining buffer at 4 ◦C for 40 min. After washing, the cells were incubated with
phycoethrin (PE)-conjugated streptavidin, and then processed as indicated above. All data were
analyzed by FlowJo software (FlowJo LLC, Ashland, OR, USA).

2.8. Depletion of Monocytes and Blast Cells from Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (106 cells) were incubated with biotin-conjugated NW peptide
(20 μg/mL) for 40 min at 4 ◦C with gentle rotation. After washing, streptavidin-magnetic beads were
added at a concentration of 4 beads per target cell, and incubation continued for 20 min at 4 ◦C.
The samples were placed on a magnet for 5 min, and non-attached cells were carefully removed and
analyzed by flow cytometry to check for the removal of the peptide-binding cells.

2.9. Cell Viability Assays

Leukemia cell lines MV-4-11 and U937 were seeded at 105 cells/100 μL complete medium and
incubated for 1 h at 37 ◦C. Cells were subsequently incubated with various concentrations of the
different peptides for 1 h at 37 ◦C. Cell viability was then assessed using CellTiter 96® AQueous One
Solution Reagent (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Optical
densities were measured at 492 nm. For the M1 and M2 macrophages, monocytes were initially seeded
in a 96-well plate (1.5 × 105/100 μL complete medium) and differentiated into M1 or M2 macrophages
as described above. After, the culture medium was replaced to remove dead cells and viable adherent
cells were treated with various peptide concentrations and processed as above. The effects of the
engineered lytic peptides on monocytes and primary leukemia cell viability were measured using
propidium iodide (PI) uptake.

2.10. Apoptosis Assay

The induction of apoptosis subsequent to peptide treatment was measured using the annexin
V/PI staining dual assay, combined with flow cytometry analysis as described previously [22]. Cells
stained with annexin alone (green fluorescence) were considered apoptotic, whereas those stained
both green and red were considered necrotic.

2.11. Uptake of the NW-Peptide Streptavidin-PE-Complexes by Macrophages

Streptavidin-PE conjugates (10 μg/mL) were incubated with biotinylated NW peptide or control
peptide (10 μg/mL) for 30 min at room temperature in PBS buffer supplemented with 1% FCS. Then the
mixtures were added to macrophages growing in Lab-Tek chamber slides (Nalge Nunc International,
Naperville, IL, USA). After incubation for 30 min at 4 ◦C, the cells were washed 3 times with culture
medium and incubated at 37 ◦C for 60 min to allow internalization of the bound peptide-streptavidin-PE
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complexes. To visualize the nuclei, Hoechst 33342 (Invitrogen Dynal AS, Oslo, Norway) was added
to the cells for 5 min. Subsequently, the cells were washed 3 times with PBS buffer, fixed with 4%
paraformaldehyde for 20 min at 4 ◦C, washed, and then slides were covered with Dako fluorescent
mounting medium before analysis by a Zeiss LSM 510 confocal laser scanning microscope (Carl Zeiss,
Olympus, Tokyo, Japan). MV-4-11 leukemia cells were analyzed by Zeiss LSM 880 confocal microscope.

2.12. Statistical Analysis

All experiments were performed at least three times, except if otherwise indicated. Differences
between control and treated cells were measured by the standard student’s t test. For multiple
comparisons, a two-way ANOVA analysis was used. p values < 0.05 were considered significant.

3. Results

3.1. The NW Peptide Displays Strong Binding to Human Monocytes

Unlike standard cancer treatments, targeted therapies are gaining importance, due to their
specificity towards cancer cells. Over the last few years, we have developed a panel of peptides
that can guide therapeutics to either cancer cells or immune cells [25]. With respect to the latter,
we recently identified a peptide (named NW peptide) which binds to monocytes, macrophages and
dendritic cells [24]. Figure 1A shows the binding to blood monocyte (gate R2) and lymphocyte (gate
R1) populations. The mean fluorescence intensity (MFI) of the peptide binding to monocytes was
38-fold higher than that of the control peptide. By contrast to monocytes, the NW peptide showed no
significant binding to the lymphocyte population (T, B, and NK cells).

To further evaluate the specificity of the NW peptide towards blood cells, we analyzed its binding
to purified CD14+monocytes, CD4+ T cells, CD8+ T cells, CD19 B cells, and CD56+NK cells. The cells
were co-stained with the biotinylated NW peptide in combination with cell-lineage specific antibodies
(Figure 1B). Under our experimental conditions, only monocytes bound to the NW peptides (first
panel). This means that the receptor of the NW peptide is not expressed by cells of lymphoid origin.
Immature DCs and macrophages also showed a significant binding to the NW peptide (Figure 1C,D).
The binding to macrophages and iDCs had 24 (±2) and 11 (±3) -fold increases over those of the control
peptide (p < 0.0001 and p < 0.001, respectively). Hence, the receptor of the NW peptide seems to be
preferentially expressed by monocytes followed by macrophages, and then iDCs.

Most peptides isolated from phage display libraries have affinities unsuitable for clinical use when
synthesized as monomers [25,26]. On the phage, peptides are displayed on the pIII coat protein in five
copies at the tip of the filamentous phage particle. As such, peptides selected may bind the cell surface
in a multivalent manner [25]. However, the NW peptide exhibited a strong binding to monocytes, even
at low peptide concentrations (Figure 2A). This strength of peptide binding is comparable to that of
monoclonal antibodies.

Given the high affinity of the NW peptide towards blood monocytes, we next investigated its
use in magnetic cell separation protocols. In the majority of such separation techniques, target cells
are labeled with magnetic beads that are conjugated to specific antibodies [27]. When different cell
populations are placed in a magnetic field, those cells that express the antibody receptor and bind to
the beads will be attracted to the magnet, and therefore separated from non-targetted cells. Peripheral
blood mononuclear cells were incubated with biotin-conjugated NW peptide for 40 min at 4 ◦C.
After addition of streptavidin-conjugated Dynabeads and magnetic separation, non-attached cells
were carefully aspirated off and analyzed by flow cytometry to verify the removal of the monocytes
(Figure 2B). The data show that most, if not all, monocytes were depleted from blood PBMCs. Although
further optimization is required, recovery of the monocytes from the beads can be done by adding
larger excess of competing peptide, thus supporting the use of the NW peptide and derivatives in
magnetic separation techniques.
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Figure 1. Binding of the NW peptide to blood cells. (A) Peripheral blood mononuclear cells (PBMCs)
were incubated with the biotinylated W peptide or control peptide (5 μg/mL each) for 40 min at 4 ◦C.
After washing, they were incubated with phycoerythrin (PE)-conjugated streptavidin before analysis
by flow cytometry. Gated cells are indicated. The numbers indicate the mean fluorescence intensities
(MFI) of the peptide binding. (B) Purified blood cell populations were stained with the biotinylated
NW peptide in combination with fluorochrome conjugated antibodies specific for CD14, CD4, CD8,
CD19, or CD56 cell surface marker, and then analyzed by flow cytometry. The percentages of positive
cells are indicated. (C) Representative flow cytometry histograms showing the binding of the NW
peptide to immature (i) DCs or macrophages. Experimental conditions are as in (A). Quantitative data
from three independent experiments are shown in (D). *** p < 0.001, **** p < 0.0001.

3.2. Specific Killing of Monocytes by a Lytic Hybrid Peptide

Since the NW peptide efficiently depleted monocytes from PBMCs, we generated a peptide fusion
with a pro-apoptotic peptide, and investigated the killing potency of the lytic hybrid peptide. For the
pro-apoptotic domain, we first selected the cationic -helix peptide (KLAKLAK)2 (named KLA peptide),
a mitochondrial membrane disrupting agent that has been extensively characterized with respect to
structure and killing mechanism [20]. PBMCs were incubated with either NW peptide, KLA peptide,
or NW-KLA fusion peptide for 15 min at 4 ◦C, washed to remove excess of peptides and then incubated
at 37 ◦C for 60 min to allow cell killing. Flow cytometry analysis of cells is shown in Figure 3A.
The hybrid lytic peptide killed monocytes, but not lymphocytes, indicating that the killing is specific
for monocytes. When the cells were incubated with propidium iodide (PI), only dead monocytes
(gate R2) incorporated the dye (Figure 3A, last panel, red histogram). Under the same experimental
conditions, the lymphocytes were not killed (gate R1, blue histogram).

We next compared the cytotoxic effect of the NW-KLA peptide to a second lytic hybrid peptide
(named NW-QLG) that has been found to possess a potent cytotoxic effect against breast cancer cell
lines, when internalized via a targeting moiety [28]. Unlike the NW-KLA, the NW-QLG peptide did
not induce a significant cell killing at lower peptide concentrations (Figure 3B). The IC50 values for the
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two peptides were 9 M and >30 M, respectively. As shown in Figure 3C, exposing monocytes to the
NW-KLA fusion peptide resulted in time-dependent loss of cell viability. Most of the cells were killed
within a 10–15 min incubation time. Purified T cells were used as a control, as they did not bind to the
NW peptide. Under the same experimental conditions, T cells were not killed (Figure 3C).

Figure 2. Binding and depletion of blood monocytes. (A) Representative flow cytometry histograms
showing the peptide binding to purified blood monocytes. Cells were incubated with various
concentrations of the biotinylated NW peptide, followed by streptavidin-conjugate PE and analysis by
flow cytometry. (B) Monocyte depletion. PBMCs were incubated with the biotinylated NW peptide or
control peptide (20 μg/mL each), and then processed as described in Material and Methods. The cells
were analyzed by flow cytometry to check for monocyte depletion after peptide addition and capture
on streptavidin beads. The data are representative of four independent experiments.

Usually, cells expose on their surface phosphatidylserine (PS) when they undergo apoptosis [29].
Annexin V binds to PS and therefore can be used to monitor this early event in apoptosis process.
Hence, we performed a flow cytometry analysis to determine the death pathway of the targeted lytic
peptide using a Dead Cell Apoptosis Kit with Annexin V-FITC and PI. In these experiments, purified
monocytes were used. Treatment of the cells with the NW-KLA peptide caused an increase in annexin
V positive cells (Figure 3D, a representative example). More than half of the cells (52.8%, ± 10%,
p < 0.01) were at late apoptosis/secondary necrosis phases (Annexin V+ and PI+) (Figure 3E). Although
PS may be exposed under a variety of circumstances and could be a general indicator of membrane
instability [30–32], the data suggest that monocytes undergo both apoptosis and necrosis pathways
after treatment with the NW-KLA peptide. Again, the KLA peptide showed no significant effect as
compared to untreated cells.
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Figure 3. Effects of the fusion peptides on monocyte viability. (A) Selective killing of monocytes.
Peripheral blood mononuclear cells were incubated with the indicated peptides as described in the text,
and then they were analyzed by flow cytometry. Cells were also incubated with propidium iodide (PI)
to check for membrane integrity. Data are representative of at least three independent experiments.
(B) Cytotoxic effects of the fusion peptides. Purified monocytes were cultured in complete medium
and then treated for 60 min with various peptide concentrations, incubated with PI and then analyzed
by flow cytometry. Data are from three independent experiments. (C) Killing kinetics. Purified CD14+
monocytes or CD4+ T cells were incubated with the tested peptides (10 μM each) and then analyzed by
flow cytometry at various time points after PI incubation. Data are from three independent experiments.
(D) Induction of apoptosis. After incubation with the peptides for 60 min at 37 ◦C, monocytes were
analyzed by dual-color flow cytometry for annexin V and PI staining. Quantitative data from three
independent experiments are shown in (E). * p < 0.05, ** p < 0.01, *** p < 0.001.

3.3. Effects of the Fusion Lytic Peptides on M1 and M2 Macrophages

One strategy to deplete TAMs is to cut off their replenishment, by circulating inflammatory
monocytes. Hence, the killing of blood monocytes, as demonstrated in Figure 3, should result in
reduced numbers of TAMs in primary and metastatic sites. As M2 TAMs promote cancer progression
and resistance to therapy, we investigated whether the engineered targeted lytic peptides could
preferentially kill M2 or M1 macrophages. Monocyte polarization into M1 or M2 macrophages was
induced in vitro as described in Materials and Methods. In accordance to previous studies [33], M1 and
M2 cells presented either an elongated (M1) or round (M2) morphology, respectively (Figure 4A).
The M2 phenotype was further characterized by analyzing the expression of the specific marker
CD163. At day eight after differentiation, the expression of CD163 by M2 was significantly increased
when compared to M1 macrophages (Figure 4B,C, p < 0.001). In contrast to M2, M1 macrophages are
characterized by the expression of CD80 and the absence of CD163 [34]. In this respect, the expression of
CD80 on M1 macrophages was significantly upregulated, as compared to M2 macrophages (Figure 4B,C,
p < 0.01). As expected, both cell populations expressed the CD14 marker.
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Figure 4. Monocyte-derived M1 and M2 macrophages. (A) Morphology of monocyte-derived M1 or
M2 macrophages in X-vivo 15 medium. Original magnification, x20. (B) Phenotypic characterization of
M1 and M2 macrophages. Cell surface expression of CD163, CD80 and CD14 markers by M1 and M2
macrophages. (C) Quantitative data from three independent experiments are presented as a mean ±
SD. ** p < 0.01, *** p < 0.001.

Having confirmed the polarization status of the cells, we next tested their binding to the NW
peptide (Figure 5A). The peptide bound to both M1 and M2 macrophages. The MFIs of the NW peptide
binding to M1 and M2 macrophages were, respectively, 27 and 15 fold higher than those of the control
peptide. In most experiments, a small population of M1 macrophages showed a strong binding to the
NW peptide. Such binding may contribute to the overall MFI increase.

The potential of using the NW peptide to deliver polypeptides/proteins to macrophages was
investigated by examining its ability to promote the internalization of streptavidin-PE conjugates.
The cells were pre-incubated for 30 min at 4 ◦C with preformed biotin-peptide/streptavidin-PE
complexes, washed, and subsequently transferred to 37 ◦C to allow peptide internalization. Since
active endocytosis occurs in cells at 37 ◦C, but not at 4 ◦C, the complexes can be internalized only after
specific binding of the NW peptide to macrophages. Whereas macrophages incubated with the control
peptide-PE complexes showed no red fluorescence, those incubated with the NW-peptide-PE-complexes
showed intensive cytoplasmic fluorescence resulting from peptide internalization (Figure 5B). It should
be noted that streptavidin-PE conjugates did not bind to macrophages (Figure 5A).
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Figure 5. Effects of the fusion lytic peptides on M1 and M2 macrophages. (A) Representative
flow cytometry histograms showing the binding of the NW peptide to M1 and M2 macrophages.
The numbers indicate the mean fluorescence intensities of the peptide binding. (B) Internalization of
the NW-peptide-streptavidin-PE complexes by M2 and M1 macrophages. Biotinylated NW peptide- or
control peptide-streptavidin-PE complexes were added to M2 macrophages and incubated for 40 min
at 4 ◦C. After washing, the cells were incubated at 37 ◦C for 60 min, further washed, fixed, and then
confocal microscopy images were taken. Original magnification, x40. The uptake of the NW peptide-PE
complexes by M1 is also shown. (C) Cell viability. The cells were incubated with various concentrations
of the tested peptides for 60 min at 37 ◦C, and cell viability was determined using the CellTiter 96R
Aqueous One Solution reagent. The results are represented as mean ± SD of triplicate determination.
Quantitative data (mean ± SD) from three independent experiments are shown in (D). ** p < 0.01,
*** p < 0.001.

In the next experiments, we evaluated the cytotoxic effects of the lytic fusion peptides
on macrophages. We included a third lytic domain containing several leucine residues (KLL;
KLLLKLLKKLLKLLKKKK) that was shown to induce apoptosis in cancer cells [35]. Although
the NW peptide bound better to M1 macrophages when compared to their M2 counterparts, the killing
effects of the lytic peptides were comparable (Figure 5C,D). Cells treated with either NW-KLA or
NW-KLL lytic peptide were killed effectively when compared to those treated with the other peptides.
The IC50 values for NW-KLA, NW-KLL and NW-QLG peptides were around 10 ± 2, 6 ± 1, 30 ± 3 μM,
for M1 macrophages, and 9 ± 1.5, 9 ± 1.4, >30 μM, for M2 macrophages, respectively. When tested at
higher concentrations, the IC50 values for the NW-QLG peptide were found to be around 40 μM for
M1 and 70 μM for M2 macrophages.

3.4. Effects of the Fusion Lytic Peptides on Leukemia Cell Lines

Although many advances have occurred in the treatment of blood malignancies, the treatment
of relapsed/refractory acute myeloid leukemia (AML) remains one of the most challenging tasks in
oncology today [36,37]. Hence, novel treatment strategies are needed. We first tested the binding of
the NW peptide to MV-4-11, a human acute myeloid leukemia cell line, and to U937, a pro-monocytic
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human myeloid leukemia cell line. As shown in Figure 6A, the NW peptide bound to both cell lines.
Cells incubated with the lytic hybrid NW-KLA or the NW-KLL peptide showed significant toxicity
when compared to those incubated with free KLA or NW-QLG peptide (Figure 6B). In the case of
U937 cells, both NW-KLA and NW-KLL peptides had comparable IC50 values (5–8 μM). MV-4-11
cells seem to be more sensitive to the NW-KLA peptide (IC50 = 4 μM) than the NW-KLL peptide
(IC50 = 12 μM). Again, the pro-apoptosis QLG domain did not induce killing of leukemia cell lines at
lower concentrations (<12 μM). At higher concentrations, the NW-QLG IC50 values for MV4 and U937
were around 60 and 90 μM, respectively.

Figure 6. Effects of the fusion lytic peptides on human leukemia cell lines. (A) Representative flow
cytometry histograms showing the binding of the NW peptide to MV-4-11 and U937 leukemia cells.
The numbers indicate the mean fluorescence intensities of the peptide binding. (B) Cell viability in
response to the peptides. The cells were incubated with various peptide concentrations for 60 min at
37 ◦C, and then cell viability was determined using the CellTiter 96R Aqueous One Solution reagent.
The results are represented as mean ± SD of triplicate determination. Quantitative data (mean ± SD)
from three independent experiments are shown in (C). * p < 0.05, ** p < 0.01, *** p < 0.001.

We next evaluated the permeability of MV-4-11 cells to promidium iodide (PI) after peptide
treatment. PI does not stain live cells, due to the presence of an intact plasma membrane. As indicated
by the forward scatter (Figure 7A), cells treated with the NW-KLA peptide for 20 min showed a
smaller size and most cells were porous to PI (Figure 7B, last panel), indicating that they were killed.
In contrast, cells treated with the control peptides remained unchanged compared to untreated cells.
In accordance with the flow data, confocal microscopy images showed that the cells treated with the
NW-KLA peptide were permeable to PI, making them become red.

113



Cancers 2019, 11, 1088

Figure 7. Permeability of MV-4-11 cells after treatment with the NW-KLA peptide. (A,B) MV-4-11
cells were treated with the test peptides (6 μM each) for 20 min at 37 ◦C, incubated with PI and then
analyzed by flow cytometry. (C) Confocal microscopy images. After incubation with PI, the cells were
washed and resuspended in 100 μL PBS buffer. One drop of each cell suspension was spotted onto
microscope glass slips and processed for confocal microscopy. Images are of single sections through the
middle of cells. Scale bar represents 10 μm. The same samples shown in A were analyzed in B and C.

3.5. Effects of the Lytic Peptides on Primary Leukemia Cells

Although the life expectancy of patients with acute myeloid leukemia (AML) or chronic myeloid
leukemia (CML) has improved in recent years, treatment resistant and refractory leukemia are still a
major problem [36,37]. Hence, novel approaches to treatment are urgently needed to further improve
the prognosis of these diseases. Prompted by the strong cytotoxic effects of the engineered lytic hybrid
peptides on leukemia cell lines, we investigated next, whether the NW-KLA peptide would kill primary
leukemia cells. Figure 8 shows the binding of the NW peptide and control peptide to freshly isolated
blood AML (Figure 7A) and CML (Figure 7B) blasts. By contrast to the control peptide, the NW peptide
showed a very strong binding to both blast types, indicating that the peptide receptor is overexpressed
in primary leukemia cells when compared to leukemia cell lines and macrophages. In the case of the
CML, the lymphocyte population (gate R1) did not bind to the NW peptide, again arguing that the
peptide binds to a receptor that is expressed by cells of myeloid, but not lymphoid origin. Treatment
with the NW-KLA peptide induced cell death in a dose-dependent manner (Figure 8C). When tested at
10 μM for 2 h, the lytic hybrid peptides showed significant cytotoxic effects on blast cells (Figure 9).
The average decrease in viability of freshly isolated AML blasts due to the treatment with the NW-KLA
and NW-KLL lytic peptides were 88 ± 5% (p < 0.001), 75 ± 6% (p < 0.001), respectively. Similarly,
these two lytic peptides induced around 74 ± 7% of cell death in CML blasts (p < 0.001). There
was no significant difference in viability between untreated cells and those treated with the control
peptides. Comparable results were obtained with additional three patients with AML and four patients
with CML.
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Figure 8. Effects of the targeted lytic peptides on human primary leukemia cells. Representative
flow cytometry histograms showing the binding of the NW peptide to primary leukemia cells from
a patient with acute myeloid leukemia (AML) (A) or from a patient with chronic myeloid leukemia
CML (B). Gated cells are indicated. The numbers indicate the mean fluorescence intensities of the
peptide binding (C). Cell viability in response to the peptide treatment. The cells were incubated with
various concentrations of the tested peptides for 60 min at 37 ◦C, and then cell viability was determined
using flow cytometry subsequent to PI incubation. The results are represented as mean ± SD of three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 9. Cytotoxic effects of the fusion peptides on primary leukemia cells. Cells were incubated with
the indicated test peptides (12 μM each) for 120 min at 37 ◦C followed with PI staining and analysis by
flow cytometry. The data are from three independent experiments and are presented as mean ± SD.
* p < 0.05, *** p < 0.001.
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3.6. Depletion of Blood Blast Cells

A number of methods have been used to remove leukemia cells from blood or bone marrow
aspirates [38]. In such techniques, the specificity of magnetic affinity separation is based on the
selectivity of monoclonal antibody binding to target cells. Given the strong binding of the NW peptide
to primary leukemia cells, we investigated whether it can be used to deplete or reduce blast cells from
PBMCs. Peptide mediated blast depletion in each PBMC sample was determined by flow cytometry
by counting the cells in blast population (gate R2) vs those in lymphocyte population (gate R1) and by
relating the ratios with those of the corresponding untreated sample (Figure 10 as a representative
example). For both samples, fifteen thousand ungated events were collected. The NW peptide depleted
most blood leukemia blasts (9.5% vs. 52%). Notably, the lymphocyte population was significantly
enriched (7.2% vs. 51.1%). Thus, the NW peptide can be used to remove blast cells and enrich for other
cell types, such as lymphocytes.

Figure 10. Depletion of blast cells from whole PBMCs. PBMCs from a patient with CML were incubated
or not with the biotinylated NW peptide (10 μg/mL), followed by streptavidin-conjugated magnetic
beads, as described in Materials and Methods. After magnetic separation, non-binding cells were
analyzed by flow cytometry to verify blast depletion. 15,000 events were recorded for each sample.

3.7. Effects of the NW-KLA Peptide on Primary Mammary Epithelial Cells

Having demonstrated that the lytic hybrid peptides can kill monocytes, macrophages, and leukemia
cells, we investigated their cytotoxic effects on primary human mammary epithelial cells (HMECs).
We first analyzed the binding of the NW peptide to the cells (Figure 11A). No significant binding was
detected, suggesting that the peptide receptor is not expressed by non-hematopoietic cells. Treatment
of HMECs by the lytic fusion peptides did not result in significant cytotoxic effects (Figure 11B).
Thus, the expression of the peptide receptor on target cells is indispensable for the cytotoxicity of the
engineered fusion lytic peptides.

Figure 11. Effects of the fusion lytic peptides on normal mammary epithelial cells. (A) Representative
flow cytometry histograms showing the binding of the NW peptide to primary human mammary
epithelial cells. (B) Cell viability. The cells were incubated with various concentrations of the tested
peptides for 60 min at 37 ◦C and cell viability was determined using the CellTiter 96R Aqueous One
Solution reagent. The results are represented as mean ± SD of three independent experiments.
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4. Discussion

Although abnormalities of cancer genes are essential contributors to cancer, cells within the
tumor microenvironment, such as macrophages, myeloid-derived suppressor cells, and T regulatory
cells play an important part in the initiation and progression of solid tumors [18,39]. Additionally,
host macrophages can promote lymphoma and leukemia cell survival in vitro and in vivo [40–42].
By coupling pro-apoptotic peptides to the NW peptide, we engineered new targeted lytic peptides
that killed monocytes and macrophages. At the concentrations used, the lytic hybrid peptides did
not kill blood lymphocytes. Monocytes and macrophages are widely acknowledged as one of the
central suppressive populations within solid tumors, and depleting these cells should benefit patients
with solid and blood malignancies. Therapies that deplete TAMs and/or cut off their replenishment by
circulating inflammatory monocytes would also benefit patients with various inflammatory diseases.

In several types of cancers, including ovarian, pancreatic, breast, and brain cancers, most, if not
all, TAMs express the M2 phenotype [4,5]. In these cancers, specific therapy targeting M1 or M2
macrophages may not be required. Indeed, untargeted depletion of monocytes and macrophages in
experimental settings has been successful in inhibiting tumor growth and enhancing responses to
standard chemo and anti-angiogenic therapies [43,44]. Recently, Galletti et al. showed that eliminating
TAMs along with neutrophils, sensitizes mammary tumors to chemotherapy, resulting in tumor
eradication in mice [42]. The authors used a monoclonal antibody to block CSF-1R signaling, required
for macrophage development and infiltration into tumor tissues. Similarly, the use of small molecule
inhibitors or antisense RNA strategies to inhibit CSF-1R signaling, also inhibited tumor growth in
both xenograft and genetically engineered mouse models [45–47]. Our current targeting strategy
would preferentially eliminate both circulating monocytes and macrophages, and might be better than
previously tested strategies. Unlike tissue resident macrophages, which are derived largely from the
yolk sac in embryogenesis, TAMs derive from circulating blood monocytes [3]. Using phage display,
Cieslewicz et al. selected a peptide specific for murine macrophages [48]. When fused to a pro-apoptotic
peptide, the fusion peptide inhibited tumor growth in a subcutaneous tumor model [48]. Unfortunately,
the selected peptide showed no significant binding to human M1 and M2 macrophages [48].

With respect to blood malignancies, adults with AML have some of the highest unmet treatment
needs of all cancer patients. The outcomes for patients with relapsed or refractory AML are poor, with
overall survival estimated at no more than 10% at 3 years [49,50]. In addition to cell lines, the killing
potency of the NW-KLA and the NW-KLL fusion peptides was confirmed in leukemia patient samples
at low concentrations. In all experiments, the NW-QKG fusion peptide killed leukemia cells only
at higher concentrations. Early reports from Ghosh’s group showed that the leucine residues were
essential for peptide structure and cytotoxic effect [51]. Most anti-cancer peptides, natural and synthetic,
contain several leucine residues. By contrast, the lytic QLG domain contains only one leucine residue,
which may explain its weak cytotoxic effects at lower concentrations. Interestingly, the NW-QLG
fusion peptide preferentially killed M1 rather than M2 macrophages at high peptide concentrations.

Although promising agents such as Bcr-Abl tyrosine kinase inhibitors have shown a significant
therapeutic efficacy in patients with CML [52], the search for innovative therapeutic alternatives in
this disease is also essential, due to the emergence of primary or secondary resistance to treatment.
Moreover, there is a need in improving the management of CML in blast crisis. A large number of
patients with hyperleucytosis can develop leukostasis, a life-threatening situation where leukemia cells
are thought to cause organ dysfunction [53]. The lytic hybrid NW-KLA and NW-KLL peptides showed
a strong cytotoxic effect against CML blasts. Moreover, we demonstrated that the targeting NW peptide
can selectively deplete blast cells from PBMCs. Although in vivo work is needed, the data would
support the development of the engineered lytic hybrid peptides as a myeloid cytoreduction therapy.

In addition to solid tumors, macrophages have recently been reported to be involved
in tumor progression in several hematological malignancies, such as CML, AML, and B-cell
lymphomas [40–42,54]. TAMs are highly present in relapsed and refractory lymphomas, most likely
playing an important role in multiple types of drug resistance [50]. Recently, Al-Matary et al. showed
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that myeloid leukemia-associated macrophages can support the progression of AML [40]. The authors
showed a significant increase in M2 macrophages in the bone marrow of AML patients when compared
to healthy volunteers. These M2 macrophages supported the growth of both human and murine AML
cells in vitro. Targeting macrophages using anti-CSF-1R antibody or clodrolip (clodronate encapsulated
liposomes) also impaired chronic lymphocytic leukemia cell engraftment. Macrophage depletion
sensitized leukemia cells to apoptosis via induction of TNF-α signaling, and leukemia cells were killed
through a TNF-α-dependent mechanism [39]. The NW-KLA peptide, unlike other targeted cytotoxins,
offers the possibility of targeting monocytes, macrophages, and leukemia cells.

With respect to chemotherapy, cancer cells become resistant to a variety of structurally different
drugs, even after treatment with only one single drug [55]. By contrast, lytic peptides, when delivered
via a targeting moiety, damage cell membranes within minutes which would hinder formation of
resistance. Most lytic peptides killed both drug-sensitive and drug-resistant cancer cells [19,22].
Notably, the tumor selectivity of lytic peptides was considerably enhanced after the fusion to tumor
targeting domains, such as antibodies and peptides [20,56]. Moreover, a variety of nanoparticles were
also applied for the delivery of lytic peptides, resulting in reduced side effects, and an increase in
targeted accumulation in tumor tissues [57,58]. Under our experimental conditions, the KLA peptide
did not kill target cells, whereas the hybrid peptides did. Thus, the killing activity requires the presence
of the targeting NW domain. Out of the three designed peptides, the NW-KLA and NW-KLL peptides
showed the strongest lytic activity. It should be noted that the NW peptide has no effect on cell viability,
even at high concentrations.

With respect to peptide selection, a primary advantage of the phage display technology is that
affinity-based interactions are detected in native biological systems. The screening on intact cells
preserves the original conformation of cell surface proteins and protein-protein interactions that could
be relevant in vivo. While a number of selected peptides from phage display libraries have been used
as tumor imaging agents, or disease biomarkers without knowledge of their binding receptors [25,59],
the clinical use of such peptides will be further facilitated better by the characterization of their binding
partners. Moreover, once the partner is known, certain amino acid chains of the peptide can be modified
to improve its binding affinity and specificity. Unfortunately, immunoprecipitation experiments with
the biotinylated NW peptide failed to identify potential partners. This is most likely due to the intrinsic
nature of membrane proteins. They are present in low abundance, and their solubility in most buffers
is a major issue. The selection of detergents suitable for the solubilization and purification of a specific
membrane protein is critical for the outcome of the experiments. A combination of proteomic and
genomic approaches will be needed to tackle this challenging task that is under investigation.

5. Conclusions

Macrophages are among the most abundant normal cells in the tumor microenvironment, and
usually play a pro-tumoral role. Additionally, they support the proliferation and survival of leukemia
and lymphoma cells. By fusing a targeting peptide to pro-apoptotic peptides, we engineered new lytic
hybrid peptides that killed monocytes, macrophages and leukemia cells. Killing leukemia cells and
macrophages with one single agent, such as the lytic fusion NW-KLA peptide should benefit patients
with blood malignancies. In addition to therapy, the NW peptide could be a good candidate for cell
depletion from blood and/or bone marrow aspirates.
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Abstract: The combined administration of programmed cell death 1 (PD-1) and programmed
cell death ligand 1 (PD-L1) inhibitors might be considered as a treatment for poorly responsive
cancer. We report a patient with brain metastatic lung adenocarcinoma in whom fatal myocarditis
developed after sequential use of PD-1 and PD-L1 inhibitors. This finding was validated in syngeneic
tumor-bearing mice. The mice bearing lung metastases of CT26 colon cancer cells treated with
PD-1 and/or PD-L1 inhibitors showed that the combination of anti-PD-1 and anti-PD-L1, either
sequentially or simultaneously administered, caused myocarditis lesions with myocyte injury and
patchy mononuclear infiltrates in the myocardium. A significant increase of infiltrating neutrophils
in myocytes was noted only in mice with sequential blockade, implying a role for the pathogenesis
of myocarditis. Among circulating leukocytes, concurrent and subsequent treatment of PD-1 and
PD-L1 inhibitors led to sustained suppression of neutrophils. Among tumor-infiltrating leukocytes,
combinatorial blockade increased CD8+ T cells and NKG2D+ T cells, and reduced tumor-associated
macrophages, neutrophils, and natural killer (NK) cells in the lung metastatic microenvironment.
The combinatorial treatments exhibited better control and anti-PD-L1 followed by anti-PD-1 was the
most effective. In conclusion, the combinatory use of PD-1 and PD-L1 blockade, either sequentially or
concurrently, may cause fulminant cardiotoxicity, although it gives better tumor control, and such
usage should be cautionary.

Keywords: check point inhibitors; programmed cell death protein 1; programmed cell death 1
ligand 1; cardiotoxicity; lung metastasis

1. Introduction

The efficacy of immunotherapies that use antibodies to block programmed cell death 1 (PD-1) or
its ligand 1 (PD-L1) have been extensively investigated for a variety of cancer types [1]. These
types of immunotherapy, immune checkpoint inhibitors (ICIs), have been proved effective in
advanced/metastatic non-small cell lung cancer (NSCLC) [2], colorectal cancer with high mismatch
repair deficiency or microsatellite instability [3], and others [4,5]. In clinical practice, sequential shifting
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from a PD-1 inhibitor to its ligand, a PD-L1 inhibitor, or re-treatment with immunotherapy due to
ineffectiveness or toxicity, is becoming more common to prolong survival in terminally ill patients [6].

The benefits of ICIs can be offset by the serious immune-related adverse events (irAEs),
which mostly involve damage to the dermatologic, gastrointestinal, endocrine, respiratory,
hepatic, and musculoskeletal systems [7,8]. So far, irAEs are reported and often encountered in
patients treated with ipilimumab, an anti-CTLA-4 (cytotoxic T-lymphocyte–associated antigen 4)
therapy [9,10], and are less frequent in patients treated with anti-PD-1 agents [11,12] or anti-PD-L1
antibodies [13,14]. A combination of ICIs has demonstrated a significant benefit to overall survival
compared to monotherapy [15,16]. However, unexpected toxicities mediated by irAEs are also
significantly higher using a combined ICI strategy [17,18], and require early detection and appropriate
management [19]. Cardiotoxicity is regarded as a rare event of irAEs after ICI treatment [20–22];
nevertheless, recent reports indicate that immune-related myocarditis might be a serious and
underestimated complication of immunotherapy [23–25]. Inflammation-mediated cardiotoxic effects
can include myocarditis, pericarditis, perimyocarditis, left ventricular dysfunction without myocarditis,
Takotsubo syndrome, and others [26]. The diagnosis of immune-related myocarditis should exclude
viral and autoimmune myocarditis, coronary artery disease, and pulmonary embolism. Cardiac
magnetic resonance imaging (MRI) to detect myocardial edema and late gadolinium enhancement is
important, but sensitivity is currently inadequate [27,28]. Endomyocardial biopsy could be considered
for tissue proof in clinical practice.

Here, we report a patient in whom fatal myocarditis developed after sequential use of PD-1 and
PD-L1 inhibitors. To validate this finding, an immune competent tumor-bearing mouse model was
used for the evaluation of myocarditis and immune responses.

2. Experimental Section

2.1. Patient Record

Study of the patient’s medical records was approved by the Institute Review Board of Mackay
Memorial Hospital, Taipei, Taiwan. Treatment courses and clinical features of this patient were collected.

2.2. Cell Culture

The mouse colorectal adenocarcinoma cell line CT26 was purchased from the American Type
Culture Collection (Manassas, VA, USA) and maintained in Roswell Park Memorial Institute
(RPMI)-1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS, Hyclone,
Logan, UT, USA) and l-glutamine (200 mM). Stable clones expressing luciferase (CT26-Luc cells) were
established by transducing lentivirus containing the North American Firefly Luciferase gene under the
control of the SV40 promoter. CT26-Luc cells were maintained in the above medium containing G418
(500 μg/mL; Sigma-Aldrich, St. Louis, MO, USA).

2.3. Experimental Animal Model for ICI Treatment

Four-week-old male BALB/c mice were purchased from the Animal Resource Center of the
National Science Council of Taiwan (Taipei, Taiwan). All animal experiments were approved by the
Animal Ethics Committee of Mackay Memorial Hospital (Taipei, Taiwan). Approval was received on
24 January 2019 and the IRB approval number is 19MMHIS008e. CT26-Luc cells (1 × 106) were injected
into tail veins of Balb/c mice to establish lung metastasis. The IVIS 200 imaging system (Xenogen
Biosciences, Cranbury, NJ, USA) was used to estimate lung metastatic burden. After lung metastasis
was established, the anti-mouse PD-1 monoclonal antibody (200 μg per mouse, RMP1-14, BioXcell,
Lebanon, NH, USA), anti-mouse PD-L1 monoclonal antibody (150 μg per mouse, 10F.9G2, BioXcell,
Lebanon, NH, USA), or their isotype control mAbs (rat IgG2a or rat IgG2b) were intraperitoneally
administered. For concurrent combination, the anti-PD-1 and anti-PD-L1 mAbs were injected on the
same days (days 0, 2, and 4). For subsequent combination, the second mAb was administered on
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days 6, 8, and 10. Mice were sacrificed on day 11 or day 17 for tumor microenvironment assessment as
described in the text.

2.4. Immunohistochemistry (IHC) and Grading of Myocarditis

Sections of formalin-fixed and paraffin-embedded mouse hearts were treated with heat-induced
antigen retrieval in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at 95−100 ◦C
for 15 min, followed with 3% H2O2 at room temperature for 10 min. Blocking was performed with
BlockPROTM Protein Blocking Buffer (Visual Protein Biotech., Taipei, Taiwan) at room temperature for
1 h. Sections were incubated with primary antibodies against Ly6C (1:200; Abcam, Cambridge, UK)
and Ly6G (1:100; Abcam, Cambridge, UK) at room temperature for 1 h, with secondary antibodies of
SignalStain® Boost IHC Detection Reagent and Rabbit Anti-Rat IgG (1:200; Abcam, Cambridge, UK) at
room temperature for 1 h, and developed for 5−10 min with DAB (3,3’-Diaminobenzidine) chromogen
kit (EnVision™+ Dual Link System-HRP, DAKO, Carpinteria, CA, USA) before counterstaining with
hematoxylin (Merck, Darmstadt, Germany). The proportion of cells with Ly6C and Ly6G staining
were calculated from a high-power field for 10 different portions by microscopy. Sections with 4 μm
thickness were stained with hematoxylin and eosin (H&E). Myocarditis was graded as previously
described [29] by examination of H&E-stained specimens at mid-ventricular cross sections. The
grading using a 0−4 scale was recorded as follows: Grade 0, no inflammation; Grade 1, one to five
distinct inflammatory foci with total involvement of 5% or less of the cross-sectional area; Grade 2,
more than five distinct inflammatory foci, or involvement of more than 5% but less than 20% of the
cross-sectional area; Grade 3, diffuse inflammation involving 20−50% of the area; Grade 4, diffuse
inflammation involving more than 50% of the area.

2.5. Hemogram and Biochemistry

White blood cell (WBC) counts of the blood samples were analyzed by an automatic Coulter
counter (HEMAVET HV950; Drew Scientific, Inc., Dallas, TX, USA). The plasma levels of alanine
aminotransferase (ALT), creatinine (CRE), and creatine kinase (CK) were measured with the colorimetric
method (Fuji Dri-Chem Slide, Fuji, Japan), according to instructions given by the manufacturer.

2.6. Flow Cytometry Analysis

Lung metastatic colon cancer-bearing mice were euthanized by intramuscular injection of
a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). The whole spleen, lung, and
heart tissues were removed en bloc, and digested with solution containing collagenase A
(1.5 mg/mL) and DNase I (0.4 mg/mL) at 37 ◦C for 30 min [30]. Cells were mashed through
a 70 μm cell strainer to obtain single-cell suspensions, and further incubated with ACK
(Ammonium-Chloride-Potassium) solution to lyse red blood cells. Before staining with cell surface
markers, cells were incubated with an Fc receptor block (1 μg/1 × 106 cells; BD Bioscience,
San Diego, CA, USA) to reduce non-specific binding. Then, cells (1 × 106 cells/mL for spleen,
1 × 107 cells/mL for heart and lung) were stained with antibodies conjugated with the indicated
fluorochromes for 20 min on ice, including anti-CD3-Alexa488, anti-NKG2D-PE, anti-PD-L1-PE/Dazzle
594, anti-Ly6G-PE/Cy7, anti-PD-1-APC, anti-F4/80-APC/Cy7, anti-Ly6C-BV421, anti-CD45-BV510,
anti-CD11b-BV605, anti-CD4-BV650, and anti-CD8-BV785 antibodies (BioLegend, San Diego, CA,
USA). After washing, cells were immediately analyzed on the CytoFLEX 13-color cytometer (Beckman
Coulter, Brea, CA, USA) and quantified using CytExpert analysis software (Beckman Coulter,
Brea, CA, USA). Immune cell populations were defined as the following: T cells (CD3+/CD11b−),
CD8+ T cells (CD3+/CD11b−/CD8+), CD4+ T cells (CD3+/CD11b−/CD4+), NKG2D+ T cells
(CD3+/CD11b−/NKG2D+), neutrophils (CD11b+/Ly6G+), macrophages (CD3−/CD11b+/Ly6C+/F4/80+),
NK cells (CD3−/Ly6G−/CD11b−/NKG2D+), and inflammation monocytes (CD11b+/Ly6C++).
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2.7. Statistical Analysis

Results were expressed as mean ± standard error of the mean (SEM). Statistical comparison in
each experiment was performed using Student’s t-test or one-way analysis of variance (ANOVA). The
difference was considered significant at p < 0.05. We used SigmaPlot version 8.0 (IBM SPSS, Armonk,
NY, USA) with written syntax.

3. Results

3.1. Patient and Treatment

A 61-year-old woman with lung adenocarcinoma was sent to the emergency department with
dyspnea and fatigue, three days after receiving her first dose of atezolizumab (1000 mg). Ten weeks
before atezolizumab administration, she received five biweekly doses of nivolumab (3 mg/kg) with
whole brain radiotherapy (RT) (30 Gy in 10 fractions) for brain metastasis, delivered after the first
dose of nivolumab. Due to enlargement of lung nodules, shifting anti-PD-1 nivolumab to anti-PD-L1
atezolizumab was discussed in an oncology team meeting (Figure 1A). At day 3 of atezolizumab
administration, the chest X-ray revealed right lung consolidation without fever and choking, which
was not evident before atezolizumab administration (Figure 1B). Under the impression of pneumonitis,
the dyspnea and lung consolidation subsided one week after treatment, which included high-dose
methylprednisolone (5 mg/kg/day). However, the chest tightness and dyspnea developed four
weeks later (day 40 of atezolizumab administration). The workup revealed sinus tachycardia by
electrocardiography (Figure 1C), a normal troponin I level (<0.01 ng/mL, normal level <0.1), an elevated
creatine kinase-myocardial band (CK-MB) level (10 ng/mL, normal level <7.2 ng/mL), and an elevated
N-terminal pro-brain natriuretic peptide (NT-proBNP) level (2960 ng/mL, normal level <300 ng/mL)
(Table 1). An echocardiogram revealed normal cardiac size and preserved global contractility of the
left ventricle with an ejection fraction of 66.3% and no regional wall motion abnormality. Under a
highly suspected diagnosis of myocarditis, she was treated with intravenous methylprednisolone at
5 mg/kg/day, and oral mycophenolate mofetil at 1000 mg/day. The progressive clinical deterioration
was noted with serial elevation of troponin I, CK-MB, and NT-proBNP levels up to 1.3 ng/mL, 24 ng/mL,
and 15,738 ng/mL, respectively. A subsequent echocardiogram revealed a non-significant decline of
the ejection fraction to 59.2%. Cardiac arrest was noted at day 68 of atezolizumab administration, the
28th day after the development of cardiac symptoms.

Table 1. Data from echocardiogram and serum cardiac enzyme levels.

Cardiac Function Parameters d40 of Atezo d45 of Atezo d55 of Atezo

LV ejection fraction 66.3% N.A. 59.2%

Troponin I (ng/mL) <0.01 0.3 1.3

CK-MB (ng/mL) 10 27 24

NT-proBNP (ng/mL) 2960 8668 15,738

d = day; LV = left ventricular; CK-MB = creatine kinase-myocardial band; NT-proBNP = N-terminal pro-brain
natriuretic peptide.
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Day 1 of Atezo Day 3 of Atezo Day 10 of Atezo 

   
(A) (B) 

  
Normal sinus rhythm before Atezolizumab 

administration 
Sinus tachycardia at highest NT-proBNP 

(C) 

Figure 1. Clinical course of the presented patient. (A) Scheme of immune checkpoint inhibitor treatment
course for the patient with brain metastatic lung adenocarcinoma. (B) Chest X-ray films demonstrated
Atezolizumab (Atezo)-associated pneumonitis. (C) Electrocardiography of the patient before and
after Atezolizumab administration. Nivo = nivolumab; RT = radiotherapy; NT-proBNP = N-terminal
pro-brain natriuretic peptide.

3.2. Assessment of Cardiotoxicity after Combined ICI Therapies in Lung Metastasis Animal Model

To reveal the cardiotoxicity risk arising from ICI treatment, lung metastatic colon cancer-bearing
mice were established using the intravenous injection method and were treated with the scheme
simulating the treatment course of the aforementioned patient (Figure 2A). After three administrations
of anti-PD-1/anti-PD-L1 antibodies, with either simultaneous or sequential treatment, heart tissues
were collected for pathology and flow cytometry analysis. Hematoxylin and eosin staining
showed no myocarditis lesions were observed in mice treated with anti-PD-1 or anti-PD-L1 alone
(Figure 2B). However, in mice with the combination of anti-PD-1 and anti-PD-L1, either sequentially
or simultaneously administered, myocarditis lesions equal or greater than grade 3 were noted.
The characteristic features included extensive myocyte injury and patchy mononuclear infiltrates
in the myocardium (Figure 2B, upper panel). Heart size in all groups had no marked alteration.
Immunohistochemistry analysis showed Ly6C-positive staining was higher in the groups of PD-L1
inhibitor alone and concurrent PD-1 and PD-L1 blockade, whereas a Ly6G-positive signal appeared in
the groups of blockade of PD-L1 alone, PD-1 plus PD-L1, and PD-1 followed with PD-L1 (Figure 2B,
lower panel). Plasma levels of creatine kinase (CK) on 5 days, 10 days and 15 days post-treatment were
further detected after ICI treatment. On day 10 post-treatment, plasma CK levels were statistically
higher in the group of PD-L1 alone, concurrent and sequential treatment of PD-1 and PD-L1 inhibitors.
On day 15 post-treatment, treatment with sequential blockade of PD-1 and PD-L1 caused a higher
level of plasma CK but this was not statistically significant (Figure 2C). An abnormal infiltration of
leukocytes within hearts were further examined by flow cytometry, and a higher level of inflammatory
monocytes (CD11b+/Ly6C++) were detected in the hearts of mice treated with anti-PD-1 plus anti-PD-L1
antibody (12.85% ± 3.38%) than those of control group mice (2.80% ± 0.36%) (Figure 2D,E). Sequential
administration of PD-1 and PD-L1 inhibitors in lung metastasis mice showed an increase of neutrophils
(17.01% ± 0.12%) rather than inflammatory monocytes, as compared to control mice (4.49% ± 2.43%).
Besides, macrophages in the heart also decreased after sequential treatment of PD-1 and PD-L1
inhibitors (51.42% ± 3.25%) than untreated mice (59.67% ± 2.69%). Intriguingly, when treatment
with the PD-L1 inhibitor was followed with a PD-1 blocker (α-PD-L1, α-PD-1), accumulation of
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inflammatory monocytes or neutrophils was not observed in murine heart tissues (Figure 2D,E). Other
immune cells in the hearts did not show significant changes after combined ICI treatment, including
T cells, dendritic cells (DCs), and NK cells.
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Figure 2. Cont.
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(D) (E) 

Figure 2. Combination treatment of programmed cell death 1/programmed cell death ligand 1
(PD-1/PD-L1) blockade induced myocarditis in a lung metastatic colon cancer mouse model. (A) Scheme
of experimental design. Balb/c mice were intravenously (i.v.) injected with CT26-luciferase expressing
cells. Single and combined treatment of anti-PD-1 and anti-PD-L1 were administered intraperitoneally
(i.p.) on days 0, 2, and 4. Sequential treatments were administered on days 0, 2, and 4, followed by
another antibody on days 6, 8, and 10. Mice were sacrificed for analysis on day 11. (B) Representative
hematoxylin and eosin-stained (H&E) slides of heart tissues from each group (left panel: 200×; right
panel: 400×). Lower panel shows the immunohistochemistry (IHC) stain of Ly6C and Ly6G expression
in heart sections at 100× magnification. Scale bars indicate 100 μm. (C) Plasma levels of creatine
kinase (CK) on 5 days, 10 days and 15 days post-treatment after immune checkpoint inhibitor (ICI)
therapies. (D) Flow cytometric analysis of immune cell profiles from heart tissues revealed an increase
of inflammatory monocytes (Ly6C++) and neutrophils (Ly6G+) in lung metastatic mice treated with
concurrent and sequential PD-1/PD-L1 inhibitors, respectively. (E) Quantification results from flow
cytometric data indicated that administration of anti-PD-1 followed with anti-PD-L1 antibodies led to
the accumulation of neutrophils in the hearts of lung metastatic mice. NT and T indicate the no tumor
and tumor group, respectively. In ICI-treated groups, statistical analysis was performed with the tumor
(T) group (* p < 0.05). Total leukocytes (CD45+) = 100%. n = 3 for each group.

3.3. Assessment of Tumor Control after Combined ICI Therapies in Lung Metastasis Animal Model

In order to determine whether different courses of ICI treatment can lead to different adverse effects
and tumor control, biological toxicity and survival analyses were performed. IVIS images showed that
combinatorial treatments exhibited better tumor control than monotherapy of anti-PD-1 or anti-PD-L1
in lung metastatic colon cancer-bearing mice (Figure 3A). Among combinatorial treatments, lung
metastatic mice treated with anti-PD-L1 following anti-PD-1 presented the lowest signal of IVIS images,
indicating tumor growth was successfully attenuated with sequential treatment of anti-PD-L1 and
anti-PD-1 therapy (Figure 3A). No significant changes in body weight and renal function were noted
within 15 days post-treatment in any mouse group (Figure 3B,E). Consistent and significant suppression
of white blood cells were observed on day 5 and day 10 in all ICI therapies (Figure 3C). Among
the combined ICI treatment groups, only sequential administration of PD-1 and PD-L1 inhibitors
generated a transient increase of alanine aminotransferase (ALT), an indicator of liver function, on day
10 post-treatment (p = 0.09, 3/6 mice showed abnormal ALT). Survival analysis was revealed, and ICI
treatment was started on day 7 of the designed scheme to make sure that the lung metastatic tumor
cells were undergoing exponential growth. Among all treatment groups, the anti-PD-L1 followed by
anti-PD-1 was the most effective combination protocol to control lung metastasis from CT26 colon
cancer cells (p = 0.03) (Figure 3F). Monotherapy of anti-PD-L1 also showed improvement of overall
survival compared to control mice (p = 0.05), even though tumor volumes were big. These data
indicate that in the lung metastatic mouse model, ICI-mediated infiltration of immune cells into the
myocardium did not cause severe lethality but showed better survival benefit.
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Figure 3. Therapeutic effects and toxicity in a lung metastatic animal model of monotherapy and various
combination treatments of anti-PD-1 and anti-PD-L1. (A) Tumor growth of lung metastatic colon
cancer-bearing mice after mono-, combined, and sequential treatment of PD-1 and PD-L1 antibodies.
After seven days of intravenous cell injection (day 0), mice were treated with the indicated ICI therapies.
Tumor growth of lung metastatic colon cancer was monitored using the IVIS imaging system at four-day
intervals. General toxicities were examined by mouse weight (B), white blood cells (C), liver function
with ALT (D), and renal function with CRE (E) within 15 days post-treatment. (F) Survival analysis was
assessed in lung metastatic mice with visible tumor burden in the lung. In ICI-treated groups, statistical
analysis was performed with the tumor (T) group (* p < 0.05). n = 6 for each group. ALT = alanine
aminotransferase; CRE = creatinine.
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3.4. Alternation of Circulating Immune Cells in Lung Metastatic Mice after Combined ICI Therapies

First, the effectiveness of ICI treatment on the expression of PD-1 and PD-L1 in a lung metastatic
colon cancer mouse model was revealed on day 10 by flow cytometric analysis. Our data indicated that
PD-1 blockade caused prolonged and effective inhibition of PD-1 expression in both leukocytes and
non-leukocytes (including tumor cells) in the lung (Figure 4A). In contrast, PD-L1 blockade presented
with a more transient suppression of PD-L1, as the level of PD-L1 was lower in the group of anti-PD-1
followed with anti-PD-L1 inhibitors, but recovered to normal levels in the anti-PD-L1 alone group
(Figure 4A). Combinatorial blockade exhibited various effects on PD-1 and PD-L1 expression in lung
metastatic mice. Intriguingly, only the sequential combination of anti-PD-L1 followed by anti-PD-1
(the most effective regimen for controlling lung metastasis) universally inhibited the up-regulated
expression of both PD-1 and PD-L1 in lung metastasis (Figure 4A). It was worth noting that both
anti-PD-1 and anti-PD-L1 monotherapy resulted in the elevation of PD-L1 expression in the tumor
microenvironment seven days post-treatment. Besides, the expression of PD-1 and PD-L1 on immune
cells in the spleen made them more susceptible to treatment with the anti-PD-L1 inhibitor (Figure 4A).
Circulating immune cells such as neutrophils, inflammatory monocytes, macrophages, NK cells, and
DCs were further examined in lung metastatic mice in response to ICI therapies. Lung metastasis of
colon cancer led to increased neutrophils and decreased T cells in the spleen, and combinatorial and
sequential treatments of PD-1/PD-L1 inhibitors reversed these alternations (Figure 4B). A consistent
suppression of neutrophils was observed on day 17 post-treatment (Figure 4C). Macrophages in the
spleen were significantly increased on day 17 after monotherapy and various combination treatments
of PD-1 and PD-L1 inhibitors (Figure 4C).

3.5. Alternations of Local Immune Cells in Lung Metastatic Mice after Combined ICI Therapy

The immune cell profiles at the tumor site were assessed on day 17 post-treatment in lung
metastatic colon cancer-bearing mice with or without ICI treatment. Flow cytometric analysis showed
the alternation of T cells and neutrophils (Figure 5A) and the changes of monocytes and macrophage
populations (Figure 5B) in response to ICI treatment. Compared to lung metastatic mice and normal
mice, tumor cells that metastasized to the lungs caused a decrease in T cells, including CD8+ T cells and
CD4+ T cells. This decrease in number was restored by a combination of PD-1 and PD-L1 inhibitors
(both sequential and simultaneous), but not by each inhibitor alone (Figure 5E). Lung metastasis
increased the numbers of local immune cells such as tumor associated-neutrophils, macrophages, and
NK cells. Combination blockade (both sequential and simultaneous) subverted the increase in numbers
to an extent greater than each inhibitor alone (Figure 5E). In addition to the comprehensive profile of
immune cells, tumor-infiltrating leukocytes expressing PD-1 or PD-L1 were simultaneously examined.
Among T cells in the tumor microenvironment, CD8+ T cells and NKG2D+ T cells were the major cells
expressing PD-1 (Figure 5C) and PD-L1 (Figure 5D), respectively. Quantification analysis summarized
that up-regulated expression of PD-1 in CD8+ T cells, NK cells, and macrophages—as well as PD-L1
in NKG2D+ T cells, macrophages, and neutrophils—was noted in lung metastatic mice compared to
normal mice (Figure 5F,G). Combination blockade inhibited the expression of PD-1 in CD8+ T cells, NK
cells, macrophages, and that of PD-L1 in NKG2D+ T cells, macrophages, and neutrophils (Figure 5F,G).
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Figure 4. Alterations of circulating immune cells in a lung metastatic animal model after monotherapy
and various combination treatments of anti-PD-1 and anti-PD-L1. (A) Flow cytometric analysis for
expression of PD-1 and PD-L1 on leukocytes (CD45+) and non-leukocytes (CD45−) in the lung and
spleen on day 11 post-treatment. (B) Immune cell composition in the spleen on day 11 post-treatment
in lung metastasis mice. (C) Immune cell composition in the spleen on day 17 post-treatment in
lung metastasis mice. The tumor (T) group from lung metastatic mice was compared with the no
tumor (NT) group from normal mice. In ICI-treated groups, statistical analysis was performed with
the tumor (T) group (* p < 0.05). Total leukocytes (CD45+) = 100%. Immune cells were defined
as follows: neutrophils (CD11b+/Ly6G+), inflammatory monocytes (CD11b+/Ly6C++), macrophages
(CD3−/CD11b+/Ly6C+/F4/80+), T cells (CD3+/CD11b−). n = 3 for each group.
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(F) 

(G) 

Figure 5. Alterations of local immune cells in a lung metastatic animal model after monotherapy and
various combination treatments of anti-PD-1 and anti-PD-L1. (A) Dot plots of flow cytometric analysis
revealed the alteration of T cells (upper left region in blue) and neutrophils (upper and lower right
region in green) on day 17 post-treatment. (B) Other immune cells with double negative CD3 and Ly6G
(lower left region of A) were further gated and analyzed to distinguish macrophages/monocytes/DCs
(lower right, pink color) and inflammatory monocytes (upper right, dark green color) by Ly6C
and CD11b staining. (C) The proportion of PD-1-positive cells in CD8+ T cells in response to
ICI therapies. (D) The proportion of PD-L1 positive cells in NKG2D+ T cells in response to ICI
treatment. (E) Quantification of the immune cell profile in the lung on day 17 post-treatment in
lung metastasis mice. (F) Quantification of major immune cells expressing PD-1 in lung metastases
on day 17 post-treatment. (G) Quantification of major immune cells expressing PD-L1 in lung
metastases on day 17 post-treatment. The tumor (T) group from lung metastatic mice was compared
with the no tumor (NT) group from normal mice. In ICI-treated groups, statistical analysis was
performed with the tumor (T) group (* p < 0.05). Total leukocytes (CD45+) = 100%. Immune cells
were defined as follows: T cells (CD3+/CD11b−), CD8+ T cells (CD3+/CD11b−/CD8+), CD4+ T cells
(CD3+/CD11b−/CD4+), NKG2D+ T cells (CD3+/CD11b−/NKG2D+), neutrophils (CD11b+/Ly6G+),
macrophages (CD3−/CD11b+/Ly6C+/F4/80+), NK cells (CD3−/Ly6G−/CD11b−/NKG2D+). n = 3 for
each group.
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4. Discussion

Cardiotoxicity induced by ICI therapy is an underestimated and emerging issue in clinical trials,
especially for those with a combination design of ICIs. Myocarditis is life-threatening and difficult to
detect early. So far, the pathogenesis of immune-related myocarditis remains unclear. For validating
the finding from a lung adenocarcinoma patient, we applied a colon CT26 cancer with lung metastases
model to test the effect of dual blockade in mice. The main reason for choosing this model is that it has
been widely used in immune checkpoint blockade studies, including for the blockade for PD-1 and
PD-L1 independently, with a more comprehensive understanding of dynamic alterations in immune
profiles. After this proof-of-concept study, further investigations using various types of cancers are
warranted. In our animal model, concurrent and sequential treatment of PD-1 and PD-L1-blocking
antibodies resulted in infiltrating leukocyte accumulation in the heart, an abnormality that was not
observed in mono-therapy groups. Intriguingly, the administration of the PD-L1 inhibitor prior to the
PD-1 inhibitor did not cause leukocytic infiltration of the myocardium. PD-1 is a co-inhibitory molecule
of the B7/CD28 superfamily, which can bind PD-L1 and PD-L2 to negatively regulate responses of
immune cells including T cells, B cells, macrophages, and dendritic cells [31]. Genetic deletion of
PD-1 has been reported to cause autoimmune myocarditis with dilated cardiomyopathy in mice [32].
This implies that PD-1 may play a role in myocardial immune responses and may protect against
inflammation and myocyte damage in T-cell-mediated myocarditis. Tarrio et al. revealed transfer of
ovalbumin-specific CD8+ T cells into cMyc-mOVA (cMyc oncogene and membrane-bound form of
ovalbumin) mice resulted in enhanced immunization accompanied with more myocardial inflammation
in recipients receiving PD-1 null T cells [33]. They concluded that PD-1 deficient T cells are more
efficient killers of target cells and induce more inflammation, as evident with the increase of CD8+

T cells, neutrophils, and macrophages in murine myocardium. In our case, there is no significant
induction of CD8+ T cells in the heart, and inflammatory monocytes (Ly6C++), but not macrophages
(Ly6C+) are significantly increased on day 11 post-treatment of PD-1 plus PD-L1 blockade in the lung
metastasis mouse model. Another case report that resembled our clinical case mentioned that PD-1
blockade-induced myocarditis was identified in a patient with lung squamous cell carcinoma who
received simultaneous whole brain radiotherapy [34]. In our case, myocarditis suddenly appeared
on day 3 post-treatment of PD-L1 blockade but not in the therapeutic period of the PD-1 inhibitor
combined with radiotherapy, implying that the combinatorial use of PD-1 and PD-L1 inhibitors may
lead to a substantial increase of immunotherapy-induced cardiomyopathy.

In the inflamed myocardia of patients with fatal myocarditis after a combination of CTLA-4 and
PD-1 blockade, PD-L1 was expressed on the membranous surface of injured cardiac myocytes and on
infiltrating CD8+ T cells and histiocytes of the inflamed myocardium, but not skeletal muscles. The
mRNA expression data from another ICI-induced myocarditis patient showed 10-fold more abundant
expression of PD-L1 in affected cardiac tissue, which was five-fold higher than in affected skeletal
muscle [23]. Given that human and murine myocytes constitutively express PD-1 and PD-L1, and
expression of PD-L1 is up-regulated in injured myocytes [35,36], the PD-1 blockade-injured myocytes
may cause secondary PD-L1 up-regulation, aiming to attenuate pro-inflammatory reactions. This
raises the possibility that concurrent or subsequent blockade of PD-L1 added to PD-1 treatment may
block the salvage mechanism of anti-PD-1-injured myocytes, leading to the development of fulminant
myocarditis. In our animal model, the level of PD-L1 in the myocardium is susceptible to anti-PD-L1
blockade treatment. Besides, a higher dosage (over 200 μg/mice per treatment) of anti-PD-L1 antibody
led to significant lethality in our animal system, implying that the toxicity of anti-PD-L1 in vivo should
be carefully manipulated while changing the dosage. A recent study reported synergistic toxicities
(pneumonitis and colitis) were found only in patients treated with sequential PD-(L)1 blockade and an
EGFR (epidermal growth factor receptor) tyrosine kinase inhibitor, osimertinib [37]. Based on their
observation, receptor occupancy of the anti-PD-(L)1 antibody is longer than that of osimertinib; thus,
there was evident toxicity in lung metastatic mice treated with PD-1 followed by PD-L1 inhibitors.
Furthermore, myocarditis was also reported in a patient with multiple myeloma who was treated with
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an immunomodulatory drug (lenalidomide-dexamethasone) combined with an anti-PD-1 inhibitor
(pembrolizumab) [38]. Autopsy revealed the increase of infiltrating macrophages, CD8+ T cells and
focal fibrosis in the myocardium after combination therapy. A better understanding of the mechanism of
this ICI-induced cardiac toxicity may provide insight into the development of preventive or therapeutic
agents for immune-related cardiotoxicity.

The infiltrating CD68+ macrophages in ICI-induced myocarditis were noted in a patient with fatal
myocarditis after a combination of CTLA-4 and PD-1 blockade. PD-1 expression in M2 macrophages
in tumors is reported to be associated with disease progression and impaired phagocytotic potency
against tumors in the same animal model used in this study [39]. In our animal system, combination
blockade of PD-1 and PD-L1 reduced the expression of PD-1 and PD-L1 in macrophages, which
may imply the validation of the blockade effect but, on the other hand, may represent the relative
activation of macrophage function. Besides, transient elevation of neutrophils in the heart and
abnormal liver function were only observed on day 10 of the sequential treatment of PD-1 and PD-L1
blockade, indicating the ability of animals to recover differs with clinical results in response to ICI
therapy. Moreover, macrophages and neutrophils are the major immune cells expressing PD-L1 in the
tumor microenvironment; thus, the inhibition of PD-L1 may influence the activities and functions of
tumor-associated macrophages and neutrophils. It is worth noting that a subset of T cells, NKG2D+

T cells, also expressed PD-L1. The NKG2D receptor has received great attention in the development of
novel therapeutic agents, and was found to be expressed on NK cells and T cells in both humans and
mice [40,41]. For T cells, both NKG2D and CD28 function as costimulatory receptors for CD8+ T cell
memory formation, and the ligands of NKG2D are broadly expressed in many cell types upon stress
stimuli [42]. Our data indicate that combination blockade could reverse the tumor-associated alterations
in immune cell lineages, including the increase of CD8+ T cells and NKG2D+ T cells. Whether this
immunomodulatory effect is correlated to toxicity and greater tumor control by combination blockade
remains to be elucidated.

5. Conclusions

The combinatory use of PD-1 and PD-L1 blockade, either sequentially or concurrently, may
cause fulminant cardiotoxicity, and such usage should be cautionary. The combinatorial treatment of
anti-PD-L1 followed by anti-PD-1 is more effective than other mono- or combined strategy.
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Abstract: Despite that the impact of immune checkpoint inhibitors on malignancies treatment is
unprecedented, a lack of response to these molecules is observed in several cases. Differently from
melanoma and non-small cell lung cancer, where the use of immune checkpoint inhibitors results
in a high efficacy, the response rate in other tumors, such as gastrointestinal cancers, breast cancer,
sarcomas, and part of genitourinary cancers remains low. The first strategy evaluated to improve the
response rate to immune checkpoint inhibitors is the use of predictive factors for the response such as
PD-L1 expression, tumor mutational burden, and clinical features. In addition to the identification of
the patients with a higher expression of immune checkpoint molecules, another approach currently
under intensive investigation is the use of therapeutics in a combinatory manner with immune
checkpoint inhibitors in order to obtain an enhancement of efficacy through the modification of the
tumor immune microenvironment. In addition to the abscopal effect induced by radiotherapy, a lot
of studies are evaluating several drugs able to improve the response rate to immune checkpoint
inhibitors, including microbiota modifiers, drugs targeting co-inhibitory receptors, anti-angiogenic
therapeutics, small molecules, and oncolytic viruses. In view of the rapid and extensive development
of this research field, we conducted a systematic review of the literature identifying which of these
drugs are closer to achieving validation in the clinical practice.

Keywords: immune checkpoint inhibitors; chemotherapy; tyrosine kinase inhibitors; angiogenesis

1. Introduction

Today, immune checkpoint inhibitors (ICIs) represent a gold standard treatment in the first-line
setting of several tumors, including non-small cell lung cancer (NSCLC) [1–3], BRAF wild-type
(WT) melanoma [4] and metastatic renal cell carcinoma (mRCC) [5]. These molecules are antibodies
which block checkpoint molecules such as s cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4)
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and programmed-death1/programmed death-ligand 1 (PD-1/PD-L1). These interferences reduce the
immune suppressive mechanisms increasing the immune responses against cancer and can result
in tumor regression in many patients. Over time, the CTLA-4 and PD-1 blockade improved overall
survival and the survival rate of many tumors, and have been tested in many others with excellent
oncological outcomes. Although these molecules appear to be very promising, there are many
limitations such as notable side effects (i.e., endocrine failure, gastrointestinal and pulmonary toxicities).
Anyway, one of the biggest disadvantages is that ICIs present a lower activity in several cancers,
such as those with low mutational burden. Moreover, even for some pathologies where ICIs have a
greater activity, there are some patients that do not show any benefit. However, in some cases there is a
lack of response to these molecules [6–8].

Mainly, two strategies are considered to improve the response rate to ICIs. The first is represented by
the selection of patients according to specific predictive factors (i.e., PD-L1 expression, tumor mutational
burden (TMB), and clinical features). The second strategy has the aim to enhance the efficacy of ICIs,
with the abscopal effect induced by radiotherapy representing the most frequently evaluated approach
in both pre-clinical and clinical setting [9,10]. However, in the last few years, several studies were
focused on the potential role of molecules as it is able to improve the response rate to ICIs by modifying
the immune microenvironment of the tumor, increasing the number of activated T cells exerting effector
functions, and decreasing the number of immunosuppressive cells thus transforming a cold tumor
into a hot one. These drugs include microbiota modifiers, drugs targeting co-inhibitory receptors,
anti-angiogenic therapeutics, small molecules, and oncolytic viruses. A systematic review of the
literature was conducted, considering only the drug classes which are under evaluation in the clinical
setting and as far as they could be considered in the clinical practice in the near future. The research has
been conducted considering papers published on PubMed and data presented to the ASCO and ESMO
annual meeting. The aim of this systematic review is to evaluate all the drugs, molecules, and viruses
which could improve the activity of ICIs. In particular, we evaluate the immunological mechanisms,
which lead to enhance ICIs immune anti-cancer.

2. Materials and Methods

2.1. Research Strategy

The research strategy was designed to identify published peer-reviewed studies that research
the combination of ICIs and other therapies to improve the anti-tumor immune response. The review
covered all countries; no time limit has been set to ensure the identification of a wide range of articles.
A web-based search of MEDLINE/PubMed library data published from 2010 to December 2018 was
performed. Additional research was performed on ClinicalTrials.gov (Figure 1). Search terms were
generated to encapsulate the effect of ICIs on cancer and the increase in the antitumor effect (Table 1).

2.2. Inclusion/Exclusion Criteria

To be eligible, papers had to be written in English, published in a peer-reviewed journal, be original
primary research including experimental, observational, and qualitative studies.

The relevant outcomes explored were further investigated as there was a demonstrated role for
greater efficacy of the ICI anti-cancer effect when these were administrated in combination with other
therapies. The authors excluded the use of ICIs in combination with radiotherapies or other local or
regional treatments.

2.3. Study Selection

All studies identified through the search process were exported to EndNoteversion
X7(ClarivateAnalytic 22 Thomson Place, 36T3 Boston, MA, USA). Duplicates were removed.
Two authors (O.B. and V.L.) have independently doubled the titles, abstracts and keywords with the
eligibility criteria. The results were compared and full-text records of potentially relevant publications
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were obtained and screened using the inclusion criteria for the final selection of studies for systematic
review (Figure 1).

Figure 1. Research strategy with PRISMA flow diagram.

Table 1. Search terms.

Immune Therapy Enhancer

‘immune checkpoint inhibitors’,
‘anti-PD-(L)1’, ‘anti-CTLA-4’.

“microbiote” OR “microbiota” OR “gut microbe”
OR “bacteria”

‘immune checkpoint inhibitors’,
‘anti-PD-(L)1’, ‘anti-CTLA-4’.

“chemotherapy” OR“ chemotherapeutics” OR
“metronomic chemotherapy”

‘immune checkpoint inhibitors’,
‘anti-PD-(L)1’, ‘anti-CTLA-4’.

“anti-angiogenetic therapies” OR “bevacizumab”
OR “nintedanib” OR “Aflibercept” OR “pazopanib”

OR “sunitinib”

‘immune checkpoint inhibitors’,
‘anti-PD-(L)1’, ‘anti-CTLA-4’.

“co-inhibitor receptors” OR “TIGIT” OR “LAG3”
OR “TIM-3”

‘immune checkpoint inhibitors’,
‘anti-PD-(L)1’, ‘anti-CTLA-4’.

“Oncolytic virus” OR “adenovirus” OR ”vaccinia
viruses” OR ”Coxsackieviruses” OR ”Reoviruses”

‘immune checkpoint inhibitors’,
‘anti-PD-(L)1’, ‘anti-CTLA-4’.

“small molecules” OR “tyrosine kinase inhibitor”
OR “mTOR inhibitor” OR “cyclin inhibitor”

A group of experts provided additional biological and clinical information, greatly helping to
clarify some issues in the absence of clear information from the literature.

The final draft was then submitted to expert evaluation and modified according to their suggestions
and comments.
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3. Microbiota and ICIs

Microbiota plays a crucial role in the development of host immunity [11]. In several pathologies
(i.e., inflammatory bowel disease, diabetes, obesity, atherosclerosis, asthma, and dysmetabolic
syndromes) gut commensals resulted in being disrupted in comparison with those of unaffected
individuals [12,13].

Regarding the relationship between microbiota and ICIs, the administration of a combination
of broad-spectrum antibiotics (i.e., ampicillin plus colistin plus streptomycin) as well as imipenem
alone compromised antitumor effects of CTLA-4 monoclonal antibody (mAb) as a consequence of
microbiota impairment. Moreover, prescription of antibiotics in patients treated with anti–PD-1/PD-L1
mAb between two months before and two months after the start of immunotherapy resulted in a worse
prognosis [14], implying a critical role of microbiota in the modulation of response to ICIs.

In 2015 Vetizou et al. [15] found that antitumor effects of anti-CTLA-4 mAb depended on distinct
samples of Bacteroides (B). In particular, the authors demonstrated that the specific T cell response
for B. thetaiotaomicron and B. fragilis was associated to the efficacy of anti-CTLA-4 administration in
mice inoculated with MCA205 sarcomas, Ret melanoma, and MC38 colon cancer cells. Gut bacterial
disruption led to a reduction of anticancer response. This deficiency was overcome by administration
of B. fragilis, through immunization with B. fragilis polysaccharides, or by adoptive transfer of
B. fragilis-specific T cells. Feces transplantation from patients with metastatic melanoma responsive to
anti-CTLA-4 in mice inoculated with cancer cells favored the outcome of these mouse tumor models [15].
In fact, the authors re-colonized both germ-free mice and antibiotics treated with bacterial species,
finding that B. fragilis, B. thetaiotaomicron, B. cepacia, or the combination of B. fragilis and B. cepacia
could restore the anti-CTLA-4 mAb effects. Oral combination of B. fragilis and Burkholderia cepacia
could restore the efficacy of CTLA4 blockade in animals treated with antibiotics, without incurring
colitis [15,16]. These data were confirmed in a prospective study considering patients with metastatic
melanoma treated with ipilimumab. The intestinal microbiome enriched with B. phylum was correlated
with a low incidence of checkpoint-block-induced colitis [17].

In another preclinical study, Sivan et al. [18] compared the growth kinetics of B16.SIY melanoma
cells subcutaneously inoculated in two genetically similar C57BL/6 mice from Taconic Farms (TAC) and
the Jackson Laboratory (JAX) which contained different intestinal bacterial communities [18]. TAC mice
generated more aggressive tumors than JAX mice. On the contrary, tumor-infiltrating specific CD8+ T
cells were more evident in JAX mice than in TAC mice. The Bifidobacterium genus was identified as a
driver of tumor response in JAX mice. When both mice were co-housed, all animals showed a JAX
phenotype, suggesting that an enhanced immune response was potentiated by microbes. Moreover,
administration of a mixed Bifidobacterium subspecies altered tumor growth in TAC mice [18].

Patients with baseline bacterial species with a prevalence of the Faecalibacterium genus and other
Firmicutes had a significantly longer progression-free survival (PFS) and overall survival (OS) with a
more frequent occurrence of colitis than patients with microbiota characterized by the prevalence of B.
Moreover, some of these patients reached an OS longer than 18 months [19].

Another study evaluated the therapeutic efficacy of human intestinal microbiota and its metabolites
with different ICIs (i.e., ipilimumab, nivolumab, ipilimumab plus nivolumab, or pembrolizumab).
The intestinal microbiota of responder patients was enriched by B. caccae with high levels of anacardic
acid. In particular, the bacterial microbiome of patients responsive to the combination of nivolumab
plus ipilimumab and pembrolizumab was enriched by Faecalibacteriumprausnitzii, B. thetaiotamicron,
Holdemaniafiliformis, and Doreaformicogenerans [20].

In 2018, two parallel studies evaluated the role of the microbiome of melanoma patients treated
with anti-PD-1. The first analyzed the oral microbiome of 112 patients without significant differences
between responders and non-responders, although the fecal microbiota samples of 30 responders to
ICI showed a significant presence of Ruminococcaceae bacteria (p < 0.01). In the second study 38
and four patients were treated with anti PD1 and anti CTLA4, respectively. A higher presence of
Bifidobacterium longum, Collinsellaaerofaciens, Enterococcus faecium, Bifidobacterium adolescentis,
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Kleibsiella pneumonia, Veillonellaparvula, Parabacteriodesmerdae, and lactobacillus sp. was observed
in the intestines of responders compared to those found in non-responders. Moreover, transplantation
of fecal material from responding patients into germ-free mice improved tumor control more effectively
than anti-PD-L1 therapy in both studies [21,22].

The microbiome was evaluated in 249 patients with NSCLC, mRCC, and urothelial carcinoma (UC)
treated with anti-PD-1 [14]. Genomic analysis of patients’ stool samples revealed a significant correlation
between response to treatment and high presence of Akkermansia muciniphila. The antitumor effects
of the anti PD-1 blockade were improved when the fecal microbiota from patients with a responding
tumor were transplanted into germ-free or antibiotic-treated mice. In contrast, fecal transplantation
from patients who did not respond to germ-free mice did not achieve any results. Oral supplementation
with Akkermansia muciniphila in these latter mice has restored the efficacy of PD-1.

Sivan et al. [18] demonstrated greater expression of the major class I and II histocompatibility
complex in dendritic cells (DCs) of JAX mice or Bifidobacterium colonized TAC mice. All the above
studies showed an influence of the microbiota on DC maturation and activation (Figure 2). An increase
in the rate ofCD8+/Treg was observed in mice transplanted with fecal samples from ICI-sensitive
patients. The analysis of tumor infiltrates also revealed the increase of innate effector cells and the
reduction of myeloid-derived suppressor cells (MDSCs) [21,22]. Moreover, the administration of
Akkermansia muciniphila in germ-free mice treated with anti-PD-1was associated with increased
frequency of T helper1 Tregs/tumoral helper1 cells. Finally, the oral administration of A. muciniphila
and E. hiraestimulates leads DCs to increase the production of IL-12, a cytokine involved in the
inhibition of PD-1 under physiological conditions [14].

Figure 2. Summarizes the mechanisms implicated in improving the efficacy of immune checkpoint
inhibitors (ICIs): The influence of microbiota on dendritic cell (DC) maturation and activation; the correct
trafficking of T cells to the tumor bed due to the normalization of endothelium by anti-angiogenic
drugs and the VEGF immunosuppressive activity; the impact of chemotherapy on immunosuppressive
cells and on DC maturation; release of damaged molecular patterns after oncolytic viruses induce
tumor cell lysis.

In conclusion, there is evidence supporting the relationship between some bacterial species
and the enhanced response to ICIs (i.e., Ruminococaceae family of the Firmicutes phylum as
Firmicutesprausnitzii) [19–21]. Similarly, other intestine microbiome components (i.e., Bacterioides
and Firmicutes phylum) have been associated with a lack of response to immune checkpoint
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blockade [19–21]. Data concerning Firmicutes (Roseburia, Streptococcus) [20,22] and other B. (i.e.,
Alistipes, Porphyromonaspasteri, and C. aerofaciens) are still not univocal [14,21,22]. It is interesting
to note how different bacteria are beneficial in different types of cancer. The differences in the methods
used for sample feces and the analysis of the intestinal microbiome, the databases used for analysis,
and the populations with both dietary and microbiotic differences are responsible for the ambiguity
of these data. These heterogeneous results make it difficult to interpret the reason for such different
data. In particular, it is still unclear why different microbiota improve ICI in different types of cancer.
Clinical trials are underway to define the possible role of the microbiota in improving the ICI response.

4. Chemotherapeutics Sensitizing Tumor to ICIs

Recently, the combination of immunotherapy and chemotherapy has been approved for the
treatment of both metastatic and locally advanced NSCLC [1–3]. Chemotherapy not only achieves
an ulterior efficacy to immunotherapy but it also acts in a synergistic manner in two significant
ways: (a) Induction of immunogenic cell death as part of its independent therapeutic effects and (b)
disruption strategies used by neoplastic cells to evade immune response. The first process involves
the release of tumor antigens and the emission of danger-associated molecular patterns within
tumor microenvironment during cell death. At the same time, chemotherapy decreases the number
of immunosuppressive cells in the microenvironment including Tregs and MDSCs, increases the
number of cytotoxic T lymphocytes (CTLs) and promotes maturation and activation of DCs (Figure 2).
In addition, chemotherapeutics modifies the levels of several cytokines, down-regulates immune
suppressive cytokines (i.e., transforming growth factor-β (TGF β) and IL10), and up-regulates cytokines
promoting tumor immunity (i.e., tumor necrosis factor-α (TNF-α), IL-2, and interferon (IFN)–γ) [23].

As far as ICIs are concerned, preclinical models showed that autochthonous tumors that lacked
CTLs infiltration were resistant to these agents, while on the contrary the exposure to appropriately
selected immunogenic chemotherapeutics induces CTLs tumor infiltration, sensitizing tumor to ICIs.
In the mouse model of lung adenocarcinoma, refractory to an anti-PD-1 and anti-CTLA-4 mAb
combination therapy, the use of oxaliplatin in combination with a low-dose of cyclophosphamide
increased the lung CTLs/Treg cell ratio sensitizing the tumor to ICIs [24]. Similarly, oxaliplatin increased
the amounts of CTLs and activated DCs in a murine colorectal cancer, enhancing the efficacy of a
PD-L1 trap [25]. A low-dose of cyclophosphamide combined with an anti-PD1 synergistically induced
antigen-specific immunity and the infiltration of CD8+ and CD4+FoxP3−T cells as well as it induced
the suppression of the CD4+ CD25+ FoxP3+ regulatory T cell function, thus resulting in the increase
of tumor-free survival in a model of cervical cancer [26,27]. According to these studies, 5-fluoruracil
(5-FU) increased tumor immunity in a mouse model by renal cell xenograft through an increase of CTL
infiltration mediated by the High Mobility Group Box 1 (HMGB1). Interestingly, a combined 5-FU and
anti-PD-L1 treatment significantly improved the relationship between CTL and MDSCs compared
to5-FU and anti-PD-L1 single treatments with a longer OS [28].

On the other hand, several chemotherapeutics have been shown to induce an up-regulation
of PD-L1 expression, as a possible mechanism of chemotherapy immune suppression. However,
the increase of PD-L1 expression may support the synergism between chemotherapy and
immunotherapy targeting the PD-L1/PD-1 axis. 5-FU demonstrated up-regulation of PD-L1 in
two preclinical studies evaluating colorectal cancer patients [25,29]. Similarly, the administration of
trabectedin induced the IFN-γ-dependent PD-L1 expression within a tumor in a murine model of
ovarian cancer [30]. Others drugs able to up-regulate PD-L1 expression in ovarian cancer models are
paclitaxel, carboplatin, cisplatin, gemcitabine, and capecitabine [31].Interestingly, Peng J et al. showed,
from a collection of cancer cells from ovarian cancer patients with massive ascites, that the expression
of PD-L1 increased 5-fold on day four after combined paclitaxel and carboplatin therapy and decreased
to pre-treatment levels on day 11, demonstrating the reversibility of PD-L1 expression induced by
chemotherapy [31]. Finally, the evaluation of 150 specimens of patients with ovarian cancer treated
with neoadjuvant chemotherapy showed the up-regulation of PD-L1 [32].
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Several clinical trials are evaluating the combination of chemotherapy with ICIs, but in the majority
of these, chemotherapy and chemotherapeuticsis administered concurrently and at full doses. Only a
few trials are focused on the role of chemotherapeutics as sensitizers for immunotherapy, exploring
the optimal dose, or the sequence of administration, while preclinical data have shown that these
parameters might affect the results.

An open, multi-center, single-arm label, Phase Ib/II, evaluated the daily metronomic dose of 50 mg
of cyclophosphamide without interruption of administration, 10 mg/kg of avelumab on day one and
every two weeks until progression, and a single fraction of 8Gy radiotherapy in pretreated head and
neck cancer patients, showing noun acceptable toxicity [27]. A study concerning metastatic patients
with triple negative breast cancer (TNBC) patients investigated induction therapy with various types
of chemotherapy [33]. For the induction phase, low doses of chemotherapy were given for two weeks:
50 mg daily cyclophosphamide, twice 40 mg/m2 cisplatin or twice 15 mg doxorubicin. Response rates
with chemotherapy appear higher in the cohorts where low-dose chemotherapy was used as induction,
compared with nivolumab alone. Conversely, an immunotherapy induction phase may also be useful.
An induction phase with durvalumab followed by combination therapy of nab-paclitaxel weekly for
12 weeks followed by four cycles of combined therapy with epirubicin and cyclophosphamide was
evaluated in patients with TNBC, resulting in a higher pathological CR rate when compared with
chemotherapy alone (53.4% versus 44.2%, respectively) [34].

Other trials evaluating the combination of metronomic chemotherapy with ICIs [35] or the
impact of chemotherapy on TMB [36] are underway. Future studies should evaluate drugs capable of
inducing immune cell death and CTLs tumor microenvironment infiltration, optimizing ICI integration
with chemotherapy.

5. ICIs and Antiangiogenic Drugs

The vascular network with its specific components (endothelial cells, pericytes, growth factors,
and receptors) plays a key role in the regulation of inflammatory response, wound healing, and immune
surveillance. Antigen-primed T cells require a healthy endothelium for the trafficking to tissue districts
and the cell-to-cell cross-talk during the priming and effector phase of the immune response. The transit
of immune cells in the tumor plays a critical role in the outcome of immunotherapeutic strategies,
similarly to classical chemotherapeutic drugs. In particular, a normalized endothelium ensures the
correct trafficking of T cells to the tumor bed [37]. In fact, tumor angiogenesis contributes to the
escape of the immune tumor through the immunosuppressive activity exerted by VEGF, PGE2, IL-10,
and tumor hypoxia. In particular, VEGF acts through both the inhibition of lymphocyte adhesion to
activated endothelial cells and the systemic effect on immune-regulatory cell function, including the
suppression of DCs maturation, the inhibition of T cell development, and the increase of inhibitory
immune cells [38] (Figure 2). Therefore, the possibility of administering ICIs during an anti-angiogenic
treatment has been studied in different types of cancers according to the hypothesis that anti-angiogenic
drug-induced normalization of the vessels may improve immunotherapeutic strategies. On the other
hand, ICI activation of Th1 cells blocked vessel normalization, suggesting the existence of a mutually
regulatory circuit [39].

In a phase II study, 46 patients with metastatic melanoma were treated in four dosing cohorts
of ipilimumab (3 or 10 mg/kg) with four doses at three-week intervals and then every 12 weeks in
combination with bevacizumab (7.5 or 15 mg/kg every three weeks). Eight partial responses and 22
stable diseases were observed, with a disease-control rate of 67.4% and a median OS of 25.1 months [40].
Bevacizumab has been evaluated also in combination with ICI targeting the PD-1/PD-L1 axis in a
phase II study considering HER2-negative advanced breast cancer patients. The combination of
nivolumab, paclitaxel, and bevacizumab showed an overall response rate ORR of 70% [41]. The same
combination demonstrated clinical activity in women with recurrent ovarian cancer, which showed
a global confirmed response rate of 21% and a median PFS of 9.4 months [42]. In another study
patients with pre-treated NSCLC with platinum-based first-line chemotherapy received nivolumab
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plus bevacizumab as maintenance therapy with 1-yr OS rate of 75% and a manageable toxicity
profile [43]. Recently, the phase III IM power 150 trial showed no new safety signals of the combination
of atezolizumab plus bevacizumab, carboplatin, and taxol in first-line non-squamous NSCLC patients
with a median OS of 20.5 months [2]. Interestingly, the first randomized phase III trial of a PD-L1/PD-1
pathway inhibitor combined with bevacizumab in first-line mRCC showed longer PFS for atezolizumab
plus bevacizumab compared to sunitinb in PD-L1+ patients [44]. The safety and efficacy of a combined
treatment of bevacizumab with atezolizumab was assessed in pre-treated patients with metastatic
colon rectal cancer (MCRC), or in oxaliplatin-naïve patients in conjunction with FOLFOX (fluorouracil,
folinic acid, leucovorin, and oxaliplatin), with an ORR of 44% in the combination group. In a phase
1 a/b study [45] concerning patients with gastric or gastroesophageal junction (G/GEJ), NSCLC, UC,
or biliary tract cancer (BTC), the combination of ramucirumab (10 mg/kg) with pembrolizumab (200
mg on the first day of q3w) showed a disease control rate DCR of 85% with no relevant toxicity [46].
Regarding antiangiogenic TKIs, the combination of nivolumab and either pazopanib or sunitinib has
been evaluated in mRCC pre-treated with at least one previous systemic therapy. An 45% ORR was
demonstrated in the nivolumab plus pazopanib arm, compared to 52% in the nivolumab plus sunitinib
arm, with a manageable safety profile. These combination approaches might benefit patients with
poor prognosis, such as those with a low probability to respond to ICI monotherapy (i.e., refractory
to patients on first-line therapy or showing PDL1–negative tumors) [47]. Considering the potential
role of antiangiogenenic therapies of changing a cold tumor into a hot one, several trials are currently
underway investigating other combinations of antiangiogenic agents and ICIs.

6. Strategies Involving Other Co-Inhibitor Receptors

The encouraging outcome obtained by the co-inhibitory receptors CTLA-4 and PD-1 prompted
the research of additional co-inhibitory molecules. T cell immunoglobulin and immune-receptor
tyrosine-based inhibitory motif domain (TIGIT) is a newly identified co-inhibitory receptor expressed
by Tregs, activated T cells, and natural killer (NK) cells [48]. TIGIT expression is elevated on CD8+TILs
and Tregs in a variety of tumors, as well as the expression of its three ligands, namely CD155,
CD112, and CD11 3 [49]. Moreover, TIGT and PD-1 are co-expressed and up-regulated on TILs.
Dual blockade of two immune checkpoints enhances function of TILs resulting in a significant tumor
rejection, as demonstrated by the combination of anti-CTLA-4 with anti-PD-1/PD-L1.Anti-PD-1 and
anti-TIGT dual therapy significantly improved survival compared to control and monotherapy in a
murine glioblastoma (GBM) model. Clinically, TIGIT expression on tumor-infiltrating lymphocytes
was shown to be elevated in GBM samples, suggesting that the TIGIT pathway may be a valuable
therapeutic target [50]. A phase II, randomized, blinded, placebo-controlled trial is currently underway
that considersMTIG7192A, an anti-TIGIT antibody, in combination with atezolizumab patients with
chemotherapy-naïve NSCLC [51].

Lymphocyte activation gene-3 (LAG3), an immune checkpoint up-regulated on activated T cells,
Treg, and NK cells in different types of cancer, is required for the maintenance of Treg suppressive
function. LAG3 blocks either by soluble LAG3 immunoglobulin or antibodies have shown efficacy in
the antitumor response. Similarly, to TIGT, LAG3 coexisted and upregulated with PD-1 on TILs [52].
According to preclinical data showing a significant increase in the activity of dual blockade of LAG3
and PD-1 [53], numerous clinical trials are underway with the aim of translating this combination
modality into clinical practice.

An open-label phase 1/2a trial evaluating BMS-986016, an experimentalanti-LAG-3, in combination
with nivolumab in patients with advanced melanoma previously treated with anti-PD-1/PD-L1 therapy
(n = 55). ORR was 12.5% in evaluable patients (n = 48). The expression of LAG-3in at least 1%
(n = 25) of tumor-associated immune cells within the tumor margin was associated with an almost
triple improvement in ORRs compared to patients without LAG-3 expression (n = 14) (20% and
7.1%, respectively) [54]. LAG525, a humanized IgG4 mAbs capable of blocking the binding of LAG-3
to class IIMHC, is being studied in a phase I/II study in combination with an anti-PD1 treatment.
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Common adverse events (≥10%) were fatigue (10%) for LAG525 alone and fatigue (18%), diarrhea (15%),
and nausea (12%) in the combination group. LAG525 plus the anti-PD1 spartalizumab drug led to
durable RECIST responses (11 PR, 1 CR) in a variety of solid tumors, including mesothelioma (2/8 pts)
and triple-negative breast cancer (TNBC) (2/5 pts). In TNBC tumor biopsies, a tendency to convert
immuno-cooled biomarker profiles to immune-activated has been reported [55]. T cell immunoglobulin
containing the mucin domain 3 (TIM-3) is widely expressed on helper 1 T cells, CD8+ lymphocytes,
Treg, DCs, NK cells, and monocytes. Similarly, to TIGIT and LAG3, the high expression of TIM-3
and PD-1 is observed in the tumor microenvironment, in particular on TIL and Treg, suggesting the
possible re-establishing of T cell function through the targeting of TIM-3 and PD-1 [56]. A phase 1
study is evaluating the anti-TIM-3 antibody (T cell immunoglobulin and protein-containing mucin 3)
TSR-022 as monotherapy and in combination with an anti-PD-1 antibody, in pre-treated patients with
advanced solid tumors [57].

7. Oncolytic Virus and ICIs

The oncolytic virus vectors are designed to have a high tumor tropism, maximize cancer killing
effects and minimized a mage to surrounding normal tissue. It is interesting to note that these
viruses not only facilitate the lysis of tumor cells, but also cause a strong change in the tumor
immune microenvironment. In particular, oncolytic viruses transfer the genes encoding IFN-α,
GM-CSF, and others cytokines that induce tumor-specific immunity by promoting DC maturation and
function. On the other hand, tumor cell lysis induced by oncolytic viruses determines the release of
damage-associated molecular patterns (DAMPS) that include cell surface proteins, membrane proteins,
and nucleic acids (Figure 3) [58,59].

Figure 3. Summary of the mechanisms involved in improving of ICI efficacy by oncolytic viruses:
Release of damage-associated molecular patterns after tumor cell lysis, transfer of genes encoding
INF-α, GM-CSF and others cytokines, DC maturation and activation, natural killer (NK) cell activation,
and increase in PD-L1 expression. The main studies evaluating the combination of oncolytic viruses
are also reported.

Talimogene Laherparepvec (T-VEC) replicates within tumors and produces GM-CSF, resulting in
a first-rate FDA-approved intralesional oncolytic immune therapy for stage IIIb and IV melanoma.
A recent phase II trial comparing ipilimumab plus T-VEC with ipilimumab alone showed that the
ORR in the combination arm was significantly higher than in the monotherapy arm (39% vs. 18%;
p < 0.02) [60]. Distant non-injection sites demonstrated an adjuvant effect with a reduction in visceral
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lesions size in 52% of patients in the combination arm versus only 2% of the patients in the ipilimumab
arm. T-Vec has been also tested in patients with melanoma in combination with pembrolizumab
in a phase Ib study. No dose-limiting toxicity was observed with an ORR of 62% and a CRR of
33% [58]. A phase III trial is underway [61]. It is interesting to note that an analysis performed prior
to the administration of anti-PD1 antibodies showed that T-VEC increased the PD-L1 expression
and inflammation distant from the injection sites. HF 10, another virus included in the HSV family,
in combination with ipilimumab showed in a phase II clinical trial regarding stage IIIB/IIIC or IV
unresectable melanoma a DCR of 68% without disease limiting toxicity [62]. An oncolytic adenovirus
competent for replication with tumor selectivity, namely Tasadenoturev (DNX-2401), was able to
overcome the exhaustion of T cells demonstrating a reduction in tumor size in a phase I study for
patients with recurrent GBM. A phase II study employing DNX-2401 and pembrolizumab in GBM
progressed after initial therapy is currently underway [63]. Another group of oncolytic viruses is
represented by vaccinia viruses, members of the Poxviridae family, which are suitable for transgene
insertion. Pexa-Vec targeted tumor-associated endothelial cells resulting in vascular disruption and
oncolysis [64]. A single dose of Pexa-Vec intravenously demonstrated activation of NK, CD4/CD8
T cells, and antigen presenting cells in surgically treated liver metastases. The combination of
Pexa-Vec and nivolumab is under investigation for the treatment of liver tumors [65]. Furthermore,
the combination of Pexa-Vec with other ICIs is being evaluated in colorectal cancer and other advanced
tumors, respectively [66,67]. When speaking about Coxackieviruses, CVA 21 is able to increase
infiltration of immune cells and checkpoint molecules, several clinical trials concerning the combination
of CVA 21 with ICIs are ongoing [68]. In particular, in the CAPRA clinical trial, patients who receive
multiple intratumoral injections of CVA 21 and pembrolizumab showed an ORR of 73% [69]. Finally,
the reoviruses, characterized by icosahedral capsid and double-stranded RNA genomes, have been
shown to increase cytotoxic T cells infiltrating the CD8+tumor in an Ib phase concerning GBM patients
undergoing debulking neurosurgery [70]. A clinical trial [71] is underway evaluating the use of a
reovirus, namely pelareorep in combination with pembrolizumab and chemotherapy in patients with
recurrent metastatic pancreatic cancers.

8. Small Molecule Inhibitors and ICIs

Various evidence suggests that small molecule inhibitors could improve host-tumor interactions,
improving antigen expression and the immune response against tumor cells [72]. Several small
molecules in combination with ICIs have been studied for the treatment of different types of tumor
histotypes (Table 2).

The first combination of small molecule inhibitors and ICIs have been evaluated in melanoma.
In particular, since the administration of BRAFi/MEKi represents a standard treatment of metastatic
BRAFV600E melanoma, the possibility that this association would be improved by ICIs has
been evaluated. It has been demonstrated that BRAF inhibition is associated with enhanced
melanoma antigen expression [73–75]. Moreover, selective BRAF inhibitors induce marked T
cell infiltration in human metastatic melanoma [74], with an up-regulation of PD-L1 in the tumor
microenvironment [72,74]. Nevertheless, the benefit of this combination in preclinical models has
been modest [76–79]. In particular, in a mouse model of syngeneic BRAFV600E driven melanoma,
the combination of dabrafenib and trametinib with pmel-1 adoptive cell transfer showed a complete
tumor regression with increased T cell infiltration in tumors and improved in vivo cytotoxicity.
Single agent dabrafenib increased the number of tumor-associated macrophages and Tregs in tumors
that conversely decreased with the addition of trametinib. The combination of BRAFi/MEKi and
ICI induced either an increased expression of the melanosomal antigens and MHC or the global
immune-related gene up-regulation. Moreover, a combination of dabrafenib and trametinib with
anti-PD1 therapy in SM1 tumors led to a greater anti-tumor effect compared to the results obtained
with the only small molecules combination [80].
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The first phase 1 trial evaluating the role of ipilimumab in combination with vemurafenib was
stopped after one month due to liver toxicity [81]. Another phase 1 study evaluated the safety of the
combination of dabrafenib, trametinib, and ipilimumab. This study was also stopped due to excessive
colon toxicity [82]. A combination of dabrafenib and ipilimumab demonstrated an ORR of 69% in the
26 BRAF-mutated patients with a good safety profile [83]. The KEYNOTE-022, an ongoing phase I/II
trial [98], is evaluating the combination of pembrolizumab with dabrafenib and trametinib. Preliminary
data on 15 patients enrolled across dose determination and dose confirmation arms showed a safety
profile and an ORR of 60% (n = 9 PR, n = 2 SD, n = 3 PD) [85]. A phase Ib study is investigating
vemurafenib and atezolizumab combination and comparing this combination concurrently or after a
run-in period with vemurafenib alone [99]. It was demonstrated that the vemurafenib run-in showed
a higher ORR than concomitant atezolizumab plus the onset of vemurafenib. The combination of
atezolizumab, vemurafenib, and cobimetinib in this subgroup of patients is being investigated [84].
Preliminary results confirmed that this combination has a manageable safety profile with a promising
antitumor activity in patients with BRAFV600-mutant metastatic melanoma [86].

Also, in gastrointestinal stromal tumors (GIST), preclinical studies demonstrated that imatinib
in combination with ICIs should improve the immune response. It is well known that this drug
induces NK cells activity through DCs in several cancers [100,101]. Furthermore, in an in vitro study,
imatinib reduced the Treg immunosuppressive function and the FoxP3 expression with the inhibition
of phosphorylation of both ZAP70 and LAT, impairing their immunosuppressive function [87].
Moreover, PFS correlated with IFN-γ secretion by NK cells in patients affected by GIST treated with
imatinib [88]. In a mouse model of spontaneous GIST, Balachandran et al. demonstrated that the
immune system substantially contributed to the anti-tumor effects of imatinib. In fact, it activated CD8+
T cells and induced Treg apoptosis in the tumor sample by reducing immunosuppressive enzyme
indoleamine 2,3-dioxygenase (IDO) [89]. In a more recent study, PD-1 was expressed more on T cells in
imatinib-treated human GISTs as compared to untreated patients. Imatinib inhibited the upregulation
of PD-L1 through IFNγ in human GIST cell lines. In a GIST mouse model, imatinib down-regulated
IFNγ related genes and reduced the PD-L1 expression on tumor cells. Moreover, PD-1 or PD-L1
blockade without imatinib achieved no response in GIST mouse model. On the contrary, association of
ICIs and imatinib increased antitumor effects by enhancing cytotoxic T cell effector function [90].

A current phase I study is evaluating the effect of a combination of ipilimumab and imatinib GIST
positive solid cancers and other-Kit [91]. Preliminary results have shown that this combination is safe
on most types of tumors. Nevertheless, low activity without a clear synergy signal is observed in GIST
expansion or escalation cohorts [92].

It is interesting to note that a combination of small molecules and ICIs have been evaluated
in a mouse model of oral cancer. In this neoplasia, both activation of PI3K/mTOR and MEK/ERK
pathways promoted the immunosuppressive tumor microenvironment [102]. In an immunogenic
model of cancer of the oral cavity, rapamycin reduced tumor growth in a CD8-dependent manner [93].
More recently, Moore et al. [94] demonstrated that rapamycin improved IFNγ production by peripheral
and tumor-infiltrating CD8 T cells in a mouse model of oral cancer. Furthermore, antitumor efficacy
was enhanced by the CD8 T cell but not by NK cell. Non-inflamed tumor models, which represent the
low level of response to immune therapies, did not induce T cell or NK CD8 cell–mediated antitumor
immunity when treated with combinations of targeted and ICIs. In other models, antitumor immune
responses to PD-L1 mAb treatment were enhanced when treated with mTOR inhibitors. These data
suggested that a combination of mTOR and ICIs inhibitors should be evaluated in clinical trials setting.

There are few preclinical studies considering small molecules inhibitors and ICIs combinations
in breast cancer patients. In both murine models and breast cancer patients, CDK4/6 inhibition
induced anti-tumor immunity through suppression of Tregs and contributing to anticancer effects [95].
Since cyclin D-CDK4 regulated PD-L1 protein expression, inhibition of CDK4/6 in vivo increases PD-L1
protein levels through inhibition of cyclin D-CDK4. Combination of CDK4/6 inhibitor and anti-PD-1
immunotherapy enhanced tumor regression and dramatically improved OS rates in mouse breast
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cancer models [96]. Teo et al. demonstrated that PI3K antagonist and CDK4/6 inhibition significantly
increased tumor immunogenicity through generating immunogenic cell death in triple negative breast
cancer model. Moreover, this combination significantly increased tumor-infiltrating T cell activation
and cytotoxicity with reduction of immune-suppressive myeloid-derived suppressor cells. Association
of immune checkpoints PD-1, CTLA-4 to PI3K antagonist and CDK4/6 inhibition induced complete
and durable regressions (> one year) of breast tumors in in vivo models [97].

In the era of precision medicine, several small molecules have been demonstrated to be active in
targeting specific pathways leading to apoptosis of cancer cells with impressive results in anti-cancer
treatment. In addition, these molecules appear capable of increasing tumor immunogenicity through
the increase of cancer antigens and the activation of cytotoxic activity of CD8 cells leading to an
increased putative activity of ICIs when associated in concomitant or sequential therapeutic schedules.

9. Conclusions

This systematic review has summarized the current study of the main classes of drugs which
improve the activity of the ICIs. The assessment of drugs able to modify the tumor immune
microenvironment in addition to ICIs is a field of research, which is currently undergoing a significant
escalation. Despite the encouraging results, only chemotherapy has currently adhered to clinical
practice for this specific use. Curiously, most of these molecules are characterized by a high level of
safety and already consolidated clinical use for indications other than those considered in this study.
These features should allow for the possibility of undertaking more extensive and well-designed
studies. At the same time, the possibility of new side effects due to the combinatorial strategies or the
potential amplification of the well-known ICIs side effects [103,104] should be carefully monitored.
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Simple Summary: Inside the cell, damage-associated molecular pattern molecules (DAMPs) play
several physiological functions, but when they are released or translocated to the extracellular
space, they gain additional immunogenic roles. Thus, DAMPs are considered key hallmarks of
immunogenic cell death (ICD) in cancer, a functionally unique regulated form of stress-mediated cell
death that activates the immune system response against tumor cells. Several epigenetic modulators
of DAMPs have been reported. In this review, we aimed to provide an overview of the effects of
microRNAs (miRNAs) on the expression of DAMPs and the putative link between miRNA, DAMPs,
and cell death, focused on ICD. Overall, we propose that miRNAs, by targeting DAMPs, play
critical roles in the regulation of both cell death and immune-associated mechanisms in cancer, while
evidence of their potential involvement in ICD is limited. Finally, we discuss emerging data regarding
the impact of miRNAs’ modulation on cancer treatment outcome.

Abstract: Immunogenic cell death (ICD) in cancer is a functionally unique regulated form of stress-
mediated cell death that activates both the innate and adaptive immune response against tumor cells.
ICD makes dying cancer cells immunogenic by improving both antigenicity and adjuvanticity. The
latter relies on the spatiotemporally coordinated release or exposure of danger signals (DAMPs) that
drive robust antigen-presenting cell activation. The expression of DAMPs is often constitutive in
tumor cells, but it is the initiating stressor, called ICD-inducer, which finally triggers the intracellular
response that determines the kinetics and intensity of their release. However, the contribution of
cell-autonomous features, such as the epigenetic background, to the development of ICD has not been
addressed in sufficient depth. In this context, it has been revealed that several microRNAs (miRNAs),
besides acting as tumor promoters or suppressors, can control the ICD-associated exposure of
some DAMPs and their basal expression in cancer. Here, we provide a general overview of the
dysregulation of cancer-associated miRNAs whose targets are DAMPs, through which new molecular
mediators that underlie the immunogenicity of ICD were identified. The current status of miRNA-
targeted therapeutics combined with ICD inducers is discussed. A solid comprehension of these
processes will provide a framework to evaluate miRNA targets for cancer immunotherapy.

Keywords: miRNA; immunogenic cell death; cancer

1. Introduction

Under physiological homeostasis, cell death involved in the continuous cellular turnover
is non-immunogenic or even tolerogenic. This silence mechanism is imperative given that
the activation of an immune response against dead cell-associated antigens would have
autoimmune-related catastrophic consequences [1]. On the other hand, the death of infected
or tumor cells under specific treatment conditions can elicit a robust antigen-specific immune
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Cancers 2021, 13, 2566

response. This type of death that enhances the immunogenic potential of dying cells has been
termed since 2005 as Immunogenic Cell Death (ICD) [2,3]. In the context of cancer therapies,
several chemotherapeutics (doxorubicin, cisplatin, oxaliplatin), radiotherapy, oncolytic virus
therapy, and photodynamic therapy have been characterized as ICD-inducers [4]. Innate and
adaptive immune responses elicited by such anti-cancer agents are now deemed essential for
an optimal therapeutic outcome, highlighting the clinical relevance of ICD.

Formerly, ICD was exclusively described in terms of immunogenic extrinsic or intrin-
sic apoptosis, but recently, with the increasing knowledge of cell death mechanisms, many
non-apoptotic cell death processes have been involved in immune activation, including
necroptosis, pyroptosis, and ferroptosis [5]. However, ICD cannot be considered only as a
cellular death event given its strong dependence on the complex cellular communication
between dying and immune cells [6]. In fact, for ICD to be successfully promoted, an exact
combination of damage-associated molecular patterns (DAMPs) must be released/exposed
in a spatiotemporally coordinated sequence and recognized by immune cells [7]. DAMPs
are molecules that exert intracellular physiological functions, but gain additional immuno-
genic properties when they are exposed to the extracellular environment. Thanks to this
peculiarity, DAMPs have been defined as ICD hallmarks. In this context, the immuno-
genicity of dying tumor cells is dependent on two main factors: antigenicity (conferred by
tumor-associated antigens, cancer-testis antigen, and/or neo-epitopes) and adjuvanticity
(provided by DAMPs) [8,9]. Accordingly, the inhibition of various processes involved in
DAMPs’ expression, emission, and sensing could support the neoplastic cell full escape
from immune recognition and elimination and potentiate malignant lethal progression.

Interestingly, several epigenetic modulators that suppress or activate genes encoding
ICD-associated DAMPs have been discovered. They cause variations in gene expression
through chromatin remodeling mechanisms, for example, DNA methylation and histone
modification, and the generation of non-coding RNAs (ncRNAs), including long non-
coding RNAs (lncRNAs), circular RNAs (circRNAs), and microRNAs (miRNAs) [10].

A recent review from Cruickshank et al. [8] recapitulated the evidence linking epi-
genetic modifications and ICD. In this review, our efforts are focused on extending that
previous work by providing an overview of the current knowledge of miRNAs targeting
ICD hallmarks and, thus, their potential involvement in ICD regulation and outcomes. We
present a summary of the known miRNAs involved in DAMP modulation within tumors.
Finally, we contextualize these findings in the design of novel therapeutic strategies.

Accumulating evidence indicates that several miRNAs can act as oncogenes (here
termed oncomiRNAs) or tumor suppressor miRNAs by directly targeting different DAMPs,
whose expression is frequently altered across human cancers. These observations lead us
to forming the initial hypothesis that reestablishing the normal regulation of DAMP expres-
sion would constitute an important and clinically relevant goal to restore immunogenicity
and to counteract immune evasion, which often results in the acquisition of chemoresistance
and in tumor progression. However, as often happens in biological processes, the same
molecules can perform completely different functions depending on the spatiotemporal
context and/or the stimuli/insults to which the cell is subjected. Hence, DAMPs can both
suppress cell death and promote the immunogenicity of cancer cells, according to tumor
microenvironmental conditions. Therefore, we aimed here to provide a comprehensive
and exhaustive overview of the effects of miRNAs on the expression of DAMPs, to help
identify commonalities and differences that indicate possible interrelationships between
miRNA, DAMPs, and cell death, with a special focus on ICD.

2. Immunogenic Cell Death

According to current models, cells undergoing ICD release or expose DAMPs on their
surface can function as adjuvants for the innate immune system activation [9]. Most of
these molecules have primarily non-immunological roles in the intracellular compartment
before their mobilization by ICD. The adequate immunogenic response relies on the ability
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of specific stimuli to damage cells lethally while inducing the spatiotemporally coordinated
emission of those DAMPs [11].

At the very beginning of the well-described ICD sequence, in a pre-apoptotic stage, the
endoplasmic reticulum (ER) chaperone calreticulin (CRT) is translocated to the membrane
before the cells exhibit phosphatidylserine residues [12]. Ecto-CRT mobilization works
as an immunogenic “eat-me” signal for dendritic cells (DCs). This step is essential for
an appropriate induction of ICD [12,13]. ICD also involves autophagy for optimal ATP
active secretion. This autophagy-dependent release of ATP requires accumulation of ATP
in autolysosomes [14]. In the extracellular space, ATP acts as a “find-me” signal for DCs
and the consequent activation of the inflammasome to promote the release of the pro-
inflammatory cytokine, interleukin (IL)-1β [15,16]. Doxorubicin [17] and PDT-treated
cancer cells [18] also upregulate a type I interferon (IFN-1) signaling cascade resulting
in C-X-C motif chemokine ligand 10 (CXCL10) secretion and finally in DC maturation.
Although they are usually located inside the cells, heat shock proteins 70 and 90 (Hsp70
and Hsp90), under ICD, can be expressed at the surface of the cell membrane or released
in the extracellular microenvironment and participate in immune stimulation [11,19]. In
the late stages of apoptosis, high-mobility group box 1 (HMGB1) is passively released and
binds Toll-Like Receptor 4 (TLR4) on DCs to increase antigen presentation [20].

The main objective of inducing ICD is to overcome the immunosuppressive phenotype
of the tumor microenvironment through the restitution of the three signals between DC-T cell
interaction, all of them mandatory for immunogenic T cell activation: (a) signal 1: antigen pre-
sentation; (b) signal 2: co-stimulation; and (c) signal 3: production of stimulatory cytokines [21].
Along this process, DCs engulf fragments of the stressed/dying cell and incorporate antigenic
peptides into MHCs (antigenicity). During antigen presentation, the maturation signals trig-
gered by DAMPs (adjuvanticity) lead to optimal activation of T cells, which finally detect and
eliminate cancer cells in a highly precise, antigen-specific fashion [22] (Figure 1).

Figure 1. ICD-antitumor effect relies on the enhancement of adjuvanticity and antigenicity of tumor cells. In the tumor
microenvironment, immunogenic cell death (ICD) triggered by several ICD-inducers plays a major role in stimulating
antitumor immune response. Its lethal action leads to the release of tumor associated antigens (TAAs), cancer testis antigens,
and neoantigens, which ultimately increases antigenicity. The concomitant exposure of damage-associated molecular
patterns (DAMPs), such as ATP, calreticulin (CRT), HMGB1, and Hsps (Hsp70, Hsp90), confers a robust adjuvanticity
to dying cancer cells. Both antigenicity and adjuvanticity enhancement leads to an exacerbated immunogenicity of
ICD-undergoing tumor cells.

Linking the immunogenic potential of ICD with an immunotherapy regimen is a
promising approach for antitumor treatment. In this sense, we have recently summarized
the findings suggesting the use of ICD as a strategy to optimize the current vaccine design
for cancer immunotherapy [4,23]. Unfortunately, immunosuppression exerted by the
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tumor microenvironment limits the potential success of this strategy. In line with these
observations, we propose here to identify which immune-activating or immunosuppressive
ICD hallmarks are epigenetically targeted by miRNAs.

3. Epigenetic Regulation by miRNA

Over the last years, many studies have been conducted that support the idea that
genetic information can be tightly regulated by non-coding RNAs (ncRNAs). ncRNAs do
not code for proteins, and can be classified into long non-coding RNAs (lncRNAs), circular
RNAs (circRNAs), and microRNAs (miRNAs). Among these ncRNAs, here we focus on
post-transcriptional regulation of the expression of ICD molecular mediators by miRNAs.

The main function of miRNAs is to repress protein production, working as post-
transcriptional regulators of mRNA. The miRNA biogenesis initiates with the generation of
a large primary transcript (pri-miRNA), mainly transcribed by RNA polymerase II, which is
5′ capped and 3′ polyadenylated. The pri-miRNAs are then cleaved into precursor miRNAs
(pre-miRNAs) that consist of around 85 nucleotides exhibiting a stem-loop structure. This
cleavage is made by a microprocessor complex, composed of the RNA-binding protein
DGCR8 and the type III RNase Drosha. Pre-miRNAs are then transported from the nucleus
to cytoplasm by the Ran/GTP/Exportin 5 complex, where they are processed by another
RNase III enzyme, Dicer, to a 20–22-nucleotide miRNA:miRNA* duplex. The * denotes
the passenger strand, which is degraded, while the other complementary strand is the
mature or guide strand. The mature/guided miRNA is then incorporated into a protein
complex termed RNA-induced silencing complex (RISC) and guides RISC to target mRNA.
miRNAs exert their effects by complementary base-pair binding to a short 7–8 nucleotide
“seed” region typically located in the 3′ untranslated region (UTR) of the mRNA that they
inhibit [24]. Importantly, one miRNA may regulate many targeted genes, while one gene
may be targeted by many miRNAs [25].

Nowadays, it is well known that transcriptional control changes, chromosomal abnor-
malities, epigenetic changes, and defects in the miRNA biogenesis machinery may lead to an
aberrant miRNA expression in human cancers. It has been described that this dysregulation
affects one or more of the hallmarks of cancer described by Hanahan and Weinberg [26]. Thus,
in a cancer context, depending on their target genes and the environmental conditions, miRNAs
could function as either oncogenes (termed here oncomiRNAs) or tumor suppressors [27].

Current evidence sheds more light on the functional properties of miRNAs and opens
new paradigms that need to be further explored [25]. In this sense, it has been demonstrated
that miRNAs can act in different cellular locations (cytoplasm, mitochondrion, nucleus, and
exosomes) [28–30] and even bind their targets in different binding sites (5′UTR, coding re-
gion, and 3′UTR) [31,32]. Several additional non-canonical binding clusters independent of
seed region have been discovered [33]. It has also been reported that, under certain circum-
stances, instead of repression, miRNAs activate their target expression [34]. Finally, possible
interactions have been observed between other ncRNAs and miRNA:mRNA complexes [35].

4. Epigenetic Regulation of ICD-Hallmarks by miRNA

Given their well-known contributions to cell death control [36] and autophagy [37],
miRNAs may easily be envisioned to play key roles in the processes regulating ICD.

In the following section, we recapitulate the current data supporting epigenetic regulation
of DAMPs by miRNAs. In particular, we have only focused on studies in which direct
miRNA:mRNA interactions have been experimentally validated, e.g., by gene reporter or
target protector-mediated assays [38]. Given that both miRNAs and DAMPs roles are so much
context-dependent, we propose a classification of miRNA function (as tumor suppressor or
oncomiRNA) solely based on factual experimental evidence. Surprisingly, we notice that they
mainly function as tumor suppressors. For miRNA nomenclature, we decided to adapt and
unify miRNA names and accession numbers according to the miRBase database, the primary
repository for published miRNA, freely available at http://www.mirbase.org/ (accessed on
25 January 2021). All data are summarized in Table 1 and schematized in Figure 2.
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Figure 2. Immunogenic Cell Death-hallmarks targeted by miRNAs. The miRNA processing pathway initiates with the
transcription of the primary miRNA (pri-miRNA) and its cleavage to generate the pre-miRNA. Then, pre-miRNA is exported
from the nucleus to the cytoplasm, where it is cleaved to its mature miRNA. The functional strand of the mature miRNA has
the major role to silence target mRNAs through different mechanisms. In this review, we summarize miRNAs that target
well-known Immunogenic Cell Death-associated DAMPs, such as calreticulin (CRT), HMGB1, and Hsps (Hsp70, Hsp90).

4.1. Calreticulin

Calreticulin (CRT) is a chaperone protein mainly located in the lumen of the endo-
plasmic reticulum (ER). Given its high capacity of buffering calcium, it modulates calcium
signaling and homeostasis [83]. Through these functions, CRT has important biological
regulatory roles inside and outside the ER, and is involved in cancer, wound healing,
cardiogenesis, autoimmune diseases, and neurological diseases [84].

In addition, CRT can be translocated to the surface of stressed and dying cells [12].
Exposure of CRT on the cell surface is a major factor in ICD, as it serves as an “eat me”
engulfment signal for DCs, thus promoting the presentation of tumor-associated antigens
to T cells [12]. In the context of cancer, CRT was identified as a direct target of miR-27a-3p.
The role of this miRNA seems controversial, as it has been previously assigned with both
anti-tumor [85–87] and pro-tumor properties [88,89]. miR-27a-3p downregulates CRT
expression by inhibiting target mRNA translation [67]. It was also demonstrated that
the miR-27a-3p throught targeting CRT modulates MHC class I surface exposure, and
that, in particular, high miR-27a-3p concomitant with low CRT expression associates with
enhanced tumor growth in vivo, colorectal cancer stage, development of metastasis, and
impairment of CD8+ T-cell infiltration [67]. When colorectal cancer cells were subjected
to ICD inducers (mitoxantrone and oxaliplatin), miR-27a-3p blocked CRT exposure, as
well as ATP and HMGB1 secretion. Upon chemotherapeutic treatment, miR-27a-3p levels
were inversely correlated with induction of apoptosis (by ICD inducers) and autophagy
(by chloroquine). In parallel, soluble factors released by miR-27a-3p overexpressing tumor
cells subjected to ICD failed to induce DC functional and phenotypic maturation [68]. The
investigations of Colangelo et al. [67,68] discussed in this section support the idea that
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the miR-27a-3p/CRT axis modulates the ICD program, especially by blocking the initial
interaction between DCs and ICD-subjected tumor cells.

Collectively, data recapitulated here suggest that miR-27a can be postulated as an
oncomiRNA in colorectal cancer, where its expression was shown to be upregulated,
and that it may support tumor progression through downregulation of CRT-dependent
immunostimulation.

4.2. Heat Shock Proteins

Heat-shock proteins (Hsps) are a group of molecular chaperones whose main cellular
function is to ensure the precise (re)folding of proteins in stress conditions. They are usually
located in the intracellular space wherein they exert prominent cytoprotective functions.
Importantly, many tumors overexpress Hsps, presumably as an adaptive response to a
“stressful” niche where they develop [90]. However, the ability of Hsps to contribute
chaperoned peptides for antigen processing and MHC-restricted presentation has not yet
been elucidated [91].

Under some circumstances, for example during ICD, at least two members of this
family, Hsp70 and Hsp90, can be expressed at the cell surface, where they exhibit immunos-
timulatory properties [92,93]. Therefore, miRNAs that target Hsps expression are likely to
have a significant impact on the tumor phenotype.

In pancreatic ductal adenocarcinoma, miR-142-3p inhibited cell proliferation by nega-
tively regulating Hsp70 expression [53]. In addition to its proliferative role in cancer, Hsp70
was associated with chemoresistance. In this context, it was reported that miR-223-5p sup-
pressed the chemoresistance of osteosarcoma cells to cisplatin through JNK/Jun signaling
by downregulating Hsp70 expression; however, expression of miR-223-5p was reduced
in osteosarcoma biopsies compared with paired non-tumor tissues [64]. Interestingly,
also in an in vitro osteosarcoma model, ectopic expression of miR-223-3p, through Hsp90
downregulation, inhibited cell proliferation by inducing cell cycle arrest and apoptosis [63].
miR-27b-3p and miR-628-3p directly targeted Hsp90, resulting in suppression of non-small-
cell lung carcinoma migration and invasion, and promoted apoptosis [69,81]. In addition,
the lncRNA KCNQ1OT1 modulated Hsp90 expression by blocking miR-27b-3p [69]. The
expression of miR-361-5p in cervical cancer was also downregulated by a lncRNA NEAT1,
whereas its negative modulation of Hsp90 inhibited invasion and epithelial-mesenchymal
transition (EMT) [73].

miRNAs described here act on the overall expression of Hsps, but the effects on
postransductional modification and surface translocation are not revealed. However, the
potential contribution of these miRNAs in modulating Hsps expression in the context of
ICD remains an unmet question; thus, it is not yet elucidated whether they can play in
favor of or against immunogenicity.

4.3. HMGB1

HMGB1 is a non-histone chromatin-binding protein that regulates different cellular
functions according to its cellular localization. Within the nucleus, HMGB1 is involved
in many DNA events (repair, transcription, stability, telomerase maintenance). In the
cytoplasm, membrane, or extracellular space, several studies have demonstrated its ability
to regulate cell proliferation, apoptosis, autophagy, inflammation, invasion, metastasis, and
immunity, among others [94]. Paradoxically, HMGB1 has been attributed with both pro-
and anti-tumoral properties. Relative to its immune functions, HMGB1 has been described
as both a suppressor and an activator, which depends on receptors, targeted cells, and
redox state [95].

A series of studies have demonstrated that miRNAs participate in the regulation
of HMGB1 expression. By targeting HMGB1, miR-548b-3p [80] and miR-320-3p [65]
suppressed hepatocellular carcinoma (HCC) cell proliferation, metastasis, and invasion
while inducing apoptosis. In addition, HMGB1 expression was downregulated in HCC
specimens and cell lines, which correlated with poor prognosis. Along this line, down-
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regulation of miR-325 [66] and miR-449a [74] correlated with poor prognosis in lung
cancer patients, as these miRNAs negatively targeted HMGB1, resulting in decreased cell
migration, invasion, and/or proliferation. It was also discovered that miR-107 [40] and
miR-1179 [41], whose expression was downregulated in breast cancer and gastric cancer,
respectively, inhibited autophagy, proliferation, and/or migration of tumor cells by directly
suppressing HMGB1. While miR-1284 downregulation in cervical cancer tissues and cell
lines correlated with poor survival, the miR-1284/HMGB1 axis suppressed proliferation
and invasion [42]. Restoration of miR-665, by directly targeting HMGB1, suppressed cell
proliferation, colony formation, migration, and invasion, and induced cell apoptosis in
retinoblastoma [82]. Similar effects of let-7e-5p were observed in thyroid cancer, whereas
similar effects were observed in thyroid cancer but through let-7e-5p [39].

Both mature sequences of mir-34a were shown to target HMGB1 directly. Antitumor
events were promoted by the miR-34a-5p/HMGB1 axis in acute myeloid leukemia [96], cu-
taneous squamous cell carcinoma [72], cervical cancer, and colorectal cancers [71], and sim-
ilar effects were exerted by miR-34a-3p/HMGB1 in retinoblastoma [70]. In acute myeloid
leukemia, miR-181b-5p was significantly decreased, especially in relapsed/refractory pa-
tients. Upregulation of miR-181b-5p increased the chemosensitivity of leukemia cells and
promoted drug-induced apoptosis via negative modulation of HMGB1 expression [54].
When a miR-200c-3p mimic was transfected into lung [58] and breast cancer cells [57], there
was a significant decrease in cell migration, invasion, and epithelial to mesenchymal transi-
tion (EMT). These changes were associated in part with the downregulation of HMGB1
by miR-200c-3p. In triple negative breast cancer, the downregulation of miR-205-5p was
negatively associated with progression and metastasis, and cell growth and EMT were
inhibited by the miR-205-5p/HMGB1 axis [59].

The antitumor role of the miR-129-5p/HMGB1 axis was studied in osteosarcoma [45],
hepatocellular carcinoma [48], breast cancer [43,44], gastric cancer [46,47], and colon can-
cer [45]. Downregulation of this miRNA expression was also reported in cancer cells lines
and primary cancers, compared to their normal counterparts [46]. In these reports, ectopic
expression of miR-129-5p was found to suppress migration, invasion, proliferation, and
EMT, while it enhanced apoptosis, radio-, and chemosensitivity through HMGB1 down-
regulation. In addition, the miR-505-3p/HMGB1 axis exerted a negative impact on tumor
progression in osteosarcoma [78], hepatocellular carcinoma [76,77], and gastric cancer [75].

Interestingly, it was found that the miRNA/HMGB1 axis was modulated by long
noncoding RNAs (lncRNAs) and circular RNAs (circRNAs), most of them upregulated
in cancer tissues. The lncRNA prostate cancer-associated transcript 1 (PCAT-1) [48] and
MALAT1 [45,49] inhibited reversed miRNA-dependent HMGB1 downregulation. Like-
wise, the lncRNA UCA1 exerted pro-tumoral activity in lung cancer, acting mechanistically
by upregulating HMGB1 expression through miR-193a-3p inhibition [55]. The lncRNA
PCA3 [62] downregulated the expression of miR-218-5p, whose negative targeting of
HMGB1 was evaluated in endometrial carcinoma [60], lung cancer [61], and prostate
cancer [62], leading to a decrease in tumor proliferation, migration, invasion, and chemore-
sistance. miR-142-3p has also been identified as a microRNA that suppressed HMGB1
expression in non-small-cell lung carcinoma [51,52] and glioma [50], therefore playing a
major role in reducing tumor cell proliferation, invasion, apoptosis, and drug resistance (to
cisplatin). Along this line, the lncRNA TP73-AS1 upregulated HMGB1 expression through
sponging miR-142-3p [50] and also miR-200a-5p [56]. Finally, the circRNA circ_0007385 en-
hanced cell proliferation, migration, invasion, and chemoresistance in lung cancer through
upregulating miR-519d-3p and thus downregulating HMGB1 [79].

Overall, the data recapitulated in the last two sections suggest that, at least in the
described phenotypes, the cytoprotective roles of HMGB1, Hsp70, and Hsp90 were more
relevant than their immunostimulatory properties. Indeed, their targeting miRNAs ap-
peared to repress pro-tumoral phenotypes by directly inhibiting their expression, thereby
functioning as potential tumor suppressors. Moreover, some of these miRNAs were shown
to be downregulated in tumors compared to their normal counterparts (Table 1). These
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findings might enhance our knowledge of the molecular mechanisms underlying malignant
progression, making miRNAs promising targets for therapeutic intervention.

5. Modulation of Therapeutic Outcome through Targeting DAMPs by miRNA

Nowadays, drug resistance represents a main obstacle in the clinical setting, leading
to relapse and metastasis in several cancer types. Therefore, new and more innovative
approaches are required to treat these malignancies efficiently. The new knowledge on
miRNA molecular actions and their involvement in cancer-associated mechanisms has
opened new perspectives in the development of more effective therapeutic strategies.
As miRNAs modulate multiple signaling pathways associated with therapy response,
modification in miRNA expression can lead to significant changes in disease evolution
and cancer outcome. Over the last few decades, numerous studies have been published
on miRNA regulation of the cancer treatment response [97]. Compelling evidence has
shown that the fundamental mechanisms of resistance to different anticancer drugs might
be attributed to aberrantly expressed miRNAs in a wide range of malignancies [98]. Some
miRNAs that have been described above as tumor suppressors have also been shown to
modulate the sensitivity to chemotherapeutic agents.

By directly targeting HMGB1, several miRNAs may synergistically promote chemosen-
sitivity, increasing drug pro-apoptotic activity often impaired by HMGB1-promoted au-
tophagy. Of those, Lu et al. reported that tumor cells exhibit greatly enhanced apoptosis-
related sensitivity to doxorubicin or cytarabine after transfection with the miR-181b
mimic [54], and, in line with this, Chen & Li showed that miR-1284 enhanced cisplatin-
induced apoptosis [42]. Ectopic expression of miR-505-3p was shown to enhance doxorubicin-
induced cell death and caspase-3 dependent apoptosis, via inactivation of the Akt path-
way [77]. The PI3K/Akt/mTOR pathway has been implicated in HMGB1-mediated au-
tophagy, which was shown to play an important pro-survival role and contribute to
chemoresistance [99]. Moreover, Chen et al. reported that miR-142-3p overexpression in-
hibited autophagy by activating the PI3K/Akt/mTOR pathway through HMGB1, and thus
resulting in the increase of cisplatin and doxorubicin-chemosensitivity [51]. In addition,
HMGB1-mediated autophagic resistance to paclitaxel was identified by Ran et al., whereas
upregulation of miR-218-5p could restore chemosensitivity [60]. Consistently, miR-129-5p
was found to increase apoptosis during paclitaxel treatment, and the improvement in
sensitivity was associated with inhibition of autophagy [44]. Liu et al. demonstrated
that miR-34a-3p-mediated inhibition of autophagy could sensitize cells to etoposide and
carboplatin-induced apoptosis [70]. Similarly, Tang et al. precisely described a feedback
loop formed by miR-223-5p, Hsp70, and the JNK/Jun signaling pathway associated with
the modulation of cisplatin-resistance [64].

Interestingly, most of the miRNAs with tumor suppressor functions are found down-
regulated in various cancer types compared to normal tissues: miR-505-3p in hepatocellular
carcinoma [76] and osteosarcoma [78], miR-1284 in cervical cancer [42], miR-129-5p in os-
teosarcoma [49], miR-142-3p in non-small-cell lung cancer [52] and in osteosarcoma [49],
and miR-223-5p in osteosarcoma [64], among others. This aberrant expression is closely
implicated in cancer treatment resistance. However, even when the aberrant expression
of those miRNA induced a substantial upregulation of ICD-associated DAMPs, none of
the above-mentioned reports have explored its association with the induction of ICD.
Elucidation of those features would require more targeted assays, which would allow us to
obtain a more comprehensive view about the epigenetic modulation occurring in cancer
cells undergoing ICD.

6. Therapeutic Combination of ICD and miRNAs: A New Opportunity

Innovative therapeutic approaches including miRNA-based agents together with
current standard treatment modalities could importantly benefit cancer patients. Targeting
miRNAs by restoring their expression seems to be an attractive tool for emerging, more
effective individualized therapies. However, there are still significant challenges to over-
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come to ensure the efficient delivery of miRNA to the tumor in vivo, for example, off-target
effects, poor serum stability, and ineffective, poorly selective cellular entry. Hence, the
development of novel drug delivery systems with the capacity to target-directed transport
and protection of such cargos is mandatory [100].

In the face of these challenges, two different delivery systems have been designed in
order to combine miRNA and ICD-inducer administration.

Phung et al. successfully fabricated nanoparticles (NPs) for target-specific co-delivery
of low-dose doxorubicin and miR-200c to cancer cells [101]. These mixed NPs were
composed of two co-polymers: poly(D,L-lactide-co-glycolide)-polyethyleneimine (PLGA-
PEI) and folic acid (FA)-conjugated PLGA-block-poly(ethylene glycol) (PLGA-PEG-FA).
Doxorubicin was encapsulated by the hydrophobic core formed by PLGA, whereas the
negative charges of miR-200c were electrostatically absorbed by the cationic backbone
of PEI. PEI cytotoxicity was reduced by PEG, which also conferred stability and the
way to introduce folic acid (FA) [102]. Despite conferring pH and temperature stability,
permeability, non-immunogenicity, capacity to be tagged, among other advantages, FA
is extremely important in this system because it may increase the proper and selective
uptake by tumor cells in both in vitro and especially in vivo settings. This is because folate
receptors are overexpressed in numerous cancer types compared to corresponding normal
tissues [103]. This configuration was in fact successful because it protected miR-200c from
degradation in serum. In addition, the complete NPs were well tolerated by hosts, probably
due, at least in part, to the substantially low dose of doxorubicin used [101].

Surprisingly, although miR-200c has been shown to downregulate HMGB1 expression
directly [57,58], this new NP-based platform that combined miR-200c and doxorubicin
promoted ICD via the translocation of CRT to the cell surface and the release of HMGB1
in vitro and in vivo. Accordingly, DAMPs’ modulation was accomplished by DCs’ phe-
notypic maturation. In addition, T cell antitumor activity was enhanced, partially due to
downregulation of PD-L1 by miR-200c [101].

Recently, Wang et al. designed another type of nanocarrier to deliver both miR-
1284 and cisplatin [104]. They generated liposomes composed of distearoylphosphatidyl-
choline (DSPC) succinylphosphatidylethanolamine (DSPE-mPEG), distearoyl-N-(3-carboxy-
propionoylpoly (ethyleneglycol) succinyl) phosphatidylethanolamine (DSPE-PEG-COOH),
and 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP) to be loaded with 10% of cis-
platin and surface-conjugated with the CD59 antibody. The presence of anti-CD59 on the
NP surface conferred tumor selective accumulation properties, as CD59 has been shown to
be overexpressed in cancer and associated with immune escape events [105]. This cationic
liposome was able to bind the negatively charged miR-1284 electrostatically.

The pharmacokinetic analysis of the formulation indicated that the nanocarrier-based
system prolonged the blood circulation of the drugs. The anticancer effects were only
assessed in vitro and demonstrated a full internalization of the complex by tumor cells.
As expected and according to previous results [42], co-delivery of miR-1284 and cisplatin
synergistically inhibited cell viability and promoted apoptosis by HMGB1 downregula-
tion [104]. Given these promising results, future in vivo analysis should be done to evaluate
the pre-clinical efficacy of this formulation. The impact of this combination should also be
studied in the context of ICD, given that cisplatin was shown to be an ICD inducer [4].

Together, these results provide guidance for a promising combination strategy to
improve the clinical use and the immunostimulatory efficiency of ICD-inducing drugs and
develop an effective and safe cancer therapeutic option.

7. Future Challenges

Understanding the regulation of ICD hallmarks is pivotal for a better exploitation of
the different effects characterizing ICD inducers. In this review, we summarized studies
that have reported that numerous miRNAs contributed to DAMP modulation, acting as
either oncogenic miRNAs or tumor suppressor miRNAs. However, it is important to note
that there is not much evidence regarding miRNA modulation by ICD, although it was
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reported that different miRNAs could contribute to ICD inducers therapeutic activities.
Outstanding questions exist: Does a miRNA signature associated with ICD actually exist?
Do specific miRNAs play a role in ICD in cancer cells?

As mentioned above, ICD-associated pathways are not tumor-exclusive. For that rea-
son, when evaluating the role of an immunity modulator, it is necessary to integrate fully
the different cellular actors and the molecular crosstalk established between them. In this
scenario, it was demonstrated that miRNAs could be involved in the paracrine dialogue
governing inter-cellular signaling within the tumor microenvironment. In this sense, dys-
regulation of endogenous miRNAs can be induced in immune cells by cancer cell-released
DAMPs or miRNAs derived from cancer cells that can directly affect immune cell functions.
Unlu et al. demonstrated that miR-34c and miR-214 were specifically upregulated in human
PBMCs following incubation with conditioned media or tumor cell lysate from stressed
cells, as part of the inflammatory response. In particular, the presence of HMGB1 within
the paracrine stimulus was strongly associated with miRNA modulation [106]. Frank et al.
provided evidence that miR-375 transfer from tumor cells to macrophages is crucial to
alter the tumor-associated macrophage phenotype and the subsequent development of a
tumor-promoting microenvironment [107]. Moreover, tumor-secreted miR-21 and miR-29a
also can function by another mechanism, by binding as ligands to the Toll-like receptor
(TLR) 8, in immune cells, triggering a TLR-mediated prometastatic inflammatory response
that ultimately may lead to tumor growth and metastasis. Thus, by acting as paracrine
agonists of TLRs, secreted miRNAs are key regulators of the tumor microenvironment
and are implicated in tumor–immune system communication [108]. Intriguingly, recently,
Lee J et al. generated in the laboratory two distinct modified single-stranded RNAs (ss-
RNAs) and showed their ability to induce immunogenic cell death in different types of
cancer cell lines. In particular, those ssRNA promoted DAMP release and consequent
impact on cytokine secretion by immature DCs [109]. We have recently discovered that
the employment of immunogenic tumor cell lysates as a tumor antigen source in the de-
velopment of DC-based vaccines influenced the miRNA profile in DCs. Therefore, we
wonder: Could cancer cells undergoing ICD exploit specific miRNAs to communicate
with the tumor immune microenvironment? Could cancer cell-derived miRNAs become
messengers for DCs during ICD?

These questions compelled us to match several multifaceted interactions to understand
the effects of environmental factors on miRNA expression more comprehensively. In this
sense, a novel discipline termed “molecular pathological epidemiology” (MPE) has been
proposed as a comprehensive approach to precision medicine. MPE protocols include a
multilevel research platform to integrate molecular pathologies, immune response, and
clinical outcomes in cancer. The application of in vivo pathology together with new
multi-omics techniques might contribute to a more profound understanding of miRNA
heterogeneous regulation, their role in tumor biology and therapeutic response, and the
putative link with the endogenous/exogenous environment (diet, drugs, including ICD-
inducing agents, microbiota, and germline genetics), further supporting the design of
targeted, personalized therapies [110,111].

8. Conclusions

The discovery of miRNAs has deepened our knowledge of human diseases, especially
cancer and its supporting epigenetic mechanisms. In this article, we have reviewed the
evidence regarding the effects of miRNAs on the expression of DAMP mRNAs in different
cancer types. Initially, we expected to identify several oncomiRNAs targeting DAMPs
whose ectopic inhibition could promote and/or restore the immunogenic potential of
therapeutic agents. Surprisingly, our hypothesis was only valid for CRT targeting, whereas
miRNA-based downregulation of other DAMPs was in fact associated with suppressed
cancer properties. We propose several reasons to explain, at least in part, these unexpected
data. First of all, most DAMPs which were shown to be regulated by miRNAs are classified
as constitutive (cDAMPs); hence, they are present inside healthy cells, and are released
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following immunogenic stimulus, exerting their proinflammatory functions in the extra-
cellular space. Their ICD-associated modulation is mainly post-translational, whereas
miRNA regulation is exerted at a pre-translational level. However, it seems possible that
downregulation by miRNAs in cancer cells could temporarily limit their release and so
their immunogenic roles. Further studies should be done in order to clarify this hypothesis.
In contrast to cDAMPs, inducible DAMPs (iDAMPs) are not present in healthy cells but are
induced and/or altered upon cell death (e.g., type 1 IFN). As far as we know, the regulation
of iDAMPs by miRNAs has not yet been determined.

Secondly, when studying miRNAs, it is important to consider the relative promiscuity
of their targets. As stated above, a given miRNA may have thousands of targets with
significant differences in function. Even in the presence of restoration-of-function assays,
this would lead to paradoxical conclusions about the role of miRNAs, in that a single
miRNA may theoretically impact in opposite ways within the cell by targeting effectors
with opposite functions. Moreover, interpretation of this paradox is even more complex
when considering that miRNAs probably show different functions depending on the
environment in which they are expressed.

However, given miRNAs’ role in regulating cellular processes as cell death and
autophagy, but also different immune escape mechanisms modulating antigen process-
ing/presentation and immune inhibitory molecules in different types of cancer cells, it
remains reasonable to speculate their involvement in ICD. This is especially true if we
consider that miRNAs are implicated in tumor–immune system communication, a key
feature of ICD.
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Simple Summary: Immunotherapy improved the therapeutic landscape for patients with advanced
cancer diseases. However, many patients do not benefit from immunotherapy. The bidirectional
crosstalk between myeloid-derived suppressor cells (MDSC) and regulatory T cells (Treg) contributes
to immune evasion, limiting the success of immunotherapy by checkpoint inhibitors. This review
aims to outline the current knowledge of the role and the immunosuppressive properties of MDSC
and Treg within the tumor microenvironment (TME). Furthermore, we will discuss the importance
of the functional crosstalk between MDSC and Treg for immunosuppression, issuing particularly
the role of cell adhesion molecules. Lastly, we will depict the impact of this interaction for cancer
research and discuss several strategies aimed to target these pathways for tumor therapy.

Abstract: Immune checkpoint inhibitors (ICI) have led to profound and durable tumor regression in
some patients with metastatic cancer diseases. However, many patients still do not derive benefit
from immunotherapy. Here, the accumulation of immunosuppressive cell populations within
the tumor microenvironment (TME), such as myeloid-derived suppressor cells (MDSC), tumor-
associated macrophages (TAM), and regulatory T cells (Treg), contributes to the development of
immune resistance. MDSC and Treg expand systematically in tumor patients and inhibit T cell
activation and T effector cell function. Numerous studies have shown that the immunosuppressive
mechanisms exerted by those inhibitory cell populations comprise soluble immunomodulatory
mediators and receptor interactions. The latter are also required for the crosstalk of MDSC and Treg,
raising questions about the relevance of cell–cell contacts for the establishment of their inhibitory
properties. This review aims to outline the current knowledge on the crosstalk between these two
cell populations, issuing particularly the potential role of cell adhesion molecules. In this regard, we
further discuss the relevance of β2 integrins, which are essential for the differentiation and function
of leukocytes as well as for MDSC–Treg interaction. Lastly, we aim to describe the impact of such
bidirectional crosstalk for basic and applied cancer research and discuss how the targeting of these
pathways might pave the way for future approaches in immunotherapy.

Keywords: myeloid-derived suppressor cells; regulatory T cells; crosstalk; tumor microenvironment;
tumor immune evasion; immunotherapy; cell–cell contact; β2 integrins; CD18; CD11

1. Introduction

Immunotherapy with immune checkpoint inhibitors (ICI) has emerged as a promising
treatment for many different types of cancer [1], since it has demonstrated stable and
impressive tumor regressions even at an advanced stage of disease [1]. However, a large
number of cancer patients do not derive benefit from ICI therapy, which is presumably
due to an intrinsic or acquired resistance [2]. Increasing evidence suggests that an im-
munologically active TME is an important predictor for the therapeutic responsiveness
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toward ICI. Here, it has been demonstrated that both tumor-related factors, e.g., a high
mutational load of the tumor cells [3,4], the presence of neoantigens [5,6], microsatellite in-
stability [7,8], and host factors, i.e., the frequency, composition, and activation status [9,10]
of tumor-infiltrating lymphocytes (TIL), are predictive for the responsiveness toward ICI
treatment. Particularly referring to the activation status of TIL, it has been documented
that the extent of programmed cell death 1 ligand 1 (PD-L1) expression on tumor cells
correlates with objective response rates in melanoma and non-small cell lung cancer [11–13].
Hence, PD-L1 expression levels are also applied in the clinical setting to optimize patient
stratification prior to the introduction of ICI therapy. However, both the extent of cytotoxic
T-lymphocyte (CTL) infiltration into the tumor and PD-L1 expression on tumor cells do
not always correlate with clinical benefit [14]. So far, the various immunosuppressive
mechanisms, being present both locally within the tumor microenvironment (TME) and in
lymphoid organs, have been identified as major factors mediating immune resistance [15].
Next to the immunosuppressive effects conferred by soluble mediators and leukocyte
receptor interactions, the extensive infiltration of the tumor by immunosuppressive cell
populations, such as tumor-associated macrophages (TAM) [16,17], myeloid-derived sup-
pressor cells (MDSC) [18], and regulatory T cells (Treg) [19,20], has been identified as a
major driver of the pro-tumorigenic transformation in the TME. The presence of these
immunosuppressive cells hampers effector T cell induction and recruitment as well as
the capability of both natural killer (NK) cells and antigen-presenting cells (APC) to ex-
ert effective tumor surveillance, consequently leading to a profound inhibition of the
anti-tumor immune response [21]. Thus, the understanding of this immunosuppressive
network mediating tumor immune evasion, via cell–cell interactions and by the secretion of
soluble immunomodulatory mediators, is essential for the development of novel strategies
overcoming immune resistance in cancer treatment.

Recent observations in different cancer models suggest a crosstalk between MDSC
and Treg, but its character remains incompletely defined [21–23]. As the crosstalk between
MDSC and Treg has recently been proposed to be a powerful barrier counter-acting anti-
tumoral immune responses, this review is dedicated to give insights into the potential role
of cell–cell contacts as a prerequisite for the immunosuppressive mechanisms in the TME,
leading to tumor immune evasion. This in consequence facilitates cancer progression and
the development of metastases [24].

Furthermore, we aim to delineate the relevance of metabolic pathways and soluble
mediators for the functional interaction of MDSC and Treg, according to the current state of
scientific research. Since β2 integrins are known to be key regulators of cell adhesion and
cell signaling, they are essential for immune cell functions [25]. Accordingly, β2 integrins
may constitute potential mediators of the crosstalk between MDSC and Treg [26]. Hence,
this review additionally aims to outline the potential role of β2 integrins in this critical
cell–cell interaction within an immunosuppressive TME.

2. The Immunosuppressive TME

The TME is a complex milieu being composed of a heterogeneous assemblage of
distinct tumor—and host cell types such as cancer-associated fibroblasts (CAF), endothe-
lial cells, pericytes, and immune cells that constitute the tumor parenchyma and tumor
stroma [14,27]. These various cell types exhibit an extensive crosstalk that dynamically
regulates the phenotype and function of the individual cells within the TME. This allows
the establishment of a chronic pro-inflammatory state that favors the establishment of a
tumor-supportive microenvironment [14,28–30]. Thus, it is increasingly evident that the
crosstalk between cancer cells and cells of the neoplastic stroma in the TME enables tumor
cells to evade host immunosurveillance and thereby supports tumor growth, progression,
and metastasis [14,31]. Moreover, the regulatory signaling conveyed by soluble mediators
and cell–cell interactions is considered essential in controlling the individual cell function
and orchestrating the collective activity within the tumor network [14].
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2.1. Immunomodulatory Mediators Shape the TME

In the context of immunotherapy, the mutual interactions of tumor-infiltrating immune
cells have become an increasingly important area of research, as these cells shape the
unique properties of the TME [2]. The tumor-infiltrating immune cells include both tumor-
promoting as well as tumor-killing subclasses [14]. Here, it has been shown that tumor
infiltration by T cells (mainly CTL) and NK cells correlates with overall prognosis and
with the response to ICI treatment [32]. However, in the course of tumor development, a
chronic inflammatory state is frequently being induced, which includes the elevation of pro-
inflammatory mediators, the infiltration of regulatory immune cells, and the recruitment
of endothelial cells and fibroblasts [30,33]. The accumulation of both pro-inflammatory
mediators, including cytokines (e.g., interleukin (IL-1, IL-6); tumor-necrosis-factor-alpha,
(TNF-α)), chemokines (CC-chemokine ligand 2 (CCL2), and C-X-C motif ligand 2; (CXCL-
2)), prostaglandines (prostaglandine E2 (PGE2)) and growth factors (e.g., transforming
growth factor-β (TGF-β), granulocyte-macrophage colony-stimulating factor (GM-CSF)),
orchestrate the crosstalk between the various cells within the TME. In concert with these
soluble mediators, cell–cell-based interactions such as the programmed death protein (PD)-
1/PD-ligand (L)-1 axis contribute to the intense crosstalk between the immunosuppressive
cell populations, subsequently enhancing the tumor-supporting capacity of the TME, which
tips the scale toward immunosuppression and tumor angiogenesis [30]. Altogether, these
mechanisms antagonize the cancer-directed immune responses and effectively impair the
lytic machinery of TIL in the TME [24,34].

2.2. Cellular Composition of the TME

Notably, MDSC, TAM, and Treg are the major cellular components of the immunosup-
pressive TME. It has been demonstrated that the release of pro-inflammatory cytokines
within the TME promotes the immunosuppressive potential of regulatory myeloid cells,
such as tumor-associated neutrophils (TAN) [35–37], TAM [27,33,38–40], MDSC [28,41,42]
and regulatory dendritic cells (DC) [43–45]. Consequently, a strong tumor infiltration by
myeloid cells—being the most abundant cell types within the TME [46]—correlates with
rapid tumor growth and a poor prognosis [32]. Here, TAM primarily serves to promote
tumor growth and progression via the generation of angiogenetic factors such as vascular
endothelial growth factor (VEGF), and the secretion of immunomodulatory cytokines
(e.g., IL-6, IL8 and IL-10) [38]. These cytokines generated by TAM and tumor cells pro-
mote an aberrant activation of myelopoiesis, resulting in a defective differentiation of
myeloid progenitor cells toward MDSC, which exert a strong pro-tumor activity [46,47].
In particular, it has been shown that MDSC suppress both CTL and NK cell activity via
immunomodulatory mediators, including IL-1, IL-6, reactive oxygen species (ROS), and
nitric oxide (NO) [14,48–50]. Hence, the proliferation, activation, and retention of highly im-
munosuppressive MDSC are not only induced by the chronic inflammatory state within the
TME, but it further enhances these conditions, thus creating a positive feedback loop [34,51].
In this context, recent studies revealed that MDSC can modulate the de novo induction,
development, and activation of Treg, thus further amplifying the immunosuppressive
character in the TME [24]. CD4+CD25hi Forkhead-Box-Protein P3 (FoxP3)+ Treg cells are
frequently found in the course of tumor progression and counteract APC activity, T cell
activation, and anti-tumor functions of effector T cells (Teff) [24,52]. Therefore, similar to
MDSC, clinical reports confirmed a negative correlation between the frequency of Treg,
the patient’s individual prognosis, and the response to ICI treatment [24].

Next to their direct immunosuppressive effects, MDSC and Treg implicitly contribute
to the establishment of a TME being characterized by hypoxia, the accumulation of
lactic acid, and adenosine (ADO). These factors prevent APC maturation, impair Teff
functions, and thus counteract the tumoricidal functions of activated immune effector
cells [14,24,46,53]. Since MDSC and Treg systemically expand in the course of tumor de-
velopment and strongly impair T cell driven anti-tumor immune responses, a detailed
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characterization of the phenotype and immunosuppressive functions of these cells will be
provided in the following section.

3. Myeloid-Derived Suppressor Cells

Immature myeloid cells, which are generated in the bone marrow (BM) of healthy
individuals in response to acute infection, stress, or trauma, regularly differentiate into
mature myeloid cells, such as polymorphonuclear neutrophils (PMN) and monocytes,
without exerting immunosuppression [49]. In contrast, neoplastic cells, tumor-associated
stroma cells, and a frequently observed inflammation within the TME favor the aberrant
activation of myelopoiesis that results in the expansion and recruitment of immature
myeloid cells to the tumor site [50]. Indeed, a prominent effect of this “tumor-driven
macroenvironment” is the accumulation of highly suppressive, immature myeloid cells in
the tumor. Owing to their common myeloid origin and suppressive properties, these cells
were termed MDSC.

3.1. MDSC Subsets and Their Immunophenotypes

MDSC have first been identified in tumor-bearing mice as immature myeloid cells
characterized by the co-expression of CD11b and Gr-1, comprising the lineage markers
Ly6G and Ly6C [49,54]. Unlike other myeloid cells, MDSC exhibit a larger diversity of
phenotypes, which complicates their identification and characterization [24]. This hetero-
geneity is in part due to the unique inflammatory milieu present within different tumor
entities [41]. Further contributing to the high plasticity of MDSC phenotypes are the tempo-
ral variations in the context of tumor-immune editing, as the TME is subject to permanent
modulations in the course of the malignant transformation [39,55].

There are currently two main subsets of MDSC to be distinguished: granulocytic
(G)-MDSC and monocytic (M)-MDSC [56]. G-MDSC represents the predominant subset of
MDSC in the majority of tumor patients and tumor animal models (approximately 75%)
compared with M-MDSC (approximately 25%) [57,58]. However, G-MDSC are considered
to be less suppressive than M-MDSC when evaluated on a per-cell basis [49,58,59]. This ob-
servation was confirmed in human studies, demonstrating a tight correlation between
M-MDSC numbers and the inhibition of T cell activation [60].

Murine G-MDSC are generally characterized as CD11b+, Ly-6G+, Ly-6Clow (collec-
tively termed as Gr-1high), and CD49−, whereas murine M-MDSC are defined as CD11b+,
Ly6G−, Ly-6Chigh (Gr-1high), and CD49+, while expressing F4/80, CD115, or CCR2 at
varying extents [49]. Due to the polymorphonuclear morphology of G-MDSC and the
expression of CD11b and Ly6G, their relationship to PMN is an ongoing issue [24,61].
However, as compared to PMN, G-MDSC show a diminished phagocytic activity, produce
higher levels of ROS, and suppress T cell activation upon activation (Table 1) [61]. There-
fore, the assessment of these distinctive immunosuppressive properties is important for a
definite characterization of G-MDSC, since no distinctive G-MDSC marker set has been
established yet [24,62].

Leaving alone the vast heterogeneity in murine MDSC phenotypes, the definition of
specific markers for MDSC in humans remains another important issue. Human MDSC
are commonly found to be CD11b+, CD33+, and HLA-DR− [63,64], and the majority
of G-MDSC is CD15+, whereas CD14 expression is predominantly confined to M-MDSC
(Table 1) [24,65]. However, MDSC subsets in humans have yet not been defined consistently
with respect to surface marker expression [60].

Despite conflicting reports about MDSC surface marker expression, the clinical value
of MDSC has readily been demonstrated: Recent reports highlighted that the frequency
of MDSC per se may reflect the tumor burden of cancer patients, thus showing a strong
correlation between a high MDSC frequency and a poor prognosis [64,66,67]. On the other
hand, the tumor itself may influence the composition of the MDSC compartment. In gen-
eral, G-MDSC have been found to be the main MDSC subset in patients with renal cell
carcinoma [68], whereas M-MDSC constitute the dominant immunosuppressive MDSC
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subpopulation in melanomas or head–neck cancer [60,65]. However, since none of the
aforementioned individual markers are unique to a distinct MDSC subset, the defini-
tive identification of human MDSC subsets requires the assessment of their employed
suppressive mechanisms [41,55].

Table 1. Phenotypic definitions and functional characteristics of different myeloid cell types present within solid tumors.

Characteristics PMN TAN G-MDSC M-MDSC TAM

Murine marker
subsets

CD11b+ CD11b+ CD11b+ CD11b+ CD11b+

CD11c− Ly6Clow Gr-1+ Gr-1+ F4/80+

Ly6Clow Ly6G+ Ly6G+ Ly6Chigh CD206+

Ly6G+ PD-L1+ Ly6Clow Ly6G− CD163+

CD101+ CD170high CD115low CD49d+ CD36+

F4/80− CD49− CD115high MHC-IIlow

CD115− IL-10R+

CD124+

Human marker
subsets

CD11b+ CD45+ CD33+ CD33+ CD14+

CD66b+ CD33+ CD11b+ CD11b+ CD68+

CD15+ CD11b+ HLA-DR− HLA-DR- CD205+

CD14− HLA-DR− CD15+ CD14+ CD163+

CD16+ CD66b+ STAT-3high STAT-3high CD36+

CD62L+ PD-L1+ CD66b+ CD124+ HLA-DRlow

CXCR1+ CD170high CD244+ S100A9+ IL-10R+

LOX-1+ S100A9+ PD-L1+

LOX-1+ STAT-3low

Maturation stage predominantly
mature

predominantly
mature Immature Immature Mature

Potent inductors GM-CSF TGF-β G-CSF
IL-6

M-CSF
IL-6

IL-4
IL-10

TGF-β
Hypoxia

Inhibition of T cell
proliferation Ø ↑ ↑ ↑↑ ↑

ROS ↑ ↑ ↑↑ ↓ Ø

MPO ↑ ↑ ↑↑ Ø Ø

Arginase-1 Ø ↑ ↑↑ ↑ ↑
NO Ø ↓ ↓ ↑↑ ↑

NETosis ↑ ↑ Ø Ø Ø

IL-8 ↑ ↑ Ø Ø ↑↑
Immune cell

polarization in
response to
stimulation

TAN, G-MDSC,
APC-like-PMN PMN TAN, PMN (?) TAM, DC

Functional
polarization (M1

and M2
phenotype)

Ø: no significant effect; ↓: lower expression/activity compared to the other listed cell types; ↑: higher expression/activity compared to the
other cell types; ↑↑: strongest expression/activity among the listed cell types; MPO = myeloperoxidase; NET = neutrophil extracellular traps.

3.2. Myeloid Cell Plasticity within Tumors

Of note, MDSC entering the TME may have the plasticity to interconvert between
different phenotypes. In particular, it has been shown that MDSC might convert into
TAM, DC, or TAN depending on the conditions present in the TME (Figure 1) [36,49,50].
For example, the culture of tumor-derived MDSC in the absence of tumor-derived fac-
tors was repetitively shown to result in the generation of mature macrophages, PMN,
and DC [50,69–71], whereas the presence of tumor-derived factors or the adoptive transfer
of MDSC into tumor-bearing hosts promoted their differentiation into immunosuppressive
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macrophages [49,69]. Hence, TAN and TAM may constitute differentiated MDSC or rep-
resent a pro-tumorigenic subset of mature PMN and macrophages polarized by soluble
mediators [24,49,53].

Figure 1. Myeloid cell plasticity in cancer. Myeloid cell types originate from hematopoietic stem cells and multipotent
immature myeloid progenitor cells in the bone marrow (BM). The differentiation toward the matured cell line (i.e., polymor-
phonuclear neutrophils (PMN)) is promoted by soluble mediators and chemokines. In cancer patients, the differentiation
pathways are strongly affected by factors produced in the tumor microenvironment (TME) by stromal cells, immune cells,
and tumor cells (e.g., granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin (IL)-1β, IL-6, IL-10, IL-23,
interferon-gamma (IFN-γ)). In particular, the TME promotes the polarization of macrophages toward immunosuppressive
tumor-associated macrophages (TAM), which confer the inhibition of effector T cells (Teff) within the TME via various
mechanisms [72]. PMN within the TME frequently show a polarization toward immunosuppressive TAN, which is driven
by soluble factors such as transforming growth factor-β (TGF-β). Tumor-associated neutrophils (TAN) confer immunosup-
pression via multiple mechanisms. The most prominent effect of the aberrant differentiation includes the accumulation of
granulocytic (G-MDSC) and monocytic (M-MDSC) myeloid-derived suppressor cells. Myeloid cells may act as an integrated
system in the context of tumor immunity [49]. Depending on the structural composition of the TME, myeloid cells polarize
from MDSC toward TAM or TAN or promote the tolerization of DC in the context of a nutrient-depleted, hypoxic, inflamed
TME. Under normoxic conditions, IFN-γ and TNF-α have been found to reverse this polarization and promote MDSC
differentiation toward immunogenic DC and inflammatory M1 macrophages. It remains questioned if MDSC and TAN
undergo an irreversible polarization or can polarize to anti-tumor PMN [24].
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Despite the phenotypical similarities of the various (immunosuppressive) myeloid
cell types, recent reports highlighted, that these can be discriminated by transcriptomic and
multi-omics approaches: Referring to the granulocytic cell line in particular, Fridlender et al.
revealed cell-specific transcriptome signatures of PMN, G-MDSC, and TAN, confirming
the existence of three distinct phenotypes [62]. Moreover, G-MDSC have shown a higher
immunosuppressive activity, expressed higher levels of CD115 and CD244, and lower levels
of CXCR1 than PMN [61,73]. G-MDSC exerted less phagocytic activity, show a smaller
chemotactic response, expressed higher levels of Arginase (Arg)-1 and myeloperoxidase
(MPO), and showed a higher production of ROS [49,73].

Likewise, M-MDSC, despite their similarity in morphology and phenotype with
other monocytic cell populations, are a functionally distinct population. Particularly, they
showed a strong expression of inducible NO-synthase (iNOS) and Arg-1, which explains
their highly immunosuppressive character [49,74]. In parallel, it has been reported that
hypoxia and hypoxia inducible factor 1α (HIF-1α) within the TME might be key drivers for
the upregulation of immunosuppressive Arg-1 and iNOS in M-MDSC and may promote
the differentiation of CD11b+ Ly6C+ M-MDSC into immunosuppressive TAM [53,75]. Since
the polarization toward a macrophage M2 phenotype is more likely in MDSC at the tumor
site compared to spleen-derived MDSC, it remains an issue to clarify whether the origin of
MDSC within the TME might determine the modulation of their phenotype [24,53].

Collectively, these findings provide a mechanistic link between different myeloid cells
and indicate that MDSC have the plasticity to interconvert between different phenotypes
depending on the specific conditions present within the TME (see Figure 1) [24,53]. How-
ever, knowledge of the factors that govern the interconversion of the various granulocytic
and monocytic (immunosuppressive) cell types is still far from being complete. There-
fore, in vivo strategies and multi-omics approaches are vital to elucidate (combinations
of) TME-derived factors that may induce the differentiation, expansion, activation, and
interconversion of MDSC populations [24,76].

3.3. Mechanisms of Tumor-Induced MDSC Accumulation

Evidence suggests that the release of tumor-derived soluble mediators, such as GM-
CSF, VEGF, or IL-6 impairs the myeloid compartment and thus contributes to defective
myeloid cell maturation. Moreover, it has been proposed that the relative amounts of G-CSF
and M-CSF present within the bone marrow may account for the different shares of the
aforementioned MDSC subsets [59]. Here, Waight et al. reported that G-CSF facilitates the
accumulation of G-MDSC in the TME, subsequently promoting tumor growth. Moreover,
tumor-derived CCL2, CCL12, CXCL5, S100A8, and S100A9 promote the recruitment of
immature myeloid cells to the tumor stroma, facilitating the enrichment of both MDSC
subpopulations within the TME [49,77–79]. Tumor-derived TGF-β has also been found to
regulate MDSC accumulation and the polarization of other myeloid cell populations, such
as tumor-infiltrating PMN toward an immunosuppressive phenotype [80]. Furthermore,
soluble factors such as IL-1β, IL-6, and S100A9 [81,82], and T cell-derived cytokines such as
IFN-γ, IL-4, IL10, and IL-13 have been reported to promote immunosuppressive MDSC [83].

The regulation of the integrated myeloid cell network via tumor-derived soluble medi-
ators is controlled on multiple levels via the activation of various transcription factors. Here,
the Toll-like receptor (TLR) family, namely TLR-4, which is triggered by S100A8 and S100A9
proteins, contributes to myeloid cell development via the downstream induction of nuclear
factor-kB (NFκB), thus supporting the mobilization of myeloid cells to sites of inflammation
and their inflammation-driven suppressive potency [49,84]. Other suppressive properties
of MDSC are controlled by signal transducer and activator of transcription (STAT)-1 and
STAT-6, which regulate myeloid cells by inducing iNOS and Arg-1 expression [69,83].

Further, STAT-3 has been identified as a crucial regulator of MDSC expansion that
conveys the recruitment of MDSC to the tumor site by upregulating the pro-inflammatory
S100A8 and S100A9 proteins [85]. Hence, S100A9 protein has been proposed as a potential
marker characterizing human CD14+ HLA-DR− M-MDSC. STAT-3 has also been reported
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to induce the upregulation of NADPH oxidase (Nox) components, thereby adding up to
the immunosuppressive features of MDSC, such as ROS production [49,86]. However,
an unsolved question remains: How do these molecular markers relate to the suppressive
function of MDSC? Hence, the most definitive characterization of MDSC remains their
immunosuppressive function, which will be addressed in the following section.

4. Immunosuppressive Properties of MDSC

MDSC are considered key regulators of immune responses in many pathophysi-
ological conditions, including anti-tumor immune responses. G-MDSC and M-MDSC
apply antigen-specific and antigen-non-specific mechanisms to regulate immune responses
and thus inhibit Teff via a plethora of mechanisms [24]: In peripheral lymphoid organs,
the MDSC-mediated suppression of CTL usually requires antigen presentation by MDSC
and direct MDSC/T cell contact [87,88]. Otherwise, at the tumor site [53,89] and in the
periphery [90], MDSC can suppress nearby T cells in an antigen-independent manner.
Although none of these mechanisms are exclusively used by either MDSC subpopulation,
it has been demonstrated that ROS generation is characteristic for G-MDSC, whereas Arg-1
expression and the generation of NO has primarily been found in M-MDSC [50,58,75].

4.1. Depletion of Nutrients

MDSC confer immunosuppression by various mechanisms (Figure 2), such as the
depletion of nutrients. This involves the Arg-1-dependent consumption of L-arginine and
deprivation of L-cysteine via its consumption and sequestration in MDSC [91], which
causes the proliferative arrest of antigen-activated T cells due to the downregulation
of the TCR (T cell receptor) complex and a cell cycle arrest in the G0-G1 phase [49,68].
This phenomenon could be reversed by the replenishment of L-arginine in vitro, but more
importantly, in vivo studies reported that the depletion of G-MDSC re-established T cell
growth, emphasizing their role in cancer immunosuppression [92]. The inhibition of T cell
activation is further enhanced via the consumption of L-tryptophan by MDSC-derived
indoleamine-2,3-dioxygenase (IDO) and the subsequent accumulation of kynurenines [93].
Additionally, it was shown that the ADO-generating ectoenzymes CD39 and CD73 are
upregulated by MDSC upon HIF-1α induction [94]. ADO impedes Teff function via A2A-
receptor (A2AR) and promotes TAM and MDSC suppressive functions via A2BR [95,96].
Whereas the depletion of nutrients and oxygen within the TME comprises T cell func-
tion [97,98], tumor hypoxia and lactate accumulation drive HIF-1α stabilization in MDSC,
thus upregulating PD-L1 expression and promoting a metabolic switch to fatty acid oxi-
dation (FAO). FAO further induces Arg-1 expression, NO, and peroxynitrite generation,
resulting in Teff impairment [99].

4.2. Oxidative Stress

Another suppressive mechanisms is the generation of oxidative stress via ROS and
reactive nitrogen species [49]. The production of ROS is mediated by Nox-2. Here, studies
conducted by Corzo et al. found an upregulation of ROS in G-MDSC isolated from seven
different murine tumor models and in tumor-derived G-MDSC obtained from patients
with head neck cancer [86]. Interestingly, in the absence of ROS production, G-MDSC
did not only lose their ability to confer T cell hyporesponsiveness in vivo, they also dif-
ferentiated into mature DC [86]. On the other hand, MDSC themselves are protected
from the cytotoxic ROS effects by induction of the antioxidant nuclear factor erythroid
related factor 2 (Nrf2) and the accumulation of the ROS scavenger phosphoenolpyruvate
(PEP) [100]. Peroxynitrite is produced by the cooperative activities of Nox-2, Arg-1, and
iNOS [24,101]. Peroxynitrites can cause the nitration of several proteins in tumor and
immune cells including the TCR, leading to subsequent TCR desensitization and T cell
apoptosis [49]. Moreover, nitration mediates several molecular blocks in T cells, including
conformational changes in the TCR–CD8 complex, which renders CTL unresponsive to
antigen-specific stimulation [87]. Furthermore, it was found that peroxynitrite interferes
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with IL-2 receptor signaling [102] and leads to the nitration of CCL-2 chemokines. Con-
sequently, antigen-specific CTLs do not infiltrate into the tumor but instead remain in
the tumor-surrounding stroma [79]. Notably, iNOS-driven NO generation may further
induce cyclooxygenase-2 (COX-2) activity, resulting in an enhanced PGE2 production,
which serves as a potent inductor of IDO, Arg-1, IL-10, and VEGF secretion by MDSC [98].
Lastly, it has been documented that MDSC counteract the upregulation of CD44 and CD162
by T cells in an NO-dependent manner, thus impairing T cell extravasation and tissue
infiltration [103,104].

 

Figure 2. MDSC-mediated inhibition of T cell activation and proliferation. Direct inhibition of Teff involves cell–cell contacts
(e.g., via checkpoint molecules), which induce proliferative arrest apoptosis, a reduced migratory activity, and attenuated
T cell recirculation. T cell activation is further inhibited via soluble mediators and metabolic pathways: MDSC contribute to
L-arginine and L-cysteine depletion in the TME, which causes proliferative arrest via mRNA instability of cyclin-dependent
kinase 4 (cdk4), reduced phosphorylation of retinoblastoma protein (Rb), and the loss of the T cell receptor (TCR) ζ-chain on
Teff. G-MDSC express high levels of NADPH oxidase (Nox)-2, mediating ROS-dependent inhibition of Teff. The cooperative
activities of Nox-2, Arginase (Arg)-1, and inducible nitric oxide synthase (iNOS) generate peroxynitrite, which drives
protein nitration resulting in desensitization of the TCR and the interference with IL-2 receptor signaling. The consumption
of L-tryptophan and the accumulation of kynurenines in the TME add up to the inhibition of Teff and regulatory T cells
(Treg) induction. CD39 and CD73 degrade extracellular ATP to adenosine, which enhances T cell inhibition and Treg
induction. Indirect mechanisms of MDSC-mediated immunosuppression include the induction and expansion of Treg
both via cell–cell contact-dependent mechanisms and soluble mediators (e.g., TGF-β, IL-10, prostaglandine-E2; PGE2; and
A2A-receptor mediated signaling). Likewise, MDSC imprint a tolerogenic function in DC via IL-10, TGF-β, and adenosine.
Both the accumulation of Treg and TAM add up to Teff inhibition within the TME. Macrophages are skewed toward an
M2 phenotype via IL-10, thus impairing IL-12 production. Tumor-derived soluble factors contribute to STAT3-mediated
upregulation of proteins including Nox-2, cell survival proteins (Cyclin D1), or S100A8/9, promoting MDSC accumulation
(via S100A8/9 ligation to RAGE), survival, and immunosuppression.

4.3. Receptor-Mediated Inhibition

The interference with lymphocyte trafficking and viability is another immunosup-
pressive mechanism exerted by MDSC: Here, the expression of membrane-bound ADAM-
metallopeptidase domain 17 (ADAM17) on MDSC decreased CD62 ligand (CD62L) expres-
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sion on CD4+ and CD8+ T cells, thereby limiting the recirculation into lymph nodes [105].
Furthermore, several checkpoint molecules were shown to be critically involved in MDSC-
mediated immunosuppression: Among these, PD-L1 and CTLA-4 are prominent negative
regulators of T cell functions [106]. PD-L1 exerts its effects via ligation of PD-1 on T cells,
resulting in T cell anergy and apoptosis [104], promoting the induction and function of
Treg [107] and thus contributing to tumor immune evasion. Treg express CTLA-4, which
mainly interacts with CD80/CD86 as expressed by APC-like DC. This interaction causes
an impairment of APC-dependent T cell activation [108], enhances the immunosuppres-
sive properties of Treg, and augments peripheral tolerance [109]. Blocking checkpoint
molecules via monoclonal antibodies has in fact proven to restore effective anti-tumor
immune responses in many patients with advanced malignancies. This effect has been
attributed in part to the blockade of MDSC-mediated immunosuppression of Teff [104].

Youn and coworkers additionally suggested that PD-L2 might add up to MDSC-
induced T cell inhibition, since PD-L2-/PD-1 interaction skewed T cells toward T-helper
cells type 2 (Th2) [61,110,111].

Notably, more recent observations revealed the pivotal role of additional checkpoint
molecules, such as the V domain-containing immunoglobulin suppressor of T-cell activa-
tion (VISTA), Galectin-9 (Gal-9), and CD155 for MDSC-mediated immunosuppression [112].
In particular, VISTA has been reported to enhance the inhibition of T cell [113,114] and B
cell responses [115] by MDSC, whereas a blockade of VISTA allowed for the restoration
of a protective anti-tumor response [116,117]. Next, it has been documented that Gal-9-
expression on MDSC induced T cell apoptosis via ligation to the checkpoint protein T cell
immunoglobulin and mucin domain-containing protein (TIM)-3 [118]. Gal-9 has been also
been reported to promote a suppressive TME by enhancing the degradation of stimulator
of interferon genes (STING) [119]. As suggested by Dardalhon et al., the interaction of
TIM-3+, IFN-γ-secreting T cells with Gal-9+ MDSC might add up to both MDSC expansion
and immunosuppressive functions [120]. Last, recent observations indicated that CD155
might also be involved in MDSC-mediated T cell inhibition, since it may serve as a ligand
for T-cell Ig and ITIM domain (TIGIT), which is found on T and NK cells promoting the
immunosuppressive functions of Treg [121,122]. Despite conflicting reports about the
role of Fas-(L)igand-Fas signaling for MDSC homeostasis and function [90,123], it is well
documented that MDSC are able to induce T cell apoptosis via FasL [124]. Next to the T cell-
specific inhibition, MDSC also interfere with NK cell cytotoxicity via receptor-mediated
mechanisms, e.g., the interaction of membrane-bound TGF-β with the NK cell receptor
NKp30 [49,125,126].

4.4. Induction of Protolerogenic APC

Additionally, MDSC promote immunosuppression indirectly by the interaction with
other cells of the myeloid cell lineage, such as the inhibition of conventional DC and
macrophages. This observation further complicates the understanding of the myeloid
cell network within tumors, since myeloid cells engage with each other but also have
the plasticity to transdifferentiate between different phenotypes. The interdependency of
cells in the myeloid linage can be exemplified by the IL-10 and cell–cell contact-mediated
mechanisms by which MDSC decrease macrophage IL-12 production, tipping them toward
an M2-like phenotype [127]. This initiates a positive feedback loop, as macrophages
themselves promote IL-10 synthesis in MDSC, further enhancing the shift toward an
M2-like phenotype [49]. An inflamed TME enhances the infiltration of MDSC into the
tumor, promotes TLR-4 signaling, the expression of CD14 on MDSC, and their activation.
Thus, inflammation is considered a key driver of MDSC and macrophage crosstalk within
the TME [128]. Next to the interaction between MDSC and macrophages, MDSC impair
DC function via the production of IL-10, which inhibits IL-12 production in DC and the
subsequent DC-mediated activation of T cells [49,129]. Adding up more recently to the
wide array of immunosuppressive features, it has been observed that MDSC significantly
enhance their immunosuppressive potential via the activation and expansion of Treg
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populations [49]. The character of this interaction is discussed in the following after a brief
presentation of Treg characteristics.

5. Regulatory T Cells

It has been shown that regulatory T cells play a crucial role in regulating the home-
ostasis of the immune system and maintaining tolerance [130]. Moreover, Treg have been
found to limit the anti-tumor immune response. In accordance, the number of Treg cir-
culating in the blood of cancer patients and the infiltration of Treg into the tumor have
been documented to be closely related to the progression and prognosis of multiple cancer
entities [20]. More interestingly, the extent of Treg infiltration into human tumors has
been proposed to show an inverse correlation with the response to ICI therapy [131,132].
Not least, this observation emphasizes the importance of Treg in the understanding of the
anti-tumor immunity and thus the development of novel therapeutic approaches.

5.1. Characteristics and Classification of Treg

Treg are defined as a T helper cell subpopulation characterized by the co-expression
of CD4, CD25, and in large parts of FoxP3, which inhibit the activation and differentia-
tion of CD4+ and CD8+ T cells, subsequently impairing reactivity against autologous and
tumor-expressed antigens [130,133,134]. According to their biological properties, Treg are
generally divided into two groups: natural (n) regulatory T cells and induced (i) regulatory
T cells, which commonly express FoxP3 [135]. Whereas nTreg develop in the thymus and
exert their inhibitory activity for maintaining immune tolerance largely through intercellu-
lar contact, iTreg are derived from peripheral naïve tumor antigen-specific T cells, which are
induced by TME-derived cytokines and other soluble mediators [130]. However, both types
of Treg act in a tumor-antigen specific manner [136]. In contrast to Th cells and CTL, which
rely largely on glycolysis, glucose transporter (GLUT)-1 expression, and on mammalian
target of rapamycin (mTOR) signaling, to sustain their metabolic activity, Treg express low
levels of GLUT-1, are negatively regulated by mTOR, and depend largely on oxidative
phosphorylation and FAO to sustain their metabolic and suppressive activity [98,137,138].

5.2. Immunosuppressive Properties of Treg

Treg use several mechanisms to inhibit the anti-tumor immune activity of Teff, NK cells,
and DC, thus driving tumor progression. First, it has been shown that Treg-derived soluble
mediators, such as IL-10, TGF-β, and IL-35, suppress antigen presentation by DC, promote
T cell exhaustion and CTL dysfunction [139,140]. Next, it has been reported that Treg largely
interfere with the cell metabolism both within the TME and in secondary lymphatic organs,
inhibiting the proliferation of Teff by the competitive consumption of IL-2 [136]. Addition-
ally, the expression of the ectonucleotidases CD39 and CD73 enables Treg to hydrolyze
extracellular adenosine triphosphate (ATP) into adenosine monophosphate (AMP) and
subsequently to immunosuppressive ADO, which inhibits Teff via engagement with the
A2AR [141]. Moreover, the intercellular transfer of cyclic AMP (cAMP) to Teff via gap junc-
tions is considered another metabolic mechanism of Treg to inhibit an effective anti-tumor
immune response [130]. Similar to TAM and MDSC, Treg contribute to Arg-1 mediated
arginine depletion within the TME [142]. In contrast to Teff, Treg are largely unaffected by
limitations of either glutamine or leucine within the TME [143]. Treg counterbalance the
high ROS levels within the TME via antioxidants such as glutathione. In agreement, the
removal of this ROS-inactivating mechanism in Treg significantly impaired their inhibitory
activity [144]. Lastly, Treg hampered Teff and NK cell function and activity via immunosup-
pressive receptor interactions and the application of cytotoxic enzymes [145]. In particular,
Treg are capable of killing effector cells using granzymes or perforins and orchestrate the
quiescence of memory T cells by inhibiting effector programs via checkpoint molecules
such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) [130,146]. Furthermore,
Treg hamper anti-tumor immunity via the interaction of CTLA-4 with the co-stimulatory
receptors CD80 and CD86, which are expressed by APC-like DC, resulting in the inhibition
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of their T cell stimulatory capacity [130,147]. In the course of this interaction, it has been
found that Treg might enhance immunosuppression via the upregulation of IDO and Arg-1
on APC, which impaired the induction of Teff and in turn also inhibited mTOR signaling
in Treg [148,149].

Recent reports indicate that the interaction of Treg with MDSC might further contribute
to the immunosuppressive activity and potential of Treg, forming a positive feedback
loop that facilitates the enforcement of their suppressive activity [130], as described in
the following.

6. Functional Crosstalk between MDSC and Treg

The interactions of MDSC and Treg in different cancer models have been proposed to
play a critical role in shaping the TME (Table 2) [21]. Although a strong influx of MDSC and
Treg has been described for many different tumor entities, there is only little evidence yet
for a direct mechanistic link between these major immunoregulatory cell populations. Here,
different modes of interactions have been proposed, namely those conferred by soluble
mediators, metabolic cooperations, or cell–cell contacts (Figure 3) [21]. Furthermore, it has
been suggested that MDSC promote both the conversion of naïve CD4+ T cells toward
iTreg and the expansion of nTreg [150–152].

Table 2. A selection of important mediators in the functional crosstalk between MDSC and Treg.

Receptors/Soluble
Mediators

Cell Type Species
Disease Model,
Immune State

Observations Reference

TGF-β Treg and MDSC mouse Murine colitis

� Treg-derived TGF-β enhanced Arg-1, PD-L1, and
iNOS expression on MDSC, thus promoting their
immunosuppressive properties

� MDSC themselves showed a stronger induction of
Treg after TGF-β stimulation

[153]

PD-1/
PD-L1,
IL-10

Treg, MDSC and
CD4+ T cells mouse Ret-melanoma

� Depletion of Treg downregulated PD-L1 expression
on MDSC and inhibited IL-10 production

� Diminished PD-L1 expression on MDSC led to a
reduced inhibition of CD4+ T cells

� iNOS expression was not affected by Treg depletion

[154]

IL-10,
TGF-β MDSC and Treg mouse Metastatic colon cancer

� MDSC mediated Treg induction via IL-10
and TGF-β

� Treg induction was independent of NO-mediated
immunosuppression by MDSC

[151]

Cell-cell contacts
(receptors not

specified)
MDSC and Treg mouse Pancreatic ductal

Adeno-Carcinoma

� Physical interactions between MDSC and Treg
(video-microscopic analysis)

� +MDSC mediated Treg induction and
immunosuppression via cell–cell contacts
(transwell system)

[21]

CD40/CD40L MDSC and Treg mouse B16-OVA Melanoma

� CD40-deficient MDSC failed to induce Treg (after
adoptive transfer)

� anti-CD40 antibody treatment promoted the
differentiation of MDSC toward DC
and macrophages

[155]

CD80/CTLA-4 MDSC and Treg mouse Ovarian carcinoma

� MDSC enhanced the immunosuppressive properties
of Treg via the engagement of CTLA-4 with CD80

� CD80 depletion led to a significant reduction in
tumor growth

[156]

Mac-1 MDSC and T cells human Acute systemic
inflammation

� Mac-1 and ROS production were required for the
inhibition of T cell function by a suppressive subset
of human PMN

[157]
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Figure 3. Crosstalk of MDSC and Treg. MDSC and Treg interactions are enhanced by soluble mediators, a close metabolic
cooperation, and cell–cell interactions. Particularly, MDSC-derived IL-10 and TGF-β promote Treg induction, proliferation,
and activation. The secretion of TGF-β and IL-10 by Treg enhances the generation of these cytokines in MDSC, establishing
a positive feedback loop. IL-10 and TGF-β promote the expression of immunosuppressive receptors (e.g., PD-L1) and
enzymes (e.g., Arg-1, iNOS, and CD73) on MDSC. Autocrine IL-35 secretion by Treg, which is promoted via the PD-L1-PD-1
pathway, contributes to enhanced IL-10 secretion. The cooperative generation of adenosine (ADO) via the CD39/73 axis
and the IDO-mediated accumulation of kynurenines (Kynu) further serve as important mechanisms of the bidirectional
crosstalk. First, ADO prevents the maturation of MDSC via A2B-receptor (A2BR) stimulation. A2A-receptor (A2AR)
stimulation augments the proliferation and immunosuppressive potential of Treg. Indoleamine-2,3-dioxygenase (IDO)-
mediated depletion of tryptophan (Trp) and the Kynu accumulation in the TME add up to the induction of Treg and
the recruitment of MDSC to the tumor site. Checkpoint molecules contribute to the crosstalk between MDSC and Treg
via PD-L1/PD-1, CD80/CTLA-4, MHC-II/LAG-3, V domain-containing immunoglobulin suppressor of T-cell activation
(VISTA)-Ligand/VISTA, Gal-9/TIM-3 (not shown), or CD155/TIGIT (not shown) interaction, promoting the suppressive
activities of MDSC and Treg. Notably, CD80 expression is upregulated after direct MDSC–Treg interaction. In addition,
CD40–CD40L interaction is involved in MDSC-mediated immunosuppression and Treg expansion at the tumor site. Lastly,
the interaction of CD11b/CD18 on MDSC with intercellular adhesion molecule (ICAM)-1 expressed by Treg might enhance
MDSC-derived ROS generation. Here, it seems plausible that the engagement of other β2 integrins might also be involved
in the crosstalk between MDSC and Treg, e.g., lymphocyte function-associated antigen-1 (LFA-1) on Treg with ICAM-1 on
MDSC. The inflammatory and hypoxic TME further enhances MDSC/Treg interaction via mediators, such as IL-1β, IL-6,
IL-10, IFN-γ, GM-CSF, or VEGF, which enhance the secretion of IL-10 and TGF-β or promote STAT-3 signaling, contributing
to the upregulation of cell surface molecules (e.g., PD-L1, CD80, Mac-1) and enzymes (CD39, Nox-2 or Arg-1) involved in
the bidirectional positive feedback loops.

6.1. Functional Interactions Based on Soluble Mediators

Soluble mediators in the TME are considered vital for orchestrating the regulatory
tumor immune network. It has been shown as early as 2005 that MDSC promote Treg
proliferation in vivo in a TGF-β-dependent manner [158]. Subsequent reports further
revealed that IFN-γ and IL-10 are required for the production of both TGF-β and IL-
10 by MDSC in tumor-bearing mice [125,151,159]. Additionally, it has been found that
IFN-γ and IL-10 upregulated ligands for several co-stimulatory molecules on MDSC
(e.g., CD86 and PD-L1). In concert with the aforementioned molecules, the production of
soluble mediators (IL-10 and TGF-β) may provide signals for the induction of Treg [151].
Therefore, the authors concluded that MDSC mediate Treg development and subsequent
immunosuppression within the TME through a combination of pathways dependent on
TGF-β and/or IL-10, which may also involve cell–cell contacts. In the same study, the
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authors observed that Treg induction and other immunosuppressive mechanisms exerted
by MDSC (e.g., NO production) are independent pathways, since iNOS-deficient MDSC
lost their suppressive activity but not the ability to induce Treg.

Conversely, Lee and coworkers observed in a murine model of colitis that Treg me-
diated MDSC proliferation and potentiated their immunosuppressive function via the
secretion of TGF-β. This interaction established a positive feedback loop, which mutu-
ally enhanced the immunosuppressive capacities of both immune cell populations [153].
More specifically, the authors found that an impaired TGF-β secretion by Treg led to a
reduced expression of Arg-1, PD-L1, and iNOS in M-MDSC, resulting in a diminished
suppressive activity and a reduced ability of MDSC to induce Treg. Additionally, they
documented a significantly stronger G-MDSC accumulation in mice with functionally
impaired Treg, suggesting that Treg are important for maintaining normal proportions of
MDSC subsets [153].

In another report, IL-35, a heterodimer of EBV-induced gene 3 (EBI3) and of IL-12p35,
has been identified as an inhibitory cytokine generated by nTreg, which promoted IL-10
secretion and CD39 expression by iTreg, and NO production in MDSC [160,161]. In turn,
IL-10 augmented PD-L1 expression by MDSC, thereby enhancing their immunosuppressive
capacity. Notably, the combination signals transduced by PD-L1 and CD169 on MDSC
were found to be essential for an induction of IL-35-producing nTreg [162]. Thus, it was
suggested that IL-35 generation might establish another positive feedback loop between
MDSC and Treg, contributing to the suppressive capacities of Treg [160].

Umansky et al. further found that CCL-5-secretion by M-MDSC resulted in a direct
CCR5-dependent recruitment of Treg, indicating that chemokines also add up to MDSC–
Treg interaction in the TME [163].

6.2. Metabolic Crosstalk between MDSC and Treg

The TME is predominantly characterized by hypoxia, ADO accumulation, a decreased
pH, and low tryptophan levels [49]. ADO is derived from ATP being released by apoptotic
cancer cells and subsequently degraded in the TME by the CD39/CD73 ectonucleotidase
axis [164]. MDSC and Treg have been found to express high levels of CD39 and CD73,
thereby contributing to the accumulation of ADO [141,164,165]. ADO serves as a potent
immunosuppressive molecule, inhibiting effector immune cell populations via different
adenosine receptors (A1, A2A, A2B, and A3). Next to its immunosuppressive role for effec-
tor immune cells, it has been observed that ADO might also augment the proliferation and
immunosuppressive properties of Treg via A2AR. Of note, it has been reported that TGF-β
can even further induce the expression of CD39 and CD73 on MDSC, promoting ADO accu-
mulation in the TME [95]. In accordance with these observations, ADO production serves
as an additional mechanism promoting MDSC-mediated immunosuppression, since ADO
augmented the accumulation of MDSC within tumor lesions and their immunosuppressive
activity [165,166]. Here, in vitro experiments have shown that A2B receptor stimulation of
bone marrow hematopoietic cells prevents the differentiation of these progenitor cells into
mature myeloid cells [165]. In agreement, the blockade of A2B receptor with a selective
antagonist reduced the number of tumor-infiltrating MDSC and improved T cell-mediated
immune surveillance in a melanoma model [95]. Hence, these reports suggest that the
cooperative ATP degradation by MDSC and Treg might promote the positive feedback
loop between these two immunosuppressive cell populations.

Next to the pivotal role of ADO, tumor hypoxia might further augment ADO-driven
effects on MDSC accumulation and Treg-suppressive activity [49]. In particular, it has been
found that an upregulation of CD73 on both tumor-infiltrating MDSC and Treg could be
induced by hypoxia-inducible factor (HIF)-1α [49]. Moreover, the upregulation of HIF-1α
by myeloid cells within the TME has been shown to induce the expression of the A2B
receptor, causing a differentiation arrest of myeloid cells, subsequently promoting the
accumulation of MDSC [167]. HIF-1α also enhanced the expression of PD-L1, thereby
promoting the suppressive capacities of MDSC and their interaction with Treg [168]. Taken
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together, hypoxic conditions, which are characteristic for the TME, induced the accumu-
lation of MDSC and Treg at the tumor site, stimulated Treg induction, and produced the
capacities of both cell types to effectively inhibit the anti-tumor responses by reinforcing
their functional crosstalk [169].

COX-2 mediated PGE2 generation has been suggested as another enhancer of Treg
and MDSC immunosuppressive properties. On the one hand, autocrine PGE2 secretion by
MDSC resulted in an enhanced IL-10 secretion and IDO expression in MDSC [98]. On the
other hand, PGE2 is known to enhance FoxP3 expression in Treg and thus promotes their
inhibitory activity [170].

Lastly, it has been found that M-MDSC express high levels of IDO in chronic lymphocytic
leukemia (CLL). IDO is known to catabolize the rate-limiting step of the kynurenine pathway,
which resulted in lower tryptophan levels and the accumulation of kynurenines within the
TME [171]. Both the depletion of L-tryptophan and the accumulation of kynurenines sup-
pressed T cell activation and induced Treg in vitro [93,172]. IDO-overexpressing tumors were
further shown to exhibit a more aggressive growth as well as enhanced Treg and MDSC
accumulation [173]. These findings are indicative of a link between IDO, Treg, and MDSC.
Indeed, the depletion of Treg in mice bearing IDO-producing tumors significantly reduced
the number of tumor-infiltrating MDSC and prevented their migration as assessed in vitro.
Hence, IDO-induced Treg may play an important role in the recruitment and activation of
MDSC [173].

6.3. Cell–Cell-Dependent Crosstalk between MDSC and Treg

In addition to soluble mediators mediating MDSC–Treg crosstalk, the interactions of
MDSC and Treg have also been proposed to be regulated by direct cell–cell contacts. More
recently, Siret and coworkers found that the accumulation of both immunosuppressive
cell populations in a pancreatic ductal adenocarcinoma model (PDAC) was associated
with a strong expression of CD40, PD-L1, and CD124 by MDSC, whereas Treg expressed
CTLA-4, CD103, CCR5, and TGF-β-receptor at high levels [21]. Here, the depletion of
MDSC led to a significant reduction of intratumoral Treg, thus confirming, that MDSC have
the ability to promote the de novo generation and recruitment of Treg [21,152]. Notably, in
the same study, videomicroscopic analyses demonstrated a physical interaction of both
cell populations. When using a transwell system to separate CD4+ T-cells and MDSC,
no induction of Treg was observed, suggesting that the MDSC-mediated induction of Treg
indeed required cell–cell interactions [21]. However, the authors could not identify cell
surface receptors mediating this interaction [173].

By contrast, Fujimura and coworkers observed an upregulation of PD-L1 on tumor-
infiltrating MDSC in a ret-melanoma model and thus proposed that PD-L1/PD-1 interaction
might contribute to the immunosuppressive activities of Treg and the inhibition of T cell
proliferation [22]. In particular, the authors could show that the depletion of Treg led
to the downregulation of the inhibitory receptors PD-L1, CD276, and B7-H4 on MDSC.
These findings suggest that the presence of Treg promoted the acquisition of a more
immunosuppressive MDSC phenotype characterized by elevated PD-L1 levels, augmented
IL-10, and reduced IFN-γ secretion, contributing to tumor growth [154]. However, iNOS
expression by MDSC has not been found to be modified by the presence of Treg.

Vice versa, it has been observed that MDSC enhanced the immunosuppressive proper-
ties of Treg in a mouse ovarian cancer model through the interaction of CTLA-4 with CD80
on MDSC [156]. Here, the authors observed an upregulation of CD80-expression by MDSC
after direct interaction with Treg. Notably, tumor growth has been retarded upon CD80
knockout or antibody-mediated blockade of either CD80 or CTLA-4 [156]. The importance
of checkpoint receptors for MDSC–Treg interaction has been further documented in nu-
merous studies analyzing the role of VISTA, TIM-3, TIGIT, and the lymphocyte-activation
gene 3 (LAG-3) as negative regulators of T cell function (Figure 3).

For example, Xu and coworkers suggested that VISTA, which is known to either
engage in homotypic interactions or with Selectin P ligand (PSGL-1) as expressed by
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MDSC [114], might mediate the crosstalk between MDSC and Treg, thus enhancing their
immunosuppressive capacity [174]. More interestingly, the antibody-mediated blockade of
VISTA impaired the induction and suppressive function of Treg and reduced the overall
number of MDSC [116,175]. LAG-3 (CD223) is known as a co-inhibitory regulator of T
cells, Treg, and DC, which is induced upon activation and allows for high-affinity binding
to MHCII on myeloid APC [176]. The interaction of LAG-3 with MHCII subsequently
prohibits the binding of the same MHC molecule to the TCR and thus suppresses T cell ac-
tivation and cytokine secretion, thereby ensuring homeostasis [177]. In this regard, Pinton
and coworkers found that MDSC confer immunosuppression upon MHCII/LAG-3 interac-
tion [178], whereas the blockade of LAG-3 increased the number of Teff [179]. Interestingly,
both MHCII expression on MDSC and LAG-3 expression on T cells have been found to be
upregulated upon MDSC-T cell interaction [180]. As LAG-3 is essential for maximal Treg
suppressive function, including the secretion of the immunosuppressive cytokines IL-10
and TGF-ß [181], the induction of Treg [182], and their differentiation toward a regulatory
phenotype [183], it is conceivable that LAG-3/MHCII interaction between Treg and MDSC
could mutually enhance their immunosuppressive activity. Notably, a strong cooperative
effect between LAG-3, PD-1, and CTLA-4 has been elucidated in recent reports, highlight-
ing the relevance of the interplay between these checkpoint molecules in the regulation of
tumor immunity [184,185].

TIM-3, another important checkpoint molecule regulating T cell homeostasis, has
also been found to be critically involved in MDSC–Treg interaction. In particular, it has
been documented that TIM-3+ Treg conferred stronger immunosuppressive capacities
via increased IL-10 production and the inhibition of CTL as compared to their TIM-3−-
counterparts [186,187]. Moreover, Dardalhon et al. suggested that the interaction of
MDSC-expressed Gal-9 and TIM-3 on Treg might drive MDSC expansion and suppressive
activity [120], whereas a blockade of TIM-3 restored anti-tumor immunity by decreas-
ing Treg numbers, their inhibitory capacity, and MDSC-mediated T cell inhibition [188].
More recently, Wu and coworkers reported that the interaction of TIGIT and CD155 on
MDSC might equally be involved in Treg–MDSC crosstalk [121,189], as it added up to the
immunoregulatory functions of Treg [190] and MDSC [122].

Next to Treg/MDSC interaction based on the checkpoint molecules and their ligands,
it has been reported that the interaction of CD40 on MDSC with CD40L expressed by T cells
is required to induce T cell tolerance and Treg accumulation [155]. Namely, the authors
observed that CD40-deficient MDSC adoptively transferred to melanoma-burdened mice
failed to induce Treg in vivo, suggesting that the CD40/CD40L axis might be crucial for
MDSC-mediated inhibition of Teff as well as the expansion of Treg [155]. In accordance
with previous reports, the authors specifically identified M-MDSC to activate Treg via the
CD40/CD40L axis, whereas G-MDSC failed to do so [155]. Interestingly, the antibody-
mediated blockade of CD40 could reverse MDSC-mediated immunosuppression and
promote the differentiation of MDSC into DC and macrophages [155]. Although the results
may be contradictory at first glance, because CD40 is commonly known to induce adaptive
immunity [191], the observations could reveal a crucial mechanism mediating MDSC
immunosuppression. Moreover, it has been reported that a combination treatment of IL-2
and agonistic CD40 antibodies elicited synergistic anti-tumor immune responses coincident
with the depletion of both Treg and MDSC in primary renal cell carcinomas [192]. This effect
has been attributed in part to Fas–FasL mediated apoptosis [104], which is implicated in
the regulation of both MDSC and Treg turnover. As for the strong interconnection of MDSC
and Treg in the mutual regulation of apoptosis, it is conceivable that FasL–Fas interaction
might further be involved in MDSC–Treg interaction, although the exact character of this
interaction yet remains undefined.

Altogether, these findings confirm a tight crosstalk between tumor-infiltrating MDSC
and Treg, especially within the TME, which is mediated by soluble mediators, metabolic
pathways (such as ADO, IDO, and hypoxia) and cell–cell interactions. The aforementioned
studies could demonstrate that the blockade of either cell surface receptor may not only
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reverse the immunosuppressive activity of the targeted cell population but more impor-
tantly might even weaken immunosuppression conferred by the interacting cell population.
Thus, the targeting of key molecules involved in the establishment of the positive feedback
loop might similarly reveal this potentiating character.

7. The Role of β2 Integrins for the Immune Regulatory Tumor Network and
Tumor Progression

Due to their crucial functions in leukocyte biology, it has been reasoned that β2
integrins might be involved in the immune–cell crosstalk within the immunosuppres-
sive regulatory network. β2 integrins are heterodimeric surface receptors composed of a
variable α-(CD11a-CD11d), which determines ligand specificity, and a common abun-
dantly expressed β-subunit (CD18) [193–195]. So far, β2 integrins are classified into
four different heterodimeric receptors, namely lymphocyte function-associated antigen-1
(LFA-1; CD11a/CD18 engagement), macrophage-1-antigen (Mac-1, also termed comple-
ment receptor type 3 (CR-3); CD11b/CD18), CR-4 (CD11c/CD18), and the heterodimer of
CD11d/CD18.

7.1. β2 Integrins Are Critical for Leukocyte Functions

Being specifically expressed by leukocytes, β2 integrins confer essential functions
in mediating adhesion to other cells (LFA-1) and components of the extracellular matrix
(ECM), orchestrate the uptake of extracellular material (Mac-1/CR-3) such as complement-
opsonized pathogens, and modulate cell signaling (CR-4) [193]. Moreover, β2 integrins are
critically involved in the differentiation of immune cells [196], the migration into inflam-
matory tissues [197], as well as the extent and character of immune responses. β2 integrins
interact with various surface receptors, e.g., intercellular adhesion molecules (ICAM1-
5), vascular cell adhesion protein (VCAM)-1, platelet endothelial cell adhesion molecule
(PECAM-1), receptor for advanced glycation end products (RAGE), and CD40L [198,199].
In particular, β2 integrins are considered critical components for the formation of the
immunological synapse between APC and T cells and the intercellular communication
of immune cells in general [193,200]. Here, observations indicated that the interaction
between LFA-1 on DC and T cell expressed ICAM-1 lowered the threshold required for
T cell stimulation [201]. Thus, β2 integrin deficiency resulted in elevated thresholds for
TCR activation and subsequently promoted tolerance in vitro and in vivo [202].

7.2. β2 Integrins and Treg

However, β2 integrins also regulate the polarization of CD4+ T cells: Singh and
coworkers found that CD11a−/− and thereby LFA-1-deficient mice presented with de-
creased frequencies of CD4+CD25+ Treg, even when stimulated under Treg-promoting
conditions, but T cells rather differentiated toward Th17-cells. Further, T cells resembling
nTreg according to their phenotype, derived from CD11a−/− mice, conferred a diminished
suppressive activity on stimulated naïve T cells [203,204]. Next to CD11a, CD11b might be
involved in the regulation of the Treg/Th 17 balance as well [205]. These observations sug-
gest an important role of β2 integrins in Treg differentiation and function [204]. Here, Wang
and coworkers demonstrated that the TGF-ß secretion of Treg required the expression of
CD18 [206] and that LFA-1 is essential for an effective inhibition of T cell proliferation [207].
In accordance with these findings, the importance of LFA-1, expressed on T cells, for the
induction of tolerance and the suppression of inflammation has been documented in vari-
ous autoimmune diseases, such as experimental autoimmune encephalitis (EAE) [208,209],
systemic sclerosis [210,211], rheumatoid arthritis, psoriasis [193,212], or systemic lupus
erythematosus [213,214]. Notably, in most of these diseases, expression levels of CD11a on
T cells inversely correlated with the severity of the disease [213,215,216]. In order to exert
immunosuppressive functions, Treg express high levels of ICAM-1, P-Selectin, and the
integrin a4b1 (very late antigen-4; VLA-4) allowing the quick migration to the site of in-
flammation [217]. Here, β2 integrins may control the homing and migration of Treg during
inflammatory conditions, whereas the absence of β2 integrins impairs Treg infiltration
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into inflamed tissues [218,219]. Given the essential role of β2 integrins in conferring the
suppression of effector cell functions in these pathophysiological models, it is plausible
that integrins might also contribute to the inhibition of anti-tumor immune responses [220].
Indeed, in the context of tumor immunity, it has been shown that tumor-infiltrating Treg
expressed significantly higher levels of Integrin αE (CD103) than peripheral Tregs and that
CD103+ Treg displayed a more suppressive phenotype [221]. In accordance with these find-
ings, it has been noted that patients suffering from leukocyte adhesion deficiency-1 (LAD1),
a hereditary disease characterized by a mutation-dependent loss of CD18 expression—
suffered from reoccurring severe infections (attributed to a loss of PMN functions) and
renal or intestinal autoimmune disease [222].

7.3. β2 Integrins in (Immunomodulatory) Myeloid Cells

The inability of the immune system of LAD1 patients to control infectious diseases
mainly results from the functional defects of PMN, monocytes, and macrophages, which
constitute the first line of cellular innate immunity [223]. Here, previous studies revealed
that CD11b−/− mice were characterized by a strong lung infiltration of PMN in a model
of polymicrobial sepsis [224]. However, these mice showed higher bacterial counts and
a stronger systemic inflammation, which is indicative of the attenuated killing activity
of CD11b-deficient leukocytes [224]. In particular, it has been found that PMN showed
a strong functional impairment to kill pathogens in various infection models, such as
pulmonary infections with S. pneumoniae [225] and Aspergillus fumigatus [226], whereas
the recruitment and migration into infected lungs was not affected. Moreover, observa-
tions from LAD-1 patients suggested that PMN functionality might equally require an
integrin-dependent cell–cell contact with other immune cells. Here, it has been found
that PMN from LAD-1 patients have indeed not been able to suppress the proliferation of
T cells, whereas CD18-expressing PMN could effectively suppress T cell proliferation, while
ROS production and degranulation were intact in both PMN populations. Accordingly,
the blockade of ICAM-1 reduced T cell suppression by approximately 50%, suggesting that
additional molecules might be involved in Mac-1/ICAM interaction [227].

In contrast to the well-established role of β2 integrins on myeloid cell types for T cell
interaction and infection control, the role of β2 integrins for MDSC is still rather elusive
and has mostly been investigated in the context of tumor development. Observations
in various cancer entities have found that the infiltration of CD11b+ myeloid cells sup-
ports tumor progression and is thus correlated with tumor size, lymph node metastasis,
and poor prognosis, which has largely been attributed to the immunosuppressive function
of TAM and MDSC [228]. Accordingly, Zhang and coworkers reported that CD11b−/−
mice showed a reduced infiltration of myeloid cells in intestinal adenoma and an attenu-
ated tumor growth [229]. Other observations revealed that a systemic application of CD11b
blocking antibodies after radiation increased anti-tumor immune responses, which has
been explained by a reduced myeloid cell migration to the tumor site and an attenuated
support of tumor neovascularization [230]. With regard to the role of β2-integrins for tu-
mor neovascularization, Soloviev and coworkers found that CD11b−/− mice displayed an
impaired infiltration of myeloid cells in the tumor tissue, subsequently resulting in an atten-
uated VEGF secretion and thus attenuated neovascularization [231,232]. This observation
is in line with the finding that MDSC produce pro-angiogenic factors and proteases that
endorse angiogenesis and metastases of tumors [164] and that β2 integrins are particularly
upregulated on MDSC in hypoxic tissues [233].

However, the role of (β2) integrins in regulating the migration of MDSC and the release
of their progenitors from the BM is less clear: It has been found that CD11b deficiency
impaired MDSC recruitment to intestinal tumors [229]. Moreover, myeloid progenitor
cells in the BM express β2 integrins and the integrin VLA-4 [234]. b2 integrins have been
found to be involved in the mobilization of myeloid progenitor cells from the BM to the
blood and might confer synergistic effects with VLA-4 [235], enabling the release and
trafficking of those myeloid progenitors into the vascular microenvironment [236–238].
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In particular, it has been reported that VLA-4 promotes the homing of CD34+ progenitor
cells to sites of active tumor neovascularization. Conversely, blocking of VLA-4 impaired
the adhesion of myeloid progenitor cells to the tumor endothelia, the infiltration into the
tumor, and resulted in a reduced blood vessel density [238,239]. Notably, β2 integrins have
been suggested to mediate the IL-8-induced mobilization of myeloid progenitor cells [237],
which is indicative for the involvement of MDSC. On the other hand, VLA-4 deficient mice
show a strong increase in circulating progenitor cells, suggesting an early release from the
BM and the inability of progenitors to infiltrate into tissues [240]. Moreover, Schmid et al.
reported that CD11b does not affect myeloid cell recruitment to tumors but rather regulates
macrophage polarization [241].

Despite conflicting reports about the exact role of β2 integrins for myeloid cell release
from the BM and their ability to migrate or infiltrate into tumor tissue, CD11b has been
demonstrated to determine a wide range of MDSC-suppressive functions other than
affecting cell recruitment. Hence, it is possible that a cell-specific blockade of β2 integrins
might yet show unrecognized effects on tumor immunity [220].

Similar to MDSC, there are divergent reports on the role of β2 integrins for TAM.
First, it has been shown that the ligation of β2 integrins in macrophages might impair
type I interferon receptor activation, TLR signaling, and induced IL-10 expression, thus en-
hancing their immunosuppressive capacities [242]. Additionally, the VLA-4 has been
reported to be essentially involved in the polarization of macrophages toward an immune-
suppressive phenotype via the induction of IL-10, TGF-ß, and Arg-1 [243]. Thus, tumor
growth was significantly impaired in mice lacking VLA-4 [243]. In contrast, Schmid et al.
demonstrated that a pharmacological activation of CD11b promoted the pro-inflammatory
macrophage polarization, which in turn impaired tumor growth in murine and human
cancer models [241].

7.4. Role of β2 Integrins for MDSC/T Cell Interaction

Yet, the role of β2 integrins and their ligands for the interaction of MDSC with other im-
mune cells within the tumor micro- and macroenvironment is not well defined to date [193].
In this respect, it has been found that MDSC interact with CTL via the β2 integrin Mac-
1 and the integrin β1 (CD29) [24]. The antibody-mediated blockade of either integrin
abrogated ROS production by MDSC and diminished MDSC-mediated suppression of
CTL [101], suggesting that (β2) integrins might be involved in MDSC/T cell interaction.
In accordance with this study, a previous report noted that MDSC were unable to sup-
press T cell-proliferation in the absence of physical contact [227]. Furthermore, it has been
observed that the antibody-mediated blockade of CD11b prevented MDSC suppressive
activity [227]. Similarly, it has been noted that CD18 expression is involved in Treg sup-
pressive function. Here, Wang and coworkers showed that a reduced expression of β2
integrins disrupts the interaction between Treg and DC, which impaired Treg proliferation
and TGF-ß production [206].

The trafficking of MDSC and Treg to the tumor site is mediated via VLA-4 and β2
integrins [217,238]. Thus, Foubert and coworkers found that tumors derived from VLA-
4-deficient mice had reduced frequencies of MDSC but increased numbers of CD8+ T
cells and DC [243]. The induction of β2 integrins and their ligands (e.g., ICAM-1) can
be enhanced via the ligation of PSGL-1 [193], which is expressed on both MDSC and
Treg [244]. Consequently, PSGL-1 might enhance the migration of either cell type into
inflamed tissues [245] and also promote immunosuppressive properties via the ligation of
VISTA (see Section 4). Notably, both LFA-1 and Mac-1 have been implicated in Treg [207]
and MDSC induction [246] and survival.

Moreover, β2 integrins play a pivotal role in the communication of tumor cells and
myeloid cells (e.g., MDSC, TAM, and PMN) within the TME [247], which induce tolerance
and thus support tumor growth and progression. Although recent reports have focused
on other immune cell interactions mediated by β2 integrins, such as the establishment
of the immunological synapse between APC and T cells [248], it seems plausible that β2
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integrins might also be involved in the crosstalk between MDSC and Treg. However, a more
profound understanding of the role of β2 integrins in the TME, especially with regard to
their potential function in regulatory immune cells, is still required. As b2 integrins might
mediate multiple possible interactions between different immune cells, a cell-type-specific
assessment of the role of the different β2 integrins in orchestrating the tumor immune
network is required. This might reveal a more specific insight into their pathophysiological
role and enable the development of new therapeutic strategies aiming at a cell-type-specific
inhibition of the involved molecules.

8. Inhibition of the Immune Regulatory Network for Tumor Therapy

The emergence of ICI in cancer immunotherapy has been a remarkable breakthrough
in cancer treatment. In particular, immune checkpoint inhibitors targeting PD-1, PD-L1,
or CTLA-4 have been found to restore anti-tumor immune responses in some cancer entities,
thus leading to profound therapeutic improvements in patients with advanced cancer
diseases. This has been attributed in large parts to the blockade of immune checkpoints
either on tumor cells (PD-L1) and Teff (PD-1, CTLA-4).

To date, ICI has been approved for the treatment of several advanced malignan-
cies, including malignant melanoma, Merkel cell carcinoma, non-small cell lung cancer,
and head–neck cancer [249]. However, a number of patients do not derive benefit from
ICI treatment. This discrepancy in the patients’ responses toward ICI is partly explained
by immune-suppressive effects, which are elicited by the diverse character of the immune
milieu that exists within the TME, since patients with immunologically anergic tumors
are likely to be non-responsive to ICI therapy [250]. Most notably, recent reports suggest
that MDSC-mediated immunosuppression substantially contributes to tumor immune
evasion [28,251].

Although the identity of MDSC is still a subject of controversial discussion, it is
well recognized that these immature myeloid cells play a pivotal role in the inhibition
of an efficient anti-tumor immune response, the polarization and recruitment of other
immunosuppressive cell populations, and thus the regulation of the immunosuppressive
tumor network. Despite the common expression of checkpoint molecules such as PD-L1
on MDSC or CTLA-4 on Treg, it has been observed that anti-PD-L1 and anti-CTLA-4
treatments could only restore an efficient anti-tumor immune response in about 10% of
metastatic tumor cases entirely, thus leading to a clinical complete response [252–256].
Hence, it has been speculated that the various immunosuppressive mechanisms exerted by
MDSC might rather be addressed in a combinational approach and in a more specific way
in order to contribute to a realignment of the immune regulatory network.

Therefore, recent strategies aimed to specifically target MDSC, hence improving the
therapeutic efficiency of ICI and restoring anti-tumor immunity in cancer patients. So far,
four different approaches have been proposed to directly target MDSC in a combination
therapy with ICI, namely (i) a reduction of MDSC frequency by low-dose chemotherapy
(paclitaxel, cisplatin, or 5-fluorouracil) or the tyrosine kinase and STAT-3 inhibitor Sunitinib,
(ii) the blockade of MDSC recruitment via CCR5 and CXCR2 antagonists, and CSF-1R
inhibition, (iii) the inhibition of immunosuppression conferred by MDSC via COX-2 in-
hibitors, phosphodiesterase-5 inhibitors, or A2AR inhibitors and (iv) the promotion of
MDSC differentiation to mature antigen-presenting (non-suppressive) macrophages and
DC using all-trans retinoic acid (ATRA) [249,250].

It has been reported in various preclinical tumor models that the targeting of MDSC
potentiated the effect of ICI and led to a significantly increased survival [249,250]. Notably,
monotherapy with ICI or an adjuvant MDSC-targeting drug was not as efficient as a
combination of both approaches, emphasizing the synergistic effects of a combination
therapy. In particular, the co-application of the histone deacetylase inhibitor entinostat
with anti-PD-1 and anti-CLTA-4 checkpoint inhibitors resulted in an inhibition of MDSC
activity, an improved infiltration and effector function of CTL, and a strong regression of the
tumor in various cancer models [257–259]. Similarly, in a murine pancreatic cancer model,
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targeting CXCR2 in combination with anti-PD1 treatment revealed that the inhibition of
MDSC trafficking into the tumor could equally restore intra-tumoral T cell infiltration and
improve ICI efficacy in terms of overall survival [260]. Additional immunotherapeutic
agents, including drugs that target either checkpoint molecules, such as TIM-3 [261], LAG-
3 [176], or VISTA [262] or immune-metabolic checkpoints such as adenosine (A2A-receptor
antagonist, CD73 or CD39 inhibitors) and IDO, yielded promising results in preclinical
tumor models [263–265] and are currently evaluated in conjunction with anti-PD-1/L1
treatments [254].

9. Conclusions and Outlook

In this review, we have outlined that the level of MDSC-mediated immunosuppression
might not only be determined by the quantitative amount of MDSC infiltration into the
tumor and the extent of their immunosuppressive activity, but it might equally involve the
quality of their functional crosstalk with other immunosuppressive cells within the TME.
This assumption is in accordance with previous reports suggesting that MDSC-mediated
immunosuppression needs to be re-evaluated in the context of the functionally closely
interconnected network of immune cells within the TME. In particular, a growing body
of evidence describes a tight crosstalk between tumor-infiltrating MDSC and Treg within
the TME, which is mediated by cell–cell interactions, soluble mediators, and metabolic
pathways. This bidirectional crosstalk enhances synergies among both cell types and
thereby amplifies the immuno-suppressive effects of the individual cell population. As
a result, MDSC and Treg in the TME are inextricably interconnected such that functions
of either population are impacted by the other one [24]. This co-dependency benefits the
tumor, but it also implies that therapies that target one population may also reduce the
immunosuppressive activity of the other cell population (i.e., the application of anti-PD-L1
or anti-CTLA-4 inhibitors in the clinical setting). Therefore, we propose that targeting of the
bidirectional crosstalk between MDSC and Treg might tip the scale toward the restoration
of an efficient anti-tumor immune response. Most notably, the targeting of cell surface
molecules involved in the direct physical interaction of both MDSC and Treg, such as the
checkpoint receptors PD-1/PD-L1, LAG-3/MHCII, VISTA/VISTA-L, TIM-3/Gal-9, and
CD80/CTLA-4, and receptor pairs, such as CD40/CD40L or Mac-1/ICAM-1, might be
promising approaches to enhance the efficacy of immunotherapy.

Moreover, it is conclusive that targeting those cell surface receptors might further be
promising, because it seems plausible that the formation of cell–cell interactions might
additionally contribute to the efficacy of receptor-independent mechanisms (e.g., paracrine
signaling), as they enable a close proximity of immune cells for a limited period of time,
thereby improving the directionality of secreted mediators, such as TGF-β, IL-10, or ADO
toward the relevant target cell. As for the strong interdependency of cells within the
myeloid cell line, it might further be suggested that targeting of the aforementioned
receptors on MDSC (e.g., PD-L1) might as well promote the polarization of TAM toward
the inflammatory M1 phenotype [49], consequently adding up to the restoration of an
effective anti-tumor immunity.

Despite the lack of specific markers that reflect either the phenotype or the functional
polarization of MDSC, the application of new multi-omics techniques might prospectively
contribute to a more profound understanding of MDSC heterogeneity, their role in tumor
progression, and enable the application of selective MDSC-targeting therapies [250]. There-
fore, strategies targeting MDSC populations in general and more particularly their crosstalk
with Treg, as part of a combination therapy to enhance ICI potency, should be considered
as another promising step in the development toward a generation of immunotherapies
with improved therapeutic response and outcome.
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Abbreviations

A2AR Adenosine A2 Receptor
ADAM17 ADAM Metallopeptidase Domain 17
ADO Extracellular adenosine
AMP Adenosine monophosphate
APC Antigen-presenting cells
Arg-1 Arginase-1
ATP Adenosine triphosphate
ATRA All-trans retinoic acid
BM Bone marrow
CAF Cancer-associated fibroblasts
cAMP Cyclical adenosine monophosphate
CCL CC-chemokine ligand
CD Cluster of differentiation
CD62L CD62 Ligand
Cdk4 Cyclin-dependent kinase 4
CLL Chronic lymphocytic leukemia
COX-2 Cyclooxygenase 2
CR Complement receptor
CTL Cytotoxic T-lymphocyte
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
CXCL C-X-C motif chemokine ligand
EBI3 EBV-induced gene 3
ECM Extracellular matrix
EP2 Receptor for prostaglandine E2
FAO Fatty acid oxidation
FoxP3 Forkhead-Box-Protein P3
Gal-9 Galectin-9
G-CSF Granulocyte-colony stimulating factor
GM-CSF Granulocyte-macrophage-colony-stimulating factor
GLUT Glucose transporter
G-MDSC Granulocytic (polymorphonuclear) MDSC
HIF-1a Hypoxia-inducible factor 1 alpha
ICAM Intercellular adhesion molecule
ICI Immune Checkpoint Inhibitors
IDO Indoleamine-2,3-dioxygenase
IFN-γ Interferon-gamma
Ig Immunoglobulin
IL Interleukin
iNOS Inducible NO-synthase
Kynu Kynurenines
LAD1 Lymphocyte adhesion deficiency type 1
LAG-3 Lymphocyte-activation gene 3
LFA-1 Leucocyte function associated molecule-1
M-CSF Macrophage colony-stimulating factor
MDSC Myeloid-derived suppressor cells
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MHC Major histocompatibility complex
M-MDSC Monocytic MDSC
MPO Myeloperoxidase
mTOR Mammalian target of rapamycin
NET Neutrophil extracellular traps
NFkB Nuclear factor kappa-light-chain-enhancer of activated B-cells
NK-cells Natural killer cells
NO Nitric oxide
Nox NADPH-oxidase
Nrf2 Nuclear factor erythroid 2-related factor 2
PD-1 Programmed death protein
PDAC Pancreatic ductal adenocarcinoma
Pdk-1 Protein-3-phophoinositid-dependant proteinkinase 1
PD-L1 Programmed death ligand protein 1
PECAM Platelet endothelial cell adhesion molecule
PEP Phosphoenolpyruvate
PGE2 Prostaglandin E2
PMN Polymorphonuclear neutrophils
PSGL-1 P-selectin glycoprotein ligand-1
RAGE Receptor for advanced glycation end products
Rb Retinoblastoma protein
ROS Reactive oxygen species
STAT Signal transducer and activator of transcription
STING Stimulator of interferon genes
TAM Tumor-associated macrophages
TAN Tumor-associated neutrophils
TCR T cell receptor complex
Teff Effector-T cells
TGF-β Transforming-growth factor beta
TIGIT T-cell Ig and ITIM domain
TIL Tumor-infiltrating lymphocytes
TIM-3 T cell immunoglobulin and mucin domain-containing protein 3
TLR Toll-like receptor
TME Tumor microenvironment
TNF-α Tumor-necrosis factor alpha
Treg Regulatory T cells
Trp L-Tryptophan
VCAM Vascular cell adhesion molecule
VEGF Vascular endothelial growth factor
VISTA V-domain Ig suppressor of T cell activation
VLA-4 Very late antigen-4 (Integrin α4β1)
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Simple Summary: Cancer becomes one of the major public health problems globally and the burden
is expected to be increasing. Currently, both the medical and research communities have attempted
an approach to nonconventional cancer therapies that can limit damage or loss of healthy tissues and
be able to fully eradicate the cancer cells. In the last few decades, cancer immunotherapy becomes an
important tactic for cancer treatment. Immunotherapy of cancer must activate the host’s anti-tumor
response by enhancing the innate immune system and the effector cell number, while, minimizing
the host’s suppressor mechanisms. However, many immunotherapies are still limited by poor
therapeutic targeting and unwanted side effects. Hence, a deeper understanding of tumor immunology
and antitumor immune responses is essential for further improvement of cancer immunotherapy.
In addition, effective delivery systems are required to deliver immunotherapeutic agents to the site of
interest (such as: to Tumor microenvironments, to Antigen-Presenting Cells, and to the other immune
systems) to enhance their efficacy by minimizing off-targeted and unwanted cytotoxicity.

Abstract: In the last few decades, cancer immunotherapy becomes an important tactic for cancer
treatment. However, some immunotherapy shows certain limitations including poor therapeutic
targeting and unwanted side effects that hinder its use in clinics. Recently, several researchers are
exploring an alternative methodology to overcome the above limitations. One of the emerging
tracks in this field area is nano-immunotherapy which has gone through rapid progress and revealed
considerable potentials to solve limitations related to immunotherapy. Targeted and stimuli-sensitive
biocompatible nanoparticles (NPs) can be synthesized to deliver immunotherapeutic agents in their
native conformations to the site of interest to enhance their antitumor activity and to enhance the
survival rate of cancer patients. In this review, we have discussed cancer immunotherapy and the
application of NPs in cancer immunotherapy, as a carrier of immunotherapeutic agents and as a
direct immunomodulator.

Keywords: cancer; cancer immunotherapy; nanoparticles; immunotherapeutic agent; immunomodulators

1. Introduction

Cancer becomes one of a killer disease and its burden is anticipated to increase worldwide due
to population growth, and lifestyles changes (such as smoking, poor diet, physical inactivity) [1,2].
According to global cancer observatory data (GLOBOCAN), 9.6 million deaths from cancer were
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estimated in 2018 [3]. The widely known conventional treatment methods for cancer include
surgery, chemotherapy, and radiotherapy [4]. Due to the increasing knowledge of molecular
and cancer biology, a notable change was observed in cancer treatment for the last few decades.
However, conventional cancer treatment has certain limitations, which urges further research
investigation. Recently, different research has been underway to improve the survival rate of cancer
patients which includes immunotherapy, stem cell transplantation, and targeted cancer therapies [5–10].

Herein, we briefly discuss the application of nanoparticles (NPs) in the cancer immunotherapy
as the carrier of immunotherapeutic agents and as the adjuvants to stimulate immune systems to
eradicate cancer.

2. Nanoparticles and Nanoparticles-Based Drug Delivery Systems

The majority of drugs delivered through a different route of injection, encounter the physiological,
biochemical, and chemical barriers [11]. Hence, it is important to know the physicochemical and
biochemical nature of the pharmaceutical agents such as solubility, permeability, and metabolic stability
which are crucial factors in the design of NPs for drug delivery systems [12]. In comparison to
conventional drug formulation, NPs-based drug delivery systems are under extensive development for
several applications including cancer treatment due to their unique physical, chemical, and structural
properties. In the last few decades, the term nanomedicine is popularized to describe the application
of nanotechnology, by exploiting the unique properties of nano-scale materials, in medicine for the
diagnosis and treatment of disease.

Tumor blood vessels possess special characteristics in comparison to the normal blood vessels such
as uncontrolled angiogenesis, aberrant vascular architecture, hypervascular permeability, and impaired
lymphatic clearance from the interstitial space of tumor tissues (i.e., enhanced permeability and
retention (EPR) effect) [13,14]. EPR effect is a crucial point in the drug delivery systems [15,16].
Several kinds of the literature showed that NPs with the diameter 10–100 nm in the bloodstream are
too large to escape the vasculature and enter normal tissues or to be cleared by the kidneys, while NPs
can easily escape and accumulate in the tumor tissues due to dysfunctional vasculature and defective
lymphatics clearance [17].

The efficacy of nanoformulated pharmaceutical agents also determined based on NPs
characteristics such as sizes, shapes, and surface charge [18,19]. As mentioned above, NPs with
a diameter range of 10 to 100 nm are the best candidates for cancer therapy, as they can effectively
deliver their cargo and achieve EPR effect, while NPs with smaller (<10 nm) and larger particle
size (>200 nm) can be easily filtered by kidneys and phagocytosed by reticuloendothelial systems,
respectively [20]. However, failures of NPs-based chemotherapy in clinical trials have raised some
questions about the clinical relevance of the EPR effect and much more research investigation is
required to understand the tumor microenvironment (TME). In addition, ligand-modified NPs are
widely explored for the active tumor targeting that can enhance bioavailability and selective tumor
accumulation which in turn enhance the therapeutic efficacy while reducing normal cytotoxicity.

Moreover, shape and surface charge are crucial in cellular uptake and bio-distribution of NPs.
For example, unlike spherical NPs which vulnerable to protein adsorption, non-spherical NPs show
less protein adsorption and prevent non-specific cellular phagocytosis which extends their stability and
half-life in circulation [21]. Another important parameter is the surface charge of NPs which has a great
effect on cellular uptake and in the induction of immune response. For example, cationic NPs show
good transfection effects, and have a lysosomal escape tendency which helps to release cargo in the
cytoplasm or other subcellular organelles [22]. However, due to their cationic nature, they adsorb more
negatively charged serum proteins which hinders their bioavailability [23,24]. As the result, NPs are
coated with hydrophilic materials such as polyethylene glycol (PEG), or polysaccharides such as dextran
to minimize protein corona, which in turn enhance circulation half-life and its bioavailability [25–27].

NPs-based drug delivery shows a promising result in preclinical and clinical studies.
Currently, approximately 50 nanopharmaceuticals agents are approved for cancer and other disease
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treatments by US FDA [28–30]. However, some nanomedicine products that have undergone extensive
clinical trials were later withdrawn due to efficacy or safety concerns e.g., superparamagnetic iron
oxide formulations Resovist and SINEREM [31,32].

2.1. The Application of Nanoparticles in Cancer Immunotherapy

The idea of cancer immunotherapy is boosting the antitumor activity of immune systems
via tumor-specific immune activation or non-specific immune activation [4,33–36]. The cancer
immunotherapy can be boosted via: (a) Increasing antigens presentation and induce specific cytotoxicity
T-lymphocytes (CTLs) activity [37]. Naive CD8+ T cells activated and induced antitumor immune
response when their receptors recognize antigens presented by Antigen Presenting Cells (APCs)
(such as DC) in the context of MHC-I molecules [38,39]. Activated CTLs secrete several cytokines
such as interferon-gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α) and the crucial cytolytic
mediators (perforin, granzyme, etc.), which improve antigen presentation and mediate anti-tumor
effects [40]. (b) Guiding T-cells to the tumor using a bispecific Antibody (bAbs). bAbs offers a
unique opportunity to redirect specific immune effector cells to kill cancer cells [41,42]. bAbs can bind
simultaneously two different antigens or epitopes to guide T cells to tumor cells, to inhibit two different
signaling pathways, and to deliver cargos to the targeted sites [43]. (c) The downregulation of Treg cell,
or MDSCs. The TME is enriched with cellular and acellular components that negatively influence cancer
immunotherapy [44,45]. MDSC and Treg cells are major components of the immune-suppressive TME
and promote T-cell dysfunction that in turn favors tumor progression [46,47]. Hence, downregulation
of Treg cell or MDSCs via administration of specific antibodies for each cell is crucial in cancer
immunotherapy [48–51].

Immunotherapy offers numerous advantages in comparison to the conventional standard cancer
treatment available nowadays [52,53]. Of those, when appropriately stimulated, tumor-specific
immune cells can target a microscopic disease, disseminate metastasis, and long-term control might
completely remove cancer due to the memory cells [54–56].

Although immunotherapy is efficient to treat different types of cancer, still there is a certain
challenge in delivery of immunotherapeutic agents which is expected to be resolved using NPs [57].
A major goal of the utilization of NPs in cancer immunotherapy is to improve therapeutic
index by enhancing deliver of immunotherapeutic agents directly to the site of interests only,
enhancing accumulation and potency at a region of interest, while simultaneously minimize the
dose-dependent systemic toxicity [58]. Unlike delivering chemotherapeutic agents to tumor cells,
which necessitates a high dose of nanoformulated drugs to kill all the target cells to be effective,
lower concentrations of immune-stimulating drugs can be used to initiate an immune cell or organs
(such leukocytes or lymphoid organs) response [59]. For example, Schmid et al. developed
antibody-targeted NPs that bind to CD8+ T cells in the blood, lymphoid tissues, and tumors of
mice [60]. Synthesized NPs encapsulated with a SD-208, TGFβR1 inhibitor, or a TLR7/TLR8 agonist.
Both in vitro and in vivo mice studies showed, successful targeting of PD-1+ T cells in the circulation
and in the tumor. Compared to the free drugs, NPs-encapsulated SD-208 enhances survival of mouse
bearing colorectal cancer. In addition, synthesized NPs enabled PD-1-targeted delivery of a TLR7/8
agonist to the TME and tumor-infiltrating CD8+ T cells were increased. Overall, this result shows that
targeting tumor-infiltrating immune cells in the blood, rather than direct tumor cell targeting, is a better
way to improve immunotherapeutic localization in tumors and to stimulate an antitumor response.

In summary, NPs based cancer treatment has a numerous advantage compared to conventional
cancer therapy due to: (1) Nanoscale size with several surface characteristics to enhance drug
accumulation at the site of interest via EPR effects, (2) Target tumor cells via active targeting which
will minimize off-target normal cell toxicity, (3) Protect a therapeutic payload (such as protein, gene,
small peptide) from biological degradation, (4) Enhance solubility of hydrophobic drugs and improves
there bioavailability, (5) enhance in vivo stability and bioavailability, (6) prevents premature drug
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release, (7) used as theranostic, combined imaging and therapeutic applications and (8) stimuli,
internal or external, programmed to release its cargo at the site of interest.

Furthermore, due to their effectiveness at eliciting cellular and humoral immune responses,
NPs can be designed to activate the immune system that could form a gorgeous basis for cancer
vaccine development [61,62]. As the result, several NPs are synthesized to deliver different types of
immunotherapeutic agents to enhance their therapeutic efficacy, and some of them already shown
satisfactory results in clinical trials [63].

2.1.1. Nanoparticles as the Carrier of Immunotherapeutic Agents

Over the last few decades, numerous studies and a large number of papers (Figure 1) have been
published on nano-based therapies for cancer treatments. In the last two decades, the total number
of papers related to ‘nanoparticle + immunotherapy’ on PubMed approximately doubled every two
years which will be expected a rise similarly in the future.

Figure 1. A number of published papers for the last two decades (i.e., 2000–2020) by searching on
PubMed using key words “nanoparticles + immunotherapy”.

NPs should be precisely designed to target region of interest preferentially from site of
administration (common vaccine administration routes are mucosal or parenteral) in order to enhance
the efficacy of immunotherapeutic agents [64,65]. NPs targeting lymphoid tissues, where the majority
of immune cells are concentrated, would enhance the efficacy of immunotherapeutic agents due to
direct access to immune cells [66–69].

Depending on their physicochemical characteristics, including particle size, hydrophobicity,
shape, and surface charge, NPs can directly drain to the nearest lymph node, or stay in the injection
site and attract migratory DC or macrophages [70]. Several kinds of the literature show that NPs
with particle sizes > 100 nm tend to form depot and taken up by APCs and then draining to lymph
nodes [71,72]. However, NPs with moderate particle size < 100 nm drained to lymph nodes via
lymphatics and retained relatively for a long time, while NPs with small particle size (<10 nm) drain to
blood capillaries [73,74]. Regarding the surface charge, negatively charged NPs drain to the lymph
node was reported due to charge repulsion with negatively charged ECM, while, cationic NPs tend to
form a depot, taken up by peripheral and migratory APCs or gradually draining to lymph node [75].
NPs with nearly neutral charge exhibited potential vector for tumor antigen because they targeted the
draining lymph nodes after subcutaneous injection. However, they were weakly immune-stimulatory.
In addition, the presence of PEG (PEGylation) on Surface of NPs significantly enhanced large particle
size (~200 nm) drain to lymph node and uptake by DCs [76].

Moreover, targeted and stimuli sensitive biocompatible NP can be synthesized to deliver
immunotherapeutic agents’ in their native conformations to increase antigen uptake, processing,
and presentation. For example, NPs can be synthesized for facilitating the cytosolic delivery of antigens,
increasing cross-presentation via the MHC-I pathway, and thus inducing cytotoxic T-cell responses.
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In addition, in the drug delivery system, it is possible to load or conjugate two or more than two
drugs in the single nanocarriers as the co-delivery which will minimize dose related toxicity and
enhance the activation of the immune response. For example, Song et al. developed the combined
delivery of immunogenic chemotherapy and PD-L1 trap fusion protein using liposomal NPs [77].
They reported that PD-L1 trap is produced transiently and locally in the TME and oxaliplatin (OxP)
boosts anti-PD-L1 therapy against murine colorectal cancer and exhibited reduced toxicity compared
with non-nanoformulated ones (i.e., free PD-L1 antibodies and oxaliplatin).

In general, NP based drug delivery systems encompass a wide variety of nano-scale size materials
including inorganic and Organic NPs in different forms [16].

2.1.2. Antigens and Adjuvants Delivery to Antigen Presenting Cells (APCs)

APCs used as the link between innate and adaptive immune responses by interacting with T
cells [78]. APCs are primarily used to recognize and present tumorigenic antigens on their surface via
MHC complexes to T cells to initiate an effective adaptive response [79]. However, due to enzymes
susceptible of antigens in the body, they are not easily transferred to APCs which decreases its
immunogenicity. Hence by using NPs it is possible to overcome this limitation. NPs can encapsulate
and deliver cancer antigens to APCs without tumor antigen degradation by the intracellular enzyme.
In addition, nanoformulated antigens are more efficiently taken up and processed by APCs than
soluble vaccines to amplify T-cell responses due to intradermally or subcutaneously injected NPs drain
to lymph nodes, in which APCs are in closeness to T cells [80].

Shen et al. encapsulated ovalbumin (OVA) antigen in the PLGA and deliver successfully to
primary mouse bone marrow-derived dendritic cells (BMDCs) [81]. Their result showed that the MHC
class I presentation of PLGA-encapsulated OVA stimulated T cell IL-2 secretion at a 1000-fold lower
concentration than soluble antigen and 10-fold lower than antigen-coated latex beads.

Kranz et al. precisely designed RNA-lipoplexes (RNA-LPX) NPs with the particle size of
~200–320 nm, by optimally adjusting lipid: RNA ratio to precisely target DC using intravenous injection
(Figure 2) [82]. The lipoplexes protect antigen-encoding RNA degradation by ribonucleases. In addition,
RNA-LPX enhances cellular uptake and expression of the encoded antigens. Moreover, two transient
waves of IFN-α were observed after the NP vaccine injection that led to better T-cell responses and
produced vigorous and long-term antitumor effects.

Several kinds of literature showed that the targeted delivery of NPs formulated antigen into DC
would enhance antigen presentation to T cells [83–86]. For example, Cruz et al. designed Pegylated
PLGA NPs functionalized with TLR3/7 ligand to encapsulate OVA to target surface receptors of DC
(i.e., CD40, DEC-205, and CD11c) to accomplish an effective cytotoxic T cell response [87]. In vitro
cellular uptake study showed that TLR3/7 ligand targeted NP was more taken up by DC compared to
non-targeted NP. Furthermore, high expression of IL-12, IFN-γ, and co-stimulatory molecules were
observed in the ligand targeted NP in comparison to non-targeted NPs. Moreover, in vivo vaccination
studies showed that ligand targeted NP consistently showed higher efficacy than non-targeted NP in
stimulating CD8+ T cell responses.

Some research finding shows that immune response will be enhanced by co-delivering of
adjuvants along with tumor antigens due to efficient antigen cross-presentation and vigorous T-cell
response for tumor immunotherapy [88–91]. For example, Kuai et al. synthesized high-density
lipoprotein-mimicking nanodiscs for co-delivery of CpG adjuvant and neoantigens [92]. They reported
that, synthesized nanodiscs elicited up to 47-fold greater frequencies of neoantigen-specific CTLs than
soluble vaccines and 31-fold greater antigen-specific T-cell response compared to Montanide. Moreover,
nanodiscs in combination with anti-PD-1 and anti-CTLA-4 therapy revealed better eradication of
established cancer cells.
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Figure 2. RNA-lipoplexes (RNA-LPX) delivery to DCs. (A) Mechanism action of RNA-LPX to induce
anti-tumor immune responses, (B) Bioluminescence imaging of BALB/c mice, (C) Splenic localization of
CD11c and Cy3 double-positive cells in BALB/c mice after 1 h of Cy3-labelled RNA-LPX i.v. injection,
(D) in vivo studies in CT26 tumor bearing BALB/c mice immunized with gp70-LPX, and (E) Clinically
administered RNA-LPX vaccines induce systemic INFα in dose-dependently manner. Reproduced
with permission from [82]. Copyright 2016, Springer Nature.

Similarly, Liu et al. have been synthesized cell-penetrating peptide (CPP) decorated uniform-sized
pristine NPs to deliver GM-CSF and IL-2 into tumor cells [93]. In vitro and in vivo (Figure 3) results
revealed the programed promotions of multi-adjuvants on DC recruitment, antigen presentation,
and T-cell activation. Furthermore, in vivo assessments revealed the satisfactory effects on tumor
growth suppression, metastasis inhibition, and recurrence prevention.

Figure 3. (A) Scheme of multi-adjuvant WCTV to initiate anti-tumor immunity, (B) bioavailability and
cellular up take of GM-CSF and IL-2 in LLC cells after incubating with nanoparticles (NPs) for 24 h,
(C) relative expressions of CD80, CD86, MHC II, and MHC-I molecules after treatment with whole
tumor cell lysate protein (WPro), p-NP, and CNP for 24 h and (D) Relative tumor volume of LLC tumor
bearing mice after immunization with multi-adjuvant WCTVs compared with other vaccine groups.
Reproduced with permission from [93]. Copyright 2013, Elsevier Ltd.
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2.1.3. Antigens and Adjuvants Delivery to Tumor Microenvironment (TME)

The TME comprised proliferating tumor cells, the tumor stroma, infiltrating inflammatory cells,
apoptotic cancer cells, cancer-associated fibroblasts, myeloid-derived suppressor cells, tumor-associated
macrophages, and a variety of associated tissue cells which are participating in the suppression
of antitumor immunity [94]. These immunosuppressive cells secrete numerous soluble mediators
including, Transforming growth factor-beta (TGF-β), Indoleamine 2,3-dioxygenase (IDO), arginase,
prostaglandin E2 and nitric oxide synthase 2 (NOS2) [95–97]. By reducing the supply of indispensable
amino acids (such as arginine (R) and Tryptophan (W)), IDO and arginase directly suppress T cell
proliferation and differentiation [98]. The activity of arginase and IDO translates not only into amino
acid deprivation but also in the production of metabolites (such as l-kynurenine and spermidine)
capable of numerous physiologic effects [99,100]. For example, l-kynurenine derived from W, favors the
differentiation of Treg cells and induces IDO expression in DCs. Similarly, TGF-β also alters activation,
maturation, and differentiation of DCs, CD4+, and CD8+ T cells. In addition, PD-L1/PD-L2 expressed
on tumor cells can engage PD-1 receptor on the surface of activated T cell and sends inhibitory signals
via activating phosphatases, resulting in dephosphorylation of key elements in the T cell, leading to
down-regulating proliferation, survival, and cytokine production [101]. Furthermore, the CTLA-4
receptor on tumor cells binds to co-stimulatory molecules on DCs and decreases antigen presentation.
Moreover, there are an abundant accumulation of acellular components such as fibrosis, collagen,
secreted protein acidic and rich in Cysteine (SPARC), and hyaluronan which alters the physicochemical
properties of TME (including physical barriers, physical pressure (i.e., increase interstitial fluid pressure,
change in metabolism, etc.) [102].

As mentioned above, although several immune effector cells are recruited to the TME,
their anti-tumor activity is suppressed principally in response to tumor-derived signals [103].
Compared with normal tissue, TME has some unique characteristics, such as vascular abnormalities,
hypoxia, increases in proteolytic activity, and an acidic microenvironment, which leads to
treatment resistance [104]. Therefore, new approaches are demanded to overcome TME related
immunosuppressive situations. Hence, targeting immunosuppressive cells (such as Treg) or
Tumor-associated macrophage (TAM) in the TME using NPs could be the best tactics to
prevent immunosuppression.

Sacchetti et al. designed ligand guided PEG-modified single-walled carbon nanotubes
(PEG-SWCNTs) to target Treg-specific receptors in the TME [105]. They found that ligand targeted
PEG-SWCNTs were preferentially up taken by Treg cell residing in the TME via glucocorticoid-induced
TNFR-related receptor (GITR).

Similarly, Zhu et al. synthesized mannose targeted PEG-sheddable NPs to target TAM [106].
They reported that mannose-modified PEG-sheddable NPs was effectively targeted TAMs via the
mannose-mannose receptor. As a result, more PEG-sheddable NPs accumulation was observed in
TAM in comparison to non-sheddable PEG. This is maybe due to PEGylation which minimizes NPs
opsonization and enhances its bioavailability.

In addition, NPs can be used to deliver anti-immunosuppressive factors, such as anti-TGF-β or
TGF-β receptor inhibitor to the TME to increases the activation of the immune system. Park et al.
synthesized liposomal polymeric gels (nLGs) to deliver IL-2 and TGF-β inhibitors (Figure 4) [107].
The author reported that IL-2 and TGF-β inhibitors were successfully delivered to the TME. In vivo
results showed that nLGs treatment suppresses a tumor growth, improved survival rates, and enhanced
the activity of NK cells and intratumoral-activated CD8+ CTLs.

In summary, NPs can enhance anticancer immunity by regulating the TME either by inhibiting
immunosuppression or by endorsing immune activation which could synergize with clinically
established immunotherapeutic agents such as Immune Checkpoint Inhibitors (ICIs). Hence, targeting
immune cells in the TME using nanoformulated therapeutic agents is the best tactic to activate
antitumor immunity.
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Figure 4. (A) The synthesis approach of the liposomal polymeric gel (nLG) particle system. (B) Plot of tumor
area versus time. Red arrows indicate treatments (via intratumoral injection). (p < 0.05, *, p < 0.001, ***,
By ANOVA with Turkey’s multiple comparison test. p < 0.05, #, by two-tailed t-test. (C) Tumor masses
vs nLG-treated groups, p < 0.001, ***, p < 0.01, **, p < 0.05, *, By ANOVA using Turkey’s post-test. (D)
Images of lung immediately before collection of lung-infiltrating lymphocytes from mice, (E) Uptake of
lipid carrier (green) and rhodamine payload (red) around individual lung tumors at 2 h post injection.
Reproduced with permission from [107]. Copyright 2012, Nature Publishing Group.

2.1.4. Immune Checkpoint Inhibitors (ICIs) Delivery

Immune checkpoints are surface proteins on immune cells that act as negative regulators of
immune activation by various antigens, including tumor antigens [108]. Immune checkpoint molecules
include PD-1, PD-L1/2, CTLA-4, T-cell immunoglobulin and mucin domain-containing-3 (TIM-3),
and lymphocyte-activation gene 3 (LAG-3) [109,110]. Immune checkpoint molecules are widely
expressed on both tumor cells and immune cells, which might be negatively regulated by tumor-specific
T cells via receptor–ligand interactions, causing T-cell anergy or exhaustion [111,112]. Tumor cells
evade destruction from the immune system by triggering immune checkpoint receptors, such as
CTLA-4, PD-1, or PD-L1, that are expressed on T-cells and whose engagement inhibits T-lymphocyte
function [113].

ICIs are monoclonal antibody that inhibits the receptors-ligands interaction and enhance
immune-mediated cancer eradication. The development of ICIs lays a key foundation in cancer
immunotherapy [114]. In 2018, James P. Allison and Tasuku Honjo were awarded a Nobel
prize in physiology or medicine for the discovery of cytotoxic T-lymphocyte-associated antigen
(CTLA-4), and programmed cell death protein 1/programmed cell death protein ligand 1 (PD-1/PD-L1),
respectively [115]. According to literature report, anti-CTLA-4 antibody overcomes a block in
essential costimulatory signals (i.e., CTLA-4 and CD28 competes for the same ligands CD80 and
CD86; CTLA-4 has a higher affinity than CD28) that are required for activation of both naive T
cells and resting clones, whereas PD-1/PD-L1 blockade seems to remove a barrier and enable T
cell effector function at the tumor site [116,117]. As the result, ICIs including anti-CTLA-4 and
anti-PD-1/PD-L1 Abs were developed to block these inhibitory pathways [118–120]. Currently, some of
the ICIs including the anti-CTLA-4 agent, ipilimumab, Tremelimumab; anti-PD-1 agents, nivolumab
and pembrolizumab; and anti-PDL-1 agent, Atezolizumab, Avelumab, Cemiplimab, Durvalumab,
ipilimumab, and atezolizumab [121–123] have been approved for the treatment of certain types of
cancer [124]. Mechanism action of ICIs are briefly summarized in Figure 5, [124]. Furthermore, in their
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current review paper, Vaddepally et al. have been briefly reviewed the majority of FDA-approved ICIs
per national comprehensive cancer network guidelines [125].

Figure 5. Mechanism action of Immune Checkpoint Inhibitors (ICIs). Reproduced with permission
from the Journal of Cell Biology [124].

Even though a promising clinical data was obtained using ICIs, still, it shows certain limitations
including an occurrence of immune-related adverse events, low response rate, and acquired resistance
which is expected to be improved using NPs.

Wang et al. designed pH-sensitive microneedle (MN) patch for the sustained delivery of anti-PD1
(aPD1) (Figure 6) [126]. Glucose oxidase was used to generate acidic environments by converting
glucose to glucuronic acid, leading to NPs self-dissociation, which in turn facilitates sustained
aPD1 releases. The authors found that, at the same dose, pH-sensitive MN patch induces more
immune responses compared to non-sensitive MN or free aPD1 using B16F10 mouse melanoma model.
Furthermore, the author demonstrated that the aCTLA-4 and aPD1 co-loaded in MN patch shows
synergistic effects.

Similarly, Wang et al. have been designed inflammation-triggered CpG DNA-based “nano-cocoons”
for co-delivery of anti-PD-1 Ab and CpG oligodeoxynucleotides (CpG ODNs) (Figure 7) [127].The author
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reported that in comparison to free CpG nucleotides and aPD1, bioresponsive controlled release of
CpG and aPD1 showed a considerable immune response and better therapeutic efficacy.

Figure 6. (A) Scheme of aPD1 delivery via microneedle (MN) patch, (B) Mechanism action of aPD1
to activate T-cell, (C) aPD1 release (%) from the MN patches in the presence of 100 mg/dL glucose
solution at 37 ◦C, (D) Immunofluorescence staining of tumors treated with MN-GOx-aPD1 or free
aPD1 at different time points (green: aPD1, blue: nucleus), (E) Bioluminescence signals vs. time after
treatment with different groups, and (F) % Survival plot of mice after MN patch-assisted delivery
of aPD1 therapy. P value: *, p < 0.05. Reproduced with permission from [126]. Copyright 2016,
American Chemical Society.

Figure 7. Schematic illustration of (a) aPD1 and caged restriction enzyme loaded DNA nanococoon
(DNC), (b) In vivo tumor immunotherapy after primary tumor resection, local injection, and treatment
of DNC-based delivery system and (c) Activation of DCs by CpG which in turn activates T cell response
with aPD1 for PD 1 blockade. Reproduced with permission from [127]. Copyright 2016, WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Several researchers reported that patients with advanced cancer poorly respond to PD1/PD-L1
inhibitory therapy due to low TAA expression [128,129]. Epigenetic alteration like DNA
hypermethylation, which is commonly seen at TAA promoter regions, plays an essential role in
immune evasion of cancer cells during tumorigenesis [130]. Hence, epigenetic modulators, such as
hypomethylation agents (HMAs), play a key role in the induction of TAA expression, which in turn
increase antitumor immune response [131]. Ruan et al. synthesized a pH and reactive oxygen species
(ROS) sensitive bioresponsive gel depot for co-delivery of aPD1 and Zebularine (Zeb), HMA [132].
The author reported that combination therapy enhances the immunogenicity of cancer cells and plays
a crucial role in converting immunosuppressive TME.

Preclinical animal studies using cancer nanovaccines, nanoformulated TAA, or tumor-specific
neoantigens, revealed promising therapeutic efficacy [133]. However, the clinical use of these
nanovaccines has been limited due to immune evasion and suppression in the TME [134,135].
Some literature showed that high expression of immune checkpoints such as PD-L1 is responsible
for the occurrence of tumor resistance to vaccine-mediated immune responses. Hence, it possible to
overwhelm this limitation by combining with ICIs such as anti-PD-1, anti-PD-L1 or anti-CTLA4 Ab.

Kim et al. developed a small lipid nanoparticle (SLNP)-based nanovaccines embedded with
antigen/adjuvant (OVAPEP-SLNP@CpG), Figure 8 [136]. Synthesized nanovaccine showed high potent
antitumor efficacy in both prophylactic and therapeutic E.G7 tumor models but induced T cell
exhaustion by increasing PD-L1 expression, leading to tumor recurrence. However, by using mice that
showed a good therapeutic response after the first cycle of immunization with the nanovaccine the
author underwent a second cycle together with anti-PD-1 therapy. Their result revealed tumor relapse
of suppressed, treatment sequence, and the timing of each modality is crucial in order to enhance
antitumor efficacy using combinations of nanovaccines with ICIs.

Figure 8. (A) Scheme and mechanism action of OVAPEP-SLNP@CpG nanovaccine, (B) Therapeutic
efficacy of OVAPEP-SLNP@CpG nanovaccine in an established tumor model, (C) representative
image of tumors. Scale bar = 1 cm, (D) First cycle and second cycle of immunization, (E) Overall
process of sequential and timely combination strategy between cancer nanovaccine. p < 0.001, ***,
p < 0.05, *, Reproduced with permission from [136]. Copyright 2020, Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Similarly, Fontana et al. have designed and assessed biohybrid nanovaccines in combination
with anti-CTLA4 antibody [137]. The author observed, an increased activation of APCs and increased
priming of CD8+ T cells after nanovaccine injection. Most interestingly, treatment efficacy was increased
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(87.5% of the animals responding, with 2 remissions) in the co-administration (nanovaccine with
anti-CTLA4 antibody) compared to the checkpoint inhibitor alone in the B16.OVA model.

2.1.5. Nanoparticles as the Direct Immunomodulators

Immunomodulatory compounds such as cytokines, monoclonal antibodies and adjuvants have
been used to reshape the TME and to initiate anti-tumor immunity; although there are certain limitations
such as therapeutic efficacy and unwanted side effects during systemic administration, to use in
clinics [138].

Immunomodulatory NPs can readily improve the therapeutic effects by enhancing immune
stimulation and minimizing off-target side effects. As the result, more research works are undergoing
to understand the mechanisms of NPs-Immuno-interactions which is highly important to know the
immunomodulating potential of NPs, as the immunostimulating or as immunosuppression [139].
The function of NP in the immunomodulation depends on several factors that are intrinsic to
NPs, such as surface chemistry, charge, size, and shape, besides extrinsic factors such as route of
administration [140].

Several researchers have widely explored the immunomodulating effects of both polymeric and
inorganic NPs [28,141,142]. Different evidence suggests that the immune system cells interact with
NPs through Toll-like receptors (TLRs) [143,144]. TLRs are transmembrane proteins, expressed on
APCs such as DCs and macrophages, which recognize specific molecular patterns that act as danger
signals to the immune system [145]. Depending on the type of receptor and the type of stimuli,
TLR engagement plays a great role both in the innate and adaptive immune response by altering
several gene expressions.

Inorganic NPs such as Gold nanoparticles (AuNP), Titanium nanoparticles (TiNPs),
iron nanoparticles (FeNPs), Zinc nanoparticles (ZnNPs), and silver nanoparticles (AgNPs) are the most
stable and promising particles to modulate immune systems [146–148].

Vasilichin et al. investigated the influence of metal oxide NPs on innate immunity by testing
TLR-4/6 mRNAs in the human monocyte cell line [149]. They found that all studied NPs activated
TLR-6 expression, while AlOOH enhanced both TLR-4 and -6 expression.

Moreover, in human peripheral blood mononuclear cells, the administration of AuNPs activates
immune-related genes depends on its physicochemical properties [150]. Lee et al. reported that gold
nanorods (GNRs) and SiO2-coated GNRs has a tendency to penetrate into macrophages to induce the
release of inflammatory mediators (calcium (Ca), hydrogen peroxide, nitric oxide (NO), cytokines,
prostaglandins, etc.) and the activation of immune response genes [151]. Both GNRs and SiO2-coated
GNRs have an immunostimulatory property to reinforce immune reactions via calcium—transcription
factors pathway.

Fallarini et al. synthesized mono- and disaccharides coated AuNPs with a particle size of ~2
and 5 nm [152]. Their in vitro results showed that synthesized NPs initiate the immune response
by activating the macrophages. However, unlike monosaccharide coated AuNPs, disaccharide
coated tends to induce T cell proliferation and an increase in IL-2 levels. According to this report,
the immunoactivity is strongly dependent on size, 5 nm AuNPs perform far better than 2 nm ones.

Lin et al. also reported that CpG modified AuNP induced macrophage and DC tumor infiltration
and suppresses tumor growth compared with free CpG [153]. Similarly, Ahn et al. also reported that
AuNP facilitates tumor-associated self-antigen delivery to DC and then activates the cells to facilitate
cross-presentation and induce antigen-specific cytotoxic T cell responses [154].

AgNPs also trigger inflammatory reactions cascade involving the activation of macrophages,
neutrophils, and helper T cells [155]. Subsequently, AgNPs enhance the expression of numerous types
of cytokines [156,157]. Furthermore, different researchers have been investigated the effect of AgNPs
as the immunological adjuvant using both in vitro and in vivo studies [158,159].

Xu et al. have investigated an adjuvant effect of AgNPs [160]. The in vivo result showed that
serum antigen-specific IgG and IgE levels were increased, showing that AgNPs elicited CD4+-mediated
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immune response. After 48h treatment with AgNPs, both the number of leukocytes and levels of
cytokines TNF-α and IFN-γ was increased in abdominal lavage fluid of mice. Furthermore, the
expression of the MHC complex class II molecule on the surface of peritoneal macrophages was
significantly increased.

In addition, NPs can be designed as artificial APCs (aAPCs), that express surface features, that
can activate immune cells or modulate the expression of pro- or anti-inflammatory genes [161,162].
This immunomodulatory behavior of NPs can enhance the therapeutic response of injected NPs by
directly generating cytotoxic T cells. For example, Mandal et al. designed biocompatible and less-toxic
anti-CD3 antibodies-modified artificial APCs based on poly (isocyano peptide) [163]. They found that
synthesized aAPCs induce a more robust T cell response in comparison to free antibodies or PLGA
particles. Similarly, Kosmides et al. designed and investigated the synergy between a PLGA-based
aAPC and an aPD1 mAb [164]. Their in vitro results revealed that the combination of antigen-specific
aAPC and aPD1 mAb induced IFN-γ secretion by CD8+ T cells. In addition, in vivo results showed
that combination treatment synergistically inhibits tumor growth, while either treatment alone had
no effect.

3. Clinical Translation of Nano-Immunotherapy

In the last few decades, several researchers have deeply explored a regulatory mechanism of
antitumor immunity, particularly the immune checkpoint pathways, which lays a basic foundation for
the invention of ICIs, that have revolutionized cancer treatment [165,166]. However, different literature
showed that the activity of ICIs as monotherapy is not satisfactory for all cancer patients [167]. To address
this clinical challenge, the different researchers tried to combine NPs with immunotherapeutic agents
or conventional cancer treatment with ICIs [168,169]. Several kind of the literature showed that,
conventional cancer treatments such as chemotherapy, photodynamic therapy, and radiotherapy
can initiate the immune system to elicit a specific antitumor immunity, due to its ability to induce
immunogenic cell death, in addition, to directly killing cancer cells, which can induce a release of
certain damage-associated molecular patterns (DAMPs) that can activate APCs [170]. Activated APCs
in turn phagocytose dying tumor cells and present tumor antigens to initiate T cell responses [171].
By taking this into consideration, NPs-based chemotherapeutic agents or photosensitizer delivery can
be used to exploit the ICD inducing properties to achieve potent antitumor efficacy in combination with
immunotherapeutic agents such as ICIs [172]. Most importantly, NPs based drug delivery can enhance
selective target delivery and reduce off-target cytotoxicity of chemotherapeutic or immunotherapeutic
agents which in turn extends the therapeutic index, especially for combination therapy.

As briefly discussed above, targeting APCs, cancer cells or TME clearly indicates that NPs
significantly improved the therapeutic efficacy of immunotherapeutic agents. Based on the progress
made so far, nano-immunotherapy has been achieving remarkable results, some of them were approved
by the FDA, and the majority of them are in the preclinical stage, for the treatment of cancer. The first
nano-immunotherapy approved for the treatment of advanced triple-negative breast cancer (TNBC)
was Atezolizumab (Tecentriq®), an ICI against PD-L1, in combination with albumin-bound paclitaxel
NP (nab-paclitaxel) [173,174]. The result showed that atezolizumab plus nab-paclitaxel significantly
prolonged progression-free survival (PFS) compared to nab-paclitaxel in the intent-to-treat population
and the PD-L1 positive subgroup.

Furthermore, Hensify®/NBTXR3, 50 nm crystalline hafnium oxide (HfO2) NP, received European
market approval (CE Mark) in April 2019 for the treatment of locally advanced soft tissue sarcoma in
combination with radiation therapy [175]. Hensify® is designed by Nanobiotix to physically destroy
tumors and stimulate the immune system locally [176]. Nanobiotix is also running several clinical trials
and has received US FDA approval to launch a combination trial with NBTXR3 and PD-1 antibodies to
treat lung cancer (NCT03589339).

Similarly, the multicentre, randomized, open-label, phase 3 trial study was conducted as a first-line
treatment for metastatic non-squamous non-small-cell lung cancer (IMpower130, NCT02367781) using
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Atezolizumab in combination with carboplatin plus nab-paclitaxel chemotherapy compared with
chemotherapy alone [177]. The result revealed that there were significant improvements in median
overall survival (OS), 18.6 months in the atezolizumab plus chemotherapy group, 13.9 months in
the chemotherapy group, median PFS 7.0 months in the atezolizumab plus chemotherapy group,
and 5.5 months in the chemotherapy group.

Furthermore, there is the first randomized phase 3 JAVELIN Ovarian 200 trial (NCT02580058)
study which is designed to demonstrate that Avelumab (human immunoglobulin G1 anti-PD-L1
monoclonal antibody) alone or in combination with Pegylated liposomal doxorubicin (PLD) is superior
to PLD alone in prolonging OS in patients with platinum-resistant/platinum refractory ovarian
cancer [178]. The results revealed that PLD combined with avelumab slightly improved OS (15.7),
PFS (3.7), and objective response rate (ORR) (13.3) compared to either PLD (13.1, 3.5, and 4.2 for
OS, PFS, and ORR, respectively) or avelumab (11.8, 1.9, and 3.7 for OS, PFS, and ORR, respectively)
alone (Reference: ClinicalTrials.gov; NCT0258005). In addition, RNA formulated NPs alone or in
combination with immunotherapeutic agents, such as ICIs, were also explored and the majority of them
are under clinical trials as listed in Table 1. Moreover, in his recent review, Yang Shi was briefly reviewed
several studies that are FDA approved or under clinical trials using nano-immunotherapy, such as NPs
albumin-bound paclitaxel, Pegylated liposomal doxorubicin, mRNA nanovaccines, and WDVAX [179].

Table 1. FDA approved nano-Immunotherapy and studies under clinical trials to treat cancer [180–182].

Compound Name
Formulation
Description

Mechanism of
Action

Clinical Trials
Approved by

the FDA
Ref

RNA-LPX
(Lipoplex®) RNA-lipoplexes DC maturation, T

cell response Phase I (2016) [82]

MRX34 miRNA-34a-loaded
liposome

Downregulation of
immune evasion

tumor genes
Phase I (2016) [183]

mRNA-4157
mRNA-4157

encapsulated in
Lipids

induce neoantigen
specific T cells and

associated
anti-tumor
responses.

Phase I (2019) [184]

Ferumoxytol
(Ferahem®)

Iron oxide
nanoparticles (IONP)

M2 Macrophage
polarization to

M1-like

Yes, for
anemia and

kidney
diseases

[185]

PTX-LDE Paclitaxel-loaded
lipid core NPs DC maturation Phase II (2017) [186,187]

Anti-EGFR-IL-dox
Doxorubicin-loaded

anti-EGFR
immunoliposomes

Block
EGFR-mediated

growth signaling and
induce immunogenic

cell death

Phase II (2016) NCT02833766

JVRS-100

Cationic liposome
incorporating
plasmid DNA

complex

Immune system
stimulation Phase I (2016) NCT00860522

NBTXR3

Hafnium oxide
nanoparticles in

combination with
anti-PD1

Enhance tumor cell
death via electron

production, induce
immunogenic cell
death leading to
activation of the
immune system

Phase I (2019) [188],
NCT03589339

In summary, several clinical and preclinical study results demonstrate that NPs are highly
important in immunotherapy as the delivery of immunotherapeutic agents or as the direct
immunomodulators. However, due to the multifactorial nature of cancer-immune interactions,
identifying unique biomarkers are crucial to designing multifunctional NPs (i.e., which have a diagnostic
and theranostic application). Hence, in order to design a novel biomarker-guided multifunctional and
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biocompatible NPs to enhance the efficacy and to promote clinical translation of nano-immunotherapy,
a unique biomarker must be identified to distinguish which immune-activating or immunosuppressive
cells or pathways are targeted.

4. Conclusions

Cancer immunotherapy is emerging as a beneficial tool for cancer treatment by activating the
immune system to produce antitumor effects. However, there are some limitations to immunotherapy
including poor therapeutic targeting and unwanted side effects. Currently, one of the emerging
tracks in this field area is NPs-based immunotherapy which has a considerable potential to solve
limitations related to immunotherapy. NPs plays a great role in cancer immunotherapy as the
carrier of immunotherapeutic agents and as the direct immunomodulator. NPs based delivery of
immunotherapeutic agents offers a great opportunity to minimize unwanted cytotoxicity through
controlled release, dose-sparing, or enhanced tumor targeting capabilities. Hence, in the near future,
as our knowledge enhanced to understand the detailed molecular mechanism of NPs-immune
interaction, NP-based therapies will revolutionize and place NP-based immunotherapy at the forefront
of immune-modulating therapeutics.

Author Contributions: T.A.D., conceived, designed, wrote and edited the review paper; C.-F.Y., funding and
edited revised manuscript, W.-P.S., supervise, funding and edited the review paper. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan; grants number:
MOST- 110-2811-B-006-501, 108-2811-B-006-501, 108-2811-B-006-525, 109-2314-B-006-078, 109-2314-B-006-084-MY3,
CMNCKU10806 & Headquarters of University Advancement, National Cheng Kung University, grant number:
HUA 109-25-18-133.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McCormack, V.A.; Boffetta, P. Today’s lifestyles, tomorrow’s cancers: Trends in lifestyle risk factors for cancer
in low- and middle-income countries. Ann. Oncol. 2011, 22, 2349–2357. [CrossRef] [PubMed]

2. Blackadar, C.B. Historical review of the causes of cancer. World J. Clin. Oncol. 2016, 7, 54–86. [CrossRef]
[PubMed]

3. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

4. Arruebo, M.; Vilaboa, N.; Sáez-Gutierrez, B.; Lambea, J.; Tres, A.; Valladares, M.; González-Fernández, A.
Assessment of the evolution of cancer treatment therapies. Cancers 2011, 3, 3279–3330. [CrossRef]

5. Suo, X.; Zhang, J.; Zhang, Y.; Liang, X.J.; Zhang, J.; Liu, D. A nano-based thermotherapy for cancer stem
cell-targeted therapy. J. Mater. Chem. B 2020, 8, 3985–4001. [CrossRef]

6. Yin, P.T.; Shah, S.; Pasquale, N.J.; Garbuzenko, O.B.; Minko, T.; Lee, K.B. Stem cell-based gene therapy
activated using magnetic hyperthermia to enhance the treatment of cancer. Biomaterials 2016, 81, 46–57.
[CrossRef]

7. Spring, B.Q.; Rizvi, I.; Xu, N.; Hasan, T. The role of photodynamic therapy in overcoming cancer drug
resistance. Photochem. Photobiol. Sci. 2015, 14, 1476–1491. [CrossRef]

8. Weiss, A.; Bonvin, D.; Berndsen, R.H.; Scherrer, E.; Wong, T.J.; Dyson, P.J.; Griffioen, A.W.; Nowak-Sliwinska, P.
Angiostatic treatment prior to chemo- or photodynamic therapy improves anti-tumor efficacy. Sci. Rep. 2015,
5, 8990. [CrossRef]

9. Samant, R.S.; Shevde, L.A. Recent advances in anti-angiogenic therapy of cancer. Oncotarget 2011, 2, 122–134.
[CrossRef]

10. Johnston, S.L. Biologic therapies: What and when? J. Clin. Pathol. 2007, 60, 8–17. [CrossRef]
11. Cairns, R.; Papandreou, I.; Denko, N. Overcoming physiologic barriers to cancer treatment by molecularly

targeting the tumor microenvironment. Mol. Cancer Res. 2006, 4, 61–70. [CrossRef] [PubMed]

229



Cancers 2020, 12, 3773

12. Debele, T.A.; Mekuria, S.L.; Tsai, H.C. Polysaccharide based nanogels in the drug delivery system: Application
as the carrier of pharmaceutical agents. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 68, 964–981. [CrossRef]
[PubMed]

13. Maeda, H. SMANCS and polymer-conjugated macromolecular drugs: Advantages in cancer chemotherapy.
Adv. Drug Deliv. Rev. 2001, 46, 169–185. [CrossRef]

14. Leu, A.J.; Berk, D.A.; Lymboussaki, A.; Alitalo, K.; Jain, R.K. Absence of functional lymphatics within a
murine sarcoma: A molecular and functional evaluation. Cancer Res. 2000, 60, 4324–4327.

15. Maeda, H. Tumor-Selective Delivery of Macromolecular Drugs via the EPR Effect: Background and Future
Prospects. Bioconjugate Chem. 2010, 21, 797–802. [CrossRef]

16. Debele, T.A.; Peng, S.; Tsai, H.-C. Drug Carrier for Photodynamic Cancer Therapy. Int. J. Mol. Sci. 2015,
16, 22094–22136. [CrossRef]

17. Chidambaram, M.; Manavalan, R.; Kathiresan, K. Nanotherapeutics to overcome conventional cancer
chemotherapy limitations. J. Pharm. Pharm. Sci. 2011, 14, 67–77. [CrossRef]

18. Nel, A.E.; Mädler, L.; Velegol, D.; Xia, T.; Hoek, E.M.V.; Somasundaran, P.; Klaessig, F.; Castranova, V.;
Thompson, M. Understanding biophysicochemical interactions at the nano–bio interface. Nat. Mater. 2009,
8, 543–557. [CrossRef]

19. Behzadi, S.; Serpooshan, V.; Tao, W.; Hamaly, M.A.; Alkawareek, M.Y.; Dreaden, E.C.; Brown, D.;
Alkilany, A.M.; Farokhzad, O.C.; Mahmoudi, M. Cellular uptake of nanoparticles: Journey inside the
cell. Chem. Soc. Rev. 2017, 46, 4218–4244. [CrossRef]

20. Tenzer, S.; Docter, D.; Rosfa, S.; Wlodarski, A.; Kuharev, J.; Rekik, A.; Knauer, S.K.; Bantz, C.; Nawroth, T.;
Bier, C.; et al. Nanoparticle size is a critical physicochemical determinant of the human blood plasma corona:
A comprehensive quantitative proteomic analysis. ACS Nano 2011, 5, 7155–7167. [CrossRef]

21. Gao, S.; Yang, D.; Fang, Y.; Lin, X.; Jin, X.; Wang, Q.; Wang, X.; Ke, L.; Shi, K. Engineering Nanoparticles
for Targeted Remodeling of the Tumor Microenvironment to Improve Cancer Immunotherapy. Theranostics
2019, 9, 126–151. [CrossRef]

22. Fröhlich, E. The role of surface charge in cellular uptake and cytotoxicity of medical nanoparticles.
Int. J. Nanomed. 2012, 7, 5577–5591. [CrossRef] [PubMed]

23. He, C.; Hu, Y.; Yin, L.; Tang, C.; Yin, C. Effects of particle size and surface charge on cellular uptake and
biodistribution of polymeric nanoparticles. Biomaterials 2010, 31, 3657–3666. [CrossRef] [PubMed]

24. Caracciolo, G.; Callipo, L.; De Sanctis, S.C.; Cavaliere, C.; Pozzi, D.; Laganà, A. Surface adsorption of
protein corona controls the cell internalization mechanism of DC-Chol–DOPE/DNA lipoplexes in serum.
Biochim. Biophys. Acta (BBA) Biomembranes 2010, 1798, 536–543. [CrossRef] [PubMed]

25. Sacchetti, C.; Motamedchaboki, K.; Magrini, A.; Palmieri, G.; Mattei, M.; Bernardini, S.; Rosato, N.;
Bottini, N.; Bottini, M. Surface polyethylene glycol conformation influences the protein corona of polyethylene
glycol-modified single-walled carbon nanotubes: Potential implications on biological performance. ACS Nano
2013, 7, 1974–1989. [CrossRef]

26. Pelaz, B.; del Pino, P.; Maffre, P.; Hartmann, R.; Gallego, M.; Rivera-Fernández, S.; de la Fuente, J.M.;
Nienhaus, G.U.; Parak, W.J. Surface Functionalization of Nanoparticles with Polyethylene Glycol: Effects on
Protein Adsorption and Cellular Uptake. ACS Nano 2015, 9, 6996–7008. [CrossRef]

27. Moore, A.; Marecos, E.; Bogdanov, A., Jr.; Weissleder, R. Tumoral distribution of long-circulating
dextran-coated iron oxide nanoparticles in a rodent model. Radiology 2000, 214, 568–574. [CrossRef]

28. Ventola, C.L. Progress in Nanomedicine: Approved and Investigational Nanodrugs. Pharm. Ther. 2017,
42, 742–755.

29. Bobo, D.; Robinson, K.J.; Islam, J.; Thurecht, K.J.; Corrie, S.R. Nanoparticle-Based Medicines: A Review of
FDA-Approved Materials and Clinical Trials to Date. Pharm. Res. 2016, 33, 2373–2387. [CrossRef]

30. Etheridge, M.L.; Campbell, S.A.; Erdman, A.G.; Haynes, C.L.; Wolf, S.M.; McCullough, J. The big picture
on nanomedicine: The state of investigational and approved nanomedicine products. Nanomedicine 2013,
9, 1–14. [CrossRef]

31. Wang, Y.-X.J. Superparamagnetic iron oxide based MRI contrast agents: Current status of clinical application.
Quant. Imaging Med. Surg. 2011, 1, 35–40. [CrossRef]

32. Kendall, M.; Lynch, I. Long-term monitoring for nanomedicine implants and drugs. Nat. Nanotechnol. 2016,
11, 206–210. [CrossRef] [PubMed]

230



Cancers 2020, 12, 3773

33. Scott, A.M.; Wolchok, J.D.; Old, L.J. Antibody therapy of cancer. Nat. Rev. Cancer 2012, 12, 278–287. [CrossRef]
[PubMed]

34. Havel, J.J.; Chowell, D.; Chan, T.A. The evolving landscape of biomarkers for checkpoint inhibitor
immunotherapy. Nat. Rev. Cancer 2019, 19, 133–150. [CrossRef]

35. Dine, J.; Gordon, R.; Shames, Y.; Kasler, M.K.; Barton-Burke, M. Immune Checkpoint Inhibitors: An
Innovation in Immunotherapy for the Treatment and Management of Patients with Cancer. Asia Pac. J.
Oncol. Nurs. 2017, 4, 127–135. [CrossRef] [PubMed]

36. Sheng, W.Y.; Huang, L. Cancer immunotherapy and nanomedicine. Pharm. Res. 2011, 28, 200–214. [CrossRef]
[PubMed]

37. Kim, J.; Gambhir, V.; Alatery, A.; Basta, S. Delivery of Exogenous Antigens to Induce Cytotoxic CD8+ T
Lymphocyte Responses. J. Biomed. Biotechnol. 2010, 2010, 218752. [CrossRef]

38. Shresta, S.; Pham, C.T.; Thomas, D.A.; Graubert, T.A.; Ley, T.J. How do cytotoxic lymphocytes kill their
targets? Curr. Opin. Immunol. 1998, 10, 581–587. [CrossRef]

39. Basta, S.; Alatery, A. The Cross-priming Pathway: A Portrait of an Intricate Immune System. Scand. J. Immunol.
2007, 65, 311–319. [CrossRef]

40. Bhat, P.; Leggatt, G.; Waterhouse, N.; Frazer, I.H. Interferon-γ derived from cytotoxic lymphocytes directly
enhances their motility and cytotoxicity. Cell Death Dis. 2017, 8, e2836. [CrossRef]

41. Brinkmann, U.; Kontermann, R.E. The making of bispecific antibodies. mAbs 2017, 9, 182–212. [CrossRef]
[PubMed]

42. Frankel, S.R.; Baeuerle, P.A. Targeting T cells to tumor cells using bispecific antibodies. Curr. Opin. Chem. Biol.
2013, 17, 385–392. [CrossRef] [PubMed]

43. Zhang, X.; Yang, Y.; Fan, D.; Xiong, D. The development of bispecific antibodies and their applications in
tumor immune escape. Exp. Hematol. Oncol. 2017, 6, 12. [CrossRef] [PubMed]

44. Lindau, D.; Gielen, P.; Kroesen, M.; Wesseling, P.; Adema, G.J. The immunosuppressive tumour network:
Myeloid-derived suppressor cells, regulatory T cells and natural killer T cells. Immunology 2013, 138, 105–115.
[CrossRef] [PubMed]

45. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
46. Fujimura, T.; Kambayashi, Y.; Aiba, S. Crosstalk between regulatory T cells (Tregs) and myeloid derived

suppressor cells (MDSCs) during melanoma growth. Oncoimmunology 2012, 1, 1433–1434. [CrossRef]
47. Fujimura, T.; Ring, S.; Umansky, V.; Mahnke, K.; Enk, A.H. Regulatory T cells stimulate B7-H1 expression in

myeloid-derived suppressor cells in ret melanomas. J. Investig. Dermatol. 2012, 132, 1239–1246. [CrossRef]
48. Shimizu, J.; Yamazaki, S.; Sakaguchi, S. Induction of tumor immunity by removing CD25+CD4+ T cells: A

common basis between tumor immunity and autoimmunity. J. Immunol. 1999, 163, 5211–5218.
49. Onizuka, S.; Tawara, I.; Shimizu, J.; Sakaguchi, S.; Fujita, T.; Nakayama, E. Tumor rejection by in vivo

administration of anti-CD25 (interleukin-2 receptor alpha) monoclonal antibody. Cancer Res. 1999, 59, 3128–3133.
50. Yang, L.; Edwards, C.M.; Mundy, G.R. Gr-1+CD11b+myeloid-derived suppressor cells: Formidable partners

in tumor metastasis. J. Bone Miner. Res. 2010, 25, 1701–1706. [CrossRef]
51. Gabrilovich, D.I. Myeloid-Derived Suppressor Cells. Cancer Immunol. Res. 2017, 5, 3–8. [CrossRef]
52. Pucci, C.; Martinelli, C.; Ciofani, G. Innovative approaches for cancer treatment: Current perspectives and

new challenges. Ecancermedicalscience 2019, 13, 961. [CrossRef] [PubMed]
53. Urruticoechea, A.; Alemany, R.; Balart, J.; Villanueva, A.; Viñals, F.; Capellá, G. Recent advances in cancer

therapy: An overview. Curr. Pharm. Des. 2010, 16, 3–10. [CrossRef] [PubMed]
54. Dimberu, P.M.; Leonhardt, R.M. Cancer immunotherapy takes a multi-faceted approach to kick the immune

system into gear. Yale J. Biol. Med. 2011, 84, 371–380. [PubMed]
55. Fang, L.; Lonsdorf, A.S.; Hwang, S.T. Immunotherapy for advanced melanoma. J. Investig. Dermatol. 2008,

128, 2596–2605. [CrossRef] [PubMed]
56. Kaufman, H.L.; Atkins, M.B.; Subedi, P.; Wu, J.; Chambers, J.; Joseph Mattingly, T.; Campbell, J.D.; Allen, J.;

Ferris, A.E.; Schilsky, R.L.; et al. The promise of Immuno-oncology: Implications for defining the value of
cancer treatment. J. Immunother. Cancer 2019, 7, 129. [CrossRef]

57. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.;
Diaz-Torres, L.A.; Grillo, R.; Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent
developments and future prospects. J. Nanobiotechnol. 2018, 16, 71. [CrossRef]

231



Cancers 2020, 12, 3773

58. Din, F.U.; Aman, W.; Ullah, I.; Qureshi, O.S.; Mustapha, O.; Shafique, S.; Zeb, A. Effective use of nanocarriers
as drug delivery systems for the treatment of selected tumors. Int. J. Nanomed. 2017, 12, 7291–7309. [CrossRef]

59. Riley, R.S.; June, C.H.; Langer, R.; Mitchell, M.J. Delivery technologies for cancer immunotherapy. Nat. Rev.
Drug Discov. 2019, 18, 175–196. [CrossRef]

60. Schmid, D.; Park, C.G.; Hartl, C.A.; Subedi, N.; Cartwright, A.N.; Puerto, R.B.; Zheng, Y.; Maiarana, J.;
Freeman, G.J.; Wucherpfennig, K.W.; et al. T cell-targeting nanoparticles focus delivery of immunotherapy
to improve antitumor immunity. Nat. Commun. 2017, 8, 1747. [CrossRef]

61. Mohan, T.; Verma, P.; Rao, D.N. Novel adjuvants & delivery vehicles for vaccines development: A road
ahead. Indian J. Med. Res. 2013, 138, 779–795. [PubMed]

62. Trovato, M.; De Berardinis, P. Novel antigen delivery systems. World J. Virol. 2015, 4, 156–168. [CrossRef]
[PubMed]

63. Grippin, A.J.; Sayour, E.J.; Mitchell, D.A. Translational nanoparticle engineering for cancer vaccines.
Oncoimmunology 2017, 6, e1290036. [CrossRef] [PubMed]

64. Csaba, N.; Garcia-Fuentes, M.; Alonso, M.J. Nanoparticles for nasal vaccination. Adv. Drug Deliv. Rev. 2009,
61, 140–157. [CrossRef] [PubMed]

65. Hubbell, J.A.; Thomas, S.N.; Swartz, M.A. Materials engineering for immunomodulation. Nature 2009,
462, 449–460. [CrossRef]

66. Zhang, X.-Y.; Lu, W.-Y. Recent advances in lymphatic targeted drug delivery system for tumor metastasis.
Cancer Biol. Med. 2014, 11, 247–254. [CrossRef]

67. McLennan, D.N.; Porter, C.J.H.; Charman, S.A. Subcutaneous drug delivery and the role of the lymphatics.
Drug Discov. Today Technol. 2005, 2, 89–96. [CrossRef]

68. Moon, J.J.; Huang, B.; Irvine, D.J. Engineering nano- and microparticles to tune immunity. Adv. Mater. 2012,
24, 3724–3746. [CrossRef]

69. Liu, H.; Moynihan, K.D.; Zheng, Y.; Szeto, G.L.; Li, A.V.; Huang, B.; Van Egeren, D.S.; Park, C.; Irvine, D.J.
Structure-based programming of lymph-node targeting in molecular vaccines. Nature 2014, 507, 519–522.
[CrossRef]

70. Oussoren, C.; Storm, G. Liposomes to target the lymphatics by subcutaneous administration. Adv. Drug
Deliv. Rev. 2001, 50, 143–156. [CrossRef]

71. Reddy, S.T.; van der Vlies, A.J.; Simeoni, E.; Angeli, V.; Randolph, G.J.; O’Neil, C.P.; Lee, L.K.;
Swartz, M.A.; Hubbell, J.A. Exploiting lymphatic transport and complement activation in nanoparticle
vaccines. Nat. Biotechnol. 2007, 25, 1159–1164. [CrossRef] [PubMed]

72. Fifis, T.; Gamvrellis, A.; Crimeen-Irwin, B.; Pietersz, G.A.; Li, J.; Mottram, P.L.; McKenzie, I.F.; Plebanski, M.
Size-dependent immunogenicity: Therapeutic and protective properties of nano-vaccines against tumors.
J. Immunol. 2004, 173, 3148–3154. [CrossRef]

73. Irvine, D.J.; Hanson, M.C.; Rakhra, K.; Tokatlian, T. Synthetic Nanoparticles for Vaccines and Immunotherapy.
Chem. Rev. 2015, 115, 11109–11146. [CrossRef] [PubMed]

74. Kourtis, I.C.; Hirosue, S.; de Titta, A.; Kontos, S.; Stegmann, T.; Hubbell, J.A.; Swartz, M.A. Peripherally
administered nanoparticles target monocytic myeloid cells, secondary lymphoid organs and tumors in mice.
PLoS ONE 2013, 8, e61646. [CrossRef]

75. Mueller, S.N.; Tian, S.; DeSimone, J.M. Rapid and Persistent Delivery of Antigen by Lymph Node Targeting
PRINT Nanoparticle Vaccine Carrier To Promote Humoral Immunity. Mol. Pharm. 2015, 12, 1356–1365.
[CrossRef]

76. Zhan, X.; Tran, K.K.; Shen, H. Effect of the Poly(ethylene glycol) (PEG) Density on the Access and Uptake
of Particles by Antigen-Presenting Cells (APCs) after Subcutaneous Administration. Mol. Pharm. 2012,
9, 3442–3451. [CrossRef]

77. Song, W.; Shen, L.; Wang, Y.; Liu, Q.; Goodwin, T.J.; Li, J.; Dorosheva, O.; Liu, T.; Liu, R.; Huang, L. Synergistic
and low adverse effect cancer immunotherapy by immunogenic chemotherapy and locally expressed PD-L1
trap. Nat. Commun. 2018, 9, 2237. [CrossRef] [PubMed]

78. Gaudino, S.J.; Kumar, P. Cross-Talk Between Antigen Presenting Cells and T Cells Impacts Intestinal
Homeostasis, Bacterial Infections, and Tumorigenesis. Front. Immunol. 2019, 10. [CrossRef] [PubMed]

79. Burgdorf, S.; Kautz, A.; Böhnert, V.; Knolle, P.A.; Kurts, C. Distinct pathways of antigen uptake and
intracellular routing in CD4 and CD8 T cell activation. Science 2007, 316, 612–616. [CrossRef] [PubMed]

232



Cancers 2020, 12, 3773

80. Swartz, M.A.; Hirosue, S.; Hubbell, J.A. Engineering approaches to immunotherapy. Sci. Transl. Med. 2012,
4, 148rv9. [CrossRef]

81. Shen, H.; Ackerman, A.L.; Cody, V.; Giodini, A.; Hinson, E.R.; Cresswell, P.; Edelson, R.L.; Saltzman, W.M.;
Hanlon, D.J. Enhanced and prolonged cross-presentation following endosomal escape of exogenous antigens
encapsulated in biodegradable nanoparticles. Immunology 2006, 117, 78–88. [CrossRef] [PubMed]

82. Kranz, L.M.; Diken, M.; Haas, H.; Kreiter, S.; Loquai, C.; Reuter, K.C.; Meng, M.; Fritz, D.; Vascotto, F.;
Hefesha, H.; et al. Systemic RNA delivery to dendritic cells exploits antiviral defence for cancer
immunotherapy. Nature 2016, 534, 396–401. [CrossRef] [PubMed]

83. Wille-Reece, U.; Flynn, B.J.; Loré, K.; Koup, R.A.; Kedl, R.M.; Mattapallil, J.J.; Weiss, W.R.; Roederer, M.;
Seder, R.A. HIV Gag protein conjugated to a Toll-like receptor 7/8 agonist improves the magnitude and
quality of Th1 and CD8+ T cell responses in nonhuman primates. Proc. Natl. Acad. Sci. USA 2005, 102, 15190.
[CrossRef] [PubMed]

84. Bandyopadhyay, A.; Fine, R.L.; Demento, S.; Bockenstedt, L.K.; Fahmy, T.M. The impact of nanoparticle
ligand density on dendritic-cell targeted vaccines. Biomaterials 2011, 32, 3094–3105. [CrossRef]

85. Bonifaz, L.C.; Bonnyay, D.P.; Charalambous, A.; Darguste, D.I.; Fujii, S.; Soares, H.; Brimnes, M.K.; Moltedo, B.;
Moran, T.M.; Steinman, R.M. In vivo targeting of antigens to maturing dendritic cells via the DEC-205
receptor improves T cell vaccination. J. Exp. Med. 2004, 199, 815–824. [CrossRef]

86. Bozzacco, L.; Trumpfheller, C.; Siegal, F.P.; Mehandru, S.; Markowitz, M.; Carrington, M.; Nussenzweig, M.C.;
Piperno, A.G.; Steinman, R.M. DEC-205 receptor on dendritic cells mediates presentation of HIV gag protein
to CD8+ T cells in a spectrum of human MHC I haplotypes. Proc. Natl. Acad. Sci. USA 2007, 104, 1289.
[CrossRef]

87. Cruz, L.J.; Rosalia, R.A.; Kleinovink, J.W.; Rueda, F.; Löwik, C.W.G.M.; Ossendorp, F. Targeting nanoparticles
to CD40, DEC-205 or CD11c molecules on dendritic cells for efficient CD8+ T cell response: A comparative
study. J. Control. Release 2014, 192, 209–218. [CrossRef]

88. Schlosser, E.; Mueller, M.; Fischer, S.; Basta, S.; Busch, D.H.; Gander, B.; Groettrup, M. TLR ligands and
antigen need to be coencapsulated into the same biodegradable microsphere for the generation of potent
cytotoxic T lymphocyte responses. Vaccine 2008, 26, 1626–1637. [CrossRef]

89. Chiang, C.L.; Kandalaft, L.E.; Coukos, G. Adjuvants for enhancing the immunogenicity of whole tumor cell
vaccines. Int. Rev. Immunol. 2011, 30, 150–182. [CrossRef]

90. Soiffer, R.; Hodi, F.S.; Haluska, F.; Jung, K.; Gillessen, S.; Singer, S.; Tanabe, K.; Duda, R.; Mentzer, S.;
Jaklitsch, M.; et al. Vaccination With Irradiated, Autologous Melanoma Cells Engineered to Secrete
Granulocyte-Macrophage Colony-Stimulating Factor by Adenoviral-Mediated Gene Transfer Augments
Antitumor Immunity in Patients With Metastatic Melanoma. J. Clin. Oncol. 2003, 21, 3343–3350. [CrossRef]

91. Zhu, G.; Zhang, F.; Ni, Q.; Niu, G.; Chen, X. Efficient Nanovaccine Delivery in Cancer Immunotherapy.
ACS Nano 2017, 11, 2387–2392. [CrossRef] [PubMed]

92. Kuai, R.; Ochyl, L.J.; Bahjat, K.S.; Schwendeman, A.; Moon, J.J. Designer vaccine nanodiscs for personalized
cancer immunotherapy. Nat. Mater. 2017, 16, 489–496. [CrossRef] [PubMed]

93. Liu, S.-Y.; Wei, W.; Yue, H.; Ni, D.-Z.; Yue, Z.-G.; Wang, S.; Fu, Q.; Wang, Y.-Q.; Ma, G.-H.; Su, Z.-G.
Nanoparticles-based multi-adjuvant whole cell tumor vaccine for cancer immunotherapy. Biomaterials 2013,
34, 8291–8300. [CrossRef] [PubMed]

94. Balkwill, F.R.; Capasso, M.; Hagemann, T. The tumor microenvironment at a glance. J. Cell Sci. 2012, 125, 5591.
[CrossRef]

95. Lechner, M.G.; Liebertz, D.J.; Epstein, A.L. Characterization of cytokine-induced myeloid-derived suppressor
cells from normal human peripheral blood mononuclear cells. J. Immunol. 2010, 185, 2273–2284. [CrossRef]

96. Jayaraman, P.; Parikh, F.; Lopez-Rivera, E.; Hailemichael, Y.; Clark, A.; Ma, G.; Cannan, D.; Ramacher, M.;
Kato, M.; Overwijk, W.W.; et al. Tumor-expressed inducible nitric oxide synthase controls induction of
functional myeloid-derived suppressor cells through modulation of vascular endothelial growth factor
release. J. Immunol. 2012, 188, 5365–5376. [CrossRef]

97. Mandapathil, M.; Szczepanski, M.J.; Szajnik, M.; Ren, J.; Jackson, E.K.; Johnson, J.T.; Gorelik, E.; Lang, S.;
Whiteside, T.L. Adenosine and prostaglandin E2 cooperate in the suppression of immune responses mediated
by adaptive regulatory T cells. J. Biol. Chem. 2010, 285, 27571–27580. [CrossRef]

98. Rodríguez, P.C.; Ochoa, A.C. Arginine regulation by myeloid derived suppressor cells and tolerance in
cancer: Mechanisms and therapeutic perspectives. Immunol. Rev. 2008, 222, 180–191. [CrossRef]

233



Cancers 2020, 12, 3773

99. Godin-Ethier, J.; Hanafi, L.A.; Piccirillo, C.A.; Lapointe, R. Indoleamine 2,3-dioxygenase expression in human
cancers: Clinical and immunologic perspectives. Clin. Cancer Res. 2011, 17, 6985–6991. [CrossRef]

100. Platten, M.; Wick, W.; Van den Eynde, B.J. Tryptophan catabolism in cancer: Beyond IDO and tryptophan
depletion. Cancer Res. 2012, 72, 5435–5440. [CrossRef]

101. De la Fuente, H.; Cibrián, D.; Sánchez-Madrid, F. Immunoregulatory molecules are master regulators of
inflammation during the immune response. FEBS Lett. 2012, 586, 2897–2905. [CrossRef] [PubMed]

102. Su, T.; Yang, B.; Gao, T.; Liu, T.; Li, J. Polymer nanoparticle-assisted chemotherapy of pancreatic cancer.
Ther. Adv. Med. Oncol. 2020, 12. [CrossRef] [PubMed]

103. Whiteside, T.L. The tumor microenvironment and its role in promoting tumor growth. Oncogene 2008,
27, 5904–5912. [CrossRef] [PubMed]

104. Estrella, V.; Chen, T.; Lloyd, M.; Wojtkowiak, J.; Cornnell, H.H.; Ibrahim-Hashim, A.; Bailey, K.;
Balagurunathan, Y.; Rothberg, J.M.; Sloane, B.F.; et al. Acidity generated by the tumor microenvironment
drives local invasion. Cancer Res. 2013, 73, 1524–1535. [CrossRef] [PubMed]

105. Sacchetti, C.; Rapini, N.; Magrini, A.; Cirelli, E.; Bellucci, S.; Mattei, M.; Rosato, N.; Bottini, N.; Bottini, M.
In Vivo Targeting of Intratumor Regulatory T Cells Using PEG-Modified Single-Walled Carbon Nanotubes.
Bioconjugate Chem. 2013, 24, 852–858. [CrossRef] [PubMed]

106. Zhu, S.; Niu, M.; O’Mary, H.; Cui, Z. Targeting of tumor-associated macrophages made possible by
PEG-sheddable, mannose-modified nanoparticles. Mol. Pharm. 2013, 10, 3525–3530. [CrossRef] [PubMed]

107. Park, J.; Wrzesinski, S.H.; Stern, E.; Look, M.; Criscione, J.; Ragheb, R.; Jay, S.M.; Demento, S.L.; Agawu, A.;
Licona Limon, P.; et al. Combination delivery of TGF-β inhibitor and IL-2 by nanoscale liposomal polymeric
gels enhances tumour immunotherapy. Nat. Mater. 2012, 11, 895–905. [CrossRef] [PubMed]

108. Wei, S.C.; Duffy, C.R.; Allison, J.P. Fundamental Mechanisms of Immune Checkpoint Blockade Therapy.
Cancer Discov. 2018, 8, 1069. [CrossRef]

109. Riva, A.; Chokshi, S. Immune checkpoint receptors: Homeostatic regulators of immunity. Hepatol. Int. 2018,
12, 223–236. [CrossRef]

110. Sharpe, A.H.; Wherry, E.J.; Ahmed, R.; Freeman, G.J. The function of programmed cell death 1 and its ligands
in regulating autoimmunity and infection. Nat. Immunol. 2007, 8, 239–245. [CrossRef]

111. Nirschl, C.J.; Drake, C.G. Molecular pathways: Coexpression of immune checkpoint molecules: Signaling
pathways and implications for cancer immunotherapy. Clin. Cancer Res. 2013, 19, 4917–4924. [CrossRef]
[PubMed]

112. Zappasodi, R.; Merghoub, T.; Wolchok, J.D. Emerging Concepts for Immune Checkpoint Blockade-Based
Combination Therapies. Cancer Cell 2018, 33, 581–598. [CrossRef] [PubMed]

113. Marin-Acevedo, J.A.; Dholaria, B.; Soyano, A.E.; Knutson, K.L.; Chumsri, S.; Lou, Y. Next generation of
immune checkpoint therapy in cancer: New developments and challenges. J. Hematol. Oncol. 2018, 11, 39.
[CrossRef] [PubMed]

114. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012,
12, 252–264. [CrossRef] [PubMed]

115. Altmann, D.M. A Nobel Prize-worthy pursuit: Cancer immunology and harnessing immunity to tumour
neoantigens. Immunology 2018, 155, 283–284. [CrossRef] [PubMed]

116. Sharma, P.; Allison, J.P. The future of immune checkpoint therapy. Science 2015, 348, 56. [CrossRef]
117. Topalian, S.L.; Drake, C.G.; Pardoll, D.M. Immune checkpoint blockade: A common denominator approach

to cancer therapy. Cancer Cell 2015, 27, 450–461. [CrossRef]
118. Leach, D.R.; Krummel, M.F.; Allison, J.P. Enhancement of antitumor immunity by CTLA-4 blockade. Science

1996, 271, 1734–1736. [CrossRef]
119. Chen, L. Co-inhibitory molecules of the B7-CD28 family in the control of T-cell immunity. Nat. Rev. Immunol.

2004, 4, 336–347. [CrossRef]
120. Keir, M.E.; Butte, M.J.; Freeman, G.J.; Sharpe, A.H. PD-1 and its ligands in tolerance and immunity.

Annu. Rev. Immunol. 2008, 26, 677–704. [CrossRef]
121. Hodi, F.S.; O’Day, S.J.; McDermott, D.F.; Weber, R.W.; Sosman, J.A.; Haanen, J.B.; Gonzalez, R.; Robert, C.;

Schadendorf, D.; Hassel, J.C.; et al. Improved Survival with Ipilimumab in Patients with Metastatic Melanoma.
N. Engl. J. Med. 2010, 363, 711–723. [CrossRef] [PubMed]

234



Cancers 2020, 12, 3773

122. Topalian, S.L.; Hodi, F.S.; Brahmer, J.R.; Gettinger, S.N.; Smith, D.C.; McDermott, D.F.; Powderly, J.D.;
Carvajal, R.D.; Sosman, J.A.; Atkins, M.B.; et al. Safety, activity, and immune correlates of anti-PD-1 antibody
in cancer. N. Engl. J. Med. 2012, 366, 2443–2454. [CrossRef] [PubMed]

123. Shih, K.; Arkenau, H.-T.; Infante, J.R. Clinical impact of checkpoint inhibitors as novel cancer therapies.
Drugs 2014, 74, 1993–2013. [CrossRef] [PubMed]

124. Hui, E. Immune checkpoint inhibitors. J. Cell Biol. 2019, 218, 740–741. [CrossRef] [PubMed]
125. Vaddepally, R.K.; Kharel, P.; Pandey, R.; Garje, R.; Chandra, A.B. Review of Indications of FDA-Approved

Immune Checkpoint Inhibitors per NCCN Guidelines with the Level of Evidence. Cancers 2020, 12, 738.
[CrossRef] [PubMed]

126. Wang, C.; Ye, Y.; Hochu, G.M.; Sadeghifar, H.; Gu, Z. Enhanced Cancer Immunotherapy by Microneedle
Patch-Assisted Delivery of Anti-PD1 Antibody. Nano Lett. 2016, 16, 2334–2340. [CrossRef]

127. Wang, C.; Sun, W.; Wright, G.; Wang, A.Z.; Gu, Z. Inflammation-Triggered Cancer Immunotherapy by
Programmed Delivery of CpG and Anti-PD1 Antibody. Adv. Mater. 2017, 29. [CrossRef]

128. Zou, W.; Wolchok, J.D.; Chen, L. PD-L1 (B7-H1) and PD-1 pathway blockade for cancer therapy: Mechanisms,
response biomarkers, and combinations. Sci. Transl. Med. 2016, 8, 283–291. [CrossRef]

129. Bai, R.; Chen, N.; Li, L.; Du, N.; Bai, L.; Lv, Z.; Tian, H.; Cui, J. Mechanisms of Cancer Resistance to
Immunotherapy. Front. Oncol. 2020, 10, 1290. [CrossRef]

130. Feinberg, A.P.; Koldobskiy, M.A.; Göndör, A. Epigenetic modulators, modifiers and mediators in cancer
aetiology and progression. Nat. Rev. Genet. 2016, 17, 284–299. [CrossRef]

131. Héninger, E.; Krueger, T.E.G.; Lang, J.M. Augmenting antitumor immune responses with epigenetic modifying
agents. Front. Immunol. 2015, 6, 29. [CrossRef] [PubMed]

132. Ruan, H.; Hu, Q.; Wen, D.; Chen, Q.; Chen, G.; Lu, Y.; Wang, J.; Cheng, H.; Lu, W.; Gu, Z. A Dual-Bioresponsive
Drug-Delivery Depot for Combination of Epigenetic Modulation and Immune Checkpoint Blockade.
Adv. Mater. 2019, 31, e1806957. [CrossRef] [PubMed]

133. Min, Y.; Roche, K.C.; Tian, S.; Eblan, M.J.; McKinnon, K.P.; Caster, J.M.; Chai, S.; Herring, L.E.; Zhang, L.;
Zhang, T.; et al. Antigen-capturing nanoparticles improve the abscopal effect and cancer immunotherapy.
Nat. Nanotechnol. 2017, 12, 877–882. [CrossRef] [PubMed]

134. Palena, C.; Abrams, S.I.; Schlom, J.; Hodge, J.W. Cancer vaccines: Preclinical studies and novel strategies.
Adv. Cancer Res. 2006, 95, 115–145. [CrossRef] [PubMed]

135. Ogi, C.; Aruga, A. Immunological monitoring of anticancer vaccines in clinical trials. Oncoimmunology 2013,
2, e26012. [CrossRef]

136. Kim, Y.; Kang, S.; Shin, H.; Kim, T.; Yu, B.; Kim, J.; Yoo, D.; Jon, S. Sequential and Timely Combination of a
Cancer Nanovaccine with Immune Checkpoint Blockade Effectively Inhibits Tumor Growth and Relapse.
Angew. Chem. Int. Ed. 2020, 59, 14628–14638. [CrossRef]

137. Fontana, F.; Fusciello, M.; Groeneveldt, C.; Capasso, C.; Chiaro, J.; Feola, S.; Liu, Z.; Mäkilä, E.M.; Salonen, J.J.;
Hirvonen, J.T.; et al. Biohybrid Vaccines for Improved Treatment of Aggressive Melanoma with Checkpoint
Inhibitor. ACS Nano 2019, 13, 6477–6490. [CrossRef]

138. Zhuang, J.; Holay, M.; Park, J.H.; Fang, R.H.; Zhang, J.; Zhang, L. Nanoparticle Delivery of Immunostimulatory
Agents for Cancer Immunotherapy. Theranostics 2019, 9, 7826–7848. [CrossRef]

139. Sushnitha, M.; Evangelopoulos, M.; Tasciotti, E.; Taraballi, F. Cell Membrane-Based Biomimetic
Nanoparticles and the Immune System: Immunomodulatory Interactions to Therapeutic Applications.
Front. Bioeng. Biotechnol. 2020, 8. [CrossRef]

140. Getts, D.R.; Shea, L.D.; Miller, S.D.; King, N.J. Harnessing nanoparticles for immune modulation.
Trends Iimmunol. 2015, 36, 419–427. [CrossRef]

141. Jiao, Q.; Li, L.; Mu, Q.; Zhang, Q. Immunomodulation of nanoparticles in nanomedicine applications.
BioMed Res. Int. 2014, 2014, 426028. [CrossRef] [PubMed]

142. Liu, X.-Q.; Tang, R.-Z. Biological responses to nanomaterials: Understanding nano-bio effects on cell
behaviors. Drug Deliv. 2017, 24, 1–15. [CrossRef] [PubMed]

143. Luo, Y.-H.; Chang, L.W.; Lin, P. Metal-Based Nanoparticles and the Immune System: Activation, Inflammation,
and Potential Applications. BioMed Res. Int. 2015, 2015, 143720. [CrossRef] [PubMed]

144. Fadeel, B. Hide and Seek: Nanomaterial Interactions with the Immune System. Front. Immunol. 2019, 10, 133.
[CrossRef] [PubMed]

145. Akira, S.; Takeda, K. Toll-like receptor signalling. Nat. Rev. Immunol. 2004, 4, 499–511. [CrossRef] [PubMed]

235



Cancers 2020, 12, 3773

146. Chugh, H.; Sood, D.; Chandra, I.; Tomar, V.; Dhawan, G.; Chandra, R. Role of gold and silver nanoparticles
in cancer nano-medicine. Artif. Cells Nanomed. Biotechnol. 2018, 46, 1210–1220. [CrossRef] [PubMed]

147. Yen, H.J.; Hsu, S.H.; Tsai, C.L. Cytotoxicity and immunological response of gold and silver nanoparticles of
different sizes. Small 2009, 5, 1553–1561. [CrossRef]

148. Wolf-Grosse, S.; Mollnes, T.E.; Ali, S.; Stenvik, J.; Nilsen, A.M. Iron oxide nanoparticles enhance Toll-like
receptor-induced cytokines in a particle size- and actin-dependent manner in human blood. Nanomedicine
2018, 13, 1773–1785. [CrossRef]

149. Vasilichin, V.A.; Tsymbal, S.A.; Fakhardo, A.F.; Anastasova, E.I.; Marchenko, A.S.; Shtil, A.A.; Vinogradov, V.V.;
Koshel, E.I. Effects of Metal Oxide Nanoparticles on Toll-Like Receptor mRNAs in Human Monocytes.
Nanomaterials 2020, 10, 127. [CrossRef]

150. Dykman, L.A.; Khlebtsov, N.G. Immunological properties of gold nanoparticles. Chem. Sci. 2017, 8, 1719–1735.
[CrossRef]

151. Lee, J.Y.; Park, W.; Yi, D.K. Immunostimulatory effects of gold nanorod and silica-coated gold nanorod on
RAW 264.7 mouse macrophages. Toxicol. Lett. 2012, 209, 51–57. [CrossRef] [PubMed]

152. Fallarini, S.; Paoletti, T.; Battaglini, C.O.; Ronchi, P.; Lay, L.; Bonomi, R.; Jha, S.; Mancin, F.; Scrimin, P.;
Lombardi, G. Factors affecting T cell responses induced by fully synthetic glyco-gold-nanoparticles. Nanoscale
2013, 5, 390–400. [CrossRef] [PubMed]

153. Lin, A.Y.; Mattos Almeida, J.P.; Bear, A.; Liu, N.; Luo, L.; Foster, A.E.; Drezek, R.A. Gold Nanoparticle
Delivery of Modified CpG Stimulates Macrophages and Inhibits Tumor Growth for Enhanced Immunotherapy.
PLoS ONE 2013, 8, e63550. [CrossRef] [PubMed]

154. Ahn, S.; Lee, I.H.; Kang, S.; Kim, D.; Choi, M.; Saw, P.E.; Shin, E.C.; Jon, S. Gold nanoparticles displaying
tumor-associated self-antigens as a potential vaccine for cancer immunotherapy. Adv. Healthc. Mater. 2014,
3, 1194–1199. [CrossRef] [PubMed]

155. Ninan, N.; Goswami, N.; Vasilev, K. The Impact of Engineered Silver Nanomaterials on the Immune System.
Nanomaterials 2020, 10, 967. [CrossRef] [PubMed]

156. Elsabahy, M.; Wooley, K.L. Cytokines as biomarkers of nanoparticle immunotoxicity. Chem. Soc. Rev. 2013,
42, 5552–5576. [CrossRef] [PubMed]

157. Carlson, C.; Hussain, S.M.; Schrand, A.M.; Braydich-Stolle, L.K.; Hess, K.L.; Jones, R.L.; Schlager, J.J. Unique
cellular interaction of silver nanoparticles: Size-dependent generation of reactive oxygen species. J. Phys.
Chem. B 2008, 112, 13608–13619. [CrossRef]

158. Asgary, V.; Shoari, A.; Baghbani-Arani, F.; Sadat Shandiz, S.A.; Khosravy, M.S.; Janani, A.; Bigdeli, R.;
Bashar, R.; Cohan, R.A. Green synthesis and evaluation of silver nanoparticles as adjuvant in rabies veterinary
vaccine. Int. J. Nanomed. 2016, 11, 3597–3605. [CrossRef]

159. Liu, Y.; Balachandran, Y.L.; Li, D.; Shao, Y.; Jiang, X. Polyvinylpyrrolidone–Poly(ethylene glycol) Modified
Silver Nanorods Can Be a Safe, Noncarrier Adjuvant for HIV Vaccine. ACS Nano 2016, 10, 3589–3596.
[CrossRef]

160. Xu, Y.; Tang, H.; Liu, J.-H.; Wang, H.; Liu, Y. Evaluation of the adjuvant effect of silver nanoparticles both
in vitro and in vivo. Toxicol. Lett. 2013, 219, 42–48. [CrossRef]

161. Kim, J.V.; Latouche, J.-B.; Rivière, I.; Sadelain, M. The ABCs of artificial antigen presentation. Nat. Biotechnol.
2004, 22, 403–410. [CrossRef] [PubMed]

162. Rhodes, K.R.; Green, J.J. Nanoscale artificial antigen presenting cells for cancer immunotherapy. Mol. Immunol.
2018, 98, 13–18. [CrossRef] [PubMed]

163. Mandal, S.; Eksteen-Akeroyd, Z.H.; Jacobs, M.J.; Hammink, R.; Koepf, M.; Lambeck, A.J.A.; van Hest, J.C.M.;
Wilson, C.J.; Blank, K.; Figdor, C.G.; et al. Therapeutic nanoworms: Towards novel synthetic dendritic cells
for immunotherapy. Chem. Sci. 2013, 4, 4168–4174. [CrossRef]

164. Kosmides, A.K.; Meyer, R.A.; Hickey, J.W.; Aje, K.; Cheung, K.N.; Green, J.J.; Schneck, J.P. Biomimetic
biodegradable artificial antigen presenting cells synergize with PD-1 blockade to treat melanoma. Biomaterials
2017, 118, 16–26. [CrossRef] [PubMed]

165. Balar, A.V.; Weber, J.S. PD-1 and PD-L1 antibodies in cancer: Current status and future directions.
Cancer Immunol. Immunother. 2017, 66, 551–564. [CrossRef] [PubMed]

166. Li, Y.; Li, F.; Jiang, F.; Lv, X.; Zhang, R.; Lu, A.; Zhang, G. A Mini-Review for Cancer Immunotherapy:
Molecular Understanding of PD-1/PD-L1 Pathway & Translational Blockade of Immune Checkpoints. Int. J.
Mol. Sci. 2016, 17, 1151. [CrossRef]

236



Cancers 2020, 12, 3773

167. Wang, Q.; Wu, X. Primary and acquired resistance to PD-1/PD-L1 blockade in cancer treatment. Int.
Immunopharmacol. 2017, 46, 210–219. [CrossRef]

168. Sun, L.; Zhang, L.; Yu, J.; Zhang, Y.; Pang, X.; Ma, C.; Shen, M.; Ruan, S.; Wasan, H.S.; Qiu, S. Clinical efficacy
and safety of anti-PD-1/PD-L1 inhibitors for the treatment of advanced or metastatic cancer: A systematic
review and meta-analysis. Sci. Rep. 2020, 10, 2083. [CrossRef]

169. Sui, X.; Ma, J.; Han, W.; Wang, X.; Fang, Y.; Li, D.; Pan, H.; Zhang, L. The anticancer immune response of
anti-PD-1/PD-L1 and the genetic determinants of response to anti-PD-1/PD-L1 antibodies in cancer patients.
Oncotarget 2015, 6, 19393–19404. [CrossRef]

170. Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic Cell Death in Cancer Therapy.
Annu. Rev. Immunol. 2013, 31, 51–72. [CrossRef]

171. Fucikova, J.; Kralikova, P.; Fialova, A.; Brtnicky, T.; Rob, L.; Bartunkova, J.; Spísek, R. Human tumor cells killed
by anthracyclines induce a tumor-specific immune response. Cancer Res. 2011, 71, 4821–4833. [CrossRef]
[PubMed]

172. Nam, J.; Son, S.; Park, K.S.; Zou, W.; Shea, L.D.; Moon, J.J. Cancer nanomedicine for combination cancer
immunotherapy. Nat. Rev. Mater. 2019, 4, 398–414. [CrossRef]

173. Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.-A.;
Shaw Wright, G.; et al. Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N. Engl.
J. Med. 2018, 379, 2108–2121. [CrossRef] [PubMed]

174. Kang, C.; Syed, Y.Y. Atezolizumab (in Combination with Nab-Paclitaxel): A Review in Advanced
Triple-Negative Breast Cancer. Drugs 2020, 80, 601–607. [CrossRef]

175. Bonvalot, S.; Rutkowski, P.L.; Thariat, J.; Carrère, S.; Ducassou, A.; Sunyach, M.P.; Agoston, P.; Hong, A.;
Mervoyer, A.; Rastrelli, M.; et al. NBTXR3, a first-in-class radioenhancer hafnium oxide nanoparticle, plus
radiotherapy versus radiotherapy alone in patients with locally advanced soft-tissue sarcoma (Act.In.Sarc):
A multicentre, phase 2-3, randomised, controlled trial. Lancet Oncol. 2019, 20, 1148–1159. [CrossRef]

176. Bonvalot, S.; Le Pechoux, C.; De Baere, T.; Kantor, G.; Buy, X.; Stoeckle, E.; Terrier, P.; Sargos, P.; Coindre, J.M.;
Lassau, N.; et al. First-in-Human Study Testing a New Radioenhancer Using Nanoparticles (NBTXR3)
Activated by Radiation Therapy in Patients with Locally Advanced Soft Tissue Sarcomas. Clin. Cancer Res.
2017, 23, 908–917. [CrossRef]

177. West, H.; McCleod, M.; Hussein, M.; Morabito, A.; Rittmeyer, A.; Conter, H.J.; Kopp, H.G.; Daniel, D.;
McCune, S.; Mekhail, T.; et al. Atezolizumab in combination with carboplatin plus nab-paclitaxel
chemotherapy compared with chemotherapy alone as first-line treatment for metastatic non-squamous
non-small-cell lung cancer (IMpower130): A multicentre, randomised, open-label, phase 3 trial. Lancet Oncol.
2019, 20, 924–937. [CrossRef]

178. Pujade-Lauraine, E.; Fujiwara, K.; Dychter, S.S.; Devgan, G.; Monk, B.J. Avelumab (anti-PD-L1) in
platinum-resistant/refractory ovarian cancer: JAVELIN Ovarian 200 Phase III study design. Future Oncol.
2018, 14, 2103–2113. [CrossRef]

179. Shi, Y. Clinical Translation of Nanomedicine and Biomaterials for Cancer Immunotherapy: Progress and
Perspectives. Adv. Ther. 2020, 3, 1900215. [CrossRef]

180. Mikelez-Alonso, I.; Aires, A.; Cortajarena, A.L. Cancer Nano-Immunotherapy from the Injection to the Target:
The Role of Protein Corona. Int. J. Mol. Sci. 2020, 21, 519. [CrossRef]

181. Yetisgin, A.A.; Cetinel, S.; Zuvin, M.; Kosar, A.; Kutlu, O. Therapeutic Nanoparticles and Their Targeted
Delivery Applications. Molecules 2020, 25, 2193. [CrossRef] [PubMed]

182. Anselmo, A.C.; Mitragotri, S. Nanoparticles in the clinic: An update. Bioeng. Transl. Med. 2019, 4, e10143.
[CrossRef] [PubMed]

183. Beg, M.S.; Brenner, A.J.; Sachdev, J.; Borad, M.; Kang, Y.K.; Stoudemire, J.; Smith, S.; Bader, A.G.; Kim, S.;
Hong, D.S. Phase I study of MRX34, a liposomal miR-34a mimic, administered twice weekly in patients with
advanced solid tumors. Investig. New Drugs 2017, 35, 180–188. [CrossRef] [PubMed]

184. Burris, H.A., III; Patel, M.R.; Cho, D.C.; Clarke, J.M.; Gutierrez, M.; Zaks, T.Z.; Frederick, J.; Hopson, K.;
Mody, K.; Binanti-Berube, A.; et al. A phase 1, open-label, multicenter study to assess the safety, tolerability,
and immunogenicity of mRNA-4157 alone in subjects with resected solid tumors and in combination with
pembrolizumab in subjects with unresectable solid tumors (Keynote-603). J. Glob. Oncol. 2019, 5, 93.
[CrossRef]

237



Cancers 2020, 12, 3773

185. Zanganeh, S.; Hutter, G.; Spitler, R.; Lenkov, O.; Mahmoudi, M.; Shaw, A.; Pajarinen, J.S.; Nejadnik, H.;
Goodman, S.; Moseley, M.; et al. Iron oxide nanoparticles inhibit tumour growth by inducing
pro-inflammatory macrophage polarization in tumour tissues. Nat. Nanotechnol. 2016, 11, 986–994.
[CrossRef]

186. Pfannenstiel, L.W.; Lam, S.S.; Emens, L.A.; Jaffee, E.M.; Armstrong, T.D. Paclitaxel enhances early dendritic
cell maturation and function through TLR4 signaling in mice. Cell. Immunol. 2010, 263, 79–87. [CrossRef]

187. Graziani, S.R.; Vital, C.G.; Morikawa, A.T.; Van Eyll, B.M.; Fernandes Junior, H.J.; Kalil Filho, R.; Maranhão, R.C.
Phase II study of paclitaxel associated with lipid core nanoparticles (LDE) as third-line treatment of patients
with epithelial ovarian carcinoma. Med. Oncol. 2017, 34, 151. [CrossRef]

188. Shen, C.; Frakes, J.; Weiss, J.; Caudell, J.J.; Hackman, T.G.; Akulian, J.A.; El-Haddad, G.; Hu, Y.; Dixon, R.;
Pearson, A.T.; et al. Phase I study of NBTXR3 activated by radiotherapy in patients with advanced cancers
treated with an anti-PD-1 therapy. J. Clin. Oncol. 2020, 38, TPS3173. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

238



cancers

Review

Intercellular Mitochondrial Transfer in the
Tumor Microenvironment

Hana Sahinbegovic 1,2,3,4, Tomas Jelinek 1,2, Matous Hrdinka 1,2, Juli R. Bago 1,2, Marcello Turi 1,3,

Tereza Sevcikova 1,2,3, Amina Kurtovic-Kozaric 4, Roman Hajek 1,2 and Michal Simicek 1,2,3,*

1 Department of Clinical Studies, Faculty of Medicine, University of Ostrava, 70300 Ostrava, Czech Republic;
hana.sahinbegovic@fno.cz (H.S.); tomas.jelinek@fno.cz (T.J.); matous.hrdinka@fno.cz (M.H.);
julio.rodriguez.bago@fno.cz (J.R.B.); marcello.turi@fno.cz (M.T.); tereza.sevcikova@fno.cz (T.S.);
roman.hajek@fno.cz (R.H.)

2 Department of Hematooncology, University Hospital Ostrava, 70200 Ostrava, Czech Republic
3 Faculty of Science, University of Ostrava, 70800 Ostrava, Czech Republic
4 Faculty of Genetics and Bioengineering, International Burch University,

71210 Sarajevo, Bosnia and Herzegovina; amina.kurtovic@ibu.edu.ba
* Correspondence: michal.simicek@fno.cz

Received: 12 June 2020; Accepted: 2 July 2020; Published: 4 July 2020

Abstract: Cell-to-cell communication is a fundamental process in every multicellular organism.
In addition to membrane-bound and released factors, the sharing of cytosolic components represents
a new, poorly explored signaling route. An extraordinary example of this communication channel
is the direct transport of mitochondria between cells. In this review, we discuss how intercellular
mitochondrial transfer can be used by cancer cells to sustain their high metabolic requirements and
promote drug resistance and describe relevant molecular players in the context of current and future
cancer therapy.

Keywords: cancer; mitochondria; mitochondrial transfer; tunneling nanotubes; tumor microenvironment

1. Introduction

The majority of human cells use mitochondria as the main source of energy and metabolites.
A typical cancer cell, however, tends to upregulate glycolysis, as postulated by Otto Warburg more than
100 years ago [1,2]. At first glance, this might seem counterproductive, as glycolysis produces fewer
ATP molecules and causes constant acidification of the extracellular space by increased production of
lactate [3]. On the other hand, an enhanced glycolytic rate contributes to the development of several
cancer hallmarks, such as the ability to evade apoptosis by inhibition of oxidative phosphorylation
(OXPHOS) [4] and the promotion of metastatic dissemination by the degradation of the extracellular
matrix and tissue outgrowth [5]. Moreover, tumor cells often reside in a hypoxic environment that
favors the use of anoxygenic production of energy. Therefore, the idea of forcing tumor cells to use
OXPHOS instead of glycolysis has emerged as a promising therapeutic strategy [6,7].

Even though most cancers have impaired mitochondrial respiration, recent discoveries indicate
that certain solid tumors, such as pancreatic ductal adenocarcinoma and endometrial carcinoma,
and many hematological neoplasms rely heavily on OXPHOS and upregulated mitochondrial
metabolism [8,9]. In line with these observations, a number of studies highlighted the importance of
mitochondria-dependent metabolic reprogramming in boosting proliferation and in the development
of drug resistance in several types of cancers [6,10]. Consequently, the clinical relevance of biological
processes involving active and healthy mitochondria, initially meant to have a rather tumor suppressive
role, is now being revised.
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239



Cancers 2020, 12, 1787

Historically, cancer research has been mostly done by using 2D in vitro models of established cell
lines [11,12]. Although this is a powerful and valuable approach, it completely neglects the presence
of neighboring non-tumor cells supporting or suppressing the cancer tissue. The influence of the
microenvironment on tumor cells is very complex and often includes the direct involvement of tumor
mitochondria. Cancer cells can release (e.g., upon necrosis) entire mitochondria or their components,
such as mitochondrial DNA (mtDNA), ATP, cytochrome C, or formylated peptides, to the extracellular
space [13]. These then serve as Damage-Associated Molecular Patterns (DAMPs) that activate the
immune cells [14,15]. Resulting pro-inflammatory and immunosuppressive responses then either
inhibit or stimulate the growth and/or metastatic capacity of the tumor [16,17].

The modulation of tumor mitochondria is an important mechanism that aids cancer cells to escape
from the immune system control and develop drug resistance [6,10]. In addition to neoplastic and
immune cells, the tumor microenvironment contains many different cell types that can control the state
of the mitochondria in a tumor both directly, by cell–cell contacts [18], and indirectly, by secretion of
soluble factors and a variety of extracellular vesicles [19]. Recently, a novel mechanism of intercellular
communication based on a horizontal transfer of mitochondria between non-tumor and malignant
cells was described [20–24]. This paradigm-breaking discovery has led to the question of whether the
phenomenon of direct mitochondria sharing could also contribute to the aversion of malignant cells to
existing drug combinations and possibly further promote tumor growth. We still know very little about
this new, exciting way of sharing intracellular molecules and organelles. A deeper understanding of
the underlying molecular mechanisms and consequences on cell physiology will likely explain many
therapeutic failures and ultimately lead to novel, more efficient drug combinations.

In this review, we provide an overview of the current knowledge of intercellular mitochondrial
transfer, with a particular focus on its relevance in cancer initiation, progression, and drug resistance.
We present a summary of the known molecular players involved in sharing mitochondria and show
examples of mitochondrial exchange in both solid and hematological tumors. Finally, we place all
findings in the context of the current therapeutic strategies.

2. Means of Mitochondrial Transfer

The first observation of mitochondrial transfer in 2006 demonstrated that mitochondria from
bone marrow stromal cells (BMSCs), but not free mitochondria or mtDNA from the medium,
were able to relocate to mitochondria-deficient A549 lung cancer cells and rescue their aerobic
respiration [18]. A follow-up study further supported the regulated directionality of the exchange
as donor, non-irradiated PC12 cells with faulty mitochondria could not nourish recipient PC12 cells,
leading them back to life [25]. Importantly, the transfer of mitochondria was also observed in vivo in
mouse melanoma cells injected into mice expressing a fluorescently labelled mitochondrial protein [24].

Fundamental research on the physiological relevance of mitochondrial transfer suggested its
importance in the regeneration of damaged or infected tissue [26,27]. The “mito-healing” theory was
subsequently supported by additional studies in a variety of tissues, including vascular [28], brain [19],
lung [29], cornea [30], and several other tissues. Transfer of mitochondria was also described in the
immune system to combat bacterial infections [31]. The presence of pathogens inside immune cells is
usually accompanied by a switch from glycolytic metabolism to OXPHOS as a means of triggering a
fast anti-microbial response [32]. A striking example of infection-induced metabolic switch is seen
in macrophages during acute respiratory distress syndrome, when macrophages are fed additional
mitochondria by surrounding mesenchymal stem cells (MSCs), boosting their anti-inflammatory
and phagocytic capacity [31]. Thus, the importance of mitochondria exchange in maintaining tissue
homeostasis is clearly not disputable. However, the shuttling of mitochondria between cells could
also have severe pathological consequences, particularly in cancer, where malignant cells tend to take
advantage of the surrounding environment (Figure 1) [23,33,34].
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Figure 1. Putative effects of mitochondrial transfer on an injured cell and a cancer cell. ROS, reactive
oxygen species.

The precise mechanism of mitochondrial transfer remains unknown, and so far, only a few
crucial molecules involved in the process have been described. High OXPHOS demand and/or severe
mitochondria damage are typical features of the recipient cells [23,35,36]. To initiate the transfer,
the providing cells should not only possess non-damaged, healthy mitochondria [37] but also be
specifically activated [22]. Metalloproteinase-1 (MMP-1), nestin, and proinflammatory cytokines
have been identified as essential factors stimulating donor cells to dispatch mitochondria [22].
When cultured with leukemic cells, donor BMSCs exhibited increased levels of PGC1α, a master
regulator of mitochondrial biogenesis necessary for efficient mitochondrial transfer [38]. The activation
of donor functions often correlates with a rise in intracellular reactive oxygen species (ROS) [22,37]
generated by the recipient cells [33]. The main trigger regulating the directional release of mitochondria
is still unknown, but the signal is likely multifactorial and, at least partially, mediated by ROS.

3. Tunneling Nanotubes Are the Main Delivery Route for Mitochondria

Neighboring cells can share mitochondria through several mechanisms, including (i) the formation
of extracellular vehicles (EVs), (ii) tunneling nanotubes (TNTs) formed at the sites of physical contact,
(iii) mitochondrial ejection, or (iv) cytoplasmic fusion [39]. Multiple studies have shown that TNTs,
ultrafine cytoplasmic bridges between cells, are the main delivery system for mitochondria in both
healthy and tumor tissues (Figure 2) [23,33]. TNT-independent mitochondria sharing in certain tumors
was also described [19,29,37]. However, there seems to be a rather scarce number of examples, and more
investigation of the transfer mechanisms is needed.
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Figure 2. Schematic representation of mitochondrial transfer via tunneling nanotubes. The donor cell,
usually a non-cancerous cell, sends mitochondria to the recipient cell. In certain cases, the transfer is
possible in both directions. Key regulatory molecules and triggers are listed.

TNTs, discovered by Rustom et al. in 2004, serve as direct communication channels between
neighboring cells to exchange a wide variety of molecules and organelles [40]. Their diameter ranges
from 50 to 200 nm, and their length may reach up to 150 μm. TNTs are formed de novo in a matter
of minutes and can connect multiple cells at once. Specific structural features or biomarkers unique
to TNTs have not been identified. TNTs lack any attachment to the substrate, but their structure is
enforced by actin [40] and microtubule filaments [25,41]. In experimental settings, the actin-disrupting
drug cytochalasin B is often used as an efficient inhibitor of TNTs formation [23,33].

For the efficient transport of mitochondria, the presence of functional microtubules and associated
molecular motors seems to be required [25]. Specifically, Myosin X and Myosin Va have been
co-localized with mitochondria inside TNTs [40,42,43]. Some donor cells exhibit high expression
of the small GTPase Miro1 localized on the outer mitochondrial membrane [44]. When Miro1 was
depleted in MSCs cultured with LA-4 epithelial cells, mitochondrial transfer was ineffective, whereas
Miro1 overexpression increased the ability of MSCs to donate mitochondria [45]. Mechanistically,
Miro1 seems to co-ordinate mitochondrial movement along microtubules by promoting the assembly
of a complex molecular motor machinery [46].

The role of TNT-localized actin in mitochondria exchange is less clear. It is known that filamentous
actin impedes the passive transfer of soluble cytoplasmic molecules through TNTs [40] and serves
as a scaffold that stabilizes TNT structure [47]. The actin-binding protein M-Sec has been shown
to be important for the formation of TNTs and the intercellular propagation of calcium (Ca2+) in
macrophages [48,49]. Increased levels of Ca2+ activate mitochondria-localized Miro1 that further binds
to microtubule-associated motor proteins [46].

Recently, CD38, an ectoenzyme involved in transmembrane signaling and cell adhesion, was
identified as one of the key players in mitochondrial transfer [19,23]. In addition to its receptor function,
CD38 modulates intracellular Ca2+ levels by generating cyclic ADP-ribose [50,51]. The Ca2+ regulatory
role of CD38 seems important for mitochondrial delivery from BMSCs to myeloma cells [23] and from
astrocytes to neurons in brain tissue damaged by stroke [19], even though the transfer occurs via a
different mechanism (TNTs vs. EVs, respectively). Thus, an increase in intracellular Ca2+ might be a
general mechanism priming mitochondria for transfer. However, it is unclear how CD38 enzymatic
activity is initiated to raise cytosolic Ca2+ levels and further promote mitochondrial transfer. It is
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possible that an increase in extracellular NAD+, the substrate of CD38, induced by changes in the
cellular redox state could play a role [52].

Interestingly, the presence of gap junction (GJ) proteins, especially connexin 43 [53], in TNTs
has been confirmed [54]. Connexins are important for Ca2+ propagation between neighboring cells
via TNTs [48,55,56]. Similarities in the composition of GJ and TNTs have also been pointed out [40].
In spite of this, GJ have been functionally distinguished from TNTs [55]. While GJ perform short-range
cell-to-cell interactions and allow the transfer of molecules up to 1.2 kDa only [57,58], TNTs mediate
long-range cell-to-cell interactions and allow the transfer of significantly bigger cargos [59,60]. More
research will be needed to fully understand the contribution of GJ proteins to TNT formation and
mitochondrial transfer.

4. Mitochondrial Transfer in Solid Cancers

The current knowledge on mitochondrial transfer in solid cancers is limited, and the results
of various studies are often difficult to compare due to the use of different experimental systems
(Table 1). Cells of mesenchymal origin or fibroblasts are the most commonly used mitochondria
donors [18,21,36]. However, the tumor tissue is a complex environment composed of many different
cell types, and competition between cells could have a significant effect on mitochondrial transfer [61].
Indeed, in the co-culture of BMSCs, endothelial cells, and MCF7 cells, the formation of TNTs between
the three cell types was observed, but mitochondria were sent only from endothelial cells to MCF7
cells [21]. Recently, TNT-mediated mitochondrial transfer was also observed between natural killer T
cells and breast cancer cells [62]. These studies indicate that the ability to donate mitochondria might be
affected by the presence of a particular cell type in the tumor microenvironment. Therefore, results of
mitochondrial transfer experiments using cells usually not present in the solid tumor microenvironment
(e.g., BMSCs or umbilical cord Wharton’s jelly cells) should be carefully interpreted. Nevertheless,
the current data still provide interesting views of the general mechanisms of mitochondria shuttling.

Table 1. Mitochondrial transfer studies.

Donor Cells Recipient Cells
Mechanism of

Transport
Triggers Cellular Effect Reference

NON-TUMOR CELLS

cardio-myocytes cardio-fibroblasts TNTs ND Transfer in both
directions [56]

MSCs vascular smooth
muscle cells TNTs ND Stimulation of MSCs

proliferation [28]

BMSCs alveolar epithelium microvesicles LPS-induced lung
injury

Protection against
acute lung injury [29]

MSCs HUVEC TNTs Hypoxia Rescue of injured
endothelial cells [26]

MSCs Epithelial cells TNTs Miro1 overexpression ND [45]

iPSC-MSCs epithelial cells TNTs Cigarette smoke Repair of damaged
cells [27]

PC12 cells PC12 cells TNTs
Damaged

mitochondria in
receiver cells

Rescue from apoptosis [25]

astrocytes neurons microvesicles Damage by stroke Neuroprotection/
recovery [19]

MSCs corneal epithelial
cells TNTs OXPHOS inhibition Protection from

oxidative damage [30]

BM-MSCs macrophage TNTs Acute respiratory
distress syndrome

Enhanced
phagocytosis [31]

iPSC-MSCs/
BM-MSCs cardio-myocytes TNTs Anthracycline Increased

mitochondrial transfer [44]

BMSCs hematopoietic stem
cells not specified Bacterial

infection-induced ROS
Granulocytes

activation [32]

243



Cancers 2020, 12, 1787

Table 1. Cont.

Donor Cells Recipient Cells
Mechanism of

Transport
Triggers Cellular Effect Reference

SOLID TUMORS

BMSCs A549 cells not specified Non-functional
mitochondria

Rescue of aerobic
respiration [18]

BMSCs 143B cells not specified Restrictive media
Rescue of

mitochondria
functions

[35]

MSCs/
epithelial cells

ovarian and breast
cancer cells TNTs ND Specific selection of

donor cells [21]

MSCs
lung

adeno-carcinoma
cells

TNTs
Miro1 increased

mitochondrial donor
capacity

ND [45]

Wharton’s
jelly-derived MSCs 143B not specified Absence of

mitochondria

Rescue of
mitochondria

functions
[36]

mouse tissue melanoma cells not specified Absence of
mitochondria

Rescue of
mitochondria

functions and tumor
formation

[24]

Prostate
cancer-associated

fibroblasts
prostate cancer cell TNTs ND

Enhanced lactate
metabolism and

mitochondria motility
[63]

NKT cells breast cancer cells TNTs ND ND [62]

HEMATOLOGICAL TUMORS

BMSCs AML endocytosis Chemotherapy agents Increased viability [37]

BMSCs AML TNTs NOX2-derived ROS ND [33]

BMSCs AML TNTs ND ND [38]

BMSCs T-ALL TNTs ND Chemoresistance [64]

MSCs ALL TNTs ROS rescue from
chemotheraphy [22]

BMSCs MM TNTs ND Metabolic switch [23]

ND: not defined; iPSC: induced pluripotent stem cell; BM-MSCs: bone marrow mesenchymal stem cells; NKT:
natural killer T cell; AML: acute myeloid leukemia; T-ALL: T cell acute lymphoblastic leukemia; ALL: acute
lymphoblastic leukemia; MM: multiple myeloma; TNTs: tunneling nanotubes; MSCs: mesenchymal stem cells;
BMSCs: bone marrow stromal cells; OXPHOS: oxidative phosphorylation; ROS: reactive oxygen species.

Investigations of the mechanism of intercellular mitochondrial transfer in solid tumors point to
TNTs as the main delivery route [21,45,63]. The very first mitochondrial transfer was seen between
mesenchymal and lung cancer cells with severely damaged or completely missing mitochondria [18].
To promote mitochondrial transfer, many studies used inhibitors such as rotenone to block the electron
transport in the respiratory chain [23,33,37,45,65]. Thus, the OXPHOS status in the recipient cells seems
to be a crucial factor mediating mitochondrial transfer. However, no mitochondrial transfer occurred
between BMSCs and osteosarcoma cells with pathogenic mutations in mtDNA, which encodes critical
components of the OXPHOS system [35]. Moreover, BMSCs were shown to donate mitochondria to
ovarian and breast cancer cells [21], lung adenocarcinoma cells [45], and prostate cancer cells [63] with
no apparent mitochondrial damage. This suggests that not only the state of mitochondria but also
specific metabolic requirements could play a role in promoting mitochondrial transfer.

5. Mitochondrial Transfer in Hematological Malignancies

The tumor microenvironment is critical for progression and drug resistance also in hematological
cancers [11,59,60]. Acquiring new mitochondria in the bone marrow niche was recently suggested as a
way by which leukemic cells can achieve drug resistance [22,23,37]. Up to date, mitochondrial transfer
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was observed in several types of hematological malignancies, where it seems to have a pro-tumor
function [32,33,61].

6. Mitochondrial Transfer in Acute Lymphoblastic Leukemia

The cross-talk between acute lymphoblastic leukemia (ALL) cells and their niche proved that
mitochondria are delivered via TNTs from MSCs to primary B-cell precursor ALL cells [22]. The presence
of TNTs facilitated the signaling from ALL cells towards MSCs, affecting the release of cytokines and
chemokines in the microenvironment, supporting the survival and chemoresistance of ALL cells [34].
In addition to B-cell ALL, transport of mitochondria from MSCs was later shown in T-cell ALL (T-ALL),
where mitochondrial transfer was mediated by T-ALL cell/MSC adhesion and occurred through TNTs.
However, in contrast to B-ALL cells, mitochondria were exported from malignant T-ALL cells to the
surrounding MSCs, probably due to the preferential use of glycolysis in T-ALL cells [64]. This example
provides a unique model that can help to uncover the signals and mechanisms driving the transfer
directionality. Moreover, it would be interesting to see whether T-ALL cells could donate mitochondria
to other cell types and whether the increase in mitochondria number in MSCs would directly support
the tumoral properties of T-ALL cells.

7. Mitochondrial Transfer in Acute Myeloid Leukemia

Acute myeloid leukemia (AML) is a typical hematological malignancy highly dependent on
OXPHOS [66]. Not surprisingly, AML cells are more prone to receive new mitochondria as compared
to healthy CD34+ hematopoietic stem/progenitors or lymphoid CD3+ cells [37]. When co-cultured
with human BMSCs, AML cells can gain additional mitochondria in a TNT-dependent process [33].
However, in other study, endocytic inhibitors blocked the mitochondria exchange between murine
MS-5 BMSCs and human AML cells [37], suggesting a TNT-independent delivery.

Commonly used chemotherapeutics such as cytarabine [67], etoposide [68], and doxorubicin [69]
are factors that promote mitochondrial uptake by AML cells [70]. Consequently, the treatment could
have a pro-tumor effect by stimulating oxidative metabolism in resistant AML clones [12]. The surface
molecule CD38 is another clinically relevant target in AML, critical for the transport of mitochondria
from BMSCs to AML cells [71]. Daratumumab, a monoclonal anti-CD38 antibody approved for the
treatment of multiple myeloma (MM) [72,73], was shown to block the delivery of mitochondria to
AML cells under both in vitro and in vivo conditions, decrease the oxygen consumption rate (OCR),
and inhibit the growth of leukemic cells [74,75]. These studies suggest a novel, previously unexpected
anti-tumor mechanism of anti-CD38 therapy.

8. Mitochondrial Transfer in Multiple Myeloma

Aberrant myeloma cells reside in the hypoxic environment of the bone marrow [76]. Unexpectedly,
primary multiple myeloma (MM) cells isolated from patients’ biopsies were shown to have a
higher basal OCR compared to long-term in vitro cultured MM cell lines [23]. Similarly, when
established MM cell lines were injected into a mouse or co-cultured with BMSCs, their OCR
and ATP production significantly increased [23]. Moreover, the presence of BMSCs enhanced
mitochondrial metabolism and drug resistance in MM cells [23]. This suggests that the bone marrow
microenvironment might stimulate aerobic respiration in MM cells. A deeper investigation of
the responsible mechanism indicated the presence of TNT-mediated mitochondrial transfer from
BMSCs to MM cells, and ROS-inducing compounds, including commonly used proteasome inhibitors,
significantly potentiated this process [23,77].

CD38, a crucial player in mitochondrial transfer, is currently one of the most attractive molecules for
targeted therapy in MM patients [74,78–80]. Treatment with an anti-CD38 antibody or genetic deletion
of CD38 were shown to inhibit mitochondrial transfer from BMSCs to MM cells and induce tumor
shrinkage in xenografts models [23]. Lower mitochondrial activity, particularly a drop in OXPHOS,
was previously associated with increased sensitivity of MM cells to proteasome inhibitors [77]. In line

245



Cancers 2020, 12, 1787

with these observations are clinical data indicating high efficacy of a combinatory therapy using an
anti-CD38 antibody and proteasome inhibitors [81]. On the other hand, proteasome inhibitors were
shown to downregulate the expression of vascular cell adhesion molecule 1 (VCAM-1) on BMSCs [82],
a major ligand for VLA-4 on MM cells, and thus impede the binding of BMSCs and MMs [83], that is
required for efficient mitochondrial transfer.

9. Conclusions

The direct transfer of mitochondria from one cell to another has emerged as a thrilling mechanism,
whose potential targeting offers great opportunities for both cancer therapy and tissue regeneration.
The fact that mitochondrial transfer seems to be executed in a similar way in both solid and hematological
cancers further multiplies the importance of this process. It also underlines the significance of tumor
microenvironment and cellular plasticity in cancer progression and drug resistance. Furthermore,
the involvement of mitochondrial transfer may offer an explanation for the yet unclear mechanisms of
action of certain anti-cancer drugs. Although the entire signaling machinery driving mitochondrial
transfer is still unknown, the discovery of key molecular players such as Miro1, connexin 43, and CD38
has already opened the doors for possible therapeutic targeting. Future research of the molecular
processes governing mitochondria shuttling in both normal and pathological settings will likely bring
many exciting discoveries and provide new therapeutic possibilities to improve tissue regeneration
and cancer therapy.
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Simple Summary: The breakthrough of immunotherapy in melanoma has generated a glimmer of
hope for lethal triple negative breast cancer (TNBC). This review summarizes the recent advances,
challenges and potential new approaches of immunotherapy in TNBC.

Abstract: With improved understanding of the immunogenicity of triple-negative breast cancer
(TNBC), immunotherapy has emerged as a promising candidate to treat this lethal disease owing to
the lack of specific targets and effective treatments. While immune checkpoint inhibition (ICI) has
been effectively used in immunotherapy for several types of solid tumor, monotherapies targeting
programmed death 1 (PD-1), its ligand PD-L1, or cytotoxic T lymphocyte-associated protein 4
(CTLA-4) have shown little efficacy for TNBC patients. Over the past few years, various therapeutic
candidates have been reviewed, attempting to improve ICI efficacy on TNBC through combinatorial
treatment. In this review, we describe the clinical limitations of ICI and illustrate candidates from
an immunological, pharmacological, and metabolic perspective that may potentiate therapy to
improve the outcomes of TNBC patients.

Keywords: triple-negative breast cancer; immunotherapy; immune checkpoint inhibitor; combination
therapy; tumor microenvironment; cancer nanomedicine; tumor antigens; chimeric antigen receptor;
cancer metabolism

1. Introduction

Breast cancer alone accounts for 30% of all female cancers and remains one of the leading causes
of cancer-related deaths globally, with 626,679 deaths in 2018 alone [1,2]. Triple-negative breast cancer
(TNBC) is the most refractory subtype, which accounts for 11.2% of new breast cancer cases, but
disproportionately accounts for the majority of breast cancer-related deaths [3]. Chemotherapy remains
the current mainstay treatment due to the lack of specific targets for TNBC. However, it is often
associated with short-lived clinical responses [4], systemic toxicity [5] and enrichment of cancer stem
cell (CSC) populations. CSCs are capable of self-renewal, differentiation, metastasis, and regeneration
of a new tumor [6]. Moreover, CSCs possess an abundance of drug resistance mechanisms, including
the expression of several ATP-binding cassette (ABC) transporters that contribute to the poor clinical
outcomes associated with TNBC [7,8].

It is evident that effective treatment of TNBC would depend upon the elimination of CSC
populations. In recent years, the emergence of immunotherapy (IT) has offered new perspectives in
the treatment and management of TNBC. Despite the lack of targeted therapies for TNBC, recent studies
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suggest that TNBC is the most immunogenic breast cancer subtype [9–11]. In one study, TNBC was
reported to have a higher expression of Programmed Death-Ligand 1 (PD-L1), an immune checkpoint
molecule that contributes to immune evasion [12]. Through immunohistochemistry staining, TNBC
tumors have been shown to exhibit higher numbers of intratumoral and stromal tumor-infiltrating
lymphocytes (TILs) [13]. PD-L1 expression has been correlated with high levels of TILs, an association
that has been considered as a favorable indicator for TNBC patients’ prognosis [14,15]. Evaluating
PD-L1 expression using immunohistochemistry assays such as VENTANA SP142 or Dako 22C3 has
made it possible to identify patients who may benefit from immune checkpoint inhibition [16]. Other
immune modulating receptors have also been identified as attractive targets for PD-L1− and/or TIL−
tumors. Hallmarks of TNBC include dysregulated tumor vasculature, genomic instability, aberrant cell
signaling, and deregulation of cellular energetics, each of which could be potential pharmacological
targets for combination with immunotherapy. In this review, we discuss the progresses and challenges
associated with the present modalities of immunotherapy with respect to TNBC and CSCs.

2. Immune Checkpoint Inhibition: Therapeutic Strategies

2.1. PD-1/PD-L1 Axis

Immune checkpoint inhibitors (ICIs) have been considered as viable candidates for the treatment
of TNBC. Effector T-cells express the Programmed Death 1 (PD-1) cell surface receptor, which interacts
with its ligand, PD-L1 (Figure 1). PD-L1 is normally expressed on the surfaces of dendritic cells
and macrophages, and binding to PD-1 leads to the inhibition of cytotoxic T-cells [17]. By targeting
tumors enriched with TILs that express PD-L1, T-cells within the tumor microenvironment (TME) can
be activated [18]. Interestingly, higher rates of PD-L1 expression were found in TNBC patients than
with other types of breast cancers [19]. Increased PD-L1 expression can occur via amplification of
the PD-L1 gene at 9p24.1. While PD-L1 is normally amplified by 0.7% across most human cancers,
this was elevated to 2.0% in TNBC and HER-2-positive breast cancers [20,21]. Sabatier et al. also
demonstrated that higher PD-L1 expression resulted in a 50% pathological complete response (pCR),
while normal PD-L1 expression resulted in a 21% pCR in response to neoadjuvant chemotherapy [22].

The anti-PD-L1 antibody Atezolizumab has been extensively studied and tested as first-line
therapy in a phase I clinical trial (NCT01375842). Women with metastatic TNBC exhibited a median
progression-free survival (PFS) of 4.0 months (95% CI, 1.6–10.1), a median overall survival (OS) of 17.6
months (95% CI, 10.2–N/A), and an incidence of treatment-related adverse events (trAEs) of 62% [23].
Contrarily, women who received Atezolizumab as second- or third-line therapy exhibited a median
PFS of 1.8 months (95% CI, 1.4–2.3), a median OS of 7.3 months (95% CI, 6.1–10.8) and an incidence of
trAEs of 43% [23]. The subsequent IMpassion130 phase III trial (NCT02425891) investigated whether
Atezolizumab, combined with the chemotherapeutic agent nab-Paclitaxel, would generate improved
clinical outcomes relative to chemotherapy alone. Blockade of PD-1/PD-L1 interactions in untreated
metastatic TNBC patients significantly reduced tumor growth [24]. The median PFS prolongated
to 7.2 months from 5.5 months (HR, 0.80; 95% CI, 0.69 to 0.92; p = 0.002) in the intention-to-treat
population (with patients being randomized according to randomized treatment), and to 7.5 months
from 5.0 months (HR, 0.62; 95% CI, 0.49 to 0.78; p < 0.001) among patients with PD-L1+ tumors [24].
Furthermore, the median OS prolongated to 21.3 months from 17.6 months (HR, 0.84; 95% CI, 0.69 to
1.02; p = 0.008) in the intention-to-treat population, and to 25.0 months from 15.5 months (HR, 0.62;
95% CI, 0.45 to 0.86) among patients with PD-L1+ tumors [24]. As such, Atezolizumab in combination
with nab-Paclitaxel was FDA-approved for the treatment of locally advanced or metastatic PD-L1+

TNBC in March 2019.
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Figure 1. Possible mechanism of immune checkpoint inhibitors in triple-negative breast cancer
(TNBC). Tumors consist of heterogenous cell populations including different types of immune
infiltrating cells that undergo proliferation and apoptosis. (A) Tumor-infiltrating antigen-presenting
cells (APCs) display tumor-associated antigens (TAAs) on their major histocompatibility complexes
(MHC), which activate antigen-specific naïve T-cells. (B) Cluster of differentiation 80 (CD80) on
the APC and cluster of differentiation 28 (CD28) are both co-signaling molecules necessary for T-cell
activation and expansion. (C) CD80 molecules on tumor-infiltrating APCs preferentially bind to
cytotoxic T lymphocyte protein-4 (CTLA-4), constitutively expressed on regulatory T cells (Treg)
that commonly recruit myeloid-derived suppressor cells (MDSCs) to the tumor microenvironment
(TME) to inhibit T-cell activation. (D) Anti-CTLA-4 antibodies inhibit Treg activation and enhance
anti-tumor activity. (E) Tumor cells express programmed death ligand-1 (PD-L1) and tumor-infiltrating
lymphocytes express its receptor, PD-1. The interaction between PD-1 and PD-L1 inactivates T-cell
activation/expansion within the TME. (F) Anti-PD-1 or anti-PD-L1 antibodies prevent PD-1/PD-L1
engagement, thereby inhibiting the suppressive signals and promoting anti-tumor immunity. Figure
created with BioRender.com.

Similarly, the anti-PD-1 antibody Pembrolizumab was assessed in the KEYNOTE-086 phase II
trial (NCT02447003), administered as a monotherapy to cohorts of previously treated metastatic TNBC
and untreated PD-L1+ metastatic TNBC [25]. The median PFS was 2.0 months (95% CI, 1.9 to 2.0) in
the previously treated population and 2.1 months (95% CI, 2.0 to 2.2) for the patients with PD-L1+

tumors [25,26]. The median OS was 9.0 months (95% CI, 7.6 to 11.2) in the previously treated population
and 18.0 months (95% CI, 12.9 to 23.0) for the patients with PD-L1+ tumors [25,26]. The incidence of
trAEs was 60.6% in the previously treated population and 63.1% in the PD-L1+ population [25,26],
comparable to anti-PD-L1 monotherapy. This study concluded that Pembrolizumab showed durable
anti-tumor activity for patients with PD-L1+ metastatic TNBC and was followed by the KEYNOTE-335
phase III trial (NCT02819518). This study investigated whether Pembrolizumab, in combination with
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various chemotherapeutic agents, would provide improved clinical outcomes relative to chemotherapy
with placebo. The results indicated that Pembrolizumab plus chemotherapy increased the median PFS
from 5.6 months (95% CI, 5.3–7.5) to 9.7 months (95% CI, 7.6–11.3), relative to chemotherapy alone [27].
The objective response rate (ORR) increased from 40% (95% CI, 30%–50%, chemotherapy alone) to
53% (95% CI, 46–60) for the combinatorial treatment [27]. Fatal adverse events occurred in only 2.5%
of patients receiving the combinatorial treatment, which was discontinued in 11% of patients due to
trAEs [27]. As such, Pembrolizumab in combination with chemotherapy was granted accelerated FDA
approval for patients with locally recurrent, unresectable, or metastatic TNBC in November 2020.

Conversely, several reports showed that anti-PD-1 or anti-PD-L1 antibodies did not exhibit better
outcomes than chemotherapy in TNBC, while contributing to neurotoxicity [28,29]. Atezolizumab
monotherapy demonstrated a low PFS of 1.9 months (95% CI, 1.4–2.5) and a high incidence of trAEs
at 68% [23], leading to questions regarding its clinical efficacy. In the IMpassion130 trial, only a subset
of patients with PD-L1+ tumors benefited from the treatment compared to the intention-to-treat
population (Table 1). Despite the importance of PD-L1 and TILs as predictive biomarkers, a clinical
method for TIL assessment needs to be standardized, which may impact patient outcomes of ICIs [30].
Furthermore, the IMpassion130 trial failed to incorporate an Atezolizumab monotherapy arm, whereas
the IMpower110 phase III clinical trial (NCT02409342) compared single-agent Atezolizumab to
chemotherapy (Table 1). Preliminary results showed a modest increase in median OS from 14.1 months
with chemotherapy to 17.5 months with Atezolizumab [31]. Results from the recent IMpassion131 phase
III trial (NCT03125902) showed ineffectiveness in the combination of Atezolizumab and chemotherapy
for the patients with metastatic TNBC. The median PFS increased insignificantly from 5.7 months
(95% CI, 5.4–6.5) to 6.0 months (95% CI, 5.6–7.4), and the median OS increased slightly from 22.1 months
(95% CI, 19.2–30.5) to 22.8 months (95% CI, 17.1–28.3) in the placebo plus Paclitaxel and Atezolizumab
plus Paclitaxel treatment arms, respectively [32]. Another concern with the IMpassion130 trial is
that patients previously treated with adjuvant chemotherapy and relapsed within 12 months were
excluded from the trial. It is expected that this will be clarified in the IMpassion132 phase III trial
(NCT03371017), which is studying an anti-PD-1 and chemotherapy combinatorial treatment [33].
With respect to Pembrolizumab, the KEYNOTE-119 phase III clinical trial compared single-agent
Pembrolizumab to chemotherapy in metastatic TNBC patients (Table 1). The median PFS decreased from
3.3 months (95% CI, 2.7–4.0) with chemotherapy to 2.1 months (95% CI, 2.0–2.1) with Pembrolizumab
monotherapy [34]. The median OS also decreased from 10.8 months (95% CI, 9.1–12.6) with
chemotherapy to 9.9 months (95% CI, 8.3–11.4) with Pembrolizumab monotherapy, concluding that
Pembrolizumab monotherapy did not provide clinical improvements relative to chemotherapy [34].
With conflicting trial results regarding the clinical efficacy of Pembrolizumab, further research
is warranted. In addition, researchers have reported associations between ICI monotherapy
and immune-mediated neurotoxicity due to potential molecular mimicry or hidden autoimmunity with
neuronal antigens in the peripheral nervous system [29,35,36]. As such, improvements to PD-1/PD-L1
axis-associated immunotherapy in TNBC are needed.
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Table 1. List of completed or ongoing clinical trials using PD-1/PD-L1 immune checkpoint inhibitors.

Trial (National
Clinical Trial

Identifier)
Phase Condition Interventions Key Results Reference

Atezolizumab
Monotherapy

(NCT01375842)
I

Locally
advanced or

metastatic solid
tumors

(1) Atezolizumab
(2) Placebo

Median PFS: 4.0 months for arm
(1); 1.8 months for arm (2)
Median OS: 17.6 months for arm
(1); 7.3 months for arm (2)
Incidence of trAEs: 62% for arm
(1); 43% for arm (2)

[23]

IMpassion130
(NCT02425891)

III

Previously
untreated
metastatic

TNBC

(1) Atezolizumab
+ Nab-Paclitaxel

(2) Placebo + Nab-Paclitaxel

Median PFS: 7.2 months for arm
(1); 5.5 months for arm (2)
Median OS: 21.3 months for arm
(1); 17.6 months for arm (2)
Incidence of grade 3+ trAEs:
15.9% for arm (1); 8.2% for arm (2)

[24]

KEYNOTE-086
(NCT02447003)

II Metastatic
TNBC

(1) Pembrolizumab

Median PFS: 2.0 months for
previously treated; 2.1 months for
PD-L1+ tumors
Median OS: 9.0 months for
previously treated; 18.0 months
for PD-L1+ tumors
Incidence of trAEs: 60.6% for
previously treated; 63.1% for
PD-L1+ tumors

[25,26]

KEYNOTE-335
(NCT02819518)

III

Previously
untreated,

locally
recurrent,

inoperable or
metastatic

TNBC

(1) Pembrolizumab
+ Chemotherapy

(2) Placebo + Chemotherapy

Median PFS: 9.7 months for arm
(1); 5.6 months for arm (2)
ORR: 53% for arm (1); 40% for
arm (2)
Incidence of trAEs: 68.1% for
arm (1); 66.9% for arm (2)

[27]

IMpower110
(NCT02409342)

III

Stage IV
non-squamous
or squamous
non-small cell

lung cancer

(1) Atezolizumab
(2) (Carboplatin/Cisplatin) +

(Pemetrexed/Gemcitabine)

Median OS: 17.5 months for arm
(1); 14.1 months for arm (2)
Incidence of trAEs: 60.5% (grade
3 +: 12.9%) for arm (1); 85.2%
(grade 3 +: 44.1%) for arm (2)

[31]

IMpassion131
(NCT03125902)

III

Previously
untreated,

locally
advanced or
metastatic

TNBC

(1) Atezolizumab + Paclitaxel
(2) Placebo + Paclitaxel

Median PFS: 6.0 months for arm
(1); 5.7 months for arm (2)
Median OS: 22.8 months for arm
(1); 22.1 months for arm (2)

[32]

KEYNOTE-119
(NCT02555657)

III Metastatic
TNBC

(1) Pembrolizumab
(2) Chemotherapy

Median PFS: 2.1 months for arm
(1); 3.3 months for arm (2)
Median OS: 9.9 months for arm
(1); 10.8 months for arm (2)
Incidence of grade 3+ trAEs:
14% for arm (1); 36% for arm (2)

[34]

PFS: progression-free survival; OS: overall survival; ORR: objective response rate; trAEs: treatment-related
adverse events.

2.2. CTLA-4 and Dual Checkpoint Inhibition

The cytotoxic T lymphocyte-associated protein 4 (CTLA-4) is an inhibitory receptor, constitutively
expressed on regulatory T cells (Treg) and upregulated on the surface of activated CD4+ and CD8+

T-cells [37,38]. CD-80/B7-1 and CD-86/B7-2 ligands expressed on antigen-presenting cells (APCs) can
bind to CD-28 on T-cells to induce T-cell activation and cytokine secretion [39]. CTLA-4 competes with
CD-28 to bind CD-80/B7-1 and CD-86/B7-2 ligands, and negatively regulates T-cell function [37–40].
CTLA-4 is essential for neutralizing potential naïve autoreactive T-cells in the secondary lymphoid
organs [40]. The inhibition of CTLA-4 can prevent T-cell inhibition and enhance T-cell anti-tumor
activity, making it an attractive target for antibody-based therapy (Figure 1). The anti-CTLA-4 antibody
Ipilimumab, in combination with the anti-PD-1 antibody Nivolumab, has been FDA-approved for
the treatment of melanoma, lung cancer, and renal cell carcinoma, among other cancers [41,42].
The CheckMate032 phase 1/2 trial (NCT01928394) showed modest improvements in ORR for non-small
cell lung cancer, from 10% of patients receiving Nivolumab alone to 33% of patients receiving
Nivolumab plus Ipilimumab in combination [43]. More recently, the CheckMate-9LA phase III trial
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(NCT03215706) demonstrated the superior clinical effectiveness of Nivolumab and Ipilimumab in
combination with chemotherapy for metastatic or recurrent non-small-cell lung cancer. Combinatorial
treatment increased the median PFS from 5.0 months to 6.7 months, increased the median OS from
10.9 months to 15.6 months, and slightly increased the incidence of trAEs from 38% to 47% relative to
chemotherapy alone [44].

Since anti-PD-1/PD-L1 monotherapy was shown to benefit only a subset of the population,
additional clinical trials combining anti-CTLA-4 monotherapy have been performed in an effort to
improve clinical outcomes but failed to do so. A randomized phase II trial (NCT02519322) testing
the clinical efficacy of the Nivolumab as monotherapy in combination with the anti-CTLA-4 antibody
Ipilimumab in patients with high-risk resectable melanoma was terminated early because of the high
incidence of trAEs. Grade 3 trAEs were reported in 8% of patients in the Nivolumab monotherapy
treatment arm and 73% of patients in the combinatorial treatment arm [45]. In a separate phase II clinical
trial (NCT02536794), the anti-PD-1 antibody Durvalumab and anti-CTLA-4 antibody Tremelimumab
were combined in a single treatment arm without comparison to monotherapy. The drugs were
administered to estrogen receptor-positive (ER+) breast cancer and TNBC patients. Preliminary data
suggested that clinical benefit was derived in 71% of TNBC patients, but in none of the ER+ breast
cancer patients [46]. This trial was also discontinued due to ORRs not meeting the required criteria.
The termination of both trials suggested that the risks associated with dual immune checkpoint
inhibition may not exceed the benefits.

The use of anti-CTLA-4 antibodies in monotherapy and in combination with anti-PD-1/PD-L1
antibodies have been discredited, due to the lack of significant clinical response and high incidence
of autoimmunity. Its ORR in combination with Nivolumab was modest relative to the results seen
in the trial by inhibition of the PD-1/PD-L1 axis. Alternatively, anti-CTLA-4 antibodies may be
complemented by the stimulator of interferon genes (STING) agonists that promote intratumoral
T-cell infiltration and sensitize tumor cells to NK cell killing [47,48]. Harding et al. reported minimal
tumor regression following anti-CTLA-4 therapy in B16 murine melanoma models with STING
knockout [49]. However, CTLA-4 antibodies may lead to autoimmunity, due to its role in maintaining
self-tolerance [50,51]. In a study by Tivol et al., CTLA-4 −/− mice demonstrated excessive proliferation
of the lymph nodes, severely destructive myocarditis and pancreatitis, suggesting the role of CTLA-4 in
deleting autoreactive T-cells in the periphery [52]. Consistent with this, a study by Gough et al. showed
that polymorphisms within the human CTLA-4 gene are associated with autoimmune diseases [53].
This was also consistent with the CheckMate238 clinical trial (NCT02388906), in which grade 3 or 4
trAEs were reported among 45.9% of participants in the Ipilimumab group, followed by discontinued
treatment for 42.6% of the patients [54,55]. Interestingly, the efficacy of immune checkpoint inhibition
was found to depend on the composition of commensal bacteria. Introducing strains such as Bacteroides
fragilis to germ-free or antibiotic-treated mice helped to overcome the poor response of CTLA-4
blockades and further induced polarization of T helper cell 1 (TH1) [56]. As such, anti-CTLA-4 alone
has not been considered as a viable front-line treatment option for TNBC to date.

2.3. Next Generation Immune Modulatory Targets

Many immune checkpoint molecules beyond PD-1/PD-L1 and CTLA-4 are currently under clinical
investigation to identify additional drug targets for PD-L1- and TIL− patients or to enhance ICI
monotherapy. The immunosuppressive protein sialic acid binding Ig-like lectin-15 (Siglec-15), normally
expressed on myeloid cells, was shown to be upregulated in many human cancers [57]. With similar
structural homology to PD-L1, Siglec-15 is targeted using the anti-Siglec-15 monoclonal antibody,
NC318 [58]. In the phase I/II clinical trial (NCT03665285), NC318 was administered to patients with
advanced or metastatic solid tumors, with results expected in 2021. T-cell Ig and ITIM domain
(TIGIT) is another inhibitory receptor expressed on lymphocytes and upregulated upon activation [59].
Its ligands include CD112, CD113, and CD155, all of which are over-expressed in TNBC [60–62].
Interestingly, pre-clinical experiments on TIGIT−/− mice suggested higher safety and fewer trAEs than
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anti-PD1/PD-L1 or anti-CTLA-4 monotherapies [63]. Lymphocyte-activation gene 3 (LAG-3) and T-cell
Ig and mucin domain-containing protein 3 (TIM-3) are also attractive immunosuppressive targets being
actively investigated in breast cancer. Saleh et al. reported that the co-inhibition of PD-1 and PD-L1
further upregulated LAG-3 and TIM-3 in T-cells and Tregs when co-cultured with TNBC cells, but not
with other breast cancer cell lines [64].

In contrast to co-inhibitory immune molecules, co-stimulatory molecules are equally attractive
targets in immunotherapy. OX40 is a positive immune checkpoint molecule involved in T-cell
proliferation following activation, and Treg suppression [65]. Several clinical trials are investigating
the efficacy of anti-OX40 antibodies in combination with ICI monotherapy for TNBC patients
(NCT02528357, NCT03971409, NCT03241173). The inducible co-stimulatory receptor 4-1BB is expressed
on activated T-cells and NK cells, and can be exploited to improve anti-tumor immunity [66,67].
However, the therapeutic value of 4-1BB in TNBC patients remains open to investigation.
The glucocorticoid-induced TNFR-related (GITR) and inducible co-stimulator of T-cells (ICOS) are also
attractive stimulatory targets. The ICOS monoclonal antibody, JTX-2011, was administered to TNBC
patients in the phase I/II clinical trial (NCT02904226). Preliminary results reported a disease control rate
of 25% with JTX-2011 monotherapy, and 29% in combination with Nivolumab (anti-PD-1) [68]. Notably,
two grade 5 trAEs were observed among patients in the combinatorial treatment arm, potentially
due to the simultaneous expression of ICOS on immunosuppressive Tregs [68]. In this regard, agonist
antibodies in immunotherapy have been approached with caution and require additional research
before implementation in the clinic.

3. Factors Affecting the Efficacy of Immune Checkpoint Inhibitors

Blockade of PD-1/PD-L1 and/or CTLA-4 has been demonstrated to be effective and durable in
certain types of cancers. However, fewer than 10% of patients respond to single-agent treatments [69].
Co-administration of ICIs with chemotherapeutic agents, as described above, contributes to the enhanced
immune priming [24,27,70]. Combinations with other therapies or factors may also increase efficacy, as
described below.

3.1. Dysregulated Tumor Vasculature

Poor clinical outcomes associated with TNBC are partly attributed to the dysregulated angiogenesis
that results in hypoxic conditions within the TME. As tumors expand over time, tumor cells within
the tumor core become increasingly hypoxic, such that there is an upregulation of angiogenic growth
factors associated with the expression of hypoxia-induced transcription factor (HIF-1) [71]. Angiogenic
growth factors including vascular endothelial growth factor (VEGF), endothelial growth factor (EGF),
and platelet-derived growth factor (PDGF) promote the migration of endothelial cells towards the tumor
core, through which tumors acquire nutrients for growth and a route to metastasize into systemic
circulation [71–73]. Under normal conditions, angiogenic growth factors are balanced by the metabolic
demands of the surrounding tissue. However, the hypoxic conditions of the TME hijack this balance in
favor of dysregulated angiogenesis [72,73].

Tumor-associated capillaries contribute to immunosuppression by reducing trafficking
and activation of effector T-cells and restricting entry of cytotoxic drugs [74,75]. Tumor-associated
endothelial cells may release interferon-γ (IFNγ) that upregulates PD-L1 expression to inhibit
the anti-tumor activity of T-cells [76]. This is consistent with a study by Kammertoens et al.,
who showed that intratumoral injection of IFNγ caused rapid loss of tumor-associated vessels but
also impeded anti-tumor activity of effector T-cells [77]. As IFNγ is mainly expressed by activated
infiltrating T-cells, the IFNγ-mediated upregulation of PD-L1 can be exploited in a combinatorial
therapy for non-responders to anti-PD-1 monotherapy [78]. Tian et al. reported an increase in pericyte
coverage and a decrease in pulmonary metastasis (indicators of vasculature normalization) following
immune checkpoint blockade in mice bearing TNBC 4T1 tumors [79,80].
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To inhibit the growth and metastasis of TNBC and promote the anti-tumor activity of effector T-cells,
a combination of immunotherapy with anti-angiogenic factors has been investigated. In the IMbrave150
phase III clinical trial (NCT03434379), the anti-PD-1 agent Atezolizumab was combined with
anti-angiogenic agent Bevacizumab and compared with protein kinase inhibitor Sorafenib alone
(Table 2). There was a clinically significant improvement in median PFS, which was 6.8 months (HR,
0.58; 95% CI, 5.7–8.3) in the Atezolizumab/Bevacizumab group and 4.3 months (HR, 0.59; 95% CI,
4.0–5.6) in the Sorafenib group [81]. Of note, grade 3 or 4 trAEs occurred in 56.5% of patients receiving
Atezolizumab/Bevacizumab and 55.1% of patients receiving Sorafenib [81]. Furthermore, Huang et al.
showed that lower doses of anti-VEGFR2 antibody improve tumor-associated vessel perfusion
and reduce tumor hypoxia more effectively than the immunoglobulin-G (IgG) control and high-dose
anti-VEGFR2 treatment groups [82]. This highlights the importance of further examining dosage
and timing to optimize the combinatorial efficacy of anti-angiogenic and ICI treatments. The excessive
use of anti-angiogenic agents may impede drug delivery and limit the infiltration of effector T-cells in
the tumor [82,83]. Wu et al. proposed using angiopoietin-2 as a biomarker in addition to as a therapeutic
target for predicting the clinical outcome of Bevacizumab monotherapy, due to its important role
in treatment resistance [84]. Therefore, the combination of ICI with anti-angiogenesis therapy may
represent a promising avenue for the future of TNBC treatment.

Table 2. List of completed or ongoing clinical trials using immune checkpoint inhibitors in
combinatorial therapy.

Trial (National
Clinical Trial

Identifier)
Phase Condition Interventions Key Results Reference

IMbrave150
(NCT03434379)

III

Locally
advanced or

metastatic solid
tumors

(1) Atezolizumab
+ Bevacizumab

(2) Sorafenib

Median PFS: 6.8 months for arm
(1); 4.3 months for arm (2)
Median OS: 2 months: 67.2% for
arm (1); 54.6% for arm (2)
Incidence of grade 3+ trAEs:
56.5% for arm (1); 55.1% for arm
(2)

[81]

(NCT02536469) I
Advanced

malignant solid
tumors

(1) HuMax-IL-8

No objective tumor responses
observed, 73% had stable disease
at week 24
Serum IL-8 significantly reduced
on day 3, relative to baseline
(p = 0.0004)
Incidence of trAEs: 33% (mostly
grade 1)

[85]

MAGIC-8
(NCT03689699)

I/II Hormone-sensitive
prostate cancer

(1) Nivolumab
(2) Nivolumab + BMS-986253

No preliminary data available,
results expected in 2022 [86]

(NCT02754141) I/II Malignant solid
tumors

(1) BMS-986179
(2) Nivolumab + BMS-986179

Incidence of trAEs: N/A for arm
(1); 58% for arm (2)
Incidence of grade 3 trAEs: N/A
for arm (1); 15% for arm (2)
Overall, both arms (1) and (2) are
well-tolerated

[87]

(NCT01302405) I Advanced solid
tumors

(1) PRI-724

Incidence of trAEs: 17%
Incidence of grade 3+ trAEs:
11.1%PRI-724 has an acceptable
toxicity profile

[88]

SYNERGY
(NCT03616886)

I/II

Previously
untreated,

locally
recurrent,

inoperable or
metastatic

TNBC

(1) Paclitaxel + Carboplatin +
Durvalumab + Oleclumab

No preliminary data available,
results expected in 2023 [89]

PFS: progression-free survival; OS: overall survival; trAEs: treatment-related adverse events.
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3.2. Interleukin-8 and CXCR1/CXCR2

Interleukin-8 (IL-8) is a chemokine responsible for the recruitment of neutrophils to areas of
inflammation, infection, or injury [90]. IL-8 is secreted by macrophages, epithelial cells, airway
smooth muscle cells, and endothelial cells [90,91]. IL-8 binds to CXCR1 and CXCR2 G-protein
coupled receptors on granulocytes, monocytes, and endothelial cells [90–92]. Interestingly, breast
cancer patients that highly expressed IL-8 were associated with poor relapse-free, overall, and distant
metastasis-free survival [92]. Cheng et al. reported an overexpression of IL-8, CXCR1, and CXCR2 in
breast, prostate, lung, and colon cancers [93]. The binding of IL-8 to CXCR1/CXCR2 was shown to
induce the transition from an epithelial-like to mesenchymal-like status, thus promoting the migration,
invasion, and reconstitution of a secondary tumor [94,95]. CXCR2 signaling also promotes the migration
of human endothelial cells and angiogenesis, forming a positive feedback loop to further promote
epithelial-to-mesenchymal transition (EMT) [96,97]. IL-8 inhibitors might play an important role
as anti-angiogenic agents in combination with ICIs. In addition, IL-8 signaling directly promotes
immunosuppression in the TME via the recruitment of myeloid-derived suppressor cells (MDSCs,
Figure 2). MDSCs are capable of depleting nutrients such as L-arginine, L-tryptophan, and L-cysteine,
all of which are essential for T-cell expansion [98,99]. MDSCs also inhibit anti-tumor activity by
producing reactive oxygen species and peroxynitrite that can directly inactivate T-cell receptors [100],
and by producing reactive nitrogen species that hinder the infiltration of cytotoxic T-cells into the tumor
core [101]. Highfill et al. showed that early treatments with anti-PD-1 agents prevented tumor growth,
but late treatments showed less benefit due to the presence of MDSCs in the TME [102]. They further
showed that anti-CXCR2 monoclonal antibody therapy led to significant anti-tumor activity, even after
delayed anti-PD1 treatment [102]. Sanmamed et al. also suggested using IL-8 as a prognostic biomarker
to predict the clinical benefit of ICI therapy [103]. They observed that serum IL-8 levels decreased
significantly among patients responding to anti-PD-1 checkpoint inhibition (p < 0.001) [103]. Serum
IL-8 levels also increased significantly among non-responders to anti-PD-1 blockade (p = 0.013) [103].
Together, these results suggest that IL-8 inhibition may represent a potential candidate for combinatorial
therapy with ICIs.

The anti-IL-8 antibody HuMax-IL8 (also known as BMS-986253) was developed for the successful
depletion of tumor-secreted IL-8 and inhibition of CSC mesenchymal properties [85]. HuMax-IL8
also reduced the recruitment of polymorphonuclear MDSCs to the tumor core by preventing IL-8
from binding to CXCR2 receptors on the MDSCs [85]. The phase I trial for HuMax-IL8 (NCT02536469)
concluded that serum IL-8 was significantly reduced after the third day of treatment relative to control
(p = 0.0004) [86]. The incidence of trAEs was 33%, which was much lower than that of anti-angiogenic
agents observed in clinical trials [86]. Additionally, the MAGIC-8 phase Ib/II clinical trial (NCT03689699)
combined the anti-PD-1 agent Nivolumab with HuMax-IL8 for the treatment of hormone-sensitive
prostate cancer [104]. The results of this study are expected in 2022. Thus, IL-8 inhibition may provide
a benefit among non-responders of ICIs in TNBC patients, warranting further exploration.
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Figure 2. Various tumor-promoting mechanisms that can be exploited in combination with immune
checkpoint inhibition. Overexpression of IL-8 and CXCR1/2 in TNBC generates an autocrine
positive feedback loop that promotes EMT, HIF-1-mediated angiogenesis and endothelial migration,
and recruitment of immunosuppressive MDSCs to the tumor microenvironment (TME). Transcription
of NF-κB, HIF-1, AP-1, and STAT3, in combination with Wnt and YAP signaling, upregulates CD73 on
TNBC cells. Immunogenic cell death in the TME releases ATP in abundance, which is subsequently
converted to adenosine by CD39 and CD73. Excess adenosine in the TME bind to adenosine type 1
purinergic G-protein coupled receptors that further facilitate MDSC expansion, CTLA-4 upregulation,
inhibition of TIL activation, inhibition of DC maturation, and M2-type TAM polarization. Activation of
adenosine receptors on tumor-associated endothelial cells promotes angiogenesis via upregulation
of VEGF and HIF-1α, along with a simultaneous downregulation of adhesion molecules essential for
diapedesis. Finally, activation of adenosine receptors on the TNBC cell further upregulate cytosolic
cyclic AMP (cAMP), Erk1/2, PI3K, and MEK1, all of which further enhance the IL-8 signaling pathway.
Figure created with BioRender.com.

3.3. CD73 Expression

Cluster of differentiation 73 (CD73), normally expressed on Treg cells, is an ectonucleotidase
that dephosphorylates extracellular AMP to adenosine [105]. Its expression on bulk tumor cells
and mesenchymal-like CSCs generates excess adenosine in the TME, which binds to the adenosine type
1 purinergic G-protein coupled receptor family (denoted A1, A2A, A2B, and A3), some of which are
involved in inhibiting effector T-cell responses [106,107]. Adenosine acting on the A2A receptors has
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a suppressive effect on effector T-cells and an obligatory role in tumor immunomodulation [105,106,108].
In conjunction with IL-8 signaling, the excess adenosine levels facilitate MDSC expansion in the TME
via the activation of A2B receptors to enhance immunosuppression [109]. Jin et al. showed that
the knockdown of tumor CD73 and subsequent transfer of tumor-specific T-cells significantly enhanced
tumor-free survival in tumor-bearing mice [108]. Hypoxic conditions within the tumor core, along
with Wingless (Wnt) signaling, upregulate CD73 expression [110,111]. In addition to increasing
immunosuppressive adenosine levels in the TME, CD73 modulates cell adhesion molecules within
the endothelium, whereas upregulated CD73 promotes the attachment of lymphocytes and reduces
their migration into the lymph nodes [112]. CD73 overexpression is also associated with poor prognosis
in TNBC [113], highlighting the potential for targeting CD73 as part of a combinatorial treatment
(Figure 2). In the phase I trial (NCT02754141), it was shown that the anti-CD73 agent BMS-986189 in
combination with the anti-PD-1 antibody Nivolumab was well-tolerated in patients with advanced solid
tumors [87]. TrAEs were observed in 58% of the patients receiving the combination, of which 15% were
grade 3 in nature [87]. Alternatively, the SYNERGY phase I/II clinical trial (NCT03616886) compared
the anti-CD73 agent Oleclumab with the anti-PD-1 agent Durvalumab, and chemotherapeutic agents,
in single and combinatorial treatment arms (Table 2). The results of this study are expected in 2022.

3.4. Long Non-Coding RNAs and Microsatellite Instability

Long non-coding RNAs (lncRNAs) are ~200 nucleotides long and do not code for protein
products [114]. Their role in disease regulation was only brought to light recently, when the lncRNA
urothelial carcinoma-associated 1 (UCA1) was shown to contribute to resistance against tamoxifen
therapy in ER+ breast cancers [115]. The lncRNA ROR was associated with a decrease in the expression
of E-cadherin, an epithelial marker, and an increase in the expression of the mesenchymal markers
vimentin, zeb1, and zeb2 [116]. ROR promoted metastasis via the EMT process and contributed
to tamoxifen therapy resistance [116]. LncRNAs (e.g., the nuclear-enriched autosomal transcript1
(NEAT1)) were also associated with immunosuppression. Yan et al. reported that NEAT1 inhibition
suppressed CD8+ T-cell apoptosis and enhanced anti-tumor activity [117]. Metastasis-associated
lung adenocarcinoma transcript1 (MALAT1) is another lncRNA that was observed to upregulate
the expression of PD-1 and CD-47 [118]. Wang et al. showed that knock-down of MALAT1 by shRNA
decreased the expression of PD-1, and also suppressed the EMT process [119]. Despite the growing
evidence regarding the potential role of lncRNAs in immunotherapy resistance, targeting them in
the clinic remains a challenge. LncRNAs would be considered in combinatorial therapy, however,
targeting them through RNAi-mediated gene silencing therapy, antisense oligonucleotide-based
therapy, or small molecule inhibitors remains expensive and inconvenient, defies precision medicine,
and may contribute to unforeseen systemic adverse events or trAEs [120,121]. Further research is
therefore required before investigating their potential in the clinic.

Microsatellite instability (MSI) status has also been considered to impact efficacy of ICIs and is
therefore used as a reliable biomarker. Microsatellites are short repetitive sequences scattered
throughout the human genome as a result of aberrant DNA mismatch repair mechanisms [122].
Recent reports have suggested that a high MSI status, indicative of a hypermutation phenotype,
may sensitize patients to ICIs [123,124]. Interestingly, 6.9% of TNBC cases showed a complete
loss of relevant mismatch repair proteins, which were correlated with significantly greater PD-L1
expression [125]. Other contributors to MSI status may include tumor mutational burden, which is
a measure of nonsynonymous mutations in tumor cells [126], and BRCA1 mutation status. BRCA1
expression modulates the silencing mechanisms in satellite DNA, such that BRCA1-mutated TNBC
exhibit higher microsatellite instability than BRCA1-wildtype TNBC [127,128]. The phase II trial
(NCT01876511) comparing Pembrolizumab efficacy in MSI-positive and MSI-negative colorectal cancer
patients demonstrated an immune-related PFS of 78% among MSI-positive patients and 11% among
MSI-negative patients [129]. Pembrolizumab was subsequently FDA-approved for unresectable or
metastatic solid tumors with high MSI.

261



Cancers 2020, 12, 3529

3.5. Wnt and YAP Signaling

Many components of the Wnt signaling pathway are involved in tumorigenesis via EMT and tumor
regeneration [130–133]. Cytoplasmic stabilization and nuclear translocation of β-catenin into the nucleus
allows for the expression of Wnt target genes [132]. The enrichment of β-catenin, nuclear translocation,
and dysregulated Wnt signaling are all associated with poor clinical outcomes of TNBC [134]. The inhibition
of Wnt signaling leads to the suppression of CSCs and bulk tumor cells in both TNBC cell lines
and patient-derived xenograft (PDX) models [135]. Additionally, activation of β-catenin in tumor cells
prevents spontaneous T-cell priming and infiltration of effector T-cells into the TME [136]. A mouse model
for hepatocellular carcinoma also demonstrated the role of β-catenin in immune escape and resistance to
anti-PD-1 monotherapy [137]. This was consistent with a study by Castagnoli et al., which reported a strong
correlation between downstream Wnt signaling effector expression and PD-L1 expression in TNBC [138].
Furthermore, several studies have shown that Wnt inhibitors reduce PD-L1 expression and Wnt agonists
enhance PD-L1 expression, suggesting Wnt inhibitors as possible adjuvants to anti-PD-1, anti-PD-L1, or
anti-CTLA4 therapies [138,139]. In addition to modulating PD-L1 expression, Wnt/β-catenin signaling
has been shown to inhibit T-cell maturation and activation and inhibit dendritic cells (DCs) from secreting
chemokines essential for T-cell activation [140–142].

Yes-associated protein (YAP) signaling has also been shown to contribute to the EMT process.
A study by Cordenonsi et al. demonstrated a strong correlation between YAP expression
and mesenchymal-like CSC surface markers [143,144]. Moreover, YAP knockdown in TNBC cell lines
led to a loss of cell proliferation and invasiveness [145]. Besides the role of YAP in modulating Wnt
signaling via the β-catenin destruction complex [146], YAP was also shown to directly modulate
PD-L1 expression in human TNBC [147]. Interestingly, recent studies have reported that the major
transcription factor in YAP signaling, TEAD, has a binding site located close to the PD-L1 promoter.
As such, YAP can bind directly to the enhancer region of PD-L1 [148,149]. YAP signaling has also been
implicated in recruiting MDSCs to the TME, contributing to the suppression of anti-tumor activity in
a similar manner to IL-8 [150]. Moreover, YAP signaling regulates the recruitment of tumor-associated
macrophages (TAMs) to the TME. TAMs can differentiate into M1 and M2 phenotypes. M1-type
TAMs secrete pro-inflammatory interleukin-1 (IL-1) and tumor necrosis factor-α (TNFα), which
promote the expression of inducible nitric oxide synthase (iNOS) to enhance the antigen presentation
process [151]. In contrast, M2-type TAMs secrete IL-10, IL-4, arginase-1, and other cytokines involved
in resolving inflammation, wound-healing, and facilitating tumor growth [151]. High transcriptional
levels of YAP have been reported to disproportionately promote the expression of M2-type TAMs in
the TME to enhance tumor growth, drug resistance, and metastasis [152,153].

Wnt and YAP signaling might be important pharmacological targets for eliminating mesenchymal
and epithelial CSC populations while simultaneously enhancing ICI immunotherapy outcomes.
However, it remains unclear whether they can be implemented in combinatorial treatments, as
molecular mechanisms remain unclear. Furthermore, the complexity of Wnt signaling and its broad
involvement in normal stem cell self-renewal, differentiation, and organ homeostasis [154] suggest that
inhibiting this pathway may be counterproductive and yield intolerable toxicity. However, a phase
I clinical trial (NCT01302405) using the Wnt signaling inhibitor PRI-724 concluded an acceptable
toxicity profile, with 11% of patients experiencing grade 3 trAEs [88]. Inhibition of YAP signaling
poses its own challenges, as Ni et al. reported that YAP is essential for the differentiation of Treg cells,
which prevent autoimmune disease [155]. Our recent report suggested that dual inhibition of Wnt
and YAP signaling, but neither alone, is required for suppressing both mesenchymal and epithelial
CSC populations and diminishing Paclitaxel-induced CSC enrichment in immune-deficient mice [156].
Although combination therapies typically result in better drug responsiveness and synergism than
single-agent monotherapies [157], further studies are needed to clarify the efficacy and toxicity of
combination therapy with Wnt and/or YAP inhibitors and ICIs.
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3.6. Nanoparticle Platforms as a Delivery System

Traditional ICIs are delivered systemically as monoclonal antibodies, which have the potential
of activating self-reactive T-cells [158,159]. Immune-related adverse effects may be amplified in
combinatorial ICI therapies and may be reduced or resolved by the use of corticosteroids. However,
this can increase the risk of other complications and diminish the therapeutic potential of ICIs [158].
Nanoparticle platform-based therapies have revolutionized drug delivery owing to their ability to
accumulate in solid tumors, reduce toxicity to vital organs, and increase the therapeutic index [160–
162]. Studies have demonstrated the ability of nanoparticles (NPs) to deliver both hydrophobic
and hydrophilic drugs, small molecule drugs, and antibodies to the TME, with minimal toxicity to
surrounding tissues [160,163]. Studies have also demonstrated the ability of NPs to efficiently interact
with and activate dendritic cells and macrophages within the TME [164]. For example, synthetic
high-density lipoprotein (sHDL) nanodiscs loaded with Doxorubicin and combined with anti-PD-1
ICIs resulted in a seven-fold increase in IFNγ-positive CD8+ T-cells in the TME, compared with
Doxorubicin treatment alone [165]. Additional benefits of the sHDL nanodiscs included the complete
regression of colon carcinoma tumors in 80–88% of the treated animals and no apparent cardiotoxicity
post-treatment [165]. In another report, poly(lactic-co-glycolic acid) (PLGA) NPs co-loaded with
Paclitaxel, combined with detoxified bacterial lipopolysaccharide, resulted in a significant increase in
TH1 cells in B16F10 mouse models, in comparison to Paclitaxel treatment alone [166]. PLGA NP-treated
mice exhibited a 40% lower tumor volume and a higher degree of retention in biological activities of
both co-encapsulated drugs [166]. In a third study, nanoscale coordination of polymer (NCP) core-shell
nanoparticles co-encapsulated with Oxaliplatin and pyrolipids for photodynamic therapy demonstrated
synergism with anti-PD-1 ICI therapy in CT26 and HT29 mouse models [167]. This treatment also
reduced tumor volume to 2.9% of their original size when combined with anti-PD-1 therapy, and to
39.1% of their original size in the absence of anti-PD-1 therapy [167]. Such synergy with anti-PD-1
therapy was also observed with peptide-based structure-transformable NPs [168], dendrimers used for
siRNA delivery [169], and inorganic NPs composed of gold, titanium dioxide, or iron oxide [170,171].
It is evident that various NP platforms can be used to enhance tumor immunogenicity, favor ICI
therapies, and promote the pharmacokinetics and pharmacodynamics of combinatorial treatments.

4. Cancer Cell Antigens: Potential Therapeutic Targets

Since ICI immunotherapy for TNBC benefits only a subset of patients, developing treatment
strategies for TNBC patients with lower immunogenic tumors remains an unmet medical need. An ideal
therapy would be one with target antigens expressed on bulk tumor cells and also overexpressed
in CSC populations [172]. To effectively boost anti-tumor immunity, antigen expression should be
evaluated on both CSCs and bulk tumor cells. Interestingly, cancer-testis antigens (CTAs) have been
shown to be overexpressed in CSC populations [173]. CTAs are normally expressed in germ-line
tissues such as the testis, placenta, and ovaries, but are also highly expressed across several cancer
types [174]. In the following section, we will describe some CTAs and two other tumor antigens that
have shown potential as biomarkers or immunotherapeutic targets in TNBC.

4.1. Cancer-Testis Antigens

The progression from primary tumor to metastasis is somewhat resembled in the gonads, where
trophoblasts invade and burrow into the endometrium [175]. Placenta-specific protein 1 (Plac1)
normally plays an important role in trophoblast invasion and migration but is also found to be
expressed in a large range of human cancers [176,177]. As such, trophoblast-specific pathways could
be reactivated, contributing to the activation of lymphocyte-mediated tumor growth [177]. It has been
hypothesized that placental mammals have a certain degree of placental invasiveness that is positively
correlated with the incidence of metastatic tumors [178]. Females with a lower degree of placental
invasiveness in some species have evolved mechanisms to counter trophoblast invasion, and thus
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cancer metastasis [179]. Koslowski et al. showed that siRNA inhibition of Plac1 effectively suppressed
tumor migration and invasion in breast cancer cell lines [180]. However, the correlation between Plac1
expression and clinical prognosis of TNBC remains unknown [180], and more research is required.

Another strong CTA candidate for TNBC immunotherapy is the New York esophageal squamous
cell carcinoma 1 (NY-ESO-1). NY-ESO-1 is normally expressed in primary spermatocytes and rapidly
declines in female oogonia [181]. NY-ESO-1 expression is believed to be involved in the proliferation
of stem cells and epithelial CSC populations [182]. Ademuyiwa et al. reported NY-ESO-1 expression
in 16% of TNBC patients, and antibody responses against NY-ESO-1 were observed in 73% of TNBC
patients who were NY-ESO-1-positive [183]. It was also reported that NY-ESO-1-positive patients
had higher CD8+ T-cell infiltration in TNBC tumors [184]. NY-ESO-1-specific CD8+ T-cells showed
upregulated PD-1 expression, suppressing anti-tumor immunity [184]. As such, NY-ESO-1 may be
an attractive candidate for a combinatorial therapy with anti-PD-1 ICI.

The MAGE-A family is also one of the CTAs that renders TNBC highly immunogenic.
Raghavendra et al. reported MAGE-A expression in 47% of TNBC cases, and the majority of
NY-ESO-1-positive TNBC tumors were also MAGE-A-positive [185]. MAGE-A is normally involved
in chromosomal alignment and centrosome duplication [186]. In TNBC, the expression of MAGE-A,
however, was positively correlated with the expression of mesenchymal-like CSC markers such
as vimentin, but negatively correlated with the expression of epithelial-like CSC markers such as
E-cadherin and β-catenin [187]. Targeting MAGE-A would likely enhance anti-tumor immunity
by suppressing EMT. MAGE-A12 has been shown to enhance tumor cell proliferation and CSC
maintenance [188]. Since targeting multiple CTAs would provide more benefit than targeting a single
CTA in anti-tumor immunotherapy, clinical trials have looked at MAGE-A and NY-ESO-1-based
vaccines. However, the MAGRIT phase III trial (NCT00480025, targeting MAGE-A3 in non-small
cell lung cancer patients) was terminated due to the lack of clinical benefit [189]. Inter-tumoral
heterogeneity could partially explain the extent to which certain CTAs are expressed in TNBC versus
other tumors [190]. Further characterization of CTA expression in different types of tumor is essential for
developing CTA-based therapies for a given tumor type. Although CTAs represent potential therapeutic
targets, their expression remain elusive and appear limited to a small subset of patients [191,192].

4.2. Tumor Antigens, Cancer Vaccine, and Oncolytic Virus

The expression of tumor antigens susceptible to immunotherapies in CSC populations have been
poorly characterized [186]. While conventional approaches to dendritic cell (DC) vaccines involve
using bulk tumor cells as the antigen source, Ning et al. reported that DC vaccines loaded with
the lysates of CSCs induced significantly better anti-tumor humoral and cellular immunity than those
loaded with bulk tumor cells in mice [193]. Whole-tumor lysates, tumor-antigen-derived peptides,
or antigen-encoding RNA/DNA have been used in cancer vaccines [194]. The resultant epitopes
from vaccination were presented on major histocompatibility complexes (MHC) I or II by DCs for
presentation to CD8+ or CD4+ T-cells, respectively [195].

Tumor-associated antigens (TAAs) have been considered as a possible solution for targeting CSCs,
which are molecules expressed at high levels on cancer cells and low levels on healthy cells [196].
However, TAAs such as gp100 and tyrosinase have the potential for off-target toxicity, due to their
systemic expression in normal tissues [196,197]. The challenge to select the appropriate antigen renders
tumor vaccinations as a less favorable treatment option. One of the strategies used to overcome this
challenge in the clinical setting is to use toll-like receptor (TLR) agonists, to potentiate the innate
immune system [198]. In a phase II clinical trial (NCT00960752), the TLR-7/8 agonist Resiquimod was
combined with gp100 and MAGE-3 peptide vaccines, with results expected later this year [199]. Other
reports showed that TLR-7/8 agonists, among others, increase PD-L1 expression on DCs [200]. More
studies will be needed to further consolidate the role of TAAs and CTAs in cancer vaccine and ICI
immunotherapy for TNBC.
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As an alternative approach to DC vaccinations, oncolytic viruses (OVs) have a well-characterized
role in inducing anti-tumor immunity. OVs are naturally or genetically modified vectors that are
able to selectively replicate in tumor cells, as tumor cells often have impaired antiviral defenses
that make them susceptible to OV infections [201–208]. As OVs replicate in the tumor cells, they
trigger an inflammatory response leading to immunogenic cell death (ICD) [204]. Following ICD,
damage-associated molecular patterns (DAMPs) are released into the TME, which can be recognized by
antigen-presenting cells that secrete cytokines including IFNα, IFNγ, TNFα, IL-6, and IL-12 to recruit
innate immune cells [204,205]. Furthermore, ICD results in the release of TAAs and tumor-specific
antigens (TSAs) into the TME, which activate antigen-specific CD4+ and CD8+ T-cells as part of
adaptive immunity [206,207]. By stimulating both innate and adaptive immunity, OVs are able to
maintain anti-tumor immunological memory to protect against tumor reconstitution. Similar to
TLR agonists, a 2017 study revealed that the OV talimogene laherparepvec (T-VEC) increased PD-1
expression [208]. When T-VEC OV therapy was combined with the anti-PD-1 agent Pembrolizumab,
the ORR increased by 62% [209]. In a phase I/II trial (NCT02779855), T-VEC OV therapy combined
with neoadjuvant chemotherapy was compared with chemotherapy alone. Preliminary data showed
an increase in pCR from 30% with chemotherapy alone to 55% in the combinatorial treatment for
non-metastatic TNBC patients [210]. As OVs allow for the exploitation of DAMPs and tumor antigens,
inflammation induced by the adenovirus primes the tumor for subsequent DC vaccination, which
elicits an anti-tumor CD8+ T-cell response in mice with lung cancer [211]. Furthermore, the Maraba
MG1 rhabdovirus, boosted with adenovirus, led to MAGE-3-specific CD4+ and CD8+ T-cell expansion
that persisted for several months in mice with MAGE-3-positive solid malignancies [212]. Despite
some benefits of OVs in immunotherapy, the main challenge is the systemic antiviral mechanism,
which has the potential to block OV replication and infection of tumor cells [212].

5. Chimeric Antigen Receptor T-Cell Therapy

Chimeric antigen receptor T-cell (CAR-T) therapy involves cytotoxic T-cells that are engineered
to express fusion proteins that are capable of recognizing and binding to TAAs expressed by tumor
cells. These fusion proteins commonly consist of an extracellular single chain variable fragment
(scFv) domain for TAA recognition, a transmembrane domain, and an intracellular T-cell coactivation
domain [213]. Engineered CAR-T cells offer personalized immunotherapy but are not subject to
the same regulatory signaling as endogenous T-cells [214]. This may contribute to trAEs such as
cytokine release syndrome, in which the rapid activation and proliferation of CAR-T cells contributes
to the excess production of pro-inflammatory cytokines [215]. Zhou et al. showed that the TAB004
monoclonal antibody, capable of recognizing the tumor variant of mucin1 glycoprotein (tMUC1), can
be used to make the scFv domain of their MUC28z CAR-T cells [216]. As tMUC1 is expressed in 95%
of malignant tissues (including TNBC); IFNγ levels increased from 2.6 to 18.7 pg/mL among HCC70
cells upon the introduction of MUC28z CAR-T cells [216]. Tumor endothelial marker 8 (TEM8)-specific
CAR-T cells have also shown to eliminate TEM8+-TNBC tumor cells, and also target tumor-associated
endothelial cells [217]. Selection of the right CAR scFv domain dictates the therapeutic potential of
CAR-T cells against tumors.

Despite FDA approval, Singh et al. showed relatively poor results of CAR-T therapy against solid
tumors, including TNBC, as they are unable to survive in the harsh TME [213]. This has not stopped
research groups from exploring CAR-T therapy in TNBC. Based on reports of c-Met overexpression in
52% of TNBC tumors [218], a phase I trial (NCT01837602) demonstrated that c-Met-CAR T-cells did not
induce cytokine release syndrome and exhibited on-target effects for c-Met-positive TNBC patients [219].
Previous reports also showed that various TNBC cells lines exhibit moderate to high levels of NKG2D
ligand (NKG2DL) [220,221]. Accordingly, the use of the natural killer (NK) cell-activating receptor
NKG2D CAR constructs in vivo led to significant MDA-MB-231 tumor regression in mice [220].
Furthermore, a phase I trial (NCT04107142) administered NKG2DL-targeting γ/δ CAR T-cells to
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patients of varying tumor types, including TNBC. The results for this study are expected in 2021.
Similar to the strategies above, further CAR-T research may lead to novel therapeutic options for TNBC.

6. Immunotherapy and Metabolism

6.1. Metabolic Reprogramming in TNBC

It has long been established that tumor cells exhibit an altered cellular metabolism where they shift
their metabolic reliance to sustain their proliferative and competitive needs. Metabolic reprogramming
is now recognized as a hallmark of malignancy in various different cancers [222,223]. In a phenomenon
called the Warburg effect, cancer cells tend to undergo aerobic glycolysis where they rely on glycolysis
instead of oxidative phosphorylation, even in the presence of oxygen [223]. This dysregulated
increase in glucose influx and glycolytic rate is thought to provide energy on a large scale while
depleting the TME of nutrients other cells needed by other cells. While this “Warburg” phenotype
is tumor-dependent, TNBC has been shown to be more dependent on glycolysis compared to other
breast cancer subtypes, as they overexpress glycolytic components such as lactate dehydrogenase
(LDHA), glucose transporter 1 (GLUT1), and monocarboxylate transporters (MCT1/4) [224–226]. Some
TNBC tumors overexpressed the GTPase-activating protein USP6NL which is involved in regulating
signal transduction and upregulation of GLUT1 via the Wnt/β-catenin pathway [227]. The knockdown
of USP6NL has been shown to inhibit TNBC cell growth, motility, and EMT [228]. TNBC cells are also
known to be reliant on an increase in fatty acid oxidation and glutamine metabolism as an alternative
energy source and to sustain the increased rate of cell growth [229,230].

6.2. Aerobic Glycolysis and Immunosuppression

Perhaps, one of the most intriguing advantages for tumor cell metabolic redirection is its influence
on immune cell infiltration, where an immunosuppressive environment is created within the TME.
The increased efflux of lactate that is typical in a glycolytic phenotype, for example, results in
the acidification of the TME, which has been shown to inhibit CD8+ T-cell activity and TH1 cell IFNγ
production [231,232], while the depletion of glucose due to the increased competitive uptake by cancer
cells leads to cytotoxic immune cell dysfunction. In TNBC, LDHA expression was shown to increase
the number of Tregs and reduce the infiltration of CD8+ T-cells [233]. In the same study, Haung et al.
showed through a Kaplan–Meier survival analysis that co-expression of PD-L1 and LDHA in TNBC
was linked to poor outcomes in patients with shorter OS and DFS [233]. Interestingly, they show that
an over-expression of PD-L1 on TNBC cells results in an increase in LDHA and vice versa, identifying
a therapeutic strategy to simultaneously inhibit metabolic and immunologic aspects of tumorigenesis
by co-targeting LDHA and PD-L1 [233]. Feng et al. uncovered a role for TAZ, a YAP paralogous
transcription cofactor and downstream effector of the Hippo pathway in the interplay between
immunosuppression and aerobic glycolysis [234]. In their study, they show that a lactate-mediated
increase in PD-L1 was dependent on TAZ in glycolytic cancer cells [234]. Furthermore, inhibiting
the CSC-related Wnt pathway could aid in the decreased acidification of the TME and increased
immune filtration [235]. The interplay of aerobic glycolysis and immunology in TNBC remains largely
unexplored, with more players yet to be identified.

6.3. Glutamine Metabolism in Immunosuppression

Cancer cells also rely on glutamine metabolism for cell growth and anabolic processes. TNBC cells
showed an increased reliance on glutamine uptake and metabolism where the glutamine transporters
alanine, serine, cysteine-preferring transporter 2 (ASCT2), and L-type amino acid transporter 1 (LAT1)
are over-expressed [236]. Once in the cell, glutamine is converted to glutamate and α-ketoglutarate,
which could be converted to malate and then to pyruvate, effectively supplementing aerobic glycolysis
and contributing to the Warburg phenotype. Lampa et al. reported that suppression of glutaminase
synergized the inhibitory effect of mammalian target of rapamycin (mTOR) on the growth of TNBC
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cell lines [237]. However, a recent study by Leone et al. also used a novel glutaminase antagonist,
JHU083, that inhibits glutamine-requiring enzymes [238]. They found that treatment with JHU083
reverted the Warburg effect and inhibited glycolysis, thus increasing the glucose and glutamine
content in the tumor as well as increasing the infiltration of CD8+ T-cells [238]. Metabolic analysis
showed that the glutamine antagonist increased oxidative phosphorylation through an upregulation
of mitochondrial proteins in T-cells but suppressed overall metabolism in cancer cells. While
targeting glutamine uptake seems to be a plausible therapeutic strategy, it is limited by the fact that
glutamine uptake is also essential for immune cell function [239]. However, combining JHU083 with
immunotherapy led to a great response in vivo, where the mice treated with the glutamine antagonist
and anti-PD-1 generated significant antitumor effects, with complete response rates close to 100% [238].
While the safety of the glutamine antagonist has yet to be determined, this work provides a glimmer of
hope for simultaneously inhibiting metabolic reprogramming and activating the anti-tumor response
as a means of therapy.

6.4. Lipid Metabolism in Immunosuppression

TNBC cells exhibit an increase in fatty acid oxidation (FAO) and a decrease in fatty acid synthesis
(FAS) compared to other subtypes [239]. Specifically, FAO seems to be crucial in the maintenance
of breast CSCs. Studies have reported a higher FAO rate in TNBC CSCs than non-CSCs [240,241].
Wang et al. found that FAO in breast CSCs is dependent on STAT3 signaling, identifying a possible
avenue to target lipid metabolic rewiring through the inhibition of JAK/STAT3 [241]. Their work also
establishes a link between chemoresistance and FAO levels, where blocking FAO re-sensitized cells to
chemotherapy in vivo [241]. This was consolidated by Casciano et al., who reported a link between
the highly amplified MYC transcription factor (which occurred in up to 50% of TNBC cases) and its
role in promoting FAO [242]. While the role of MYC in TNBC metabolism remains largely unknown, it
may be considered as a potential therapeutic avenue in the future.

Lipid metabolism also plays a role in immune cell development and activation. Treg cells adapt to
the nutrient depleted hypoxic TME by metabolically depending on fatty acids. Tregs relies on FAO
for energy to proliferate and exert an immunosuppressive function [243], while T-cell activation is
dependent on FAS [244]. Furthermore, increased lipid uptake upregulated PD-1 in CD8+ T-cells,
while PD-1 blockade activated these T-cells. Given that lipid metabolism is a crucial aspect of TNBC
tumorigenicity and Treg function, targeting enzymes involved with FAO could potentially lead to
a reduction in TNBC tumor burden, CSC enrichment, and enhance anti-tumor immunity. While
pharmacologically targeting FAO in TNBC has garnered preclinical success, more work is still required
to decipher the effect on immune cell infiltration [245].

Emerging evidence points to cholesterol as another culprit in the interplay between immune
evasion and metabolic reprogramming, as well as CSC enrichment. Cholesterol is a key component in
the cell membrane and acts as an important signaling molecule essential to cell growth and survival [246].
Breast CSCs seem to rely heavily on cholesterol synthesis, possibly for the maintenance of the desired
level of membrane fluidity. Reduced membrane cholesterol levels are associated with metastasis,
whereas high membrane cholesterol levels and further changes in membrane biophysical properties are
associated with increased chemoresistance in breast cancer cells [247]. Increased cholesterol synthesis
was associated with shorter relapse-free survival, and a recent study showed that inhibition of cholesterol
synthesis pathway reduced breast CSC enrichment [248]. Some reports have shown that the inhibition
of cholesterol synthesis pathways using statins, or inhibition of its master regulator RAR-related orphan
nuclear receptor γ (RORγ), induced TNBC tumor regression [249,250]. The cholesterol synthesis
pathway also overlaps with CSC-related pathways, such as YAP signaling. The cholesterol-lowering
drug Simvastatin is currently in clinical trials to treat breast cancer, which indirectly inhibits YAP
through the inhibition of HMG-CoA-Reductase [251]. Proprotein convertase subtilisin/kexin 9 (PCSK9)
monoclonal antibodies or vaccinations work to reduce cholesterol and have also been proposed to
improve clinical outcomes in breast cancer patients [252]. Cholesterol metabolism also plays a role in
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immune cell activity, as they depend on their membrane to function [253]. A study by Ma et al. showed
that cholesterol in the TME influences CD8+ T-cells, leading to the expression of immune checkpoint
molecules, such as PD-1 [254]. High levels of cholesterol were associated with low anti-tumor immunity,
which was restored upon reducing cholesterol [255]. The effect of drugs such as Simvastatin on immune
cell infiltration remain open to investigation.

6.5. Autophagy in TNBC

One of the major players in the immunometabolic landscape of TNBC may be autophagy.
Autophagy is a process in which intracellular constituents are degraded or recycled to regulate
metabolic pathways under nutrient deprivation to maintain cell survival [256]. A marker of autophagy,
microtubule-associated protein 1 light chanin 3B (LC3B) is highly expressed in TNBC and associated
with poor clinical outcomes [257]. Glycolysis or GLUT1 inhibitors have been shown to induce
autophagy deficiency and eventual cell death in TNBC cells [258,259]. Interestingly, the anti-CD73
antibody 1D7 was shown to mediate autophagy and inhibit the motility of TNBC cells [260]. Wen et al.
further demonstrated that the inhibition of autophagy sensitized TNBC cells to chemotherapeutic
agents [261]. Glutamine antagonsists have also been discussed as potential therapeutic targets;
however, glutaminase inhibition accelerates autophagy and upreuglates FAO as a means for tumor
cell survival [262]. Autophagy directly promotes FAO by providing the mitochondria with free fatty
acids, leading to the accumulation of lipid droplets [263]. Furthermore, autophagy has been shown
to hinder T-cell-mediated anti-tumor activity against TNBC both in vitro and in vivo [264]. As such,
the interplay between metabolic pathways and autophagy in TNBC requires further investigation.

6.6. Interplay of HIF-1α in Cancer Metabolism and Immunosurveillance

In addition to the previously described importance of HIF-1α in TNBC angiogenesis, its role
in metabolic reprogramming provides another therapeutic avenue in breast cancer cells and CSCs.
HIF-1α activity in response to hypoxia leads to the expression of glycolytic enzymes and contributes
to the Warburg effect, which increases the acidification of the TME and decreases immune cell
infiltration [255,265]. Work by Bharti et al. used high-resolution 1H MRS (in vivo proton magnetic
resonance spectroscopy) imaging in the aqueous and lipid phases of HIF-silenced tumors, after which
the metabolic profiles were elucidated to determine the effect of HIF-1/2α inhibition [255]. They found
that with HIF-1α silencing in TNBC, amino acids such as glutamine were decreased, along with
lipid signals and droplets, suggesting that HIF-1α plays a role in TNBC metabolic adaptation [265].
Additionally, a study by Lee et al. discovered a strategy whereby silencing the oxidative stress master
regulator NRF2 reduced HIF-1α accumulation and hindered HIF-1α induction of glycolysis-related
genes [266]. In breast cancer cell lines, HIF-1α was found to increase the expression of adenosine
receptor 2B (A2BR), which, as mentioned in earlier sections, plays a role in MDSC expansion
and immunosuppression [267].

In breast cancer, HIF-1α also controls the expression of cluster of differentiation 47 (CD47),
an integrin membrane protein expressed on many different cell types for the regulation of a wide
range of cellular processes [268,269]. Specifically, cancer cells have been shown to overexpress CD47,
where it forms a complex with signal-regulatory protein α (SRP- α) on phagocytes and inhibits
macrophage-mediated phagocytosis of the TNBC cells [270]. CD47 expression is a well-known
strategy by which tumor cells escape immunosurveillance. Researchers have explored blocking
CD47 to induce a wide range of anti-tumor immune function [271–274]. High expression of CD47 in
TNBC was associated with unfavorable prognosis, EMT signals, and metastasis [270]. Furthermore,
a study by Kaur et al. showed that the blockade of CD47 was effective in TNBC CSC suppression
and downregulation of stem-cell related pathways [274]. The preclinical success of targeting CD47 led
to the therapy moving on to phase I clinical trials [275]. Interestingly, CD47 was recently shown to
promote a Warburg phenotype by protecting the ubiquitin mediated degradation of ENO1, a glycolytic
enzyme, providing another role of CD47 in cancer metabolic rewiring, in addition to its established
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role in immune evasion [276]. HIF-1α is also involved in decreasing the anti-tumor immune response
via its control of the PD-1/PD-L1 in immune cells and tumor cells. The hypoxia-inducible element
(HRE), where HIF-1α binds, was found in the PD-L1 proximal promoter [277]. Combined, the above
information suggests that HIF-1α might serve as a therapeutic strategy to overcome both TNBC
metabolic rewiring and immunosuppression.

7. Conclusions

Immune checkpoint inhibition has evolved significantly to reflect the immunogenic potential
of TNBC, among other cancers. Despite some positive clinical outcomes with anti-PD-1/PD-L1
and anti-CTLA-4 antibodies, the monotherapy only provides benefit to a subset of the patients,
warranting further studies. To date, a large number of clinical trials are looking at immune checkpoint
inhibition as a treatment modality to complement chemotherapy. Since enrichment of CSCs and tumor
reconstitution are often associated with chemotherapeutic agents, novel combination strategies include
normalizing tumor-associated vasculature, modulating the TME, and targeting a multitude of receptors
and transcription factors, which may lead to a more effective and durable response for TNBC treatment.
In addition to active immunity, therapies that strengthen passive immunity or counter the metabolic
reprogramming of tumors may be advantageous in future research. Although significant progress has
been made, many challenges remain in the field when looking for a combinatorial immunotherapy to
target TNBC.
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Abstract: Breast cancer is the most commonly diagnosed cancer in women and is a leading cause
of cancer death in women worldwide. Despite the significant benefit of the use of conventional
chemotherapy and monoclonal antibodies in the prognosis of breast cancer patients and although
the recent approval of the anti-PD-L1 antibody atezolizumab in combination with chemotherapy
has been a milestone for the treatment of patients with metastatic triple-negative breast cancer,
immunologic treatment of breast tumors remains a great challenge. In this review, we summarize
current breast cancer classification and standard of care, the main obstacles that hinder the success of
immunotherapies in breast cancer patients, as well as different approaches that could be useful to
enhance the response of breast tumors to immunotherapies.
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1. Introduction

1.1. Breast Cancer

According to the last Global Cancer Statistics (GLOBOCAN 2018), breast cancer represented 11.6%
of all cancers, which places this disease as the second most commonly diagnosed cancer after lung
cancer, and caused 6.6% of the total cancer deaths in 2018 [1]. Among women, incidence rates for
breast cancer significantly exceeded those for other cancers in both transitioned and transitioning
countries, remaining as the most frequently diagnosed cancer and the leading cause of cancer death in
women worldwide [1].

Although for the majority of breast cancer patients it is not possible to identify a specific risk
factor [2], these are diverse and well documented and include obesity, physical inactivity, alcohol
consumption, use of hormone therapy, high breast density, and hereditary susceptibility due to
mutations in autosomal dominant genes [3], which represents between 5–10% of all breast cancer
cases in women [3]. Among these genetic alterations, mutations affecting BRCA1 and BRCA2 genes,
which control DNA repair and transcriptional regulation in response to DNA damage, can lead to
the accumulation of genetic alterations and greatly increase lifetime risk to develop different types
of malignancies, including breast cancer [4]. Indeed, mutations in BRCA1 and BRCA2 genes are
associated with an increased risk of inherited breast and ovarian cancer, representing the strongest
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susceptibility markers that have been identified for breast cancer worldwide, with an estimated 45–80%
lifetime risk of breast cancer for BRCA1-BRCA2 mutation carriers [4]. In a similar manner, mutations
affecting TP53 are also related to triple negative breast cancer [3].

As with other types of cancer, early diagnosis greatly increases the chances for successful treatment,
allowing for a 20% reduction in overall mortality rates [5]. In this regard, despite reported handicaps
of screening programs like high overdiagnosis rates and costs, risks that are derived from ionizing
radiation, or false positive biopsy recommendations, both mammography, breast self-examinations,
clinical breast examinations, digital breast tomosynthesis, ultrasonography, magnetic resonance
imaging, and oncogene identification represent the main tools for early diagnosis, sorting out, and
prevention of risk factors as well as timely treatment to lessen breast cancer morbidity [5].

Besides screening programs, adjuvant chemotherapy has also had a significant impact on the
prognosis of breast cancer patients, having significantly improved their overall survival, disease-free
survival [6], and death rates related to breast-cancer since the early 1990s [7]. In this respect, breast
cancer has traditionally been classified into three subtypes with different prognoses and treatment
responses [8,9] (Table 1).

Table 1. Breast cancer classification and standard of care.

Subtype Overview Standard of Care

HR+: Luminal-A,
Luminal-B

This subtype accounts for up to 75% of breast
cancer tumor cases [10] and is characterized by
being hormone receptor positive. Luminal A
breast tumors, which represent 50–60% of all
breast cancers, are defined as ER+ and/or PR+,
HER2-, and low Ki67 (<14%) [9,10]. These
tumors usually exhibit low histological grade,
low mitotic activity, and good prognosis [10].
Luminal B tumors, which represent 15–20% of
breast cancers, are defined as ER+ and/or PR+/-
(PR<20% + Ki67≥14%) with HER2- as well as
ER+ and/or PR+/- (any PR+ and any Ki67) and
HER2+ [9,11]. These tumors are generally
characterized by a more aggressive phenotype
with a higher histological grade and proliferative
index than Luminal A tumors [10]. Indeed,
although Luminal B tumors respond better to
neoadjuvant chemotherapy, they usually present
worse prognoses [10].

Sensitive to hormone-targeted
treatments, with a response rate of
approximately 50–60%. Tamoxifen
(TMX, Novaldex®) and aromatase
inhibitors are the most common
drugs that are used in clinical
practice as first-line treatments.
However, natural or acquired
resistance to treatment along with
long-term toxicities limit the
effectiveness of the treatment [8].

HER2-Enriched

Constitutively activated in 20–30% of breast
cancers, being responsible for dysregulated cell
proliferation [12] and aggressive biological and
clinical behavior [10]. These tumors are defined
as ER-, PR-, and HER2+ [11].

Humanized monoclonal antibodies
against HER2 extracellular domain
and small kinase inhibitors [8].
Acquired resistance to treatment is a
recurrent problem for
HER2-enriched breast cancer
patients.

Basal-Like

TNBC tumors, which constitute approximately
80% of the basal-like tumors and account for
10–15% of breast carcinomas [8], are defined as
ER-, PR-, HER2-, CK5/6+, and/or EGFR+ [11].

Chemotherapy is the current
standard of care for advanced TNBC
despite limited efficacy and poor
survival outcomes [13]. Different
targeted treatments for TNBC are
under pre-clinical or clinical
development [13,14].

HR+: Positive for Hormone Receptors. ER+: Expressing Estrogen Receptors. PR+: Expressing Progesterone
Receptors. HER2: Positive for Human Epidermal Growth Factor Receptor 2 (Receptor tyrosine-protein kinase
ERBB2, CD340). TNBC: Triple Negative Breast Cancer. CK5/6+: Expressing cytokeratin 5/6. EGFR+: Expressing
Epidermal Growth Factor Receptor.
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Even though most breast cancer patients are diagnosed early enough to be successfully treated
with surgery, chemotherapy, radiotherapy, or a combination thereof [8], nearly 30% of women that are
initially diagnosed with early-stage disease will eventually develop a metastatic disease [7], which
ultimately leads to patient death. In this scenario, and given their high efficacy and selectivity, the
development of cancer immunotherapies and other treatment strategies targeting tumor cells have
positioned themselves as promising options to win the battle against breast cancer in opposition to
conventional treatments that lack tumor selectivity and cause more side effects.

1.2. Immunotherapy as an Option for Cancer Treatment

According to the cancer immunoediting model [15], the relation between tumor cells and the
immune system is a dynamic process which consists of three main phases (Figure 1):

1. Elimination: During this phase, cancer cells are successfully recognized and destroyed by the
body’s immune system [16]. The success of the immune system to eliminate tumor cells depends
on the ability of the antigen to trigger the immune response, or immunogenicity, which can be
summarized as follows:

• Genetic abnormalities lead to the production of new antigens by tumor cells, which are
processed and presented as antigen-derived peptides on the cell surface in association with
Human Leukocyte Antigen class I (HLA-I).

• Neoantigens that are present in tumor microenvironment are recognized, processed, and
presented on the surface of Antigen Presenting Cells (APCs) as antigen-derived peptides in
association with Human Leukocyte Antigen class-II (HLA-II), which can be recognized by
helper T-cell receptors and leads to B-cell and cytotoxic T-cell stimulation and maturation.

• After T-cell activation by co-stimulatory signals provided by APCs, T-cells recognize
neoantigens presented by HLA-I and attack the targeted tumor cell by the secretion of
cytotoxic granules and/or via Fas cell surface death receptor (FAS) and caspase activation.

2. Equilibrium: During this phase, transformed cells with a resistant or non-immunogenic phenotype
escape the elimination phase and proliferate, although the immune system is able to control the
tumor growth [16].

3. Escape: The selective pressure caused by anti-cancer treatments or immune-surveillance promotes
the uncontrolled proliferation of cells with a resistant or a non-immunogenic phenotype, leading
to tumor progression and metastasis.

One of the characteristics of advanced tumors is their capability to evade adaptive immune
responses [17], which would explain the direct relationship between tumor growth and immune
evasion [18]. Since mechanisms leading to tumor evasion are diverse [19] (Table 2), a significant effort
has been made in recent years to develop new strategies to trigger tumor cell death by stimulating the
patient’s natural defenses to recognize and destroy tumor cells.

Table 2. Immune system mechanisms of tumor evasion.

Target Mechanism Overview

Alterations in
APCs

Inhibition of APC maturation and
activation which impedes the appropriate
co-stimulatory and cytokine signals to T
cells and triggers the generation of
regulatory T cells [20].

Different factors present in the tumor
microenvironment such as IL-6, M-CSF,
IL-10, VEGF, and TGF-β negatively regulate
antigen-presenting cell functions [21].

Selective increase in regulatory APCs that
prevent immune responses by secreting
TGF-β and stimulating the proliferation of
regulatory T-cells [20].

Tumor microenvironment can induce a
selective increase in the number of
regulatory APCs, which can induce T-cell
unresponsiveness by controlling T-cell
polarity [20].
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Table 2. Cont.

Target Mechanism Overview

Dysfunction of
effector cells

Enhanced proliferation of regulatory
T-cells that suppress inflammation and
regulate immune system activity.

Tumor microenvironment induces the
proliferation of regulatory T-cells, which are
able to inhibit T-cell proliferation and
cytokine production, leading to immune
suppression, which favors the immune
escape of tumor cells [20].

Induction of effector T-cells apoptosis
through tumor-generated CD95L and
activation of the T-cell CD95 receptor.

CD95 and CD95L are critical survival
factors for cancer cells that protect and
promote cancer stem cells [22]. Apart from
suppressing the immune response, CD95L
promotes tumor growth and invasiveness
and triggers the acquisition of cancer stem
cell phenotypes [22].

Alterations in T-cell signal transduction
after antigen stimulation which leads to a
decreased response.

Alterations such as the decreased
expression of CD3ζ, p56lck, and JAK-3,
decreased mobilization of calcium signaling,
inability to translocate NF-kB-p65, or
decreased production of IL2 are frequently
found in cancer patients [19].

Changes in
tumor cells

Selection of tumor cells that are resistant
to apoptosis, one of the hallmarks of
cancer [17].

The pressure of immune surveillance or
chemotherapeutic drugs enhances the
selection and proliferation of cancer cells
with mutations or alterations affecting one
or various pathways controlling apoptosis.

Alterations in HLA I expression.

Since the initiation of adaptive immune
response occurs after T-cell receptor binding
to antigen-loaded HLA-I presented by
tumor cells, alterations in HLA-I expression,
which is found in approximately 40–90% of
human tumors derived from HLA-I positive
tissues [23], impedes T-cell activation or
causes loss of recognition.

Alterations in the immune checkpoints.

After recognition of peptide antigen
associated with the HLA-I, T-cell activation
is controlled by co-stimulatory and
co-inhibitory receptors and their ligands
(immune-checkpoints). The over-expression
of co-inhibitory molecules or the absence of
co-stimulatory molecules typically leads to
a T-cell exhausted phenotype.

CD95: Fas/APO-1. CD95L: CD95 ligand. APC: Antigen Presenting Cell/Dendritic Cell. HLA: Human Leukocyte
Antigen. IL: Interleukin. JAK-3: Janus kinase 3. M-CSF: Macrophage Colony-Stimulating Factor. NF-kB:
Nuclear Factor-kappa-B transcription complex. TGF: Transforming Growth Factor. VEGF: Vascular Endothelial
Growth Factor.

These findings have been the basis for the development of different modalities of anticancer
immunotherapy, including tumor-targeting immunotherapies, oncolytic viruses, anticancer vaccines,
or adoptive cell immunotherapies [24] that are designed to target tumor cells and work with the
immune system at different levels (Figure 2). As a result of the great success achieved in different
studies and trials that demonstrate the efficacy of immunotherapies not only against primary tumors,
but also preventing metastasis and recurrence [25], cancer immunotherapy has become the fourth
pillar of cancer care, complementing surgery, cytotoxic therapy, and radiotherapy [26].
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Figure 1. Cancer Immunoediting. ELIMINATION: (1) Neoantigen production by transformed cells.
(2) Neoantigen presentation on the surface of transformed cells, associated with HLA-I. (3) Neoantigen
recognition and processing by antigen presenting cells. (4) Neoantigen presentation on the surface of
antigen presenting cells, associated with HLA-II. (5) T-cell activation in the presence of co-stimulatory
signals. (6) Transformed cell recognition by activated T cells and elimination. EQUILIBRIUM:
(7) Transformed cells with a resistant or non-immunogenic phenotype escape elimination and proliferate,
although the immune system is still able to control the tumor growth. ESCAPE: (8) Uncontrolled
proliferation of cells with a resistant or a non-immunogenic phenotype, leading to tumor progression
and metastasis.

 
Figure 2. Modalities of cancer immunotherapy.

In this regard, the recent approval of treatments based on the use of checkpoint inhibitors has been
a turning point for the treatment of patients with different tumors including melanoma, non-small cell
lung cancer, renal cell carcinoma, Hodgkin’s lymphoma, bladder cancer, head and neck squamous
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cell carcinoma, Merkel-cell carcinoma, microsatellite instability high, or mismatch repair deficient
solid tumors [27], since they have demonstrated that they significantly increase survival rates when
compared to standard therapy among different tumor types [23]. The impact of the basic studies
allowed the development of checkpoint inhibitor therapies, which is the reason that James P. Allison
and Tasuku Honjo won the Nobel Prize in Physiology and Medicine in 2018.

1.3. Checkpoint Inhibitors

Provided that activated CD8+ (cytotoxic T lymphocytes or T-cells) recognize and destroy
pathogen-infected or aberrant cells like cancer cells, they are considered the main effectors of
cell-mediated immunity. On the other hand, since T cells also increase antibody responses through the
action of CD4 (T-helper cells) and the enhancement of antibody production by B cells, their activation
represents a critical step for the initiation and regulation of the immune response [28].

In accordance with the two-signal model of lymphocyte activation, both co-stimulatory signals
and antigen-specific signals mediating the engagement of T-cell receptor (TCR) to HLA-II expressed
on the surface of antigen-presenting cells participate in T-cell activation and maturation [29].
The subsequent response is regulated by a balance between co-stimulatory and inhibitory signals,
or immune-checkpoints [30], at multiple steps during the immune response [31], which limits tissue
damage and allows for the maintenance of self-tolerance. Given their immunosuppressive functions,
dysregulated expression of inhibitory signals implies a major advantage in the tumor microenvironment,
leading to immune evasion (Table 2).

Nowadays, and due to their association with the inhibition of lymphocyte activity and subsequent
anergy, different immune checkpoint receptor-ligand combinations are the subject of intense study
as tools for cancer treatment by restoring immune system function either as mono or in combination
therapies [30,32]. Among these, and because of their central role during the immune response
and peripheral tolerance, both Cytotoxic T-Lymphocyte-Associated Antigen 4 (CTLA4, CD152) and
Programmed Cell Death Protein 1 (PD-1, CD279)/Programmed Cell Death Protein 1 Ligand (PD-L1,
CD274) pathways have proved to be valid targets for the development of new cancer treatments and
have allowed for the clinical approval of a number of CTLA and PD-1/PD-L1 checkpoint inhibitors
(Table 3).

Table 3. Approved checkpoint inhibitors for cancer treatment.

Immune
Checkpoint
Target

Overview Approved Drugs

CTLA4 (CD152)

One of the co-inhibitory proteins
constitutively expressed on the surface of
regulatory T cells (Tregs) and frequently
upregulated in other types of T cells, like
CD4+ T, cells upon activation, and
exhausted T cells, among other inhibitory
receptors [33].
CTLA-4 blockade prevents interaction with
CD80/86 resulting in up-regulation of T-cell
activity.

Yervoy ® (ipilimumab, Bristol Myers Squibb)
was first approved by the FDA in 2011 and is
classified as monotherapy for the treatment of
advanced melanoma [34]. In combination with
nivolumab (Opdivo®), ipilimumab is also
classified as a first-line treatment for adult
patients with intermediate/poor-risk advanced
renal cell carcinoma, patients with
nonresectable or metastatic melanoma across
BRAF status, and previously treated MSI-H or
dMMR metastatic colorectal cancer [35].

PD-1 (CD279)
PD-1 is one of the co-inhibitory membrane
receptors of which its expression can be
induced in active T cells upon stimulation
of T-cell receptor complex or exposition to
different cytokines [33]. Since PD-1 binding
to its ligands, PD-L1 and PD-L2, leads to
T-cell inactivation, PD-1 blockade enhances
T cell-mediated immune responses.

Opdivo® (nivolumab, Bristol-Myers Squibb) is
a PD-1 blocking antibody that, after first being
approved by the FDA in 2014, is recommended
for the treatment of advanced melanoma,
advanced non-small cell lung cancer, advanced
small cell lung cancer, advanced renal cell
carcinoma, classical Hodgkin lymphoma,
advanced squamous cell carcinoma of the head
and neck, urothelial carcinoma, MSI-H or
dMMR metastatic colorectal cancer, and
hepatocellular carcinoma [36]. A combined
regimen with ipilumubab increases
progression-free survival and overall survival
only in patients with low tumor PD-L1
expression [37].
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Table 3. Cont.

Immune
Checkpoint
Target

Overview Approved Drugs

Keytruda® (pembrolizumab, Merck KGaA) is a
human PD-1-blocking antibody that was first
approved by the FDA in 2014 and is
recommended for the treatment of advanced
melanoma, non-small cell lung cancer, head and
neck cancer squamous cell carcinoma, classical
Hodgkin lymphoma, primary mediastinal large
B-cell lymphoma, urothelial carcinoma, MSI-H
cancer, gastric cancer, cervical cancer,
hepatocellular carcinoma, Merkel cell
carcinoma, and renal cell carcinoma [38].

Libtayo® (cemiplimab-rwlc, Sanofi S.A.) is a
PD-1 blocking antibody that was first approved
by the FDA in 2018 and is indicated for the
treatment of patients with metastatic cutaneous
squamous cell carcinoma [39].

PD-L1 (CD274)
One of the immune inhibitory receptor
ligands expressed by hematopoietic,
non-hematopoietic cells such as T-cells and
B-cells and different types of tumor cells.

Tecentriq® (atezolizumab, Genentech Inc.) is a
PD-L1 blocking antibody that was first
approved by the FDA in 2016 and is
recommended for the treatment of advanced
urothelial carcinoma, metastatic non-small cell
lung cancer, and extensive-stage small cell lung
cancer for use in combination with Abraxane®

for the treatment of metastatic triple-negative
breast cancer [38].

Bavencio® (avelumab, Merck EMD Serono) is a
PD-L1 blocking antibody that was first
approved by the FDA in 2017 and is used for
the treatment of patients with metastatic
Merkel cell carcinoma, advanced or metastatic
urothelial carcinoma, and in combination with
axitinib for patients with advanced renal cell
carcinoma [40].

Imfizi® (durvalumab, AstraZeneca plc) is an
anti PD-L1 human monoclonal antibody that
was first approved by the FDA in 2017 and is
used for the treatment of patients with
unresectable non-small cell lung cancer that has
not progressed after chemoradiation [41].

CTLA4: Cytotoxic T-lymphocyte associated protein 4; PD-1: Programmed Cell Death Protein 1; PD-L1: Programmed
Cell Death Protein 1-Ligand; MSI-H: Microsatellite instability high; dMMR: Mismatch repair deficient.

As previously mentioned, apart from T-cell receptor interaction with HLA-II, T-cell activation is
controlled by further antigen-independent costimulatory signals such as CD28 (Cluster of Differentiation
28) and CTLA-4. In this respect, and contrary to CD28 signals, which are required for T-cell activation
and cytokine secretion, CTLA-4 signaling inhibits T-cell activation, which is especially important in
lymph nodes where CTLA4 neutralizes potentially autoreactive T-cells at the initial stage of naïve CD4
and CD8 cell activation [31]. Both CD28 and CTLA-4 can be stimulated by CD80 (B7-1) and CD86
(B7-2) ligands that are expressed on activated APCs, leading to T-cell proliferation and differentiation
through the production of growth cytokines when there is an elevated CD28:CD80/CD86 ratio [42] or
to dephosphorylation of T-cell receptor signaling proteins by tyrosine phosphatases [43], leading to
T-cell inactivation and anergy, in the case of an increased CTLA-4:CD80/CD86 ratio [42].

Since CTLA-4 binds to CD80/86 with very high affinity, this receptor mediates immunosuppression
by competing for CD28 and also by inducing CD80/86 removal from antigen presenting cells’ surface [33].
For this reason, by blocking the interaction between CTLA-4 and CD80/86 ligands, CTLA-4 inhibitors
can prevent T-cells exhaustion and boost the antitumor T-cell response [44]. Despite the demonstrated
survival benefit of ipilimubab in patients with advanced melanoma, severe immune-mediated
adverse effects, high cost, and modest response rates (ranging between 4% and 16% when used in
monotherapy) [44] remain as the main impediments for its use.

On the other hand, PD-1 predominantly regulates previously activated T-cells at the later
stages of an immune response [31], mainly within tissue and tumors [30,31]. The expression of
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this membrane receptor, which can be temporarily induced in activated CD8 T-cells, natural killer
T-cells, or myeloid cells following the activation and stimulation of T-cell receptor by cytokines and
interleukin, is constitutive in T-cells exhibiting the exhausted phenotype [23]. PD-1 binding to its ligand,
PD-L1, promotes the dephosphorylation of T-cell receptor proximal signal components and leads to the
inhibition of signaling pathways commanded by protein kinases including PI3K/AKT (phosphoinositide
3-kinase/Protein Kinase B), PTEN (phosphatase and tensin homolog), CK2 (casein kinase 2) [37], and
RAS/MEK/ERK (mitogen-activated protein kinase MAPK/extracellular-signal-regulated-kinase), which
decreases T-cell proliferation, survival, cytokine production, and other effector functions [23]. Thus,
by interrupting the interaction between PD-1 and PD-L1, checkpoint inhibitors can restore antitumor
immune responses and promote immune-mediated elimination of tumor cells [32]. Although nivolumab
alone or combined with ipilimumab significantly improves the overall and complete response rates
compared with ipilimumab alone in patients with metastatic melanoma [45], response rates to
PD-1/PD-L1 blocking therapies only ranges between 20–38% among different tumor types [23], which
implies that the majority of advanced stage patients cannot benefit from these therapies.

Despite the low response rates and immune-related adverse events in some cancer patients, both
CTLA4 and PD-1/PD-L1 inhibitors have broadly demonstrated their value to boost potent and durable
anti-tumor responses and to increase the average life expectancy for metastatic cancer patients [23].

2. Breast Cancer Immunotherapy

2.1. First Approaches

The first cancer immunotherapy treatments were based on the use of humanized monoclonal
antibodies with the ability to bind and neutralize a targeted altered molecule expressed by cancer
cells and on which their survival and proliferation depends. The approval in September 1998 of
trastuzumab (Herceptin®, Genentech, Inc., South San Francisco, CA, United States) represented the
release of the first antibody for the treatment of metastatic breast cancer patients with HER2 (Receptor
tyrosine-protein kinase ERBB2, CD340) overexpression and/or gene amplification, which represented a
milestone in the treatment of breast cancer. After trastuzumab, other different anti-HER2 monoclonal
antibodies including lapatinib (Tykerb®, GlaxoSmithKline, Brentford, United Kingdom), neratinib
(Nerlynx®, Puma Biotechnology, Los Angeles, CA, United States), gefitinib (Iressa®, AstraZeneca,
Cambridge, United Kingdom), or afatinib (Giotrif®, Boehringer Ingelheim Pharmaceuticals, Inc.,
Ingelheim am Rhein, Germany) [8] as monotherapy or in combination with conventional treatments
have contributed to increasing the number of therapeutic options for breast cancer patients.

Although the use of monoclonal antibodies targeting altered proteins has definitely improved the
outcome of cancer patients, modest response rates (Table 4) and resistance development [46] remain
as the major impediments for treatment success and require the search for new approaches apart
from combined therapies, among which antibody-drug conjugates (ADC) such as the recently FDA
approved ado-trastuzumab emtansine (Kadcyla®, Genentech, Inc., South San Francisco, CA, United
States) [47] and T cell bispecific antibodies stand out among the most promising strategies for breast
cancer patients [48].

Table 4. Approved humanized monoclonal antibodies for breast cancer treatment.

Monoclonal
Antibody

Response Rates (Monotherapy)
Most Common Treatment-Related
Adverse Events

Trastuzumab

35% (95% CI, 24.4% to 44.7%) and none in patients
with 3+ and 2+ HER2 overexpression by
immunohistochemistry, respectively [49]. Further,
34% (95% CI, 23.9% to 45.7%) and 7% (95% CI, 0.8%
to 22.8%) in patients with and without HER2 gene
amplification by fluorescence in situ hybridization
analysis, respectively [49]. Approximately 15% of
patients relapse after therapy [50].

Chills (25%), asthenia (23%), fever (22%),
pain (18%), nausea (14%), cardiac
dysfunction (2%) [49].
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Table 4. Cont.

Monoclonal
Antibody

Response Rates (Monotherapy)
Most Common Treatment-Related
Adverse Events

Pertuzumab
3% to 7.6% complete response and 16.7% partial
response in previously trastuzumab-treated breast
cancer patients [51,52].

Diarrhea (48.3%), Nausea (34.5%),
vomiting (24%), fatigue (17%), asthenia
(17%), back pain (10%) [51].

Lapatinib

24% in trastuzumab-naïve and less than 10% in
trastuzumab-refractory breast tumors [53].
Partial response in 39% (95% CI, 30% to 48%) of
patients with relapsed or refractory HER2-positive
inflammatory breast cancer [54].

Diarrhea (59%), fatigue (20%), nausea
(20%), rash (18%), anorexia (16%),
dyspnoea (14%), vomiting (13%), back
pain (11%) [54].

Neratinib

Pathological complete response in 56% of
HER2-positive but HR- breast cancer patients
compared to 33% in the control group. Further, 84%
response rate in HER2-positive and hormone
receptor-positive compared to a 59% response rate
in HER2+ and hormone receptor-negative [55].

Diarrhea (83.9%), nausea (37.9%),
abdominal pain (28.4%) [55].

Gefitinib
No complete or partial responses observed in
previously treated patients with advanced breast
cancer [56].

Diarrhea (45.2%), skin rash (12%) [56].

Afatinib

Partial response in 10% and progressive disease in
39% of extensively pretreated HER2-positive
patients metastatic breast cancer progressing after
trastuzumab. No complete response observed [57].

Diarrhea (24.4%), skin rash (9.8%) [57].

As a result of the latest studies in this field and in line with the encouraging long-term success
of checkpoint inhibitors in the treatment of different tumors, distinct research groups have focused
their efforts in developing analog treatments for breast cancer patients. In fact, as a result of the
findings from the Phase III double-blind IMpassion130 trial (ClinicalTrials.gov ID NCT02425891),
which reported a 40% reduced risk of disease progression or death in patients receiving atezolizumab
plus nab-placlitaxel or placebo [58–60], in March 2019, the FDA approved the first checkpoint inhibitor
immunotherapy drug, the anti-PD-L1 antibody atezolizumab (Tecentriq ®), in combination with
chemotherapy (Abraxane®) for the treatment of triple-negative, metastatic breast cancer patients
with positive PD-L1 protein expression [61]. However, despite this great milestone, modest complete
response rates (7.1%, 95% CI, 4.9–9.9 and 10.3%, 95% CI, 6.3–15.6 in PD-L1 positive subgroup) and
immune-mediated serious adverse events such as pneumonitis, hepatitis, colitis, and endocrinopathies
that can cause treatment discontinuation [59] remain as notable impediments for the success of this
treatment and justify the search of new therapeutic strategies.

2.2. Mechanisms of Immune Evasion in Breast Cancer

As stated above, tumor immune evasion can occur as a result of defective tumor-directed T-cell
activation, deficient activated T-cell infiltration into the tumor microenvironment, or because of the
tumor cell resistance to cytotoxic action of the immune cells [62].

2.2.1. Breast Tumor Microenvironment

Immunogenicity is defined as the ability to induce a humoral and/or cell-mediated adaptive
immune response. In fact, both the burden of tumor mutations and the load of neo-epitopes represent
two of the factors that are linked to response to checkpoint inhibitors in different malignancies like
melanoma or lung cancer [63]. However, although tumor neoantigens that are produced as a result
of breast cancer cells’ genomic instability can be recognized by the immune system and induce
T-cell responses and antitumor immunity [62,64], the immunogenicity of breast cancer can be rather
heterogeneous, depending to a large extent on the specific subtype of breast cancer [65].
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In the particular case of HER2-positive breast tumors, gene profiling studies have shown that
highly suspicious calcifications are associated with decreased immune system activity and ERBB2
overexpression [66]. For this reason, breast calcifications would be useful not only in the radiological
assessment of breast lesions [67], but also in the management of breast cancer patient candidates
for immunotherapy. On the other hand, although estrogen receptor-negative and HER2-positive
have shown evidence of immunogenicity [65], these types of inflammatory breast tumors are rare
(1–5% of cases) [68] when compared to triple negative breast tumors, which are unique among breast
cancer subtypes in having strong antigen expression [69] and high stromal and tumor-infiltrating
lymphocytes, parameters with a strong prognostic and predictive significance to immunotherapy
and chemotherapy [62,63,70,71]. Accordingly, triple negative breast tumors with high infiltration of
tumor-associated macrophages have been found to have a higher risk of metastasis and lower rates
of disease-free survival and overall survival, having been proposed as potentially useful prognostic
markers for triple negative breast cancer patients [72,73].

Except for these immunogenic subtypes, breast tumors have historically been classified as
immunologically silent [62] or “cold” tumors, characterized by the presence of low mutation and
neoantigen burden and few effector tumor infiltrating lymphocytes, factors proposed as prognostic
markers [62], and metastasis to lymph nodes correlation [74].

Since non-inflamed tumors represent a significant impediment to the success of T-cell-based
immunotherapies, different studies have aimed their efforts towards developing new strategies to
increase the presence of immune infiltrates and hence, to improve patient prognosis. Among these, in
addition to directly causing cell damage [75], the use of local tumor hyperthermia has proven to be a
valuable tool as an immunotherapy strategy for cancer [76] by boosting immune cell activation and
increasing the sensitivity of tumor cells to anti-tumor immune responses by different mechanisms,
including:

• Enhancing the expression of tumor surface HLA class I polypeptide-related sequence A (MICA)
and HLA type I, which promote tumor cell sensitivity to lysis by NK cells and CD8+ cells,
respectively [75].

• Increasing the release of heat shock proteins, which leads to NK cells activation as well as to APCs
activation and antigen presentation to CD8+ cells [75].

• Increasing the release of tumor cells exosomes, which apart from containing chemokines, transfer
potential tumor antigens to APCs and subsequent CD8+ activation [75].

• Promoting changes in the tumor vasculature, which facilitates better trafficking of immune cells
between the tumor and draining lymph nodes [75].

In this context, different studies are reporting promising results for hyperthermia as complementary
treatment to surgery, chemo, radio, and immunotherapy in breast cancer patients [75,77–79]. However,
convincing data about the benefit of the combination of hyperthermia with checkpoint inhibitors for
breast cancer treatment should be provided by multicenter clinical trials in which related side-effects
are also evaluated [79]. Likewise, radiation has also shown to increase mutational load of tumors,
optimize antigen presentation, and decrease immune suppressors in the tumor microenvironment,
priming the tumor for immunotherapy [71], which justifies additional studies in these fields.

Besides the presence of high tumor infiltrating lymphocytes, recognition of tumor cells is a critical
step for the success of the immune response. In this regard, although estrogen has an immunoenhancing
impact on the immune system [80] with an apparent effect in all major innate and adaptive immune
cells [81], high levels of estrogens may interfere with HLA-II expression and IFN-γ signaling, with
significant implications for tumor immune escape [82]. Estrogens are also well known to be a risk factor
for breast cancer by enhancing the expression of genes involved in tumor cell survival and proliferation
as well as growth factors including vascular endothelial growth factor (VEGF) [83], epidermal growth
factor (EGF), insulin growth factor (IGF), fibroblast growth factor (FGF) [69,84], and their receptors [8].
Since estrogen presence in tumor microenvironment can also play a significant immunosuppressive
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role by promoting tolerance of weakly immunogenic tumor cells [69], the use of antiestrogen therapies
in combination with aromatase inhibitors could be a rational strategy to enhance the response to
immunotherapies. However, although adjuvant hormonal therapy combined with HER2-targeted
agents in hormone receptor-positive and HER2-positive breast cancer patients already represents a
standard treatment, recent studies have shown that estrogen deprivation promotes transcriptional
programs that favor immune evasion and increases PD-L1 expression in metastasis arising from breast
cancer patients receiving adjuvant hormonal therapy for their local disease [85]. For this reason, the
use of hormone-therapies in combination with PD-1/PD-L1 blocking immunotherapies should be
thoroughly investigated. On the other hand, and for the reasons mentioned above, the application of
conventional monoclonal antibodies targeting one or more growth factors would be a useful adjuvant
to enhance the efficacy of breast cancer immunotherapy by improving APCs function [86,87].

2.2.2. Changes in Breast Tumor Cells

Instead of loss of the targeted protein, resistance to cancer immunotherapies, such as monoclonal
antibodies, is frequently due to the activation of alternate pathways [53] like immunosuppressive
checkpoint pathways.

Among these, and largely due to the FDA approval of atezolizumab, blockade of the PD-1/PD-L1
pathway constitutes one of the most promising strategies for breast cancer immunotherapy. Despite
this important addition to the number of therapeutic options available for metastatic breast cancer
patients, it is important to note that the objective response rate achieved by atezolizumab was 53%
versus 33% for the placebo group [88] and that to date, it has been approved for the treatment of the
triple-negative subtype, which only constitutes 10–15% of breast carcinomas [89], with positive PD-L1
protein expression, which occurs in approximately 20% of breast cancers (mainly HER2-positive and
triple negative) [62].

Similarly to the PD-L1 pathway, different randomized clinical trials are currently evaluating the
effect of PD-1 inhibitors as monotherapy or in combination with conventional and non-conventional
treatments [62,65] in breast cancer patients with results that although modest, are encouraging. In this
respect, even though PD-L1 status remains the core predictor for anti-PD-1/PD-L1 therapies and patient
selection [23], the validity of PD-L1 expression as a prognostic marker remains controversial [62]
and justifies the need to develop new immunotherapy biomarker panels as well as new strategies to
improve response rates.

Another major impediment to immunotherapy success in breast cancer patients is the selection of
apoptosis-resistant cells, which constitutes one of the hallmarks of cancer [17]. Since both chemo- and
immunotherapies directly or indirectly activate the cellular apoptosis machinery, tumor sensitivity to
anti-cancer treatments will significantly depend on the level of expression of anti-apoptotic proteins [24]
in general and, more specifically, on the existence of a pro-survival profile characterized by an increased
ratio between anti-/pro-apoptotic proteins [24,90,91].

Provided that antiapoptotic proteins such as clusterin (APO-J) [91,92], BCL-2, BMF [24] as well as
different pro-survival kinases [8] are frequently altered in metastatic breast cancer, the use of profiling
techniques or systematic mapping of anti-apoptotic gene dependencies would be justified in order to
effectively select those patients that could better benefit from combined treatments of protein inhibitors
and immunotherapy. In this regard, different studies have already evidenced the need to use therapies
with a combination of inhibitors targeting different anti-apoptotic proteins in order to achieve better
clinical benefits and avoid the activation of alternate pro-survival pathways [8,23,24].

HLA-I expression on the surface of breast tumor cells, which is positively correlated with
tumor-infiltrating lymphocytes, is essential for an effective cytotoxic response [93] and the subsequent
success of T-cell mediated immunotherapies. For this reason, loss or changes in HLA-I expression,
which is another of the hallmarks of cancer [17], also represent a significant impediment for breast
cancer immunotherapy.
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Total loss of HLA-I is found in 37% of in situ breast carcinomas, 43% of the primary tumors,
and 70% of the lymph node metastases [94]. Since HLA-I expression in these tumors is related
with a pro-death phenotype characterized by an increased proapoptotic BAX/antiapoptotic BCL2
ratio [94], preliminary studies for patients’ selection would be justified in order to ensure the success of
immunotherapies in breast cancer patients.

In the case of triple negative breast tumors, HLA-I expression is variable, contributing when altered
to the development of an immunosuppressive tumor microenvironment and immune escape [69].
However, since the activation of the HLA-II presentation pathway occurs in approximately 30% of triple
negative breast cancer patients [95], associated with the presence of tumor infiltrating lymphocytes
and improved prognosis [95,96], the expression of both receptors are factors that must be taken into
consideration prior to the application of immunotherapy treatment.

With respect to HER2 overexpressing tumors, although this receptor-tyrosine kinase represents
a valuable target for T-cell based immunotherapies, these tumors may escape cytotoxic T
lymphocyte-mediated lysis by downregulating HLA-I, since the expression of both receptors is
inversely correlated with breast cancer cells [69,97]. Similarly, in normal and cancerous breast tissues,
HLA-I expression is inversely correlated with the expression of estrogen receptors, which may be
related to the low level of tumor-infiltrating lymphocytes [93], and hence, with the failure of the T-cell
cytotoxic response. It is worth emphasizing at this point that provided that agents targeting different
protein kinases such as Mitogen Activated Protein Kinase (MAPK) or HER2 may increase HLA-I
expression in breast cancer cells [97,98], the use of kinase inhibitors would be a valuable strategy to
increase the antitumor effects of T-cell based immunotherapies. Similarly, strategies aimed at inducing
HLA-II expression in tumor cells may be valuable tools to increase patient response and prognosis to
such therapies [96].

3. Conclusions

Where to go

The improvement of the response rates for immunotherapies remains a great challenge for cancer
treatment in general and for breast cancer in particular. Considering the relatively limited T-cell
infiltration in most breast cancers, the development of novel strategies that are aimed to enable
sufficient lymphocyte infiltration as well as to generate de novo T-cell responses that overlap the
immunosuppressive tumor environment may be key to the success of this kind of therapy in breast
cancer patients [63].

Among the different approaches that are currently being considered and despite their limited
efficacy when delivered as a monotherapy [99], oncolytic viruses have demonstrated their safety [100]
and ability in targeting and killing cancer cells as well as in stimulating immunotherapeutic effects in
patients [101], positioning themselves as a promising strategy to increase treatment efficacy when used
in combination therapy [99–101] and as a unique platform for personalized treatment of patients with
advanced breast cancer [101].

Recent evidence on the role of tumor-associated macrophages in breast tumor growth,
progression, treatment resistance, and metastasis has paved the way for the development of novel
macrophage-targeted breast treatment strategies, such as the inhibition of macrophage recruitment,
repolarization of tumor-associated macrophages to an antitumor phenotype, and the enhancement
of macrophage-mediated tumor cell killing or phagocytosis, which are currently being evaluated in
clinical trials [102]. Despite the promising results of preclinical studies, these therapies have proved
limited clinical efficacy, therefore the development of new strategies that improve the effectiveness of
such treatments is necessary.

On the other hand, results of adoptive cell immunotherapies, which includes Chimeric Antigen
Receptor (CAR) T cell therapy and Tumor-Infiltrating Lymphocyte (TIL) therapy, based on the
isolation of antitumor T cells from the primary tumor, further ex vivo expansion and activation,
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and subsequent reinfusion of such cells into the patient [65], are also proving valuable in both
preclinical and clinical studies for the treatment of patients with breast cancer in general and HER2
positive tumors in particular [65,103]. In a similar line, next-generation sequencing and bioinformatic
technologies have become a fundamental tool to facilitate neoantigen identification and the consequent
improvement of personalized neoantigen-based translational immunotherapy studies [104], as well as
to develop neoantigen vaccines to induce neoantigen-specific T-cell responses through the activation
of antigen-presenting cells [105,106].

Results obtained with nanoparticles are no less important, having been postulated as the great
asset to overcome the limitations of existing immunotherapy, being able to improve overall anti-cancer
immune responses with minimal systemic side effects [107]. However, although nanoparticles in
different in vitro and in vivo breast cancer models [108] have already proven their efficacy in defeating
the immune-suppressive effect of tumor microenvironment [107] and drug resistance [108], as well as
in delivering neoantigens and adjuvants to tumor cells [107], reducing the side effects of anticancer
drugs [109], certain nanoparticles like titanium dioxide, silica, and gold complexes can lead to the
formation of micrometer-size gaps in the blood vessel’s endothelial walls and the intravasation of
surviving cancer cells into the surrounding vasculature, which increases the risk of metastasis [110].

Another main drawback of immunotherapies, especially within a combined regimen, is the
occurrence of immune-related side-effects affecting different organs such as the skin (rash, pruritus)
or gastrointestinal tract (diarrhea, colitis) (Table 4). Although the severity of these immune-related
adverse events are generally mild, life-threatening complications may also occur [111] and would end
up, in many cases, in a reduction of the optimal treatment dose or medication discontinuation. For this
reason, there is still a strong need for further research in order to develop biomarker panels that allow
for patient selection and predict the response to immunotherapies and immune-related adverse events.
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Abstract: Despite advances in the treatment of many pediatric solid tumors, children with aggressive
and high-risk disease continue to have a dismal prognosis. For those presenting with metastatic
or recurrent disease, multiple rounds of intensified chemotherapy and radiation are the typical
course of action, but more often than not, this fails to control the progression of the disease. Thus,
new therapeutics are desperately needed to improve the outcomes for these children. Recent advances
in our understanding of both the immune system’s biology and its interaction with tumors have led to
the development of novel immunotherapeutics as alternative treatment options for these aggressive
malignancies. Immunotherapeutic approaches have shown promising results for pediatric solid
tumors in early clinical trials, but challenges remain concerning safety and anti-tumor efficacy. In this
review, we aim to discuss and summarize the main classes of immunotherapeutics used to treat
pediatric solid tumors.

Keywords: pediatric solid tumors; immunotherapy; chimeric antigen receptors; cancer vaccines;
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1. Introduction

Immunotherapy is being popularized as an approach to target pediatric cancer. This treatment
modality has proven effective in pediatric hematological malignancies such as acute lymphocytic
leukemia (ALL), but there remains much to be learned before we can harness the potential of
immunotherapy in the treatment of solid tumors. Here, we examine two broad immunotherapy
approaches that may be utilized for the treatment of pediatric solid tumors: direct utilization of the
immune system properties and immune system modulation. Within each of these categories, we discuss
the benefits and challenges of each therapy for solid tumors and specifically highlight the effects on
pediatric populations. The overarching objective of this review is to discuss immunotherapies that are
currently in use as well as those with potential future use in the treatment of pediatric solid tumors.

2. Direct Utilization of the Immune System

2.1. Oncolytic Virus-Based Therapy

Oncolytic virus-based therapy is an emerging approach designed to target a variety of cancers.
The concept for utilizing oncolytic virotherapy in cancer treatment originated from observations that
patients with Hodgkin’s lymphoma temporarily improved following a hepatitis infection [1]. Oncolytic
viruses are constructed by altering the genetic profile of a viral vector to render the virus apathogenic
while maintaining its ability to infect, replicate, and spread amongst host cells. Oncolytic viruses
are also often engineered with specific receptors for cancer cells, rendering them target-specific and
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potentially more efficacious [2]. The cancer cells will then behave as hosts and will be subjected to the
oncolytic effects of the virus.

The benefit of oncolytic viral therapy is twofold: (1) it harnesses a virus’s innate ability to lyse
cancer cells and (2) it has the potential to trigger a cytotoxic immune response. In cancer cells,
the upregulation of DNA replication assists in the production of viral progeny. The buildup of progeny
results in lysis of the cells and infection of neighboring cancer cells [3]. This approach is effective for
solid tumors, as viral delivery may be accomplished through direct intratumoral injections, resulting in
direct killing of the malignant cells without producing severe systemic side effects or unwanted hepatic
degradation of the virus, which may occur with systemic injection [4]. As a result of viral-mediated
tumor cell lysis, pathogen-associated molecular patterns (PAMPs), damage-associated molecular
patterns (DAMPs), and tumor-associated antigens (TAA) are released. These molecular signals initiate
an immune response directed at the tumor even if this tumor has previously and successfully evaded
the immune system [5]. These molecular signaling molecules allow for an intact immune system to
utilize natural killer (NK) cells, dendritic cells (DCs), and other antigen-presenting cells (APCs) to
directly target the cancer cells [6].

A variety of replicating viruses have been studied as cancer therapeutics, including
adenoviruses, herpesviruses, paramyxoviruses, picornaviruses, poxviruses, reoviruses, rhabdoviruses,
and togaviruses [7]. In pediatrics, variants of oncolytic Herpes simplex virus (oHSV) have been shown
effective in a variety of solid tumors, such as glioblastoma, neuroblastoma, and sarcoma [8]. oHSVs
have been genetically engineered to allow for selective uptake or replication of the virus by tumor
cells but not healthy tissue [9,10]. Additionally, particular oHSVs have been engineered to produce
chemokines or increased amounts of TAA, which stimulates and bolsters the immune system response
directed toward the tumor [6,11].

There is great potential to use the immune response to target tumors through oHSV. NK cells
are the first line of defense and will destroy the cancer cells or use cytokines to recruit other immune
cells. Following this innate immune response, an adaptive response may ensue [12,13]. Such a reaction
could potentially lead to immune memory, negating the need for retreatment and theoretically, tumor
relapse. This built-in defense mechanism could then take over for the destruction of most of the tumor.
Barriers to this response, especially in solid tumors, include complete viral clearance, dense fibrosis
surrounding the tumor, and the tumor microenvironment (TME) [5]. Combination therapy provides a
means to overcome these barriers. In melanoma, combining T-VEC, a modified herpes simplex virus,
with a MEK inhibitor (trametinib) produced an increased infiltration of CD8+ T cells into the tumor
and a decreased tumor size in vivo [14]. A pre-clinical investigation of the TME in sarcoma showed
that modulation of tumor-associated macrophages (TAMs) could potentiate an immune response.
This study focused on Ewing sarcoma and oHSV. The investigators demonstrated that by targeting
the TME with trabectedin, a currently approved chemotherapeutic, the M2 macrophage population
was decreased, allowing for uninhibited viral infection by the rRp450 virus. They also showed that
combining rRp450 with trabectedin in an in vivo xenograft model of Ewing sarcoma significantly
decreased tumor volume and increased animal survival [15]. Such studies provide an avenue for
future investigations in viral therapy.

Currently, there are no commercially available viral therapies that are routinely used for extracranial
solid tumors in pediatric patients. T-VEC is a viral therapy available for the treatment of melanoma in
adults, but studies have not specifically tested its use in a pediatric-only population [16]. There are
only four clinical trials listed on www.clinicaltrials.gov that are actively recruiting for viral therapy in
pediatric cancers: oHSV in cerebellar tumors (NCT03911388), oHSV in supratentorial brain tumors
(NCT02457845), adenovirus in gliomas (NCT03178032), and an oncolytic poliovirus in gliomas
(NCT03043391). Considering there are 28 actively recruiting clinical trials listed for adults, there is
obvious room for expansion of this therapeutic approach for pediatric solid tumors.
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2.2. Antigen-Targeting Therapy

Tumor antigen-targeting therapy, initially based on antibody–drug conjugates (ADC),
utilizes specific monoclonal antibodies (mAbs) as an approach to target cancer cells and cause
antibody-dependent cell-mediated toxicity (ADCC). Initially, these mAbs were used to assist in more
direct drug delivery of chemotherapeutics [17]. In pediatrics, this model has been employed to
target a tumor-specific antigen, GD2, which is a di-ganglioside expressed on neuroblastoma and
osteosarcoma. In these tumors, a specific antibody targeting GD2 has been developed and is used
in clinical treatment [18,19]. Additionally, a newer target for neuroblastoma treatment is anaplastic
lymphoma kinase (ALK). An mAb targeting the ALK surface receptor, mAb30/49, led to decreased
tumor cell proliferation and viability in vitro [20].

In order to increase the efficacy of these antibodies, researchers are examining techniques to
evoke the activity of immune cells, such as NK cells, to involve them in tumor cell lysis. Investigators
have demonstrated this concept using an anti-GD2 antibody, hu14.18K322A, combined with IL-15.
This combination resulted in decreased tumor cell viability in vitro and growth in vivo, as well as in
an increase in mature NK cells in the TME [21].

To take advantage of the immune system, antibodies have been developed in combination
with proteins designed to elicit an immune-stimulating response. FDA-approved drugs, such as
dinutuximab (Ch14.18, murine/human chimeric antibody to GD2) and naxitamab (hu3F8, a humanized
mAB to GD2), are administered in combination with granulocyte-macrophage colony stimulating factor
(GM-CSF) to boost the immune response [22]. A phase I clinical trial studied naxitamab with GM-CSF
and its effects on resistant neuroblastoma (NCT012757626). A total of 31 children had evaluable disease.
Of those, 14 (45%) had a complete or partial tumor response, 5 (16%) had stable disease, and 11 (35%)
had progressive disease [23]. To study the role of the immune system in more depth, researchers
have utilized dinutuximab in a patient-derived xenograft (PDX) model. Investigators have shown
that following surgical resection of neuroblastoma in a PDX model, increased animal survival and
decreased tumor invasiveness were achieved with the administration of dinutuximab and activated
NK cells [24]. For the mAb to achieve such an immune reaction independently, a different technology
must be applied.

Bispecific antibodies, unlike normal antibodies, elicit a cytotoxic T cell response against a specific
tumor target. The Bispecific T Engager (BiTE) technology activates a T cell response by binding to CD3
on T cells [25]. The molecule combines the CD3 binding site with a second site that is tumor-specific.
BiTE directly targets the cancer and limits damage to non-malignant tissue (Figure 1). The direct
activation of cytotoxic T cells limits the need for other anti-cancer interventions. Currently, clinical trials
with BiTE antibodies are limited to just two TAA: CD19 and EpCAM [26]. Of the two, only anti-CD19
(blinatumomab) has been investigated in children and it has been limited to hematologic malignancies.
Blinatumomab was administered to children with relapsed/refractory ALL. In this phase I/II study, 39%
of the children that received the determined dosage and treatment plan achieved a minimal residual
disease response [27]. Elitzur and colleagues reported 11 pediatric patients with ALL who were treated
with blinatumomab as a bridge to further therapy after suffering from severe chemotherapy toxicities.
All 11 children went on to resume standard chemotherapy with an overall survival of 80% [28]. Further
preclinical studies and clinical trials with other TAA for BiTE antibodies will be required before this
promising technology may be translated for clinical use in the treatment of pediatric solid tumors.
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Figure 1. A schematic representation of the Bispecific T-cell Engager (BiTE) technology. The BiTE
antibody connects the CD3 binding site on T cells with a tumor-associated antigen (TAA) specific to
tumor cells. This triggers T cell activation and cytokine release, ultimately resulting in an anti-tumor
response. The anti-CD3 single-chain variable fragment (scFv, shown in purple) is shared by all BiTE
antibodies. The target antigen-specific scFv (in light green) is different for each BiTE antibody and can
recognize targets such as CD19 or EpCAM.

2.3. Immune Checkpoint Inhibitors

Cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4), the first immune-checkpoint receptor to
be targeted clinically, is expressed on the surface of activated T cells and transmits an inhibitory signal
to T cells. Normal T cell activation requires the engagement of the T cell receptor (TCR)/CD3 complex
and the CD28 co-stimulatory signal, which then leads to increased expression of the co-inhibitory signal,
CTLA-4. CTLA-4 binds to B7 molecules (CD80 and CD86) with greater affinity, thus out-competes
CD28 for their shared ligands, preventing T cell activation. CTLA-4 signaling is utilized by some
tumor cells to evade T cell anti-tumor activity. Thus, CTLA-4 blockade potentiates effective immune
responses against tumor cells [29]. CTLA-4 is also found in regulatory T cells (Tregs) and contributes to
their inhibitory function. CTLA-4 blockade in Tregs results in their decreased immunosuppression [30].

Preclinical data suggest that pediatric solid tumors have high expression of CTLA-4. In a panel of 34
adult and pediatric tumor cell lines, including osteosarcoma, rhabdomyosarcoma, and neuroblastoma,
CTLA-4 expression was found at different densities on 88% of the cell lines examined, with higher
intensity of staining in osteosarcoma [31]. In addition, 20 pediatric patients, 11 with osteosarcoma and
9 with Ewing sarcoma, had significantly increased expression of CTLA-4 on both CD4+ and CD8+
T cells obtained from peripheral blood samples compared to healthy controls [32]. These findings
indicate that targeting CTLA-4 may be useful in these pediatric tumor types.

Ipilimumab is a mAb directed toward CTLA-4 signaling. Ipilimumab is FDA-approved for the
treatment of adults and children with unresectable or metastatic melanoma. Recently, a phase I clinical
trial (NCT01445379) included a total of 33 patients aged 2–21 years with recurrent or refractory solid
tumors treated with CTLA-4 blockade. In this study, ipilimumab was well tolerated and resulted
in increased activation of cytotoxic T lymphocyte without increased infiltration of Tregs; however,
no objective tumor regression was observed [33].
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Programmed cell death receptor 1 (PD-1) and its ligands (PD-L1 and PD-L2) are also part of the
immune checkpoint pathway. PD-1 plays a role in downregulating T cell activation, which leads to
tumor tolerance, while PD-Ls inhibit cytokine production and anti-tumor lymphocytes in the TME [34].
PD-1 is also highly expressed on Tregs and, when engaged by its ligand, is thought to enhance the
activity and proliferation of these cells [35].

Several preclinical studies examined the expression of PD-1 and PD-L1 in pediatric cancer subtypes,
with conflicting results. Only 9% of 451 pediatric tumors expressed PD-L1 in at least 1% of tumor
cells, with the highest expressors being Burkitt lymphoma (80%), glioblastoma multiforme (36%),
and neuroblastoma (14%) [36]. Conversely, in another study of children with advanced melanoma,
relapsed or refractory solid tumors, or lymphoma, 33% of 689 screened tumors were positive for PD-L1
expression [37]. Of note, PD-L1 staining was associated with inferior survival among neuroblastoma
patients [36], and higher expression of PD-1 correlated with disease progression in patients with
osteosarcoma [38].

Pembrolizumab, an anti-PD-1 antibody, is FDA-approved for the treatment of both adults and
children with refractory Hodgkin’s lymphoma. Nivolumab, another anti-PD-1 antibody, has shown
responses in adult solid tumors [39,40]. In pediatric solid tumors, these therapies remain under
investigation. In five children aged 3–7 years with brain tumors treated with pembrolizumab,
all progressed, and the median survival was 3.2 months [41]. In a retrospective review of 10 children
with recurrent or refractory brain tumors treated with nivolumab, 9 patients had radiographic disease
progression. Three patients had partial response at the primary tumor site, of whom two had
progression of metastatic disease [42]. In other small studies of nivolumab treatment in pediatric
brain tumor patients, results were mixed. [43,44]. Currently, a phase I/II trial (NCT03585465) is
assessing nivolumab in combination with chemotherapy in pediatric patients with refractory/relapsing
solid tumors or lymphoma. Two other trials are evaluating nivolumab alone: NCT02992964 is a
pilot study of nivolumab in pediatric patients with refractory/recurrent hypermutated malignancies,
and NCT02901145 is evaluating nivolumab in progressive/relapsed pediatric solid tumors, including
osteosarcoma, Ewing sarcoma, neuroblastoma, and rhabdomyosarcoma.

Dual checkpoint blockade is hypothesized to prevent immune escape and may be promising in
the treatment of pediatric solid tumors. Combinations of CTLA-4 and PD-1 antibodies are currently
being investigated [45]. In an implantable murine model of metastatic osteosarcoma, treatment with
anti-PD-L1 antibody resulted in downregulation of PD-L1 expression and upregulation of CD80/CD86
expression on tumor cells, as well as upregulation of CTLA-4 on tumor infiltrating CD8+ T cells [46].
Furthermore, combination therapy of PD-1/CTLA-4 signaling blockade resulted in complete protection
from metastasis in 50% of treated mice as well as in T cell memory protection against future tumor
inoculation [46]. Currently, NCT02304458 is an ongoing phase I/II trial evaluating PD-1/CTLA-4
signaling blockade combination therapy in pediatric patients with relapsed/refractory solid tumors.

3. Modulation of the Immune System

3.1. Tumor Microenvironment: Cancer-Associated Fibroblasts, Tumor-Associated Macrophages,
and Myeloid-Derived Suppressor Cells

Many non-tumor cells including macrophages and fibroblasts are present in the TME and affect
the malignant potential of tumor cells. Cancer-associated fibroblasts (CAFs) and TAMs are two of the
primary infiltrating stromal cells.

CAFs are activated fibroblasts that play an important role in promoting tumor growth, invasion, and
angiogenesis [47]. In a study of 60 primary neuroblastoma tumors, increased CAFs were associated with
significantly higher microvascular proliferation and Schwannian stroma-poor histopathology, both poor
prognostic factors [48]. In addition, blocking CAF-derived prostaglandin E2 (PGE2) production with
a small molecule inhibitor was shown to reduce neuroblastoma cell growth, impair angiogenesis,
and reduce tumor growth in vivo [49]. Further, in a genetically modified murine lung carcinoma
model, depletion of CAFs resulted in significant inhibition of tumor growth and enhanced anti-tumor
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immunity [50]. While CAFs could be a potential therapeutic target in pediatric solid tumors, there are
currently no methods suitable for clinical translation, and further studies are needed to guide the
development of such stroma-directed therapy.

TAMs, which most closely resemble M2 macrophages, are major contributors to the TME. Whether
TAMs promote or impede tumor growth is tissue-dependent. High infiltration of TAMs was first
described in neuroblastoma and shown to be associated with worse prognosis [51,52]. On the
contrary, TAMs play a beneficial role in medulloblastoma and induced tumor growth suppression
in vitro as well as in various mouse models [53]. Furthermore, the presence of TAMs, detected
by genome-wide mRNA profiling and immunohistochemistry, was shown to be associated with
suppression of metastasis and improved overall survival in patients with high-grade osteosarcoma [54],
thus providing a rationale for the use of macrophage-activating agents such as liposomal muramyl
tripeptide phosphatidylethanolamine (L-MTP-PE). L-MTP-PE is a synthetic analog of a bacterial wall
component that induces the activation of monocytes and macrophages in the TME, thereby promoting
their anti-tumor activity [55]. Conflicting results exist regarding the utility of L-MTP-PE [56]. A report
from the Children’s Oncology Group (COG) analyzed whether the addition of L-MTP-PE would
improve outcomes in patients with osteosarcoma and found a statistically significant improvement
of the overall survival from 70 to 78% [57]. However, 91 patients with metastatic osteosarcoma
were separately analyzed, with no significant survival difference seen with the administration of
L-MTP-PE [58].

Cancer cells also recruit myeloid-derived suppressor cells (MDSCs) to the TME as a mechanism
to successfully evade the immune system. MDSCs are a population of tumor-infiltrating cells with
immune-suppressive and tumor-promoting activity. MDSCs suppress both adaptive and innate arms of
immunity through direct inhibition of the cytotoxic functions of T cells and NK cells [59]. Inhibition of
MDSCs in three different immunocompetent mouse models of neuroblastoma resulted in the inhibition
of tumor growth [60]. Thus, immunotherapies aimed at eliminating this suppressor cell subset could
be advantageous in targeting the TME by counteracting the tumor escape mechanism and resuscitating
the immune system. There are currently no known such therapies for pediatric solid tumors.

3.2. Cytokines and Growth Factors

Cytokines and growth factors that influence immune cells’ proliferation, phenotype, or function
remain under investigation with respect to treatment of pediatric solid tumors.

An example of anti-tumor cytokine therapy involves interleukin 2 (IL-2). IL-2 is a gamma-c
cytokine produced by T helper 1 cells that functions to activate T cell proliferation and facilitate
the maintenance of NK cells [61]. Currently, IL-2 is FDA-approved for treating adults with renal
cell carcinoma (RCC) and malignant melanoma [62]. In children with large refractory sarcoma or
neuroblastoma, several phase I and II trials utilizing IL-2 as monotherapy have shown no measurable
anti-tumor effects, and relapses occurred despite immune activation [63–65]. Of note, one of five
children with RCC had a complete response which was consistent with the 10–20% response rate
observed in adults [64]. However, IL-2 administered with alternating cycles of GM-CSF plus the
mAb ch14.18 (dinutuximab) resulted in higher rates of event-free (66% versus 46%) and overall
(86% versus 75%) survival after 2 years compared to standard therapy alone in children with high-risk
neuroblastoma [18].

Alpha-interferon (IFN-α) is another cytokine known to activate cytotoxic T lymphocytes and NK
cells [66]. IFN-α is FDA-approved for use in adults to treat malignant melanoma, chronic myelogenous
leukemia (CML), hairy cell leukemia, and acquired immunodeficiency syndrome (AIDS)-related Kaposi
sarcoma. A limited number of studies have evaluated the use of IFN therapy to treat pediatric solid
tumors. High-dose IFN-α administered for 4 weeks followed by a lower maintenance dose for 48 weeks
was feasible in children with resected stage III melanoma and was associated with less toxicity than in
adults treated with the same regimen [67]. However, 2 out of 15 patients were taken off that study
for recurrent disease during maintenance therapy [67]. A phase II study (NCT00041145) of pegylated
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IFN-α in 32 children with diffuse intrinsic pontine glioma (DIPG) reported prolonged median time
to progression without significant improvement of the two-year survival rate [68], concluding that
monotherapy with pegylated IFN-α may not be adequate, and further evaluation for use in combination
studies is needed. Recently, a phase II trial (NCT00678951) explored the effect of IFN-α in children
with unresectable plexiform neurofibromas and found both clinical and radiographic improvements;
weekly injections of IFN-α resulted in at least doubling of the time to progression [69]. Currently,
a combination of pegylated IFN-α, chemotherapy, and surgery is being tested in a phase III COG trial
to treat patients, including children over the age of 5, with high-grade osteosarcoma (NCT00134030).

The cytokine receptor activator of nuclear factor-κB ligand (RANKL) is a member of the tumor
necrosis factor (TNF) family that, in addition to being expressed on the surface of osteoblasts,
is released by activated T lymphocytes [70]. RANKL regulates bone metabolism and plays a role in
the pathophysiology of bone metastasis. RANKL induces osteoclast activation, which then mediates
bone resorption and release of growth factors, resulting in a cycle of bone destruction and tumor
proliferation [71]. Denosumab, a RANKL antibody, inhibits this osteoclast-mediated bone destruction.
It has been used in phase II clinical trials in adults with multiple myeloma and metastatic breast
and prostate cancer where it suppressed bone resorption [72]. In a study of 40 patients including
14 children, RANKL was expressed in 75% of high-grade osteosarcomas, and its expression correlated
with a more aggressive clinical course, poor response to neoadjuvant chemotherapy, and poor
event-free survival [73]. Denosumab may thus have a utility in the treatment of osteosarcoma and
is currently being evaluated in a phase II clinical trial (NCT02470091) in children with recurrent or
refractory osteosarcoma.

TNF, a peptide produced by macrophages and lymphocytes, has cytostatic and cytolytic effects on
tumor cells in vitro [74] as well as stimulates necrosis and tumor regression in vivo [75]. Therapies
incorporating recombinant TNF have been limited by the development of systemic toxicities, including
hypotension, hemorrhagic gastritis, hyperbilirubinemia, and elevated creatinine [76]. Recombinant
TNF has been studied in combination with dactinomycin in a phase I trial in 21 patients with refractory
malignancies, including sarcoma and Wilms tumor. Evidence of anti-tumor activity was observed in
only three patients, including one with Wilms tumor. Based on the anti-tumor activity observed in
that patient with Wilms tumor, a phase II trial evaluated the combination of TNF and dactinomycin in
patients with relapsed or refractory Wilms tumor. The combination was well tolerated and resulted in
complete response in 16% and stable disease in 26% of patients [77].

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is another member of the
TNF superfamily. TRAIL activates death receptors expressed on tumor cells, such as TRAIL-R1
and TRAIL-R2, inducing apoptosis [78]. Osteosarcoma, Ewing sarcoma, and rhabdomyosarcoma
cell lines that express TRAIL death receptor were found to be sensitive to TRAIL-mediated
apoptosis [79,80]. Lexatumumab, an agonistic human mAB against TRAIL-R2, binds and activates
TRAIL-R2. Lexatumumab was evaluated in a phase I trial (NCT00428272) in pediatric patients with
recurrent or progressive solid tumors, including osteosarcoma, Ewing sarcoma, rhabdomyosarcoma,
soft tissue sarcoma, hepatoblastoma, and nephroblastoma [81]. While no patients experienced either
a complete or a partial response, several showed evidence of anti-tumor activity. A patient with
osteosarcoma demonstrated resolution of the clinical symptoms and positron emission tomography
activity, ongoing for more than 1 year off therapy, while a patient with hepatoblastoma showed a
dramatic biomarker response [81].

GM-CSF is a myeloid growth factor that stimulates hematopoietic stem cells to make granulocytes
and monocytes. In acute myeloid leukemia (AML), GM-CSF led to sensitization of leukemic cells
and enhanced the cytotoxicity effects of chemotherapy [82]. Inhaled GM-CSF was evaluated in three
adolescents with pulmonary metastases from osteosarcoma and Ewing sarcoma (NCT00673179).
There were virtually no toxicities, and a patient with Ewing sarcoma demonstrated a complete
response [83].
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Other cytokines studied include IFN-γ, which is produced by NK cells and T cells in response to
viral and intracellular bacterial infections as well as during anti-tumor responses. IFN-γ is currently
FDA-approved for the treatment of children with osteopetrosis and chronic granulomatous disease.
In addition, INF-γ has shown activity against Ewing sarcoma in combination with a TRAIL agonist in
preclinical models [84] and has potential for clinical translation.

3.3. Chimeric Antigen Receptor T Cell Therapy

Chimeric antigen receptor (CAR) T cell therapy has been rapidly expanding in pediatric cancer
therapeutics. In this approach, autologous T cells are collected from the patient, expanded, and
subsequently engineered to express CARs, which are designed to redirect T cells to a selected tumor
antigen. This non-physiologic T cell activation bypasses the need for tumor antigen presentation to
major histocompatibility complex (MHC) Class I molecules, which are often downregulated in cancer,
and allows antigen-expressing malignant cells to be recognized and destroyed by the CAR-redirected
T cells. Different generations of CAR T cells exist. The first generations carry a single-chain fragment
variable region (scFv) or activation domain against a TAA [85], while the second and third generations
involve the addition of one or two co-stimulatory molecules, such as CD28, CD137 (4-1 BB), and/or
CD134 (OX-40), and show improved T cell proliferation and survival and anti-tumor effects [86–88].

The majority of studies involving CAR T cells in the pediatric population were aimed at
hematological malignancies, with fewer designed for malignant solid tumors [89]. Neuroblastoma was
the first pediatric solid tumor on which CAR T cells have been tested in clinical trials [90,91]. In a phase
I trial using first-generation CAR T cells targeting GD2 in refractory neuroblastoma, there was a 45%
response rate in patients with active disease. Three of 11 (27%) patients achieved complete remission,
with 2 achieving sustained remission for more than 5 years [90]. Currently, third-generation anti-GD2
CAR T cells which integrate the CD28 and OX-40 costimulatory domains are undergoing a phase I
study (NCT01822652) for patients with refractory neuroblastoma [92]. The development of CAR T
cells targeting ALK has also been suggested. Although no clinical trials have yet been initiated, human
anti-ALK CAR T cells were shown to eradicate ALK-positive neuroblastoma tumors in a xenogeneic
immunodeficient murine model [93]. However, the efficacy of these CAR T cells was dependent on
both target tumor antigen and CAR receptor density [93].

HER2/Neu, which is highly expressed in medulloblastoma, osteosarcoma, and nephroblastoma,
has also been incorporated into CAR T cells [94,95]. HER2-specific CAR T cells efficiently recognize
and eliminate tumor cells even with modest levels of HER2 expression [96,97] and have been tested in
a preclinical model of osteosarcoma [98]. In a phase I clinical trial utilizing anti-HER2 CAR T cells in
19 patients with advanced pediatric sarcoma (NCT00902044), 4 had stable disease for 3 to 14 months,
and the median overall survival was 10.3 months [99].

Other CAR T cells being evaluated in clinical trials include those targeting interleukin
13 receptor alpha (IL-13Rα), which is shown to be overexpressed in gliomas and other pediatric
brain tumors [100,101]. IL13Rα2-specific CAR T cells targeted and killed high-grade glioma cells and
glioma stem-like initiating cells in vitro [102], as well as caused the regression of established human
glioblastoma orthotopic xenografts [103]. Currently, no trials utilizing IL13Rα2-specific CAR T cells
are actively enrolling pediatric patients.

While dramatic clinical responses were seen in clinical trials, significant potential toxicities were
associated with the use of CAR T cell therapy. Cytokine release syndrome (CRS) has been the most
commonly described severe toxicity and is characterized by fever, tachycardia, hypotension, and
hypoxia. Reports of CRS ranged from mild flu-like symptoms to life-threatening multi-organ system
failure [104]. This constellation of inflammatory symptoms results from the release of cytokines
from the CAR T cells and other immune cells. A variety of neurotoxicities have also been reported
with CAR T cell therapy, ranging from somnolence, tremors, and seizures to cerebral edema and
death [104]. Models utilizing serum cytokine levels after CAR T cell infusion are being developed
to predict those at risk for severe CRS or neurotoxicity and may guide future interventions with
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immunosuppression or cytokine-directed therapy [105]. Approaches to ameliorate CRS or neurotoxicity
while maintaining treatment efficacy include directly targeting specific cytokines, such as IL6 blockade
by tocilizumab [106], as well as the use of an inducible caspase suicide safety switch that may be
activated, leading to programmed cell death to prevent unanticipated toxicities [107]. The latter has
been tested in a clinical trial for pediatric patients and led to the elimination of 90% of CAR T cells
within 30 minutes of the infusion [108]. Another type of toxicity associated with CAR T cell therapy is
agammaglobulinemia, which may be corrected with gammaglobulin replacement.

3.4. Natural Killer Cell-Based Immunotherapy

NK cells have been investigated as potential immunotherapeutics due to their anti-tumor effects,
through either direct cytotoxicity or antibody-dependent cellular toxicity. A major component of NK
cell target recognition depends on the surveillance of human leukocyte antigen (HLA) class I molecules
by killer immunoglobulin-like receptors (KIRs) [109]. KIRs are expressed on the surface of NK cells
and transmit immune inhibitory signals to maintain tolerance to NK cells. Cancer cells without an
inhibitory HLA ligand may trigger NK cell activation.

The potential for the therapeutic application of NK cells was primarily tested in hematologic
malignancies, such as AML and ALL [110]. In these studies, reduced risk of relapse and improved
survival were observed after allogeneic hematopoietic stem cell transplantation (HSCT) when HLA
ligands against the inhibitory KIRs present in the donor were absent in the recipient. HSCT has also
been proposed as a potential curative alternative in children with refractory solid tumors, such as
Ewing sarcoma [111], neuroblastoma [112], melanoma [113], and hepatoblastoma [114]. Perez-Martinez
et al. suggested that the clinically beneficial graft-versus-tumor (GVT) effect seen after HSCT may be
mediated by donor–recipient inhibitory KIR–HLA mismatched NK cells [115]. That study examined
three children with refractory solid tumors and observed a clinical response in the two patients with a
KIR–HLA mismatched donor during the time when NK cells were the major lymphocyte population.
In addition, the degree of tumor response appeared to correlate with the number of KIR-activating
receptors [115].

A few ongoing early clinical trials are investigating the role of autologous and allogeneic
NK cells in pediatric solid tumors. NCT01875601 is employing ex vivo activated and expanded
autologous NK cells with recombinant human IL-15 in children with brain tumors, sarcoma, Wilms
tumor, and rhabdomyosarcoma after lympho-depleting chemotherapy. Two trials (NCT01576692 and
NCT01857934) are exploring the safety and feasibility of allogenic NK cell infusions from haploidentical
donors in children with high-risk neuroblastoma in combination with the humanized anti-GD2
antibody (hu14.18K322A) and standard chemotherapy. NCT01287104 is assessing the feasibility and
toxicity of infusing escalating doses of donor-derived activated NK cell donor lymphocyte infusions
(NK-DLI) following HLA-matched T cell-depleted (TCD) peripheral blood stem cell transplant (PBSCT)
in patients with metastatic or recurrent pediatric solid tumors. NCT00640796 was recently completed.
This phase I study was designed to determine the safety of infusing expanded NK cells, obtained from
a patient’s family member with partial HLA mismatch, into pediatric patients with Ewing sarcoma
family of tumors (ESFT) and rhabdomyosarcoma. The results of this trial are not yet available.

The efficacy of NK cell-based immunotherapy may be reduced by numerous factors such as
limited in vivo proliferation and the immunosuppressive milieu of the TME. Furthermore, tumor cells
develop various strategies to evade NK cell attack or to impair the activity and function of NK cell
therapy. For example, tumor cells often upregulate the expression of KIR ligands, such as HLA-G [116].
HLA-G may inhibit the proliferation and cytotoxicity of NK cells [117]. Ectopic HLA-G expression on
Ewing sarcoma suppressed the activity of GD2-specific CAR-expressing NK cells [118]. In addition,
blocking of HLA-G on tumor cells in patients with chronic lymphocytic leukemia (CLL) increased their
susceptibility to NK cell-mediated cytotoxicity [119]. Strategies to augment the anti-tumor efficacy of
NK cells, prolong their survival and persistence in vivo, and restore their functions from exhaustion in
the TME will maximize the effects of this novel therapy. Furthermore, NK cells have not been associated
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with significant off-target effects, graft-versus-host disease, or CRS [120], making this therapy an
attractive modality to explore.

3.5. Cancer Vaccines

Vaccines are some of the oldest means for modulating the immune response. The idea behind
this therapy is that an exposure to a pathogen will allow for the generation of an adaptive immune
response toward future re-exposure to that pathogen. For cancer, this same idea has also been explored
in hopes of generating an anti-tumor response and cell-mediated immunity [5]. In comparison to other
immunotherapies, this manipulation of the immune system shows promise specifically for pediatric
solid tumors but has had limited study.

Anti-cancer vaccines typically exploit DCs. These antigen-presenting cells serve an important
role as a bridge between the adaptive and the innate immune response, allowing for both an active
and a passive attack on the tumor [121,122]. Different mechanisms used to stimulate T cell responses
from DCs include mRNA strands, cell surface receptors, and lysed intracellular proteins. Researchers
proved this point by pulsing DCs with sarcoma cell lysate and priming with cytokines. These DCs
were administered to mice for immunization. They found these cells adept at producing a primary T
cell response as well as significantly decreased pulmonary metastasis of the sarcoma tumor cells [123].
In pediatrics, a rhabdomyosarcoma cell line known as M3-9-M was grown in vivo and tested similarly
with a vaccine. The authors were able to demonstrate a decrease in tumor growth in vivo, and upon
depletion of CD4+ and CD8+ T cells, a lack of tumor cell response, indicating the necessity of a T cell
response for anti-tumor effects [124].

In clinical trials, vaccines have been an area of focus for the treatment of gliomas, neuroblastoma,
sarcoma, and Wilms tumor. In one clinical trial, dendritic vaccines were administered to pediatric
patients with solid tumors, with one patient achieving a significant decrease in tumor size, and two
patients showing undetectable disease. The tumor lysates were tested for immune response. Compared
to pre-vaccine samples, the post-vaccine tumor lysates had a significantly higher level of IFN-γ, thus
indicating the effectiveness of this vaccine at producing an immune response [125]. This study also
demonstrated that dendritic cell-based vaccines could be administered in the outpatient setting and
were not associated with significant toxicities in children [125]. Many of the future directions of the use of
dendritic cell-based vaccines are toward improving efficacy through further immunomodulation [121].
Other clinical trials are studying the combination of vaccines with chemotherapeutics. A phase I/II trial
for relapsed or refractory neuroblastoma and sarcoma used decitabine and DC/MAGE-A1, MAGE-A3,
and NY-ESO-1 peptide vaccines (NCT01241162). Using CD137 as a T cell marker, 6 out of the 10 patients
given the vaccine had a T cell response. Of those six patients, one had a complete tumor response,
while one remains disease-free two years after the trial [126,127]. Such trials are the groundbreaking
work that is needed to further implement these therapies and determine what is most effective in the
pediatric population.

4. Conclusions

Immunotherapeutics with either direct utilization or modulation of the immune system provide
novel treatment approaches for the treatment of children with solid tumors (Table 1). Although these
therapies have shown promising clinical results, they are currently utilized in a limited number of
pediatric cancer diagnoses. A more generalized pediatric use will require further studies to firmly
establish the safety and treatment efficacy of these approaches and identify ways to integrate them
with current conventional treatment regimens for a greater impact in pediatric solid tumors.
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Table 1. Immunotherapy clinical trials for pediatric solid tumors discussed in this review.

Immunotherapy
Approach

Disease Target Agent/Compound NCT # Phase of Study

Viral therapy Cerebellar
Brain Tumor N/A G207 (HSV) 03911388 Phase I

(recruiting)

Viral therapy Supratentorial
Brain Tumor N/A G207 (HSV) +/−

radiation 02457845 Phase I
(recruiting)

Viral therapy DIPG N/A DNX-2401
(adenovirus) 03178032 Phase I

(recruiting)

Viral therapy Glioma N/A Recombinant
Polio/Rhinovirus 03043391 Phase I

(recruiting)

Antigen-targeting and
growth factor therapy Neuroblastoma GD2 hu3F8 (mAB against

GD2) and GM-CSF 01757626 Phase I/II
(recruiting)

Immune checkpoint
inhibitor Solid tumors CTLA-4 Ipilimumab 01445379 Phase I

(completed)

Immune checkpoint
inhibitor

Solid tumors or
lymphoma PD-1 Nivolumab with

chemotherapy 03585465 Phase I/II
(recruiting)

Immune checkpoint
inhibitor

Hypermutated
malignancies PD-1 Nivolumab 02992964 Phase I/II

(recruiting)

Immune checkpoint
inhibitor Solid tumors PD-1 Nivolumab 02901145 Phase I/II (not

yet recruiting)

Immune checkpoint
inhibitor

Solid tumors or
sarcoma PD-1/CTLA-4 Nivolumab +/−

ipilimumab 02304458 Phase I/II
(recruiting)

Cytokine therapy DIPG N/A Pegylated IFN-α2b 00041145 Phase II
(completed)

Cytokine therapy Plexiform
neurofibroma N/A Pegylated IFN-α2b 00678951 Phase II

(completed)

Cytokine therapy Osteosarcoma N/A Pegylated IFN-α2b 00134030
Phase III

(active, not
recruiting)

Cytokine targeted
therapy Osteosarcoma RANKL Denosumab (mAB

against RANKL) 02470091 Phase II (active,
not recruiting)

Cytokine targeted
therapy Solid tumors TRAIL-R2 Lexatumumab (mAB

against TRAIL-R2) 00428272 Phase I
(terminated)

Growth factor therapy Osteosarcoma,
Ewing sarcoma N/A Inhaled GM-CSF

(Sargramostim) 00673179 Phase I
(terminated)

CAR T cells Neuroblastoma GD2 Anti-GD2 CAR T cells 01822652 Phase I (active,
not recruiting)

CAR T cells Sarcoma HER2 Anti-HER2 CAR T cells 00902044 Phase I
(recruiting)

NK cells with cytokine
therapy

Brain tumors,
sarcoma, Wilms

tumor, RMS
N/A NK cells +/− rhIL-15

after lympho-depletion 01875601 Phase I
(completed)

NK cells with antigen
targeted therapy Neuroblastoma GD2 hu14.18K322A

(anti-GD2), NK cells 01576692 Phase I
(completed)

NK cells with antigen
targeted therapy Neuroblastoma GD2 hu14.18K322A

(anti-GD2), NK cells 01857934 Phase II (active,
not recruiting)

NK cells Solid tumors N/A NK cells 01287104 Phase I
(completed)

NK cells Ewing sarcoma,
RMS N/A NK cells 00640796 Phase I

(completed)

Cancer Vaccine Neuroblastoma,
sarcoma, RMS

Cancer testes
antigen

Decitabine and DC
vaccine + adjuvant 01241162 Phase I

(Completed)

#, number; HSV, Herpes simplex Virus; DIPG, diffuse intrinsic pontine glioma; NK, natural killer; hu3F8, humanized
3F8; mAB, monoclonal antibody; GM-CSF, granulocyte-macrophage colony stimulating factor; CTLA-4, cytotoxic
T-lymphocyte-associated antigen-4; PD-1, programmed cell death receptor 1; IFN, interferon; RANKL, receptor
activator of nuclear factor-κB ligand; TRAIL-R, tumor necrosis factor-related apoptosis-inducing ligand receptor;
CAR, chimeric antigen receptor; RMS, rhabdomyosarcoma; rhIL-15, recombinant human interleukin 15; DC,
dendritic cell.
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Abstract: Colorectal cancer (CRC), a multi-step malignancy showing increasing incidence in today’s
societies, represents an important worldwide health issue. Exogenous factors, such as lifestyle,
diet, nutrition, environment and microbiota, contribute to CRC pathogenesis, also influencing non
neoplastic cells, including immune cells. Several immune dysfunctions were described in CRC
patients at different disease stages. Many studies underline the role of microbiota, obesity-related
inflammation, diet and host reactive cells, including dendritic cells (DC), in CRC pathogenesis. Here,
we focused on DC, the main cells linking innate and adaptive anti-cancer immunity. Variations in the
number and phenotype of circulating and tumor-infiltrating DC have been found in CRC patients
and correlated with disease stages and progression. A critical review of DC-based clinical studies
and of recent advances in cancer immunotherapy leads to consider new strategies for combining
DC vaccination strategies with check-point inhibitors, thus opening perspectives for a more effective
management of this neoplastic disease.
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1. Introduction

Colorectal cancer (CRC) is one of the major leading cause of cancer-associated mortality worldwide,
thus representing an important public health issue, with a great impact in terms of human suffering
and costs for the clinical management of patients [1]. The rate of CRC incidence is particularly high in
populations living a Western lifestyle, but it is currently increasing in other geographic areas, including
low income countries, thus representing a global health challenge [2].

The pathogenesis of CRC exhibits a great level of complexity, being characterized by several
multi-step disease events, associated with the accumulation of both genetic and epigenetic alterations
of the genome. In fact, the development of CRC is a long process taking several years to progress
from barely detectable small neoplastic foci to adenomas and subsequently to malignant carcinomas
endowed with metastatic behavior [3].

CRC is characterized by a high heterogeneity given the remarkable genomic instability [4].
Moreover, there is evidence that exogenous factors, such as lifestyle, diet, nutrition, environment and
microbiota, contribute to the pathogenesis of CRC, also influencing non neoplastic cells, including
immune cells, and leading to further heterogeneity [5,6].

Host immune dysfunctions are important factors contributing to CRC development. Indeed,
a significant impairment of the host anti-tumor immunity has been reported during initiation of CRC
mostly relying on escape mechanisms adopted by transformed cells to create a favorable growth
environment [7–9]. During the initial stages of neoplastic transformation and progression, several
changes occur within the tumor microenvironment to initially promote neoplastic cell proliferation,
subsequently leading either to tumor progression and metastasis or to an immune-mediated cancer

Cancers 2019, 11, 1491; doi:10.3390/cancers11101491 www.mdpi.com/journal/cancers

321



Cancers 2019, 11, 1491

inhibition. In particular, the tumor microenvironment can dictate the recruitment of inflammatory
and immune cells playing complex roles in either controlling tumor growth or inducing a chronic
inflammation status, thus promoting CRC progression by induction of immune suppressive
mechanisms [10,11].

Today, an ensemble of data support the statement that inflammation plays an important role in
CRC pathogenesis and progression [10]. The low-grade chronic inflammation characterizing obesity,
a major risk factor for CRC development, and the anti-inflammatory drug benefits in lowering CRC
risk and retarding intestinal tumors in ulcerative colitis patients provide compelling evidence for a
link between inflammation and cancer [12]. In this regard, diet is nowadays recognized to play a key
role in CRC initiation and progression due to its potential to contribute to a chronic inflammatory
condition, either locally in the adipose tissue (AT) or systemically by regulating a variety of immune
and inflammatory pathways. In addition, diet strongly controls the composition of the intestinal
microbiota that not only maintains the immune homeostasis but can also be involved in colorectal
carcinogenesis [13–15].

Information stemming from both mouse models and studies in patients points to a key role of
immune cells and soluble factors with immunosuppressive activity in the CRC disease process [11].
Among the many cells of the immune system exerting important functions in the host response to
neoplastic transformation, dendritic cells (DC) deserve a special attention, since these cells, which are
an highly heterogeneous cell population present in the blood, in the lymphoid organs as well as in
the tumor microenvironment, represent the major actors in linking innate and adaptive anti-cancer
immunity [16].

The clinical management of CRC is firstly based on surgical resection, but the optimal treatments in
patients with advanced metastatic disease is still matter of debate. Different protocols of chemotherapy
and immunotherapy, including combination therapies, have been used in metastatic patients with
variable success [17]. Of note, CRC is one of the first human cancer where a stringent correlation
was found between tumor infiltrating CD8+ T cells and clinical outcome [18], thus supporting the
rationale for evaluating the efficacy of immunotherapy protocols in this neoplastic disease. In fact,
the clinical research for implementing the management of CRC patients in an advanced disease stage
often included the use of cytokines (i.e., IFN, IL-2), adoptive cell therapy and DC-based vaccines, but
variable and inconclusive results were obtained so far. Today, we are facing a momentum of enthusiasm
on cancer immunotherapy in the light of the emerging great clinical impact of check-point inhibitors
(CPI) [19]. However, major research challenges are to fully understand the mechanisms of the response
and to obtain clinical efficacy in non-responding and poorly responding patients by designing more
sounded combination therapies. While the role of immunosurveillance in the control of CRC growth
and progression is assumed to be of great importance [17,18], patients appear to be resistant to the
blockade of immunological checkpoints with monoclonal antibodies (mAbs) specific for cytotoxic T
lymphocyte-associated protein 4 (CTLA4), programmed cell death 1 (PDCD1, best known as PD-1) and
the PD-1 ligand CD274 (best known as PD-L1), with the exception of a minority of subjects characterized
by microsatellite instability (MSI) lesions [20,21]. This has been considered as an apparent paradox
and an intriguing issue demanding further research efforts for fully understanding the mechanisms
of the resistance to CPI and developing new and more effective therapeutic strategies [22]. In this
review, we intend to specifically address the role of DC in the pathogenesis and progression of CRC as
well as in the response to immunotherapy. A special attention will be given to the role of microbiota,
obesity-related inflammation, diet and host reactive cells, including DC, in CRC pathogenesis, then
discussing how we can translate the research progress in this field in strategies of prevention and
management of CRC. Likewise, we will review the ensemble of studies reporting the variations of
different DC subsets in CRC patients and their correlation with disease stages and clinical outcome.
Lastly, we will provide a brief critical overview of the results of DC-based clinical trials in CRC patients,
discussing new perspectives for their combination with CPI and some current research challenges for
the management of this neoplastic disease.
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2. Diet, Inflammation and Microbiota in the Pathogenesis of CRC

2.1. Diet and Obesity as Important Factors in the Pathogenesis of CRC

Excess adiposity is associated with increased incidence of several cancers and represents an
important indicator of survival, prognosis, recurrence and response to therapy in CRC. Notably,
patterns and trends in CRC incidence and mortality correlate with geographical location, societal
and economic changes and their increase may reflect the obesity epidemic and the adoption of more
Western lifestyles. Both genetic and a range of environmental, largely modifiable, lifestyle factors play
an important role in CRC etiology. Among these, the links between body weight, dietary patterns and
CRC risk are some of the strongest for any type of cancer with profound implications for prevention
strategies. It is now well-recognized that CRC risk is highly modifiable through lifestyle, particularly
diet and physical activity; recent reports suggest that up to 47% of CRC cases could be prevented by
staying physically active, maintaining a healthy body weight and eating a healthy diet (available at
https://www.wcrf.org continuous-update-project 2017). Obese subjects have a 1.5–3.5-fold increased
risk of developing CRC compared with lean individuals, and epidemiologic evidence indicates that
abdominal rather than overall obesity may be more predictive of CRC risk [23]. Multiple changes arising
in condition of chronic positive energy balance are likely to contribute to the increased CRC risk and
worse outcomes in obesity. In particular, during the progression to obesity, the AT undergoes profound
structural and functional modifications [24] tightly coupled with dramatic changes in the immune cell
repertoire and functions [25,26], that shift the balance of cell subsets and soluble mediators toward a
pro-inflammatory profile. Growing evidence indicates that the chronic low-grade inflammatory state
characterizing obesity contributes to the impairment of immune functions, thus representing a key
determinant in the development of obesity-related morbidities including cancer [27]. Furthermore,
lipids, especially fatty acids (FA), the main components of AT, are recognized to play an important role
not only in obesity development but also in the interplay between excessive adiposity and development
of associated diseases [28]. In this regard, qualitative changes, rather than quantitative, in the FA
composition of AT have been reported to influence tissue dysfunctions and are associated with an
enhanced STAT3 activation and concomitant down-regulation of anti-inflammatory pathways such as
PPARγ and its downstream target adiponectin [29].

The metabolic disturbances characterizing obesity lead to chronic immune activation as unraveled
by the presence of elevated levels of plasmatic inflammatory markers in obese subjects [30]. The bulk
of immune alterations observed in obesity may provide an explanation for the higher rate of vaccine
failure and infectious disease [31]. In this regard, the white AT, particularly visceral fat, is now
well-recognized as a complex immunocompetent organ, homing adipocytes and resident immune
cells exhibiting secretory as well as immunological, metabolic and endocrine regulatory activities.
Furthermore, AT is a medium- to long-term indicator of FA dietary intake. Among the different
factors potentially influencing visceral AT microenvironment and immune cell distribution, the relative
composition of ω3/ω6 polyunsaturated fatty acid (PUFA) might play a pivotal role, since these
molecules are capable to markedly modulate inflammation and to influence immune functions [32,33].
In this regard, visceral fat adipocytes from obese and CRC subjects exhibit distinct secretory and ω6
PUFA profiles characterized by a prevalence of pro-inflammatory factors and inflammation-promoting
FA [34]. Of note, we recently reported that obese and CRC subjects share inadequate dietary habits
and altered lipid metabolism, suggesting that the quality of the diet consumed, regardless the quantity
of energy intake, is an important aspect to preserve human health [35]. CRC and obese subjects were
found to be more prone to follow a saturated fatty acid (SFA)-rich diet and exhibit a reduced content of
monounsaturated fatty acids (MUFA) (especially in oleic acid). The composition of AT, in particular
in FA, may thus represent an important determinant in shaping the immune cell phenotype and in
influencing processes/events occurring in distal tissues that may set the basis for CRC carcinogenesis.
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2.2. Relationships Between Diet, Microbiota and Immune Dysfunctions in CRC Pathogenesis

The key role of diet in CRC initiation and progression as well as in prevention is not only linked
to the capacity of some nutritional components to contribute to a chronic inflammatory condition by
regulating a variety of immune and inflammatory pathways, but also to strongly control the composition
of the intestinal microbiota. The human microbiota, a collection of commensal microorganisms
colonizing gastro-intestinal, genitourinary, oral, respiratory and cutaneous tracts, interacts with the
host in different ways and contribute to many important processes such as nutrient absorption,
metabolism, tissue development, immunity and tumorigenesis [13–15]. It is now well-known that
microbiota is influenced by several factors of genetic, dietary and environmental nature. Likewise,
some of the metabolic effects of diet rely on gut microbiota. Examples of how diet can influence
microbiota emerged from studies in populations consuming different diets, leading to the conclusion
that dietary patterns defined as “healthy” (e.g. Mediterranean diet) are associated with higher
microbial richness [36]. Among the best associations between diet and gut microbiota are dietary fibers,
polyphenols and fats. In particular, different dietary fats may exert different effects on gut microbiota
(diversity, alterations of specific microorganisms and their functions) with metabolic consequences
such as regulation of systemic low-grade inflammation [37].

In obesity, the gut microbiota displays distinctive features and most studies have demonstrated a
reduction in diversity and richness—termed dysbiosis—which has been associated with low-grade
inflammation, increased body weight and fat mass, as well as type 2 diabetes (T2D). Nevertheless,
the exact microbial signature of a healthy or an obese gut microbiota is still matter of debate. Dysbiosis
is associated with a large array of diseases including cancer, where it is implicated in different ways [6].
In addition, microbiota can be directly oncogenic by favoring local mucosal inflammation or systemic
metabolic/immune dysregulation or can act indirectly by virtue of its capacity to modulate anti-tumor
immunity or the efficacy of anti-cancer therapy. In this regard it is of interest that the abundance of
Akkermansia muciniphila has been positively associated with the antitumor effect of PD-1 blockade
in epithelial tumors [38] and hepatocellular carcinoma [39]. Interestingly, decreased amounts of this
bacterium have been linked to obesity, insulin resistance, T2D and other cardiometabolic disorders in
rodents and in humans [40]. In addition, alterations of fecal and mucosal microbiota with reduction of
bacterial diversity have been reported in CRC patients at different cancer stages [41,42].

In the following chapters, we provide a brief overview of the role of DC in the regulation
of inflammatory and immune responses, of their functional changes in CRC patients and of their
exploitation in immunotherapy protocols against CRC.

3. The Role of DC in the Regulation of the Inflammatory and Immune Responses in CRC

DC represent a heterogeneous group of innate immune cells endowed with the unique capacity to
initiate and coordinate the immune response. They are professional antigen presenting cells (APC) and
comprise a variety of subsets, of both myeloid and lymphoid origin, as either resident or migrating cells,
in lymphoid and non-lymphoid organs. They are able to recognize, capture and process antigens and
to present them to naïve T lymphocytes. DC are nowadays recognized as a family comprising several
subtypes that differ in ontogeny, gene expression profile, anatomical location, phenotypic and functional
features [43]. In this regard, consensus has been recently achieved on the recognition of five major
DC types: plasmacytoid DC (pDC), type 1 conventional DC (cDC1), type 2 cDC (cDC2), Langerhans
cells and monocyte-derived DC (MoDC). In the steady state, DC are largely present as immature cells
exhibiting a high capacity to capture antigen, and a low expression of co-stimulatory molecules and
secretion of effector cytokines. The exposure to different stimuli including microorganisms or damaged
cells/tissues promotes DC activation, a functional state characterized by a decreased capacity to capture
antigen, enhanced expression of MHC class I and II antigens as well as costimulatory molecules, active
production of effector cytokines and migration to lymph nodes, where they interact with naïve CD4+

and CD8+ T lymphocytes.
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It is currently thought that DC play an important role in presenting tumor antigens to T cells
and in shaping an antitumor immune response, which may result in an effective control of tumor
growth [43,44]. However, many studies have revealed how the phenotype and functions of these cells
can markedly be affected by several molecular and cellular actors playing complex and even opposite
roles within the tumor microenvironment. As an example, there is plenty of evidence indicating that
tumors can not only suppress DC maturation, but can also induce the generation of DC endowed with
immunosuppressive activities [45,46].

Dietary habits and excessive adiposity can not only influence cancer growth but also shape
host immune response [47]. Myeloid DC, but not pDC, have been described to accumulate in the
subcutaneous AT of obese subjects. While the number of CD11c+/CD141+DC is the same in lean with
respect to obese subjects, the number of CD11c+/CD1c+ cells positively correlates with the body mass
index (BMI). This accumulation parallels an enhanced presence of Th17 lymphocytes in AT, suggesting
a role of DC infiltrating AT in the regulation of tissue inflammation and Th17 cell expansion [31].
Of note, studies carried out in mouse models of obesity suggest that the presence of CD131+ DC
in the AT of lean mice can be important for the local expansion of T regulatory cells providing
anti-inflammatory signals to maintain AT homeostasis [31]. Interestingly, the exposure of immune
cells to visceral adipocyte conditioned media from obese and CRC affected subjects favors IL-10
production, reduces the immunostimulatory activity of DC and hampers their capacity to generate γδ T
cell-mediated responses induced ex vivo, further highlighting the existence of a regulatory/suppressive
AT microenvironment in both obesity and CRC [34]. Furthermore, distinct alterations of the immune
cell repertoire in the periphery with respect to the AT uniquely characterize or are shared by obesity
and CRC [48].

4. Changes in the Phenotype and Function of DC in CRC Patients

Several groups have described qualitative as well as quantitative changes of DC in the blood
as well as in the tumor microenvironment of CRC patients at different stages of disease and their
possible correlation with the clinical response of patients [46]. The interpretation of the overall results
is not always easy, since contradictory data were reported in some cases, possibly due to differences
in the clinical settings as well and in the methodologies used to identify specific DC subsets. Here,
we will restrict our review to the discussion of only some studies, selected in view of their special
potential clinical relevance. The possible correlations between the presence and maturation phenotype
of tumor-infiltrating DC with the patient prognosis and clinical response have been investigated by
Gulubova and colleagues [49]. These authors found that the presence of CD83+ mature DC was lower
in the tumor stroma of patients in an advanced disease stage. In general, we can state that negative
correlations between the detection of these tumor infiltrating DC and the number of lymph node
metastases as well as the survival time of CRC patients were frequently documented [49–51]. Notably,
by comparing human primary CRC specimens with respect to normal colon mucosa, Schwaab and
co-workers found that the number of infiltrating mature DC was higher in the CRC samples, while the
DC density in metastases was markedly lower than in CRC primary tumors [52]. Of interest, Michielsen
and colleagues reported that tumor conditioned-media from cultured human CRC tissue can impair DC
maturation process, possibly by releasing chemokines and other soluble factors capable of inhibiting
IL-12p70 secretion by DC [53,54]. Of note, Bauer and colleagues [55] reported that infiltration with
mature DC was more elevated in MSI-high (MSI-H) tumors as compared to microsatellite-stable CRC.
This observation is interesting since it can provide an explanation for the preferential clinical response
of MSI-H CRC patients to novel immunotherapies, including CPI [20,21]. Some groups have also
investigated the number and phenotype of DC in the peripheral blood of CRC patients with respect
to healthy individuals as well to the disease stage and progression [56–59]. In particular, it has been
found that the number and functions of different blood DC subsets were impaired in CRC patients,
demonstrating that the magnitude of these effects positively correlated with the disease stage and
prognosis [59]. Similar results were obtained by Orsini et al. [57], who described a significant reduction
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of the DC number in total and advanced stage-CRC patients compared to healthy controls, and reported
that this reduction was totally recovered after complete tumor resection, further supporting the concept
of the importance of systemic immunosuppressive effects exerted by the tumor toward circulating
blood immune cells. Of interest, some authors have also reported that the reduction in DC was mostly
due to changes in pDC population [57].

A useful in vitro model to investigate the biology of DC and the mediators and mechanisms
important in shaping their functions is represented by MoDC, generated from monocytes by in vitro
treatments with GM-CSF and various cytokines, such as IL-4, IFN and other activation/maturation
factors. Thus, some published studies where the phenotype and functions of MoDC from CRC patients
were compared to those detectable in control subjects are available [56,60–62]. In particular, Orsini and
colleagues showed an impaired in vitro differentiation of CRC patients’ monocytes into immature DC,
compared to healthy subjects [57]. Of note, CRC MoDC exhibited a reduced expression of costimulatory
molecules and an impaired ability to present antigens to allogenic T lymphocytes and to stimulate
proliferation, together with an immunosuppressive cytokine profile, mostly characterized by increased
IL-10 and reduced IL-12 secretion [57]. Of interest, it was reported that the maturation status of the
MoDC from CRC patients was phenotypically and functionally superior to the in vivo blood DC
recovered from the same individuals. This observation somehow supported the potential value of
using MoDC from CRC patients for clinical studies of cancer immunotherapy [63].

5. DC and Immunotherapy of CRC

Since the early study by William Coley in cancer patients treated with killed bacterial vaccine in
1891, for more than 120 years, the history of cancer immunotherapy has been characterized by alternate
cycles of optimism and discouragement. The clinical use of certain cytokines (i.e., IFN-α and IL-2),
the subsequent identification of the first set of human tumor antigens, the progress on cancer vaccines
and in the development of protocols based on adoptive cell therapy have all represented important
milestones in the field of cancer immunotherapy. However, it is only in recent years that we have
registered a fundamental progress, which today leads to consider cancer immunotherapy as the latest
revolution in cancer therapy. This is mainly due to the impressive results achieved in patients with
different type of malignancies after treatment with CPI [19]. With regard to CRC, however, only modest
clinical effects have been observed so far in patients treated with these new immunotherapy drugs
(including anti-CTLA-4, anti-PD1 and anti-PD-L1 antibodies) [64], which instead proved to be highly
effective in other human malignancies (including melanoma, Hodgkin lymphoma and non-small lung
cell cancer).

In view of their crucial role in linking innate and adaptive antitumor immunity, DC have extensively
been used in cancer immunotherapy clinical trials over the last two decades [44,65]. Notably, the large
majority of DC-based studies involved the use of patient-derived DC generated from peripheral blood
monocytes differentiated in vitro by the addition of cytokines (generally GM-CSF and IL-4), loaded with
tumor-derived antigens by different experimental procedures and subjected to a further step of in vitro
maturation, before their injection in therapeutic vaccination protocols [65]. In 2011, the registration
of the DC-based Provenge vaccine for patients with prostate cancer led to a transient momentum of
special optimism for the clinical development of DC-based cancer vaccines. However, in the following
years, this cancer vaccine was not further developed and, in view of the limited response observed
in hundreds of clinical trials, the clinical development of DC-based vaccines was regarded with a
lower attention with respect to that devoted to new emerging tools in cancer immunotherapy, such
as CPI and CAR-T adoptive cell transfer. There are recent and comprehensive reviews reporting the
results of DC-based clinical trials, which also critically discuss the major challenges for their clinical
development [44,65]. While the lack of any relevant toxicity represents a good starting point, there
are still several critical issues to be addressed, including identification of the optimal DC to be used,
reliable criteria to characterize the quality and potency of these cell products, the source/loading of
tumor antigens, the modalities of injection and the possible combinations with other drugs/treatments
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to increase their clinical efficacy. Today, we are facing a renovated interest in the development of new
generation DC-based vaccines, as a result of a better understanding of the DC biology and of the
discovery of new immunomodulatory molecules expected to enforce cancer immunotherapies [66–68].

In considering new and potentially more effective DC types to be used in cancer immunotherapy
protocols, we may consider to use DC generated by monocytes by a short-term in vitro exposure to
IFN-α and GM-CSF [69]. In fact, these DC (named as IFN-DC) exhibit a unique attitude to take-up
tumor apoptotic bodies and induce a potent tumor specific T cell immunity in preclinical models [70]
as well as in cancer patients, as suggested by results in pilot clinical trials where IFN-DC have been
inoculated intratumorally in patients with metastatic melanoma [71] and indolent lymphomas [72].

Table 1 reports the main published data of clinical trials based on the use of DC in CRC patients.
The general messages stemming from an overview of the main results published so far can be
summarized as follows: (i) the large majority of studies reported results of pilot phase I-II trials in
metastatic CRC patients with a relatively small number of patients; (ii) different methodologies were
used for the in vitro generation of DC-based vaccines from monocytes, including the use of various
cytokines and other activation/maturation factors, rendering difficult the comparison of the results;
(iii) different methods of tumor antigen loading of DC were utilized and, in a few cases, unloaded
DC were used; (iv) the regimen and route of DC administration as well as the number of DC injected
markedly differed among the published studies; (v) in some cases, the patients were also treated with
either conventional (for instance chemotherapy) or additional experimental cell therapies; (vi) there
were marked differences in the protocol design as well as in the immunomonitoring methods to
evaluate DC-induced immunogenicity. All this suggests that, even though some of these trials have
represented important proof-of-principles for the lack of toxicity and potential efficacy of DC-based
vaccines in inducing antitumor immune responses in CRC, the translation of the possible use of DC for
the development of new-generation strategies of CRC immunotherapy needs further and coordinated
research efforts.
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One of the major reason for the limited response of CRC to the immunotherapy is thought to be
represented by the immunosuppressive tumor microenvironment which generally occurs in patients
with advanced disease. As a matter of fact, the major challenge for developing an effective protocol
of cancer immunotherapy is indeed to counteract the several and complex immunosuppressive
mechanisms activated in the tumor microenvironment of cancer patients. The role of several
cancer-induced immunosuppressive mediators in CRC prognosis and treatment response has been
reviewed elsewhere [9–11]. These mediators include cells endowed with immunosuppressive activity,
such as regulatory T cells and certain macrophage populations, as well as soluble factors. Notably,
modulations of the local production of certain cytokines as well as in their response can play a role in
shaping the type of antitumor response [85]. Of interest, loss of type I IFN receptor has recently been
identified as an important key factor linked to tumor microenvironment immunosuppression in CRC
patients [86]. Thus, we may assume that a local production of and response to cytokines such as type I
IFN can exhibit a beneficial role in shaping the response towards an effective immune control of CRC.

Today, in the new era of CPI, major research challenges are to fully understand the mechanisms
of the response and how to increase the clinical efficacy in poorly responding patients by designing
more sounded combination therapies, which may also include DC. Of interest, a recent study showed
that an effective antitumor response to anti-PD1 mAbs strictly requires the occurrence of intratumoral
DC [68]. Likewise, some recent studies have added further evidence underscoring a previously
underestimated role of intratumoral DC in the tumor microenvironment in mediating the clinical
response to immunotherapy regimens in cancer patients [87,88]. Of interest, the intratumoral DC
involved in the generation of an antitumor response to anti-PD1 mAbs were characterized as mature
DC producing high levels of IL-12 [68]. Notably, IFN-DC, which undergo a rapid and complete
maturation after peripheral blood lymphocyte co-cultivation, are high producers of IL-12 [89] and
therefore may represent good candidates for potentiating anti-PD1-based therapies. Of interest,
we had previously shown that IFN-DC are highly efficient APC in inducing both CD8+ and CD4+

T-cell-mediated responses against the colon tumor antigen-1 in CRC patients at different stages of the
disease [90]. Thus, on the basis of the overall preclinical and clinical data on IFN-DC obtained by our
group [69–72,89,90], we consider these DC as valuable autologous cell products for the development
of new-generation DC products to be used in clinical trials in CRC patients. For these DC-based
therapies, we may envisage therapeutic scenarios where CRC patients are treated with autologous
DC, either as unloaded APC injected intratumorally (endogenous tumor vaccination) in combination
with agents either inducing or enhancing tumor cell death [71,72], or as in vitro antigen loaded DC,
and subsequently injected with anti-PD1 antibodies or other CPI to increase the antitumor response in
selected combination therapies.

6. Conclusions

CRC represents one of the human malignancies where promotion of prevention strategies can
play a major role in reducing cancer development and tumor burden and progression. In fact, primary
prevention, based on special attention to reduce exposure to environmental and lifestyle risk factors
(including diet and physical exercise) is indeed of great importance for reducing CRC incidence, with
enormous impact in terms of public health and reduction of costs for the national health services.
In addition, in view of the long and multi-step processes involved in CRC development, strategies of
secondary prevention, including the promotion of the use of early diagnostic platforms, can be very
important for prevention and control of CRC. In spite of all this, the optimal therapeutic management
of patients with metastatic CRC remains an important issue in clinical oncology. While surgery and
chemo-radiotherapy interventions continue to represent essential therapeutic options depending on
the stage of the disease and the clinical settings, immunotherapy has recently emerged as a powerful
tool for tertiary immune prevention.

Recently, we have learned new rationales and modalities for combining different immunotherapy
regimens with both conventional and target therapies. Likewise, we have recently started to understand
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the importance of sex- and gender-specific differences in several pathologies including cancer.
In fact, gender disparities have been reported in different aspects that can collectively influence
CRC pathogenesis and therapy [91]. Thus, CRC incidence, outcome and survival as well as microbiota
composition exhibit a different trend in men and women [92]. Likewise, some of the main risk factors
for CRC, such as obesity and lifestyle-related aspects (i.e. diet and physical activity), are strongly
linked to gender [93,94]. Worth of note, differences in the immune response have also been reported in
women and men [95]. However, at the moment there are no studies describing gender differences in
DC functions in CRC patients. Studies on gender related immune dysfunctions in CRC taking into
consideration the DC biology are expected to contribute to our understanding of the pathogenesis and
to the clinical management of this neoplastic disease.

Figure 1 summarizes the main DC dysfunctions observed in a specific non-neoplastic tissue
relevant for CRC pathogenesis (i.e., AT), blood and tumor microenvironment of CRC patients, along
with the risk factors playing a role in the disease process. It also depicts some main strategies and
challenges for the development of DC-based immunotherapy strategies in CRC patients. Such strategies
are aimed at considering DC either as in vivo targets for tumor antigen delivery and/or for recruiting
and activating DC within the tumor microenvironment, or as autologous cell products generated from
monocytes by different in vitro manipulations and then reinfused into the patients. In any case, new
generation immunotherapy strategies should consider what is the impact and possible role of DC,
which represent important cell actors in CRC pathogenesis and antitumor immune-based control.

Figure 1. A schematic representation of the main DC dysfunction in adipose tissue, peripheral blood
and tumor tissue highlighting the main strategies to restore DC functions and to enhance anticancer
immune response.

How to reverse DC dysfunctions occurring at different disease stages and in various tissues in
CRC patients still remains a complex issue deserving further research efforts. In principle, intervention
strategies for restoring DC functions in the very early stages of the disease could also be considered,
but we need to reach a better knowledge of the role of this highly heterogeneous cell population
in the pathogenesis and progression of CRC. The recent advances on the cross-talk between gut
microbiota and human health and on the potential of lifestyle, food components and/or dietary patterns
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to modulate this functional interplay has opened new perspectives for diet-based interventions in the
modulation of the antitumor immune response [96].

With regard to the still critical issue of implementing the management of advanced metastatic
CRC, a great importance is currently given to combination therapies, since we now have a much better
knowledge on how different therapeutic tools and strategies should be associated. With the advent
of next-generation sequencing methodologies, we have now the unprecedented ability to identify
tumor, host, and microbial genomes. The growing application of these novel technologies to finely
characterize patient’s tumor and driver mutations as well as the immune repertoire for evaluating
genetic responses to current immunotherapies has opened new ways to maximize patient benefits
through cancer precision medicine strategies. We conclude by stating that, taking into account some
recent findings [68,87,88], new generation DC-based strategies can represent a promising added value
for enhancing the response to the new therapeutic regimens, including CPI, in CRC patients.
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Abstract: Autophagy as a primary homeostatic and catabolic process is responsible for the degradation
and recycling of proteins and cellular components. The mechanism of autophagy has a crucial role
in several cellular functions and its dysregulation is associated with tumorigenesis, tumor–stroma
interactions, and resistance to cancer therapy. A growing body of evidence suggests that autophagy is
also a key regulator of the tumor microenvironment and cellular immune response in different types
of cancer, including colorectal cancer (CRC). Furthermore, autophagy is responsible for initiating the
immune response especially when it precedes cell death. However, the role of autophagy in CRC and
the tumor microenvironment remains controversial. In this review, we identify the role of autophagy
in tumor microenvironment regulation and the specific mechanism by which autophagy is implicated
in immune responses during CRC tumorigenesis and the context of anticancer therapy.

Keywords: Autophagy; colorectal cancer; immunotherapy; tumor stroma; tumor microenvironment

1. Introduction

Colorectal cancer (CRC) is the third most frequently diagnosed malignancy and the second leading
cause of cancer-related deaths in the U.S.A. and worldwide [1]. By 2030, the estimated global burden of
CRC is expected to reach more than 2.2 million new cases and 1.1 million deaths [2]. Despite significant
advances in standard of care therapies, the 5-year survival rate for patients diagnosed with metastatic
CRC remains very poor, at approximately 12% [1]. Among others, autophagy is a major mechanism
which is strongly associated with tumorigenesis in different types of cancer, including CRC.

The mechanism of autophagy has been identified as a catabolic process with an essential role
to digest proteins and dysfunctional cellular organelles [3]. Numerous steps related to autophagy
include membrane trafficking vesicles, essential autophagy proteins, a double membrane organelle,
which is called an autophagosome, and fusion with lysosomes to create the autophagolysosome.
Autophagolysosome is a fundamental structure responsible for degrading the luminal content [4].
The role of autophagy is extended from cellular homeostasis to tumor development [5,6].

Many genes and proteins are crucial for the initiation and progression of autophagy. Genes,
like Beclin-1, LC3, ATG5, and ATG6, have a crucial role for autophagy from normal function to
CRC, where these genes have been reported with high expression. Furthermore, these autophagy
gene-markers are associated with a more aggressive CRC phenotype [7].
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Various morphological changes characterize the autophagy process. In the first step of autophagy,
which is called initiation or nucleation, the phagophore, a double membrane structure, is formed through
the activation of the class-III PI3K-Beclin-1 complex. Elongation is the next step in the autophagy
process. This step is characterized by the arising of the phagophore from different double membrane
organelles, such as the Endoplasmic Reticulum (ER), Golgi, and mitochondria. The phagophore starts
to enclose the cytosolic cargos, leading to the formation of the autophagosome. The formation of the
phagophore is highlighted by different Atgs, p62/ SQSTM1 (an adaptor protein responsible for the
docking of specific cargoes), and the lipid-modification of LC3I to LC3II. The maturation step and the
following fuse step include the autophagosome formation, which eventually fuses with lysosomes
to form autolysosomes. Finally, during the degradation step, lysosomal/vacuolar hydrolases digest
autolysosomal products and release them in the cytosol [4].

Over the last years, many studies have been conducted that support the dual role of autophagy in
CRC. Autophagy appears to be responsible for maintaining the energy homeostasis in cells, which is
required for several cellular functions, such as proliferation [8], angiogenesis, migration [9], and EMT
(epithelial-mesenchymal transition) phenotype [10]. Autophagy is identified to be upregulated in a
hypoxic region of already established tumors, where the energy demands are increased [11]. Moreover,
cancer cells of high graded tumors appear to be addicted to autophagy to maintain their energy
balance [12,13]. Numerous studies report the impact of autophagy in cancer patients’ response to
chemotherapy. Increasing levels of autophagy are linked with inadequate response to chemotherapeutic
drugs and dismal survival rates [14].

In different cancer types, such as CRC, a single-nucleotide polymorphism, in autophagy-related
genes, like ATG16L1, is associated with a reduction of autophagy and a significant negative predictive
value for patients’ survival with metastatic disease [15,16]. Besides, monoallelic deletion of other
crucial autophagy genes, such as Beclin-1, which leads to autophagy reduction, has been identified
in several diseases, such as cancer and Alzheimer’s [17–19]. Other studies highlight the positive
impact of monoallelic deletion or total loss of other genes, such as ATG5, ATG7, and ATG4C, in
cancer development [20]. In addition, KRAS, an essential oncogene in CRC development, is strongly
associated with autophagy [21]. Cancer cells of KRAS-dependent tumors use autophagy in order to
support the growth of cancer cells under stressful conditions in hypoxic regions of tumors [8]. All these
studies highlight the dual role of autophagy as a tumor promoter or tumor suppressor mechanism.
The accumulation of dysfunctional proteins and cellular organelles through the reduction of autophagy
increases the risk for malignant transformation. Furthermore, low basic levels of autophagy are
required for cell survival as was identified through experiments with a knockout of different autophagy
genes, such as ATG genes, Beclin-1, or AMBRA1 [22,23]. Autophagy is responsible for recycling
cellular components and producing energy and pro-oncogenic factors [24]. Different stage of tumors,
anti-cancer treatment, mutations in ATGs, and oncogenes are closely associated with autophagy and its
controversial role in tumorigenesis. Further study is required in order to address the link between
autophagy and hallmarks of cancer.

Furthermore, the increasing levels of autophagy, in these regions, are strongly associated with the
regulation of the immune response in the tumor microenvironment [11,25]. The microenvironment
of different malignant tumors, including CRC, is characterized by numerous cell types (including
immune, tumor, and other types of cells). All these stroma cell types utilize a different extent of
autophagy. Therefore, focusing on autophagy and its role in the tumor microenvironment for the
discovery of novel anti-cancer therapeutic targets should be further elucidated [11,26]. The role of
autophagy in developing an immune response against tumor cells is far more complex. Therefore,
autophagy may be a promising therapeutic target in combination with other anti-neoplastic drugs and
immunotherapy in the context of this unique cellular composition of the tumor microenvironment.
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2. The Major Players in the Tumor Microenvironment

For years, solid cancers were considered as a mass of homogenous cancer cells [27]. Cancer
evolution and resistance to treatment is caused by tumor heterogeneity. Over the past decade, it has
become increasingly clear that there is a wild diversity of cells with tangled and branching pedigrees
in the same tumor. One section of a tumor might be dense with cells containing a particular oncogene
mutation, whereas another section might have vastly different mutation backgrounds driving their
growth [28]. Tumors should be perceived as separate tissues with a different and more complex
cellular network with specialized or dedifferentiated malignant cell types, fibroblasts, tumor stem cells,
immune, and endothelial cells. This complex network is characterized as a tumor stroma with unique
potential for anticancer therapy [29].

2.1. The Heterogeneity of the Tumor Microenvironment

The vast majority of solid tumors are composed of not only malignant cells, but also of fibroblasts.
It is widely accepted that tumorigenesis is a multistep process, the progression of which depends on a
sequential accumulation of mutations within tissue cells. Moreover, tumor initiation is associated with
the activation of different stromal, endothelial and mesenchymal cells, fibroblasts, and immunogenic
cells [30,31]. It is well known that tumor heterogeneity is associated with the more aggressive phenotype
and a lack of response against anti-cancer therapy in different types of cancer, including CRC [32].

2.2. The Role of T-Lymphocytes

The major effectors of the immune response against tumor cells are the cytotoxic CD8+
T-lymphocytes or T-cells (CTL). The abundance of T-cells is a decisive prognostic factor for the
response of chemotherapy and immunotherapy in cancer patients especially at early stages of the
disease, where patients have a strong effector T cell response and more frequently present a high
Immunoscore [33,34]. CTLs are responsible for killing hostile cells, such as tumor cells [35]. Type 1 of
T-helper cells (Th-1) regulates the activation of CTL and Th-2 initiates humoral immunity [36]. In many
studies, the activation of the immune system and tumor-infiltrating lymphocytes (TILs) are used for
the grading of the tumor and as a putative prognostic marker for CRC patients. The characterization is
based on TILs, tumor invasion, spread to the lymph nodes, and the tumor staging system [33,35].

Many studies have identified that the activation of CTL is inhibited by the PD-L1/PD1 axis
interaction in CRC tumors with the Mismatch repair deficiency/Microsatellite instability -high
MMRd/MSI-H phenotype [37–39]. The clinical effectiveness of anti-PD1 monoclonal antibodies
is beneficial for this subgroup of patients [40]. In contrast, with MSI-H CRC tumors, in almost all MSS
CRC tumors, inhibition of the PD-L1/ PD1 axis has no significant clinical effect, thus underlining the
complexity of this immunosuppressive mechanism [41].

A particular group of lymphocytes that are strongly associated with tumors is the regulatory
T-cells [42]. The role of Tregs (regulatory T cells) is controversial because of the genetic and phenotypic
differentiation of T-cells. The Treg-specific DNA hypo-methylated regions contribute to the stable
expression of Treg function-associated key genes, including Foxp3. Accordingly, FoxP3 robustly
represses different genes, including Il2, contributing to Treg suppressive activity. In tumors, it is
critical to deplete FOXP3 high CD45RA_CD25 high effector Treg cells, which are firmly installed
with the Treg-type hypo-methylation and are most suppressive [43]. The origin of Tregs can be
either directly from the thymus (tTreg) or by peripheral differentiation (pTreg) of conventional T
lymphocytes [44]. The majority of Tregs are characterized by a high expression of specific biomarkers
such as FOXP3, IL-2 receptor alpha chain, CD25 IL-10, TGF-β, and IL-35. Also, proteins, like CTLA-4
(cytotoxic T-lymphocyte–associated antigen 4), PD-1 (programmed death 1), and GITR (the receptor
of glucocorticoid-induced tumor necrosis factor), have been identified in the surface of Tregs [45–47].
It is well known that molecules, like IL-27 and IL-33, are stimulators of Tregs in CRC through
TGF-β-mediated differentiation of Tregs [44].
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The primary role of Tregs is to control inflammation and maintain peripheral tolerance in immune
homeostasis. Furthermore, FOXP3+ Tregs are crucial in the inhibition of the cytotoxic effect of T-cells
in many cancer types, including CRC [42]. The lack of FOXP3+ Tregs and the ratio of CD3+/FOXP3+ T
cell may be a prognostic marker for clinical outcomes in patients with CRC [48].

2.3. The Role of Tumor-Associated Myeloid Cells

Different cell types, such as cancer-associated fibroblasts (CAFs) and tumor-associated
macrophages (TAMs), in the tumor microenvironment, regulate tumor growth, invasion, and
the metastatic phenotype of cancer cells [49,50]. Many studies support the hypothesis that bone
marrow-derived cells (TANs, TAMs, and myeloid-derived suppressor cells or MDSCs) are closely
associated with the progression of the tumor [50,51].

Two different sub-populations of TAMs, the anti-tumorigenic and pro-tumorigenic or M1 and M2
phenotype, respectively, with high plasticity, have already been identified [52,53]. The most common
myeloid infiltrate in solid tumors is composed of myeloid-derived suppressor cells (MDSCs) and
tumor-associated macrophages (TAMs). These cells promote tumor growth through their inherent
immunosuppressive activity, neoangiogenesis, and mediation of epithelial-mesenchymal transition.
Several small molecules are already used in order to inhibit the tumorigenic action of these cells [52]. It is
well known that neutrophils regulate the tumor microenvironment through the production of several
immunogenic, angiogenic, and inflammatory factors, such as matrix metalloproteinases (MMPs),
Vascular endothelial growth factor (VEGF), neutrophil elastase, and hepatocyte growth factor [54–56].
The number of neutrophils in peripheral blood is already evaluated as a negative clinical progression
marker in various malignant tumors, including CRC [57]. The two different types of neutrophils,
N1 and N2 neutrophils, have been associated with tumor progression. N1 neutrophils reduce tumor
immunosuppression through the production of several molecules, such as TNF-α, ROS (Reactive
oxygen species), ICAM-1 (Intercellular Adhesion Molecule 1), and Fas. In contrast, N2 neutrophils,
increase tumorigenicity through the production of MMP-9, VEGF, and several chemokines [58].

Myeloid-derived suppressor cells or MDSCs have an immunosuppressive ability that is triggered
by inflammation. MDSCs are abundant in different tumors types with a critical role in tumor
progression [56]. Tumors produce several chemokines, such as CCL2 and CCL5, which regulate the
migration of MDSCs in tumors [59]. Several studies support the idea that tumors attract MDSCs in the
tumor microenvironment. MDSCs suppress the anti-tumor activity of the immune system through
the activation of different genes associated with arg1 (Arginase 1), fatty acid oxidation (FAO), and
ROS [60]. Furthermore, MDSCs seem to inhibit both antigen-specific and nonspecific (CD3/CD28)
proliferative responses in the tumor microenvironment in both ROS-dependent and independent ways.
Also, MDSCs inhibit the stimulation of CD3/CD28 T-cells through the production of NO (Nitric Oxide)
and Arg1 [61]. In the tumor microenvironment, MDSCs are converted into nonspecific suppressor cells
through the up-regulation of iNOS (inducible nitric oxide synthase) and arginase I. These enzymes are
known to be actively involved in T cell suppression in a way that does not require antigen-specific
contact between MDSC and T cells to inhibit their function [62].

Several studies over the last years highlight the impact of autophagy in MDSCs’ survival in
the tumor microenvironment. Glycolytic metabolism is strongly associated with the metabolism of
MDSCs [63]. Glycolysis prevents the AMPK-ULK1, a key player in autophagy regulation, which
increases the GM-CSF (granulocyte macrophage colony-stimulating factor) expression and supports the
development of MDSCs in the tumor microenvironment [64]. Furthermore, MDSCs activate autophagy
through phosphorylation of AMPK. The initiation of autophagy increases several anti-apoptotic factors,
such as BCL-2 (B-cell lymphoma 2) and MCL-1 (Myeloid cell leukemia 1), which promotes multiple
myeloma (MM) progression [65].
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2.4. Cancer-Associated Fibroblasts (CAFs)

Cancer-associated fibroblasts or CAFs represent a heterogeneous group of cells. They are
responsible for the remodeling of the extracellular matrix (ECM) and support the invasion and
metastasis of cancer cells [66]. Different molecules, such as FAP (fibroblast activation protein) and
alpha-smooth muscle actin (a-SMA), have been already used as markers of activated CAFs and other
fibroblasts [67]. CRC transcriptome studies associate the presence of CAFs with poor outcomes of
patients, thus underlining the clinical significance of CAFs as a prognostic marker. Furthermore,
the differentiation of CAFs and induction of the fibrogenic phenotype is regulated by the signaling
pathway of TGF-β, mechanical stress, and fibronectin [68–70].

2.5. Angiogenesis and Neo-Vascularization Process in Tumor Stroma

It is well known that the stroma of CRC is also the scaffold for the development of tumor-associated
blood vessels. Mesenchymal cell type, such as fibroblasts and immune cells, are responsible for
supplying the VEGF with tumors cells [71]. Other molecules, like MMPs and associated proteases,
that are expressed by immunosuppressive myeloid cells (IMCs) and CAFs appear to be increased in the
tumor microenvironment. These enzymes help neo-angiogenesis by altering the ECM and proteolytic
activation of embedded angiogenic factors (FGF and VEGF) [72].

2.6. Other Immune Cell Types in the Tumor Microenvironment

Several studies identified many other immune cell types in the tumor microenvironment of
CRC. Immune cell types that appear in CRC microenvironment, like neutrophils, mast cells, natural
killer (NK) cells, or eosinophils, did not appear to have a significant role in the impact of the clinical
progression of CRC patients [73,74].

3. The Role of Autophagy in Stroma Development, Inflammation, and the Immunity Response

It has been proven that autophagy affects the microenvironment of the tumor and vice versa.
These microenvironmental factors include cytokines, hypoxia, and inflammation in the tumor
environment [75]. In response to stress conditions in the tumor microenvironment, autophagy
is activated to maintain and supply energy. Additionally, digestion of intracellular components
prevents the accumulation of toxic cellular remnants.

Cancer cells coexist with their microenvironment and the role of autophagy in modulating their
interactions with other cell types may be a target for the modulation of autophagy, as a potential
anti-cancerous treatment [76]. Autophagy is also a key factor in the function of APCs and T-cells.
Autophagy is implicated in the presentation of antigens in both MHC-I and MHC-II in Dendritic cells
(DCs). Finally, autophagy contributes to the functional activity of immune cells by creating T-cell
memory, depending on autophagy [77].

3.1. The Role of Inflammation in Colorectal Cancer Development

Chronic inflammation is a high-risk factor for cancer. Patients with inflammatory bowel disease
(IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), have a three-fold increased risk of
developing CRC. This type of cancer is known as “colitis-associated colorectal cancer (CAC)” [78].
Activation of Toll-like receptor 4 (TLR4) promotes the development of colitis-associated cancer
through activation of the Cox-2 and EGFR signaling pathway [79]. Cancer development is due to the
non-neoplastic inflammatory epithelium. Mutations in essential genes (c-src, p53, K-RAS, β-catenin,
and APC) are caused by inflammation as well as DNA damage, which then leads to CAC onset
in patients with IBD. Moreover, inflammation triggers signaling pathways, such as STAT3 (Signal
transducer and activator of transcription 3) and β-catenin, which causes proliferation and remodeling
of epithelial cells and then promotes tumor growth [80]. The CAC microenvironment is a complex
system of various types of cells, cytokines, and signaling molecules that play a significant role in

343



Cancers 2019, 11, 533

tumorigenesis. Immune cells develop many individual functions in the CAC microenvironment.
Macrophages promote CAC tumorigenesis and the development of reactive oxygen species (ROS),
IL-5, and nitric oxide synthase (NOS) [80]. Tregs and Th17 cells have tumor-promoting activity during
CAC [81,82] formation while CD8+ T cells serve a protective role against CAC oncogenesis [83]. TAMs
and CADs regulate the production of cytokines, such as IL-6, IL-8, IL-10, and IFN-γ, in the tumor
microenvironment. Cytokines are key molecules to the development of inflammation during tumor
progression [84]. Several studies support that autophagy is triggered via inflammation. In addition,
NLRP3 (NLR Family Pyrin Domain Containing 3) inflammasome (a mitochondrion that is damaged
depending on the structure) is negatively regulated by autophagy with IL-1b and IL-18 production
and subsequent inflammation response under control [25].

3.2. Hypoxia-Induced Autophagy in the Tumor Microenvironment

Many studies have shown that many types of tumors are found under hypoxic conditions [4,26].
Autophagy in a hypoxic environment in tumors depends on the duration and percentage of hypoxia.
Under moderate and chronic hypoxia, hypoxia-induced factor-1 (HIF-1a) and PKC-JNK regulate
autophagy [85]. Since hypoxia results in BNIP3 or REDD1 being dependent on autophagy, the question
arises as to whether there is an association between BNIP3, HIF-1, and/or REDD1. Many published data
support the notion that HIF-1α can up-regulate BNIP3 transcription. Enhanced BNIP3 then interferes
with the Beclin1 and BCL2-forming complex and further suppresses Rheb-mTOR [86,87]. Hypoxia
raises the levels of REDD1, which then separates the 14-3-3 proteins from the TSC2 complex and finally
reduces mTOR [87]. Also, a stress sensor, Ataxia Telangiectasia Mutated (ATM), was verified as being
involved in the REDD1-modulated mTOR signaling. Under the hypoxic environment, ATM (Ataxia
Telangiectasia Mutated) (-/-) MEFs perform decreased expressions of HIF-1α and REDD1. Overall, it is
suggested that hypoxia-induced ATM activation results in increased HIF-1α-BNIP3 and REDD1 to
increase autophagy through the inhibition of mTOR [87,88].

3.3. The Cross-Talk between Autophagy and Antigen Presenting Cells

Activation of the anticancer T-cell is induced by identifying the antigenic tumor peptides
present on the cell surface of professional APCs, like DCs. However, autophagy through DCs
and macrophages affects the surface expression of the MHC-I and peptide complex. For example,
the expression of MHC-I in embryo mice DCs and macrophages was upregulated during inhibition
of autophagy using chemical inhibitors or downregulation of the main autophagy genes [89,90].
This adjustment was attributed to the slower internalization of classical MHC class I molecules, leading
to increased CD8+ T cell stimulation [90]. Hence, in the absence of autophagy, MHC-I molecules
appear more consistently expressed and less degenerated [91]. Equally, DCs from mice lacking
VPS34 (vacuolar protein sorting-associated protein 34) expressed more MHC-I on the cell surface as
well as MHC-II [92]. In contrast, surface expression of MHC-II in macrophages was downregulated
when inhibiting autophagy using 3-Methyladenine (3-MA) [91]. Autophagy is associated with the
cross-presentation of antigens in DCs. Cross-presentation is a process that permits the loading of MHC-I
into DCs with extracellular antigens, which is essential for activating, for example, CTL responses in
melanoma [91,93–95]. The cross-presentation capability of bone marrow-derived dendritic cells (DCs)
is characterized by increased levels of autophagy [90,96].

Antigen presentation in MHC-II was similarly altered in the inhibition of autophagy with reduced
DC treatment mediated by an immunodominant mycobacterial peptide with the reduced presentation
of vaccinia virus Ankara antigens and herpes simplex virus (HSV) antigens [97,98]. Accordingly,
antigen-specific T-cell responses were down-regulated. Thus, inhibition of autophagy modified the
peptide pool presented in MHC and reducing the presentation of immunodominant epitopes [99].
Although, inhibition of autophagy up-regulates surface expression of MHC-I, it also changes the group
of immunogenic peptides presented on MHC. Thus, the effect on surface expression of MHC-I and II is
less well-confirmed, which has been best determined in the context of the so-called cross-presentation
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in DCs [93,100,101]. As it was mentioned before, increased levels of autophagy characterize the
cross-presentation capability of DCs compared with DCs that do not cross-present antigens, and
the autoimmune inhibition that reduces the cross-presentation of MHC-I mediated MHC-I [102,103].
Inhibition of autophagy modified the presentation of the different peptides in MHC and appeared
to change the pool of immunodominant epitopes of these peptides. Further mechanistic studies are
needed to define how autophagy serves as a target for MHC class I cross-presentation. The central role
of autophagy in antigen-presenting cells (APCs) is presented in Figure 1.

 
Figure 1. The role of autophagy in the presentation of immunogenic peptides in antigen-presenting
cells (APCs). Autophagy has a vital role in the degradation of proteins in order for APCs to use
them as antigenic peptides on Major Histocompatibility Complex (MHC)-I and II. Three distinct
pathways of antigen processing by the APC have been identified: Exogenous (1A), cross-presentation
(1B), and endogenous (1C) pathway. In the exogenous pathway, different antigens and peptides are
produced outside the APC and placed on the MHC class II for recognition by CD4+ T cells. The
exogenous pathway occurs in macrophages, dendritic cells, and B cells. The endogenous pathway loads
cell-produced antigenic peptides onto MHC class I for recognition by CD8+ T cells. The endogenous
pathway is responsible for immune recognition of peptides from the virus or self-digested peptides.
The endogenous pathway characterizes many cell types, not just APCs, allowing for sensing of viral
infection in all cell types. In the cross-presentation pathway, different peptides, from endocytosis and
the autophagy degradation pathway, are loaded on MHC class I for recognition by CD8+ T cells. The
peptides originate from the surrounding cell environment of tumor apoptotic bodies. This pathway
targets virus-infected cells other than APCs and the tumor. The cross-presentation pathway is identified
as the most efficient in dendritic cells.

In general, peptides are cleaved and digest from proteins through proteasome in the endogenous
pathway. In the exogenous and cross-presentation pathway, the endocytotic peptides are closely

345



Cancers 2019, 11, 533

associated with autophagy. Endosomes fuse with the autolysosomes in order to digest the peptides
and the neo-antigens are loaded onto MHC I and II in the endoplasmic reticulum (ER).

In the already developed tumor microenvironment, M2-phenotype tumor-associated macrophages
(TAMs) promote angiogenesis, growth, and metastasis of tumor and cancer cells [104]. However,
different studies support that M1 macrophages inhibit tumor growth [58]. The latest reports have shown
that autophagy plays a crucial role in the production and polarization of macrophages. Deficiency
of TLR2 strongly inhibits autophagy and leads to the biosynthesis of the M2 macrophage, which in
turn promotes oncogenesis [58,105]. Moreover, the initiation of autophagy in TAM can increase the
radiosensitivity of CRC, inhibit proliferation, and trigger apoptotic cell death [106].

Thus, autophagy in TAM can play a crucial role in cancer suppression. Also, the role of other
native immune cells, such as NK cells and neutrophils, plays a vital role in the tumorigenesis of CRC.
For example, tumor-associated neutrophils (TANs) facilitate the onset and development of CAC and
increase autophagy in neutrophils, which are associated with increased migration of cancer cells [91].
Several in vivo studies suggest that inhibition of autophagy in tumor cells reduces the development of
tumors by facilitating the removal of cancer cells via NK cells [107]. Analogous results have also been
observed in other types of cancers, such as renal cell carcinoma and melanoma [81].

3.4. Autophagy—A Key Regulator of T-Cell Activation

The adaptive immune system includes the identification of pathogen or tumor proteins and their
presence in MHC molecules by antigen-presenting cells (APCs). For this aim, MHC class I molecules
are recognized by T cell receptors (TCRs) in CD8+ T cells. Subsequently, MHC class II molecules are
recognized by TCRs in CD4+ T cells [90–92]. T cells are activated and differentiated into various types
of effector T cells, including Tregs, Th cells, and cytotoxic T cells. Tregs produce anti-inflammatory
cytokines, like IL-10 and TGF-β. Also, Th-cells can produce pro-inflammatory cytokines, such as
IL-2, IL-5, IL-13, and IL-17A, and interferon gamma (INF-γ). Cytotoxic T cells cause the apoptosis of
infected or malignant cells with the release of perforin and granzymes [81,108].

It has been reported that autophagy enhances the adaptive immune response by facilitating
APC recognition and preserving the function, survival, and homeostasis of T cells among others [77].
T cell homeostasis involves the clearance of T cells deficient in autophagy [109]. For example, the
loss of VPS34 accumulates ROS, which causes an increase in pre-apoptotic protein expression and
robust apoptosis of these T cells [110]. Also, depletion of VPS34 also prevents the normal operation of
Tregs. Moreover, the deletion of ATG5 and Beclin 1 results in inefficient proliferation and disordered
function of CD8+ and CD4+ T cells, respectively, following TCR stimulation [111,112]. On the
contrary, autophagy contributes to the maintenance of the survival and function of T cell lymphocytes
CD8+ [113].

4. The Current State of Immunotherapy in CRC Patients

The treatment for CRC patients with early-stage disease is surgical removal of tumors.
Chemotherapy usually follows the surgery for more advanced disease [114]. Recently, it has been
shown that immunotherapy amplifies the immune responses against tumors and it has already been
used for patients with solid tumors [115].

In the last few years, many immunomodulating agents have been developed that show significant
efficacy. The FDA (Food and Drug Administration) has already approved immune checkpoint
inhibitors, such as ipilimumab (an anti-CTLA-4 MoAbs), nivolumab, and pembrolizumab (anti-PD-1
MoAbs) or atezolizumab, avelumab, and durvalumab (anti-PD-L1 MoAbs) for different types of cancer,
like melanoma, lung cancer, and renal cell carcinoma. They have recently shown promising activity as
a treatment for CRC, although efficacy is reserved for a specific subset of patients [116,117].

It is well known that PD-L1, on tumor and stromal cells, suppresses the antitumor activity of the
immune system through stabilization of TNF-α [118]. Furthermore, the PD-1/PD-L1 axis regulates
inhibition of the immune response and leads T-cells to exhaustion and apoptotic cell death [119,120].
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Wang et al. have shown that metastatic colorectal cancer (mCRC) has higher levels of PD-L1 [121].
Furthermore, dysregulation of signaling pathways, like PI3K-AKT, or chromosomal amplification of
the 9q24.1 locus regulates the expression of PD-L1 and PD-L2 in different types of gastrointestinal
cancers [120,122].

It is well known that the MSI phenotype in CRC varies according to the stage of the disease.
CRC patients with mismatch repair (MMR) deficiency (15% to 20% of stage II/III CRCs) have a
better prognosis. Metastatic CRC with deficient MMR represent around 5% and is associated with
a poor prognosis [123]. Predictive biomarkers, like MMR and microsatellite status, a mutation in
proto-oncogenes, and the expression of PD-L1 have already been used to classify patients in whom
immunotherapy might be more beneficial [116,124]. Unfortunately, the percentage of patients with
gastrointestinal cancer who will acquire durable clinical responses remains limited. The response
rate for CRC patients with mismatch repair deficiency is less than 50% [125] and less than 30% for
gastroesophageal cancer [125,126].

In many types of cancer, immunotherapy has been proven as a prominent therapeutic approach.
Moreover, in the last few years, significant advances have also been made in CRC. An anti-CTLA-4
monoclonal antibody (tremelimumab) has proven useful for CRC patients, obtaining one 6-month
strong response [127]. In a phase II trial, three groups of patients were formed according to their
microsatellite status—MSI-H, non-MSI-H, and MSS CRC—in order to test the clinical activity of anti-PD1
MoAb, Pembrolizumab. The immune-related objective response rate (ORR) and immune-related
6-month PFS progression-free survival (PFS) rate were 40% and 78%, respectively, for mismatch
repair–deficient (dMMR) colorectal cancers and 0% and 11% for mismatch repair-proficient colorectal
cancers patients. The KEYNOTE-177 phase III trial evaluated the above results in patients with dMMR
mCRC after treatment with Pembrolizumab versus standard therapy. In Checkmate 142, treatment
with Nivolumab alone or in combination with Ipilimumab was tested in metastatic CRC patients
according to the microsatellite status. In the update published on Lancet, 31% of CRC patients who
were treated with Nivolumab had an objective response, with a disease control rate of 69% for 12 weeks
or longer [123]. The combinatorial treatment of Nivolumab and Ipilimumab showed a 55% ORR, while
the disease control rate for 12 weeks or longer was 80% [128,129].

The first anti-PD-L1 monoclonal antibody with FDA approval is atezolizumab. This is a fully
humanized antibody which targets explicitly PD-L1. It is currently approved for patients with
metastatic NSCLC and metastatic urothelial carcinoma with disease progression after treatment of
platinum-based chemotherapy [130,131]. Atezolizumab shows response rates higher for patients with
PD-L1 positive tumors [132,133]. A similar antibody is durvalumab. The safety and tolerability of
durvalumab alone or in combination with tremelimumab have already been tested in a phase I trial
for patients with CRC. Promising results have been presented in patients with PD-L1-expressing
tumors with microsatellite instability [120,133,134]. These kinds of tumors are characterized by a
higher number of infiltrated immune cells.

Furthermore, anti-PD-L1 therapy is more efficient in combination because of the differential
expression of PD-1 and PD-L1 in the tumor microenvironment. On the other hand, several types of
cancers, such as melanoma and breast cancer, are characterized by PD-L1 expression in both tumors
and infiltrating immune cells [120]. The other, a less studied ligand of PD-1 is PD-L2. PD-L2 has been
identified to be expressed in macrophages, B-cells, and dendritic cells [124,135]. In CRC, the expression
of PD-L2 is approximately 40% and it is regulated by glycosylation and IFNγ [136]. Further, ongoing
studies are evaluating the combinations of PD-1, PD-L1, and/or CTLA-4 monoclonal antibodies with
other chemotherapeutic molecules, which will re-activate the immune system against CRC tumors
(Table 1).
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Table 1. Clinical studies with immunotherapy for patients with Please define this term if appropriate.

Number of Study Immune Target Agent/Compound Phase of Study

NCT01876511 PD-1 Pembrolizumab II

NCT02981524 PD-1 Cyclophosphamide followed by
Pembrolizumab II

NCT03657641 PD-1 Pembrolizumab + Vicriviroc I/II
NCT03631407 PD-1 Pembrolizumab + Regorafenib II

NCT03475004 PD-1 Pembrolizumab, Bevacizumab,
and Binimetinib II

NCT03658772 PD-1 Pembrolizumab + grapiprant I

NCT03519412 PD-1 Pembrolizumab +
temozolomide II

NCT02713373 PD-1 Pembrolizumab + cetuximab I/II
NCT02375672 PD-1 Pembrolizumab + FOLFOX II
NCT03332498 PD-1 Pembrolizumab + Ibrutinib I/II
NCT02851004 PD-1 Pembrolizumab + SBRT I/II
NCT02837263 PD-1 Pembrolizumab + BBI609 I

NCT02992912 PD-1 Atezolizumab + stereotactic
ablative radiotherapy II

NCT03712943 PD-1 Nivolumab + Regorafenib I
NCT03711058 PD-1 Nivolumab + Copanlisib I/II

NCT03414983 PD-1
Nivolumab, Oxaliplatin,
Leucovorin, Fluorouracil,

Bevacizumab
II/III

NCT02860546 PD-1 Nivolumab + TAS-102 II

NCT03026140 PD-1 and CTLA-4 Nivolumab + Ipilimumab +/−
celecoxib I/III

NCT03693846 PD-1 and CTLA-4 Nivolumab + Ipilimumab II

NCT03104439 PD-1 and CTLA-4 Nivolumab + Ipilimumab +
radiotherapy II

NCT03377361 PD-1 and CTLA-4 Nivolumab + Ipilimumab +
Trametinib I/II

NCT03832621 PD-1 and CTLA-4 Nivolumab, Ipilimumab,
Temozolomide II

NCT02327078 PD-1 and IDO Nivolumab + Epacadostat VII
NCT02983578 PD-L1 AZD9150 +MEDI4736 II
NCT02982694 PD-L1 Atezolizumab + Bevacizumab II
NCT02777710 PD-L1 Durvalumab + Pexidartinib I
NCT03827044 PD-L1 Avelumab III
NCT02669914 PD-L1 Durvalumab II
NCT02754856 PD-L1 and CTLA-4 MEDI4736 + Tremelimumab I

NCT03202758 PD-L1 and CTLA-4 Durvalumab, Tremelimumab,
and FOLFOX I/II

NCT, national clinical trial; PD-1, programmed cell death-1; PD-1, programmed cell death-1 ligand; CTLA-4,
cytotoxic T-lymphocyte-associated protein 4; IDO, indoleamine-pyrrole 2,3-dioxygenase.

Several studies associate the expression of PD-L1 with PD-L2 and with the geographical association
of different types of immune cells. The protein levels of PD-L1 and PD-L2 are associated with the
response of anti-PD1 MoAbs. Thus, PD-L2 may be a promising target in immunotherapeutic schemes
for CRC [137,138]. It is well known that increasing levels of CD73 block the activation of lymphocytes
via increasing adenosine levels. Thus, inhibition of CD73 enhances the therapeutic effect of anti-PD1 and
anti-CTL4 monoclonal antibodies [139]. Furthermore, several studies, have explored the relationship
between the inhibition of PD-1/CTLA-4 and the increasing levels of CD8+ and CD4+ T cells and
cytokines, Tregs inhibition, and other molecules essential for T-cell function [120,140].
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5. Targeting Autophagy—A Promising Anti-Cancer Strategy

5.1. The Main Autophagy Inhibitors in Cancer Therapy

Different studies in the last years support the concept of the protective role of autophagy against a
different type of cancer therapy, like radiotherapy, chemotherapy, and immunotherapy [141]. The crucial
role of autophagy is to regulate the energy and metabolic balance of cancer cells [17] and through
the impairment of cell death [142]. Years of efforts have led to the development of molecules that
inhibit autophagy. Because of the crucial role of autophagy in cancer cell initiation and progression,
the inhibition of autophagy has been shown to be beneficial in anticancer treatment.

Chloroquine (CQ) and its derivative, hydroxychloroquine (HCQ), is one of the most well-known
inhibitors that target the fusion of the autophagosome with a lysosome. Over the last years, different
clinical trials have attempted to evaluate the clinical significance of autophagy inhibition with
CQ or HCQ in several types of cancers [76]. Unfortunately, these clinical trials failed to provide
clinically significant benefits because of a lack of consistent inhibition of autophagy with CQ and its
derivative, HCQ [143]. However, the combination of autophagy inhibition with other agents provides
some encouraging results [76,144]. The combination of HCQ with chemotherapy, like gemcitabine,
in pancreatic adenocarcinoma reduced the level of tumor marker 19-9 around 60% [145]. Furthermore,
inhibition of autophagy may also have benefits in immunotherapy. The combination of CQ with IL-2
has proven effective with limited toxicity in a preclinical murine hepatic metastasis model. Moreover,
this combinatorial scheme increases long term survival and the proliferation and infiltration of immune
cells in the liver and spleen [141].

The clinical response of CQ and HCQ appears to vary widely. CQ and its derivative, CHQ, are not
specific inhibitors of autophagy [141] and this appears to affect the bioavailability of other drugs by
altering the tumor pH [143,146]. Also, the lack of a specific biomarker, which evaluates the inhibition
of autophagy, add to the difficulties of these autophagy inhibitors to provide clinically significant
results. New, more specific autophagy inhibitors may provide benefits for patients [76,141].

A more potent autophagy inhibitor is Lys05, a dimeric for of Chloroquine. Lys05 alters the
acidification of the lysosomes and causes impairment of lysosomal enzymes. It can be used in lower
doses. Thus, it is more tolerated and associated with stronger anti-tumor activity [147]. Another
autophagy inhibitor is SAR405. SAR405 is a specific kinase inhibitor of Vps18 and Vps34. Vps34 and
Beclin-1 regulate the initiation of the autophagy process. Inhibition of Vps34 leads to dysfunctional
lysosome and vesicle trafficking activity [148]. Several studies support that inhibition of Beclin-1
reduces tumor growth and enhances anti-tumor NK cell activity. Decreasing levels of Beclin-1
leads tumor cells to overexpress CCL5 cytokine, which regulates the trafficking of NK cells to the
tumors [141]. SBI-0206965 is a highly selective, small molecule inhibitor for ULK1 (Unc-51 like kinase-1).
This molecule inhibits autophagy through the reduction of ULK1-mediated phosphorylation events in
cells. In vivo experiments support the antitumor activity of SBI-0206965 via inhibition of autophagy
in different types of cancer [149]. Several other drugs, such as verteporfin, clomipramine, and
desmethylclomipramine (DCMI), have been FDA-approved for use in therapy. All these agents alter
the acidification of lysosomes or block autophagosome-lysosome fusion [150]. Specifically, autophagy
inhibition through DCMI enhances the efficacy of doxorybicin in in vitro studies [151]. Another potent
autophagy inhibitor is spautin-1. The mechanism by which spautin-1 inhibits autophagy has already
been identified. It inhibits two ubiquitin-specific peptidases, USP10 and USP13, which regulate the
deubiquitination of Beclin-1 in Vps34 complexes. Thus, autophagy initiation is inhibited [152]. Due
to the strong association of autophagy with the tumor microenvironment and the immune response
against tumors, autophagy inhibition may have a negative effect on the adaptive antitumor immunity
against tumors. Starobinets et al. (2016) identified that adaptive antitumor immunity is not adversely
associated with autophagy inhibition in breast and melanoma cancer models. Thus, autophagy
inhibitors can be safely combined with other chemotherapeutic drugs, such as anthracyclines, and still
trigger a productive antitumor T cell response against tumors [153].
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5.2. Activators of Autophagy for Cancer Therapy

The current review attempts to extensively analyze the role of autophagy in the development of
the tumor microenvironment and anti-cancer immunotherapy. In many cases, it is well understood
that autophagy has a crucial role in the anti-tumor immune response in CRC. Autophagy not only
regulates the antigen presentation in MHC I and II, but it has also been associated with apoptotic cell
death in some cases. Due to the multifaceted role of autophagy in cancer, several molecules that induce
autophagy have been developed in order to have benefits in anti-cancer therapy.

The most well-known autophagy activators are rapamycin and rapalogs (everolimus, temsirolimus,
and deforolimus—analogs of rapamycin). They are inhibitors of mTOR and mTORC1, respectively,
and consequently activate autophagy [154]. In endometrial cancer cells, everolimus has been identified
as a suppressor of proliferation, especially when it is combined with paclitaxel [155]. Rapamycin was
reported to enhance radiation therapy in A549 lung cancer cells through the induction of autophagy
and delaying of DNA damage repair [156]. Rapamycin and rapalogs are putative therapeutic molecules
that act through autophagy induction, especially when combined with other anti-neoplastic drugs.
The clinical application of autophagy activators requires further investigation [155].

Another compound which reduces cell proliferation through the induction of autophagy is
metformin. Inhibition of autophagy with specific autophagy inhibitors or knockdown of Beclin-1
reversed the cytotoxic effects of metformin. Furthermore, metformin was identified to increase
TNF-related apoptosis-inducing ligand (TRAIL)-dependent apoptosis in lung adenocarcinoma cells
through the induction of autophagy machinery [152]. In a BRCA1-deficient mammary tumor model, the
combination of metformin with spautin-1 sensitizes BRCA1-deficient breast tumors to mitochondrial
disruptors. It is well known that these two agents target different aspects of mitochondrial function
and thus it may partially explain the contradictory observation of an autophagy inhibitor (spautin-1)
with an autophagy inducer (metformin) in the reduction of cell viability [157].

Obatoclax, a molecule that specifically targets the Bcl-2 family, has been identified as an anti-cancer
agent against hematologic malignancies [158]. The main anticancer mechanism of Obatoclax is strongly
associated with autophagy induction. Furthermore, Obatoclax stimulates the assembly of necrosomes
in the membranes of autophagosomes and consequently induces necroptosis [154]. Several studies
have established natural alkaloids, such as isoliensinine, cepharanthine, and liensinine, as inducers
of autophagy in cancer [159]. Alkaloids regulate autophagy through phosphorylation of AMPK and
inhibition of mTOR. These kinds of alkaloids have been reported to induce apoptotic cell death in
apoptosis-resistant MEFs [154].

Herein, we provide two summarized tables about small molecules that inhibit or activate
autophagy. Regulation of autophagy is already used in research to develop new chemotherapeutic
strategies with immunotherapy for different types of cancer, including CRC (Tables 2 and 3).
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Table 2. Commonly used molecules inhibiting autophagy. Small molecules that have been identified
as inhibitors of autophagy and the main mechanism of action.

Compound
Autophagy Inhibitors

Mechanism of Action

Bafilomycin A1 Inhibitor of v-ATPase, inhibition of lysosomal acidification
Concanamycin A Inhibitor of v-ATPase, inhibition of lysosomal acidification

Azithromycin Inhibitor of v-ATPase, inhibition of lysosomal acidification
3-Methyladenine (3-MA) Inhibitor of class III PI3K

Chloroquine (CQ) Neutralizes the acidic pH of intracellular vesicles

Hydroxy-chloroquine (HCQ) CQ derivative-Neutralizes the acidic pH of intracellular
vesicles

Lys05 CQ derivative-alter the acidification of the lysosomes
SAR405 Kinase inhibitor of Vps18 and Vps34

SBI-0206965 Inhibitor of ULK1
Verteporfin Inhibit acidification of lysosomes

Clomipramine Inhibit acidification of lysosomes
desmethylclomipramine (DCMI) Inhibit Autophagosome-Lysosome fusion

Paclitaxel Microtubule stabilizer- inhibits phosphorylation of VPS34 at
T159

SAHA Interact in autophagosome-lysosome fusion
Monensin Inhibit autophagosome-lysosome fusion

Sputin-1 Inhibits the activity of ubiquitin-specific peptidases, USP10
and USP13

SP600125 Inhibition of JNK—reduction of Beclin-1
U0126 Inhibitor of MEK1 and MEK2

Wortmannin PI3K inhibitor
LY294002 PI3K inhibitor
SB202190 Cross-inhibition of the PI3K/mTOR and MAPKs pathway
SB203580 Inhibit autophagy by interfering with the trafficking of Atg9
MHY1485 mTOR activator

Table 3. Commonly used molecules to induce autophagy. Small molecules that have been identified as
autophagy inducers and the primary mechanism of action.

Compound/Molecule
Autophagy Inducers

Mechanism of Action

Rapamycin mTORC1 inhibitor
Temsirolimus mTORC1 inhibitor
Deforolimus mTORC1 inhibitor
Everolimus mTORC1 inhibitor
Metformin AMPK activator
Obatoclax Inhibitor of Bcl-2 family proteins

isoliensinine Natural alkaloid
cepharanthine Natural alkaloid

liensinine Natural alkaloid
Perifosine AKT inhibitor

Tat–Beclin-1 peptide Releases beclin-1 into cytoplasm-regulate
autophagosome formation

Lithium Increase the levels of Beclin-1/VPS34 complexes
GDC-0980 Dual inhibitor of PI3K and mTORC1
GDC-0941 Inhibitor of class I PI3K
fluspirilene Antagonists of L-type Ca2+ channels
verapamil Antagonists of L-type Ca2+ channels

loperamide Antagonists of L-type Ca2+ channels
nimodipine Antagonists of L-type Ca2+ channels
amiodarone Antagonists of L-type Ca2+ channels
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6. Conclusions

In the last decade, autophagy has been strongly associated with tumorigenesis in colorectal cancer.
The dual role of autophagy as survival and a pro-death mechanism has become a field of research in
order to develop more effective therapeutic schemes against cancer. In established tumors, autophagy
has a vital role as a survival mechanism, especially in the hypoxic regions of tumors. It is well known
that tumors are characterized by a highly heterogeneous population of cancer, mesenchymal, immune,
and stromal cells in a complex structure, which is identified as the tumor microenvironment. A growing
body of evidence supports the hypothesis that autophagy regulates not only the metabolic function of
cancer cells, but also other types of cells in the tumor microenvironment. Autophagy has a crucial role as
a regulator of immune responses by sustaining the activation, homeostasis, and biological functions of
different immune cells, such as T-cells, macrophages, and antigen presenting cells. Moreover, the impact
of autophagy on tumor cells has also been observed in the active participation in intracellular and
extracellular antigen processing for MHC-I and/or MHC-II presentation. Besides, autophagy has also
been reported to associate with the cross-presentation of neo-antigens for MHC-I presentation and
the internalization process. Several studies support autophagy as a potential target to strengthen
or attenuate the effects of immunotherapy against different types of cancer, including CRC. In the
future, efforts should be focused on how to regulate autophagy in the tumor microenvironment in
order to strengthen the response of the immune system and overcome anti-tumor immune resistance
in immunotherapy for colorectal cancer.
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Abbreviations

ATGs Autophagy-related genes
CAFs Cancer-associated fibroblasts
CRC Colorectal cancer
CTLs Cytotoxic T lymphocytes
CTLA-4 cytotoxic T-lymphocyte-associated antigen-4
CQ Chloroquine
PD-1 Programmed cell death protein 1
PD-L1 Programmed death-ligand 1
HCQ Hydroxyl-chloroquine
mCRC metastatic Colorectal cancer
MDSCs Myeloid-derived suppressor cell
MHC I and II Major histocompatibility complex I and II
MoAbs Monoclonal antibodies
NSCLC Non-small cell lung cancer
MMRd Mismatch repair deficiency
MSI-H Microsatellite instability-High
MSS Microsatellite stable
TANs Tumor-associated neutrophils
TAMs Tumor-associated macrophages
TCR T-cell receptor
TILs Tumor-infiltrating lymphocytes
Tregs Regulatory T cells
3-MA 3-Methyladenine
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