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De novo malignancies constitute an emerging cause of morbidity after solid organ

transplant (SOT), significantly affecting the long-term survival of transplant recipients.

Pharmacologic immunosuppression may functionally impair the immunosurveillance in

these patients, thereby increasing the risk of cancer development. Nevertheless, the

multiplicity and heterogeneity of the immune effects induced by immunosuppressive

drugs limit the current possibilities to reliably predict the risk of de novo malignancy in

SOT patients. Therefore, there is the pressing need to better characterize the immune

dysfunctions induced by the different immunosuppressive regimens administered to

prevent allograft rejection to tailor more precisely the therapeutic schedule and decrease

the risk of de novo malignancies. We herein highlight the impact exerted by different

classes of immunosuppressants on the most relevant immune cells, with a particular

focus on the effects on dendritic cells (DCs), the main regulators of the balance between

immunosurveillance and tolerance.
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INTRODUCTION

Solid organ transplant (SOT) is an established procedure for patients with end-stage
disease and the availability of potent anti-rejection drugs (1) significantly reduced the
occurrence of acute and chronic allograft rejections, even though long-term survival is
still unsatisfactory. Indeed, viral infections/reactivations, cardiovascular complications and
tumor onset are among the major causes of morbidity and mortality in SOT patients (2,
3). In particular, SOT recipients have a 2 to 5-fold higher risk to develop a de novo
neoplasm than the general population (4, 5). The tumor types with the highest risk relative
to the general population are Kaposi sarcoma, lip carcinoma, non-melanoma skin cancers,
non-Hodgkin lymphoma, liver, vulvar, and anal carcinoma (4, 5). Notably, the majority of
these cancers are pathogenically related to oncogenic viruses, including Human Herpesvirus
8 (HHV8), Epstein-Barr Virus (EBV), Human Papillomaviruses (HPV), and Hepatitis B and
C (3), whose control by host immune system is impaired in the transplant setting. Skin
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cancers are the most frequent malignancy observed in SOT
recipients, being observed in 8% of patients. The high incidence
of skin cancers has been related to the high mutation burden
due to UV exposure. These tumors, which have enhanced
immunogenicity due to UV-induced mutations, are poorly
controlled in immunosuppressed SOT recipients, thus explaining
their increased incidence in this setting as compared to the
general population. Other virus-unrelated malignancies such
as carcinomas of the breast and prostate are not increased
in transplant recipients. Post-transplant malignancies are often
characterized by high aggressive clinical features and poor
prognosis, thus representing an important medical need (6).
Although iatrogenic immunosuppression has the power to
inhibit the rejection of the transplanted organ, this treatment
may limit the ability of patients’ immune system to control
nascent and overt tumors. Immune-evasion plays a pivotal
role in tumorigenesis in the transplant setting, being directly
promoted by the immunosuppressive effects of the drugs used
and indirectly favored by the increased rate of oncogenic virus
infections and reactivations, which may further contribute to
impair host immune functions. The main mechanisms that drive
the onset of de novo tumors in SOTs can be grouped into three
major categories: (1) direct pro-oncogenic properties of select
immunosuppressive drugs; (2) increased risk of oncogenic virus
reactivation; (3) impaired immunosurveillance of tumor cells (7).

The most frequent de novo tumors arising after
transplantation include Non-melanoma skin cancers (NMSC)
(8, 9), often associated with Human papilloma virus (HPV)
infection (10), Merkel cell carcinomas (MCC) (11, 12), related
to Merkel cell polyomavirus (MCV) (13), post-transplant
lymphoproliferative disease (PTLD), associated with Epstein-
Barr Virus (EBV) (14), and Kaposi’s sarcoma (KS), driven by
Human Herpesvirus-8/KS herpesvirus infection (15).

If on one side SOT is the only treatment available for
some end-stage diseases, on the other hand, the duration and
type of immunosuppression can increase the risk of de novo
malignancies in these patients. This may be at least in part due to
the defective immune control of infections and/or reactivation
by oncogenic viruses. Nevertheless, emerging evidence indicates
that the various immunosuppressive drugs and regimes
administered to SOT patients may have heterogeneous and
still poorly defined effects on immune cell populations that
may variably affect the cancer immunosurveillance (16) in
these patients. On these grounds, the immune effects of
immunosuppressive drugs may ultimately dictate the extent of
risk to develop a de novomalignancy in SOT recipients.

On these grounds, there is the pressing need to better
characterize the immune dysfunctions related to the
immunosuppressive treatment of these patients to better
understand the impact of the various immunosuppressive
drugs on the immune system and how the chronic use of
these drugs may favor the tumor onset in SOT patients. This
may ultimately lead to a more precise and safe tailoring of the
immunosuppressive schedule and limit as much as possible the
risk of cancer development in these patients. The purpose of this
review is to highlight the impact exerted by different classes of
immunosuppressants on the immune system, with a particular

focus on the effects on dendritic cells (DCs) and their central role
in orchestrating both tolerance and anti-tumor immunity.

IMMUNOSUPPRESSIVE DRUGS IN SOLID
ORGAN TRANSPLANTATION AND THEIR
RELATIVE RISK OF CANCER
DEVELOPMENT

Corticosteroids
Corticosteroids are a class of steroid hormones used primarily to
reduce inflammatory and immune responses in various clinical
conditions, and constitute an important component of the
immunosuppressive regimens administered to SOT recipients.
These drugs exert their effects by binding to an intracellular
receptor, which then act to modulate gene transcription in
target tissues, also including genes regulating immune responses.
After binding to glucocorticoid receptors (GR) in the cytoplasm,
corticosteroids inhibit the nuclear translocation and function
of transcription factors, such as Activator Protein 1 (AP1)
and Nuclear Factor-κB (NF-κB), resulting in a decreased
inflammatory response through inhibition of pro-inflammatory
cytokines such as interleukin (IL)-1, IL-2, IL-6, interferon (IFN)-
γ and tumor necrosis factor (TNF)-α (17, 18). These drugs
may also induce the production of anti-inflammatory proteins,
including lipocortin and the inhibitor of NF-κB (IκB). Evidence
accumulated so far clearly indicates that most of the immune
effects triggered by corticosteroids are due to their ability to
induce apoptosis of immune cells, particularly T lymphocytes
and monocytes/macrophages. The possible contribution of
corticosteroids to the risk of cancer development in transplanted
patients is still unclear. It has been suggested that the ability of
these drugs to promote anti-apoptotic and proliferative effects
in various cell types (19, 20) could increase the risk of a
de novo malignancy in SOT patients, although the specific
contribution of corticosteroids is difficult to assess considering
that these drugs are often administered in combination with
other immunosuppressive agents.

A systematic review of the effects related to steroid avoidance
and withdrawal after kidney transplantation did not disclose
significant differences in the occurrence of malignancies in these
patients up to 5 year after transplantation (21). Nevertheless,
long-term consequences of steroid avoidance and withdrawal
remain still unclear and prospective long-term studies are needed
to draw definite conclusions.

Antimetabolites
Azathioprine
Azathioprine (AZA) was the first anti-proliferative agent
available for clinical use and is commonly used in SOT patients
in combination with other drugs, mainly Cyclosporine and
Prednisone. AZA is converted to 6-mercaptopurine (6-MP) in
vivo, which in turn is converted into 6-thiouric acid, 6-methyl-
MP, and 6-thioguanine. These metabolites are incorporated into
the DNA, block the de novo pathway of purine synthesis and
inhibit cell proliferation. The main toxic effects induced by AZA
are leukopenia, thrombocytopenia, anemia, and hepatotoxicity
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(22). Immunosuppressive function of AZA is due to its ability
to negatively interfere with the function and proliferation of
T and B lymphocytes, with a relatively higher selectivity for T
cells. In addition, AZA was shown to photosensitize the skin
(23), promoting the accumulation of 6-thioguanine in DNA,
which results in enhanced production of mutagenic reactive
oxygen species after exposure to ultraviolet A (UVA) (24). These
effects were suggested to have an impact on the development
of squamous cell carcinomas (SCC) and other skin cancers in
transplanted patients. A meta-analysis showed that treatment
with AZA was associated with a significantly increased risk of
SCC in SOT patients, whereas no significant association was
observed between exposure to AZA and basal cell carcinoma
(BCC) (25). A more recent study reported a significantly elevated
risk of both BCC and SCC in SOT patients treated with AZA
(26). Notably, multivariate analysis disclosed that AZA was
associated with significantly higher risk than mycophenolate
mofetil, sirolimus, cyclosporine, or tacrolimus (26). A recent
whole exome sequencing study (WES) on cutaneous SCC from
immunosuppressed patients has revealed a high mutation rate
with an average of 50 mutations per megabase pair DNA. In
particular, mutational signature analysis reveals the presence of a
novel signature, whose presence correlates with chronic exposure
to AZA (27). This signature is probably the result of combined
action of UV exposure and incorporation of AZA metabolites
into DNA, ultimately promoting tumor progression. These
findings have clinical relevance for patients under treatment with
AZA, who should be counseled about their skin cancer risk and
UV photosensitivity.

Mycophenolate Mofetil
Mycophenolic acid (MPA), isolated in 1896 from Penicillium
brevicompactum by Bartolomeo Gosio, is the active
metabolite of mycophenolate mofetil (MMF) (28). MMF
is a potent immunosuppressive drug used especially in
combination with Calcineurin inhibitors (CNIs). MPA is the
reversible uncompetitive inhibitor of inosine monophosphate
dehydrogenase (IMPDH), the enzyme that synthesizes de novo
guanosine nucleotides, thereby inhibiting DNA synthesis. In
2000,MMFwas approved by FDA for use in liver transplantation,
and in 2005 it has been shown (29) that treatment with MMF
improved graft and survival of adult liver transplanted patients.
Common side effects are nausea, vomiting, diarrhea (30)
and high risk of opportunistic infection, in particular due to
Cytomegalovirus (CMV) (31, 32). As compared to the use
of AZA, MPA was associated with significantly lower risk of
cutaneous SCC in cohorts of kidney, kidney–pancreas, heart and
lung transplant patients (33, 34), an effect probably related to
a decreased ability of MMF to induce ultraviolet light-related
transforming effects (35).

Calcineurin Inhibitors
Calcineurin is a calcium/calmodulin-activated serine/threonine
phosphatase that, once stimulated, de-phosphorylates and
thereby activates members of the nuclear factor of activated T
cells (NFAT) transcription factor family (36). Upon activation,
NFAT family members migrate into the nucleus and activate

transcription. Calcineurin is also responsible for the transcription
of the genes encoding for IL-2 and several other cytokines,
including TNF-α and IFN-γ. Calcineurin inhibitors (CNI),
such as Cyclosporine A (CsA) and Tacrolimus (TAC), exert
their immunosuppressive action through the inhibition of
the Calcineurin pathway, inducing NFAT inhibition, which
down-regulates IL-2 and INF-γ expression, and inhibits T-cell
activation and proliferation in response to foreign antigens
(37). Cyclosporine is a cyclic endecapeptide (38) commonly
used to prevent rejection of liver, heart and kidney transplants.
TAC, also called FK-506, is a macrolide antibiotic isolated from
Streptomyces tsukubaensi. The use of this drug was initially
restricted to patients with liver transplantation, but, more
recently, it was also extended to patients with heart, pancreas
and kidney transplantation (39, 40). Several studies reported
increased risks of cancer related to the use of CNI (41, 42).
Besides their ability to inhibit immune responses, CNI may
also directly promote the aggressiveness and invasiveness of
cancer cells by hampering antiviral immunity, supporting DNA-
damage or up-regulating growth-promoting or pro-angiogenetic
cytokines such as TGF-β, IL-10, or VEGF-2 (43–45). Indeed,
adenocarcinoma cells treated with CsA in vitro were shown
to undergo marked morphological and functional alterations,
including increased cell motility and invasive growth (46). CNI
also mediate activation of the Ras oncogene and promote renal
cancer cell proliferation. Notably, VEGF overexpression induced
by CSA in patients with renal carcinoma was dependent on
Ras activation (47, 48). The pro-angiogenic effects of CNI-
induced VEGF may probably constitute one of the major factors
contributing to the increased rate of malignancies observed
in transplanted patients treated with these drugs. Consistently,
conversion from CNIs to Sirolimus (SRL) was shown to reduce
the vascularization of cutaneous SCC in SOT patients (49). With
regard to the risk of NMSC, CNIs were shown to cooperate with
UVA and UVB in increasing the levels of TGF-β and suppressing
p53 expression through the induction of ATF3 (50). Treatment
with CSAwas consistently associated with an increased incidence
of EBV-driven post-transplant lymphoproliferative disorders
(PTLDs), an effect probably dependent on the ability of CSA
to induce EBV lytic replication in B lymphocytes and promote
the release of the B-cell growth promoting cytokine IL-6 (51).
Both CSA and TAC were shown to inhibit DNA repair (52),
another possible contributory factor to the increased risk of
cancer promoted by these drugs. The risk of de novomalignancies
was increased in TAC-treated patients compared to that observed
in patients treated with CsA (41).

mTOR Inhibitors
Mammalian target of rapamycin (mTOR) inhibitors are a large
class of drugs that inhibit mTOR, a serine-threonine kinase
involved in cell growth, proliferation, protein synthesis, and
apoptosis (53, 54). The PI3K/Akt/mTOR pathway is often up-
regulated in various malignancies and mTOR is a catalytic
subunit of two functionally distinct molecular complexes called
mTORC1 and mTORC2. mTORC1 is composed of five proteins,
mTOR, RAPTOR, mLST8, PRAS40, and FKBP38, and the
complex performs its function by phosphorylating the p70S6 and
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4E-BP1 kinases, thereby regulating the expression of proteins
that promote cell proliferation and survival, such as c-Myc,
cyclin D1, and STAT3. The mTORC2 complex includes RICTOR,
MAPKAP1, PRR5/PRR5L, Mlst8, and Deptor. mTORC2 directly
phosphorylates Akt and regulates the organization of actin
cytoskeleton by phosphorylating PKC-α. UnlikemTORC1, which
is sensitive to acute treatment with rapamycin (RAPA), mTORC2
is less sensitive to the drug, although chronic treatments were
shown to disrupt the integrity and function of this complex
(55). The mTOR-inhibitor Everolimus (EVR) was derived from
Sirolimus (SRL) and both compounds bind FK506-binding
protein 12 (FKBP12) in the cytoplasm. mTOR inhibitors
(mTORi) were initially designed as anti-cancer drugs, as well as
immunosuppressive agent, because of their ability to suppress
the growth and proliferation of tumor cells in mice (56).
Dysregulation of cell cycle characterizes several types of tumors,
and consequently, mTOR became an important therapeutic
target for cancer patients. mTOR inhibition leads to an arrest of
cells in the G1 phase of the cell cycle and a severe reduction of
protein synthesis (57), demonstrating that the mTOR pathway
is crucial for cell survival and protein synthesis. Notably,
hyperactivation of the mTOR/PI3K/AKT pathway is present
in virtually all types of tumors as a main consequence of
somatic loss of the PTEN phosphatase, which is mutated or
epigenetically inactivated in an large number of cancers (58).
Inhibition of angiogenesis and decreased VEGF synthesis (59)
constitute additional relevant effects characterizing mTORi. In
HPV-positive transplanted patients, lifelong immunosuppressive
therapy with mTORi has been associated with a significant
reduction in the incidence of de novo neoplasms (60). Of
particular interest was the case of a young liver transplant
patient in whom the conversion to SRL therapy was followed
by a rapid regression of skin warts suggesting that mTORi may
be beneficial in immunosuppressed patients with HPV-induced
relapsing warts (61). In addition, post-transplantation treatment
with Rapamycin was shown to reduce the ability of B cells to
undergo EBV lytic cycle replication (62), a well-known factor
predisposing to EBV-PTLD. In the same setting, it has been
demonstrated that the combination of mTOR and inhibitors of
HSP90 (a dysregulated protein in EBV-related PTLDs) had a
synergistic effect in inducing apoptosis and in vitro cytotoxicity
of EBV-positive cells (63), suggesting the possible therapeutic
efficacy of this combination in the control of PTLD.

Table 1 summarizes the main effects exerted by the different
classes of immunosuppressive drugs on immune cells.

INVOLVEMENT OF IMMUNE CELLS IN THE
MAINTENANCE OF IMMUNE
COMPETENCE AND IN THE CONTROL OF
CANCER DEVELOPMENT IN LIFE-LONG
IMMUNOSUPPRESSED SOT PATIENTS

B Cells
Despite currently used immunosuppressive regimens are mainly
investigated for their effects on T lymphocytes, the impact of
these treatments on B-cell function may also be of pathogenic

relevance. In fact, in addition to their activity as the producers
of antibodies, B cells also function as potent antigen presenting
cells and therefore their impairment may negatively impact on
the immune control of nascent tumors. MPA and rapamycin
were shown to strongly inhibit the proliferation of purified
human B lymphocytes stimulated by CD40 ± Toll-like receptor
triggering, whereas TAC and CSA had only marginal effects (73).
Moreover, MPA and rapamycin also inhibited immunoglobulin
production, which was independent of the degree of B-cell
stimulation, and induced apoptosis of B lymphocytes (73).
These findings clearly indicate that MPA and Rapamycin are
able to profoundly inhibit B cells responses. On the other
hand, it has been shown that CNIs inhibit humoral immune
responses by interfering with T helper signals and not by eliciting
direct effects on B lymphocytes (81). Nevertheless, SRL and
TAC have different effects on the proliferation, activation and
differentiation of B lymphocytes. In particular, clinically relevant
doses of SRL, but not of TAC, inhibited the CD19+CD27+ B
cell memory compartment. Moreover, SRL effectively blocked B
cell differentiation into plasma cells and decreased absolute B cell
counts. Despite inhibition, the residual B cells that do respond
to stimulation in the presence of SRL result in a population
shift toward more activated phenotypes. These activated B cells
are able to induce a robust allogeneic T-cell activation and
proliferation and a shift toward a Th1 phenotype (74).

An emerging body of evidence indicates that B cells may
have regulatory properties that contribute to induction and
maintenance of tolerance. Regulatory B cells (Bregs) is a
relatively newly recognized subset of B lymphocytes showing
potent regulatory activities in different inflammatory and
autoimmune settings and playing a critical role in preventing
transplant rejection. The characteristic phenotype identifying
Bregs is not yet clear, and this subset of B cells is mainly
identified by IL-10 production (82). Although IL-10 release
constitutes the main mechanism by which Bregs perform
their immunosuppressive activity, these cells may also impair
immune responses through other mechanisms and cytokines,
including IL-35, Fas-Ligand, PD-L1, and TGF-β (83). These
activities allow Bregs to inhibit both innate and adaptive immune
response and promote the expansion of immunosuppressive
regulatory T cells (Tregs). In the transplant setting, it has
been shown that increased Breg cell frequency correlated with
reduced rejection episodes and long-term allograft survival
(83). Higher numbers of Bregs were detected in operatively
tolerant patients (in the absence of immunosuppressive drugs)
compared to pharmacologically immunosuppressed patients,
suggesting a protective function of the Breg cell subset (84,
85). Many commonly used immunosuppressive drugs, such
as CSA, TAC, Prednisolone, AZA, and MMF, were shown to
reduce Breg numbers (83), having thus a negative impact on
the ability of transplanted patients to control the tolerance
to the allograft.

Globally, immunosuppressive drugs used in the transplant
setting may affect B lymphocytes resulting in both anti-tumor
and pro-tumorigenic activities (86), although it remains unclear
whether the net effect has any contributory role to the increased
risk of cancer in the transplant setting.
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TABLE 1 | Main effects exerted by immunosuppressive drugs on immune cells.

Mechanism of action Drugs Impact on immune cells References

Regulation of gene expression Glucorticoides • Impair monocyte and macrophage function

• Decrease circulating levels of CD4+ T cells.

(22)

Inhibition of de novo purine

synthesis

Azathioprine

Mycophenolate Mofetil

• Interfere with T-cells stimulation and proliferation

• Significant reduction of CD107 expression in NK cells

• Significant reduction of INF-γ production by NK cells

• Down-regulation of co-stimulatory and adhesion molecules human

monocyte-derived DC

(22)

(64)

(65)

Kinase and phosphatase

inhibitors

Calcineurin inhibitors

mTOR inhibitors

• Inhibit of NF-kB phosphorylation in CD3+ T-cells, CD4+ T-cells and CD8+

T-cells

• Prevent naïve T-cells differentiation

• Preserve stable numbers of NK cells

• Reduce IL-2 and TNF-α production by macrophages

• Affect DC maturation in vitro

• Impair IL-12 production by DCs

• Impair B-cells proliferation

• Impair CD19+CD27+ memory B-cells

• Promote CD4+CD25highFOXP3+ Tregs expansion

• Reduce the numbers of NK cells

• Decrease M-MDSCs differentiation

• Induce macrophages apoptosis

• Impair DCs maturation and function

(66)

(67)

(68)

(69)

(70, 71)

(72)

(73)

(74)

(75)

(68)

(76)

(77)

(78–80)

T Cells
Immunosuppressive drugs are mainly known for their ability
to inhibit the function and survival of T lymphocytes and the
NFAT and NF-kB are the main signaling pathways targeted
by these drugs. These effects are best exemplified by TAC,
which, in addition to its ability to inhibit the calcineurin/NFAT
pathway, was also shown to inhibit NF-kB activity and TNFα
production in CD3+ T cells, CD4+ T cells and CD8+ cytotoxic
T cells isolated from healthy donors (66). CNIs such as CsA
and TAC may also prevent naive T cell differentiation into Th1,
Th2, and Th17 subsets and inhibit the production of IFN-γ,
IL-4, and IL-17 by memory CD4+ T cells (67). These effects
could at least in part account for the increased risk of de
novo cancer in SOT patients treated with CNIs (60). A recent
study investigated the contribution of residual T-cell immune
function in mediating the decreased incidence of SCC showed
by renal transplant recipients switching CNI-based therapies
to mTORi. While both RAPA and TAC enhanced the survival
of OVA-expressing skin grafts in mice, and inhibited short-
term antigen-specific CD8+ T cell responses, RAPA but not
TAC induced a significant infiltration of CD8+ effector memory
T cells into UV-induced SCC lesions. Moreover, only RAPA
was able to increase the number and enhance the function
of CD8+ effector and central memory T cells in a model of
long-term contact hypersensitivity. In fact, RAPA was shown
to promote the generation of long-lived memory precursors by
altering the process of differentiation of short-lived precursors
(87, 88). These findings are consistent with the possibility that
the lower risk of de novo SCC showed by patients switched to
mTORi regimens is probably due to enhanced CD8+ memory
T-cell responses to new antigenic stimulations occurring in
their skin (89).

Due to the critical role of Treg cells in maintaining
tolerance against self-antigens and controlling excessive immune
responses, the effects exerted by immunosuppressive drugs
on these cells were extensively investigated. Nevertheless, the
possible promotion of cancer development associated with
abnormal expansion or activation of Treg cells induced by
these drugs remains an underexplored area. Treg cells are
mainly characterized by the expression of CD25 and FoxP3
and represent 5–10% of all peripheral CD4+ T cells (90).
Tregs can be divided into resting Tregs (CD45RA+FoxP3low),
effector Tregs (CD45RA−FoxP3high) and cytokine-producing
Tregs, (CD45RA−FoxP3low) (91). Tregs can be also classified
into two sub-groups according to their development: natural
Tregs, which develop during the normal process of T-cell
maturation within the thymus and that are characterized by
high expression of CD25, co-stimulatory molecule cytotoxic T-
lymphocyte antigen 4 (CTLA4) and the tumor-necrosis factor
(TNF)-superfamily member GITR (glucocorticoid-induced TNF
receptor family-related protein (TNFRSF18); adaptive Tregs,
which generate by populations of mature T cells under certain
conditions of antigenic stimulation and show variable levels of
CD25 expression depending on the disease setting and the site of
regulatory activity (92). Treg cell mechanism of action involves
immunosuppressive activities against other T cell subsets, B
cells, macrophages, DCs and NK cells and the release in the
microenvironment of immunosuppressive cytokines such as
IL-10, IL-35, and TGF-β to prevent T-cell proliferation and
maturation of antigen presenting cells (93). Treg cells may also
secrete granzymes and perforins (94) and express CTLA-4, which
may inhibit the activity of DCs (95). The pilot study by Levitsky
et al. has shown that, in liver transplant patients, monotherapy
with SRL resulted in a higher percentage of Tregs in peripheral
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blood compared to non-SRL monotherapy (96). These findings
are consistent with the observation that the expression of FoxP3
requires IL-2, whose gene transcription is blocked by CNI but
not by SRL. These data were confirmed in a subsequent study
that showed that RAPA, but not CsA, promotes the induction
of Tregs rather than inhibiting their function (97) (Figure 1).
Of particular relevance in terms of potential increased risk of
cancer development is the effect that RAPA has on Tregs. In fact,
it has been demonstrated that immature dendritic cells (iDCs)
treated with low-doses of RAPA and injected intravenously
in rats are able to selectively expand CD4+CD25+Foxp3+

Tregs (98). RAPA was also shown to preferentially promote
the expansion of CD4+CD25highFOXP3+ Tregs as compared
to the CD4+CD25negFOXP3+ Treg subset (75). Intriguingly,
RAPA enhances the expression of CXCR4, the ligand of stromal-
derived-factor-1 (SDF-1), which is constitutively expressed in
the bone marrow, suggesting that this drug may promote the
development of Tregs with distinct homing properties (99).

The reduced risk of skin cancer development observed in
kidney transplant recipients treated with SRL as compared to
those receiving CNIs was associated with different effects exerted
by the two drugs on T cell populations infiltrating the skin. It has
been shown that the treatment with SRL significantly increased
the absolute number of CD4+ T cells, memory CD8+ and CD4+

T cells, and Treg cells in the sun-exposed skin compared to non-
sun-exposed (100). Notably, no differences were found in the
absolute number of any T cell subset were observed in the blood,
suggesting that the percentage of T cell subsets detectable in the
blood does not always accurately reflect the percentage of T-cell
subsets in the skin of kidney transplant recipients.

Th17 cells are characterized by their ability to produce pro-
inflammatory cytokines, including IL-17A, IL-17F, and IL-22,
and are critical for host defense against pathogens but have also
been implicated in causing autoimmune disorders and cancer,
although their role in carcinogenesis is less well defined (101).
Besides decreasing the proportion and function of CD4+ Tregs,
CNIs up-regulate Th17 cell-associated pathways (102), which are
involved in allograft rejection and may also contribute to the
enhanced risk of de novo malignancies in SOT patients treated
with these drugs. Available data indicate that the replacement
of TAC therapy to SRL therapy suppresses Th17 activity and
up-regulates the percentage of Treg cells in kidney transplant
recipients. SRL inhibited Ser705 phosphorylation of STAT3 in
CD4+ T cells, which promotes a differentiation switch toward
Treg cells rather than to Th17 cells. The drug was also shown to
induce a downregulation of IL-17 and an increased expression of
Foxp3 in Th17 cells. Therefore, the Th17/Treg ratio modulation
induced by conversion from TAC to SRL promotes a better
control of the allograft (103) and may also contribute to the
decreased risk of cancer associated with the use of SRL.

An increasing number of studies have focused the attention to
a recently described subpopulation of T cells, the tissue resident
memory T (Trm) cells, a subset of non-circulating lymphocytes
that reside in multiple peripheral tissue sites, including lung,
intestine, liver and skin. Trm cells are characterized by the
expression of CD103, CCR7, CD28, and IL-7R and are
CD45RA-CD69-. Although Trm cells were initially considered

as early immune effectors in infectious diseases, recent studies
highlighted their role in mediating therapeutically relevant
immune responses against cancer (104). In the setting of SOT
transplantation, available data point to an important role of
Trm in the control of common chronic viral infections and site-
specific acute infections (105), suggesting that these cells may
contribute to some aspects of graft tolerance. Conversely, Trm
cells can potentially mediate anti-allograft responses through
their strong immunostimulatory abilities (106). The possible
implications of Trm cells in the risk of cancer in SOT patients
treated with immunosuppressive drugs remain to be elucidated.
Nevertheless, the notion that CNI and mTOR inhibitors mainly
target the early activation phases of T lymphocytes suggest that
these drugs may have limited effect on Trm cells because of their
pre-activated phenotype (107).

NK Cells
NK cells are key components of innate immune system
are able to mediate cell lysis without prior stimulation by
antigens. Their activation is closely dependent on the balance
between the expression of inhibitory molecules and triggering
of activatory NK cell receptors by their cognate ligands. While
in hematopoietic stem cell transplantation NK cells have been
shown to play a significant role in the graft-vs.-leukemic
effect, the role of NK cells in SOT is controversial due to
conflicting clinical and pre-clinical data. In fact, NK cells were
shown to worsen T-cell responses during allograft rejection,
but also to promote tolerance induction under treatment with
immunosuppressive drugs (108). In a murine kidney transplant
model based on hybrid resistance, NK cells were shown to
mediate long-term allograft injury even in the absence of T and
B cells (109). Preclinical data indicate that immunosuppressive
agents may affect the number and function of NK cells. In an
elegant work, Aislin Meehan et al. have shown that treatment of
PBMCs from healthy donors with different immunosuppressive
drugs resulted in impairment of NK cell function that varied
according to the type of drug investigated and the dose used. At
concentrations used in the clinical setting, CsA and Prednisolone
caused a significant reduction in NK cell expression of CD107
(a degranulation marker indicative of cytotoxic activity) and
the production of IFN-γ (64). The activity of NK cells is also
inhibited by treatment with RAPA, as shown by the group
of Wai et al. who analyzed the proliferation and potential
cytotoxicity of rat NK cell lines in the presence of different
types of immunosuppressive drugs. NK cell number and function
remained stable in graft recipients treated with CsA and
FK506, whereas RAPA significantly inhibited proliferation and
cytotoxicity of NK cells (68). On the contrary, Monteau et al.
demonstrated that both CsA and TAC have a strong negative
impact on degranulation and IFN-γ production of by NK cells in
vitro (110). Overall, available data seem to indicate that the effect
of immunosuppressive drugs on NK cells is not as strong as that
induced on T lymphocytes, at least in vivo (108). Considering the
emerging contributory role of NK cells in the control of primary
tumors and particularly of cancer metastasis (111), it will be
of relevance to monitor NK cell number and function in SOT
patients at risk of de novomalignancy.
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FIGURE 1 | Schematic overview of CNI and mTORi immunosuppressive effects on DCs and Treg. Immunosuppressive agents have opposite effects on Treg

population through both direct and indirect mechanisms. DCs treated with CNI show a down-regulation of IL-2 and IL-12 production, which are necessary to induce

Treg proliferation; CNI also direct inhibit production and re-uptake of IL-2 by T lymphocytes, impairing differentiation and proliferation of Treg. RAPA-DCs promote Treg

proliferation and are able to induce the generation of this subset; mTORi can also direct stimulate induction of Treg, promoting organ transplantation tolerance.

Myeloid-Derived Suppressor Cells
Myeloid-derived suppressor cells (MDSCs) are innate cells
that play a pivotal role in inhibiting T-cell dependent
responses. MDSCs are not a terminally differentiated cell
population and are characterized by CD33+ expression,
whereas CD3, CD14, CD19, CD56, and HLA-DR are usually
negative. In mice, MDSCs consist of two large groups of cells
termed granulocytic or polymorphonuclear (PMN-MDSCs)
characterized by CD11b+Ly6G+Ly6Clo expression, and
monocytic (M-MDSCs) characterized by CD11b+Ly6G−Ly6Chi

expression (112). Also in human, two main groups of MDSCs
have been identified: granulocyte MDSCs (G-MDSCs,
CD33+CD11b+CD14−CD15+) and monocytic MDSCs
(M-MDSCs, CD33+CD11b+CD14+CD15−/low) (112, 113).
M-MDCSs contributes to production of inflammatory cytokines
and growth factors, whichmay have a strong immunosuppressive
effect, including the inhibition of T-cell proliferation (112, 114),
and impaired maturation and development of DCs. In fact,
DCs generated in the presence of MDSCs were found to be less
effective in antigen uptake, migration and induction of IFN-γ

production by T cells (115). Furthermore, MDSCs are able to
down-regulate the production of IL-12 by macrophages while
increasing IL-10 production in response to cell-cell contact
(116). Experiments carried out in mouse models demonstrated
that MDSCs identified with phenotypic biomarkers were able to
inhibit proliferation, but not activation, of effector T cells and to
induce apoptosis in a contact-dependent manner. Interestingly,
CD4+CD25highFoxP3+ Treg cells were insensitive in vitro
to MDSC-mediated suppression. These results suggest that
increasing numbers of MDSCs can inhibit alloreactive T-cell
proliferation in vivo and that these cells may participate in the
maintenance phase of tolerance (114). In an analysis of a cohort
of 50 kidney transplant patients, Meng et al confirmed that the
number of MDSCs was associated with long-term graft survival
and showed that this population regulates the imbalance between
Tregs and Th17 cells (117). Moreover, in an experimental mouse
model of transplantation, Garcia et al. showed that MDSC
were associated with an increased accumulation of Foxp3-
expressing Tregs in the allografts of transplant recipient mice
following tolerogenic treatment (118). The impact of CsA on the
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myeloid population was investigated in a skin transplantation
study showing that CsA can stimulate the accumulation of
CD11b+Gr1+ cells (MDSCs in mice) by improving the immune
responses through the NFAT pathway, also promoting the
differentiation into CD4+ and CD8+ T cells. In a murine cardiac
transplantation model, RAPA treatment led the recruitment of
MDSCs, which also expanded as a consequence of the effects
of the treatment on the mTOR pathway (119). In addition,
inhibition of the mTOR signaling was shown to promote
a shift of MDSCs toward the G-MDSCs subtype (120). A
recent study in human kidney transplantation demonstrated
that CD33+CD11b+HLA-DR− MDSCs were able to expand
Tregs in vitro, through the release of TGF-β and IL-10 (121).
RAPA was also shown to decrease M-MDSCs differentiation
from myeloid progenitors by blocking the glycolytic metabolic
pathway (76). An excessive expansion of MDSCs promoted by
immunosuppressive drugs may contribute to increase the risk
of cancer in SOT patients. In fact, MDCSs constitute a critical
component of the immune suppressive niche characterizing
tumor microenvironment, where these cells may promote
immune escape and malignant progression by affecting both the
innate and adaptive immune responses (122). Studies carried out
so far in the SOT setting focused mainly on the role of MDSCs
in the induction of tolerance and allograft control and no data
are currently available with regard to the possible correlation
between expansion/overactivity of MDSCs and risk of the
novo malignancy in these patients. Some indirect clues derived
from a study carried out in a mouse neuroblastoma-bearing
chimeras, which showed that adoptive recipient leukocyte
infusion enhanced anti-tumor responses of allogeneic bone
marrow transplantation. These anti-tumor effects, however, were
counteracted by expansion of host MDSCs pointing to a relevant
role of these immunosuppressive cells in limiting the efficacy of
anti-tumor immunity in the transplant setting (123).

Macrophages
Macrophages were identified by Elie Metchnikoff as an essential
component of innate immune system that forms the first
line of defense against pathogens (124). According to their
differentiation status and functional role in the immune system,
macrophages are conventionally classified into M1 and M2
subtypes, although these cells has the ability to differentiate
into a variety of phenotypes in response to different stimuli
from the microenvironment (125). The M1 phenotype can be
identified by the overexpression of surface molecules such as
MHC-II and CD86, and increased ability to present antigens
and kill intracellular pathogens. In vitro, classical activation
can be induced by stimulating macrophages with IFN-γ and
LPS, causing TNFα production, associated with microbicide
activity, production of pro-inflammatory cytokines and cellular
immunity. Macrophages then undergo a process of activation
toward a pro-inflammatory phenotype, increasing their ability to
kill intracellular pathogens and contributing to the progression
of the inflammatory process. M2 macrophages are generated in
the presence of the anti-inflammatory cytokines IL-4, IL-10, and
IL-13 and participate in tissue remodeling and long term repair
(126). In addition to the host defense role, macrophages play

an important role in homeostasis, and pathological processes
such as obesity and malignancy (127). In particular, they show a
more immunosuppressive phenotype characterized by impaired
antigen presentation to T cells and production of cytokines that
stimulate a Th2 response (128). Evidence accumulated so far
however indicates that the binary classification of macrophages
in M1 and M2 subtypes is an oversimplification that does not
account for the marked plasticity of these cells that may acquire
a broad and continuous spectrum of different phenotypes, with
M1 and M2 representing the two extremes (128). Examples
of non-M1/M2 cells are: CD169+ macrophages, detected in
bone marrow, lymph node, liver, and spleen, and mainly
involved in erythropoiesis and immune regulation; macrophages
expressing TCRαβ or TCRγδ identified in inflammatory
and infectious diseases; a novel subtype of tumor-associated
macrophages characterized by an M2-like immunosuppressive
gene profile and expressing a novel receptor “macrophage
receptor with collagenous structure” (MARCO), detected in
mouse tumor models of mammary carcinoma, colon cancer
and B16 melanoma (128). The function of these non-M1/M2
macrophages however remain far from being fully characterized.
In the SOT setting, macrophages play a controversial role:
the presence of CD86+ macrophages is associated with acute
rejection in kidney transplants (129) and in mouse models
of heart transplant (130). Likewise, macrophages may exert
anti-inflammatory responses and immunosuppressive effects
that help maintain the peripheral tolerance, being able to
produce IL-10 and TGF-β, involved in the resolution of graft
inflammation (131). The use of immunosuppressive drugs has
also an impact on the macrophage compartment: the use of
CsA and TAC was associated with a decrease in the production
of inflammatory mediators, such as IL-2 and TNF-α (69).
Moreover, CNIs were shown to promote the differentiation of
macrophages to the M2 phenotype (132). CsA was shown to
impair the phagocytosis activity of macrophages and enhance
the severity of infectious diseases (133). mTORi were shown to
significantly decrease the production of chemokines induced
by LPS, such as MCP-1, IL-8, RANTES, MIP-1α, and MIP-1β
and their combination with glucocorticoids increased the
production of the anti-inflammatory cytokine IL-10 through
the STAT3 transcription factor (134). mTORi could also induce
macrophage apoptosis, mainly affecting the M2 rather than M1
subset (77). It has also been documented that the administration
of MMF reduces the synthesis of nucleotides by inhibiting
the inosine monophosphate dehydrogenase pathway (135),
decreases the production of IL-1β, IL-10, TNF-α (134) and
the expression of adhesion molecules (136) by macrophages.
Studies aiming at assessing the role of macrophages in SOT
patients with cancer are scarce. No significant difference in
the density of tumor-associated macrophages was observed
in SCCs from SOT recipients as compared to SCC of non-
transplant patients. These findings seem to rule out that the
density of these cells may contribute to a worse prognosis of
invasive SCC in transplant patients. Intriguingly, however, the
density of tumor-associated macrophages infiltrating SCC in
situ was markedly lower than that detected in non-transplant
patients (137). It remains to be elucidated whether this
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is the result of direct effects of immunosuppressive drugs
and whether this decreased infiltration of macrophage
contributes to the enhanced invasiveness of SCC
in SOT patients.

Dendritic Cells
DCs constitute a heterogeneous population of APCs that
mediates critical connections between innate and adaptive
immunity (138). These cells play a pivotal role in antigen
processing and presentation resulting in the induction of effective
immune responses against pathogens and tumor cells. Notably,
these cells are the most powerful APCs, being able to orchestrate
a primary immune response but also to induce immune tolerance
(138). In particular, DCs play a central role in priming naive
T and B cells, the first critical steps in the induction of an
antigen-specific immune response. DCs develop from CD34+

bone-marrow progenitor cells or from CD14+ monocytes and
differentiate into immature DCs (iDCs), which are functionally
specialized to take up exogenous antigens. After recognition,
exogenous antigens are internalized and the activated DCs
migrate to the draining lymph node, where they can induce
an adaptive immune response (139). This successful outcome
requires the processing of antigens and their loading in the form
of small peptides on themain histocompatibility complex (MHC)
molecules. Peptides loaded on MHC-II molecules are recognized
by antigen-specific CD4+ T helper cells, while peptides loaded
on MHC-I molecules are recognized by antigen-specific CD8+ T
lymphocytes. The presentation of internalized antigens onMHC-
I molecules is defined as cross-presentation, a crucial process
in the induction of effective adaptive immune responses against
tumors and viruses that do not infect DC directly and that
may induce peripheral tolerance (140). The MHC-I pathway
is normally used to present endogenous antigens and cross-
presentation is particularly important because it allows DCs to
present through the MHC-I pathway also exogenous antigens,
which are usually mainly presented by MHC-II molecules (141).
Antigen cross-presentation involves two main pathways: (1) the
vacuolar pathway, in which the processing/loading takes place
within the endo/lysosomal compartment and (2) the endosome
pathway, in which the internalized antigens are transported
from the endosome to the cytosol where they are degraded by
the proteasome (142). The co-stimulatory CD40/CD40L axis
along with the danger signal provided by an exogenous antigen
are catalysts for DC licensing. Therefore, exogenous antigen
cross presentation and the consequent activation of naive CD8+

cytotoxic T cells, provide the immune system with an important
mechanism for generating immunity to viruses while preserving
tolerance to self (143).

DCs exist in two differentiation states, each of which
has distinct phenotypic, morphological and functional
characteristics: immature dendritic cells (iDCs) and mature
dendritic cells (mDCs). iDCs phenotypically show high
expression of CCR1, CCR5, CCR6, and CD68, while the
expression of CCR7, CD86, CD80, CD40, and CD83 is low.
These cells are able to capture and process the antigens they
encounter and subsequently evolve to mDCs, which are

characterized by high expression levels of CD83, CD86, CD49,
CD80, CCR7, MHC-II, CD1a, and CD11c (144).

Another classification of DCs is based on different DC
subpopulations: classical DCs (cDCs), plasmacytoid DCs
(pDCs), monocyte-derived DCs (moDCs), and Langherans
cells (LCs). cDCs are professional APCs that play a key
role in shaping appropriate adaptive immune responses
(145). There are two major subsets of cDC: cDC1, which are
HLADR+CD11c+CD9α+ and CD24+ or CD103+ and require
the transcription factors IRF8 (146), Batf3 (147), Nfil3 (148),
and Bcl6 (149) for their development. These cells also express
the CD141+ or blood DC antigen 3 (BDCA3). This population
was found in spleen, tonsil, liver, lung and skin. Similar to
mouse DCs, human cDC1 CD141+ express TLR3, but unlike the
mouse subset, they lack the TLR8 and TLR9. This population
is particularly efficient at cross-presentation of cellular antigens
and are highly competent to stimulating allogenic or autologous
CD4+ T cell immune responses. The second major cDC subset,
cDC2, expresses HLADR+ CD11chi and the IRF4 transcription
factor. This subset is present in lymphoid tissues and CD141
molecule is expressed by splenic cCD2. Human blood cDC2
express high levels TLR2 and TLR8 and very low levels of TLR4.
They are able, without TRL activation, to cross-present soluble
antigens, a process that may be enhanced bafilomycin-mediated
inhibition of endosomal acidification (145, 150). From an
ontogenetic point of view, available data are consistent with the
existence of common DC progenitors that give rise to pDCs
and intermediate precursors of cDCs (pre-cDCs) that may
differentiate into CD1c+ (BDCA-1) or CD141+ (BDCA-3)
cDCs. In human peripheral blood mononuclear cells, the
HLA-DR+CD14−CD11b− subpopulation includes the CD1c+

DC subset (CD172α+ and IRF4+), the CD141high DC subset
(Clec9A+, XCR1+, IRF8+, and TLR3+), and the pDC subset
(BDCA-2+, BDCA-4+, and CD123bright).

pDCs correspond to a subset of immature CD11c− population
distinct from classical myeloid CD11c+ DCs. Pre-pDCs express
CD4 but lack T-cell receptor alpha (TCRα), TCRβ, TCRγ, TCRδ,
or CD3 chains and are negative for B-cell lineage (CD19, CD21)
or myeloid (CD13, CD14, CD33) markers. This population is
characterized by the production of type I interferon during viral
infection as they express constitutively IRF7. pDCs circulate in
the blood and in peripheral organs and are strongly dependent
on Fltl3 ligand (Flt3L), a potent endogenous DC growth factor,
for their development and function. After maturation in response
to TLR-ligation or CD40-engagement, pDCs became capable to
present antigens to T cells and preferentially, induce generation
of a unique type of CD8+ Treg cells (151).

LCs are the DCs of the epidermidis, although they may
be also present in other stratified epithelia, such as the
mucosal oral and vaginal epithelium. LCs share with cDCs
common myeloid or monocytic progenitors. LCs are stellate
cells expressing MHC-II molecules and the integrin αX chain
CD11c. They express also CD1a and CD1c, two MHC-
I-related molecules involved in the presentation of lipid
antigens. This population is considered sentinel tissue-resident
DCs and their development is independent of the Flt3/Flt3L
axis stimulation (152).
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moDCs are phenotypically difficult to differentiate from cDCs
because they share the expression of CD11c, CD11b, and MHC-
II, but they express the Fc-gamma receptor 1 (FcγRI) (153). These
cells also express CD1α, which is characteristic of theDCs derived
from monocytes. Their mature phenotype is characterized by the
loss of CD14, a marker of differentiated monocytes and by an
increase in the expression of CD1α, MHC-II, CD83, and CD86.
moDCs can be successfully grown in the presence of GMC-
SF and IL-4 and are capable of induce effective antigen-specific
immune responses (154).

Immunosuppressive drugs employed in the management of
allograft rejection in SOT patients can influence the phenotypic
and functional characteristics of DCs, suggesting that their
impaired function may also play a role in the development
of tumors or in promoting the reactivation of oncogenic viral
infections in immunosuppressed patients. MMF was shown
to down-regulate co-stimulatory and adhesion molecules, such
as CD40, CD54, CD80, and CD86, in human monocyte-
derived DC in vitro, a decreased production of TNF-α, IL-
10, IL-12, and IL-18, as well as less efficient stimulation of
alloreactive T cells (65). Similarly, the 1α,25-Dihydroxyvitamin
D3 (1,25(OH)2D3), i.e., the active form of vitamin D3, inhibits
the differentiation and maturation of human DCs, leading
to down-regulated expression of CD40, CD80, and CD86
costimulatory molecules and inhibition of alloreactive T cell
activation (155). Interestingly, Gregori et al. showed that short-
term treatment of transplant recipient mice with 1,25(OH)2D3
in combination with MMF induced tolerance to islet allografts
and expanded CD4+CD25+ Treg cells that were shown to
adoptively transfer transplantation tolerance. Moreover, these
DCs displayed a tolerogenic phenotype characterized by down-
regulation of CD40, CD80, and CD86 and reduced IL-12
production (156).

The effects of CNIs on DCs are well-recognized and several
groups have investigated the impact of these drugs on mouse
and human DCs. TAC and CsA were found to inhibit the
allostimulatory capacity of in vitro-generated myeloid DCs
without affecting DC maturation (70). On the contrary, the
pioneering work of Lee et al has shown how the treatment with
CsA impaired the allostimulatory capacity of in vitro generated
mouse bone marrow-derived DCs by downregulating CD40,
CD80, and CD86 expression associated with reduced nuclear
translocation of NF-κB, a transcription factor promoting DC
maturation (157, 158). In addition, CsA inhibited DC-dependent
production of INF-γ, IL-2, and IL- 4 by T cells, and IL-6, IL-
12p40, and IL-12p70 by DCs (72). Recently, it was demonstrated
that DCs generated in the presence of CsA lose their ability
to induce Treg proliferation, with a strong reduction of IL-12
secretion and particularly of IL-2, which is necessary for the
proliferation of CD4+CD25+Foxp3+ T cells (159), thus having
a negative impact on this population (160). Moreover, TAC was
shown to inhibit the ability of DCs to stimulate T cells and
to decrease the production CXCL10 and IL-12. Although IL-
12 production by DC was impaired by TAC, these cells did
not promote Th2 development as T cells stimulated by TAC-
treated DCs produced less interferon IFN-γ, IL-4, and IL-10
(161) (Figure 1).

In mouse models, RAPA strongly impacts DCs maturation
and function resulting in the induction of well-defined
phenotypic characteristics of these cells. Data accumulated
so far indicate that RAPA is able to impair maturation of
DCs, reduce DCs costimulatory molecule upregulation,
decrease the production of pro-inflammatory cytokines,
inhibit T cells stimulatory capacity (78) and promote the
selectively development of Treg cells in animal models
of solid organ transplantation (162) (Figure 1). Mouse
and human DCs treated with RAPA have an immature
phenotype with low levels of CD80 and CD40 receptors
and with a decreased expression of B7-H1, the PD-L ligand,
a negative regulator of T cells activation and inducer of
peripheral tolerance (163).

During the maturation process, DCs downregulate the
CCR1 and CCR5 receptors and upregulate the expression of
CCR7, which promotes the DCs migration from the peripheral
tissues to the sites where they will encounter the naive T
cells for their priming (144). In both mouse and human
DCs, immunosuppressive drugs have divergent effects on the
modulation of chemokine receptors (CKR) in maturing DC,
important in regulating DCs localization and homing (164).
In an elegant study, Sordi et al. showed how the use of
immunosuppressive drugs may interfere with the generation
of effective immune responses by affecting DC function. In
particular, these authors investigated the functional relevance of
CKR in the process of DC maturation both in vitro and in vivo.
CsA and TAC were shown to slightly modulate the expression
of CCR7 but without affecting the function of this CKR. In
contrast, RAPA increased the expression of CCR7 at the mRNA
and protein level and enhanced the in vitro migration of human
DCs to CCL19 and of mouse DCs to lymph nodes in vivo,
suggesting that it could be due to the inhibition of endogenous
IL-10 production (165), which has an inhibitory activity on
DCs maturation (166).

RAPA-treated alloantigen-pulsed DCs were shown to induce
antigen-specific regulation and prolong experimental heart
allograft survival. Taner et al. demonstrated that RAPA-exposed
DC loaded with donor cell lysates and their adoptive infusion
prior to experimental heart transplantation prolonged fully
MHCmismatchedmurine heart allograft survival (167). Notably,
RAPA-treated DCs were also shown to stimulate the generation
of antigen-specific Foxp3+ Treg cells thereby promoting organ
transplant tolerance (168). The induction of tolerance by RAPA
is further enhanced by the combination with Flt3L, which
promotes the generation of tolerogenic, immunosuppressive DCs
along with the production of CD25+Foxp3+ Treg cells and
IL-10 secretion (169).

T cell responses are modulated by cytokines secreted by
mDCs including pro-inflammatory cytokines, such as IL-12 and
INF-α, and anti-inflammatory cytokines, such as IL-10. DCs
treated with RAPA have a distinct cytokine secretion profile
at different stages of maturation. In iDCs, RAPA reduced IL-
10 and IL-12 production after LPS stimulation and increased
apoptosis, while mDCs are resistant to RAPA-induced apoptosis,
but they also show decreased production of IL-10 and TNF-α
(79). A recent study demonstrated that relevant concentrations
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of RAPA (20 ng/ml) inhibit the ability of both TLR7- and TLR9-
activated pDCs to stimulate the production of IFN-γ and IL-
10 by allogeneic T cells. On the contrary, RAPA-treated TLR7-
activated pDCs were capable of stimulating the activation of
naive and memory T cells, while also stimulating the generation
and proliferation of CD4+ FoxP3+ Treg cells (80).

In recent years, tolerogenic DCs (t-DCs) attracted a growing
interest for the development of new strategies to prevent and
control allograft rejection after SOT. Enhanced generation of t-
DCs, however, may negatively impact the induction of antitumor
immune responses in this setting. There are two main critical
factors that could shape DC functions into immunologic or
tolerogenic: the stage of differentiation and the environmental
factors that DCs encounter. Indeed, t-DCs comprise most
immature DCs and DCs with different maturation states. One
of the major hallmarks of t-DCs is their ability to induce
tolerogenic responses to a much greater extent and in a shorter
time as compared with immature DCs. t-DCs exert a unique
immune surveillance function and normally express low levels
of MHC and costimulatory molecules (CD80, CD86, CD40,
OX40L) on their surface, and display a low capacity of activating
T cells, which is potentially associated with T cell anergy and
increased Treg cell generation. Moreover, t-DC can express high
levels of inhibitory molecules such as programmed death ligand
(PD-L)-1 and PD-L2, leukocyte Ig-like transcripts (ILTs) 2,34,
HLA-G and galectins that may contribute to their tolerogenic
potential (170–172).

Another subpopulation of t-DC was shown to have a semi-
mature phenotype characterized by the high expression of
MHC class II and B7 costimulatory molecules and a low
production of proinflammatory cytokines, such as IL-1β, IL-
6, IL-12p40, and IL-12p70 or TNF-α. However, mature DCs
can also became tolerogenic. Indeed, in a subset of both
mature and immature monocyte-derived DCs, Munn DH et al.,
demonstrated the expression of indoleamine 2,3-dioxygenase
(IDO), a negative regulator of T-cell proliferation. The authors
hypothesized that the presence of IL-10 during DC maturation
(a regulatory cytokine associated with the development of
tolerogenic DCs) prevented IFN-γ-induced down-regulation of
IDO, resulting in sustained expression of functional IDO even
in mature, IFN-γ-activated DCs (173). IDO and t-DC induction
were also found to be associated with spontaneous renal
allograft acceptance (174).

Gregori et al identified a novel subset of t-DC, named DC-
10, which secretes high levels of IL-10, express ILT4 and HLA-G,
and have the specific function to induce Type 1 T regulatory (Tr1)
cells which are critical in maintaining tolerance to self- and non-
self-antigens (172). There is also a unique subset of human DC,
characterized by high expression of CD11b and low expression of
MHC class II, which can negatively regulate immune responses.
These DC have high expression of Fas that can inhibit CD4+ T-
cell proliferation and produce IL-10 and IP-10 via ERK-mediated
inactivation of GSK-3 and subsequent up-regulation of β-catenin
(175). pDC were also found to exert tolerogenic functions.
In particular, these cells display heterogeneous properties with
regard to antigen presentation, maturation and expression of
different costimulatory molecules. Indeed, pDCs do not induce

strong T-cell responses, but they were found to induce IL-10-
producing regulatory Tr1 cells in vitro (176). Moreover, Abe M
et al. reported the ability of pre-pDC to prolong vascularized
organ graft survival promoting tolerance (177). A subset of
pDCs expressing CCR9 was identified by Hadeiba et al. in
resting secondary lymphoid tissues. This population was a potent
enhancer of Treg cell function and effectively prevented acute
graft-vs.-host disease induced by allogeneic CD4+ donor T cells.
In support of the role of pDC in tolerance induction, some other
studies suggested a possible functional correlation between the
enhanced presence of pDC and the elevated frequency of Treg
cells (178) with successful withdrawal of immunosuppression in
liver transplant tolerance (179).

Immunosuppressive factors and molecules expressed by T
cells can also shape DC into a more tolerogenic state. Indeed,
IL-10-producing Treg cells suppressed DC maturation and
prevented Th1 cell differentiation.Moreover, interaction between
t-DCs and Tregs is essential for the establishment of immune
tolerance induced by apoptotic cell administration. Indeed, Wu
et al. demonstrated that t-DCs promote the expansion of Tregs
via PD-L1 on their surface, and Tregs facilitate t-DCs to sustain
tolerogenic state via IL-10 and TGF-β (180). Another example
of DC-tolerance induction by T cells occurs via Foxp3+ Tregs
that inhibit the expression of MHC-II molecules in DC that
were not able to make cognate interactions with CD4+ T cells
(181). In addition, regulatory DCs can selectively recruit Th1
cells and inhibit Th1 proliferation, and promote the generation of
IL-4-producing alternative memory CD4T cells with suppressive
activity (182).

The possible direct role of immunosuppressive drugs on DC
function in SOT patients with or without cancer is difficult
to assess. The extent and quality of T-cell responses specific
for epitopes of tumor-associated antigens or oncogenic viruses
may constitute a surrogate marker of the function of DC in
various transplant settings. This possibility is best exemplified
by the clinical relevance of the monitoring of EBV-specific T-
cell responses in transplanted patients at risk to develop EBV-
associated PTLD (183).

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

In the last decade, the number of patients undergoing solid
organ transplantation and those living and aging with a
functional transplant have been progressively increased. This
situation is posing new challenges in terms of optimization of
immunosuppressive regimens to prevent allograft rejection while
reducing the incidence of de novo malignancies. This issue is
of increasing clinical relevance considering that the occurrence
of a de novo malignancy in this setting is associated with a
poor prognosis. In fact, tumors in transplanted patients may
be more frequently diagnosed at advanced stages, suggesting a
more aggressive behavior of the disease in immunocompromised
patients (184). Moreover, several studies reported decreased
overall survival in transplanted patients (185–187). A recent
study demonstrated that the all-cancer 10-year survival in a
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large cohort of Italian liver transplant patients experiencing a
malignancy was significantly lower as compared to that of liver
transplant recipients without cancer (43 vs. 70%, HR = 4.66).
The difference in survival was observed for both early and late
mortality, although the effect was more pronounced in the first
year after cancer diagnosis (188). These findings clearly point to
the need to perform close oncologic monitoring during the post-
transplant follow-up in order to ensure early cancer diagnosis
and to improve survival. Indeed, a study carried out in more
than 7,000 SOT patients indicated that rigorous cancer screening
programs were effective in diagnosing at early stages lung, breast
and prostate cancers (189). In addition to the conventional
clinical follow up approaches for an early diagnosis of cancer,
strategies able to identify transplanted patients at increased risk to
develop a de novomalignancy are needed. Quantification of EBV
DNA load in the blood, coupled with assessment of EBV-specific
T-cell responses proved to be useful to identify transplanted
patients at risk of impending EBV-associated PTLD (190).
Nevertheless, for the large majority cancers arising after SOT, no
suitable biomarkers are available to estimate the risk of de novo
malignancy in this setting. A better understanding of the various
mechanisms through which the different immunosuppressive
regimens impair cancer immunosurveillance is required to
develop suitable and effective immunomonitoring strategies for
SOT patients. As described above, the immunosuppressants used
to prevent allograft rejection have a heterogeneous and often
complex impact on the function of immune cells. Dissection of
this heterogeneity will be useful to understand why some drugs
are associated with a decreased risk of a de novo malignancy as
compared to others, as shown for mTORi (191, 192). Notably,
these drugs used at immunosuppressive doses were also shown
to efficiently synergize with an optimal oncological treatment to
improve survival of patients with de novo carcinoma (193).

In perspective, a more thorough characterization of the effects
induced by immunosuppressive drugs on the various DC subsets
may give insights on the mechanisms underlying the different
ability of these drugs to affect DC-dependent anti-tumor immune
response and tolerance. Advanced monitoring of the effects

induced by immunosuppressive regimens on the number and
function of other immune cells, particularly Tregs and MDSCs,
may be also relevant in this setting. This can be achieved by
exploiting the power of new technologies such asmass cytometry,
which allows for a high-dimensional single-cell analysis of
the immune system through the simultaneous measurement
of over 40 markers on individual cells (194). This technology
has been recently proposed for the assessment of immune
reconstitution after hematopoietic stem cell transplantation (195)
and may be also useful if applied to SOT patients monitoring
to simultaneously assess the phenotypic and functional features
of multiple immune cell populations. Considering that the
repertoire of B- and T-lymphocyte antigen receptors undergo
significant changes during cancer development, the exploitation
of novel methods for analyzing or evaluating these immune
repertoires may facilitate the development of diagnostic and
monitoring tools also in the SOT setting. Indeed, the high-
throughput sequencing of immune repertoire technology, which
provides a robust tool for deep sequencing repertoires of
B- and T-lymphocyte antigen receptors, has been applied to
the identification of tumor biomarkers and the development
of immunotherapeutics for cancers (196). Integrating these
novel technologic approaches with existing immune monitoring
techniques will allow a better understanding of immune
regulation in SOT recipients and lead to new opportunities to
improve patient outcome.

AUTHOR CONTRIBUTIONS

MC and RD designed and wrote the manuscript. All the authors
revised and approved the manuscript.

FUNDING

This study was supported by grants from National Breast Cancer
Foundation (IIRS_18_047), Cancer Council Queensland
(APP1145758), Brain Tumor Charity (495168), Brain
Foundation, and Cure Brain Cancer Foundation.

REFERENCES

1. Watson CJE, Dark JH. Organ transplantation: historical perspective
and current practice. Br J Anaesth. (2012) 108(Suppl.1):i29–42.
doi: 10.1093/bja/aer384

2. Schrem H, Kurok M, Kaltenborn A, Vogel A, Walter U, Zachau L,
et al. Incidence and long-term risk of de novo malignancies after liver
transplantation with implications for prevention and detection. Liver

Transplant. (2013) 19:1252–61. doi: 10.1002/lt.23722
3. Hall EC, Pfeiffer RM, Segev DL, Engels EA. Cumulative incidence

of cancer after solid organ transplantation. Cancer. (2013) 119:2300–8.
doi: 10.1002/cncr.28043

4. Acuna SA. Etiology of increased cancer incidence after solid
organ transplantation. Transplant Rev. (2018) 32:218–24.
doi: 10.1016/j.trre.2018.07.001

5. Chapman JR, Webster AC, Wong G. Cancer in the transplant
recipient. Cold Spring Harb Perspect Med. (2013) 3:a015677.
doi: 10.1101/cshperspect.a015677

6. Campistol JM, Cuervas-Mons V, Manito N, Almenar L, Arias M,
Casafont F, et al. New concepts and best practices for management of

pre- and post-transplantation cancer. Transplant Rev. (2012) 26:261–79.
doi: 10.1016/j.trre.2012.07.001

7. Sherston SN, Carroll RP, Harden PN, Wood KJ. Predictors of cancer risk
in the long-term solid-organ transplant recipient. Transplantation. (2014)
97:605–11. doi: 10.1097/01.TP.0000436907.56425.5c

8. Euvrard S, Kanitakis J, Claudy A. Skin cancers after organ transplantation. N
Engl J Med. (2003) 348:1681–91. doi: 10.1056/NEJMra022137

9. Bangash HK, Colegio OR. Management of non-melanoma skin cancer in
immunocompromised solid organ transplant recipients. Curr Treat Options
Oncol. (2012) 13:354–76. doi: 10.1007/s11864-012-0195-3

10. Wang J, Aldabagh B, Yu J, Arron ST. Role of human papillomavirus in
cutaneous squamous cell carcinoma: a meta-analysis. J Am Acad Dermatol.

(2014) 70:621–9. doi: 10.1016/j.jaad.2014.01.857
11. Kassem A, Schöpflin A, Diaz C, Weyers W, Stickeler E, Werner M, et al.

Frequent detection of Merkel cell polyomavirus in human Merkel cell
carcinomas and identification of a unique deletion in the VP1 gene. Cancer
Res. (2008) 68:5009–13. doi: 10.1158/0008-5472.CAN-08-0949

12. Becker JC, Houben R, Ugurel S, Trefzer U, Pföhler C, Schrama D. MC
polyomavirus is frequently present in Merkel cell carcinoma of European
patients. J Invest Dermatol. (2009) 129:248–50. doi: 10.1038/jid.2008.198

Frontiers in Oncology | www.frontiersin.org 12 March 2019 | Volume 9 | Article 160

https://doi.org/10.1093/bja/aer384
https://doi.org/10.1002/lt.23722
https://doi.org/10.1002/cncr.28043
https://doi.org/10.1016/j.trre.2018.07.001
https://doi.org/10.1101/cshperspect.a015677
https://doi.org/10.1016/j.trre.2012.07.001
https://doi.org/10.1097/01.TP.0000436907.56425.5c
https://doi.org/10.1056/NEJMra022137
https://doi.org/10.1007/s11864-012-0195-3
https://doi.org/10.1016/j.jaad.2014.01.857
https://doi.org/10.1158/0008-5472.CAN-08-0949
https://doi.org/10.1038/jid.2008.198
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Cangemi et al. Cancer Risk and Immunosuppressive Drugs

13. Feng H, Shuda M, Chang Y, Moore PS. Clonal integration of a
polyomavirus in human Merkel cell carcinoma. Science. (2008) 319:1096–
100. doi: 10.1126/science.1152586

14. Shroff R, Rees L. The post-transplant lymphoproliferative
disorder-a literature review. Pediatr Nephrol. (2004) 19:369–77.
doi: 10.1007/s00467-003-1392-x

15. Berber I, Altaca G, Aydin C, Dural A, Kara VM, Yigit B, et al. Kaposi’s
sarcoma in renal transplant patients: predisposing factors and prognosis.
Transplant Proc. (2005) 37:967–8. doi: 10.1016/j.transproceed.2004.12.034

16. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating
immunity’s roles in cancer suppression and promotion. Science. (2011)
331:1565–70. doi: 10.1126/science.1203486

17. Cato AC, Wade E. Molecular mechanisms of anti-inflammatory action of
glucocorticoids. BioEssays News Rev Mol Cell Dev Biol. (1996) 18:371–8.
doi: 10.1002/bies.950180507

18. Franchimont D. Overview of the actions of glucocorticoids on the immune
response: a goodmodel to characterize new pathways of immunosuppression
for new treatment strategies. Ann N Y Acad Sci. (2004) 1024:124–37.
doi: 10.1196/annals.1321.009

19. Gutierrez-Dalmau A, Campistol JM. Immunosuppressive therapy and
malignancy in organ transplant recipients: a systematic review. Drugs. (2007)
67:1167–98. doi: 10.2165/00003495-200767080-00006

20. Rutz HP, Herr I. Interference of glucocorticoids with apoptosis
signaling and host-tumor interactions. Cancer Biol Ther. (2004) 3:715–8.
doi: 10.4161/cbt.3.8.966

21. Haller MC, Royuela A, Nagler EV, Pascual J, Webster AC. Steroid avoidance
or withdrawal for kidney transplant recipients. Cochrane Database Syst Rev.
(2016) 22:CD005632. doi: 10.1002/14651858.CD005632.pub3

22. Taylor AL, Watson CJE, Bradley JA. Immunosuppressive agents in solid
organ transplantation: mechanisms of action and therapeutic efficacy. Crit
Rev Oncol Hematol. (2005) 56:23–46. doi: 10.1016/j.critrevonc.2005.03.012

23. Perrett CM, Walker SL, O’Donovan P, Warwick J, Harwood CA,
Karran P, et al. Azathioprine treatment photosensitizes human
skin to ultraviolet A radiation. Br J Dermatol. (2008) 159:198–204.
doi: 10.1111/j.1365-2133.2008.08610.x

24. O’Donovan P, Perrett CM, Zhang X,Montaner B, Xu Y-Z, Harwood CA, et al.
Azathioprine and UVA light generate mutagenic oxidative DNA damage.
Science. (2005) 309:1871–4.doi: 10.1126/science.1114233

25. Jiyad Z, Olsen CM, Burke MT, Isbel NM, Green AC. Azathioprine and
risk of skin cancer in organ transplant recipients: systematic review and
meta-analysis. Am J Transplant. (2016) 16:3490–503. doi: 10.1111/ajt.13863

26. Cho HG, Kuo KY, Xiao K, Batra P, Li S, Tang JY, et al. Azathioprine and
risk of multiple keratinocyte cancers. J Am Acad Dermatol. (2018) 78:27–28.
doi: 10.1016/j.jaad.2017.09.063

27. Inman GJ, Wang J, Nagano A, Alexandrov LB, Purdie KJ, Taylor RG,
et al. The genomic landscape of cutaneous SCC reveals drivers and a novel
azathioprine associated mutational signature. Nat Commun. (2018) 9:3667.
doi: 10.1038/s41467-018-06027-1

28. Gosio B. Richerche batteriologiche e chimiche sulle alterazioni del mais. Riv
Ig Sanita Pubbl Ann. (1896) 7:825–68.

29. Wiesner RH, Shorr JS, Steffen BJ, Chu AH, Gordon RD, Lake JR.
Mycophenolate mofetil combination therapy improves long-term outcomes
after liver transplantation in patients with and without hepatitis C. Liver
Transplant. (2005) 11:750–9. doi: 10.1002/lt.20453

30. Behrend M. Adverse gastrointestinal effects of mycophenolate mofetil:
aetiology, incidence and management. Drug Saf. (2001) 24:645–63.
doi: 10.2165/00002018-200124090-00002

31. ter Meulen CG, Wetzels JF, Hilbrands LB. The influence of mycophenolate
mofetil on the incidence and severity of primary cytomegalovirus infections
and disease after renal transplantation. Nephrol Dial Transplant. (2000)
15:711–4. doi: 10.1093/ndt/15.5.711

32. Ritter ML, Pirofski L. Mycophenolate mofetil: effects on cellular immune
subsets, infectious complications, and antimicrobial activity. Transpl Infect
Dis. (2009) 11:290–7. doi: 10.1111/j.1399-3062.2009.00407.x

33. Vos M, Plasmeijer EI, Van BB, Van W der B, Klaver NS, Erasmus ME,
et al. Azathioprine toMycophenolate mofetil transition and risk of squamous
cell carcinoma after lung transplantation. J Heart Lung Transplant. (2018)
37:853–9. doi: 10.1016/j.healun.2018.03.012

34. Coghill AE, Johnson LG, Berg D, Resler AJ, Leca N, Madeleine MM.
Immunosuppressive medications and squamous cell skin carcinoma: nested
case-control study within the skin cancer after organ transplant (SCOT)
cohort. Am J Transplant. (2016) 16:565–73. doi: 10.1111/ajt.13596

35. Hofbauer GFL, Attard NR, Harwood CA, McGregor JM, Dziunycz P,
Iotzova-Weiss G, et al. Reversal of UVA skin photosensitivity and DNA
damage in kidney transplant recipients by replacing azathioprine. Am J

Transplant. (2012) 12:218–25. doi: 10.1111/j.1600-6143.2011.03751.x
36. Radu RG, Fujimoto S, Mukai E, Takehiro M, Shimono D, Nabe K, et al.

Tacrolimus suppresses glucose-induced insulin release from pancreatic islets
by reducing glucokinase activity. Am J Physiol Endocrinol Metab. (2005)
288:E365–71. doi: 10.1152/ajpendo.00390.2004

37. Liu J, Farmer JD, Lane WS, Friedman J, Weissman I, Schreiber
SL. Calcineurin is a common target of cyclophilin-cyclosporin
A and FKBP-FK506 complexes. Cell. (1991) 66:807–15.
doi: 10.1016/0092-8674(91)90124-H

38. Borel JF, Feurer C, Gubler HU, Stähelin H. Biological effects of cyclosporin
A: a new antilymphocytic agent. Agents Actions. (1976) 6:468–75.

39. Kapturczak MH, Meier-Kriesche HU, Kaplan B. Pharmacology of
calcineurin antagonists. Transplant Proc. (2004) 36(2 Suppl.):25S−32S.
doi: 10.1016/j.transproceed.2004.01.018

40. Reichenspurner H. Overview of tacrolimus-based immunosuppression after
heart or lung transplantation. J Heart Lung Transplant. (2005) 24:119–30.
doi: 10.1016/j.healun.2004.02.022

41. Wimmer CD, Angele MK, Schwarz B, Pratschke S, Rentsch M, Khandoga
A, et al. Impact of cyclosporine versus tacrolimus on the incidence of de
novo malignancy following liver transplantation: a single center experience
with 609 patients. Transpl Int. (2013) 26:999–1006. doi: 10.1111/tri.
12165

42. Tjon ASW, Sint Nicolaas J, Kwekkeboom J, de Man RA, Kazemier G, Tilanus
HW, et al. Increased incidence of early de novo cancer in liver graft recipients
treated with cyclosporine: an association with C2 monitoring and recipient
age. Liver Transplant. (2010) 16:837–46. doi: 10.1002/lt.22064

43. Fung JJ, Jain A, Kwak EJ, Kusne S, Dvorchik I, Eghtesad B. De novo
malignancies after liver transplantation: a major cause of late death. Liver
Transplant. (2001) 7(11 Suppl. 1):S109–118. doi: 10.1053/jlts.2001.28645

44. Billups K, Neal J, Salyer J. Immunosuppressant-driven de novo malignant
neoplasms after solid-organ transplant. Prog Transplant Aliso Viejo Calif.

(2015) 25:182–8. doi: 10.7182/pit2015826
45. Engels EA, Jennings L, Kemp TJ, Chaturvedi AK, Pinto LA, Pfeiffer RM, et al.

Circulating TGF-β1 and VEGF and risk of cancer among liver transplant
recipients. Cancer Med. (2015) 4:1252–7. doi: 10.1002/cam4.455

46. Hojo M, Morimoto T, Maluccio M, Asano T, Morimoto K, Lagman M, et al.
Cyclosporine induces cancer progression by a cell-autonomous mechanism.

Nature. (1999) 397:530–4. doi: 10.1038/17401
47. Shihab FS, Bennett WM, Yi H, Andoh TF. Effect of cyclosporine and

sirolimus on the expression of connective tissue growth factor in rat
experimental chronic nephrotoxicity. Am J Nephrol. (2006) 26:400–7.
doi: 10.1159/000095300

48. Datta D, Contreras AG, Basu A, Dormond O, Flynn E, Briscoe DM,
et al. Calcineurin inhibitors activate the proto-oncogene Ras and promote
protumorigenic signals in renal cancer cells. Cancer Res. (2009) 69:8902–9.
doi: 10.1158/0008-5472.CAN-09-1404

49. Rival-Tringali A-L, Euvrard S, Decullier E, Claudy A, Faure M, Kanitakis J.
Conversion from calcineurin inhibitors to sirolimus reduces vascularization
and thickness of post-transplant cutaneous squamous cell carcinomas.
Anticancer Res. (2009) 29:1927–32.

50. Dziunycz PJ, Lefort K, Wu X, Freiberger SN, Neu J, Djerbi N, et al. The
oncogene ATF3 is potentiated by cyclosporine A and ultraviolet light A. J
Invest Dermatol. (2014) 134:1998–2004. doi: 10.1038/jid.2014.77

51. Tanner JE, Menezes J. Interleukin-6 and Epstein-Barr virus induction
by cyclosporine A: potential role in lymphoproliferative disease. Blood.
(1994) 84:3956–64.

52. Ori Y, Herman-Edelstein M, Zingerman B, Rozen-Zvi B, Gafter U,
Malachi T, et al. Effect of immunosuppressive drugs on spontaneous
DNA repair in human peripheral blood mononuclear cells.
Biomed Pharmacother Biomedecine Pharmacother. (2012) 66:409–13.
doi: 10.1016/j.biopha.2012.06.001

Frontiers in Oncology | www.frontiersin.org 13 March 2019 | Volume 9 | Article 160

https://doi.org/10.1126/science.1152586
https://doi.org/10.1007/s00467-003-1392-x
https://doi.org/10.1016/j.transproceed.2004.12.034
https://doi.org/10.1126/science.1203486
https://doi.org/10.1002/bies.950180507
https://doi.org/10.1196/annals.1321.009
https://doi.org/10.2165/00003495-200767080-00006
https://doi.org/10.4161/cbt.3.8.966
https://doi.org/10.1002/14651858.CD005632.pub3
https://doi.org/10.1016/j.critrevonc.2005.03.012
https://doi.org/10.1111/j.1365-2133.2008.08610.x
https://doi.org/10.1126/science.1114233
https://doi.org/10.1111/ajt.13863
https://doi.org/10.1016/j.jaad.2017.09.063
https://doi.org/10.1038/s41467-018-06027-1
https://doi.org/10.1002/lt.20453
https://doi.org/10.2165/00002018-200124090-00002
https://doi.org/10.1093/ndt/15.5.711
https://doi.org/10.1111/j.1399-3062.2009.00407.x
https://doi.org/10.1016/j.healun.2018.03.012
https://doi.org/10.1111/ajt.13596
https://doi.org/10.1111/j.1600-6143.2011.03751.x
https://doi.org/10.1152/ajpendo.00390.2004
https://doi.org/10.1016/0092-8674(91)90124-H
https://doi.org/10.1016/j.transproceed.2004.01.018
https://doi.org/10.1016/j.healun.2004.02.022
https://doi.org/10.1111/tri.12165
https://doi.org/10.1002/lt.22064
https://doi.org/10.1053/jlts.2001.28645
https://doi.org/10.7182/pit2015826
https://doi.org/10.1002/cam4.455
https://doi.org/10.1038/17401
https://doi.org/10.1159/000095300
https://doi.org/10.1158/0008-5472.CAN-09-1404
https://doi.org/10.1038/jid.2014.77
https://doi.org/10.1016/j.biopha.2012.06.001
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Cangemi et al. Cancer Risk and Immunosuppressive Drugs

53. Jacinto E, Hall MN. Tor signalling in bugs, brain and brawn. Nat Rev Mol

Cell Biol. (2003) 4:117–26. doi: 10.1038/nrm1071
54. Granata S, Dalla Gassa A, Carraro A, Brunelli M, Stallone G, Lupo

A, et al. Sirolimus and everolimus pathway: reviewing candidate genes
influencing their intracellular effects. Int J Mol Sci. (2016) 17:735.
doi: 10.3390/ijms17050735

55. Yang H, Rudge DG, Koos JD, Vaidialingam B, Yang HJ, Pavletich NP. mTOR
kinase structure, mechanism and regulation. Nature. (2013) 497:217–23.
doi: 10.1038/nature12122

56. Eng CP, Sehgal SN, Vézina C. Activity of rapamycin (AY-22,989) against
transplanted tumors. J Antibiot. (1984) 37:1231–7.

57. Laplante M, Sabatini DM. mTOR signaling in growth control and disease.
Cell. (2012) 149:274–93. doi: 10.1016/j.cell.2012.03.017

58. Chiang GG, Abraham RT. Targeting the mTOR signaling network in cancer.
Trends Mol Med. (2007) 13:433–42.

59. Guba M, von Breitenbuch P, Steinbauer M, Koehl G, Flegel S, Hornung
M, et al. Rapamycin inhibits primary and metastatic tumor growth by
antiangiogenesis: involvement of vascular endothelial growth factor. Nat
Med. (2002) 8:128–35. doi: 10.1038/nm0202-128

60. Kauffman HM, Cherikh WS, Cheng Y, Hanto DW, Kahan BD. Maintenance
immunosuppression with target-of-rapamycin inhibitors is associated with a
reduced incidence of de novomalignancies. Transplantation. (2005) 80:883–
9. doi: 10.1097/01.TP.0000184006.43152.8D

61. Dharancy S, Catteau B, Mortier L, Boleslawski E, Declerck N, Canva V,
et al. Conversion to sirolimus: a useful strategy for recalcitrant cutaneous
viral warts in liver transplant recipient. Liver Transplant. (2006) 12:1883–7.
doi: 10.1002/lt.20927

62. Adamson AL, Le BT, Siedenburg BD. Inhibition of mTORC1 inhibits lytic
replication of Epstein-Barr virus in a cell-type specificmanner. Virol J. (2014)
11:110. doi: 10.1186/1743-422X-11-110

63. Alsayed Y, Leleu X, Leontovich A, Oton AB, Melhem M, George D, et al.
Proteomics analysis in post-transplant lymphoproliferative disorders. Eur J
Haematol. (2008) 81:298–303. doi: 10.1111/j.1600-0609.2008.01106.x

64. Meehan AC, Mifsud NA, Nguyen THO, Levvey BJ, Snell GI, Kotsimbos TC,
et al. Impact of commonly used transplant immunosuppressive drugs on
human NK cell function is dependent upon stimulation condition. PLoS
ONE. (2013) 8:e60144. doi: 10.1371/journal.pone.0060144

65. Colic M, Stojic-Vukanic Z, Pavlovic B, Jandric D, Stefanoska I.
Mycophenolate mofetil inhibits differentiation, maturation and
allostimulatory function of human monocyte-derived dendritic cells.
Clin Exp Immunol. (2003) 134:63–9. doi: 10.1046/j.1365-2249.2003.02269.x

66. Vafadari R, Kraaijeveld R, Weimar W, Baan CC. Tacrolimus inhibits NF-
κB activation in peripheral human T cells. PLoS ONE. (2013) 8:e60784.
doi: 10.1371/journal.pone.0060784

67. Tsuda K, Yamanaka K, Kitagawa H, Akeda T, Naka M, Niwa K, et al.
Calcineurin inhibitors suppress cytokine production from memory T cells
and differentiation of naïve T cells into cytokine-producing mature T cells.
PLoS ONE. (2012) 7:e31465. doi: 10.1371/journal.pone.0031465

68. Wai L-E, Fujiki M, Takeda S, Martinez OM, Krams SM. Rapamycin, but not
cyclosporine or FK506, alters natural killer cell function. Transplantation.
(2008) 85:145–9. doi: 10.1097/01.tp.0000296817.28053.7b

69. Fric J, Zelante T, Wong AYW, Mertes A, Yu H-B, Ricciardi-Castagnoli
P. NFAT control of innate immunity. Blood. (2012) 120:1380–9.
doi: 10.1182/blood-2012-02-404475

70. Szabo G, Gavala C, Mandrekar P. Tacrolimus and cyclosporine
A inhibit allostimulatory capacity and cytokine production of
human myeloid dendritic cells. J Investig Med. (2001) 49:442–9.
doi: 10.2310/6650.2001.33789

71. Park MK, Jung YO, Lee S-Y, Lee SH, Heo YJ, Kim EK, et al. Amelioration
of autoimmune arthritis by adoptive transfer of Foxp3-expressing regulatory
B cells is associated with the Treg/Th17 cell balance. J Transl Med. (2016)
14:191. doi: 10.1186/s12967-016-0940-7

72. Matsue H, Yang C, Matsue K, Edelbaum D, Mummert M, Takashima
A. Contrasting impacts of immunosuppressive agents (rapamycin, FK506,
cyclosporin A, and dexamethasone) on bidirectional dendritic cell-T cell
interaction during antigen presentation. J Immunol. (2002) 169:3555–64.
doi: 10.4049/jimmunol.169.7.3555

73. Heidt S, Roelen DL, Eijsink C, van Kooten C, Claas FHJ, Mulder A. Effects of
immunosuppressive drugs on purified human B cells: evidence supporting
the use of MMF and rapamycin. Transplantation. (2008) 86:1292–300.
doi: 10.1097/TP.0b013e3181874a36

74. Traitanon O, Mathew JM, La Monica G, Xu L, Mas V, Gallon L. Differential
effects of tacrolimus versus sirolimus on the proliferation, activation
and differentiation of human B cells. PLoS ONE. (2015) 10:e0129658.
doi: 10.1371/journal.pone.0129658

75. Strauss L, Czystowska M, Szajnik M, Mandapathil M, Whiteside TL.
Differential responses of human regulatory T cells (Treg) and effector T cells
to rapamycin. PLoS ONE. (2009) 4:e5994. doi: 10.1371/journal.pone.0005994

76. Stallone G, Infante B, Di Lorenzo A, Rascio F, Zaza G, Grandaliano G. mTOR
inhibitors effects on regulatory T cells and on dendritic cells. J Transl Med.

(2016) 14:152. doi: 10.1186/s12967-016-0916-7
77. Mercalli A, Calavita I, Dugnani E, Citro A, Cantarelli E, Nano R, et al.

Rapamycin unbalances the polarization of human macrophages to M1.
Immunology. (2013) 140:179–90. doi: 10.1111/imm.12126

78. Hackstein H, Taner T, Zahorchak AF, Morelli AE, Logar AJ, Gessner A,
et al. Rapamycin inhibits IL-4–induced dendritic cell maturation in vitro and
dendritic cell mobilization and function in vivo. Blood. (2003) 101:4457–63.
doi: 10.1182/blood-2002-11-3370

79. Wang G-Y, Chen G-H, Li H, Huang Y, Wang G-S, Jiang N, et al. Rapamycin-
treated mature dendritic cells have a unique cytokine secretion profile
and impaired allostimulatory capacity. Transpl Int. (2009) 22:1005–16.
doi: 10.1111/j.1432-2277.2009.00901.x

80. Boor PPC, Metselaar HJ, Mancham S, van der Laan LJW, Kwekkeboom J.
Rapamycin has suppressive and stimulatory effects on human plasmacytoid
dendritic cell functions. Clin Exp Immunol. (2013) 174:389–401.
doi: 10.1111/cei.12191

81. Heidt S, Roelen DL, Eijsink C, Eikmans M, van Kooten C, Claas FHJ,
et al. Calcineurin inhibitors affect B cell antibody responses indirectly
by interfering with T cell help. Clin Exp Immunol. (2010) 159:199–207.
doi: 10.1111/j.1365-2249.2009.04051.x

82. Ding T, Yan F, Cao S, Ren X. Regulatory B cell: New member
of immunosuppressive cell club. Hum Immunol. (2015) 76:615–21.
doi: 10.1016/j.humimm.2015.09.006

83. Esteve-Solé A, Luo Y, Vlagea A, Deyà-Martínez Á, Yagüe J, Plaza-Martín AM,
et al. B Regulatory Cells: players in Pregnancy and Early Life. Int J Mol Sci.

(2018) 19:E2099. doi: 10.3390/ijms19072099
84. Pallier A, Hillion S, Danger R, Giral M, Racapé M, Degauque N, et al.

Patients with drug-free long-term graft function display increased numbers
of peripheral B cells with a memory and inhibitory phenotype. Kidney Int.

(2010) 78:503–13. doi: 10.1038/ki.2010.162
85. Newell KA, Asare A, Kirk AD, Gisler TD, Bourcier K, Suthanthiran M, et al.

Identification of a B cell signature associated with renal transplant tolerance
in humans. J Clin Invest. (2010) 120:1836–47. doi: 10.1172/JCI39933

86. Liu M, Sun Q, Wang J, Wei F, Yang L, Ren X. A new perspective: exploring
future therapeutic strategies for cancer by understanding the dual role of B
lymphocytes in tumor immunity. Int J Cancer. (2018). doi: 10.1002/ijc.31850.
[Epub ahead of print].

87. Araki K, Youngblood B, Ahmed R. The role of mTOR in memory
CD8 T-cell differentiation. Immunol Rev. (2010) 235:234–43.
doi: 10.1111/j.0105-2896.2010.00898.x

88. Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang L-S, et al.
Enhancing CD8T-cell memory bymodulating fatty acidmetabolism. Nature.

(2009) 460:103–7. doi: 10.1038/nature08097
89. Jung J-W, Veitch M, Bridge JA, Overgaard NH, Cruz JL, Linedale R,

et al. Clinically-relevant rapamycin treatment regimens enhance CD8+
effector memory T cell function in the skin and allow their infiltration into
cutaneous squamous cell carcinoma. Oncoimmunology. (2018) 7:e1479627.
doi: 10.1080/2162402X.2018.1479627

90. Jonuleit H, Schmitt E, Stassen M, Tuettenberg A, Knop J, Enk AH.
Identification and functional characterization of human CD4(+)CD25(+)
T cells with regulatory properties isolated from peripheral blood. J Exp Med.

(2001) 193:1285–94. doi: 10.1084/jem.193.11.1285
91. Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, Niwa A, et al.

Functional delineation and differentiation dynamics of human CD4+ T cells

Frontiers in Oncology | www.frontiersin.org 14 March 2019 | Volume 9 | Article 160

https://doi.org/10.1038/nrm1071
https://doi.org/10.3390/ijms17050735
https://doi.org/10.1038/nature12122
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1038/nm0202-128
https://doi.org/10.1097/01.TP.0000184006.43152.8D
https://doi.org/10.1002/lt.20927
https://doi.org/10.1186/1743-422X-11-110
https://doi.org/10.1111/j.1600-0609.2008.01106.x
https://doi.org/10.1371/journal.pone.0060144
https://doi.org/10.1046/j.1365-2249.2003.02269.x
https://doi.org/10.1371/journal.pone.0060784
https://doi.org/10.1371/journal.pone.0031465
https://doi.org/10.1097/01.tp.0000296817.28053.7b
https://doi.org/10.1182/blood-2012-02-404475
https://doi.org/10.2310/6650.2001.33789
https://doi.org/10.1186/s12967-016-0940-7~
https://doi.org/10.4049/jimmunol.169.7.3555
https://doi.org/10.1097/TP.0b013e3181874a36
https://doi.org/10.1371/journal.pone.0129658
https://doi.org/10.1371/journal.pone.0005994
https://doi.org/10.1186/s12967-016-0916-7
https://doi.org/10.1111/imm.12126
https://doi.org/10.1182/blood-2002-11-3370
https://doi.org/10.1111/j.1432-2277.2009.00901.x
https://doi.org/10.1111/cei.12191
https://doi.org/10.1111/j.1365-2249.2009.04051.x
https://doi.org/10.1016/j.humimm.2015.09.006
https://doi.org/10.3390/ijms19072099
https://doi.org/10.1038/ki.2010.162
https://doi.org/10.1172/JCI39933
https://doi.org/10.1002/ijc.31850
https://doi.org/10.1111/j.0105-2896.2010.00898.x
https://doi.org/10.1038/nature08097
https://doi.org/10.1080/2162402X.2018.1479627
https://doi.org/10.1084/jem.193.11.1285
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Cangemi et al. Cancer Risk and Immunosuppressive Drugs

expressing the FoxP3 transcription factor. Immunity. (2009) 30:899–911.
doi: 10.1016/j.immuni.2009.03.019

92. Bluestone JA, Abbas AK. Opinion-regulatory lymphocytes: natural
versus adaptive regulatory T cells. Nat Rev Immunol. (2003) 3:253–7.
doi: 10.1038/nri1032

93. Chaudhry A, Samstein RM, Treuting P, Liang Y, Pils MC, Heinrich J-
M, et al. Interleukin-10 signaling in regulatory T cells is required for
suppression of Th17 cell-mediated inflammation. Immunity. (2011) 34:566–
78. doi: 10.1016/j.immuni.2011.03.018

94. Vignali DAA, Collison LW, Workman CJ. How regulatory T cells work. Nat
Rev Immunol. (2008) 8:523–32. doi: 10.1038/nri2343

95. Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt
EM, et al. Trans-endocytosis of CD80 and CD86: a molecular basis
for the cell-extrinsic function of CTLA-4. Science. (2011) 332:600–3.
doi: 10.1126/science.1202947

96. Levitsky J, Miller J, Wang E, Rosen A, Flaa C, Abecassis M, et al.
Immunoregulatory profiles in liver transplant recipients on different
immunosuppressive agents. Hum Immunol. (2009) 70:146–50.
doi: 10.1016/j.humimm.2008.12.008

97. Bocian K, Borysowski J, Wierzbicki P, Wyzgal J, Klosowska D, Bialoszewska
A, et al. Rapamycin, unlike cyclosporine A, enhances suppressive functions
of in vitro-induced CD4+CD25+ Tregs. Nephrol Dial Transplant. (2010)
25:710–7. doi: 10.1093/ndt/gfp586

98. Wang G-Y, Zhang Q, Yang Y, Chen W-J, Liu W, Jiang N, et al. Rapamycin
combined with allogenic immature dendritic cells selectively expands
CD4+CD25+Foxp3+ regulatory T cells in rats. Hepatobiliary Pancreat Dis

Int. (2012) 11:203–8. doi: 10.1016/S1499-3872(12)60149-0
99. Candia E, Reyes P, Covian C, Rodriguez F, Wainstein N, Morales J, et al.

Single and combined effect of retinoic acid and rapamycin modulate the
generation, activity and homing potential of induced human regulatory T
cells. PLoS ONE. (2017) 12:e0182009. doi: 10.1371/journal.pone.0182009

100. Burke MT, Sambira Nahum LC, Isbel NM, Carroll RP, Soyer HP, Francis
R, et al. Sirolimus increases T-cell abundance in the sun exposed
skin of kidney transplant recipients. Transplant Direct. (2017) 3:e171.
doi: 10.1097/TXD.0000000000000694

101. Chraa D, Naim A, Olive D, Badou A. T lymphocyte subsets in
cancer immunity: friends or foes. J Leukoc Biol. (2019) 105:243–55.
doi: 10.1002/JLB.MR0318-097R

102. Chung BH, Kim KW, Kim B-M, Piao SG, Lim SW, Choi BS, et al.
Dysregulation of Th17 cells during the early post-transplant period in
patients under calcineurin inhibitor based immunosuppression. PLoS ONE.
(2012) 7:e42011. doi: 10.1371/journal.pone.0042011

103. Kim KW, Chung BH, Kim B-M, Cho M-L, Yang CW. The effect of
mammalian target of rapamycin inhibition on T helper type 17 and
regulatory T cell differentiation in vitro and in vivo in kidney transplant
recipients. Immunology. (2015) 144:68–78. doi: 10.1111/imm.12351

104. Nizard M, Roussel H, Diniz MO, Karaki S, Tran T, Voron T, et al. Induction
of resident memory T cells enhances the efficacy of cancer vaccine. Nat
Commun. (2017) 8:15221. doi: 10.1038/ncomms15221

105. Turner DL, Gordon CL, Farber DL. Tissue-resident T cells, in situ

immunity and transplantation. Immunol Rev. (2014) 258:150–66.
doi: 10.1111/imr.12149

106. Beura LK, Rosato PC, Masopust D. Implications of resident memory
T cells for transplantation. Am J Transplant. (2017) 17:1167–75.
doi: 10.1111/ajt.14101

107. Prosser AC, Kallies A, Lucas M. Tissue-resident lymphocytes in solid organ
transplantation: innocent passengers or the key to organ transplant survival?
Transplantation. (2018) 102:378–86. doi: 10.1097/TP.0000000000002001

108. Villard J. The role of natural killer cells in human solid organ and tissue
transplantation. J Innate Immun. (2011) 3:395–402. doi: 10.1159/000324400

109. Zhang Z-X, Huang X, Jiang J, Lau A, Yin Z, Liu W, et al. Natural killer
cells mediate long-term kidney allograft injury. Transplantation. (2015)
99:916–24. doi: 10.1097/TP.0000000000000665

110. Howell J, Sawhney R, Testro A, Skinner N, Gow P, Angus P, et al.
Cyclosporine and tacrolimus have inhibitory effects on toll-like receptor
signaling after liver transplantation. Liver Transplant. (2013) 19:1099–107.
doi: 10.1002/lt.23712

111. Rautela J, Souza-Fonseca-Guimaraes F, Hediyeh-Zadeh S, Delconte RB,
Davis MJ, Huntington ND. Molecular insight into targeting the NK
cell immune response to cancer. Immunol Cell Biol. (2018) 96:477–84.
doi: 10.1111/imcb.12045

112. Gabrilovich DI. Myeloid-derived suppressor cells. Cancer Immunol Res.

(2017) 5:3–8. doi: 10.1158/2326-6066.CIR-16-0297
113. Talmadge JE, Gabrilovich DI. History of myeloid-derived suppressor cells.

Nat Rev Cancer. (2013) 13:739–52. doi: 10.1038/nrc3581
114. Dugast A-S, Haudebourg T, Coulon F, Heslan M, Haspot F, Poirier N,

et al. Myeloid-derived suppressor cells accumulate in kidney allograft
tolerance and specifically suppress effector T cell expansion. J Immunol.

(2008) 180:7898–906. doi: 10.4049/jimmunol.180.12.7898
115. Poschke I, Mao Y, Adamson L, Salazar-Onfray F, Masucci G, Kiessling

R. Myeloid-derived suppressor cells impair the quality of dendritic
cell vaccines. Cancer Immunol Immunother. (2012) 61:827–38.
doi: 10.1007/s00262-011-1143-y

116. Sinha P, Clements VK, Bunt SK, Albelda SM, Ostrand-Rosenberg S. Cross-
talk between myeloid-derived suppressor cells and macrophages subverts
tumor immunity toward a type 2 response. J Immunol. (2007) 179:977–83.
doi: 10.4049/jimmunol.179.2.977

117. Meng F, Chen S, Guo X, Chen Z, Huang X, Lai Y, et al. Clinical significance
of myeloid-derived suppressor cells in human renal transplantation
with acute T cell-mediated rejection. Inflammation. (2014) 37:1799–805.
doi: 10.1007/s10753-014-9910-5

118. Garcia MR, Ledgerwood L, Yang Y, Xu J, Lal G, Burrell B, et al. Monocytic
suppressive cells mediate cardiovascular transplantation tolerance in mice. J
Clin Invest. (2010) 120:2486–96. doi: 10.1172/JCI41628

119. Nakamura T, Nakao T, Yoshimura N, Ashihara E. Rapamycin prolongs
cardiac allograft survival in a mouse model by inducing myeloid-derived
suppressor cells. Am J Transplant. (2015) 15:2364–77. doi: 10.1111/ajt.13276

120. Zhang C, Wang S, Li J, Zhang W, Zheng L, Yang C, et al. The
mTOR signal regulates myeloid-derived suppressor cells differentiation and
immunosuppressive function in acute kidney injury. Cell Death Dis. (2017)
8:e2695. doi: 10.1038/cddis.2017.86

121. Srivastava MK, Zhu L, Harris-White M, Huang M, St John M, Lee
JM, et al. Targeting myeloid-derived suppressor cells augmnts antitumor
activity against lung cancer. ImmunoTargets Ther. (2012) 2012:7–12.
doi: 10.2147/ITT.S32617

122. Liu Y, Wei G, Cheng WA, Dong Z, Sun H, Lee VY, et al. Targeting myeloid-
derived suppressor cells for cancer immunotherapy. Cancer Immunol

Immunother. (2018) 67:1181–95. doi: 10.1007/s00262-018-2175-3
123. Dierckx de Casterlé I, Fevery S, Rutgeerts O, Poosti F, Struyf S, Lenaerts

C, et al. Reduction of myeloid-derived suppressor cells reinforces the anti-
solid tumor effect of recipient leukocyte infusion in murine neuroblastoma-
bearing allogeneic bone marrow chimeras. Cancer Immunol Immunother.

(2018) 67:589–603. doi: 10.1007/s00262-017-2114-8
124. Ellis H. Élie Metchnikoff, father of phagocytosis. Br J Hosp Med.

(2016) 77:192. doi: 10.12968/hmed.2016.77.3.192
125. Gordon S. Alternative activation of macrophages. Nat Rev Immunol. (2003)

3:23–35. doi: 10.1038/nri978
126. Mosser DM. The many faces of macrophage activation. J Leukoc Biol.

(2003) 73:209–12. doi: 10.1189/jlb.0602325
127. Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage

subsets. Nat Rev Immunol. (2011) 11:723–37. doi: 10.1038/nri3073
128. Aras S, Zaidi MR. TAMeless traitors: macrophages in cancer progression and

metastasis. Br J Cancer. (2017) 117:1583–91. doi: 10.1038/bjc.2017.356
129. Toki D, Zhang W, Hor KLM, Liuwantara D, Alexander SI, Yi Z, et al. The

role of macrophages in the development of human renal allograft fibrosis
in the first year after transplantation. Am J Transplant. (2014) 14:2126–36.
doi: 10.1111/ajt.12803

130. Takeiri M, Tachibana M, Kaneda A, Ito A, Ishikawa Y, Nishiyama
S, et al. Inhibition of macrophage activation and suppression of
graft rejection by DTCM-glutarimide, a novel piperidine derived from
the antibiotic 9-methylstreptimidone. Inflamm Res. (2011) 60:879–88.
doi: 10.1007/s00011-011-0348-z

131. Brem-Exner BG, Sattler C, Hutchinson JA, Koehl GE, Kronenberg K,
Farkas S, et al. Macrophages driven to a novel state of activation have

Frontiers in Oncology | www.frontiersin.org 15 March 2019 | Volume 9 | Article 160

https://doi.org/10.1016/j.immuni.2009.03.019
https://doi.org/10.1038/nri1032
https://doi.org/10.1016/j.immuni.2011.03.018
https://doi.org/10.1038/nri2343
https://doi.org/10.1126/science.1202947
https://doi.org/10.1016/j.humimm.2008.12.008
https://doi.org/10.1093/ndt/gfp586
https://doi.org/10.1016/S1499-3872(12)60149-0
https://doi.org/10.1371/journal.pone.0182009
https://doi.org/10.1097/TXD.0000000000000694
https://doi.org/10.1002/JLB.MR0318-097R
https://doi.org/10.1371/journal.pone.0042011
https://doi.org/10.1111/imm.12351
https://doi.org/10.1038/ncomms15221
https://doi.org/10.1111/imr.12149
https://doi.org/10.1111/ajt.14101
https://doi.org/10.1097/TP.0000000000002001
https://doi.org/10.1159/000324400
https://doi.org/10.1097/TP.0000000000000665
https://doi.org/10.1002/lt.23712
https://doi.org/10.1111/imcb.12045
https://doi.org/10.1158/2326-6066.CIR-16-0297
https://doi.org/10.1038/nrc3581
https://doi.org/10.4049/jimmunol.180.12.7898
https://doi.org/10.1007/s00262-011-1143-y
https://doi.org/10.4049/jimmunol.179.2.977
https://doi.org/10.1007/s10753-014-9910-5
https://doi.org/10.1172/JCI41628
https://doi.org/10.1111/ajt.13276
https://doi.org/10.1038/cddis.2017.86
https://doi.org/10.2147/ITT.S32617
https://doi.org/10.1007/s00262-018-2175-3
https://doi.org/10.1007/s00262-017-2114-8
https://doi.org/10.12968/hmed.2016.77.3.192
https://doi.org/10.1038/nri978
https://doi.org/10.1189/jlb.0602325
https://doi.org/10.1038/nri3073
https://doi.org/10.1038/bjc.2017.356
https://doi.org/10.1111/ajt.12803
https://doi.org/10.1007/s00011-011-0348-z
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Cangemi et al. Cancer Risk and Immunosuppressive Drugs

anti-inflammatory properties in mice. J Immunol. (2008) 180:335–49.
doi: 10.4049/jimmunol.180.1.335

132. Ikezumi Y, Suzuki T, Yamada T, Hasegawa H, Kaneko U, Hara
M, et al. Alternatively activated macrophages in the pathogenesis of
chronic kidney allograft injury. Pediatr Nephrol. (2015) 30:1007–17.
doi: 10.1007/s00467-014-3023-0

133. Tourneur E, Ben Mkaddem S, Chassin C, Bens M, Goujon J-M, Charles
N, et al. Cyclosporine A impairs nucleotide binding oligomerization
domain (Nod1)-mediated innate antibacterial renal defenses in mice
and human transplant recipients. PLoS Pathog. (2013) 9:e1003152.
doi: 10.1371/journal.ppat.1003152

134. Weimer R, Mytilineos J, Feustel A, Preiss A, Daniel V, Grimm H,
et al. Mycophenolate mofetil-based immunosuppression and cytokine
genotypes: effects on monokine secretion and antigen presentation in
long-term renal transplant recipients. Transplantation. (2003) 75:2090–9.
doi: 10.1097/01.TP.0000058808.37349.23

135. Allison AC, Eugui EM. Mycophenolate mofetil and its
mechanisms of action. Immunopharmacology. (2000) 47:85–118.
doi: 10.1016/S0162-3109(00)00188-0

136. Glomsda BA, Blaheta RA, Hailer NP. Inhibition of monocyte/endothelial
cell interactions and monocyte adhesion molecule expression by the
immunosuppressant mycophenolate mofetil. Spinal Cord. (2003) 41:610–9.
doi: 10.1038/sj.sc.3101512

137. Cyrus N, Mai-Anh Bui C, Yao X, Kohn LL, Galan A, Rhebergen AM,
et al. Density and polarization states of tumor-associated macrophages
in human cutaneous squamous cell carcinomas arising in solid organ
transplant recipients. Dermatol Surg. (2016) 42(Suppl.1):S18–23.
doi: 10.1097/DSS.0000000000000371

138. Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, Liu YJ, et al.
Immunobiology of dendritic cells. Annu Rev Immunol. (2000) 18:767–811.
doi: 10.1146/annurev.immunol.18.1.767

139. Ardavín C, Amigorena S, Reis e Sousa C. Dendritic cells:
immunobiology and cancer immunotherapy. Immunity. (2004) 20:17–23.
doi: 10.1016/S1074-7613(03)00352-2

140. Fehres CM, Unger WWJ, Garcia-Vallejo JJ, van Kooyk Y. Understanding
the biology of antigen cross-presentation for the design of vaccines against
cancer. Front Immunol. (2014) 5:149. doi: 10.3389/fimmu.2014.00149

141. Joffre OP, Segura E, Savina A, Amigorena S. Cross-presentation by dendritic
cells. Nat Rev Immunol. (2012) 12:557–69. doi: 10.1038/nri3254

142. Embgenbroich M, Burgdorf S. Current concepts of antigen cross-
presentation. Front Immunol. (2018) 9:1643. doi: 10.3389/fimmu.2018.01643

143. Heath WR, Carbone FR. Cross-presentation, dendritic cells,
tolerance and immunity. Annu Rev Immunol. (2001) 19:47–64.
doi: 10.1146/annurev.immunol.19.1.47

144. Banchereau J, Steinman RM. Dendritic cells and the control of immunity.
Nature. (1998) 392:245–52. doi: 10.1038/32588

145. Murphy TL, Grajales-Reyes GE, Wu X, Tussiwand R, Briseño CG, Iwata
A, et al. Transcriptional control of dendritic cell development. Annu Rev

Immunol. (2016) 34:93–119. doi: 10.1146/annurev-immunol-032713-120204
146. Hambleton S, Salem S, Bustamante J, Bigley V, Boisson-Dupuis S, Azevedo J,

et al. IRF8 mutations and human dendritic-cell immunodeficiency. N Engl J

Med. (2011) 365:127–38. doi: 10.1056/NEJMoa1100066
147. Hildner K, Edelson BT, Purtha WE, Diamond M, Matsushita H,

Kohyama M, et al. Batf3 deficiency reveals a critical role for CD8alpha+
dendritic cells in cytotoxic T cell immunity. Science. (2008) 322:1097–100.
doi: 10.1126/science.1164206

148. Kashiwada M, Pham N-LL, Pewe LL, Harty JT, Rothman PB. NFIL3/E4BP4
is a key transcription factor for CD8α+ dendritic cell development. Blood.
(2011) 117:6193–7. doi: 10.1182/blood-2010-07-295873

149. Watchmaker PB, Lahl K, Lee M, Baumjohann D, Morton J, Kim SJ, et al.
Comparative transcriptional and functional profiling defines conserved
programs of intestinal DC differentiation in humans andmice. Nat Immunol.

(2014) 15:98–108. doi: 10.1038/ni.2768
150. Macri C, Pang ES, Patton T, O’Keeffe M. Dendritic cell subsets. Semin Cell

Dev Biol. (2018) 84:11–21. doi: 10.1016/j.semcdb.2017.12.009
151. Lande R, Gilliet M. Plasmacytoid dendritic cells: key players in the initiation

and regulation of immune responses. Ann N Y Acad Sci. (2010) 1183:89–103.
doi: 10.1111/j.1749-6632.2009.05152.x

152. Deckers J, Hammad H, Hoste E. Langerhans cells: sensing the
environment in health and disease. Front Immunol. (2018) 9:93.
doi: 10.3389/fimmu.2018.00093

153. Plantinga M, Guilliams M, Vanheerswynghels M, Deswarte K, Branco-
Madeira F, Toussaint W, et al. Conventional and monocyte-derived
CD11b(+) dendritic cells initiate and maintain T helper 2 cell-mediated
immunity to house dust mite allergen. Immunity. (2013) 38:322–35.
doi: 10.1016/j.immuni.2012.10.016

154. Tang L, Zhang Z, Zheng J, Sheng J, Liu K. Phenotypic and
functional characteristics of dendritic cells derived from human
peripheral blood monocytes. J Zhejiang Univ Sci B. (2005) 6:1176–81.
doi: 10.1631/jzus.2005.B1176

155. Penna G, Adorini L. 1α,25-dihydroxyvitamin D3 inhibits differentiation,
maturation, activation, and survival of dendritic cells leading to
impaired alloreactive T cell activation. J Immunol. (2000) 164:2405–11.
doi: 10.4049/jimmunol.164.5.2405

156. Gregori S, Casorati M, Amuchastegui S, Smiroldo S, Davalli AM, Adorini
L. Regulatory T cells induced by 1 alpha, 25-dihydroxyvitamin D3 and
mycophenolate mofetil treatment mediate transplantation tolerance. J

Immunol. (2001) 167:1945–53. doi: 10.4049/jimmunol.167.4.1945
157. Lee JI, Ganster RW, Geller DA, Burckart GJ, Thomson AW, Lu

L. Cyclosporine A inhibits the expression of costimulatory molecules
on in vitro-generated dendritic cells: association with reduced nuclear
translocation of nuclear factor kappa B. Transplantation. (1999) 68:1255–63.
doi: 10.1097/00007890-199911150-00007

158. Rescigno M, Martino M, Sutherland CL, Gold MR, Ricciardi-Castagnoli
P. Dendritic cell survival and maturation are regulated by different
signaling pathways. J Exp Med. (1998) 188:2175–80. doi: 10.1084/jem.188.
11.2175

159. Papiernik M, de Moraes ML, Pontoux C, Vasseur F, Pénit C. Regulatory
CD4T cells: expression of IL-2R alpha chain, resistance to clonal deletion
and IL-2 dependency. Int Immunol. (1998) 10:371–8.

160. Pino-Lagos K, Michea P, Sauma D, Alba A, Morales J, Bono MR, et al.
Cyclosporin A-treated dendritic cells may affect the outcome of organ
transplantation by decreasing CD4+CD25+ regulatory T cell proliferation.
Biol Res. (2010) 43:333–7. doi: 10.4067/S0716-97602010000300010

161. Tiefenthaler M, Hofer S, Ebner S, Ivarsson L, Neyer S, Herold M, et al.
In vitro treatment of dendritic cells with tacrolimus: impaired T-cell
activation and IP-10 expression. Nephrol Dial Transplant. (2004) 19:553–60.
doi: 10.1093/ndt/gfg594

162. Battaglia M, Stabilini A, Roncarolo M-G. Rapamycin selectively expands
CD4+CD25+FoxP3+ regulatory T cells. Blood. (2005) 105:4743–8.
doi: 10.1182/blood-2004-10-3932

163. Haidinger M, Poglitsch M, Geyeregger R, Kasturi S, Zeyda M, Zlabinger
GJ, et al. A versatile role of mammalian target of rapamycin in human
dendritic cell function and differentiation. J Immunol. (2010) 185:3919–31.
doi: 10.4049/jimmunol.1000296

164. Allavena P, Sica A, Vecchi A, Locati M, Sozzani S, Mantovani A.
The chemokine receptor switch paradigm and dendritic cell migration:
its significance in tumor tissues. Immunol Rev. (2000) 177:141–9.
doi: 10.1034/j.1600-065X.2000.17714.x

165. Sordi V, Bianchi G, Buracchi C, Mercalli A, Marchesi F, D’Amico G,
et al. Differential effects of immunosuppressive drugs on chemokine
receptor CCR7 in human monocyte-derived dendritic cells: selective
upregulation by rapamycin. Transplantation. (2006) 82:826–34.
doi: 10.1097/01.tp.0000235433.03554.4f

166. Corinti S, Albanesi C, la Sala A, Pastore S, Girolomoni G. Regulatory activity
of autocrine IL-10 on dendritic cell functions. J Immunol. (2001) 166:4312–8.
doi: 10.4049/jimmunol.166.7.4312

167. Taner T, Hackstein H, Wang Z, Morelli AE, Thomson AW. Rapamycin-
treated, alloantigen-pulsed host dendritic cells induce ag-specific T cell
regulation and prolong graft survival. Am J Transplant. (2005) 5:228–36.
doi: 10.1046/j.1600-6143.2004.00673.x

168. Turnquist HR, Raimondi G, Zahorchak AF, Fischer RT, Wang Z, Thomson
AW. Rapamycin-conditioned dendritic cells are poor stimulators of
allogeneic CD4+T cells, but enrich for antigen-specific Foxp3+T regulatory
cells and promote organ transplant tolerance. J Immunol. (2007) 178:7018–
31. doi: 10.4049/jimmunol.178.11.7018

Frontiers in Oncology | www.frontiersin.org 16 March 2019 | Volume 9 | Article 160

https://doi.org/10.4049/jimmunol.180.1.335
https://doi.org/10.1007/s00467-014-3023-0
https://doi.org/10.1371/journal.ppat.1003152
https://doi.org/10.1097/01.TP.0000058808.37349.23
https://doi.org/10.1016/S0162-3109(00)00188-0
https://doi.org/10.1038/sj.sc.3101512
https://doi.org/10.1097/DSS.0000000000000371
https://doi.org/10.1146/annurev.immunol.18.1.767
https://doi.org/10.1016/S1074-7613(03)00352-2
https://doi.org/10.3389/fimmu.2014.00149
https://doi.org/10.1038/nri3254
https://doi.org/10.3389/fimmu.2018.01643
https://doi.org/10.1146/annurev.immunol.19.1.47
https://doi.org/10.1038/32588
https://doi.org/10.1146/annurev-immunol-032713-120204
https://doi.org/10.1056/NEJMoa1100066
https://doi.org/10.1126/science.1164206
https://doi.org/10.1182/blood-2010-07-295873
https://doi.org/10.1038/ni.2768
https://doi.org/10.1016/j.semcdb.2017.12.009
https://doi.org/10.1111/j.1749-6632.2009.05152.x
https://doi.org/10.3389/fimmu.2018.00093
https://doi.org/10.1016/j.immuni.2012.10.016
https://doi.org/10.1631/jzus.2005.B1176
https://doi.org/10.4049/jimmunol.164.5.2405
https://doi.org/10.4049/jimmunol.167.4.1945
https://doi.org/10.1097/00007890-199911150-00007
https://doi.org/10.1084/jem.188.11.2175
https://doi.org/10.4067/S0716-97602010000300010
https://doi.org/10.1093/ndt/gfg594
https://doi.org/10.1182/blood-2004-10-3932
https://doi.org/10.4049/jimmunol.1000296
https://doi.org/10.1034/j.1600-065X.2000.17714.x
https://doi.org/10.1097/01.tp.0000235433.03554.4f
https://doi.org/10.4049/jimmunol.166.7.4312
https://doi.org/10.1046/j.1600-6143.2004.00673.x
https://doi.org/10.4049/jimmunol.178.11.7018
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Cangemi et al. Cancer Risk and Immunosuppressive Drugs

169. Xiong A, Duan L, Chen J, Fan Z, Zheng F, Tan Z, et al. Flt3L combined
with rapamycin promotes cardiac allograft tolerance by inducing regulatory
dendritic cells and allograft autophagy in mice. PLoS ONE. (2012) 7:e46230.
doi: 10.1371/journal.pone.0046230

170. Amodio G, Comi M, Tomasoni D, Gianolini ME, Rizzo R, LeMaoult J, et al.
HLA-G expression levels influence the tolerogenic activity of human DC-10.
Haematologica. (2015) 100:548–57. doi: 10.3324/haematol.2014.113803

171. Wölfle SJ, Strebovsky J, Bartz H, Sähr A, Arnold C, Kaiser C, et al. PD-L1
expression on tolerogenic APCs is controlled by STAT-3. Eur J Immunol.

(2011) 41:413–24. doi: 10.1002/eji.201040979
172. Gregori S, Tomasoni D, Pacciani V, Scirpoli M, Battaglia M, Magnani

CF, et al. Differentiation of type 1 T regulatory cells (Tr1) by tolerogenic
DC-10 requires the IL-10-dependent ILT4/HLA-G pathway. Blood. (2010)
116:935–44. doi: 10.1182/blood-2009-07-234872

173. Munn DH, Sharma MD, Lee JR, Jhaver KG, Johnson TS, Keskin
DB, et al. Potential regulatory function of human dendritic cells
expressing indoleamine 2,3-dioxygenase. Science. (2002) 297:1867–70.
doi: 10.1126/science.1073514

174. Cook CH, Bickerstaff AA, Wang J-J, Nadasdy T, Della Pelle P, Colvin
RB, et al. Spontaneous renal allograft acceptance associated with
≪regulatory≫ dendritic cells and IDO. J Immunol. (2008) 180:3103–12.
doi: 10.4049/jimmunol.180.5.3103

175. Qian C, Qian L, Yu Y, An H, Guo Z, Han Y, et al. Fas signal
promotes the immunosuppressive function of regulatory dendritic cells
via the ERK/β-catenin pathway. J Biol Chem. (2013) 288:27825–35.
doi: 10.1074/jbc.M112.425751

176. Ito T, Yang M, Wang Y-H, Lande R, Gregorio J, Perng OA, et al.
Plasmacytoid dendritic cells prime IL-10-producing T regulatory
cells by inducible costimulator ligand. J Exp Med. (2007) 204:105–15.
doi: 10.1084/jem.20061660

177. Abe M, Wang Z, de Creus A, Thomson AW. Plasmacytoid dendritic
cell precursors induce allogeneic T-cell hyporesponsiveness and
prolong heart graft survival. Am J Transplant. (2005) 5:1808–19.
doi: 10.1111/j.1600-6143.2005.00954.x

178. Tokita D, Sumpter TL, Raimondi G, Zahorchak AF, Wang Z, Nakao A, et al.
Poor allostimulatory function of liver plasmacytoid DC is associated with
pro-apoptotic activity, dependent on regulatory T cells. J Hepatol. (2008)
49:1008–18. doi: 10.1016/j.jhep.2008.07.028

179. Mazariegos GV, Zahorchak AF, Reyes J, Ostrowski L, Flynn B, Zeevi
A, et al. Dendritic cell subset ratio in peripheral blood correlates
with successful withdrawal of immunosuppression in liver transplant
patients. Am J Transplant. (2003) 3:689–96. doi: 10.1034/j.1600-6143.2003.
00109.x

180. Wu C, Zhang Y, Jiang Y, Wang Q, Long Y, Wang C, et al. Apoptotic
cell administration enhances pancreatic islet engraftment by induction of
regulatory T cells and tolerogenic dendritic cells. Cell Mol Immunol. (2013)
10:393–402. doi: 10.1038/cmi.2013.16

181. Muth S, Schütze K, Schild H, Probst HC. Release of dendritic cells from
cognate CD4+ T-cell recognition results in impaired peripheral tolerance
and fatal cytotoxic T-cell mediated autoimmunity. Proc Natl Acad Sci USA.

(2012) 109:9059–64. doi: 10.1073/pnas.1110620109
182. Xu X, Guo Z, Jiang X, Yao Y, Gao Q, Ding Y, et al. Regulatory

dendritic cells program generation of interleukin-4-producing alternative
memory CD4T cells with suppressive activity. Blood. (2011) 117:1218–27.
doi: 10.1182/blood-2010-05-285494

183. Martinez OM, Krams SM. The immune response to epstein barr virus
and implications for posttransplant lymphoproliferative disorder.
Transplantation. (2017) 101:2009–16. doi: 10.1097/TP.00000000000
01767

184. Harwood CA, Proby CM, McGregor JM, Sheaff MT, Leigh IM, Cerio R.
Clinicopathologic features of skin cancer in organ transplant recipients: a
retrospective case-control series. J Am Acad Dermatol. (2006) 54:290–300.
doi: 10.1016/j.jaad.2005.10.049

185. Buell JF, Papaconstantinou HT, Skalow B, HanawayMJ, Alloway RR,Woodle
ES. De novo colorectal cancer: five-year survival is markedly lower in
transplant recipients compared with the general population. Transplant Proc.
(2005) 37:960–1. doi: 10.1016/j.transproceed.2004.12.122

186. Miao Y, Everly JJ, Gross TG, Tevar AD, First MR, Alloway RR, et al. De novo
cancers arising in organ transplant recipients are associated with adverse
outcomes compared with the general population. Transplantation. (2009)
87:1347–59. doi: 10.1097/TP.0b013e3181a238f6

187. van de Wetering J, Roodnat JI, Hemke AC, Hoitsma AJ, Weimar
W. Patient survival after the diagnosis of cancer in renal transplant
recipients: a nested case-control study. Transplantation.(2010) 90:1542–6.
doi: 10.1097/TP.0b013e3181ff1458

188. Taborelli M, Piselli P, Ettorre GM, Baccarani U, Burra P, Lauro A, et al.
Survival after the diagnosis of de novo malignancy in liver transplant
recipients. Int J Cancer. (2019) 144:232–9. doi: 10.1002/ijc.31782

189. Shiels MS, Copeland G, Goodman MT, Harrell J, Lynch CF, Pawlish K,
et al. Cancer stage at diagnosis in patients infected with the human
immunodeficiency virus and transplant recipients. Cancer. (2015) 121:2063–
71. doi: 10.1002/cncr.29324

190. Dharnidharka VR. Peripheral blood epstein-barr viral nucleic acid
surveillance as a marker for posttransplant cancer risk. Am J Transplant.

(2017) 17:611–6. doi: 10.1111/ajt.13982
191. Euvrard S, Morelon E, Rostaing L, Goffin E, Brocard A, Tromme I, et al.

Sirolimus and secondary skin-cancer prevention in kidney transplantation.
N Engl J Med. (2012) 367:329–39. doi: 10.1056/NEJMoa1204166

192. Holdaas H, De Simone P, Zuckermann A. Everolimus and malignancy
after solid organ transplantation: a clinical update. J Transplant. (2016)
2016:4369574. doi: 10.1155/2016/4369574

193. Rousseau B, Guillemin A, Duvoux C, Neuzillet C, Tlemsani C, Compagnon
P, et al. Optimal oncologic management and mTOR inhibitor introduction
are safe and improve survival in kidney and liver allograft recipients with de

novo carcinoma. Int J Cancer. (2019) 144:886–96. doi: 10.1002/ijc.31769
194. Simoni Y, Chng MHY, Li S, Fehlings M, Newell EW. Mass cytometry: a

powerful tool for dissecting the immune landscape. Curr Opin Immunol.

(2018) 51:187–96. doi: 10.1016/j.coi.2018.03.023
195. Stern L, McGuire H, Avdic S, Rizzetto S, Fazekas de St Groth B, Luciani

F, et al. Mass cytometry for the assessment of immune reconstitution after
hematopoietic stem cell transplantation. Front Immunol. (2018) 9:1672.
doi: 10.3389/fimmu.2018.01672

196. Ye B, Smerin D, Gao Q, Kang C, Xiong X. High-throughput sequencing of
the immune repertoire in oncology: applications for clinical diagnosis,
monitoring, and immunotherapies. Cancer Lett. (2018) 416:42–56.
doi: 10.1016/j.canlet.2017.12.017

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Cangemi, Montico, Faè, Steffan and Dolcetti. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Oncology | www.frontiersin.org 17 March 2019 | Volume 9 | Article 160

https://doi.org/10.1371/journal.pone.0046230
https://doi.org/10.3324/haematol.2014.113803
https://doi.org/10.1002/eji.201040979
https://doi.org/10.1182/blood-2009-07-234872
https://doi.org/10.1126/science.1073514
https://doi.org/10.4049/jimmunol.180.5.3103
https://doi.org/10.1074/jbc.M112.425751
https://doi.org/10.1084/jem.20061660
https://doi.org/10.1111/j.1600-6143.2005.00954.x
https://doi.org/10.1016/j.jhep.2008.07.028
https://doi.org/10.1034/j.1600-6143.2003.00109.x
https://doi.org/10.1038/cmi.2013.16
https://doi.org/10.1073/pnas.1110620109
https://doi.org/10.1182/blood-2010-05-285494
https://doi.org/10.1097/TP.0000000000001767
https://doi.org/10.1016/j.jaad.2005.10.049
https://doi.org/10.1016/j.transproceed.2004.12.122
https://doi.org/10.1097/TP.0b013e3181a238f6
https://doi.org/10.1097/TP.0b013e3181ff1458
https://doi.org/10.1002/ijc.31782
https://doi.org/10.1002/cncr.29324
https://doi.org/10.1111/ajt.13982
https://doi.org/10.1056/NEJMoa1204166
https://doi.org/10.1155/2016/4369574
https://doi.org/10.1002/ijc.31769
https://doi.org/10.1016/j.coi.2018.03.023
https://doi.org/10.3389/fimmu.2018.01672
https://doi.org/10.1016/j.canlet.2017.12.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Dissecting the Multiplicity of Immune Effects of Immunosuppressive Drugs to Better Predict the Risk of de novo Malignancies in Solid Organ Transplant Patients
	Introduction
	Immunosuppressive Drugs in Solid Organ Transplantation and Their Relative Risk of Cancer Development
	Corticosteroids
	Antimetabolites
	Azathioprine
	Mycophenolate Mofetil

	Calcineurin Inhibitors
	mTOR Inhibitors

	Involvement of Immune Cells in the Maintenance of Immune Competence and in the Control of Cancer Development in Life-Long Immunosuppressed SOT Patients
	B Cells
	T Cells
	NK Cells
	Myeloid-Derived Suppressor Cells
	Macrophages
	Dendritic Cells


	Concluding Remarks and Future Perspectives
	Author Contributions
	Funding
	References


