
Edited by

The Shaping 
of Cancer by 
the Tumour 
Microenvironment 
and Its Relevance 
for Cancer Therapy

Patrícia Alexandra Saraiva Madureira
Printed Edition of the Special Issue Published in Cancers

www.mdpi.com/journal/cancers



The Shaping of Cancer by the Tumour
Microenvironment and Its Relevance
for Cancer Therapy





The Shaping of Cancer by the Tumour
Microenvironment and Its Relevance
for Cancer Therapy

Editor

Patrı́cia Alexandra Saraiva Madureira

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Patrı́cia Alexandra Saraiva Madureira

Centre for Biomedical Research

University of Algarve

Faro

Portugal

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Cancers (ISSN 2072-6694) (available at: www.mdpi.com/journal/cancers/special issues/Tumour

Microenvironment).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-1608-0 (Hbk)

ISBN 978-3-0365-1607-3 (PDF)

© 2021 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.

www.mdpi.com/journal/cancers/special_issues/Tumour_Microenvironment
www.mdpi.com/journal/cancers/special_issues/Tumour_Microenvironment


Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface to ”The Shaping of Cancer by the Tumour Microenvironment and Its Relevance for
Cancer Therapy” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix
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Preface to ”The Shaping of Cancer by the Tumour
Microenvironment and Its Relevance for Cancer
Therapy”

The simplistic view of a tumour as the sole result of the uncontrolled proliferation of transformed

cells has long been refuted. It is well established that cancer is not an independent entity, and

that the tumour microenvironment plays a pivotal role in shaping the evolution of cancer cells

and consequently the progression of the tumour. To survive and spread/metastasize, cancer cells

need to adapt to the pressures imposed by their microenvironments. These include high oxidative

stress conditions, reduced oxygen (hypoxia), immune system surveillance and exposure to chemo-

and radioherapy. It is crucial to understand the interplay between the cancer cells and the tumour

microenvironment to develop efficient therapies against primary and, importantly, recurrent cancers

that have evolved in response to treatment.

Patrı́cia Alexandra Saraiva Madureira

Editor
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Simple Summary: Glioblastoma (GB) is the deadliest type of primary brain tumor. Following diag-
nosis the patient´s median survival is only 16 months. There are currently around 450 clinical trials
focused on the development of more effective therapies for GB. Nevertheless, radiotherapy remains
the most clinically relevant and effective treatment for this devastating disease. Unfortunately, radio-
therapy resistance (radioresistance) is frequently observed in GB patients. As a consequence tumor
regrowth (recurrence) occurs and eventually the patient succumbs to the disease. It is crucial to fully
understand the mechanisms by which GB cells become resistant to radiation in order to improve the
sensitivity of these cells to radiotherapy and develop novel strategies to overcome this issue. In this
review, we examined how low tumor oxygenation (known as hypoxia) which is a main feature of GB
contributes to radioresistance to better understand the implications of this tumor microenvironment
in GB treatment and recurrence.

Abstract: Glioblastoma (GB) (grade IV astrocytoma) is the most malignant type of primary brain
tumor with a 16 months median survival time following diagnosis. Despite increasing attention
regarding the development of targeted therapies for GB that resulted in around 450 clinical trials
currently undergoing, radiotherapy still remains the most clinically effective treatment for these
patients. Nevertheless, radiotherapy resistance (radioresistance) is commonly observed in GB patients
leading to tumor recurrence and eventually patient death. It is therefore essential to unravel the
molecular mechanisms underpinning GB cell radioresistance in order to develop novel strategies and
combinational therapies focused on enhancing tumor cell sensitivity to radiotherapy. In this review,
we present a comprehensive examination of the current literature regarding the role of hypoxia (O2

partial pressure less than 10 mmHg), a main GB microenvironmental factor, in radioresistance with
the ultimate goal of identifying potential molecular markers and therapeutic targets to overcome this
issue in the future.

Keywords: glioblastoma (GB); hypoxia; radiotherapy; Hypoxia Inducible Factor (HIF); radioresis-
tance; glioma stem cells (GSC)

1. Introduction

Glioblastoma (GB) is classified by the World Health Organization (WHO) as a grade
IV astrocytoma. It is the deadliest primary malignant brain tumor; the median patient
survival time being only 16 months [1–3].

The current classification of the Central Nervous System (CNS) tumors by the WHO
combines both their histopathological name followed by the characteristic genetic signa-
ture [4]. In accordance to this, GB is classified as GB, IDH-wildtype which is the most
prevalent type, corresponding to approximately 90% of all cases, and GB, IDH-mutant.
Over 90% of GB develop de novo, called primary GB. However, a minority of GB develop
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slowly from low-grade astrocytomas (secondary GB). Mutations in IDH are more frequently
observed in secondary GB. There are three Isocitrate Dehydrogenase (IDH) enzymes (IDH1,
IDH2 and IDH3), but only IDH1 and IDH2 enzymes have been shown to be mutated in GB.
IDHs are responsible for the conversion of isocitrate to α-ketoglutarate. This process results
in the production of the reducing agent Nicotinamide Adenine Dinucleotide Phosphate
(NADPH). IDH-mutant enzymes have approximately 50% less activity compared to IDH
wild-type (WT) proteins. This results in impaired production of bioenergy (NADPH) and
intermediates and the production of the onco-metabolite 2-hydroxyglutarate (2-HG) which
causes epigenetic changes. 2-HG via hyper-methylation leads to the loss of differentiation
of GB cells. These changes caused by IDH mutation lead to reduced GB, IDH-mutant
tumor growth compared to GB, IDH-WT. This consequently translates to a better overall
prognosis for patients with GB, IDH-mutant [5].

GB has been further sub-classified into classical, proneural, neural and mesenchymal
sub-types based on specific genetic signatures [6,7]. In this way, the classical sub-type is
characterized by Epidermal Growth Factor Receptor (EGFR) gene amplification or mutation
(leading to a constitutively active receptor) as well as by over-expression of neural stem
cell genes. These include Sonic hedgehog, Notch and NES [7]. The proneural sub-type shows
a gene signature characterized by over-expression of many proneural genes (e.g., DCX,
SOX, TCF4, ASCL1 and DLL3), amplification of the Platelet-Derived Growth Factor Receptor
A (PDGFRA) gene and inactivation or loss of TP53 [7,8]. In addition, IDH mutations are
more common within the proneural subtype [9]. The expression of neuron gene markers,
such as NEFL, GABRA1, SYT1 and SLC12A5 is a hallmark of the neural sub-type [7]. Lastly,
the mesenchymal sub-type signature includes the expression of mesenchymal genes (e.g.,
CHI3L1 and MET) [8] as well as inactivating mutations or deletion of the Neurofibromin 1
(NF1) gene [7,10,11].

The current standard treatment for GB was established in 2005 by Roger Stupp and
colleagues [12]. The so called “Stupp protocol” encompasses GB resection surgery (when
possible as evaluated by MRI imaging) after what concurrent radiotherapy and chemother-
apy with temozolomide (TMZ) are implemented. This is followed by additional 6 cycles of
TMZ administration [12]. Radiotherapy alone can considerably increase patient survival.
However, beneficial effects of chemotherapy with TMZ are most commonly observed in a
sub-set of patients whose tumors contain O6-methylguanine DNA methyltransferase (MGMT)
promoter methylation [1,9]. MGMT promoter methylation is also a prognostic factor associ-
ated with longer survival irrespective of TMZ treatment as well as longer post-progression
survival (3–4 months) in patients with recurrent GB [13]. MGMT is a DNA repair enzyme
that fixes damaged guanine nucleotides (O6-methylguanine) via transferring the methyl
group at the O6 site of guanine to its cysteine residues. This reverts the gene mutation and
subsequently avoids cell death induced by alkylating agents such as TMZ [14]. Several
studies have demonstrated that regulation of MGMT expression in GB occurs mainly via
epigenetic modification, namely through the methylation of CpG islands within the MGMT
promoter. This leads to heterochromatinization which is accompanied by rearrangement
and random localization of nucleosomes. Consequently, binding of transcription factors to
the MGMT promoter becomes impaired [14].

The current standard radiotherapy dosage is a total of 60 Grays (Gy) in fractions of
2 Gy, administered 5 days a week for 6 weeks [12]. TMZ is concurrently administrated at a
dose of 75 mg/m2 daily for 6 weeks. After a rest period of one month, TMZ chemotherapy
is restarted at a dose of 150 mg/m2 daily for 5 days in the first month cycle. If this dose is
tolerated, it can be increased up to 200 mg/m2 for 5 days per month. TMZ is administrated
for 6 months after radiotherapy, but many physicians continue TMZ administration for
12–18 months even though it has not been proved to increase overall survival [12,15].
Worryingly, almost all GB patients develop resistance to current therapy and eventually
succumb to the disease.

Despite the development of a large number of studies and hundreds of ongoing
clinical trials, GB treatment has not changed since 2005 [9,12]. Understanding the complex
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biology of GB and the role of the tumor microenvironment is therefore crucial to develop
novel and effective treatments in GB.

GB pathological features include hypoxic foci (where O2 partial pressure is less than
10 mmHg) containing necrotic cores. The hypoxic areas are surrounded by cell pseudopal-
isades and microvascular hyperplasia [9]. Research suggests that cellular pseudopalisades
constitute invasive fronts of the tumor that likely originated from GB cells migrating away
from the hypoxic regions. These cells over-secrete proangiogenic factors leading to an
intensified form of angiogenesis which is known as microvascular hyperplasia [9].

The GB hypoxic microenvironment has been shown to be highly associated with
tumor invasion and resistance to chemo- and radiotherapy which are the main causes of
death in GB patients [16,17]. Importantly, dynamic contrast enhanced MRI analyses have
indicated that Hypoxia Inducible Factor 1 (HIF-1) (hypoxia marker) and Vascular Endothe-
lial Growth Factor A (VEGFA) staining and tumor vascularity significantly correlate with
worse progression-free and overall GB patient survival [18,19].

In this review article, we examined the existing literature regarding the role of hy-
poxia in supporting radiotherapy resistance in GB with the aim to better understand the
implications of this tumor microenvironment in GB treatment and recurrence.

2. Basic Principles of Cancer Radiotherapy

Radiotherapy is currently the major and most effective treatment modality for GB
patients. Nevertheless, radioresistance remains a major clinical problem for these patients.

Ionizing radiation (IR) was discovered just before the turn of the 20th century by
Marie and Pierre Curie and Wilhelm Conrad Roentgen [20]. It was during the 1920s that
cancer radiotherapy was piloted and significantly evolved [20] due to several technologic
and research advances. These included the invention by Coolidge et al. of a sealed-off
vacuum x-ray tube which could be operated at 180,000 to 200,000 volts which introduced
the kilovoltage era in radiotherapy. Another important advancement that contributed to
the effectiveness of radiotherapy at that time was the development of the first quantitative
methods for the measurement of radiation dose and of the first physical unit of dose, the
roentgen (later replaced by the rad). Lastly, the experimental and clinical radiobiology re-
search work led by Claude Regaud at the Fondation Curie in Paris pioneered the procedure
and development of fractionated radiotherapy which is still currently in use [20].

The ability of IR to kill tumor cells relies mainly on its DNA damaging effects. This
damage can occur either directly on the DNA molecules (accounting for 30–40% of lesions),
or indirectly through the generation of free radicals such as reactive oxygen species (ROS)
or reactive nitrogen species (RNS) that in turn damage the DNA molecules (responsible for
60–70% of lesions) [21,22].

Water radiolysis is a main process in the formation of free radicals (ROS) by IR,
resulting in the formation of electrons, H˙ atoms, OH˙ radicals, H3O+, OH− ions and
dihydrogen (H2) and hydrogen peroxide (H2O2) molecules [23].

IR produces a spectrum of DNA base lesions, the most prevalent being 8-oxo-guanaine
(8-oxoG), thymine glycol (5,6-dihydroxy-5,6-dihydrothymine) and formamidopyrimidines [4,6-
diamino-5-formamidopyrimidine (FapyAde) and 2,6-diamino-4-hydroxy-5-formamidopyrimidine
(FapyGua)] [24]. In addition, IR produces DNA Single Strand Breaks (SSBs) that have
a unique signature, generating 3′ phosphate or 3′-phosphoglycolate ends rather than
3′-OH ends. Particularly important IR induced lesions are double strand breaks (DSBs)
which occur due to multiple damaged sites closely located on both strands of the DNA
molecule [24]. DSBs are more difficult to repair compared to SSBs leading to cancer cell
death [25]. DSBs typically trigger DNA-damage responses (DDR). However, when DSBs
cannot be efficiently repaired by the cellular DDR mechanisms, irradiated cells undergo the
so-called mitotic catastrophe which is a major cell death mechanism caused by IR-induced
DNA damage [26].

Typically, a dose of 1Gy of X-ray radiation produces around 3000 damaged bases,
1000 SSBs and 40 DSBs [22].
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The decreased oxygen levels observed in hypoxic GB cells, lead to resistance to IR due
to the reduced availability of oxygen which is needed to stabilize the DNA strand breaks
caused by radiotherapy [27]. Under normoxic conditions (physiological or normal oxygen
levels, where tissue oxygenation is around 40 mmHg), cells are vulnerable to IR due to
oxygen fixation leading to irreversible DNA damage. However, under hypoxic conditions
(where O2 partial pressure (pO2) is below 10 mmHg), there is diminished production
of DNA radicals due to the low levels of oxygen and subsequently cells become more
resistant to radiotherapy [28]. Consequently, the radiation dose required to achieve the
same biological effect is about three times higher in the absence of oxygen as compared to
physiological oxygen levels [27].

3. Hypoxia in GB

Tumor hypoxia is a hallmark of GB and mainly occurs due to the abnormal neo-
vascularization observed within these tumors [29]. The blood vessels that feed the GB
are typically highly permeable and easily collapsible due to the excessive recruitment
and proliferation of endothelial cells (caused by excessive secretion of VEGFA by the
tumor cells) and lack of pericyte coverage (which are cells that provide support to the
blood vessels) [30–32]. In addition, these vessels exhibit larger diameters and possess
thicker basement membranes when compared to physiological brain blood vessels [33].
As a consequence, the occurrence of microvascular thromboses and vessel occlusions are
frequently observed in GB [34] which significantly impede blood flow leading to a het-
erogeneous microenvironment regarding tumor oxygenation [35]. Moreover, the anarchic
organization and instability of the vascular system within the tumor can lead to dynamic
phases of hypoxia and then reoxygenation within the different tumor fractions, known as
“cycling hypoxia” [36].

3.1. Regulation of HIF Transcription Factors

The cellular response to hypoxic stress is largely orchestrated by the HIF transcription
factors. HIFs are heterodimers composed of an α subunit (e.g., HIF-1α, EPAS1/HIF-2α,
or HIF-3α) which is negatively regulated by oxygen (O2) and a β subunit, HIF-1β, also
known as aryl hydrocarbon receptor nuclear translocator (ARNT), which is expressed
constitutively in cells [37,38]. Regarding protein domain structures, HIF-1α, HIF-2α, and
HIF-1β subunits all have a Per-Arnt-Sim (PAS) and a basic Helix-Loop-Helix (bHLH) do-
mains which are involved in the heterodimer assembly and binding to Hypoxia Responsive
Elements (HRE) within HIF target gene promoters and a characteristic C-Terminal Domain
(C-TAD) (Figure 1). Each HIF-α subunit also contain an Oxygen-Dependent Degradation
Domain (ODDD) that is involved in the degradation of these proteins in the presence of
normal levels of oxygen, and a specific N-Terminal Domain (N-TAD) (Figure 1). N-TAD
and C-TAD domains are able to interact with p300/CBP HIF transcriptional coactiva-
tors [39–41]. Different variants of the HIF-3α subunit containing diverse deletions of the
domains described above have been shown to exist (reviewed in [42]).

HIF transcriptional activity is highly dependent on the degradation (negative regu-
lation) or stabilization (positive regulation) of the HIF-α subunit which is regulated by
intracellular levels of oxygen. In normoxic cells, the Prolyl Hydroxylases 1-3 (PHD1-3)
hydroxylate two prolyl residues within the HIF-α subunit. This enables the binding of the
Von Hippel-Lindau (VHL) protein to the HIF-α subunit and the subsequent recruitment of
E3 ubiquitin ligases that target HIF-α for degradation via the proteasome (Figure 2) [43–45].
Hypoxia inhibits PHD activity and consequently leads to HIF-α stabilization and transloca-
tion to the nucleus where it binds to the HIF-1β subunit and p300/CBP cofactors. HIFs bind
to HRE within their target gene promoters orchestrating the hypoxic response [46–48]. The
hydroxylase, Factor-Inhibiting HIF (FIH) has also been shown to regulate HIF activity in
an oxygen dependent manner. In normoxic cells, FIH hydroxylates an asparagine residue
within the HIF-α subunit which impairs the interaction between HIF and the transcrip-
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tional activators, p300/CBP subsequently negatively impacting on HIF transcriptional
activity (Figure 2) [49,50].
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HIFs bind to HRE within their target gene promoters. In normoxic cells, FIH hydroxylates an asparagine residue within the
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HIF-1 and HIF-2 are considered the main regulators of the hypoxia response [37,38],
while the existence of multiple variants of HIF-3α has highlighted that HIF-3 can function
in some cases as a transcriptional activator whereas certain variants can act as dominant
negative regulators of HIF-1 and/or HIF-2 transcriptional functions [42,51].

3.2. Hypoxia Independent HIF Activation in GB

Several genetic alterations leading to HIF activation, even in the absence of hypoxia,
have been reported in GB (Figure 3). These include the activation of the EGFR (either by am-
plification or mutation of the EGFR gene) and the loss of the tumor suppressor genes TP53
and Phosphatase and Tensin homolog (PTEN) [52–54]. The most common EGFR mutation
observed in GB is the deletion of exons 2–7 (EGFRvIII) resulting in the expression of a consti-
tutively active and ligand independent EGFRvIII receptor [55]. EGFR signaling leads to the
up-regulation of HIF-1α levels via the activation of the PI3K/AKT/mTOR pathway [56,57].
Depletion of PTEN has been reported in about 20–40% of GB [53]. PTEN constitutes the
main negative regulator of the PI3K/AKT signaling pathway. Therefore, loss of PTEN
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promotes the up-regulation of HIF-1α due to enhanced activity of the PI3K/AKT/mTOR
pathway which is observed in the absence of PTEN protein. Loss of the TP53 gene has
been linked to HIF-1α stabilization due to down-regulation of MDM2 transcription and
subsequent inhibition of MDM2 mediated ubiquitination and degradation of HIF-1α
(Figure 3) [54].
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Factor Receptor (EGFR) by EGFR gene mutation (e.g., EGFRvIII) and/or amplification frequently
occurs in GB cells resulting in activation of the PI3K/AKT/mTOR pathway with the subsequent
accumulation of HIF-1α levels. The tumor suppressor Phosphatase and Tensin homolog (PTEN)
gene is deleted in 20–40% of GBs. PTEN is the main inhibitor of the PI3K/AKT signaling pathway.
Consequently, loss of PTEN will also lead to accumulation of HIF-1α via the PI3K/AKT/mTOR
pathway. Loss of p53 inhibits MDM2-mediated ubiquitination of HIF-1α leading to its accumulation
and increased HIF activity in GB cells.

3.3. HIF Transcriptional Targets in GB

HIFs induce the transcription of hundreds of genes involved in the regulation of main
cellular processes including angiogenesis, glycolysis, autophagy, motility and invasion,
chemo- and radioresistance [58,59].

Several studies using GB cell lines and/or clinical samples support a hypoxia triggered
metabolic switch towards glycolysis including the up-regulation of HK2, PFKFB3, PFKFB4,
PFKFP, LDHA, PDK1, SLC2A1/GLUT-1, CA9/CA IX, PGAM1, ENO1, ENO2, ALDOA
and SLC16A3/ MCT-4 genes and proteins (Figure 4) [9,59,60]. Hypoxic up-regulation of
many pro-angiogenic genes and proteins is also commonly observed in GB. These include
VEGFA, VEGFC, VEGFD, PGF/PlGF, ADM and ANGPTL4 (Figure 4) [32,59,61,62]. GB is a
highly invasive tumor and hypoxia has been shown to induce proteins of the plasminogen
system. These include the plasminogen receptor, S100A10, the receptor for the urokinase

6



Cancers 2021, 13, 542

Plasminogen Activator (uPA), uPAR and the Plasminogen Activator Inhibitor-1 (PAI-1)
(Figure 4) [59,63,64]. The co-localization of S100A10 with uPAR at the outer cell membrane
has been shown to promote the generation of the serine protease, plasmin by putting
plasminogen (inactive form of plasmin) and its activator, uPA into close proximity. This
leads to the subsequent degradation of the Extra-Cellular Matrix (ECM) by plasmin which
is a critical step in GB cell invasion. Importantly, plasmin also has the capacity to cleave
and activate many pro-MMPs, further accelerating ECM degradation [65,66]. The GB
hypoxic environment has also been shown to promote the up-regulation of autophagy
genes including BNIP-3 and DDIT4 (Figure 4) [59,67,68]. Several studies support that
during hypoxic stress autophagy allows the recycling of cellular components which is
critical for cell survival under oxygen and nutrients limiting conditions. Association
of GB hypoxia with chemoresistance has also been demonstrated. Several reports have
shown that hypoxic induction of ANGPTL4, DDIT4 and NDRG1 lead to resistance to
chemotherapy (Figure 4) [59,69–73].
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4. The Role of Hypoxia in GB Radioresistance

The molecular mechanisms by which GB becomes resistant to radiotherapy are still
not fully understood. However, it has been shown that radioresistance can at least in part
be due to the presence of hypoxic regions within the tumor [74].

Hypoxia contributes to radioresistance by controlling several cellular processes in-
cluding regulation of the cell cycle, inhibition of apoptosis and senescence, regulation of
autophagy and antioxidant/redox activity, promoting invasion and cancer cell stemness.
In addition, radiotherapy is more efficient in rapidly proliferating cells as compared to
slow-proliferating, quiescent and stem-like cells that are localized in the most hypoxic
regions of the tumor [28].

4.1. The Role of Cell Cycle Regulation Proteins in Hypoxia Induced Radioresistance

Several molecular mechanisms involved in cell cycle regulation have been shown to
play a role in hypoxia induced radioresistance in GB (Figures 5 and 6). A study showed
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that MEK/ERK inhibition either by treatment with the drug, U0126 or downregulation of
ERK by siRNA significantly enhanced the radiosensitivity of hypoxic T98G, U87MG and
U138MG GB cells [75]. Using a combination of siRNA approaches and chemical inhibitors
these authors further mapped the MEK/ERK/DNA-PKc/HIF-1α functional interplay in
hypoxia dependent GB radioresistance.
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Another report highlighted the role of the Fibroblast Growth Factor Receptor 1 (FGFR1)
in Phospholipase C Gamma (PlCγ)/HIF1α-dependent GB radioresistance [76]. FGFR
signalling is involved in the regulation of cell proliferation, differentiation, migration,
angiogenesis and tissue injury repair. PlCγ binds through its SH2 domain to a phos-
photyrosine residue within the C-terminal tail of FGFRs and is phosphorylated at the
tyrosine residues by the activated receptor tyrosine kinase. This phosphorylation activates
PlCγ which then hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to generate
inositol1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (DAG) leading to Protein Kinase C
(PKC) activation. Using in vitro and in vivo knockdown approaches, the authors were able
to demonstrate that FGFR1/PlCγ/HIF1α signalling pathway confers radioresistance to
GB cells (e.g., U87, LN18) and derived tumor mouse xenografts via controlling radiation-
induced centrosome overduplication and radiation-induced mitotic cell death.

We recently observed a significant increase in DDIT4 expression in hypoxic GB cells
(e.g., U87, SEBTA-003, SEBTA-023, UP-007, UP-029) as compared to their normoxic coun-
terpart control cells [59]. These data supported a previous report using U87 cells [67]. We
also observed high expression of DDIT4 in GB patient clinical samples, particularly in GB
hypoxic core region as compared to normal brain specimens [59]. DDIT4 gene product
is the protein, REDD1 which is involved in the activation of the Tuberous Sclerosis 1/2
(TSC1/TSC2) complex, a main negative regulator of mTORC1 [77]. Even though over-
expression of REDD1 in GB has been linked to chemo- and radioresistance the molecular
mechanisms involved in these outcomes are still not fully understood [70,78].

Phosphorylation of 4E-BP1 occurs after activation of mTORC1, which functions down-
stream of the PI3K/AKT and AMPK kinase signaling pathways [79]. As previously men-
tioned, the PI3K/AKT signaling pathway is frequently activated in GB. Consequently, this
leads to increased rates of cap-dependent translation in an mTORC1/4E-BP1–dependent
manner. Using a mouse U87 GB xenograft model, a study has shown that 4E-BP1 promotes
hypoxia dependent radioresistance [80]. These authors found that loss of 4E-BP1 expres-
sion by siRNA did not significantly affect in vitro growth of U87 GB cells, but significantly
enhanced the growth of U87 tumor xenografts. Furthermore, 4E-BP1 knockdown U87
cells were significantly more sensitive to hypoxia-induced in vitro cell death. Most impor-
tantly, 4E-BP1 knockdown cells produced tumors with reduced fractions of radioresistant
hypoxic cells.

The exosomal secretion of micro-RNA-301-a (miR-301-a) by hypoxic GB cells (e.g.,
U87, LN229, U251) has also been shown to lead to radioresistance [81]. Importantly, clinical
analysis revealed higher levels of miR-301a expression in glioma samples with high HIF-1α
levels and the percentage of serum exosomal miR-301a (low versus high) was distributed
according to the HIF-1α immunohistochemistry score. In vitro studies demonstrated that
miR-301a expression is regulated by HIF-1α. Furthermore, miR-301a directly repressed the
promoter of the tumor suppressor gene, TCEAL7 whose encoded protein binds to β-catenin
inhibiting its translocation from the cytoplasm to the nucleus. Therefore, negatively
regulating the Wnt/β-catenin signaling pathway. In summary, targeting of TCEAL7 gene
expression by miR-301a secreted by hypoxic GB cells induced enhanced activation of the
Wnt/β-catenin signaling axis leading to radioresistance.

4.2. The Role of Glycolysis in Hypoxia Induced Radioresistance

As aforementioned, hypoxia induces a metabolic reprogramming towards glycolysis
in GB cells. Interestingly, a research study has shown that modulation of the glucose
metabolism can sensitize GB cells to IR (Figures 5 and 6) [82]. Treatment of GB cells (e.g.,
U87, U251, LN229, DBTRG) with dichloroacetate, a PDK inhibitor, in combination with
radiotherapy reversed the radiotherapy-induced glycolytic shift in these cells and inhibited
their clonogenicity in vitro. Investigation into the molecular mechanism of action revealed
that dichloroacetate sensitized GB cells to radiotherapy by inducing G2–M phase cell-cycle
arrest, reducing mitochondrial reserve capacity, and increasing oxidative stress and DNA
damage in these cells [82]. In vivo studies using a mouse xenograft model showed that
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radiotherapy in combination with dichloroacetate improved the survival of orthotopic GB-
bearing mice [82]. Taking into account that hypoxia constitutes a major microenvironmental
factor that triggers glycolysis in GB (including the specific up-regulation of PDK1 [59]) this
report provides encouraging data regarding targeting the glycolytic metabolism in order to
sensitize hypoxic GB cells to radiotherapy.

4.3. The Role of ROS Regulatory Systems in Hypoxia Induced Radioresistance

Several studies have shown that the regulation of intracellular ROS levels plays a
key role in hypoxic GB radioresistance (Figures 5 and 6). ROS are radical and non-radical
oxygen-containing chemical molecules with different degrees of reactivity, including bio-
logically relevant molecules such as superoxide anion (O2

−), hydroxyl radical (·OH) and
hydrogen peroxide (H2O2) [58]. Of note, H2O2 constitutes a key second messenger in many
cell signaling pathways [58,83]. However, due to their reactive properties ROS contribute
to protein oxidation, lipid peroxidation and/or DNA damage that can ultimately result
in either cell death or tumorigenesis (due to DNA mutagenesis) [58]. To overcome this
issue, cells possess several antioxidant systems that inactivate ROS and recycle oxidized
molecules (reviewed in [58]). A study showed that exposure of T98G GB cells to cycling
hypoxia induced the up-regulation of the aspartate-aminotransferase Glutamic-Oxaloacetic
Transaminase 1 (GOT1) protein, leading to increased levels of the antioxidant protein,
glutathione (GSH), decreased intracellular ROS levels and enhanced radioresistance [84].
Most importantly, targeting glutamine-dependent antioxidant capacity or glutathione
metabolism reversed the cycling hypoxia induced GB cells radioresistance. Exposure to
either acute or cycling hypoxia was shown to trigger the up-regulation of the mitochondrial
Citrate Carrier (CIC) and IDH2 in T98G GB cells in vitro [85]. CIC protein belongs to the
large family of mitochondrial metabolite carriers. It is a mitochondrial transmembrane
protein whose main function is to mediate the exchange of mitochondrial citrate for cy-
tosolic malate. This process is accompanied with the transport of one proton and therefore
can influence the mitochondrial membrane potential [86]. In fact, the tumorigenic activity
of CIC has been shown to be linked to its role in mitochondrial membrane integrity [87]
which is crucial to inhibit ROS induced apoptosis.

NADPH oxidase subunit 4 (Nox4) has been shown to mediate cycling (intermittent)
hypoxia induced radioresistance in GB cells [88]. In this report, the GBM8401 and U251
cell lines were stably transfected with a dual hypoxia HIF-1 signaling reporter construct.
The mouse tumor xenograft studies showed that Nox4 was highly expressed in the cycling
hypoxic areas within the tumor microenvironment. In addition, when compared to the
normoxic or acutely hypoxic GB cells, the cycling hypoxic GB cells derived from tumor
xenografts showed significantly higher expression of Nox4, enhanced ROS levels and
increased radioresistance which was reversed by Nox4 suppression in intracerebral GB
bearing mice [88].

Another report revealed that hypoxia increased U87 GB cell radioresistance in vitro
and in vivo via long-term induction of HIF-1 signaling transduction in a ROS dependent-
manner [89]. These authors performed clonogenic survival assays to show that hypoxia
pretreatment of U87 cells significantly increased GB cell resistance to IR compared with
normoxic U87 control cells. To determine whether HIF-1 was a crucial mediator of hypoxia-
induced radioresistance in U87 cells, they used a HIF-1 siRNA approach. Hypoxic HIF-1
knockdown U87 cells showed similar sensitivity to IR as compared to normoxic HIF-1
knockdown U87 control cells, indicating that the increased radioresistance observed in
hypoxic U87 cells was mediated by HIF-1. The authors further confirmed these results
in vivo using a mouse xenograft model [89].

4.4. The Role of Glioma Stem Cells in Radioresistance

As early as 1997, Bonnet and Dick described for the first-time leukemic cells that
could transplant leukaemia in vivo into immunodeficient mice [90]. These cells were called
“cancer stem cells” (CSCs) and were later identified in different types of cancer including
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breast, colon, lung, as well as in CNS cancers such as GB [91]. CSCs are slow-dividing small
subpopulations of tumor cells that have the ability to undergo asymmetric cell division
for self-renewal and multilineage differentiation giving rise to more mature cancer cells
that constitute the bulk of the tumor [92,93]. The CSC hypothesis states that these cells
have the ability to generate the cellular heterogeneity which is commonly observed within
tumors. CSCs, called Glioma Stem Cells (GSCs) in GB, are suspected of being a main cause
of tumor recurrence after treatment.

GSCs have been shown to have similar properties to Neural Stem Cells (NSCs). In ad-
dition to self-renewal capacity and multilineage differentiation potential, GSCs also express
stemness markers involved in the regulation of specific signaling pathways, telomerase
activity, expression of ABC transporter proteins, migration, secretion of cytokines, growth
and pro-angiogenic factors [93].

It has been shown that hypoxia treatment of GB cells (e.g., SJ-1, U87) promoted
CD133 expression (marker for GSC) and increased OCT4 and SOX2 mRNA levels, while
promoting the loss of the glial differentiation marker, GFAP [94]. These data indicate
that hypoxia promotes a GSC phenotype in GB. Another report took a broader approach
by screening cell lines of different cancer types alongside human embryonic stem cells
for overlapping changes of common genes when grown under hypoxic conditions [95].
The authors showed that OCT4, NANOG, SOX2, KLF4, cMYC, and miRNA-302 were all
induced under hypoxic conditions in 11 different cancer cell lines from prostate, brain
(U251 GB cell line), kidney, cervix, lung, colon, liver and breast tumors [95]. This report
further supported a link between hypoxia and the stem cell phenotype by showing a
correlation between the expression of HIFs and OCT4 [95].

Whether HIF-1α, HIF-2α or both transcription factors play a main role in hypoxia
induced GSC phenotype is still a theme up for debate, with many studies showing differ-
ing results [29,95–98].

It has been well established that CSCs are significantly more radioresistant as com-
pared to non-CSCs [26]. This is due to their enhanced DNA-repair capability, antioxidant
defenses (in particular ROS scavenging systems) and self-renewal potential [99]. Interest-
ingly, GSCs are found within a particular hypoxic environment, called a “niche”. This
hypoxic niche forces the GSCs to develop mechanisms of survival and resistance to this
harmful environment and also keeps the GSCs in a state of quiescence making them less
vulnerable to the effects of radiotherapy [93]. Upon radiotherapy, the GSC populations
containing advantageous genomic alterations that protect them against IR are selected and
continue to sustain the tumor leading to recurrence.

Hypoxia has been shown to promote the undifferentiated state of GSCs through the
activation of the Notch signaling pathway in a HIF dependent manner, contributing in
this manner to GB radioresistance [100]. In summary, hypoxia is able of inducing the
dedifferentiation of GB cells towards a GSCs phenotype, thus conferring aggressiveness
and increased resistance to radiotherapy.

Interestingly, Dahan et al. demonstrated that IR itself is capable of inducing ded-
ifferentiation of GB cells leading to overexpression of stem cell markers (SOX2, Nestin,
SHH, Nanog, EZH2, Olig2) and a decrease in glial and neuronal differentiation markers
(GFAP and OMgp, respectively) which resulted in increased tumorigenicity in vivo [101].
In addition, this team observed overexpression of survivin (a protein with anti-apoptotic
properties that is expressed during neurogenesis) after irradiation of GB cells. Inhibition of
this protein prevented the dedifferentiation of GB cells into GSCs [101]. This highlights a
potential signaling pathway involved in the dedifferentiation of GB cells and a prospective
therapeutic target which would make it possible to inhibit the acquisition of this stem-like
phenotype highly linked to GB recurrence.

5. Conclusions

Targeting hypoxia-mediated radioresistance is considered an attractive approach to
improve therapy outcome in GB. However, clinical trials evaluating the use of hypoxia-
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targeting agents have failed to reveal a benefit for GB patients, reviewed in [102]. This
emphasizes the need for more effective and mechanism-based therapies to overcome
hypoxia-induced radioresistance and the co-development of predictive biomarkers and
improved imaging of heterogeneous GB hypoxia to guide radiotherapy protocols. As
previously described, hypoxic areas of the tumor are more resistant to IR compared to
normoxic areas. For this reason, increased radiation doses or number of radiation cycles
within the GB hypoxic areas could be considered. Here we performed a review of the
current literature, regarding the molecular mechanisms which are activated by hypoxia
and that can potentially be targeted in the future to improve radiotherapy efficiency in GB
patients. We revealed that several signaling pathways involved in cell cycle regulation were
shown to provide radioresistance in hypoxic GB cells. These included the MEK/ERK/DNA-
PKc/HIF-1α; PI3K/AKT/mTORC1/4E-BP1; and inhibition of TCEAL7 transcription by
miR-301-a leading to activation of the Wnt/β-catenin signaling pathway. The glycolytic
metabolism which is triggered by hypoxia in GB cells was also shown to be involved in
radioresistance and its inhibition showed promising in vivo results using a mouse xenograft
model, providing radiosensitivity in the GB-bearing mice. These results are encouraging
regarding the development of glycolytic inhibiting therapy approaches in combination with
IR treatment. In addition, several ROS-dependent and Redox regulatory mechanisms were
shown to play a role in hypoxic GB radioresistance. These included enhanced expression
of GOT1 leading to increased levels of the antioxidant protein, GSH; up-regulation of
CIC which has been linked to mitochondrial membrane integrity and inhibition of ROS-
induced apoptosis; up-regulation of Nox4 and ROS-dependent up-regulation of HIF-1.
Taken together these data highlight that targeting key Redox systems in combination with
IR treatment might constitute a promising approach in GB therapy. Finally, the hypoxic
microenvironment has been shown to play a role in GSC maintenance and quiescence
which are associated with GB radioresistance. This occurs via inhibition of differentiation
markers (e.g., GFAP, OMgp) and induction of stemness markers (e.g., CD133, OCT4, SOX2,
NANOG, NESTIN, EZH2, SHH, KLF4, cMYC, Olig2).

In conclusion, targeting key cellular proteins/mechanisms involved in cell cycle regu-
lation, glycolytic metabolism, Redox regulation and/or GSC maintenance in combination
with IR treatment may potentially lead to the development of novel and effective therapies
for GB patients.
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Simple Summary: Cancer is multifaceted and consists of more than just a collection of mutated
cells. These cancerous cells reside along with other non-mutated cells in an extracellular matrix
which together make up the tumor microenvironment or tumor stroma. The composition of the
tumor microenvironment plays an integral role in cancer initiation, progression, and response to
treatments. In this review, we discuss how the tumor microenvironment regulates the response and
resistance to radiation therapy and what targeted agents have been used to combat stromal-mediated
radiation resistance.

Abstract: A tumor is a complex “organ” composed of malignant cancer cells harboring genetic
aberrations surrounded by a stroma comprised of non-malignant cells and an extracellular matrix.
Considerable evidence has demonstrated that components of the genetically “normal” tumor stroma
contribute to tumor progression and resistance to a wide array of treatment modalities, including
radiotherapy. Cancer-associated fibroblasts can promote radioresistance through their secreted factors,
contact-mediated signaling, downstream pro-survival signaling pathways, immunomodulatory
effects, and cancer stem cell-generating role. The extracellular matrix can govern radiation
responsiveness by influencing oxygen availability and controlling the stability and bioavailability of
growth factors and cytokines. Immune status regarding the presence of pro- and anti-tumor immune
cells can regulate how tumors respond to radiation therapy. Furthermore, stromal cells including
endothelial cells and adipocytes can modulate radiosensitivity through their roles in angiogenesis and
vasculogenesis, and their secreted adipokines, respectively. Thus, to successfully eradicate cancers,
it is important to consider how tumor stroma components interact with and regulate the response to
radiation. Detailed knowledge of these interactions will help build a preclinical rationale to support
the use of stromal-targeting agents in combination with radiotherapy to increase radiosensitivity.

Keywords: stroma; cancer-associated fibroblast (CAF); extracellular matrix (ECM);
cytokine/chemokine; growth factors; pro- and anti-tumor immune cells; immunomodulatory roles;
radiotherapy dose fractionation; radioresistance; radiosensitivity
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1. Introduction

The field of oncology has evolved from a malignant mutated cancer cell-centered view
to the understanding of cancer as a complex “organ” composed of both malignant cells and
diverse nonmalignant cellular and non-cellular components termed the tumor stroma or tumor
microenvironment (TME) [1–5]. The concept of cancer as a disease focusing only on malignant tumor
cells has been deemed inaccurate; in some cancers, stromal cells represent the majority of cell types,
as is frequently seen in pancreatic and breast cancers [6]. These cellular stromal components often
include activated cancer-associated fibroblasts (CAFs), leukocytes, and vascular cells, but they also
sometimes include other adjacent normal tissue/cells such as non-transformed epithelia, adipose
tissue, or neurons [1–5]. The non-cellular compartment of the tumor stroma comprises extracellular
matrix (ECM) components like collagens, laminins, fibrinogen, elastin, and proteoglycan, and secreted
factors such as cytokines, chemokines, and sequestered growth factors [1–11]. Accumulating evidence
highly suggests that malignant cancer cells and the tumor stroma reciprocally communicate with and
influence one another, but this relationship is complex and remains poorly understood. To treat cancer
as a disease, we cannot single-mindedly focus on cancer cells with their autonomous genetic mutations;
we need to simultaneously consider the TME because its interactions with tumor cells often contribute
to disease initiation, progression, and treatment response [2–4,6,12].

Radiation therapy (RT) is a powerful anti-cancer therapeutic used to treat up to 50−60% of cancer
patients [12,13]. The goal of RT is to target highly proliferative cancer cells while sparing normal tissue.
The concept of dose fractionation—delivering small daily RT doses over several days—is designed
to exploit cancer cells’ vulnerabilities in repairing DNA damage, leading to their demise, while
giving normal healthy cells a chance to activate their DNA repair and cell cycle mechanisms [13–16].
Historically, radiobiology has utilized linear quadratic modeling to estimate the therapeutic treatment
ratio, with increasing radiation toxicity to cancer cells while avoiding surrounding normal tissue.
This “therapeutic ratio” is based on differences between the DNA damage and repair kinetics of
cancer and normal cells. The linear-quadratic model utilizes the α and β parameters to describe
the linear and quadratic portions of the cell survival curve, respectively, and experimental evidence
suggests that these parameters and the α:β ratio differ widely across and even within some tumor
types [17,18]. Classical modeling predicts that delivering small doses of radiation over the course of
multiple treatments (i.e., conventional dose fractionation) can increase the therapeutic ratio compared
to single-dose delivery, and early studies using small and large animal models confirmed these
effects [17–19]. However, recent evidence has called into question whether small doses of radiation
delivered over a protracted treatment course (conventional fractionation) are required to achieve
these effects.

Standard of care for the majority of solid tumors requires 50 to 70 Gy total radiation dose
delivered with conventionally fractionated schedules, most commonly utilizing 1.8 to 2 Gy per fraction.
Over the past decade significant technologic advances in image-guided radiation, tumor tracking,
beam intensity modulation, and beam shaping have facilitated the capacity to precisely deliver
higher dose per fraction to the tumor while sparing larger volumes of surrounding normal structures.
This concept of hypofractionation, or higher fractional doses of radiation over fewer total fractions and
commonly delivered with stereotactic guidance via stereotactic body radiotherapy (SBRT) or stereotactic
radiosurgery (SRS), has demonstrated safety and efficacy in many tumor types [20–23]. However, data
also suggest that the clinical effects of hypofractionation are not solely due to differences in tumor and
normal tissue DNA repair kinetics but also to the effects of radiotherapy on the TME. Although largely
anecdotal, TME alterations can be demonstrated through the observation of “out-of-field” or abscopal
responses to focused radiation as first described in the early 1950s [24]. Since then, additional work
has demonstrated that the abscopal response is dependent on alterations in the immune system and
the surrounding stromal tissue. Radiation can result in immune cell priming, neoantigen and cytokine
release, modification of tumor vasculature, and alteration of the ECM, all of which have the potential
to be optimized to enhance RT efficacy [25–29].
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Despite RT designed to target malignant tumor cells, and the knowledge that RT can be used to
prime the immune system, the complex interaction between malignant tumor cells and other cells
within the TME is important because the stroma can impact malignant cells’ response and contribute
to treatment resistance [12]. Additionally, there are reports that RT can cause numerous changes in
stromal cells within the TME that further promote undesirable tumor growth, invasion, and treatment
resistance [12]. To successfully eradicate cancers, these reciprocal interactions between the tumor cells
and tumor stroma must be characterized in detail. Moreover, the use of stromal-targeting agents in
combination with RT is a largely unaddressed therapeutic option. These topics deserve more attention
to broaden our knowledge to design better treatment strategies to combat cancers, particularly those
characterized by a high density of stromal cells and other stromal components within the TME. In this
review, we summarize the roles of stromal components and the TME that contribute to cancer cell
radioresistance (Figure 1) and discuss how they may be targeted for possible therapeutic benefit
(Figure 2).

Figure 1. Components of the tumor microenvironment governing radiotherapy responsiveness.
Components of the tumor stroma differentially dictate whether tumor cells are radiotherapy
(RT)-responsive (Left) vs. RT-resistant (Right). Some tumor-promoting cancer-associated fibroblast
(CAF) populations can cause tumors to be resistant to RT, such as fibroblast activated protein (FAP)+

CAFs. While immune cells such as CD8+ T cells, dendritic cells, and M1-like tumor-associated
macrophages (TAMs) have been linked with RT-responsive tumors, pro-tumorigenic immune cells
such as CD4+ T regulatory (Treg) cells, myeloid-derived suppressor cells, and M2-like TAMs have
been associated with RT-resistant tumors. Dense extracellular matrix and abnormal endothelial cells
and vessel formation, which contribute to tumor hypoxia, have been associated with RT-resistant
tumors. Likewise, adipokines secreted by cancer-associated adipocytes can similarly cause tumors to
be resistant to RT.
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Figure 2. Therapies directed against distinct tumor stromal components used as radiosensitizers.
Targeted inhibitors against CAFs’ secretory molecules, CAFs’ downstream cytosolic and nuclear
signaling pathways, and CAFs’ receptors can increase RT efficacy. Targeting a unique population of
CAFs, FAP+ CAFs, specifically for depletion can also radiosensitize tumors. Components of the ECM
can activate β1 integrin receptor on CAFs and targeting β1 integrin can reverse tumor radioresistance.
Targeted inhibitors against secreted factors reserved in the ECM have been shown to be radiosensitizing
agents. “Normalizing” tumor vessels using VEGF/VEGFR inhibitors and Thalidomide can reverse
tumor radioresistance. NSAIDs and nitrite have also been used as radiosensitizers due to their ability
to increase tumor oxygenation. Inhibitors of COX-2 and NFκB targeted against cancer-associated
adipocytes can reverse the radioresistance in tumors. Immune checkpoint inhibitors (αPD-1 or αPD-L1
and αCTLA-4 antibodies) can rescue “dysfunctional” CD8+ and/or CD4+ T cells and are beneficial when
combined with RT. Depletion antibody αCD25 targeted against CD4+ T regulatory cells (Tregs) can
render tumor cells more radiosensitive. Interleukin-12 capable of enhancing the function of dendritic
cells can increase the efficacy of RT. TAMs depletion agent, liposome clodronate, and CSF1 inhibitor
can increase RT sensitivity. CSF1 inhibitor can also reprogram/polarize TAMs into having a more
anti-tumorigenic phenotype. The tyrosine kinase inhibitor, sunitinib, has been used as a radiosensitizer
due to its immunomodulatory ability.

2. The Impact of RT on the Tumor Stroma

RT seeks to exploit DNA repair deficiencies in malignant tumor cells, but even in perfect
scenarios, it invariably affects stromal cells within the tumor mass or at its boundaries [30]. Although
many RT-mediated stromal changes are beneficial, such as the revival of or polarization toward
tumor-suppressing immunity, RT can act as a double-edged sword in tumors [13]. Specifically,
deleterious side effects could facilitate cancer progression and treatment resistance. These are the
byproducts of RT we hope to avoid by carefully designing and planning RT dose regimens and
combinatorial treatments.

One impact of RT on the tumor stroma is chronic inflammation that drives RT-induced fibrosis
marked by an increased number of stromal cells and ECM components, through several mechanisms
that have been reviewed elsewhere [31]. RT-induced fibrosis is a well-known side effect that can
arise in some patients [1,31,32]. RT can completely transform the TME by inducing rapid and
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chronic loss of hyaluronic acid [33] and collagen remodeling [34] by altering how CAFs regulate their
collagen production [10,35]. Furthermore, RT-treated CAF populations can undergo modifications
and alterations in terms of their diversity, secretome, and phenotype [36]. Additionally, RT enhances
activation of proliferating machinery involving the RAS and mitogen-activated protein kinase (MAPK)
cascades; the invasion pathways, which involve matrix metalloproteins (MMPs), laminin 5, and filamin
A; transforming growth factor beta (TGFβ) signaling, which is involved in tumor progression, resistance,
and metastasis [2,7,37]. Likewise, RT to the stroma can increase tumor invasiveness due to increased
hepatocyte growth factor (HGF)/c-Met (HGF receptor) signaling and MAPK activity, which enhances
tumor mobility and can be deleterious [38]. Taken together, these reports suggest that RT can activate
stromal features indicative of potential stromal-mediated treatment resistance.

It is still unclear how different fractionated RT regimens alter the stromal components of the TME
and how these changes affect subsequent responses of cancer cells to RT. Similarly, the attempts to
combine stromal-disrupting agents with RT to overcome stromal-mediated radioresistance remain
unclear and merit further study.

3. The Impact of CAFs on RT Efficacy

CAFs are heterogeneous and the major contributors to the tumor stroma [3,4]. CAFs have
been shown to control tumor phenotype at all stages of tumor progression. Their roles have
been reviewed elsewhere and include the ability to shape the ECM; modulate innate and adaptive
immune microenvironments; recruit and regulate leukocyte migration and inflammation via cytokines,
chemokines, and growth factors; provide metabolic support (amino acids, lipids, and tricarboxylic
acid cycle intermediates); and contribute to paracrine activation of mitogenic and pro-survival cellular
signaling via cell surface receptor-ligand interaction and secreted proteins or exosomes [3,4,39].
The mechanisms by which CAFs contribute to radioresistance are likely mediated through their
secreted factors, contact-mediated signaling, immunomodulatory effects, and ECM alterations [40].

CAFs secrete a number of different active factors that have diverse effects on tumor phenotype [3,4].
For example, through their active secretory function, tumor stromal fibroblasts can transfer RNA
within exosomes to cancer cells. This exosome transfer mechanism has been implicated in paracrine
anti-viral RIG-I and juxtacrine NOTCH (NOTCH3-JAG1) signaling pathways, which both contributed
to the expansion of therapy-resistant tumor-initiating cells. Stromal cells, which include CAFs and
some bone marrow cells, protected breast cancer cells by inducing an interferon (IFN)-related DNA
damage resistance signature in a STAT1-dependent manner and caused the tumors to be chemo-
and radio-resistant [41]. In another model, conditioned media (CM) from pancreatic stellate cells
(PSCs), which are the central mediator of desmoplasia and major contributors of pancreatic CAFs,
dose-dependently enhanced pancreatic tumor cell proliferation, migration, invasion, and colony
formation and caused resistance to gemcitabine and RT. The CM was found to activate the MAPK
AKT pathways in tumor cells, and the authors postulated that factors such as interleukin-1β (IL-1β)
and TGFβ were responsible [42]. The TME of glioblastoma is known to produce abundant TGFβ,
a pleiotropic cytokine that promotes an effective DNA damage response. Glioma-initiating cells were
protected from RT-induced cell death by this increase in TGFβ production, which promoted an effective
DNA damage response and self-renewal via C-X-C chemokine receptor type 4 (CXCR4) and NOTCH1.
TGFβ inhibition prevented tumor cell DNA repair and enhanced RT efficacy in this glioblastoma
model [43]. Furthermore, CAFs can promote irradiated cancer cell recovery and tumor relapse after RT
by producing insulin-like growth factor-1/2 (IGF-1/2), C-X-C motif chemokine ligand 12 (CXCL12),
and β-hydroxybutyrate. These secreted factors increase reactive oxygen species (ROS) levels post-RT,
which enhanced protein phosphatase 2A activity and repressed the mammalian target of rapamycin
activation, therefore inducing autophagy in cancer cells to promote cancer cell recovery. It was argued
that blocking IGF-2 and autophagy can reduce CAF-promoted tumor relapse in mice after RT and
could be a promising RT sensitization therapeutic strategy (Figure 2) [44].
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CAF-secreted factors trigger many downstream autocrine and/or paracrine signaling pathways
that regulate treatment response. A network of paracrine signaling among cancer cells, myeloid
cells, and stromal cells such as endothelial cells can drive the processes of treatment resistance and
metastasis [45]. CXCL1 signaling is an example of paracrine signaling that contributes to radioresistance.
Along with cancer cells, CAFs highly express and secrete CXCL1, which inhibits expression of the
ROS-scavenging enzyme superoxide dismutase 1, leading to ROS accumulation following RT [46].
In this scenario, tumor cells take advantage of ROS accumulation to enhance DNA damage repair
mechanisms and ultimately cause radioresistance. This radioresistance is also mediated by activation
of the mitogen-activated protein kinase ERK kinase/extracellular-signal-regulated kinase (MEK/ERK)
signaling pathway important for malignant transformation [47,48]. Crosstalk between CAFs and
tumor cells through CXCL1 expression in an autocrine/paracrine signaling loop is responsible for the
radioresistance phenotype [46]. Together, these studies showed that through their secreted active
factors, CAFs can confer radioresistance to tumor cells.

CAFs are embedded in the tumor stroma, allowing them to actively communicate with other
cells present in their surrounding environment through various mechanisms [3,4]. Besides acting
through their secreted factors, CAFs also induce radioresistance through direct contact-mediated
signaling between cancer cells and CAFs [3]. In pancreatic cancer, PSCs promote radioprotection
and stimulate the proliferation of pancreatic cancer cells through β1 integrin signaling. β1 integrin
is known to modulate the cellular response to genotoxic stress including RT [49]. It was found
that this effect is independent of phosphoinositide 3-kinase (PI3K) but depends on focal adhesion
kinase (FAK). β1 integrin inhibition or FAK knockout can abolish PSC-mediated radioprotection in
pancreatic cancer cells to single-dose and fractionated RT [50]. These findings indicate that downstream
cellular signaling pathways activated due to direct interactions between CAFs and tumor cells can
mediate radioresistance.

Additionally, CAFs can work through paracrine networking to enrich cancer stem cells (CSCs),
which have been implicated in chemo- and radioresistance. In pancreatic cancer, the presence of
PSCs can induce CSC characteristics by increasing the epithelial-mesenchymal transition (EMT)
phenotype. A proteomic screen revealed that TGFβ is involved in the radioresistance phenotype,
and TGFβ neutralizing antibody can inhibit the EMT and CSC phenotype, thus sensitizing tumor cells
to RT and reducing tumorigenicity in vivo [51]. In another setting, IGF-1 receptor (IGF-1R) signaling
activation in cancer cells in the presence of CAFs expressing IGF-2 induced Oct3/4, Nanog, and Sox2
expression and promoted stemness pathways related to IGF-1R, EMT, PI3K, TGFβ, WNT, and Hedgehog
signaling. This group showed that CAF-derived HGF, IGF-2, basic fibroblast growth factor (bFGF), WNT,
and oncostatin M regulated CSC-like characteristics in a paracrine manner through counterpart receptor
signaling components and stemness factors. They found that blocking IGF-2/IGF-1R/AKT/Nanog
signaling reduced CSC stemness and concluded that there were potential clinical applications of
targeted therapy to improve chemo- and radioresistance (Figure 2) [52]. Furthermore, CSCs play an
important role in disease recurrence after RT as a result of their high DNA repair and antioxidative
capabilities. Fractionated RT can enhance IGF-1 secretion and subsequent upregulation of IGF-1R
in CSCs. IGF-1R upregulation exerts a dual radioprotective effect by inducing upregulation of
AKT/ERK survival signaling and FoxO3 activation, which results in radiation protection. Additionally,
they showed that inhibition of IGF-1R signaling reverses CSC radioresistance [53]. Collectively,
these findings showed that CAFs can trigger radioresistance through their CSC-promoting roles.

In addition to CAFs’ de novo roles in mediating radioresistance, changes in CAFs due to RT can
mediate further treatment resistance. This is important because most anti-cancer treatment regimens,
including RT, are given in multiple treatment cycles with gaps to allow for normal cell recovery [32].
These gaps between treatment cycles can be exploited by both the tumor and stromal cells to take
advantage of survival mechanisms. Thus, changes in the TME in between treatment cycles are
important to consider with regard to the subsequent treatment response and resistance [32]. CAFs are
not usually killed by RT; they are highly radioresistant due to the defective p53/p21 response pathway
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and high expression of the cancer marker Survivin [54]. Irradiated fibroblasts can promote the invasive
growth of squamous cell carcinoma through the induction of c-Met, RAS, MAPK cascade (Raf-1, MEK1,
ERK-1/2), MMP-1, MMP-9, laminin 5, and filamin A. Irradiated fibroblasts also express high levels of
TGFβ1 [37]. The effects these irradiated fibroblasts can have on non-irradiated neighboring cells are
referred to as radiation-induced bystander effects [55], and there is evidence that many of these factors
can promote radioresistance.

There are several examples by which RT-induced changes in CAFs contribute to radioresistance.
After genotoxic stress, CAFs can secrete WNT16B to the TME and promote prostate cancer therapy
resistance. WNT16B, a secreted protein that is activated in fibroblasts through the nuclear factor (NF)κB
pathway after DNA damage, subsequently activates the canonical WNT program and promotes EMT
in neoplastic cells through paracrine signaling. This process attenuates the effects of both chemo- and
radiotherapies and promotes tumor cell survival and disease progression [56]. Moreover, exposure
to low-dose RT (<20 cGy) can induce premature senescence in stromal fibroblasts. In one setting,
these senescent CAFs are responsible for stimulating enhanced proliferation of breast carcinoma
cells and are correlated with radioresistance, which is partly mediated by the AKT pathway [57].
In addition, senescent CAFs can induce a senescence-associated secretory phenotype that includes the
production of IL-6, IL-8, and osteopontin that are considered to be pro-tumorigenic factors and have
been associated with immunosuppression and stromal-mediated therapeutic resistance [3,6,58]. RT can
also promote EMT transition and invasion of pancreatic cancer cells by activating CAFs. CAF-derived
CXCL12 directly promoted tumor cell EMT and invasion by acting through CXCR4 on tumor cells and
downstream activation of the P38 pathway. Blocking CXCL12/CXCR4 signaling between pancreatic
cancer cells and CAFs could attenuate RT-induced tumor cell invasion [59]. Indeed, HGF secretion
by irradiated CAFs can increase phosphorylation of c-Met and MAPK activity in pancreatic tumor
cells, which translates into enhanced invasion. This unwanted byproduct of RT can be overcome
by blocking HGF signaling with an HGF antagonist [38]. Finally, exposure of CAFs to 18 Gy RT
resulted in potent induction of multiple DNA damage response (DDR) foci; induced premature cellular
senescence; and inhibited proliferative, migrative, and invasive capacity of CAFs. This RT dose
increased the expression of integrins α2, β1, and α5 and dramatically augmented and redistributed
focal contacts [60]. The increase in β1 integrin has been correlated with radioresistance [50]. All of these
examples point to RT-induced changes in CAFs that can promote further radioresistance. This should
encourage us to find therapeutic regimens that target both the tumor and stroma to successfully deliver
anti-cancer treatment.

CAF-secreted factors, contact-mediated signaling, downstream pro-survival signaling pathways,
CSC-generating role, and changes due to RT all comprise intricate crosstalk between CAFs and cancer
cells to render tumor cells radioresistant. While we understand that CAFs play a critical role in shaping
responses to RT, there are several areas where we do not fully understand their impact. First, CAFs
in tumors are a diverse heterogeneous population that can have opposing roles [3,4,39]. While an
abundance of literature supports the tumor-supporting roles of CAFs, some studies also suggest that
certain CAF subsets may have tumor-restraining abilities [61,62]. These diverse CAF subsets may have
differential effects on radioresistance and, in turn, be shaped differently by RT. Second, the plasticity,
diverse origins, and spatial location of CAFs [40,63–65] may complicate things further in terms of their
contributions to radioresistance. RT may alter CAF phenotypes temporally and spatially, and this will
also affect cancer cells’ responses to RT. Lastly, RT dose fractionation may differentially impact CAF
diversification. Our understanding of CAF diversity and plasticity is still limited, but it is logical to
assume that CAF-mediated radioresistance is a problem in RT success and needs further study.

4. The Impact of ECM on RT Efficacy

The ECM plays an essential role in regulating cancer progression and radiosensitivity. Tumor
ECMs are dynamic structures that are remodeled during tumor progression and/or treatment [8].
Among the approximately 300 proteins present in the ECM that are known to regulate tissue homeostasis,

23



Cancers 2020, 12, 2916

inflammation, and disease, collagen is the most abundant, constituting up to 90% of the tumor ECM.
In addition to collagens, other prominent fibrous proteins are elastins, fibronectins, and laminins, which
are also involved in controlling tumor phenotype [8]. Tumor ECM is typically denser and mechanically
stiffer than normal ECM, due to the quantity of ECM as well as structural changes in molecular
architecture such as the extent of crosslinking [66]. These changes in ECM density, composition, and
stiffness significantly impact malignant cell invasion, survival, and proliferation [67,68]. Variations in
ECM stiffness and density have been correlated with disease aggressiveness, progression-free survival,
and in some cases, resistance to different treatment modalities [8].

The ability of tumor-promoting ECM to drive treatment resistance is particularly applicable to RT.
Tumor cells can interact with the ECM through direct interaction (cell-protein contact), and one major
way is through the engagement with integrins [49]. ECM stiffness can facilitate integrin clustering,
which can lead to activation of downstream FAK activation and MAP/ERK kinase signaling pathways
leading to cell survival, proliferation, migration, and invasion. Integrin-mediated adhesions can also
activate transcription factors NFκB, inositol lipid metabolism, and MMP activity [49], in addition to
the activation of PI3K/AKT and RAS/MAPK pathways. Integrin activation is important in regulating
tumor phenotypes and has been associated with processes such as angiogenesis, survival, invasion,
metastasis, and treatment resistance [2,4]. Further complicating this is the fact that RT can increase
the expression of integrins α2, α5, β1, and β6; therefore, we need to consider how RT fractionation
controls subsequent treatment resistance [60,69,70]. For example, it was found that β1 integrin
controls radioresistance by resisting cellular apoptosis from RT through the activation of AKT
signaling. Inhibition of β1 integrin can resensitize tumor cells to RT by decreasing proliferation
and increasing apoptosis (Figure 2) [71,72]. Another group also found that β1 integrin-mediated
adhesion confers RT resistance through downstream FAK-interacting proteins (p130Cas and paxillin)
and PI3K/AKT-mediated pro-survival signaling pathways [73]. Together, these examples showed
that contact-mediated signaling between tumor cells and ECM proteins in cancers can contribute
to radioresistance.

The ECM also contains secreted soluble signaling molecules from tumor and stromal cells. The ECM
acts as a reservoir for these cytokines, chemokines, and growth factors. Two prominent examples of
these secreted factors that control tumor phenotype are TGFβ and various members of the MMP family.
Besides interacting directly with the stromal cells and surface proteins in the ECM, tumor cells are
constantly and sophisticatedly communicating with these secreted regulatory molecules [10]. Many of
these proteins are already known to be capable of inducing radioresistance, such as TGFβ [42,43,51].
Moreover, RT can further increase TGFβ levels, which can accelerate tumor progression. Inhibition with
TGFβ neutralizing antibodies has been shown to prevent radiation-induced metastatic progression [74].
Another class of secreted proteins that are highly abundant in the ECM and mediate tumor progression
are the different MMPs [2,8,75]. MMP2 is known to degrade collagen IV and plays a role in RT-induced
lung injury. MMP2 inhibition prior to RT abrogated the induction of FoxM1 expression, reduced p53
and p21 expression, decreased expression of DNA repair genes XRCC1 and Chk2/1, and abrogated G2
cell cycle arrest, leading to apoptosis and enhanced radiosensitivity [76]. These examples showed that
the ECM serves as a tumor growth factor and cytokine sink, which contributes to tumor radioresistance
and worthy of consideration in future therapeutic planning.

Besides controlling the stability and bioavailability of numerous growth factors and cytokines,
ECM structure and integrity also influence oxygen availability, acidity, and interstitial fluid pressure
in tumors, through its regulation of the tumor vascular system, so it has important effects in terms
of controlling treatment response (Figure 1) [8,66]. Oxygen availability is critical for RT response as
hypoxic cells are generally 2.5−3 times less radiosensitive than normoxic cells [77–80]. The indirect
effects of RT produce ROS through the hydrolysis of water, which then propagate and modify lipids,
membranes, and proteins [10]. Using nitric oxide-dependent arteriole vasorelaxation as a way to
increase the partial pressure of oxygen in tumors, multiple groups found that low-dose nitrite can
sensitize tumors to RT, leading to a significant tumor growth delay and longer survival [81,82].
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Antiangiogenic therapy such as vascular endothelial growth factor (VEGF) receptor 2 blockade,
which can create a “normalization window” that increases tumor oxygenation, has also been shown to
enhance the RT response (Figure 2). This effect is dependent on the increased pericyte coverage of tumor
vessels via the upregulation of angiopoietin 1 and degradation of the pathologically thick basement
membrane via MMP activation [83]. Thalidomide, an angiogenesis inhibitor, can also increase
tumor reoxygenation correlated with reduced interstitial fluid pressure and increased perfusion,
sufficient to radiosensitize tumors [84]. Non-steroidal anti-inflammatory drugs (NSAIDs) are another
radiosensitizing drug class that works through increasing tumor oxygenation via either a decrease
in macrophage recruitment or inhibiting mitochondrial respiration. Using four different NSAIDs
(diclofenac, indomethacin, piroxicam, and NS-398), radiation sensitivity in tumor cells can be increased
by enhancing radioinduced apoptosis and inhibiting repair of sublethal RT damage [85]. These studies
showed that tumor ECM governs oxygen bioavailability in cancers, controls radiosensitivity, and that
RT requires sufficient tumor oxygenation to avoid radioresistance (Figure 1).

In most cancers, tumor cells are embedded in stromal cells with abundant ECM components,
that, as described above, govern radioresistance through direct interaction with tumor cells and the
ECM’s roles as protein reservoirs and a major controller of tumor oxygen bioavailability. Even though
many of these factors negatively impact RT efficacy, there are known inhibitors that can successfully
reverse ECM-mediated radioresistance. As with CAFs, our current knowledge is still lacking on
how RT dose fractionation may differentially impact ECM alterations and how they contribute
to radioresistance.

5. The Impact of Immune Cells on RT Efficacy

RT is a powerful therapeutic approach used in many patients due to its numerous beneficial
effects leading to tumor cell eradication. Besides the direct killing of highly proliferating tumor cells by
mitotic catastrophe or apoptosis or necrosis, RT is increasingly appreciated to have immunomodulatory
effects, which can take advantage of the fact that our immune cells can target and kill abnormal
cancerous cells [11,13,30,32,86]. RT modulates the immunogenicity and adjuvanticity of tumors by
increasing the expression and release of tumor-associated antigens, increasing the expression of major
histocompatibility complex I (MHC-I), inducing immunogenic cell death (ICD) and its downstream
anti-tumor pathways, and releasing danger signals and chemokines that recruit inflammatory
anti-tumor immune cells to the TME, including antigen-presenting cells that can activate cytolytic
T cells [75,87,88]. RT can also enhance tumor killing by increasing the number of tumor-infiltrating
immunostimulatory cells and neoantigen expression [89–91]. However, there are reports that RT can
induce immunosuppression on top of anti-tumor immune promoting effects [12,32]. The balance
between the two variables predicts the treatment response. Due to its double-edged sword effects on
immune modulation, precise dosing regimens and combinatorial treatments of RT must be carefully
considered to avoid unwanted immunosuppressive effects [7,9–11,13,30,32,86,87].

As we have discussed with CAFs and ECM, radiosensitivity depends on the complex interaction of
malignant cancer cells with their immune TME [86]. Notably, the host immune status also determines the
efficacy of treatments, including RT (Figure 1). The presence and activation status of dendritic cells (DCs)
and CD8+ T cells and anti-tumor cytokines such as IFNγ determine the responsiveness to RT [92–95].
IFN-related DNA damage resistance signature (IRDS) genes including STAT1, IFN-stimulated genes 15
(ISG15), and IFN-induced protein with tetratricopeptide repeats 1 (IFIT1) are associated with resistance
to chemotherapy and/or RT across different tumor cell lines [69]. Additionally, the intratumoral
immune response after RT also determines the therapeutic response. RT success is dependent on the
antigen-specific nature of immune activation, which can be enhanced by combining RT with immune
checkpoint blockade therapies like αPD-1 and αCTLA-4 [26,87,96,97]. Increases in intratumoral
anti-tumor immune cells and IFNγ were found to imbue CD8+ T cells with lytic activity against
tumor cells, and the addition of IL-12 as immunotherapy can augment this RT-induced anti-tumor
immunity [94,98]. Radiation can upregulate the expression of programmed death ligand 1 (PD-L1) on
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tumor cells in numerous in vivo models, which binds with immune checkpoint receptor PD-1 expressed
by CTLs and thereby promotes their dysfunction. The combination of radiation and inhibition of this
immune checkpoint has been shown to improve the radiation-induced anti-tumor response through
activation of cytotoxic T cells and diminished the influx of myeloid-derived suppressive cells (MDSCs)
into the TME [99–101]. Interestingly, several studies in mice and humans have demonstrated abscopal
effects, with response of both the primary tumor and distant disease to combination therapy of RT
and immune checkpoint blockade [102]. Although most of these studies were conducted utilizing
hypofractionated or single-dose ablative radiation schemes, the optimal dose, fractionation, and timing
to achieve this effect are unknown [103]. In vivo studies have demonstrated that PD-L1 expression
peaks at 3 days post-irradiation, and that concurrent but not sequential treatment with checkpoint
inhibitors is necessary for a T cell-mediated tumor response [93,101]. Interestingly, in the KEYNOTE-001
trial, patients who received radiation at any time prior to immune checkpoint therapy had significantly
increased progression-free survival, with median time ranging from 9.5 to 11.5 months [104,105].
Despite these appealing data, larger studies demonstrating sufficient survival benefits to lead to
approval of regimens containing RT in combination with immune checkpoints have not been published.
However, these findings showed the importance of the host’s immune status as one major contributor
that can predict radiosensitivity.

Like CAFs, immune cells in the TME are very diverse and have different roles. Tumor-associated
macrophages (TAMs), MDSCs, and CD4+ regulatory T cells (Tregs) are known to be immune suppressive
and pro-tumorigenic; on the other hand, immune cells such as DCs, CD8+ T cells, and NK cells are
anti-tumorigenic [12]. Likewise, these immune cells also differentially regulate radiosensitivity in
cancers (Figure 1). The presence of TAMs correlates with increased radioresistance in many different
tumors [106]. Radiation plays a role in the recruitment and phenotype modulation of TAMs in
the TME. Recruitment of TAMs occurs irrespective of dose and fractionation [107]. Conventional
fractionation leads to transcription of colony-stimulating factor 1 (CSF1), which when blocked in
prostate cancer models reduces TAM recruitment. Conversely, hypofractionated regimens promote
TAM recruitment in hypoxic conditions, where in glioma models radiation-induced hypoxia-inducible
factor 1 (HIF-1) expression leads to the increased density of TAMs [108,109]. Co-implantation of
tumor cells with bone marrow-derived macrophages increased tumor radioresistance, so depletion
of TAMs using a systemic or local injection of macrophage-depleting liposomal clodronate before
RT can increase anti-tumor effects in different RT dosing regimens. Radioresistance coming from
TAMs is mediated by the tumor necrosis factor (TNF) signaling-dependent upregulation of VEGF,
and anti-VEGF or anti-TNF therapy can reverse this radioresistance (Figure 2) [110]. The effect of
the radiation-induced influx of TAMs in the TME depends on the exact phenotype they acquire once
infiltrated. The decision tree for macrophage polarization, unlike recruitment, does appear to be
dependent on the radiation dose and fraction. Anti-tumor phenotypes may be favored in conventionally
fractionated dosing, which can in turn enhance T cell-mediated tumor control [111,112]. Importantly,
this effect may be lost in hypofractionated and single-dose ablative regimens. One reason may be that
hypoxia which results from vascular impairment by RT promotes macrophage immunosuppressive and
pro-tumorigenic tissue remodeling functions [113–115]. However, this is likely an oversimplification,
and the true impact of TAMs may depend on the organ- and cancer-specific context in which radiation
is employed. RT itself can cause an influx of MDSCs into tumors that eventually polarize the TME into
an immune-suppressive environment. This polarization is dependent on transcriptional regulation by
the NFκB p50 subunit, as mice lacking NFκB p50 are much more sensitive to RT [116]. Additionally,
MDSCs can be recruited further into the TME from RT in a fractionated RT regimen due to the
recruitment of DNA damage-induced kinase ABL1 into cell nuclei where it binds the CSF1 gene
promoter and enhances its transcription. Hence, blocking macrophage migration with a CSF1 inhibitor
radiosensitizes tumors [46]. Another group also found that a neutralizing antibody to CSF1 or a
small molecular inhibitor to the CSF1 receptor kinase efficiently depletes macrophages and delays
tumor regrowth following RT (Figure 2). This delay is a reflection of the increased presence of CD8+
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T cells and reduced presence of CD4+ T cells, the main source of T helper 2 (Th2) cytokines IL-4
and IL-13. The authors proposed that the response to RT could be enhanced by reducing TAMs in
tumors or blocking their induction of Th2 polarization [117]. Moreover, treatment with the small
tyrosine kinase inhibitor sunitinib resulted in a significant reduction of MDSCs and phospho-STAT3
and increased T cell proliferative activity in cancer patients. Sunitinib’s ability to increase RT efficacy in
tumors is mediated through the reduction in the number and function of immunosuppressive MDSCs
and is significantly correlated with lower CD4+ Treg and B cell numbers and augmentation of Tbet
expression in primary CD4+ and CD8+ T cells [118,119]. Finally, due to the intrinsic radioresistant
nature of CD4+ Tregs and its immunosuppressive roles, CD4+ Treg presence in tumors has also
been correlated with radioresistance [120,121]. Tregs are essential to generating immune tolerance,
are radioresistant compared to other T cell subtypes, and demonstrate a relative increase in the TME
after irradiation. Tregs are known to increase in mice receiving whole-body radiation [122], and studies
of human cervical cancers treated with 10-30 Gy demonstrate decreased CD8+ and CD4+ T cells,
without any effect on Treg numbers [123]. In vivo tumor models with systemically depleted Tregs

demonstrate significant determent of primary and metastatic tumor progression. When these tumors
are irradiated, these models demonstrate significantly reduced tumor burden post-RT and improved
overall survival [124–129]. Dose and fractionation have also been demonstrated to play a role in the
balance of immune priming and immunosuppression post-RT. A B16 murine model receiving a single
5 Gy dose of irradiation showed a relative increase in the Treg population compared to cytotoxic T
cells. However, a single 10 Gy dose resulted in a relative decrease of Tregs, while a single 15 Gy dose
increased both Treg and effector T cells [130]. Systemic elimination of CD4+ Tregs using anti-CD25
monoclonal antibody enhances radiotherapeutic benefits via immune modulation (Figure 2) [122].
Collectively, these studies showed that pro-tumorigenic immune cells can modulate radioresistance in
many cancers.

While initially thought to create an immunosuppressive TME, radiation has recently gained
momentum clinically as a means to prime the immune system to recognize and remove tumor cells.
To achieve this end, cross-presentation of tumor antigen by DCs to cytotoxic T cells must be upregulated.
Radiation has been shown to increase IFN-I signaling, leading to expansion and activation of DCs,
through induction of the stimulator of IFN genes (STING) pathway [26,93,131,132]. Additionally,
tumor cell removal requires the induction of cell death pathways, which can be variable, and include
apoptosis, necrosis, autophagy, and mitotic catastrophe. Immunogenic cell death upregulation is
frequently observed following irradiation. This involves three key molecular signals: calreticulin,
which undergoes translocation from the endoplasmic reticulum to the plasma membrane to signal
uptake of dying tumor cells by DCs; high-mobility group protein B1 (HMGB1), which is released from
the dying cells to bind Toll-like receptor 4 on DCs promoting antigen cross-presentation; and adenosine
triphosphate (ATP), which activates cytotoxic T cells through inflammasome activation via the P2XR7
pathway [86,132–135]. In vitro experiments have demonstrated that the generation of these three key
signaling molecules is dependent on irradiation dose [88]. However, the optimal dose and fractionation
of irradiation required to induce ICD in vivo is influenced by the TME [75,86,133]. Utilizing a B16
melanoma mouse model expressing ovalbumin antigen, several groups have demonstrated that
single-dose, 15-20 Gy irradiation was more effective in generating activated cytotoxic T cells than more
conventional fractionated schedules of 15 Gy in 5 daily fractions and 20 Gy in 4 bi-weekly fractions.
This indicated that the prescribed dose per fraction and also the specific timing of individual dose
delivery are important to elicit RT-induced immune responses [26,131]. Clinical investigations of
this mechanism in patients with colorectal and prostate cancer demonstrated a detectable increase
in circulating cytotoxic T cells (Survivin- and/or prostate-specific antigen-specific) in post-irradiation
blood samples [136,137]. Additionally, early-stage non-small cell lung cancer patients treated with SBRT,
48 Gy in 6-8 fractions, showed increased circulating cytotoxic T cells [138]. Many studies have indicated
that ablative radiation doses are required for activation of T cell immunity, and this is corroborated
by clinical evidence suggesting that conventional fractionation can have a detrimental effect on the
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TME as a result of the death of infiltrating anti-tumor lymphocytes [32,139–141]. In preclinical studies,
mice bearing bilateral flank implants of CT26 colon carcinoma treated with conventional fractionation
(10 Gy in 5 fractions) initially demonstrated T cell reductions after each dose of radiation; however,
this regimen at 7 days post-therapy led to an expansion of local polyclonal T cells responses and
infiltrating T cells, revealing a treatment duration effect in this model system [142]. Several groups have
moved away from flank models, due to the prevailing theory that to initiate tumor growth you create
a wound stimulating a subsequent acute immune response. Instead, several groups have adopted
genetically-engineered mouse models (GEMMs) that spontaneously form tumors. Recent publications
utilizing GEMMs of pancreatic cancer and sarcoma have demonstrated that reprogramming the TME
can induce T cell immunity and sensitize tumors to radiation [143–145] from both single high-dose
and hypofractionated RT schemes.

Radiation also plays an important role in overcoming T cell exclusion from the TME. One barrier
is the dampened homing of effector T cells, which is modulated by cytokines released from tumor
cells and the surrounding stroma. Irradiation can significantly enhance the secretion of CXCL16 by
mouse and human breast cancer cells; this chemokine binds to CXCR6 on activated cytotoxic T cells
and plays an important role in their recruitment to inflammation sites. CXCL16 can be induced in vitro
by a single fraction dose of 5 Gy; while in vivo induction was found to be dose-dependent, reaching a
plateau at 12 Gy [146,147]. In another study, mice deficient in IFNγ, a cytokine that is critical for innate
and adaptive immunity, received tumor-localized irradiation and demonstrated decreased expression
of MHC-I and CXCL9/CXCL10, which are important chemoattractants for cytotoxic T cells [147,148].
TNFα can also be induced by single-fraction irradiation in tumor cell lines [149]. Radiation also leads
to upregulation of anti-inflammatory cytokines, like TGFβ, which will suppress the function of DCs
and cytotoxic T cells and promote maturation of Tregs. Single fraction radiation from 5–10 Gy in mouse
mammary tumors upregulated TGFβ in both tumor cells and the surrounding adipose stroma [34,150].
In irradiated tissues, there is a relative increase in ROS, leading to activation of TGFβ. Mouse models
of mammary carcinoma demonstrate that activation of DCs and priming of cytotoxic T cells during RT
can be improved by administering TGFβ-neutralizing antibodies [99,150].

Tumors counteract this influx of activated cytotoxic T cells through the downregulation of
antigen-presenting MHC-I proteins. Historical studies revealed that radiation increases MHC-I protein
expression on tumor cells, leading to restored antigen recognition by cytotoxic T cells. In primary
glioblastoma lines, increasing doses of radiation up to 12 Gy led to increased MHC-I expression,
and a similar effect was demonstrated in ovarian and cervical cancer cell lines with doses of 25
to 100 Gy [151–154]. Conventionally fractionated radiation also can induce MHC-I expression,
where conditioned media from breast cancer lines treated with 6-10 Gy delivered in 3-5 fractions was
able to stimulate expression of total cellular and surface MHC-I in recipient cells [155].

The interactions between tumor cells and their immune microenvironment is very complex due to
their abundance, diversity, and varying roles. Evidence showing the presence of anti-tumor immune
cells and IRDS genes being important to determine RT efficacy and the roles of pro-tumor immune
cells to promote radioresistance should inspire us to design therapeutic regimens with different
immune-modulating drugs to synergize with RT. However, it is still unclear how different RT fractions
affect immune TME. Additionally, it was recently discovered that distinct immune cell origins (bone
marrow or embryonic) have different roles in controlling tumor phenotype [156]. How the immune
cell origin contributes to immune-mediated radioresistance is still a largely unaddressed question in
the field and needs to be studied [157,158].

6. Immunomodulatory Roles of CAFs and the ECM and How Their Interactions Regulate
RT Efficacy

With recent discoveries, it is increasingly appreciated that malignant tumor cells interact with their
TME in a complex and reciprocal manner to regulate tumor progression and treatment response [1–5].
In addition to the ability of the individual stromal components to directly control tumor cell phenotype,
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interactions among the components of the TME themselves can also exert the same effects [6,66].
Immune cells in the TME are regulated by their microenvironment, including the CAFs and ECM
in addition to the tumor cells. These communal interactions in the TME are important to consider
because they can inadvertently affect treatment response [11,32,86].

CAFs have various pro-tumorigenic roles by regulating tumor immunity, ECM, and hypoxia,
among many other factors [66]. One group reported that fibroblast activation protein (FAP)+ CAFs,
one subtype of CAFs, are responsible for suppressing anti-tumor immunity and thus contribute
to uncontrollable tumor growth. Depleting FAP-expressing cells provides some tumor growth
control through a process involving IFNγ and TNFα [159]. In a cervical cancer model, mesenchymal
stromal cells were responsible for immunosuppression through their ability to dampen CD8+ T cell
proliferation, activation, and effector functions. This was found to be mediated by the expression
of CD39 and CD73 ectonucleotidases and the generation of adenosine by the stromal cells [160].
Lastly, CAFs can support tumorigenesis and mediate tumor-enhancing inflammation by enhancing
tumor angiogenesis, proliferation, and invasion. These tumor-promoting characteristics are mediated
by NFκB pathways [161]. These tumor-promoting roles of CAFs, through their modulation of tumor
immunity, may apply to the mechanisms of stromal-mediated radioresistance.

CAFs can control tumor immunity through multiple mechanisms [66,162]. CAFs regulate
both adaptive and innate immune cell functions, including T cell and immunosuppressive myeloid
cells. CAFs can negatively impair the function of CD8+ T cells including cytolytic activity and
cytokine production through the production of soluble factors, such as TGFβ and VEGF, metabolic
reprogramming via indoleamine 2,3-dioxygenase and arginase, and expression of checkpoint inhibitors
like PD-L1 [66,163]. Many of these factors were discussed previously in the other sections as they are
implicated in radioresistance [42,43,51,110]. CAFs can also affect myeloid cell and DC maturation status
and function [164–167]. These immune cells are essential mediators of radiosensitivity [92–95,106].
More importantly, many recent discoveries have shown how targeting the stroma can reawaken
anti-tumor immunity and synergize with immunotherapy [168–170], as reviewed elsewhere [66].
The concept of how stromal interactions with the immune microenvironment affect immunotherapy
response may also hold true for RT responses.

One way by which CAFs regulate the immune TME is through their secreted factors. CAFs secrete
many active factors to the TME which are eventually stored in the ECM reservoir, including the various
MMPs [2,8,10,75]. MMP14 mediates tumor progression through vascular and immune-modulatory
effects. The anti-MMP14 inhibitory antibody can inhibit tumor growth, reduce tissue hypoxia, increase
macrophage number, and shift cell phenotype towards the more anti-tumor M1-like phenotype
due to reduced active TGFβ and SMAD2/3 signaling, hence synergistically enhancing RT effects
(Figure 2) [171]. This example demonstrates that CAF interactions with the ECM and the immune
microenvironment can regulate tumor cell radiosensitivity.

CAFs and the ECM have many immunomodulatory functions, which can control tumor cells’
treatment response, including RT efficacy. Even on their own, CAFs, ECM, and immune cells can
directly confer a radioresistance phenotype to tumor cells, and their interactions among themselves
also affect how tumor cells respond to RT. It is presently unclear how these relationships among the
tumor stroma components are affected by host immune status and vice versa. Similarly, it is not
known how different RT doses and fractionations change these complex interactions and their ensuing
tumor-regulating phenotype. It will be fascinating to see how new technologies such as single-cell
RNA sequencing will help us discover novel stromal and immune cells and shape our understanding
of the immunomodulatory functions of stromal cells in cancers.

7. The Impact of Other Stromal Cells on RT Efficacy

The TME contains other stromal cells present besides CAFs: blood endothelial cells, lymphatic
endothelial cells, adipocytes, mesenchymal stem cells, fibrocytes, pericytes, neurons, etc. Although
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their contribution is small in terms of their numbers in the TME, they still play important roles in
tumor progression, treatment response, treatment resistance, and cancer metastasis [1,7].

Endothelial cells are important players in many different types of cancer. They supply nutrients
for tumor growth, provide routes for metastatic dissemination, and contribute to chemo- and
radioresistance [80,172,173]. Hence, it is important to understand the tumor vasculature to comprehend
endothelial cell-mediated radioresistance. Tumors have two main ways to develop vasculature:
angiogenesis and vasculogenesis. Angiogenesis is the process in which vessels are developed from
nearby endothelial cells, while vasculogenesis is the formation of blood vessels from circulating
cells postulated to come from the bone marrow [80]. It is clear that angiogenesis is an important
process fundamental to treatment refractoriness, but vasculogenesis is especially imperative in RT
resistance due to the fact that local RT abrogates local angiogenesis, forcing tumors to rely heavily
on the vasculogenesis pathway for blood vessel regrowth post-RT. This mechanism poses another
barrier to T cell infiltration. Dysfunctional tumor-associated vasculature has endothelial cells lining
the vessels that suppress T cell activity, target them for destruction, and block entry into the TME [174].
Studies of ablative doses of radiation as high as 25 Gy led to the infiltration of TAMs expressing
immunosuppressive enzymes [175]. Notably, single-fraction ablative doses also induce significant
endothelial cell death, causing reduced vascular flow, hampering T cell recruitment, and inducing
a hypoxic and immunosuppressive TME [176,177]. These ablative doses have been evaluated by
bioinformatic studies, demonstrating that alteration of tumor vasculature post-irradiation accounts
for 20−30% of the radiographic response of brain metastases in stereotactic radiosurgery cases [178].
In contrast, radiation doses <10 Gy have been shown to promote vascular relaxation and increase
tumor oxygenation, with fractionated schedules providing the maximal benefit on tumor growth delay
due to tumor reoxygenation [179,180]. Low-dose radiation also plays a role in the reprogramming
of macrophages, which are important during the angiogenesis process, allowing increased T cell
extravasation in vivo through inducible nitric oxide synthetase [112]. There is an influx of CD11b+

myeloid cells following tumor irradiation, and increased tumor hypoxia increases HIF-1 levels and
subsequently upregulates stromal cell-derived factor 1 (SDF1, also known as CXCL12) to initiate
vasculogenesis [80]. Many angiogenic inhibitors have been used in the clinic and have proven efficacy
as radiosensitizing agents because of multiple different mechanisms related to the “normalization”
of tumor vessels and their subsequent oxygen content and acidity (Figure 2) [2,6,32]. One group
claims that the use of the VEGF receptor inhibitor axitinib radiosensitized tumor endothelium and
enabled tumor control [181]. Another group found that angiogenesis-promoting factors that protect
against endothelial damage can diminish the RT response. Reversing this effect with a VEGF inhibitor
promotes RT-induced endothelial injury through the generation of the second messenger ceramide
through acid sphingomyelinase trafficking to the plasma membrane. This tumor endothelial cell RT
resensitization was shown to mediate tumor control [181]. These studies demonstrated that endothelial
cells are important mediators of tumor radioresistance due to their ability to form vessels and control
tumor oxygen content.

Adipocytes are also active players in the TME that control cancer development, progression,
metastasis, and treatment response, especially in cancers that interact closely with adipose tissue-like
breast cancers [182]. Cancer-associated adipocytes (CAAs) are energetic cells capable of secreting
a heterogeneous group of molecules known as adipokines that include hormones, growth factors,
and cytokines. Some examples of adipokines are leptin, adiponectin, autotaxin, IL-6, TNFα, IGF-1,
and HGF. In addition, CAAs actively participate in metabolic remodeling that supports cancer cell
growth by regulating the fatty acid reservoir to increase mitochondrial β-oxidation. They also interact
closely with CAFs and ECM molecules through ECM remodeling. More importantly, they act as
obstacles to various anti-cancer therapies as they are involved in diverse resistance mechanisms [1,7].

One mechanism of adipocyte-mediated radioresistance is through their secreted adipokines.
Some of these adipokines such as TNFα, IGF-1, and HGF were discussed earlier with regard to their
contributions to stromal-mediated radioresistance (Figure 1) [38,52,110,159]. Another group reported
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that these adipokines can increase the gene expression of NFκB and cyclin D to induce anti-apoptotic
transcription and stabilize pro-oncogenic factors such as β-catenin and cyclin-dependent kinases [182].
It was also found that breast cancer cells co-cultured with adipocytes are radioresistant, and the
mechanism is through adipocyte secretion of IL-6 resulting in the phosphorylation of Chk1 associated
with decreased cancer cell death [182,183]. Another mechanism of adipocyte-mediated radioresistance
is the initiation of autotaxin (ATX)–lysophosphatidic acid (LPA) signaling. This group found that CAAs,
which closely interact with adjacent tumor cells, can become inflamed from tumor-derived cytokines,
which results in the stimulation of adipocytes’ ATX secretion and subsequent LPA production. This
further promotes inflammatory cytokine production in a vicious feed-forward cycle. RT-induced
adipocyte injury triggers increased levels of ATX, cyclooxygenase-2 (COX-2), IL-1β, IL-6, IL-10, TNFα,
and LPA1 and LPA2 receptors. This inflammatory response depends on the DNA damage response
pathways ATM, ATR, and PARP-1 and inflammatory mediators COX-2 and NFκB, which can potentially
be inhibited to reverse radioresistance. Induction of LPA signaling enhances lymphocyte invasion and
cytokine and VEGF production to stimulate angiogenesis required for tumor growth [184]. As detailed
earlier, angiogenesis is one factor that contributes to tumor cell radioresistance [8]. These studies
showed that adipocytes are not dormant “fat” cells; they are active contributors to tumor phenotype
through their active metabolism and secreted factors.

Even though endothelial cells and adipocytes do not make up a significant portion of the tumor
stroma, they contribute to tumor radioresistance. Multiple groups have shown that we should not
negate their roles in controlling RT response to prevent the formation of radioresistant cancer cells.
However, the complexity of different RT doses and fractionation regimens has left the field with an
unanswered question regarding their effect on stromal cells present in cancers.

8. Forward Looking Conclusions

Malignant tumor cells that harbor genetic aberrations are in close proximity with the tumor
stroma composed of diverse cellular and non-cellular entities including CAFs, ECM components,
immune cells, endothelial cells, adipocytes, and secreted bioactive molecules. At every step of
the tumor lifecycle, there is reciprocal communication between these malignant cancer cells and
their neighbors. Their highly dynamic interactions control tumor initiation, progression, invasion,
metastasis, and treatment resistance, which complicates cancer therapeutic planning [1–6,8,10–13,185].
Here, we reviewed how the tumor stroma can contribute to cancer radioresistance; many of which
are mediated through secreted factors, cell surface receptors, and downstream pro-survival and/or
anti-apoptotic signaling pathways. The tumor stroma is very diverse, and our current knowledge of
distinct cell types is still lacking. It will be interesting to see how new technologies to discover novel
CAFs and immune cell types will broaden our knowledge of tumor-stromal interactions.

Further complicating the concept of stromal-mediated radioresistance is the fact that with
successive treatments tumor and stromal cells can become more resistant, which could be a problem for
many anti-cancer treatment regimens given in cycles, such as chemo- and radiotherapies. Based on the
potential of these tumor stroma to induce radioresistance, it seems plausible to include stromal-targeted
agents in combination with RT for therapeutic benefit. Multi-directed treatments toward both the
tumor cells and the tumor stroma could help eradicate cancers and prevent therapeutic resistance and
tumor relapse.

Lastly, RT is a rapidly evolving field. Ultra-high dose rate of RT (FLASH-RT) is a new technology
that enables the ultra-fast delivery of doses while sparing normal tissues [186,187]. It will be important
to see how FLASH-RT influences tumor-stroma communications and stromal-mediated radioresistance.
Despite many recent discoveries, there are still many remaining questions in the field to be addressed,
such as how CAF diversity affects radioresistance and how the tumor stroma changes with different
RT dosing and fractionation regimens. Future discoveries about these mechanisms can be used for the
design of novel RT and drug combinations to target stromal-mediated RT resistance.
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Simple Summary: Around 50% of all cancer patients receive radiotherapy as part of their treatment.
Recently immunotherapy has shown promising results and become established as an effective
treatment for some cancers. Combining radiotherapy and immunotherapy is a novel approach to
further increase the number of patients responding to immunotherapy. Biological markers of response
(biomarkers) are urgently required to hasten the clinical translation and improve outcomes further.
Radiotherapy can both stimulate and inhibit the immune system and understanding the immune
effects of radiotherapy on the tumour and surrounding cells may lead to the identification of predictive
and prognostic biomarkers to help make more individualized treatment decisions, when combining
radiotherapy with immunotherapy. This review summarizes the immune effects of radiotherapy and
biomarkers of response identified to date; providing new perspectives for future research which may
facilitate the development of novel radiotherapy immunotherapy combinations based on tumour
immunology and biomarker identification.

Abstract: Radiotherapy (RT) is a highly effective anti-cancer treatment. Immunotherapy using
immune checkpoint blockade (ICI) has emerged as a new and robust pillar in cancer therapy;
however, the response rate to single agent ICI is low whilst toxicity remains. Radiotherapy has
been shown to have local and systemic immunomodulatory effects. Therefore, combining RT
and immunotherapy is a rational approach to enhance anti-tumour immune responses. However,
the immunomodulatory effects of RT can be both immunostimulatory or immunosuppressive and
may be different across different tumour types and patients. Therefore, there is an urgent medical
need to establish biomarkers to guide clinical decision making in predicting responses or in patient
selection for RT-based combination treatments. In this review, we summarize the immunological
effects of RT on the tumour microenvironment and emerging biomarkers to help better understand
the implications of these immunological changes, and we provide new insights into the potential for
combination therapies with RT and immunotherapy.

Keywords: radiotherapy; immunotherapy; tumour microenvironment; biomarker

1. Introduction

Radiotherapy (RT) is a highly effective anti-cancer treatment delivered to between 50% and
60% of all cancer patients as part of either curative treatment or for palliation of their disease [1].

43



Cancers 2020, 12, 2835

Following the breakthrough of immune checkpoint inhibitors (ICI), immunotherapy has now become
established as an important component of cancer therapy. However, the response rate to single
agent ICI in most solid tumours is low, at approximately 20% to 30%, and further developments are
ongoing to improve response rates and outcomes further. RT has long since been known to be highly
effective at inducing DNA damage and in recent years has been shown to have local and systemic
immunomodulatory effects. Therefore, combining RT and immunotherapy is a logical approach to
enhance anti-tumour immune responses. However, the immunomodulatory effects of RT can be
both immunostimulatory and immunosuppressive, which may be different across different tumour
types and patients. This potential diversity in the immune response to RT adds complexity to the
interpretation of how the immune landscape in the tumour microenvironment (TME) might respond in
patients receiving RT. The nature of the immune response to RT and whether this is immunostimulatory
or immunosuppressive further highlights the importance of identifying immunological biomarkers to
assess treatment responses in patients undergoing RT. In this review, the effects of RT on the tumour
microenvironment, candidate immune targets, emerging biomarkers and the related cutting-edge
technologies for analysis of immune biomarkers will be outlined. Finally, the implications of these
immunological consequences on the potential for combination therapy with RT and immunotherapy
will be discussed.

2. The Tumour Immune Microenvironment

2.1. The Components and Classification of TME

The term “tumour microenvironment” (TME) refers to an “ecological niche” which affects tumour
growth and progression and is characterized by complex biological interactions between the tumour
and the stroma [2,3]. The TME encompasses cancer cells, stromal cells (such as fibroblasts), a diversity
of resident and infiltrating immune cells and soluble messengers [2]. The constituent cell types in the
TME vary from T cells, dendritic cells (DCs), tumour-associated macrophages (TAMs), myeloid-derived
suppressor cells (MDSCs), mast cells, to natural killer (NK) cells, which secrete a variety of factors
(chemokines, cytokines and enzymes) that directly or indirectly participate in immune responses.
The composition and the interplay of the components within the TME may have a critical role in the
outcome of tumour evolution and treatment response [2].

There are certain cell types in the TME that play an essential role in immune surveillance, such
as DCs, cytotoxic T cells and NK cells. Among these, the T cell infiltrates are potentially some of the
most important immune effector cells populations which have been investigated extensively. One such
investigation is the immunoscore, which refers to the density of two different lymphocyte populations
(CD3+, CD8+ or CD45RO+ cells) quantified in the tumour core and the invasive margin, which was
first shown to correlate with outcome in colorectal cancer (CRC) [4]. The prognostic power of the
immunoscore is also being investigated and validated in other cancer types including melanoma and
breast cancer [5].

The TME can however become highly immunosuppressive as a result of the infiltration and
interaction of a multitude of immune effector cells which act to suppress immune responses, including
MDSCs, regulatory T cells (Tregs) and TAMs. Tregs play a significant role in facilitating immune
escape and promoting tumour progression. A low number of Tregs before treatment was found to be
correlated with active immune responses and favourable clinical outcome in breast cancer patients
following surgery and RT [6]. In terms of TAM, the TME encourages the switch from a tumour-killing
M1-TAM to a tumour-promoting M2-TAM type. MDSCs are a heterogeneous population of myeloid
cells [7] and have been demonstrated to be associated with a poor prognosis in pancreatic, oesophageal
and gastric cancers, which suggests their potential as an important prognostic biomarker [7].

It is increasingly recognized that tumour responses to treatments to some extent depend on the
microenvironment. Therefore, it is important to understand how immunostimulatory and suppressive
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effects are reflected and balanced in the TME, thereby hopefully tailoring the treatment according to
the TME landscape.

2.2. The Effects of RT on the Tumour Microenvironment

RT has been widely used to eradicate cancer with its direct tumour-killing effects [8]; however,
increasing evidence shows that RT can cause tumour rejection by enhancing local anti-tumour immune
responses that can lead to a distant systemic immune response called the “abscopal effect”, where the
tumour regresses outside the irradiated site [9]. However, it is increasingly understood that RT
has both immunostimulatory and immunosuppressive effects. In order to utilize RT to enhance the
immunostimulatory effects and overcome intrinsic immunosuppression within the TME, a greater
understanding of RT-induced immune effects is required.

2.2.1. RT-Induced Immunostimulation

RT is well documented to initiate tumour rejection by enhancing anti-tumour immune responses,
although mostly in murine tumours [10–16]. The phenomenon “abscopal effect”, which refers to a
tumour in a non-irradiated site regressing after RT [17], offers further evidence of the ability of RT to
induce immunological responses. RT can mediate these effects in several ways including immunogenic
effects on tumour cells and immunostimulatory effects on the immune system.

RT can increase the antigenicity of tumour cells by inducing or upregulating the release of
tumour-associated antigen (TAA) through induction of tumour cell death and increasing the expression
of MHC class I molecules that are expressed on the surface of tumour cells. RT can also greatly alter
the repertoire of MHC class I restricted peptides [18].

It has been shown that RT is able to induce immunogenic cell death (ICD), whereby tumour cells
dying after RT undergo a form of cellular death induced by a cascade of complex reactions which can
elicit immune responses [19] (Figure 1).
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Figure 1. Immunostimulatory effects of radiotherapy. Radiotherapy can enhance the antigenicity of
tumour cells by stimulating the induction of immunogenic cell death mediated by damage-associated
molecular pattern molecules (DAMPs), which contributes to DC maturation and T cell priming.
Activated cytotoxic T cells (cTL) in the blood can cause systemic immune responses, potentially
resulting in tumour regression outside the irradiated field. DC, dendritic cell; Mϕ1 cells, macrophage
type-1 cell; Th1 cell, T helper type 1 cell.
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After irradiation, tumour cells can undergo a form of cell death known as immunogenic
cell death and express damage-associated molecule patterns (DAMP) or “danger signals”, which
includes exposure of calreticulin, the extracellular release of ATP and high mobility group box 1
(HMGB1) and uric acid. Calreticulin is a protein that can serve as an “eat me” signal, stimulating
the engulfment of dying tumour cells and their apoptotic debris by macrophages and immature
DCs [19,20]. ATP can be a potent signal for activating myeloid cells including monocytes/macrophages
and immature DCs. HMGB1 is a factor that can be released by dead cells and can interact with several
distinct pattern recognition receptors, including toll-like receptor 4 (TLR4). These DAMPs, induced
by RT, may potentially play an important role in promoting the recruitment, differentiation and effective
acquisition, processing and presentation of TAA by stimulating dendritic cell (DC) maturation within
TME [21].

Additionally, there are other potential immunological mechanisms through which RT can increase
the susceptibility to anti-tumour immune surveillance. These include the multiple death receptors
induced by RT expressed on the surface of tumour cells, including FAS (also known as CD95) and
tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors 1 and 2 (TRAIL-R1 and
TRAIL-R2), which can render the tumour cells more vulnerable to apoptosis [20].

In addition to these immunogenic and phenotypic changes, RT can stimulate immune responses
via interactions with the immune system. Whilst the direct contribution of infiltrating versus resident T
cells to overall tumour control remains to be clarified, the number and function of TILs have been shown
to increase following single, ablative doses of RT. Likewise, both high single-dose and fractionated RT
have been shown to increase T cell receptor (TCR) diversity and clonality, predominantly leading to
the enrichment of T cell clones already resident within the TME [12,22].

RT can also upregulate MHC class I molecules, leading to enhanced recognition of tumour cells by
cytotoxic T cells, and increased NKG2D expression may result in greater NK cell-mediated eradication
of tumours [21,23].

Production of type I interferons due to RT-induced accumulation of cytosolic DNA and activation
of the STING pathway [24] can also lead to increased expansion of tumour-specific T cells, as a
consequence of enhanced cross-presentation of tumour antigens by dendritic cells. RT can trigger
the production of pro-inflammatory chemokines including CXCL9, CXCL10 and CXCL16, resulting
in the chemotactic recruitment of effector CD8+ T cells into the TME. Macrophages are another
immune effector cell population in the TME which may have a potentially important role in dictating
the response of the tumour to radiotherapy. Macrophages have been characterised into M1 and
M2 phenotypes, although it is understood that there can be “plasticity” between such phenotypes.
M1 macrophages mediate vascular normalization, promoting T cell recruitment and subsequent
rejection of tumours. In contrast, the M2 phenotype is considered to promote immunosuppression.
Interestingly, conventional lower doses of RT (2 Gy) frequently used in routine clinical practice have
also been found to transform an immunosuppressive M2 TAM into a tumour-killing iNOS producing
M1 TAM [25].

2.2.2. RT-Induced Immunosuppression

In contrast to the potential immunostimulatory effects, RT can have several immunosuppressive
effects that may negatively impact or suppress the development of anti-cancer immunity. These negative
effects of RT can be imposed directly on the TME, such as the RT-induced death of immune cells, or
indirectly through modulation of stromal cells and tumour vasculature (Figure 2).

In addition to direct cytotoxic effects on immune cells, RT can lead to the production of
pro-inflammatory cytokines and chemokines (such as TNF, interleukin and TGF-β) and the subsequent
recruitment of suppressive immune cells such as MDSCs, TAMs and Tregs [26]. TGF-β is a potent
immunosuppressive cytokine that inhibits cross-priming of T cells by damaging the antigen-presenting
function of dendritic cells and the functional differentiation of T cells into effectors [27]. Infiltration
of Tregs can lead to cytotoxic CD8+ T cell inactivation by expression of the checkpoint inhibitor
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molecule CTLA-4. Interestingly, on some occasions, these immunosuppressive reactions can be
overcome by RT-induced immune stimulation, which is characterised by ICD induced antigen
exposure, DC maturation, T cell recruitment and activation.

Irradiated normal tissue adjacent to tumour undergoes a process of inflammation, wound
healing and fibrosis. This process involves the expansion of cancer-associated fibroblasts (CAFs) and
extracellular matrix modelling, which leads to post-radiation tumour hardening and shrinkage, and
ultimately facilitates tumour spread or recurrence [26]. CAFs are a heterogeneous cell population
that constitute the majority of cells within the stroma in many carcinomas [28]. RT activates CAFs
by causing DNA damage and production of ROS [29]. Irradiated CAFs can contribute to cancer
progression via the transforming growth factor beta (TGF-β)-CXCL12 dependent pathway. However,
whether CAFs play a tumour-killing or tumour-promoting role may vary depending on the type of
signal [30]. RT-induced vascular damage is aggravated by tumour hypoxia through CXCL-12 and
HIF-1α-mediated MDSC recruitment [31].

In hypoxic environments, RT-induced free radical production is reduced and consequently RT
causes less DNA damage in hypoxic areas. A further potentially important mechanism for RT to
induce immunosuppression in hypoxic areas may be increases in the production of vascular endothelial
growth factor (VEGF), reactive oxygen species (ROS) and hypoxia-inducible factor-1α (HIF-1α) [26].
HIF-1α participates in several specific processes resulting in tumour vascularization and reoxygenation.
Furthermore, it was found to be an independent predictor of poor prognosis after RT [26].
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Figure 2. Potential mechanisms of RT-induced immunosuppression. RT causes a series of immunosuppressive
processes: modifying tumour stromal environment, production of immunosuppressive molecules,
recruiting immunosuppressive cells and impairing effective T cells. RT causes hypoxia, which
induces HIF-1α and TGF-β. HIF-1α-activated CAFs mediated by TGF-β or directly by RT
promote ECM re-modelling. These effects work in concert to promote cancer metastasis. CAF,
cancer-associated fibroblasts; MDSC, myeloid-derived suppressor cell; cTL, cytotoxic T lymphocyte;
TAM, tumour-associated macrophages; ECM, extracellular matrix; HIF-1α, hypoxia-inducible factor-1α;
TGF-β, transforming growth factor beta.

2.2.3. RT and Cell Death

Tumour cells usually evolve to escape death by inactivating the cell death pathways commonly
used to eliminate damaged and harmful cells [32]. This ability to avoid cell death may lead to resistance
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during treatment [33]. Therefore, it is necessary to have an overall understanding of the mechanisms
of cell death induced by RT in order to develop new anti-tumour treatments.

For many years, apoptosis has been proposed as the principal cell death pathway induced by
radiotherapy. Recently, non-apoptotic cell death morphologies or alternative death mechanisms
have been discovered during radiation, including autophagy, necrosis, programmed necroptosis and
ferroptosis, all of which will be summarised below. The mode of cell death induced by RT is of
particular importance as certain modes of cell death will lead to the release of tumour antigens which
are subsequently processed and presented on antigen-presenting cells [21].

Among all these cell death types, one particularly distinct type of “cell death” is radiation necrosis.
Radiation necrosis is unprogrammed cell death and, for example, can occur as a rare late side effect
following high-dose radiation (typically > 55 Gy) of both intracranial and extracranial tumours, such as
nasopharyngeal carcinoma [34]. Unlike all other cell deaths, it has not been often reported to be
associated with tumour suppression, but it presents similar imaging findings and symptoms to tumour
recurrence, which can pose a challenge to differential diagnosis [35]. The aetiology of radiation necrosis
is not yet clear. Possible histopathological changes might be radiation-induced vascular damage and
the resultant ischemic necrosis, radiation-induced damage to oligodendrocytes and their precursors
or impaired neurogenesis, implicating the vascular cells and/or oligodendrocytes as the targets of
radiation injury [34].

Autophagy is a catabolic process whose activation acts as a pro-survival mechanism and can
induce autophagic cell death in some circumstances [36]. Targeting autophagy has been proposed as a
novel anti-tumour treatment [37]; however, it is still controversial as to whether autophagy stimulation
or inhibition is better [38]. Autophagy has also been identified to play a dual role in the response of
cancer cells to RT, with preclinical models showing that autophagy inhibition increases radiosensitivity
in vitro yet reduces efficacy of radiotherapy in vivo due to deficient immunogenic signalling [39,40].
Inhibiting autophagy with chloroquine or hydroxychloroquine might improve the efficacy of several
anticancer therapies in patients, and exploratory clinical studies are ongoing [41]. However, the results
of trials using these drugs have been generally disappointing, with limited clinical efficacy [42,43].
In addition, some researchers have proposed that whether autophagy should be enhanced or inhibited
is context-dependent [37,44].

Necroptosis is a caspase-independent form of regulated cell death executed by the
receptor-interacting protein kinase 1 (RIP1), RIP3, and mixed lineage kinase domain-like protein
(MLKL) [45], which can lead to DAMP release [46] and chronic inflammation associated with aging.
Much of the tumour radioresistance and recurrence results from tumour cell repopulation
after radiotherapy. A preclinical study showed that necroptosis-associated tumour repopulation
after radiotherapy depended on activation of the RIP1/RIP3/MLKL/JNK/IL-8 pathway and this novel
pathway could be a promising target for blocking tumour repopulation to enhance the efficacy of
colorectal cancer radiotherapy [47]. However, there is still a long way to go for necroptosis-based
cancer therapy to be developed as many questions are still unclear—for instance, the intrinsic or
acquired defects of necroptotic machinery observed in many cancer cells [45].

Ferroptosis is a form of regulated cell death characterised by lipid peroxidation and was recently
identified to be potentially tumour-suppressive. Ferroptotic cancer cells have modulatory effects on
tumour immunity at many steps [48]; however, various putative signals released by ferroptotic cancer
cells may lead to the stimulation or suppression of different immune cells. Triggering ferroptosis may be
a novel approach in cancer therapy; several strategies to target ferroptosis have been investigated [48].
Although the link between RT and ferroptosis has not been experimentally addressed or widely proven,
recent evidence suggests that radiotherapy induces ferroptosis in cancer patients [49], and increased
ferroptosis was demonstrated to be associated with improved response to radiotherapy and better
survival in oesophageal tumour samples [50].
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3. Biomarkers

To date, there have been limited clinical studies addressing the RT-induced immunological changes
in humans. Further preclinical and clinical investigations are needed to identify potential biomarkers
of RT-induced immunological changes to guide decision-making in clinical practice, particularly when
considering RT–IO agent combination therapies.

There is growing demand to develop predictive biomarkers which guide the development and
delivery of tailored therapies, i.e., “right drug to the right patients”, by predicting benefit to a medical
intervention and prognostic biomarkers which are used to identify likelihood of a clinical event,
disease recurrence or progression. Several diagnostic tumour markers are now included in routine
clinical practice, such as PSA, CA125, β-HCG and AFP [51], but few biomarkers are currently validated
for clinical practice in RT and none to guide RT in combination with IO agents. In addition to
static biomarkers, dynamic biomarkers are proposed to investigate how treatments may influence
key transitions and potentially identify responders and non-responders in a more timely fashion,
sparing patients’ toxicities from ineffective treatments and potentially guiding therapy decisions to
more effective approaches. Such dynamic tumour biomarkers requiring serial sampling would facilitate
real-time decision-making that has not been previously possible with pre-treatment biomarkers [52].
The process of developing biomarkers for patients undergoing RT is outlined below (Figure 3).
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Figure 3. Process of developing biomarkers for patients undergoing radiotherapy. (a) Blood and
tumour biopsies are taken at baseline, during RT, after RT and at recurrence to obtain dynamic
immune profiling. This figure shows an ideal example of prognostic and predictive biomarkers.
Prognostic biomarkers provide information on disease progression and outcomes, and predictive
biomarkers indicate the response to a medical intervention. (b) In the lab, these biomarkers can
be discovered by high-throughput gene technologies, immune-based technologies and analysed by
bioinformatic approaches. RT, radiotherapy; IHC, immunohistochemistry; NGS, next-generation
sequencing; TCR, T cell receptor; ELISA, enzyme-linked immunosorbent assay.

3.1. Radiotherapy-Related Biomarkers

It is important to note that the TME is dependent on many factors, such as patient
age [53], treatment (chemotherapy, radiotherapy and immunotherapy), tumour type (e.g., solid
or haematological) and whether the tumour is virally or hormonally driven. For virally driven tumours
such as HNSCC, a recent study demonstrated that HPV-positivity correlated with increased immune
cytolytic activity and a T-cell-inflamed gene expression profile, suggesting that HPV status can be
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used to predict the effectiveness of PD-1 inhibitors in HNSCC, independently of PD-L1 expression
and TMB, and probably results from an inflamed TME induced by HPV infection and anti-tumour
activity of HPV antigen-specific T cells [54]. For hormone dependent tumours such as breast cancer or
prostate cancer, the TME may be affected by more complex regulation, such as oestrogen or testosterone
signalling pathways [55,56]. Furthermore, it is difficult to delineate whether changes to the TME
as a result of RT are due to a specific effect of RT or the change in tumour size as a result of RT,
and serial biopsies allowing a thorough investigation into the dynamics and kinetics of changes are
only possible in preclinical models. Here, we focus on the impact of RT on the TME, and some of
the potential immune-related biomarkers of response to RT which have been identified to date are
summarized below (Table 1). Whilst numerous biomarkers during RT are under investigation, there are
few available to guide clinical decision-making in predicting responses or in patient selection for
radiotherapy-based treatments. Furthermore, biomarker identification is in its infancy and it will be
important to consider that any identified biomarker will need to be validated across factors such as
different tumour types, age of patients and hormone or viral dependency of the tumour.

Table 1. Clinical studies on immune-related biomarkers in radiotherapy-based treatment.

Category Sample Origin Biomarker Cancer Type Treatment Clinical
Response Reference

Circulating cells
Peripheral blood
mononuclear
cell

Lymphopenia Cervical cancer Definitive CRT ↓ OS, DFS [57]

Whole blood ↑Myeloid-derived
suppressor cell HCC RT ↓ OS [58]

Whole blood ↑MDSCs + Tregs Rectal cancer Short-term pCRT
+ surgery

Early marker of
response [59]

Circulating
cytokine Plasma VEGF, PIGF and

IL-6 CRC
Neoadjuvant
bevacizumab +
CRT + surgery

Predictive of
response [60]

Immune Infiltrates FFPE tissue ↑ CD3+, CD8+
TILs HNSCC Definitive CRT ↑ OS, PFS

Predictive of CRT [61]

FFPE tissue,
surgical
specimens

↑ CD3+, CD8+
TILs CRC pCRT

Predictive of
pathological
downstaging

[62]

FFPE tissue ↑ Ratio of
PD-1+/CD8+ TILs

Extrahepatic
cholangiocarcinoma Adjuvant CRT ↓ OS [63]

FFPE tissue,
surgical
specimens

Immunoscore CRC pCRT
Predictive of
downstaging after
pCRT

[62]

Surgical
specimens Immunoscore Brain metastasis Surgery + whole

brain RT Prognostic to OS [62]

T-cell-related FFPE tissue PD-L1 (+) post RT Cervical
carcinoma Carbon-ion ↑ PFS [64]

Plasma ↑ PD-L1 HCC RT ↓ OS [65]

Plasma
T cell receptor
repertoire and ↑
serum IFNβ

Lung cancer RT + ipilimumab

Predictive of
response to
combination
therapy

[66]

Gene expression
profiling FFPE tissue High tumour

mutational burden HNSCC Definitive CRT ↓ OS [67]

FFPE tissue ↑ IFN-γ signature Bladder cancer pCRT + surgery +
CRT

↑ Disease-specific
survival [68]

CRT, chemoradiotherapy; RT, radiotherapy; HCC, hepatocellular carcinoma; pCRT, preoperative chemoradiotherapy;
CRC, colorectal cancer; FFPE, formalin-fixed paraffin-embedded; HNSCC, head and neck squamous cell carcinoma;
PD-L1, programmed death-ligand 1; OS, overall survival; PFS, progression-free survival; DFS, disease-free survival;
↑ increased; ↓ decreased.

3.1.1. PD-1/PD-L1 Expression

Engagement of PD-L1 with its receptor PD-1 results in the inactivation of T cells and NK cells,
ultimately contributing to immune evasion [69]. Since Toplian and his colleagues first revealed that
tumour PD-L1 expression reflects an immune-active microenvironment [70], several clinical trials have
demonstrated that clinical responses to PD-1 blockade are correlated with PD-L1 expression in many
cancer types [71–74].
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The role of PD-L1 as a potential biomarker in patients treated with RT has emerged recently [64,75].
The PD-L1 expression after 12 Gy carbon-ion irradiation correlated with better progression-free
survival in human uterine cervical adeno/adenosquamous carcinoma [64], while soluble PD-L1
was found to be correlated with worse survival in hepatocellular carcinoma [65]. Interestingly,
both studies demonstrated that RT results in increased PD-L1 expression in vivo through interferon
gamma production by T cells and that this appears to be an adaptive resistance pathway [10] that
can be overcome by PD-L1-blockade [76]. Haematological malignancies such as Hodgkin lymphoma
also show upregulation of PD-L1/PD-1 after chemotherapy/radiotherapy [77] and are known to be
highly responsive to PD-1 blockade [78], and RT in combination with PD-1 blockade can induce
abscopal responses [79]. The Pacific study showed that the addition of durvalumab (anti PD-L1) after
consolidated chemoradiotherapy (CRT) enhanced both progression free survival (PFS) and overall
survival (OS) of phase III unresectable non-small-cell lung carcinoma (NSCLC) patients; subgroup
analysis showed that survival benefit was achieved in both PD-L1 positive and negative patients [76].
Long-term follow-up showed that the survival benefit of durvalumab was observed in subgroups
with different PD-L1 levels, except patients with PD-L1 < 1% [80]. The findings from this study were
disappointing regarding the potential utility of PD-L1 as a predictive biomarker, but since baseline
PD-L1 level before CRT was not mandated and only measured where samples were available, it is
currently unknown whether CRT changed the PD-L1 expression level and how it affected the results.
Furthermore, durvalumab was given 2–42 days after CRT, which is a quite broad timespan; the optimal
time for drug administration should be explored as well as how PD-L1 was affected by CRT dynamically.

In short, the level of PD-L1 within tumours has been suggested to be a promising prognostic
biomarker in patients undergoing RT, but the role of PD-L1 as a predictive biomarker still needs
further investigation. Ultimately, being able to clearly measure the number of cells expressing PD-L1
(reported as a percentage of stained cells) is critical. This issue is confounded by multiple unresolved
problems: variable detection antibodies, differing IHC cut-off values, tissue preparation, processing
variabilities, primary versus metastatic biopsies, oncogenic versus induced PD-L1 expression and
staining of tumour versus immune cells [81,82]. The cut-off value constituting a positive or negative
test result varies by both tumour type and by the antibody clone used to test the sample [83]. Moreover,
there are several commercially available IHC assays to measure PD-L1 [83]. The measurement of
PD-L1 requires standardization because the PD-L1 can be expressed on both lymphocytes and cancer
cells, on both the cell membrane or in the cytoplasm. Recently, an IHC approach was approved by
the US FDA as a companion diagnostic to make treatment recommendations for NSCLC patients
using the anti-PD-1 agent pembrolizumab [83]. Three additional IHC assays have been approved as
complementary diagnostics [84].

3.1.2. Immune Infiltrates

Immune infiltrates were proposed to be reflective of an adaptive anti-tumour response in the TME
and may indicate a favourable response to RT. Data on the role of TILs in the context of RT are limited,
with mixed findings. A retrospective single centre study examined pre-treatment specimens from 101
neck squamous cell carcinoma (HNSCC) patients before definitive CRT and reported that TILs are
associated with favourable survival and are an independent prognostic factor to response to CRT [61].
However, the amount of CD8+ TIL infiltration alone is not always correlated with better clinical
outcome. In patients with extrahepatic cholangiocarcinoma treated with adjuvant CRT, high expression
of PD-1 on CD8+ TILs was strongly associated with inferior OS and the density of CD8+ TILs alone
was not an independent prognostic factor for OS [63].

The presence of TILs can be measured by IHC, flow cytometry and droplet digital PCR technology.
Moreover, there is an emerging novel technique of “immuno–positron emission tomography”,
which enables identification of CD8+ cells non-invasively and has been used in murine models of
melanoma and breast cancer [85]. Whilst flow cytometry may enable quantification of a greater number
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of immune cells, issues around the requirement for fresh tumours mean that IHC of formalin-fixed
tissue biopsies is currently the preferred method of choice for researchers.

3.1.3. Immunoscore

Given that the effect of TILs might be tumour-type-dependent, it is rational to develop combination
analysis of different cell populations in immune infiltrates when exploring biomarkers for different
cancers. For example, in a retrospective study of 166 CRC cancers with or without preoperative
chemoradiation (pCRT), classification into one of five immunoscore groups significantly correlated
with differences in disease free survival (DFS) and OS (all p < 0.005), with high infiltration of CD3+ and
CD8+ lymphocytes in tumour biopsies associated with downstaging of the tumour after pCRT [62].
Currently, immune changes in the TME after CRT, including the value of immunoscore in response to
chemoradiation, are mostly found in CRC patients [86]. This is possibly because the immunoscore was
first validated and is most studied in CRC, perhaps due to the relatively easy opportunity to obtain
biopsies to investigate the effects on the TME after RT and pCRT.

Another study took pre-treatment and post-treatment biopsies from 136 rectal cancer patients
who underwent neoadjuvant RT, CT or CRT before radical resection and demonstrated that high levels
of CD3+ and CD8+ TILs at baseline were correlated with better pathological responses (TRG ≥ 3) to
neoadjuvant CRT and a favourable DFS and OS; in addition, CRT can enhance local immune response
by increasing TIL infiltration [87]. One of the difficulties in the interpretation of this study is the
diversity of treatment regimens used and the lack of matched immune blood markers to provide
correlations with changes in TME. However, despite these caveats, changes in TILs after treatment were
not associated with prognosis. Furthermore, Hagland et al. found a correlation between circulating
T cells in pre-operative blood with intratumoural density and location of CD3+ and CD8+ T cells
in colorectal cancer, suggestive of the potential for a liquid biopsy immunoscore [88]. However,
this remains to be investigated for RT responses.

Brain metastases have also proven to be another good opportunity to study the effect of RT after
whole brain radiotherapy (WBRT). Berghoff and colleagues investigated the influence of TIL and
immunoscore on brain metastases [89]. Interestingly, despite the common preconception that the brain
is an immune-privileged site, TIL infiltrates were detected in 115/116 (99.1%) brain metastasis biopsies.
The density of CD3+, CD8+ and CD45RO+ TILs showed a significant correlation with favourable
median OS. The immunoscore showed significant correlation with survival (27 vs. 10 mo; p < 0.001) and
was established by multivariable analysis to be an independent prognostic factor (HR 0.612, p < 0.001).
Interestingly, both the immunoscore and post-surgical WBRT showed an independent additive effect
on OS. Considering that WBRT was delivered after surgery, the biopsy could not reflect the impact of
RT on the TME; however, the immune infiltrates can serve as baseline data and may aid in patient
selection for RT.

3.1.4. Gene Expression Profiling

Genetic mutation is one of the most significant hallmarks of cancer [2] and exists in metastatic
settings across many cancer types, particularly frequently in cancers such as bladder cancer, melanoma,
NSCLC, CRC and HNSCC [90]. Tumour mutational burden (TMB), which refers to the number of DNA
mutations per megabase in a cancer cell, has previously been established as a prognostic biomarker
and predictive factor of response to ICI across multiple tumour types [91,92]. The predictive value
of gene expression profiling to evaluate the efficacy of RT currently remains unclear. A multicentre
retrospective study from Germany developed a 327-gene panel to define TMB and then performed
TMB analysis in 101 archival tumour samples from HNSCC patients treated with definitive CRT,
aiming to assess the impact of TMB on prognosis. High TMB was demonstrated to be correlated with
poor survival, which suggests that it may predict patients who might potentially benefit from CRT-ICI
combinations [67]. Further research is needed to determine the value of TMB in response to RT alone.
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Another retrospective study performed transcriptome-wide gene expression profiling of primary
tumours from 136 muscle-invasive bladder cancer (MIBC) patients treated with bladder-sparing
trimodality therapy (TMT) and compared to another cohort of 223 MIBC patients treated with
neoadjuvant chemotherapy (NAC) and radical cystectomy (RC) in patients who had not received CRT.
Results showed that signatures of T cell activation and IFN-γ signalling were associated with improved
disease-specific survival (DSS) in the TMT cohort, but not in the NAC and RC cohort, whereas higher
stromal infiltration was associated with shorter DSS after NAC and RC [68]. This suggests that
gene expression profiling may be useful in developing predictive biomarkers to CRT but, given the
limitations of this retrospective study, additional validation in larger prospective studies is required.

Currently, there is no uniform definition of a high TMB [93]. Standardization of the process
of measuring TMB is required, including the method used, the ideal timing of TMB analysis
(e.g., diagnostic biopsy or pre-treatment) and the ideal specimen (e.g., primary tumour versus
metastasis). DNA next-generation sequencing approaches determining TMB include whole-exome
sequencing (WES) and whole-genome sequencing (WGS). WES is considered to be the gold standard
test as it generates a large amount of data and gives an overview of the gene mutation landscape;
however, the fact that it is costly and requires more DNA may hinder its wider application. Targeted
gene panels are unable to cover all the tumour mutations but offer reduced cost and requires less DNA,
which enables easier integration into hospital labs.

3.1.5. Neoantigens

Neoantigens, as downstream products of TMB, are small peptide epitopes arising from
tumour-specific mutations which are processed and presented on MHC molecules [94,95].
Unlike tumour-associated antigens (TAA) which are commonly shared by patients with the same
tumour type, neoantigens are tumour-specific and are generally patient-specific. Recognition of
neoantigens may be an important driver of the anti-immune responses to T cell targeting therapy
including ICI [95–98]. One study demonstrated that clinical responses to ICIs mostly occur in patients
with pre-existing neoantigen-specific T cells in tumours [99].

There is great interest in developing neoantigens as vaccines to induce immune responses [100].
Although it has been reported that neoantigens were generated in treatment with ICI alone [98]
or combined with RT and may be a biomarker of response [66,79], there are some barriers even at
the experimental stage. For example, approximately only 1% of all tumour mutations generate a
neoantigen with sufficient affinity for MHC to prime T cell responses; therefore, determining how
to define a high-quality neoantigen which can trigger robust immune responses still presents a
significant challenge. With the development of bioinformatics tools, several findings have emerged.
Łuksza and colleagues proposed a neoantigen fitness model based on two main factors: the likelihood
of neoantigen presentation on MHC and subsequent recognition by T cells [101]. Another study found
that T cells targeting clonal mutations expressed by all tumour cells (trunk mutations) can achieve
better anti-tumour immune responses than T cells targeting mutations expressed only in a proportion
of tumour cells (subclonal branch mutations) in patients receiving ICI [98]. More work is needed
to determine if the number of neoantigens or the frequency of neoantigen-specific T cells may be
biomarkers of response to RT with or without ICI.

3.2. Imaging Biomarkers

In addition to the above blood-based biomarkers or tissue-based biomarkers, in recent years,
non-invasive and clinically useful image-based techniques such as SPE-CT, PET-CT and MRI have
been developed to evaluate the immune response to radiotherapy and/or immunotherapy [102].
These advanced imaging techniques may address the dilemma of patients unsuitable for biopisies
or with multiple disease sites. A retrospective, European, multicentre cohort study examined tissue
samples collected at diagnosis from 208 classical Hodgkin’s lymphoma patients treated with two ABVD
(doxorubicin, bleomycin, vinblastine and dacarbazine) courses with fluorodeoxyglucose (FDG)-PET
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and analysed baseline staging and interim restaging. They found that early-interim FDG-PET scan
after two ABVD chemotherapy courses (PET-2) was the only factor able to predict both progression-free
survival and overall survival. In PET-2 negative patients, expression of CD68 (≥25%) and PD1
(diffuse or rosetting pattern) in microenvironmental cells, and STAT1 negativity in Hodgkin Reed
Sternberg cells, identified a subset of PET-2 negative patients with a 3-year progression-free survival
significantly lower than that of the remaining PET-2 negative population [103]. This revealed the
combined role of biomarkers and interim PET scan in prediction of treatment outcome and provided a
new insight into developing immune cancer biomarkers.

Despite its role in staging being increasingly recognized in lymphoma and non-small cell lung
cancer [104], 18-FDG–PET has several major drawbacks for use in immune imaging. This is a particular
problem when it comes to the phenomenon of pseudoprogression, where the increased immune activity
in response to successful therapy is difficult to distinguish from increased tumour metabolism in
response to therapeutic failure [105]. Additionally, other limitations of PET imaging are that it is costly
and exposes patients to radiation, and these have hindered its wider application in the clinic.

3.3. Biomarkers for RT and ICI Combination Therapies

Since the emergence of ICIs as delivering durable anti-tumour responses in a range of cancer types,
albeit in the minority of patients treated, the number of clinical trials evaluating immunotherapy alone
or combined with conventional oncology treatments such as RT or chemotherapy has greatly increased,
with thousands of clinical trials in progress or being developed [106]. Whilst a detailed list of the clinical
trials combining RT with immuno-oncology agents is beyond the scope of this review, the synergistic
anti-tumour effects of RT and ICI has been investigated in many clinical studies and there are significant
numbers of RT and ICI combination trials registered on clinicaltrials.gov [107].

One prospective trial investigated the efficacy of RT plus the anti-CTLA-4 ICI Ipilimumab in
relapsed non-small-cell lung cancer. Twenty one of thirty nine enrolled patients completed the
treatment protocol, with an overall objective response rate of 18%. Of the 20 evaluable patients,
an increased serum IFN-β after RT and early dynamic changes in T cell clones appeared to be the
strongest predictive biomarkers of response. Interestingly, T cells targeting a neoantigen controlled by
a gene upregulated by RT were identified in one responding patient whose samples were analysed in
more detail [66], but this “in-depth analysis” was only performed in one responding patient. Similarly,
another study analysed three patients with refractory Hodgkin’s lymphoma treated with a combination
of radiation and nivolumab; results showed that all three patients achieved durable complete local
and abscopal responses. Further analysis found high PD-L1 expression in all three patient tumours,
a mutation in the STAT6 gene, amplification of a “neoantigen” Erb-B2 receptor tyrosine kinase 2
(ERBB2) along with DNA damage response in patient 2 and an intermediate tumour mutation burden
(TMB) with 8.15 mutations per megabase in patient 3. This suggested that the expression of PD-L1,
DNA damage response and TMB might be potential biomarkers of response [79]. Due to the limitation
of a small sample size and the retrospective nature of the study, these findings require validation in
larger patient groups.

4. Conclusions and Future Directions

Tumours have been broadly divided into immunologically “hot”, characterised by high numbers of
tumour-infiltrating T cells, and “cold”, characterised by low numbers of T cells [108]. What is currently
less well characterised is how RT interacts with such “hot” or “cold” tumours to induce immune
changes in human tumours. RT may well be immunostimulatory and potentially further enhance “hot”
tumours and increase the number and diversity of T cell clones or potentially convert a “cold’ tumour
to a “hot” tumour with an increase in T cell infiltration. In contrast, RT could be immunosuppressive
and convert a “hot” tumour to a “cold” tumour or make the tumour microenvironment of an already
“cold” tumour even more immunosuppressive by inducing the cytokines that lead to infiltration of
immunosuppressive immune effector cells. An enhanced understanding of how RT affects the TME in
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“real time” as the patient is receiving RT will be extremely informative but requires a huge effort for
serial tumour biopsies with the development of dynamic tumour biomarkers. Only when such data are
available can we realistically begin to potentially implement different strategies to potentially enhance
or modulate the RT-induced immune response and move towards a more personalized treatment
approach for patients.

Currently, preclinical data are emerging which suggest that such a strategy of selecting an IO
agent to combine with RT to improve outcomes may be possible at least for the “hot” tumours. In some
murine tumours, anti-PD1 (ICI) combined with RT may lead to the generation of systemic immunity
and long-term tumour control [10,22]. In contrast, for “cold” tumours, which are normally poorly
infiltrated by T cells and contain increased numbers of immunosuppressive myeloid cells, anti-PD1 and
RT may be less effective. Therefore, combining RT with IO or immune-stimulatory agents which act to
reprogramme myeloid cells and drive increased T cell infiltration into tumours (e.g., TLR agonists,
anti-CD40 mAb, anti-OX40 mAb) may be required to overcome this immunosuppressive TME and
improve tumour control and survival [109,110].

However, to date, there are still many unanswered questions and future work in both the
preclinical and clinical settings is required to establish the optimal RT regimen and any potential
biomarkers which may inform IO agent choice when trying to further enhance the synergy of RT in
combination with different immunotherapy modalities. Firstly, current data on immune infiltrates and
tumour cell PD-L1 expression come from pre-treatment biopsies or surgery specimens, which mainly
reflect the immune status at baseline, and there is limited information on changes in TME during
or post-treatment. Additionally, few data exist on systemic immune biomarkers post-RT [57–59,111].
Therefore, there is an urgent unmet clinical need to collect tumour samples and matching bloods pre-
and post-RT from patients undergoing routine RT to further understand the potentially diverse impact
of RT between patients and tumour types.

Whilst changes in the TME are likely to be most reflective of immune changes induced by RT,
investigations in peripheral blood may provide additional information to enable biomarker detection
and surveillance during and after RT with less invasive sampling.

In addition, to identify whether a human tumour is immunologically “hot” or “cold”, there
are now many technologies available to analyse immunological markers in tumour and blood. IHC
is often used to identify tumour immune contexture by analysing FFPE samples and platforms
now exist to multiplex up to 40 different cell markers. RNA gene expression arrays can be used
to profile changes in immune genes in greater depth and possible immune gene signatures may
arise as potential biomarkers [112,113]. Systemic immune changes can be monitored by profiling of
PBMC populations through flow cytometry or mass spectrometry, TCR sequencing to investigate T
cell clonality and analysis of serum cytokines and chemokines though multiplex bead-based assays
or ELISAs. A thorough investigation of RT-induced changes in the immune TME and in the systemic
circulation is the first step to identifying potential biomarkers of immune responses post-RT and
determining if these biomarkers are predictive, prognostic or dynamic.

There is still much work to be done to enhance our understanding in the development of biomarkers
for RT and RT + immunotherapy combinations in the clinic. Although there are currently thousands of
clinical trials evaluating IO agents alone or combined with conventional oncology treatments such
as RT or chemotherapy [58], only the minority have translational immunological research that may
provide mechanistic insights and help the development of immunological biomarkers. For RT and
RT in combination with IO agents, this field is still in its infancy and requires the coordinated efforts
of the pioneers to incorporate biomarker-driven research into their design. Only with this focus on
translational research will progress be made and provide us with the possibility that tumours may be
stratified for treatment according to immune biomarkers identified in the TME and/or the peripheral
blood that will predict immune responses post-RT and may inform RT/IO combinations.
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Simple Summary: Cancer cells are consistently under oxidative stress, as reflected by elevated basal
level of reactive oxygen species (ROS), due to increased metabolism driven by aberrant cell growth.
This feature has been exploited to develop therapeutic strategies that control tumor growth by
modulating the oxidative stress in tumor cells. This review provides an overview of recent advances
in cancer therapies targeting tumor oxidative stress, and highlights the emerging evidence implicating
the effectiveness of cancer immunotherapies in intensifying tumor oxidative stress. The promises and
challenges of combining ROS-inducing agents with cancer immunotherapy are also discussed.

Abstract: It has been well-established that cancer cells are under constant oxidative stress, as reflected
by elevated basal level of reactive oxygen species (ROS), due to increased metabolism driven by
aberrant cell growth. Cancer cells can adapt to maintain redox homeostasis through a variety of
mechanisms. The prevalent perception about ROS is that they are one of the key drivers promoting
tumor initiation, progression, metastasis, and drug resistance. Based on this notion, numerous
antioxidants that aim to mitigate tumor oxidative stress have been tested for cancer prevention
or treatment, although the effectiveness of this strategy has yet to be established. In recent years,
it has been increasingly appreciated that ROS have a complex, multifaceted role in the tumor
microenvironment (TME), and that tumor redox can be targeted to amplify oxidative stress inside the
tumor to cause tumor destruction. Accumulating evidence indicates that cancer immunotherapies
can alter tumor redox to intensify tumor oxidative stress, resulting in ROS-dependent tumor rejection.
Herein we review the recent progresses regarding the impact of ROS on cancer cells and various
immune cells in the TME, and discuss the emerging ROS-modulating strategies that can be used in
combination with cancer immunotherapies to achieve enhanced antitumor effects.

Keywords: oxidative stress; reactive oxygen species; immunotherapy; tumor microenvironment

1. Introduction

Reactive oxygen species (ROS) are a group of highly reactive oxygen-containing
molecules, including free radicals such as hydroxyl (HO•), superoxide (O2

•), peroxides
(RO•) and oxides of nitrogen (NO•) and the non-radical hydrogen peroxide (H2O2). ROS
are physiologically generated as a byproduct of cellular respiration and aerobic metabolism,
pathologically elevated in diseases like inflammation and cancer, and exogenously formu-
lated after exposure to xenobiotics such as chemotherapy, radiotherapy, or UV. At low to
medium levels, ROS can act as cellular signaling messengers, involved in regulating a vari-
ety of cellular functions including gene expression, cell proliferation and differentiation, and
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immunity against diseases. At high levels, ROS cause oxidative damage to DNA, proteins,
and lipids, and become detrimental to cells. Due to the multifaceted role of ROS in cell
survival and function, the cellular levels of ROS have to be tightly controlled to maintain
the redox homeostasis, i.e., the balance between ROS production and scavenging, through
multi-layer mechanisms. Oxidative stress occurs when this balance is disrupted in cells.
The ontogeny, regulation, and biological function of oxidative stress in cancer biology have
been extensively reviewed by others [1–4]. In this review, we mainly discuss the impact of
oxidative stress on the tumor microenvironment (TME), including cancer cells and various
immune cells. By focusing on how the interplays between cancer cells and immune cells
influence the redox status of both populations, we highlight the therapeutic potential of
rational combination of ROS-modulating agents with cancer immunotherapies.

2. The Impact of Oxidative Stress on Cancer Cells

It has been well-established that cancer cells are under higher degree of basal level
oxidative stress than normal cells, reflected by an increased presence of ROS. Mitochondria
are the major cellular source of ROS production. Mitochondria produce ROS during respira-
tion as a natural by-product of electron transport chain (ETC) activity. Incomplete electron
transfer and leakage of electrons through ETC complexes I, II, and III results in superoxide
production [5]. Membrane-bound NADPH oxidases (NOXs) are another important source
of ROS. NOXs are a family of hetero-oligomeric enzymes that catalyze the production
of superoxide from O2 and NADPH. In most mammals, there are seven NOX isoforms:
NOX1, NOX2, NOX3, NOX4, NOX5, dual oxidase (DUOX) 1, and DUOX2 [3,6]. Deregulated
ROS generation in cancer cells may occur due to cell-intrinsic events such as oncogene
activation, tumor suppressor gene inactivation, increased metabolism, and adaptation to
hypoxia (i.e., low oxygen levels), or exogenous insults such as chemotherapy and ionizing
radiation [2,3,7–9].

2.1. ROS in Tumor Initiation, Progression, and Survival

Mildly increased levels of ROS are known to contribute to tumor progression by
promoting cell transformation [10], proliferation [11], and survival [12–14]. It has been well-
documented that growth factor signaling and oncogenic mutations can result in increased
ROS production, which is tightly associated with the incidence of various cancers. For
example, platelet-derived growth factor (PDGF), epidermal growth factor (EGF), tumor
necrosis factor α (TNFα), interleukin-1 (IL-1), transforming growth factor β (TGFβ), etc.
can stimulate ROS production and promote tumor progression [15–19]. Oncogenic muta-
tions in RAS have been shown to cause increased generation of superoxide [20–23]. The
oncogene-induced ROS can hyperactivate two important pathways: PI3K/Akt/mTOR
and MAPK/ERK signaling cascades [20,24,25]. The PI3K/Akt/mTOR pathway critically
regulates cell survival. ROS can activate this pathway by oxidizing and inactivating its
negative phosphatase regulators, including phosphatase and tensin homolog (PTEN),
protein-tyrosine phosphatase 1B (PTP1B), and protein phosphatase 2 (PP2A), or by the
direct oxidation of kinases [26,27]. Many solid tumors, including glioblastoma, melanoma,
prostate, and breast cancer, are frequently marked by inactivation of PTEN [28–30], sug-
gesting that ROS-induced hyperactivation of the PI3K/Akt survival pathway is critical to
the development of these cancers. MAPK signaling pathways are involved in cell growth,
differentiation, and survival. Similar to PI3K/Akt/mTOR pathway hyperactivation, ROS
induce MAPK/ERK-mediated proliferative signaling through oxidizing and inactivat-
ing MAPK phosphatases [31,32]. It is also worth mentioning that ROS can induce nuclear
translocation of NF-κB through oxidation and degradation of IκB, the phosphatase inhibitor
of NF-κB [33–35]. NF-κB is a transcription factor that regulates the genes responsible for
inflammation, cell proliferation, differentiation, and survival and is known to promote tu-
morigenesis, angiogenesis, and metastasis [36,37]. Altogether these studies underscore the
correlation between the aberrant cell signaling events and the deregulated ROS generation
in cancers [38].
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2.2. ROS in Tumor Angiogenesis, Metastasis, and Chemoresistance

Increased ROS also facilitate cancer cell angiogenesis [39], metastasis [40,41], and
chemoresistance [12]. To meet the increased metabolic needs of proliferating cancer cells,
new blood vessels are established to enhance oxygen and nutrient supplies. It is well-known
that ROS promote blood vessel formation and angiogenesis [39,42,43]. Tumor hypoxia, a
condition in which tumor cells are deprived of oxygen, occurs when tumor growth outpaces
blood supply. Hypoxia stimulates the production of mitochondrial ROS (mROS) via the
transfer of electrons from ubisemiquinone to molecular oxygen at the Qo site of complex
III of the mitochondrial electron transport chain [44,45]. Increased mROS induce and stabi-
lize hypoxia-inducible factor-1 (HIF1a) [44,46,47], a transcription factor that enhances the
survival and progression of tumors by upregulating genes regulating tumor angiogenesis,
metabolism, metastasis, and chemoresistance [48,49].

Metastasis involves the spread of cancer cells from the primary tumor to the sur-
rounding tissues and to distant organs. Epithelial to mesenchymal transition (EMT) is the
process of epithelial cell transition into mesenchymal cell, which is the major cause of tumor
metastasis. It has been shown that ROS promote EMT by inducing the expression and
activity of certain matrix metalloproteinases (MMPs) that mediate proteolytic degradation
of extracellular matrix (ECM) components [50,51]. Cancer stem cells (CSCs) represent a
less differentiated but highly tumorigenic subpopulation of cancer cells that contribute
to chemoresistance [52]. CSCs are marked by a heightened antioxidant capacity, which
allows them to self-renew, differentiate, and importantly, to resist ROS-mediated oxidative
damage and cell death induced by radiation or chemotherapy [53,54].

Excessive induction of ROS above a certain threshold can be lethal to the cancer
cells [1–3]. Cancer cells have an increased antioxidant capacity, mediated by enzymatic
and nonenzymatic antioxidants, to adapt to their high oxidative stress status. The main en-
dogenous antioxidant enzymes include superoxide dismutase (SOD), catalase, glutathione
peroxidase, glutathione reductase, thioredoxins, peroxiredoxins, etc. The natural nonen-
zymatic antioxidants include glutathione (GSH), carotenoids, vitamins, etc. One of the
vital transcription factors that regulate redox homeostasis in cancer cells is nuclear factor
erythroid 2–related factor 2 (NRF2) [55,56]. High levels of ROS prevent the proteasomal
degradation of NRF2, thus promoting its nuclear translocation and initiation of the tran-
scription of a multitude of antioxidant genes, including GSH peroxidases (GPXs), and
GSH S-transferases (GSTs) [57], glutathione reductase, thioredoxin, thioredoxin reductase,
peroxiredoxin and sulfiredoxin. Of note, NRF2 regulates the expression of glutamate-
cysteine ligase catalytic (GCLC) and modifier (GCLM) subunits, which combine to form
a heterodimer to catalyze the rate-limiting step in GSH biosynthesis. In addition, NRF2
regulates NADPH regeneration enzymes and NAD(P)H:quinone oxidoreductase 1 (NQO1),
which inhibits the formation of free radicals by the redox-cycling of quinones [58,59]. NRF2
is therefore considered to be a stress alleviator, supporting cancer cell survival, growth,
and escape from the deleterious effects of elevated ROS by maintaining a high but bal-
anced redox status within TME. Moreover, it has been reported that mutations in genes
encoding the NRF2 transcription factor and its negative regulator (KEAP1) are frequently
detected in cancer [59–61]. These mutations may lead to aberrant NRF2 activation, which
is associated with poor prognosis and correlates with chemoresistance and tumor recur-
rence [62,63]. Some recent studies reported that cancer cells can produce neuroglobin
(NGB), a monomeric globin, in response to oxidative stress [64]. NGB can act as an ox-
idative stress sensor and compensatory protein that intersects with the NRF2 pathway
to enable tumor cells to resist oxidative stress and acquire chemoresistance [65,66]. Due
to its essential role in tumorigenesis, cancer cell proliferation and drug resistance, NRF2
represents a plausible target for anticancer therapy [61,63].

3. The Impact of Oxidative Stress on Immune Cells in the TME

The TME is a dynamic environment in which tumor cells reside and interact with the
surrounding vasculature, various immune cells, fibroblasts, and ECM. On the one hand,
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immunosurveillance mediated by T cells and natural killer (NK) cells can detect and attack
transformed cells. ROS are important signal mediators involved in the activation of T cells
and NK cells. ROS are also used by neutrophils and macrophages to destroy cancer cells.
On the other hand, cancer cells possess the ability to induce tumor-promoting immune
cells, including regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), and tumor-associated neutrophils (TANs). The
presence of increased ROS and various types of myeloid cells in the TME is characteristic
of chronic inflammation, which is intimately intertwined with cancer development and
progression [67]. The crosstalk between inflammatory and oxidative stress mediators
may form a positive feed-back loop termed “oxinflammation”, shaping the outcome of
antitumor immune responses [68]. ROS in the TME, along with other mechanisms, are used
by cancer cells and immunosuppressive cells to create immune tolerance to tumors [69–76].
Here, we focus on the impact of ROS on several types of immune cells with relevance to
cancer immunotherapy.

3.1. The Impact of ROS on T Cells and NK Cells

T cell and NK cell activation leads to an increase in ROS production. It has been
well-documented that a mild ROS elevation is required for proper T cell activation and
differentiation. ROS act as a secondary messenger participating in the activation of nu-
clear factor of activated T cells (NFAT) and inhibition of negative regulatory phosphatases
to ensure appropriate signaling [77,78]. ROS also contribute to activation induced cell
death for T cells to maintain immune homeostasis. Kappler and Marrack reported that
activation-induced ROS upregulate Fas expression and downregulate antiapoptotic Bcl2
expression to facilitate T cell apoptosis [79]. The levels of ROS in T and NK cells need to
be delicately controlled to avoid the detrimental effects of high levels of ROS. Excessive
ROS in T and NK cells can decrease TCRζ- and CD16ζ-chain levels, block NF-kB activation,
resulting in deficient IFN-γ, TNF-α, and IL-2 production [80–82]. The antioxidative GSH
pathway plays a critical role in controlling the redox status in T cells. Mak et al. demon-
strated that GSH deficiency in T cells has compromised activation of mammalian target
of rapamycin-1 (mTOR) and reduces expression of NFAT and Myc transcription factors,
resulting in impaired metabolic integration and reprogramming during inflammatory T cell
responses [83]. Tumor-specific T cells treated with the antioxidant N-acetyl cysteine (NAC)
during activation significantly reduce DNA damage and cell death, and show improved
persistence and antitumor effects upon adoptive transfer into tumor-bearing mice [84–87].
T cells engineered to co-express a chimeric antigen receptor (CAR) and catalase not only
reduce oxidative stress in themselves and exert superior antitumor activity, but also protect
bystander NK cells from ROS-mediated repression [88]. Likewise, NK cells primed by IL-15
acquire resistance against oxidative stress through the thioredoxin system, and can aid in
protecting other lymphocytes from ROS within the TME [89].

3.2. Oxidative Stress and Antigen Presentation

Appropriate levels of ROS are needed for the proper function of antigen-presenting
cells. It has been reported that NOX2-mediated phagosomal ROS production in macrophages
and dendritic cells (DCs) regulates antigen cross-presentation [90]. Extracellular ROS can
also modify the immunogenicity of antigenic peptides, altering T cell priming [91,92]. It
has been well-established that induction of oxidative stress in the endoplasmic reticulum
(ER) can cause immunogenic death of cancer cells [93–95]. Immunogenic cell death (ICD)
leads to exhibition and secretion of alarmins, i.e., damage-associated molecular patterns
(DAMPs), including adenosine triphosphate (ATP), ER protein calreticulin (CRT) and nu-
clear heat-shock protein high mobility group box 1 (HMGB1). These DAMPs interact with
their receptors (CD91 for CRT, TLR4 for HMGB1, P2RX7 for ATP) on DCs, leading to DC
activation, antigen cross-presentation, and ultimately antitumor CD8+ T cell responses. It
has been shown that scavenging ROS by antioxidants such as GSH and NAC diminishes
ICD [96], whereas strategies that amplify ROS in the ER enhance ICD and augment antitu-
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mor immunity [97]. However, there is also evidence that ROS can oxidize the danger signal
HMGB1 released from dying cells and thereby neutralize its alarmin activity [98]. A recent
study reported that targeted scavenging of extracellular ROS using a tumor ECM targeting
nanomaterial can maintain the stimulatory activity of HMGB1 and restore ICD-induced
antitumor immunity [99]. These studies suggest that the level and duration of ROS may
determine whether or not ICD can occur and lead to effective antitumor immunity.

3.3. Oxidative Stress and Immunosuppressor Cells

ROS are not only involved in the induction of Tregs [100], but are also used by Tregs
to suppress other immune cells [101–103]. Increased numbers of Tregs are often present
at tumor sites, indicating that Tregs can persist in this environment despite increased
oxidative stress in the TME. Previous studies have shown that Tregs exhibit resistance to
oxidative stress, a phenomenon that may be attributed to their increased antioxidative
capacity [104,105]. This is further supported by a report showing that GSH-deficiency
in Tregs leads to increased serine metabolism, mTOR activation, and proliferation but
downregulated FoxP3, resulting in diminished Treg suppressive function in vitro and
in vivo [106]. Intriguingly, Tregs sensitive to oxidative stress have recently been described.
Maj et al. reported that tumor-infiltrating Tregs tend to undergo apoptosis due to a weak
NRF2-associated antioxidant system and resultant vulnerability to oxidative stress in the
TME. The apoptotic Tregs convert a large amount of ATP to immunosuppressive adenosine,
which antagonizes spontaneous and immune checkpoint blockade (ICB)-induced antitumor
T cell immunity [107].

Myeloid cells, including neutrophils, macrophages and MDSCs, are known to pro-
duce high amounts of ROS. ROS released by phagocytic cells, mainly neutrophils and
macrophages, contribute to tumor killing after chemoimmunotherapy in animal mod-
els [108]. However, neutrophils can also use ROS to suppress T cells [109,110]. MDSCs me-
diate immune suppression via production of ROS and reactive nitrogen species (RNS) [111].
MDSC-derived ROS and RNS reduce T cell responses by inhibiting T cell receptor (TCR)
recognition of its ligand, the MHC-peptide complex on target cells [109,112,113]. It is worth
mentioning that high levels of ROS in TME promote the maintenance of MDSCs in an im-
mature and immunosuppressive state, while lacking NOX2 [114] or scavenging H2O2 with
catalase [115] promotes immature myeloid cell differentiation into macrophages, resulting
in loss of immune suppressive activity of MDSCs. MDSCs are resistant to increased oxida-
tive stress due to an upregulated NRF2-mediated antioxidative system [116], allowing them
to exert immunosuppression upon other immune cells through ROS [112,114,117–120],
while protecting themselves from the detrimental effects of ROS.

4. Cancer Therapies Targeting Tumor Redox

At different levels, oxidative stress can exert either pro-tumor or anti-tumor effects,
presenting as a double-edged sword to cancer cells. Two opposite strategies have been
attempted to modulate tumor redox as a way to prevent or treat cancer. One approach
is to reduce the tumor-promoting effects of ROS by attenuating oxidative stress using
antioxidants. The other approach is to augment cancer cell death by intensifying the levels
of ROS in cancer cells. Here we briefly summarize the current status of the two strategies in
cancer therapy. More detailed reviews on this subject can be found elsewhere [7–9,121–125].

4.1. The Use of Antioxidants for Cancer Prevention

Given the role of ROS in promoting tumorigenesis, angiogenesis, and metastasis,
various antioxidants have been tested as chemopreventive agents based on the rationale
that ROS scavenging can reduce the incidence of cancer and/or delay cancer progres-
sion [126]. Gao et al. demonstrated that administration of the antioxidant NAC inhibits
tumor incidence in mice by suppressing HIF1a-driven tumor growth [127]. Along the same
line, other studies showed that overexpression or targeted delivery of SOD, catalase, or
glutathione peroxidase can inhibit tumor growth [128–132]. Although encouraging results
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were observed in some pre-clinical studies, several large-scale clinical trials with dietary
antioxidant supplementation such as vitamin A, vitamin E, and β-carotene failed to demon-
strate measurable antitumor benefits [133,134]. Paradoxically, in some cases, antioxidant
supplementation has been linked with increased rates of certain cancers [135–137]. Possible
reasons behind the unexpected failure of the antioxidant approach include inefficient scav-
enging of tumor-promoting ROS in the relevant cellular compartment such as mitochondria,
and/or interference with the antitumor roles of ROS in cancer cells [138–142].

4.2. The Use of Pro-Oxidants in Cancer Therapy

Although cancer cells can activate their antioxidant systems to allow them to thrive
in the face of increased oxidative stress, they also become more sensitive to further redox
disruption. The vulnerability of cancer cells to redox imbalance becomes the Achilles’ heel
for cancer. Breaking redox homeostasis in cancer cells can be achieved either by intensify-
ing ROS production or decreasing ROS scavenging through suppressing the antioxidant
systems. It is now clear that numerous chemotherapeutic agents exert tumor killing effects
through the production of free radicals that cause irreversible cell injury [123,124,143].
Cisplatin, a widely used platinum-based chemotherapy, is known to induce tumor cell
apoptosis through generating high levels of cellular superoxide, an effect that can be abol-
ished by the superoxide scavenger Tiron or the antioxidant NAC [144]. 5-fluorouracil
(5-FU), an antimetabolite used to treat colon, head, and neck cancers, and other solid tu-
mors, induces tumor cell apoptosis via induction of mitochondrial ROS, and this effect can
be blocked by the addition of mitoQ, a mitochondrial-selective antioxidant [145]. Doxoru-
bicin, an anthracycline and topoisomerase inhibitor, induces cancer cell apoptosis as well as
cardiotoxicity via direct oxidative DNA damage and indirect induction of H2O2 [146,147].
Chemotherapeutic agents such as taxanes (paclitaxel and docetaxel) and vinca alkaloids
(vincristine and vinblastine) promote the release of cytochrome c from the mitochondria
and interfere with the electron transport chain, resulting in the production of superoxide
radicals and inducing cell death [148–150]. ROS induction also contributes to arsenic
trioxide’s potent inhibitory effect on acute promyelocytic leukemia [151]. Buthionine sul-
foximine (BSO), an inhibitor of glutamate-cysteine ligase (GCL), the enzyme required for
GSH synthesis, exhibits anticancer activity by depleting GSH [152,153]. Some tyrosine
kinase inhibitors (TKI) widely used as targeted therapy for cancer, including erlotinib,
imatinib, and dasatinib, have been found to induce oxidative stress, which contributes to
cancer cell apoptosis, TKI resistance, and cardiac toxicity [154,155]. In addition to these
well-established drugs, increasing number of novel compounds, such as beta-phenylethyl
isothiocyanate (PEITC) [156], leinamycin [157], and lanperisone (LP) [158], that can act
as pro-oxidants or antioxidant inhibitors, have been developed and tested for their anti-
cancer effects. It should be noted that the application of oxidative stress-inducing drugs
for cancer treatment also faces many challenges. For example, the use of pro-oxidants
may encounter limited tumor-selectivity, dose-limiting toxicity, acquired resistance, and
difficulty in effective drug delivery. Besides chemotherapeutic agents, ionizing radiation
can also trigger tumor cell apoptosis via ROS induction and the release of mitochondrial
cytochrome c [159,160]. Comprehensive summarization of the progress and status of
oxidative stress-inducing cancer therapy can be found in other reviews [7–9,123–125,143].

5. The Impact of Cancer Immunotherapies on Oxidative Stress in the TME

In recent years, immune-based therapies, exemplified by ICB therapy and CAR-T
cell therapy, have increasingly become a viable treatment option for patients with cancer.
Durable and curative outcomes have been observed in a fraction of patients with certain
types of cancer after receiving immunotherapies. For example, ICB with aPD1 (nivolumab)
and aCTLA4 (ipilimumab) antibodies led to durable responses in ~20% of patients with
metastatic melanoma [161], and complete responses were achieved in nearly 80% patients
with advanced B-cell acute lymphoblastic leukemia (B-ALL) who received CD19-targeting
CAR-T cell therapy [162]. ICB treatment leads to better T cell activation and function
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by blocking the inhibitory signals transmitted by co-inhibitory molecules such as PD1
and CTLA4. CAR-T cells mediate antitumor effects by specifically recognizing the target
molecules on cancer cells and subsequently destroying the cells through cytotoxic granules
such as perforin and granzymes, along with inflammatory cytokines such as IFN-γ and
TNF-α. Despite their distinct mechanisms of action, emerging evidence from preclinical
studies indicates that ICB therapy and CAR-T therapy can both modulate oxidative stress
in the TME, and that alteration of tumor oxidative stress contributes to the efficacy of
immunotherapy [163,164].

Wang et al. reported that tumor stromal cells, such as fibroblasts, can facilitate tu-
mor chemoresistance by modulating ROS in the TME [165]. GSH and cysteine released
by fibroblasts can be used by ovarian cancer cells to diminish nuclear accumulation of
platinum, resulting in resistance to platinum-based chemotherapy. The authors showed
that tumor-infiltrating CD8 T cells can abolish fibroblast-mediated chemoresistance. Mech-
anistically, CD8+ T cell-derived IFN-γ reduces extracellular source of GSH and cysteine
by upregulating gamma-glutamyl transferases, which break down extracellular GSH, and
meanwhile repressing the expression of the cystine and glutamate antiporter system xc-

(xCT), which imports extracellular cystine to facilitate GSH synthesis [165]. The same
research team further demonstrated that the combination of cyst(e)inase, an engineered
enzyme which degrades both cystine and cysteine, and ICB therapy synergistically impairs
cystine uptake via xCT in tumor cells, resulting in GSH deficiency, ROS accumulation, lipid
peroxidation, and ferroptosis of cancer cells in preclinical models [164]. These studies imply
that ROS-driven tumor ferroptosis is an exploitable anti-tumor mechanism, and targeting
this pathway in the context of immunotherapy represents a promising therapeutic strategy.

Using mouse tumor models, we reported that adoptive T cell therapy (ACT) can
profoundly alter tumor metabolism, resulting in GSH depletion and consequential ROS
accumulation in tumor cells [163]. We found that T cell-derived TNFα can synergize with
chemotherapy to intensify oxidative stress in cancer cells in a NOX-dependent manner.
Reduction of oxidative stress, by preventing TNFα-signaling in tumor cells or scaveng-
ing ROS with NAC, antagonizes the therapeutic effects of ACT. Depletion of GSH is
one of the mechanisms by which many anticancer drugs elicit ROS-induced tumor cell
death [153,156,166]. Our study provides evidence that GSH depletion can be achieved by
T cell-based immunotherapy. Unlike most small compound inhibitors, T cell-mediated
GSH depletion does not impair the function of the rate-limiting GSH-synthesizing enzyme
GCL. However, tumor-specific CD4+ effector T cells can simultaneously disrupt multiple
metabolic pathways to cause deficits in several intermediate metabolites involved in GSH
synthesis, including homocysteine, cystathionine, and glycine [163]. The overall collapse
of the redox-related pathways driven by T cells may block potential compensatory mecha-
nisms, thereby overcoming tumor resistance. These findings imply that the ability of T cells
to tilt tumor redox balance toward oxidative destruction is integral to the efficacy of ACT.

The impact of therapeutic antibodies on tumor oxidative stress is examined in a
study in which mice bearing implanted lung adenocarcinoma tumors were treated with
a cocktail of immunomodulators (anti-PD1, anti-CTLA-4, anti-CD137, and anti-CD19
monoclonal antibodies). Treatment-induced reduction in tumor burden is associated with
decreased tumor proliferation but increased oxidative stress, apoptosis, autophagy, and T
cell infiltration. The data suggest that treatment with therapeutic antibodies may induce
oxidative stress that drives cell cycle arrest and tumor cell death [167].

Taken together, accumulating studies start to reveal the cellular and molecular mech-
anisms by which the dynamic interplay among cancer cells, immune cells, and stromal
cells in the TME alters the redox status of each cell population. It is increasingly clear that
antitumor T cells possess the ability to induce oxidative stress in tumor cells, and mean-
while they are susceptible to suppression imposed by ROS derived from the surrounding
immunosuppressive cells such as Tregs and MDSCs (Figure 1). Therefore, therapeutic
strategies should be directed to amplify T cell-induced oxidative stress in cancer cells while
relieving effector T cells from the elevated oxidative stress in the TME.
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Figure 1. Interactions between cells in the TME lead to changes in redox status. Tumor-reactive 
effector T cells (CD4+ and CD8+) can induce increased levels of ROS in cancer cells via the actions 
of IFNγ and TNFα. TNFα signaling in tumor cells activates NADPH oxidases, which lead to in-
creased production of ROS. IFNγ signaling in tumor cells diminishes xCT expression through tran-
scriptional inhibition, reducing tumor uptake of extracellular cystine and subsequent GSH synthe-
sis. IFNγ signaling in cancer-associated fibroblasts (CAF) blocks the release of GSH and cysteine, 
further depleting the extracellular pool of cystine and cysteine available to cancer cells. The severe 
redox imbalance in cancer cells, caused by TNFα-driven ROS production and IFNγ-induced GSH 
deficiency, leads to extensive oxidative damages and eventual tumor cell death. However, effector 
T cells are also susceptible to oxidative stress in the TME. ROS induced upon TCR engagement are 
counterbalanced by increased antioxidant systems such as GSH and catalase. T cell dysfunction 
may occur when effector T cells are exposed to ROS produced by MDSCs and Tregs, which are 
more resistant to oxidative stress due to their increased antioxidant systems. High levels of extra-
cellular ROS can disrupt antigen-presentation between T cells and DCs, and can affect tumor anti-
gen recognition by T cells. Some apoptosis-prone Tregs can increase the presence of adenosine in 
the TME, which suppresses the function of effector T cells in an A2AR-dependent manner. Thera-
peutic interventions should be directed to enhance T cell-induced tumor oxidative stress while 
enabling T cells to resist the elevated oxidative stress in the TME. 

6. Emerging ROS-Modulating Agents with the Potential to Enhance the Efficacy of 
Cancer Immunotherapy 

So far, extensive efforts have been focused on developing small molecule compounds 
or biologics to target certain redox pathways in cancer cells. Although promising results 
have been observed in some cases, the use of these pro-oxidants for cancer treatment often 
encounters challenges related to tumor selectivity, toxicity to normal tissues, and devel-
opment of chemoresistance [7,8,123,124]. We postulate that these issues can be addressed 
by combining pro-oxidants with immunotherapy in a synergistic manner to achieve du-
rable antitumor effects while minimizing unwanted side-effects. Indeed, the recent find-
ings that increased tumor oxidative stress correlates with the efficacy of ICB and ACT in 
preclinical models imply that pro-oxidants can be employed to intensify tumor oxidative 
stress so as to sensitize tumor cells to T cell-based immunotherapy [163,164]. Given that T 
cells are also sensitive to oxidative stress, it is unlikely any type of pro-oxidant is suitable 
for combination with immunotherapy. We consider that an immunotherapy-compatible 
pro-oxidant should meet the following criteria: (1) No obvious toxicity to tumor-reactive 

Figure 1. Interactions between cells in the TME lead to changes in redox status. Tumor-reactive
effector T cells (CD4+ and CD8+) can induce increased levels of ROS in cancer cells via the actions of
IFNγ and TNFα. TNFα signaling in tumor cells activates NADPH oxidases, which lead to increased
production of ROS. IFNγ signaling in tumor cells diminishes xCT expression through transcriptional
inhibition, reducing tumor uptake of extracellular cystine and subsequent GSH synthesis. IFNγ

signaling in cancer-associated fibroblasts (CAF) blocks the release of GSH and cysteine, further
depleting the extracellular pool of cystine and cysteine available to cancer cells. The severe redox
imbalance in cancer cells, caused by TNFα-driven ROS production and IFNγ-induced GSH deficiency,
leads to extensive oxidative damages and eventual tumor cell death. However, effector T cells are also
susceptible to oxidative stress in the TME. ROS induced upon TCR engagement are counterbalanced
by increased antioxidant systems such as GSH and catalase. T cell dysfunction may occur when
effector T cells are exposed to ROS produced by MDSCs and Tregs, which are more resistant to
oxidative stress due to their increased antioxidant systems. High levels of extracellular ROS can
disrupt antigen-presentation between T cells and DCs, and can affect tumor antigen recognition
by T cells. Some apoptosis-prone Tregs can increase the presence of adenosine in the TME, which
suppresses the function of effector T cells in an A2AR-dependent manner. Therapeutic interventions
should be directed to enhance T cell-induced tumor oxidative stress while enabling T cells to resist
the elevated oxidative stress in the TME.

6. Emerging ROS-Modulating Agents with the Potential to Enhance the Efficacy of
Cancer Immunotherapy

So far, extensive efforts have been focused on developing small molecule compounds
or biologics to target certain redox pathways in cancer cells. Although promising results
have been observed in some cases, the use of these pro-oxidants for cancer treatment often
encounters challenges related to tumor selectivity, toxicity to normal tissues, and develop-
ment of chemoresistance [7,8,123,124]. We postulate that these issues can be addressed by
combining pro-oxidants with immunotherapy in a synergistic manner to achieve durable
antitumor effects while minimizing unwanted side-effects. Indeed, the recent findings that
increased tumor oxidative stress correlates with the efficacy of ICB and ACT in preclinical
models imply that pro-oxidants can be employed to intensify tumor oxidative stress so as
to sensitize tumor cells to T cell-based immunotherapy [163,164]. Given that T cells are also
sensitive to oxidative stress, it is unlikely any type of pro-oxidant is suitable for combination
with immunotherapy. We consider that an immunotherapy-compatible pro-oxidant should

70



Cancers 2021, 13, 986

meet the following criteria: (1) No obvious toxicity to tumor-reactive T cells at the doses
needed to induce oxidative stress in tumor cells; (2) Easy administration to tumor-bearing
hosts; (3) Good safety profiles that allow rapid translational studies. Many compounds
may satisfy these criteria; here, we only highlight several representative agents which have
shown the promise of being able to enhance the efficacy of T cell-based immunotherapy.

6.1. High Dose Ascorbate (Vitamin C)

Ascorbate, aka ascorbic acid (AA or vitamin C), at physiological dose functions as an
antioxidant. However, mounting evidence indicates that ascorbate used at pharmacolog-
ical doses (millimolar range) can act as a pro-oxidant that induces extracellular hydrogen
peroxide (H2O2), which can freely diffuse into cells to cause damages in DNA, lipids, and
proteins [168–170]. Since the uptake of oral ascorbate in humans is tightly controlled by the
gut and kidney filtration, pharmacologic concentrations of ascorbate cannot be obtained
by oral administration. Intravenous administration of ascorbate bypasses the tight control
of the gut and renal excretion, resulting in high levels of ascorbate in plasma. Ascorbate
undergoes autoxidation to generate a high flux of extracellular H2O2. It has been shown that
high-dose ascorbate can be tumoricidal in vitro and can inhibit tumor growth in a variety of
preclinical models [171–176]. Although early randomized clinical trials concluded that oral
administration of high-dose ascorbate to patients with advanced cancers does not afford any
therapeutic benefits [177,178], this conclusion was later challenged based on the discovery
that parenteral (i.v. or i.p.) injection, not oral administration, of ascorbate is required to
achieve plasma concentration high enough (20 mM) to damage cancer cells [175,176,179–181].
Currently, there are more than 30 completed, recruiting and active clinical trials investigat-
ing the usefulness of high-dose ascorbate in cancer treatment, either as monotherapy or in
combination with other chemotherapeutic agents (https://clinicaltrials.gov, accessed on 11
February 2021). Completed clinical trials demonstrated that high-dose intravenous ascorbate
is well tolerated in cancer patients with normal renal function, and in some cases can alleviate
the severity of side-effects caused by chemotherapy [171,175].

The mechanisms underlying the preferential toxicity of ascorbate toward cancer cells
over normal cells are not fully understood. One apparent explanation is that the antioxidant
systems in cancer cells, which are already overstretched due to increased basal level of ROS,
are overwhelmed by the influx of ascorbate-induced H2O2, while normal cells still have the
capacity to mitigate the threat of the H2O2 burst. Additional mechanisms for ascorbate’s
tumoritropic toxicity have also been described [176]. It has been shown that high dose
ascorbate can selectively kill human colorectal cancers (CRCs) carrying KRAS or BRAF
mutations [173]. This effect is due to increased uptake of the oxidized form of ascorbate,
dehydroascorbate (DHA), via the glucose transporter GLUT1. Intracellular DHA is reduced
to ascorbate at the expense of intracellular GSH, causing increased oxidative stress in cancer
cells. Accumulated ROS inactivate glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
an enzyme critically involved in regulating glycolysis, causing an energetic crisis and
cell death in highly glycolytic KRAS or BRAF mutant CRC cells but not normal cells.
However, another study reported that the selective tumor toxicity by ascorbate is not
dependent on DHA uptake. Instead, ascorbate’s toxicity on non-small-cell lung cancer
(NSCLC) and glioblastoma (GBM) cells is dependent on the intracellular reactions of H2O2
and redox-active labile iron [182]. Cancer cells have increased basal levels of O2

·− and
H2O2 [183,184] and increased labile iron [185–187]. The increased labile iron in cancer
cells leads to increased oxidation of ascorbate to generate more H2O2 capable of further
exacerbating the differences in labile iron in cancer versus normal cells. This self-amplifying
labile iron-H2O2 cycle results in increased Fenton chemistry to generate hydroxyl radicals
(•OH) that cause irreversible oxidative damages to cancer cells [182].

It should be noted that ascorbate may also mediate tumoricidal effects through ROS-
independent mechanisms. It has been shown that ascorbate is a cofactor for the Ten-
Eleven Translocation (TET) enzymes, which mediate DNA demethylation by converting
5-methylcytosine (5 mC) to 5-hydroxymethylcytosine (5 hmC) and other oxidized methyl-
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cytosines. Shenoy et al. reported that ascorbate treatment of diffuse large B-cell (DLBCL)
and peripheral T-cell (PTCL) lymphomas increases TET activities, which lead to increased
demethylation in cancer cells [188]. This epigenetic effect of ascorbate results in reactivation
of SMAD1, a tumor suppressor gene, which sensitizes cancer cells to chemotherapy. Along
the same line, a subsequent study showed that high dose ascorbate reduces methylation
and restores genome-wide 5 hmC levels in clear cell renal cell carcinoma (ccRCC) cell lines
via TET activation [189]. Pharmacologic dose ascorbate treatment leads to increased intra-
tumoral 5 hmC and reduced growth of ccRCC in vitro and in vivo. Furthermore, ascorbate
treatment has been shown to mimic TET2 activities and suppress human leukemic colony
formation and leukemia progression of primary human leukemia PDXs [190]. Of note, the
TET-inducing effect of ascorbate is independent of hydrogen peroxide. These data indicate
that in addition to its pro-oxidative effect, ascorbate-mediated epigenetic regulation may
also contribute to tumor suppression.

It is important to note that two recent reports demonstrated that high dose ascorbate
synergizes with anti-PD1 ICB therapy in mouse tumor models [191,192]. The two studies
showed that administration of high dose ascorbate augments the efficacy of anti-PD1
therapy against several types of cancer in immunocompetent mice. The beneficial effects of
ascorbate are associated with enhanced tumor infiltration by CD8+ T cells, granzyme B
production by CD8+ T and NK cells, and IL-12 production by antigen-presenting cells. In-
terestingly, the immunopotentiating effects of high dose ascorbate appear to be independent
of its pro-oxidant property. Instead, increased levels of 5 hmC are observed in both cancer
and CD8+ T cells, suggesting the involvement of ascorbate-induced TET activities. Impor-
tantly, these studies demonstrated that high dose ascorbate does not harm effector T cells,
but rather enhances T cell functionality through TET-mediated epigenetic modifications. It
is worth noting that in these studies the assumption that the immunopotentiating effects of
ascorbate are ROS-independent is based on the observation that provision of antioxidant
NAC does not diminish the beneficial effect of ascorbate [192]. Future studies should
employ more mechanism-based genetic and/or epigenetic approaches to further determine
whether the pro-oxidant effects of ascorbate act in parallel to its epigenetic-modification
effects. The possible mechanisms of action of ascorbate and potential combination with
immunotherapy are illustrated in Figure 2A.

6.2. Non-Steroid Anti-Inflammatory Drugs (NSAIDs)

NSAIDs commonly used for relief of pain, fever, and inflammation act by inhibiting
cyclooxygenases (COXs), COX1 and COX2, to suppress prostaglandin synthesis [193].
Some FDA-approved NSAIDs have also been shown to inhibit tumorigenesis in multiple
rodent models, and epidemiological studies reported reduced incidence of various cancers
in humans, especially colorectal cancer [194–196]. Their mechanisms in anticancer activities
are not fully understood, but both COX-dependent and -independent pathways play a
role. COX2-derived prostaglandin E2 (PGE2) can bind to its receptors on cancer cells and
promote tumor cell proliferation, migration, angiogenesis, and chemoresistance [197,198].
Although the anticancer effects of many NSAIDs are attributable to inhibition of the
COX2/PGE2 axis, additional mechanisms of action of NSAIDs have been characterized.
NSAIDs can inhibit β-catenin transcriptional activity in cancer cells, resulting in reduced
tumor growth [199,200]. In addition, suppression of tumor cell growth by some NSAIDs
correlates with inhibition of cGMP degrading phosphodiesterase (PDE) activity [201,202].
Furthermore, it has been well-established that NSAIDs can induce oxidative and ER stresses
that cause cancer cell apoptosis [203–209]. A number of commonly used NSAIDs, including
sulindac, celecoxib, indomethacin, etc., have been found to induce ROS in various cancer
cell lines and can inhibit tumor cell growth independent of COX2 inhibition [210–214].
It has been shown that NSAID treatment destabilizes the redox balance and antioxidant
defense mechanisms of the thioredoxin and glutathione systems, resulting in GSH depletion
and increased ROS production in tumor cells [215–217]. These events lead to a decline in
mitochondrial membrane potential, release of cytochrome c, degradation of pro-survival
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molecules BCL-XL and BCL-2, and activation of the caspase cascade that leads to cancer
cell apoptosis [209].
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Figure 2. Hypothetical mechanisms by which certain pro-oxidants enhance the efficacy of cancer immunotherapies. Tumor-
reactive effector T cells, emerging in the TME after either ICB therapy or adoptive transfer, can mediate tumor killing
via well-characterized mechanisms involving cytolytic granules such as perforin and granzymes, and apoptosis-inducing
ligands such as FASL and TRAIL. Increasing evidence reveals that inflammatory cytokines produced by effector T cells,
including TNFα and IFNγ, can exert antitumor effect by modulating tumor redox. TNFα signaling in cancer cells activates
NOX-dependent ROS production, while IFNγ signaling exacerbates GSH deficiency by suppressing the cysteine/glutamate
transporter xCT. The combined effects of TNFα and IFNγ lead to substantial ROS accumulation in tumor cells, rendering
them vulnerable to further redox disruption which can be incited by a pro-oxidant. A suitable pro-oxidant should
preferentially induce oxidative stress in cancer cells without harming antitumor T cells. The potential mechanisms of action
of four immunotherapy-compatible pro-oxidants are illustrated. (A). Pharmacological dose of ascorbate, in its oxidized
form DHA, can be preferentially taken into cancer cells via the glucose transporter (GLUT1). Intracellular DHA is reduced
to ascorbate at the expense of GSH. The GSH shortage aggravates ROS accumulation, which damages DNA/protein/lipid
and derails cell metabolism, leading to tumor cell death. Meanwhile, ascorbate may induce TET activities in antitumor T
cells and tumor cells. TET activation in T cells leads to enhanced function of T cells through epigenetic modifications. TET
activation in tumor cells results in demethylation and activation of SMAD1, which increases tumor chemosensitivity. (B).
NSAIDs can act as pro-oxidants to reduce GSH and thereby increase the levels of ROS in tumor cells. NSAID-induced ER
stress may lead to release of calreticulin (CRT), a DAMP molecule characteristic of ICD, which can attract and activate DCs,
which in turn elicit antitumor CD8+ T cell responses. In addition, NSAIDs can suppress tumor cell growth by its inhibitory
effect on β-catenin, COX2, and PGE2. Some NSAIDs may reduce MDSC activity by inhibiting PDE5 function in MDSCs.
(C). Cyst(e)inase or xCT inhibitors can reduce the presence or block the uptake of extracellular cystine and cysteine, which
tumor cells rely on to synthesize GSH, respectively. Cyst(e)inase can act in concert with ICB-induced antitumor T cells to
drive tumor cell ferroptosis. (D). ROS-responsive prodrugs can be effectively delivered to tumor loci by nanoparticles. The
increased levels of ROS in the TME can activate these prodrugs, which give rise to alkylating metabolites to cause further
DNA damage and intensify oxidative stress in tumor cells. These prodrugs may synergize with antitumor T cells because
ROS accumulated in tumor cells after immunotherapies such as ICB or CAR-T therapy can effectively activate prodrugs,
which in turn further amplify ROS in tumor cells to drive apoptosis.
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Published studies indicate that the antineoplastic activities of NSAIDs can also pro-
voke antitumor immune responses. Inhibition of PGE2, a potent immunosuppressive
factor enriched in the TME, leads to improved antitumor immunity [198,218]. Inhibition
of phosphodiesterase 5 (PDE5) activity can abrogate MDSC-mediated immune suppres-
sion [219,220]. Suppression of β-catenin can turn immunologic “cold” tumors into “hot”
tumors by activating dendritic cells and recruiting T cells into tumors [221,222]. Moreover,
NSAID-induced ER stress was reported to correlate with ICD and tumor immunosurveil-
lance [223]. Moreover, tumor antigen-specific T cells stimulated in the presence of a NSAID
indomethacin have been shown to acquire stem-like property and can mediate strong
antitumor effects upon adoptive transfer in mouse models [224]. These data collectively
suggest that certain NSAIDs are compatible with T cell-based immunotherapy. This is
supported by the results from an elegant study in which administration of NSAIDs, includ-
ing celecoxib and aspirin, augments the efficacy of anti-PD1 therapy in multiple mouse
tumor models [225]. The beneficial effects of NSAIDs are largely attributed to inhibition
of COX2 and PGE2 in this study. It remains to be determined whether the pro-oxidant
effect of NSAIDs can enhance immunotherapy for cancers that do not rely heavily on
the COX2-PGE2 axis for survival and progression. The development of non-COX in-
hibitory NSAIDs can also avoid GI and cardiovascular toxicities associated with long-term
NSAID administration, reducing potential complications when used in combination with
immunotherapy. The possible mechanisms of action of NSAIDs and potential combination
with immunotherapy are illustrated in Figure 2B.

6.3. xCT Inhibitors and Cyst(e)inase

Cancer cells have a higher demand for GSH to counter balance increased levels of ROS
to maintain redox homeostasis for survival and proliferation. Cysteine is the rate-limiting
amino acid necessary for GSH biosynthesis. However, under the condition of increased
oxidative stress, the production of cysteine in cancer cells is often insufficient to meet the re-
quirements of GSH synthesis, causing cancer cells to rely on uptake of extracellular source of
cysteine in its disulfide form cystine via the cystine-glutamate antiporter xCT [226]. Various
approaches have been developed to target this pathway as an anticancer strategy [226–231].
xCT inhibitors, such as sulfasalazine [232–234] and erastin [235–239], can reduce GSH and in-
crease ROS in cancer cells, propagating iron-dependent lipid peroxidation that leads to tumor
ferroptosis. Since inhibition of xCT alone may force cancer cells to import cysteine via other
amino acid transporters such as alanine/serine/cysteine/threonine transporters (ASCT1 and
ASCT2), xCT inhibitors are often used in combination with other chemotherapeutic agents
or radiotherapy to overcome drug resistance. An engineered protein cyst(e)inase has been
developed to enzymatically degrade both cysteine and cysteine [166]. Administration of
cyst(e)inase mediates sustained depletion of the extracellular cysteine and cystine pool in
mice and non-human primates. Cyst(e)inase selectively causes cell cycle arrest and death in
cancer cells due to depletion of intracellular GSH and ensuing elevated ROS. Cyst(e)inase sup-
presses the growth of multiple types of cancer in mice, including prostate, breast, leukemia,
and pancreatic cancer, yet no apparent toxicities are observed in mice after prolonged treat-
ment [166,240]. These data implicate cyst(e)inase as a safe and effective therapeutic modality
for inactivating antioxidant cellular responses in a wide range of malignancies.

Accumulating evidence suggests that xCT inhibitors and cyst(e)inase can be used in
combination with immunotherapy to achieve a synergistic antitumor effect. Using genetic
approaches, Arensman et al. demonstrated that while xCT is essential for tumor cell
growth, it is dispensable for T cell proliferation in vivo and for the generation of primary
and memory immune responses to tumors [241]. This study also showed that anti-CTLA4
therapy is more effective in treating xCT-deficient tumors in mouse models, providing
proof of concept that administration of xCT inhibitors may augment the antitumor efficacy
of ICB. Recent studies from Weiping Zou’s group demonstrated that antitumor CD8+
T cells can drive tumor ferroptosis through IFN-γ-mediated inhibition of xCT, and the
combination of cyst(e)inase and ICB therapy synergistically suppresses tumor growth
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in preclinical models [164,242]. The possible mechanisms of action of cyst(e)inase/xCT
inhibitors and potential combination with immunotherapy are illustrated in Figure 2C.

6.4. ROS-Responsive Prodrugs

The feature that cancer cells have elevated levels of ROS compared to normal cells has
been employed to develop a class of prodrugs that only become cytotoxic in the presence
of ROS. Prodrugs that are specifically activated by ROS in tumor cells have the potential
to improve tumor selectivity and reduce toxicity to normal tissues. Therapeutic molecules,
including chemotherapeutics and anti-PDL1 antibody, can be delivered to and released
within tumor cells or TME by ROS-responsive prodrugs or nanoparticles [243–248], result-
ing in significant inhibition of tumor cell growth both in vitro and in vivo. In recent years,
several research groups have developed novel prodrugs that act as DNA cross-linking
or alkylating agents upon activation by ROS. Leinamycin (LNM) is a potent antitumor
antibiotic produced by Streptomyces atroolivaceus S-140. LNM E1 as a prodrug can be
oxidatively activated by cellular ROS to generate an intermediate with DNA alkylating
activity, exhibiting potent cytotoxicity to prostate cancer cell lines with increased levels
of ROS [157]. Peng’s group has developed a series of aromatic nitrogen mustards that are
released from prodrugs upon a specific reaction between boronates and H2O2 in cancer
cells [249,250]. These agents show potent DNA cross-linking abilities when coupled with
H2O2, whereas little DNA cross-linking is detected in the absence of H2O2. These prodrugs
can selectively kill leukemia and breast cancer cells, which have inherently high levels of
ROS [251]. Interestingly, these prodrugs are not toxic to normal lymphocytes at the doses
needed to kill cancer cells [252], suggesting their potential usage in combination with T cell-
based immunotherapy. Prodrugs activated via ferrocene-mediated oxidation have also been
developed to improve the selectivity of anticancer drugs [253–256]. These prodrugs show se-
lective toxicity to a variety of cancer cell lines in vitro and in vivo, but remain weakly toxic to
nonmalignant cells. Importantly, a recent study demonstrated that one such ROS-responsive
prodrug, N-(3-(piperidin-1-ylmethyl)benzyl)-4-(ferrocenylcarbamatmethyl)phenyl boronic
acid pinacol ester (PipFcB), can sensitize human lymphoma cell lines and primary chronic
lymphocytic leukemia cells to CD19CAR-T cells [257]. It is noteworthy that exposure of
CAR-T cells to PipFcB does not influence T cell exhaustion, viability, or T cell subpop-
ulations. The T cell-friendly feature of the prodrugs, together with the findings by our
group and others that antitumor T cells intensify ROS accumulation in tumor cells, suggest
potential synergistic anticancer effects when combining ROS-responsive prodrugs with T
cell-based immunotherapies. One possible scenario is that antitumor T cells arising after
ICB or CAR-T therapy cause ROS accumulation in cancer cells, which activates prodrugs to
release alkylating intermediates, which in turn further amplifies ROS in tumor (Figure 2D).
This mutually reinforcing and self-amplifying ROS-inducing loop may lead to specific and
complete tumor rejection with minimal toxicities to normal tissues.

7. Conclusions and Perspectives

An increasing number of studies indicate that ROS accumulated in tumor cells after
immunotherapies are not merely metabolic byproducts but actively contribute to the treat-
ment efficacy. Since these studies were mostly conducted in preclinical models, it remains
to be determined in clinical samples whether various forms of cancer immunotherapy,
including cancer vaccines, ICB and CAR-T therapy, lead to increased oxidative stress in
cancer cells, and whether the levels of tumor oxidative stress correlate with the treatment
outcomes. Rational combination of ROS-modulating agents and cancer immunotherapy is
emerging as a promising treatment strategy (Figure 2). Given the availability of a multitude
of pro-oxidants developed in recent decades, it is possible to identify and utilize a number
of novel T cell-compatible agents, such as cyst(e)inase and ROS-responsive prodrugs, to
enhance the efficacy of ICB or CAR-T therapy. There are also existing drugs (some are
FDA-approved), such as ascorbate and NSAIDs, that can be repurposed as pro-oxidants
and used in combination with immunotherapy. Future studies should address the sequence
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and timing of pro-oxidant administration in relation to immunotherapy, and determine
the efficacy and toxicity of the combination therapy in preclinical models with the goal of
translating this strategy for the betterment of cancer treatment.
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Simple Summary: The formation of the pre-metastatic niche, a favorable microenvironment in an
organ distant from a primary tumor, is critical for tumor metastasis. We review the role of a key
player, a class of proteins named pro-inflammatory cytokines secreted from both tumor cells and
other cells in tissues, in helping to build the pre-metastatic niche. Various drugs have been developed
to target pro-inflammatory cytokines, and their effects on tumor metastases are under investigation.
Future clinical studies should focus on combining those drugs and applying them during cancer
surgery, a critical moment for the establishment of the pre-metastatic niche.

Abstract: In the presence of a primary tumor, the pre-metastatic niche is established in secondary
organs as a favorable microenvironment for subsequent tumor metastases. This process is
orchestrated by bone marrow-derived cells, primary tumor-derived factors, and extracellular
matrix. In this review, we summarize the role of pro-inflammatory cytokines including interleukin
(IL)-6, IL-1β, CC-chemokine ligand 2 (CCL2), granulocyte-colony stimulating factor (G-CSF),
granulocyte–macrophage colony-stimulating factor (GM-CSF), stromal cell-derived factor (SDF)-1,
macrophage migration inhibitory factor (MIF), and Chemokine (C–X–C motif) ligand 1 (CXCL1) in
the formation of the pre-metastatic niche according to the most recent studies. Pro-inflammatory
cytokines released from tumor cells or stromal cells act in both autocrine and paracrine manners
to induce phenotype changes in tumor cells, recruit bone marrow-derived cells, and form an
inflammatory milieu, all of which prime a secondary organ’s microenvironment for metastatic cell
colonization. Considering the active involvement of pro-inflammatory cytokines in niche formation,
clinical strategies targeting them offer ways to inhibit the establishment of the pre-metastatic
niche and therefore attenuate metastatic progression. We review clinical trials targeting different
inflammatory cytokines in patients with metastatic cancers. Due to the pleiotropy and redundancy of
pro-inflammatory cytokines, combined therapies should be designed in the future.

Keywords: pre-metastatic niche; pro-inflammatory cytokines; clinical trials

1. Introduction

Tumor metastasis is the main cause of therapeutic failure and mortality, with few effective
treatment options. It has been suggested that the tumor microenvironment plays a prominent role in
the formation of metastasis, collaborating with genetic and epigenetic networks in cancer cells [1,2].
A key step for the formation of tumor metastases is the extravasation of circulating tumor cells
into distant organs and their adaption to new environments. Therefore, the reciprocal interactions
between to the disseminated cancer cells and the microenvironment in distant organs are imperative
to successful metastasis. Primary tumor cells orchestrate the metastasis process through secreting a
variety of molecules which promote the mobilization and recruitment of various types of cells to the
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premetastatic sites and alter the expression of matrix proteins and the properties of the extracellular
matrix (ECM) in secondary organs. All these events help create the so-called pre-metastatic niche
(PMN), suitable for the engraftment of metastasizing tumor cells. The concept of PMN was first
proposed by Dr. David Lyden in 2005 [3]. Since then, targeting the PMN to prevent metastasis has
become a promising strategy for cancer treatment. However, much remains to be revealed about the
factors that facilitate the establishment of the implantation site for tumor metastasis.

Priming of the organ-specific premetastatic sites is an important yet incompletely understood
step during metastasis formation. Bone marrow-derived cells (BMDCs) and tumor-derived secreted
factors are the two crucial components for pre-metastatic niche formation. The main type of BMDCs
accumulated in the pre-metastatic niche is myeloid-derived suppressor cells (MDSCs). When infections
and tissue injuries occur, the myeloid lineage is promptly expanded, and myeloid leukocytes in the
bone marrow perform a protective role in host defense against such stresses and traumas. However,
chronic inflammation associated with cancer induces the expression of pro-inflammatory cytokines
that drive the differentiation of myeloid cells towards MDSCs. MDSCs are a heterogeneous population
of immature myeloid cells including macrophages, granulocytes, neutrophiles, and dendritic cells.
They accumulate in the circulation of cancer patients and are recruited to peripheral lymphoid organs
and tumor sites by growth factors released by cancer cells. Within the tumor microenvironment,
MDSC were shown to inhibit the proliferation and activity of killer T cells, promote angiogenesis,
and improve tumor cells survival, thereby promoting tumor invasion and metastasis [4]. Besides the
recruited MDSCs, the host stromal environment of the PMN also includes fibroblast, endothelial cells,
and ECM.

Tumor-derived secreted factors play important roles in preparing distant organs for pre-metastatic
niche formation. Tumor-derived secreted factors include cytokines, chemokines, growth factors,
and extracellular vesicles (EV). Cytokines are a diverse family of small proteins secreted by cells,
predominantly by helper T cells and macrophages for cell-to-cell communication. Cytokines could act
on the cells releasing them (autocrine action), on nearby cells (paracrine action), or on distant cells
(endocrine action) and are often produced in a cascade, as one cytokine stimulates its target cells to
produce additional cytokines. The major subgroups of cytokines include interleukins, interferons,
colony-stimulating factors, chemokines, and tumor necrosis factors. Cytokines exert their effects
through binding to cytokine receptors on target cells, which activates a sequence of downstream
proteins for the desired responses. It should be noted that the effects of different cytokines are sometimes
redundant, with different cytokines eliciting similar responses [5,6]. Cytokines play a key role in tumor
progression and metastasis by either directly regulating tumor growth, invasiveness, and metastasis
or indirectly affecting stromal cells and immune cells [7]. Accumulating evidence suggests that
pro-inflammatory cytokines are pivotal in the formation of the pre-metastatic niche. Tumor cell-derived
pro-inflammatory cytokines and chemokines recruit a variety of regulatory and suppressive immune cells
into distant sites to prime the local environment. The proliferative and invasive abilities of disseminated
cancer cells are enhanced by proinflammatory cytokines from the surrounding microenvironment as
paracrine signals. Thus, cancer cells can undergo epithelial-to-mesenchymal transition (EMT) to grow
in distant tissues. In this review, we focus on the role of important pro-inflammatory cytokines in the
establishment of the PMN and highlight the underlying mechanisms of PMN formation in various
organs based on the most recent studies (Figure 1).
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Figure 1. Proposed mechanisms by which various pro-inflammatory cytokines promote the formation
of the pre-metastatic niche in different organs. Abbreviation: EV: extracellular vesicles; IL-6: interleukin
6; IL-1β: interleukin-1β; SDF-1 α: stromal cell-derived factor 1; IL-8: interleukin 8; VEGF: vascular
endothelial growth factor; G-CSF: granulocyte-colony stimulating factor; CCL2: CC-chemokine ligand
2; CXCL1: C-X-C motif ligan 1; MIF: macrophage migration inhibitory factor; TIMP-1: tissue inhibitor
of metalloproteinases 1; GM-CSF: granulocyte-macrophage colony-stimulating factor; SAA: serum
amyloid A; TGF-β: transforming growth factor beta; FN: fibronectin; ECM: extracellular matrix;
STAT3: signal transducer and activator of transcription 3; CAF: cancer associated fibroblast; MDSC:
myeloid-derived suppressor cells.

2. Interleukin 6

Interleukin 6 (IL-6) is recognized as a potent inflammatory cytokine that is widely expressed
in a variety of immune cells and malignant tumors. IL-6 binds to its receptor to form a binary
complex, which further dimerizes with its coreceptor glycoprotein 130 (GP130). Subsequently,
GP130 activates Janus kinase (JAK), which then induces the phosphorylation of signal transducer and
activator of transcription 3 (STAT3) [8]. The elevated IL-6 level and hyperactivation of the JAK/STAT3
pathway are often associated with poor patient outcomes [9–12]. JAK-mediated STAT3 tyrosine
phosphorylation not only drives malignant cell proliferation, survival, and invasiveness, but also
strongly compromises antitumor immunity in the tumor microenvironment [13–15]. In parallel,
activated STAT3 can also promote IL-6 gene expression, resulting in a feed-forward autocrine
loop. In the tumor microenvironment, the IL-6 signaling pathway affects a variety of stromal cells,
including endothelial cells, fibroblasts, and cells of the immune system, which are active participants
in angiogenesis and inflammatory and immune-suppressive responses [16].

During tumor progression, the induction of EMT is a key step for the transition from a quiescent
to a metastatic tumor. In colorectal cancer cells, IL-6 activated STAT3 to suppress the MIR34A gene
via a conserved STAT3-binding site in the first intron and further promoted EMT and invasion.
Members of the miR-34 family are induced by tumor suppressor p53 and are known to suppress the
early phases of metastasis through inhibiting EMT. They also directly target IL-6R and downregulate it.
The IL6/STAT3/miR-34a feedback loop appears essential for EMT, invasion, and metastasis of colorectal,
breast, and prostate cancer cells [17]. In addition to miR-34a, other microRNAs in EV profoundly affect
the establishment of the PMN through various mechanisms including angiogenesis, EMT, metastatic
colonization, as reviewed [18,19]. In breast cancer, adipocytes from the tumor microenvironment could
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produce IL-6, which then activates STAT3 in cancer cells and induces the EMT phenotype by increasing
the expression of PLOD2, which is important for matrix remodeling [20,21].

Liver metastases develop in nearly 25% of patients with colorectal cancer [22]. Ji et al. have shown
in a colorectal cancer model that the primary tumor released integrin beta-like 1-rich extracellular
vesicles to lungs and liver, which converted resident fibroblasts to cancer-associated fibroblast (CAF)
in the lungs and activated hepatic stellate cells in the liver by stimulating TNFAIP3-mediated NF-κB
signaling pathway [23]. As one of the most abundant cell types in the tumor microenvironment,
the activated CAFs modulate the inflammatory microenvironment by secreting pro-inflammatory
cytokines including IL-6, IL-8, and IL-1β and play a key role in depositing and the ECM. CAFs also
produce high levels of transforming growth factor beta (TGF-β), α-SMA, and chemokine CXCL12,
transforming fibroblasts into myofibroblasts. The interaction between CAFs and metastatic tumor
cells has been studied extensively (as reviewed [24]). Pancreatic cancer also frequently spreads to the
liver. Lee and colleagues investigated the role of IL-6 in forming the pre-metastatic niche in the liver in
mouse models of pancreatic cancer [25]. The authors demonstrated that IL-6 derived from fibroblasts
in a primary pancreatic tumor binds to its receptor on hepatocytes, the main cell type in the liver,
and drives the expression and activation of STAT3. Subsequently, the activated hepatocytes secrete
serum amyloid A1 (SAA1) and SAA2, which then attract myeloid cells into the liver. The accumulation
of myeloid cells dampens immune surveillance by releasing cytokines that inhibit cancer-killing T cells.
The activation of STAT3 also drives the deposition of extracellular matrix, which contributes to the
initial anchoring and sustenance of metastatic cancer cells. All these events prepare the liver for the
influx of cancer cells.

The lung is one of the most common sites of cancer metastasis, partially due to its efficiency at
arresting circulating tumor cells because of the reduced capillary size. In experimental metastasis
models, pre-metastatic events, including BMDC mobilization and the activation of inflammatory
pathways, have been suggested to modify the lungs in order to facilitate the development of a
pre-metastatic environment for circulating tumor cells [3,26,27]. Chang et al. showed that IL-6 derived
from invasive breast cancer cells at advanced stages activated STAT3 through JAK in both the tumor
itself and the surrounding stromal cells. It also regulated MDSC (CD11b+/Gr1+) expansion and
macrophage (CD11b+/F480+) infiltration in distant organs like the lungs, leading to the establishment
of an inflammatory microenvironment in pre-metastatic sites [28]. A recently published study
investigated inter-lung metastasis of lung cancer. In lung tissue, GPRC5A (G-protein-coupled receptor,
family C, member 5A) is predominately expressed and acts as a lung tumor suppressor gene [29].
The suppression of GPRC5A contributes to lung cancer development with chronic inflammation.
The study showed that depletion of the upregulated IL-6 in GPRC5A knockout (Gprc5a-ko) mice
almost completely eliminated lung metastasis. Dysregulated IL-6 signaling is intrinsically linked to
the stem-like and immunosuppressive features of the metastatic tumor. IL-6 also induced recruitment
of MDSCs and macrophage polarization, which inhibits host immunity. All these pieces of evidence
indicated that IL-6 in Gprc5a-ko mouse lungs is essential for pre-metastatic niche formation [30].
IL-6/STAT3 signaling in tumor-containing lung tissue is activated via reciprocal interactions between
metastatic tumor cells and stromal cells. Blockade of STAT3 signaling in lung cancer cells prevented
lung metastasis in immune-competent syngeneic mice, but not in immune-deficient nude mice,
which implies that STAT3-mediated immunosuppressive traits in tumor cells are functionally critical
for lung metastasis in vivo [30]. Moreover, lymphatic endothelial cells of stromal lymphatic vessels in
the pre-metastatic niche also contribute to metastasis. Primary tumor-secreted IL-6 activated STAT3 in
lymphatic endothelial cells, which then induced the expression of hypoxia-inducible factor 1 (HIF-1),
vascular endothelial growth factor (VEGF), and chemokine ligand 5 (CCL5). Tumor-conditioned
lymphatic endothelial cells directed disseminated tumor cells into lungs and lymph nodes, promoted
angiogenesis in distant organs, and allowed tumor extravasation and colonization [25].

Brain metastases of breast cancer, mostly in patients with HER2+ or triple-negative tumors,
have exceeded the incident rate of 30% in metastatic breast cancer patients [31] and confer a poor
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prognosis, with extremely short survival despite treatment [32]. Current systemic treatments include
surgery and radiotherapy but have inadequate effects due to the enhanced resistance of metastatic
tumor cells in the brain and limited access of drug to the brain because of the blood–brain barrier
(BBB). It has been shown that the interaction between astrocyte and MDA-MB-231 cells induced the
production of IL-6 and IL-8 by cancer cells. Cancer cell-derived IL-6 and IL-8 upregulated endothelin
receptor expression on cancer cells and the production of endothelin from astrocytes. The endothelin
axis then activated protein kinase B (AKT) and mitogen-activated protein kinase (MAPK) signaling
pathways in MDA-MB-231 cells and protected the cancer cells from chemotherapeutic agents [33].

Through all these pre-clinical studies, we can conclude that IL-6 is a potent inflammatory cytokines
and activator of STAT3, produced not only by tumor cells but also by cells in the PMN (Figure 1).
It would suggest that tumor cells and stromal cells interdependently regulate IL-6 expression in cancers,
which may account for the localized activation of the IL-6/STAT3 pathway. Although all these studies
differed in murine models and cancer cells used, the therapeutic paradigm of targeting IL-6 pathway at
the early stages of metastasis formation is promising. These discoveries should be investigated further,
especially in aggressive tumors such as triple-negative breast cancer, pancreatic cancer, colorectal cancer,
and lung cancer.

3. Interleukin-1β

Interleukin-1β (IL-1β) is a pleiotropic cytokine that affects inflammatory responses, immune
reactivity, and hemopoiesis in broad paracrine and endocrine manners. The potency of IL-1β
originates from its ability to induce the secretion of a network of proinflammatory molecules and the
expression of adhesion molecules in diverse cells, thereby amplifying and sustaining its responses.
As a mature secreted molecule, IL-1β is one of the most potent pro-inflammatory cytokines abundant
in primary tumor sites and in the tumor microenvironment in distant organs, which controls local
proinflammatory cascades and thereby also affects the balance between antitumor cell immunity and
destructive inflammation [34–36]. The local expression of IL-1β in tumor sites has been correlated with
increased invasiveness in experimental tumors and in cancer patients and is associated with a bad
prognosis [34,37]. Neutralizing IL-1β or blocking its receptor represents a direct targeted approach.
Nowadays, several mediators blocking or neutralizing the IL-1 pathway such as antibodies and
small-molecule inhibitors are in use or being tested for cancer treatment [38,39]. In this review, we will
focus on the effect of IL-1β on the establishment of pre-metastatic niches.

In breast cancer metastasis, Schmid and colleague found that IL-1β was highly expressed in
the microenvironment of murine lung, pancreatic, and breast tumors and was produced only by
tumor-associated granulocytes and macrophage. The recruitment of myeloid cells induces inflammation
in the premetastatic niche. IL-1β works together with SDF-1α to stimulate the adhesion of myeloid
cells to the endothelium by activating integrin α4β1 [40]. Furthermore, IL-1β has been demonstrated
to induce the expression and the release of IL-17 in γδ T cells (γδ T cells are a small subset of T cells
that express heterodimeric T cell receptors composed of γ and δ chains) that led to the expansion and
polarization of granulocyte-colony stimulating factor (G-CSF)-dependent neutrophils in mammary
tumor-bearing mice. The accumulation of neutrophils and γδ T cells in turn suppressed CD8+

T lymphocytes and allowed for pulmonary and lymph node metastasis formation [41]. A recent
study showed that CXCR3-postive metastatic MDA-MB-231 cells (MDA-MB-231 cells expressing the
chemokine receptor CXCR3) expressed high levels of IL-1α/β via JNK signaling to evoke phenotypic
changes in lung fibroblasts. Those fibroblasts in an inflammatory state produced the chemokines CXCL9
and CXCL10 through NF-κB signaling, supporting the formation of the metastatic niche. CXCR3 is the
only receptor known to bind and be activated by CXCL9 and CXCL10. Meanwhile, knockdown of
IL-1β was shown to limit the capability of cancer cells to colonize the lungs, demonstrating that IL-1β
is needed for lung metastasis formation and growth [42].

The poor prognosis of advance breast cancer patients with bone metastasis urges new therapeutic
approaches. Knowledge of the molecular mechanism of breast cancer colonization of the bone
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microenvironment is imperative for the development of future diagnostic and curative therapies.
In breast cancer bone metastasis, it was suggested that IL-1β contributed to the osteotropic nature
of breast cancer cells. The analysis of tumor tissues from advanced-stage breast cancer patients
demonstrated an increase in the likelihood of developing bone metastases in patients with IL-1β-positive
primary tumors compared to patients with IL-1β-negative tumors. Based on that observation, Nutter
and colleagues developed a bone-homing clone of the triple-negative breast cancer cells MDA-MB-231
and found that it had increased expression of IL-1β and decreased expression of the cell adhesion
molecule fibronectin and of the calcium-binding proteins S100A4 [43]. Besides the autocrine mechanism
of breast-cancer derived IL-1β in driving the cancer cell bone-seeking behavior, it was observed that
MDA-MB-231 cells migrated to and colonized human bone tissue-conditioned medium that contained
high levels of IL-1β, which indicates that IL-1β derived from the bone tissue microenvironment may
also support the osteotropic breast cancer cell behavior [44]. Moreover, IL-1β from macrophages or
breast cancer cells themselves has been shown to induce the secretion of osteoprotegerin, a secreted
member of the TNF receptor family involved in bone resorption, in breast cancer via the p38 and
p42/22 MAPK signaling pathways. Inhibition of osteoprotegerin limits tumor invasion and metastasis,
suggesting that osteoprotegerin and IL-1β play a role in mediating breast cancer metastasis [45].

Another significant effect of IL-1β promoting tumor metastasis is its ability to potentiate tumor
angiogenesis. Carmi and colleague found that the cross-talk between IL-1β and VEGF regulated
the early angiogenic response, which procured a microenvironment suitable for angiogenesis and
tumor development. VEGFR1+/IL-1R1+ immature myeloid cells produce IL-1β along with other
inflammatory chemokines and cytokines that enable endothelial cells to produce VEGF and other
proangiogenic factors. In fact, IL-1β appeared essential for the in vivo response of endothelial cells
that impaired IL-1β signaling and reduced the neo-angiogenic response in mice despite the presence of
recombinant VEGF [46]. IL-1β was also found to upregulate the production of VEGF and its receptor
on vascular smooth muscle cells, which activates p38 MAPK and MAPK-activated protein kinase 2 via
IL-1R1, promoting cell migration and angiogenesis [47]. One study also noted an increased expression
of IL-1β and E-selectin in premetastatic lungs in mice with melanoma, prior to the arrival of tumor cells.
IL-1β was produced by monocytic MDSCs in the premetastatic lungs, promoted E-selectin expression,
and led to tumor cell adhesion to the vascular endothelium [48].

In contrast to most of the available data, metastasis-inhibiting effects have also been described
for IL-1β in breast cancer. Castano and colleague demonstrated that primary tumors elicited a
response by innate immune cells that expressed IL-1β, which infiltrated metastatic microenvironments.
At the metastatic site, IL-1β prevented metastatic cells from differentiating into highly proliferative
E-cadherin-positive cells, which could form actively growing tumors. These authors also conducted a
database analysis and revealed a beneficial effect of high primary tumor IL-1β expression on overall
survival and distant metastasis-free survival in patients with lymph node-positive breast cancer [49].

The role of inflammatory IL-1β signaling in cancer is complex. Both pro-metastatic and
anti-metastatic effects of IL-1 have been shown in mouse models, which are greatly dependent
on the organ affected by cancer, cancer subtype, and the inflammatory background and stage of cancer.
The source of IL-1β is also critical to determine its effect. The chronic low levels of IL-1β produced by
the tumor itself may promote an immune-suppressive environment. On the other hand, exogenous
administration of high levels of IL-1β might elicit an anti-tumorigenic effect.

4. Other Cytokines

Besides IL-6 and IL-1β, several other cytokine/chemokines are also studied in the PMN formation.
CC-chemokine ligand 2 (CCL2), also known as monocyte chemotactic protein-1 (MCP-1), is a member
of the CCβ cytokine family. Pollard and colleagues found that in the MMTV–PyMT mouse model
of breast cancer, Gr1+ inflammatory monocytes expressing CCR2 (receptor for CCL2) were recruited
to the premetastatic lung through CCL2 secreted by tumor and stromal cells and differentiated
into tumor-associated macrophages (TAM) to promote the subsequent growth of metastatic cells.
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Inhibition of CCL2 signaling or depletion of tumor cell-derived CCL2 diminished lung metastases
in vivo [50]. However, monocytes are not the only population recruited to premetastatic lung by CCL2.
Another study showed that tumor-entrained neutrophils also accumulated in the lungs via CCL2 and
inhibited metastatic seeding in lungs by producing H2O2 [51]. Similar to IL-1β, both pro-metastatic
and anti-metastatic effects have been reported for CCL2. To understand if CCL2 can be a clinical target,
it is necessary to define how the pro- and anti-metastatic effects are concomitantly regulated and which
effect is dominant at each stage of metastasis.

Kowanetz and colleagues have indicated that tumor-secreted G-CSF expanded and mobilized
Ly6G+Ly6C+ granulocytes from the bone marrow. G-CSF-mobilized Ly6G+Ly6C+ cells produced
a series of pro-metastatic proteins such as Bv8, matrix-degrading enzyme MMP-9, inflammatory
chemoattractants S100A8/A9 [52]. In addition to G-CSF, primary tumor-derived TNF-α and TGFβ have
also been implicated in the regulation of S100A8 and S100A9 expression in the pre-metastatic lungs,
which were involved in the recruitment of MDSCs in distant organs [53]. Another colony-stimulating
factor, tumor cell-secreted granulocyte–macrophage colony-stimulating factor (GM-CSF), has been shown
to promote liver metastasis by inducing STAT3 phosphorylation in the liver MDSC. Activated STAT3
signaling promoted the expression of indoleamine 2,3-dioxygenase (IDO) and programmed death
ligand 1 (PD-L1), both important mediators of T cell suppression. Inhibition of GM-CSF or GM-CSF-R
markedly reduced IDO and PD-L1 expression in liver MDSCs, implicating tumor-derived GM-CSF in
supporting the expression of immunoinhibitory molecules in MDSCs. Blockage of JAK2 and STAT3
also dramatically diminished IDO and PD-L1 expression in MDSCs, implying that STAT3 exerts
transcriptional control over IDO and PD-L1 expression by binding to the IDO1 and PD-L1 promoters.
All these results implicate GM-CSF and STAT3 as critical drivers of liver MDSC IDO/PD-L1 expression
and potential mechanistic targets to enhance intrahepatic anti-tumor immunity [54].

One essential pathway governing tumor cell homing to the bone is the CXCL12–CXC chemokine
receptor 4 (CXCR4) signaling axis. CXCL12 (stromal cell-derived factor 1, SDF-1) is a homeostatic
chemokine predominantly produced by a diversity of stromal cells in the bone marrow including
BM-MSCs, endothelial cells, CXCL12-abundant reticular (CAR) cells, and osteoblasts. Solid tumor cells
overexpress the CXCL12 receptors CXCR4 and CXCR7 and migrate to CXCL12-expressing bone tissue
via chemotaxis along a concentration gradient. In an experimental bone metastasis model of prostate
cancer, prostate cancer cells target the hematopoietic stem cell (HSC) niche, use the CXCL12–CXCR4
axis to home to the niche, and compete with the HSC cells for niche support [55]. In colorectal cancer,
a high systemic level of tissue inhibitor of metalloproteinases (TIMP)-1 led to increased hepatic SDF-1
level, which in turn promoted the recruitment of neutrophils to the liver. The activation of SDF-1 and
the accumulation of neutrophils triggered the formation of a premetastatic niche and thus increased
liver susceptibility towards metastasis. This promoted hepatic metastasis, independent of the origin or
the intrinsic metastatic potential of tumor cells [56].

Macrophage migration inhibitory factor (MIF) is a well-known mediator of liver inflammation
and fibrosis. For pancreatic cancer that metastasizes to the liver, exosomal MIF induced the release of
TGFβ by Kupffer cells in the liver, which further induced the deposit of fibronectin in the ECM by
hepatic stellate cells. Fibronectin deposition subsequently summoned BMDCs and triggered PMN
formation [57].

Chemokine (C–X–C motif) ligand 1 (CXCL1) is a member of the CXCL class of chemokines
with neutrophil chemotactic and angiogenic properties. In an orthotopic mouse model of colorectal
cancer, VEGF secreted by colorectal tumor cells stimulated the production of CXCL1 from TAM.
The increase of CXCL1 in the liver recruited CXCR2-positive (CXCL1 receptor) MDSCs and facilitated
the establishment of PMN in the liver [58].

5. Clinical Trials Targeting Pro-Inflammatory Cytokines in Metastatic Cancer

Pro-inflammatory cytokines are key mediators of innate and adaptive immunity at the crossroad of
diverse pathways shaping pre-metastatic niches. Nowadays, several agents targeting IL-6, IL-6 receptor,
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JAKs, or STAT3 have been used in the treatment of myeloma and tested in patients with solid
tumors [8,59]. There are two FDA-approved antibodies directly targeting IL-6: siltuximab, a chimeric
anti-IL-6 antibody [60], and tocilizumab, a humanized monoclonal antibody against the IL-6 receptor.
Various global clinical trials, series, and pilot studies of off-label use of siltuximab and tocilizumab
provide strong indications [61] that the anti-IL-6 therapy may be used for the treatment of blood cancers
such as multiple myeloma [62] and leukemia [63] and of solid tumors such as prostate cancer [64],
breast cancer [65], and ovarian cancer [66]. However, two phase II trials which employed siltuximab as
second-line therapy for patients with metastatic prostate cancer showed an increase in plasma IL-6
after treatment and confirmed the poor prognosis associated with elevated IL-6 [60,67]. Two clinical
trials, one (NCT04191421) evaluating siltuximab in metastatic pancreatic cancer patients and the
other (NCT03135171) evaluating tocilizumab in metastatic HER2-postive breast cancer patients are in
progress (Table 1).

Downstream in the IL-6 signaling pathway, JAK is another important drug target for cancer
treatment. Among various JAK inhibitors, ruxolitinib is the most extensively investigated for cancer
treatment. Approved by the FDA in 2011 for the treatment of myelofibrosis and post-polycythemia vera,
ruxolitinib is a potent and selective oral JAK1 and JAK2 inhibitor. Studies on the safety and effectiveness
of ruxolitinib in cancer patients with solid tumors such as breast cancer (NCT01594216, lung cancer
(NCT02145637), colorectal cancer (NCT04303403), pancreatic cancer (NCT04303403), and head and
neck cancer (NCT03153982) are ongoing. Additional early-phase trials of ruxolitinib have been focused
on cancer metastasis, including patients with metastatic prostate cancer and metastatic breast cancer,
as listed in Table 1. However, two phase III trials (NCT02119663 and NCT02117479) of ruxolitinib with
capecitabine in metastatic pancreatic cancer patients were terminated due to no additional benefit over
capecitabine alone [68]. The same also occurred with a phase II trial of ruxolitinib with capecitabine in
patients with metastatic HER2-postive breast cancer (NCT02120417). Besides ruxolitinib, itacitinib,
a JAK1 specific inhibitor, has also been employed in a phase I trial of metastatic soft tissue sarcomas.

The third potential target in the IL-6 signaling pathway is STAT3, with several compounds
inhibiting the function or expression of STATs in clinical trials for various solid tumors [69]. BBI608,
an oral cancer stemness inhibitor that blocks STAT3-mediated transcription of cancer stemness genes
in the β-catenin pathway, has reached Phase II and III to treat metastatic colorectal cancer (Table 1).
WP1066, a novel STAT3 inhibitor first published in 2010 [70], is in phase I for malignant glioma,
metastatic melanoma in the brain, and pediatric brain tumors (Table 1).

Similarly, IL-1-blocking therapies have also been implicated in cancer-related inflammation [38,39].
Currently, clinically available anti-IL-1 strategies include anakinra (IL-1 receptor antagonist),
canakinumab (a human anti-IL-1β monoclonal antibody), CAN04 (an IL-1 receptor accessory protein
binding protein), and isunakinra (a potent IL-1 receptor inhibitor). Accumulated evidence indicated
that canakinumab is highly promising for the treatment of non-small-cell lung cancer, for which clinical
trials are ongoing (NCT02090101, NCT01802970). Canakinumab is also being evaluated in metastatic
pancreatic cancer, in a phase I clinical trial (Table 1). Another important anti-IL-1 drug for cancer
treatment is anakinra, which is widely used to treat autoimmune and autoinflammatory diseases. It is
also being tested as an adjunct therapy to reduce the inflammation associated with metastatic cancer,
including colorectal cancer and breast cancer (Table 1).

In 2009, a phase II clinical trial has been conducted to test the effect of carlumab, a human mAb
with high affinity and specificity for human CCL2, in patients with metastatic castration-resistant
prostate cancer. In this trial, carlumab was unable to sustain a durable suppression of CCL2 and could
not lead to meaningful clinical benefit responses (Table 1) [71]. Notably, the clinical application of
CCL2 inhibitors for metastasis treatment requires a careful design.

Besides the extensively studied IL-6 and IL-1β, there are several early-phase clinical trials
exploring the efficacy of targeting CSF, SDF-1, and MIF in the treatment of various metastatic tumors,
as summarized in Table 1. The trials with SDF-1 and MIF have been completed, but no results have
been reported yet.
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6. Conclusions

Cancer metastasis poses significant challenges to the development of curative therapies due to
insufficient knowledge of the mechanisms governing this process. Targeting the molecular interactions
that build the PMN has the potential to prevent and eradicate metastases before they manifest. It would
be most useful to block the signaling systems that promote the establishment of the PMN right after
dissecting a primary tumor, i.e., in the critical post-operative window when no visible metastases
are observed but PMN formation is probably ongoing. Compelling evidence implies the rise of
pro-inflammatory cytokines and the suppression of the immune function during the peri-operative and
post-operative periods [72,73], which all contribute to PMN formation. However, the combination of
pro-inflammatory cytokines in the PMN is still under investigation and may vary in different types of
cancer or even in individual patients. The advanced ‘omics’ technology could help design more precise
and individualized therapeutic approaches in future clinical trials. Admittedly, some clinical trials
targeting IL-6 or IL-1 have failed in preventing metastasis. Human solid tumors are more complex than
mouse models, and the heterogeneity of cancer cells could be a factor affecting treatment efficacy. Thus,
monotherapy to inhibit a single cytokine may not be sufficient to treat advanced tumors. Taking in
consideration the pleiotropy and redundancy of pro-inflammatory cytokines, further in vitro and
in vivo studies should be designed to determine the joint power of pro-inflammatory cytokines in
PMN formation, as well as to analyze their combined targeting in cancer metastasis.
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Abstract: Evolutionary dynamics can be used to control cancers when a cure is not clinically consid-
ered to be achievable. Understanding Darwinian intratumoral interactions of microenvironmental
selection forces can be used to steer tumor progression towards a less invasive trajectory. Here, we
approach intratumoral heterogeneity and evolution as a dynamic interaction among subpopulations
through the application of small, but selective biological forces such as intracellular pH (pHi) and/or
extracellular pH (pHe) vulnerabilities. Increased glycolysis is a prominent phenotype of cancer
cells under hypoxia or normoxia (Warburg effect). Glycolysis leads to an important aspect of cancer
metabolism: reduced pHe and higher pHi. We recently showed that decreasing pHi and targeting
pHi sensitive enzymes can reverse the Warburg effect (WE) phenotype and inhibit tumor progression.
Herein, we used diclofenac (DIC) repurposed to control MCT activity, and Koningic acid (KA) that
is a GAPDH partial inhibitor, and observed that we can control the subpopulation of cancer cells
with WE phenotype within a tumor in favor of a less aggressive phenotype without a WE to control
progression and metastasis. In a 3D spheroid co-cultures, we showed that our strategy can control the
growth of more aggressive MDA-MB-231 cells, while sparing the less aggressive MCF7 cells. In an
animal model, we show that our approach can reduce tumor growth and metastasis. We thus propose
that evolutionary dynamics can be used to control tumor cells’ clonal or sub-clonal populations in
favor of slower growth and less damage to patients. We propose that this can result in cancer control
for tumors where cure is not an option.

Keywords: evolutionary therapy; darwinian evolution; tumor microenvironment; cancer cells sub-
populations; diclofenac; koningic acid; spheroid; 3D co-culture

1. Introduction

The initiation and development of cancers is associated with major metabolic al-
terations in response to dynamically changing microenvironmental conditions such as
hypoxia and acidosis [1]. These forces will select for the fittest phenotype in the context
of the current microenvironment. Cancer cells that are more plastic and adaptable can
acclimate to an increasing array of emergent microenvironmental selective forces. Com-
bined, these factors define tumors as highly dynamic ecosystems in which many different
cancer cell subpopulations compete for space and resources [2]. The microenvironment
around the cells can alter the local fitness of cancer cell subpopulations in a tumor; leading
to possible dramatically different evolutionary trajectories selecting for cells with different
phenotypic and genotypic properties [3]. We have previously reported how acid-producing
and acid-resistant phenotypes can engineer the tumor ecosystem in order to increase
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their own fitness, allowing them to take over the population [3,4]. We have also showed
the different strategies that cancer cells acquire to adapt to their microenvironment [3].
Here, we investigate the impact of switching off certain phenotypes that give cancer cells
a competitive advantage. By switching these off, we can influence the distribution of
sub-populations with the end game of turning the majority of the population into a less
aggressive phenotype with decreased invasion and metastasis. The idea is to take away
any evolutionarily acquired or selection driven advantages of the more aggressive clones
in population to allow for non-aggressive cells to be able to compete [5].

Glycolysis is the prominent phenotype of cancer cells under hypoxia or normoxia
(Warburg effect). Glycolysis produces acid, which must be removed from cells, resulting
in an important aspect of cancer metabolism: i.e., reduced extracellular pH (pHe~6.5–6.7)
and increased intracellular pH (pHi ≥ 7.2). For cells to compete they must adapt to these
conditions and thus these adaptations can be used against them as a vulnerability [6].
Adaptive mechanisms include: increased expression and activity of acid extruders, such as
monocarboxylate transporters (MCT) including: MCT1 and MCT4, Na+-H+ exchanger 1
(NHE1) and V-ATPases, as well as membrane bound exofacial carbonic anhydrases such
as CA9 or CA12 to maintain an optimal pHi [6]. An optimal pHi gives cancer cells some
proliferative advantages [6]. Herewith, we use two drugs that we are repurposing to
target pHe and pHi metabolic adaptations so that the more aggressive cancer cell sub-
populations lose their selective advantage over the less aggressive phenotypes. The first
drug is diclofenac, a clinically used non-steroidal anti-inflammatory drug (NSAID), that
has been shown to have an inhibitory effect on MCTs [7,8]. Targeting MCTs is a promising
approach that many groups are following to find treatment against the glycolytic phenotype
of cancer cells such as MCT1/2 inhibitors [9]. However, these drugs have not yet been
successful in treating cancer, as cells have shown the ability to switch isoforms from e.g.,
MCT1 to MCT4 [6,9]. Diclofenac is putatively a pan-MCT inhibitor [7].

The second drug is koningic acid (KA), a natural product produced by fungi, which
inhibits the function of GAPDH [10,11].

In our previous work of systems analysis of cancer cells’ metabolic vulnerabilities [6],
we observed that GAPDH is highly pHi sensitive and has a key role in promoting a WE
phenotype. This pH sensitivity of GAPDH means that the effects of its inhibition on cell
proliferation are enhanced at an acidic intracellular pH. This acidic pHi vulnerability is the
reasoning for coupling with diclofenac, which we demonstrated to be a potent inhibitor of
MCT activity, causing decreased intracellular pH. Other groups also reported GAPDH as a
selective WE phenotype target [10] that can be partially and irreversibly inhibited by KA.

Evolutionary-based therapies use Darwinian principles to delay the proliferation of
aggressive populations regardless of their genotype states [3,5,12]. These therapies can
be guided by the use of mathematical models of cell population dynamics based on com-
peting mechanisms of cancer cell sub-population within the tumor [13,14]. Conventional
maximum dose therapy (MDT) permits an unopposed proliferation of resistant and/or
more plastic cells by removing sensitive and/or less plastic cancer cell populations, a
phenomenon known as “competitive release” in ecology [5]. With “competitive release”,
clonal and sub-clonal population balance is not maintained amongst all different clones.
Alternatively, evolution-based therapies use Darwinian principles to delay the proliferation
of resistant populations [3,5], maintaining clonal and sub-clonal population balance. A
form of evolutionary therapy is adaptive therapy (AT), where the competitive release of
resistant clones is delayed by the application of intermittent or dose-varying therapeutic
regimens, to maintain a balance between sensitive and resistant clones to successfully
control tumor growth [5,15,16]. In our approach, we exploit metabolic adaptations to
acidosis as a vulnerability for the more aggressive tumor cells in order to cancer growth.
We selected our representative cell lines, less aggressive (MCF7) and more aggressive
(MDA-MB-231), based on the previously described phenotypes [17–21].
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2. Results
2.1. Diclofenac and Koningic Acid Reduce the Glycolytic Activity of Cancer Cells

H+-monocarboxylate transporters (MCTs) play a major role in transporting organic
anions such as lactate across cell membranes. Since the transport cycle is coupled to H+

ions, the activity of MCTs also affects intracellular pH (pHi) within cells [22]. It has been
shown that MCT inhibition decreases cancer cells’ aggressive phenotypes [9,23,24] by
reducing the lactate efflux, leading to acidification of pHi and buildup of intracellular
[lactate] [6]. It has been shown that diclofenac can inhibit MCTs [7] and that koningic acid
(KA) can inhibit GAPDH [10,25,26], which is very sensitive to pHi [6] (Figure 1A). As proof
of principle, we measured the effect of diclofenac and KA on glucose consumption and
lactate production of MCF7 and MDA-MB-231 breast cancer cell lines. In both cell lines,
diclofenac and KA reduced the lactate production (Figure 1B) and glucose consumption
(Figure 1C) significantly within 72 h of treatment. Notably the effect was larger in the
more highly glycolytic MDA-mb-231 cells. We then measured the activity of both drugs in
the 3D culture of MCF7 and MDA-MB-231 spheroids over time. We observed that both
drugs showed effects as early as 24 h (Figure S1A,B). These results indicated that both
drugs are effective in inhibiting glycolysis as proposed and can work both in 2D and 3D
experiments. We also measured the glutamine and glutamate concentration in the media
following treatments of both cell lines with both drugs under normoxia and hypoxia and
found no differences among the groups (Figure S1C).

2.2. Diclofenac Inhibits MCT Activity

To test whether the effect of diclofenac treatment on glycolysis was due to inhibition
of lactate export, we measured MCT activity before and after treatment with diclofenac
using pHi as a reporter of transmembrane flux. To rule out if the effect on pHi change is
because of NSAID activity of diclofenac, we also measured the MCT activity on the same
cells treated with aspirin. Using a superfusion microscopy system and cells loaded with
the pH reporter dye SNARF-1, we measured the time course of pHi during superfusate
maneuvers that trigger net transmembrane flux of lactate (Figure 1D). When presented with
extracellular lactate, cells acidified, and when extracellular lactate was withdrawn, cells
alkalinized. The rate of these pHi changes are measures of MCT activity. In the presence of
diclofenac, however, efflux of lactate was completely inhibited in both cell lines. Controls
included another NSAID, aspirin, which was without effect. As these are acute effects, cell
death was not expected to play a role (vide infra), and we further ruled it out, due to the
inability of dead cells to retain the SNARF-1 dye. To confirm that diclofenac was acting
on a specific transport process, i.e., MCT, rather than causing a generalized tightening
of membrane permeability, experiments were repeated with acetate in place of lactate.
Compared to lactate, acetate can permeate the cell membrane in an MCT-independent
manner by partitioning across the lipid matrix as acetic acid, and its efflux was unaffected
by diclofenac (Figure 1E). This suggests that the action of diclofenac is targeted to MCT, the
main route for lactate traffic in and out of cells. The results of this assay are not indicative
of what is expected to be seen under physiological conditions. The large changes in pH
observed in these experiments are not sustained for long periods of time, and are induced
by superphysiological lactate levels. The purpose of these experiments was solely to
determine the effects of Diclofenac on a cells ability to export lactate; not to demonstrate
specific pHi values under drug treatment.
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Figure 1. Diclofenac and koningic acid reduce the glycolytic activity of cancer cells. (A) Schematic showing effect of
Diclofenac (1 µM) to reduces the activity of MCT transporters leading to acidification of the intracellular pHi. Koningic
acid (KA) reduces glycolytic activity by inhibiting GAPDH that has an alkaline pH optimum. (B) Lactate production was
reduced in both MCF7 and MDA-MB-231 cells after treatment with diclofenac, KA, or both. (C) Glucose consumption was
reduced in both MCF7 and MDA-MB-231 cells after treatment with diclofenac, KA, or both. (D) MCF7 and MDA-MB-231
cells were treated with diclofenac or Aspirin to measure the effect of drug on their lactate transport abilities. Line (a)
represents the switch from a 30 mM lactate environment to a 0 mM Lactate environment. Line (b) represents the switch
from a 0 mM lactate environment to a 30 mM lactate environment. Line (c) represents the switch from a 30 mM lactate
environment − drug treatment to a 30 mM lactate environment + drug treatment. Line (d) represents the switch from a
30 mM lactate environment + drug treatment to a 0 mM lactate environment + drug treatment. (E) MCF7 and MDA-MB-231
cells were treated with diclofenac or Aspirin to measure the effect of drug on their pHi altering effects. Line (a) represents
the switch from a 30 mM acetate environment to a 0 mM acetate environment. Line (b) represents the switch from a 0 mM
acetate environment to a 30 mM acetate environment. Line (c) represents the switch from a 30 mM acetate environment −
drug treatment to a 30 mM acetate environment + drug treatment. Line (d) represents the switch from a 30 mM acetate
environment + drug treatment to a 0 mM acetate environment + drug treatment. p-values are represented as follows:
*** p < 0.001, **** p < 0.0001.
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2.3. Diclofenac and Koningic Acid Decrease the Viability of Cancer Cells

To test if the effects on glycolysis translate into the effective killing of cancer cells, we
assessed the survival of cells using CCK8 viability assays and CelltiterGlo (see Methods) in
both hypoxia and normoxia. We experimented with both normoxic and hypoxic conditions
as they both commonly occur in the microenvironment of solid tumors such as breast cancer,
and cell viability will be expected to be much more sensitivity to glycolysis inhibition
under hypoxic conditions. In solid tumors, cells that are further than 160 micrometers
from the vasculature they experience a hypoxic condition that makes the cells glycolysis
dependent [27,28]. Many cancer cells overexpress or over-activate MCTs to deplete the
lactate produced under the hypoxic conditions, although this response is not universal as
shown in supplemental Figure S2. Under normoxia (Figure 2A) and hypoxia (Figure 2B)
cell survival was measured after treatment with diclofenac, KA, or both in MCF7 and
MDA-MB-231 cells. As shown in Figure 2A, diclofenac alone reduced the viability of
MDA-mb-231, and MCF10/DCIS cells, which are highly glycolytic and tumorigenic, as
well as MCF-7 cells which are tumorigenic and only moderately glycolytic. Notably there
was no effect on viability of MCF10AT cells, which are neither tumorigenic nor glycolytic.
More pronounced effects with a similar distribution were observed with KA and the
combination of DIC + KA. Surprisingly, the effect of DIC on viability under hypoxia
(Figure 2B) was less significant cf. normoxia (Figure 2A), whereas the effects of KA and the
DIC + KA combination were no different. To test the activity of the drug on viability and
H+ export flux in the same experiment we performed a viability assay while monitoring
the acidification of conditioned media. Inhibition of MCTs or GAPDH should reduce rate
of media acidification. After treatment and before viability assays we measured the pHe of
the media using the Five EasyTM/FiveGoTM pH meter (Mettler Toledo, Columbus, OH,
USA see Methods). The acidification was reduced by both drugs and the pH of media was
neutral, validating the effect of both diclofenac and KA on lowering glycolytic activity of
cells (Figure S3).

To determine the effect of diclofenac and KA on the pHi of cancer cells, we measured
the pHi of a panel of breast cancer cell lines (MDA-MB-231, MCF-DCIS, MCF7, 4T1, H605,
and T47D), loaded with SNARF-1-AME (Figure 2C). For 16 h, cells were treated with
diclofenac (100 µM), KA (1 µM), or aspirin (300 µM), and then imaged in buffered RPMI
media. All cell lines exhibited a significantly lower pHi with the treatment of diclofenac,
and 4 of the 6 diclofenac treated cell lines had significantly lower pH than the aspirin
group.

Considering the different microenvironment in solid tumors such as hypoxia and
acidosis and their combination we wanted to test if inhibiting MCTs and GAPDH have an
effect on the viability of cancer cells. These conditions are also very important to be targeted
because they are specific for tumors and not experienced by normal cells. Therefore, we
performed the survival assays on both MCF7 and MDA-MB-231 cells under four possible
combinations of change in oxygen level and pH as following: (i) Normal pH-Normoxia, (ii)
Low pH-Normoxia, (iii) Normal pH-Hypoxia, and (iv) Low pH-Hypoxia. Targeting MCTs
and GAPDH under different microenvironments reduces the cancer cell’s viability (Figure
S4). The effect was greatest with the combination of both drugs and under the most unique
condition of solid tumors -hypoxia, and acidic pH (Figure S4).

107



Cancers 2021, 13, 64
Cancers 2021, 13, x FOR PEER REVIEW 6 of 15 
 

 

 

Figure 2. Diclofenac and koningic acid decrease the viability of cancer cells. (A,B) Viability of different breast cancer cell 

lines (MDA-MB-231, MCF7, MCF DCIS, MCF10AT) were measured in 2D using CCK8 kit under normoxia (A) and hypoxia 

(B) and different treatments. Diclofenac combination with GAPDH inhibition had the highest effect on cell viability. In-

terestingly other NSAID drugs such Aspirin or Ibuprofen didn’t have any effect on cell viabilities. Error bars plotted as 

SD. (C) Intracellular pH measurement of MDA-MB-231, MCF-DCIS, MCF7, 4T1, H605, and T47D cancer cells using 

SNARF1, after 16 h treatment. Diclofenac decreased the pHi significantly in all cell lines. Error bars plotted as SEM. p-

values are represented as follows: * p < 0.05, ** p < 0.01, **** p < 0.0001. 

Figure 2. Diclofenac and koningic acid decrease the viability of cancer cells. (A,B) Viability of different breast cancer
cell lines (MDA-MB-231, MCF7, MCF DCIS, MCF10AT) were measured in 2D using CCK8 kit under normoxia (A) and
hypoxia (B) and different treatments. Diclofenac combination with GAPDH inhibition had the highest effect on cell viability.
Interestingly other NSAID drugs such Aspirin or Ibuprofen didn’t have any effect on cell viabilities. Error bars plotted
as SD. (C) Intracellular pH measurement of MDA-MB-231, MCF-DCIS, MCF7, 4T1, H605, and T47D cancer cells using
SNARF1, after 16 h treatment. Diclofenac decreased the pHi significantly in all cell lines. Error bars plotted as SEM. p-values
are represented as follows: * p < 0.05, ** p < 0.01, **** p < 0.0001.

2.4. Diclofenac and Koningic Acid Reduce the Warburg Phenotype of Cancer Cells

The Warburg effect (WE) phenotype is defined by a high glycolytic rate even in
the presence of oxygen (aerobic glycolysis) and is associated with the progression and
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aggressiveness of cancers [29–32]. We recently showed that inhibiting proton pumps
such as MCTs and pH-sensitive glycolytic enzymes such as GAPDH or GPI, reduces the
WE phenotype of cancer cells [6]. Here we used the same strategy to reduce the WE
phenotype by repurposing diclofenac from a NSAID to an MCT inhibitor and a natural
product produced by fungi, koningic acid to target GAPDH. Above, we already showed
that these compounds can reduce the glycolytic phenotype of cancer cells, and here we
are using Seahorse measurements to confirm the inhibitor effect of these products on
aerobic glycoysis. Seahorse can measure the glycolytic condition through simultaneous of
proton efflux (ECAR) and mitochondrial respiration (OCR), which can be used to assess
WE phenotype [6,33]. In the first experiment we interrogated at the real-time effect of
diclofenac of KA on ECAR and OCR of MCF7 cancer cells (Figure 3A,B). KA and diclofenac
monotonically increased the OCR compared to control and the combination of the two
had the greatest effect (Figure 3A). KA and diclofenac both caused an initial drop of ECAR
that lasted for 150 min that slowly returned to control levels. The recovery of ECAR to KA
was more rapid compared to either conditions that contained diclofinac, which may be
due to differences between GAPDH and MCT regulation (Figure 3B). This could imply
that even if the cells over-activate or overexpress the GAPDH, because the pHi is too low
the phenotype can’t be survived. We also measured the WE phenotype (ECAR/OCR)
of these cells in three different time points: (i) right before drug injection, (ii) 5 h after
injections, and (iii) 12 h after injections (black arrows in Figure 3A). These results showed
that a combination of KA and diclofenac has the highest effect on decreasing the Warburg
phenotype of cancer cells in mentioned time points (Figure 3C). To confirm this finding, we
also performed a Seahorse experiment based on glycolytic rate assay that measured the
maximum glycolytic capacity of cells by, first, shutting down mitochondrial respiration and
then glycolysis (Methods). This assay also showed the highest inhibition of WE phenotype
by the combination of KA and diclofenac in both MCF7 and MDA-MB-231 breast cancer
cells (Figure 3D).

2.5. Reducing Warburg Phenotype Can Change Population Dynamics

Cancer evolution is a result of genetic diversification and clonal selection within the
adaptive landscapes of tissue ecosystems. Therapeutic approaches can destroy some cancer
clones, but it may also create a new space and different selective pressure resulting in
expansion of resistant and most probably more aggressive clones aka “competitive release”
in ecology and evolution. Evolutionary based therapeutic design can be used to control
cancers when a cure is not possible. For that reason, understanding Darwinian intratumoral
dynamics and their interactions with microenvironmental selection forces is critical to steer
a tumor into a less invasive phenotype.

In 3D spheroid experiments we investigated the competitive release strategy to de-
velop a new treatment design. Two distinct cell types were used to provide insight into
the dynamic interactions among tumor cell subpopulations, a crucial element of intratu-
mor heterogeneity. Mixed-culture competition experiments in spheroids can successfully
track competitive outcomes amongst different cell types [34]. In 3D spheroid experiments
differences in growth rates, carrying capacities and competition coefficients can be deter-
mined accurately [34]. For this experiment, we mono- and co-cultured MCF7-GFP and
MDA-MB-231-RFP cells (1:1 ratio) and treated them with DMSO (control), diclofenac, KA,
or combination of KA and diclofenac (Figure 4A–C). As a control experiment we grew
spheroids in different microenvironmental conditions and with different ratios of MCF7
to MDA-MB-231 cells. In any microenvironmental condition and with any ratio of the
two cancer cells, MDA-MB-231 cells always eventually dominated the MCF7 cells and
took over the whole population (Figure S5). After treating the spheroids with diclofenac,
KA, or the combination, we showed that these metabolically designed drugs can steer the
population dynamics towards the less aggressive phenotype cells (MCF7-GFP) Figure
4A,B are controls showing effect of the agents on monocultures. Figure 4C shows that,
in co-culture conditions, the green signal that belongs to MCF7-GFP was increased in
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response to both drug and the combination, compared to the control group. These results
show that it may be possible to control population dynamics in tumors based on their
metabolic vulnerability.

2.6. Evolutionary Designed Therapy Controls Tumor Growth and Metastasis In Vivo

To translate our in vitro 2D and 3D results to in vivo we then performed animal ex-
periments in female NSG mice. The experimental design was similar to the 3D spheroid
experiment co-culture -MCF7 and MDA-MB-231 cells were mixed in 1:1 ratio and inocu-
lated into the mice mammary fat poad. Mice were randomized into four groups of six mice
per group and treated with diclofenac, KA, both, or none (DMSO). Primary tumor growth
was unaffected by either monotherapy cf. controls, but there was a significant decrease
caused by the combination of diclofenac and KA (Figure 5A).

At the end of the experiment we extracted the tumors and all the vital organs from
each mouse and scored for metastasis. Notably, the diclofenac + KA combination group
was metastasis-free, while all other groups had measurable metastases across multiple
sites (Figure 5B). These results indicate that evolutionary therapeutic approaches based
on metabolic targeting can be used to control tumor growth and even change aggressive
phenotypes such as metastasis.
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Figure 3. Diclofenac and koningic acid reduce the Warburg phenotype of cancer cells. (A) Oxygen Consumption Rate (OCR)
and (B) Extracellular acidification rate (ECAR) of MCF7 cancer cells treated with, KA, diclofenac, and combination of both
in real-time. (C) Energy map extracted from A and B under different treatments. A combination of KA and diclofenac
had the highest effect on the reduction of WE phenotype in MCF7 breast cancer cells. (D) Glycolytic rate assay of both
MCF7 and MDA-MB-231 cells confirmed the maximum reduction of WE phenotype with the combination of KA and
diclofenac for 72 h. All the seahorse experiments were done in 6 replicates per condition and the data is normalized to the
protein concentration of the cells per each well. The data is represented as the mean with the error bars as SD. p-values are
represented as follows: **** p < 0.0001.
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Figure 4. Spheroid 3D co-culture shows the role of evolutionary designed treatment in tumor cells population dynamics.
(A) Images of the spheroids of MCF7 cells that were fluorescently tagged with GFP in monoculture. (B) Images of spheroids
of MDA-MB-231 cells fluorescently tagged with RFP in monoculture. (C) Co-culture of MCF7-GFP and MDA-MB-231-RFP.
The ratio in co-culture is 1:1 for experiment initiation. The top row are the pretreatment images and the bottom raw for each
condition is the last time point images. Underneath the images is a fluorescent signal analysis of the spheroid experiment
under all four treatment conditions. Each experiment has 8 replicates. The data are represented as mean with the error bars
as SD.
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Figure 5. Animal experiments confirm the efficiency of evolutionary designed therapy. (A) Female NSG mice injected with
a mixture of 5 million MCF7 and 5 million MDA-MB-231 breast cancer cells and randomized into four groups of 6 and
treated with, DMSO, diclofenac, KA, and combination. Tumor size is measured every two or three days by calipers and
also once a week with ultrasound. Data is presented is measurements by calipers and are mean with SD as their error
bars. (B) The number of metastasis sites in vital organs such as liver, lungs, kidney, and spleen at the endpoint. The data is
represented as mean with the error bars as the SD. p-values are represented as follows: ** p < 0.01, *** p < 0.001.
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3. Discussion

Tumor evolution follows the Darwinian principles; meaning nature selects for pheno-
type not genotype [5]. When cancer initiates and develops, many clones and sub-clones
emerge that are genetically heterogeneous with many of them presenting the same pheno-
type such as the Warburg effect (WE) phenotype [35]. The emergence of one phenotype
from many clones with different genetic backgrounds implies the fitness of the selected
phenotype to the selection forces. The WE phenotype is associated with progression and
invasion of many cancers and is defined by a high glycolytic rate in the absence or presence
of oxygen (aerobic glycolysis). Most cancer cells reprogram their metabolism in favor
of aerobic glycolysis despite the presence of plentiful oxygen in their microenvironment,
implying higher fitness of WE phenotype.

During the evolution of tumor cells and through adaptation to constantly variable
microenvironment tumor cells adapt and acquire phenotypes helping them survive and
grow. These acquired characteristics can be used as a new vulnerability against them. As
mentioned previously, we recently showed that certain targets for inhibition of glycolysis
have increased effects of inhibition at a lower intracellular pH [6]. To test this principle, we
coupled Diclofenac, a compound we demonstrated to be a potent inhibitor of MCT’s, with
Koningic Acid, a known inhibitor of GAPDH. The MCT inhibition by Diclofenac provided
the decrease in phi needed to enhance the effectiveness of KA. In this paper we showed that
targeting the WE phenotype in more aggressive cancer cells can take their competitiveness
from them so the less malignant cells can compete with them in a tumor niche. We used
a simple model of co-culture of two cell lines with extremely opposing characteristics:
MDA-MB-231 cells that are triple-negative fast proliferating, tumorigenic and metastatic
in mouse xenograft models that are also highly glycolytic with WE phenotype and MCF7
cells that are ER/PR positive, slow-growing and tumorigenic in mouse xenografts with the
help of estrogen pellets but not metastatic and very low glycolytic and not WE phenotype.
The co-culture of these two cell lines was used as a simple population model of tumor
heterogeneity to monitor the population dynamics of the tumor. In the future, these
findings will be confirmed and expanded in a more complex, transgenic tumor model,
to observe the effect of real intratumor heterogeneity in cell subpopulation. Using our
metabolic targeted strategy, we showed that it is possible to control the population dynamic
and heterogeneity. This population dynamic adjustment was able to successfully control
tumor growth and metastasis in the mouse xenograft model. Therefore, we propose a
novel strategy of cancer control for the tumor where a cure is not an option. We propose
evolutionary principles of tumor growth that can be used to control tumor cells’ clonal or
sub-clonal population in favor of slower growth and less damage to patients.

4. Methods
4.1. Cell Culture

MCF-7 and MDA-MB-231 cells were acquired from American Type Culture Collec-
tion (ATCC, Manassas, VA, USA, 2007–2010) and were maintained in DMEM-F12 (Life
Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (HyClone
Laboratories, Logan, UT, USA). Cells were tested for mycoplasma contamination and
authenticated using short tandem repeat DNA typing according to ATCC’s guidelines.
Cells were treated with diclofenac (1 µM) and/or koningic acid (1 µM) dissolved in the
media of the cells.

4.2. Hypoxia Cell Culture

For hypoxia conditions we used a Biospherix X-Vivo Hypoxia Chamber. The con-
ditions in each hypoxia chamber kept at 37 ◦C, 5% CO2, with 0.1% O2 and 94.9% N2 or
1.0% O2 and 95% N2. The chamber was quality controlled and calibrated according to the
manufacturer’s specifications (Biospherix, Parish, NY, USA).
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4.3. Transfection (GFP/RFP Plasmids)

To establish stable cell lines, the MCF-7 and MDA-MB-231 cells were infected with
Plasmids expressing RFP or GFP using Fugene 6 (Promega, Madison, WI, USA) at early
passage and were selected using 2 µg/mL puromycin (Sigma, St. Louis, MO, USA).

4.4. Mettler Toledo Five EasyTM/FiveGoTM pH Meter

The pH meter was first calibrated by using standard pre-made calibration buffer
solutions for pH 4, 7, and 10. Then using the pH probe the pH of the control media used to
grow the spheroids was measured. This pH was used as a baseline to compare the pH of
the pHe media of the spheroids.

4.5. Viability Assays
4.5.1. CCK8

Cell viability was measured after treatment with drugs (diclofenac and koningic
acid or both) and DMSO as control using Cell Counting Kit-8 (CCK-8) under different
microenvironmental conditions such as normoxia, hypoxia, normal pH, or low pH. CCK8
is a sensitive colorimetric-based viability assay based on Dojindo’s highly water-soluble
tetrazolium salt, with WST-8 as its active agent. CCK8 was used to measure viability as it
is not pH sensitive and can be added to the cells directly in their niche, without fixation
or change of media. For measuring viability, cells were seeded in a 96-well plate (with
triplicate of the same samples), and viability was measured at the indicated intervals. The
experiments were repeated at least two times.

4.5.2. CellTiter-Glo®

This 3D Cell Viability Assay is designed to determine the number of viable cells in 3D
cell culture based on quantitation of the ATP through based on Luminescent Cell Viability
Assay chemistry. The lytic capability of the reagents is much higher than the 2D assay and
the assay is compatible with 96 well-plate formats of our spheroid experiments that make
it ideal for high-throughput screening. In our assay 72 h after treatment of spheroid with
inhibitors, the lysis buffer directly added to each well containing one sphere of MDA-MB-
231 or MCF7 cells. The plates were incubated in RT for 10 min on a rocking shaker. Then
the assay mixture containing luciferin and luciferase was added and the luminescent was
measured after 5 min incubation in RT.

4.6. Glycolytic Rate Measurements (Seahorse)

Glycolytic rate of MCF7 and MDA-MB-231 cancer cells was measured using Seahorse
XF96 extracellular flux analyzer and a glycolysis rate kit (Seahorse Biosciences, Billerica,
MA, USA). All the seahorse experiment has been performed in the absence of CO2/HCO3−.
Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of cancer cells
were determined by seeding them on XF96 microplates in their growth medium until they
reached over 90% confluence. In these studies, seeding started with 20,000 cells (80% of
the well area). Measurements were determined 24 h later when the cells reached 90%
confluence. One hour before the seahorse measurements culture media were removed
and cells were washed 3 times with PBS followed by the addition of base medium (non-
buffered DMEM supplemented with 25 mM glucose). Finally, data were normalized for
total protein content of each well using the Bradford protein assay (ThermoFisher, Waltham,
MA, USA). Seahorse measurements were performed with 4–6 technical replicates and these
experiments were repeated at least 2 times. The WE phenotype (“Warburgness”) can be
expressed as the ratio of glycolysis (ECAR) to oxidative phosphorylation (expressed as the
oxygen consumption rate, OCR) from the GST.

4.7. Metabolic Profiling

Cells were seeded in a regular 96-well plate for 2D culture and in U bottom 96 well
plates for 3D spheroid culture in their growth medium containing 10% FBS under standard
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culture condition. Once cells reach 90% confluence for 2D or caring capacity for 3D (usually
when the growth of spheres is steady and they don’t get bigger), the growth media were
removed and placed in a new 96 well plate with the same order as the original plate for
metabolic profiling using YSI machine (YSI 2900 multi-analyte system (YSI, Yellow Springs,
OH, USA)). We used at least 150 µL of media in each well to make sure there was enough
media for each assay in the machine. Sensors in YSI were changed weekly and calibrated
before each experiment. Final data of the lactate, glucose, glutamine, and glutamate in
conditioned media were normalized to the protein amount per well or the confluency of
each well imaged right before metabolite measurements.

4.8. MCT Activity

Cells were plated on four chamber Lab-Tek chambered cover glass slides 1 day prior
to experimenting, and cultured in RPMI media containing 10% FBS and 1% P/S. On day
of experimentation, media was replaced with RPMI containing 10% FBS, 1% P/S, 25 mM
HEPES, and 25 mM PIPES, to stabilize pH while outside of the 5% CO2 incubator. Once the
assay was ready to begin for a given group, 5-(and-6)-Carboxy SNARFTM-1, Acetoxymethyl
Ester, Acetate was added 8 min prior to experimentation at a concentration of 10 µg/mL.
Prior to experimentation, the pH calibration curve of the 5-(and-6)-Carboxy SNARFTM-1,
Acetoxymethyl Ester, Acetate dye was conducted using the nigericin method as described
previously [36]. Once the 8 min incubation period was up, imaging began and superfusion
with the 30 mM lactate solution (solutions listed in extended data file) and the SNARF-1
ratio was allowed to stabilize. The superfusion setup used in our experiments consists
of a peristaltic to flow the media, a custom manufactured fluidic switch system which
allows for the rapid changing of solutions, and a vacuum pump to aspirate media from
the opposite side of the chamber. Once stabilized, cells were instantaneously switched
to the 0 mM lactate solution and maintained in such until the velocity of the SNARF-1
ratio began to level off. Cells were then switched back to the 30 mM lactate condition and
allowed to stabilize again. Once stabilized, the cells were switched to the same 30 mM
lactate solution, this time either containing (X concentration of Diclofenac or Aspirin). Cells
were maintained in the drug treatment solutions for 20 min in order for the drugs to take
effect, and then switched to the 0 mM lactate solution containing the same concentration of
drug they were treated with.

4.9. pHi Measurement

Cells were plated on four chamber Lab-Tek chambered cover glass slides 1 day prior
to experimentation and cultured in RPMI media containing 10% FBS and 1% P/S. On day
of experimentation, media was replaced with RPMI containing 10% FBS, 1% P/S, 25 mM
HEPES, and 25 mM PIPES, to stabilize pH while outside of the 5% CO2 incubator. Once the
assay was ready to begin for a given group, 5-(and-6)-Carboxy SNARFTM-1, Acetoxymethyl
Ester, Acetate was added 10 min prior to experimentation at a concentration of 10 µg/mL.
After the 10 min, cells were washed 2 times with drug containing media and fresh drug
containing media was resupplied to the cells. Change in pHi caused by each drug was
measured by converting the SNARF-1 ratio to pHi and comparing pre- and post- treatment
pHi’s.

4.10. Spheroid Mono- and Co-Culture

Perfecta3®96-Well Hanging Drop Plates or non-adhesive U shape bottom 96 well
plates were used to grow the primary spheres containing 10,000 total cells. 10% Matrigel
was used for the primary spheroid construction as follows. After cells were counted they
were diluted as 200 cells per µL of media. Then the cells mixture was cooled down in
ice for 10 min and 10% Matrigel (melted in ice in the 4-degree Celsius walk-in fridge
overnight) was added and directly seeded in the U plates. The plates were centrifuged
for 1 min 500 RPM. For each experimental condition, the ratio between MCF-7-GFP and
MDA-MB-231-RFP was 0, 50, or 100 percent as follows: 0/100, 50/50, 100/0. Each ratio
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had 4–8 replicates for each experiment. An Incucyte microscope kept at 37 ◦C and 5% CO2
was used to image the spheroid growth every 6 h over approximately 30 days. Images
and fluorescent intensity were analyzed in Incucyte built-in software and image J. Relative
fluorescent units (RFUs) were normalized by averaging red/green fluorescence when the
corresponding cell type was absent then subtracting this value from other fluorescent
values of that cell type. Drug treatments were directly added to the growth media of the
spheroids and renewed every 3 days.

4.11. Animal Experiments

MCF7 and MDA-MB-231 breast cancer cell lines were grown in T-225 flask and
harvested at 70–80% confluency. Both cells were authenticated by short tandem repeat
analysis and tested for mycoplasma. 10 million cells in 200 µL cold PBS and 10% Matrigel
was inoculated into cleared mammary fat pads of SCID mice (eight- to ten-week old
females). Tumor measurements were done by calipers every other day and ultrasound once
a week. Mice had free access to water and food for the whole duration of the experiment.
For mixed cultures, a 1:1 mixture of 5 million MDA-MB-231 and 5 million MCF7 cells
were injected. One week before cell injection, an estrogen pellet (0.72 mg slow-release,
Innovative Research of America) was implanted to allow for the growth of ER-positive
MCF7 tumors. The concentration of diclofenac given to each mouse was 40 mg/kg. As for
the KA the concentration was 1 mg/kg. These concentrations remained the same when the
mice were treated with both drugs. The control mice were injected with DMSO in PBS. The
mice were treated by intraperitoneal injections once on Monday, Wednesday, and Friday
weekly. At the end of the experiment tumors were extracted, then the size and weight of
them were measured. Vital organs were also extracted and looked for metastasis.

Animal studies were performed by the guidelines of the IACUC of the H. Lee Moffitt
Cancer Center (that was approved by the University of South Florida IACUC committee:
IACUC 5331R).

5. Conclusions

We propose a novel strategy of cancer control for the tumor when a cure is not an
option. We propose evolutionary principles of tumor growth can be used to control tumor
cells’ clonal or sub-clonal population in favor of slower growth and less damage to patients.
We showed that slight metabolic adaptations acquired during the evolution of cancer cells
such as increased pHi can be used as vulnerability against them.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072
-6694/13/1/64/s1, Figure S1: Glutamine and glutamate concentration in conditioned media of
MCF7 and MDA-MB-231 cells treated with diclofenac, Koningic acid, and both compared to non-
treated control in hypoxia (0.1% oxygen) and normoxia, Figure S2: ICC Analysis of MCT1 and
MCT4 expression in breast cancer cell lines. Figure S3: Extracellualr pH measurements of cells
exposed to various treatment conditions. Treatment with KA, DIC, or combination of both results
in an increase in extracellular pH. Figure S4: Survival assay of breast cancer cell lines in different
microenvironmental conditions. Targeting MCTs and GAPDH under different microenvironments
reduces the cancer cells’ viability. The effect is the most with the combination of both drug and
under the most unique condition of solid tumors, hypoxia, and acidic pH. Data is normalized to
non-treated for each cell line in each condition and presented as mean with SD as error bars. Each
experiment has 4 replicates, Figure S5: Mono- and co-culture of fluorescently tagged breast cancer cell
line. In different microenvironmental conditions and with any initial ration of MCF7: MDA-MB-231,
the more aggressive cells, MDA-MB-231 always win. The spheroids are grown in normoxia but
considering the size of spheres that reaches to 1–2 mm we know that oxygen concentration can vary
from normoxia at the surface of spheres to hypoxia in the center.
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Simple Summary: Based on the four molecular subtypes of pancreatic cancer described by Bailey
et al. 2016, in the present article we match the molecular, histology and microenvironment features of
pancreatic cancer. This approach may help to understand the molecular basis of this kind of tumor,
and how their microenvironment may affect treatment response. Moreover, we compile information
about crucial factors that could serve as potential targets for drug design to achieve higher anti-tumor
activity, and how histological evaluation of tumor microenvironment could provide first signs about
treatment response.

Abstract: In the last decade, several studies based on whole transcriptomic and genomic analyses of
pancreatic tumors and their stroma have come to light to supplement histopathological stratification
of pancreatic cancers with a molecular point-of-view. Three main molecular studies: Collisson et al.
2011, Moffitt et al. 2015 and Bailey et al. 2016 have found specific gene signatures, which identify
different molecular subtypes of pancreatic cancer and provide a comprehensive stratification for both
a personalized treatment or to identify potential druggable targets. However, the routine clinical
management of pancreatic cancer does not consider a broad molecular analysis of each patient, due
probably to the lack of target therapies for this tumor. Therefore, the current treatment decision is
taken based on patients´ clinicopathological features and performance status. Histopathological
evaluation of tumor samples could reveal many other attributes not only from tumor cells but also
from their microenvironment specially about the presence of pancreatic stellate cells, regulatory
T cells, tumor-associated macrophages, myeloid derived suppressor cells and extracellular matrix
structure. In the present article, we revise the four molecular subtypes proposed by Bailey et al.
and associate each subtype with other reported molecular subtypes. Moreover, we provide for each
subtype a potential description of the tumor microenvironment that may influence treatment response
according to the gene expression profile, the mutational landscape and their associated histology.

Keywords: molecular subtypes of pancreatic cancer; microenvironment; chemotherapy response;
pancreatic stellate cells; regulatory T cells; tumor-associated macrophages; myeloid derived suppres-
sor cells

1. Introduction

Pancreatic cancer (PC) incidence has increased in developed countries and its trend for
2030 is to be higher reaching the second cause of cancer-related deaths [1]. When tumors are
<2 cm in size, the 5-year survival rate is around 50% while for tumors <1 cm could average
as much as 100% [2]. Regrettably, pancreatic cancer symptoms are often misdiagnosed
and commonly treated ambulatory that leads to a late diagnosis with metastatic disease
in distant organs; then, their 5-year survival rate decreased to 3% [3,4]. PC could be
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detected by elevated levels of CA19-9 serum marker [5]. However, CA19-9 is not PC
specific and its levels are also high after biliary obstruction [6]. Recently, CA19-9 serum
level in combination with IGF-1 and albumin have increased the sensitivity up to 93.6%
and the specificity up to 95% to identify PC patients [7].

Risk factors of PC are cigarette smoking associated to 20–25% cases [8,9], chronic
pancreatitis (4%) [10], diabetes (30%) [11], and some infectious agents like Helicobacterpylori
(65%) presents an increased risk [12].

Surgical resection is considered the best treatment approach against PC. Histopatho-
logical characteristics of resected tumor like margins of resection (R), differentiation of
tumor cells (G) or lymph-node status (N) could predict patient prognosis [13]. After resec-
tion, adjuvant treatment will depend on patient performance status but is usually based
on gemcitabine [14], 5-fluorouracil and their combination with other cytotoxics [15]. The
combination of gemcitabine with capecitabine exhibited better survival rates [16]. Other
regimens based on FOLFIRINOX (folinic acid, 5-fluorouracil, irinotecan and oxaliplatin)
or gemcitabine in combination with nano-albumin-bound paclitaxel (nab-paclitaxel) is
administered to borderline resectable tumors as neoadjuvant treatment [17]. Another
option for R1 patients, borderline resectable or locally advanced unresectable tumors is
chemoradiotherapy [18,19]. However, PC exhibits chemoresistance due to a complex link
between tumor cells and their microenvironment [20]. The tumor microenvironment TME
is referred to the local environment where tumors developed [21]. The TME of PC is
composed by tumor cells, extracellular matrix and stromal cells (pancreatic stellate cells
(PSCs), regulatory T cells (Tregs), tumor-associated macrophages (TAMs), and myeloid
derived suppressor cells (MDSCs). All these TME components foster high levels of hypoxia,
which confer several metabolic advantages to tumor cells. Some studies have shown how
PC microenvironment regulates proliferation, invasion and metastasis, chemoresistance
and immune evasion [22,23].

Microenvironment of PC has immunosuppressive characteristics that lead to escape
from the immune system, which enhances tumor progression. Cell populations from TME
could induce the deposition of extracellular molecules such as matrix metalloproteinases,
extracellular matrix molecules, growth factors and transforming growth factor β (TGF-β)
to maintain the enabling microenvironment [24]. PSCs are able to produce a collagenous
stroma and its role is crucial in both normal pancreas and tumor development. PSCs
cooperate with cancer cells to build a perfect niche of tumor development with invasive
abilities [25]. While in a normal physiological state, PSCs are quiescent and express nestin,
vimentin, GFAP and desmin; activated PSCs become myofibroblast-like cells with overex-
pression of collagen type I and III, fibronectin and laminin, and present high proliferation
and migration abilities [26]. Furthermore, activated PSCs allow pancreatic cancer-related
fibrosis [27]. Interestingly, PSCs with an activated phenotype present expression of α-
SMA [26], while CD10 positive PSCs have the ability to promote an invasive phenotype
in PC [28]. There are subgroups of PSCs that interact with pancreatic β-cells called islet
stellate cells. These islets are able to induce β-cell apoptosis, inhibit their proliferation,
and diminish β-cell function [29,30]. Indeed, activated PSCs could impair pancreatic islet
endocrine function. Since PSCs are glucose intolerant, this cell population is involved in
development of type 2 diabetes, which directly promotes invasive phenotype because high
levels of glucose are related to epithelial-to-mesenchymal transition [29,31]. PSCs promote
also epithelial-to-mesenchymal transition of PC tumor cells [26].

Another TME cell population is Tregs that are a CD4+T cells subpopulation generated
from naïve T cells with expression of FOXP3 and CD25.They are present in TME and they
are able to suppress autoimmunity in physiological conditions, but also inhibit anti-tumor
immune response. This fact could be explained because Tregs can impact tumor-associated
CD11c+ dendritic cells to inhibit the activation of CD8+ T cells [32]. Recently, it has been
described how Tregs induce differentiation of cancer-associated fibroblasts that promote
tumor development [33]. Shevchenko et al. reported that gemcitabine at low doses reduce
Tregs population in PC and provide a modest increase in survival [34]. Another study
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described how neutrophil-lymphocyte ratio and a high proportion of Treg cells in pan-
creatic tumors are potential pathological biomarkers for poor outcome [35]. On the other
hand, TAMs imply a subtype of immune cells that are commonly expressed in several solid
tumors, and closely related to cancer-derived inflammation. Specially M2-polarized TAMs
(CD163+ cells) are those cells with direct implication in cancer-derived inflammation; in ad-
dition, M2-polarized TAMs enable epithelial-to-mesenchymal transition through activation
of TLR4/IL-10 signaling and inhibition of E-cadherin [36]. Additionally, TAMs promote
angiogenesis, dedifferentiation and stem-cell phenotype in PC [37]. TAMs show several
tumor-prone characteristics based on the release of some immunosuppressive and angio-
genic cytokines [38]. In PC, TAMs present a high expression of BMP-4, BMP-7, TGF-β1 and
TGF-β2 [39]. The infiltration of M2-polarized TAMs in PC stroma seems to be preferentially
located in the body and tail of the pancreas, and similarly with other TME cell populations,
M2-polarized TAM confers shorter overall survival to patients [40]. It has been reported
how metformin could reduce desmoplasia of PC, reversion of epithelial-to-mesenchymal
transition, and tumor-related inflammation via modulation of the AMPK/STAT3 that
decreases levels of IL-1β and hampers infiltration of M2-polarized TAMs [41]. Indeed,
metformin in combination with simvastatin and digoxin is being evaluated in a phase IB
trial to target crucial factors for PC development like PDX1 or BIRC5 (NCT03889795) [42].
In PC, M2-polarized TAM population rises significantly after gemcitabine administration,
and it has been reported how aspirin could improve the effects of gemcitabine and decrease
not only M2-polarized TAMs but also MDSCs populations [43]. MDSCs are a very hetero-
geneous immature myeloid cell population derived from the myeloid lineage that act as
a multipotent progenitor cells. They are involved in development of obesity and several
pathologies like autoimmune disease, chronic inflammation and tumorigenesis [44], and
they are characterized by the expression of CD11b and Gr-1 surface markers [45]. Sangaletti
et al. revealed how downregulation of SPARC decreased immunosuppression and reverted
invasive phenotype triggered by the presence of MDSCs [46]. Immunosuppression by
MDSCs is also driven by downregulation of JAK3, MHC class II and STAT5 that inhibit
activation of T-cells or induce their apoptosis [44]. Another study revealed that the pro-
inflammatory microenvironment that promotes MDSCs proliferation and recruitment is
produced by a cytokine cascade, which includes the release of IL-1β, IL-6, IL-13, IL-17, TNF-
α, TGF-β and VEGF [47]. Similarly, other factors such as ARG-1, COX-2, Cybb, Cytochrome
b-245, iNOS2 and PAUF are related to MDSCs activation [48]. MDSCs also impair chemo-
and radiotherapy response. In fact, high levels of proinflammatory cytokines associated
with MDSCs have been found in previously treated versus untreated patients or healthy
samples [49]. Since radiotherapy induces the release of lactate by tumor cells that lead to
activation of MDSCs, a proposed treatment strategy would imply target lactate to increase
radiotherapy response [50]. Another mechanism described recently against MDSCs is by
omega 3 administration due to its anti-inflammatory properties. Indeed, the combination
of omega 3 with gemcitabine drastically stabilizes Tregs population and decreases MDSCs
in advanced PC [51]. Other treatment approaches, like anti-CXCR2, have been described to
counteract MDSCs [52], or an anti-ENO1 that limits the invasion of MDSCs and causes the
subsequent disruption of TME interactions with tumor cells, which may improve survival
or PC patients [53].

Other studies have proposed the administration of triterpenoid to hamper the acti-
vation of MDSCs and their immunosuppressive action in PC, which lead to an increased
immune surveillance and immune response [54,55]. Therefore, diminish MDSCs popula-
tion is a potential target for the treatment of PC and increase its chemoradiosensitivity.

Molecularly, PC is characterized by inactivating mutations in TP53, RB, CDKN1A,
CDKN2A, or those associated to heritable PC such as BRCA1 and BRCA2 [56,57]. The
effect of tumor suppressor genes could be blinded by overexpression of other oncogenes
like MYC, CCNE1 or RAF [58]. Broad genomic analysis has revealed different subtypes
of PC. Bailey et al., identified four molecular subtypes of PC associated with specific
histopathological characteristics: Squamous, progenitor, immunogenic and aberrantly
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differentiated endocrine/exocrine (ADEX) [59]. The squamous molecular subtype is asso-
ciated to squamous differentiation, TP63N activation, inflammation, hypoxia, metabolic
reprogramming, dense extracellular matrix, TGF-β and WNT signaling pathway, increased
proliferation, activation of MYC, autophagy and enhanced RNA processing. Progenitor
and immunogenic subtypes share several characteristics like activation of FOXA2 and
FOXA3 networks, xenobiotic metabolism, fatty acid oxidation and mucins metabolism.
However, immunogenic subtype also involves the presence of several immune pathways
like B cell, CD4 and CD8 T cell signaling, TLR signaling, and other factors associated
with antigen presentation. ADEX is characterized by upregulation of NR5A2, RBPJL tran-
scriptional regulation pathway, exocrine differentiation, development of pancreatic β-cell,
epithelial cells differentiation and presents mutations in KRAS. Moffitt et al., proposed
other molecular subtypes based on analyses of patient prognostic and gene expression
profile of tumors (classical or basal-like tumors) and stroma (normal or activated stroma)
compared with healthy samples [60]. Collisson et al., also proposed three molecular sub-
types by a transcriptional profile analysis: Classical, which overlaps with Moffitt´s classical
subtype and exhibit high expression of molecules necessary for cell adhesion and epithe-
lial morphology; quasi-mesenchymal subtype that shows high expression levels of genes
associated to mesenchymal morphology; and exocrine-like subtype with overexpression
of genes required for digestive enzymes release [61]. These diverse molecular subtypes
exhibit several similarities with each other and highlight several opportunities for novel
therapeutic strategies and targeted drug design.

TME of PC should be different according to different molecular subtypes and their
response to chemotherapy should be different too. In the present article, we review the
four molecular subtypes of pancreatic cancer proposed by Bailey et al., and we used them
as backbone to supplement their features with other PC molecular subtypes proposed
by Moffitt et al., and Collisson et al. Furthermore, we match each molecular subtype to
a specific tumor histology and microenvironment, and how each complex network may
influence treatment response.

2. Squamous Subtype

Squamous and adenosquamous tumors represent 1–4% of all PCs, are often generated
in the head of the pancreas [62], and present the worst survival ratios even detected at early
stages [63]. These tumors frequently carry TP53 mutations and present 3p loss compared
to adenocarcinomas (Figure 1 and Table 1). Losses in 3p21.1–11.1 imply downregulation in
several anti-oncogenic genes like ROBO1, ROBO2, WNT5A, FHIT. The squamous histology
also presents upregulation of the WNT/β-Catenin signaling pathway and downregulation
of some chromatin modification factors [64]. These tumors are characterized by several
cell layers with irregular borders, protruding intercellular junctions, high eosinophilic
cytoplasm and keratin deposition, with denotes a rich and dense extracellular matrix
(Figure 1 and Table 1) [65].

The squamous molecular subtype proposed by Bailey et al., presents MYC activation
and overexpression of proteins TP63 and CD7 (TP40) as well as its target factors [59]. This
molecular subtype was associated with presence of TP53 and KDM6A mutations [59,66].

Interestingly, overexpression of TP63 in combination with TP53 mutation is able
to induce epithelial-to-mesenchymal transition to promote aggressive phenotype [67].
Squamous tumors also express integrins α6β1, α6β4 and EGF. Concerning epigenetic
modifications, this subtype exhibits an hypermethylator phenotype that downregulates
protein expression of PDX1, MNX1, GATA6 or HNF1B (Figure 1 and Table 1). However,
it presents upregulation of LOX, which is associated with metastasis development [68].
Squamous molecular subtype exhibit an hypoxic, inflamed and autophagic microenvi-
ronment that correlates with squamous histology [59]. Moreover, Moffitt et al. found a
squamous subtype characterized by overexpression associated with several components of
the extracellular matrix like laminins and keratins [60]. This matrix composition allows
an oncogenic microenvironment that fosters proliferation of PC tumor cells. This dense
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extracellular matrix generates a physical barrier for drug delivery that leads to a chemore-
sistant phenotype [69]. This rich extracellular matrix contributes to generation of hypoxic
conditions and expression of hypoxia-inducible factor 1 (HIF1) [70], and overexpression of
MUC1, VEGF and PDGF that enhance the endothelial tube formation, proliferation and
migration ability [71]. The squamous molecular subtype also presents activation of TGF-β
signaling pathway [59], and overexpression of EGFR and S100A2 [72]. These findings
support the presence and important role of PSCs in the development of squamous tumor
microenvironment since cytokines TGF-β, PDGF, Angiotensin II could bind to the PSCs
receptors and activate downstream signaling pathways such as ERK, c-Jun, P38, MAPK or
JAK-STAT to promote the activation and proliferation of PSCs. Moreover, activated PSCs
can produce and secrete to stroma a variety of growth factors through paracrine mech-
anism, to activate EGFR, PI3K-AKT, and mTOR signaling pathways, and then promote
proliferation and inhibition of apoptosis of PC cells [73,74]. One study has reported that
squamous PC cells are able to recruit neutrophils that convert PSCs into tumor-associated
fibroblasts (TAFs) that overexpress inflammatory cytokines like IL1A and CXCL1 [75].
TAFs also contribute to generate a rich tumor prone extracellular matrix by secretion of
fibroblast activating protein (FAP) that participate in angiogenesis and affect the activity of
IFN-γ and TNF-α [76].

On the other hand, the squamous molecular subtype proposed by Bailey et al. linked
with “basal-like” and “activated” stroma signatures proposed by Moffitt et al. (Figure 1 and
Table 1). The “basal-like” and “activated” stroma signatures also exhibited the worst sur-
vivals compared to “classical” and “normal” stroma subgroups, which goes in accordance
with both squamous molecular subtype of Bailey et al., and the squamous histology of
PC [60]. “Basal-like” subtype presents KRASG12D mutation, while “activated” stroma sub-
type expresses SPARC, WNT family members WNT2 and WNT5A, gelatinase B (MMP9),
stromelysin 3 (MMP11), and FAP that contribute to tumor development [60]. Further-
more, “activated” stroma subgroup is characterized by other factors like the chemokine
ligands CCL13 and CCL18, and integrin ITGAM, which are associated with the presence
of macrophages [60]. This fact suggests the important role of macrophages in the tumor
microenvironment to promote angiogenesis and chemoresistance [77]. In this sense, it
has been described how TAMs enable chemoresistance to gemcitabine and nab-paclitaxel
by expression of insulin growth factor (IGF) that activates IGF-1 receptors [78]. It has
been reported that PSCs also promote gemcitabine resistance mediated by secretion of
deoxycytidine that modulate nucleoside transporters [79]. Moreover, PSCs reduce the sensi-
tivity of PC cells to radiotherapy by regulation of epithelial-to-mesenchymal transition and
increasing cancer stem cell markers [80]. Furthermore, these authors provide a rationale
for the use of an anti-TGF-β neutralizing antibody to inhibit epithelial-to-mesenchymal
transition and cancer stem cells to sensitize cells to radiation and reduce tumors [80].
Other cell population like tumor associated fibroblasts can secrete proinflammatory factors
like IL-6, which activates STAT3, and secrete CXCL12 that inhibit T-cells infiltration in
tumors [81]. In addition, CXCL12 in combination with anti-PD-L1 immunotherapy has
shown a synergic anti-tumor effect and is considered a potential target for those PCs with
high FAP expression [82].
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Figure 1. Squamous molecular profile and microenvironment. (a) Squamous subtype is associated
with specific histological characteristics such as squamous and adenosquamous carcinomas. (b) Squa-
mous subtype proposed by Bailey et al., matches perfectly with "quasi-mesenchymal" tumor subtype
proposed by Collisson et al., and “basal-like” tumors and “activated” stroma subtypes proposed by
Moffitt et al. Green boxes contain upregulated significant factors and activated pathways associated
to squamous molecular subtype. Red boxes contain downregulated significant factors (up) and most
common mutations found in squamous molecular subtype (down). Percentage of each subcellu-
lar population has been obtained from Peng et al., [86]. Abbreviations: TAM: Tumor-associated
macrophage; CAF: Cancer-associated fibroblast; PSC: Pancreatic stellate cell.

Table 1. Molecular features of each pancreatic cancer subtype according to their main subcellular population.

Bailey et al.
Molecular
Subtype

Cellular
Subpopulations Molecular Profile of Cellular Subpopulation Expression of Cytokines,

Chemokines and Receptors Clinical Significance

Squamous

Tumor cells

TP53 and KDM6A mutations [59,66]; KRAS-G12D- mutation
[60]; overexpression of LOX [68]; upregulation of TP63, TP40
and IDO1 [59]; activation of WNT/β-Catenin pathway [64],

MYC activation [59]; overexpression of HIF1 [70], MUC1
and PDGF [71], ROBO1, ROBO2, WNT5A, FHIT [64];

downregulation of PDX1, MNX1, GATA6 and HNF1B [59];

Laminins and keratins [60];
PD-L1 y PD-L2 [59];

CEACAM6, MUC1, EPCAM,
CEACAM5, MMP7,

CEACAM1, IL18, VEGFA,
IL32 [86]

Immunotherapy
resistance and

aggressive phenotype
[83,84]

Stellate cell

Activation of ERK, c-Jun, P38, MAPK, JAK-STAT, PI3K-AKT,
mTOR and cancer stem cell markers [73,74]; overexpression

of RGS5, ACTA2, PDGFRB, SOD3, NOTCH3, COL18A1,
COL4A1, NDUFA4L2, COL4A2, SEPT4, COL14A1 and

SPARC [86]

Integrins α6β1, α6β4 and
EGF [59]; TGF-β [59];

Angiotensin II and
deoxycytidine [79]

Gemcitabine and
radiotherapy

resistance [79,80]

Endothelial cells Overexpression of COL15A1, RAMP2, CDH5, SPARCL1,
NOTCH4, SMAD9 and JAM2 [86] VEGF [71] Angiogenesis [87]

Macrophages Overexpression of AIF1, APOC1, APOE, C1QB, C1QA,
C1QC, NCF2 and CCL2 [86]

IGF, CCL13, CCL18 and
integrin ITGAM [60,78];
HLA-DRA, HLA-DPA1,

HLA-DPB1, CD14, CD53,
CD68, CD74, FTH1, FTL,

TGFBI, IL8 and IL13RA1 [86]

Enable
chemoresistance to

gemcitabine and
nab-paclitaxel [78]

Fibroblasts
SFRP2, LUM, COL1A1, COL1A2, DCN, COL3A1, MMP11,
COL6A3, COL10A1, COL5A2, SPARC, COL6A2, COL5A1,

COL6A1, COL8A1, COL12A1, MMP14, FGF7, FAP [86]

EGFR and S100A2 [72]; IL1A
and CXCL1 [75]; IFN-γ,

TNF-α, IL-6, CXCL12 and
FAP [76,81,82]

Inhibit T-cells
infiltration activity [85]
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Table 1. Cont.

Bailey et al.
Molecular
Subtype

Cellular
Subpopulations Molecular Profile of Cellular Subpopulation Expression of Cytokines,

Chemokines and Receptors Clinical Significance

Progenitor

Tumor cells

KRAS-G12V- mutation [60]; TGFBR2 mutation [59];
overexpression of MUC5AC and MUC1 [59]; upregulation

of HES1, HNF1A, HNF1B, HNF4A, HNF4G, FOXA2,
FOXA3, LAMA1, MNX1 and EP300 [59]; overexpression of
PDX1 [88], GATA6 [60] and CDX2 [89,90]; downregulation

of IDO1 [59], LOX and S100A [59]

High mucin production [60];
low levels of EGFR, CTLA4,

PD-L1 and PD-L2 [59]

Chemoresistance,
immune evasion and
upregulation of cell
survival pathways

[91,92]; poor response
to platinum-based

therapy [60]

Ductal cells type 2 Overexpression of SOX9 [86]

CEACAM1, CEACAM5,
CEACAM6, EPCAM, IL18,

IL32, KRT19, MMP7, MUC1,
MUC5AC, VEGFA [86,93]

Poor clinical prognosis
[86]

Tumor cells KRAS-G12V- mutation [60]; Overexpression of CDX2 [89,90]
and GATA6 [60]

KRAS-G12V-
highlights the presence

of Tregs infiltration
[94]; GATA6

expression inhibits cell
dissemination [91] and
confers poor response

to platinum based
therapy [60]

Immunogenic

B cells Upregulation of LIMD2, IRF8, BANK1 and RAC2 [86]

CD19, CD20, CD37, CD52,
CD53, CD74, CD79A, CD79B,

CXCR4, IL16 and VPREB3
[86]

High B cells
infiltration [86]

T cells Upregulation of FOXP3 [59]; Upregulation of RAC2 [86]

CD4, CD8, CD25, CTLA4 and
PD1 [59]; CCL5, CD2, CD3E,
CD3D, CD3G, CD7, CD45,

CD52, CD69, CXCR4, IL2RG,
IL7R, IL32, KLRB1, LTB [86]

Promote tumor
immunosuppression
[95]; CD8 cells secrete

perforin and
granzymes with

cytolytic effect [96]

Macrophages Upregulation of AIF1, APOC1, APOE, C1QB, C1QA, C1QC,
FTH1, NCF2 [86]

IL10 and TGF-β [97]; CSF1R,
TLR4, TLR7, TLR8, PD-L2
[59]; CD14, CD53, CD68,
CD74, CCL2, HLA-DRA,

HLA-DPA1, HLA-DPB1, IL8,
IL13RA1, TGFBI, and VEGFR

[86]

Chemoresistance [78]

Tumor cells

Presence of mutations in: FAT1, FAT3, and FAT4 (57%),
BRCA2 (42%), SMAD4 (26%), JAK1 (17%), RB1 (13%), TP53

(13%), CTNNB1 (11%), APC (9%), ARID1A (9%), GNAS (9%),
MLL3 (9%), PTEN (9%), RNF43 (4%) and MEN1 (4%);

however, KRAS mutations are scarce [98,99]; upregulation of
AMY2B, CEL, INS, PRSS1, PRSS3 [59]; and RBPJL, NR5A2,

MIST1 [100,101]

Better clinical outcome
[60]

ADEX

Acinar cells Expression of BCL-10 [65]
IL32, PRSS1, REG1A, REG1B,
REG3A, REG3G, [86]; ELA3A

and CFTR [61]

Exhibit high exocrine
features [65]

Stellate cell
Overexpression of ACTA2, DES and VIM [60,102];

COL18A1, COL4A1, COL4A2, COL14A1, NDUFA4L2,
NOTCH3, RGS5, SEPT4, SOD3 and SPARC [86]

VEGF [103] and PDGFRB [86]

Impairs drug delivery,
stimulates epithelial-

to-mesenchymal
transition, increases

genetic instability and
chemoresistance [104];
increased apoptosis of
pancreatic β-cells [105]

Endocrine cells Overexpression of INS, NEUROD1, NKX2-2, MAFA [59],
and ABCC8 [86]

CHGA, CHGB, IAPP,
PCSK1N and TTR [86]

Endocrine/exocrine
differentiation and

association with
initiation of diabetes

[59]

Unfortunately, Bailey et al., support that squamous molecular subtype exhibits the
highest expression of PD-L1, PD-L2 and IDO1 [59], thus, they sustain that these tumors are
not good candidates for immunotherapy administration [83,84].

However, the combination of IDO1 inhibitor and anti-PD-1/PD-L1 treatment could
achieve promising results and become a potential strategy to induce intratumoral T-cell
infiltration [85]. In the light of the foregoing, the microenvironment of the squamous
molecular subtype presents a complex interaction between different cell populations and
extracellular components to confer chemoresistance of PC.
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3. Progenitor and Immunogenic Subtypes

The progenitor molecular subtype proposed by Bailey et al. presents activation on
transcriptional networks that exhibit high expression of the proteins HES1, HNF1A, HNF1B,
HNF4A, HNF4G, FOXA2, FOXA3, LAMA1, MNX1 and EP300 (Figure 2 and Table 1) [59].
These transcription factors are considered crucial for determination and development of the
pancreatic endoderm. While the squamous subtype presented downregulation of PDX1,
which is also critical for pancreatic development, the progenitor subtype overexpress PDX1
(Figure 2 and Table 1) [88]. Moreover, progenitor molecular subtype expresses multiple
genes necessary for the metabolism of mucins, fatty acids, steroid hormones, and also
involves drug metabolism. Indeed, progenitor molecular subtype overexpresses MUC5AC
and MUC1 (Figure 2 and Table 1) [59]. Interestingly, both progenitor and immunogenic
molecular subtypes share the same histology derived from premalignant lesions like
mucinous non-cystic adenocarcinomas and intraductal papillary mucinous neoplasms
(IPMN), characterized by a high mucin production (Figure 2 and Table 1) [106], different
epithelial-to-mesenchymal transition markers [107], and immunohistochemical staining of
CDX2 [89,90].

The immunogenic molecular subtype also presents many other similarities in the gene
expression profile with the progenitor subtype; however, immunogenic subtype exhibit
a significantly higher immune infiltrate [59]. Gene expression analysis identified upreg-
ulation in those genes associated with nine different populations of immune cells [108],
being the most significant those involved with B and T cells infiltration (CD4, CD8, CD25,
FOXP3) (Figure 2 and Table 1). Furthermore, immunogenic subtype presents activation
of CTLA4 and PD1, which suggests that this molecular subtype could be feasible treated
with immunecheckpoints inhibitors [59]. In contrast, the pancreatic progenitor subtype
presents the lowest levels of CTLA4, PD-L1, PD-L2, and IDO1 [59]. The immunogenic
subtype also has enrichment in genes for Toll-like receptors that play a key role in the innate
immune system. These genes include TLR4, TLR7, TLR8, PD-L2 and CSF1R (Figure 2 and
Table 1) [59]. These receptors usually are expressed on sentinel cells such as macrophages
and dendritic cells, which reveal the strong link between the immunogenic molecular
subtype with the presence of immune cell population in the TME (Figure 2 and Table 1).
In this sense, TAMs present in PC, especially those M2-type macrophages can promote
neovasculature formation to feed tumor cells and induce chemoresistance, proliferation,
invasion and metastasis of PC tumor cells [77]. TAMs could be recruited to neoplasic foci
by cytokines and vascular endothelial growth factors (VEGF). Once there, TAMs promote
proliferation of PC cells through the release of growth factors like Il10 or TGF-β [97]. In
addition, the presence of TAMs in the TME is associated with chemoresistance [78].

On the other hand, the immunogenic molecular subtype of PC present inflammation,
caused by abundant Tregs infiltration and high expression of cytotoxic T lymphocyte-
associated protein 4 (CTLA-4). These factors promote tumor immunosuppression through
the inhibition of the killing ability of effector cells [95]. The presence of CD8+ T cells
in immunogenic subtype can decrease the capability of anti-tumor immune cells due
to the ability of CD8+T cells to express FAS-ligand and secrete perforin and granzymes
with cytolytic effect [96]. Despite the immunosuppressive skills of immunogenic subtype,
patients with this kind of tumor present the best outcome out of the four molecular
subtypes [59].
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Figure 2. Immunogenic and progenitor molecular profiles and their microenvironment. (a) Both
subtypes proposed by Bailey et al., match perfectly with “classical” tumor subtype proposed by
Collisson et al., and “classical” tumor subtype proposed by Moffitt et al. (b) Both subtypes share
the same histology derived from premalignant lesions like mucinous non-cystic adenocarcinomas
and intraductal papillary mucinous neoplasms (IPMN) characterized by high mucin production.
Dotted line separates schematic representation of two subtypes. Green boxes contain upregulated
significant factors associated to each subtype. Red box contains the most characteristic gene mutation
in progenitor molecular subtype. Pink color represents mucin production. Percentage of each subcel-
lular population has been obtained from Peng et al., [86]. Abbreviations: TAM: tumor-associated
macrophage; CAF: cancer-associated fibroblast; PSC: pancreatic stellate cell.4. Microenvironment of
ADEX Subtype.

Interestingly, both progenitor and immunogenic subtypes correlate with “classical”
tumor subtype proposed by Moffitt et al., which also share the expression of extracellular
mucin in more than 10% (Figure 2 and Table 1) [60]. Similarly to immunogenic molec-
ular subtype, “classical” tumors present better outcome compared to those “basal-like”
tumors [60]. Remarkably, progenitor and immunogenic molecular subtypes by Bailey et al.
and “classical” tumor subtype by Moffitt et al., correlate with the same gene expression sig-
nature of “classical” tumor subtype proposed by Collisson et al. (Figure 2 and Table 1) [109].
This fact supports the presence of the G12V variant of KRAS mutation that is associated
with the “classical” subtype [60]. “Classical” molecular subtype also presents enrichment
in genes associated with GATA6 overexpression responsible for promoting epithelial cell
differentiation [60]. However, other authors propose the loss of GATA6 expression in
tumors confers a shorter survival and they have a poor response to adjuvant treatment
based on 5-fluorouracil (5-FU)/leucovorin [91]. In this sense, “classical” molecular subtype
tumors also exhibit poor response to platinum based therapy [60]. Therefore, the adju-
vant treatment used for the management of immunogenic/progenitor/classical molecular
subtype tumors would be more aggressive to overcome the chemoresistance. For this, im-
munotherapy has arisen as one of the most effective anti-tumor treatments. PC overexpress
important factors for targeted therapies, such as MUC-1, CEA, PSC, VEGF, MSLN and mu-
tation KRAS [110]. However, the most important targets for immunotherapy currently are
PD-1, PD-L1 and CTLA-4. In animal models, anti-PD-1 or anti-PD-L1 treatment boosted
infiltration of CD8+ T cells in the tumor and enhanced efficacy of immunocheckpoint
inhibitors.

Regretfully, immunotherapy against PC has presented no benefit in clinical trials
so far [111,112]. Currently, the failure of anti-PD-1/anti-PD-L1 based therapy is mainly
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attributed to the lack of T-cell infiltration in the TME of PC. Therefore, the immunogenic
molecular subtype that presents elevated genes for B- and T-cell infiltration is a potential
responder for immunotherapy. Other type of immunotherapy based on CAR-T cells has
obtained promising results. Some clinical trials have focused on modified CAR-T cells
able to target MUC1 or Mesothelin (MSLN) [113]. Although MUC1 is overexpressed in
approximately 85% of PC, those tumors present overexpression of IDO1, COX1/2, and
Gal-9 that conferred resistance to these anti-MUC1 CAR-T cells [114]. However, the use
of inhibitors of IDO1, COX1/2, and Gal-9 overcame this resistance in combination with
anti-MUC1 CAR-T cells [114]. In this concern, a phase I/II trial has been designed with
resectable PC patients´ T cells modified to allow identification and kill of MUC1 positive
tumor cells (NCT02587689). CAR-T cells could be engineered to target other antigens such
as Mesothelin, and they have achieved encouraging results in solid malignancies [115],
which has established the bases for a subsequent clinical trial with anti-MSLN CAR-T cells
(NCT04203459). Although CAR-T cell therapy has achieved favorable results, it is crucial
to evaluate the potential side effects on T-cell exhaustion.

The ADEX molecular subtype by Bailey et al., is defined by the orchestrated expres-
sion of factors necessary for the exocrine and endocrine pancreatic cell-fate determination.
ADEX presents upregulation in transcription factors involved in healing and regenera-
tion after pancreatitis events such as RBPJL, NR5A2, MIST1 and their associated down-
stream cascade factors (Figure 3 and Table 1) [100,101]. This molecular subtype exhibits
an expression profile associated with extremely rare acinar histopathology (Figure 3 and
Table 1) [59,63]. Macroscopically, this histology shows large tumors, frequently presented
in encapsulated form and well circumscribed. It also presents cystic evolution, necrosis,
and upper digestive hemorrhage [116]. In clinical practice, diagnosis of acinar carcinomas
is performed by immunohistochemical evaluation of pancreatic enzymes like trypsin and
chymotrypsin that are produced in the rough endoplasmic reticulum of acinar cells. It also
presents high specificity for BCL-10 immunostaining [65]. Furthermore, somatic mutational
index of acinar subtype is higher than adenocarcinoma being the most frequent mutations
in the following genes: FAT1, FAT3, and FAT4 (57%), BRCA2 (42%), SMAD4 (26%), JAK1
(17%), RB1 (13%), TP53 (13%), CTNNB1 (11%), APC (9%), ARID1A (9%), GNAS (9%), MLL3
(9%), PTEN (9%), RNF43 (4%) and MEN1 (4%); however, KRAS mutations are not often
observed in acinar subtype (Figure 3 and Table 1) [98,99]. In this sense, Bailey et al. found
in ADEX molecular subtype high expression levels of INS, NEUROD1, NKX2-2 and MAFA,
which are associated with endocrine differentiation and sudden occurrence of diabetes
type MODY (Figure 3 and Table 1).

Importantly, most PC-derived cell lines present enrichment in genes found in ADEX
molecular subtype like AMY2B, CEL, INS, PRSS1 and PRSS3 [59].

ADEX molecular subtype proposed by Bailey et al., matches perfectly with “exocrine-
like” subtype proposed by Collisson et al., which shows relatively high expression of
tumor cell-derived digestive enzymes like ELA3A and CFTR, which controls Cl− and Na+

ions, and water flux (Figure 3 and Table 1) [61]. In addition, ADEX molecular subtype
correlates with “normal stroma” subtype proposed by Moffitt et al., which exhibit longer
survival rates (Figure 3 and Table 1) [60]. “Normal stroma” is also distinguished by high
expression levels of PSCs markers: Smooth muscle actin (ACTA2), Desmin (DES) and
Vimentin (VIM) [60,102]. This fact highlights the importance of the PSCs population in the
ADEX microenvironment. PSCs role go in accordance with ADEX origin, since they present
expression markers of stem and progenitor cells needed to maintain differentiation and
regeneration of pancreas [117]. Indeed, PSCs are necessary to trigger desmoplastic reaction
by the synthesize of large amounts of extracellular matrix proteins, such as collagens, and
amplify endostatin production of cancer cells that contributes to an hypoxic milieu [103,118].
Moverover, PSCs produce VEGF to increase endothelial cell growth in the peritumoral
stroma [103]. All the above supports the role of PSCs in induction of fibrosis [119], that
impairs drug delivery, stimulates epithelial-to-mesenchymal transition, and increases
genetic instability leading to a more chemoresistant tumor [104]. Furthermore, PSCs play a
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crucial role in islet cell dysfunction since PSCs decrease insulin expression and an increased
apoptosis of pancreatic β-cells that connects to initiation of diabetes [105]. One study
supported that PC cells cultured with extracellular matrix proteins produced by PSCs were
able to develop resistance to 5-FU, cisplatin and doxorubicin [120]. As above mentioned,
the presence of PSCs in ADEX molecular subtype could imply resistance to gemcitabine [79]
and a reduced sensitivity to radiotherapy [80].
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Figure 3. ADEX molecular profile and microenvironment. (a) ADEX subtype proposed by Bailey
et al., matches perfectly with “exocrine-like” subtype proposed by Collisson et al., and most of
“normal stroma” subtype cases analyzed by Moffitt et al. (b) ADEX molecular subtype is associated
with the rare acinar histology. Green boxes contain upregulated transcription factors and other
genes involved in ADEX molecular subtype. Red box contains genes commonly mutated in ADEX.
Percentage of each subcellular population has been obtained from Peng et al., [86]. Abbreviations:
TAM: tumor-associated macrophage; CAF: cancer-associated fibroblast; PSC: pancreatic stellate cell;
MODY: maturity onset diabetes of the young.

4. Conclusions and Future Perspectives

The match between molecular features at genomic, epigenomic and expression levels
combined with the biological behavior of PC is bringing new therapeutic strategies for the
clinical management of these patients. In addition, the study of the TME could explain
chemoresistance of PC previously attributed only to tumor cells. The TME and especially
the role of its immune cell population in tumor initiation, development and immune
evasion is changing the paradigm of PC diagnosis and treatment approach with the
identification of new molecular subtypes (Table 2).

Table 2. On-going clinical trials that include different subtypes of pancreatic cancer.

Clinical Trial Study Type Treatment Patients Aim

NCT03977233 Phase II

Neoadjuvant
FOLFIRINOX

(oxaliplatin, leucovorin,
irinotecan, 5-FU)

Untreated patients with resectable,
borderline resectable and

unresectable locally advanced
pancreatic ductal adenocarcinoma

Assess the impact of tumor and
stromal molecular subtypes on

the efficacy of neoadjuvant
FOLFIRINOX

NCT02869802 Observational
Prospective

First-line systemic
chemotherapy with

either FOLFIRINOX or
cisplatin plus

gemcitabine based
regimens

Tumor samples, baseline and serial
blood and urine samples from

metastatic pancreatic ductal
adenocarcinoma

Patients will undergo fresh
tumor biopsy at study

enrollment for comprehensive
molecular characterization
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Table 2. Cont.

Clinical Trial Study Type Treatment Patients Aim

NCT04246710 Observational
Prospective Not specified

Resectable, borderline resectable,
locally advanced, metastatic and

recurrent pancreatic cancer

Molecular characterization and
identification of markers for
therapeutic stratification by

endoscopic ultrasound tissue
core biopsies

NCT04683315 Phase II

Patients with “classical”
subtype will receive
FOLFIRINOX; and

patients with “basal”
subtype will receive

gemcitabine/nab-
paclitaxel.

Patients with “classical” or “basal”
subtype pancreatic cancer

Molecular subtyping of
pretreated endoscopic
ultrasound fine needle

aspiration samples to determine
pancreatic cancer subtype

NCT03820921 Observational
Prospective

PD-1 inhibitor
(pembrolizumab)

Unresectable or metastatic,
microsatellite instability-high

(MSI-H) or mismatch repair-deficient
(dMMR) pancreatic cancer that have
progressed following prior treatment
and have no satisfactory alternative

treatment options.

Assess of tumor PD-L1/dMMR
expression in patients with

pancreatic cancer using
endoscopic ultrasound fine

needle aspiration biopsy
samples, and the prospective

correlation of MMR status and
PD-L1 expression with overall
survival and progression-free

survival of PDAC patients.

NCT04436679 Observational
Retrospective None

Excreto-pancreatic adenocarcinoma
of the pancreas, ductal

adenocarcinoma or “classical”
adenocarcinoma

Analyze the microscopic
characteristics of the stroma,
tumor budding and mucin

expression using a comparative
approach of

long-survivor/short-survival
patients.

NCT03840460 Observational
Prospective Not specified

Early and advanced pancreatic
adenocarcinoma, precursor lesions or
pancreatic neuroendocrine tumors.

Study the molecular profile of
pancreatic lesions and their

microenvironment at various
stages to predict treatment

response, treatment toxicity and
prognostic. Additionally,
investigate the particular

micro-organisms colonizing
individual patients and

association with patient’s
outcome

Although treatment strategies based on immunocheckpoint inhibitors have shown
disappointing results, new studies are ongoing with novel drug design to improve patient
response, and to avoid tumor immune evasion. In this concern, a randomized clinical trial
(NCT02030860) aimed to evaluate paricalcitol that target vitamin D metabolism in the TME
in combination with gemcitabine plus nab-paclitaxel in the neoadjuvant scenario for re-
sectable PC patients. Another phase I/II clinical trial is designed to evaluate the safety and
tolerability of the microenvironment modifier drug, L-DOS47, in combination with dox-
orubicin. The L-DOS47 is reported to neutralize the acid extracellular matrix that protects
the tumor (NCT04203641) [121]. Recently, other treatments like GVAX or CRS-207 have
appeared with promising results against PC [122]. GVAX is a vaccine based on granulocyte-
macrophage colony-stimulating factor that inhibits Tregs and induces T cells; while CRS-207
is a vaccine based on live-attenuated Listeria monocytogenes–expressing mesothelin that has
been described to induce innate and adaptive immune response against tumor cells and
has achieved longer survivals of PC patients (NCT03161379; NCT02451982) [122]. Other
drugs are based on nucleic acid, this is the case of olaptesed pegol a L-RNA Spiegelmer
that exhibits a high affinity against CXCL12, a factor previously described responsible for
TAMs recruitment (NCT03168139) [123]. These new treatment approaches highlight the
importance of targeting not only tumor cells but also TME. Although translational research
and drug design are working synergistically to improve outcome of PC patients, clinical
research must not ignore that patients might be stratified not only based on performance
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status of patients and/or the molecular characteristics of tumors, but also according to
their TME features to obtain better treatment responses and longer survivals.
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Simple Summary: The tumor is a complex system that is composed of tumor cells, themselves
surrounded by many other different cell types. Among these cells, myeloid cells have to eliminate
cancer cells to reduce tumor size, but they are also able, depending on the tumor stage, to favor tumor
development. Therefore, different cellular interactions and soluble factors that are produced by all
these cells can participate to maintain tumor cell survival and favor their proliferation, migration,
and resistance to cytotoxic immune cells and therapies. This revue aims to detail the physiological
function of myeloid cells, their pathological function, and how they shape tumor cells to be resistant
to apoptotic, to immune effector cells, and to therapies.

Abstract: Interactions between malignant cells and neighboring stromal and immune cells profoundly
shape cancer progression. New forms of therapies targeting these cells have revolutionized the
treatment of cancer. However, in order to specifically address each population, it was essential
to identify and understand their individual roles in interaction between malignant cells, and the
formation of the tumor microenvironment (TME). In this review, we focus on the myeloid cell
compartment, a prominent, and heterogeneous group populating TME, which can initially exert an
anti-tumoral effect, but with time actively participate in disease progression. Macrophages, dendritic
cells, neutrophils, myeloid-derived suppressor cells, mast cells, eosinophils, and basophils act alone
or in concert to shape tumor cells resistance through cellular interaction and/or release of soluble
factors favoring survival, proliferation, and migration of tumor cells, but also immune-escape and
therapy resistance.

Keywords: microenvironment; resistance; myeloid cells; cancer development

1. Introduction

Nowadays, tumor microenvironment (TME) is recognized as an essential element of
tumor development and progression. It not only remains in constant contact with the tumor,
but it also mediates complex dialog between malignant cells and surrounding tissues. The
cellular components of this dynamic network are represented by normal and tumoral
tissue-resident cells with a large proportion of recruited immune cells alongside: fibroblasts,
neuroendocrine, adipose, endothelial, and mesenchymal cells [1]. All of the cellular and
molecular actors of the TME are involved in carcinogenesis through the promotion of
tumor: growth, dormancy, invasion, and metastasis. The infiltrating immune cells can be
represented by lymphoid cells, such as: CD8, CD4, and γδ T lymphocytes, B cells, and
natural killer (NK) cells, and myeloid cells, such as: monocytes/macrophages, dendritic
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cells (DC), neutrophils, myeloid-derived suppressor cells (MDSC), basophils/eosinophils,
and mast cells. In the initial states of oncogenesis, all of these cell populations can help in
the elimination of mutated cells. However, after the tumor dormancy and editing phase,
the loss of oncoantigens and MHC lead to the immune escape, allowing for further tumor
development [2]. TME, including immune cells, is then modified to actively support and
promote cancerogenesis and shape the character of emerging tumors [3]. This review aims
at summarizing the role of the tumor infiltrating immune cells and, particularly, myeloid
cells shaping cancer cells resistance to apoptosis, immune response, and therapy. Following
the text, the readers can refer to the figures that resume the role of the different tumor-
associated myeloid cells in cancer cells survival, proliferation, and migration (Figure 1),
and in cancer cells immune-escape and therapy resistance (Figure 2).
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Figure 1. Role of tumor-associated myeloid cells in cancer cells survival, proliferation and migration. During tumorigenesis
various myeloid cells populations, including: dendritic cells (DC), myeloid-derived suppressor cells (MDSC), macrophages,
neutrophils, eosinophils, basophils, and mast cells can support cancer cells survival, proliferation, and migration. These
processes can be stimulated by direct effect on tumoral cells or indirectly by influencing tumor microenvironment (TME),
including extracellular matrix (ECM) remodeling and angiogenesis stimulation. Direct effects are mediated through
production of interleukin IL-6, IL-8, IL-17, IL-22, IL-23, prostaglandin E2 (PGE2), transforming growth factor beta (TGF-β),
vascular endothelial growth factor A (VEGF-A), osteopontin, and tumor necrosis factor α (TNF-α). Neutrophils secrete
the iron-transporting protein transferrin which is a major mitogen for tumor cells and release of neutrophil extracellular
traps (NET), including their deoxyribonucleic acid (DNA). Neutrophils produce neutrophil elastase favoring tumor cell
proliferation and regulate the HMGB1/RAGE/IL-8 axis favoring the crosstalk between glioma cells and the TME. Mast cells
release tryptase and IL-1 beta (IL1-β) mediating malignant pleural effusion. Basophils express Fcε Receptor I, promoting
their tissue infiltration and producing cysteinyl leukotrienes (CysLT), allowing for proangiogenic activity of activated
basophils. DC express OX40, Siglec-10, leukocyte immunoglobulin-like receptor B1 (LILRB1), and SIRPα, which, respectively,
recognize OX40 ligand (OX40L), CD24, MHC class I-associated β2M subunits, and CD47 at the surface of tumor cells
blocking phagocytosis. Macrophages are an important source of various metalloproteinases (MMPs, MMP2, 7, 9) and
cathepsins that provide conduits for tumor cells in the extracellular matrix (ECM). VEGF that is produced by myeloid cells
is a major stimulator of angiogenesis.
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Figure 2. Role of tumor-associated myeloid cells in cancer cells immune-escape and therapy resistance. Macrophages and
MDSC produce transforming growth factor beta (TGF-β) which inhibits DC migration at the tumor site, promote regulatory
T cells (Treg) and block T cell activation. Macrophages potentiate Treg activation by production of chemokines CCL-17 and
CCL-22. DC express immune checkpoint receptors, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), which
can be released on the surface of microvesicles that could block costimulatory molecules, such as CD80/86. DC express
also programmed cell death protein 1 (PD-1) and T cell immunoglobulin and mucin domain-containing protein 3 (Tim-3)
interacting with HMGB1. MDSC suppress T cell functions by producing ROS and RNS inducing the nitration of TCR and
MHC-I, as well as producing dicarbonyl radical methylglyoxal in the TME inhibiting CD8 T cells. MSDC express CD40
interacting with is ligand CD40L present on the surface of Treg. Mast cells can stimulate Treg numbers and secrete adenosine,
which inhibits T cell proliferation. Neutrophil, as MDSC, expresses a disintegrin and metalloproteinase 17 (ADAM17) that
cleaves the ectodomain of L-selectin (CD62L) on T cells. Neutrophil and cancer cells might express PD1 ligand (PDL-1)
which inhibits activation of T cells expressing PD1. Neutrophils express CRCR4/5 leading to the immunosuppression of
T-cell proliferation. MDSC and neutrophils, are also able to suppress NK cell cytotoxicity. By diminishing the response
of various immune cells, tumor-associated myeloid cells can also negatively influence outcome of anti-cancer therapies,
especially various immunotherapies.

2. Macrophages

Macrophages in cancer represent a major part of the immune cells within the TME
and they are more frequently associated with a bad prognosis. Understanding the origin
and physiological roles of macrophages provides improved insight into their role in cancer.

2.1. Origin and Physiological Roles of Macrophages

It was recently shown that most resident macrophages (MPs) in normal tissues are
not only derived from bone marrow (BM) progenitors, as previously thought, but also
from yolk sac or foetal liver and they are maintained by self-renewal [4,5]. However,
during adult life, the rate of resident MPs can also be maintained by the infiltration of
blood-derived MPs, except for microglia in the brain [6]. Therefore, monocytes from blood
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and bone marrow are able to infiltrate tissues and differentiate into specific tissue MPs, but
whether they can be considered to be tissue-resident MPs is still a debate. In the blood, two
types of monocytes can be distinguished by the expression of the Ly6C marker in mice,
Ly6C+ monocytes being originate from bone-marrow, and Ly6C− from circulating Ly6C+

monocytes [7]. If Ly6C+ monocytes respond to damage by infiltrating and differentiating in
MPs in the tissues, Ly6C− monocytes remain in the vessels to detect and remove damaged
endothelial cells [8]. Therefore, the ratio of these two monocytes populations in the blood
can change, depending on different stimuli, including external stimuli. In human blood,
three main monocytes populations have been identified, a classical one, CD14++CD16−,
a non-classical one, CD14intCD16+, and an intermediate one, CD14+CD16+ [9]. These two
latter populations are differentiated from a uniform population CD14++CD16− egressing
from the bone marrow [10].

Resident macrophages display key roles in growth, tissue development, homeostasis,
and remodelling, and they have site-specific phenotypes and functions [11]. It was pro-
posed that the specialization of the resident MPs takes place inside the target tissue, due to
close contacts with tissue-specific cells as well as to soluble factors in the tissue environ-
ment [12]. Microglia, in the brain and spinal cord, contribute to synaptic maturation during
brain development and the clearance of immature or defective neuronal synapses [13].
In the lung, alveolar MPs mediate approximately 30% of the surfactant lipid metabolism.
Langerhans cells with cutaneous MPs in the skin are specialized in the formation of the
extracellular matrix and in skin layer differentiation. Cardiac-resident MPs are required
during heart development and they take part in the regulation of the cardiac rhythm [14].
Kupffer cells in the liver are involved in the modulation of metabolism in hepatocytes,
preventing the pathogenic accumulation of lipids [15]. Tissue-resident MPs that are located
in the red-pulp region of the spleen have important functions in iron processing connected
with the clearance of damaged red blood cells and the erythropoiesis [16]. Besides, MPs
from the white-pulp region phagocytose lymphocytes avoiding B cell accumulation and
auto antibody production [17].

Apart from physiological functions, monocytes/MPs also display pathological func-
tions in infection/inflammation contexts, tissue repair, and cancer.

2.2. Pathological Functions of Macrophages

MPs are very plastic cells that are able to respond to molecular or cellular signals
from the tissue environment. The molecular signals can be endocrine or paracrine signals
that originate from phagocytosed cells or microorganisms and from the extracellular
matrix/proteins. MPs can also directly interact with other tissue-resident cells, such as
immune cells recruited during injury. Indeed, monocytes and MPs are recruited from the
bone marrow to the tissue injury site via the chemoattractant CCL2 that is secreted by
resident MPs, endothelial cells, myocytes, and fibroblasts [18]. The CCL2 receptor, CCR2,
is highly expressed by Ly6C+ mouse monocytes [19]. In humans, classical monocytes
(CD14+CD16−) display a high expression of CCR2 and they are involved in responses
to bacterial infection and inflammation, in inflammasome signalling, and in low density
lipoprotein uptake. In contrast, non-classical monocytes (CD14intCD16+) display a high
expression of genes that are involved in cytoskeletal dynamics, tissue invasion during
inflammation and genes suggesting terminal differentiation and cellular maturity [20].

Therefore, monocytes-derived and tissue-resident MPs colocalize to take part in heal-
ing and then to the resolution, thanks to the production of cytotoxic and pro-inflammatory
mediators, the clearance of invading microorganisms, or removal of apoptotic and dam-
aged cells [21]. On the arrival at the injury site, blood-derived MPs can adopt a pro-
inflammatory/M1/classical or anti-inflammatory/M2/alternative phenotype, depending
on the cytokines that are present in the microenvironment [22,23]. Regarding the plasticity
of MPs, although the framework of M1/M2 polarization is a very useful system for in vitro
studies, it is unclear how similar clear-cut phenotypes can be appended during in vivo
injury and repair [24]. This M1/M2 paradigm is well pictured by the high expression of
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M2 markers by tissue-resident MPs when compared to the mature phenotype of monocyte-
derived MPs [25,26]. Early on after damage or injury, infiltrated Ly6C+ monocytes scavenge
apoptotic debris or pathogens or infected cells thanks to the expression of pattern recogni-
tion receptors (PRR), Toll like receptors (TLR), scavenger receptors, and Fc receptors that,
respectively, recognize microbial antigens, danger signals, or immunoglobulins. These
events lead to the activation of transcription factors such as interferon (IFN) regulatory
factors and nuclear factor kappa B (NFκB), inducing an M1 polarization and initiation of the
inflammatory response [27]. These blood-derived M1 MPs then release pro-inflammatory
cytokines (e.g., IL-1β, IL-6, IL-12, IL-23, and TNF-α) and type-1 cell-attracting chemokines
(e.g., CXCL9 and CXCL10), favouring the recruitment of more macrophages and leucocytes
to help with injury resolution [28]. Once the acute injury has been resolved, MPs are in
charge of suppressing inflammation and initiating wound repair. After clearing debris,
MPs produce growth factors and mediators, which abrogate the pro-inflammatory function
of T cells and other immune cells [29]. This is accompanied by a progressive repolarization
of the blood-derived MPs towards a phenotype and functions that are increasingly similar
to those of homeostatic tissue-resident MPs [30].

Specific plasma membrane receptors induce pro- and anti-inflammatory pathways
in MPs. If IFNγ mediates the classical/M1 activation with upregulation of MHCII anti-
gens, induction of nitric oxide synthase (i-NOS) and the production of pro-inflammatory
molecules, interleukin-4 and -13 (IL-4 and IL-13) induce the alternative/M2 phenotype
that is characterized by the upregulation of CD206, transglutaminase 2, arginase, and the
production of IL-10 and chemokines, such as CCL17, CCL22 and CCL24 [28,31]. Like other
immune cells, specific functions of MPs are, therefore, coupled to specific phenotypes,
even when considering their plasticity, MPs can display intermediate phenotypes in certain
inflammatory diseases and cancer [32,33].

2.3. Macrophages in Cancer

MPs in cancer are called tumor associated macrophages (TAM) and they represent the
major immune component of the TME. According to oxygen ratio and tumor progression,
TAM display either a M1 or M2 phenotype. They play a major role in tumor growth,
metastatic dissemination, and therapy failure, promoting angiogenesis and secreting dif-
ferent factors that are involved in extracellular matrix (ECM) remodelling that facilitate
tumor cell motility and intravasation. High TAM infiltration is generally correlated with
poor outcomes in several types of cancer.

2.3.1. Origin and Functions of TAM

Until recently, TAM were considered to exclusively originate from blood-derived MPs
undergoing differentiation upon tissue infiltration in response to chemokine and growth
factors that are produced by stromal and tumor cells in the TME. Colony-stimulating factor
1 (CSF-1), vascular endothelial growth factor A (VEGF-A), and different CCL (2, 18, 20)
were found to act as chemotactic molecules in various cancer [34–36]. However, evidence
shows that tissue-resident MPs can coexist in tumors with blood-derived MPs and their
phenotype can rapidly evolve, depending on the stage of the tumor and the characteristics
of the molecular and cellular actors in the TME.

In early stage tumor development, IFN-α polarizes resident MPs towards an M1
phenotype and activates the infiltration of blood derived-M1 MPs. These MPs directly
phagocytize tumor cells expressing low levels of the “don’t eat me” signal CD47, release
pro-inflammatory factors that activate Th1 and Th17 immune responses and can also
produce TNF-related apoptosis-inducing ligand (TRAIL) that result in TRAIL-induced
cancer cell apoptosis [37,38]. In contrast, in more advanced tumors, TAM are polarized to
an M2 related phenotype. This polarization occurs, thanks to anti-inflammatory mediators
that are produced by the tumor cell itself and by stromal and immune cells in the TME, but
also by MPs themselves. CSF-1, CCL2, 3, 14, and IL-4 are common tumor-derived factors
driving the recruitment, proliferation, and M2-polarization of MPs [39–41]. Other factors
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are more specific to the type of cancer, such as prostate cancer-derived cathelicidin-related
antimicrobial peptide [42] or hypoxic cancer cell-derived cytokines Oncostatin M and
Eotaxin [43]. IL-4 can also be secreted in the TME by Th2-polarized CD4 cells as well as IL-
10 or IL-13, which lead to STAT-6 activation [44–46]. Besides, migration-stimulating factor
(MSF), IL-4, and CXCL12 can be secreted by MPs to promote self-polarization [47–49].
Finally, hypoxia-inducible factors (HIF-1α and 2α), high-mobility group box 1 protein
(HMGB1), extracellular ATP, or tumor-derived ECM components are also potential factors
that promote M2 polarization [50–52].

2.3.2. How Can TAM Shape Cancer Cell Resistance?

M2-like MPs in TME are highly involved in cancer cell resistance by promoting
cancer initiation, angiogenesis, the establishment of a premalignant niche, metastasis, and
immune suppression.

It has been shown that an inflammatory microenvironment promotes genetic instabil-
ity, leading to the proliferation of epithelial cells, but also the infiltration of immune cells,
such as macrophages. On site, TAM can secrete IL-23 and IL-17, which promote cancer cell
proliferation. IL-23 signaling in tumor cells is important for the intra-tumoral production
of downstream cytokines, which are either direct (IL-6, IL-22) or indirect (IL-17A) STAT3
activators [53]. IL-6 that is produced by TAM also promotes tumor cells proliferation and
invasive potential via STAT3 signaling [54]. TAMs also represent a strong source of iron,
which is essential in tumor cell division, growth, and survival, and motility through the
remodeling of the extracellular matrix [55].

TNF-α, which is a key player in NFκB upregulation, is produced in the TME by,
amongst others, TAM and it induces migration and invasion potential of cancer cells [56].
Cancer cells motility is also favored by various metalloproteinases (MMPs) and cathepsins
that are produced by TAM activated by TGF-β in the TME [57,58]. Some chemokines, such
as CCL18 produced by TAM, also promote the migration of cancer cells and metastasis
through the clusterization of integrins [59]. A mouse study showed that mouse MPs-
derived insulin growth factor 1 (IGF-1) induces the migration of epithelial ovarian cell
lines [60]. Finally, it has been shown that MPs-derived microRNA (miR-223) also regulate
tumor invasion [61].

TAM also take part in the promotion of the formation of blood vessels within the
tumor providing nutrition for tumor growth [62]. Several pro-angiogenic factors, such
as TGF-β, VEGF, PDGF, and angiogenic chemokines, are produced by TAM in the TME.
CCL18 produced by TAM promote, synergically with VEGF, the endothelial cell migration
and angiogenesis [63]. Other chemokines, such as CXCL1, 8, 12, 13, and CCL2, 5 produced
by TAM, help with the angiogenesis switch in tumor tissues [28]. Finally, TAM can be found
in hypoxic parts of the tumor and it can express HIF-1α, which regulates the transcription
of VEGF largely associated with angiogenesis [58].

The epithelial-mesenchymal transition (EMT) is a fundamental process for tumor
progression and metastasis, during which TAM plays an active role though interactions
with tumor cells and the production of facilitating factors of EMT. Through the production
of EGF, TAM can induce the EMT of cancer cells by activating the EGFR/ERK1/2 signaling
pathway [64].

TAM are also able to protect tumor cells from immune attacks, inhibiting T cell prolif-
eration, function, and recruitment through the release of immunosuppressive cytokines.
They are able to neutralize the recruitment and functions of cytotoxic CD8 T-cells and natu-
ral killer cells through the secretion of IL-10 and TGF-β in the TME [65,66]. TAM-derived
TGF-β also decreases antigen presentation, which reduces DC migration and increases
apoptosis [67]. On the contrary, the production of CCL17 and CCL22 by TAM promotes
the infiltration of Th2 and Treg populations in tumors [68]. TAM-derived prostaglandin E2
(PGE2), IL-10, and indoleamine 2,3-dioxygenase (IDO) play important roles in the suppres-
sion of cytolytic T lymphocytes and in the induction of Treg function [69,70]. IL-10, alone
or in concert with IL-6, causes the upregulation of macrophage B7-H4 expression, which is
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responsible for the suppression of tumor-associated antigen-specific T cell immunity [71].
Moreover, IL-10 and PGE2 can induce the expression of immune-checkpoint ligands (PD-
L1) in myeloid cells, which can inhibit cytolytic T lymphocytes responses [72,73]. Finally,
IL-10 acts in an autocrine circuit in TAM in order to restrain their expression of IL-12 and
also inhibits the release of IFN-γ [48].

The resistance of tumor cells to cytotoxic T cells can also be induced by reactive oxygen
species (ROS) and reactive nitrogen species (RNS) that are produced by TAM through
iNOS and arginase I, two enzymes that are very active in TAM [74].

TAM can also be responsible for tumor resistance to treatments. TAM-derived exo-
somes have been shown to be involved in mediating the resistance of gastric cancer cells to
cisplatin [75]. Endocrine resistance in breast cancer cells can be increased by TAM-derived
CCL2 through the activation of the PI3K/Akt/mTOR signaling pathway [40]. Autophagy
in hepatocellular carcinomas cells can be induced by TAM, leading to oxaliplatin resis-
tance [76]. It was recently shown that depletion of TAM by an anti-CSF-1R enhanced
the anti-tumor effect of docetaxel in a murine epithelial ovarian cancer [74]. In Chronic
Lymphocytic Leukemia (CLL), the nurse like cells (NLC), which are the specific protumoral
TAM of the CLL reside in lymph nodes, spleen and bone marrow where they protect CLL
B cells against apoptosis but also against chemotherapies such as ibrutinib [77,78]. This
protection has been shown to depend on cell contact and soluble factors that are produced
by TAM and, in an autocrine manner, by CLL B cells themselves [79–82].

Anticancer immunotherapies may also be reduced by TAM when their suppression of
TME correlates with an increase of DC-vaccination therapy in a malignant mesothelioma
mouse model [83] or an increase of anti-PD1 treatment favoring CD8 T cells recruitment
to the tumor site [84,85]. Finally, high levels of TAM in the TME were also shown to
increase the resistance of tumor cells to Vascular-targeted photodynamic: paldeliporfin
(VTP) therapy in a prostate mouse model [86].

3. Dendritic Cells

Dendritic cells (DC) are derived from bone marrow progenitors and they can infil-
trate the TME. They represent a small fraction in the TME, but they can play a key role
in the sensing of infiltrated T cells or have an immunosuppressive role, leading to the
tumor resistance.

3.1. Origin and Roles of Dendritic Cells

DC represent the regulators of innate and adaptive immune responses. These cells
are able to present antigens to T lymphocytes. Several subsets of DC can be distinguished,
depending on the tissue, e.g., classical/conventional DC (cDC) and plasmacytoid DC
(pDC). Amongst cDC, the cDC1 present exogenous cell-associated antigens to CD8+ T
cells, regulating their cytotoxic responses to intracellular pathogens [87] and cancer cells.
In addition, cDC1 regulate innate immune responses through the production of IL-12 to
activate the expression of IFN-γ by NK cells [88]. The cDC2, which present soluble antigens
to CD4 T cells, are involved in the regulation of responses to extracellular pathogens,
parasites, and allergens [89]. As for pDC, they rapidly respond to pathogens thanks
to their expression of TLR7 and TLR9, which recognize single-stranded RNA and CpG
dinucleotides, respectively. Through the production of type I and II interferons, these cells
regulate the expansion of NK cells and CD8 T cells, but they also induce the maturation
of cDC1 [90]. cDC and pDC derive from the common DC progenitor by a differentiation
that is strictly restricted to this hematopoietic lineage. The common DC progenitor derive
from the differentiation of hematopoietic stem cells (HSC) in bone marrow, the same
progenitor as for monocytes and neutrophils [91]. After specification in the bone marrow,
cDC progenitors are able to proliferate in lymphoid organs and peripheral tissues [92]. The
development of all subsets of DC is dependent on the cytokine FMS-like tyrosine kinase
3 ligand (FLT3L) [93] and the differentiation into DC subtypes is controlled by different
transcription factors. cDC1 differentiation is controlled by IFN-regulatory factor 8 (IRF8),
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DNA-binding protein inhibitor ID2, basic leucine zipper transcriptional factor ATF-like
3, and nuclear factor IL-3-regulated protein. cDC2 development depends on RELB, PU.1,
recombining the binding protein suppressor of hairless and IRF4 [87]. The transcription
factor E2-2 regulates pDC development [94]. Immature DC migrate out of the bone marrow
to colonize peripheral tissues, where they encounter antigens, such as danger-associated
molecular patterns (DAMPs), which are recognized by pattern recognition receptors (PRR)
that are expressed by each subset of DC. Concerning the phenotype of these DC, cDC1 are
characterized by CD141, cDC2 by CD1c, and pDC by CD123.

3.2. Dendritic Cells in Cancer

In cancer, DC predominantly play an anti-tumorigenic role through the cross-presenting
of exogenous antigens via MHC class I and class II to CD8 T cells and CD4 T cells, respec-
tively, and through the secretion of immune-stimulatory cytokines. In a tumor context,
cDC1 are both lymph node residents and migratory populations. These cells sample anti-
gens in blood and lymph fluid to deliver them to lymph nodes. In the tumor, these cells are
an important source of CXCL9 and CXCL10, which allow for the infiltration of both naïve
and pre-activated T cells [95]. They can also produce high levels of IL-12 and type I IFN,
which promote DC-mediated cross-priming of anti-tumor T cell responses, but also help to
maintain CTL effector functions within the TME [96]. In contrast, cDC2 induce CD4 T cell
responses and activate TH17 cells, but they do not deliver antigens to lymph nodes [97].
DC can also derive from circulating monocytes in the context of cancer or inflammation.
These moDC, for monocyte-derived DC, can have the same presenting role as the resident
cDC1 [98] and produce high levels of IL-15 in order to support anti-tumor T helper cell
type I responses [99] or express TRAIL to mediate tumor cell apoptosis [100].

Alongside these anti-tumorigenic capacities, DC can, under certain circumstances, act
as pro-tumoral cells in the TME. Despite the capacity of pDC to produce pro-inflammatory
type I IFN, their presence can be associated with a poor prognosis in breast cancer,
melanoma, and ovarian cancer [101,102]. Indeed, the poor activation of pDC in the TME
and their active instruction by tumor cells lead to an immunosuppressive function through
the production of IDO, IL-10, or OX40 [103]. The strong interaction of pDC and multiple
myeloma (MM) cells induce the secretion of IL-3, which stimulates both pDC survival and
MM cell survival and proliferation [104]. moDC in the TME can also be efficient producers
of iNOS, TNF-α, IL-6, and IL-10 and hamper T cell proliferation [97,98].

Additionally, DC express the SIRPα receptor and the leukocyte immunoglobulin-like
receptor B1 (LILRB1), which, respectively, recognize CD47 and MHC class I-associated β2M
subunits at the surface of tumor cells, blocking phagocytosis [105,106]. CD24 expressed by
tumor cells can also inhibit phagocytosis by DC after engagement of Siglec-10 [107].

Immune checkpoints, such as CTLA-4 and PD-1, have been shown to negatively
regulate the activity of DC. DC can express CTLA-4 and secrete it within microvesicles that
could interact with costimulatory molecules, e.g., CD80/CD86 on bystander DC leading
to the loss of expression of these molecules and, thus, to the non-activation of CD8 T
cells [108]. DC can also express PD-1, limiting the production of the pro-inflammatory
cytokines IL-12 and TNF-α during ex-vivo restimulation [109]. The ligation of PD-1+ DC to
PD-1L expressed by ovarian tumor cells induced the suppression of antigen presentation,
costimulatory molecule expression, and pro-inflammatory cytokine secretion [110]. TIM3
also expressed by DC negatively regulates IFN-α production by pDC [111] and CXCL9
production by cDC1 limiting the recruitment of cytotoxic T cells into the tumor [112]. More-
over, the interaction of HMGB1 and TIM3 on DC interferes with nucleic acid recruitment to
endosomal compartments impairing the innate immune sensing of nucleic acids released
by dying tumor cells [113].

In addition, the tumor can also interfere with the anti-tumorigenic functions of DC.
Tumor-derived IL-6 and CSF-1 affect DC differentiation, promoting lineage commitment
toward suppressive monocytes [114] and VEGF inhibits DC maturation by suppressing
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NFκB signaling in hematopoietic progenitors [115] as well as the tumor-derived TGF-β can
inhibit antigen uptake [116].

4. Neutrophils

Neutrophils play an important role in the innate immune response against pathogens
through phagocytosis, the release of anti-microbial peptides/proteases, and release of
neutrophil extracellular traps (NETs). However, they are also able to modulate cancer
growth and metastatic progression.

4.1. Origin and Physiological Roles of Neutrophils

Neutrophils represent 60% of all leukocytes in the bone marrow and their homeostasis
is maintained thanks to an equilibrium between granulopoiesis, storage in bone marrow
and release, and migration toward peripheral tissues. These cells have a relatively short life,
but they are essential for pathogen elimination and represent an important link between
innate and adaptive immunity.

In the bone marrow, the common myeloid progenitors are differentiated into common
granulocyte monocyte progenitors (GMP), which can either lead to the monocyte lineage,
depending on the C/EBP-α, or to the neutrophil and eosinophil lineage, thanks to the
C/EBP-ε [117,118]. The acetylation of C/EBP-ε and the lack of expression of GATA-1 then
lead to the ultimate differentiation into neutrophils [118]. Granulopoiesis is the formation
of granules within neutrophil development; these granules are essential for the neutrophil
functions. This process begins at the GMP stage, which progresses through a series of
progenitors, including myeloblasts, promyelocytes, and myelocytes, which are able to
proliferate, before becoming metamyelocytes that no longer proliferate, leading finally to
mature neutrophils [119]. However, neutrophils are also plastic-like macrophages and they
appear to be disease- or tissue-specific, and distinct neutrophils subsets can therefore be
distinguished through their appearance, their density, or their surface receptor expression
profiles. Neutrophils can be polarized in vitro into pro-inflammatory N1 by LPS and
IFN- or anti-inflammatory N2 by IL-4 [120]. However, the question of plasticity with the
N1/N2 switch remains unclear, knowing that neutrophils have a much shorter life-span
than macrophages.

Neutrophils contribute to tissue injury by amplifying the inflammatory response,
by the release of toxic effectors and the phagocytosis of pathogens. First, neutrophils
have to be recruited in peripheral organs thanks to chemokines (G-CSF, CXCL1, CCL2,
CXCL10) that are produced by conventional DC that encounter pathogens [121]. In ad-
dition, endothelial cells that are activated through PRR that detect pathogens upregulate
P-, L-, and E-selectins that maximize neutrophils recruitment through their capture by
endothelial cells, their rolling, and transmigration [122]. Neutrophils express cellular
adhesion molecules (ICAM-1, ICAM-2, VCAM-1), which are essential to pass through
endothelial junctions [123]. At the site infection, neutrophils are able to internalize mi-
croorganisms through Fcγ receptors, C-type lectins, or complement receptors. Following
engulfment, primary and secondary granules fuse to the phagosome and release their
antimicrobial contents and reactive oxygen species (ROS) to kill the microbe. Neutrophil
cytoplasmic granules containing various cytotoxic factors also play an important role
in killing pathogens [124]. Under flow conditions in the blood, neutrophils develop an
additional mechanism for engaging and capturing circulating pathogens. Upon sensing
bacteria in the blood, neutrophils release their DNA in a netlike configuration to create
and release traps, called NETs. NETs are covered with elastase, histones, and other toxic
molecules that kill pathogens [125]. However, if the release of anti-microbial molecules
and NETs are essential for killing pathogens, then this can cause some toxic effects in the
surrounding cells leading to tissue injury and thereafter contribute to the development
of many non-infectious diseases, such as lung injury or rheumatoid arthritis [126]. Thus,
neutrophils functions are tightly regulated.
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Subsequently, neutrophils can be involved in the tissue repair following tissue injury;
first, as professional phagocytes to remove tissue debris at the site of injury. Secondly,
neutrophils can release growth factors and pro-angiogenic factors that contribute to re-
generation and revascularization [127]; and, thirdly, neutrophils become apoptotic and
they are cleared by macrophages, which also leads to the release of the tissue-repairing
cytokines TGF-β and IL-10 [128].

Therefore, neutrophils have some beneficial effects on the resolution of infection, but
they can also have detrimental activities and the unbalance between these effects can favor
disease development [129].

4.2. Neutrophils in Cancer

In cancer, the dysregulation of granulopoiesis leads to different subsets with specific
roles in tumor progression.

Two neutrophil subsets, high-density neutrophils (HDNs) considered as mature, and
low-density neutrophils (LDNs), a mixture of mature and immature neutrophils, were
identified in various tumor models by differential density centrifugation. The increase of
these LDNs in the peripheral blood was associated with tumor growth and metastasis [130].
In addition, the two categories, N1 and N2, were clearly described in cancer through their
respective anti- and pro-tumorigenic functions with the concept of plasticity as for TAM,
which has not yet been shown in infectious processes. The neutrophils that are found in
the TME are referred to as TAN (tumor associated neutrophils). The CXCR2 axis controls
the mobilization of neutrophils from blood towards the tumor [131]. When compared to
neutrophils in infectious disease, where they have a short life span, TAN display a high
longevity and N1/N2 TAN can be converted into each other [132]. TME enriched in TGF-β
or G-CSF induces the polarization towards the N2 phenotype, whereas IFN-γ, IFN-β, or
LPS lead to N1 polarization [133,134].

The anti-tumor activities of neutrophils have been shown in different contexts and
notably in a colon cancer mouse model, in which the depletion of neutrophils was associ-
ated with an increase of proliferation, growth, and invasiveness of tumor cells [135]. The
mechanisms of anti-tumor functions of neutrophils are varied. Through the generation
of ROS, such as H2O2, neutrophils were shown to be able to kill tumor cells in vitro and
in tumor mouse models [136]. The production of ROS by neutrophils can also suppress
the pro-tumorigenic role of the IL-17-secreting γδ T cells in tumors, which inhibits their
proliferation [137]. By inhibiting STAT5, neutrophils are able to induce the apoptosis of
prostate cancer cells [138], and their secretion of granzyme B in the TME in colon cancer
mouse models leads to the killing of tumor cells [139]. Moreover, neutrophils are able to
kill cancer cell in a contact-dependent manner through the interaction of cathepsin G at
their surface with the receptor for advanced glycation end products (RAGE) [140]. Thanks
to the production of pro-inflammatory factors, such as CCL2, IL-8, CCL3, and IL-6, and
their crosstalk with activated T cells, TANs, in early-stage human lung cancer, are actively
involved in the stimulation of T cells responses limiting tumor progression [141]. In addi-
tion, IFN-γ produced by recruited monocytes in lung tumors activates the encoding of the
TMEM173 gene for the protein STING (stimulator of interferon genes) within neutrophils,
which stimulates the neutrophil-mediated killing of disseminated cancer cells [142]. Fi-
nally, it was shown that infiltration by neutrophils enhances the prognostic significance
of colorectal cancer infiltration by CD8 T cells, improving survival in human colorectal
cancer [143].

On the contrary, neutrophils display pro-tumorigenic functions that enhance tumor
cell proliferation, invasion, angiogenesis, metastasis, and immune suppression. Tumor
cell proliferation can be promoted by interaction with neutrophils in hypoxic conditions
and mediated by the production of neutrophil elastase [136], as in the case of the acute
promyelocytic leukemia progression [144]. The enhancement of non-small cell lung cancer
cells proliferation is also favored by elastase that is produced following their interaction
with neutrophils as well as the production of immunosuppressive PGE2 [145]. NET over-
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production was also involved in promoting tumor cells proliferation, but also migration
and invasion, favoring the crosstalk between glioma cells and the TME by regulating the
HMGB1/RAGE/IL-8 axis [146] or by activating pancreatic tumor growth through the DNA
releases from NET [147].

The role of neutrophils in the metastatic process was shown by the association between
neutrophil and circulating tumor cells within the bloodstream in breast cancer patients and
mouse models [148]. By a proteomic approach, the iron-transporting protein transferrin
was identified as the major mitogen for tumor cells that are secreted by neutrophils and
the depletion of neutrophils suppressed transferrin production and lung metastasis [149].
Neutrophils have also been suggested to promote cancer cell adherence and, thereby,
mediate metastasis in a murine model of liver metastasis [150]. Finally, human neutrophils
were shown to induce tumor cell migration and interact with melanoma cells via β2
integrin [151].

Neutrophils also play an important immunosuppressive role in impairing T cells
proliferation and the activation in the TME in ovarian cancer for instance [152]. A high
mature neutrophils/T cell ratio in multiple myeloma patients was correlated with a weak
progression-free survival that was associated with an immunosuppressive profile of the
infiltrated neutrophils [153]. In advanced stages of primary melanomas, TAN were shown
as expressing PD-L1, CXCR4, CCR5, Adam17, and Nos2, leading to the immunosuppres-
sion of T-cell proliferation [154]. The expression of PD-L1 by TAN was correlated with the
induction of PD-1 on CD8 T cells and their in vivo depletion delayed tumor growth with a
significant increase of the frequency of proliferating IFN-γ-producing CD8 T cells [155].
Besides, the expression of PD-L1 by neutrophils can be promoted by IL-6 that is produced
by human ovarian tumor cells under the effect of long non-coding RNA [156]. Finally, neu-
trophils are also able to suppress NK cell cytotoxicity, which results in defective antitumor
responses and promotes metastasis in mice [157].

This balance between pro- and anti-tumor effects shows the plasticity of neutrophils,
depending on different factors and cell contacts in the TME.

5. MDSC

MDSC form a heterogeneous group that consists of activated immature myeloid cells
at different stages of hematopoiesis, which are able to exert strong anti-inflammatory
response. In contrast to previously discussed cell types, MDSC presence in healthy indi-
vidual is limited, as they are a product of chronic inflammation. In the context of cancer
however, they are stated as one of the main actors in immune-escape and maintenance
of immunosuppressive TME and their presence is repeatedly connected with failure in
response to ICI therapies [158].

5.1. Origins and Roles of MDSCs

By nature, these cells are the result of a disrupted hematopoiesis and they are usu-
ally discussed in the context of cancer. However, they are gaining increasing recognition
in physiological inflammation and aging, injury, trauma, and systemic infections, such
as sepsis. MDSC generation is aimed at restraining hyper-inflammation and protect-
ing the host from autoimmunity [159]. A good example of this phenomenon can be
observed in severe COVID-19 cases, where there is a substantial increase in the percent-
age of MDSC in peripheral blood of patient up to 90% of all PBMC (normally MDSC
constitute around 1% of all PBMC in healthy donor), which again decreases upon the
end of infection [160]. MDSC consist of two main groups of cells: polymorphonuclear
(PMN-MDSC) initially called granulocytic (G-MDSC) and monocytic (M-MDSC) [161].
Further research enabled the distinction of the third group, which is represented by even
less specialized cells, termed as early-stage MDSC (eMDSC) [162]. Normally, immature
myeloid cells reside in the BM and they leave this site when they reach a certain matu-
ration stage. Nonetheless, in the presence of stress signals, they are recruited from the
BM in their immature state [163]. High levels of cytokines, such as: GM-CSF, G-CSF,
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and M-CSF, in conjunction with IL-6, IL-1β, VEGF, and FGF-β produced by stromal or
tumoral cells, are responsible for a disturbance of hematopoiesis and expansion of MD-
SCs. GM-CSF and M-CSF are crucial in the case of M-MDSC, whilst G-CSF is a key
cytokine for PMN-MDSC. The phenotypical characterization of MDSC and their distinction
from mature myeloid cells can be a serious problem and often requires the comparison
of multiple surface markers and the performance of functional assays [164]. In mice,
MDSC can be characterized as Gr-1+CD11b+ cells and, further, M-MDSC were described
as CD11b+Ly6ChighLy6G− cells, while PMN-MDSC as CD11b+Ly6ClowLy6G+ expressing
cells [165,166]. In humans, a great number of surface phenotypes have been described
with high variations between individuals. The mouse equivalent of PMN-MDSC was
defined as CD11b+CD14−CD15+ or CD11b+CD14−CD66b+CD33DIM, whereas M-MDSC
are CD11b+CD14+CD15−HLADR−/lowCD33+/high [165,167,168]. eMDSC were defined as
Lin−(CD3, CD14, CD15, CD19, CD56) HLADR−CD33+ [164]. Additionally, the use of more
recent markers allowed to further distinguish MDSC from their mature counterparts. For
example M-MDSC are S100a9high, whilst mature monocytes are S100a9low [169,170]. In the
human PMN population, the LOX1 marker turned out to be expressed on PMN-MDSC in
contrast to mature neutrophils [171,172]. Additional to the phenotypic features detailed
above, mouse studies showed that CD84 expressed on PMN-MDSC helps to distinguish
them from neutrophils [173]. It is worth mentioning that the PMN-MDSC population
is partially enriched in a mononuclear cell fraction during centrifugation in the Ficoll
gradient, due to the decreased granularity of those cells [164]. In humans, MDSC can
therefore be distinguished from neutrophils and monocytes based on their phenotypic
markers, density gradient, but also by their unique functionality. Physiologically myeloid
activation subsides quickly after the cessation of stimuli; that said, MDSCs, as a product of
chronic inflammation, show continuous activation with an impaired ability to produce pro-
inflammatory factors. MDSC are also characterized by very limited phagocytic properties.
Instead, they excel in the field of immune suppression [171]. The repression of the immune
response by MDSC takes place through a wide range of different mechanisms. In humans,
PMN-MDSC are mostly known to inhibit T cells via the production of ROS [174]. M-MDSC
mediate T cell suppression through the inducible nitric oxide synthase (iNOS) generation
of NO, release of suppressive cytokines, such as IL-10, and prostaglandin PGE2 [175–177].
For instance, iNOS play an essential role in MDSC-mediated T cell suppression inhibiting
antigen specific T cell proliferation in mice with proteoglycan-induced autoimmune arthri-
tis [178]. PMN-MDSC also expressed immune checkpoint receptors, such as PD1, which
can be upregulated in multiple sclerosis and leads to T cell inhibition [179].

5.2. MDSCs in Cancer

Initial remarks on the presence of MDSC were made at the beginning of the 20th
century upon the characterization of tumorigenesis. With time, it has been shown that the
numerous myeloid cell populations detected in different cancers were able to negatively im-
pact T cell proliferation and activation. Moreover, it has been observed that these cells lack
some of the markers of immune cell populations, such as T cell, NK cell, or macrophages,
and, therefore, were initially named Null cells or Natural suppressor cells (NS) [163]. Only
recently the term Myeloid Derived-Suppressor Cells was introduced to more appropri-
ately represent the nature and functionality of these cells [163,180]. In humans, single
cells RNA experiments of pancreatic lesions revealed an increased infiltration of MDSC,
depending on the severity of the disease [181]. Indeed, MDSC can constitute up to 51% of
non-epithelial cells in Pancreatic Ductal Adenocarcinoma (PDAC) when compared to 5%
in non-invasive Intraductal Papillary Mucinous Neoplasms (IPMNs) correlated with a loss
of cytotoxic T cells in early lesions and a gain of immunosuppressive myeloid populations
in progressing diseases. A multicenter analysis showed that PMN-MDSC are a leading
population of MDSC in solid tumors and their expansion is especially intensified in the
context of tumorigenesis when compared to other inflammatory states [172]. Interestingly,
mouse research showed that, in TAM rich tumors, M-CSF/M-CSFR signaling indirectly
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blocks the recruitment of PMN-MDSC to the tumor site. This phenomenon was observed
after anti CSF-1R therapy, which causes increased infiltration of the tumor by PMN-MDSC
(and it is stated as one of the reasons for failure of CSF-1R targeted monotherapy) [182].

The MDSC differentiation program is associated with abnormal STAT3 signaling and
the inhibition of the IRF 8 branch, leading to sustained cell proliferation and the inhibition
of their terminal differentiation. STAT3 activation also leads to the expression of S100A9,
which plays an essential role in MDSC biology. It is important in the stabilization of the
STAT3/C/EBPb complex, which is crucial for the blocking of terminal differentiation and
maintenance of the immune-suppressive function of MDSC [183,184]. For example, S100A9
KO mice exhibit a very potent antitumor response that is reversed upon the transfer of
S100A9 positive MDSCs [185]. Furthermore, it has been shown that the administration of
S100A9 protein alone to KO mice can restore the MDSC phenotype [184].

MDSCs are able to suppress both the innate and adaptive immune systems through
various mechanisms. MDSC suppress T cell functions by producing ROS and RNS induc-
ing the nitration of TCR and MHC-I, which hinders peptide recognition and disrupts T cell
IL-2 signaling [174,186]. MDSC can be involved in the depletion of amino acids that are
essential for T cell functions and proliferation. MDSC expression of the arginase 1 leads to
the depletion of L-arginine, an important nutrient for T cell and NK cell proliferation [187].
By sequestering cysteine, MDSC limit the availability of this amino acid in the microenvi-
ronment, thereby hindering T cells activation and functions [188]. Tryptophan, which is
also essential for T cell survival and functions, can also be depleted by MDSC through the
expression of IDO that is involved in the catabolism and degradation of tryptophan [189].
Furthermore, CD8 T cells can be inhibited or paralyzed, as stated by the authors, by MDSC
in the TME through expression of dicarbonyl radical methylglyoxal [190]. The intratu-
moral migration of T cells can also be impaired by MDSC through the peroxynitration,
which alters CCL2 levels or through their plasma membrane expression of ADAM17 (a
disintegrin and metalloproteinase 17) that cleaves the ectodomain of L-selectin (CD62L)
on T cells [191,192]. MDSC have also been shown to impair NK cell functions. They can
block the IFN-γ production by NK cells by affecting Stat5 activity and reducing NKG2D
expression by NK cells through cell–cell interactions, leading to the suppression of NK
cell cytotoxicity in tumor-bearing mice [193,194]. The production of PGE2 by MDSC was
shown to enhance the stemness of uterine cervical cancer and the promotion of PD-L1
expression in epithelial ovarian cancer [195,196].

Moreover, MDSC can drive immune tolerance to tumors by increasing the number
of Treg in the tumor. This is related to the interaction of the immune stimulatory receptor
CD40 on MDSC with the CD40L that is expressed on Treg, and indirectly to the secretion
of IL-10, TGF-β by IFN-γ stimulated MDSC [197,198].

Finally, MDSC confers resistance to immune checkpoint inhibitors, as MDSC deple-
tion was shown to enhance the efficacy of anti-PD1 and anti-CTLA4 treatment with a
complete tumor regression and a decrease of metastasis in an aggressive breast tumor
mouse model [199]. Moreover, through the expression of Arg-1, MDSC confers resistance
to bortezomib in human myeloma cell lines [200], which can be reversed while using
Arg-1 inhibitors that were shown to decrease the L-arginase activity in correlation with a
reduction of tumor growth in multiple mouse models of cancer [187].

Therefore, MDSC also play an important role in the resistance of tumor cells against
the immune system to certain therapies.

6. Mast Cells

Mast cells (MCs) are innate immune cells that are located in virtually all tissues and
they are particularly numerous in barrier tissues, such as skin and mucosa. They are
characterized by the co-expression of CD117 (KIT) and FcεRI. They constitute a versatile
population of sentinel cells that are endowed with multiple immune defenses and regula-
tion capabilities, such as: defense against parasites and micro-organisms, defense against
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venoms, initiation of the inflammatory vascular phase, interactions with CD4 and CD8 T
cells, and positive or negative modulation of the immune response.

6.1. Origin and Physiological Roles of Mast Cells

MC precursors are produced in the bone marrow through the stem cell factor (SCF)-
driven differentiation of hematopoietic stem cells [201,202]. These precursors circulate in
the blood and are home to tissues thanks to the expression of α4β7 integrins and positive
chemotaxis for SCF [203]. MCs differentiate globally into two subsets, depending on the
type of tissue they colonize and its microenvironment. Homing to the mucosa drives the
differentiation of mucosal mast cells (MMCs in mice) or MCT (in humans, for tryptase
expressing MC). Homing to connective tissue or serosa (such as skin or peritonea) drives
the differentiation of CTMCs (connective tissue MCs in mice) or MCTC (in human, for
tryptase and chymase expressing MCs). CTMC maturation is driven by SCF, NGF, and
IL-9 provided by neighboring cells, such as epithelial cells or immune cells.

It was recently reported in a murine model that, like macrophages, mast cells have
dual developmental origins, which arise from primitive and adult hematopoiesis [204].
Largely of yolk sac origin in early life, they are progressively replaced by mast cells that
are derived from adult HSCs.

Like granulocytes, MCs store several bioactive molecules in their granules (such as
histamine, tryptase, chymase, chemokine, TNF) that can be swiftly released upon activation
by degranulation [205]. Bioactive components within the granules are embedded in a
matrix of proteoglycan that allows for their storage and regulation of their biological
activity [206]. Upon degranulation, the matrix is exteriorized and it acts as a bio-diffusor
that take part in regulating half-life and bio-activity of the mediators [207]. MC also produce
neosynthesized mediators such as eicosanoids (PGD2, PGE2, Cysteinyl leukotrienes),
chemokines (CXCL8, CCL2, CCL3, CCL4) and cytokines (IL-5, IL-6, TNF, IL-13, IL-10,
IL-1β). Finally, MCs can play the role of antigen presenting cells [208–210].

MCs are abundant in barrier tissues that are exposed to the external environment.
They play the role of surveillance outposts that sense their environment. Indeed, MCs
respond to both innate and adaptive immunity stimuli and to changes in tissue homeosta-
sis [211,212]. MC express several PRRs, which allows them to sense pathogens or danger
signals [213]. Moreover, MC biological responses are deeply impacted by the alarmins
IL-33 and TSLP [214]. They strongly express the IL-33 receptor ST2, allowing for them to
sense stressed or dying cells in their neighborhood. IL-33 swiftly potentializes several MC
functions, such as degranulation or cytokine production [215,216]. MCs indirectly recog-
nize antigens via Abs/Fc receptors. MCs express Fc receptors for IgE and IgG, depending
on the subset. The expression of the high affinity receptor for IgE is a hallmark of mast
cells, enabling interactions with IgE-targeted antigens and their involvement in immediate
hypersensitivity reactions. MCs also express activatory and inhibitory (in rodents) recep-
tors for IgG [217]. For instance, IgG-opsonized pathogens are recognized by human MCs
via FcγRIIA and they induce a polarized degranulation, called ADDS (antibody-dependent
degranulatory synapse). Finally, connective tissue MCs express a receptor for cationic
secretagogues, MRGPRX2 in humans (the ortholog of Mrgprb2 in rodent) [218]. This
receptor recognizes a vast array of cationic compounds, such as neuropeptides (Substance
P, Vaso-intestinal peptide), antimicrobial peptides (cathelicidin, human α-defensin2), or
bacterial quorum sensing molecules [219], and triggers MC degranulation and cytokine
production [207,220,221].

The production of such a large array of receptors and mediators endows MCs with
the unique ability to detect tissue damages and interact with vascular, immune, and
nervous systems. MCs can exhibit direct microbicidal activity [222]; nevertheless, it seems
that the principal role of MCs against pathogens is to trigger an alarm and organize the
inflammatory response. This task is enabled by their strategic location in tissues: near
blood vessels, nerve endings, and lymphocyte-rich areas [222].
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MCs are responsible for the main vascular changes that accompany the inflammatory
response, thanks to the production of potent vasoactive compounds, such as histamine,
TNF, and tryptase. They take part in the recruitment of immune effector cells in inflamed
tissues by producing several chemokines. Several studies have reported the close proximity
between MC and nerve fiber in skin and intestine [223–225]. It appears increasingly
clearly that MCs and sensory neurons form a functional unit in the skin and the gut, and
that nerve cell-MC crosstalk is an important functional module in the response to tissue
aggressions [210,226,227]. Moreover, MCs are found near T cell rich areas in tissues and
they can interact with several T cell subsets, such as CD4 Th cells [209], CD8 T cells [228],
and γδ T cells. Upon IFN-γ stimulation, MCs express MHC class II and costimulatory
molecules and were shown to influence Th cell cytokine production in vitro [229,230].
Likewise, cognate and non-cognate crosstalk between MC and CD4 T cells were shown to
mold both MC and T cell responses [230–233].

Finally, MCs also contribute to tissue repair, matrix remodeling, fibrosis [234], and
wound healing [235]. MC proteases, such as tryptase and chymase, can inactivate in-
flammatory factors and avoid excessive tissue damage [236], and participate directly or
indirectly in tissue remodeling [237].

In conclusion, MCs are versatile immune cells that take part in numerous processes of
the immune response and are involved in several pathophysiological mechanisms [238,239].
A partial understanding of their complex role is especially apparent in the context of cancer.

6.2. Mast Cells in Cancer

Because of their natural presence in all tissues, MCs are immune components of the
TME and are de facto present there from the first stage of carcinogenesis. Nevertheless,
their role in the cancer pathophysiology remains elusive.

Numerous studies (reviewed extensively in [240]) have reported that MCs can adopt
different roles toward cancer cells, depending on the type of tumor, stage of the disease,
and their localization in TME. All of those conditions dictate whether MCs will display
pro- or anti-tumoral properties or will simply remain bystanders. A good example of
contribution of MCs to tumor development dependent on the stage of the disease was
described in prostate cancer, where MCs play a pro-tumorigenic function at an early stage,
but became dispensable at a later stage [241] or in NSCLC where peritumoral MC density
is of favorable prognostic in stage I, but not in stage II [242]. Recently, it was highlighted
that not only the density, but also micro-localization, of MCs can modify their involvement
in cancer development. Differences in the pro or anti-tumorigenic role of MCs according to
their localization have been reported at least in Melanoma [243], lung [244], and prostate
cancer [245,246]. In lung cancer, the infiltration of MCs inside tumor islets was associated
with a better outcome independent of tumor stage [244]. In prostate cancer, intratumoral
MC density was associated with a good prognosis [246], whilst high peritumoral MC
density was described to promote tumor growth [245].

One of the clearest functions of MCs in TME is their participation in angiogenesis
through VEGF secretion. MC density was positively correlated with angiogenesis in
Melanoma [247,248], colorectal, lung [249], and pancreas cancer [250]. Interestingly, a
recent study showed that VEGF production by MCs can be directly triggered by cancer
cells-derived extracellular vesicles [251].

MCs have also been described to take part in epithelial to mesenchymal transition
(EMT). In thyroid cancer, Visciano and colleagues showed that MCs promote EMT via
CXCL8 production, leading to AKT phosphorylation and Slug expression by thyroid
cancer cells [252]. The involvement of MCs in EMT was also suggested in a pre-clinical
model of lung metastasis. Mice lacking MCs (Mcpt5-Cre) showed a reduced melanoma
colonization in the lung. This observation is associated with a higher expression of E-
cadherin and reduced expression of Twist in MC deficient mice when compared to control
mice, indicating a change in epithelial/mesenchymal orientation [253]. MCs also mediate
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malignant pleural effusion via tryptase and IL-1β release after recruitment via tumor
derived CCL2 and activation by osteopontin [254].

Other studies have suggested a possible role of MCs inside the TME through their
ability to interact with other immune cells and to favor or suppress immune responses. In
a subcutaneous cancer model, Huang and colleagues showed that SCF-activated MCs can
intensify immunosuppression by increasing Treg frequency and secreting adenosine that
acts directly on both T cells, by reducing their proliferation, and on NK cells, by decreasing
IFN- production [255].

Interestingly, MC/T cells cooperation inside the TME was described as an impor-
tant factor in predicting responses to neoadjuvant chemotherapy in inflammatory breast
cancer [256]. The characterization of the tumor microenvironment revealed that having
a lower pretreatment MC density was significantly associated with achieving a complete
pathological response to neoadjuvant chemotherapy. Moreover, spatial analysis revealed
a close proximity between CD8 T cells and MCs when a complete pathological response
was not achieved, highlighting MC as an interesting therapeutic target that could improve
current therapeutic strategies. Targeting MCs to improve therapeutic strategies was also
suggested in a pre-clinical model of melanoma, where Kaesler and colleagues identified
MCs accumulating in and around melanomas after anti-CTLA-4 treatment and showed that
effective melanoma immune control was dependent on LPS-activated MCs that secreted
CXCL10, which promoted the recruitment of effector T cells. They highlighted a new way
to target MCs and to involve them in the tumor immune defense [257].

These observations suggested different mechanisms by which MCs can impact the
TME and influence tumor development. Nevertheless, many other mediators commonly
produced by MCs play a role in tumor development, such as: PGE2 [258], IL-13 [259],
histamine [260], and TNF [261]. Whether MCs produce these mediators inside the TME
remains to be elucidated.

7. Eosinophils and Basophils

Just as mast cells, eosinophils and basophils are specialized effector cells playing key
roles in the defense against parasites and hypersensitivity type I reactions. These cells
share typical receptors and cytokines, but display specific effector functions. Basophils can
be found in the bloodstream of healthy individuals and they are rapidly recruited within
tissues in the presence of inflammation. Eosinophils circulate and they are resident in the
hematopoietic and lymphoid organs, being ready to migrate to the site of allergic reactions.
In addition, these cells can also play some pro-tumor roles.

7.1. Origin and Functions

Basophils stem from the differentiation of GMP in the bone marrow and then cir-
culate [262]. Eosinophils also differentiate in the bone marrow from IL-5 receptor alpha
progenitors and then migrate into the bloodstream [263], and the presence of intracellular
acidophilic granules discriminates them from basophils and neutrophils. IL-3 is the most
important growth and activating cytokine for human and murine basophils that are pro-
duced by the inflamed tissue, but also in an autocrine manner [264]. Basophils, such as
mast cells, express the Fcε Receptor I, which has a high affinity for the immunoglobulin E
(IgE). IgE is produced during type I hypersensitivity reactions that are observed in various
allergic diseases (e.g., asthma, sinusitis, rhinitis, food allergies, chronic urticarial, and atopic
dermatitis), but also in the defense against parasites (protozoa and helminths) [265]. Upon
activation through the FcεRI, basophils release their granules content, being composed
of inflammatory mediators into the environment. These mediators comprise histamine,
protease, cytokines, and chemokines, which will activate other inflammatory cells, but
also vessels and smooth muscle [266]. Amongst these cytokines, IL4 and IL-13 are po-
tent mediators of the type 2 immune response. Additionally, basophils produce IL-6 and
TNF-α [267].
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On the contrary, eosinophils weakly express FcεRI, but express other cell surface
molecules that are involved in their activation, such as FcγRIIA (receptor for IgG), FcαRI
(receptor for IgA), complement receptors, cytokine receptors, especially receptors for IL-
3, IL-5, and GM-CSF, chemokine receptors (CCR1 and CCR3), but also some adhesion
molecules and TLR7/8 [268]. Through their expression of the ST2 receptor, eosinophil differ-
entiation can be stimulated by IL-33 during inflammatory responses in an IL-5-dependent
manner [269]. Several receptors that are present at the surface of eosinophils, upon stim-
ulation, mediate piecemeal degranulation. However, the molecules released depends on
the stimulus, as eosinophils are able to secrete cytokines mediating opposite effects. For
instance, IFN-γ stimulation induces the secretion of IL-1, whereas stimulation with eotaxin
(CCL11) leads to the secretion of IL-4, despite the fact that these two interleukins are stored
in the same granules [270,271]. As for neutrophils, when exposed to bacteria, eosinophils
are able to release mitochondrial DNA in order to form an extracellular trap containing
granule proteins, eosinophil cationic protein, and eosinophil major basic protein 1 that bind
and kill bacteria, for instance in inflammatory skin diseases [272]. Moreover, eosinophils
also express several inhibitory receptors, such as FcγRIIB, ILT5/LIR3, CD33, Siglec-8/10,
p140, and IRp60/CD300a (reviewed in [273]). Eosinophils are thus complex cells that can
be either stimulated or inhibited in their proliferation, survival, or functions through these
inhibitory receptors.

7.2. Basophils and Eosinophils in Cancer

The presence of basophils and eosinophils was detected in several types of tumors.
Taking under consideration plasticity and a range of factors, these cells can express it is
impossible to unambiguously define their role in cancer. Depending on the circumstances,
they can show anti-tumoral effects or favor angiogenesis, cancer cell invasiveness, and
maintenance of an immunosuppressive environment.

In a mouse model of breast cancer, a low level of circulating basophils has been
correlated with an increased number of pulmonary metastases [274]. In addition, a study
of over 400 women that were diagnosed with colorectal cancer revealed that eosinophil
infiltration of the tumor, particularly in the stromal tissue, was associated with a decreased
mortality rate [275]. Eosinophils were also found to be potentiators of anti-CTLA4 therapy
in breast cancer patients, being correlated with their level of accumulation within the
tumor [276]. A direct anti-tumor effect of eosinophils in a melanoma mouse model was
shown to be dependent on the presence of IL-33 in the TME [277]. High relative circulating
basophils and activated infiltrated basophils were positively associated with improved
outcome in melanoma or ovarian cancer patients and, according to several data, basopenia
was associated with a poor prognosis in colorectal cancer [278–280].

However, these two types of cells could also favor tumor development. Basophils are
preferentially circulating, but some lung-resident basophils exhibit a specific phenotype
that is involved in the development of alveolar macrophages and their polarization towards
a pro-tumor M2 state. Therefore, basophils may be involved in regulating the activity
of TAM in the TME [281]. Moreover, recruitment of basophils in tumor-draining lymph
nodes of pancreatic ductal adenocarcinoma patients has been shown to be activated by
T-cell-derived IL-3 to produce IL-4, inducing a tumor-promoting Th2 inflammation [282].
Eosinophils are also able to exert an IL-4 mediated immunomodulatory function, which
induces the switch from a Th1 immune response to a Th2 one. In the same way, it has been
postulated that basophils recruited within the skin, in an inflammation-driven model of
epithelial carcinogenesis, could promote tumor development via their FcεRI signaling [283].

Alongside their role in the immunomodulation, basophils and eosinophils are able
to act on angiogenesis. Infiltrating basophils in human nasal polyps contain VEGF-A
localized in secretory granules, which can be released by their IgE-mediated activation.
Moreover, these cells also express on their membrane VEGFR-2 and the co-receptors NRP1
and NRP2 involved in the infiltration of basophils at the site of chronic inflammation,
such as tumor site [284]. Other angiogenic factors, such as angiopoietins or HGF, can be
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released by basophils upon activation [285,286]. Some lipids mediators, such as cysteinyl
leukotrienes (CysLT), produced by activated basophils [287], also display proangiogenic
activities and can activate the expression of the CysLT2 receptor in tumor blood endothelial
cells [288]. Eosinophils present in hypoxic tumor microenvironments could also play pro-
tumorigenic roles by promoting tumoral angiogenesis via the release of VEGF-A, IL-8, and
osteopontin [289–291].

Finally, by sequestering circulating tumor cells, NET was clearly shown to promote
cancer metastasis in murine models and in humans [292]. The extracellular trap that is
produced by activated basophils and eosinophils could also have some impact on tumor
growth and metastasis, but this remains to be investigated.

Basophils and eosinophils display a plastic phenotype with numerous factors that
can be involved in pro-tumor processes and certainly in the resistance of tumor cells to
immune cells or to chemotherapies as yet to be investigated.

8. Conclusions

In cancer, myeloid cells form a diverse group and are able to adapt their phenotype to
the TME, depending on cell interaction, oncogenic drivers, altered metabolism, hypoxia,
and various secreted factors. Therefore, these plastic cells are able to both initiate or
suppress anti-tumor immune response. Whether macrophages or DC or neutrophils or
MDSC or mast cells or eosinophils and basophils, all of these cells have an important role in
shaping tumor cells to be resistant against apoptosis, immune cells attacks, or therapeutic
agents, and, therefore, to grow and migrate for metastasis formation. Therefore, targeting
these cells in the TME is a good opportunity to find new specific targeting therapies or to
enhance current therapies by therapies combination.

Author Contributions: M.D., C.L. (Chloé Laplagne), E.L., C.L. (Camille Laurent), J.-J.F., E.E. and M.P.
participated to the writing of this review. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Inserm, CNRS and University Toulouse III.

Conflicts of Interest: No conflicts of Interest.

References
1. Wang, M.; Zhao, J.; Zhang, L.; Wei, F.; Lian, Y.; Wu, Y.; Gong, Z.; Zhang, S.; Zhou, J.; Cao, K.; et al. Role of Tumor Microenvironment

in Tumorigenesis. J. Cancer 2017, 8, 761–773. [CrossRef] [PubMed]
2. Schreiber, R.D.; Old, L.J.; Smyth, M.J. Cancer Immunoediting: Integrating Immunity’s Roles in Cancer Suppression and Promotion.

Science 2011, 331, 1565–1570. [CrossRef] [PubMed]
3. Hanahan, D.; Coussens, L.M. Accessories to the Crime: Functions of Cells Recruited to the Tumor Microenvironment. Cancer Cell

2012, 21, 309–322. [CrossRef]
4. Wynn, T.A.; Chawla, A.; Pollard, J.W. Macrophage Biology in Development, Homeostasis and Disease. Nature 2013, 496, 445–455.

[CrossRef] [PubMed]
5. Ginhoux, F.; Schultze, J.L.; Murray, P.J.; Ochando, J.; Biswas, S.K. New Insights into the Multidimensional Concept of Macrophage

Ontogeny, Activation and Function. Nat. Immunol. 2016, 17, 34–40. [CrossRef]
6. Ajami, B.; Bennett, J.L.; Krieger, C.; Tetzlaff, W.; Rossi, F.M.V. Local Self-Renewal Can Sustain CNS Microglia Maintenance and

Function throughout Adult Life. Nat. Neurosci. 2007, 10, 1538–1543. [CrossRef]
7. Hettinger, J.; Richards, D.M.; Hansson, J.; Barra, M.M.; Joschko, A.-C.; Krijgsveld, J.; Feuerer, M. Origin of Monocytes and

Macrophages in a Committed Progenitor. Nat. Immunol. 2013, 14, 821–830. [CrossRef]
8. Geissmann, F.; Jung, S.; Littman, D.R. Blood Monocytes Consist of Two Principal Subsets with Distinct Migratory Properties.

Immunity 2003, 19, 71–82. [CrossRef]
9. Passlick, B.; Flieger, D.; Ziegler-Heitbrock, H.W. Identification and Characterization of a Novel Monocyte Subpopulation in

Human Peripheral Blood. Blood 1989, 74, 2527–2534. [CrossRef]
10. Patel, A.A.; Zhang, Y.; Fullerton, J.N.; Boelen, L.; Rongvaux, A.; Maini, A.A.; Bigley, V.; Flavell, R.A.; Gilroy, D.W.; Asquith, B.;

et al. The Fate and Lifespan of Human Monocyte Subsets in Steady State and Systemic Inflammation. J. Exp. Med. 2017, 214,
1913–1923. [CrossRef]

11. Theret, M.; Mounier, R.; Rossi, F. The Origins and Non-Canonical Functions of Macrophages in Development and Regeneration.
Development 2019, 146, 1–14. [CrossRef] [PubMed]

154



Cancers 2021, 13, 165

12. Gautier, E.L.; Yvan-Charvet, L. Understanding Macrophage Diversity at the Ontogenic and Transcriptomic Levels. Immunol. Rev.
2014, 262, 85–95. [CrossRef] [PubMed]

13. Amit, I.; Winter, D.R.; Jung, S. The Role of the Local Environment and Epigenetics in Shaping Macrophage Identity and Their
Effect on Tissue Homeostasis. Nat. Immunol. 2016, 17, 18–25. [CrossRef] [PubMed]

14. Hulsmans, M.; Clauss, S.; Xiao, L.; Aguirre, A.D.; King, K.R.; Hanley, A.; Hucker, W.J.; Wülfers, E.M.; Seemann, G.; Courties, G.;
et al. Macrophages Facilitate Electrical Conduction in the Heart. Cell 2017, 169, 510–522.e20. [CrossRef]

15. Odegaard, J.I.; Ricardo-Gonzalez, R.R.; Red Eagle, A.; Vats, D.; Morel, C.R.; Goforth, M.H.; Subramanian, V.; Mukundan, L.;
Ferrante, A.W.; Chawla, A. Alternative M2 Activation of Kupffer Cells by PPARdelta Ameliorates Obesity-Induced Insulin
Resistance. Cell Metab. 2008, 7, 496–507. [CrossRef]

16. Kohyama, M.; Ise, W.; Edelson, B.T.; Wilker, P.R.; Hildner, K.; Mejia, C.; Frazier, W.A.; Murphy, T.L.; Murphy, K.M. Role for Spi-C
in the Development of Red Pulp Macrophages and Splenic Iron Homeostasis. Nature 2009, 457, 318–321. [CrossRef] [PubMed]

17. de Back, D.Z.; Kostova, E.B.; van Kraaij, M.; van den Berg, T.K.; van Bruggen, R. Of Macrophages and Red Blood Cells: A Complex
Love Story. Front. Physiol. 2014, 5, 9. [CrossRef] [PubMed]

18. Yoshimura, T.; Galligan, C.; Takahashi, M.; Chen, K.; Liu, M.; Tessarollo, L.; Wang, J.M. Non-Myeloid Cells Are Major Contributors
to Innate Immune Responses via Production of Monocyte Chemoattractant Protein-1/CCL2. Front. Immunol. 2014, 4, 482.
[CrossRef] [PubMed]

19. Boring, L.; Gosling, J.; Chensue, S.W.; Kunkel, S.L.; Farese, R.V.; Broxmeyer, H.E.; Charo, I.F. Impaired Monocyte Migration and
Reduced Type 1 (Th1) Cytokine Responses in C-C Chemokine Receptor 2 Knockout Mice. J. Clin. Investig. 1997, 100, 2552–2561.
[CrossRef]

20. Anbazhagan, K.; Duroux-Richard, I.; Jorgensen, C.; Apparailly, F. Transcriptomic Network Support Distinct Roles of Classical
and Non-Classical Monocytes in Human. Int. Rev. Immunol. 2014, 33, 470–489. [CrossRef]

21. Laskin, D.L.; Sunil, V.R.; Gardner, C.R.; Laskin, J.D. Macrophages and Tissue Injury: Agents of Defense or Destruction? Annu.
Rev. Pharmacol. Toxicol. 2011, 51, 267–288. [CrossRef] [PubMed]

22. Mills, C.D.; Kincaid, K.; Alt, J.M.; Heilman, M.J.; Hill, A.M. M-1/M-2 Macrophages and the Th1/Th2 Paradigm. J. Immunol. 2000,
164, 6166–6173. [CrossRef] [PubMed]

23. Martinez, F.O.; Sica, A.; Mantovani, A.; Locati, M. Macrophage Activation and Polarization. Front. Biosci. 2008, 13, 453–461.
[CrossRef] [PubMed]

24. Xue, J.; Schmidt, S.V.; Sander, J.; Draffehn, A.; Krebs, W.; Quester, I.; De Nardo, D.; Gohel, T.D.; Emde, M.; Schmidleithner, L.;
et al. Transcriptome-Based Network Analysis Reveals a Spectrum Model of Human Macrophage Activation. Immunity 2014, 40,
274–288. [CrossRef] [PubMed]

25. Lavin, Y.; Winter, D.; Blecher-Gonen, R.; David, E.; Keren-Shaul, H.; Merad, M.; Jung, S.; Amit, I. Tissue-Resident Macrophage
Enhancer Landscapes Are Shaped by the Local Microenvironment. Cell 2014, 159, 1312–1326. [CrossRef]

26. Mould, K.J.; Jackson, N.D.; Henson, P.M.; Seibold, M.; Janssen, W.J. Single Cell RNA Sequencing Identifies Unique Inflammatory
Airspace Macrophage Subsets. JCI Insight 2019, 4, 1–17. [CrossRef]

27. Kawai, T.; Akira, S. The Role of Pattern-Recognition Receptors in Innate Immunity: Update on Toll-like Receptors. Nat. Immunol.
2010, 11, 373–384. [CrossRef]

28. Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The Chemokine System in Diverse Forms of Macrophage
Activation and Polarization. Trends Immunol. 2004, 25, 677–686. [CrossRef]

29. Vannella, K.M.; Wynn, T.A. Mechanisms of Organ Injury and Repair by Macrophages. Annu. Rev. Physiol. 2017, 79, 593–617.
[CrossRef]

30. Olingy, C.E.; San Emeterio, C.L.; Ogle, M.E.; Krieger, J.R.; Bruce, A.C.; Pfau, D.D.; Jordan, B.T.; Peirce, S.M.; Botchwey, E.A.
Non-Classical Monocytes Are Biased Progenitors of Wound Healing Macrophages during Soft Tissue Injury. Sci. Rep. 2017, 7, 447.
[CrossRef]

31. Martinez, F.O.; Helming, L.; Milde, R.; Varin, A.; Melgert, B.N.; Draijer, C.; Thomas, B.; Fabbri, M.; Crawshaw, A.; Ho, L.P.; et al.
Genetic Programs Expressed in Resting and IL-4 Alternatively Activated Mouse and Human Macrophages: Similarities and
Differences. Blood 2013, 121, e57–e69. [CrossRef] [PubMed]

32. Vogel, D.Y.S.; Vereyken, E.J.F.; Glim, J.E.; Heijnen, P.D.A.M.; Moeton, M.; van der Valk, P.; Amor, S.; Teunissen, C.E.; van
Horssen, J.; Dijkstra, C.D. Macrophages in Inflammatory Multiple Sclerosis Lesions Have an Intermediate Activation Status.
J. Neuroinflamm. 2013, 10, 35. [CrossRef] [PubMed]

33. Pettersen, J.S.; Fuentes-Duculan, J.; Suárez-Fariñas, M.; Pierson, K.C.; Pitts-Kiefer, A.; Fan, L.; Belkin, D.A.; Wang, C.Q.F.;
Bhuvanendran, S.; Johnson-Huang, L.M.; et al. Tumor-Associated Macrophages in the Cutaneous SCC Microenvironment Are
Heterogeneously Activated. J. Investig. Dermatol. 2011, 131, 1322–1330. [CrossRef] [PubMed]

34. Franklin, R.A.; Liao, W.; Sarkar, A.; Kim, M.V.; Bivona, M.R.; Liu, K.; Pamer, E.G.; Li, M.O. The Cellular and Molecular Origin of
Tumor-Associated Macrophages. Science 2014, 344, 921–925. [CrossRef] [PubMed]

35. Linde, N.; Lederle, W.; Depner, S.; van Rooijen, N.; Gutschalk, C.M.; Mueller, M.M. Vascular Endothelial Growth Factor-Induced
Skin Carcinogenesis Depends on Recruitment and Alternative Activation of Macrophages. J. Pathol. 2012, 227, 17–28. [CrossRef]
[PubMed]

155



Cancers 2021, 13, 165

36. Nandi, B.; Shapiro, M.; Samur, M.K.; Pai, C.; Frank, N.Y.; Yoon, C.; Prabhala, R.H.; Munshi, N.C.; Gold, J.S. Stromal CCR6
Drives Tumor Growth in a Murine Transplantable Colon Cancer through Recruitment of Tumor-Promoting Macrophages.
Oncoimmunology 2016, 5, e1189052. [CrossRef]

37. Zhao, H.; Wang, J.; Kong, X.; Li, E.; Liu, Y.; Du, X.; Kang, Z.; Tang, Y.; Kuang, Y.; Yang, Z.; et al. CD47 Promotes Tumor Invasion
and Metastasis in Non-Small Cell Lung Cancer. Sci. Rep. 2016, 6, 29719. [CrossRef]

38. Griffith, T.S.; Wiley, S.R.; Kubin, M.Z.; Sedger, L.M.; Maliszewski, C.R.; Fanger, N.A. Monocyte-Mediated Tumoricidal Activity
via the Tumor Necrosis Factor-Related Cytokine, TRAIL. J. Exp. Med. 1999, 189, 1343–1354. [CrossRef]

39. De, I.; Steffen, M.D.; Clark, P.A.; Patros, C.J.; Sokn, E.; Bishop, S.M.; Litscher, S.; Maklakova, V.I.; Kuo, J.S.; Rodriguez, F.J.; et al.
CSF1 Overexpression Promotes High-Grade Glioma Formation without Impacting the Polarization Status of Glioma-Associated
Microglia and Macrophages. Cancer Res. 2016, 76, 2552–2560. [CrossRef]

40. Li, D.; Ji, H.; Niu, X.; Yin, L.; Wang, Y.; Gu, Y.; Wang, J.; Zhou, X.; Zhang, H.; Zhang, Q. Tumor-Associated Macrophages Secrete
CC-Chemokine Ligand 2 and Induce Tamoxifen Resistance by Activating PI3K/Akt/MTOR in Breast Cancer. Cancer Sci. 2020,
111, 47–58. [CrossRef]

41. Zhao, P.; Gao, D.; Wang, Q.; Song, B.; Shao, Q.; Sun, J.; Ji, C.; Li, X.; Li, P.; Qu, X. Response Gene to Complement 32 (RGC-32)
Expression on M2-Polarized and Tumor-Associated Macrophages Is M-CSF-Dependent and Enhanced by Tumor-Derived IL-4.
Cell Mol. Immunol 2015, 12, 692–699. [CrossRef] [PubMed]

42. Cha, H.-R.; Lee, J.H.; Hensel, J.A.; Sawant, A.B.; Davis, B.H.; Lee, C.M.; Deshane, J.S.; Ponnazhagan, S. Prostate Cancer-Derived
Cathelicidin-Related Antimicrobial Peptide Facilitates Macrophage Differentiation and Polarization of Immature Myeloid
Progenitors to Protumorigenic Macrophages. Prostate 2016, 76, 624–636. [CrossRef] [PubMed]

43. Tripathi, C.; Tewari, B.N.; Kanchan, R.K.; Baghel, K.S.; Nautiyal, N.; Shrivastava, R.; Kaur, H.; Bhatt, M.L.B.; Bhadauria, S.
Macrophages Are Recruited to Hypoxic Tumor Areas and Acquire a Pro-Angiogenic M2-Polarized Phenotype via Hypoxic
Cancer Cell Derived Cytokines Oncostatin M and Eotaxin. Oncotarget 2014, 5, 5350–5368. [CrossRef] [PubMed]

44. Gocheva, V.; Wang, H.-W.; Gadea, B.B.; Shree, T.; Hunter, K.E.; Garfall, A.L.; Berman, T.; Joyce, J.A. IL-4 Induces Cathepsin
Protease Activity in Tumor-Associated Macrophages to Promote Cancer Growth and Invasion. Genes Dev. 2010, 24, 241–255.
[CrossRef] [PubMed]

45. DeNardo, D.G.; Barreto, J.B.; Andreu, P.; Vasquez, L.; Tawfik, D.; Kolhatkar, N.; Coussens, L.M. CD4(+) T Cells Regulate
Pulmonary Metastasis of Mammary Carcinomas by Enhancing Protumor Properties of Macrophages. Cancer Cell 2009, 16, 91–102.
[CrossRef]

46. Pedroza-Gonzalez, A.; Xu, K.; Wu, T.-C.; Aspord, C.; Tindle, S.; Marches, F.; Gallegos, M.; Burton, E.C.; Savino, D.; Hori, T.; et al.
Thymic Stromal Lymphopoietin Fosters Human Breast Tumor Growth by Promoting Type 2 Inflammation. J. Exp. Med. 2011, 208,
479–490. [CrossRef]

47. Solinas, G.; Schiarea, S.; Liguori, M.; Fabbri, M.; Pesce, S.; Zammataro, L.; Pasqualini, F.; Nebuloni, M.; Chiabrando, C.; Mantovani,
A.; et al. Tumor-Conditioned Macrophages Secrete Migration-Stimulating Factor: A New Marker for M2-Polarization, Influencing
Tumor Cell Motility. J. Immunol. 2010, 185, 642–652. [CrossRef]

48. Sica, A.; Saccani, A.; Bottazzi, B.; Polentarutti, N.; Vecchi, A.; van Damme, J.; Mantovani, A. Autocrine Production of IL-10
Mediates Defective IL-12 Production and NF-Kappa B Activation in Tumor-Associated Macrophages. J. Immunol. 2000, 164,
762–767. [CrossRef]

49. Sánchez-Martín, L.; Estecha, A.; Samaniego, R.; Sánchez-Ramón, S.; Vega, M.Á.; Sánchez-Mateos, P. The Chemokine CXCL12
Regulates Monocyte-Macrophage Differentiation and RUNX3 Expression. Blood 2011, 117, 88–97. [CrossRef]

50. Doedens, A.L.; Stockmann, C.; Rubinstein, M.P.; Liao, D.; Zhang, N.; DeNardo, D.G.; Coussens, L.M.; Karin, M.; Goldrath, A.W.;
Johnson, R.S. Macrophage Expression of Hypoxia-Inducible Factor-1 Alpha Suppresses T-Cell Function and Promotes Tumor
Progression. Cancer Res. 2010, 70, 7465–7475. [CrossRef]

51. Kim, S.; Takahashi, H.; Lin, W.-W.; Descargues, P.; Grivennikov, S.; Kim, Y.; Luo, J.-L.; Karin, M. Carcinoma-Produced Factors
Activate Myeloid Cells through TLR2 to Stimulate Metastasis. Nature 2009, 457, 102–106. [CrossRef]

52. Deligne, C.; Murdamoothoo, D.; Gammage, A.N.; Gschwandtner, M.; Erne, W.; Loustau, T.; Marzeda, A.M.; Carapito, R.; Paul, N.;
Velazquez-Quesada, I.; et al. Matrix-Targeting Immunotherapy Controls Tumor Growth and Spread by Switching Macrophage
Phenotype. Cancer Immunol. Res. 2020, 8, 368–382. [CrossRef]

53. Grivennikov, S.I.; Wang, K.; Mucida, D.; Stewart, C.A.; Schnabl, B.; Jauch, D.; Taniguchi, K.; Yu, G.-Y.; Osterreicher, C.H.; Hung,
K.E.; et al. Adenoma-Linked Barrier Defects and Microbial Products Drive IL-23/IL-17-Mediated Tumour Growth. Nature 2012,
491, 254–258. [CrossRef]

54. Kong, L.; Zhou, Y.; Bu, H.; Lv, T.; Shi, Y.; Yang, J. Deletion of Interleukin-6 in Monocytes/Macrophages Suppresses the Initiation
of Hepatocellular Carcinoma in Mice. J. Exp. Clin. Cancer Res. 2016, 35, 131. [CrossRef]

55. Jung, M.; Mertens, C.; Tomat, E.; Brüne, B. Iron as a Central Player and Promising Target in Cancer Progression. Int. J. Mol. Sci.
2019, 20, 273. [CrossRef] [PubMed]

56. Hong, L.; Wang, S.; Li, W.; Wu, D.; Chen, W. Tumor-Associated Macrophages Promote the Metastasis of Ovarian Carcinoma Cells
by Enhancing CXCL16/CXCR6 Expression. Pathol. Res. Pract. 2018, 214, 1345–1351. [CrossRef] [PubMed]

57. Wang, R.; Zhang, J.; Chen, S.; Lu, M.; Luo, X.; Yao, S.; Liu, S.; Qin, Y.; Chen, H. Tumor-Associated Macrophages Provide a Suitable
Microenvironment for Non-Small Lung Cancer Invasion and Progression. Lung Cancer 2011, 74, 188–196. [CrossRef] [PubMed]

156



Cancers 2021, 13, 165

58. Wen, Z.; Liu, H.; Li, M.; Li, B.; Gao, W.; Shao, Q.; Fan, B.; Zhao, F.; Wang, Q.; Xie, Q.; et al. Increased Metabolites of 5-Lipoxygenase
from Hypoxic Ovarian Cancer Cells Promote Tumor-Associated Macrophage Infiltration. Oncogene 2015, 34, 1241–1252. [CrossRef]

59. Chen, J.; Yao, Y.; Gong, C.; Yu, F.; Su, S.; Chen, J.; Liu, B.; Deng, H.; Wang, F.; Lin, L.; et al. CCL18 from Tumor-Associated
Macrophages Promotes Breast Cancer Metastasis via PITPNM3. Cancer Cell 2011, 19, 541–555. [CrossRef]

60. Liu, L.; Wang, X.; Li, X.; Wu, X.; Tang, M.; Wang, X. Upregulation of IGF1 by Tumor-Associated Macrophages Promotes the
Proliferation and Migration of Epithelial Ovarian Cancer Cells. Oncol. Rep. 2018, 39, 818–826. [CrossRef]

61. Yang, M.; Chen, J.; Su, F.; Yu, B.; Su, F.; Lin, L.; Liu, Y.; Huang, J.-D.; Song, E. Microvesicles Secreted by Macrophages Shuttle
Invasion-Potentiating MicroRNAs into Breast Cancer Cells. Mol. Cancer 2011, 10, 117. [CrossRef] [PubMed]

62. Qian, B.; Pollard, J.W. Macrophage Diversity Enhances Tumor Progression and Metastasis. Cell 2010, 141, 39. [CrossRef] [PubMed]
63. Lin, L.; Chen, Y.-S.; Yao, Y.-D.; Chen, J.-Q.; Chen, J.-N.; Huang, S.-Y.; Zeng, Y.-J.; Yao, H.-R.; Zeng, S.-H.; Fu, Y.-S.; et al. CCL18 from

Tumor-Associated Macrophages Promotes Angiogenesis in Breast Cancer. Oncotarget 2015, 6, 34758–34773. [CrossRef] [PubMed]
64. Gao, L.; Zhang, W.; Zhong, W.-Q.; Liu, Z.-J.; Li, H.-M.; Yu, Z.-L.; Zhao, Y.-F. Tumor Associated Macrophages Induce Epithelial to

Mesenchymal Transition via the EGFR/ERK1/2 Pathway in Head and Neck Squamous Cell Carcinoma. Oncol. Rep. 2018, 40,
2558. [CrossRef] [PubMed]

65. Takenaka, M.C.; Gabriely, G.; Rothhammer, V.; Mascanfroni, I.D.; Wheeler, M.A.; Chao, C.-C.; Gutiérrez-Vázquez, C.; Kenison, J.;
Tjon, E.C.; Barroso, A.; et al. Control of Tumor-Associated Macrophages and T Cells in Glioblastoma via AHR and CD39. Nat.
Neurosci. 2019, 22, 729–740. [CrossRef] [PubMed]

66. Kato, Y.; Tabata, K.; Kimura, T.; Yachie-Kinoshita, A.; Ozawa, Y.; Yamada, K.; Ito, J.; Tachino, S.; Hori, Y.; Matsuki, M.; et al.
Lenvatinib plus Anti-PD-1 Antibody Combination Treatment Activates CD8+ T Cells through Reduction of Tumor-Associated
Macrophage and Activation of the Interferon Pathway. PLoS ONE 2019, 14, e0212513. [CrossRef] [PubMed]

67. Ito, M.; Minamiya, Y.; Kawai, H.; Saito, S.; Saito, H.; Nakagawa, T.; Imai, K.; Hirokawa, M.; Ogawa, J. Tumor-Derived TGFbeta-1
Induces Dendritic Cell Apoptosis in the Sentinel Lymph Node. J. Immunol. 2006, 176, 5637–5643. [CrossRef]

68. Solinas, G.; Germano, G.; Mantovani, A.; Allavena, P. Tumor-Associated Macrophages (TAM) as Major Players of the Cancer-
Related Inflammation. J. Leukoc. Biol. 2009, 86, 1065–1073. [CrossRef]

69. Lievense, L.A.; Cornelissen, R.; Bezemer, K.; Kaijen-Lambers, M.E.H.; Hegmans, J.P.J.J.; Aerts, J.G.J.V. Pleural Effusion of Patients
with Malignant Mesothelioma Induces Macrophage-Mediated T Cell Suppression. J. Thorac. Oncol. 2016, 11, 1755–1764. [CrossRef]

70. Campesato, L.F.; Budhu, S.; Tchaicha, J.; Weng, C.-H.; Gigoux, M.; Cohen, I.J.; Redmond, D.; Mangarin, L.; Pourpe, S.; Liu, C.;
et al. Blockade of the AHR Restricts a Treg-Macrophage Suppressive Axis Induced by L-Kynurenine. Nat. Commun. 2020, 11,
4011. [CrossRef]

71. Chen, C.; Qu, Q.-X.; Shen, Y.; Mu, C.-Y.; Zhu, Y.-B.; Zhang, X.-G.; Huang, J.-A. Induced Expression of B7-H4 on the Surface of
Lung Cancer Cell by the Tumor-Associated Macrophages: A Potential Mechanism of Immune Escape. Cancer Lett. 2012, 317,
99–105. [CrossRef] [PubMed]

72. Kuang, D.-M.; Zhao, Q.; Peng, C.; Xu, J.; Zhang, J.-P.; Wu, C.; Zheng, L. Activated Monocytes in Peritumoral Stroma of
Hepatocellular Carcinoma Foster Immune Privilege and Disease Progression through PD-L1. J. Exp. Med. 2009, 206, 1327–1337.
[CrossRef] [PubMed]

73. Prima, V.; Kaliberova, L.N.; Kaliberov, S.; Curiel, D.T.; Kusmartsev, S. COX2/MPGES1/PGE2 Pathway Regulates PD-L1
Expression in Tumor-Associated Macrophages and Myeloid-Derived Suppressor Cells. Proc. Natl. Acad. Sci. USA 2017, 114,
1117–1122. [CrossRef] [PubMed]

74. Lu, T.; Ramakrishnan, R.; Altiok, S.; Youn, J.-I.; Cheng, P.; Celis, E.; Pisarev, V.; Sherman, S.; Sporn, M.B.; Gabrilovich, D.
Tumor-Infiltrating Myeloid Cells Induce Tumor Cell Resistance to Cytotoxic T Cells in Mice. J. Clin. Investig. 2011, 121, 4015–4029.
[CrossRef]

75. Zheng, P.; Chen, L.; Yuan, X.; Luo, Q.; Liu, Y.; Xie, G.; Ma, Y.; Shen, L. Exosomal Transfer of Tumor-Associated Macrophage-
Derived MiR-21 Confers Cisplatin Resistance in Gastric Cancer Cells. J. Exp. Clin. Cancer Res. 2017, 36, 53. [CrossRef]

76. Fu, X.-T.; Song, K.; Zhou, J.; Shi, Y.-H.; Liu, W.-R.; Shi, G.-M.; Gao, Q.; Wang, X.-Y.; Ding, Z.-B.; Fan, J. Tumor-Associated
Macrophages Modulate Resistance to Oxaliplatin via Inducing Autophagy in Hepatocellular Carcinoma. Cancer Cell Int. 2019, 19,
71. [CrossRef]

77. Burger, J.A.; Tsukada, N.; Burger, M.; Zvaifler, N.J.; Dell’Aquila, M.; Kipps, T.J. Blood-Derived Nurse-like Cells Protect Chronic
Lymphocytic Leukemia B Cells from Spontaneous Apoptosis through Stromal Cell-Derived Factor-1. Blood 2000, 96, 2655–2663.
[CrossRef]

78. Boissard, F.; Fournié, J.-J.; Quillet-Mary, A.; Ysebaert, L.; Poupot, M. Nurse-like Cells Mediate Ibrutinib Resistance in Chronic
Lymphocytic Leukemia Patients. Blood Cancer J. 2015, 5, e355. [CrossRef]

79. Boissard, F.; Laurent, C.; Ramsay, A.G.; Quillet-Mary, A.; Fournié, J.-J.; Poupot, M.; Ysebaert, L. Nurse-like Cells Impact on
Disease Progression in Chronic Lymphocytic Leukemia. Blood Cancer J. 2016, 6, e381. [CrossRef]

80. Boissard, F.; Tosolini, M.; Ligat, L.; Quillet-Mary, A.; Lopez, F.; Fournié, J.-J.; Ysebaert, L.; Poupot, M. Nurse-like Cells Promote
CLL Survival through LFA-3/CD2 Interactions. Oncotarget 2017, 8, 52225–52236. [CrossRef]

81. Caligaris-Cappio, F. Role of the Microenvironment in Chronic Lymphocytic Leukaemia. Br. J. Haematol. 2003, 123, 380–388.
[CrossRef] [PubMed]

157



Cancers 2021, 13, 165

82. Nishio, M.; Endo, T.; Tsukada, N.; Ohata, J.; Kitada, S.; Reed, J.C.; Zvaifler, N.J.; Kipps, T.J. Nurselike Cells Express BAFF and
APRIL, Which Can Promote Survival of Chronic Lymphocytic Leukemia Cells via a Paracrine Pathway Distinct from That of
SDF-1alpha. Blood 2005, 106, 1012–1020. [CrossRef] [PubMed]

83. Dammeijer, F.; Lievense, L.A.; Kaijen-Lambers, M.E.; van Nimwegen, M.; Bezemer, K.; Hegmans, J.P.; van Hall, T.; Hendriks,
R.W.; Aerts, J.G. Depletion of Tumor-Associated Macrophages with a CSF-1R Kinase Inhibitor Enhances Antitumor Immunity
and Survival Induced by DC Immunotherapy. Cancer Immunol. Res. 2017, 5, 535–546. [CrossRef] [PubMed]

84. Peranzoni, E.; Lemoine, J.; Vimeux, L.; Feuillet, V.; Barrin, S.; Kantari-Mimoun, C.; Bercovici, N.; Guérin, M.; Biton, J.; Ouakrim,
H.; et al. Macrophages Impede CD8 T Cells from Reaching Tumor Cells and Limit the Efficacy of Anti-PD-1 Treatment. Proc. Natl.
Acad. Sci. USA 2018, 115, E4041–E4050. [CrossRef] [PubMed]

85. Panni, R.Z.; Herndon, J.M.; Zuo, C.; Hegde, S.; Hogg, G.D.; Knolhoff, B.L.; Breden, M.A.; Li, X.; Krisnawan, V.E.; Khan, S.Q.; et al.
Agonism of CD11b Reprograms Innate Immunity to Sensitize Pancreatic Cancer to Immunotherapies. Sci. Transl. Med. 2019, 11.
[CrossRef] [PubMed]

86. Lebdai, S.; Gigoux, M.; Alvim, R.; Somma, A.; Nagar, K.; Azzouzi, A.R.; Cussenot, O.; Merghoub, T.; Wolchok, J.D.; Scherz, A.;
et al. Potentiating Vascular-Targeted Photodynamic Therapy through CSF-1R Modulation of Myeloid Cells in a Preclinical Model
of Prostate Cancer. Oncoimmunology 2019, 8, e1581528. [CrossRef]

87. Guilliams, M.; Ginhoux, F.; Jakubzick, C.; Naik, S.H.; Onai, N.; Schraml, B.U.; Segura, E.; Tussiwand, R.; Yona, S. Dendritic Cells,
Monocytes and Macrophages: A Unified Nomenclature Based on Ontogeny. Nat. Rev. Immunol. 2014, 14, 571–578. [CrossRef]

88. Askenase, M.H.; Han, S.-J.; Byrd, A.L.; da Fonseca, D.M.; Bouladoux, N.; Wilhelm, C.; Konkel, J.E.; Hand, T.W.; Lacerda-Queiroz,
N.; Su, X.; et al. Bone-Marrow-Resident NK Cells Prime Monocytes for Regulatory Function during Infection. Immunity 2015, 42,
1130–1142. [CrossRef]

89. Vu Manh, T.-P.; Bertho, N.; Hosmalin, A.; Schwartz-Cornil, I.; Dalod, M. Investigating Evolutionary Conservation of Dendritic
Cell Subset Identity and Functions. Front. Immunol. 2015, 6, 260. [CrossRef]

90. Brewitz, A.; Eickhoff, S.; Dähling, S.; Quast, T.; Bedoui, S.; Kroczek, R.A.; Kurts, C.; Garbi, N.; Barchet, W.; Iannacone, M.; et al.
CD8+ T Cells Orchestrate PDC-XCR1+ Dendritic Cell Spatial and Functional Cooperativity to Optimize Priming. Immunity 2017,
46, 205–219. [CrossRef]

91. Anderson, D.A.; Dutertre, C.-A.; Ginhoux, F.; Murphy, K.M. Genetic Models of Human and Mouse Dendritic Cell Development
and Function. Nat. Rev. Immunol. 2020. [CrossRef] [PubMed]

92. Liu, K.; Victora, G.D.; Schwickert, T.A.; Guermonprez, P.; Meredith, M.M.; Yao, K.; Chu, F.-F.; Randolph, G.J.; Rudensky, A.Y.;
Nussenzweig, M. In Vivo Analysis of Dendritic Cell Development and Homeostasis. Science 2009, 324, 392–397. [CrossRef]
[PubMed]

93. McKenna, H.J.; Stocking, K.L.; Miller, R.E.; Brasel, K.; De Smedt, T.; Maraskovsky, E.; Maliszewski, C.R.; Lynch, D.H.; Smith, J.;
Pulendran, B.; et al. Mice Lacking Flt3 Ligand Have Deficient Hematopoiesis Affecting Hematopoietic Progenitor Cells, Dendritic
Cells, and Natural Killer Cells. Blood 2000, 95, 3489–3497. [CrossRef] [PubMed]

94. Ghosh, H.S.; Cisse, B.; Bunin, A.; Lewis, K.L.; Reizis, B. Continuous Expression of the Transcription Factor E2-2 Maintains the Cell
Fate of Mature Plasmacytoid Dendritic Cells. Immunity 2010, 33, 905–916. [CrossRef] [PubMed]

95. Spranger, S.; Dai, D.; Horton, B.; Gajewski, T.F. Tumor-Residing Batf3 Dendritic Cells Are Required for Effector T Cell Trafficking
and Adoptive T Cell Therapy. Cancer Cell 2017, 31, 711–723.e4. [CrossRef]

96. Garris, C.S.; Arlauckas, S.P.; Kohler, R.H.; Trefny, M.P.; Garren, S.; Piot, C.; Engblom, C.; Pfirschke, C.; Siwicki, M.; Gungabeesoon,
J.; et al. Successful Anti-PD-1 Cancer Immunotherapy Requires T Cell-Dendritic Cell Crosstalk Involving the Cytokines IFN-γ
and IL-12. Immunity 2018, 49, 1148–1161.e7. [CrossRef]

97. Laoui, D.; Keirsse, J.; Morias, Y.; Van Overmeire, E.; Geeraerts, X.; Elkrim, Y.; Kiss, M.; Bolli, E.; Lahmar, Q.; Sichien, D.; et al.
The Tumour Microenvironment Harbours Ontogenically Distinct Dendritic Cell Populations with Opposing Effects on Tumour
Immunity. Nat. Commun. 2016, 7, 13720. [CrossRef]

98. Veglia, F.; Gabrilovich, D.I. Dendritic Cells in Cancer: The Role Revisited. Curr. Opin. Immunol. 2017, 45, 43–51. [CrossRef]
99. Santini, S.M.; Di Pucchio, T.; Lapenta, C.; Parlato, S.; Logozzi, M.; Belardelli, F. The Natural Alliance between Type I Interferon and

Dendritic Cells and Its Role in Linking Innate and Adaptive Immunity. J. Interferon Cytokine Res. 2002, 22, 1071–1080. [CrossRef]
100. Vanderheyde, N.; Aksoy, E.; Amraoui, Z.; Vandenabeele, P.; Goldman, M.; Willems, F. Tumoricidal Activity of Monocyte-Derived

Dendritic Cells: Evidence for a Caspase-8-Dependent, Fas-Associated Death Domain-Independent Mechanism. J. Immunol. 2001,
167, 3565–3569. [CrossRef]

101. Sisirak, V.; Faget, J.; Vey, N.; Blay, J.-Y.; Ménétrier-Caux, C.; Caux, C.; Bendriss-Vermare, N. Plasmacytoid Dendritic Cells Deficient
in IFNα Production Promote the Amplification of FOXP3+ Regulatory T Cells and Are Associated with Poor Prognosis in Breast
Cancer Patients. Oncoimmunology 2013, 2, e22338. [CrossRef]

102. Pinto, A.; Rega, A.; Crother, T.R.; Sorrentino, R. Plasmacytoid Dendritic Cells and Their Therapeutic Activity in Cancer.
Oncoimmunology 2012, 1, 726–734. [CrossRef] [PubMed]

103. Aspord, C.; Leccia, M.-T.; Charles, J.; Plumas, J. Melanoma Hijacks Plasmacytoid Dendritic Cells to Promote Its Own Progression.
Oncoimmunology 2014, 3, e27402. [CrossRef] [PubMed]

104. Ray, A.; Das, D.S.; Song, Y.; Macri, V.; Richardson, P.; Brooks, C.L.; Chauhan, D.; Anderson, K.C. A Novel Agent SL-401 Induces
Anti-Myeloma Activity by Targeting Plasmacytoid Dendritic Cells, Osteoclastogenesis and Cancer Stem-like Cells. Leukemia 2017,
31, 2652–2660. [CrossRef] [PubMed]

158



Cancers 2021, 13, 165

105. Blazar, B.R.; Lindberg, F.P.; Ingulli, E.; Panoskaltsis-Mortari, A.; Oldenborg, P.A.; Iizuka, K.; Yokoyama, W.M.; Taylor, P.A.
CD47 (Integrin-Associated Protein) Engagement of Dendritic Cell and Macrophage Counterreceptors Is Required to Prevent the
Clearance of Donor Lymphohematopoietic Cells. J. Exp. Med. 2001, 194, 541–549. [CrossRef]

106. Barkal, A.A.; Weiskopf, K.; Kao, K.S.; Gordon, S.R.; Rosental, B.; Yiu, Y.Y.; George, B.M.; Markovic, M.; Ring, N.G.; Tsai, J.M.;
et al. Engagement of MHC Class I by the Inhibitory Receptor LILRB1 Suppresses Macrophages and Is a Target of Cancer
Immunotherapy. Nat. Immunol. 2018, 19, 76–84. [CrossRef]

107. Chen, G.-Y.; Tang, J.; Zheng, P.; Liu, Y. CD24 and Siglec-10 Selectively Repress Tissue Damage-Induced Immune Responses.
Science 2009, 323, 1722–1725. [CrossRef]

108. Halpert, M.M.; Konduri, V.; Liang, D.; Chen, Y.; Wing, J.B.; Paust, S.; Levitt, J.M.; Decker, W.K. Dendritic Cell-Secreted Cytotoxic
T-Lymphocyte-Associated Protein-4 Regulates the T-Cell Response by Downmodulating Bystander Surface B7. Stem. Cells Dev.
2016, 25, 774–787. [CrossRef]

109. Yao, S.; Wang, S.; Zhu, Y.; Luo, L.; Zhu, G.; Flies, S.; Xu, H.; Ruff, W.; Broadwater, M.; Choi, I.-H.; et al. PD-1 on Dendritic Cells
Impedes Innate Immunity against Bacterial Infection. Blood 2009, 113, 5811–5818. [CrossRef]

110. Karyampudi, L.; Lamichhane, P.; Krempski, J.; Kalli, K.R.; Behrens, M.D.; Vargas, D.M.; Hartmann, L.C.; Janco, J.M.T.; Dong, H.;
Hedin, K.E.; et al. PD-1 Blunts the Function of Ovarian Tumor-Infiltrating Dendritic Cells by Inactivating NF-KB. Cancer Res.
2016, 76, 239–250. [CrossRef]

111. Schwartz, J.A.; Clayton, K.L.; Mujib, S.; Zhang, H.; Rahman, A.K.M.N.-U.; Liu, J.; Yue, F.Y.; Benko, E.; Kovacs, C.; Ostrowski, M.A.
Tim-3 Is a Marker of Plasmacytoid Dendritic Cell Dysfunction during HIV Infection and Is Associated with the Recruitment of
IRF7 and P85 into Lysosomes and with the Submembrane Displacement of TLR9. J. Immunol. 2017, 198, 3181–3194. [CrossRef]

112. de Mingo Pulido, Á.; Gardner, A.; Hiebler, S.; Soliman, H.; Rugo, H.S.; Krummel, M.F.; Coussens, L.M.; Ruffell, B. TIM-3 Regulates
CD103+ Dendritic Cell Function and Response to Chemotherapy in Breast Cancer. Cancer Cell 2018, 33, 60–74.e6. [CrossRef]

113. Chiba, S.; Baghdadi, M.; Akiba, H.; Yoshiyama, H.; Kinoshita, I.; Dosaka-Akita, H.; Fujioka, Y.; Ohba, Y.; Gorman, J.V.; Colgan,
J.D.; et al. Tumor-Infiltrating DCs Suppress Nucleic Acid-Mediated Innate Immune Responses through Interactions between the
Receptor TIM-3 and the Alarmin HMGB1. Nat. Immunol. 2012, 13, 832–842. [CrossRef]

114. Menetrier-Caux, C.; Montmain, G.; Dieu, M.C.; Bain, C.; Favrot, M.C.; Caux, C.; Blay, J.Y. Inhibition of the Differentiation of
Dendritic Cells from CD34(+) Progenitors by Tumor Cells: Role of Interleukin-6 and Macrophage Colony-Stimulating Factor.
Blood 1998, 92, 4778–4791. [CrossRef]

115. Oyama, T.; Ran, S.; Ishida, T.; Nadaf, S.; Kerr, L.; Carbone, D.P.; Gabrilovich, D.I. Vascular Endothelial Growth Factor Affects
Dendritic Cell Maturation through the Inhibition of Nuclear Factor-Kappa B Activation in Hemopoietic Progenitor Cells. J.
Immunol. 1998, 160, 1224–1232.

116. Tauriello, D.V.F.; Palomo-Ponce, S.; Stork, D.; Berenguer-Llergo, A.; Badia-Ramentol, J.; Iglesias, M.; Sevillano, M.; Ibiza, S.;
Cañellas, A.; Hernando-Momblona, X.; et al. TGFβDrives Immune Evasion in Genetically Reconstituted Colon Cancer Metastasis.
Nature 2018, 554, 538–543. [CrossRef]

117. Paul, F.; Arkin, Y.; Giladi, A.; Jaitin, D.A.; Kenigsberg, E.; Keren-Shaul, H.; Winter, D.; Lara-Astiaso, D.; Gury, M.; Weiner, A.; et al.
Transcriptional Heterogeneity and Lineage Commitment in Myeloid Progenitors. Cell 2015, 163, 1663–1677. [CrossRef]

118. Bartels, M.; Govers, A.M.; Fleskens, V.; Lourenço, A.R.; Pals, C.E.; Vervoort, S.J.; van Gent, R.; Brenkman, A.B.; Bierings, M.B.;
Ackerman, S.J.; et al. Acetylation of C/EBPε Is a Prerequisite for Terminal Neutrophil Differentiation. Blood 2015, 125, 1782–1792.
[CrossRef]

119. Cowland, J.B.; Borregaard, N. Granulopoiesis and Granules of Human Neutrophils. Immunol. Rev. 2016, 273, 11–28. [CrossRef]
120. Ma, Y.; Yabluchanskiy, A.; Iyer, R.P.; Cannon, P.L.; Flynn, E.R.; Jung, M.; Henry, J.; Cates, C.A.; Deleon-Pennell, K.Y.; Lindsey, M.L.

Temporal Neutrophil Polarization Following Myocardial Infarction. Cardiovasc. Res. 2016, 110, 51–61. [CrossRef]
121. Jiao, J.; Dragomir, A.-C.; Kocabayoglu, P.; Rahman, A.H.; Chow, A.; Hashimoto, D.; Leboeuf, M.; Kraus, T.; Moran, T.; Carrasco-

Avino, G.; et al. Central Role of Conventional Dendritic Cells in Regulation of Bone Marrow Release and Survival of Neutrophils.
J. Immunol. 2014, 192, 3374–3382. [CrossRef]

122. Phillipson, M.; Kubes, P. The Neutrophil in Vascular Inflammation. Nat. Med. 2011, 17, 1381–1390. [CrossRef]
123. Petri, B.; Phillipson, M.; Kubes, P. The Physiology of Leukocyte Recruitment: An in Vivo Perspective. J. Immunol. 2008, 180,

6439–6446. [CrossRef]
124. Sheshachalam, A.; Srivastava, N.; Mitchell, T.; Lacy, P.; Eitzen, G. Granule Protein Processing and Regulated Secretion in

Neutrophils. Front. Immunol. 2014, 5, 448. [CrossRef]
125. Kolaczkowska, E.; Jenne, C.N.; Surewaard, B.G.J.; Thanabalasuriar, A.; Lee, W.-Y.; Sanz, M.-J.; Mowen, K.; Opdenakker, G.; Kubes,

P. Molecular Mechanisms of NET Formation and Degradation Revealed by Intravital Imaging in the Liver Vasculature. Nat. Com.
2015, 6, 6673. [CrossRef]

126. Jorch, S.K.; Kubes, P. An Emerging Role for Neutrophil Extracellular Traps in Noninfectious Disease. Nat. Med. 2017, 23, 279–287.
[CrossRef]

127. Dalli, J.; Montero-Melendez, T.; Norling, L.V.; Yin, X.; Hinds, C.; Haskard, D.; Mayr, M.; Perretti, M. Heterogeneity in Neutrophil
Microparticles Reveals Distinct Proteome and Functional Properties. Mol. Cell Prot. 2013, 12, 2205–2219. [CrossRef]

128. Frangogiannis, N.G. Regulation of the Inflammatory Response in Cardiac Repair. Circul. Res. 2012, 110, 159–173. [CrossRef]
129. Wang, J. Neutrophils in Tissue Injury and Repair. Cell Tissue Res. 2018, 371, 531–539. [CrossRef]

159



Cancers 2021, 13, 165

130. Sagiv, J.Y.; Michaeli, J.; Assi, S.; Mishalian, I.; Kisos, H.; Levy, L.; Damti, P.; Lumbroso, D.; Polyansky, L.; Sionov, R.V.; et al.
Phenotypic Diversity and Plasticity in Circulating Neutrophil Subpopulations in Cancer. Cell Rep. 2015, 10, 562–573. [CrossRef]

131. Fridlender, Z.G.; Albelda, S.M. Tumor-Associated Neutrophils: Friend or Foe? Carcinogenesis 2012, 33, 949–955. [CrossRef]
132. Andzinski, L.; Wu, C.-F.; Lienenklaus, S.; Kröger, A.; Weiss, S.; Jablonska, J. Delayed Apoptosis of Tumor Associated Neutrophils

in the Absence of Endogenous IFN-β. Int. J. Cancer 2015, 136, 572–583. [CrossRef]
133. Andzinski, L.; Kasnitz, N.; Stahnke, S.; Wu, C.-F.; Gereke, M.; von Köckritz-Blickwede, M.; Schilling, B.; Brandau, S.; Weiss, S.;

Jablonska, J. Type I IFNs Induce Anti-Tumor Polarization of Tumor Associated Neutrophils in Mice and Human. Int. J. Cancer
2016, 138, 1982–1993. [CrossRef]

134. Ohms, M.; Möller, S.; Laskay, T. An Attempt to Polarize Human Neutrophils Toward N1 and N2 Phenotypes In Vitro. Front.
Immunol. 2020, 11, 532. [CrossRef]

135. Triner, D.; Devenport, S.N.; Ramakrishnan, S.K.; Ma, X.; Frieler, R.A.; Greenson, J.K.; Inohara, N.; Nunez, G.; Colacino, J.A.;
Mortensen, R.M.; et al. Neutrophils Restrict Tumor-Associated Microbiota to Reduce Growth and Invasion of Colon Tumors in
Mice. Gastroenterology 2019, 156, 1467–1482. [CrossRef]

136. Mahiddine, K.; Blaisdell, A.; Ma, S.; Créquer-Grandhomme, A.; Lowell, C.A.; Erlebacher, A. Relief of Tumor Hypoxia Unleashes
the Tumoricidal Potential of Neutrophils. J. Clin. Investig. 2020, 130, 389–403. [CrossRef]

137. Mensurado, S.; Rei, M.; Lança, T.; Ioannou, M.; Gonçalves-Sousa, N.; Kubo, H.; Malissen, M.; Papayannopoulos, V.; Serre, K.;
Silva-Santos, B. Tumor-Associated Neutrophils Suppress pro-Tumoral IL-17+ Γδ T Cells through Induction of Oxidative Stress.
PLoS Biol. 2018, 16, e2004990. [CrossRef]

138. Costanzo-Garvey, D.L.; Keeley, T.; Case, A.J.; Watson, G.F.; Alsamraae, M.; Yu, Y.; Su, K.; Heim, C.E.; Kielian, T.; Morrissey,
C.; et al. Neutrophils Are Mediators of Metastatic Prostate Cancer Progression in Bone. Cancer Immunol. Immunother. 2020, 69,
1113–1130. [CrossRef]

139. Martin, A.; Seignez, C.; Racoeur, C.; Isambert, N.; Mabrouk, N.; Scagliarini, A.; Reveneau, S.; Arnould, L.; Bettaieb, A.; Jeannin,
J.-F.; et al. Tumor-Derived Granzyme B-Expressing Neutrophils Acquire Antitumor Potential after Lipid A Treatment. Oncotarget
2018, 9, 28364–28378. [CrossRef]

140. Sionov, R.V.; Fainsod-Levi, T.; Zelter, T.; Polyansky, L.; Pham, C.T.; Granot, Z. Neutrophil Cathepsin G and Tumor Cell RAGE
Facilitate Neutrophil Anti-Tumor Cytotoxicity. Oncoimmunology 2019, 8, e1624129. [CrossRef]

141. Eruslanov, E.B.; Bhojnagarwala, P.S.; Quatromoni, J.G.; Stephen, T.L.; Ranganathan, A.; Deshpande, C.; Akimova, T.; Vachani, A.;
Litzky, L.; Hancock, W.W.; et al. Tumor-Associated Neutrophils Stimulate T Cell Responses in Early-Stage Human Lung Cancer.
J. Clin. Investig. 2014, 124, 5466–5480. [CrossRef]

142. Hagerling, C.; Gonzalez, H.; Salari, K.; Wang, C.-Y.; Lin, C.; Robles, I.; van Gogh, M.; Dejmek, A.; Jirström, K.; Werb, Z. Immune
Effector Monocyte-Neutrophil Cooperation Induced by the Primary Tumor Prevents Metastatic Progression of Breast Cancer.
Proc. Natl. Acad. Sci. USA 2019, 116, 21704–21714. [CrossRef]

143. Governa, V.; Trella, E.; Mele, V.; Tornillo, L.; Amicarella, F.; Cremonesi, E.; Muraro, M.G.; Xu, H.; Droeser, R.; Däster, S.R.; et al.
The Interplay Between Neutrophils and CD8+ T Cells Improves Survival in Human Colorectal Cancer. Clin. Cancer Res. 2017, 23,
3847–3858. [CrossRef]

144. Yu, L.; Zhong, L.; Xiong, L.; Dan, W.; Li, J.; Ye, J.; Wan, P.; Luo, X.; Chu, X.; Liu, C.; et al. Neutrophil Elastase-Mediated Proteolysis
of the Tumor Suppressor P200 CUX1 Promotes Cell Proliferation and Inhibits Cell Differentiation in APL. Life Sci. 2020, 242,
117229. [CrossRef]

145. Hattar, K.; Franz, K.; Ludwig, M.; Sibelius, U.; Wilhelm, J.; Lohmeyer, J.; Savai, R.; Subtil, F.S.B.; Dahlem, G.; Eul, B.; et al.
Interactions between Neutrophils and Non-Small Cell Lung Cancer Cells: Enhancement of Tumor Proliferation and Inflammatory
Mediator Synthesis. Cancer Immunol. Immunother. 2014, 63, 1297–1306. [CrossRef]

146. Zha, C.; Meng, X.; Li, L.; Mi, S.; Qian, D.; Li, Z.; Wu, P.; Hu, S.; Zhao, S.; Cai, J.; et al. Neutrophil Extracellular Traps Mediate the
Crosstalk between Glioma Progression and the Tumor Microenvironment via the HMGB1/RAGE/IL-8 Axis. Cancer Biol. Med.
2020, 17, 154–168. [CrossRef]

147. Miller-Ocuin, J.L.; Liang, X.; Boone, B.A.; Doerfler, W.R.; Singhi, A.D.; Tang, D.; Kang, R.; Lotze, M.T.; Zeh, H.J. DNA Re-
leased from Neutrophil Extracellular Traps (NETs) Activates Pancreatic Stellate Cells and Enhances Pancreatic Tumor Growth.
Oncoimmunology 2019, 8, e1605822. [CrossRef]

148. Szczerba, B.M.; Castro-Giner, F.; Vetter, M.; Krol, I.; Gkountela, S.; Landin, J.; Scheidmann, M.C.; Donato, C.; Scherrer, R.; Singer, J.;
et al. Neutrophils Escort Circulating Tumour Cells to Enable Cell Cycle Progression. Nature 2019, 566, 553–557. [CrossRef]

149. Liang, W.; Li, Q.; Ferrara, N. Metastatic Growth Instructed by Neutrophil-Derived Transferrin. Proc. Natl. Acad. Sci. USA 2018,
115, 11060–11065. [CrossRef]

150. Spicer, J.D.; McDonald, B.; Cools-Lartigue, J.J.; Chow, S.C.; Giannias, B.; Kubes, P.; Ferri, L.E. Neutrophils Promote Liver
Metastasis via Mac-1-Mediated Interactions with Circulating Tumor Cells. Cancer Res. 2012, 72, 3919–3927. [CrossRef]

151. Huh, S.J.; Liang, S.; Sharma, A.; Dong, C.; Robertson, G.P. Transiently Entrapped Circulating Tumor Cells Interact with Neutrophils
to Facilitate Lung Metastasis Development. Cancer Res. 2010, 70, 6071–6082. [CrossRef] [PubMed]

152. Singel, K.L.; Emmons, T.R.; Khan, A.N.H.; Mayor, P.C.; Shen, S.; Wong, J.T.; Morrell, K.; Eng, K.H.; Mark, J.; Bankert, R.B.; et al.
Mature Neutrophils Suppress T Cell Immunity in Ovarian Cancer Microenvironment. JCI Insight 2019, 4. [CrossRef] [PubMed]

160



Cancers 2021, 13, 165

153. Perez, C.; Botta, C.; Zabaleta, A.; Puig, N.; Cedena, M.-T.; Goicoechea, I.; Alameda, D.; San José-Eneriz, E.; Merino, J.; Rodríguez-
Otero, P.; et al. Immunogenomic Identification and Characterization of Granulocytic Myeloid-Derived Suppressor Cells in
Multiple Myeloma. Blood 2020, 136, 199–209. [CrossRef] [PubMed]

154. Forsthuber, A.; Lipp, K.; Andersen, L.; Ebersberger, S.; Graña-Castro, O.; Ellmeier, W.; Petzelbauer, P.; Lichtenberger, B.M.; Loewe,
R. CXCL5 as Regulator of Neutrophil Function in Cutaneous Melanoma. J. Investig. Dermatol. 2019, 139, 186–194. [CrossRef]

155. Khou, S.; Popa, A.; Luci, C.; Bihl, F.; Meghraoui-Kheddar, A.; Bourdely, P.; Salavagione, E.; Cosson, E.; Rubod, A.; Cazareth, J.; et al.
Tumor-Associated Neutrophils Dampen Adaptive Immunity and Promote Cutaneous Squamous Cell Carcinoma Development.
Cancers 2020, 12, 1860. [CrossRef]

156. Shang, A.; Wang, W.; Gu, C.; Chen, C.; Zeng, B.; Yang, Y.; Ji, P.; Sun, J.; Wu, J.; Lu, W.; et al. Long Non-Coding RNA HOTTIP
Enhances IL-6 Expression to Potentiate Immune Escape of Ovarian Cancer Cells by Upregulating the Expression of PD-L1 in
Neutrophils. J. Exp. Clin. Cancer Res. 2019, 38, 411. [CrossRef]

157. Sceneay, J.; Chow, M.T.; Chen, A.; Halse, H.M.; Wong, C.S.F.; Andrews, D.M.; Sloan, E.K.; Parker, B.S.; Bowtell, D.D.; Smyth,
M.J.; et al. Primary Tumor Hypoxia Recruits CD11b+/Ly6Cmed/Ly6G+ Immune Suppressor Cells and Compromises NK Cell
Cytotoxicity in the Premetastatic Niche. Cancer Res. 2012, 72, 3906–3911. [CrossRef]

158. Weber, R.; Fleming, V.; Hu, X.; Nagibin, V.; Groth, C.; Altevogt, P.; Utikal, J.; Umansky, V. Myeloid-Derived Suppressor Cells
Hinder the Anti-Cancer Activity of Immune Checkpoint Inhibitors. Front. Immunol. 2018, 9, 1310. [CrossRef]

159. Khaled, Y.S.; Ammori, B.J.; Elkord, E. Myeloid-Derived Suppressor Cells in Cancer: Recent Progress and Prospects. Immunol. Cell
Biol. 2013, 91, 493–502. [CrossRef]

160. Agrati, C.; Sacchi, A.; Bordoni, V.; Cimini, E.; Notari, S.; Grassi, G.; Casetti, R.; Tartaglia, E.; Lalle, E.; D’Abramo, A.; et al.
Expansion of Myeloid-Derived Suppressor Cells in Patients with Severe Coronavirus Disease (COVID-19). Cell Death Differ. 2020,
27, 3196–3207. [CrossRef]

161. Gabrilovich, D.I.; Ostrand-Rosenberg, S.; Bronte, V. Coordinated Regulation of Myeloid Cells by Tumours. Nat. Rev. Immunol.
2012, 12, 253–268. [CrossRef] [PubMed]

162. Dumitru, C.A.; Moses, K.; Trellakis, S.; Lang, S.; Brandau, S. Neutrophils and Granulocytic Myeloid-Derived Suppressor Cells:
Immunophenotyping, Cell Biology and Clinical Relevance in Human Oncology. Cancer Immunol. Immunother. 2012, 61, 1155–1167.
[CrossRef]

163. Talmadge, J.E.; Gabrilovich, D.I. History of Myeloid-Derived Suppressor Cells. Nat. Rev. Cancer 2013, 13, 739–752. [CrossRef]
164. Bronte, V.; Brandau, S.; Chen, S.-H.; Colombo, M.P.; Frey, A.B.; Greten, T.F.; Mandruzzato, S.; Murray, P.J.; Ochoa, A.; Ostrand-

Rosenberg, S.; et al. Recommendations for Myeloid-Derived Suppressor Cell Nomenclature and Characterization Standards. Nat.
Commun. 2016, 7, 12150. [CrossRef]

165. Poschke, I.; Kiessling, R. On the Armament and Appearances of Human Myeloid-Derived Suppressor Cells. Clin. Immunol. 2012,
144, 250–268. [CrossRef]

166. Youn, J.-I.; Gabrilovich, D.I. The Biology of Myeloid-Derived Suppressor Cells: The Blessing and the Curse of Morphological and
Functional Heterogeneity. Eur. J. Immunol. 2010, 40, 2969–2975. [CrossRef]

167. Meirow, Y.; Kanterman, J.; Baniyash, M. Paving the Road to Tumor Development and Spreading: Myeloid-Derived Suppressor
Cells Are Ruling the Fate. Front. Immunol. 2015, 6, 523. [CrossRef]

168. Lahat, N.; Rahat, M.A.; Ballan, M.; Weiss-Cerem, L.; Engelmayer, M.; Bitterman, H. Hypoxia Reduces CD80 Expression on
Monocytes but Enhances Their LPS-Stimulated TNF-Alpha Secretion. J. Leukoc. Biol. 2003, 74, 197–205. [CrossRef]

169. Huang, M.; Wu, R.; Chen, L.; Peng, Q.; Li, S.; Zhang, Y.; Zhou, L.; Duan, L. S100A9 Regulates MDSCs-Mediated Immune
Suppression via the RAGE and TLR4 Signaling Pathways in Colorectal Carcinoma. Front. Immunol. 2019, 10, 2243. [CrossRef]

170. Zhao, F.; Hoechst, B.; Duffy, A.; Gamrekelashvili, J.; Fioravanti, S.; Manns, M.P.; Greten, T.F.; Korangy, F. S100A9 a New Marker
for Monocytic Human Myeloid-Derived Suppressor Cells. Immunology 2012, 136, 176–183. [CrossRef]

171. Condamine, T.; Dominguez, G.A.; Youn, J.-I.; Kossenkov, A.V.; Mony, S.; Alicea-Torres, K.; Tcyganov, E.; Hashimoto, A.; Nefedova,
Y.; Lin, C.; et al. Lectin-Type Oxidized LDL Receptor-1 Distinguishes Population of Human Polymorphonuclear Myeloid-Derived
Suppressor Cells in Cancer Patients. Sci. Immunol. 2016, 1. [CrossRef] [PubMed]

172. Cassetta, L.; Bruderek, K.; Skrzeczynska-Moncznik, J.; Osiecka, O.; Hu, X.; Rundgren, I.M.; Lin, A.; Santegoets, K.; Horzum, U.;
Godinho-Santos, A.; et al. Differential Expansion of Circulating Human MDSC Subsets in Patients with Cancer, Infection and
Inflammation. J. Immunother. Cancer 2020, 8, 1–13. [CrossRef] [PubMed]

173. Alshetaiwi, H.; Pervolarakis, N.; McIntyre, L.L.; Ma, D.; Nguyen, Q.; Rath, J.A.; Nee, K.; Hernandez, G.; Evans, K.; Torosian,
L.; et al. Defining the Emergence of Myeloid-Derived Suppressor Cells in Breast Cancer Using Single-Cell Transcriptomics. Sci.
Immunol. 2020, 5, 2–28. [CrossRef] [PubMed]

174. Nagaraj, S.; Gupta, K.; Pisarev, V.; Kinarsky, L.; Sherman, S.; Kang, L.; Herber, D.L.; Schneck, J.; Gabrilovich, D.I. Altered
Recognition of Antigen Is a Mechanism of CD8+ T Cell Tolerance in Cancer. Nat. Med. 2007, 13, 828–835. [CrossRef]

175. Raber, P.L.; Thevenot, P.; Sierra, R.; Wyczechowska, D.; Halle, D.; Ramirez, M.E.; Ochoa, A.C.; Fletcher, M.; Velasco, C.; Wilk, A.;
et al. Subpopulations of Myeloid-Derived Suppressor Cells Impair T Cell Responses through Independent Nitric Oxide-Related
Pathways. Int. J. Cancer 2014, 134, 2853–2864. [CrossRef]

176. Zhou, L.; Miao, K.; Yin, B.; Li, H.; Fan, J.; Zhu, Y.; Ba, H.; Zhang, Z.; Chen, F.; Wang, J.; et al. Cardioprotective Role of
Myeloid-Derived Suppressor Cells in Heart Failure. Circulation 2018, 138, 181–197. [CrossRef]

161



Cancers 2021, 13, 165

177. Crook, K.R.; Jin, M.; Weeks, M.F.; Rampersad, R.R.; Baldi, R.M.; Glekas, A.S.; Shen, Y.; Esserman, D.A.; Little, P.; Schwartz, T.A.;
et al. Myeloid-Derived Suppressor Cells Regulate T Cell and B Cell Responses during Autoimmune Disease. J. Leukoc. Biol. 2015,
97, 573–582. [CrossRef]

178. Kurkó, J.; Vida, A.; Ocskó, T.; Tryniszewska, B.; Rauch, T.A.; Glant, T.T.; Szekanecz, Z.; Mikecz, K. Suppression of Proteoglycan-
Induced Autoimmune Arthritis by Myeloid-Derived Suppressor Cells Generated in Vitro from Murine Bone Marrow. PLoS ONE
2014, 9, e111815. [CrossRef]

179. Ioannou, M.; Alissafi, T.; Lazaridis, I.; Deraos, G.; Matsoukas, J.; Gravanis, A.; Mastorodemos, V.; Plaitakis, A.; Sharpe, A.;
Boumpas, D.; et al. Crucial Role of Granulocytic Myeloid-Derived Suppressor Cells in the Regulation of Central Nervous System
Autoimmune Disease. J. Immunol. 2012, 188, 1136–1146. [CrossRef]

180. Bergenfelz, C.; Leandersson, K. The Generation and Identity of Human Myeloid-Derived Suppressor Cells. Front. Oncol. 2020, 10,
109. [CrossRef]

181. Bernard, V.; Semaan, A.; Huang, J.; San Lucas, F.A.; Mulu, F.C.; Stephens, B.M.; Guerrero, P.A.; Huang, Y.; Zhao, J.; Kamyabi, N.;
et al. Single-Cell Transcriptomics of Pancreatic Cancer Precursors Demonstrates Epithelial and Microenvironmental Heterogeneity
as an Early Event in Neoplastic Progression. Clin. Cancer Res. 2019, 25, 2194–2205. [CrossRef] [PubMed]

182. Kumar, V.; Donthireddy, L.; Marvel, D.; Condamine, T.; Wang, F.; Lavilla-Alonso, S.; Hashimoto, A.; Vonteddu, P.; Behera, R.;
Goins, M.A.; et al. Cancer-Associated Fibroblasts Neutralize the Anti-Tumor Effect of CSF1 Receptor Blockade by Inducing
PMN-MDSC Infiltration of Tumors. Cancer Cell 2017, 32, 654–668.e5. [CrossRef] [PubMed]

183. Gao, Y.; Sun, W.; Shang, W.; Li, Y.; Zhang, D.; Wang, T.; Zhang, X.; Zhang, S.; Zhang, Y.; Yang, R. Lnc-C/EBPβ Negatively
Regulates the Suppressive Function of Myeloid-Derived Suppressor Cells. Cancer Immunol. Res. 2018, 6, 1352–1363. [CrossRef]
[PubMed]

184. Alkhateeb, T.; Kumbhare, A.; Bah, I.; Youssef, D.; Yao, Z.Q.; McCall, C.E.; El Gazzar, M. S100A9 Maintains Myeloid-Derived
Suppressor Cells in Chronic Sepsis by Inducing MiR-21 and MiR-181b. Mol. Immunol. 2019, 112, 72–81. [CrossRef] [PubMed]

185. Cheng, P.; Corzo, C.A.; Luetteke, N.; Yu, B.; Nagaraj, S.; Bui, M.M.; Ortiz, M.; Nacken, W.; Sorg, C.; Vogl, T.; et al. Inhibition of
Dendritic Cell Differentiation and Accumulation of Myeloid-Derived Suppressor Cells in Cancer Is Regulated by S100A9 Protein.
J. Exp. Med. 2008, 205, 2235–2249. [CrossRef]

186. Mazzoni, C.J.; Gomes, C.A.; Souza, N.A.; de Queiroz, R.G.; Justiniano, S.C.B.; Ward, R.D.; Kyriacou, C.P.; Peixoto, A.A. Molecular
Evolution of the Period Gene in Sandflies. J. Mol. Evol. 2002, 55, 553–562. [CrossRef]

187. Steggerda, S.M.; Bennett, M.K.; Chen, J.; Emberley, E.; Huang, T.; Janes, J.R.; Li, W.; MacKinnon, A.L.; Makkouk, A.; Marguier, G.;
et al. Inhibition of Arginase by CB-1158 Blocks Myeloid Cell-Mediated Immune Suppression in the Tumor Microenvironment. J.
Immunother. Cancer 2017, 5, 101. [CrossRef]

188. Srivastava, M.K.; Sinha, P.; Clements, V.K.; Rodriguez, P.; Ostrand-Rosenberg, S. Myeloid-Derived Suppressor Cells Inhibit T-Cell
Activation by Depleting Cystine and Cysteine. Cancer Res. 2010, 70, 68–77. [CrossRef]

189. Yu, J.; Du, W.; Yan, F.; Wang, Y.; Li, H.; Cao, S.; Yu, W.; Shen, C.; Liu, J.; Ren, X. Myeloid-Derived Suppressor Cells Suppress
Antitumor Immune Responses through IDO Expression and Correlate with Lymph Node Metastasis in Patients with Breast
Cancer. J. Immunol. 2013, 190, 3783–3797. [CrossRef]

190. Baumann, T.; Dunkel, A.; Schmid, C.; Schmitt, S.; Hiltensperger, M.; Lohr, K.; Laketa, V.; Donakonda, S.; Ahting, U.; Lorenz-
Depiereux, B.; et al. Regulatory Myeloid Cells Paralyze T Cells through Cell-Cell Transfer of the Metabolite Methylglyoxal. Nat.
Immunol. 2020, 21, 555–566. [CrossRef]

191. Molon, B.; Ugel, S.; Del Pozzo, F.; Soldani, C.; Zilio, S.; Avella, D.; De Palma, A.; Mauri, P.; Monegal, A.; Rescigno, M.; et al.
Chemokine Nitration Prevents Intratumoral Infiltration of Antigen-Specific T Cells. J. Exp. Med. 2011, 208, 1949–1962. [CrossRef]
[PubMed]

192. Hanson, E.M.; Clements, V.K.; Sinha, P.; Ilkovitch, D.; Ostrand-Rosenberg, S. Myeloid-Derived Suppressor Cells down-Regulate
L-Selectin Expression on CD4+ and CD8+ T Cells. J. Immunol. 2009, 183, 937–944. [CrossRef] [PubMed]

193. Liu, C.; Yu, S.; Kappes, J.; Wang, J.; Grizzle, W.E.; Zinn, K.R.; Zhang, H.-G. Expansion of Spleen Myeloid Suppressor Cells
Represses NK Cell Cytotoxicity in Tumor-Bearing Host. Blood 2007, 109, 4336–4342. [CrossRef] [PubMed]

194. Elkabets, M.; Ribeiro, V.S.G.; Dinarello, C.A.; Ostrand-Rosenberg, S.; Di Santo, J.P.; Apte, R.N.; Vosshenrich, C.A.J. IL-1β Regulates
a Novel Myeloid-Derived Suppressor Cell Subset That Impairs NK Cell Development and Function. Eur. J. Immunol. 2010, 40,
3347–3357. [CrossRef] [PubMed]

195. Kuroda, H.; Mabuchi, S.; Yokoi, E.; Komura, N.; Kozasa, K.; Matsumoto, Y.; Kawano, M.; Takahashi, R.; Sasano, T.; Shimura, K.;
et al. Prostaglandin E2 Produced by Myeloid-Derived Suppressive Cells Induces Cancer Stem Cells in Uterine Cervical Cancer.
Oncotarget 2018, 9, 36317–36330. [CrossRef] [PubMed]

196. Komura, N.; Mabuchi, S.; Shimura, K.; Yokoi, E.; Kozasa, K.; Kuroda, H.; Takahashi, R.; Sasano, T.; Kawano, M.; Matsumoto, Y.;
et al. The Role of Myeloid-Derived Suppressor Cells in Increasing Cancer Stem-like Cells and Promoting PD-L1 Expression in
Epithelial Ovarian Cancer. Cancer Immunol. Immunother. 2020, 69, 2477–2499. [CrossRef]

197. Pan, P.-Y.; Ma, G.; Weber, K.J.; Ozao-Choy, J.; Wang, G.; Yin, B.; Divino, C.M.; Chen, S.-H. Immune Stimulatory Receptor CD40 Is
Required for T-Cell Suppression and T Regulatory Cell Activation Mediated by Myeloid-Derived Suppressor Cells in Cancer.
Cancer Res. 2010, 70, 99–108. [CrossRef]

162



Cancers 2021, 13, 165

198. Huang, B.; Pan, P.-Y.; Li, Q.; Sato, A.I.; Levy, D.E.; Bromberg, J.; Divino, C.M.; Chen, S.-H. Gr-1+CD115+ Immature Myeloid
Suppressor Cells Mediate the Development of Tumor-Induced T Regulatory Cells and T-Cell Anergy in Tumor-Bearing Host.
Cancer Res. 2006, 66, 1123–1131. [CrossRef]

199. Kim, K.; Skora, A.D.; Li, Z.; Liu, Q.; Tam, A.J.; Blosser, R.L.; Diaz, L.A.; Papadopoulos, N.; Kinzler, K.W.; Vogelstein, B.; et al.
Eradication of Metastatic Mouse Cancers Resistant to Immune Checkpoint Blockade by Suppression of Myeloid-Derived Cells.
Proc. Natl. Acad. Sci. USA 2014, 111, 11774–11779. [CrossRef]

200. Romano, A.; Parrinello, N.L.; La Cava, P.; Tibullo, D.; Giallongo, C.; Camiolo, G.; Puglisi, F.; Parisi, M.; Pirosa, M.C.; Martino, E.;
et al. PMN-MDSC and Arginase Are Increased in Myeloma and May Contribute to Resistance to Therapy. Expert Rev. Mol. Diagn.
2018, 18, 675–683. [CrossRef]

201. Maaninka, K.; Lappalainen, J.; Kovanen, P.T. Human Mast Cells Arise from a Common Circulating Progenitor. J. Allergy Clin.
Immunol. 2013, 132, 463–469.e3. [CrossRef] [PubMed]

202. Schmetzer, O.; Valentin, P.; Church, M.K.; Maurer, M.; Siebenhaar, F. Murine and Human Mast Cell Progenitors. Eur. J. Pharmacol.
2016, 778, 2–10. [CrossRef]

203. Gurish, M.F.; Boyce, J.A. Mast Cell Growth, Differentiation, and Death. Clin. Rev. Allergy Immunol. 2002, 22, 107–118. [CrossRef]
204. Gentek, R.; Ghigo, C.; Hoeffel, G.; Bulle, M.J.; Msallam, R.; Gautier, G.; Launay, P.; Chen, J.; Ginhoux, F.; Bajénoff, M. Hemogenic

Endothelial Fate Mapping Reveals Dual Developmental Origin of Mast Cells. Immunity 2018, 48, 1160–1171.e5. [CrossRef]
[PubMed]

205. Lundequist, A.; Pejler, G. Biological Implications of Preformed Mast Cell Mediators. Cell Mol. Life Sci. 2011, 68, 965–975.
[CrossRef] [PubMed]

206. Wernersson, S.; Pejler, G. Mast Cell Secretory Granules: Armed for Battle. Nat. Rev. Immunol. 2014, 14, 478–494. [CrossRef]
207. Espinosa, E.; Valitutti, S. New Roles and Controls of Mast Cells. Curr. Opin. Immunol. 2018, 50, 39–47. [CrossRef]
208. Komi, D.E.A.; Rambasek, T.; Wöhrl, S. Mastocytosis: From a Molecular Point of View. Clin. Rev. Allergy Immunol. 2018, 54,

397–411. [CrossRef]
209. Gaudenzio, N.; Laurent, C.; Valitutti, S.; Espinosa, E. Human Mast Cells Drive Memory CD4+ T Cells toward an Inflammatory

IL-22+ Phenotype. J. Allergy Clin. Immunol. 2013, 131, 1400–1407.e11. [CrossRef]
210. Galli, S.J.; Nakae, S.; Tsai, M. Mast Cells in the Development of Adaptive Immune Responses. Nat. Immunol. 2005, 6, 135–142.

[CrossRef]
211. Gilfillan, A.M.; Tkaczyk, C. Integrated Signalling Pathways for Mast-Cell Activation. Nat. Rev. Immunol. 2006, 6, 218–230.

[CrossRef] [PubMed]
212. Recent Advances in Mast Cell Activation and Regulation–PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/322266

09/ (accessed on 20 November 2020).
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Simple Summary: In this review, we present a detailed discussion of how the plasminogen-activation
system is utilized by tumor cells in their unrelenting attack on the tissues surrounding them. Plasmin
is an enzyme which is responsible for digesting several proteins that hold the tissues surrounding
solid tumors together. In this process tumor cells utilize the activity of plasmin to digest tissue
barriers in order to leave the tumour site and spread to other parts of the body. We specifically focus
on the role of plasminogen receptor—p11 which is an important regulatory protein that facilitates
the conversion of plasminogen to plasmin and by this means promotes the attack by the tumour cells
on their surrounding tissues.

Abstract: The tumor microenvironment (TME) is now being widely accepted as the key contributor
to a range of processes involved in cancer progression from tumor growth to metastasis and chemore-
sistance. The extracellular matrix (ECM) and the proteases that mediate the remodeling of the ECM
form an integral part of the TME. Plasmin is a broad-spectrum, highly potent, serine protease whose
activation from its precursor plasminogen is tightly regulated by the activators (uPA, uPAR, and tPA),
the inhibitors (PAI-1, PAI-2), and plasminogen receptors. Collectively, this system is called the plas-
minogen activation system. The expression of the components of the plasminogen activation system
by malignant cells and the surrounding stromal cells modulates the TME resulting in sustained cancer
progression signals. In this review, we provide a detailed discussion of the roles of plasminogen
activation system in tumor growth, invasion, metastasis, and chemoresistance with specific emphasis
on their role in the TME. We particularly review the recent highlights of the plasminogen receptor
S100A10 (p11), which is a pivotal component of the plasminogen activation system.

Keywords: plasmin; plasminogen; S100A10; macrophages; tumor microenvironment; uPA; uPAR;
PAI-1; PAI-2; metastasis; tumor growth

1. Introduction

A tumor is a heterogenous multicellular organ comprised of not only cancer cells but
also supporting stromal cells. The environment surrounding the tumor mass is known
as the tumor microenvironment (TME). TME is composed of stromal cells that are of di-
verse types, including fibroblasts, adipocytes, infiltrating lymphocytes and macrophages,
lymphatic and vascular network, and most importantly the extracellular matrix (ECM).
Moreover, the TME is also composed of secreted proteins, RNAs, exosomes, and mi-
crovesicles. The TME is now viewed as one of the hallmarks of cancer because it plays an
instrumental role in tumor growth, progression, and metastasis; mediates immune escape;
and promotes local therapeutic resistance. The ECM is composed of a diverse array of
proteins that are constantly synthesized and remodeled and provide biochemical and bio-
physical functionality to the TME, which further modulate tumor cell behavior (reviewed
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in [1,2]). The dynamic remodeling of the ECM and TME is mediated by proteases, such as
matrix metalloproteases (MMPs) (reviewed in [3]) cathepsins, and plasmin [4]. Fibrinogen
and fibrin are important components of the ECM. Enhanced plasminogen activation is not
only associated with increased invasive and metastatic potential of tumor cells but also
contributes to tumor growth by activating growth factors and cytokines. In this review,
we will discuss the individual components of the plasmin activation system (PAS) and
their contribution toward modulating the TME.

2. Proteases in the Tumor Microenvironment

The TME is composed of the ECM and surrounding stromal cells, such as fibrob-
lasts and adipocytes; and infiltrating immune cells, such as macrophages, lymphocytes;
pericytes; and endothelial cells [5,6]. The ECM is composed of a network of proteins,
such as collagen, elastins, laminin, fibronectin, and proteoglycans, each interacting with
one other to form tissue support and architecture [7]. A specialized component of the
ECM, the basement membrane (BM), forms the acellular layer that serves as a platform
for epithelial and endothelial cells and surrounds fat cells, muscle cells and peripheral
nerves. The BM also plays important roles in compartmentalization within tissues and
maintenance of epithelial integrity and is a regulator of cell differentiation, proliferation,
migration, and survival. The BM contains a variety of proteins including type IV collagen,
entactin, laminin, and sulfated proteoglycans. The ECM not only provides biochemical
signals for tumor growth, invasion, and metastasis, but it equally contributes to biomechan-
ical properties, such as stiffness, which also influence cellular behavior and phenotype [8,9].
Tumor growth and metastasis not only depend on autocrine signals from tumor cells,
but they largely depend on many converging paracrine signals elicited by the host microen-
vironment and ECM.

Fibrinogen is a soluble protein produced by hepatocytes and secreted into plasma,
where it functions in hemostasis. Thrombin released at the site of vascular injury converts
fibrinogen to the insoluble molecule fibrin that forms the major constituent of the blood
clot. In 1878, Billroth had reported that tumor cells surround themselves with a fibrin
thrombus. Based on this observation, he proposed that fibrin promotes tumor growth and
invasion [10]. More recent studies have supported and extended this concept, showing that
many hemostatic factors, including fibrinogen, fibrin, and components of the fibrinolytic
system, are involved in cancer growth and metastasis [11–13]. Fibrinogen but not fibrin
is abundant throughout the connective tissue in breast cancer but not in nonmalignant
tissues [14]. In contrast, in many other forms of cancer, both fibrin and fibrinogen are
present in the tumor stroma [14–17]. Meta-analysis of studies showed that elevated plasma
fibrinogen levels show poor clinical outcome in solid tumors and hematological cancers,
though the results for hematological cancers were contradictory [18,19]. It appears that
fibrin promotes cell migration by providing a matrix for tumor cell migration and by
interacting with adhesive molecules of the cancer cells. Fibrinogen can serve as a scaffold
that binds tumor cells and platelets as they leave the tumor site. As an extracellular protein
matrix, fibrinogen not only promotes the migration of tumor cells but also protects tumor
cells from the innate immune surveillance system [20]. However, it also presents a barrier
that must be breached before extravasation into the blood can occur. Therefore, proteolysis
of fibrin must be carefully regulated as excessive fibrinolysis will prevent its utilization for
the migration of the cancer cells and insufficient fibrinolysis will not allow the cancer cells
to pass through the fibrin barrier [21–23].

Enhanced protease expression and proteolytic activity are hallmarks of cancer pro-
gression [24,25]. These proteases participate in the invasion and metastasis of tumor cells
by promoting the degradation of the ECM. However, it has been recently suggested that
their role is much more complicated, and they participate in multiple stages of cancer pro-
gression. Extensive studies have demonstrated that proteolytic activity is elicited not only
by tumor cells but also by stromal cells; this concerted proteolytic activity is responsible
for ECM degradation and remodeling in a TME [26]. There are five classes of proteases
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that are categorized based on their mechanism of activity and active site residue, namely
aspartic, cysteine, metallo, serine, and threonine proteases [26–30]. The activity of these
proteases is tightly regulated by the presence of protease inhibitors which are classified
based on the proteases they inhibit. Cystatins inhibit cysteine proteases; serpines (serine
protease inhibitors) inhibit serine proteases; and tissue inhibitors inhibit metalloproteases.
The threonine proteases are inhibited by bortezomib [31,32]. Further regulation of pro-
teolytic activity is mediated by gene expression and epigenetic regulation, localization
and compartmentalization, trafficking, post-translational modification, and zymogen ac-
tivation [33]. Although this review focuses on the plasminogen/plasmin system it is
important to point out that the other classes of proteases also play an important role in
the disease process. For example, overexpression of the cysteine protease, cathepsin B
has a well-established link to tumor growth, invasion, angiogenesis and metastasis [34,35].
The threonine protease activity of the proteasome plays a key role in protein degradation
and its deregulation has been linked to malignant progression [36]. The caspases, are a
family of cysteine-dependent aspartate-specific proteases that have an important function
in the maintenance of cellular and organismal homoeostasis by functioning as mediators
of the inflammatory response and apoptosis [37]. The topic of the role of the different
classes of proteases in cancer has been reviewed in [38] and will not be the focus of detailed
discussion in this review.

3. Overview of the Plasmin–Plasminogen Activation System

The first publication by Virchow on the decomposition of fibrin in the blood of dis-
sected human bodies appeared in 1846. The term fibrinolysis was introduced in 1893
by Dastre who published observations on the dissolution of clotted dog’s blood [39].
Fibrinolysis is the process of degradation of fibrin, which is the major component of a
thrombus [40,41]. The process involves interactions between multiple components of the
fibrinolytic system, which play a major role in the dissolution of clots during wound
healing and restoration of circulation. The fibrinolytic system is involved not only in home-
ostasis but also in the progression of several pathological conditions, such as cardiovascular
diseases; angiogenesis; and tumor invasion and metastasis [42]. In fact, extracellular matrix
(ECM) degradation is one of the most crucial steps involved in local invasion and distant
metastasis [1]. The critical mediator of fibrinolysis is plasmin—a potent serine protease.
Plasmin also plays a key role in ECM degradation directly and indirectly by activating
many of the proteases that function in matrix degradation. Plasmin is generated from its
precursor zymogen, plasminogen, by the cleavage of the Arg561–Val562 peptide bond by
tissue plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA) [43].
A number of key papers from MacFarlane in 1946 and Astrup in identified the presence of
plasminogen activators and regulators [44,45].

Plasminogen is synthesized and secreted by the liver [46]. In processes, such as
wound healing and tissue remodeling that occurs in the TME, uPA is the predominant
form of plasminogen activator, whereas tPA is the primary activator in the circulation [47].
While tPA is found in the ECM of most tissues, uPA is localized to cell surfaces by its
receptor uPAR. The activities of both tPA and uPA are regulated by plasminogen activator
inhibitor (PAI)-1 [48] and PAI-2 [49], whereas the activity of plasmin itself is inhibited
by α2-antiplasmin [50,51] and α2-macroglobulin [52] (Figure 1). Overall, a complicated
interplay between the plasminogen activators and inhibitors determines the extent of tissue
remodeling, fibrinolysis, and tumor invasion and metastasis [53,54]. In the TME, this is
further complicated by the fact that the expression of the activators and inhibitors are not
restricted to tumor cells alone, but the stromal cells are also involved in the expression and
secretion of activators and inhibitors.
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Figure 1. Overview of components and functions of plasminogen-activation system: Plasminogen is activated to the serine
protease plasmin by a multicomponent system comprised of plasminogen receptors (PgR), urokinase-type-plasminogen
activator (uPA), and tissue-plasminogen activator (tPA). uPA is bound to its receptor urokinase-plasminogen activator
receptor (uPAR) whereas in most cases tPA is bound by the PgR. The activity of tPA and uPA are inhibited by the
plasminogen-activator-inhibitor 1, 2 (PAI-1, PAI-2), of which PAI-1 is a more potent inhibitor. PAI-1 also promotes cellular
proliferation, apoptosis, and migration. Plasmin activity is directly regulated by inhibitors α2 anti-plasmin and α2-
macroglobulin. Plasmin mediates its physiological effects by virtue of its protease dependent and independent activities.
Plasmin proteolytically activates other proteases such as matrix metalloproteinases (MMPs) that along with plasmin is
involved in the degradation of extracellular matrix proteins (ECM) which promotes inflammation including leukocyte
infiltration in tumors, cancer cell invasion and metastasis. Plasmin promotes tumor growth by proteolytically activating
nascent growth factors in the ECM. Intracellular signaling by plasmin via several receptors (described above) mediates a
plethora of effects that include expression of cytokines and chemokines, cell migration and inflammation. uPA and uPAR
function both in plasminogen-dependent (protease activity) and plasminogen-independent mechanisms that promote
multiple cellular responses. uPAR functions independently of uPA by binding to vitronectin and co-receptors (C) such
as integrins, to promote intracellular signaling, which result in tumor and stromal cell proliferation, adhesion, migration,
invasion, epithelial-mesenchymal-transition (EMT), cell differentiation, metastasis and chemoresistance in cancer cells.

Plasmin generation proceeds at a slow rate but is accelerated by a group of cell
surface proteins that bind plasminogen, called plasminogen receptors [55–57]. Plasminogen
receptors localize the bound plasminogen near the vicinity of the tumor cell, allowing easy
access by uPAR-bound uPA. Plasminogen receptors are also present on the cells of the TME,
including endothelial cells, activated myofibroblasts, and macrophages. Thus, there is
substantial interaction between the tumor and host cells for plasminogen binding, plasmin
generation, and signaling crosstalk between the two components. These interactions play a
vital role in cancer progression by modulating cell proliferation, angiogenesis, invasion,
and metastasis.

4. Structure and Function of Plasminogen and Plasmin

Plasminogen is a 92–94 kilodalton protein that circulates as a zymogen in the blood.
The variation in molecular weight is due to glycosylation differences, discussed further
below. Plasminogen, like many hemostatic proteins, is produced in the liver and is found
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at a concentration of approximately 2 µM in the plasma [58]. It is a multidomain protein,
comprised of an amino (N)-terminal peptide domain, five kringle domains, and the serine
protease domain [59]. The classical catalytic triad is located within the serine protease do-
main: Histidine 603, Aspartate 646, and Serine 741. This domain has a homology with the
active site of other serine proteases, such as trypsin and elastase [60]. The kringle domains
of plasminogen are so-called due to their physical resemblance to kringle pastries [61].
The 3-dimensional structure of the kringle domains revealed that multiple intra-molecular
disulfide bonds contribute to the structural rigidity of these domains [62]. The kringle
domains contain sites that bind lysine residues. The lysine-binding sites (LBS) of plas-
minogen kringles bind lysine residues both within the plasminogen molecule and those
contributed by fibrin blood clots and cell-surface plasminogen receptors [60]. The crystal
structure of plasminogen has been solved and revealed much about the architecture of
the molecule [63,64]. The LBS of all kringle (Kr)domains, except Kr are engaged in in-
tramolecular interactions, while only Kr1-LBS is readily available for extra molecular
binding. Plasminogen circulates in a “closed conformation,” with Lys50, Arg68, and Arg70
from the N-terminal peptide domain interacting with the LBS of Kr4 and Kr5, respectively,
and Lys708 interacting with the LBS of Kr2. In contrast, the LBS of Kr1 and Kr4 have an
LBS that binds with higher affinity to the C-terminal lysines of fibrin structures. These
interactions between the N-terminal domain and intramolecular residues are critical for
maintaining plasminogen in a tight closed conformation. The proteolytic cleavage at Lys77
by plasmin results in the removal of the N-terminal region, which results in the formation
of a truncated form of plasminogen called Lys-plasminogen [65–67]. This form of plasmino-
gen is in a more open conformation. Law [64] had proposed that a plasminogen receptor
likely interacted with both Kr1 and Kr5. The interaction with Kr1 was responsible for the
tethering of the molecule to the plasminogen receptor, whereas the subsequent interaction
with Kr5 unleashed the series of conformational changes responsible for the exposure of
the activation loop to cleavage by plasminogen activators.

Both, the rate, and location of plasmin formation, are tightly controlled. To ensure
hemostasis, plasmin generation is typically restricted to the sites of thrombosis and an-
giogenesis and the sites of ECM remodeling. Unrestrained plasmin generation is a factor
in the depletion of pro-coagulant proteins in disseminated intravascular coagulation [68].
Plasmin generation on the surface of tumor cells leads to cell invasion and metastasis [69].
Local surfaces play a part in plasmin generation; both the fibrin surface and cell surface
carry out a similar regulatory role [70]. Plasminogen receptors found on the cell surface,
some of which also bind tPA, colocalize with other receptors that specifically bind plas-
minogen activators [71–74]. The plasminogen receptors also provide lysine residues for
binding plasminogen and in certain cases, a site for binding tPA. As has been shown
for p11, the binding of tPA and plasminogen/plasmin to this receptor protects tPA from
inactivation by PAI-1 and plasmin from inactivation by alpha-2 anti-plasmin [75]. Similarly,
on the fibrin clot surface, C-terminal lysine residues are interspersed within the fibrin
network. Restricting plasmin activation to either a cell surface or the clot surface allows for
proteolytic targeting as well as some protection from circulating inhibitors. In addition to
its cleavage to form plasmin, plasminogen can also be proteolysed into several bioactive
molecules called angiostatins [76]. The angiostatins are a group of proteolytic products de-
rived from plasminogen, which retain some of the kringle domains but lack the proteolytic
domain. Structures include Kr1-Kr3, Kr1-Kr4, and Kr1-Kr5 [77]. Our laboratory demon-
strated that the autoproteolytic cleavage of the Lys468–Gly469 bond and reduction of the
plasmin Cys462–Cys541 disulfide of plasmin resulted in the formation of an angiostatin,
A61 (Lys78–Lys468) [78]. The angiostatins are crucial inhibitors of vascular endothelial cell
proliferation, tube formation, and migration; they can also promote vascular endothelial
cell apoptosis [79].

Plasmin has proteolytic activity against a broad range of substrates, such as syn-
decans [80], laminins, fibronectin [81], vascular cell adhesion protein 1 [82], and vit-
ronectin [83]. The broad range of substrates results in an extensive range of processes,
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both physiologic and pathologic, in which plasmin participates. These processes include
fibrinolysis, signaling pathways, cell migration, wound healing, inflammation, and onco-
genesis [84]. Plasmin releases growth factors such as fibroblast growth factor-2 (FGF-2),
hepatocyte growth factor (HGF), and vascular endothelial growth factor (VEGF) that are
sequestered by the ECM [85–88]. Additionally, plasmin activates MMPs, such as MMP
1, 2, 3, 9, and 14, and indirectly affects tumor cell invasion [89]. Plasmin also promotes
intracellular signaling through various pathways to promote cell migration of periph-
eral blood monocytes through Protease-activated-receptor 1 (PAR-1) [90,91]. Stimulation
of monocytes by plasmin results in enhanced expression of inflammatory cytokines (tu-
mor necrosis factor-alpha (TNFα), interleukin (IL)-6, IL-1α/β, CD40) and chemokines
(monocyte chemoattractant protein (MCP)-1/CCL2), tissue factors, and lipid mediators
via activation of AP-1 and nuclear factor-kappa (NF-κB) transcription factors [90]. Plasmin
has been shown to activate multiple signaling pathways, such as Janus Kinase/Signal
Transducer and Activator of Transcription (JAK/STAT), p38 mitogen-activated protein
kinase (MAPK), extracellular signal-regulated protein kinase (ERK)1/2 [92]. With HT29-M6
intestinal epithelial cells, Diaz et al. showed that plasmin plays a dual role in promoting
cell scattering as a result of its ECM degrading proteolytic activity and in intracellular
signaling by the induction of ERK1/2 activation [93]. Some cells, such as Chinese Hamster
Ovary and BA3 cells, utilize both the proteolytic activity and the signaling function of
plasmin to induce cell migration. Specifically, Tarui et al. showed that plasmin bound to
αvβ3 integrin and promoted cell migration in these cells, whereas treatment with plasmin
inhibitor aprotinin abrogated signaling and migration [94]. In summary, plasmin activates
several cell types, such as monocytes, macrophages, fibroblasts, endothelial cells, epithelial
cells, and platelets, that form a part of the TME and promotes their migration.

5. Plasminogen Activators

There are two physiologic activators of plasminogen—uPA and tPA—which are used
clinically as thrombolytic therapeutics [40]. Both tPA and uPA are multidomain proteases.
The active forms of each of these enzymes are inhibited by PAI-1 and PAI-2. The tPA
is a 70 kDa protein of 527 amino acids [95]. It consists of 2 kringle domains, a finger
domain, epidermal growth factor (EGF)-like domain, and serine protease domain [96].
The tPA interacts with fibrin via its finger domain as well as kringle-2. Like most of the
kringle domains of plasminogen, kringle-2 is a lysine binding site; however, kringle-1 has a
serine residue at the site of a usual tryptophan residue within the hydrophobic cleft that
alters its ability to bind to lysine residues [97,98]. The tPA is synthesized and secreted
by endothelial cells as well as many brain cells, including neurons, astrocytes, microglia,
and oligodendrocytes [96,98]. The plasma protein concentration of tPA is in the range of
5–10 µg/L. The protein is synthesized as a proenzyme single chain, cross-linked polypep-
tide, glycosylated at threonine Thr61 (O-linked), asparagine Asn117, Asn184, and Asn448
(N-linked). The proenzyme has a low serine protease activity. This single-chain form is fully
activated by cleavage of the arginine Arg275-isoleucine Ile276 bond by plasmin, kallikrein,
or coagulation factor Xa. This 2-chain form is held together by a single disulfide bond
between Cys264 and Cys395 [96]. The interaction of tPA with endothelial cells and vascular
smooth muscle cells can lead to increased activation of plasminogen. Previous studies
have proposed that a C-terminal lysine or arginine residue on annexin A2 (also known
as p36), generated by an unknown protease as the binding site for plasminogen [99,100].
Subsequent studies have thrown doubt on the existence of proteolyzed annexin A2 as
the binding site; it is more likely to be the binding partner of annexin A2, p11, which
possesses a C-terminal lysine residue [100,101]. Like tPA, uPA is found in the plasma at
approximately the same concentration of 5–10 µg/L, but it is produced by cells in the lungs,
kidneys as well as keratinocytes and endothelial cells. The uPA is synthesized as a 55 kDa
single-chain protein consisting of 411 amino acids [102]. This multidomain protein has an
EGF-like domain, one kringle domain, and a serine protease domain. Additionally, like
tPA, it is glycosylated: Thr18 (O-linked) and Asn302 (N-linked). Additionally, it has 2 phos-
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phorylation sites: serine Ser138 and Ser303. The secreted protein is a zymogen and requires
cleavage of its Lys158–Ile159 bond to demonstrate its full activity. The two-chain form is
held together by a single disulfide bond between Cys148 and Cys279. The Lys–Ile bond is
cut by plasmin, kallikrein, coagulation factor XIIa, or cathepsin B [103,104]. This results
in the high molecular weight form of active uPA. Additionally, there is a low molecular
weight form, primarily found in the urine and is generated by plasmin or auto-proteolysis
at the Lys135–Lys136 bond. The single-chain pro-uPA is 250-fold less potent in the activa-
tion of plasminogen than the two-chain uPA. Different proteases have been reported to
function in mediating the cleavage of pro-uPA. Plasmin most effectively converts the pro-
uPA into active uPA [105]. Among the other proteases that can activate pro-uPA includes
cathepsin B and L, nerve growth factor-g, trypsin, kallikrein, thermolysin, and mast cell
tryptase [103,104,106–109]. uPA is primarily responsible for cell surface-associated plas-
minogen activation. This is accomplished by the binding of the single-chain proenzyme to
the glycosylphosphatidylinositol (GPI)-anchored uPAR, where the proenzyme is activated
by plasmin, cathepsin B, or kallikrein [54]. The activation of cell-bound plasminogen by
receptor-bound uPA is characterized by a 40-fold reduction in the Km for plasminogen acti-
vation [74]. The co-localization of uPAR with plasminogen receptors localizes the resultant
plasmin activity to the cell surface. The cell membrane-bound plasmin activity created by
cell-bound plasminogen is protected by inactivation from plasma-borne inhibitors, but its
activity can be indirectly reduced by the PAI-1 and PAI-2 through the inhibition of tPA and
uPA [110,111]. In parallel, plasmin bound to the surface of cells cleaves pro-uPA bound
to uPAR at a rate 50-fold that of plasmin in solution [41]. This directed activation on the
cell surface gives those cells an invasive phenotype. Invasive cells make use of the broad
substrate specificity of the resulting plasmin to degrade the various proteins of the ECM,
including fibronectin, laminin, vitronectin, and proteoglycans. As discussed, plasmin can
also activate pro-MMPs, resulting in the degradation of collagen [54].

The coordination of the uPA system consisting of plasmin and uPA along with the in-
hibitors alpha2-antiplasmin, PAI-1 and PAI-2 together with the receptor uPAR, plays an im-
portant role in the regulation of cancer progression and metastasis [54,58]. The first evidence
of a possible causative role of plasminogen activator in malignancy was shown by the sharp
increase in fibrinolytic activity in virally transformed fibroblasts [112]. This plasminogen
activator was later identified to be uPA [113]. Increased concentration of uPA in the plasma
is correlative of poor prognosis in breast, bladder, gastric, and prostate cancers; head and
neck and colorectal cancers; and melanoma [114].

As discussed, uPAR is a GPI-anchored membrane receptor for uPA, that regulates
protease activity on the cell surface. Later studies have shown that it binds to vitronectin
from the ECM with the aid of co-receptors, such as integrins, caveolin, and G-protein-
coupled receptors, and promotes intracellular signaling and gene expression [115,116].
Interestingly, binding of uPA to uPAR also activates intracellular signaling that is mediated
by the N-terminal region of uPA and is independent of the active site domain, suggesting
a plasmin-independent mechanism [117]. The cell signaling cascade initiated by uPAR
promotes cancer cell invasion, migration, epithelial to mesenchymal transition, cell differ-
entiation, proliferation, and metastasis. The expression of uPA and uPAR gene is elevated
in many cancers compared to non-cancerous tissues. The uPAR binds to uPA and at the
same time binds to vitronectin, which is relevant for the downstream signaling by uPAR.
The uPAR promoter is activated by several transcription factors, such as activator protein 1,
NF-κB, and hypoxia-inducible factor 1α, which are upregulated by the RAS-ERK-MAPK
pathway and TME factors such as hypoxia (reviewed in [118]). The uPAR is also cleaved at
its GPI-anchor by a specific phospholipase and is found as a soluble form (suPAR) in the
plasma and urine [119]. The suPAR can activate the G-protein coupled chemotactic receptor
FPRL1/LXA4R. The expression of uPAR is upregulated by various inflammatory cytokines,
such as TNF-α, interferon-gamma (IFN-γ), IL-1, and IL-2 [120]. More recently, it has been
demonstrated that uPAR is upregulated during senescence and uPAR specific-chimeric anti-
gen receptor T-cell therapy enhances the survival of mice with lung adenocarcinoma [121].
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Expression of uPA and uPAR has been observed in various hematopoietic cells, and both
these proteins play an important role in the regulation of innate and adaptive immune
response through the modulation of cell adhesion and migration of neutrophils, monocytes,
macrophages, and myeloid-derived-suppressor cells and activation of T-cells [114]. Thus,
the uPA–uPAR axis potentiates tissue remodeling not only in the cancer cells but also in
the immune cells by allowing their invasion, migration, and adhesion in the stroma where
they modulate tumor growth and metastasis. The uPA–uPAR axis also regulates apoptosis.
When uPA and uPAR were downregulated simultaneously, a dramatic decrease in the
invasiveness of breast cancer cells was observed along with the activation of the apoptotic
cascade [122]. Furthermore, antibody-targeted inhibition of u-PAR reduced metastasis and
induced apoptosis in ovarian cancer cells In Vitro and In Vivo [123].

6. Plasminogen Activation Inhibitors

PAI-1 is a 379-amino acid serine protease inhibitor that inhibits the activity of tPA and
uPA [124–126] which is associated with inflammation and tumorigenesis. Interestingly
although PAI-1 functions as an inhibitor of uPA and tPA, it serves a pro-tumorigenic role
in various cancers such as lung and breast [127–129]. This is clearly because PAI-1 is a
multifunctional protein not only regulating plasmin generation but also modulating cell
proliferation, migration, and apoptosis (reviewed in [130]). Moreover, PAI-1 plays both
an autocrine and paracrine role in tumorigenesis and is produced by both tumor cells
and cells of the TME such as adipocytes, macrophages, fibroblasts, smooth muscle cells,
and endothelial cells. Much of our knowledge of the pro-tumorigenic and metastatic role
of PAI-1 was deciphered from PAI-1-deficient mouse models and transgenic tumor models.
Interestingly, the tumor growth and metastasis phenotype in syngeneic models and geneti-
cally engineered mouse tumor models provided contradictory results. The implantation
of PAI-1 deficient syngeneic tumor cells in PAI-1 knockout (KO) mice demonstrated that
both host and tumor cells PAI-1 contributed positively to tumor growth, angiogenesis,
and metastasis in a dose-dependent manner [128,131]. However, loss of PAI-1 in the trans-
genic breast [132] and ocular [133] tumor models did not show any significant effect on
tumor development and progression possibly due to the compensation by other members
of the PAI family and other protease inhibitors [134]. The function of PAI-1 in tumor an-
giogenesis, migration/invasion, and apoptosis is mediated by distinct structural domains.
For instance, the pro-angiogenic function is due to the vitronectin binding domain and
uPA-binding domain (anti-protease). This is primarily by two mechanisms one is plasmin
dependent and the other is plasmin independent. First, the inhibition of uPA by PAI-1 bind-
ing prevents the activation of plasminogen to plasmin, which further prevents cleavage of
Fas-L on the cell surface and consequently, Fas-mediated apoptosis of endothelial cells is
inhibited [129]. Second, PAI-1 binding to vitronectin allows the release of endothelial cells
from vitronectin and migration for promoting angiogenesis [135]. Finally, the ability of PAI-
1 to bind to its receptor low density lipoprotein receptor-related protein 1 (LRP1) promotes
intracellular signaling and tumor cell and endothelial cell migration [136]. A recent study
has highlighted the mechanistic role of the pro-tumorigenic function of PAI-1 in the TME.
This study demonstrated that PAI-1 mediates a pro-tumorigenic effect by recruiting and po-
larizing macrophages to M2 phenotype in the TME. Interestingly, this dual role is promoted
by two different structural domains of PAI-1. The LRP1 domain mediates the monocyte
migration and recruitment, and the uPA interacting domain causes the M2 polarization
via activation of the IL-6/STAT3 pathway which in turn is induced by the p38-MAPK and
NF-κB signaling pathways. Although it is unclear how PAI-1 activates these signaling
pathway, the authors speculate that reduced plasmin in the presence of PAI-1 potentially
prevents receptor protein degradation and enhances downstream signaling [137].

PAI-2, although originally identified as a less potent inhibitor of uPA, is a 47 kDa
protein. It has been now shown to having a predominantly intracellular function and has
been discovered to be a modulator of proteotoxic stress [138] unrelated to plasminogen
activation/uPA inhibition. The loss of PAI-2 gene in mice is not accompanied by any major
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phenotypic changes associated with fibrinolysis or hemostasis unlike the PAI-1 deficient
mice [139,140]. However, bioinformatics analysis and expression data from macrophages
have revealed that PAI-2 is modulated with genes associated with cell migration and
movement. There are some reports suggesting a role for monocyte-derived PAI-2 in
promoting uPA mediated fibrinolysis or clot resolution [141].

7. Plasminogen Receptors

Plasminogen binds to cells with low affinity (Kd = 0.3–2 µM) and high capacity (104–
107 binding sites per cell) [73,142]. The plasminogen-binding sites on cells are mediated by
both proteins and non-proteins such as glycosaminoglycans and gangliosides.

Plasminogen receptors serve as anchoring sites for plasminogen on the cell surface.
The binding of plasminogen to these receptors increases the rate of local plasmin gener-
ation. Plasminogen receptors are found on the surface of most cell types (except for red
blood cells) at a high density, dependent on cell type: 1to 200 × 105/endothelial cell, 5 ×
105/lymphocyte, and 35,000/platelet [57,68].

The current dogma states that although both internal lysines and the carboxyl-terminal
lysine of plasminogen receptors bind to plasminogen, it is the plasminogen receptors with
carboxyl-terminal lysine residues that preferentially induce a conformational change in plas-
minogen that greatly facilitates its activation by the plasminogen activators. This dogma
is based on the report that treatment of U937 cells with carboxypeptidase B (CpB) re-
duced plasminogen binding by about 60% whereas plasminogen activation was reduced
by about 95% [72]. Since CpB proteolytically removes lysine and arginine residues from
the carboxyl-terminal of proteins, it was concluded that only a subset of plasminogen re-
ceptors, that have a carboxyl-terminal lysine residue, participate in plasminogen activation.
The analysis of the effect of CpB on plasminogen activation by THP-1 monocytes, THP-1
macrophages, and human umbilical vein endothelial cells revealed that carboxyl-terminal
lysines played only a minor role in plasminogen activation [143]. Similarly, CpB treatment
of activated platelets reduced plasminogen activation by only about 20% [144]. These stud-
ies have suggested that plasminogen receptors with internal lysine residues also participate
in plasminogen activation by plasminogen receptors.

An understanding of the mechanism of interaction of an internal or C-terminal lysine
with the LBS of plasminogen comes from structural studies. The interaction of lysine with
the LBS is mediated by hydrophobic interaction as well as by charged residues. Lysine is a
basic aliphatic amino acid with a side chain consisting of a 4-carbon chain hydrophobic
region and a positively charged amine group. The amino group of lysine interacts with
negatively charged aspartic acid residues within the binding pocket of the LBS, whereas
the hydrophobic chain interacts with the hydrophobic cleft of the LBS [60]. Compared
to an internal lysine residue, the carboxyl-terminal lysine possesses a negatively charged
carboxyl group which interacts with the cationic center of the LBS of plasminogen.

Localizing plasmin activity at the cell surface grants the cell various abilities. The broad
spectrum of plasmin activity means that in addition to direct extracellular proteolysis,
plasmin can also activate other proteinases, thereby increasing the overall proteolytic ac-
tivity of the cell. Plasmin is also able to process latent growth factors and cytokines in the
ECM that induces signaling events to modulate cellular functions such as cell migration.

Plasminogen receptors are often found co-localized with receptors for plasminogen
activators or bind tPA itself [145,146]. The co-localization of plasminogen and its activators
aids in restricting the activity of the resulting plasmin to the cell surface.

Many proteins have been identified as potential plasminogen receptors. Most of
these proteins have C-terminal lysines. Those that have a C-terminal lysine include α-
enolase [142], histone H2B [147,148], S100A4 [149], the annexin A2 heterotetramer (an-
nexin A2 in complex with p11 also known as AIIt) [101], plasminogen (Plg)-RKT [150],
TIP49a [151], and cytokeratin 8 [152]. Examples of plasminogen receptors that do not
have the classic C-terminal lysine residue include high mobility group box-1 protein
(HMGB-1) [56] (also known as amphoterin) and integrins, primarily those of the β2 inte-
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grin family [57] and glucose-regulated protein 78 [153]. It has been shown that a significant
amount of the plasmin generating activity of malignant cancer cells is due to a novel,
unidentified class of plasminogen receptors. These plasminogen receptors are generated
by the action of plasmin on unknown cell surface proteins, resulting in the generation of
a new carboxyl-terminal lysine and hence a new plasminogen-binding site. For example,
the majority of the plasmin-generating capacity of several malignant breast cancer cell lines
is due to these unidentified, cryptic plasminogen receptors [154].

Many of the plasminogen receptors are associated with cancer and are found on the
surface of most tumors [155]. Examples of plasminogen receptors that are upregulated in
cancer include p11 (reviewed in [156]), S100A4 [157,158], α-enolase [159], and cytokeratin
K8 [152]. Interestingly, the majority of plasminogen receptors function in tumor-stromal
cross-talk during cancer progression. The expression of plasminogen receptors, such as
p11 and Plg-RKT, in macrophages, promote pro-tumorigenic phenotype in animal models.
Importantly, these receptors have been shown to play a predominant role in macrophage
recruitment to tumor sites and during inflammation and will be discussed in detail in
the later sections. In this review, we will focus on the plasminogen receptor p11 that
has contributed greatly to our understanding of plasminogen receptors in the TME and
tumor progression.

8. AIIt Structure, Function, and Regulation

The annexin A2-S100A10 heterotetramer, is also known as AIIt [78,101,160]. AIIt is
composed of two subunits of annexin A2 (also called p36) and a dimer of p11. The AIIt
heterotetramer acts as a platform for promoting interactions with other cellular proteins.
It regulates multiple ion channels, such as Cl−, K+, Na+, Ca2+, cystic fibrosis transmem-
brane conductance regulator, transient receptor potential vanilloid type 5 and 6, NaV1.8,
Acid-Sensing Ion Channel-1, and TASK1 using distinct mechanisms, which has been
reviewed in detail elsewhere and will not be discussed in this review [161].

AIIt is also a significant contributor to plasmin generation of many cell types. AIIt
binds both tPA and plasminogen on the cell surface and converts plasminogen to plasmin.
The p11 subunit (Mr 11 kDa) of AIIt is one of 20 different members of the S100 family made
of calcium-binding, dimeric EF hand-type proteins. p11 is present in several tissues, such as
the brain, heart, gastrointestinal tract, kidney, liver, lung, spleen, testes, epidermis, aorta,
and thymus. It is highly expressed in many cell types, such as endothelial, cardiomyocytes,
monocytes, T lymphocytes, and neurons [162]. The p11 subunit of the AIIt heterotetramer
is one of the most highly regulated plasminogen receptors. These regulators include
physiological signals such as EGF [163,164] and IFN-γ [165,166]. p11 is also regulated
by oncogenes, such as KRAS [167], which is present in about 30% of all human cancers
and promyelocytic leukemia-retinoic acid receptor alpha (PML/RARα) oncoprotein [168],
the oncogene responsible for acute promyelocytic leukemia (Figure 2). Our laboratory has
shown that p11 is regulated by oncogenic RAS by the Ral-GDS pathway and depletion of
p11 in RAS transformed cells results in a substantial reduction in plasmin generation and
plasminogen dependent invasion [167] (Figure 2). The expression of p11 is also regulated by
glucocorticoids, cytokines, growth factors, and neurotransmitters [162,169]. The expression
of p11 is aberrantly regulated in many pathological conditions, such as cancer, depressive
mood disorder, and neurodegeneration [170].

The large subunit of AIIt, p36, is a 36-kDa protein belonging to a group of calcium-
dependent, phospholipid-binding proteins known as the annexin family [162,171,172].
The formation of the AIIt heterotetramer occurs intracellularly when the p11 homodimer
becomes attached to two copies of a p36 subunit. Within the heterotetramer, p36 has two
key functions: (1) to facilitate the localization of p11 to the cell surface, [173] and (2) to
prevent the rapid degradation of newly translated p11 since the binding of p36 and p11
blocks p11 from ubiquitylation and degradation [174–176].
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Figure 2. Regulation of S100A10 (p11): P11 is transactivated by (1) the promyelocytic leukemia-retinoic acid receptor alpha
(PML-RARα) fusion oncoprotein, (2) TGFβ1-dependent activation of the SMAD pathway, and (3) oncogenic RAS-mediated
activation of the Ral-GDS/Ral pathway. Conversely, transcriptional repression of P11 is mediated by (1) ATRA- and
arsenic trioxide (AsO3)-induced degradation of the PML-RARα fusion oncoprotein, (2) growth factor-induction of the
PI3K/mTOR pathway and consequent FOXC2-dependent transcriptional repression of p11, and (3) ATRA-activation of
RARα. Newly transcribed p11 and p36 (Annexin A2) proteins rapidly form the AIIt heterotetramer complex within the
cytoplasm prior to being transported to the cell surface. Although the p11–p36 interaction protects p11 from degradation by
the 26S proteasome, ATRA and AsO3 both induced the ubiquitin-independent degradation of p11 by the 20S proteasome.
Once at the cell surface, AIIt acts as a dual receptor for plasminogen and tissue plasminogen activator (tPA) and co-localizes
with and urokinase-type-plasminogen activator/uPAR complex. By localizing plasminogen and its activators, AIIt catalyzes
the cleavage of plasminogen to produce plasmin, a serine protease involved in ECM degradation, inflammation, cellular
migration an invasion, and blood clot dissolution.

It was initially proposed that in the absence of p36, the p11 protein was rapidly
ubiquitylated on lysines in the carboxyl-terminal region of p11, consequently directing
it to the proteasome for degradation [174]. In the study by He et al., overexpression of
a series of carboxyl-terminal mutants of p11 and ubiquitin in HEK293 cells showed that
ubiquitylation was likely to involve Lys92 or Lys94 of the p11 carboxyl-terminal sequence
89VHMKQKGKK97. In these experiments, cellular proteins were immunoprecipitated
using ubiquitin antibodies and immunoblotted for p11 to determine whether p11 was ubiq-
uitinated. However, it is possible that the proteins immunoprecipitated by the ubiquitin
antibodies were ubiquitylated proteins that had bound to p11. Additionally, ubiquitin
conjugation of p11 was not confirmed using mass spectrometry. In contrast to the model of
ubiquitylation of p11 on carboxy-terminal lysines presented by He et al., Wagner et al. [177]
identified Lys47, Lys54, and Lys57 as the potential ubiquitylated lysines in p11 by mass
spectrometry analysis of endogenous proteins isolated from murine tissues. However,
the study did not address the proportion of p11 of the total population that was ubiquity-
lated and why ubiquitylated p11 was detected in only two of the five tissues examined.
Furthermore, the proposed ubiquitylation sites of p11 were not confirmed by site-directed
mutagenesis. Consistent with the findings by Wagner et al., Holloway et al. [178] applied
mass spectrometric analysis of overexpressed p11 and identified Lys57 as the primary
target of ubiquitylation. This observation was confirmed by site-directed mutagenesis
and it was shown that mutagenesis of Lys57 prevented p11 ubiquitylation. Importantly,
ubiquitylation of p11 was only observed after overexpression of both p11 and ubiquitin.
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As the overexpression of proteins can produce cellular anomalies that may induce anoma-
lous ubiquitylation [179], it is unclear if ubiquitylation of p11 occurs under physiological
conditions. The formation of ubiquitin chains on the lysine residues of proteins is consid-
ered a signal for proteasomal degradation. To form a ubiquitin chain, ubiquitin moieties can
be conjugated through one of their lysine residues (K6, K11, K27, K29, K33, K48, and K63)
although K29 and K48 are thought to be particularly important. He et al. co-expressed
p11 with mutant ubiquitin in which Lys29 or Lys48 of ubiquitin were mutated to arginine
(ub-K29R and ub-K48R) in HEK293 cells. They observed that the overexpression of p11 and
the ubiquitin mutants increased p11 protein levels, presumably by blocking proteasomal
degradation. However, the effect of the mutant ubiquitins was not compared to wild-type
ubiquitin to determine if wild-type ubiquitin also modulated p11 expression. Using both
the wild-type and a mutant ubiquitin with all lysines mutated to arginine (ub-K0) to pre-
vent any chain formation and any possible proteasomal targeting, Holloway et al. found
p11 expression increased in HEK293 cells transfected with both p11 and ubiquitin-wild
type (WT) compared to p11 alone. Surprisingly, p11 expression was more dramatically
increased when overexpressed with ub-K0, therefore suggesting that ubiquitin chain for-
mation and ubiquitin-dependent proteasomal degradation were not responsible for p11
degradation. Higher molecular weight forms of p11 were detected only when p11 was
overexpressed with ubiquitin, and interestingly, multiple molecular weight species of
p11 were observed in cells transfected with ub-K0, suggesting the existence of multiple
ubiquitin sites in p11 when both proteins were overexpressed. Holloway concluded that
the reported ubiquitin-dependent proteasomal degradation of p11 was likely due to an
artifact of protein overexpression.

Holloway et al. identified the mechanism of regulation of p11 levels [178]. Using all-
trans-retinoic acid (ATRA)-treated acute promyelocytic leukemia (APL) cells, they reported
that inhibition of the proteasome with lactacystin prevented the ATRA-induced loss of
p11, but the ubiquitylation inhibitor PYR-41 had no effect, suggesting that p11 levels
were regulated by a ubiquitin-independent proteasomal mechanism. Furthermore, when
proteasomal degradation was inhibited, higher molecular weight ubiquitin-p11 complexes
were not detected, although the accumulation of other ubiquitylated proteins was observed.
Moreover, incubation of purified p11, p36, and AIIt proteins with the 20S proteasome
resulted in the degradation of these proteins In Vitro. Since the 20S proteasome degrades
proteins in a ubiquitin-independent manner [180], the authors further concluded that
p11 was regulated by a ubiquitin-independent mechanism (Figure 2). In contrast, when
p11 and ubiquitin were overexpressed in HEK293T cells, ubiquinylated p11 species were
observed. Mass spectrometry analysis of these ubiquinylated p11 species identified lysines
27, 37, and 57 of p11 as sites of ubiquinylation, whereas lysine 57 was the primary site of
ubiquitylation, as reported earlier by Wagner et al. [177].

APL is characterized by expression of the PML/RARα, which blocks granulocyte
differentiation and has been shown to increase p11 and p36 expression. Treatment of
NB4 cells with ATRA, which binds to and activates the destruction of PML/RARα also
causes a rapid loss in the expression of p11 and p36 protein. Our laboratory performed an
extensive analysis of the mechanism of ATRA-dependent loss of p11 and p36 expression
using wild-type NB4 cells, a mutant NB4 cell line resistant to ATRA-induced differen-
tiation (NB4-MR), PR9 cells in which the PML/RARα oncoprotein can be induced by
Zn2+ treatment, and PML/RARα-negative cells (HL-60, U937, and MCF-7) [178]. We ob-
served that ATRA treatment resulted in the loss of p11 total protein levels in parental and
ATRA-induced differentiation-resistant NB4 cells, demonstrating that ATRA-mediated
promyelocyte differentiation did not affect p11 or p36 expression. ATRA treatment also
diminished p11 and p36 levels in PR9 cells in which PML/RARα was induced and un-
expectedly in MCF-7 breast cancer cells, indicating that ATRA affected p11 expression
in MCF-7 cells independently of the PML/RARα fusion protein. This suggested that the
receptor of ATRA, RARα is involved in regulating p11 transcription. In silico analysis
also revealed several potential binding sites for RARα were present in the ±10 kb re-
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gion from the p11 transcriptional start-site. In addition to this finding, previous studies
have reported that ATRA treatment of BEAS-2B lung epithelial cells [181] and dendritic
cells [182] also resulted in the downregulation of p11 expression. Lokman et al. found that
ATRA treatment resulted in downregulation of p11 and p36 mRNA and cell surface protein
levels with a concomitant reduction in plasmin activity, and invasion, in the serous ovarian
cancer cell line (OAW28) [183]. Interestingly, a proteomic analysis of tamoxifen-resistant
MCF-7-derived cell line with elevated expression of RARα (Lewis lung carcinoma cells
[LLC] 2) showed that p11 and several other members of the S100 proteins were reduced
compared to parental MCF-7 cells [184]. Considering the presence of potential RARα
binding sites in the p11 promoter and that ATRA can modulate p11 expression in the
absence of PML/RARα, the use of ATRA may have a therapeutic value in the depletion of
p11 and plasmin activity in cancers other than APL. Consistently, the potential of ATRA as
a promising new therapy for serous ovarian cancer has been explored by the Ricciardelli
group, particularly its effect on regulation of p11 and p36. Their findings suggest that
ATRA predominantly downregulated p11 mRNA and protein expression in serous ovarian
cancer cells, which resulted in decreased plasminogen activation and invasion in these
cells [183].

Carnitine palmitoyltransferase 1A has been shown to mediate the succinylation
of p11 [185] and that the succinylated form of p11 was upregulated in gastric cancer.
The authors showed that p11 was succinylated at lysine residue 47 (K47), which stabilized
the protein against proteosomal degradation. Moreover, overexpression of a succinylation
mimetic mutant K47E p11 increased the invasion and migration of gastric cancer cells.
Interestingly, inhibition of ubiquitination enhanced succinylation of p11. Further studies
would be of interest to determine if succinylation modulates the interaction of p11 with
p36, plasminogen, or tPA, thus affecting the plasminogen activation functionality.

Another potential unexplored mode of post-translation modification and regulation
of p11 could be via arginylation. Protein arginylation is a post-translation protein modi-
fication that is mediated by arginyl-tRNA-protein transferase (ATE1) via the transfer of
arginine from t-RNA to N-terminal region of aspartic acid, glutamic acid, or cysteines
in proteins [186]. Studies using global arginylation profiling in ATE1 KO mouse models
have identified p11 as one of the targets, which was arginylated. The site of arginylation
was identified as Ser3 [187]. The physiological significance of arginylation of p11 is yet
to be identified, but it would be of interest to determine if arginylation of p11 affects the
interaction with its binding partner p36 or other proteins or its localization to the cell
surface, stability, and plasminogen receptor function on the cell surface.

Epithelial-mesenchymal-transition (EMT) is a well-regulated process defined by the
gradual loss of epithelial characteristics of the cell and the gain of mesenchymal proper-
ties. EMT is crucial not only for embryogenesis and tissue repair but also during cancer
progression and dissemination [188,189]. During EMT, the cancer cell acquires enhanced
migratory and invasive properties, which include increased expression and production of
ECM degrading enzymes such as MMPs [190]. This ultimately leads to cancer metastasis
and colonization in distant secondary organs, such as the lungs, bone, brain, and liver,
depending on the cancer type. It has been well documented that activation of the transform-
ing growth factor-beta 1 (TGFβ1) signaling pathway orchestrates downstream signaling
events and transcriptional programming for the EMT process [191]. Although it has been
established that EMT is coupled with increased activity of proteolytic enzymes as the
MMPs [192–194], the role of the plasminogen activation system has been poorly under-
stood. We have recently shown that p11 is regulated through canonical Smad4-dependent
TGFβ1 signaling and repressed by FOXC2-mediated PI3K-mTOR signaling in cells under-
going EMT. Specifically, the components of the plasminogen activation system, namely p11,
PAI-1, and uPAR, were differentially regulated during EMT. Interestingly, p11 was the only
known plasminogen receptor that was regulated in the A549, a lung cell model, in response
to TGFβ1 signaling [195]. This result is further supported by proteomic data by other
groups that showed that p11 was one of the few proteins upregulated in mesenchymal
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prostate cancer cells and A549 cells after TGFβ1 treatment [196,197]. Our studies showed
that although total cellular p11 expression was increased in response to TGFβ treatment,
plasmin generation or invasiveness was not enhanced (Figure 2). This was primarily due
to increased PAI-1 expression and reduced cell surface expression of p11 [195]. Other
studies have observed that both uPAR signaling and PAI-1 expression are required for
activation of EMT in breast cancer [198] and fibroblasts [199], respectively. These studies
have suggested that p11 is one of the crucial plasminogen receptors for EMT and that
cell surface expression of p11 drives the plasminogen activation during EMT. Although
paradoxical that PAI-1, a major plasminogen activation inhibitor, is upregulated during
EMT, it is potentially necessary to maintain the delicate balance between plasminogen
activation and inhibition during the invasive escape of cancer cells.

9. Role of p11 in Plasmin Generation

The AIIt heterotetramer is a co-receptor for both plasminogen and tPA. The p36
subunit serves to anchor the complex to the cell surface while the p11 subunit serves as a
plasminogen receptor. Plasminogen was initially shown to bind to the carboxy-terminal
lysine of the p11 subunit [162,172]. p11 has a high affinity for tPA (Kd of 0.68 µM) and
plasminogen (Kd of 0.11 µM). As with other plasminogen receptors, plasminogen binding
to p11 induces an open conformation of plasminogen that promotes its activation [100,162].
Since the cleavage of the carboxyl-terminal lysines of p11 by carboxy peptidase B or
their removal by site-directed mutagenesis results in a loss in plasminogen binding and
activation, it has been assumed that the carboxy-terminal lysine of p11 is the key regulators
of plasminogen binding and activation. However, our laboratory recently showed that
the substitution of the carboxyl-terminal lysines with isoleucine (p11K95,96I) or arginine
(p11K95,96R) did not result in a loss in p11-dependent plasminogen activation [100].
Furthermore, we reported that ε-aminocaproic acid, a lysine analog that blocks the lysine-
binding kringle domains of plasminogen, blocked acceleration of plasminogen activation
by the p11K95,96I mutant. Hence, these findings suggested that p11 uses internal lysine
residues to bind plasminogen and tPA and that loss of the last two carboxyl-terminal
residues of p11 may result in destabilizing p11 such that the internal lysine residue is not
available for plasminogen activation.

In the same study, we also investigated the structural interactions between p11, tPA,
and plasminogen. We observed that in contrast to the reported critical function of the
finger domain of tPA in fibrin-stimulated plasmin generation, the kringle-2 domain of tPA
played a key role in p11-dependent plasmin generation. We then showed that the kringle-2
domain of tPA was critical for plasminogen activation by other plasminogen receptors
including, enolase-1, S100A4, histone H2B, cytokeratin 8, and high mobility group box-1
protein. Next, we used a series of plasminogen kringle mutants to identify the domain
of plasminogen key for p11-dependent plasminogen activation. The kringle-1 domain of
plasminogen, previously shown to be indispensable for fibrin-binding was shown to also
be critical for p11-dependent plasmin generation.

The depletion of p11 via shRNA has been shown to dramatically reduce plasmin
generation in a variety of cell types. For example, the depletion of p11 in HT1080 fibrosar-
coma cells reduced plasmin generation by up to 95%, and ECM hydrolysis was reduced by
70% compared to HT1080 control cells [200]. AIIt purified from bovine lung was initially
reported to dramatically stimulate plasmin generation; yet, purified annexin proteins,
including p36, were shown to have a marginal effect on plasmin generation [160]. Later,
Kassam et al. [75] found that plasmin generation by the AIIt heterotetramer stimulated
activation of glu-plasminogen by 341-fold, whereas the p36 monomer stimulated activation
by 6-fold. They also investigated the role of p11 in plasmin generation by comparing
human recombinant proteins. They found that tPA-dependent plasmin generation was
stimulated 77-fold by AIIt that was formed by the combination of recombinant p11 and
p36, 46-fold by p11, and only 2-fold by p36. They also observed that the combination of p11
with the first 15 amino acids of the p36-amino-terminus, which contained the p11-binding
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sites, was like AIIt formed with the full-length p36. Hajjar’s group has reported that Cys-8
in the amino-terminal domain of p36 forms the binding site for tPA and binds tPA with
a Kd of 48 nM [201]. They also reported that the Cys-8 residue of p36 is a key target
for homocysteinylation and that this residue forms a disulfide bond with homocysteine.
Importantly, the homocysteinylation of this site, reported by this group, was shown to block
plasmin generation by p36 In Vitro and to account for the hemostatic imbalance displayed
by patients with hyperhomocysteinemia. However, we reported that the AIIt composed
of p36 (Cys-8-Ser)/p11 wild-type (WT) (AIIt Cys8Ser) exhibited greater acceleration of
tPA-dependent plasminogen activation than the wild-type AIIt. This rules out the postu-
lated role of the Cys-8 residue of p36 in plasminogen activation. Hence, our data firmly
support the concept that the p11 subunit and not p36 is the critical regulator of plasmin
generation by the AIIt heterotetramer. As part of AIIt, the p11 subunit has a key function
in the binding of plasminogen and facilitating its activation by binding and co-localizing
plasminogen activators, yet p11 is also capable of binding newly generated plasmin to
protect it from inactivation by α2-anti-plasmin [75].

Kwon et al. [78] also found that plasmin binding to p11 could promote plasmin-
autoproteolysis. The specific plasminogen fragments produced from plasmin autopro-
teolysis are called angiostatins. These are a group of angiogenesis inhibitors. Kwon
demonstrated that cells convert plasminogen to a form of angiostatin called A61 (Lys78–
Lys468) in a three-step process. Initially, uPA cleaves the Arg561-Val562 of plasminogen
which results in the formation of plasmin. Next, plasmin autoproteolysis results in the
cleavage of the Lys77–Lys78 and Lys468–Gly469 bond. However, the presence of a Cys462–
Cys541 disulfide prevents release of A61 (Lys78–Lys468) from the plasmin molecule. Last,
AIIt catalyzes the reduction of the Cys462–Cys541 disulfide of plasmin, which allows the
release of A61 from plasmin. Mutagenesis of p36 Cys334Ser and either p11 Cys61Ser or p11
Cys82Ser was observed to inactivate the plasmin reductase activity of the isolated subunits,
which suggested that specific cysteine residues of both p36 and p11 participated in the
plasmin reductase activity of AIIt.

10. Involvement of p11 in Biological Processes and Cancer

As described above, since AIIt heterotetramer serves as a scaffold protein for protein–
protein interactions with several other proteins, p11 plays a crucial role in several other
biological processes via the virtue of this interaction. These processes include Na+ absorp-
tion, pain processing, neuroprotective role in amyotrophic lateral sclerosis and traumatic
model of motor neuron degeneration, and finally depression. The role of p11 in these
processes has been discussed extensively elsewhere and will not be the focus of this re-
view [161].

Plasmin generation by the p11 subunit of AIIt is involved in multiple biological pro-
cesses including monocyte and macrophage recruitment in inflammatory responses [202,203],
fibrinolysis by endothelial cells [204], and cancer cell metastasis [167,200,205]. The presence
of p11 at the cell surface of endothelial cells plays a vital role in plasmin generation that
participates in vascular fibrinolysis. The shRNA-depletion of p11 from telomerase immor-
talized microvascular endothelial cells resulted in the dramatic decrease of plasminogen
binding and plasmin generation by 50% and 60%, respectively, without affecting the pres-
ence of p36 at the cell surface [204]. Interestingly, the depletion of p36 reduced plasminogen
binding and plasmin generation to a similar extent in these cells. As p36 has been shown
to play a vital role in the stabilization and localization of p11, the findings indicate p11 is
essential for the plasmin generation in endothelial cells, whereas p36 plays a role in the
stabilization of p11. Surette et al. [204] also found that endothelial cell p11 was required for
plasmin-dependent fibrinolysis In Vivo. In p11-KO mice, fibrin deposition was increased
compared to p11-WT mice, and this was found to be independent of coagulation since
there was no difference in prothrombin time and activated partial thromboplastin time
between p11-WT and p11-KO mice. Using a tail-clip experiment to characterize the length
of time for bleeding to stop, the time to stop bleeding for p11-KO mice was 4-fold less
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than the p11-WT group, thus indicating that the loss of p11 reduced plasmin-dependent
fibrinolytic activity.

Cell surface plasmin generation via p11 plays a major role in the migration of macrophages
to the site of inflammation [203] and tumor sites [202]. The plasmin generated at the cell
surface of macrophages facilitates their migration through tissues by direct hydrolysis
of the protein that forms the ECM and by activating MMPs [206] that will further de-
grade the ECM upon activation. Other studies have shown that p11 plays a crucial role in
sepsis in animal models by negatively regulating macrophage Toll-Like-Receptor (TLR)
signaling [207].

The aberrant expression of p11 has been found to promote the invasiveness of tumor
cells and metastasis by numerous studies. In mouse xenograft models, transplantation
of p11-depleted HT1080 fibrosarcoma cells showed a 3-fold reduction in the number of
metastatic foci in the lungs compared to mice injected with HT1080 cells with WT levels of
p11 [200]. In contrast, the overexpression of p11 in the HT1080 fibrosarcoma cells resulted
in a 16-fold increase in the number of metastatic foci in the lungs [200]. Depletion of
p11 in colorectal cell line CCL-222 reduced plasminogen binding by 45% and plasmin
generation by 65%, and these cells were unable to migrate through a Matrigel barrier in a
plasmin-dependent manner [205]. Recently, Bydoun et al. demonstrated that loss of p11
in a pancreatic cancer cell line (Panc1) resulted in decreased plasminogen activation and
plasminogen-dependent invasion with no alteration in tumor cell proliferation In Vitro.
Interestingly, the injection of the p11 depleted pancreatic tumor cells in immunocom-
promised non-obese diabetic (NOD)/severe combined immunodeficiency (SCID) mice
resulted in reduced tumor growth compared to control cells, suggesting the involvement
and interaction with TME in tumor growth [208]. Many studies in other cancer models
have also associated p11 in tumorigenesis through plasminogen-independent mechanisms.
For example, loss of p11 in ovarian cancer cells resulted in reduced tumor growth in
NOD/SCID mice In Vivo with concurrent reduction of cell proliferation, colony formation,
migration, and invasion In Vitro. Moreover, p11-depleted cells show decreased resistance
to carboplatin In Vitro [209]. Li Y et al., recently demonstrated the importance of p11 in
gastric cancer tumorigenesis. Overexpression of p11 in gastric cancer cells resulted in
increased tumor burden in subcutaneous tumors in BALB/c-nude mice. Rapamycin treat-
ment of the subcutaneous tumors from p11 overexpressing cells resulted in a significant
reduction in tumor weight and size suggesting that p11 promotes tumor growth in gastric
cancer cells via mTOR signaling pathway. Consistently, these authors also observed a
positive correlation between p11 expression and mTOR signaling in Gene Set Enrichment
Analysis from The Cancer Genome Atlas database. More specifically, these studies have
indicated that p11 stimulates aerobic glycolysis in gastric cancer cells via activation of
Src/ANXA2/AKT/mTOR signaling pathway, ultimately leading to enhanced cell prolifer-
ation and resistance to apoptosis. This is the first investigation directly implicating p11 in
aerobic glycolysis [210]. Two recent studies have highlighted the importance of p11 in mod-
ulating gene expression of pluripotency factors in breast cancer stem cells (CSC). Studies
by Yanagi et al. have shown that p11 was dramatically upregulated in CD44+ metasta-
sized CSC in mouse patient-derived xenotransplant (PDX) mammary tumors compared to
CD44− metastasized and CD44+ and CD44− primary CSC. Moreover, overexpression of
p11 in human breast cancer cell line MDA MB 231 resulted in increased organoid-forming,
invasive, and metastatic capacity, whereas loss of p11 resulted in a reduced number of
organoids. Interestingly, these studies also established that p11 upregulated stem cell-
related genes, such as OCT4, SOX2, and NANOG, in the organoids, suggesting a novel
function of p11 in promoting metastasis of CSC [211]. Lu et al., observed that chemother-
apy (paclitaxel or carboplatin)-induced p11 is mediated by HIF-1, which further promotes
epigenetic modulation and transcriptional activation and expression of pluripotency fac-
tors, such as NANOG, SOX2 and KLF4, in breast cancer cell lines. Moreover, loss of p11
resulted in increased sensitivity to paclitaxel in orthotopic mammary tumors [212]. Both
these studies emphasize the pivotal role of p11 in facilitating the enrichment of CSC in
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breast cancer. Although these authors did not investigate the plasminogen activation
function of p11 in these cell models, it is highly likely that p11 plays both plasminogen-
dependent and -independent function in tumor cell proliferation, migration, and invasion.
Identification of the lysine residue involved in plasminogen binding and generation of
p11 mutant mice incapable to activating plasminogen will further our understanding of
plasminogen-dependent and -independent functions of p11 in cancer progression.

11. Plasmin Functions in the Tumor Microenvironment—Regulation of
Macrophage Function

In the past two decades, the major focus on the plasminogen activation system has
been on the various components specifically the activators, inhibitors, and receptors. How-
ever, the effects of the proteolytic plasmin on cancer progression have been poorly under-
stood. Plasmin can cleave a broad range of ECM substrates, growth factors, and cytokines.
The plasmin-mediated function in TME can be classified into two categories—proteolytic
processing of substrates and proteins and plasmin signaling at the cell surface.

Plasmin has been indirectly implicated in the development and progression of tumors
by activating various growth factors, such as TGFβ, FGF-2, and HGF. TGFβ and uPA are co-
ordinately and tightly regulated in cancer progression. TGFβ upregulates uPA expression,
which further enhances plasmin generation and activates TGFβwhich contributes to the
tumor progression via its effects on EMT, invasion, and metastasis (reviewed in [213,214]).

As discussed, several components of the plasminogen-plasmin system including acti-
vators, inhibitors, and receptors, are expressed on stromal cells and concurrently support
tumor growth and progression. For instance, uPA is expressed on myofibroblasts and
uPAR; plasminogen receptors, such as Plg-RKT and p11, are expressed on the macrophages;
and PAI-1 on macrophages, endothelial cells, and fibroblasts. Studies using transgenic
and ectopic mouse tumor models have played a tremendous role in our understanding of
the stromal and cancer cell contribution of the plasminogen -plasmin system components
toward cancer progression.

The role of the proinflammatory function of plasmin during tissue injury and atheroscle-
rosis is well known. Studies have demonstrated that binding of plasmin to monocytes
induces expression of proinflammatory cytokines, such TNF-α and IL-6, via the activation
of NF-κB and JAK/STAT pathway [215]. AIIt is required not only for plasmin binding on
monocytes but also for plasmin-mediated downstream signaling. This function of plasmin
is independent of the catalytic/proteolytic function of plasmin [216].

The generation of plasmin from plasminogen by tPA has been shown to regulate
the balance of soluble and cell-bound levels of the chemokine CCL21 in the immune
system, particularly in the dendritic and T-cells. This chemokine has a crucial role in
the migration and homing of T-lymphocytes and antigen-presenting dendritic cells [217].
In another study, plasmin stimulated chemotaxis of monocyte-derived dendritic cells via
the activation of Akt2 and p38 mitogen-activated signaling pathway [218]. These studies
suggest that plasmin is a potent chemoattractant for immune cells acting via its proteolytic
and signaling function. Although studies for the role of plasmin signaling have not been
performed in the context of tumor growth, progression, and TME, it is well established that
tumor-infiltrating immune cells play an important role by either interfering or promoting
tumor progression [219].

In the context of cancer, studies have shown the dual requirement of the proteolytic
and signaling properties of plasmin for promoting a motogenic phenotype. For example,
in HT29-M6 intestinal cell lines, treatment with phorbol 12-myristate 13-acetate (PMA)
resulted in a cascade of events, which involved initial upregulation of uPA, proteolysis
of uPAR, activation of plasminogen to plasmin degradation of ECM, and scattering of
cells. Activation of ERK1/2 was required for the cell scattering event that was mediated by
plasmin intracellular signaling [93].

The plasminogen-activation system plays a pivotal role in macrophage biology, specif-
ically macrophage migration and phagocytosis. In one of the first studies, Ploplis et al.
used plasminogen-deficient mice and demonstrated that upon inflammatory stimulus
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with thioglycolate, monocyte and lymphocyte recruitment to the peritoneal cavity was
dramatically retarded [220]. More recently, Silva et al. demonstrated that the decrease
in macrophage recruitment could be partly attributed to a decrease in plasmin-mediated
fibrinolysis in these mice. In this study, they showed that reduced peritoneal infiltration of
macrophages in plasminogen-depleted mice was restored by fibrinogen deficiency [221].
Further evidence for the signaling role of plasmin in mediating monocyte migration was
obtained from studies by Carmo et al. These studies have shown that plasmin facilitates
monocyte migration via PAR-1, MEK/ERK, and CCL2/CCR2-mediated signaling [90].
Das et al. showed a remarkable decrease in macrophage-mediated phagocytosis of apop-
totic thymocytes in spleen and reduced uptake by peritoneal macrophages in plasminogen
knockout mice. Overall, the spleen and liver from these plasminogen-deficient mice
displayed downregulation of genes involved in phagocytosis [222].

Aligned with the role of plasminogen in macrophage recruitment (summarized in
Figure 3), depletion of several plasminogen receptors results in a phenotype resembling
that in plasminogen-deficient mice. The role of plasminogen receptors on monocyte mi-
gration was mostly studied using an inflammation model. Receptors, such as enolase-1,
histone H2B, Plg-RKT, and p11, played predominant roles in thioglycolate elicited mono-
cyte migration both In Vivo and In Vitro. Enolase-1 was shown to play a crucial role in
lipopolysaccharide (LPS)-driven monocyte migration and matrix degradation In Vitro and
LPS-dependent recruitment of alveolar monocytes In Vivo. LPS upregulated enolase-1 in
human blood monocytes and U937 cells, which in turn resulted in plasminogen-dependent
enhancement in monocyte recruitment [223]. Das et al., showed that although multi-
ple plasminogen receptors, such as enolase-1, AIIt, and histone H2B, are expressed in
the macrophage cell lines RAW 264 and JA774.1 cells, histone H2B contributed to 50%
of the plasminogen activation function in these cells [147]. The newest member of the
plasminogen receptor family, Plg-RKT, is the only transmembrane plasminogen recep-
tor. This receptor is expressed in blood monocytes and monocytoid cells. Inhibition of
Plg-RKT by blocking antibodies resulted in a dramatic reduction in plasmin generation,
monocyte migration, and invasion through a Matrigel-coated chamber. Moreover, in the
thioglycolate dependent peritonitis model, treatment with Plg-RKT antibody also resulted
in the reduction of macrophage recruitment in the peritoneal cavity [224,225]. Our labo-
ratory has shown the role of p11 in plasmin-dependent macrophage infiltration in both
inflammation and tumor models. The availability of p11-KO mouse models has enabled
an elegant demonstration of the important contribution of p11 toward macrophage re-
cruitment. O’Connell et al. [203] examined how the loss of p11 affected the migration
of macrophages using the thioglycollate-induced peritonitis as a model of inflammation.
In p11-KO mice, the number of macrophages that migrated into the peritoneal cavity upon
thioglycolate treatment was reduced by 53% compared to the macrophages of p11-WT
mice. Furthermore, the p11-KO macrophages displayed limited invasive capability using
the Matrigel plug assay In Vivo.

Phipps et al. [202] discovered that the expression of p11 in macrophages plays an
essential role in facilitating macrophage migration to tumors. Using a xenograft mouse
model in which LLC cells were transplanted into p11-WT and p11-KO mice, tumor growth
was arrested after seven days in p11-KO mice. In contrast, tumor growth continued in
the p11-WT mice, where tumors were 10-fold larger than those in p11-KO mice. In p11-
WT mice, the immunohistochemical analysis determined that macrophages were present
throughout the tumor. In contrast, macrophages were present at the periphery of tumors in
p11-KO mice, indicating that macrophages lacking p11 were incapable of infiltrating into
tumors. To determine the impact that p11-expression in macrophages has in affecting tumor
growth in the p11-KO mice, p11-WT macrophages were injected peritoneally into p11-KO
mice before transplantation of LLC cells. Tumors in the p11-KO mice transplanted with
p11-WT macrophages presented tumors comparable to the tumors observed in p11-WT
mice, hence indicating that p11-dependent plasmin generation in macrophages plays a
critical role in facilitating tumorigenesis.
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Figure 3. Role of the plasminogen activation system in tumor growth, angiogenesis, macrophage infiltration, and invasion.
Activation of plasminogen bound to plasminogen receptors at the cell surface of macrophages and tumor cells is mediated
by uPA bound to uPAR. This results in the production of plasmin which activates matrix metalloproteinases and together
these proteases play a key role in the infiltration of macrophages to tumor sites. At the tumor site, macrophages promote
tumor growth, angiogenesis, and metastasis. Plasmin produced by the tumor cells mediates tumor cell migration and
invasion both by protease dependent and independent mechanisms.

Currently, research on the role of p11 in tumorigenesis has been predominately con-
ducted in ectopic tumor models. Transgenic mouse models of cancer are histologically and
genetically accurate models of human cancer. Recently, we utilized the mouse mammary
tumor virus-polyoma middle tumor (MMTV-PyMT) transgenic model to interrogate the
role of p11 in breast cancer in WT and p11-KO mice [226]. The MMTV-PyMT transgenic
model-specific expression of the oncogene PyMT under the MMTV promoter, results in
widespread tumor growth in the mammary glands and spontaneous metastasis to the
lymph nodes and lungs. This mouse model is very similar to human breast cancer in that
the tumors display histological and molecular characteristics mirroring the progression
of human breast cancer. With this model system, we have shown that p11 is exclusively
expressed in the stromal compartment, and the loss of p11 dramatically reduces tumor
onset, growth, and progression. Spontaneous and experimental pulmonary metastasis
were also substantially reduced in the absence of p11. Surprisingly, tumors and tumor cell
lines isolated from these animals do not demonstrate a decrease in plasminogen activation
with the loss of p11. We hypothesize that plasmin generation by stromal cells, such as
macrophages, is critical for tumor growth and progression of breast cancer in this model
system. Many dysregulated pathways and processes observed in breast cancer progression
mimic those observed during normal mammary gland development and tissue remod-
eling. During puberty, and under the control of hormones and other factors, the ductal
epithelium of the rudimentary mammary gland invades into the mammary fat pad in
a process referred to as branching morphogenesis. ECM-degrading enzymes, including
MMPs and their inhibitors, tissue inhibitors of metalloproteinases are involved in this
process [227]. Plasminogen-deficient mice show a delay in early ductal development and
many are unable to lactate because of a lack of secretory epithelium [228]. Since p11 is
involved in cancer cell invasion we investigated the possibility that p11 might also be
involved in branching morphogenesis. We observed a reduction in length of the ductal
branches in the p11-KO mammary glands at the early time points of 6 and 8 weeks and was
comparable to the WT at 10 and 12 weeks. This suggests that p11 regulates the invasion of
both normal and cancer cells.

Hence, there is ample evidence linking the plasminogen activation system components
to macrophage invasion and migration (Figure 3). Several studies have demonstrated that
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plasminogen plays an important role in macrophage-driven phagocytic function in the con-
text of liver injury and wound healing. Using plasminogen and uPA KO mice, Kawao et al.
showed that in a liver injury model, plasminogen was important for macrophage-specific
phagocytosis of cellular debris [229]. On the contrary, Rosenwald et al. showed that plas-
minogen does not induce macrophage-specific phagocytosis but rather affects the prey
cells [230]. Finally, Das et al. showed using plasminogen-deficient mice that many genes
involved in phagocytosis are downregulated in these mice and that plasminogen is a key
regulator of macrophage-specific phagocytosis [222]. Although there is no direct evidence
of the role of plasminogen and phagocytosis in the context of tumor and TME, this might
be mainly relevant in chemotherapy and radiation therapy. In this scenario, potentially
damage associated molecular patterns induced by dying tumor cells can activate endothe-
lial cells and promote migration of myeloid cells, such as macrophages, which in turn
results in the clearance of apoptotic tumor cells by phagocytosis. Future studies should be
aimed at identifying the plasminogen receptors responsible for the phagocytosis process.

Initially, the role of the uPA, uPAR, plasminogen, PAI-1, and plasminogen receptors in
cancer growth was studied using transplantable and ectopic tumor models in NOD/SCID
and syngeneic mice and antibody-targeting and anti-sense gene knock-down technol-
ogy. These studies primarily utilized LLC cells, melanoma, squamous lung carcinoma,
and prostate cancer models [105,231–237]. Overall, these studies showed that inhibition
of uPA and uPAR resulted in decreased metastasis. More recently, due to the availability
of gene knockout transgenic mouse models, the role of plasminogen, uPA, uPAR, PAI-1,
and plasminogen receptors in tumor growth and metastasis have been extensively studied.
The MMTV-PyMT transgenic model has been extensively used to study the function and
expression of the various components of the plasminogen activation system (reviewed
in [238]). More importantly, this model is relevant to understanding the expression and
contribution of the plasminogen activation components by both TME and tumor cells in
cancer growth and progression. In situ hybridization and immunohistochemistry have
revealed that the expression of uPA, uPAR, and PAI-1 is predominantly increased in the
stromal compartment, by cells that include fibroblasts, macrophages, and endothelial cells.
Interestingly, this mirrors the expression and localization pattern in human breast cancer,
where the highest uPA [239] and uPAR [240] expression is found in stromal cells includ-
ing the macrophages in the periphery of breast cancer cells, whereas PAI-1 expression is
found predominantly in the myofibroblasts [241]. Studies with plasminogen-deficient mice
that express the MMTV-PyMT oncogene presented contrasting results among different
groups. The first studies performed in the late ’90s by the Bugge group showed that loss of
plasminogen decreased spontaneous pulmonary metastasis with no effect on tumor onset
and growth [53]. In contrast, studies reported by the Lundt group more than a decade
later showed that loss of plasminogen did not decrease spontaneous metastasis to the
lung. The latter group attributed this confounding result to the extensive backcrossing
of their mice before initiating these studies [242]. In the MMTV-PyMT model, there is no
significant difference in tumor growth and vascularization between WT and uPA, uPAR,
and PAI-1 deficient animals [238]. The uPA deficiency shows the most significant decrease
in metastasis, and PAI-1 depletion has a slight metastasis promoting effect (although not
statistically significant); uPAR loss does not affect metastasis (reviewed in [238]). Inter-
estingly, the effect of uPA on cancer progression depends on the organ and cancer types.
In the case of melanoma, uPA deficiency in mice results in decreased invasion and progres-
sion, whereas inhibition of uPA does not affect the progression of pancreatic cancer in the
RIP-Tag2 transgenic mouse model [243,244]. Among the PgRs, genetic depletion of S100A4
resulted in a dramatic decrease in pulmonary metastatic burden without any alteration
in tumor onset and growth kinetics. This was accompanied by significant suppression of
T-cell infiltration in the tumors depleted of S100A4. S100A4 secretion in the TME resulted
in the influx of T-cells which release cytokines resulting in enhanced metastasis [245].
Our studies with the MMTV-PyMT transgenic model in which the p11 gene was knocked
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out was the only instance of a plasminogen activation system component (p11) playing a
dynamic role in tumor onset, growth, progression, and metastasis.

12. Plasminogen Activation Components and Role in Chemoresistance

There are two main molecular targets in breast cancer based on the expression of
estrogen receptor alpha (ERα) and epidermal growth factor receptor 2 (HER2). Tamoxifen
is the main component for the treatment of ERα positive breast cancer, which accounts
for about 70% of all breast cancers. Tamoxifen acts by competing with estrogen for its
binding with ERα resulting in the inhibition of estrogen effect on cancer cell proliferation
(reviewed in [246,247]). Although tamoxifen therapy has significantly resulted in reduction
in mortality rate in ER-positive breast cancer patients, a significant proportion of patients
present with recurrence due to intrinsic or acquired resistance to tamoxifen. Components of
the plasminogen activation system have been involved in predicting tamoxifen resistance in
hormone responsive breast cancer. A high tumor expression of uPA, uPAR, and PAI-1 was
associated with poor response to tamoxifen in patients with recurrent breast cancer [248,249].

Chemotherapy is the primary mode of treatment for metastatic and aggressive breast
cancer especially triple-negative breast cancer. Triple-negative breast cancer is character-
ized by loss of ER, progesterone receptor and HER2 and is highly aggressive and metastatic.
Chemotherapeutic agents, such as paclitaxel and carboplatin, are commonly used to treat
aggressive breast cancer. Although these drugs reduce overall primary tumor burden,
many patients develop recurrent and metastatic disease which are subsequently resistant
to these drugs. Hence, chemoresistance remains a major barrier to successful treatment of
aggressive and metastatic breast cancer. Several mechanisms contribute toward chemoresis-
tance that is well studied specifically for breast cancer. These include but are not restricted
to increased drug metabolism and excretion of the drugs, mechanisms for resisting apopto-
sis and enhancing cell survival pathways, EMT, activation of cancer stem cells, efficient
DNA damage response and repair, and finally, alterations in the TME to promote drug
resistance (reviewed in [250,251]).

p11 has been linked to resistance to several chemotherapeutic agents. Proteomic
analysis of acquired tamoxifen resistance in MCF-7 breast cancer cells has identified p11
as one of the top five upregulated proteins in tamoxifen-resistant cells [252]. Similarly,
proteomic analysis showed that p11 was significantly increased in relapsing patients
associated with tamoxifen resistance [184]. Overexpression of p11 has also been linked
to reduced sensitivity of colorectal cancer cells [253] to oxaliplatin and depletion of p11
in leukemic cells increases sensitivity to vincristine [254]. Finally, p11 was part of an
11-member signature panel associated with multi-drug resistance in ovarian cancer [255].
The functional significance of p11 in promoting chemotherapy resistance has not yet been
elucidated, but these studies allude to its potential as a prognostic marker.

13. The Role of the Plasmin and Plasminogen System as Biomarkers in Cancers

Cancer biomarkers are most often used as aid in diagnosis but can also be useful
to determine tumor aggressiveness. Biomarkers also play a key role in identifying new
personalized targets depending on the aggressiveness of the disease and toxicity to the
therapeutic agents. In order for personalized therapies to be effective we require validated
novel biomarkers for predicting aggressive vs. non-aggressive cancer, response to therapy
and therapeutic resistance, and for predicting therapeutic side-effects and toxicity [256].
The best-established cancer biomarkers are uPA/uPAR and PAI-I [42,257]. As discussed,
many components of the fibrinolytic system play an important pathologic role in tumor
growth and metastases. Ultimately, plasmin plays two distinct roles in the transformation
process. First, plasmin participates in the proteolytic activation of several growth factors
such as TGFβ, FGF2, ILGF-1, and hepatocyte growth factor. Second, plasmin participates
in tumor growth and metastasis via degradation of components of the extracellular matrix
which form a barrier to metastasis. Plasmin also participates in the activation of sev-
eral proteases, such as the MMPs, that also proteolyze extracellular matrix components.
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The uPA/uPAR complex also plays a role in signal transduction and cellular adhesion.
Substantially increased levels of uPA were observed in various cancers of the breast, stom-
ach, colon and rectum, esophagus, pancreas, glioma, lung, kidney, prostate, uterine cervix,
ovary, liver and bone as evaluated by tissue extraction, immunohistochemical and in situ
hybridization methods [257]. Subsequently, the increased expression of uPA, uPAR, and/or
PAI-1 has been demonstrated to be associated with poorer overall prognosis in multiple
cancer types, including cancer of breast [258], bone [259], colon and rectum [260–262],
pancreas [263], glioma [264], kidney [265,266], prostate [267,268], lung [269], cervix [270],
ovary [271], esophagus [272], liver [273] and stomach [274].

Of the various cancers, the best-established case for the utilization of uPA/PAI-1
as biomarkers is for breast cancer. The use of uPA/PAI-1 as prognostic biomarkers in
lymph node-negative breast cancer has been confirmed by randomized prospective clinical
trials involving pooled analysis of data from retrospective and prospective studies [275].
In this regard they are used for the identification of lymph node-negative patients who
have HER-2-negative tumors and who can be safely spared the toxicity and costs of
adjuvant chemotherapy.

The association of uPA and PAI-1 with tumor aggressiveness and patient response
has been supported by an extensive array of studies spanning over 30 years. However,
the use of uPA/uPAR and PAI-1 as biomarkers in clinical practice has been very limited.
A major reason for this has been the fact that while inhibition of uPA, uPAR or PAI-1 by
inhibitory monoclonal antibodies, by gene manipulations such as the transfection of PAI-1
into experimental tumors, and by synthetic small molecules designed to target uPA, uPAR
or PAI-1 have shown in many cases dramatic inhibition of tumor growth and metastasis in
experimental animals, these approaches have had minimal impact on human tumors and
metastases. In the absence of clinical trials showing significant effects on human cancers,
there has been a reluctance to use these components as biomarkers.

The studies on the expression of plasminogen receptors as cancer biomarkers have
been performed on a few known plasminogen receptors such as p11, Enolase 1, and cy-
tokeratin 8 [155,156,159]. Many of the plasminogen receptors are multifunctional proteins
with both intracellular and extracellular expression and functionality in cancer progression.
Hence, it is imperative to specifically delineate the intracellular and membranous (or se-
creted) expression patterns of the receptors when describing the diagnostic, and prognostic
value of the receptors in human cancers. Nevertheless, overexpression of several of the
plasminogen receptors has been correlated with poor overall survival and prognosis.

Clinical analysis has demonstrated that p11 gene and protein expression are up-
regulated in several cancers, such as blood, brain, colorectal, gallbladder, kidney, lung,
lymphatic, ovary, pancreas, prostate, skin, stomach, and thyroid, and it has been exten-
sively documented in recent reviews [156,276,277]. Our laboratory has recently established
the potential of p11 as a diagnostic and prognostic biomarker in pancreatic and breast
cancer. In silico analysis of pancreatic tumors and cell lines demonstrated upregulation of
p11 mRNA expression. p11 mRNA expression and methylation status were predictive of
overall survival and recurrence-free survival (RFS) in pancreatic ductal adenocarcinoma pa-
tients. Furthermore, protein expression of p11 significantly increased in during progression
from normal to pancreatic ductal adenocarcinoma as demonstrated in tissue microarray
analysis in human patients [208].

Expression of p11 in breast cancer has been analyzed in multiple studies with incon-
sistent observations. In one of the early studies, Carlsson et al. performed an analysis in
ductal carcinoma in situ and invasive and metastatic breast tumors using serial analysis of
gene expression. They found that p11 gene expression was downregulated in breast cancer
irrespective of pathological grade [278]. In contrast, Yu et al. demonstrated that p11 was
one of the 170 genes that were activated at the intravasation step during metastasis [279]
in breast cancer patients. Studies by Zhang et al., using Kaplan—Meier plotter database
showed that elevated p11 mRNA expression was predictive of worse overall survival (OS)
in basal-type breast cancer, and there was no significant association of p11 expression in
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other subtypes based on clinicopathological grades [280]. Since p11 protein expression
is subjected to multiple post-translational modifications and interactions with several
binding partners, gene expression analysis alone will not suffice to understand the clinical
significance of p11 expression. To date, only two studies have examined the expression of
p11 protein in clinical samples from breast cancer patients. The first analysis by Arai et al.
demonstrated membranous overexpression of p11 in high-grade tumor status correlating
with high mitotic counts, severe nuclear pleomorphism, high Ki67 positivity index and
low ER status [281]. They did not observe any correlation of p11 protein expression with
stromal invasion. Our laboratory has utilized both gene expression profiling and immuno-
histochemical staining for p11 in breast cancer patient tissues. We observed that p11 mRNA
expression was significantly associated with poor patient prognosis and significantly el-
evated in high-grade, triple-negative tumors, and tumors with high proliferative index.
Most impressively, we observed that the high mRNA levels of p11 were significantly asso-
ciated with poor patient OS and a hazard ratio of 3.34. Although membranous expression
of p11 protein as evaluated by immunohistochemistry was significantly elevated in tumor
cells compared to normal mammary epithelium, there was no correlation between high p11
expression and clinical and pathological tumor grade or with molecular subtype in human
breast cancer samples. The discrepancy between p11 mRNA and protein expression in
human tissues can be partially attributed to the contribution of p11 by stromal cells in
the TME, which has not been examined in the immunohistochemistry analysis. Future
studies should be focused on employing a larger cohort of tissues for a detailed evaluation
of stromal and tumor cell expression of p11 in breast cancer [226].

Similarly, mRNA and protein for cytokeratin 8 is overexpressed in several cancers
such as breast, colon, gastric, head and neck, liver, lung, skin and uterus (reviewed in [155]).
Enolase 1 has also been evaluated for its use as a biomarker in several cancers, where is
shown to be upregulated such as bone, breast, head and neck, liver, lung and pancreas
where it suggests to have a prognostic significance (reviewed in [155]. Since many of the
plasminogen receptors play a key role in the macrophage function in animal models as
described previously it will be interesting to determine if macrophages in human tumors
from patients show elevated expression of plasminogen receptors, which can further be
used as a prognostic indicator of cancer progression and therapeutic interventions.

14. Concluding Remarks

Overall, the interpretation of the role of the plasminogen activation system in tumor
progression has been more complicated than expected due to the multifunctionality of
the components and their plasmin-independent role in tumor progression. For instance,
plasmin apart from its enzymatic function also promotes cell signaling which potentially
contributes toward tumor growth and metastasis. uPAR is a pleiotropic protein that
regulates cell adhesion, migration, proliferation, via intracellular signaling and independent
of its plasmin activating function.

In summary, from these studies, we can infer that plasmin-mediated proteolysis
contributes to the degradation of ECM, which can directly or indirectly affect tumor
stroma formation, angiogenesis, and dissemination. Plasmin generation by stromal cells,
such as macrophages is critical for tumor growth and progression in many forms of
cancer including breast cancer. In this regard, the plasminogen receptors play a key
role in regulating plasmin generation. Our work has highlighted the importance of the
plasminogen receptor, p11, in the interaction of cancer cells with the stroma.
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Simple Summary: The key challenges that face patients during breast cancer therapy is the metastatic
spread and aggressiveness of the disease. Thus, the goal of current breast cancer research is to discover
new therapeutic and diagnostic targets that limit the aggressive spread of the cancer. In this study,
we investigated the role of protein S100A10 (p11) in breast tumor growth, progression, and metastasis
using mouse cancer models and patient tumor sample analysis. We have demonstrated in our
previous studies that p11 is critical for the function of a proteolytic enzyme–plasmin, which aids in
the digestion of the tissues surrounding the tumor and allows the escape of the cancer cells from the
breast tissue to organs such as the lungs and bone. Here, we present evidence that genetic deletion of
p11 results in smaller and less aggressive mammary tumors in mice. We also observed that the cancer
spread to the lungs is dramatically reduced in the absence of p11 gene in mice. Subsequent analysis
of breast cancer patient tissues showed a correlation between higher p11 expression and both poor
survival and aggressive cancer.

Abstract: S100A10 (p11) is a plasminogen receptor that regulates cellular plasmin generation by
cancer cells. In the current study, we used the MMTV-PyMT mouse breast cancer model, patient
tumor microarray, and immunohistochemical (IHC) analysis to investigate the role of p11 in
oncogenesis. The genetic deletion of p11 resulted in significantly decreased tumor onset, growth rate,
and spontaneous pulmonary metastatic burden in the PyMT/p11-KO (knock-out) mice. This phenotype
was accompanied by substantial reduction in Ki67 positivity, macrophage infiltration, decreased vascular
density in the primary tumors, and decrease in invasive carcinoma and pulmonary metastasis.
Surprisingly, IHC analysis of wild-type MMTV-PyMT mice failed to detect p11 expression in the
tumors or metastatic tumor cells and loss of p11 did not decrease plasmin generation in the PyMT tumors
and cells. Furthermore, tumor cells expressing p11 displayed dramatically reduced lung metastasis
when injected into p11-depleted mice, further strengthening the stromal role of p11 in tumor growth
and metastasis. Transcriptome analysis of the PyMT tumors from p11-KO mice showed marked
reduction in genes such as Areg, Muc1, and S100a8 involved in breast cancer development, progression,
and inflammation. The PyMT/p11-KO tumors displayed a remarkable increase in inflammatory cytokines
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such as interleukin (Il)-6, Il-10, and interferon (Ifn)-γ. Gene expression profiling and IHC of primary
breast cancer samples showed that p11 mRNA and protein levels were significantly higher in tumor
tissues compared to normal mammary tissue. P11 mRNA expression was significantly associated with
poor patient prognosis and significantly elevated in high grade, triple negative (TN) tumors, and tumors
with high proliferative index. This is the first study examining the crucial role of p11 in breast tumor
development and metastasis, thus emphasizing its potential as a diagnostic and prognostic biomarker in
breast cancer.

Keywords: breast cancer; S100A10 (p11); tumor growth; tumor progression; macrophages; metastasis;
carcinoma; mammary gland; triple negative

1. Introduction

Breast cancer is the leading cause of cancer death among women worldwide. The vast number of
cancer-associated deaths are due to metastases rather than primary disease alone. Currently, strategies to
treat and eliminate metastasis are limited and challenged by resistance to therapies. Thus, discovering
the underlying molecular mechanisms that promote breast cancer metastasis and therapy resistance is
critical for identifying novel treatment strategies.

Extracellular proteases promote degradation of the extracellular matrix and form a key component
of the cascade of events contributing to cancer cell invasion and metastasis. [1–3]. Increasing evidence
has shown elevated expression of proteases plasmin and matrix metalloproteases (MMPs) in breast
cancer progression and has been extensively studied with mouse tumor models [4]. Plasminogen
(Plg), synthesized by the liver is activated to plasmin (Pm) by tissue plasminogen activator (tPA) and
urokinase plasminogen (uPA) activator, (reviewed in [5,6]). This process, normally slow, is accelerated
by plasminogen receptors (PgR) on the cell surface. Our laboratory identified S100A10 (p11) as a
plasminogen receptor that forms a complex with both plasminogen and plasminogen activator [7–10].

P11 is a multifunctional protein and a member of the S100 proteins. Several extracellular and
intracellular functions have been identified for p11; the plasminogen receptor function is the most
well studied so far [5]. P11, present on the extracellular surface, is complexed with its binding partner
annexin A2 (p36). We have reported that p11 regulates plasminogen activation on the cell surface of
many cancer cells including fibrosarcoma, colorectal, lung, and pancreatic cells [8,11–16]. We have
also reported that p11 regulates the plasmin production of stromal cells, including macrophages and
endothelial cells [17–19], and that p11-dependent plasmin generation is necessary for macrophage
infiltration to the site of inflammation in subcutaneous tumor growth.

Several studies have shown correlations between p11 gene expression and poor prognosis and
overall survival in lung [20–22], colorectal, ovarian, kidney, and gastric cancers, anaplastic thyroid
carcinoma, melanoma and acute lymphoblastic leukemia (reviewed in [12]), and pancreatic ductal
adenocarcinoma [16]. P11 is upregulated in basal-type breast cancer [23] and during the process of
intravasation and epithelial mesenchymal transition [24].

Although we have shown that p11 is important for ectopic tumor growth in both NOD/SCID
(Non-obese diabtetic/severe combined immunodeficiency ) and syngeneic mouse models for various
cancer cell lines such as colorectal, fibrosarcoma, and pancreatic cancer, these studies have
limitations. Firstly, they do not reproduce the complex multistep landscape of human oncogenesis.
Secondly, the growth, invasion, and metastasis of cancer also depends on its interaction with the
tumor microenvironment making it difficult to distinguish the individual contribution of tumor
and stromal cells to cancer progression. To circumvent these experimental challenges, and to
advance our understanding of the role of p11 in oncogenesis, we have established the MMTV-PyMT
(mouse mammary tumor virus-polyoma middle tumor-antigen) transgenic breast cancer model in
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wild-type and p11 knockout mice and have used this double transgenic model to investigate the role
of p11 in breast cancer malignancy.

In the MMTV-PyMT transgenic mouse model, mammary gland specific expression of the oncogene
PyMT under the MMTV promoter, results in widespread tumor growth in all ten mammary glands
and spontaneous metastasis to the lymph nodes and lungs. This occurs with a mean latency of 92 days,
with high penetrance and almost a 100% incidence of metastasis. This mouse model is very similar to
human breast cancer in that the tumors display histological and molecular characteristics mirroring the
progression of human breast cancer [25–27] and have a reactive stroma. This model has been widely
used to establish the role of proteolytic activity in cancer cell malignancy. Proteases that affect metastasis
in this model system include Plg [28,29], uPA [30], MMP-9 and MMP-3 [4,31,32], cathepsin B [33,34],
and ADAMTS1 (short for disintegrin and metalloproteinase with thrombospondin motifs) [35]. Another
important feature of the MMTV-PyMT model is that the increased metastatic potential is largely
dependent on the presence of macrophages in the primary tumor [36,37]. Thus, the MMTV-PyMT
model is a pertinent model to investigate the functional role of p11.

In the current study, we conducted a systematic, functional, and correlative analysis of the role
of p11 in breast cancer oncogenesis using the MMTV-PyMT transgenic mouse model. We have also
performed gene expression profiling and protein expression analysis of human breast cancer tissues.
The studies described herein indicate that p11 plays a complex and multifunctional role in breast tumor
growth, progression, and metastasis.

2. Results

2.1. Loss of p11 Results in Delayed Appearance of Multifocal Dysplastic Lesions

The fourth inguinal mammary gland from PyMT/p11-WT (wild-type) and PyMT/p11-KO
(knock-out) mice was isolated at 8, 10, and 12 weeks of age, fixed and stained with carmine alum [37].
As early as 6 weeks of age, we observed the appearance of early hyperplastic lesion at a single
focus or in some cases, multiple foci beneath the nipple in the older zone of the ductal tree in the
PyMT/p11-WT. At 8 weeks, we observed the formation of multiple small nodules in the distal newer
ducts, which then spread extensively to the entire length of mammary gland by 12 weeks of age.
In contrast, PyMT/p11-KO mice showed complete absence of hyperplastic tumor foci at 6 weeks,
which appeared first at 8 weeks of age, and were restricted to only a fraction of the older ductal
structures even at 12 weeks. The most dramatic difference was the complete absence of multiple tumor
foci throughout the mammary gland of the PyMT/p11-KO mice at 12 weeks (Figure 1). Hematoxylin
and Eosin (H&E) staining of a representative tissue section (5 µm) (Figure S1) showed increased
hyperplastic lesions in the PyMT/p11-WT as age progressed from 6 weeks to 12 weeks, whereas none
were observed in the PyMT/p11-KO tumors.

2.2. p11 Plays a Role in Mammary Tumor Growth and Progression

We employed a cohort of 27 PyMT/p11-WT and 28 PyMT/p11-KO mice and monitored the time of
appearance and size of palpable tumors. A fraction of the mice was sacrificed at 20 weeks and the total
tumor burden was determined. The remaining mice were monitored further until a combined tumor
volume of 4000 mm3 was attained, the humane endpoint of the experiments.

The first palpable tumor appeared at 9 weeks in the PyMT/p11-WT mice compared to 11 weeks in
the PyMT/p11-KO mice (Figure 2A). At 10 weeks, 77% of PyMT/p11-WT and 42% of PyMT/p11-KO
mice developed palpable tumors. All the PyMT/p11-WT mice developed palpable tumors by 105 days
of age (15 weeks), whereas only 89% of PyMT/p11-KO mice developed tumors at 20 weeks (Figure 2B).
Overall, the mean tumor latency was increased by two weeks in the PyMT/p11-KO mice (Figure 2C).
The tumor volume was dramatically decreased in the PyMT/p11-KO mice with a 4- and 6-fold decrease
at 15 and 20 weeks, respectively (Figure 2D).
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Figure 1. Loss of p11 affects formation of hyperplastic lesions in PyMT driven tumors. Whole mammary
glands from PyMT/p11-WT (n = 3) and PyMT/p11-KO mice at (6 (6 W), 8 (8 W), 10 (10 W), 12 (12 W)
weeks) were excised, fixed, and stained with carmine alum as per standard protocols (See Materials
and Methods). Representative images from the 4th abdominal mammary gland from each group and
time point are shown. Scale bar 2 mm.

Histopathological progression to late carcinoma stage was delayed in PyMT/p11-KO mice
(Figure 2E). By 10 weeks of age, 83% of the PyMT/p11-WT mice and only 25% of the PyMT/p11-KO
progressed to the early carcinoma stage. By 20 weeks, 82% of the PyMT/p11-WT mice and 6.25% of the
PyMT/p11-KO had progressed to the late carcinoma stage. Interestingly, at this endpoint, 37.5% of
PyMT/p11-KO mice showed normal mammary gland histopathology.
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Figure 2. Tumor initiation, growth, burden, and progression are decreased and delayed in PyMT/p11-KO
mice. (A) Appearance of palpable tumors was monitored weekly. (B) Percent tumor-free mice was
calculated using Kaplan–Meir analysis (hazard ratio (HR)—2.24, p = 0.0004). (C) Tumor latency
was plotted for each mouse based on the first appearance of palpable tumor. (D) Tumor volume
was measured weekly using calipers. Total volume was plotted to represent tumor growth rate.
(E) Total tumor weight at endpoint (20 weeks) was determined as a percentage of body weight.
Data are a compilation of three independent experiments, except (D), which shows data from one
independent experiment. Significance was determined by non-parametric t-test (Mann Whitney U
test–unpaired, non-parametric test for means). (F) Mammary glands and tumors from PyMT/p11-WT
and PyMT/p11-KO mice were harvested at 20 weeks, formalin-fixed, embedded, and sectioned at 5 µm
thickness. The H&E and smooth muscle α-actin-stained sections were classified into histopathological
stages by a pathologist in a blinded manner. (n = 6 to 12 mice in each group). Statistical analysis was
performed by χ2-test (p < 0.0001). The ssterix on each plot represents p-values as follows. ** p < 0.01,
*** p < 0.001, **** p < 0.0001.
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2.3. Loss of p11 Reduces Tumor Cell Proliferation, Vascular Density, and Macrophage Infiltration

The proliferative index of PyMT/p11-WT and PyMT/p11-KO tumors at endpoint (20 weeks) were
measured using Ki67 positive immunoreactivity [38]. We observed a 2.9-fold reduction in mean
Ki67 positive-cells in tumors from PyMT/p11-KO mice, suggesting that p11 functions in modulation
of tumor cell proliferation (Figure 3A). Although there was a trend for increased apoptosis in the
PyMT/p11-KO tumors, this was not of statistical significance (Figure S4A). We observed a 6-fold
reduction in endothelial cell staining (CD31-positive) in the PyMT/p11-KO tumors compared to
PyMT/p11-WT tumors (Figure 3B). In both groups of PyMT mice, the macrophages (F4/80-positive)
were restricted to the peripheral area of the tumors. However, there was a significant (11.5-fold) decrease
in the macrophage density in the tumors from PyMT/p11-KO mice compared to the PyMT/p11-WT
mice (Figure 3C). We also observed a qualitative increase in CD3+ (total T cells) staining in the tumors,
but this difference was not statistically significant (Figure S4B).

2.4. Loss of p11 Reduced Spontaneous and Experimental Metastasis

We harvested the lungs from 20-week old mice and performed histochemical analysis. We observed
a significant 18-fold decrease in metastatic burden and a 14-fold decrease in number of metastatic foci
(Figure 4A) in the PyMT/p11-KO mice. Furthermore, the presence of metastatic foci was observed
only in 3 of 17 (17.6%) in the PyMT/p11-KO mice compared to 10 of 19 (53%) in the PyMT/p11-WT
mice, suggesting an important role for p11 in spontaneous metastasis. Next, we injected the PyMT
transformed cell line, Py8119 with WT p11 levels intravenously (lateral tail vein) in p11-WT and
p11-KO mice. We observed a dramatic decrease in the metastatic burden (6-fold) and number of
metastatic foci (2.5-fold) in the p11-KO mice (Figure 4B). These results suggest that stromal p11 is
important for the extravasation process and establishment of metastases by these breast cancer cells.

2.5. p11 Expression Is Restricted to the Stromal Compartment in Mammary and Pulmonary Metastatic Tumors

To further investigate the expression and localization of p11 in the PyMT tumor and stromal
compartment, we performed immunohistochemical analysis of tumors from both PyMT/p11-WT and
PyMT/p11-KO cohorts. Interestingly, we observed that the majority of the p11 staining was localized
to the stromal compartment in the PyMT/p11-WT mice. Only a fraction (33%) of tumors examined
presented with diffuse p11 staining in the tumor cells (Figure 5A).

To further evaluate if p11 expression was induced in the metastatic tumor cells, we immunostained
lung sections from PyMT/p11-WT mice and observed that the lung tissue but not the metastatic foci
showed immunoreactivity for p11. (Figure 5B). This suggested that the tumor cells in the PyMT tumors
do not express detectable levels of p11, whereas it is highly expressed in the stromal cells surrounding
the tumors. Furthermore, there did not appear to be an induction of p11 in the cancer cells that left the
tumor and metastasized to the lungs.

We also examined the lung tumors obtained after tail vein injection of Py8119 cells in p11-WT
and p11-KO mice. Surprisingly, we observed that the metastatic foci obtained from the lungs of both
genotypes showed strong membranous expression of p11. This was more evident in the p11-KO
mice, where expression was restricted to the small tumor nodules and was completely absent in
the surrounding lung tissues (Figure 5C). We further evaluated p11 expression in both the whole
tumor homogenates and Py8119 cells by immunoblotting (Figure 5D,F). As anticipated, whole tumor
homogenates from these groups also showed p11 expression in the PyMT/p11-WT tumors consistent
with some expression in the stroma. Unlike the PyMT cancer cells, we observed that Py8119 tumor
cells showed robust p11 expression (Figure 5F).

2.6. Loss of p11 Does Not Affect Plasminogen Activation (or Plasmin Generation) in PyMT Tumors

We previously observed that plasminogen activation is substantially reduced in p11-depleted
cancer cells such as colorectal [14], fibrosarcoma [13], pancreatic [16], and lung [15]. We measured
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plasmin generation in tumor homogenates and cell lines isolated from PyMT tumors and did not
observe any difference (Figure 5E and Figure S5B). However, PyMT tumors from p11-WT and p11-KO
mice showed a marked increase in plasminogen activation compared to normal mammary glands
(Figure S5C). These data suggest that p11 does not play a significant role in tumor cell plasmin
generation in the PyMT mammary tumors.

Figure 3. PyMT/p11-KO mice tumors show reduced proliferation, vascular density and macrophage
infiltration. Formalin-fixed, paraffin-embedded, and sectioned tissues from PyMT/p11-WT (n = 11)
and PyMT/p11-KO (n = 10) (end-point, 20 weeks) mice were immunostained for (A) Ki67
(proliferation marker), (B) CD31 (endothelial marker), and (C) F4/80 (mouse macrophage marker).
(A) Immunostaining using anti-rabbit Ki67 antibody (Abcam, Cambridge, MA, USA). Stained sections
were imaged using Zeiss Axio Imager Z1 W/color and monochrome camera (Carl Zeiss Canada, Toronto,
ON, Canada) at 10×magnification. Left panel: The number of Ki67-positive cells was manually counted
using Zen (2012) software in 7–10 random fields per tissue section/mouse. Significance was determined
using Mann Whitney U test (unpaired, non-parametric test for means), p = 0.0021. Right panel:
The representative image was captured at 20×magnification. Scale bar–100 µm. (B) Immunostaining
using anti-rabbit CD31 antibody (Abcam, Cambridge, MA, USA). Stained sections were imaged
using Aperio Scanning system (Leica Biosystems, Concord, Ontario) at 40×magnification. Left panel:
The number of CD31-positive cells were manually counted using Imagescope software (Leica Biosystems,
Concord, Ontario) in 7–10 random fields per tissue section/mouse. Mann Whitney U test (unpaired,
non-parametric test for means) shows p value < 0.0001. Right panel: Representative image at 20×
magnification. Scale bar–100µm. (C) Immunostaining using anti-rat F4/80 antibody (BM8, Thermofisher
Scientific, Waltham, MA, USA). Stained sections were imaged as in (A), but at 40× magnification.
Left panel: The number of F4/80-positive cells were manually counted as in (A). Mann Whitney U test
(unpaired, non-parametric test for means) showed p < 0.0001. Right panel: Representative image at 20×
magnification. Scale bar–100 µm. The asterix on each plot represents p-values as follows. ** p < 0.01,
*** p < 0.001, **** p < 0.0001.
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Figure 4. Metastasis is diminished in PyMT/p11-KO mice. (A) We evaluated pulmonary metastasis at
the 20-week end point in (spontaneous model) PyMT/p11-WT and PyMT/p11-KO mice by microscopic
examination of formalin-fixed, H&E-stained lung sections (5 µm). Three lung sections each 100 µm
apart were used for staining. Quantification was performed using Aperio image analysis software
(Imagescope). Mean values for three sections were used to calculate the metastatic burden and foci
values. (A) We evaluated the metastatic burden by measuring the total metastatic area and total
lung area, followed by normalization (A—upper left panel). Mann Whitney U test showed statistical
significance with p value of 0.0062. The number of metastatic foci per mouse lung section was
determined by manual counting of images (A—upper right panel). Mann Whitney U test showed
p value of 0.0069. Lower panels: Representative lung images from WT and KO mice. (B) Experimental
metastasis assay. We injected 2.5 × 105 Py8119 (p11-WT levels) cells into p11-WT and p11-KO mice
(n = 12 mice per group). The lungs were harvested after 14 days, formalin-fixed, and sectioned at 5 µm
as described above. Mann Whitney non-parametric t-test (for means) for statistical significance was
performed. Metastasis was pooled and combined from two independent experiments (n = 6 each).
p < 0.0001. Lower panels: representative lung images from WT and KO mice. The asterix on each plot
represents p-values as follows. ** p < 0.01, **** p < 0.0001.
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Figure 5. Expression of p11 in mammary and pulmonary metastatic tumors is restricted to the
stromal compartment in the PyMT/p11-WT tumors. IHC staining was performed using anti-rabbit p11
antibody (Proteintech, Rosemont, IL, USA), on 5 µm sections from 20-week end-point PyMT/p11-WT
(n = 10) and PyMT/p11-KO tumors (n = 3), and lungs from spontaneous and experimental metastasis
assay. (A) Representative images of p11 immunostained sections of PyMT mammary tumors.
As anticipated, the tumors from PyMT/p11-KO mice showed no staining, validating the specificity
of the antibody. (B) PyMT spontaneous lung metastasis from PyMT/p11-WT and PyMT/p11-KO
mice, and (C) experimental metastasis of Py8119 cells injected in p11-WT (n = 4) and p11-KO
(n = 4) mice are shown. Scale bar is 100 µm. (D) Western blot of p11 expression in total cell tumor
homogenates from PyMT/p11-WT (n = 3) and PyMT/p11-KO mice (n = 3). (E) Fresh and frozen
tumors from both PyMT/p11-WT (n = 6 mice) and PyMT/p11-KO (n = 5 mice) were homogenized
and equal protein (30–60 µg) was used for plasmin generation assay as described in Materials and
Methods and Supplemental Section. Mann Whitney U (unpaired, non-parametric test for means) t-test
show p =0.3290). NS, not significant (F) Western blot for p11 expression in total cell lysates in Py8119
cells obtained from ATCC (American Type Culture Collection) (n = 4) using goat anti-mouse antibody
(R&D systems, Minneapolis, MN, USA).

2.7. P11 Regulates Expression of Genes and Cytokines Affecting Tumor Progression

To examine how p11 might regulate tumor growth and metastasis genes, we performed microarray
gene expression profiling on mammary tumors from PyMT/p11-WT and PyMT/p11-KO mice (n = 3
per group). We observed that 891 transcripts were elevated and 269 were reduced by more than 1.5-fold
(p < 0.05) in the PyMT/p11-KO tumors (Figure 6A). As anticipated, S100A10 expression was decreased
by 3.08-fold in the PyMT/p11-KO tumors, supporting the validity of the gene expression data set.
Of the 891 transcripts, 331 were annotated genes: 144 genes were downregulated and approximately
187 genes were upregulated in the PyMT/p11-KO mice (Supplemental file 1). We chose to validate
seven downregulated genes (Aldh1a2, Areg, Ctse, Muc1, S100a8, Thbs1, and Tnc) and two upregulated
genes (Cdh19 and Cpm) using reverse transcriptase quantitative PCR (RT-qPCR) (n = 11 mice per
group). We confirmed that amphiregulin (Areg), mucin 1 (Muc1), and S100a8, were downregulated,
whereas cadherin 19 (Cdh 19) was upregulated by qPCR (Figure 6B). In contrast to the microarray data,
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Aldh1A2 and Tnc were shown to be upregulated by qPCR (Figure 6B and Figure S6A), which potentially
represents false hits from microarray.

Figure 6. Tumor transcriptome of PyMT/p11-KO mice suggest the downregulation of tumor promoting
genes. Gene expression profiling of PyMT/p11-WT and PyMT/p11-KO tumors were performed (n = 3
mice per group). (A) Volcano plot with (significantl p value of < 0.05) upregulated and downregulated
genes in the PyMT/p11 KO mice (n = 3 mice in each group). The top 6 genes are highlighted. Genes which
were up- or down-regulated more than 2-fold (log2 = 0.678) at a significance level of p < 0.05 were
considered differentially expressed. (B) Validation of the top 9 differentially expressed genes using
quantitative RT-PCR (10–11 mice per group). Significance was determined by unpaired t-test. Only the
genes significantly altered are shown. (C) Loss of p11 in PyMT tumors results in differential cytokine
expression profile. We performed quantitative RT-PCR on tumors isolated from PyMT/p11-WT and
PyMT/p11KO mice (10–11 mice per group), using a CFX96 or CFX384 Touch Real-Time PCR Detection
system (BioRad, Mississauga, ON, Canada). Relative mRNA expression was log-2 transformed prior to
plotting and statistical analysis. Significance was determined by unpaired, t-test. Only those cytokines
significantly altered are shown. The asterix on each plot represents p-values as follows. * p < 0.05,
** p < 0.01, *** p < 0.001.
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Quantitative PCR showed no significant change in the expression of cytokines associated with
macrophage recruitment including Csf1, Ccl5, Ccr5, and Ccl2 (Figure S6B). Comparison of expression
of inflammatory cytokines between the two groups showed significant increases in Ifn-γ (3.36-fold),
Il-10 (3.7-fold), Il-6 (3.7-fold), but no significant changes in Il-12α, Il-4, and Tnf-α (Figure 6C, Supporting
Figure 4B). Interestingly, we observed a 3-fold increase in Csf2 expression in the PyMT/p11-KO tumors
(Figure 6C).

2.8. p11 Is Associated with Poor Clinical Outcomes

We employed a well-defined breast cancer patient cohort (n = 176) and stratified the patient
population into S100A10 high and low mRNA levels. Kaplan–Meier survival analysis showed that
high levels of S100A10 were significantly associated with both shorter overall survival (HR = 3.34,
p < 0.0001) and recurrence-free cancer (HR = 2.27, p < 0.001) (Figure 7A,B). We further found that
S100A10 levels were significantly increased in high histologic grade tumors compared with normal
mammary tissues (p < 0.01) and low grade tumors (p < 0.05) (Figure 7C) Among the molecular subtypes,
S100A10 mRNA levels were significantly higher in triple negative (TN) and human epidermal growth
factor receptor 2 (HER2)-enriched breast tumors compared to normal breast tissues. TN tumors
showed significantly higher S100A10 levels than luminal estrogen receptor (ER +) tumors (Figure 7D).
In addition, tumors with high Ki67 immunoreactivity (percentage of positive cells >15%) showed
significantly higher S100A10 levels than tumors with low Ki67 immunoreactivity (≤15%) (Figure 7E).

Figure 7. Expression of S100A10 (p11) expression in breast cancer patients. Treatment-naïve primary
breast cancer samples (n = 176) were obtained through the Canadian Breast Cancer Foundation (CBCF)
Tumor Bank and used for gene expression analysis. S100A10 high and low mRNA levels were based
on the signal intensity from our gene expression microarray profile using the Receiver Operating
Characteristic (ROC) curve analysis. Correlation of S100A10 mRNA with (A) overall survival probability.
High mRNA levels of S100A10 are significantly associated with poor patient overall survival (HR of
3.34). (B) Recurrence free survival, with HR 2.27. (C) For histological tumor grade, p11 is significantly
upregulated in high grade (HG) tumors compared to normal breast and low-grade (LG) tumor tissues.
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(D) For molecular subtype, p11 is significantly up-regulated in HER2+ and triple negative breast
cancers compared to normal breast tissues. (E) In breast cancer patients, p11 mRNA levels are
significantly higher in tumors with high Ki67 immunoreactivity. S100A10 (p11) protein is overexpressed
in breast tumors compared to normal mammary tissues. (F–H) IHC staining of p11 in normal breast
tissues and in low grade (LG), high grade (HG), ductal carcinoma in situ (DCIS), IDC(Invasive Ductal
Carcinoma)/Invasive, ER+, HER2+ and TN tumors was performed using anti-p11 antibody (Proteintech,
Rosemont, IL, USA). These human tissues were obtained from Queen Elizabeth II Health Sciences Centre,
Nova Scotia Health Authority (NSHA) (see Materials and Methods). The stained sections were scored
(semi-quantitative) based on percent positive tumor cells and intensity of staining by a pathologist
(blinded). H score was determined based on the formula described and the samples/tissues were
separated and plotted based on (F) clinical/histological grade, (G) pathological grade, and (H) molecular
subtype. Statistical analysis was performed by Mann Whitney U test (unpaired, non-parametric test
for means t-test). The Asterix on each plot represents p-values as follows. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001.

Immunostaining of the NSHA patient cohort followed by semiquantitative scoring of the staining
showed no p11 immunostaining (100% negative, H-score = 0) of epithelial cells that formed the normal
mammary ducts but expression in the stromal areas surrounding the normal duct was observed
(Figure S7A). Based on H-score, we found 25% of low grade, 29.3% of high grade, 37.5% of DCIS, 33% of
IDC, 23.8% of ER+, 37.5% HER2+, and 52% of TN tissues/samples were positive for p11 expression.
We observed a significant increase in H-score values between normal and low-grade, and normal
and high-grade, but the difference between low grade and high grade was not significant (Figure 7F).
Similarly, DCIS and IDC samples showed significantly higher H-score values compared to normal
tissues. But there was no difference in p11 expression between DCIS and IDC samples, suggesting that
p11 expression does not correlate with invasive progression (Figure 7G and Figure S7). We observed the
most dramatic increase in p11 staining between normal tissue and TN tumors (p < 0.0001), consistent
with the highest mean H-score value for the TN tumors. We also noted significant increase between
normal and ER+, and normal and HER2+ tumors, but there was no significant increase between ER+

and HER2+ tumors. Interestingly, statistical comparison of ER+ and TN tumors showed increase in
TN with respect to ER+ although the p value (0.0511) was only approaching significance (Figure 7H
and Figure S7).

3. Discussion

The loss of components of the plasmin-plasminogen system decreased pulmonary metastasis but
had no effect on tumor onset or growth in the PyMT model (reviewed in [4]). Interestingly, in this
study, we observed a dramatic delay in tumor onset, growth, and progression to malignancy in the
PyMT/p11KO mice. These results suggest a complex role for p11 in breast cancer oncogenesis beyond
the regulation of plasmin generation.

We observed a dramatic decrease in metastatic burden (18-fold) and metastatic foci (14-fold)
in PyMT/p11-KO mice. The histopathological progression to late carcinoma stage was delayed in
PyMT/p11-KO mice (Figure 2E), potentially attributing the decrease in metastases to the delayed
development of malignancy. However, pulmonary metastases in the PyMT model is an early event
and independent of tumor size [39,40]. Interestingly, metastases formed by injection of the PyMT
transformed cell line, Py8119, into the p11-KO mice were dramatically reduced, suggesting that the
p11-deficient stroma is a less favorable environment for the establishment of metastases.

These results are consistent with our previous work showing a dramatic reduction in the growth
of Lewis lung carcinomas and T241 fibrosarcomas in p11-deficient mice compared with WT mice [19]
and that the tumor growth deficit corresponded with a decrease in macrophage and endothelial cell
density. Consistent with delayed tumor onset and growth, we observed a dramatic decrease in Ki67
positivity in tumors from PyMT/p11-KO mice, suggesting a role for p11 in tumor cell proliferation.
Although, apoptosis as shown by TUNEL staining was marginally decreased with loss of p11 in PyMT
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tumors, this was not statistically significant and warrants further testing in a larger sample size. Nevertheless,
this corroborates our finding with Ki67 staining/quantification. Tumor-associated macrophages (TAMs)
significantly contribute to tumor progression, angiogenic switch, and metastasis [41,42], with loss of
peritumoral TAMs resulting in delayed tumor progression [43]. Therefore, it is likely that a portion of
the requirement of p11 for PyMT-driven tumor growth and metastasis is due to the function of p11 in
macrophage recruitment.

We have previously reported that p11 is responsible for much of the plasmin generation in various
cancer cell lines [5,15,16,44]. However, in the present study, we were unable to detect any differences in
plasmin generation between cancer cells or tumor homogenates isolated from the PyMT/p11-KO and
PyMT/p11-WT mice. Macrophages and endothelial cells utilize p11 for their physiological functions.
We have shown that the loss of p11 slows migration of the macrophage to the tumor site. It was therefore
surprising that we did not detect differences in the tumor homogenates isolated from PyMT/WT and
PyMT/P11KO mice. Although the PyMT/p11-KO mice tumor homogenates appeared to generate less
plasmin, the difference did not meet statistical significance. The reason for this discrepancy is unclear
at present but may be addressed by larger sample sizes. However, we observed that PyMT tumors
from p11-WT and p11-KO mice showed a marked increase in plasmin generation compared to normal
mammary glands (Figure S5D), suggesting compensation by other plasminogen receptors in this model.
It is likely that distant peripheral macrophages utilize plasminogen receptors such as p11 to migrate
and invade the tumors [19,45,46]. Furthermore, we detected weak p11 expression in some of the tumor
cells and no expression in metastatic nodules of PyMT/p11-WT tumors. The similarity of F4/80 and
p11 staining pattern in the PyMT-tumor stroma suggests that macrophages are the most prominent
p11-staining cells in the stroma (Figure S8). However, detailed colocalization studies will be necessary
to verify this prediction. In contrast, lung tumors obtained after tail vein injection of Py8119 cells in
p11-WT and p11-KO mice showed robust p11 expression. Overall, the exclusive expression of p11 in
the stroma in vivo parallels the stromal localization of other components of the plasminogen activation
system including uPA, uPAR, tPA, and PAI-1 in mouse (PyMT) and human models [4]. The lack of
p11 expression in the PyMT-expressing tumor cells and restriction of the majority of p11 expression
to the stromal compartment were striking observations in the current study. The middle T (MT)
region of PyMT is an effective oncogene and activates the PI3 kinase (PI3K) signaling pathway [47,48].
Recently we have shown that active PI3K signaling decreased p11 expression in several tumor cells via
the FOXC2 transcription factor [15]. In addition, in vitro observations indicate a distinct rewiring of
signaling in 2-D cell cultures resulting in increased p11 expression potentially due to de-repression of
tumor-stroma signaling events observed in vivo [49,50]. Furthermore, the retention of p11 expression
in the Py8119 tumor cells in the lung metastatic nodules, suggests the absence of inhibitory signals in
the lung microenvironment.

Whole mount analysis of mammary glands indicated a decrease in multifocal dysplastic lesions as
early as 6–8 weeks in the PyMT/p11-KO mice (Figure 1). By 10–12 weeks, these lesions had become quite
dramatic, whereas dysplastic lesions in the mammary glands of the PyMT/p11-KO mice were sparse.
An interesting observation was the reduction in length of the ductal branches in the PyMT/p11-KO
mammary glands at the early time points of 6 and 8 weeks, and was comparable to the WT at 10
and 12 weeks (Figure S2). However, by 10 and 12 weeks, the ductal branching was indistinguishable,
suggesting that the developmental deficit was no longer present (Figure S2). The mechanism by which
the developmental deficit had been overcome at 10 weeks is unclear and will require a detailed study
of the role of p11 in mammary development. However, it is unclear if this novel function of p11 in
mammary development could account for the dramatic reduction in tumor growth observed in the
PyMT/p11-KO mice. Other groups have shown that infiltration of macrophages is required for early
mammary gland development [51]. It is likely that defective macrophage migration observed with
p11-KO mice causes early defects in ductal branching in the mammary gland. This suggests that
p11 may play a potential role during early stages of mammary gland development. More recently,
another plasminogen receptor, Plg-Rkt, was shown to be critical for lactogenesis and mammary
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lobuloalveolar development [52]. We were initially concerned that the delayed development might
affect the expression of the PyMT oncogene in the epithelial cells and thereby contribute to the delay in
oncogenesis observed in the p11-KO mice. However, we did not observe a decrease in PyMT expression
in spontaneous tumors from p11-KO mice as evidenced from both qPCR and IHC expression analysis
at several early and late time points (data not shown). This suggests that delay in development does
not affect oncogene expression in p11-KO mice and therefore the effects of p11 on tumor development
are direct. These data and the evidence from human patient tumor analysis strengthens our hypothesis
that p11 plays a development-independent role in tumor growth and progression. Our future studies
are focused on investigating the role of p11 in mammary gland development.

Quantitative PCR validation of microarray gene data confirmed the significant downregulation
of Areg, Muc1, and S100a8 genes in PyMT/p11-KO tumors. Areg (amphiregulin), a player in breast
cancer proliferation, is abundant in the pubertal mammary gland and loss of Areg in mice results in
stunted ductal morphogenesis. Our observation of decreased early mammary ductal morphogenesis
might be due to the loss of Areg expression [53]. Loss of transmembrane glycoprotein Muc1 results
in significant delay in tumor progression and metastasis [54], consistent with delayed progression to
malignancy displayed by PyMT/p11-KO tumors. S100a8 is elevated in ER- and HER2+ subtypes of
breast cancer and contributes towards cancer cell survival and metastasis [55], thereby contributing to
delayed progression of PyMT/p11-KO tumors. It is unclear whether p11 plays a direct or indirect role
in regulating these genes in vivo, or whether the alteration of these genes are markers of tumor growth
and progression.

We also compared the levels of inflammatory modulators in PyMT/p11WT and PyMT/p11-KO
tumors that might impact macrophage infiltration. The Csf1- gene, implicated in the proliferation,
differentiation, and recruitment of macrophages in breast cancer [37], was unchanged. We saw a
significant increase in Csf2 expression in PyMT/p11-KO tumors but Csf2 has not been shown to correlate
with macrophage infiltration in breast tumors. We also observed a significant increase in cytokines such
as Ifn-γ, Il-6, and Il-10. Il-6 positively correlates with breast cancer progression and development of
metastasis [56]. Studies on the role of Il-10 in breast cancer showed contradicting results [56]. Ifn-γ plays
an important role in antitumor immunity and tumor suppressive phenotype via the JAK/STAT pathway.
It is possible that the tumor suppressive phenotype observed in the PyMT/p11-KO mice is ascribed to
the increase in tumor suppressive cytokines such as Il-10 and Ifn-γ.

Previous gene expression studies showed that p11 correlated to poor overall survival in basal-like
breast cancer (reviewed in [57]. In elucidating the prognostic role of p11 in human breast cancer,
we found that p11 mRNA (microarray) was overexpressed in human breast tumors, correlated positively
with overall survival and recurrence-free survival, and was increased in high grade tumors compared to
low grade tumors and normal tissue. P11 was highly expressed in TN breast cancer, ER+, and HER2+,
suggesting a role in breast cancer progression. Interestingly, expression of p11 protein (IHC) was
significantly elevated in tumor cells compared to normal mammary epithelium, but we did not
observe any correlation between high p11 expression and clinical and pathological tumor grade
or with molecular subtype in human breast cancer samples. The lack of consistency between our
gene expression profiling and IHC data could be due to two reasons. First, microarray analysis was
performed in tumors containing stroma and hence the increased p11 expression includes contribution
from the tumor microenvironment (Figure 7A–E). Second, we conducted p11 immunostaining only in
a small cohort of patient samples with a small sample size for ER+ and HER2+ tumors (Figure 7F–H
and Figure S7), where the H-scores were ascribed based on the staining intensity in the tumor cells.
Future studies will be aimed at increasing the sample size for IHC or by using a tissue microarray
analysis and evaluating the expression pattern in the stroma. Overall, p11 expression was completely
restricted to the stromal cells in the PyMT mouse model, whereas expression was seen in human tumor
cells. This difference can potentially be attributed to the nature of oncogene and mutations between
the murine and human breast tumors.
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4. Materials and Methods

4.1. Mice

All animal experiments were performed according to protocol approved by the University
Committee on Laboratory Animals, Dalhousie University, Canada. The C57Bl6 MMTV-PyMT mice
were obtained from Dr. Mak (UHN, Toronto, Canada). The p11 WT and p11 KO mice were obtained
from P. Svenningsson (Karolinska Institutet, Solna, Sweden). We employed a sequential breeding
strategy to generate PyMT/p11-KO homozygous mice. We crossed the male PyMT/p11-WT mice
with the female p11 KO mice to obtain heterozygotes for p11. The resultant F1 (PyMT/p11+/−) males
were bred with the female (p11+/−) mice. This crossbreeding produced F2 females PyMT/p11-WT,
(PyMT/p11+/−) and PyMT/p11-KO. Virgin female C57BL/6 mice heterozygous for the MMTV-PyMT
transgene and homozygous KO (PyMT/p11-KO) or homozygous WT (PyMT/p11-WT) for the p11 gene
were used in our studies. Genotyping of mice was performed by PCR of genomic DNA derived from
ear clippings using published primers for PyMT and p11 (Table S1).

4.2. Cell Culture and Reagents

Py8119 cells were obtained from American Type Culture Collection (ATCC) and maintained in
F12 Kaign’s medium (Hyclone, Logan, UT, USA) with 5% Fetal Clone II serum (Thermofisher Scientific,
Whaltham, MA, USA), 1% penicillin and streptomycin. Py8119 cells were tested for pathogen (Charles
River Laboratory, Wilmington, MA, USA) before injecting into the mice. All cells were tested for
mycoplasma (Lonza Mycoalert kit, Morristown, NJ, USA) and only mycoplasma-free cells were used.

4.3. Whole Mount Analysis

The harvested tissues were stretched and placed onto a cassette matrix and fixed overnight in
Carnoy’s fixative. The tissues were sequentially hydrated with 70%, 50%, 25% ethanol, followed
by a final water wash. They were stained with carmine alum solution for four hours, followed by
sequential dehydration in 70%, 95%, and 100% ethanol, and defatting of the tissues was carried out
in two xylene washes for 30 min and overnight. The dehydrated and defatted tissues were then
mounted on slides using Cytoseal (Richard-Allan Scientific, Thermo Scientific, Waltham, MA, USA)
mounting medium. The slides were digitally imaged using a stereomicroscope under similar lighting
and contrast conditions (Zeiss microscope).

4.4. Tumor Measurements

For the spontaneous PyMT tumor model, all the mammary glands were palpated once a week
for 20–25 weeks to monitor tumor latency and progression. For evaluating the kinetics of tumor
growth, the tumors were measured using Vernier calipers, and tumor volume was determined using
the standard calculation for a hemi-ellipsoid; 0.5ab2, where a is the smaller and b is the larger diameter.
Tumor burden was calculated at the endpoint (20 weeks) by determining the total tumor weight/body
weight. We determined the percentage of tumor-free mice using Kaplan–Meier analysis (Graph pad
prism, La Jolla, CA, USA) in the two PyMT mice groups. Animals were considered tumor-free until
a palpable mass (>4.0 mm) persisted for longer than four days. All tumor growth and kinetics
data were obtained from three independent experiments. Only virgin female mice were used for all
the experiments.

4.5. Spontaneous and Experimental Metastasis Quantification

For evaluation and assessment of lung metastasis, lungs were harvested at 20 weeks, fixed in
10% buffered formalin for 48 h, and embedded in paraffin. The lungs were cut at 5 µm thickness and
3–6 sections from each lung at 100 µm apart were stained with H&E. The stained slides were scanned
using Aperio microscope (Leica Biosystems, Concord, ON, Canada) and the number of metastatic
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foci were counted using Imagescope (Leica Biosystems, Concord, ON, Canada). The total metastatic
burden was determined using Imagescope by tracing the metastatic area as a ratio of the total lung
area. For experimental metastasis assay, Py8119 cells were injected via the tail vein at a density of
2.5 × 105 cells. The lungs were harvested 14 days after injection and analyzed for metastatic burden
and foci calculation as described for spontaneous metastasis quantification.

4.6. Tissue Processing and Immunohistochemistry

Tumors, mammary glands, and lungs were harvested and fixed in neutral 10% buffered formalin
for 48 h and stored in 70% ethanol before embedding in paraffin. The embedded tissues were cut into
5 µm thick sections, stained with H&E for pathological analysis, and adjacent sections were used for
IHC. The tissue sections were deparaffinized with sequential washes in xylene, 100%, 95%, and 70%
ethanol followed by water wash. The details of the antibody dilution, method of chromogen, and stain
development are provided in the Table S2.

Antigen retrieval was performed by heat treatment using a pressure cooker in either Tris-EDTA
(pH 9.0) or citrate buffer (pH 6.0). The slides were rinsed in Tis-buffered-saline (TBS) or Phosphate
Buffered Saline (PBS), depending on the antibody and blocked with Rodent Block M (Biocare,
Pacheco, CA, USA). The primary antibodies CD31, Ki67, smooth muscle α-actin (α-SMA), p11, F4/80,
were incubated overnight at room temperature followed by secondary antibody and chromogen steps.
For anti-rat, the slides were washed with TBS after primary incubation, followed by 15 min incubation
with rat probe, subsequently the slides were washed and incubated with Rat on mouse HRP polymer for
15 min (Biocare, Pacheco, CA, USA), followed by three washes with TBS and stained with DAB (Biocare,
Pacheco, CA, USA) and counter stained with hematoxylin. For anti-rabbit secondary antibodies,
the slides were incubated with goat anti-rabbit secondary (Envison, DAKO, Beijing, China) for 30 min,
followed by washes with TBS and counterstained with hematoxylin. For anti-mouse antibody, we used
mouse-on-mouse HRP polymer kit (Biocare, Pacheco, CA, USA) and anti-goat antibodies we used
rabbit-anti goat HRP polymer (DAKO), followed by staining with DAB and counterstaining with
hematoxylin. All stained sections were washed in water and mounted with aqueous mounting
medium (Vectamount, MJS Biolynx Inc., Brockville, ON, Canada). The immunostained sections were
imaged using Zeiss Axio Imager Z1 W/color and monochrome camera (p11, Ki67, CD31, F4/80, α-SMA,
H&E, CD3, and TUNEL staining) using 40X (for manual counting–F4/80, Ki67, CD3) and 20X for
representation. To count the number of CD31 positive vessels, we scanned the slides using Aperio
Scanning system, following which CD31-positive vessels were counted from 7–10 snapshots of random
fields. To quantify the number of Ki67 positive, F4/80, CD3-positive, TUNEL positive, we captured
images using Zeiss Axio Imager Z1 microscope, and manually counted the positive cells using the Zen
software in 7–10 fields. The average of 7–10 fields for Ki67, CD31, and F4/80, was used for each mouse
in the quantification bar graph. For human p11 staining, we followed the same procedure as for mouse
tissues, but blocking was performed with Background Terminator (Biocare, Pacheco, CA, USA) for
10 min before incubating with primary antibody.

4.7. Gene Expression Profiling (Mouse Tumors)

Sample preparation, amplification, and hybridization to the Affymetrix Mouse gene 2.0 ST array,
and data collection were performed by The Centre for Applied Genomics at the Hospital for Sick
Children (Toronto, ON, Canada). The Transcriptome Analysis Console software (Thermo Fisher
Scientific, Waltham, MA, USA) was used to normalize data and calculate fold changes in expression
(GSE151579). Genes up- or downregulated by more than 2-fold (log2 = 0.678) at a significance level of
p < 0.05 were considered differentially expressed.

4.8. Gene Expression Profiling (Human Tumors)

The gene expression microarray dataset was generated from a human breast cancer cohort
consisting of 176 treatment-naïve primary tumor samples as previously described [58] (GSE22820).
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Patient material and clinical information were collected under Research Ethics Board Protocol
ETH-02-86-17. Patients received standardized guideline-based chemo and hormone therapies:
i.e., hormone therapy for all patients with ER-positive tumors, trastuzumab for those with
HER2-overexpression tumors, anthracycline chemotherapy for high risk node-negative disease,
and anthracycline plus taxane chemotherapy for node-positive disease. The median follow-up time for
surviving patients was 4.5 years.

4.9. Quantitative Polymerase Chain Reaction (Mouse Tumors)

Tumors from PyMT/p11-WT and PyMT/p11-KO mice at 20 weeks of age were excised, snap frozen
in liquid nitrogen, and stored at−80 ◦C. Total RNA was extracted using Trizol (Invitrogen, Thermofisher
Scientific, Waltham, MA, USA) and the PureLink RNA kit (Invitrogen, Thermofisher Scientific, Waltham,
MA, USA ) with DNase treatment. Equal amounts of RNA (0.5 µg) were reverse transcribed using
iScript (BioRad, Mississauga, ON, Canada); qPCR reactions were performed with SsoAdvanced
Universal SYBR Supermix (BioRad, Mississauga, ON, Canada) and gene-specific mouse primers
(Table S2) on a CFX96 or CFX384 Touch Real-Time PCR Detection system (BioRad, Mississauga,
ON, Canada). Standard curves for each primer set were generated, and primer efficiencies were
incorporated into the CFX Manager software (BioRad, Mississauga, ON, Canada). mRNA expression
of all samples was calculated using the ∆∆ct method, with gene of interest made relative to two
reference genes (rlp10 and PyMT) and an indicated control sample. Relative mRNA expression was
log−2 transformed prior to plotting and statistical analysis.

4.10. Human Patient Breast Tissue Collection, p11 Immunohistochemistry, and H-Score Assignment

Anatomical pathology electronic files (Cerner Millennium) for the Queen Elizabeth II Health
Sciences Centre, Nova Scotia Health Authority (NSHA) were retrospectively searched for a cohort of
invasive and in situ breast carcinomas beginning 1 January 2011. One formalin-fixed paraffin-embedded
(FFPE) tumor block and one FFPE block of normal breast tissue were selected from each patient of an
identified cohort of 119 patients. For this study, FFPE breast tissues were used with approval from
the Nova Scotia Health Authority Research Ethics Board, and Materials Transfer and Collaboration
Agreement between the NSHA and Dalhousie University. P11 immunostaining on patient tissue
sections was performed as described earlier [16], using anti-rabbit polyclonal antibody to human p11
(Proteintech, Rosemont, IL, USA).

The stained sections were evaluated and assigned a semiquantitative score by a pathologist (PJB)
in a blinded fashion based on percentage of positive cells and intensity of staining. The percentage of
cells were identified as negative, weak, moderate, and strong for membrane staining in tumor cells.
An H-score of less than 10% was considered negative. The H-score was determined using the formula
(% negative × 0 + % weak × 1 + % moderate × 2 + % strong × 3). The semiquantitative H-score values
ranged at 5–250. Nottingham grade 1 and 2 tumors were combined as ‘low grade’ and Nottingham
grade 3 tumors were labeled ‘high grade’. A scatter plot was generated based on tumor grade (high and
low grade, including samples from the molecular subtype category), tumor type (ductal carcinoma
in situ (DCIS), variants of invasive ductal carcinoma and invasive lobular carcinoma, also including
samples from the molecular subtype categories), and molecular subtype (estrogen receptor positive
(ER+), Her2+, triple negative (TN).

4.11. Isolation of Mouse PyMT Tumor Cell Lines

PyMT tumors from 20-week mice were excised and rinsed in (PBS), minced in RPMI with 5%
FBS with penicillin and streptomycin containing 1 mg/mL of collagenase (Sigma, Oakville, Ontario,
Canada). The tumor preparation was then incubated at 37 ◦C for 1–2 h, followed by straining through
a 70-micron mesh strainer. The cells were washed with Dulbecco’s Modified Eagle’s Medium (DMEM)
with 10% FBS, passaged once and used in plasmin generation assays as described below. In some cases,
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isolated cells were directly plated in 96-well plate without passaging and plasmin generation assay
was performed as described.

4.12. Plasmin Generation Assay

Plasmin generation assay was determined in PyMT tumor homogenates. We employed fresh
and frozen 20-week old PyMT tumors from PyMT/p11-WT and PyMT/p11-KO mice to prepare tumor
homogenates. Briefly the tumors were homogenized in electric homogenizer (Pro Scientific, Oxford,
CT, USA) in Dulbecco’s phosphate-buffered saline (DPBS) with 1% Triton. We used 30–60 µg of protein
for the assay. Plasmin generation assay was conducted as described in [19,44].

4.13. Immunoblotting

Immunoblotting was performed as described in [59] and anti-mouse p11 antibody (R&D systems,
Minneapolis, MN, USA) and β-tubulin (Sigma, Mississauga, ON, Canada) was used for immune
staining (details in Table S2).

4.14. Statistical Analysis

Three independent experiments with varying mice numbers in each were performed. For evaluation
of total palpable tumors (tumor onset), tumor-free mice (survival), tumor growth (volume) and metastasis,
we pooled the data/measurements from the three independent experiments. For determination of
end-point tumor and metastatic burden and foci, we used data from one independent experiment
(20-week endpoint). For time course measurements (whole mounts, tumor progression), we employed
3–12 mice at each endpoint. All statistical analyses were performed using Graph pad prism 5 software
(La Jolla, CA, USA). Unless indicated in the figure legends, statistical significance was determined using the
Mann Whitney non-parametric test for significantly different variances. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Proportions were compared by χ2 test. A significance threshold of p < 0.05 was used.

For human patient samples, all statistical analyses for gene expression profiling were performed
using MedCalc Version 14.12.0 (MedCalc Software). Gene expression microarray signal intensity
values were log-transformed to better fit the normal distribution assumption. One-way ANOVA
was employed to test the statistical significance for the difference in S100A10 mRNA levels among
molecular subtypes, tumor histologic grades, or Ki67 immunoreactivity classifications. Prognostic
significance was analyzed using log rank test on Kaplan–Meier survival probabilities.

5. Conclusions

Our current study is the first comprehensive study using a transgenic mouse model to examine
the role of p11 in breast cancer. The novel finding of this study is that p11 potentially plays a role
in mammary gland development and future studies are aimed at delineating the mechanistic role
of p11 in ductal branching morphogenesis and mammary gland development. Overall, our studies
demonstrated that p11 plays a causal, complex, and definitive role in breast tumor development,
progression, and metastasis, possibly via p11-dependent macrophage migration and tumor infiltration
and regulation of tumor associated cytokines and genes involved in tumor progression. Surprisingly,
our results suggest that stromal and not cancer cell p11 is crucial for mediating these effects specifically
in the PyMT model. Since the majority of p11 was expressed by the stromal cells in the tumor periphery,
our study also highlights the importance of tumor–stroma interactions and signaling for breast tumor
progression. Further studies are required to conclusively demonstrate that p11 can be employed as a
biomarker with diagnostic and prognostic value in breast cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3673/s1,
Figure S1: Loss of p11 affects multi-focal dysplastic lesions. Figure S2: Loss of p11 affects early stage mammary
gland development. Figure S3: Loss of p11 delays progression to late carcinoma–H&E and α-smooth muscle actin
IHC. Figure S4: Loss of p11 does not impact cell-death/apoptosis and T-cell infiltration. Figure S5: Loss of p11
does not decrease plasmin generation in PyMT tumors and cell lines. Figure S6: Gene expression profiling of
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PyMT/p11-WT and PyMT/p11-KO tumors. Figure S7: IHC staining of p11 in human tissue sections. Figure S8:
IHC staining of p11 and F4/80 in the PyMT/p11-WT tumors. Table S1: Sequences of primers employed in the
q-PCR validation of microarray hits, q-PCR expression of cytokine in PyMT tumors and genotyping for PyMT and
p11. Table S2: Antibodies used for immunoblotting and IHC. S1 File. Microarray hits for PyMT mouse tumor gene
expression profiling. This file in an excel spread sheet listing all the hits obtained from gene expression profiling
of PyMT tumors.
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Simple Summary: Pre-clinical models are required to develop new therapeutics to improve patient
care. In the prostate cancer field, significant progress has been made in the development of in vivo
models but with a predominant focus on transgenics, which are time and cost prohibitive. Conversely,
other available models do not closely resemble patient disease and tumour immune microenvironment.
In this study, a new graft-based model is described, using a cell-line derived from a transgenic:
the DVL3 model. Grafts using the DVL3 cells retain the pathological and immunological features
of localized clinical disease, whilst genetically the model is sustained by poor prognosis drivers
of disease progression. Irradiating tumours post-engraftment leads to remodeling of the tumour
immune microenvironment and increased expression of genes associated with nucleic acid sensing
pathways and the type I interferon response. This paper establishes this model as resource for the
pre-clinical characterization of new prostate cancer therapies and biological responses to treatment.

Abstract: The prostate cancer (PCa) field lacks clinically relevant, syngeneic mouse models which
retain the tumour microenvironment observed in PCa patients. This study establishes a cell line
from prostate tumour tissue derived from the Pten−/−/trp53−/− mouse, termed DVL3 which when
subcutaneously implanted in immunocompetent C57BL/6 mice, forms tumours with distinct glandular
morphology, strong cytokeratin 8 and androgen receptor expression, recapitulating high-risk localised
human PCa. Compared to the commonly used TRAMP C1 model, generated with SV40 large T-antigen,
DVL3 tumours are immunologically cold, with a lower proportion of CD8+ T-cells, and high proportion
of immunosuppressive myeloid derived suppressor cells (MDSCs), thus resembling high-risk PCa.
Furthermore, DVL3 tumours are responsive to fractionated RT, a standard treatment for localised and
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metastatic PCa, compared to the TRAMP C1 model. RNA-sequencing of irradiated DVL3 tumours
identified upregulation of type-1 interferon and STING pathways, as well as transcripts associated
with MDSCs. Upregulation of STING expression in tumour epithelium and the recruitment of MDSCs
following irradiation was confirmed by immunohistochemistry. The DVL3 syngeneic model represents
substantial progress in preclinical PCa modelling, displaying pathological, micro-environmental and
treatment responses observed in molecular high-risk disease. Our study supports using this model for
development and validation of treatments targeting PCa, especially novel immune therapeutic agents.

Keywords: tumour microenvironment; syngeneic model; prostate cancer; radiotherapy; preclinical
modelling; myeloid-derived suppressor cells

1. Introduction

Prostate cancer (PCa) is the most common cancer in men and the fifth leading cause of cancer
deaths [1]. It is estimated that 1.3 million new cases of PCa were diagnosed worldwide in 2018 alone [1].
The vast majority of PCa (91%) is localised disease at diagnosis [2], and can be treated with a range
of therapeutic modalities including surgery, androgen-deprivation therapy (ADT) and radiotherapy
(RT). Unfortunately, roughly 30% of high-risk localised PCa will develop into aggressive metastatic
disease [3], with limited treatment options. The current standard of care for these patients is ADT,
but this has many adverse side effects and has a median relapse rate of only 11 months [4].

As a result, efforts have focused on the use of RT, as it can be utilised to treat both localised and
metastatic disease, with comparable patient outcomes to radical prostatectomy [5]. However, one major
challenge in enhancing RT response, by combining this modality with other treatments, is the paucity
of appropriate preclinical PCa models in which to test these combinations. Immune comprised mice
are required for xenograft models, thus failing to recapitulate the patient tumour microenvironment
(TME) and the critical role the immune component plays in both therapeutic response and relapse
of disease.

The most commonly used immune-competent model is the TRAMP C1 murine cell line, which can
be syngenically, subcutaneously grafted to generate more uniform, accessible prostate tumours [6].
The TRAMP C1 model was generated by engineered expression of viral SV40 large T-antigen.
Unfortunately, TRAMP C1 allografts develop neuroendocrine tumours which are rare clinically,
rather than adenocarcinomas which are most often seen in PCa patients [7].

Consequently, novel PCa models that more accurately recapitulate human tumours and the
surrounding TME are urgently required, in order to continue to develop and improve PCa treatment.
PTEN deletion occurs in ~20% of localized PCa, and is implicated in RT failure [8,9], however,
an engraftable mouse syngeneic model with Pten deletion, which can be utilised to investigate host
response to radiotherapy has long been lacking. In this study we have developed a syngenic model
from the Pten−/−/trp53−/− transgenic mouse tumour [10]; the DVL3 cell line (derived from tumour
formed from the dorsal, ventral and lateral prostate lobes. These lobes are most similar to the peripheral
zone of the human prostate where 75–85% of adenocarcinomas originate [11]; whereas, the anterior
lobe of the mouse prostate is considered analogous to the central zone which rarely develops cancer in
the human prostate [12].

DVL3 cells develop tumours in immune competent, C57BL/6 mice that retain morphological,
lineage and immune characteristics of localised, high-risk PCa. These tumours respond to RT, retain
androgen receptor (AR) expression and sensitivity to androgens, and display an immune ‘cold’
phenotype with tumours being poorly infiltrated by T-cells, and heavily infiltrated with myeloid
cells, which is primarily driven by Pten loss [13]. Clinically, human prostate cancers are broadly
classified as non-T-cell inflamed/ ‘cold’ tumours [14], and PTEN deficiency is associated with an
immunosuppressive TME [15]. The DVL3 model accurately mimics both patient disease and TME and
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is therefore ideal for future pre-clinical evaluation of novel treatment combinations including immune
therapeutic agents.

2. Results

2.1. DVL3 Cell Engraftment in Immunocompetent Mice Results in Tumour Formation, which Accurately
Models Human Prostate Adenocarcinoma

Murine cell lines were generated via spontaneous immortalisation of normal prostate epithelium
(mPECs) and prostate tumours (DVL3) (Supplementary Figure S1). To establish tumorigenic potential,
both mPEC and the DVL3 cells were subcutaneously implanted into wild-type C57BL/6 male mice,
as all cell lines were originally generated from the C57BL/6 strain. Engrafted tumour growth rate was
compared to the established TRAMP C1 model. Mice engrafted with mPEC cells did not develop
any sign of disease after 12 weeks (data not shown), consistent with their status as untransformed,
but spontaneously immortalised wild-type prostate epithelial cells. DVL3 tumours grew at a similar
rate to the TRAMP C1 model, with measurable tumour established after 4 weeks post-inoculation
(Figure 1A). DVL3 tumours displayed heterogeneous pathology with neoplastic, glandular structures
akin to human acinar adenocarcinoma (Figure 1B, Supplementary Figure S2A). Some regions of
adenosarcoma were observed in larger, terminal endpoint tumours as previously reported arising from
Pten−/−/trp53−/− Pb-Cre4 mice [10]. In contrast, TRAMP C1 tumours were uniformly undifferentiated
and lacked glandular morphology (Figure 1B).

PCa arises from glandular epithelium of the prostate, and retains expression of classical prostate
markers including cytokeratins 5 and 8 (CK5 and CK8, basal and luminal epithelial markers
respectively) [16]. Immunohistochemical staining revealed that the DVL3 tumours highly expressed
CK8 throughout the entire tumour, particularly in the cells surrounding the lumen of glandular
structures (representative images in Figure 1B,C with further images in Supplementary Figure S3).
DVL3 tumours also had regions of CK5 positivity, with varied expression between the tumours.
In comparison the TRAMP C1 tumours lacked the expression of both CK8 and CK5 (Figure 1B,C).

Androgen receptor (AR) was present in the nucleus of cells throughout DVL3 tumours but was
most abundant in clustered regions lining the lumen of glandular structures. Conversely, TRAMP C1
tumours had notably less AR staining likely due to fewer glandular structures, with some tumours
lacking AR expression entirely (Figure 1B,C, Supplementary Figures S2 and S3). To investigate if AR
within the tumours was active, a downstream target of the AR, NKX3.1 expression was evaluated.
NKX3.1 is prostate-specific protein, and thus used to identify PCa metastatic disease and is also known
to be lost in castrate-resistant PCa [17,18]. Both the DVL3 and the TRAMP C1 tumours were positive
for NKX3.1 throughout the tumour section (Supplementary Figures S2B and S3). Expression of CD34,
which highlights endothelial cells, was also investigated, with no notable differences observed in
staining intensity between the models (Supplementary Figure S2B).

Characterisation of mPEC and DVL3 cell lines was also performed to establish expression in
serially passaged cell lines in vitro. qRT-PCR revealed significantly higher mRNA expression of
CK5 and CK8 in mPEC and DVL3 cells compared to the TRAMP C1 cells (Figure 1D). Protein
expression of CK8 was also notably higher in mPEC and DVL3 cells compared to TRAMP C1
and the DVL3 cells did not express Pten, in keeping with their origin (Figure 1E, densitometry
provided in Supplementary Figure S4). All models expressed AR at both the mRNA and protein level
(Supplementary Figures S2C,D and S4). Although expression of AR was higher in TRAMP C1 cells,
DVL3 responded similarly to the AR antagonist (enzalutamide), as demonstrated in vitro using cell
viability assay (Supplementary Figure S2E). The expression of CK8 and AR was also validated using
immunofluorescence staining (Figure 1F). Interestingly, CK5 protein expression was not detectable in
any of the prostate cell models when examined via immunocytochemistry (Figure 1F).
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Figure 1. DVL3 syngeneic tumours replicate patient disease. (A) DVL3 tumour growth (green) is 
comparable to TRAMP C1 (blue), n = 5–8 mice per group. Both models take ~4 weeks to generate 
substantial tumours. The mPEC model of normal prostate epithelium did not generate tumours (data not 
shown) (B) DVL3 tumours develop heterogeneous glandular morphology graded at Gleason 7, whereas 
TRAMP C1 tumours were undifferentiated with neuroendocrine features (H&E). DVL3 also expressed 
clinical prostate cancer markers; androgen receptor (AR), cytokeratin 5 (CK5) and cytokeratin 8 (CK8). 
TRAMP C1 expressed no CK8 or CK5 and less AR than DVL3 tumours, with complete absence of AR 
noted in some tumours. (C) Summary of histological evaluation of prostate specific markers in DVL3 and 
TRAMP C1 prostate tumours (- indicates absence, +/- presence in only some of tumour samples, and + 
indicates the level of positive expression). Both DVL3 and TRAMP C1 express NKX3.1 and CD34 
(Supplementary Figure S2). (D) Both novel cell models (mPEC and DVL3) express CK5 and CK8 mRNA 
at significantly higher levels than TRAMP C1 cells, as analysed via qRT-PCR (n = 3 biological replicates 
per cell type). mRNA expression was normalised to β-actin expression and shown as a fold change relative 
to mPECs transcript levels. (E) Expression of CK8 (luminal marker, 60 kDa) was also evident at the protein 
level. Importantly, DVL3 cells demonstrate loss of the clinically relevant tumour suppressor, Pten (55 
kDA). B-actin provided as a loading control (47 kDa). (F) Immunocytochemical staining was consistent 
with qRT-PCR and western blotting results for CK8 (red) and AR (Green). CK5 protein (Green) was not 
detectable in any of the models (MCF7 cells provided as a positive control, inset). Dapi (Blue) used as a 
counterstain. Data represents mean ± SEM. * denotes p ≤ 0.05, NS denotes non-significant, as determined 
by Student’s t-test. Immunohistochemistry and western blotting are representative of n = 3 biological 
replicates. 

Figure 1. DVL3 syngeneic tumours replicate patient disease. (A) DVL3 tumour growth (Green) is
comparable to TRAMP C1 (Blue), n = 5–8 mice per group. Both models take ~4 weeks to generate
substantial tumours. The mPEC model of normal prostate epithelium did not generate tumours (data not
shown) (B) DVL3 tumours develop heterogeneous glandular morphology graded at Gleason 7, whereas
TRAMP C1 tumours were undifferentiated with neuroendocrine features (H&E). DVL3 also expressed
clinical prostate cancer markers; androgen receptor (AR), cytokeratin 5 (CK5) and cytokeratin 8 (CK8).
TRAMP C1 expressed no CK8 or CK5 and less AR than DVL3 tumours, with complete absence of AR
noted in some tumours. (C) Summary of histological evaluation of prostate specific markers in DVL3
and TRAMP C1 prostate tumours (− indicates absence, +/– presence in only some of tumour samples,
and + indicates the level of positive expression). Both DVL3 and TRAMP C1 express NKX3.1 and CD34
(Supplementary Figure S2). (D) Both novel cell models (mPEC and DVL3) express CK5 and CK8 mRNA at
significantly higher levels than TRAMP C1 cells, as analysed via qRT-PCR (n = 3 biological replicates per
cell type). mRNA expression was normalised to β-actin expression and shown as a fold change relative to
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mPECs transcript levels. (E) Expression of CK8 (luminal marker, 60 kDa) was also evident at the
protein level. Importantly, DVL3 cells demonstrate loss of the clinically relevant tumour suppressor,
Pten (55 kDA). B-actin provided as a loading control (47 kDa). (F) Immunocytochemical staining was
consistent with qRT-PCR and western blotting results for CK8 (Red) and AR (Green). CK5 protein (Green)
was not detectable in any of the models (MCF7 cells provided as a positive control, inset). Dapi (Blue)
used as a counterstain. Data represents mean ± SEM. * denotes p ≤ 0.05, NS denotes non-significant, as
determined by Student’s t-test. Immunohistochemistry and western blotting are representative of n = 3
biological replicates.

2.2. DVL3 Tumours Have Immunosuppressive Microenvironment Similar to Human Prostate Adenocarcinomas

Human prostate cancers are broadly classified as non-T-cell inflamed/‘cold’ tumours with
dysfunctional or suppressed tumour infiltrating lymphocytes (TILs) [14]. Pten deficient prostate cancers
are also associated with an immunosuppressive TME [15]. Having established that DVL3 tumours
(Pten−/−/trp53−/−) retained expression of several key markers of human disease, the immunological
characteristic of the TME were assessed compared to the TRAMP-C1. Flow cytometry was performed for
T cells (CD4+, CD8+), macrophages (F4/80), and myeloid-derived suppressor cells (MDSC), identified
as dual (Gr1+/CD11b+) cells in dissociated DVL3 and TRAMP C1 (gating strategy demonstrated in
Supplementary Figure S5), at similar size/ tumor volume for baseline immune profiling (Supplementary
Figure S6A). The DVL3 tumours have a lower proportion of both cytotoxic CD8 + T-cells (0.187% vs.
2.05%, p = 0.01) and CD4 + T-cells (0.36% vs. 4.31%, p = 0.01) compared to the TRAMP C1 tumours
(Figure 2A,B). In contrast, both tumour lines have comparable level of macrophage (F4/80+) cells
(Figure 2C). The DVL3 tumours have a higher proportion of MDSCs (CD11b+/ Gr1+), compared to the
TRAMP C1 tumour (16.90% vs 6.61%, p = 0.04, Figure 2D).

Interestingly, the DVL3 tumours have higher proportion of MDSCs (CD11b+/Gr1+ cells) compared
to other syngeneic mouse models, such as 4T1 (breast cancer) CT26 (colorectal cancer) and 4434
(BRAFV600E melanoma) models (p = 0.003. 0.01, and 0.01 respectively, Supplementary Figure S6B,C).
Comparison to other syngeneic models was performed using tumours that had reached terminal
endpoint and thus were larger in volume. Notably, these data suggest that in the DVL3 model,
irrespective of the tumour size, the relative ratio of (CD11b +/Gr1 +) cells within the leukocyte
compartment is significantly higher and increases over time or as the tumour develops.

We also evaluated the CD8+ T cell using immunohistochemistry in DVL3 tumours compared to the
4434 melanoma model, which are immunologically active, ‘hot’ tumours [19] (Figure 2E). In agreement
with the flow cytometry data (Figure 2A), immunohistochemistry demonstrates the DVL3 tumours are
immunologically ‘cold’ having very few basal CD8+ T cells, that were sparsely distributed primarily
around the tumour edge, but absent in the centre or around the tumour epithelium/ glandular structures.

In comparison the syngeneic murine melanoma 4434 (BRAFV600E) model had a greater proportion
of CD8 + T-cells (p < 0.001), which were uniformly distributed, including in the central region
of the tumour (Figure 2E,F). These data demonstrate that murine DVL3 prostate tumours have
immunologically inactive/ non-inflamed phenotype, with the TME primarily compromising of myeloid
cells, but, lacking TILs population similar to the advanced human disease.
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model. (C) There was no difference in the proportion of macrophages (F4/80) between the two models. (D) 
However, the population of myeloid derived suppressor cells (MDSCs, CD11b+Gr1+) was significantly increased 
in the DVL3 compared to TRAMP-C1 tumours. (E) Quantification of immunohistochemical staining for CD8+ 
T-cells in inflamed syngeneic murine (4434 Braf4006E) melanoma model compared to the non-immunogenic DVL3 
murine prostate cancer model shown as a percentage of total cells as quantified by haematoxylin. (F) 
Representative IHC staining comparing 4434 (Braf4006E) melanoma vs DVL3 prostate tumour demonstrating lack 
of CD8+T-cells within the tumour microenvironment in the DVL3 tumours. In 4434 (Braf4006E) melanoma model 
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Figure 2. The DVL3 model generates immunosuppressive, ‘cold’ tumours similar to the TME seen
clinically in prostate cancer. Flow cytometry was performed on DVL3 and TRAMP-C1 subcutaneous,
syngeneic tumours taken 4-6 weeks post engraftment or when they reached the treatment size
(100–200 mm3). DVL3 tumours had significantly fewer (A) cytotoxic (CD8+) and (B) helper T
cells (CD4+) when compared with the TRAMP-C1 model. (C) There was no difference in the
proportion of macrophages (F4/80) between the two models. (D) However, the population of myeloid
derived suppressor cells (MDSCs, CD11b+Gr1+) was significantly increased in the DVL3 compared
to TRAMP-C1 tumours. (E) Quantification of immunohistochemical staining for CD8+ T-cells in
inflamed syngeneic murine (4434 Braf4006E) melanoma model compared to the non-immunogenic
DVL3 murine prostate cancer model shown as a percentage of total cells as quantified by haematoxylin.
(F) Representative IHC staining comparing 4434 (Braf4006E) melanoma vs DVL3 prostate tumour
demonstrating lack of CD8+T-cells within the tumour microenvironment in the DVL3 tumours. In 4434
(Braf4006E) melanoma model CD8+ T-cells are uniformly distributed, including the central of the tumour.
Data represents mean ± SEM of n = 4–9 independent murine tumors as indicated by points on each
graph. * denotes p ≤ 0.05, ** denotes p ≤ 0.01, *** denotes p < 0.001 as determined by Mann-Whitney,
non-parametric testing.

2.3. Fractionated Radiotherapy Leads to Marginal Growth Delay and Alters the Local Tumour
Immune Microenvironment

RT is a radical primary treatment administered to patients with high-risk localised PCa, and also
to patients with metastatic PCa. Therefore, therapeutic response to RT was evaluated in the DVL3
model and compared to the TRAMP C1 model. Established tumours (100–200 mm3) were assigned
to treatment groups. The mice received either a single high dose of 8 Gy, which is often prescribed
to treat PCa patients with metastatic disease; or conventional fractionated RT of 2 Gy administered
over 5-consecutive days, which is similar to that used to treat localised disease (Figure 3A). Both single
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high dose (8 Gy) and fractioned RT (5 × 2 Gy) exhibited a growth delay compared to non-treated
controls (0 Gy, p = 0.02, Figure 3B) and this improved survival of mice with engrafted DVL3 tumour
cells (p = 0.03 and 0.02 respectively, Figure 3C). Conversely, neither the TRAMP C1 tumour size nor
survival was significantly affected by either RT regime (Figure 3D,E). This demonstrates DVL3 allograft
tumours are responsive to RT, including fractionated RT, whilst TRAMP C1 do not, as previously
described (summarized in Figure 3F) [20].Cancers 2020, 12, x FOR PEER REVIEW 8 of 21 

 

 
Figure 3. DVL3 tumours respond and are more sensitive to radiotherapy than the resistant TRAMP 
C1 model. (A) DVL3 or TRAMP C1 cells were engrafted into immune competent mice and allowed to 
reach a tumour volume of 100–200 mm3. Mice were randomly assigned to no treatment (0Gy) (Blue), 
fractionated dose (5 × 2Gy) (Purple) or single high dose (8Gy) (Red) radiotherapy (RT) group. A cohort 
of mice were sacrificed one week after radiotherapy to examine immune response and a further cohort 
was left to terminal endpoint to examine tumour growth (Figure 1A) and survival. (B) DVL3 tumours 
were sensitive to fractionated RT but no difference was seen with single high dose RT. (C) Kaplan 
Meier curves showing survival in mice engrafted with DVL3 tumour cells was improved for both 
treatment regimens (5 × 2Gy and 8Gy) compared to for mice treated with 0Gy (5 × 2Gy p = 0.0255 and 
8Gy p = 0.0386). (D) TRAMP C1 tumours did not respond to radiotherapy. (E) There was no change 
in survival with radiation in the mice engrafted with TRAMP C1 cells treated with RT. (F) Summary 
of timeline for DVL3 and TRAMP C1 tumours treated with RT, demonstrating DVL3 tumours are 
more radiosensitive. Data represents mean ± SEM of n = 5–8 mice per treatment group. * denotes p ≤ 
0.05, NS denotes non-significant, as determined by Student’s t-test or log Mantel-cox tests on Kaplan-
Meier plots. 

Figure 3. DVL3 tumours respond and are more sensitive to radiotherapy than the resistant TRAMP
C1 model. (A) DVL3 or TRAMP C1 cells were engrafted into immune competent mice and allowed to
reach a tumour volume of 100–200 mm3. Mice were randomly assigned to no treatment (0 Gy) (Blue),
fractionated dose (5 × 2 Gy) (Purple) or single high dose (8 Gy) (Red) radiotherapy (RT) group. A cohort
of mice were sacrificed one week after radiotherapy to examine immune response and a further cohort
was left to terminal endpoint to examine tumour growth (Figure 1A) and survival. (B) DVL3 tumours
were sensitive to fractionated RT but no difference was seen with single high dose RT. (C) Kaplan Meier
curves showing survival in mice engrafted with DVL3 tumour cells was improved for both treatment
regimens (5 × 2 Gy and 8 Gy) compared to for mice treated with 0 Gy (5 × 2 Gy p = 0.0255 and 8 Gy
p = 0.0386). (D) TRAMP C1 tumours did not respond to radiotherapy. (E) There was no change in survival
with radiation in the mice engrafted with TRAMP C1 cells treated with RT. (F) Summary of timeline for
DVL3 and TRAMP C1 tumours treated with RT, demonstrating DVL3 tumours are more radiosensitive.
Data represents mean ± SEM of n = 5–8 mice per treatment group. * denotes p ≤ 0.05, NS denotes
non-significant, as determined by Student’s t-test or log Mantel-cox tests on Kaplan-Meier plots.
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2.4. Fractionated Radiotherapy Differentially Upregulated Genes Associated with STING/ Type-1 Interferon
Signalling and Myeloid Signatures

RT induces immunological changes in tumour cells and can re-calibrate the immune contexture
of the tumour microenvironment [21]. In order to establish how fractionated (5 × 2 Gy) RT altered
the tumour immune microenvironment, RNA sequencing analysis was performed on DVL3 tumours
excised a week after final dose of RT (Figure 3A). Interestingly, ENRICHR pathway analysis on
differentially expressed genes highlighted an enrichment for pathways involved in interferon alpha/

beta (IFN-b) signalling (p < 0.001), IRF3 mediated activation of type-1 Interferon (IFN) pathway
(p = 0.02), regulation of innate immune responses to cystolic DNA (p < 0.05), and stimulator of
interferon genes (STING) mediated immune response (p < 0.05, Figure 4A). RT also led to significant
downregulation of pathways involved in extra cellular matrix remodelling, collagen degradation and
activation of matrix metalloproteinases (Supplementary Figure S7A).Cancers 2020, 12, x FOR PEER REVIEW 10 of 22 
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Figure 4. DVL3 immunosuppressive microenvironment enhanced by radiotherapy treatment.
(A) Pathway enrichment analysis was performed using the online software Enricher for differential
gene expression comparing the fractionated (5 × 2 Gy) syngeneic tumours to non-irradiated control
(n = 3 samples per group). Upregulated pathways enrichment in the Reactome 2016 for transcripts
with a significance of greater than 0.05 and fold increase of ≥1. Upregulated pathways include
interferon signalling and immune response. (B) In keeping with RNA sequencing analysis, STING
immunohistochemical analysis (Green) revealed a significant upregulation of expression in response to
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RT primarily within glandular epithelium as demonstrated via co-localisation with CK8 (Red).
DAPI nuclear counterstain shown in blue. Scale bar equals 50 µm. Image representative of n = 3
independent tumour samples. GSEA enrichment analysis of tumours treated with fractionated (5 × 2 Gy)
radiotherapy demonstrates an upregulation of (C) MDSC and (D) macrophage and signatures, but no
enrichment of (E) T-cell or (F) NK cell signatures when compared with non-irradiated tumours. NES:
normalized enrichment score, FDR: false discovery rate.

In order to establish phenotypic significance of the activation of type-1 IFN-pathway, the
expression of STING was evaluated via immunohistochemistry in the irradiated DVL3 tumours.
Fractionated RT led to a substantial, but non-significant increase in STING expression compared to
non-treated controls (Supplementary Figure S7B). The increase in STING expression was primarily
expressed by tumour epithelium in glandular structures. This was confirmed by multiplex
immunohistochemistry, demonstrating STING co-localisation primarily in CK8+ tumour cells
(Figure 4B, Supplementary Figure S8). Although STING expression was highest in tumour epithelium,
this was not exclusive, as STING was also observed in the stromal and other cellular compartments
(defined here as CK8 negative areas). Taken together with the RNA seq analysis, our data indicates
towards a global upregulation of STING, and associated pathways within the tumour.

STING-dependent cytosolic DNA sensing promotes type-1 interferon response which is critical
for activation and influx of MDSC population after radiation [22], and it is well documented that it can
also enhance both T-and NK cell activation [23,24]. Therefore, Gene Set Enrichment Analysis (GSEA)
was performed using the published gene set for MDSCs signature [25]. In the irradiated DVL3 tumours
there was enrichment of the MDSC gene signature (Figure 4C; p = 0.007). We also performed GSEA
analysis for gene signatures associated with activated macrophages, T-cells and NK cells, however,
interestingly our data showed only upregulation of transcripts associated with activated macrophages
(Figure 4D; p < 0.001), but not the cytotoxic T-cells (CD8) nor the natural killer T-cells or any other
associated pathways (Figure 4E,F).

2.5. Fractionated Radiotherapy Resulted in an Increase in Infiltration of Myeloid Cells, but no Changes Were
Observed in T-Cell Infiltrates

In order to establish how RT induces phenotypic changes in the immune cell infiltrates in our
novel syngeneic tumour model, immunohistochemical staining was performed for T cells and myeloid
cells. A marginal increase in natural killer T cells was observed in a portion of irradiated tumours,
which predominantly localised around the necrotic areas, defined by morphological assessment and
cleaved caspase-3 staining (NKp46, Figure 5A,C, Supplementary Figure S9A). Fractionated RT did not
result in a significant change to the macrophage population (F4/80, Figure 5A,D).

Using multiplex immunohistochemistry, T-cell (CD4, CD8) and myeloid cell (CD11b) expression
were investigated in excised tumours (Figure 5B). RT did not result in an increase in either CD8+ or
CD4+ T cells (Figure 5E,F). However, RT lead to an increase in myeloid cell infiltration (CD11b+) in the
irradiated tumours compared to non-treated tumours (23.32% vs. 15.15%, p = 0.04. Figure 5G). As the
F4/80 macrophage numbers showed no difference after administration of fractionated RT, the increase
in CD11b myeloid cells could be due to an increase in either granulocytic and/or monocytic MDSCs.

Next, the expression of program cell-death ligand 1 (PD-L1) was investigated in the irradiated
DVL3 tumours [26]. We have previously demonstrated that IFN-
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produced by CD8+ T-cells can cause
adaptive upregulation of PD-L1 on tumour cells after delivery of low dose fractionated radiotherapy [27].
RT can also lead to increase in expression of PD-L1 on MDSCs and macrophages as demonstrated
previously in a range of tumour models at higher doses [24]. Interestingly, in the DVL3 tumours,
fractionated RT had no impact on PD-L1 expression measured as median fluorescence intensity on the
surface of tumour cells, MDSCs cell or the macrophages (Supplementary Figure S9B–D).
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(green), CD8 (red) and CD11b (white) in the DVL3 tumours revealing an increase in CD11b staining in the 
irradiated tumours. Quantification of immunohistochemical staining comparing untreated (0Gy) and tumours 
treated with fractionated radiotherapy (5 × 2Gy) showed no significant difference in (C) NK-T-cells (NKp46), 
(D) macrophages (F4/80), (E) cytotoxic T cells (CD8), or (F) helper T cells (CD4). (G) However, radiotherapy 
treatment did induce a significant increase in myeloid cells (CD11b+) in the irradiated tumour. (H) Flow 
cytometry analysis for macrophages (gated as CD45+/F480+) cells showing no significant increase in proportion 
of cells in the irradiated tumours. (I) Flow cytometry analysis for MHC-II+ cells (M1 marker) on macrophages 
gated as (CD45+/F480+/ MHC-II+) in the irradiated tumours (J) Flow cytometry analysis for CD206 (Mannose 

Figure 5. Radiotherapy resulted in an increase in immunosuppressive myeloid cells infiltrates
and macrophages acquiring an M2 phenotype in the DVL3 tumours. (A) Representative
immunohistochemical staining for natural killer T-cells (Nkp46) and macrophages (F/480) in DVL3
tumours. Nkp46 staining was sparse and mainly localised around the necrotic areas within the tumour.
(B). Representative multiplex staining images for CD4 (green), CD8 (red) and CD11b (white) in the
DVL3 tumours revealing an increase in CD11b staining in the irradiated tumours. Quantification of
immunohistochemical staining comparing untreated (0 Gy) and tumours treated with fractionated
radiotherapy (5 × 2 Gy) showed no significant difference in (C) NK-T-cells (NKp46), (D) macrophages
(F4/80), (E) cytotoxic T cells (CD8), or (F) helper T cells (CD4). (G) However, radiotherapy treatment did
induce a significant increase in myeloid cells (CD11b+) in the irradiated tumour. (H) Flow cytometry
analysis for macrophages (gated as CD45+/F480+) cells showing no significant increase in proportion
of cells in the irradiated tumours. (I) Flow cytometry analysis for MHC-II+ cells (M1 marker) on
macrophages gated as (CD45+/F480+/ MHC-II+) in the irradiated tumours (J) Flow cytometry analysis
for CD206 (Mannose receptor, an M2 marker) on macrophages gated as (CD45+/F480+/CD206+)
revealing a significant increase in CD206+ staining in the irradiated tumours (gating strategy in
Supplementary Figure S5). Data represents mean ± SEM of n = 4–8 independent murine tumors as
indicated by points on each graph. * denotes p ≤ 0.05, NS denotes non-significant, as determined by
Student’s t-test (immunohistochemistry) or Mann-Whitney, nonparametric testing (flow cytometry).
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We also investigated whether RT had an impact on macrophage reprograming from M2 to M1
phenotype. Using flow cytometric analysis, we demonstrate that although there was no significant
difference in either the macrophage numbers (Figure 5H) or in the proportion of macrophages expressing
MHC-II (an M1 marker) in the irradiated tumour (Figure 5I). However, the macrophages were skewed
towards an immunosuppressive M2 phenotype, defined as (F480+/CD206+) cells (p = 0.03; Figure 5J).
These findings taken together with RNA sequencing data suggest that the activation of type-1 signaling
in the irradiated DVL3 tumours could be due to influx of MDSCs and activation of myeloid innate
immune response pathway, and not driven by T cells.

3. Discussion

Whilst significant progress has been made in the treatment of metastatic, castration-resistant
prostate cancer (CRPC), the majority of these cancers remain incurable. In order to have greater impact,
it is important to understand the involvement of the TME in PCa evolution and treatment resistance,
so that more effective treatment combinations can be developed for molecular high risk disease.
RT remains an important treatment for primary localized PCa, and is increasingly used for treatment
for metastatic disease [28–32]. Although both Pten and p53 loss have been implicated in treatment
failure, the narrow range of PCa pre-clinical models limits therapeutic development. This study has
developed two novel murine cell models; mPECs, which model normal prostate epithelium and the
tumorigenic DVL3 cell line derived with genetically relevant drivers (Pten−/−/trp53−/−) which has been
extensively characterized for sensitivity to RT and TME response. Additionally, the mPEC model
serves as a normal epithelial control, but also provides a key model for further genetic manipulation
to examine pathways thought to be important in tumour development or immune response in a
syngeneic environment.

Transgenic tumours from which the DVL3 cells were generated, were derived via deletion of
Pten and trp53, genes that are frequently mutated in human PCa and are implicated in aggressive
forms of the disease [10]; thus, avoiding the introduction of tumorigenic viral proteins such as SV40
large T-antigen, which was used to generate the TRAMP C1 cell line [6]. Although the TRAMP
C1 cell line has contributed significantly to PCa research, recent evidence indicates it generates
neuroendocrine tumours, which clinically equates to only 0.5–2% of all PCa cases [7]. Furthermore,
although other syngeneic PCa models exist [33,34] (e.g. MyC-CaP and Pten-CaP8), they have not been
well characterized for their similarity to human disease, and immune microenvironment. The DVL3 cell
line develops tumours that represent an adenocarcinoma phenotype much more akin to the majority
of human PCa, and displays a similar TME to patient disease. The DVL3 model also sets itself apart,
as it can be easily generated via subcutaneous allograft into immune-competent mice. As such, not
only is it both time and cost beneficial compared with conventional GEM models, the tumours are
easily accessible for therapeutic intervention, such as local delivery of RT and tumour assessment.

Transgenic models of PCa, and subsequent cell lines, generated from the Pten−/−/trp53−/− model
generate heterogeneous tumours, forming distinct glandular structures [10]. Arguably, heterogeneity
is one of the greatest benefits of this model, as most cell-based models are thought to be clonally
selected due to genetic drift. As PCa is a multifocal heterogeneous disease, the derivation of a bulk
DVL3 population allows for research into PCa evolution and response to treatment [35]. Tumours
formed by the DVL3 model maintained the heterogeneous CK8+/CK5+ glandular structures and
regions of AR positivity, similar to the tumours from which they were derived. Additionally,
unlike other Pten−/−/trp53−/− murine cell lines, previously described in the literature, the DVL3 cells
can be implanted in immune competent C57BL/6 mice, presenting with immunological cold tumour
immune microenvironment, mirroring observations seen clinically [10,36].

Development of immune therapies as a method of harnessing the immune system’s anti-tumour
effects has recently gained traction [36]. Immune checkpoint inhibitors (ICI) have been used
successfully to treat melanoma and lung cancers; however, their impact on PCa is more limited [37].
Unlike melanoma and lung cancer, PCa has low levels of infiltrating CD8+ T cells, high proportion of
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MDSCs and tumour promoting M2 macrophages, therefore ICI are unlikely to work in majority of PCa
patients [36,37]. Furthermore, variations in the PCa tumour microenvironment have been reported to
correlate with PTEN-loss, defects in DNA repair pathways, low levels of tumour-associated antigens
and differences in the immune function of patients [37]. PTEN loss occurs in 20% of primary PCa
patients and has been associated with poorer overall survival [9,10,37]. Additionally, melanoma patients
with PTEN loss also have lower levels of tumour infiltrating lymphocytes (TIL) [37]. We have confirmed
that this is also true in the tumours resulting from DVL3 syngeneic engraftment, underscoring the
more immuno-suppressed microenvironment of these tumours compared to the TRAMP C1 tumours.

Comparing the DVL3 allografts to published transgenic models driven by Pten deletion highlights
other similarities and opportunities for future studies. For example Pten deletion is known to lead
to the expansion and immunosuppressive activities of Gr1+/CD11b+ myeloid derived suppressor
cells (MDSC) [13]. High numbers of MDSCs in a Pten−/− setting provide a protective effect on PCa
cells from senescence, therefore sustaining tumour growth [13,38]. Mechanistically this has been
observed to occur in CRPC patients and in transgenic prostate cancer models through the activation
of AR signalling due to paracrine IL-23 secretion by MDSCs [39]. Furthermore, influx of tumour
MDSCs has been detected following RT, an observation which has been previously associated with the
RT-induced up-regulation of STING expression in tumour cells [22,40,41]. Targeting MDSC, through
IL-23 inhibition, in combination with RT and ADT could therefore provide a survival benefit for
PCa patients.

STING mediated type-1 IFN production can be an effective approach to cancer therapy, due
to its role in T-cell priming and dendritic cell activation. Counterintuitively, STING activation can
also be immunosuppressive as previously reported [24]. In the DVL3 model, RT mediated STING
activation does not result in enrichment of T- or NK cell gene signatures, nor did it result in a significant
increase in the proportion of T- or NK cells, suggesting dominant immunosuppressive effects in
the TME. However, we did note aggregation of NK-cells in and around necrotic areas after RT [42].
Further studies using the DVL3 model are necessary to clarify the role of NK-cell mediated cell killing,
which may have potential therapeutic implications. Interestingly, in spite of the IFN-type-1 pathway
activation, no significant change in PD-L1 expression was observed either in the tumor or macrophages
after RT. It has been demonstrated that the kinetics of PD-L1 expression can be transient, time, and
radiation dose-dependent [27,43]. In this study, we investigated the expression of PD-L1 at a single
time point (a week after RT), and after administration of low dose fractionated RT (5 × 2 Gy). As such,
further investigations are required with high radiation dose and observation and differing time points
to establish the kinetics of PD-L1 upregulation on tumour cells and macrophages. Furthermore, PD-L1
expression on MDSCs can be activated by type-1 IFN in an autocrine manner, which is partially
controlled by IFNAR1 expression on MDSCs [44]. Our gene expression analysis demonstrated no
significant change in the expression of IFNAR1 with RT (data not shown). This may partly explain our
findings, however, we cannot fully rule out other environmental factors.

Overall, the DVL3 model recapitulates clinically relevant immune microenvironment features
that have been previously observed in PCa transgenic models following RT or androgen deprivation
therapy, such as influx of MDSC, M2 tumour promoting macrophages, and lack of cytotoxic T-cell
priming [13,39,41]. Although similar models have previously been published upon [10,45,46], to our
knowledge this is the first report of a model which has been proven to be syngeneically engraftable
and is driven by relevant genetic drivers to prostate cancer (Pten and trp53), and mirrors clinical
response. The genetic status of the model, resultant histological Gleason score, and immunological
features suggest the DVL3 model is currently poised for extensive future work as a model of molecular
high-risk localized disease, which is benefited by its cost and time effectiveness compared with other
models, ease of accessibility and tumour tracking, and its accurate recapitulation of PCa patient disease.
However, further characterization of the model is required to examine if it is also suitable as a model of
metastatic disease via orthotopic engraftment to the prostate or bone.
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4. Materials and Methods

4.1. Cell Line Derivation and Maintenance

Mouse prostate epithelial cells (mPEC) were generated from normal dorsal, ventral and lateral
lobes of the prostate from Probasin Cre−/− (Pb-Cre4) mice. Murine prostate cancer cells (DVL3) were
generated from tumours derived from the dorsal, ventral and lateral prostate lobes of a Pten−/−/trp53−/−
Pb-Cre4 mouse [10]. These lobes were specifically utilised for both models as they are morphologically
more similar to the peripheral zone in the human prostate gland which generates adenocarcinoma [11]
and these lobes are also those which generate adenocarcinoma in the Pten−/−/trp53−/− Pb-Cre4 murine
model. mPEC and DVL3 cell line generation is summarised in Supplemental Figure S1. Briefly, tissue
fragments were collected in PBS and manually dissociated into 1 mm3 fragments using a scalpel.
The sample was centrifuged at 2000 rpm to remove extraneous blood and fat, and remaining tissue
digested in 1 mg/mL collagenase/dispase in PBS for 30 min at 37 ◦C, after digestion the tissue was
further disrupted via serological pippetting. The supernatant containing prostate cells was collected,
and the collagnease/dispase inactivated with EDTA. The digestion process was repeated twice with
remaining tissue fragments. Supernatant from the digestions was pooled and centrifuged at 2000 rpm
and prostate cells were re-suspended in RPMI supplemented with 10% FBS, 1× penicillin/streptomycin,
100 nM DHT and 10 µmol/L ROCK inhibitor (Y-27632, Sigma, Gillingham, UK). These cells were
then incubated for 10 min at 37 ◦C to allow for prostate fibroblasts to adhere to the tissue culture
plastic. Remaining cell suspension, enriched for prostate epithelium was transferred to a new culture
flask. This process of differential plating, allowing for initial adherence of fibroblasts and removal
and retention of less adherent epithelial cells, was repeated for 10 passages, at which time use of the
ROCK inhibitor (Y-27632, Sigma) was stopped and the population was characterised as epithelial.
After isolation and initial 10 passages to reach a homogenous epithelial population, the mPEC and
DVL3 cell lines were maintained in RPMI-media supplemented with 10% FBS, L-glutamine and
100 nM DHT.

The TRAMP C1 murine prostate carcinoma cells were purchased from ATCC (Manassas,
VA, USA) and maintained in DMEM high glucose medium, supplemented with 4 mM L-glutamine,
5% FBS, 5% Nu Serum (Corning, Bedford, MA, USA), 0.005 mg/mL of bovine insulin, and 10 nM
dehydroisoandrosterone (Sigma). CT26 murine colon carcinoma cells (ATCC) and 4434 cells
isolated from BRAFV600E p16-/- mice (Richard Marias, Cancer Research UK Manchester Institute,
Manchester, UK) were maintained in DMEM, and 4T1 triple-negative breast cancers (ATCC) maintained
in RPMI-media supplemented with 10% FCS, 1% L-glutamine (Invitrogen, Paisley, UK).

4.2. Syngeneic Modelling

C57BL/6 and BALB/C male mice (8-weeks old) were obtained from Harlan (Derby, UK). All animal
experiments were performed under United Kingdom Home Office Licenses held at Queen’s University
Belfast or the CRUK Manchester Institute, University of Manchester (PPL2775; PCC943F76 respectively).
Prior to each in vivo experiment, cells were screened for mycoplasma contamination and mouse
hepatitis virus (MHV). Mice were housed on a 12/12 light/dark cycle and were given filtered water and
fed ad libitum. C57BL/6 male mice were inoculated subcutaneously with either 5 × 106 TRAMP C1,
1 × 106 DVL3 cells, 1 × 106 mPEC cells or 5 × 106 4434 cells; BALB/C mice were inoculated with 5 × 105

CT26 cells, 1 × 105 4T1 cells under light general anaesthetic using Isoflurane and oxygen gaseous mix
in accordance with project license and home office regulations. Tumour volume was measured using
calipers as length × (width)2/2.

4.3. Sample Preparation

Tumour bearing mice were sacrificed at the indicated time points using standard schedule-1
procedure, and in accordance with current UK home office legislation. Tumour samples were cut into
half and either fixed in 4% buffered formalin (Sigma Aldrich) for 24 h or collected in media for tumour
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disaggregation. The formalin fixed tumour samples were transferred to 70% ethanol and processed
to FFPE blocks at the CRUK Manchester histology core facility. H&E slides obtained were evaluated
by a dedicated uropathologist (PO) with the aim to compare with morphological features of human
prostate cancer as well as estimate a Gleason pattern and score.

4.4. Immunohistochemistry

Briefly, the slides were deparaffinised in xylene followed by rehydration in ethanol.
Antigen retrieval was performed using pH 6 citrate buffer, followed by 3% H2O2 block. Slides were
incubated with 10% serum, prior to incubation with primary antibody overnight at 4◦ (Table S1). Primary
antibody was detected with either HRP detection kit or biotinylated secondary antibody followed by
ABC detection kit (Vector Labs, Burlingame, CA, USA). Slides were briefly incubated in DAB substrate
(Vector Labs), washed in water, and counter-stained using haematoxylin. STING and cleaved Caspase-3
staining was performed on the BOND Rx automation system (Leica, Microsystems, Milton Keynes,
UK) using standard protocol. For multiplex staining of mouse FFPE tumour sections, the opal TSA
detection system (Opal 520®, 570® and 650®) were applied to sections following manufacturer’s
instruction and run on Leica BOND Rx automated system. The slides were counterstained with DAPI.
Chromagen slides were scanned digitally using Leica SCN 4000 slide scanner (Leica Microsystems)
VS-200 slide scanner (Olympus, Essex, UK), and the multiplex slides were scanned using Versa Slide
scanner (Leica Microsystems) and VS-120 slide scanner (Olympus). Image analysis and quantification
was performed using Definiens® Tissue Phenomics Software (Munich, Germany) or Halo® image
analysis (Indica Labs, Albuquerque, NM, USA). Quantification of the percentage of positive cells was
determined using either hematoxylin or DAPI staining to identify total cell count. Scoring of positive
staining of chromogen slides (summarized in Figure 1C) was performed in a blinded fashion by two
independent researchers. For quantification of co-localisation using Halo®; High plex FL Ver 3.1.0
module was used.

4.5. Immunocytochemistry

Cells were seeded onto glass slides pre-coated with collagen type II (BD Biosciences, San Jose,
CA, USA) and left to adhere for 24 h before fixation with 4% paraformaldehyde at RT. Cells were
permeabilised with 0.1% Triton X and blocked with 3% FBS-PBS. Primary antibody was added to slides
and incubated for 1 h at RT followed by incubation in secondary antibody for 1 h at RT (Table S1).
Coverslips were mounted onto glass slides using Mounting media (Invitrogen) containing Dapi
and imaged.

4.6. RNA Isolation and cDNA Synthesis

Total RNA from cells was isolated using TriPure Isolation reagent (Roche, Mannheim, Germany)
and phenol-chloroform extraction and cDNA synthesised using first strand cDNA (Roche) according
to the respective manufacturer’s instructions.

4.7. qRT-PCR

mRNA levels were determined by RT-PCR and measured on Roche LightCycler®480 II with SYBR
Green I Master (Roche). All primers were obtained from Eurofins (Ebersberg, Germany) and sequences
are detailed in (Table S2). mRNA expression was evaluated using β-actin and GAPDH housekeeping
genes and is shown normalized to β-actin as a fold change relative to mPECs transcript levels.

4.8. Western Blotting

Cells were lysed with RIPA buffer (Sigma) supplemented with Protease Inhibitor Cocktail (Roche),
centrifuged and supernatant containing protein analysed by SDS Page (Invitrogen). Proteins were
transferred onto a nitrocellulose membrane, blocked for 1 h in 5% milk TBS-T prior to incubation
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with primary antibody at 4 ◦C overnight, concentrations are detailed in (Table S2). Complementary
secondary antibodies were used at 1:3000. Membranes were visualised via chemiluminescence on a
Syngene G:Box imager using reagent (Merck, Cambridge, UK).

4.9. Flow Cytometry on Cell Lines

Cells were incubated with primary antibody conjugated fluorophore for 30 min at 4 ◦C,
washed with PBS and analysed on the Introducing the BD Accuri™ C6 Plus according to the
manufacturer’s instructions.

4.10. Radiotherapy

Upon tumour establishment (4–6 weeks post inoculation), mice were randomised to treatment
groups. Irradiation was performed when the tumours were between (100–200 mm3). The tumour
bearing mice were placed in a lead jig with an opening for the tumour and shielding for the rest of
the body. Radiotherapy was delivered using an AGO cell X-Ray unit and XSTRAHL (CIX3) in vivo
irradiator at a dose rate of 2.086 Gy/min. Tumour bearing mice received either single dose of 8 Gy
irradiation, or 5 fractions of 2 Gy delivered over 5 consecutive days (as shown in Figure 3A).

4.11. RNA Extraction for RNA Seq Analysis

RNA from FFPE mouse tumour tissue was extracted. Briefly, 2–4 (10 µM) sections were transferred
into RNAase free microcentrifuge tube. The paraffin was removed by incubating in xylene and ethanol.
For lysate and total RNA purification, digestion buffer and proteinase-K was added to the samples
as per manufacturer’s instructions (Norgen Kit, Ontario, Canada). The samples were spun briefly
followed by transferring the supernatant to a new RNAase free microcentrifuge tube. The RNA
containing tubes were incubated for 15 min at 80 ◦C. The lysates were then passed through RNA
purification microcolumn and centrifuged for 1 min at 14,000 RPM. The microcolumns were washed
according to manufacturer’s instructions and the RNA eluted using the Elution solution (Norgen Kit).

4.12. RNA Library Preparation, Sequencing and Analysis

RNA libraries preparations were generated using the Quant-seq 3’ mRNA-Seq FWD kit (PART
NO k15.96, Lexogen, Vienna, Austria) according to manufacturer’s instructions, with 500ng input RNA.
FFPE-derived RNA was prepared using the suggested manufacturer’s instructions. Libraries were
pooled and sequenced on the NextSeq 500 using the Queen’s University Genomics Core Technology
Unit, yielding an average of 10 million reads per sample. FASTQ files were aligned to the mm10
genomic reference using STAR aligner [47] and counts quantified at a gene level with HTseq-Counts [48]
to yield 5-8M mapped reads per sample. Differential gene expression was performed between the
irradiated and un-irradiated samples using the DESEQ 2. Differentially expressed genes were filtered;
FDR adjusted—p Value < 0.05 and Log2 Fold-Change ≥1 (up-regulated) or ≤−1 (down-regulated).
Pathway analysis was performed on filtered genelists using the Reactome database [49] in Enrichr [50,51].
To identify enrichment of immune populations with the RT tumours vs untreated, enrichment analysis
was performed using the open assess tool gene set enrichment analysis (GSEA) [52,53] with 1000 gene
label permutations. Immune cell gene signatures for macrophages, NK cells, T-cells and MDSC were
taken from previous published studies [25,54,55].

4.13. Flow Cytometry on Tumour Tissue

To obtain single cell suspensions, tumours were processed using a gentleMacs dissociator and a
murine dissociation kit (Miltenyi Biotec, Surrey, UK). For staining of cells, non-specific binding was
blocked with rat anti-CD16/CD32 Fc block on ice. Cells were incubated with Gr-1–FITC, CD11b–APC
(eBioscience, Leicestershire, UK), washed in 1% FCS/PBS. For analysis, live cells were gated using vital
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dye exclusion (Invitrogen) and population phenotyped on FACs Canto (BD Bioscience) and analyzed
using Flow Jo software. An example of the gating strategy employed is provided in Figure S5.

4.14. Statistical Analysis

Results were analysed using GraphPad Prism (v7.03, San Diego, CA, USA). Data was analysed
via a Shapiro-Wilk normality test was first used to confirm that groups were distributed normally.
When comparing two groups, if the data was normally distributed it was analysed by Student’s
t-test. Nonparametric data was analysed via Mann-Whitney testing. When comparing more than two
groups a one-way analysis of variance (ANOVA) followed by a Tukey’s multiple comparisons test was
used to detect significant differences between means. The limit for significance was set at p ≤ 0.05.
Data are described with standard error of the mean (SEM). To compare survival curves from in vivo
experiments, Log-Rank Mantel–Cox tests were performed on Kaplan–Meier plots.

5. Conclusions

This study highlights that the DVL3 model represents substantial progress in preclinical PCa
modelling displaying similar molecular, histological, and microenvironmental features compared to
alternative models. Furthermore, the DVL3 cells and subsequent tumours can be generated quickly
and inexpensively compared to standard transgenic models, and tumours are readily accessible
for therapeutic intervention. Importantly, DVL3 cells can be syngeneically engrafted into immune
component hosts and respond to standard of care RT, with a similar immune influx, thus enabling
future validation of novel therapeutics for PCa including immunomodulatory agents targeting MDSC,
macrophages and agents that can prime T-cell responses either alone or in combination with standard
of care RT or ADTs.
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number—GSE146790. Figure S1: Summary schematic of DVL3 and mPEC cell model isolation, Figure S2:
Further characterization of the DVL3 model compared with TRAMP C1 with focus on AR signaling, Figure S3:
Additional high and low magnification immunohistochemical staining of DVL3 tumours, Figure S4: Whole blot
images and densitometry for western blot experiments, Figure S5: Gating strategies for flow cytometry, Figure
S6: Comparison of DVL3 to other commonly used syngeneic models, Figure S7: Reactome analysis of RNA
sequencing revealing downregulated pathways and evidence of STING response, Figure S8: Additional STING
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List of antibodies utilised for immunohistochemistry, western blotting, immunocytochemistry and flow cytometry,
Table S2: List of qRT-PCR primers.
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Abstract: Macrophages (MΦ) and dendritic cells (DC), major players of the mononuclear phagocyte
system (MoPh), are potent antigen presenting cells that steadily sense and respond to signals from
the surrounding microenvironment, leading to either immunogenic or tolerogenic outcomes. Next to
classical MHC-I/MHC-II antigen-presentation pathways described in the vast majority of cell types,
a subset of MoPh (CD8+, XCR1+, CLEC9A+, BDCA3+ conventional DCs in human) is endowed
with a high competence to cross-present external (engulfed) antigens on MHC-I molecules to CD8+

T-cells. This exceptional DC function is thought to be a crucial crossroad in cytotoxic antitumor
immunity and has been extensively studied in the past decades. Biophysical and biochemical
fingerprints of tumor micromilieus show significant spatiotemporal differences in comparison to
non-neoplastic tissue. In tumors, low pH (mainly due to extracellular lactate accumulation via the
Warburg effect and via glutaminolysis) and high oncotic and osmotic pressure (resulting from tumor
debris, increased extracellular matrix components but in part also triggered by nutritive aspects)
are—despite fluctuations and difficulties in measurement—likely the most constant general hallmarks
of tumor microenvironment. Here, we focus on the influence of acidic and hypertonic micromilieu
on the capacity of DCs to cross-present tumor-specific antigens. We discuss complex and in part
controversial scientific data on the interference of these factors with to date reported mechanisms of
antigen uptake, processing and cross-presentation, and we highlight their potential role in cancer
immune escape and poor clinical response to DC vaccines.

Keywords: cancer acidity; hyperosmolarity; tumor microenvironment; cross-presentation

1. The Role of Mononuclear Phagocytes in the Tumor Microenvironment

The mononuclear phagocyte system (MoPh) with its most important and most broadly explored
players—macrophages (MΦ) and dendritic cells (DC)—comprises a major population of immune cells
that migrate to and infiltrate tumor tissue. Crucial influence of continuous, highly plastic interaction
between MoPh, tumor cells and surrounding milieu has been well-documented in the past decades [1].
The opposing role of different MΦ/DC subsets to this regard has highlighted the need to define
(from a quantitative point of view) more and more ‘smaller’ genotypic, phenotypic and functional
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MoPh subgroups in order to decipher their possible role in antitumor immunity. The former strict
differentiation between MΦ- and DC-expression profiles has meanwhile been updated and replaced by
current concept based on the understanding that an expression signature and functional specialization
of MoPh cells represents a rather unstable momentum that depends on interplay between cellular and
molecular microenvironmental factors [2,3]. Due to an extraordinary instability and fluctuations in
tumor microenvironment (TME), the categorization of tumor-associated MoPh profiles thus remains
a challenging task. A number of scientific reports and excellent up-to-date reviews have addressed
the question of receptor expression profiling of tumor-associated MΦ and DC in order to classify
them functionally [4–6]. Thus, we do not intend to address MoPh classification algorithms; instead,
we focus in this review on the cross-presentation by a subtype of tumor-associated DCs as an important
functional link in triggering the cytotoxic antitumor response, and highlight the influence of low pH
and high osmolarity of the TME on the cross-presenting capacities of these cells.

2. Modules of Efficient Antigen Presentation by MHC Molecules

Classical antigen-presentation pathways are not limited to professional phagocytes and imply two
well-described antigen-presentation modules: (1) engulfment and processing of exogenous antigens
for endosomal digestion and surface presentation in the complex with MHC-II-molecules to CD4+

T cells—an unspecific mechanism present in a vast majority of cell types; and (2) processing and
presentation of endogenous (intracellular) antigens on MHC-I molecules in order to activate CD8+

T cell and induce their proliferation and cytotoxic response.
A third, special form of antigen-presentation can be seen (not exclusively, but most prominently)

in a subset of DC: it is termed cross-presentation and is characterized as the capacity to present an
external, phagocytosed antigen in the complex with MHC-I molecules to CD8+ T cells [7], thereby
sensing the tumor- (or virus-) specific antigens and exposing them to induce an effective cytotoxic
antitumor response [8].

2.1. Cross-Presenting Capacity of DC Subsets

Generally, DCs are categorized into conventional DCs (cDCs with previously defined cDC1
and cDC2 categories) and plasmacytoid DCs (pDCs), as reviewed elsewhere [9,10]. cDC2 (BDCA1+)
have—especially in humans—at least a minor capacity to cross-present, even though there is evidence
that cDC2 prefer classical MHC-II antigen presentation module [5,11]. By contrast, the role of
cross-presentation by pDC is controversial: there are experiments showing intact clearance of viral
antigens in a pDC-depleted system [12], indicating that pDCs likely do not have a major role
in cross-presentation.

The cDC1 subtype seems to be the most potent cross-presenting DC population. The development
of cDC1 has been reported to depend on IRF8- and Batf3- transcription factors and is characterized
in humans by expression of the chemokine receptor XCR1, efficient uptake of apoptotic particles via
CLEC9A (DNGR1) or necrotic debris via BDCA3 (CD141), prominent TLR3-reactivity with high IL-12
output, high intraendosomal reactive oxygen species and low acidification of endosomes [8,13,14].
In several animal models, the failure of cDC1-deficient mice to reject transplanted immunogenic tumors
(for example, using Batf3-/- mice) underscores the importance of these cells in cross-presentation and
consecutive CD8+ T cell priming [5,15]. Next, high expression of MHC-I pathway related genes has
been reported as a hallmark of the cDC1 subset [16]. These cells also show enhanced expression
of NADPH-oxidase 2 (NOX2), which has been linked to ROS production and active alkalization of
endosomes, together with synchronous, low-level expression of the c-type lectin, Siglec-G (a potent
NOX2-inhibitor). Both features are required for efficient cross-presentation and are critically responsible
for the enhanced cross-presentation capacities of cDC1 cells [14,17].

Of relevance, compared to other intratumoral/peritumoral leukocytes, the cDC1 population
is generally small in tumor tissue. Additionally, in contrast to the immunosuppressive role of
tumor-associated macrophages (TAM), a high cDC1-load in malignant tumors has been shown to
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have a positive prognostic and predictive value [5,18]. Accordingly, if augmentation of the cytotoxic
antitumor response through attraction of cDC1 to the cancer site and prolongation of their retention
there is a therapeutic goal, induction of specific chemokine secretion by tumor cells and other immune
cells (CCL4, CCL5, XCL1) might be the appropriate strategy [19,20]. Especially tumor-associated NK
cells might be a key factor in this regard. Next to the aforementioned chemokines, NK cells secrete
fms-like tyrosine kinase 3 ligand (FLT3-L) as well, which is regarded as a factor that prolongs cDC1
viability [5,21].

2.2. Subcellular Pathways of Cross-Presentation

On a subcellular level, two general cross-presentation pathways are described to date: the vacuolar
pathway and the endosome-to-cytosol pathway [22,23]. In the vacuolar pathway, internalized antigens
are degraded within endosomal compartments by lysosomal proteases and loaded onto MHC-I
molecules there [24,25]. In the endosome-to-cytosol pathway, internalized antigens need to be
translocated from endosomes into the cytosol, where they are degraded by the proteasome [26,27].
Afterwards, antigen-derived peptides are retranslocated by the transporter associated with antigen
processing (TAP) into the ER or into endosomes for loading onto MHC-I [28–30]. Although both
cross-presentation pathways have been well-documented in the past [31,32], most of the published
data point to the endosome-to-cytosol pathway as a dominant mechanism of cross-presentation.
The proteosomal antigen degradation seems to be a step of crucial importance for an efficient
activation of CD8+ T cells to recognize and kill the target tumor cells or virus-carrying cells (reviewed
in [8]). A recent study pointed out that proteasomes might also be present in antigen-containing
endosomes and hence, proteasomal degradation might also play a role in the vacuolar cross-presentation
pathway [33]. However, the physiological relevance of endosomal proteasomes still needs to
be determined. In addition to the vacuolar and the endosome-to-cytosol pathway, ‘alternative’,
endocytosis-independent mechanisms of cross-presentation have been suggested, such as the transfer
of preprocessed antigens via a gap junction-meditated contact between a ‘donor cell’ and a DC [34] or
‘cross-dressing’, which assumes the acquisition of a peptide-loaded MHC-I molecule via membrane
transfer [35]. Yet, the in vivo relevance of such models in the tumor setting remains unclear and needs
further investigation.

3. Acidity and Hypertonicity as Biophysical Hallmarks of the TME

In addition to varying biochemical and cellular parameters, physical stress plays an important
role in tumor spreading and therapy response [36]. The typical microenvironment of solid tumors is
characterized by hypoxia (mainly due to insufficient blood perfusion), low extracellular pH and high
intratumoral pressure (Figure 1).

3.1. Mechanisms of TME Acidification

Acidity of the TME has been traditionally linked to hypoxia, as both phenomena are synchronous
hallmarks of the TME. Briefly, normal human cells under aerobic conditions produce required
amounts of ATP molecules from energy-rich glucose via cellular respiration process down to CO2

molecules resulting in the production of 32 molecules of ATP from one molecule of glucose. In normal
cells under anaerobic conditions—but constitutively also in many tumors due to the Warburg effect
(i.e., aerobic glycolysis; first described by Otto Warburg and his team in the 1923)—NADH is re-oxidized,
leading to a reduction of pyruvate into lactate, the production of only two ATP molecules per molecule
of glucose and resulting in local accumulation of lactate (reviewed in [37]). Thereby, even though the
synthesis of lactate is not necessarily associated with hypoxic conditions, excessive lactate production
and accumulation inside many tumors is responsible for their well described acidic TME. Specifically,
melanomas, squamous cell carcinomas, breast cancer and many other adenocarcinomas as well as
brain tumors show low pH values in their milieu, ranging from pH 5.8 to pH 7.4, as reviewed by
Diaz et al. [38]. Other substrates next to glucose may also result in tumor-associated lactate production:
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for example, glutaminolysis pathway via citric acid cycle may be even a major source of lactate in
cancer microenvironment [39]. Functionally, acidosis of the tumor interstitium has been shown to be a
crucial factor of tumor survival, local progression and metastasis [40].

Figure 1. Typical microenvironment of tumor-associated cDC1 is acidic and hypertonic. In comparison
to physiologic conditions (a), malignant neoplastic tissue (b) is characterized by lactate-induced
decrease of pH value via hypoxia, aerobic glycolysis and glutaminolysis. On the other hand, increased
(fluid and solid) pressure of tumor interstitium depends on biophysical characteristics of tumor mass,
tumor cell death rate, abnormal blood supply but also nutritive aspects, like high-salt diet. Increased
extracellular Na+ may further enhance lactate accumulation via supporting aerobic glycolysis.

3.2. Elevated TME Pressure—Biophysical Prediction Models

On the other hand, very few reports are available on the role of high pressure in tumor micromilieus.
It has been reported and reviewed that many solid tumors demonstrate an elevated interstitial
pressure [1], forming a physical barrier to transcapillary transport and thereby affecting the antitumor
therapy. Still, as a result of technical difficulties to directly measure intratumoral pressure in different
tissue compartments, its relevance for tumor progression (involving immune escape mechanisms)
has remained largely unexplored to date. In general, pressure-induced stress in tumors can be
divided into two categories: fluid-phase and solid-phase stress. Further, fluid-phase stress can be
roughly categorized into hydrostatic fluid pressure of the tumor interstitium and osmotic/oncotic
pressure [41]. Increased osmotic pressure results from increased ionic and protein load of distinct
etiologies. Limited available data in this regard demonstrate a general hypertonicity of some TMEs
(for instance, in a pancreatic adenocarcinoma murine subcutaneous tumor graft model) [42–44]. In the
absence of direct in vivo measurement techniques, a compelling biomechanical approach to predict an
intratumoral osmotic pressure has been proposed [42]. In this approach, based on previously published
data on increased hyaluron (and other glycosaminoglycan) content in melanomas, sarcomas and
adenocarcinomas, the authors developed a triphasic mathematical and biomechanical model that takes
into account solid and fluid tumor pressure together with transport of anions and cations. Interestingly,
the authors suggest that increased hydraulic conductivity of the tumor-associated blood vessels
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(defined as interstitial fluid flow through the interstitial compartment [45]) elevates the intratumoral
concentration of free ions and thereby osmotic pressure [42].

3.3. Potential Contribution of Increased Na+ Uptake to Hypertonicity of TME

Regulation of tissue osmolarity in regard to interstitial Na+ concentration has been extensively
explored in the past decade. In order to understand and discuss a plausible Na+ accumulation in
the tumor insterstitium, it is necessary to understand recent updates and challenges concerning the
(patho)physiology of ‘central’ (renal) and peripheral regulation of Na+ metabolism:

First, historically, despite the documentation of interstitial storage of chloride in preclinical
studies (observed already 1909 by Padtberg; reviewed in [46]) more than a century ago, for a long
time it was assumed that the regulatory function of kidney in regard to Na+ keeps osmolarity of
interstitium including peripheral tissue in a tight range, similar to that of plasma (290–300 mOsm/L).
The concept of constant Na+ concentration of extracellular tissue has been challenged in the past years
and pointed at alternative pathways of Na+ regulation, especially nonosmotic Na storage pools via
electrolytic binding to sulfated glucosaminoglycans, i.e., important constituents of extracellular matrix.
It has been proposed that this mechanism prevents water loss and buffers sodium concentration
by balancing between free and stored (bound) Na+ [47]. In concordance with these observations,
a recently developed MRI-based approach (Na-MRI) enabled precise detection of extracellular Na+

-fluctuations in time and space and revealed that peripheral tissue indeed does not maintain steady-state
extracellular Na+ concentration [48]. As detected in subcutaneous tissue, patients with autoimmune
disease, arterial hypertension, or renal failure show higher Na+ concentrations in skin in comparison
to healthy counterparts [49,50].

Second, as mainly demonstrated in experimental animal models, a shift of nutritional habits
towards high salt uptake may provoke a markedly increased Na+ content in peripheral tissues,
independent on a putative preexisting pathologic condition [51,52].

4. Cross-Presentation Cascade in Acidic and Hypertonic Milieu: Current Data and
Possible Implications

A successful cross-presentation of tumor antigen requires efficient binding and processing
of engulfed material. The cascade of antigen processing (starting with antigen uptake,
delayed degradation, translocation into the cytosol, transport and loading on MHC-I molecules
and transport of endoplasmatic reticulum components to endosome) has been recently reviewed [8].
Therefore, we focus here on the scarce currently available data on pH- and Na+- dependent modifications
of the cross-presentation pathway.

4.1. Cross-Presentation in Low Extracellular pH

4.1.1. The Influence of Low pH on Antigen Uptake

DCs in the tumor micromilieu screen and bind soluble and particular antigens via a wide range of
surface receptors. The abundancy and type of endocytic receptor in combination with the presented
antigen likely have a significant influence on efficacy of cross-presentation per se. It is reasonable to
assume, that binding and processing of apoptotic and necrotic tumor material via binding to different
receptors like e.g., DEC205 will be a dominant mechanism of uptake in apoptotic particles-rich or
necrotic tumors. DEC205, a member of mannose receptor family typically expressed on cross-presenting
dendritic cells and on thymic epithelial cells [53,54], is a well-characterized endocytic receptor that may
induce either tolerance or immunity, depending on external signals [55]. An in vitro study has shown a
pH-dependent recognition of apoptotic particles and necrotic tumor cells by DEC205 via formation of a
double-ringed receptor conformation in the acidic microenvironment, implying enhanced engulfment
of tumor-associated material in acidic TME [53].
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In dendritic cells, mannose receptor (MR) is another effective endocytic carbohydrate-binding
damage-associated-molecular-pattern (DAMP) receptor with a variety of ligands (endogenous and
microbial) [56]. MR has been reported to target the endocytosed material via pH-dependent steps for
cross-presentation [57]. At physiological pH, the MR acquires an extended conformation. A decrease
in pH (6–7, corresponding to early endosomes or pH 5–6 in late endosomes), results in a continuous
conformational change of the receptor, which mediates ligand release [58]. Based on these data, it can
be hypothesized that tumor-associated extracellular low pH decreases the capacity of MR to form
stable receptor-antigen complexes and thus can be responsible for reduced cross-presentation in acidic
micromilieu. Indeed, it has been shown that antigenic targeting of the human MR is capable of inducing
antitumor immunity [59].

Of note, although both DEC205 and MR belong to the mannose receptor family, their pathways
after antigen internalization seem to diverge. Whereas MR-mediated antigen engulfment in human
DCs leads to its routing into early endosomes, delayed degradation and potent cross-presentation,
internalization via the DEC205-pathway favors antigen-processing in lysosomes and rather poor
cross-presentation [60]. Thus, summarizing these data, it can be discussed that an acidic cancer milieu
may abrogate successful antigen internalization and processing within tumor-associated dendritic cell
by favorizing less efficient DEC205-dependent cross-presentation model (Figure 2).

Figure 2. Impact of acidic and hyperosmolar tumor microenvironment (TME) on cross-presentation
and cross-priming cascade is dynamic and complex. Interplay of low pH- and high Na+- triggered
phenomena likely decides the fate and efficacy of cross-presentation. Also here can be postulated that
tumor nature and viability (in regard to apoptotic and necrotic rate) partially shape the receptor–antigen
binding signature and thus contribute to the response of cDC1 to biophysical TME stresses.

It is evident that low pH influences other DC receptors as well, not necessarily leading
to a similar outcome, adding to the complexity of the phenomenon. An example is the pH-
and ionic load- dependent alteration of another marker of type 1 classical DCs, DNGR1 [61].
DNGR1 (synonym: CLEC9A) is a DAMP-receptor typically expressed on cross-presenting DCs,
facilitating cross-presentation of dead-cell-associated antigens. Hanc et al. have convincingly
shown that low pH and increased ionic content of the microenvironment lead to a conformational
change of the neck region and induction of so-called reduction-sensitive receptor dimers to trigger
more efficient cross-presentation and cross-priming [61]. The detailed role of DNGR1 in regulation
of the necrotic-cargo intracellular compartment [62] via directing the necrotic antigen material to
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nonlysosomal, rather alkaline, nondegradative niche, thereby facilitating CD8+ T cell activation [63]
has been reviewed by Cueto et al. [64].

4.1.2. The Influence of Low pH on Antigen-MHC-I Stability and Costimulatory Signals

Supporting the theory of damaged cross-presentation at low pH, older studies have documented
that peptide-MHC-I complexes are more stable at neutral than at acidic pH [65]; still, no recent data
are available to this regard. In addition, lactate has been reported to modulate cytokine secretion by
monocyte-derived DCs. Lactic acid has triggered a significant reduction of IL-12p70 in tumor associated
dendritic cells, hence blocking an important stimulatory signal in the cross-priming cascade [66,67].
In the same experimental setting no significant impact on secretion of ‘anti-inflammatory’ IL-10 could
be seen.

Interestingly, both high salt and acidic milieu have been shown to trigger IL-1β secretion via
activation of inflammasome pathway ([68]; also recent publication from Pitzer et al., FASEB, April 2020).
Although recently published ovalbumine-based in vitro models suggest that NLRP3 inflammasome
activation may trigger (MHC-I- and MHC-II- dependent) antigen presentation in general [69], its role
in an efficient cross-presentation remains to be further investigated.

4.2. Cross-Presentation in Hyperosmolar Micromilieu

4.2.1. Lessons from Murine Kidney and Cell Culture Models

The influence of hyperosmolarity via increased Na+ in the microenvironment of MoPh
in inflammatory, non-neoplastic settings has been the subject of extensive studies in the past
years [46,70–77]. Focusing on dendritic cells, our initial data from a murine kidney transplantation
model have demonstrated a strong abrogation of cross-presentation pathway associated genes in
the hypertonic renal medullary compartment [71]. Linking these results to function of DCs in
hypertonic microenvironment that may reflect the osmolarity range of TME, our in vitro model of
cross-presentation showed a significant reduction of cross-priming capacity in bone marrow derived
dendritic cells (BMDCs) developed in hyperosmolarity [78]. Notably, the decreased cross-priming
effect occurred despite increased uptake, processing and presentation of OVA-derived antigen in
high salt conditions. In our experiments, blockade of cross-priming was a result of a TRIF-mediated
(yet toll-like receptor-independent) dysfunctional MHC-I-peptide complex cluster formation. Having
on mind the link between Interferon type 1 and TRIF signaling, as discussed by Jantsch et al. [46], it is
possible that the Na+ induced, TRIF-mediated excessive expression of interferon type 1 reduces the
cross-priming by DCs [79]. This hypothesis still requires further examination.

To our surprise, Na+-induced dysregulation of co-stimulatory and co-inhibitory molecules
(including reduction of IL-12 secretion as well as upregulation of PD-L1 and inhibition of both
CD80 and CD86 expression upon exposure to high salt) was not responsible for the reduction of
cross-priming—at least not in a ‘single-parameter’-dependent manner. Nevertheless, we cannot
exclude a coaction of the abovementioned regulatory molecules in high-salt induced blockade of
cross-priming [78]. Intriguingly, the salt-induced cross-presentation phenotype was in this experimental
setting independent of MR, suggesting that also the hypertonic TME may redirect MR-mediated
antigen uptake towards other, in the light of cross-presentation less efficient DAMP receptors [78].

4.2.2. Linking TME Hyperosmolarity to Lactate-Induced Acidosis

High salt content of TME may also modify cancer metabolism towards supporting aerobic
glycolysis and consequent accumulation of lactate, highlighting the complexity of metabolic tumor
surveillance [80]. It has been suggested that hypertonic extracellular stress induces the Warburg effect
by enhancing glucose transport and lactic acidosis in tumor cells [81]; these results were concordant
with older observations from breast cancer and liver tumor mouse models [82].
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Taken together, limited and in part discordant published data indicate that interplay between
acidic and hypertonic stress results in modification of cancer cell metabolism and dendritic cell function
towards blockade of efficient cross-presentation and cross-priming (Figure 2).

5. Conclusions

Dendritic cells (specifically cDC1) are the most efficient antigen-presenting cells. Their unique
cross-presentation capacity has been extensively explored in attempts to boost cytotoxic tumor
immunity via DC vaccine strategies, albeit with rather poor clinical results to date. We reviewed here
focused, limited and to some extent discordant data on the role of hypertonicity and acidity on DC
function that largely go in line with other published observations regarding a general suppression of
antitumor immunity via tumor metabolites [67,83,84].

In general, available evidence on the effects of low pH and hypertonicity on dendritic cells is (a)
mainly focused on single steps of antigen uptake and presentation per se (to our knowledge without
available data on subcellular antigen processing cascade) and thus poorly explored to date; (b) mostly
related to in vitro or animal models, hence not automatically applicable to clinical situation and (c) in
part based on older scientific studies that do not necessarily follow the current state of immunological
knowledge. Specifically, methodological issues in measurement of pH and osmolarity of extracellular
microenvironment in situ—in time and space—represent to our opinion the major obstacle to be
addressed to this regard.

It must be pointed out that—independent of subcellular pathways—the effect of TME on immune
cell activation should be finally observed in the context of tumor survival as the most relevant clinical
endpoint. Clearly, antitumor immunity is a result of coaction of all parts of immune system at
the tumor site and in regional draining lymph nodes and cannot be determined via observation of
single components alone. Indeed, opposing data from two in vivo mouse tumor models based on
subcutaneous injection of murine melanoma and lung carcinoma cells reported significant reduction of
tumor growth upon high-salt intake via depletion of myeloid-derived suppressor cells [85]. On the
other hand, in humans, highly malignant nature of tumors rising in hypertonic organ compartments
(like collecting duct carcinoma of kidney and medullary renal cell cancer) with an extraordinary
metastatic potential speak in favor of high salt-induced immune escape mechanisms. In the same line,
a large set of epidemiologic data clearly indicates that high salt diet (independent on Helicobacter
pylori infection) represents an independent high-risk factor for the development and progression
of gastric cancer [86]. Nonetheless, mechanisms underlying the development and progression of
potentially salt-induced malignancies remain unclear.

Finally, further interdisciplinary investigations of molecular and physical mechanisms of pH- and
Na+-mediated modulation of DC function together with appreciation of dynamic, complex, species-,
tissue- and tumor-type-specific relationships between immune system compartments and tumor
microenvironments are necessary for a better understanding of and fighting against the immune escape
of cancer.
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Abstract: Lysine-specific demethylase 5B (KDM5B/PLU1/JARID1B) is found to be overexpressed in
numerous malignancies, including breast, lung, skin, liver, and prostate cancer. Identification of
molecules targeting the KDM5B enzyme could be a potential lead in cancer research. Although many
KDM5B inhibitors with promising outcomes have been developed so far, its further application in
clinical practice is limited due to toxicity and lack of target specificity. Here, we summarize the
significance of targeting KDM5B in anticancer therapy and report the molecular docking studies of
some known anti-viral agents, decitabine, entecavir, abacavir, penciclovir, and 3-deazaneplanocin A
in the catalytic domain JmjC of KDM5B. These studies show the repurposing potential of identified
anti-viral agents in cancer therapy.

Keywords: cancer; histone modification; inhibitor; KDM5B; molecular docking; repurposing

1. Introduction

Studies over the past few decades and ongoing research reveal that, along with genetic alterations,
epigenetic aberrations play a vital part in the evolution and progress of numerous diseases, including
several types of cancers [1]. Epigenetic changes, including DNA methylation and histone modifications,
cause altered gene expression without changing the DNA sequence [2,3].

Histone, being the functional protein, not only actively takes part in gene expression, but also
acts as a spool for DNA to wind around. Any modification on histone molecules via methylation,
acetylation, phosphorylation, ubiquitylation, or sumoylation alters the compact chromatin architecture,
leading to abnormal gene expression [4]. Histone methylation on arginine or lysine, which are
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abundantly present on N- and C- terminal tails of histones, can either turn on or off transcription based
on the degree and location of methylation [5].

Lysine-specific demethylation is finely tuned by two enzyme categories, called lysine-specific
demethylase (KDM1/LSD1) and the JumonjiC (JmjC) domain, encompassing histone demethylases
(KDMs). JmjC, being the largest among two families, displays high substrate specificity, with demethylase
activity targeting histones H3 and H4 [6]. In mammals, around thirty KDMs have been identified and
grouped as phylogenetically distinct subfamilies from KDM2-8 with numerous subcategories [7].

The KDM5/JARID1 subfamily consists of four interrelated histone demethylase enzymes—KDM5A,
KDM5B, KDM5C and KDM5D—involved in several human biological processes, including hormonal
response, stem cell regeneration, genomic stability, cellular proliferation, and differentiation [8,9].
KDM5B (also known as PLU1 or JARID1B), demethylates lysine 4 of histone 3 (H3K4), and acts as a
transcriptional repressor on certain tumor suppressor genes, thus converting it into the transcriptionally
inactive state [10]. The deregulated expression of KDM5B has been implicated in numerous cancer
types, including breast, lung, skin, prostate, testis, and liver [11]. Figure 1 depicts the top ten cancers,
with high KDM5B mRNA expression data extracted from cBioPortal for cancer genomics—TCGA,
PanCancer Atlas study [12–14]. Thus, KDM5B could be considered as a potential therapeutic target
in precision oncology. Hence, drugs that can selectively inhibit KDM5B could be of substantial
importance as a therapeutic intervention for such cancer types. This review attempts to comprehend,
as thoroughly as possible, the oncogenic role of KDM5B in major cancer types and the drug repurposing
potential of some known small molecules by targeting KDM5B’s catalytic domain through molecular
docking studies.
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2. Structure and Enzymatic Function of KDM5B

The JmjC family is reliant on Fe (II) and α- ketoglutarate co-factors for its demethylating activity.
KDM5B gene consists of 4632 bases, positioned on chromosome 1, in the cytogenetic band of 1q32.1
with a molecular mass of 175 kilodaltons. It encodes a protein of 1544 amino acids [15] comprising an
N-terminal Jumonji (JmjN) domain, a catalytic JmjC domain, an AT-rich domain (ARID), a C5HC2
zinc finger domain, a PLU1 motif and three plant homeobox domain (PHD1, PHD2, and PHD3).
The domain architecture of KDM5B is highly conserved and homologous from yeast to humans. JmjN
and JmjC are vital domains required for enzymatic activity, whereas AT-rich domain binds to GC
rich DNA sequences. PHD domains contribute to substrate recognition in which it prevents reverse
reaction [16–21]. ARID and PHD domains have very less influence, whereas JmjN and JmjC along with
C5HC2 zinc finger domain have more impact on the KDM5B’s catalytic activity. The overall catalytic
core is composed of three conserved domains consisting of: (i) the JmjN, JmjC, and ARID domains
(residues 31–72, 375–602 and 94–100, respectively); (ii) a C-terminal helical domain (residues 604–671
and 737–753); (iii) a β-sheet composed of three β-strands (residues 673–734) that harbored a C5HC2
zinc finger motif [20].

3. Significance of KDM5B in Various Cancers

3.1. Breast Cancer

Although the consistent expression of KDM5B in breast cancer was established by Lu P.J. et al. [22]
in 1999, Yamane K. et al. in 2007 revealed the salient role of KDM5B in breast cancer cell proliferation via
the transcriptional repression of tumor suppressor genes, including BRCA1 [19]. Subsequent studies
both in vitro and in vivo, involving gene expression and KDM5B knockdown, confirmed its putative role
in breast tumorigenesis [19,23–25]. One of the proposed mechanisms of KDM5B-mediated tumor cell
proliferation was by repressing tumor suppressor miRNA let-7e [26]. Besides, the TFAP2C-Myc-KDM5B
complex can repress p21, leading to tumorigenesis and therapy failure [27]. A recent study showed
that estrogen receptor-positive (ER+) tumors, with KDM5B overexpression, had poor clinical outcomes
and resistance to hormonal therapy [25]. Moreover, KDM5B expression was found to be negatively
correlated with p16 protein expression [28]. Significantly, microRNA hsa-miR-448 can suppress KDM5B
expression through MALAT1 and can prevent triple-negative breast cancer (TNBC) progression [29].
The downregulation of KDM5B led to 3′UTR lengthening of the cyclin D1 (CCND1) oncogene and
lengthening of a tumor suppressor gene, DICER1, suggesting KDM5B as a novel target for 3′UTR
processing [30]. KDM5B inhibition promoted the re-expression of tumor suppressor protein HEXIM1,
and upregulated HEXIM1 aided in the inhibition of breast cancer cell proliferation using KDM5B
inhibitors [31]. Recently, Paroni G. et al. showed that HER2–positive breast cancer cells were sensitive
to KDM5 inhibition and KDM5 inhibitors exhibited a synergistic effect with HER2 targeting drugs,
trastuzumab and lapatinib [32]. Similarly, numerous studies have reported the oncogenic role of
KDM5B, where gene expression levels were related with poor prognosis, cancer cell proliferation,
and metastasis [33–35]. Figure 2 shows the KDM5B mRNA overexpression in breast cancer from
various studies retrieved from the cBioPortal for cancer genomics [12–14,36–38].
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3.2. Lung Cancer

KDM5B expression rate was found to be highly elevated in neoplastic tissues, in contrast to normal
tissues, irrespective of lung carcinoma histology [39–41]. The suppression of KDM5B expression
showed a significant reduction in cancer cell growth via the E2F/RB1 pathway [40]. Han L. et al.
reported in 2013 that KDM5B positively regulates brain metastasis in NSCLC [42]. Moreover, KDM5B
aids in the proliferation, invasion, and metastasis activities of lung cancer cells through downregulated
p53 [39]. Besides, Shen X. et al. reported that KDM5B overexpression positively correlated with
size and stage of the tumor, lymph node metastasis, and reduced survival rate [39]. A recent study
by Lu Y. et al. established that KDM5B plays crucial roles in hypoxia-induced gefitinib (EGFR TKI)
resistance and epithelial–mesenchymal transition (EMT) [43].

3.3. Melanoma

The role of KDM5B in melanoma is still controversial. Roesch A. et al., in their studies, showed
that KDM5B promoted tumor cell maintenance and metastasis, and its knockdown led to the
exhaustion of melanoma cells [44]. However, KDM5B has also been suggested as a tumor-suppressive
agent in melanocytic cells through the regulation of activities of the retinoblastoma protein [45,46].
Interestingly, it is evident that, in melanoma cells, KDM5B expression is dynamically regulated.
However, KDM5B was overexpressed in certain benign tumors, whereas downregulated in aggressive
and metastatic melanomas [47]. The relevance of KDM5B in chemo-resistance was confirmed when
KDM5B depletion led to the increased sensitivity of melanocytes to anti-melanoma treatment [48].

3.4. Hepatocellular Carcinoma

KDM5B was often upregulated in hepatocellular carcinoma (HCC) samples, compared to
corresponding non-neoplastic tissues. Besides, the gene expression level was associated with tumor
properties and stages of cancer. HCC patients with KDM5B overexpression had more tumor metastasis,
poor prognosis, and significantly shorter overall survival [49–52]. KDM5B exerts its oncogenic function
by inactivating PTEN transcription [49] and by silencing KDM5B, which, remarkably, hinders cancer
cell proliferation through p15 and p27 up-regulation [50].

3.5. Gastric Cancer

The aberrant expression of KDM5B mRNA was detected in gastric tumor specimens and cell
lines in comparison with normal tissues. The expression rate also correlated with TNM stage and
depth of invasion [53]. Various studies confirm the contribution of KDM5B in various signaling
pathways for tumor cell development and migration [53,54]. Bao J. et al. reported that miR-194,
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which obstructs gastric cancer cell growth and invasion, directly targets and negatively regulates
KDM5B [55]. These findings revealed the potential role of KDM5B, as a tumor promoter in gastric
cancer. A recent study by Xu W. et al. described that increased KDM5B expression, associated with
cisplatin resistance in gastric cancer cell lines and targeting KDM5B, reversed the phenotype [56].

3.6. Colorectal Cancer

The functional significance of KDM5B in colorectal cancer (CRC) stem cells was confirmed through
in vitro and in vivo studies. KDM5B knockdown was found to surge H3K4 trimethylation at the
p16/INK4A tumor suppressor’s promoter region, which subsequently induced cellular senescence [57].
Besides, KDM5B was found to be overexpressed in CRC tumor tissue compared with normal colon
samples and this overexpression positively correlated with cancer progression [58].

3.7. Bladder Cancer

Knockdown and apoptosis studies demonstrated the close link of KDM5B, in cell cycle regulation
and cancer cell maintenance, in bladder cancer cell lines. Overexpression of KDM5B was noted in the
early and advanced stages of bladder cancer, irrespective of cancer grade [40]. A potential inverse
connection between KDM5B and connexin 26 (CX26) in the progression of bladder cancer was reported,
where KDM5B was found to be upregulated in contrast to CX26 [59].

3.8. Prostate Cancer

KDM5B was found to be overexpressed in prostate cancer tissues, compared to benign tissues,
and has been suggested as a potential therapeutic target [15,60]. Various studies evaluated the role of
microRNAs in regulating KDM5B. The forced miR-29a expression inhibited proliferation, and induced
apoptosis in prostate cancer cells, by repressing KDM5B expression, whereas, by KDM5B targeting,
miR-137 aided as a tumor suppressor in prostate carcinogenesis [61,62].

3.9. KDM5B in Other Cancers

KDM5B showed significantly high expression levels in patients with B-cell precursor acute
lymphoblastic leukemia (B-ALL), compared to normal bone marrow [63]. The suppression of KDM5B
hindered metastasis and the invasion of human oral squamous cell carcinoma and sensitized radiation
therapy [64]. KDM5B overexpression was significantly associated with tumor cell proliferation in head
and neck cancer, and KDM5B silencing caused cell growth suppression both in vitro and in vivo [65].
Similar studies supporting the oncogenic role of KDM5B were observed in other malignancies, such as
esophageal squamous cell carcinoma [66], cervical cancer [67], renal cell carcinoma [68], epithelial
ovarian cancer [69] and neuroblastoma [70].

3.10. KDM5B as a Therapeutic Target

Apart from the oncogenic and tumorigenic role, KDM5B is also considered as a cancer-testis antigen
(CTA), where gene expression is restricted in normal tissues except adult testes [22,71]. Therefore,
abnormal overexpression of KDM5B in any neoplastic tissue, in comparison with corresponding
non-neoplastic tissues, makes it an ideal therapeutic target. Furthermore, CTA properties suggest that
targeting KDM5B may be associated with reduced toxicity. Therefore, the development of specific
KDM5B inhibitors will offer a deeper insight into the therapeutic potential for many types of cancers.

As Fe (II) and α- ketoglutarate are the two vital co-factors of KDM5B in demethylation, studies are
focusing on the development of compounds that mimic α-ketoglutarate or compounds that chelate
with Fe (II). Over the years, many KDM5B inhibitors have been developed (Figure 3) and have provided
promising outcomes [72]. The 2,4-pyridinedicarboxylic acid (2,4-PDCA) inhibits KDM5B in vitro with
an IC50 value of 3 ± 1 µM [5], whereas GSK-J1 with an IC50 of 0.55 µM [20,73]. GSK467 displayed an
inhibitory concentration of 0.026 µM. The crystalline structure of KDM5B with GSK467 provides a
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possible template for the development of selective KDM5B inhibitors [20,74]. Compounds 54j and 54k
are potent, cell permeable dual inhibitors of the KDM4 and KDM5 subfamilies. Compounds 54j and
54k inhibit KDM5B with IC50 values 0.014 µM and 0.023 µM, respectively, and have shown adequate
cellular permeability [75]. CPI-455 with IC50 of 0.003 µM, was identified as a pan-KDM5 inhibitor
that competitively binds to the two cofactor binding sites [76]. KDM5-C49, a 2,4-PDCA analogue,
and further modified KDOAM-25 have shown acceptable inhibitory potency on KDM5B, in which
KDOAM-25 exhibited good stability, high selectivity and low cytotoxicity [20,77]. An orally available,
potent inhibitor of KDM5B, named compound 33, was identified through structure activity relationship
exploration and presented promising selectivity compared to early inhibitors [78]. Recently, a pyrazole
derivative, compound 27ab, was discovered, which inhibited MKN45 cell proliferation, wound healing
and migration [79]. All these inhibitors are in their initial stage of development and have not made it
to the clinics yet.Cancers 2020, 12, 6 of 15 
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4. Molecular Docking Studies

The JmjC domain of native KDM5B, which is involved in histone demethylation, contains Fe (II) ion
and α-ketoglutarate as cofactors. This site is an attractive target to develop KDM5B inhibitors. One of
the solved crystal structures of KDM5B, with an inhibitor GSK467 in the JmjC domain, contains Mn (II)
instead of Fe (II) [20]. This structure provides an excellent starting point to develop novel KDM5B
inhibitors using computational tools. Accordingly, we used computational modeling to explore the
potential of known drugs to inhibit KDM5B. Drug repurposing is an approach where new therapeutic
indications for already marketed drugs are discovered. This approach aims to lessen the price and time
involved in drug discovery process [80,81]. On this note, we considered the drug repurposing potential
of nucleoside derivatives, which are well known as antiviral agents [82]. Several studies in the past
have shown that nucleoside derivatives, with monocyclic or bicyclic ring systems, exhibit anticancer
properties [83–85]. We investigated the drug repurposing potential of known compounds, such as
decitabine, entecavir, abacavir, penciclovir, and 3-deazaneplanocin A (DZNep) (Figure 4), which are
all nucleoside derivatives, as inhibitors of KDM5B, by conducting molecular docking experiments.
In addition, we compared the binding modes of previously reported KDM5B inhibitors containing
planar bicyclic rings, such as GSK467, 54j, and CPI-455, with penciclovir and DZNep, to determine
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their interactions in the JmjC domain of KDM5B. It should be noted that decitabine (Dacogen®)
is currently used to treat myelodysplastic syndrome (MDS), entecavir (Baraclude®) is used as an
anti-hepatitis B agent, abacavir (Ziagen®) is used to treat HIV infections and penciclovir (Denavir®) is
a known drug used in the treatment of herpes infections. The carbocyclic adenosine derivative DZNep,
is a known inhibitor of histone methyltransferase EZH2 and is a promising compound in cancer
immunotherapy [86]. Molecular docking studies were carried out using the computational software,
Discovery Studio (DS) Structure-Based-Design (BIOVIA Inc, Dassault Systemes, USA). Moreover,
previous studies have shown that nucleoside derivatives with either a monocyclic or bicyclic ring exhibit
anticancer property. The ligands decitabine, entecavir, abacavir, penciclovir, and DZNep were built in
3D, using the Small Molecules module in DS using CHARMm force field. The X-ray crystal structure
of human KDM5B was obtained from PDB (pdb id: 5FUN) [20]. This KDM5B structure contains a
pyridopyrimidine ligand GSK467 and the catalytic site contains Mn2+ ion. All the water molecules were
removed and a 10 Å binding site sphere was defined by selecting the bound ligand GSK467, after which
it was deleted. The KDM5B protein was prepared using the Macromolecules module in DS using
CHARMm force field. Docking was carried out using the LibDock algorithm by employing 100 hotspots,
a docking tolerance of 0.25 Å, and an implicit solvent model, with a distance-dependent dielectric
constant and CHARMm force field. The binding poses obtained, were further energy minimized using
Smart minimizer (1000 steps and an RMS gradient of 0.001 kcal/mol) and ranked using the LibDock
scoring function. The ligand-binding interactions were further studied by considering the polar and
nonpolar contacts in the KDM5B binding site. The general computational methods applied were as
per our previously reported method [87].
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Docking the nucleoside decitabine in the KDM5B catalytic site shows that the 6-member azacytidine
ring was in the α-ketoglutarate binding pocket and underwent π–π stacked hydrophobic interactions
with aromatic rings of Tyr488 and Phe496, respectively (distance < 4.1 Å). The azacytidine N3 was
not forming any metal-ligand bonding with Mn2+ center (distance ≈ 5.0 Å, Figure 5, Panel A).
The deoxy sugar moiety was in a region comprised of Tyr425, Gly426, and Ser495. The hydroxy and
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the hydroxymethyl groups were in contact with Ser495 and Gly426 backbones, via hydrogen bonding
interaction (distance < 1.9 Å, Figure 5, Panel A). These studies suggest that decitabine can undergo
favorable interactions with KDM5B.Cancers 2020, 12, 8 of 15 
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Figure 5. The binding modes of decitabine (A), entecavir (B), abacavir (C) and penciclovir (D) in ball
and stick cartoon within the JmjC domain of human KDM5B (pdb id: 5FUN). Mn2+ ion is shown
as a green circle. Hydrogen atoms are removed to enhance clarity. Polar and nonpolar interactions
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Docking entecavir in KDM5B shows that the bicyclic guanosine ring was oriented in the
α-ketoglutarate binding pocket, where it underwent some favorable interactions. The pyrimidine and
imidazole rings were in contact with Tyr488 and Phe496 via four π–π stacked hydrophobic interactions
(distance < 4.5 Å, Figure 5, Panel B). Interestingly, the guanosine C6 ketone (C = O) underwent
metal–ligand bonding with the Mn2+ center (distance = 2.6 Å). The exocyclic alkene was in contact with
Tyr425, Ala427, and Tyr488 (distance < 5.0 Å), whereas the hydroxy group of the cyclopentenyl ring
formed a hydrogen bond with the backbone of Ser495 (distance < 2.0 Å, Figure 5, Panel B). In general,
entecavir exhibited better binding interactions with KDM5B compared to decitabine. This can be
attributed to the presence of a planar bicyclic guanosine ring in entecavir, and the metal–ligand bond
with the guanosine ketone.

Docking the anti-HIV agent abacavir with KDM5B shows that it was buried in the α-ketoglutarate
binding pocket closer to the metal center similar to entecavir, and the purine ring underwent π–π
stacking interactions with aromatic rings of Tyr488 and Phe496 (distance < 4.8 Å) and the N1 of
purine ring was in contact with Mn2+ (distance = 2.6 Å). Furthermore, the C2 amino substituent
underwent hydrogen bonding interaction with the backbone of Asn509 (distance < 1.9 Å, Figure 5,
Panel C). The cyclopentenyl ring was in contact with Tyr488 and Phe496 via hydrophobic interactions
(distance < 4.8 Å).
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Docking another purine-based drug penciclovir, which contains a guanosine ring similar to
entecavir in the KDM5B, shows that it was exhibiting a similar binding mode as entecavir, and
the guanosine ring was in hydrophobic contact with Tyr488 and Phe496 by forming several π–π
stacking interactions (distance < 4.4 Å, Figure 5, Panel D). The guanosine ketone forms a metal–ligand
interaction with Mn2+ (distance = 2.4 Å). The acyclic sugar moiety was closer to a polar region
comprised of Gly426, Ser494, Val489, and Asn591. The hydroxy and hydroxymethyl substituents form
hydrogen-bonding interactions with Gly429, Ser494, and Val489 backbones (distance < 2.8 Å, Figure 5,
Panel D). These studies show that drugs containing a bicyclic purine template exhibit favorable binding
in KDM5B.

Docking DZNep, an investigational drug molecule, which also contains a planar bicyclic
imidazo[4,5-c]pyridine ring template (Figure 4), and a cyclopentenyl moiety, shows that the bicyclic
imidazo[4,5-c]pyridine ring, forms a π–π stacking interaction with Tyr488 and Phe496 (distance < 4.3 Å).
Interestingly, the pyridine nitrogen, chelated with Mn2+ (distance = 2.8 Å, Figure 6A) and C2 amino
substituents formed a hydrogen bond interaction with backbone of Asn509. The cyclopentenyl
hydroxyl and hydroxymethyl substituents also underwent hydrogen bonding interactions with Gly426
and Ser495 (distance < 2.0 Å).

Among these compounds, DZNep exhibited the most favorable binding interaction with KDM5B.
The binding interaction was measured by calculating the LibDock scores for the best binding poses.
The ranking order was DZNep (LibDock score = 131.60) > penciclovir (LibDock score = 129.84)
> entecavir (LibDock score = 121.26) > abacavir (LibDock score = 118.10) > decitabine (LibDock
score = 109.55). Molecular docking studies of known KDM5B inhibitor, 54j (Figure 6B), shows that
its bicyclic pyridopyrimidine ring underwent van der Waal’s contact with Tyr488 and Phe496 (π–π
stacked interactions, distance < 5 Å) and the pyrimidinone ketone formed a hydrogen bond with the
side chain of Lys517 (distance = 1.55 Å). Interestingly, the nitrogen of pyrazole and pyrimidinone rings
was close to the metal center, indicating the ability of 54j to form metal–ligand interactions (Figure 6B).
The piperidine benzene with 3,5-dichloro substituents, was oriented in a hydrophobic pocket made up
of Ile500, Val553 and Tyr586. Furthermore, 54j is a much larger molecule (molecular volume = 345.7 Å3)
compared to GSK467, CPI-455, decitabine, entecavir, abacavir, penciclovir, and DZNep (molecular
volume range ~ 168.7–231.5 Å3). Therefore, 54j is able to bind in the entire span of the JmjC domain
(Figure 6B), which is not possible for the antivirals investigated in this study, as they are smaller.
This is also supported by a superior LibDock score obtained for 54j (LibDock score = 145.08). However,
similar to 54j, all the bicyclic ring-containing agents, entecavir, abacavir, penciclovir, and DZNep,
are able to undergo metal–ligand interaction (Figures 5 and 6), which is a common feature observed.
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Molecular docking studies of the known KDM5B inhibitor, CPI-455 (Figure 6C), shows that it was
oriented in a similar region compared to molecules containing the planar bicyclic ring investigated in
this study. The bicyclic pyrazolopyrimidinone ring of CPI-455 was in van der Waal’s contact with Tyr488
and Phe496 (distance < 5 Å), and the pyrimidinone ketone underwent a hydrogen-bonding interaction
with the Lys517 side chain (distance = 2.48 Å). The C6 isopropyl substituent was in a hydrophobic
pocket and underwent multiple interactions with Tyr425 and Ala427 (distance < 5 Å), whereas the C5
phenyl ring underwent π–π stacking interactions with Tyr425 (distance < 5 Å). Interestingly, the C3
nitrile substituent was able to chelate with the metal center (distance = 2.6 Å, Figure 6C) which shows
the significance of a nitrile substituent in KDM5B binding (LibDock score = 120.19). These molecular
docking studies also show that bicyclic ring-containing agents (e.g., 54j, CPI-455, entecavir, abacavir,
penciclovir, and DZNep), exhibit better binding in the JmjC domain of KDM5B, compared to monocyclic
ring-containing decitabine, which is also reflected in a lower LibDock score (109.55) obtained for
decitabine compared to other molecules.

The binding modes of DZNep and penciclovir, which exhibited superior LibDock scores,
were compared with the known X-ray structure of GSK467 (Figure 3), bound to KDM5B.
This investigation shows that, similar to GSK467, the planar bicyclic rings of DZNep and penciclovir
were oriented in the α-ketoglutarate binding pocket, and more significantly, the pyridine nitrogen of
DZNep and guanosine ketone of penciclovir were in contact with the metal center Mn2+ (Figure 7).
These observations were similar to the binding mode of GSK467 in the JmjC domain of human KDM5B,
where the pyridopyrimidine nitrogen interacts with the metal center (Figure 7) [20].
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These results also show that small molecules, which possess planar bicyclic heterocyclic rings,
exhibit favorable binding toward the JmjC domain of human KDM5B. This is due to their ability
to undergo interactions with the catalytic site metal ion, which is an important criterion in KDM5
inhibition and is consistent with previous studies [20,77,88]. Our molecular docking investigations
show that decitabine, entecavir, abacavir, penciclovir, and DZNep have the potential to be repurposed
as KDM5B inhibitors to treat various types of cancers.

5. Conclusions

The leading role of KDM5B oncogene in tumorigenesis and cancer progression is well established
in various malignancies and is therefore, considered as a potential therapeutic target. Although many
small molecule inhibitors of KDM5B have been identified so far, their possible clinical application in
cancer treatment is a work in progress. This study provides a rationale on how repurposing antiviral
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drugs could contribute to the discovery and development of KDM5B inhibitors. We anticipate that
these studies will stimulate further research in considering drug repurposing approaches to target
KDM5B, and to discover novel therapies for various cancers.
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Abstract: Tumor microenvironment has gained great relevance due to its ability to regulate distinct
checkpoints mediators, orchestrating tumor progression. Serum programmed cell death protein-1
(PD-1) and programmed death ligand-1 (PD-L1) levels were compared with healthy controls and
with serum cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and tumor necrosis factor-alpha
(TNF-α) levels in order to understand the role of PD-1/PD-L1 axis in cats with mammary carcinoma.
PD-1 and PD-L1 expression was evaluated in tumor-infiltrating lymphocytes (TILs) and cancer
cells, as the presence of somatic mutations. Results showed that serum PD-1 and PD-L1 levels
were significantly higher in cats with HER2-positive (p = 0.017; p = 0.032) and triple negative (TN)
normal-like mammary carcinomas (p = 0.004; p = 0.015), showing a strong positive correlation between
serum CTLA-4 and TNF-α levels. In tumors, PD-L1 expression in cancer cells was significantly
higher in HER2-positive samples than in TN normal-like tumors (p = 0.010), as the percentage of
PD-L1-positive TILs (p = 0.037). PD-L1 gene sequencing identified two heterozygous mutations in
exon 4 (A245T; V252M) and one in exon 5 (T267S). In summary, results support the use of spontaneous
feline mammary carcinoma as a model for human breast cancer and suggest that the development of
monoclonal antibodies may be a therapeutic strategy.

Keywords: feline mammary carcinoma; PD-1; PD-L1; CTLA-4; TNF-α; biomarkers; immunotherapy

1. Introduction

Breast cancer is the most diagnosed tumor among women [1] and feline mammary carcinoma
(FMC) is the third most common tumor in the cat. At the molecular level, there are distinct subtypes of
breast cancer: Luminal A, Luminal B, HER2-positive and triple-negative (normal-like and basal-like) [2].
The HER2-positive subtype is characterized by a HER2 overexpression and a lack of hormone receptors
(estrogen receptor (ER) and/or progesterone receptor (PR)), while the triple negative tumors are
defined by the absence of ER, PR and HER2 expression, each representing 15–20% of all breast cancer
cases [1,3]. As in human breast cancer [4], FMC presents an aggressive and infiltrative behavior [5,6],
with both HER2-positive and triple negative (TN) subtypes showing worse prognosis than luminal
A and B subtypes. Furthermore, a surgical approach is often necessary for the treatment of FMC,
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as the adjuvant chemotherapy (cyclophosphamide, vincristine, doxorubicin) is not useful in some
cases [7]. Thus, the identification of novel diagnostic biomarkers and therapeutic targets is needed,
not only to improve the clinical outcome of cats with mammary carcinoma but also because FMC
shares clinicopathological, histopathological and epidemiological features, as well as the molecular
classification with human breast cancer [4,8–10]. Moreover, the use of animal models has been
increasing, allowing researchers to understand the mechanisms underlying tumorigenesis; mouse
species are the most used due to their small size and short gestation period. Nevertheless, laboratory
rodents have several limitations, such as a lack of genetic heterogeneity and discrepancies to the human
tumor development [11], while pets that spontaneously develop malignant tumors provide natural
models, making them excellent for the study of human breast cancer [12].

In humans, the role of the PD-1/PD-L1 axis is being investigated in different tumor types,
with the programmed death ligand-1 (PD-L1) expressed by tumor cells regulating T cell activity,
promoting immune suppression and tumor escape [13–15]. This immune checkpoint molecule can
be expressed by cancer cells and immune cells, as T and B lymphocytes, macrophages and dendritic
cells, being its expression on tumor-infiltrating lymphocytes (TILs) correlated with clinical response to
anti-PD-L1-targeted immunotherapy (atezolizumab) [16]. Accordingly, a monoclonal antibody that
blocks PD-L1 binding to the programmed cell death protein-1 (PD-1) receptor on T cells was recently
approved by the Food and Drug Administration (FDA) to treat different tumor types and also PD-L1
positive unresectable locally advanced and metastatic TN breast cancer [17,18], since, several studies
showed that PD-1 and PD-L1 are overexpressed in the most aggressive cancer subtypes (HER2-positive
and triple negative) [19–22].

The less studied serum PD-1 (sPD-1) and PD-L1 (sPD-L1) levels may also play an important role in
anti-tumor immune responses. Studies in patients with breast cancer, lung cancer, metastatic melanoma
and renal cell carcinoma reported higher sPD-1 or sPD-L1 levels than in healthy controls, suggesting
that elevated serum PD-1 and PD-L1 levels may promote immunosuppression and are therefore to be
considered adverse prognostic factors [23–25]. Furthermore, cytotoxic T-lymphocyte-associated antigen
4 (CTLA-4) is another immune mediator that inhibits T-cell immune function, being also targeted in
breast cancer. Accordingly, serum CTLA-4 levels are increased in cats with mammary carcinoma, as well
as in human malignant tumors [10]. Some trials are evaluating the combination of anti-PD-1/PD-L1
antibodies with CTLA-4 inhibitors [17,26]. In humans, CTLA-4 regulates T-cell proliferation at the
initial stage of immune responses, primarily in lymph nodes, whereas PD-1 suppresses T cells in later
stages, typically in peripheral tissues. Additionally, it has been described that certain pro-inflammatory
cytokines, such as tumor necrosis factor-alpha (TNF-α), can up-regulate PD-L1 expression in cancer
cells, contributing to create an immunosuppressive tumor microenvironment [27,28]. Furthermore,
TNF-α is described to be elevated in cats with mammary carcinoma, being positively correlated with
serum CTLA-4 levels, as in humans [10].

The PD-L1 gene encodes for a transmembrane glycoprotein with 290 amino acid residues [29],
presenting two extracellular immunoglobulin domains, a cytoplasmic domain and shows a sequence
homology of 74.5% with feline PD-L1 gene (UniProt, accession numbers: Felis catus—M3WAP8,
Homo sapiens—Q9NZQ7).

Considering the above evidences and the lack of knowledge on the role of the PD-1/PD-L1
signaling pathway in tumor progression in the cat, this study aimed to: (i) quantify and compare the
sPD-1 and sPD-L1 levels in animals with different mammary carcinoma subtypes and healthy controls;
(ii) evaluate the PD-1 and PD-L1 expression in tumor-infiltrating lymphocytes (TILs) and cancer cells;
(iii) test for statistical associations between serum PD-1, PD-L1, CTLA-4 and TNF-α levels; (iv) identify
genomic mutations in the PD-L1 gene to validate future checkpoint-blocking therapies.
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2. Results

2.1. Cats with HER2-Positive or TN Normal-Like Mammary Carcinoma Showed Higher Serum PD-1 and
PD-L1 Levels

Serum PD-1 and PD-L1 levels were measured in cats with mammary carcinoma, grouped
according to their tumor subtype and compared with serum levels detected in the healthy
control group (Tables 1 and 2).

Table 1. Serum programmed cell death protein-1 (PD-1) levels in healthy cats and queens grouped
according to their mammary carcinoma molecular subtype.

Group n sPD-1 (pg/mL)
Median ± SD

sPD-1 (pg/mL)
Mean ± SEM

Control 12 534.0 ± 253.2 459.0 ± 73.1
Luminal A 7 708.8 ± 2165.2 1826.5 ± 818.8
Luminal B 15 590.3 ± 1776.8 1386.3 ± 458.8

HER2-positive 11 1148.9 ± 3386.0 3129.6 ± 1020.9
TN Normal-Like 7 3655.1 ± 31,478.1 21,637.3 ± 11,897.6

TN Basal-Like 6 513.3 ± 145.0 519.3 ± 59.2

Table 2. Serum programmed death ligand-1 (PD-L1) levels detected in healthy cats and queens stratified
by their mammary carcinoma molecular subtype.

Group n sPD-L1 (pg/mL)
Median ± SD

sPD-L1 (pg/mL)
Mean ± SEM

Control 13 1835.5 ± 545.6 1762.5 ± 151.3
Luminal A 7 1789.6 ± 941.6 2121.5 ± 355.9
Luminal B 15 1628.0 ± 773.4 1877.6 ± 199.7

HER2-positive 9 5490.4 ± 3789.6 5672.6 ± 1263.2
TN Normal-Like 7 4377.5 ± 8819.4 8313.0 ± 3333.4

TN Basal-Like 6 1436.3 ± 425.6 1534.2 ± 173.8

Results from the Kruskal–Wallis test found significant differences between the mean ranks of at
least one pair of groups (p = 0.044 for PD-1; p = 0.006 for PD-L1). Indeed, cats showing HER2-positive
or TN normal-like mammary carcinoma displayed higher serum PD-1 levels than healthy group
(1148.9 pg/mL vs. 534.0 pg/mL, p = 0.017; 3655.1 pg/mL vs. 534.0 pg/mL, p = 0.004, Figure 1A), as well
as serum PD-L1 levels (5490.4 pg/mL vs. 1835.5 pg/mL, p = 0.032; 3641.4 pg/mL vs. 1835.5 pg/mL,
p = 0.015, Figure 1B). Furthermore, the optimal cut-off value of serum PD-1 levels was 801.6 pg/mL in
cats with HER2-positive mammary carcinoma (AUC = 0.765 ± 0.104, 95% CI: 0.562–0.968, p = 0.031;
sensitivity = 54.5%; specificity = 91.7%; Figure 1C) and 801.6 pg/mL in cats with TN normal-like
mammary carcinoma (AUC = 0.857 ± 0.092, 95% CI: 0.676–1.000, p = 0.011; sensitivity = 57.1%;
specificity = 91.7%; Figure 1D). Regarding the serum PD-L1 levels, the optimal cut-off value in cats
with HER2-positive mammary carcinoma was 2545.0 pg/mL (AUC = 0.778 ± 0.117, 95% CI: 0.548–1.000,
p = 0.030; sensitivity = 66.7%; specificity = 92.3%; Figure 1E) and 2519.0 pg/mL in cats with TN
normal-like tumor subtype (AUC = 0.857 ± 0.123, 95% CI: 0.617–1.000, p = 0.010; sensitivity = 85.7%;
specificity = 92.3%; Figure 1F). No significant differences were found in serum PD-1 and PD-L1 levels
between cats with mammary carcinoma of other molecular subtypes and the control group.
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Figure 1. Serum programmed cell death protein-1 (PD-1) and programmed death ligand-1 (PD-L1) 
levels in cats with HER2-positive and triple negative (TN) normal-like mammary carcinoma. (A) Box 
plot analysis showing the range of serum PD-1 and (B) PD-L1 levels in control group and cats with 
mammary carcinoma stratified according to their molecular subtype. (C) Receiver Operating 
Characteristic (ROC) curve analysis for the identification of the optimal cut-off value of sPD-1 levels 
for cats with HER2-positive mammary carcinoma and (D) for cats with TN normal-like mammary 
carcinoma. (E) ROC curve analysis of PD-L1 for cats showing HER2-positive mammary carcinoma 
and (F) TN normal-like carcinoma. 

Figure 1. Serum programmed cell death protein-1 (PD-1) and programmed death ligand-1 (PD-L1)
levels in cats with HER2-positive and triple negative (TN) normal-like mammary carcinoma. (A) Box
plot analysis showing the range of serum PD-1 and (B) PD-L1 levels in control group and cats
with mammary carcinoma stratified according to their molecular subtype. (C) Receiver Operating
Characteristic (ROC) curve analysis for the identification of the optimal cut-off value of sPD-1 levels
for cats with HER2-positive mammary carcinoma and (D) for cats with TN normal-like mammary
carcinoma. (E) ROC curve analysis of PD-L1 for cats showing HER2-positive mammary carcinoma and
(F) TN normal-like carcinoma.
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The data obtained also revealed a positive correlation between serum PD-1 and PD-L1 levels
in cats with mammary carcinoma (r = 0.780, p < 0.0001, Figure 2A), particularly in those exhibiting
HER2-positive (r = 0.786, p = 0.03, Figure 2B) or TN normal-like tumor subtypes (r = 0.857, p = 0.03,
Figure 2C).
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Figure 2. Serum programmed cell death protein-1 (PD-1) and programmed death ligand-1 (PD-L1)
levels are strongly correlated in cats with HER2-positive and TN normal-like mammary carcinoma.
(A) Correlation between sPD-1 and sPD-L1 levels in cats with mammary carcinoma (B) and in cats
with HER2-positive and (C) triple negative (TN) normal-like carcinoma subtypes.

2.2. Serum CTLA-4 and TNF-α Levels are Positively Correlated with Serum PD-1/PD-L1 Levels in Cats with
HER2-Positive and TN Normal-Like Tumors

A strong positive correlation was found in cats with HER2-positive mammary carcinomas between
the serum PD-1 levels and serum PD-L1 (r = 0.923), CTLA-4 (r = 0.975) and TNF-α (r = 0.968) levels
(Table 3). The queens with TN normal-like carcinomas also showed a strong positive correlation
between serum PD-1 levels and serum PD-L1 (r = 0.857), CTLA-4 (r = 0.927) and TNF-α (r = 0.893)
levels (Table 3).

2.3. TN normal-like Mammary Carcinomas Showed Lower PD-L1 Expression than HER2-Positive Tumors

Considering the high serum PD-L1 levels presented by cats with HER2-positive or TN normal-like
mammary carcinomas, we further evaluated the percentage and staining intensity of PD-L1 expression in
tumor-infiltrating lymphocytes (TILs) and in cancer cells, by immunostaining of tumor samples. Results
showed a higher score of PD-L1-positive TILs in HER2-positive tumors than in TN normal-like ones
(p = 0.037, Figures 3A and 4A,B,E,F). Besides, the PD-L1 score on cancer cells was significantly higher in
HER2-positive tumors than in TN normal-like mammary carcinomas (p = 0.010, Figures 3B and 4C–F).
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Table 3. Spearman’s correlation between serum programmed cell death protein-1 (PD-1), programmed
death ligand-1 (PD-L1), cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and tumor necrosis
factor-alpha (TNF-α) levels in cats with HER2-positive and triple negative (TN) normal-like
mammary carcinomas.

HER2-Positive PD-1 PD-L1 CTLA-4 TNF-α

PD-1 − 0.923** 0.975 ** 0.968 **
PD-L1 0.923** − 0.947 ** 0.922 **

CTLA-4 0.975** 0.947** − 0.947 **
TNF-α 0.968** 0.922** 0.947** −

TN Normal-Like PD-1 PD-L1 CTLA-4 TNF-α

PD-1 − 0.857* 0.927** 0.893**
PD-L1 0.857* − 0.815* 0.857*

CTLA-4 0.927** 0.815* − 0.927**
TNF-α 0.893** 0.857* 0.927** −

* indicates p < 0.05, ** indicates p < 0.01.
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Figure 3. Programmed death ligand-1 (PD-L1) and programmed cell death protein-1 (PD-1) staining
analysis of tumor-infiltrating lymphocytes (TILs) and cancer cells in HER2-positive and triple negative
(TN) normal-like tumor samples (range values). (A) The score of PD-L1-positive TILs (B) and cancer cells
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in HER2-positive mammary carcinomas in comparison to TN normal-like tumors. (C) The score of
PD-1-positive TILs between HER2-positive tumors and TN normal-like mammary carcinomas and
(D) cancer cells.
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Regarding PD-1 expression in TILs and cancer cells, no significant differences were found 
between HER2-positive tumors and TN normal-like mammary carcinomas (p = 0.158, Figure 3C; p = 
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cancer cells were found in 61.5%, 41.7% and 100% of cats with HER2-positive mammary carcinoma 

Figure 4. Programmed death ligand-1 (PD-L1) expression in tumor-infiltrating lymphocytes (TILs)
and cancer cells of HER2-positive mammary carcinomas and triple negative (TN) normal-like tumors.
(A) Representative PD-L1 immunostaining of tumor infiltrating lymphocytes in a HER2-positive
(B) and in a TN normal-like mammary carcinoma (100× objective). (C) PD-L1 score intensity 4+ in
HER2-positive cancer cells (D) and score 1+ in TN normal-like cancer cells (100× objective). Furthermore,
in TILs, PD-L1 is localized to the cell membrane and cytoplasm, while in cancer cells it is mainly
distributed to cytoplasmic and nuclear membranes. (E) Immunohistochemical staining of PD-L1 in a
HER2-positive solid carcinoma (F) and in a TN normal-like tubulopapillary carcinoma (40× objective).

Regarding PD-1 expression in TILs and cancer cells, no significant differences were found between
HER2-positive tumors and TN normal-like mammary carcinomas (p = 0.158, Figure 3C; p = 0.958,
Figure 3D).
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2.4. Elevated Serum PD-1/PD-L1 Levels Showed A Higher Concordance with IHC for PD-1 and PD-L1 in
Cancer Cells than in TILs

Our results revealed that elevated serum PD-1 levels, PD-1-positive TILs and PD-1-positive cancer
cells were found in 61.5%, 41.7% and 100% of cats with HER2-positive mammary carcinoma and in
57.1%, 33.3% and 100% of cats with triple-negative normal-like mammary tumors. In parallel, elevated
serum PD-L1 levels, PD-L1-positive TILs and PD-L1-positive cancer cells were detected in 76.9%, 66.7%
and 100% of cats with HER2-positive tumors and in 85.7%, 20% and 100% of cats with a triple-negative
normal-like tumor subtype (Table 4). Thus, these results demonstrated that serum analysis could
provide differential information when compared with the expression of the two immune checkpoint
molecules in TILs and cancer cells.

Table 4. Concordance between the animals with elevated serum PD-1/PD-L1 levels (sPD-1, sPD-L1),
PD-1/PD-L1–positive TILs infiltration and PD-1/PD-L1-positive cancer cells.

Tumor subtype sPD-1 TILs Concordance sPD-1 Cancer cells Concordance

HER2-positive 61.5% 41.7% 58.3% 61.5% 100% 66.7%
Triple Negative Normal-Like 57.1% 33.3% 0% 57.1% 100% 66.7%

Tumor subtype sPD-L1 TILs Concordance sPD-L1 Cancer cells Concordance

HER2-positive 76.9% 66.7% 41.7% 76.9% 100% 75%
Triple Negative Normal-Like 85.7% 20% 20% 85.7% 100% 100%

2.5. Three Non-Redundant Mutations Were Detected in Feline PD-L1 gene

Results from DNA sequencing allowed us to identify three heterozygous mutations in the feline
PD-L1 gene (Figure 5). Two were found in exon 4 (c.16.756G > A; c.16.777G >A), one changing a
neutral nonpolar amino acid (alanine-245) to a neutral polar residue (threonine) in 3.8% of the studied
population (1/26). The second mutation converted a methionine to a valine (p.V252M), both neutral
nonpolar amino acids, in 42.3% of the animals evaluated (11/26). A third mutation was identified in
exon 5 (c.18.526A > C), replacing a neutral polar threonine by a neutral polar serine at residue number
267, in 3.8% of the DNA samples (1/26).
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Figure 5. Three heterozygous and non-redundant somatic mutations were found in feline
programmed death ligand-1 (PD-L1) gene.

3. Discussion

In order to escape the immune system, cancer cells can develop mechanisms to downregulate
immune responses. For example, by overexpression of distinct immune checkpoint molecules such as
PD-L1. In humans, the interaction between PD-L1 and its receptor has been revealed as an important
step in the maintenance of an immunosuppressive tumor microenvironment [30]. Thus, a better
understanding of the PD-1/PD-L1 pathway may also contribute to the development of new diagnostic
tools and molecular therapies targeting PD-L1 in pets.

The results obtained showed that cats presenting mammary carcinoma subtypes associated with
more aggressive features and poor prognosis [31] (HER2-positive and TN normal-like) displayed
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significantly increased serum PD-1 and PD-L1 levels, as reported in humans with HER2-positive
metastatic breast cancer [32], TN breast cancer [23], renal cell carcinoma [25], esophageal cancer [33],
gastric cancer [24], advanced pancreatic cancer [34], lung cancer [35] and metastatic melanoma [36]
correlated to shorter overall survival and tumor-free survival times [23,25,32,33,35], suggesting a
conserved role of the PD-1/PD-L1 axis in both species. Moreover, as reported in humans, our findings
uncovered a positive correlation between serum PD-1 and PD-L1 levels, suggesting that both molecules
are co-regulated [23,34]. Furthermore, cats with HER2-positive or TN normal-like tumors showed
a strong positive correlation between serum PD-1, PD-L1, CTLA-4 and TNF-α levels, which are
immune-inhibitory molecules that downregulate T-cell immune responses, suggesting that these
animals were immunosuppressed. CTLA-4 is another immune molecule located on the surface of
T cells and expressed by regulatory T cells (Tregs), which triggers an inhibitory signal to immune
cells [37], also being targeted in breast cancer treatment [26]. Additionally, the higher serum levels
of the pro-inflammatory cytokine TNF-α may contribute to the increased tumor cell survival and
PD-L1 stabilization on breast tumor cells, playing a critical role for tumor escape from immune
surveillance [28]. Accordingly, a previous study also reported elevated serum CTLA-4 levels in cats
with mammary carcinoma, being associated with HER2-positive status and TNF-α levels, in accordance
with our findings.

Results from the immunostaining analysis revealed that PD-L1 expression in TILs and cancer cells
was higher in HER2-positive mammary carcinoma, as reported in humans [2,3,16,20,22], contrasting
with TN mammary carcinoma tumor samples. In spite of our findings, previous studies in human
breast cancer showed that PD-1 and PD-L1 positive TILs and cancer cells overexpressing PD-L1 were
frequently found in triple negative breast cancer subtype [16,23,38–41]. These controversial results may
be due to the fact that serum PD-1 levels were higher in cats with TN normal-like carcinomas compared
with animals presenting HER2-positive carcinomas, indicating that sPD-1 can bind to PD-L1 attached
to the cell membrane of dendritic cells, inhibiting T cell function and proliferation, as previously
described [42]. Additionally, recent studies described the presence of tumor-derived exosomes that
carry PD-L1, suggesting an effective paracrine mechanism that cancer cells use to communicate and
reprogram immune cells and consequently suppress T-cell activation [43–45]. These findings support
that HER2-positive cancer cells lead to a local immunosuppressive microenvironment, strengthening
the systemic immunosuppression found in cats with this tumor subtype. Moreover, our results revealed
PD-L1 expression in cell membrane and cytoplasm of TILs, while in cancer cells the immunostaining
was distributed to cytoplasmic and nuclear membranes. Accordingly, in human breast cancer different
approaches were used to evaluate the PD-L1 expression, with some studies described only membranous
staining and others, in agreement with our findings, registered both membranous and cytoplasmic
staining [46,47]. In addition, Ghebeh et al. showed a predominant staining in the cytoplasm near
to the nuclear membrane, probably the endoplasmic reticulum, and an expression of PD-L1 in the
nucleus, as we described [48]. Additionally, our results showed that elevated serum PD-1/PD-L1
levels were detected more frequently than PD-1/PD-L1 overexpression in TILs of HER2-positive and
triple-negative normal-like feline mammary carcinomas. Notably, a high concordance rate was found
between elevated serum PD-1/PD-L1 levels and PD-1/PD-L1 overexpression in cancer cells of the
same FMC subtypes, suggesting that the serum analysis can be a non-invasive tool for the real-time
assessment of these immune checkpoints molecules in feline mammary carcinoma, as reported for
breast cancer [49].

Lastly, three non-redundant heterozygous mutations were found in the feline PD-L1 gene,
with none of them located at the PD-L1 extracellular domain, which is recognized by the recent and
promising monoclonal antibody approved for the treatment of human metastatic TN breast cancer [29].
This shall not compromise the future development of checkpoint-blocking therapies targeting PD-L1 for
FMC treatment. According to the Catalogue of Somatic Mutations in Cancer (COSMIC), six mutations
were reported with very low frequency in human breast cancer patients (148/47,194; 0.3%), all different
from the ones that we detected.
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4. Material and Methods

4.1. Animal Population

Tumor and serum samples were collected from 53 queens with mammary carcinoma that
underwent mastectomy and 15 healthy queens presenting for elective ovariohysterectomy at the Small
Animal Hospital of the Veterinary Medicine Faculty, University of Lisbon. All mammary lesions were
embedded in paraffin after fixation in 10% buffered formalin (pH 7.2) during 24–48 h. Serum was
separated from clotted blood by centrifugation (1500× g, 10 min, 4 ◦C) and stored at −80 ◦C until
further use. All samples that showed hemolysis were discarded, as recommended for humans [50].

For each animal enrolled in the study, the following clinicopathological characteristics were
recorded: age, breed, reproductive status, contraceptive administration, treatment performed (none,
surgery or surgery plus chemotherapy), number, location and size of tumor lesions, histopathological
classification, malignancy grade, presence of tumor necrosis, lymphatic invasion, lymphocytic
infiltration, cutaneous ulceration, regional lymph node involvement, stage of the disease (TNM
system), disease free-survival (DFS) and overall survival (OS) [31]. Table 5 summarizes the collected
clinical data. Briefly, the mean age at diagnosis was 11.8 years (range 6.5–18 years), while the mean
size of the primary lesions was 2.6 cm (range 0.3–7 cm). The DFS was 9.2 ± 7.8 months (n = 49; 95%
CI: 7.3–11.7 months) and the OS was 15.0 ± 9.8 months (n = 51; 95% CI: 12.2–17.7 months).

Table 5. Clinicopathological features of the 53 female cats with mammary carcinoma enrolled in
this study.

Clinicopathological Feature Number of Animals (%) Clinicopathological Feature Number of Animals (%)

Age Tumor size
<8 years old 3 (5.7%) <2 cm 19 (35.8%)
≥ 8 years old 50 (94.3%) ≥ 2 cm 34 (64.2%)

Breed HP classification
Not determined 39 (73.6%) Tubulopapillary carcinoma 21 (39.6%)

Siamese 5 (9.4%) Solid carcinoma 6 (11.3%)
Persian 6 (11.3%) Cribriform carcinoma 5 (9.4%)

Norwegian Forest Cat 2 (3.8%) Papillary-cystic carcinoma 1 (1.9%)
Blue Russian 1 (1.9%) Tubular carcinoma 12 (22.6%)

Spayed Mucinous carcinoma 8 (15.2%)
No 28 (52.8%) Tumor malignancy grade
Yes 24 (45.3%) I 3 (5.7%)

Unknown 1 (1.9%) II 7 (13.2%)
Contraceptive administration III 43 (81.1%)

No 19 (35.9%) Tumor necrosis
Yes 28 (52.8%) No 13 (24.5%)

Unknown 6 (11.3%) Yes 40 (75.5%)
Treatment Tumor lymphatic invasion

None 1 (1.9%) No 48 (90.5%)
Mastectomy 48 (90.6%) Yes 5 (9.5%)

Mastectomy + Chemo 4 (7.5%) Lymphocytic infiltration
Multiple tumors No 17 (32.0%)

No 19 (35.8%) Yes 34 (64.2%)
Yes 34 (64.2%) Unknown 2 (3.8%)

Lymph node status Tumor ulceration
Negative 32 (60.4%) No 46 (86.8%)
Positive 17 (32.1%) Yes 7 (13.2%)

Unknown 4 (7.5%) Ki-67 index
TNM classification Low (<14%) 36 (67.9%)

I 13 (24.5%) High (>14%) 17 (32.1%)
II 6 (11.3%) Progesterone status
III 29 (54.7%) Negative 28 (52.8%)
IV 5 (9.5%) Positive 25 (47.2%)

Tumor localization Estrogen status
M1 8 (15.1%) Negative 37 (69.8%)
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Table 5. Cont.

Clinicopathological Feature Number of Animals (%) Clinicopathological Feature Number of Animals (%)

M2 10 (18.9%) Positive 16 (30.2%)
M3 20 (37.7%) HER2 status
M4 15 (28.3%) Negative 41 (77.4%)

Positive 12 (22.6%)

TNM—Tumor, Node, Metastasis; HP—Histopathological.

4.2. Quantification of Serum PD-1, PD-L1, CTLA-4 and TNF-α Levels

Serum PD-1, PD-L1, CTLA-4 and TNF-α levels were quantified by using the commercially available
immunoassay kits from R&D systems (Minneapolis, MN, USA) and following the manufacturer’s
recommendations. PD-1 levels were measured with the PD-1 DuoSet ELISA kit (DY1086,); PD-L1 levels
with the PD-L1/B7-H1 DuoSet ELISA kit (DY156); CTLA-4 levels with the CTLA-4 DuoSet ELISA kit
(DY476); and the TNF-α levels with the TNF-α DuoSet ELISA kit (DY2586), all based on a solid-phase
sandwich enzyme-linked immunosorbent assay (ELISA) technique. The concentration levels of the
above molecules were calculated using appropriate standard curves, by making serial dilutions from a
stock solution of recombinant PD-1, PD-L1, CTLA-4 and TNF-α (9, 18, 36, 78, 156, 312.5, 625, 1250,
2500, 5000 and 10,000 pg/mL). Serum PD-1 and PD-L1 levels (pg/mL) were calculated using a quadratic
regression (y = ax2 + bx + c, r2 = 0.99 for PD-1 and r2 = 0.96 for PD-L1) and serum CTLA-4 and TNF-α
concentrations were determined using a curve-fitting equation (y = mx + c, r2 > 0.99) [10].

Briefly, quantification of the abovementioned molecules was performed in 96-well microplates
incubated overnight with the corresponding capture antibodies (100 µL/well), at room temperature
RT). On the next day, plates were washed three times with 400 µL/well of PBS-Tween 0.05% and
incubated with 300 µL/well of PBS/BSA blocking agent (1%, w/v), at RT for 60 min. Then, plates were
washed three times with 400 µL/well PBS-Tween 0.05% and incubated with 100 µL/well of each dilution,
in duplicate. For determination of serum PD-1, PD-L1, CTLA-4 and TNF-α levels, serum samples
were diluted 20 times in PBS/BSA 1% and 100 µL of each sample was added to the wells. The plates
were thereafter sealed and incubated for 2 hours at RT. After another washing step (3 × 400 µL/well
PBS-Tween 0.05%), 100 µL/well of detection antibodies was added and incubated for 2 hours at RT.
Later and after three washes with 400 µL/well of PBS-Tween 0.05%, 100 µL/well of streptavidin-HRP
was added and incubated for 20 min at RT, avoiding placing the microplate in direct light. Afterwards
a further washing step (3 × 400 µL/well PBS-Tween 0.05%), 100 µL/well of substrate solution (1:1
mixture of H2O2 and tetramethylbenzidine) was added and incubated for 20 min at RT in the dark.
Finally, the reaction was stopped by adding 50 µL/well of 2 N H2SO4 and gently shaking the plate.
The absorbance was measured by a spectrophotometer (Fluostar Optima Microplate Reader, BMG,
Ortenberg, Germany), following the manufacturer’s recommendations.

4.3. Immunohistochemical Staining and Analysis

To analyze PD-1 and PD-L1 expression, two sections of formalin-fixed paraffin-embedded tissues
of FMC with 3 µm thickness (Microtome Leica RM2135, Newcastle, UK) were prepared, mounted on
adhesive glass slides (SuperFrost Plus, Thermo Fisher Scientific, MA, USA) and placed at 64 ◦C for
60 min and then at 37 ◦C overnight. Then deparaffinization, rehydration and epitope retrieval were
performed using a PT-Link module (Dako, Agilent, Santa Clara, CA, USA), by immersing glass slides in
Antigen Target Retrieval Solution pH 9 from Dako during 40 min at 95 ◦C. Thereafter, slides were cooled
for 30 min at RT and rinsed twice for 5 min in distilled water. The endogenous peroxidase activity was
blocked by an incubation period of 20 min with Peroxidase Block Novocastra Solution (Novacastra,
Leica Biosystems, Newcastle, UK), and after two washing steps with PBS the nonspecific binding of
immunoglobulins was prevented by incubating the tissue slices with the Protein Block Novocastra
Solution (Leica Biosystems) for 60 min. Then, before two PBS washes (2 × 5 min), tissue slides were
incubated with an anti-PD-1 monoclonal antibody (1:25 dilution, clone J116, Abcam, Cambridge, UK)
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or with an anti-PD-L1 monoclonal antibody (1:100 dilution, clone 28-8, Abcam), at 4 ◦C overnight.
After two washes with PBS for 5 min, each tissue section was incubated at RT with the Novolink
Polymer (Leica Biosystems) for 30 min. Subsequently and after an additional wash in PBS, the staining
was performed using the DAB Chromogen Solution (Leica Biosystems) diluted in Novolink DAB
Substrate Buffer (Leica Biosystems, 1:20, 5 min). Finally, tissue sections were counterstained with
hematoxylin (Leica Biosystems) for 1 min, dehydrated in a graded ethanol series and mounted.

The analyses of PD-1 and PD-L1 immunostaining was scored following the recommendations
of the International TILs Working Group 2014, established for breast cancer [52]. Briefly, the area
occupied by positive lymphocytes in the stromal compartment was evaluated in whole tumor
sections, excluding the TILs outside of the tumor border or in tumor zones with artifacts or necrosis,
with 200–400× magnification. In addition, to identify the TILs the pathologists observed their
characteristic morphology, as a scarce cytoplasm, a round and small nucleus and the presence of a
dense chromatin. The scores of percentages of positive cells were recorded as: 0 (<1%), 1 (1–5%),
2 (6–30%) or 3 (>30%) [10]. The intensity scores were as follows: 0 (negative), 1+ (weak), 2+ (moderate),
3+ (strong) and 4+ (very strong). The percentage of positive cells and intensity scores were then
multiplied to obtain a final IHC score. To explore the concordance between the serum PD-1/PD-L1 levels
and the PD-1/PD-L1 overexpression in TILs and cancer cells, the cut-off values used were ≥5% and ≥1%
for TILs overexpressing PD-1 [41,53] and PD-L1 [18], and ≥1% for cancer cells overexpressing PD-1 or
PD-L1 [54,55]. Human placenta and feline lymph node tissues were used as positive controls, whereas
sections of healthy mammary tissues were used as negative controls and feline lymph nodes as internal
controls. All slides were independently subjected to blind scoring by two independent pathologists.

4.4. DNA Extraction, Amplification and Sequence Analysis of Feline PD-L1 Gene

Genomic DNA extraction was performed in 26 primary mammary tumors using a QIAamp
FFPE kit (Qiagen, Dusseldorf, Germany) following the manufacturer’s recommendations. Initially,
tumor samples were homogenized with Tissue Lyser II (Qiagen) and digested with protease K
in a concentration of 20 mg/mL (Qiagen). After several washing steps, the genomic DNA was
eluted from the extraction columns and its quantity and quality were measured by NanoDrop ND-100
Spectrophotometer (Thermo Fischer Scientific). Then, the exons of interest in PD-L1 gene were amplified
by using specific primers (Table 6) with a PCR thermal cycler (VWR Thermocycler, Leicestershire,
England). PCR procedures were performed with a standard reaction mixture (4 µL/sample of Phusion
GC Buffer (Thermo Fischer Scientific), 0.4µL/sample of dNTPs (Grisp, Porto, Portugal), 0.1µL/sample of
each forward and reverse primers and 0.2 µL/sample of DNA Polymerase (Thermo Fischer Scientific)).
In all samples, PCR-grade water and DNA were added to maintain a concentration of 4 ng/mL.
For amplification of exons 3 and 6, PCR reactions were performed as follows: denaturation at 98 ◦C for
30 s, followed by 35 cycles at 98 ◦C for 10 s, 56 ◦C for 30 s, 72 ◦C for 10 s, plus one extension step of 72 ◦C
for 10 min. For exons 2, 4 and 5, the melting temperature was 60 ◦C. After confirmation of the expected
size for each amplified fragment in an agarose gel (2.5%, Sigma-Aldrich, Darmstadt, Germany), DNA
fragments were purified and sequenced by Sanger technique (StabVida, Almada, Portugal).

Table 6. Sequence of the primers used for PCR amplification of exons of feline programmed death
ligand-1 (PD-L1) gene.

Exons Forward 5’–3’ Reverse 5’–3’

2 TTTGGGGACAGCAGCTTGTT TGAACAGACTGACACCGTGG
3 TCTGAGAACCAGCCAGAATTGA ACTGGAACATAGGGCGTGTT
4 GTCGAAGGCATCTCGCTGT AGAGCCACTGTGACAACAACA
5 AATTGACCTCAGGGGTTGGAA GAGGTAAGGAGGAGCCCGTT
6 TACTGCAGAGGTAACTGGACA GGCCTCTCACATCCGACATC

The identification of PD-L1 exons was performed using BLAST software (Basic Local Alignment
Search Tool, NCBI) by comparing the sequence of feline PD-L1 gene (NC_018735.3) with its transcript
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(Ensembl, ENSFCAT00000078517.1). Sequenced fragments were aligned using the ClustalW tool
(Bioedit software), while protein mutations and SNP loci were identified by using the Expert Protein
Analysis System’s (ExPASY) translate tool (XM_006939039).

4.5. Statistical Analysis

The Kruskal–Wallis test and Dunn’s multiple comparisons post-test were applied to compare the
serum PD-1 and PD-L1 levels between cats with different mammary carcinoma subtypes and healthy
controls. Animals that had serum PD-1 or PD-L1 levels that fell more than three standard deviations
from the mean were considered outliers and removed from further analysis. The optimal cut-off values
were determined using the Youden index and the area under the receiver operating characteristic
(ROC) curve values were calculated. Significant differences on the PD-1 and PD-L1 staining of tumor
infiltrating lymphocytes and on the staining intensity of cancer cells were evaluated by using the
Mann–Whitney test. Spearman’s coefficient was used to assess the correlations between serum PD-1,
PD-L1, CTLA-4 and TNF-α levels.

Statistical analysis was conducted in SPSS software version 25.0 (IBM, Armonk, NY, USA) and the
two-sided p-value < 0.05 was considered statistically significant. Results were presented as median
values. GraphPad Prism version 8.1.2 (GraphPad Software, CA, USA) and Microsoft Excel for MacOS
(version 16.30, Microsoft Corporation, Redmond, WA, USA) were used to plot the graphs.

5. Conclusions

In conclusion, our data demonstrated that serum PD-1 and PD-L1 levels were elevated in cats with
HER2-positive and TN normal-like mammary carcinomas. The strong positive correlations detected
between serum PD-1, PD-L1, CTLA-4 and TNF-α levels also suggest a systemic immunosuppression
in cats presenting these tumor subtypes. Additionally, the microenvironment of HER2-positive tumors
was revealed to be locally immunosuppressed by overexpressing PD-L1, contrasting with the human
breast cancer studies that showed a higher PD-1 and PD-L1 expression in triple negative molecular
subtype. Altogether, our results indicate that cats presenting HER2-positive or TN normal-like tumors
could benefit from immunostimulatory therapies (e.g., anti-PD-L1, anti-CTLA-4) and provide support
to the use of spontaneous feline mammary carcinoma as a model for human breast cancer.
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Abstract: In colon cancer, the prognostic value of macrophages is controversial, and it is still unknown
how hypoxia modulates macrophage–cancer cell crosstalk. To unravel this, co-cultures of human primary
macrophages and colon cancer cells were performed at 20% and 1% O2, followed by characterization of
both cellular components. Different colon cancer patient cohorts were analyzed for hypoxia and immune
markers, and their association with patient overall survival was established. A positive correlation
between HIF1A and CD68 in colon cancer patients was identified but, unexpectedly, in cases with
higher macrophage infiltration, HIF1A expression was associated with a better prognosis, in contrast
to breast, gastric, and lung cancers. Under hypoxia, co-cultures’ secretome indicated a shift towards
a pro-inflammatory phenotype. These alterations occurred along with increased macrophage phagocytic
activity and decreased SIRPα expression. Cancer cells were more invasive and exhibited higher CD47
expression. We hypothesize that the better prognosis associated with HIF1AHighCD68High tumors could
occur due to macrophagic pro-inflammatory pressure. Indeed, we found that tumors HIF1AHighCD68High

expressed increased levels of CD8A, which is positively correlated with HIF1A. In conclusion, we show
that in colon cancer, hypoxia drives macrophages into a pro-inflammatory phenotype, concomitant with
increased infiltration of anti-tumor immune cells, favoring better disease outcome.

Keywords: hypoxia; macrophages; colon cancer; tumor microenvironment; immune cell infiltration;
prognosis

1. Introduction

It is recognized that the non-malignant component of the tumor microenvironment (TM)
has a pivotal role in both tumorigenesis and tumor progression. To improve cancer therapy, it is crucial
to better understand cancer cell behavior and the associated molecular mechanisms, which cannot be
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achieved without knowing how the different TM components influence each other’s behavior, driving
disease outcomes. As an ecosystem, the TM is composed of different entities besides cancer cells,
namely, immune cells, fibroblasts, adipocytes, and the extracellular matrix (ECM), which communicate
and modulate each other’s activities [1].

Macrophages are abundant in the TM, and their high infiltration is associated, in several
malignancies, with poor prognosis and therapy resistance [2]. Due to their plasticity, macrophages can
polarize into pro-inflammatory and anti-tumor or into anti-inflammatory and pro-tumor [3], being,
therefore, interesting therapeutic targets. In fact, it is known that a pro-inflammatory environment is
a driving force for the tumorigenic process, driving mutagenesis, while in the context of an established
tumor, the pro-inflammatory environment could favor the elimination of already-transformed cells [4].

In colon cancer, the role of macrophages is controversial, with some authors claiming that a high
infiltration is associated with better prognosis, while others report that their presence is associated
with increased tumor progression-associated activities [5]. Our group has previously evidenced that
macrophages induce gastric and colon cancer cell invasion, in a process partially mediated by secreted
factors, and that the secretome of macrophages differs from that of macrophages co-cultured with
cancer cells [6].

Due to aberrant cancer cell growth and abnormal vascularization, the TM is generally hypoxic.
This condition leads to reactive oxygen species accumulation and acidosis, both associated with
enhanced invasion, metastasis, and therapy resistance [7], hypoxia being an independent prognostic
factor in several types of cancer [8]. Nevertheless, the mechanisms through which hypoxia interferes
with the non-malignant components of TM are still a matter of study.

It has been reported that macrophages preferentially accumulate within tumor hypoxic regions,
and that hypoxia leads to the genetic reprogramming of both cancer cells and macrophages, mainly
through hypoxia inducible factor (HIF) transcription factors. HIF1α, the most important of them,
is constitutively expressed and is targeted to degradation at normal oxygen tension, but stabilized
under hypoxia [9,10]. The activation of HIF downstream targets leads to cellular adjustments such as
metabolic alterations and expression of ECM-remodeling enzymes [11]. It is also known that HIF can
affect the immunogenicity of hypoxic breast cancer by inducing the expression of CD47, a cell surface
receptor that impairs macrophage pro-phagocytic signaling [12]. Due to its importance, HIF-inhibitors
are under consideration as anti-cancer agents [13]. However, the experiments studying the colon cancer
cells–macrophages interplay were not performed under hypoxia, nor were the studies about hypoxia
focused on this crosstalk, resulting in an incomplete understanding of the role of hypoxia in the colon
cancer microenvironment. Giving the controversial role of macrophages in colon cancer, the study of
this interplay will provide a deeper understanding of the colon cancer microenvironment complexity.

In the present study, we characterize the effect of low oxygen levels on macrophage
behavior and the modulation of macrophages and cancer cells crosstalk. The influence of hypoxia
and macrophages is also analyzed in different cohorts of colon cancer patients. The data gathered in
this work increases the insight on colon TM specificity and provides information that can result in
the development of novel and more efficient therapeutic strategies.

2. Results

2.1. CD68 and HIF1A Are Positively Correlated in Colon Cancer Patients, and the Population
CD68HighHIF1AHigh Presents Better Prognosis

To understand the relevance of hypoxia on the modulation of macrophage behavior in colon cancer
patients, we took advantage of TCGA and Oncomine databases. Therefore, the expression levels of
CD68, a macrophage lineage marker, and of HIF1A, a master hypoxia regulator, in which slight mRNA
changes can cause significant alterations in its activity and protein levels, were analyzed [14]. Since
TCGA compiles expression data from normal and cancer colon tissues, we focused our analysis in HIF1A
in CD68High and CD68Low populations, in both tissues, assuming that CD68High population has a higher
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degree of macrophagic infiltration. As normal colon tissue could have some endogenous degree of
inflammation, the threshold used to subdivide the population between CD68High and CD68Low was
defined based on the median CD68 expression in the normal tissue. Moreover, we found that HIF1A
expression was significantly higher in tumors from patients with elevated macrophage infiltration
(CD68High) and that CD68 expression positively correlated with HIF1A expression (Figure 1A). It is
described that colon carcinomas exhibit increased nuclear expression of HIF1-α [15]. However, as it
may be rapidly targeted to degradation, we evaluated the expression levels of HIF1-α downstream
targets that are upregulated under hypoxia conditions, specifically CA9 and LOX (Figure 1B). Using
the previous approach, we found a significant increase in CA9 and LOX expression in tumor tissue,
which was significantly more pronounced in CD68High patients (Figure 1B). Due to the present focus on
the role of macrophages on the TM, we particularly evaluated the CD68High population. By dividing
this population between HIF1AHigh and HIF1ALow, we found that CA9 and LOX expression levels
are significantly higher in the HIF1AHigh population (Figure 1C). The positive correlation between
CD68 and HIF1A, and the increased CA9 and LOX expression in CD68HighHIF1AHigh patients were
validated on the Oncomine database (colon cancer Bittner cohort, with the highest number of patients)
(Figure 1D). CA9 or LOX were not used in further analysis as hypoxic markers due to statistical
constraints when the number of patients needed to be sub-divided into CD68High and CD68Low,
and HIF1AHigh and HIF1ALow.

A major point of interest was to investigate whether the association between high macrophage
infiltration and enhanced expression of hypoxic markers had any impact on patient prognosis.
Surprisingly, we found that the CD68HighHIF1AHigh population presented a significantly better
prognosis than the CD68HighHIF1ALow population (Figure 1E). To check whether this was a common
feature in cancers where macrophagic infiltration was associated with prognosis, we used the same
TCGA approach to analyze gastric, breast, and lung cancer patients. Despite the low number of
patients in some populations, this specific association only occur in colon cancer (Figure 1F). The same
analysis was not performed in the Oncomine cohort since survival data is not available.
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Figure 1. CD68 and HIF1A are positively correlated in colon cancer, and CD68HighHIF1AHigh tumors
present better prognosis. Microarray and RNASeq expression data were downloaded from The Cancer
Genome Atlas (TCGA) (A–C, E–F) and from Oncomine databases (D). (A–C) Normal and tumor samples
were divided into CD68Low and CD68High, according to the median levels of CD68 expression in
normal samples. In each group, the expression of the hypoxic marker HIF1A (A), CA9 and LOX (B,C)
genes, known to be regulated by HIF1α in hypoxic conditions, was evaluated. (A) The correlation
between CD68 and HIF1A was assessed. (B,C) The expression of CA9 and LOX was evaluated in
both normal and tumor samples, in CD68High and CD68Low populations, and within the CD68High

population, the expression levels of both genes were compared between HIF1ALow and HIF1AHigh,
according to the median levels of HIF1A expression in normal samples. (D) Correlations between CD68
and HIF1A, and LOX and CA9 expression in CD68HighHIF1AHigh patients were confirmed on Bittner’s
colon cancer cohort from Oncomine. (E,F) Kaplan–Meier curves were made with patients’ survival
data, comparing the populations CD68HighHIF1AHigh and CD68HighHIF1ALow. The division high/low
expression was made according to the median expression of the selected genes in normal tissue (A–C;
E–F), or by the median expression of tumor (D). Data from colon (E), gastric, breast, and lung (F) cancer
patients were analyzed. Kruskal–Wallis, Mann–Whitney, or unpaired t-test were used to compare
gene expression among groups. Spearman’s statistical test was used to assess correlation, which was
considered moderate positive when Spearman Rs were between 0.2500 and 0.3500, and strong positive
when Spearman R > 0.3500. Long-rank (Mantel–Cox) test was performed in the analysis of the survival
curves. **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05.
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2.2. Hypoxia Impacts Macrophage Antigen-Presentation Associated Molecules

In order to understand the impact of the hypoxic microenvironment on macrophage–colon cancer
cell crosstalk, and particularly on macrophage function, indirect co-cultures of macrophages with
cancer cells were established at both 20% and 1% O2 (Figure S1A). The significant increase in cancer cell
CA9 expression at 1% O2 validates the cellular sensing of the hypoxic stimulus, to which both cells were
simultaneously exposed to (Figure S1B), without affecting cellular viability between the conditions
(Figure S1C). This indirect co-culture system enables the analysis of differences induced by exchanged
secreted factors, but in conditions that allow the full recovery of both cellular populations for further
independent studies. The selection of primary macrophages instead of the widely used and modified
human monocytic cell line, THP-1, added variability to our equation, being more representative of
the existent individual differences. Besides more closely mimicking the TM, human macrophages
were preferred in relation to their murine counterparts, given the described interspecies variability
regarding polarization markers and activation programs [16].

Macrophages are professional antigen-presenting cells, and immune evasion of cancer cells is
a major cancer hallmark. To analyze whether hypoxia can trigger some alterations in the expression
of key molecules involved in antigen presentation, macrophage major histocompatibility complexes
(MHC) class I (HLA–ABC) and class II (HLA–DR) molecules, and of the co-stimulatory receptor CD86,
were investigated by flow cytometry (gating strategy described in Figure S2A). Our results at 1% O2

evidenced a slight reduction in the percentage of macrophages expressing HLA–ABC (p < 0.0533)
and CD86 (p < 0.0938) (Figure 2A,B,D), with a significant decrease in the percentage of cells expressing
HLA–DR (Figure 2A,C) and in the intensity of CD86 expressed by each cell (Figure 2A,D).
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Figure 2. Hypoxia impacts macrophage antigen-presentation associated molecules. Macrophages were
indirectly co-cultured with colon cancer cells RKO (MAC CC), at 20% or 1% O2 for 72 h. Expression of
the monocyte/macrophage lineage marker CD14, HLA-ABC (MHC-I), HLA-DR (MHC-II), and CD86
was determined by flow cytometry. (A) Pseudo-color plots display the gating strategy for flow
cytometry created with FlowJo. (B–D) Graphs represent the percentage and median fluorescence
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intensity, which is presented as fold-change relatively to 20% O2 condition of (B) CD14+HLA-ABC+,
(C) CD14+HLA-DR+, or (D) CD14+CD86+ cells. Graphs represent the mean values with standard
deviations, and are representative of n = 7 (HLA-ABC); n = 10 (HLA-DR); n = 6 (CD86) independent
experiments. The statistical tests Wilcox or paired t-test were used; * p < 0.05. The p-values between
0.05 and 0.1 were presented and considered a tendency.

2.3. Hypoxia Modulates Macrophage Phagocytic Activity and SIRPα Expression, and CD47 Expression
on Cancer Cells

One of the major functions of macrophages is to phagocyte foreign or self-cellular components
targeted to degradation. This is particularly important in the context of macrophage defensive functions
against pathogens, their role in regeneration, and also in anti-tumor activities. Noteworthy, it is known
that cancer cells express “don’t eat me” signals, as the CD47 receptor, which will bind to SIRPα in
macrophages, and impairs phagocytosis.

In the present study, we exploited whether hypoxia alters macrophage phagocytic activity,
in a similar process already described in breast cancer [12], using hypoxic cancer cells as a phagocytic
stimulus. Accordingly, macrophages were co-cultured with cancer cells for 72 h at 20% or 1% O2

(Figure S1A). Then, cancer cells were removed, and macrophages were directly stimulated with CFSE
(Carboxyfluorescein Diacetate Succinimidyl Ester)-labeled cancer cells, previously cultured at 1%
O2 for 72 h. Although no differences were observed in the percentage of phagocytic macrophages,
the amount of phagocyted CFSE-labeled cancer cells almost doubled on macrophages pre-conditioned
by hypoxia and cancer cells (Figure 3A and Figure S2A,B). Afterwards, we explored alterations in SIRPα
levels in the phagocytic macrophages, those engulfing CFSE+ cancer cells (CD14+CFSE+). Interestingly,
we found a significant decrease in the percentage of phagocytic macrophages expressing SIRPα, when
previously maintained at 1% O2 in comparison to those at 20% O2 (Figure 3B and Figure S2A,B). Based
on these results, we further analyzed the SIRPα expression in macrophages and CD47 in cancer cells
from the indirect co-cultures, maintained for 72 h at 20% or 1% O2, before the direct contact with
the CFSE-labeled cancer cells. Notably, we found that the co-cultures were already sufficient to trigger
a decrease in macrophage SIRPα (Figure 3C), and an increase in cancer cells CD47 (Figure 3D).
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Figure 3. Hypoxia modulates macrophage phagocytic activity and SIRPα expression and CD47
expression on cancer cells. (A,B) Macrophages that were indirectly co-cultured with RKO (MAC
CC) cells, at 20% or 1% O2 for 72 h, were posteriorly directly stimulated with CFSE-labeled RKO
cells for 2 h. Macrophages were analyzed by flow cytometry. Histograms display the gating
strategy for flow cytometry created with FlowJo. (A) Phagocytic activity was calculated as the ratio of
CD14+CFSE+ cells/Total CD14+ cells. (B) Graphs represent the percentage of CD14+CFSE+SIRPα+ cells,
and the median fluorescence intensity, which is presented as fold-change relatively to 20% O2 condition.
(C,D) Macrophages were indirectly co-cultured with RKO, at 20% or 1% O2 for 72 h. Expression
of the monocyte/macrophage lineage marker CD14 and SIRPα was evaluated on macrophages (C)
and of CD47 on cancer cells (D) by flow cytometry. Pseudo-color plots (C) and histograms (D) display
the gating strategy for flow cytometry. Graphs represent the percentage and median fluorescence
intensity, which is presented as fold-change relatively to 20% O2 condition of (C) CD14+SIRPα+, or (D)
CD47 cells. Graphs represent the mean values with standard deviations, and are representative of
n = 11 (phagocytosis); n = 7 (CFSE+SIRPα+); n = 10 (SIRPα); n = 11 (CD47) independent experiments.
The statistical tests Wilcox or paired t-test were used; * p < 0.05.

2.4. Hypoxia Decreases the Anti-Inflammatory Pressure and Increases IL-1β Secretion

It is described that, depending on the stimulation, macrophages may polarize as pro-
or anti-inflammatory, sustaining thereafter anti- or pro-tumor activities, respectively [3]. Therefore,
we investigated the impact of hypoxia on the polarization profile of macrophages co-cultured with cancer
cells, analyzing the expression of a panel of pro- and anti-inflammatory markers [17] by flow cytometry
and ELISA. Despite the fact that hypoxia is usually associated with a worse prognosis and with
cellular features related to tumor progression, we found that 1% O2 treatment resulted in a mixed
macrophage phenotype, with alterations in both pro and anti-inflammatory markers. However,
the clear decrease in anti-inflammatory markers CD163, TGFβ, CCL18, and IL-10 (Figure 4A,B),
along with the increased expression of the pro-inflammatory cytokine IL-1β (Figure 4B), which seems
to sustain a hypoxia-induced pro-inflammatory effect, is relevant. Nevertheless, we also observed
a significant decrease in pro-inflammatory marker CCR7 (Figure 4A).
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Figure 4. Hypoxia decreases the anti-inflammatory pressure and increases IL-1β secretion. Macrophages
were indirectly co-cultured with RKO (MAC CC), at 20% or 1% O2 for 72 h. (A) Expression of CD14
and of the polarization markers CCR7 and CD163 was evaluated on macrophages by flow cytometry.
Pseudo-color plots display the gating strategy for flow cytometry. Graphs represent the percentage
and median fluorescence intensity, which is presented as fold-change relatively to 20% O2 condition.
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(B) Concentration of secreted molecules was measured by ELISA, and normalized to conditioned media
(CM) protein levels. Graphs represent cytokine concentration of pro- and anti-inflammatory markers,
as a fold change variation to macrophages cultured at 20% O2. Graphs display the mean values with
standard deviations, and are representative of n = 12 (CCR7); n = 5 (CD163); n = 10 (IL-1β); n = 8 (IL-6);
n = 5 (TNF-α); n = 5 (CCL18); n = 5 (IL-10); n = 7 (TGF-β) independent experiments. The statistical
tests Wilcox or paired t-test were used **** p < 0.0001; ** p < 0.01; * p < 0.05. The p-values between 0.05
and 0.1 were presented and considered a tendency.

2.5. Hypoxia Impacts Colon Cancer Cell Behavior, Increasing Invasion and Glucose Consumption

Given the alterations in macrophage behavior induced by the hypoxic environment, as well
as differences regarding a patient’s overall survival, we decided to assess whether hypoxia
and macrophages influence cancer cell behavior.

No differences were observed in both cell proliferation and cell death in cancer cells when
co-cultured with macrophages at 20% or 1% O2 (Figure 5A,B).

As it is well reported that hypoxia can modulate cancer cell metabolism favoring glycolysis,
we evaluated the levels of glucose consumption, lactate production, and pH in indirect co-cultures
media, established at 20% and 1% O2. It is important to note that the glucose and lactate levels in
co-cultures conditioned media (CM) results from both macrophages and cancer cells, being impossible
to discriminate the specific contribution of each cellular population. To obtain additional information,
cancer cell expression levels of SLC2A1, the gene that codifies the glucose transporter GLUT-1, and of
LDHA, the gene that codifies an enzyme involved in lactate production were also analyzed. Interestingly,
at 1% O2, we found a significant increase in glucose consumption, which was accompanied by enhanced
expression of the glucose-transporter codifying gene (SLC2A1) (Figure 5C). Nevertheless, no differences
in lactate production were observed, despite the increase in LDHA expression, as well as a significant
decrease in pH levels (Figure 5C). Noteworthy, all the differences found resulted from the combination
of both macrophages and hypoxia.

When we looked into the invasive capacity of cancer cells, we observed that macrophages
and hypoxia alone were sufficient to promote cancer cell invasion and, most importantly, this is
potentiated when both factors are combined (Figure 5D).
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(A–C) Macrophages were indirectly co-cultured with RKO, at 20% or 1% O2 for 72 h, and (A) 
proliferation of cancer cells was assessed for that period. Data are presented as percentage of 
proliferative cells. (B) AnnexinV/PI assay was used to quantify the percentage of viable (AnnexinV/PI 
negative), early apoptotic (AnnexinV positive/PI negative), and late apoptotic/necrotic (Annexin V/PI 
positive) cells. (C) Lactate production, glucose consumption, and pH measurements were made on 
co-cultures CM. Lactate/glucose ratio was calculated with the glucose and lactate concentration 
values of the same experiments. Cancer cells SLC2A1 and LDHA mRNA levels were measured by 
qRT–PCR. Relative expression changes are presented as fold variation SLC2A1/ACTB and 
LDHA/ACTB relatively to 20% O2 condition. (D) Cells maintained at 20% or 1% O2, and stimulated or 
not with macrophages previously maintained at 20% or 1% O2 were cultured for 24 h on Matrigel 
coated filters, at 20% or 1% O2. Data are presented as fold variation in the number of invasive cells 
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Figure 5. Hypoxia impacts colon cancer cell behavior, increasing invasion and glucose consumption.
(A–C) Macrophages were indirectly co-cultured with RKO, at 20% or 1% O2 for 72 h, and (A) proliferation
of cancer cells was assessed for that period. Data are presented as percentage of proliferative cells.
(B) AnnexinV/PI assay was used to quantify the percentage of viable (AnnexinV/PI negative), early
apoptotic (AnnexinV positive/PI negative), and late apoptotic/necrotic (Annexin V/PI positive) cells.
(C) Lactate production, glucose consumption, and pH measurements were made on co-cultures CM.
Lactate/glucose ratio was calculated with the glucose and lactate concentration values of the same
experiments. Cancer cells SLC2A1 and LDHA mRNA levels were measured by qRT–PCR. Relative
expression changes are presented as fold variation SLC2A1/ACTB and LDHA/ACTB relatively to 20% O2

condition. (D) Cells maintained at 20% or 1% O2, and stimulated or not with macrophages previously
maintained at 20% or 1% O2 were cultured for 24 h on Matrigel coated filters, at 20% or 1% O2. Data
are presented as fold variation in the number of invasive cells relative to RKO cells cultured at 20%
O2 without any stimulation with macrophages. Graphs represent the mean values with standard
deviations, and are representative of n = 5 (proliferation assay); n = 6 (Annexin V/PI assay); n = 10
(glucose quantification); n = 11 (lactate quantification); n = 6 (SLC2A1); n = 5 (LDHA); n = 9 (pH);
n = 10 (invasion assay) independent experiments. The statistical tests Friedman, RM one-way ANOVA,
Wilcox or paired t-test were used *** p < 0.001; ** p < 0.01; * p < 0.05. The p-values between 0.05 and 0.1
were presented and considered a tendency.

2.6. Colon Cancer Patients with CD68HighHIF1AHigh Phenotype Present Increased Expression
of Pro-Inflammatory Cytokines and Iincreased Infiltration of Cytotoxic T-Cells

While the in vitro results indicated that hypoxia was associated with features related both
with worse prognosis (increased invasion, decreased expression of macrophage antigen-presenting
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molecules) and good prognosis (increase in phagocytosis and secretion of pro-inflammatory cytokines),
the colon cancer patient’s survival data evidenced that the CD68HighHIF1AHigh population correlates
with better prognosis. These led us to hypothesize that the in vitro cellular features associated
with better prognosis may prevail in vivo, particularly the secretion of pro-inflammatory cytokines,
which could lead to the recruitment of other anti-tumor immune cells.

Initially, the expression of the three pro-inflammatory cytokines previously analyzed, IL-1β,
IL-6, and TNF-α, were compared between CD68HighHIF1AHigh and CD68HighHIF1ALow patients, using
the TCGA and Oncomine databases. A significantly increased expression of the three cytokines
was confirmed in CD68HighHIF1AHigh tumors (Figure 6A). Moreover, in CD68High tumors, a positive
correlation between HIF1A and the expression of the three pro-inflammatory cytokines was found
(Figure 6B). These results corroborate our in vitro findings, in which the analysis of the total lysates of
macrophages or cancer cells exposed to 20% or 1% O2 for 72 h evidenced that the main contributor to
the pro-inflammatory IL-1β cytokine, detected in co-cultures CM, is indeed the macrophages and not
the cancer cells (Figure 6C and Figure S4). Since it is known that a pro-inflammatory pressure can
contribute to the recruitment and activation of anti-tumor immune cells [18–20], we assessed whether
CD68HighHIF1AHigh enriched tumors presented an increased expression of markers of natural killer
(NK) cells (NCAM1, within the CD3DLow population), cytotoxic T-cells (CD8A, within the GZMBHigh

population), and Th1 cells (TBX21, within the IFNGHigh population). Our results confirmed a significant
increase in the expression of NCAM1 and CD8A, and an increase, although not statistically significant,
of TBX21 (Figure 6D). Nevertheless, of the two markers that presented significant differences, only
CD8A evidenced a positive correlation with HIF1A expression on the CD68High tumors (Figure 6E).
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that the pattern between the two locations is clearly different, suggesting that CD68HighHIF1AHigh 
patients might have a better prognosis than CD68HighHIF1ALow patients (Figure 7C). This question 
should be clarified by increasing the sample size. Since the CMS1–MSI-immune colon cancer subtype 
is also characterized by high MSI, high levels of BRAF mutations, and low levels KRAS mutations, 

Figure 6. CD68HighHIF1AHigh tumors present increased expression of pro-inflammatory cytokines
and increased infiltration of cytotoxic T-cells. RNASeq expression data were downloaded from TCGA.
(A) The expression of IL1B, IL6, and TNF was evaluated within the CD68High population, between
HIF1ALow and HIF1AHigh, according to the median levels of CD68 and HIF1A expression in normal
samples. (B) The correlation between IL1B, IL6, TNF, and HIF1A was assessed within the CD68High

population. (C) IL-1β protein levels were evaluated in total lysates from co-cultured RKO cells (RKO
CC) and macrophages (MAC CC), by Western blot, and band densitometry quantification presented.
Hsc70 was used as loading control, and the figure is representative of 3 independent experiments.
(D) The expressions of NCAM1, CD8A, and TBX21 were evaluated within the CD68High population,
between HIF1ALow and HIF1AHigh subpopulations, according to the median levels of CD68 and HIF1A
expression in normal samples. NCAM1 levels were evaluated within the CD3DLow population,
CD8A levels were evaluated within the GZMBHigh population, and TBX21 levels were evaluated
within the IFNGHigh population. CD3DLow, GZMBHigh, and IFNGHigh populations were established
according to the median levels of each marker expression in normal samples. (E) Correlations between
NCAM1(CD3DLow), CD8A(GZMBHigh), and HIF1A were assessed within the CD68High population.
Mann–Whitney statistical test was used to compare expression between groups. Spearman statistical
test was used to assess correlation, which was considered moderate positive when Spearman Rs were
between 0.2500 and 0.3500, and strong positive when Spearman R > 0.3500. **** p < 0.0001; *** p < 0.001;
** p < 0.01; * p < 0.05. The p-values between 0.05 and 0.1 were presented and considered a tendency.

The results from the TCGA data analysis were confirmed using the Oncomine Bittner colon cancer
cohort (Figure S3). Of note, since this cohort does not include data regarding IFNG expression, only
the levels of TBX21, a Th1 cell-specific transcription factor which controls the expression of the hallmark
Th1 cytokine IFN-γ was used.

2.7. The Pressure of Hypoxia on Macrophages at the CMS1-MSI-Immune Colon Cancer Type

We anticipated that the observed phenotype might be more relevant in the consensus molecular
subtype 1–microsatellite instable (CMS1–MSI)-immune colon cancer subtype [21], due to the increased
immune infiltration. To test our hypothesis, we compared the HIF1A expression in distal
and proximal colon, within the tumors expressing CD68High, as the proximal colon is associated
with the aforementioned colon cancer subtype. Accordingly, we found that HIF1A expression is
significantly higher in the proximal than on the distal colon (Figure 7A). In addition, the correlation
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between CD68 and HIF1A was only observed in proximal tumors (Figure 7B), supporting our
hypothesis. Despite no significant differences being found on the survival rates of patients harboring
CD68HighHIF1AHigh and CD68HighHIF1ALow proximal and distal colon tumors, it is possible to observe
that the pattern between the two locations is clearly different, suggesting that CD68HighHIF1AHigh

patients might have a better prognosis than CD68HighHIF1ALow patients (Figure 7C). This question
should be clarified by increasing the sample size. Since the CMS1–MSI-immune colon cancer subtype
is also characterized by high MSI, high levels of BRAF mutations, and low levels KRAS mutations,
we decided to explore whether CD68High tumors presented differences in HIF1A expression comparing
MSI/MSS, and BRAF and KRAS wild-type versus mutated. Despite the low number of cases available
at TCGA with the characterization of the MSI status and BRAF and KRAS mutations, our analysis
showed that, in CD68High tumors, the HIF1A expression is significantly higher in MSI and BRAF
mutated cases (Figure 7D). Given these differences, we also looked to HIF1A expression in tumors with
and without loss of mismatch repair proteins, but no significant difference was found (Figure 7E).

Figure 7. Cont.
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Figure 7. The pressure of hypoxia on macrophages at the consensus molecular subtype 1–microsatellite
instable (CMS1–MSI)-immune colon cancer type. Microarray and RNASeq expression data were
downloaded from TCGA. (A) HIF1A expression was evaluated between patients with tumors in proximal
colon (cecum, ascending colon, hepatic flexure, and transverse colon) and in distal colon (splenic flexure,
descending colon, and sigmoid colon), within the CD68High population. (B) The correlation between
CD68 and HIF1A was assessed in proximal and distal colon population. (C) Kaplan–Meier curves were
made with patients’ survival data, comparing the populations CD68HighHIF1AHigh with the population
CD68HighHIF1ALow, on distal and proximal colon patients. (D) HIF1A expression was evaluated, within
the CD68High population, between patients with or without microsatellite instability, BRAF and KRAS
mutations. (E) HIF1A expression was evaluated, within the CD68High population, between patients with
or without loss of mismatch repair proteins, evaluated by immunohistochemistry. The division high/low
expression was made according the median expression of the genes in normal tissue. Mann–Whitney
statistical test was used to compare expression between groups. Spearman statistical test was used to
assess correlation, which was considered moderate positive when Spearman Rs were between 0.2500
and 0.3500, and strong positive when Spearman R > 0.3500. Long-rank (Mantel–Cox) test to the analysis
of the survival curves. ** p < 0.01; * p < 0.05.

3. Discussion

The full understanding of the interactions established among the distinct TM components is
crucial for the development of novel and more efficient anti-tumor therapies. The case of colon cancer
is particularly relevant due to the high incidence and mortality, and because several studies have
described a very particular behavior of colon cancer cells, in comparison with other tissues, underlying
the importance of the colon cancer microenvironment.

In this work, we focused our attention on the crosstalk established between macrophages and colon
cancer cells, and on its modulation by hypoxia. Hypoxia is a key feature of solid tumors that has been
reported to critically influence cancer cell behavior and is often disregarded. In fact, most of the studies
focusing on the role of hypoxia at the tumor microenvironment explored cancer cell metabolic
changes [8], while its influence in the non-tumor compartment is still poorly explored. Therefore,
the present work brings pioneer information concerning the study of hypoxia on the modulation of
macrophage and colon cancer cell interactions.

When exploring tumor databases, we demonstrated that colon tumors exhibit distinct levels of
macrophage infiltration, where the most infiltrated tumors are also the most hypoxic ones, presenting
higher levels of HIF1A, CA9, and LOX expression. Although the novelty of these findings in colon
cancer, these results are not unexpected since it has been previously reported, in other tumors,
that hypoxic areas are the ones with enhanced inflammatory infiltration [9]. Notably, this association
was accompanied by improved survival rates, clearly evident in CD68High tumors, which could reinforce
the idea of a protective anti-tumor and pro-inflammatory effect of the recruited macrophages. Indeed,
it was previously reported that chemotactic HIF is essential for myeloid cell infiltration and activation
through a VEGF-independent mechanism [22]. Here, we assume that HIF1A is produced by both
tumor and non-tumor cells at the microenvironment, contributing to this immune cell recruitment,
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but it will be important to determine which population is the main contributor to pursue possible
therapeutic applications. It will also be interesting to evaluate the role of HIF2α in this process, as it
was reported that HIF1α and HIF2α have opposing roles [23]. In contrast to our results, previous
reports in colon cancer described that HIF1α had no association [24], or was associated with worse
prognosis [25]. However, none of these studies took the immune component of the microenvironment
into consideration.

Importantly, the macrophage infiltration considered in the tumor databases is mainly derived
from the tumor core, which is generally the most hypoxic area. It is possible that, depending
on localization, macrophage might function in different ways. As our group and others reported,
the macrophage inflammatory profile varies according to their location: adjacent tissue, invasive front
or intratumor region [2,26]. It will therefore be interesting to assess in patients’ samples whether
hypoxia influences other macrophage populations besides the ones from the core of the tumor, which is
the main region represented in the TCGA patients’ samples.

Paradoxically, we found that in vitro hypoxia decreases the expression of macrophage
antigen-presenting molecules, namely, HLA-ABC and HLA-DR, and of the co-stimulatory receptor CD86.
These results are in line with other reports conducted with macrophage monocultures under hypoxia [27].
Nevertheless, antigen-presentation may still occur at the expense of other immune cells, such as
dendritic cells.

This is the first study demonstrating that, although not affecting the percentage of
phagocytic macrophages, colon cancer cells and hypoxia enhance macrophage phagocytic capacity.
This characteristic might be important in vivo given the increase in necrosis, resulting in enhanced
cell debris to collect. In addition, at the molecular level, this finding may suggest the inexistence
of a functional anti-phagocytic SIRPα/CD47 system. In line with previous reports in other tumors,
we found that hypoxic stimulation leads to an increase of CD47 levels on cancer cells [12,28]. In our
system, the enhanced expression of this “don’t eat me” signal is counteracted by a decrease in
macrophage SIRPα expression. In fact, it seems that less SIRPα expression is associated with increased
phagocytosis. In agreement, we found that the percentage of SIRPα+ phagocytic macrophages
significantly decreases at 1% O2, explaining the increased macrophage phagocytic capacity. Accordingly,
other authors have described that silencing or blocking of SIRPα in RAW264.7 macrophages promoted
the phagocytosis of osteosarcoma cancer cells [29]. Our findings regarding phagocytosis are divergent
from previously reported work on breast cancer [12] but are in line with other results showing that
macrophagic HIF1α enhances phagocytosis [30], suggesting that this might be a feature dependent on
the cancer type. For the first time, we described that, in colon cancer, hypoxia impacts the SIRPα/CD47
axis through the decrease of macrophage SIRPα expression, which may favor their phagocytic capacity.
Importantly, the molecular mechanisms associated with this apparent impairment of the SIRPα/CD47
axis need further elucidation.

Regarding the impact of macrophages and hypoxia on cancer cells, we found that despite
the increased levels of glucose consumption and SLC2A1 expression, there was no increase of
lactate production, despite the increase in LDHA expression and acidosis. Previous reports have
stated that lactate polarizes macrophages into an anti-inflammatory phenotype [31]. In our model,
where no major alterations on lactate secretion were detected, we also did not find a clear-cut shift on
macrophage phenotype. We found that hypoxia potentiated the already described ability of macrophage
to induce cancer cell invasion [6]. The maintenance of this pro-tumor feature, despite the secretion of
pro-inflammatory cytokines, had already been reported by our group, when macrophage and colon
cancer cell co-cultures were treated with ionizing radiation [32].

Some authors have claimed that hypoxia leads to macrophage recruitment and polarization into
an anti-inflammatory phenotype [33], while others have reported that hypoxia is not a major driver of
macrophage polarization, but instead only triggers fine-tuning of metabolic genes in anti-inflammatory
macrophages [34]. Others have described that HIF1A depleted macrophages exhibit increased
anti-inflammatory markers [35]. In our model, we found alterations in both anti- and pro-inflammatory
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markers, and, at the secretome level, a shift into a pro-inflammatory phenotype is suggested. For the first
time, we demonstrated that macrophages under the influence of colon cancer cells and hypoxia
significantly decreased CCR7 expression, in line with other reports of macrophages monocultures [27].
Nevertheless, no impact in the pro-inflammatory markers IL-6 and TNF-α was observed. Interestingly,
it has been recently described that HIF and IL-6 expression is increased in colorectal tumors, being both
markers positively correlated [36]. In fact, we observed a slight increase in IL-6 secretion levels at 1% O2,
although without statistical significance. In line with our findings, THP-1 macrophages under hypoxia
exhibit decreased CD163 mRNA levels [37]; also being reported is that there is a decrease in CCL18
and IL-10 and an increase in IL-1β secretion in macrophages monocultures [27,38]. Accordingly, in our
work, the analysis of CM of co-cultures combined with the total lysates of macrophages and cancer
cells, evidenced that macrophages are the main producers of secreted IL-1β. While in macrophages,
hypoxia is triggering increased IL-1β expression, on cancer cells, the opposite was observed. Overall,
our results suggest that hypoxia triggers a decrease in macrophage anti-inflammatory pressure.

Importantly, we found that in CD68High tumors, hypoxia is associated with the expression of
pro-inflammatory cytokines, such as IL1B, IL6, and TNF, previously associated with the recruitment
of other anti-tumor immune cells [18–20], suggesting the establishment of a pro-inflammatory TM.
Interestingly, some authors described that hypoxia-associated anti-inflammatory macrophages repress
T-cell activity [9], while others reported that (1) macrophages without HIF had less capacity to stimulate
CD8 T-cell proliferation [39]; (2) hypoxia protected activated T-cells from death [40]; (3) CD8 T-cells
with constitutive HIF expression delayed T-cell differentiation into effector cells but increased their
cytotoxic function, through increased expression of granzyme B [41]. Notably, the CD68HighHIF1AHigh

tumors are those presenting higher levels of infiltrated NK and cytotoxic T-cells, which could be related
to the improved survival rate observed in these patients. In fact, these findings are in accordance with
other reports demonstrating that colon tumors with higher T-cell infiltration are the ones associated
with improved survival [42].

We hypothesize that the results described in this work might be particularly important in the CMS1
MSI-immune tumors, those characterized by an immune infiltrate mainly composed of Th1, NK,
and cytotoxic T-cells, and with upregulation of proteins involved in immune response pathways [21,43].
Also, it was described that the number of tumors infiltrating macrophages is higher in MSI colon
tumors, those associated with better prognosis [44]. Those tumors are generally associated with
the proximal colon, and we confirmed that HIF1A was significantly upregulated in this region.
Interestingly, it was only in those tumors located in the proximal colon that we found a positive
correlation between CD68 and HIF1A, and, furthermore, the survival curves associated with these
two colon regions were clearly different from each other. It will be important to validate these results
in bigger series of colon cancers, comparing distal and proximal tumors. Moreover, it is known
that HIF1α represses DNA repair genes [45], which could account for an increased mutation burden
and tumor immunogenicity. However, in our analysis, HIF1A expression could not be associated with
mismatch repair protein expression. Interestingly, it is also known that mutant BRAF, a common event
on CMS1 tumors, regulates HIF-1α expression in melanoma, affecting cell survival under hypoxic
conditions [46]. Indeed, the colon cancer cases with BRAF mutation presented a significantly higher
expression of HIF1A, while no differences were found on KRAS mutated cases. It will be interesting to
further explore these associations among hypoxia, BRAF mutation and MSI status, and macrophage
infiltration on colon tumors. In addition, given the documented relevance of the microbiome in cancer
progression, the knowledge that there is a particular microbiota organization in proximal colon [47],
and that colon bacterial products modulate HIF1-α expression and activation [48,49], it may also be
important to explore the impact of the microbiome on macrophage–colon cancer cell crosstalk, within
an hypoxic environment.

Despite the well documented influence of hypoxia in triggering different hallmarks of cancer,
this work highlights that, depending on the component of the microenvironment, the tumor origin,
and even on its localization, hypoxia can play a beneficial role in the combat against the tumor.
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4. Materials and Methods

4.1. Bioinformatic Analysis

TCGA

The Cancer Genome Atlas (TCGA; https://cancergenome.nih.gov/) dataset of colon carcinomas
was analyzed, and for comparison purposes, gastric, breast ductal, and lung adenocarcinoma datasets
were used. Survival plots were performed in R using survival and survminer packages. Median values
were calculated in normal tissue and used as threshold to define “high” and “low” expression levels in
cancer patients. The expression of genes was quantified as FPKM (fragments per kilobase million),
which are provided by TCGA consortium. The number of individuals with information simultaneously
on gene expression and survival were 136 for colon, 269 for gastric, 673 for breast ductal, and 52
for lung adenocarcinoma. Clinical and somatic mutation metadata were also provided by the TCGA
consortium at https://gdc.cancer.gov/.

4.2. Oncomine

CD68, HIF1A, CA9, LOX, IL1B, IL6, TNF, CD3D, NCAM, GZMB, CD8A, and TBX21 mRNA
expression was assessed in the Bittner colon cancer dataset from Oncomine database (https://www.
oncomine.org), encompassing a total of 374 cases. Categorization of patient samples was assigned into
low (lowest 50%) and high (highest 50%) subgroups according to the log2 median-centered intensity
levels of mRNA expression.

4.3. Ethics Statement

The buffy coats used for monocyte isolation are highly leukocyte-enriched waste-products that
results from a whole blood donation of healthy blood donors. The isolation of immune cells from
healthy blood donors was approved by the Centro Hospitalar Universitário São João Ethics Committee
(protocol 90/19) after collecting each donor’s informed consent.

4.4. Human Monocyte Isolation and Macrophage Differentiation

Human monocytes were isolated from buffy coats from healthy blood donors, as previously
described (6). Isolated cells were resuspended in RPMI1640 supplemented with 10% fetal bovine serum
(FBS, Biowest, Nuaillé, France) and 100 U/mL penicillin and 100 µg/mL streptomycin (PS, Invitrogen,
Carlsbad, CA, USA). Then, 1.2 × 106 monocytes were plated per 6-well culture plates and differentiated
into macrophages for 10 days. In the first 7 days, macrophages were supplemented with M-CSF
(50 ng/mL, ImmunoTools, Friesoythe, Germany). Cells were maintained at 37 ◦C and 5% CO2

humidified atmosphere.

4.5. Cancer Cell Culture

RKO colon cancer cell line, from American Type Culture Collection (ATCC), was cultured in
RPMI1640 (Invitrogen), supplemented with 10% FBS and 1% PS, and maintained at 37 ◦C and 5% CO2

humidified atmosphere.

4.6. Macrophage and Cancer Cell Indirect Co-Cultures

For co-cultures, 1 × 105 RKO cells were seeded into 6-well-plate permeable transwell inserts
(PET inserts with 1-µm pore, Corning, Corning, NY, USA) positioned on top of a macrophage culture,
10 days after monocyte isolation. Co-cultures between macrophages and cancer cells were maintained in
complete RPMI medium for 72 h at 37 ◦C, at 20% O2 or 1% O2 (94% N2), 5% CO2 humidified atmosphere.
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4.7. RNA Extraction, cDNA Preparation, and Quantitative Real-Time PCR Analysis

Total RNA was extracted using TRIzol reagent (Invitrogen), according to the manufacturer’s
instructions. cDNA was synthesized using 1 µg of RNA, using NZY M-MuLV Reverse Transcriptase
enzyme (NZYTech, Lisboa, Portugal), according to the manufacturer’s instructions. Quantitative
real-time PCR (qRT–PCR) was performed with Kapa Probe Fast qPCR Master Mix (Kapa Biosystems,
Roche, Basel, Switzerland) using the probes to ACTB (Hs01060665), CA9 (Hs00154208), LDHA
(Hs.PT.58.22929122), and SLC2A1 (Hs.PT.58.25872862) (Applied Biosystems, Foster City, CA, USA).
Relative mRNA expression of the target genes was normalized to the levels of the housekeeping gene,
using the comparative ∆∆Ct method. ACTB was used as a housekeeping gene to RKO cells.

4.8. Viability Assay

Macrophage and cancer cell viability was measured by resazurin reduction assay. After 3 days
of co-culture, resazurin redox dye (0.01 mg/mL, Sigma-Aldrich, St.Louis, MO, USA) was added
(1/10 of the total volume of culture medium) to cell culture, incubated for 4 h at 37 ◦C and 5% CO2,
and the fluorescence intensity was measured at 530/590 nm in a Synergy Mx fluorometer.

4.9. Flow Cytometry

Macrophages and cancer cells were incubated with accutase (eBioscience, Affymetrix,
Santa Clara, CA, USA) at 37 ◦C for 30 min and harvested by gently scraping. Cells were
washed and resuspended in FACS buffer (PBS, 2% FBS (Biowest), 0.01% sodium azide) containing
appropriate conjugated antibodies, and stained in the dark for 40 min at 4 ◦C. Macrophages were
immunostained with the following antibodies: anti-human CD14-APC (clone MEM-12), CD14-PE/FITC
(clone 18D11), CD14-PerCP/Cy5.5 (clone OFC14D), CD86-FITC (clone BU63), HLA-ABC-PE (clone
W6/32), HLA-DR-PE/FITC (clone MEM-12) (Immunotools), CCR7-PerCP/Cy5.5 (G043H7), SIRPα-APC
(clone SE5A5) (Biolegend, San Diego, CA, USA), CD163-PE (clone GHI/61) (BD Bioscience,
Franklin Lakes, NJ, USA). Cancer cells were stained with anti-human CD47-FITC (clone MEM-122)
(Immunotools). Unstained cells and single stained with antibodies or with the respective isotype
IgGs were used as control. After additional washing steps, cell fluorescence was acquired on a FACS
Canto Flow Cytometer (BD Biosciences) using FACS Diva Software. Data analysis was performed with
FlowJo software.

4.10. Phagocytosis Assay

Colon cancer cells were grown for 72 h at 1% O2, and after this period, suspension of 1× 107 cells/mL
was stained with 2.5 µM CellTrace™ CFSE (Invitrogen), according to the manufacturer’s protocol.
Macrophages that were previously indirectly co-cultured with cancer cells, for 72 h, were incubated
in serum-free medium for 2 h before adding 2.4 × 106 CFSE-labeled cancer cells (1 macrophage:2
cancer cells). After coculture for 2 h at 37 ◦C, macrophages were harvested and evaluated by flow
cytometry, with anti-CD14 and anti-SIRPα antibodies. Phagocytosis was calculated as the percentage
of CD14+CFSE+ cells among total CD14+.

4.11. Enzyme-Linked Immunosorbent Assay (ELISA)

Cytokine levels were measured in the CM of mono and co-cultures by ELISA to TGF-β,
TNF-α, IL-10, IL-1β, IL-6 (Biolegend), and CCL18 (Abcam, Cambridge, UK) according to
the manufacturer’s instructions. Concentrations were normalized to the CM total protein concentration,
which was measured using the DCProtein assay kit (BioRad, Hercules, CA, USA), following
the manufacturer’s instructions.
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4.12. Proliferation Assay

Cell proliferation was determined through the use of the Click-iTTM Plus EdU Flow Cytometry
Assay Kit (Invitrogen), according to the manufacturer’s instructions. RKO cells cultured in 6-well
plates without EdU treatment were used as a negative control, while RKO treated with EdU was used
as a positive control.

4.13. Cell Death Quantification Assay

Cell death was measured using the FITC Annexin V Apoptosis Detection kit (BD Pharmigen,
BD Bioscience, Franklin Lakes, NJ, USA) according to the manufacturer’s instructions. Untreated RKO
cells cultured in a 6-well plate were used as a negative control, and cells treated with H2O2 were used
as a positive control.

4.14. Glucose Quantification Assay

Glucose levels were measured in the CM of the co-cultures using the enzymatic colorimetric kit,
Glucose Assay Kit (Roche), following the manufacturer’s instructions. The standard curve for glucose
quantification was done using serial dilutions of RPMI, with known glucose concentration.

4.15. Lactate Quantification Assay

An enzymatic colorimetric kit (Spinreact, Girona, Spain) was used to determine lactate
concentration in co-cultures CM, according to the manufacturer’s instructions.

4.16. pH Measurement

The CM pH was measured using the Electro Kinetic Analyzer (EKA) (Anton Paar, Graz, Austria).

4.17. Matrigel Invasion Assay

Invasion was measured using Matrigel-coated invasion inserts of 8µm pore (Corning), according
to the manufacturer’s instructions. In the upper compartment, 2.5 × 104 RKO cells were cultured
at 20% O2 or 1% O2 conditions, either alone or stimulated with macrophages cultured at 20% O2 or 1%
O2 at the lower compartment. Cells were allowed to invade for 24 h at 37 ◦C, at 20% O2 or 1% O2,
respectively. After this period, the inserts were washed with PBS and fixed in 4% PFA for 20 min at RT,
and the non-invading cells in the upper compartment of the inserts were removed. The filters were
mounted in Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA),
and the invading cells were visualized and counted with a Leica DM2000 fluorescence microscope
(Leica Microsystems, Wetzlar, Germany).

4.18. Western Blot

Cell lysates were prepared with Rippa buffer (50 mM Tris HCl pH = 7.5; 1% NonidetP (NP)-40;
150 mM NaCl and 2 mM EDTA) with proteases/phosphatases inhibitors cocktails (Sigma-Aldrich).
Protein concentration was determined using the DCProtein assay kit (BioRad) and 20 µg of protein
were loaded and run in a 12.5% SDS-polyacrylamide gel. Afterwards, gels were transferred to
nitrocellulose membranes (GE Healthcare, Chicago, IL, USA), blocked with 5% non-fat powder
milk in PBS + 0.1% Tween-20 (PBS-T 0.1%) for 30 min, and incubated overnight with primary
antibodies rabbit anti-IL-1β (GeneTex, Irvine, CA, USA), and mouse anti-Hsc-70 (Santa Cruz, Dallas,
TX, USA). HRP-conjugated anti-mouse and anti-rabbit (GE Healthcare, Chicago, IL, USA) were used
as secondaries antibodies. Membranes were incubated with Clarity Western ECL Substrate (BioRad)
for signal detection. Bands intensity measurements were performed with ImageJ.
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4.19. Statistical Analysis

Data were expressed as the mean with standard deviation (SD), and collected from at least three
independent experiments with macrophages from different donors. The normality of the distribution
was evaluated using the Kolmogorov–Smirnov test. For comparison between two independent groups,
t-test (paired, Wilcoxon, and Mann–Whitney) was used. For comparison among four independent
groups, one-way ANOVA (RM one-way ANOVA, Friedman, and Kruskal–Wallis), with Dunn’s multiple
comparison was used. Correlations were tested with the Spearman test and considered moderate
positive when Spearman Rs were between 0.2500 and 0.3500, and strong positive when Spearman
R > 0.3500. Survival curves were analyzed with the log-rank (Mantel–Cox) test. Statistical tests were
performed in GraphPad Prism 8. Differences were considered significant at p < 0.05.

5. Conclusions

Our results demonstrate the importance of considering hypoxia as a major player on
the tumor microenvironment modulation. In particular, we found that in colon tumors with
high macrophage infiltration, hypoxia is associated with better prognosis, possibly due to
the pro-inflammatory pressure induced by macrophages, which could potentiate the recruitment
of other anti-cancer immune cells. This phenomenon appears to be tissue-specific and even dependent
on tumor localization within the colon.

Altogether, these data underlie the need to consider the specificities of each
tumor microenvironment, since the particular context in which cancer cells are enclosed can have
a major impact in disease prognosis and the selection of therapeutic options.

Supplementary Materials: The following supplementary figures are available online at http://www.mdpi.com/
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increased recruitment of cytotoxic T-cells; Figure S4: Western blot.
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