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ARTICLE INFO ABSTRACT

T Regulatory cells (Tregs) act as a double-edged sword by regulating immune homeostasis (protective role) and
inhibiting immune responses in different disease settings (pathological role). They contribute to cancer devel-
Tregs opment and progression by suppressing T effector cell (Teff) functions. Decreased ratios of intratumoral CD8* T
Immune checkpoints cells to Tregs have been associated with poor prognosis in most cancer types. Targeting immune checkpoints
Immune' checkpmr{t inhibitor (ICs), such as cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) and programmed cell death-1 (PD-1), by
Mechanisms of resistance . a1 . . . . . . .

immune checkpoint inhibitors (ICIs) in cancer patients has been beneficial in inducing anti-tumor immune re-
sponses and improving clinical outcomes. However, response rates remain relatively low, ranging from 15 to
40% depending on cancer type. Additionally, a significant proportion of patients who initially demonstrates a
clinical response can acquire resistance overtime. This acquired resistance could occur due to the emergence of
compensatory mechanisms within the tumor microenvironment (TME) to evade the anti-tumor effects of ICIs. In
this review, we describe the immunosuppressive role of Tregs in the TME, the effects of currently approved ICIs
on Treg phenotype and function, and the mechanisms of acquired resistance to ICIs mediated by Tregs within the
TME, such as the over-expression of ICs, the up-regulation of immunosuppressive molecules, and apoptotic Treg-
induced immunosuppression. We also describe potential therapeutic strategies to target Tregs in combination
with ICIs aiming to overcome such resistance and improve clinical outcomes. Elucidating the Treg-mediated
acquired resistance mechanisms should benefit the designing of well-targeted therapeutic strategies to overcome
resistance and maximize the therapeutic efficacy in cancer patients.
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1. Introduction Tregs are immunosuppressive subset of T cells identified as

CD4*CD25% (the a-chain of IL-2 receptor), characterized by the ex-

In the light of cancer immunoediting hypothesis, cancer cells are
continuously evolving to become less immunogenic, and to establish a
network of immunosuppressive soluble and cellular components cap-
able of inducing several inhibitory mechanisms to evade anti-tumor
immunity, and promote tumor growth/progression [1-3]. Reduced
expression of cancer antigens (i.e. neoantigens or non-self-antigens) and
major histocompatibility complex class I (MHC I) is a mechanism by
which cancer cells escape T effector cell (Teff) recognition, in particular
cytotoxic CD8* T cells. Other mechanisms include up-regulated ex-
pression of immune checkpoints (ICs) or their ligands, such as cytotoxic
T lymphocyte-associated antigen-4 (CTLA-4), programmed cell death-1
(PD-1) and programmed cell death-ligand 1 (PD-L1), increased re-
cruitment and activation of immunosuppressive cells, such as Tregs,
tumor-associated macrophages (TAMs), and myeloid-derived sup-
pressor cells (MDSCs; a heterogeneous population of immature granu-
locytes and monocytes), within the tumor microenvironment (TME)
[4,5].

pression of the master regulatory transcription factor, Forkhead box
protein P3 (FoxP3), which is critical for the development and differ-
entiation of Tregs [6-8]. Tregs exert pathological roles in different
diseases [9]. In cancer, they promote tumorigenesis by exerting sup-
pressive activities on effector cells, causing inactivation or apoptosis
[8,10,11]. In the peripheral blood, about 20-50% of circulating CD4* T
cells in melanoma, NSCLC, and gastric and ovarian cancers are Tregs; in
contrast, 5-10% of circulating CD4™ T cells in healthy individuals are
Tregs [8,12]. In the TME, high numbers of Tregs has been positively
correlated with poor prognosis in patients with melanoma, head and
neck squamous cell carcinoma (HNSCC), pancreatic, colorectal, breast,
ovarian and lung cancers [13,14].

Immunotherapies, such as immune checkpoint inhibitors (ICIs),
have revolutionized the treatment of advanced stages of melanoma and
some solid tumors [15,16]. As a monotherapy or combined therapy, the
administration of monoclonal antibodies (mAbs) targeting CTLA-4 and
PD-1/PD-L1 in cancer patients showed clinical efficacy in several

* Corresponding author. Cancer Research Center, Qatar Biomedical Research Institute (QBRI), Hamad Bin Khalifa University (HBKU), Qatar Foundation (QF), PO

Box 34110, Doha, Qatar.

E-mail addresses: eelkord@hbku.edu.qa, eyad.elkord@manchester.ac.uk (E. Elkord).

https://doi.org/10.1016/j.canlet.2019.05.003

Received 21 March 2019; Received in revised form 29 April 2019; Accepted 6 May 2019

0304-3835/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/03043835
https://www.elsevier.com/locate/canlet
https://doi.org/10.1016/j.canlet.2019.05.003
https://doi.org/10.1016/j.canlet.2019.05.003
mailto:eelkord@hbku.edu.qa
mailto:eyad.elkord@manchester.ac.uk
https://doi.org/10.1016/j.canlet.2019.05.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.canlet.2019.05.003&domain=pdf

R. Saleh and E. Elkord

cancer types, such as melanoma, non-small cell lung cancer (NSCLC),
Hodgkin's lymphoma, renal cell carcinoma, and HNSCC [15,17-22]. It
is important to point out that the therapeutic efficacy of ICIs and
clinical response are dependent on the nature of the tumor. Tumors
characterized by the absence of T cells or the lack of suitable T cell
priming or activation molecules are commonly referred to as “cold tu-
mors” or non-immunogenic, such as those from prostatic and pancreatic
cancers [23-25]. These tumors demonstrate limited response rates to
ICIs, predominantly, due to primary resistance and intrinsic-tumor
factors [23-25]. Conversely, melanoma and lung cancer show more
durable response rates to ICIs and are commonly referred to as “hot
tumors” or immunogenic tumors characterized by a high number of
tumor-infiltrating lymphocytes (TILs) [23,24,26]. However, a sig-
nificant proportion of patients with “hot tumors” who initially respond,
develop resistance to therapy overtime; hence it is called secondary or
acquired resistance [22,23,27]. Tregs play a central role in the devel-
opment of acquired resistance to ICIs leading to tumor relapse and poor
prognosis [28-32]. Therefore, it is important to elucidate the me-
chanisms which trigger the Treg-mediated acquired resistance to
overcome them, and maximize the clinical response and therapeutic
efficacy in cancer patients.

In this review, we describe the immunosuppressive role of Tregs in
the TME, the effects of currently approved ICIs on Treg phenotype and
function, the mechanisms of Treg-mediated acquired resistance against
ICIs, and strategies for the use of combined therapies that target Tregs
in addition to ICs to overcome resistance and improve clinical out-
comes.

2. Role of Tregs in cancer

Circulating naive Tregs, defined as CD4 " CD45RA " CD25 ~ FoxP3"°",
possess weak immunosuppressive activity. Upon activation in the per-
iphery (for example, tumor sites), naive Tregs proliferate and differ-
entiate into effector Tregs (CD4 * CD45RA ~ CD25 * FoxP3%8%) with a high
immunosuppressive activity, and an up-regulated expression of CD25
and FoxP3 [33]. However, it remains a challenge to define Tregs based
on CD25 and FoxP3 expression, due to the heterogeneity of their phe-
notype and activity in human [12].

Within the TME, Tregs are highly activated and im-
munosuppressive, characterized by an up-regulated expression of
FoxP3 [11], and suppressive molecules, such as transforming growth
factor-beta (TGF-f) and interleukin (IL)-10 [34], and ICs, such as CTLA-
4, PD-1, T cell immunoglobulin and mucin domain-containing protein 3
(TIM-3), lymphocyte activation gene-3 (LAG-3) and T-cell im-
munoreceptor with Ig and ITIM domains (TIGIT) [13]. As it will be
discussed in the next Sections, increased numbers of intratumoral Tregs
expressing ICs inhibit the proliferation and activation of cytotoxic
CD8™" T cells and CD4™* effector T cells within the tumor, and result in
the production of TGF-f and IL-10 favoring the survival and expansion
of Tregs. Despite this, Tregs can augment immunosuppression by es-
tablishing a cellular network with other immunosuppressive cells
within the TME, such as TAMs, MDSCs, B regulatory cells (Bregs) and
cancer-associated fibroblasts (CAFs) [35]. For instance, Tregs can in-
duce the differentiation of monocytes into TAMs (M2 macrophages with
an immunosuppressive phenotype) by secreting IL-10 [36]. In addition,
Tregs produce high levels of TGF- which, in turn, triggers the con-
version of resident fibroblasts into CAFs [35]. CAFs are capable of in-
ducing CD8™" T cell apoptosis, thereby promoting tumor evasion from
cytotoxic T cells [37]. Treg-derived TGF-f3 can also act on natural killer
(NK) cells to inhibit their cytotoxic activity, suggesting another mean
by which Tregs contribute to the immunosuppressive network within
the TME [35]. Alternatively, Tregs suppress the anti-tumor immune
responses by the consumption of IL-2 via CD25 to inhibit the differ-
entiation and proliferation of Teffs [38,39]. In addition, Tregs can re-
lease granzyme B and perforin to induce cytolysis of Teffs and reduce
their numbers in the tumor [40]. Together, these data highlight the

169

Cancer Letters 457 (2019) 168-179

central role of Tregs within the TME in limiting the number and activity
of cytotoxic T and NK cells, enhancing the infiltration and differentia-
tion of immunosuppressive cells, for example TAMs and CAFs. This in
turn creates a positive feedback loop, which continuously induces im-
munosuppression and promotes the survival and expansion of Tregs,
thereby leading to cancer progression and tumor immune evasion.

3. Immune checkpoints and the effect of their inhibitors on Tregs
3.1. CTLA-4 and PD-1

The negative correlation between CTLA-4 and PD-1/PD-L1 expres-
sion and the overall survival rate in various cancer cases has been well-
established [41-43]. CTLA-4 expression is restricted to T cells; it is
constitutively expressed on Tregs, and induced on Teffs upon activation
[44]. PD-1, on the other hand, is widely expressed by activated T and B
lymphocytes, NK cells, mast cells and myeloid dendritic cells [22,45].
Unlike CTLA-4 ligands, which are confined to antigen-presenting cells
(APCs), ligands for PD-1, namely PD-L1 and PD-L2, are widely dis-
tributed and expressed by tumor cells, immune cells, non-lymphoid and
non-hematopoietic cells [46-48].

It has been proposed that CTLA-4 and PD-1 act via distinct me-
chanisms and during different phases of T cell activation [44,49].
CTLA-4 on Tregs binds to B7 ligands (B7-1 and B7-2; also known as
CD80 and CD86) on APCs with a greater avidity compared to CD28,
which is present on T cells. This in turn induces an inhibitory signal for
T cell priming (priming phase) [50,51]. Alternatively, CTLA-4 down-
regulates the expression of B7 ligands by a phenomenon called trans-
endocytosis, where the CTLA-4-B7 complex is internalized by Tregs
[52,53]. Moreover, the binding of CTLA-4 on Tregs to B7 ligands in-
duces the expression of indoleamine 2,3-dioxygenase (IDO), tryptophan
catabolic enzyme, in APCs which results in the suppression of Teff ac-
tivation and proliferation, and the expansion of Tregs [54-57]. Unlike
CTLA-4, PD-1 acts on Teffs to render their proliferation and activation
within tumor sites (effector phase) [45]. The function of PD-1 on Tregs
remains unclear; however, there is some evidence that PD-1 increases
the stability of Tregs by increasing FoxP3 expression [13].

Based on the above, CTLA-4 and PD-1 inhibit Teff activation via
distinct mechanisms [49], therefore, their single blockade may also
alter distinct signaling pathway(s) (Fig. 1). Initially, it was thought that
anti-CTLA-4 mAb acts only during the priming phase of T cell activation
in the lymph node, while anti-PD-1 mAb is more important to re-acti-
vate Teffs in the TME. However, subsequent pre-clinical studies and
clinical studies showed that anti-CTLA-4 mAb is also capable of indu-
cing effects on Tregs within the TME, and that anti-PD-1 mAb could
have effects on peripheral Tregs (as will be discussed in the next Sec-
tion).

Up to date, there are six drugs in the form of humanized monoclonal
antibodies (mAbs) against inhibitory ICs have been approved for cancer
treatment: anti-CTLA-4 mAb (ipilimumab), anti-PD-1 mAbs (pem-
brolizumab and nivolumab), and anti-PD-L1 mAbs (atezolizumab,
avelumab and durvalumab) [58]. Some of the mechanisms by which
anti-CTLA-4 and anti-PD-1/PD-L1 mAbs promote anti-tumor responses
have been elucidated using mouse tumor models and human ex-vivo
studies (Fig. 1).

3.2. Anti-CTLA-4

Anti-CTLA-4 mAb has shown effects on T cells within the TME
(Fig. 1A). For example, Simpson et al. [31] reported that the co-ad-
ministration of anti-CTLA-4 mAb and GVAX (tumor cell-based vaccine
that secretes GM-CSF) is selective in depleting intratumoral CTLA-4™"
Tregs in B16 melanoma mouse model. Authors found that anti-CTLA-4
mAD induced the depletion of intratumoral CTLA-4™ Tregs in a manner
that is dependent on FcyRIV receptors, which are predominantly ex-
pressed by macrophages and myeloid cells, to trigger an antibody-
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Fig. 1. A proposed model of the therapeutic effect of blocking immune checkpoints. (A) In lymph nodes, anti-CTLA-4 mAb induces Treg depletion by binding to
Fcy receptors, which are predominantly expressed by macrophages, to trigger an antibody dependent cellular cytotoxicity (ADCC). Blocking of CTLA-4 allows the
binding of B7 ligands (on APCs or macrophages) with CD28 on T cells, hence, it leads to enhanced priming of CD4" and CD8™" T cells (priming phase), which
subsequently migrate into the TME, via chemotaxis, where they become activated. Anti-CTLA-4 mAb also depletes intratumoral Tregs, reduces IL-2 consumption and
allows Teff activation/proliferation in tumor sites, thereby increasing the ratio of Teffs:Tregs, production of IL-2, IFN-y and perforin by CD8* T cytotoxic cells, and
causing tumor cytotoxicity mediated by IFN-y and perforin. Anti-CTLA-4 mAb blocks the release of immunosuppressive indoleamine 2,3-dioxygenase (IDO), tryp-
tophan catabolic enzyme, by APCs, thereby promoting Teff activation and proliferation. (B) In the TME, anti-PD-1 or anti-PD-L1 mAb reduces the expression of FoxP3
in Tregs, thereby reducing Tregs stability/survival. Anti-PD-1 or anti-PD-L1 mAb blocks the inhibitory signal of PD-L1* tumor cells and re-activates CD4* and CD8™*
Teffs, and their subsequent proliferation and production of IFN-y and perforin (effector phase). Antigen-presenting cell (APC); T cell receptor (TCR); Major histo-
compatibility complex class I (MHC I) or II (MHC II); Forkhead box protein P3 (FoxP3).

mediated dependent cellular cytotoxicity (ADCC) [31]. Similarly, ex-
vivo studies by Romano et al. [59] demonstrated that anti-CTLA-4 mAb
(ipilimumab) in melanoma patients depletes intratumoral Tregs in a
manner that is dependent on FcyRIIIA receptor, which is expressed by
CD16" monocytes, allowing for Tregs cytotoxicity and killing via
ADCC. This was also confirmed in other studies demonstrating that the
anti-tumor effects induced by anti-CTLA-4 mAb are completely de-
pendent on the Fc domain, and that blocking the B7 and CTLA-4 in-
teraction alone may not have a therapeutic effect [60,61]. Using a
mouse model of melanoma and live imaging technology, Ingram and
colleagues reported that expression of CTLA-4 is confined to the TME
[62], suggesting that anti-CTLA-4 mAb could be used as a targeted
therapy for the tumor tissue without affecting other tissue sites. Unlike
its effects on intratumoral Tregs, Simpson et al. [31] found that the co-
treatment with anti-CTLA-4 mAb/GVAX, in a mouse model of mela-
noma, increases the number of Tregs and CD4* Teffs in the lymph
nodes. Consistent with this, Selby et al. [63] found that targeting CTLA-
4 in CT26 and MC38 tumor-bearing mice (colon cancer models) also
depletes intratumoral Tregs in a selective manner, without affecting
Treg numbers in the peripheral blood and secondary lymphoid organs.
The sensitivity of intratumoral Tregs to anti-CTLA-4 mAb in B16 mel-
anoma and colon cancer models [31,63] could be attributed to the
differential expression of CTLA-4 on intratumoral Tregs versus circu-
lating Tregs or those present in lymphoid tissues. In other words, anti-
CTLA-4 mAD selectively depletes Tregs in the tumors, but not in the
blood, spleen and lymphoid organs, because Tregs in the TME express
much higher levels of surface CTLA-4 than those present in the spleen/
lymphoid organs or circulating in the blood. Another study by Kava-
nagh and colleagues demonstrated that anti-CTLA-4 mAb does not af-
fect the number of circulating Tregs in prostate cancer patients, but
rather increases the number of activated Teffs [64]. Collectively, these
findings further highlight the advantage of using anti-CTLA-4 mAb as a
targeted therapy for Treg depletion within the TME without altering
their frequency in the circulation, spleen or lymphoid organs. This may
also reduce the risk of unfavorable adverse events related to the lack of
Tregs.

In both mice [63,65] and humans [66-69], anti-CTLA-4 mAb has
been effective in increasing intratumoral Teff:Treg ratio and improving
clinical outcomes. Other studies showed that the clinical outcome in
melanoma patients treated with anti-CTLA-4 mAD is associated with an
increase in the T cell receptor (TCR) repertoire diversity, primarily, in
the memory T cells pool, which in turn increases the reactivity of T cells
to tumor antigens [70-72].

3.3. Anti-PD-1

Like anti-CTLA-4 mAb, anti-tumor immune responses mediated by
anti-PD-1 mAb are also associated with an increase in intratumoral
Teff:Treg ratio and enhanced Teff functions, such as the secretion of
IFN-y and IL-2 [27] (Fig. 1). However, the signaling mechanisms by
which anti-PD-1 mAb induces such effects are different to those medi-
ated by anti-CTLA-4 mAD [44]. It is believed that upon the binding of
PD-1 to PD-L1, inhibitory signals are generated to inhibit the TCR ac-
tivating signal, thereby suppressing Teff proliferation and activation (as
reviewed in Refs. [44,73]). The importance of PD-1 in peripheral Treg

differentiation remains controversial [74,75]. Wang et al. [76] showed
that blockade of PD-1 by pembrolizumab in peripheral blood mono-
nuclear cells (PBMCs) from melanoma patients increases the pro-
liferation and activation of cytotoxic T cells and down-regulation of
FoxP3 in Tregs, implicating that PD-1 could have an effect on Tregs.
However, in vitro studies using PBMCs from healthy donors and breast
cancer patients showed that anti-PD-1 mAb has no effect on the level of
FoxP3™ Tregs, and that the effect of PD-1 blockade was more promi-
nent in CD4*CD25™ T cell subset, which is comprised of non-Tregs
and/or non-activated T cells [77]. Ribas et al. [78] demonstrated that
anti-PD-1 mAb in melanoma patients does not affect Treg numbers
within the TME, but rather increases CD8* cytotoxic T cells reactivity
and enhances their accumulation in the tumor. Consistent with this,
anti-PD-1 mAb in MC38 colon cancer model did not affect Treg num-
bers within the TME, but increased CD4* and CD8* T cell numbers and
IFN-y levels [79]. Furthermore, inhibition of PD-1 showed therapeutic
efficacy in patients with melanoma [76] and metastatic renal cell car-
cinoma [80] associated with increased levels of IFN-y, and enhanced
CD8™ T cell accumulation in the tumor, suggesting that anti-PD-1 mAb
can induce Teff activation.

3.4. Anti-CTLA-4 and anti-PD-1/PD-L1

In some patients, the combined blockade of CTLA-4 and PD-1/PD-L1
axis has maximized the therapeutic efficacy compared to their single
blockade [15,81,82]. This could be attributed to the different me-
chanisms that each of CTLA-4 and PD-1 regulates (as discussed above)
[22]. In addition, blocking PD-1/PD-L1 may induce other T cell-in-
dependent anti-tumor immune responses, since the blockade of these
molecules will target other cell types (such as B lymphocytes, NK cells,
myeloid cells and some DCs) [27,83]. For example, it has been shown
that targeting PD-1/PD-L1 axis promotes the proliferation and activa-
tion of B lymphocytes, and their production of cytokines [84], which in
turn positively modulate the anti-tumor immune responses [85]. Other
studies highlighted the efficacy of targeting PD-1/PD-L1 in reducing the
immunosuppressive activity of Bregs in cancer [86,87]. Additionally,
Ray et al. [88] demonstrated that blocking PD-1/PD-L1 axis may have a
therapeutic efficacy in multiple myeloma patients by preventing the
interaction between PD-L1* DCs and PD-1* NK cells, which in turn
restores the cytotoxicity of NK cells.

4. Resistance to ICIs

Limited response rates and resistance to the currently approved ICIs
have been observed in cancer patients [22,23,27]. Acquired resistance
against combined ICIs remains to be a challenge in cancer treatment
due to the emergence of compensatory pathways, within the TME, to
evade the anti-tumor response induced by ICIs. This can occur as a
result of tumor intrinsic factors, such as altered expression of immune
regulatory molecules on tumor cells [89-95], or extrinsic factors such
as cytokine/growth factor/chemokine milieu within TME, expression of
molecules on tumor-infiltrating immune cells, and the composition of
tumor-infiltrating lymphocytes [23,24].

Tumor extrinsic-mediated mechanisms are associated with the ac-
tivation of signaling pathways, which lead to a decrease in CD8" T
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cell:-Treg ratio, the induction of MDSCs, and production of im-
munosuppressive mediators and pro-tumorigenic factors (e.g. VEGF)
[24,96-98]. For example, a positive correlation between the number of
MDSCs and poor disease prognosis has been reported in melanoma [99]
and lung cancer patients [100]. Furthermore, MDSCs act as im-
munosuppressive cells capable of promoting resistance to anti-CTLA-4
and/or anti-PD-1 mAbs by secreting soluble factors that impair the
activation of cytotoxic T cells [99,101]. Tregs represent another cellular
mechanism by which tumor resistance to ICIs could be acquired. In this
review, we focus on the Treg-mediated resistance mechanisms.

4.1. Treg-mediated resistance mechanisms and therapeutic strategies to
overcome resistance

The mechanisms by which Tregs induce tumor resistance against
ICIs have not fully been elucidated. However, a number of molecules
and signaling pathways have been associated with the resistance of
Tregs against approved therapies targeting CTLA-4 and PD-1/PD-L1
molecules as it will be discussed below. Therapeutic strategies to
overcome the Treg-mediated resistance will be also addressed.

4.1.1. Up-regulation of other immune checkpoints

Apart from CTLA-4 and PD-1, Tregs within the TME express up-
regulated levels of other immune checkpoints/co-inhibitory receptors,
namely TIM-3, LAG-3, TIGIT [13] and V-domain containing Ig sup-
pressor of T cell activation (VISTA) [102] and possibly others. As de-
picted in Fig. 2, up-regulated levels of these molecules on Tregs block
Teff activation, enhance the accumulation of Tregs and promote tu-
morigenesis.

4.1.1.1. TIM-3. It was initially thought to be selectively expressed by
CD4*IFN-y Th1 cells [103], and its role was confined to regulating Teff
function and cytokine production [104]; for instance, ex-vivo studies
showed that the expression of TIM-3 on intratumoral CD8* T cells
results in reduced levels of IFN-y, and therefore reduced the anti-tumor
immune response in lung cancer [105]. However, its importance in
regulating intratumoral Tregs has become evident. High numbers of
TIM-3" Tregs were detected in tumor tissues from patients with lung,
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cervical, ovarian, hepatocellular and colon cancers [105,106], and
mouse tumor tissues [107]. Furthermore, TIM-3* Tregs show enhanced
suppressive activity compared to TIM-3" Tregs as measured by the level
of IL-10, granzymes and perforin released in tumor tissues from
melanoma and colon cancer mouse models [107]. In vitro studies
showed that inhibition of TIM-3 is beneficial in restoring the activity of
antigen-specific proliferation and cytokine production in exhausted T
cells, providing a rationale for using anti-TIM-3 mAb [104]. Acquired
resistance to anti-PD-1 mAb has been associated with the up-regulation
of TIM-3 on CD4* and CD8™ T cells, as well as increased levels of its
ligand, galectin-9, in tumor samples from lung cancer patients and a
mouse lung cancer model [108]. Tumor-infiltrating lymphocytes from
patients with HNSCC treated with anti-PD-1 mAb also showed up-
regulated levels of TIM-3 [109]. In line with this, Oweida et al. [110]
reported that response to radiotherapy (RT) and anti-PD-L1 combined
therapy was compensated by the up-regulation of TIM-3 on CD8* T
cells and Tregs causing tumor relapse and limited survival rate in head
and neck tumor mouse model [110]. Concurrent treatment with anti-
TIM-3 and anti-PD-L1 mAbs combined with RT resulted in a durable
response associated with an increase in CD8" T cell:Treg ratio and a
delay in tumor growth. Together, these findings indicate that the re-
emergence of TIM-3" Tregs contribute to tumor relapse and
progression, thereby providing resistance against anti-PD-1/PD-L1
mAb [110].

4.1.1.2. LAG-3. 1t is expressed on activated Tregs, Teffs and B
lymphocytes, as well as NK cells and dendritic cells. It binds to MHC
IT on APCs with a higher avidity than CD4 [111,112], causing the down-
regulation of antigen-specific CD4*% Teff responses and cytokine
production [113-115]. Another report demonstrated that LAG-3 has
another ligand, galectin-3 expressed by tumor cells [116]; upon
receptor-ligand binding, anti-tumor responses are abolished within
the TME as a result of suppressed CD8" T cell cytotoxic functions
[114,117]. Patients with NSCLC and HNSSC show high numbers of
LAG-3" Tregs within the TME [118,119]. Based on ex vivo studies,
intratumoral LAG3* Tregs from melanoma and colorectal cancer
patients are highly proliferative and suppressive [113]. In mouse
tumor models, the absence or blockade of LAG-3 in Tregs modestly

Fig. 2. Up-regulated expression of immune
checkpoints on Tregs within the TME. TIM-3 binds
to its ligand galectin-9 on tumor cells, LAG-3 binds to
its ligand galectin-3 on tumor cells or MHC II on DCs,
TIGIT binds to CD155/CD122 on DCs, and VISTA
binds to VSIG-3 on CD4 and CD8 T cells resulting in
the blockade of Teff activation. Up-regulated ex-
pression (as indicated by green arrows) of TIM-3,
LAG-3, TIGIT and VISTA on Tregs also enhance their
suppressive activity as measured by increased se-
cretion of TGF-f/IL-10, and granzymes/perforin. In
turn, TGF-p and IL-10 will increase the im-
munosuppressive activity of Tregs and promote their
differentiation and survival, while granzymes/per-
forin will induce Teff cytolysis. T effector cell (Teff);
immunoglobulin and mucin domain-containing pro-
tein 3 (TIM-3); lymphocyte activation gene-3 (LAG-
3); T-cell immunoreceptor with Ig and ITIM domains
(TIGIT); V-domain containing Ig suppressor of T cell
J activation (VISTA); V-Set and immunoglobulin do-

Tumor cells

a
0% l

main containing 3 (VSIG-3); transforming growth
factor-beta (TGF-B); interleukin-10 (IL-10). (For in-
terpretation of the references to color in this figure
legend, the reader is referred to the Web version of

» Increased suppressive activity of Tregs

* Increased differentiationand expansion/survival of Tregs

* Inhibition of Teff activation

* Increased cytolysis of CD4* and CD8* T cells mediated by granzymes/perforin
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reduces the suppressive activity of Tregs, particularly the secretion of
immunosuppressive molecules (IL-10 and TGF-B), and increases
cytokine production by Teffs [120,121]. Huang et al. [122] showed
that anti-CTLA-4 or anti-PD-1 mAb in mouse ovarian cancer model
resulted in the up-regulation of LAG-3 on CD8" T cells, suggesting a
potential resistance mechanism. The co-blockade of CTLA-4 and LAG-3
or PD-1 and LAG-3 showed better therapeutic efficacy, associated with
increased numbers of CD8 ™" T cells and/or reduced numbers of Tregs in
the tumor, compared to targeting CTLA-4 or PD-1 alone [122].

4.1.1.3. TIGIT. It is another IC, expressed by activated CD4™ T cells,
CD8™" T cells, Tregs and NK cells [123,124]. It competes with CD226
(on T cells) and binds to CD112 and CD155 ligands (on dendritic cells)
causing the inhibition of Teff activation [124,125]. In B16 melanoma
mouse model, intratumoral CD8 " TIGIT " T cells were characterized by
reduced levels of IL-2 and TNF production, while intratumoral TIGIT*
Tregs exhibited increased suppressive activity as measured by IL-10
levels [126]. Using the same model, adoptive transfer experiments
showed that TIGIT promotes tumorigenesis by enhancing the
suppressive activity of Tregs [126]. Therefore, it was rationalized that
targeting TIGIT could be an alternative therapeutic strategy for
suppressing Treg function and mediating anti-tumor immune
responses. Blocking TIGIT in glioma mouse model showed beneficial
outcomes associated with increased Teff:Treg ratio, however, the co-
blockade of PD-1 and TIGIT was more sustained in increasing the
survival rate in tumor-bearing mice compared to those treated with
anti-TIGIT mAb alone [127]. Recent data by Zhang et al. [128]
demonstrated that TIGIT blockade improved the response of tumor-
bearing mice treated with anti-PD-1 mAb, suggesting that TIGIT up-
regulation can provide resistance to immunotherapy.

4.1.1.4. VISTA. It is another inhibitory IC, belongs to CD28-B7 family,
and expressed by Tregs, Teffs, NK cells, macrophages and dendritic cells
[129]. VISTA binds to its ligand, V-Set and immunoglobulin domain
containing 3 (VSIG-3), to block Teff proliferation and reduce their
cytokine release [130], and acts on naive T cells to induce their
differentiation into Tregs [102]. VISTA expression is highly up-
regulated on Tregs within the TME compared with its level on
peripheral Tregs, suggesting its potential importance in intratumoral
Treg function [131]. The blockade of VISTA enhances Teff
accumulation and activation in mouse tumors, reduces Treg numbers,
and selectively decreases the number of MDSCs, thereby inducing anti-
tumor immune responses [131]. Furthermore, the co-blockade of VISTA
and PD-L1 in B16 melanoma and CT26 colon cancer mouse models
showed better efficacy in reducing tumor growth and increasing
survival rates than targeting each molecule alone, suggesting a
synergy between anti-VISTA and anti-PD-L1 mAbs in inducing Teff
activation [132]. On the other hand, Kondo et al. [133] showed that
combined inhibition of CTLA-4 and VISTA is more effective in tumor
regression and increasing Teff:Treg ratio than the co-blockade of PD-1
and VISTA in HNSCC mouse model. In human, a positive correlation
between VISTA expression and poor survival rates in patients with oral
squamous cell carcinoma was reported [134]. Patients with prostate
cancer treated with ipilimumab showed up-regulated levels of VISTA*
tumor-infiltrating lymphocytes and VISTA* macrophages with M2
phenotype, indicating that VISTA up-regulation could be a
compensatory resistance mechanism [135].

Collectively, these data suggest that up-regulated levels of TIM-3,
LAG-3, TIGIT and VISTA on intratumoral T cells, including Tregs, act as
compensatory pathways to allow immune response evasion and pro-
mote tumor growth/progression (as shown in Fig. 2). Therefore, the
combined inhibition of TIM-3, LAG-3 or TIGIT, VISTA with anti-CTLA-4
mAD or anti-PD-1/PD-L1 mAbs could provide better therapeutic means
for targeting Treg function and overcome resistance, thereby max-
imizing the efficacy of current cancer therapies. Clinical trials to ex-
amine the therapeutic efficacy of mAbs against these molecules are
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currently ongoing in a range of cancer patients (as reviewed in Refs.
[13,102]).

4.1.2. Survival of Tregs within TME

There is some evidence suggesting that targeting CTLA-4 and/or PD-
1/PD-L1 is not sufficient for the full elimination of Tregs. Preliminary
data, as reviewed by Whiteside [73], suggested that in vitro inhibition
of CTLA-4 in Tregs, isolated from healthy donors, does not fully deplete
Tregs and the remaining survived Tregs are able to proliferate, expand
and induce immunosuppressive activity. In line with this, other studies
showed that anti-CTLA-4 mAb does not affect the number of circulating
Tregs in patients with prostate cancer [64], and gastric and esophageal
adenocarcinomas [136,137], but rather increases the number of acti-
vated Teffs. In head and neck mouse model, Oweida et al. [110] found
that a residue of intratumoral Tregs, which are highly proliferative,
remained within the TME following the co-inhibition of PD-1 and TIM-3
and resulted in tumor relapse. The addition of anti-CD25 following the
dual inhibition of PD-L1 and TIM-3 combined with RT, on the other
hand, resulted in a more sustained survival response [110]. Consistent
with this, the efficacy of targeting Tregs, using anti-CD25 antibody, has
been shown in tumor mouse models characterized by an increase in
tumor-infiltrating CD8* and CD4™ T cells and the production of in-
flammatory cytokines such as IFN-y [10]. Another study by Yu et al.
[32] showed that intratumoral administration of anti-CD4 antibody in
mice with late stage tumor depletes Tregs and leads to tumor rejection,
and the up-regulation of IFN-y and down-regulation of IL-10 in tumor
tissues. Together, these findings further emphasize the importance of
Tregs in tumor progression and resistance, and indicate that ICIs can
partially deplete intratumoral Tregs. Furthermore, the use of methyla-
tion agents targeting Treg-specific demethylated region (TSDR), which
is important for a stable FoxP3 expression and the maintenance of in-
tratumoral Tregs [138,139] could have promising therapeutic effects
associated with reduced numbers of intratumoral FoxP3™ Treg [140].
Alternatively, the use of neutralizing antibodies or antagonists against
chemokines or chemokine receptors associated with Treg chemotaxis
can be used to target Tregs in tumor sites [141,142]. It was shown by
Sugiyama et al. [142] that CCR4 is predominately expressed by im-
munosuppressive Tregs in melanoma. The blockade of CCR4, using
anti-CCR4 mAb, in PBMCs isolated from melanoma patients induced
the generation of CD4% and CD8* T cells specific for cancer-testis
antigens [142]. In vivo, anti-CCR4 mAb (mogamulizmab) resulted in
the depletion of melanoma-infiltrating Tregs, and the increase of CD4 "
and CD8" T cell-mediated anti-tumor response in adult T-cell leu-
kemia/lymphoma (ATL) patients [142]. They also showed that blocking
CCR4 is more selective in depleting immunosuppressive Tregs
(CD4*FoxP3™") than targeting CD25, which was associated with de-
pleting a fraction of non-Tregs defined as CD4 *FoxP3™ [142]. Moga-
mulizmab has been approved in Japan to treat ATL, a condition that is
highly associated with CCR4-expressing Tregs [142]. The therapeutic
efficacy of mogamulizmab, as a monotherapy, is under investigation in
ongoing early phase clinical trials (NCT01929486) [143], or in com-
bination with either anti-CTLA-4 mAb (NCT02301130), anti-PD-1 mAb
(NCT02476123 and NCT02705105) or anti-PD-L1 mAb
(NCT02444793) in advanced solid tumors.

4.1.3. Treg-induced TGF- activation and production

Treg-induced TGF-f activation (membrane-bound form) and the
release of soluble forms could be another mechanism by which Tregs
promote cancer growth/progression, and suppress anti-tumor immune
responses (as shown in Fig. 3). Immunosuppressive intratumoral Tregs
are characterized by secreting high levels of TGF-$, within the TME
[144-146]. TGF-f, in turn, is a crucial mediator for FoxP3 induction,
Treg differentiation and maintenance, and Treg suppressive activity
[146,147]. In B cell non-Hodgkin lymphoma, both membrane-bound
and soluble forms of TGF-f can alter the function and composition of
tumor-infiltrating lymphocytes favoring Treg accumulation and their
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Fig. 3. Increased production of TGF-3 (membrane-bound
or soluble form) by Tregs within the TME. Up-regulated
levels of soluble and increased activation of membrane-
bound forms of TGF-f (as indicated by green arrows) pro-
mote the expansion of Tregs and block the activation of Teffs.
Both forms of TGF-f3 are capable of promoting the expansion/
stability of Tregs. GARP/TGF-$ complex (membrane-bound

Inhibition of CD4* and CD8* T cell
activation and proliferation

form) binds to TGF-B receptors (TPRI and TBRII) on Teffs
(CD4* and CD8™ T cells) to render their activation and in-
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suppressive activity [148]. In vitro studies showed that stimulated
Tregs produce active TGF-f1 in a manner that is dependent on glyco-
protein-A repetitions predominant (GARP), a transmembrane protein
[149]; however, this active form of TGF-f31 is a membrane-bound form,
and it exerts its immunosuppressive action on Teffs through cell-contact
[150]. In vivo, anti-GARP mAD inhibits the immunosuppressive activity
of Tregs in a xenograft-versus-host-disease model induced by the
transfer of human PBMC into immune-deficient mice [151]. Together,
these data indicate the importance of TGF-B1 in Tregs and its im-
munosuppressive function and suggest that GARP could be a good
therapeutic target for Treg-induced TGF-B1 activation and Treg sup-
pressive function in cancer to enhance anti-tumor immune responses
[152].

Targeting TGF-f3 in Tregs could be another therapeutic approach to
induce anti-tumor responses and activate Teffs. For instance, Ravi and
colleagues showed that simultaneous inhibition of CTLA-4 or PD-L1
with TGF-f signaling significantly reduced tumor-infiltrating Tregs,
promoting anti-tumor cytotoxic effects in a melanoma mouse model
[153]. An engineered antibody targeting either CTLA-4 or PD-L1 fused
to a TGFBRII ectodomain sequence (anti-CTLA-4-TGFBRII or anti-PD-
L1-TGFBRII) was used to examine the in vivo effect of inhibiting the
autocrine/paracrine TGF-f signaling within a TGF-$-enriched TME on
tumor progression in human melanoma (A375) tumor bearing mice
[153]. Unlike anti-CTLA-4, treating A375-tumor bearing mice with
anti-CTLA-4-TGFBRII fused antibody significantly reduced tumor-in-
filtrating Treg numbers, and increased the proportion of CD8* T cells
expressing IFN-y. Similar in vivo effects were also obtained for anti-PD-
L1-TGFPBRII fused antibody, in comparison to anti-PD-L1 mAb treat-
ment using the same mouse model. In vitro, stimulated human PBMC
with IL-2, TGF- and anti-CD3/anti-CD28-coated beads treated with
anti-CTLA-4-TGFBRII fused antibody abrogated the TGF-B-mediated
FoxP3 expression, unlike stimulated human PBMC treated with anti-
CTLA-4 mAb alone [153]. Together, these data indicate that simulta-
neous targeting ICs and TGF-f may provide an immunotherapeutic
strategy targeting Tregs with a better efficacy compared to targeting ICs
alone. Hence, this combined therapy could be beneficial against cancers
which exhibit a limited response to current ICIs. Despite this, other in

hibit their proliferation. Upon ligand-receptors interaction,
soluble form of TGF-B activates PI3Kinase (PI3K) signaling
pathway in Tregs which up-regulates FoxP3 expression and
induces the loss of PTEN expression leading to the expansion
of Tregs. Phosphatidylinositol 3-kinase (PI3K); glycoprotein-
A repetitions predominant (GARP); Phosphatase and tensin
homolog (PTEN). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)

vitro findings by Mariathasan and colleagues showed that TGF-f is
associated with the development of resistance against anti-PD-L1 mAb
(atezolizumab) by acting on non-immune cells in patients with meta-
static urothelial cancer [154]. Compared to the single blockade, tar-
geting TGF-P in combination with anti-PD-L1 mAb in EMT6 (mouse
mammary carcinoma) and MC38 models showed therapeutic efficacy,
associated with an accumulation of cytotoxic CD8 " T cells in the center
of the tumor and reduced levels of TGF-f3 within the stromal cells [154].
No effects on Tregs were seen in tumor-bearing mice co-treated with
anti-TGF-B and anti-PD-L1 mAbs. These data indicate that the inhibi-
tion of TGF-P signaling pathway is not only limited to immune cells,
implicating that TGF-f could promote cancer progression in-
dependently of Tregs [154].

4.1.4. Increased activation of PI3K signaling pathway in Tregs

Phosphatidylinositol 3-kinase (PI3K) signaling pathway controls the
survival and function of Tregs [94]. In vivo, the inhibition of PI3K
signaling results in the loss of phosphatase and tensin homolog (PTEN),
a tumor suppressor gene, in intratumoral Tregs which subsequently
causes the reduction of Treg proliferation, increases CD8* T cell acti-
vation, and results in tumor regression [94,155]. Consistent with this,
the administration of PI3K inhibitor in B16 melanoma and CT26 mouse
models was shown to be effective in enhancing the anti-tumor response
associated with reduced number of Tregs and increased number of
CD8™" T cells in the TME [156]. It was also demonstrated that in vitro
inhibition of PI3K selectively reduces the proliferation of human Tregs
(CD4"CD25") with little effects on CD4*CD25~ non-Tregs [156].
Furthermore, the use of PI3K inhibitor in combination with anti-CTLA-4
and/or anti-PD-1 mAbs increased the efficacy of these mAbs and
maximized the response in murine models of melanoma [94] and
HNSCC [109]. Collectively, these data suggest that targeting PI3K,
using small molecule inhibitors, in addition to the blockade of ICs could
selectively target Tregs, and potentially alleviate the Treg-mediated
resistance.

The link between PI3K signaling pathway and TGF-f3 has been es-
tablished in cancer metastasis by promoting epithelial to mesenchymal
cell transition (EMT) [147,157]. As discussed above, both molecules
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have been implicated in tumor immunity, at least in part, by regulating
Treg stability and suppressive activity. Therefore, we could propose
that increased activation of membrane-bound TGF-f3 and production of
soluble TGF-$ by Tregs, within the TME, also up-regulates the activa-
tion of PI3K in Tregs which subsequently leads to increased expression
of FoxP3 causing the expansion/stability of Tregs, and increasing their
suppressive function (Fig. 3).

4.1.5. Hypoxic TME induces highly suppressive apoptotic Tregs

The TME is a hypoxic environment enriched with reactive oxygen
species (ROS), oxidative agents, which trigger cell damage and apop-
tosis [158]. FoxP3™ Tregs can induce the adenosine-mediated im-
munosuppression pathway, which involves the ectoenzymes CD39 and
CD73 facilitating the conversion of extracellular adenosine tripho-
sphate (ATP), an inflammatory mediator, to extracellular adenosine
(immunosuppressive mediator) [29,38]. CD73 expression has been
positively correlated with poor prognosis in melanoma patients [159].
Up-regulated expression of Nt5e (gene encodes CD73), a 5’ ectonu-
cleotidase, in Tregs has been associated with increased inhibition of
Teff activation/proliferation and cytokines release [29,38]. Further-
more, melanoma patients with acquired resistance against anti-PD-1
mADb showed an up-regulation in CD73 expression [160]. Based on this
knowledge, Maj et al. [29] proposed a mechanism by which in-
tratumoral Tregs become more immunosuppressive and undergo
apoptosis, as a result of the hypoxic TME (as summarized in Fig. 4), to
provide a resistance against anti-PD-L1 mAb treatment. It was demon-
strated that FoxP3™ Tregs are more susceptible to ROS-induced cell
damage/apoptosis, while CD4 " FoxP3" T cells exhibit an adequate anti-
oxidant response countering ROS [29]. As a result, ATP is released by
the apoptotic Tregs, and de-phosphorylated by CD39 and CD73 (which
are present on Tregs) into adenosine (Fig. 4). Subsequently, extra-
cellular adenosine binds to its receptor, adenosine 2A (A2A), on Teffs
causing the accumulation of intracellular 3’-5’-cyclic adenosine mono-
phosphate (cAMP) and the activation of protein kinase A (PKA) sig-
naling pathway, which in turn inhibits the function of Teffs, suppresses
their proliferation [161-163], inhibits the expression of cytokines in
CD4% and CD8™ T cells [29], and may inhibit the TCR-mediated sig-
naling in Teffs [164] (Fig. 4). On the contrary, the inhibition of A2A
receptor in mouse models of melanoma elevated the number of tumor-
infiltrating CD8 ™" T cells and promoted tumor regression [165]. Taken
together, these findings highlight the immunosuppressive role of CD73
in the Treg-mediated acquired resistance, and A2A receptor signaling
pathway in regulating anti-tumor immune responses and cancer pro-
gression. Therefore, the use of metabolic inhibitors to target this sig-
naling pathway could offer a new therapeutic strategy to inhibit Treg
immunosuppressive function and overcome resistance to ICIs. The
blockade of ICs in combination with CD73 inhibition is ongoing in a
clinical trial (NCT02503774) [166].

5. Conclusions, challenges and future directions

The response to ICIs could be dependent on the type of molecular
and cellular networks found in the TME. For example, tumor tissues
comprising of a high tumor burden, and large numbers of highly im-
munosuppressive immune cells, such as Tregs expressing high levels of
CTLA-4 and PD-1, are more susceptible to regression upon the single or
combined inhibition of CTLA-4 and PD-1/PD-L1 pathway(s) [23].
Overtime, and as result of pressure selection, some tumors become less
immunogenic by producing more self-antigens to enhance Treg func-
tion, and acquiring compensatory pathways to evade the anti-tumor
immune responses. This reflects what occurs in human when patients
who initially respond to therapy acquire resistance to ICIs, which could
be triggered by Tregs [24]. To overcome this resistance and increase
anti-tumor immune responses, several clinical trials are underway to
examine the therapeutic efficacy of combining different ICIs together
[13], or with small molecule inhibitors, such as metabolic inhibitors,
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Fig. 4. Hypoxia and apoptotic Tregs. The TME is a hypoxic environment
enriched with ROS; these oxidative molecules, as indicated by green arrows,
trigger Treg apoptosis resulting in increased secretion of ATP (inflammatory
molecule) from apoptotic Tregs and the de-phosphorylation of ATP to become
adenosine (immunosuppressive molecule) by CD39 and CD73 ectoenzymes
expressed on Tregs. Extracellular adenosine binds to its receptor, A2AR on
Teffs, causes accumulation of intracellular cAMP and the activation of PKA
signaling pathway in Teffs, which in turn inhibits their functions, suppresses
their proliferation, inhibits their expression of cytokines, and may inhibit the
TCR-mediated signaling. Adenosine triphosphate (ATP); 3’-5’-cyclic adenosine
monophosphate adenosine monophosphate (cAMP); Adenosine A2A receptor
(A2AR); protein kinase A (PKA); T cell receptor (TCR). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

epigenetic modifiers, and immune stimulating agents [98,167]. Fur-
thermore, it is crucial to determine the levels of Tregs in the peripheral
blood and tumor tissues and to characterize their phenotype, during
and after the inhibition of ICs for the identification of predictive bio-
markers associated with Treg-mediated resistance and response to ICIs.
This in turn will help in identifying the most suitable treatment for
cancer patients and maximizing the therapeutic efficacy. Further in-
sights into the mechanisms and molecular pathways by which ICs
regulate T cell function, including Tregs, are needed to design better
immunotherapeutic strategies which could require the inhibition of
multiple ICs at different time-points based on disease progression and
cancer stage.
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