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A B S T R A C T

Advances in our understanding οf tumor immunity have prompted a paradigm shift in oncology, with the
emergence of immunotherapy, where therapeutic agents are used to target immune cells rather than cancer cells.
A real breakthrough in the field of immunotherapy came with the use of immune checkpoint inhibitors (ICI),
namely antagonistic antibodies that block key immune regulatory molecules (checkpoint molecules), such as
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), programmed cell death protein (PD-1) and its ligand PD-
L1, that under physiologic conditions suppress T cell effector function. However, despite the enormous success, a
significant proportion of patients do not respond, while responses are frequently accompanied by life-threa-
tening autoimmune related adverse events (irAEs). A major impediment in the effectiveness of ICI im-
munotherapy is the tumoral resistance, which is dependent on the immunosuppressive nature of tumor mi-
croenvironment (TME). Regulatory T cells (Tregs) are among the most abundant suppressive cells in the TME
and their presence has been correlated with tumor progression, invasiveness as well as metastasis. Tregs are
characterized by the expression of the transcription factor Foxp3 and various mechanisms ranging from cell-to-
cell contact to secretion of inhibitory molecules have been implicated in their function. Notably, Tregs amply
express most of the checkpoint molecules such as CTLA4, PD1 and LAG3 and therefore represent a direct target
of ICI immunotherapy. Taking into consideration the critical role of Tregs in maintenance of immune home-
ostasis and avoidance of autoimmunity it is plausible that targeting of Tregs by ICI immunotherapy results in the
development of irAEs. Since the use of ICI becomes common, and new immune checkpoint molecules are cur-
rently under clinical trials for the treatment of cancer, the occurrence of irAEs is expected to dramatically rise.
Herein we review the current literature focusing on the role of Tregs in cancer evolution, ICI response and
development of irAEs. Unraveling the complex mechanisms that hinder the tumor immune surveillance and in
particular how ICI immunotherapy imprint on Treg activities to promote cancer regression while avoid devel-
opment of irAEs, will empower the design of novel immunotherapeutic modalities in cancer with increased
efficacy and diminished adverse events.

1. Introduction

Since their first discovery in the 1960s [1], CD4+CD25+Foxp3+ T
regulatory cells (Tregs) have emerged over the last twenty years as
dominant regulators of T cell-mediated responses against self and non-
self antigens [2,3]. Tregs mediate their function via inactivation of
auto-reactive T lymphocytes, which have escaped elimination during

their development in thymus and restrain excessive immune responses,
thus ensuring peripheral tolerance and overall maintenance of immune
homeostasis [4,5]. Furthermore, their regulatory functions affect many
cells of the immune system besides T cells, including dendritic cells
(DCs), macrophages, neutrophils, γδ T cells, natural killer cells (NK)
and innate lymphoid cells [2,6,7]. Thus, The maintenance of a ba-
lanced, functional population of Tregs is crucial for prevention of
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autoimmune manifestations and chronic inflammatory diseases.
Treg cells comprise approximately 5–10% of the peripheral CD4+ T

helper (Th) cells [8,9] and express high levels of CD25, the high affinity
alpha chain of the interleukin-2 receptor, on the cell surface [10–12].
Nonetheless, up to date, the most definite marker characterizing Tregs
is the transcription factor forkhead box P3 (Foxp3) [13,14] although in
humans it might be transiently expressed as well in other cell types
[15]. Foxp3 orchestrates Treg differentiation and functions, while in-
duced Foxp3 expression by non-Treg T cells in peripheral tissues is
potent of conferring suppressive activity [2]. Importantly, in humans,
loss-of-function mutations in the Foxp3 gene result in the X-linked
disorder, described as immune dysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome (IPEX syndrome), which is character-
ized by severe allergies, excessive inflammation and multi-organ au-
toimmunity, requiring bone marrow transplantation in early childhood
[16,17]. Similarly, the mouse mutant strain scurfy, which is the result
of a 2-bp frameshift insertion in the mouse Foxp3, displays a lethal
phenotype characterized by hyperactivation and expansion of CD4+ T
cells and overproduction of pro-inflammatory cytokines [12,13]. The
phenotype of these disorders is the result of failed Tregs differentiation
into effective immune suppressors and outlines their importance of the
Foxp3 transcription factor for the normal development and function of
Tregs.

Tregs are classically divided in two major cell subtypes; the thymic
or natural Tregs (nTregs) and the peripheral or induced Tregs (iTregs).
The first subtype arises in thymus in early life during T cell develop-
ment, comprising 5–10% of total peripheral T cells, while the second
subtype is generated from conventional CD4+FoxP3- cells later in the
periphery, upon up-regulation of Foxp3 transcription factor following
exposure to specific tolerogenic stimuli [5,18–20]. Although their se-
parate functions have not been yet clearly elucidated, it is undisputable
that those two distinct subtypes do exert different, yet complementary
roles. More specifically, nTreg cells seem to have a prominent role in
recognizing self-antigens, while iTregs are implicated in establishing
tolerance to non-self antigens (e.g. gut commensal bacteria and in-
nocuous antigens present in food) [21,22]. The mechanisms under-
pinning the development and antigen specificities of the two subtypes
probably differ and lead to a global promotion of central and peripheral
tolerance.

As is shown in Table 1 Tregs preserve the immune tolerance by a
plethora of mechanisms and molecules, which include cytokine secre-
tion (including interleukin 10 –(IL-10), interleukin 35 –(IL-35), and
transforming growth factor β – (TGF-β) [23–25], metabolic disruption
through CD39:CD73 adenosine production or interleukin 2 (IL-2) de-
privation [26–28], direct cytolysis through granzyme B [29], and
modulation of DCs development and function via lymphocyte activa-
tion gene 3 (LAG3) and cytotoxic T lymphocyte associated antigen 4
(CTLA-4) [30,31]. Collectively, through their interactions and their
secreted mediators, these cells inhibit the proliferation and functions of
immune effector cells, while they are also capable of killing antigen
presenting cells (APCs) and T cells. However, despite excessive ex-
perimental evidence regarding the biology and function of Tregs, the
mechanisms and molecules dictating their contribution in the shaping
of diseases, such as autoimmune syndromes, inflammatory disorders
and cancer remain undetermined.

2. Tregs in cancer

Studies in mice and humans have demonstrated the central role of
Tregs during neoplastic transformation and progression, as they are
abundantly recruited in the tumor mass, where they mediate the for-
mation of a tolerogenic microenvironment, functioning as powerful
inhibitors of the anti-tumor immunity [18,32]. Notably, in the context
of the tumor microenvironment (TME), Tregs redirect immune home-
ostasis towards an immunosuppressive state, thereby promoting im-
mune evasion of cancer cells [33,34]. Importantly, intra-tumoral Tregs

impair presentation of tumor antigens, disrupting their recognition and
thus the elimination of cancer cells by immune effector cells. Moreover,
Tregs seem to affect almost all immune cells present in the TME, besides
T cells. As an outcome, due to their enhanced presence in the TME, the
expansion of the cancerous lesion is promoted [32,33,35]. Collectively,
their functions significantly contribute to the progressive features of
cancer cells, increasing the need for unraveling the mechanisms and the
cell populations mediating their recruitment and expansion in the TME
in order to combat cancer more effectively.

The mechanisms that drive intra-tumor Treg cell aggregation have
not been fully elucidated. Several evidence indicate that Tregs, through
the fatty acid pathway, exploit the metabolites of tumors in order to
obtain energy supply. Thus, they have augmented survival capacity,
which leads to their increased accumulation in the tumor masses [36].
Aside from the metabolic causes, there are still many other triggers of
the enriched Treg presence in the TME. Εxperimental evidence im-
plicate also the recruitment of Tregs in tumor masses through chemo-
kines produced by either tumor or host cells (summarized in Table 1),
such as CCL22, CCL5, CCL28, CCL2, and CXCL12 CXCL12 [37–43]. In
particular, pancreatic [44], colon [45], ovarian and hepatocellular
carcinoma cells [46] have been found to secrete CCL22, CCL5 and
CCL28 in humans and experimental animal models. Additionally,
CCL22 is produced by infiltrating macrophages, DCs [37] and CD8+ T
cells in various tumors [47], while cancer associated fibroblasts (CAFs)
produce CCL5 in experimental models of breast cancer [48]. Further-
more, Tregs of cancer patients express CCR4, CCR1, CCR5, CCR10, and
CXCR4 receptors and by blockading these chemokine receptors the
migration of human Tregs in vitro is halted, while the recruitment of
Tregs is impaired in solid tumor models [37,38,44,48]. Finally, the
local spread of nTregs and the immense resistance of Tregs to reactive
oxygen species (ROS) extensively produced in the TME have a pivotal
role in the recruitment of Tregs in tumor sites [42,43].

A direct consequence of their intense accumulation and aggregation
in the TME is their enhanced presence in the tumor bed. Indeed, Tregs
were found significantly increased within the TME of various tumor
types in humans and mice [49,50]. Higher Treg cell numbers in TME
have been associated with reduced patient survival, increased like-
lihood for metastasis and advanced-stage disease in many types of
cancer, including melanoma, pancreatic ductal adenocarcinoma and

Table 1
Treg function and recruitment in cancer.

Treg function in cancer

Molecule Target Reference

IL-10 IL-10R Maynard et al., Nat Immunol., 2007
IL-35 IL-12Rβ2 Collison et al., Nature, 2007
TGF-β TGF-βR Nakamura et al., JEM, 2001
CD39:CD73 ATP Deaglio et al., JEM, 2007
IL-2 Rα (CD25) IL-2 Thornton et al., JEM, 1998
Granzyme B Procaspase-8,

Bid
Gondek et al., J Immunol., 2005

LAG3 MHC class II
molecules

Liang et al., J Immunol., 2008

CTLA-4 CD80/CD86 Grohmann et al., Nat Immunol., 2002

Treg recruitment in cancer

Molecule Receptor Reference

CCL22 CCR4 Curiel et al., Nat Med, 2004
CCL5 CCR5 Wang et al., Oncogene, 2017
CCL28 CCR3, CCR10 Facciabene et al., Nature, 2011
CCL2 CCR2, CCR4 Loyher et al., Cancer Res, 2016; Sharabi

et al., Nat Rev Drug Discov, 2018
CXCL12 CXCR4 Sharabi et al., Nat Rev Drug Discov, 2018
CCL8 CCR5, CCR10 Halvorsen et al., Oncoimmunology, 2016;

Sharabi et al., Nat Rev Drug Discov, 2018
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non small-cell lung, gastric and ovarian cancer [43,51,52]. Further-
more, Treg levels have also been noted to be significantly elevated in
the peripheral blood of patients of pancreatic ductal adenocarcinoma
(PDAC) [53,54], gastrointestinal [55], eosophageal [56] and breast
cancer [54], outlining their potential role as clinically relevant bio-
markers of poor disease prognosis [53,55,56]. However, the correlation
of increased Treg cell numbers both in the tumor and in the periphery
with survival and disease stage remains ambiguous, as other studies
have demonstrated that a stronger Treg presence is correlated with
favorable prognosis [37,57]. With an absent unified system for the
study and analysis of Tregs, along with the lack of Treg-specific mar-
kers, there is a difficulty in providing a definite explanation regarding
the discrepancies observed in literature [3].

Besides their generation and accumulation in the tumor mass, the
phenomenon of Treg induction is also quite expanded in the TME. A
significant percentage of tumor-infiltrating CD4+ Foxp3- T cells upre-
gulates Foxp3, possibly due to molecules secreted in abundance by cells
infiltrating the TME [3,58]; for instance, cancer cells, DCs and stromal
cells such as CAFs are a major source of TGF-β, a growth factor essential
for the de novo formation of Tregs in the tumor stroma, while molecules
facilitating iTreg differentiation such as interleukin 10 (IL-10), in-
doleamine 2,3-dioxygenase (IDO), cyclooxygenase 2 (COX-2) and
prostaglandin E2 (PGE2) have been found to be produced in abundance
by cancer cells, immune cells (DCs and B cells) and other stromal cells
in human tumor specimens. Moreover, studies in colorectal and pros-
tate cancer have demonstrated that Tregs present in the TME proliferate
robustly, in contrast to their anergic natural state [7,59]. However, the
specific mechanisms responsible for the intra-tumor induction and
proliferation of Treg cells remain poorly understood.

The implementation of Tregs in cancer immunology and especially
in tumor immune escape mechanisms is being intensively investigated.
Collective experimental and clinical evidence indicate that intra-tu-
moral Tregs boost tumor growth and progression by suppressing anti-
tumor immune responses, promoting angiogenesis and stimulating
metastasis [38,43,48]. Specifically, through Treg cell depletion in ex-
perimental murine tumor models, their role as regulators of the anti-
tumor immunity has been acknowledged. Ablation of Tregs is asso-
ciated with delayed tumor growth and progression [60], with direct
consequences on tumor infiltrating immune cell populations: after Treg
elimination, proliferation and cytokine production of T effector cells is
augmented, while excessive macrophage activation is observed
[61–63].

The mechanisms (see also Table 1) by which Tregs induce immune
suppression in the TME have been extensively studied; thus, Tregs
suppress the proliferation, activation and function of immune effector
cells. First of all, they modulate the activity of APCs by engaging in-
hibitory co-stimulatory receptors on their surface and in that way,
signaling between APCs and T cells is weakened or abolished [64,65].
On the same line, they down-regulate expression of CD80, CD86 and
CD40 on DCs [66]. Secondly, Tregs, through the secretion of inhibitory
cytokines (e.g. IL-10, IL-35, TGF-β), restrain the activity of immune
cells [67], while they antagonize effector cells for signals or cytokines
(e.g. IL-2) from APCs. Furthermore, in lymphoma and melanoma mouse
models, Tregs have been demonstrated to produce perforin and gran-
zyme B, inducing cytotoxicity and apoptosis in CD8+ T cells, NK cells
and DCs [68,69]. Isolated intra-tumoral Tregs are capable of inhibiting
the proliferation of T cells and NK cells in vitro, by disrupting their
metabolism [7,37,70]. They also inhibit the cytotoxic activities of im-
mune effector cells, by suppressing IFN-γ production in CD8+ T cells
[71], down-regulating the expression of the activating receptor natural
killer, group 2, member D (NKG1D) in NK cells [72] and the production
of tumor necrosis factor a (TNF-α), IL-12 and CCL5 in DCs. Finally,
Tregs in a sudden death state, induced by their deficient nuclear factor
erythroid 2-related factor 2 (NRF2) antioxidant system and their great
vulnerability to free oxygen species in the TME, produce large numbers
of adenosine due to elevated release of adenosine triphosphate (ATP)

and increased CD73/CD39 expression, and as a result, they engage an
even more immunosuppressive profile, affecting T cell function
[65,73].

Collectively, studies indicate that targeting Tregs in a clinical set-
ting, either by depletion or functional modulation, shall prove to be an
important therapeutic asset. Emerging approaches aim to define ap-
propriate targets for selective interference with tumor-specific Tregs.
Despite extensive analysis though, challenges on Tregs and their op-
eration to cancer therapy are still undergoing.

3. Tregs and cancer immunotherapy

Immunotherapy and specifically the initiation of immune check-
point inhibitors (ICI) generated a paradigm shift in cancer treatment.
Immune checkpoints are co-inhibitory ligands that downregulate the
activation and function of T cells and thus are crucial for maintaining
self-tolerance and modulating the amplitude and duration of immune
responses in order to avoid tissue damage. Treatment with blocking
antibodies for CTLA4 (ipilimumab, tremelimumab) programmed death
ligand 1 (PDL1) (durvalumab, avelumab, atezolizumab) and pro-
grammed death 1 (PD1) (nivolumab, pembrolizumab, pidilizumab,
atezolizumab, nivolumab) are FDA approved and have created pro-
mising results in the therapy of melanoma, kidney cancer, colorectal
cancer, head and neck malignancies and bladder cancer. New inhibitory
pathways are under investigation, and drugs blocking LAG-3, T cell
immunoglobulin mucin 3 (TIM-3), T cell immunoreceptor with Ig and
ITIM domains (TIGIT) and V-domain Ig Suppressor of T cell Activation
(VISTA) are being investigated. Similar to immune checkpoint mole-
cules, agonistic antibodies for co-stimulatory pathways such as 4-1BB
and OX40 that augment immunological responses against malignant
cells are under clinical trials. Despite the promising clinical efficacy of
the ICI the critical cellular targets for their function remain unknown.
Tregs abundantly express both co-inhibitory (CTLA4, PD1, TIGIT,
VISTA, TIM-3, LAG3) and co-stimulatory molecules (GITR, 4-1BB,
ICOS, OX40) at levels that are dependent on the TME (Fig. 1), in-
dicating that antibodies targeting these proteins could affect their
function. However a definite correlation between the therapeutic effi-
cacy and Treg numbers/function in cancer is yet to be established. In
the following sections we will present data of mouse models and human
studies on the effect of the most commonly used ICI on Treg survival
and function.

Fig. 1. Foxp3+ Tregs express various checkpoint molecules that are targets of
cancer immunotherapy.
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4. FDA approved immune checkpoint inhibitors

4.1. Cytotoxic T-lymphocyte–associated antigen 4 (CTLA4)

CTLA4 is constitutively expressed on Tregs [74,75] and is integral to
their regulatory function at least in part by controlling CD80/86 ex-
pression [74,75] and the antigen presentation machinery in antigen
presenting cells [76]. Indeed, Treg specific CTLA4 deletion is associated
with a profound reduction of their suppressive capacity resulting in
spontaneous development of systemic lymphoproliferation and fatal T
cell mediated autoimmune disease [77]. Although is known that CTLA4
is predominantly expressed in effector Tregs in melanoma tissues
compared to the other immune population infiltrating tumors [78] and
anti-CTLA4 is a first line immunotherapy in melanoma, our knowledge
is limited on how anti-CTLA4 affects Treg function in tumors. In pre-
clinical cancer mouse models treatment with anti-CTLA4 results in the
depletion of Tregs in the TME through antibody-dependent cellular
cytotoxicity (ADCC) reliant on FCγRIV receptors thereby augmenting
tumor immunity [79–83]. Nevertheless, the depletion seems to be re-
stricted to the TME and peripheral Τregs remain intact as shown in
colon cancer bearing mice [81] or even increase in anti-CTLA4 mono-
clonal antibody (mAb) and granulocyte-macrophage colony-stimulating
factor (GM-CSF) gene-transfected tumor cell vaccine (GVAX) treated
melanoma bearing mice [82]. This effect may be due to the fact that
tumor-infiltrating Tregs express higher levels of CTLA4 compared to
peripheral Tregs. An in vitro study revealed another aspect of anti-
CTLA4 effect on Tregs through reduction of their proliferation and
suppressive capacity [84]. Although Tregs are the predominant immune
population expressing CTLA4 in tumors, the therapeutic effect of anti-
CTLA4 is not exclusive due to Treg deletion or inhibition. When only
Tregs were targeted tumor grew normally in a sophisticated set of ex-
periments with melanoma-bearing immunodeficient Rag−/- (that lack T
and B cells due to the deletion of recombination activating gene - Rag)
mice reconstituted with different combinations of Tregs and T effectors
expressing the human or the murine CTLA4 receiving GVAX and anti-
murine CTLA4. Thus exclusive Treg targeting does not seem to account
for the anti-tumor effect but anti-CTLA4 effect on T effector cells is also
needed [84].

In accordance to the data from mouse models ex vivo human studies
showed that ipilimumab depleted the intratumoral Tregs in melanoma
patients by an FCγRII-a dependent mechanism. Moreover, two small
clinical studies have reported a correlation between Treg cell depletion
in tumors and therapeutic response to anti-CTLA4 mAb therapy
[79,85]. Nevertheless, quantitative immunohistochemistry for the
evaluation of Treg densities in stage matched patients with different
solid tumors treated with ipilimumab (fully human IgG1 anti-CTLA4
mAb) or tremelimumab (fully human IgG2 anti-CTLA4 mAb) did not
show Treg depletion [86]. Comparable to mouse data, circulating Treg
numbers are not affected by anti-CTLA4 treatment in patients with
prostate, gastric and esophageal cancer [87–90]. Moreover, an inter-
national multicenter phase II trial evaluating the efficacy of tremeli-
munmab in patients with advanced melanoma showed no significant
difference in the percentages of CD3+CD4+CD25+FOXP3+ in the
periphery, nonetheless therapy induced a small but significant increase
in their total number [91]. In accordance, patients with progressive
metastatic hormone-refractory prostate cancer receiving ipilimumab
[87] and melanoma patients treated with interferon a2b and tremeli-
mumab [92] presented an expansion of CD4+CD25+ Tregs in their
periphery. The majority of studies support that tumor-infiltrating Tregs
are eliminated following anti-CTLA4 treatment whereas it seems that
numbers of peripheral Tregs depend on the different genetic back-
ground of patients and different time point of analysis following im-
munotherapy [93]. Indeed, in a clinical study with bladder cancer pa-
tients treated with two doses of anti-CTLA4 before surgery the
percentages of peripheral Foxp3+ Tregs increased after 3 weeks while
decreased after 7 weeks following treatment [93]. As already

mentioned CTLA4 is an important molecule in Treg suppressive func-
tion. Thus, besides the effect of anti-CTLA4 immunotherapy on Treg
numbers it may also affect Treg function. Nonetheless, results from in
vitro suppression assays testing the capacity of peripheral Treg isolated
from cancer patients to suppress NK and CD8+ T cell killing as well as
CD4+ T cell proliferation are inconclusive. There are studies supporting
that anti-CTLA4 did not alter the suppressive capacity of Tregs isolated
from patient with renal carcinoma, progressive metastatic hormone-
refractory prostate cancer and melanoma [87,90,91] while others have
shown that in vitro anti-CTLA4 treatment results in diminished sup-
pressive function and depletion of Tregs. Specifically, in vitro sup-
pression assays with Tregs isolated from tumor specimens of patients
with hepatocellular carcinoma or colorectal cancer showed that addi-
tion of anti-CTLA4 reduces the suppressive capacity [94]. Moreover,
Tregs isolated from periphery of healthy donors did not suppress the
proliferation of autologous CD4+CD25−CD127+ T effector cells in the
presence of tremelimumab. No deletion effect of tremelimubab on Tregs
was noticed in these in vitro systems [88].

5. Programmed cell death protein 1 (PD1)

Among tumor-infiltrating lymphocytes not only activated and ex-
hausted CD4+ and CD8+ T cells express PD1, but also a fraction of
Tregs [95]. Nevertheless, the function of PD1 on Tregs remains unclear.
Tregs suppress the function of effector CD8 T cells by direct interactions
of PD1 on Tregs with PDL1 on CD8 cells. Disruption of this interaction
with a blocking antibody resulted in the abolishment of Treg suppres-
sive function in a mouse model of chronic infection [96]. On the other
hand, PD1 is an inhibitor for T cell receptor (TCR) signaling. Thus PD1
blockade may result in the reinforcement of Treg activation and sup-
pressive function. Indeed, Tregs lacking PD1 presented increase sup-
pressive capacity and rescued mice with autoimmune pancreatitis [97].
In contrast to the role of PD1 as a co-inhibitory ligand it has been also
reported as a stabilizing signal for Tregs. Specifically, in melanoma
tumor models PDL1 binding to PD1-expressing Tregs maintained foxp3
expression and increased the numbers of induced Tregs Indeed, in a
clinical study with bladder cancer patients treated with two doses of
anti-CTLA4 before surgery the percentages of peripheral Foxp3+ Tregs
increased after 3 weeks while decreased after 7 weeks following
treatment [98]. Moreover, in mouse tumor models only one study has
reported that anti-PD1 treatment diminishes Treg numbers in the TME
like it was observed with anti-CTLA4 [83].

In accordance to mouse data anti-PD1 mAb administration in mel-
anoma patients does not affect Treg numbers in the TME [99]. Never-
theless, in a fraction of advanced gastric cancer patients treated with
PD1 blockade the frequencies of proliferating effector Tregs were in-
creased in tumors and this was correlated to rapid cancer progression
(hyper-progressive disease) [100]. Although several in vitro studies
have been performed for the elucidation of anti-PD1 effect on tumor
infiltrating Tregs, the results remain inconclusive. On the one hand
anti-PD1 mAb enhances the suppressive capacity of effector Tregs in
vitro, indicating that PD1 expressed on effector Tregs is a negative
regulator of Treg cell-mediated immunosuppression [100]. On the other
hand anti-PD1 treatment of peripheral blood mononuclear cells from
melanoma patient's downregulates Tregs suppressive function by in-
hibiting foxp3 expression [101,102] and inhibits their in vitro expan-
sion [103].

6. Co-inhibitory molecules as targets in clinical trials

T cell immunoreceptor with Ig and ITIM domains (TIGIT) is a
co-inhibitory receptor upregulated in T cells following activation that
upon binding to its ligand (CD122 and CD155) inhibits T cells responses
[104]. TIGIT expression was found upregulated in Tregs infiltrating the
tumors of melanoma-bearing mice. TIGIT genetically deficient Tregs
were unable to suppress the anti-tumor response because TIGIT
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signaling proved to be crucial for the stability of Tregs [105].
V-domain Ig Suppressor of T cell Activation (VISTA) is a B7 fa-

mily inhibitor expressed on tumor infiltrating T-lymphocyte and mye-
loid cells, leading to suppression of T-cell activation, proliferation and
cytokine production [106]. Its extracellular domain is similar to that of
PDL1. Blockage of VISTA reduces the number of Tregs and induces anti-
tumor immune responses in cancer mouse models [107].

T cell immunoglobulin mucin 3 (TIM3) is a direct negative reg-
ulator of T cells mainly expressed in high levels by exhausted T cells
[108]. Tim3 also marks highly active Foxp3+ Tregs exhibiting en-
hanced suppressive function critical in maintenance of tolerance to
allografts [109]. In tumor-bearing mice the majority of intra-tumoral
Tregs express TIM3 in contrast to peripheral Tregs and its expression is
correlated to a highly suppressive phenotype [108]. The only study that
describes how TIM3 blockade affects Treg function is a transgenic
HNSCC mouse model, where it has been shown that anti-TIM3 mono-
clonal antibody induces a reduction of CD4+CD25+Foxp3+ Tregs ac-
companied by increased anti-tumor immune response [110].

Lymphocyte activation gene-3 (LAG3) is upregulated upon acti-
vation of CD4+, CD8+ T cells and NK cells [111]. LAG3 binds to (major
histocompatibility complex) MHC class II as it structurally resembles to
the CD4 co-receptor [112]. Apart from the effector cells, LAG3 is also
expressed by Tregs [113]. Blockade of LAG3 on Treg cells abrogates
Treg cell suppressor function in in vitro systems and in mice with lethal
pneumonitis [113]. In accordance, ectopic expression of LAG3 in non-
Treg CD4+T cells confers suppressive activity [114]. Although the
therapeutic value of anti-LAG3 is evaluated in clinical trials, data is not
yet available on the expression of LAG3 on tumor-infiltrating Tregs and
the effect of anti-LAG3 mAbs to Treg function in tumors.

7. Co-stimulatory molecules as targets in clinical trials

Glucocorticoid-induced TNFR-related protein (GITR) belongs to
the tumor necrosis factor receptor (TNFR) family and is widely ac-
cepted as a Treg marker whose gene locus is demethylated in Tregs
[115]. Results on its role on Treg function are inconclusive. For instance
it has been shown that activation of GITR signaling in Tregs by ago-
nistic GITR antibody can lead to reduced suppressor function [94,116]
while another study has shown that over expression of GITR ligand
(GITRL) induced an increase in Tregs in parallel with a delayed onset of
experimental autoimmune encephalomyelitis [117].

GITR is highly expressed by Tregs infiltrating tumors of patients
with hepatocellular carcinoma or colorectal cancer [94]. Preclinical
studies in mice using agonistic antibodies targeted GITR have shown
compelling antitumor activity in syngeneic mouse tumor models
[118,119]. The therapeutic effect of anti-GITR antibodies has been
mainly attributed to Treg depletion dependent on co-engagement of
activatory FcγRs [80]. In detail anti-GITR treatment depleted Tregs at
the tumor site of an anti-PD1 resistant non-small cell lung adeno-
carcinoma preclinical tumor model and this phenotype was correlated
to the therapeutic effect of the antibody since depletion of CD4+ T cells
abolished anti-GITR tumor control [120].

4-1BB (CD137) is a member of the TNFR family expressed by a
plethora of immune cells, such as DCs, NK cells and activated T cells. 4-
1BB ligation on T cells upregulates anti-apoptotic molecules, cytokine
secretion, and enhances effector function [121]. 4-1BB is also a
downstream target of foxp3. It is expressed on resting Tregs and is in-
creased upon cell activation [122]. Intra-tumoral Tregs highly express
4-1BB both in mouse models and in humans [123]. Only studies in
preclinical mouse models have shown its role in promoting anti-tumor
immunity [124]. Its beneficial activity has been attributed to the de-
pletion of intra-tumoral Tregs in an activatory FcγR-dependent manner.
Although other immune cells such as the CD8+ T cells also expressed 4-
1BB the deletion was specific for Tregs since Tregs expressed higher
amounts [123]. The depleting capacity of the mAb was dependent on its
isotype: IgG2a was more efficient at depleting Tregs compared to the

equivalent IgG1 which presented an agonist function on CD8 T cells and
not on Tregs [123].

Inducible T cell co-stimulator (ICOS) is a member of the im-
munoglobulin (Ig) family of co-receptor molecules presenting sig-
nificant homology with the co-stimulatory molecule CD28. It is mainly
expressed by activated T cells and binding to its ligand results in en-
hancement of their activation and proliferation [125]. In Tregs ICOS
has been linked to their maintenance in non-obese diabetic (NOD) mice
[126] and their proliferation and immunosuppression [127]. Human
breast tumor Tregs express high levels of ICOS [128] anti-ICOS blocking
antibody inhibitis Treg proliferation isolated from breast cancer pa-
tients by abolishing their interaction with ICOS lingand (ICOSL) ex-
pressed on plasmatocytoid DCs [128].

OX-40 (CD134) is a TNFR that function as a T cell co-stimulatory
molecule. It is upregulated upon T cell activation and promotes T cell
survival, effector function, T cell memory and enhances cell mobility
[129]. OX-40 is highly expressed on tumor-infiltrating Tregs in many
cancers such as melanoma, colon cancer, head and neck cancer [130].
An agonistic anti-OX40 antibody depleted the intratumoral Tregs
through FcγR mediated ADCC, which correlated with tumor regression
[131]. In contrast to the above preclinical studies in clinical trials the
agonistic anti-OX40 antibody resulted in increased percentages of Tregs
infiltrating tumors [132].

Overall, inhibitory antibodies against co-inhibitory molecules and
agonistic antibodies against co-stimulatory molecules seem to exert
their anti-tumor effect in part by deleting the suppressive arm of the
TME, the Tregs and/or by abolishing their suppressive function.
Nevertheless, more studies are needed to clarify the effect of cancer
therapeutic monoclonal antibodies on Tregs. It seems that their effect
on Tregs depends on the genetic background of the patients, the isotype
of the antibody and the time point of examination. Nevertheless, none
of the already conducted studies have elucidated the exact mechanism
and pathway in Tregs altered by this type of treatment.

8. Implication of tregs in irAEs development following ICI therapy

By unleashing the breaks of the immune system, ICI give rise to a
wide spectrum of severe and occasionally life-threatening autoimmune
manifestations, described as irAEs [133–136]. As the use of ICI becomes
more common, especially as first- and second-line treatments, and new
immunotherapies are currently under clinical trials, the occurrence of
irAEs is expected to rise.

irAEs occur in up to 70% of patients treated with anti-CTLA4 and in
50% of those receiving anti-PD1/PDL1 antibodies [137–139]. IrAEs
usually develop within the first few weeks to months after treatment
initiation. However, irAEs can present at any time, including after
cessation of immune checkpoint blockade therapy, and may wax and
wane over time. A review of recent literature indicates that different
grades of adverse events affecting nearly every organ system have been
reported in association with cancer immunotherapy. irAEs can gen-
erally involve the gastrointestinal, liver, skin, nervous and endocrine
systems. Management of irAEs includes interruption/discontinuation of
therapy, the use of immunosuppressant such as systemic high-dose
corticosteroids and antibodies against tumor-necrosis factor (TNFα)
[136,140]. The CTLA4 and PD1/PDL1 inhibitors utilize distinct me-
chanisms to mediate their effects on T cell response, resulting in distinct
toxicity patterns and toxicity kinetics. To this end, colitis is the most
prevalent adverse event following anti-CTLA4 monotherapy [141],
whereas thyroiditis and pneumonitis [142] are more common in anti-
PD1/PDL1 treated patients [143]. Grade 1 (characterized as asympto-
matic, minimally symptomatic, or radiographic or laboratory change)
and 2 events (characterized by mild-to-moderate or persistent symp-
toms) are most common in the skin and the bowel, whereas grade 3
(moderate-to-severe symptoms) and 4 toxicities (life-threatening
symptoms) are prevalent in the digestive tract (14% for anti-PD1 and
25% for anti-CTLA4) and warrant attention [144,145], as in extreme
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cases these can be severe and life threatening. Importantly, almost all
patients (93%) develop irAEs following concurrent anti-PD1 and anti-
CTLA4 combinatorial therapy with an increase in grade 3 or 4 irAEs
(50%) (summarized in Table 2). Since there are no standardized diag-
nostic criteria for irAEs, there is a concern that irAEs are under-re-
ported; therefore, their true burden in clinical practice may be more
extensive than has been so far reported [146]. Moreover, organ in-
volvement in an autoimmune response is unpredictable from patient to
patient, maybe due to variations in genetics, epigenetics, or microbiota
environment, and/or because of polymorphisms in the checkpoint
molecules [147]. While, there is literature that correlates responsive-
ness to checkpoint blockade with increased risk of developing severe
autoimmune adverse events [148,149], however, other studies have
failed to identify such correlation [150], thus no safe conclusion about
the efficacy-toxicity relationship can be yet drawn.

Although the specific pathogenic processes of irAEs, remain largely
unknown, several mechanisms have been proposed to be implicated in
irAEs development such as genetic predisposition, gut microbiome,
epitope spreading and cross-presentation of neoantigens (reviewed
elsewhere: [151,152]). Here we will focus on the possible role of Tregs
in the pathogenesis of irAEs.

As autoimmunity and cancer represent the two sides of the same
coin perhaps it is not surprising that as we manipulate the immune
system to treat cancer through the use of checkpoint therapy, we in-
evitably unbalance the vital mechanisms that regulate self tolerance,
inducing an array of irAEs. This is in part related to the loss of Treg
homeostasis which is essential for maintaining immune tolerance
(Fig. 2). In support, depletion of Tregs in tumor models has been stu-
died in Foxp3DTR−GFP mice, (that express a diphtheria toxin receptor
(DTR) under the Foxp3 promoter allowing depletion of Tregs following
DT administration), where the majority of mice clear the tumor but
subsequently succumb to multi-organ autoimmunity [6], through ex-
pansion of effector T cells in affected organs and increase in IFNγ and

TNF in the serum [153]. Currently used ICI can also target Tregs, as
several checkpoint molecules, including CTLA4 and PD1 are highly
expressed on their surface, thus it is possible that development of irAEs
can be partly attributed to Treg de-stabilization. In this line, Alissafi
et al., recently demonstrated that anti-CTLA4 disrupts the crosstalk
between Foxp3+ Tregs and antigen-presenting cells to promote auto-
immunity [76]. The classical hypothesis of checkpoint inhibition was
formulated based on the notion that anti-CTLA4 mAbs mediate their
cancer immunity by inactivating CTLA-4:B7 interactions through trans-
endocytosis of B7.1/B7.2 ligands and subsequent down-modulation of
their co-stimulatory interaction with CD28 on T effector cells [154].
Since, human and mouse CTLA4 insufficiency is characterized by a
complex immune dysregulation syndrome that leads to fatal auto-
immunity [147,155–157], it can be assumed that irAEs will be the price
to pay for efficient ICI therapy. On the contrary, it has been implied that
instead of blocking B7-CTLA4 interaction, the therapeutic effects of
anti-CTLA4 can be due to ADCC mediated depletion of Tregs by Fcγ
receptor expressing macrophages present in the TME [79,81,82]. This
systemic depletion of Tregs might result in loss of peripheral tolerance
and development of irAEs.

PD1 inhibitors demonstrate lower prevalence of irAEs compared to
anti-CTLA4 that can be attributed to distinct modes of action. Whereas
CTLA4 is constitutively expressed on Tregs, PD1 expression, in contrast,
is limited to a smaller sub-population of Tregs, thus restricting the
adverse effects of its blockers. Studies on knockout mice have reported
a significant role for PD1 in the autoimmune response. Pdcd1-knockout
mice develop lupus-like glomerulonephritis, arthritis, autoimmune di-
lated cardiomyopathy, gastritis, sub-acute type 1 diabetes mellitus and
lethal myocarditis depending on their genetic background [158–162].
Furthermore, Francisco et al. have demonstrated that PDL1−/− an-
tigen-presenting cells cannot convert naive CD4 T cells to iTreg cells
and a rapid onset of a fatal inflammatory phenotype develops in
PDL1−/−PDL2−/− Rag−/- recipients of naive CD4 T cells [163].

Table 2
Summary of irAEs following ICI therapy.

Target Drug Trial Phase Type of cancer irAEs

CTLA4 Ipilimumab Melanoma intestinal (colitis); liver (hepatitis); skin; nerve; and
hormone gland (especially the pituitary, adrenal, and
thyroid glands)

PD1 Nivolumab Melanoma, non–small-cell lung cancer, renal-cell carcinoma,
hepatocellular carcinoma, classic Hodgkin's lymphoma, squamous-
cell carcinoma of the head and neck, urothelial carcinoma,
colorectal cancer

Lung (pneumonitis); intestinal (colitis)); liver
(hepatitis); hormone gland; kidney (neuphritis); skin;
brain (encephalitis)

PD1 Pembrolizumab Melanoma, non–small-cell lung cancer, classic Hodgkin's
lymphoma, squamous- cell carcinoma of the head and neck,
urothelial carcinoma, gastric cancer, solid tumors

Lung (pneumonitis); intestinal (colitis)); liver
(hepatitis); hormone gland; kidney (neuphritis); skin;
brain (encephalitis)

PDL1 Atezolizumab Non–small-cell lung cancer, urothelial carcinoma Pneumonitis; hepatitis; colitis; endocrinopathies
PDL1 Avelumab Merkel-cell carcinoma, urothelial carcinoma Pneumonitis; hepatitis; colitis; endocrinopathies
PDL1 Durvalumab Urothelial carcinoma Pneumonitis; hepatitis; colitis; endocrinopathies
TIM3 MBG453 NCT02608268 I/II Advanced malignancies

MEDI9447 NCT02503774 I Solid tumors
LAG3 IMP321 NCT00732082 I Pancreatic cancer

NCT00349934 I Breast cancer
NCT02614833 II Breast cancer

BMS-986016 NCT01968109 I Melanoma
LAG525 NCT02460224 I/II Solid malignancies

TIGIT OMP-31M32 NCT03119428 I Solid tumors
4-1BB Utomilumab NCT02179918 I Solid tumors No dose-limiting toxicities, most were grade 1–2 AEs

NCT01307267 I Renal cell carcinoma, melanoma, Non–small-cell lung cancer,
Hodgkin's lymphoma, squamous-cell carcinoma of the head and
neck

Urelumab NCT02253992 I/II Solid tumors and non Hodgkin's lymphoma Elevated transaminases and grade3-4 hepatitis
OX40 9B12 NCT01644968 I Solid tumors Grade 3 or more lymphopenia

MOXR 0916 NCT02410512 I Solid tumors No dose limiting toxicities
GITR TRX-518 NCT01239134 I Solid tumors No dose-limiting toxicities or grade 3–5 AEs

BMS-986156 NCT02598960 I Solid tumors grade 4 creatine phosphokinase elevation
AMG 228 NCT02437916 I refractory colorectal cancer, head and neck squamous cell

carcinoma, urothelial carcinoma, and melanoma
hypophosphatemia, anemia, and fever
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Moreover, Zhang et al. highlighted the significance of PD1 expression in
Tregs to maintain their suppressive function, by crossing a down-
modulated FoxP3 knock-in mouse (that did not show any marks of
autoimmunity) with a PD1–deficient one. The generated mouse devel-
oped severe pancreatitis and died soon after birth due to accelerated
generation of exFoxp3 Tregs [97].

Blockade of co-inhibitory receptors like TIM3, LAG3 and TIGIT
whose expression is inducible and mostly restricted on intra-tumoral

Tregs might result in reduced autoimmune adverse events as implied by
the use of mice deficient for these co-inhibitory receptors that do not
develop spontaneous autoimmunity [164–166]. Nonetheless, their ef-
ficacy and safety are yet to be determined in larger clinical trials.

Systematic delivery of 4-1BB, OX40, and GITR agonists promote
anti-tumor responses through potential activation of peripheral lym-
phocytes by FcγR-mediated depletion of Tregs, a process inevitably
bound to exacerbate autoimmune side effects. Indeed, phase I clinical

Fig. 2. Treg cell targeting by ICI immunotherapy may shift the balance towards irAEs development. ICI immunotherapy targets Treg cells via multiple mechanisms.
This interaction could induce a re-programming of Tregs leading to irAEs development.
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trials of mAbs verified the development of irAEs in patients treated with
these agonists. In this line, 9B12 is a murine IgG monoclonal agonistic
antibody against OX40 that was studied in a phase I clinical trial in 30
patients with metastatic solid malignancies [132] demonstrated tran-
sient grade 3 or higher lymphopenia in 7 patients [132]. In addition, up
to 90% of patients (27/30) experienced electrolyte imbalances, anemia,
and fever in a first clinical trial with AMG 228, an agonistic IgG1
monoclonal antibody of GITR, in 30 patients with refractory colorectal
cancer, head and neck squamous cell carcinoma, urothelial carcinoma,
and melanoma. Finally, the 4-1BB preliminary results from clinical trial
showed that at least 10% of patients developed grade 3–4 transaminase
elevation, and 7% of the 123 enrolled patients developed serious ad-
verse events grade 4 severe hepatitis leading to discontinuation of 4-
1BB in 5% of study patients [167].

Overall, it is becoming apparent that further research is needed in
order to fully comprehend the mechanisms underlying the pathophy-
siology of irAEs to draw definite conclusions on how Tregs are related
to autoimmune unwanted side effects arising from checkpoint
blockade. Moreover, additional clinical trials using larger cohorts of
patients are required to understand the potential benefits and un-
desirable side effects associated with the combination of anti-CTLA4/
anti-PD1/anti-PDL1 with new generation ICI for cancer im-
munotherapy. Finally, developing improved relevant preclinical hu-
manized animal models to mimic irAEs following ICI are urgently
needed to study the possible consequences of ICI on immune home-
ostasis and identify the mechanisms that can be targeted to fight tu-
morogenesis while minimizing autoimmune adverse events. A very
promising candidate for treating tumors without developing irAEs
would be the specific targeting of intra-tumoral Tregs without com-
promising peripheral Treg homeostasis. However, such a daunting task
requires a thorough knowledge of the origin, development, phenotype,
and homeostasis of the tumor-specific Tregs.

9. Conclusions

Despite the emerging success of cancer immunotherapy and the
advances in our understanding of tumor tolerance mechanisms, still
cancer remains one of the leading causes of death globally with an
estimation of 21 million cases around the world by 2030. Molecular
diagnostics and personalized therapy as well as identification of novel
immunotherapeutic regimens that will induce a robust clinical response
remain unmet needs in oncology. The fact that most patients remain not
responding to ICI, suggests that unappreciated mechanisms of re-
sistance exist. Tregs not only possess a central role in tumor immune
evasion but also constitute a fundamental obstacle for the success of
cancer immunotherapy. With the abundant expression of various
checkpoint molecules, Tregs are a direct target of ICI immunotherapy,
however the mechanisms that ICI re-program Tregs remain elusive. In
addition, the importance of Tregs in ICI resistance, tumor recurrence
and irAEs development remain largely unknown. Specifically, the
transcriptional and functional features of Tregs that infiltrate tumors
and how these signatures altered upon ICI immunotherapy towards
development of irAEs are solely unexplored. Finally, whether periph-
eral Tregs in cancer patients share similar signatures with tumor-in-
filtrating Tregs and could predict response to immunotherapy remains
elusive. Delineating the characteristics and function of Tregs in cancer
and in particular in ICI-mediated irAEs evolvement, may lead in the
development of targeted effective therapeutic regimens and diminished
autoimmune unwanted manifestations.
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