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Abstract

Introduction—Regulatory T cells (Treg) characterized by expression of FOXP3 and strong
immunosuppressive activity play a key role in regulating homeostasis in health and disease.

Areas covered—Human Treg are highly diverse phenotypically and functionally. In the tumor
microenvironment (TME), Treg are reprogrammed by the tumor, acquiring an activated phenotype
and enhanced suppressor functions. No unique phenotypic markers for Treg accumulating in
human tumors exist. Treg are heterogeneous and use numerous mechanisms to mediate
suppression, which either silences anti-tumor immune surveillance or prevents tissue damage by
activated T cells. Treg plasticity in the TME endows them with dual functionality. Treg frequency
in tumors associates either with poor or improved survival. Treg responses to immune checkpoint
inhibition (ICI) differ from the restorative effects ICIs induce in other immune cells. Therapies
used to silence Treg, including ICls, are only partly successful. Treg persistence and resistance to
depletion are critical for maintaining homeostasis.

Expert Opinion—Treg emerge as a heterogeneous subset of immunosuppressive T cells, which
usually, but not always, favor tumor progression. Treg are also engaged in non-immune activities
that benefit the host. Therapeutic silencing of Treg in cancer requires a deeper understanding of
Treg activities in human health and disease.
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1. Introduction

Regulatory T cells (Treg) have been occupying a central place in research of immune
regulatory responses in health and disease for the last 20 years [1,2]. Treg have a checkered
history. More than 25 years ago, a subset of T cells with immunosuppressive functions has
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been described by Gershon and colleagues [3] only to be abandoned for the lack of an
adequate identity certification. In the 1990s, Sakaguchi et al re-introduced the idea that
peripheral tolerance is mediated by a unique small subset of CD4+CD25+ T cells, which
upon adoptive transfers were able to suppress the development of autoimmunity in mice [4].
The name “Treg” has been coined to describe these cells, and since then, Treg have
continuously occupied interest of the scientific community.

In cancer, Treg are viewed as suppressors of anti-tumor immunity, and their role in down-
regulating anti-tumor immune responses has become an accepted paradigm [5]. Rapid
progress made in defining the Treg phenotype and functions in mice and in man allowed for
studies of Treg present in the peripheral circulation and infiltrating tumor sites. As a result of
these studies, the current view of Treg has enlarged. Newer data suggest that while Treg play
a major role in suppression of anti-tumor responses, they are subject to environmental
factors which may alter their functional repertoire.

The objective of this review is to consider human Treg in light of newly emerging data on
their role in modulating responses to oncologic therapies, especially to therapies with
immune checkpoint inhibitors (ICIs). Recent progress in phenotypic characterization of
circulating and tumor-infiltrating Treg has facilitated studies of mechanisms responsible for
their functions, revealing dual or multiple roles of Treg in regulating anti-tumor immunity
and responses of cancers to oncological therapies. In this context, the paradoxical
association of Treg with better survival in some patients with cancer becomes explainable as
a manifestation of Treg functional diversity and their plasticity. Further, this functional
diversity may be useful in considering Treg subsets as potential biomarkers of cancer
progression and/or response to therapy and allow for Treg monitoring based on their
multifaceted involvement in the tumor-host interactions. Finally, a measure of caution to
therapeutic elimination of Treg seen only as “bad” players in cancer has to be re-considered,
given emerging evidence for beneficial or restorative functions attributable to Treg subsets.

2. Nomenclature and classification of Treg

Attempts made to define the origin of Treg and classify them based on site of their
differentiation and phenotypic characteristics culminated in a relatively simple division into
natural/thymic-derived (tTreg) and peripherally-induced cells (pTreg) [6]. Studies in mice
indicate that tTreg are derived from CD4+CD8- thymocytes, which upon stimulation by the
MHC-self-reactive peptide complex acquire CD25 expression, respond to IL-2 and,
signaling via STAT5, promote Foxp3 expression and differentiate into Treg [7]. The pTreg
are converted from conventional CD4+ T cells through TGF- stimulation into FoxP3+
suppressor cells in mice [8]. However, in man, a variety of stimulatory signals, including
microbiota, give rise to induced (i) Treg [5,9]. Neither the process of conversion nor the
stability or suppressor functions of (i)Treg are clearly defined. These cells may or may not
express FOXP3, and their regulatory functions may be transient or absent, depending on the
microenvironment. FOXP3 is generally viewed as a “master regulatory transcription factor”
for Treg. In reality, however, FOXP3 expression in activated conventional CD4+ T cells and
its absence in subsets of highly suppressive iTreg in the tumor microenvironment (TME)
compromises this designation [10,11]. Recently, Sakaguchi and colleagues have introduced a
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classification of human CD4+FOXP3+ Treg based on co-expression levels of FOXP3 and
CD45RA, a marker of naive T cells [12]. Table 1 presents this classification, which defines
two distinct subpopulations of Treg: CD4+CD45RA+FOXP3!%W naive or nTreg with weak
suppressor function and CD4+CD45RA-FOXP3Nidh effector or eTreg that are strongly
suppressive and represent bona fide suppressor Treg. The third subset, CD4+CD45RA-
FOXP3!9W cells do not mediate suppression, produce pro-inflammatory cytokines, including
INF-y, and are non-Treg [12]. This classification suggests that Treg are a heterogeneous
subset of CD4+ T cells and that nTreg upon stimulation via the TCR can proliferate and
differentiate into highly suppressive eTreg [13].

3. Treg in the tumor microenvironment

3.1. Are Treg functions “good” or “bad” in patients with cancer?

Treg are an important component of the tumor microenvironment. They accumulate at tumor
sites and in the peripheral circulation of patients with cancer, and their frequency as well as
suppressor functions are increased relative to those found in healthy donors [14,15]. Why do
Treg accumulate in tumor tissues, tumor-associated lymph nodes (LN) and in the peripheral
circulation of cancer patients? The observed increases of the Treg frequency do not appear to
be due to preferential expansion of Treg at these sites, or to increased conversion of nTreg to
iTreg, as reported in a recent study [16]. This latter result was based on measurements of the
Treg-specific demethylation region (TSDR) in the FOXP3 gene locus and the unaltered
FOXP3/TSDR ratio in Treg isolated form the tumor, non-tumor tissues, LN or PBMC of
cancer patients [16]. Nor was the increased frequency of Treg in cancer related to patients’
age in the same study. The most likely explanation for Treg accumulations in tumors is their
ability to effectively traffic to tissue sites dependent on expression of multiple chemokine
receptors including, for example, CXCR5 in Treg from LN of patients with lung cancer [16].
Interactions of other chemokine receptors on Treg with chemokines in the tumor, e.g., CCR4
with CCL12, CCR4 with CCL17, CCR10 with CCL28 and CXCR4 with CXCL1 have been
reported to participate in the Treg recruitment to tumors [1,5,16-19].

Treg infiltration into tumor tissues has been extensively examined in the context of recent
“immune signature” studies [20-22]. These studies confirmed the prominent presence of
Treg among tumor-infiltrating lymphocytes (TIL), especially in tumors that contain large
immune cell infiltrates [23]. Based on the rationale that Treg interfere with anti-tumor
immunity and thus promote tumor progression, their presence in the TME is expected to
associate with unfavorable prognosis and to predict short OS. Indeed, Treg infiltration into
the tumor has been negatively correlated to OS in a majority of human solid tumors [24,25].
However, this correlation is highly variable, depending on the tumor type [26]. In cancers
that share a common feature of prominent chronic inflammation, such as colon, breast,
bladder or head and neck cancers, intra-tumor accumulations of Treg appear to associate
with favorable prognosis and improved OS [23,27,28] This association has been explained
by the capability of Treg to suppress “tumor promoting inflammation” (TPI). In this context,
Treg emerge as “good citizens” responsible for down-regulating activity of infiltrating
immune cells in cancers such as colorectal carcinomas (CRC) that are characterized by the
presence of chronic inflammatory infiltrates. Nevertheless, the general perception of Treg as
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“bad” T cells that suppress antitumor immune responses and negatively influence disease
outcome is prevalent. Recently, Sakaguchi et al provided compelling evidence that CRCs
abundantly infiltrated with the FOXP3M3h subset of suppression-competent effector Treg
have poor prognosis, while the presence in tumor tissues of proinflammatory cytokine-
secreting CD4+CD45RA-FOXP3!oW non-Treg, is associated with favorable outcome [12].
This report emphasizes the need for careful re-examination of the phenotypic and functional
attributes of Treg in the TME and blood of patients with cancer to separate the bona fide
suppressor cells from CD4+ T lymphocytes that might be FOXP3+ but function as anti-
tumor effector cells, secrete IFN-y and are not suppressor cells. A proper classification of
Treg and recognition of their heterogeneity is essential for evaluating their prognostic impact
in each tumor type.

3.2. Phenotypic properties of human Treg in cancer

Much of what is known about phenotypic properties of Treg is based on their studies in
normal or tumor-bearing mice [13]. Studies of Treg in human cancers have been hampered
by the fact that they are a minor subset of CD4+ T cells, representing about 5% of the total,
and thus are only available in limited numbers for phenotyping. Also, Treg lack a unique
surface marker that could confirm their identity and for their isolation from blood or tissues.
While FOXP3 reliably marks murine Treg, it is less reliable in man, because it is frequently
absent or is down-regulated in (i) Treg or, conversely, is present albeit transiently in activated
human T effector (Teff) cells [29]. In addition, most of the markers expressed by Treg are
also carried by other lymphoid or non-lymphoid cells, and thus selective distinction between
Treg and other immune cells is difficult if not impossible. With these hurdles in mind, it has
to be acknowledged that cells referred to in the literature as “Treg” might, in fact, be
mixtures of Treg and Teff rather than true Treg.

Human Treg are usually phenotyped as CD4+FOXP3+CD25+ T cells. In mice, all
CD4+Foxp3+CD25+ T cells are suppression-competent T cells. In man, conventional CD4+
T cells can transiently up-regulate FOXP3 upon activation, but are not immunosuppressive
[10,11]. Also, not all CD4+FOXP3+ T cells found in human blood mediate suppression
[10]. In the absence of a single surface marker that defines Treg, panels of variously
combined surface markers have been used for Treg phenotyping. Substantial efforts have
been made to come up with panels that include a rational selection of markers that are co-
expressed on Treg and that could differentiate various human Treg subsets based on their
origin, phenotype and suppressive functions. The most common phenotypic markers used
for identification of human Treg are: CD25, CD39, GARP, CD45RA (or CD45R0), ICOS,
HLA-DR and Helios [12]. As shown in Table 1, CD4+FOXP3+CD25+ Treg can be
subdivided further into naive/resting nTreg, effector/activated eTreg, and FOXP3!°W non-
Treg which do not mediate suppression but may secrete inflammatory cytokines like IFN-y
[12]. Recently, Sialyl Lewis x (CD15s) was reported to reliably identify highly differentiated
and most suppressive FOXP3Ni9M Treg in humans [30]. This marker decorates the surface of
Treg and thus is potentially useful for phenotypic as well as functional analyses of human
Treg [30].
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A number of earlier reports suggested that the phenotype of Treg in cancer patients was
distinct from that found in the circulation of healthy donors [2]. The terminology of
“induced” or iTreg has been used to denote the activated phenotype these cells exhibit in
cancer. There is confusion about the stable Treg phenotype, and misidentification of CD4+
cells as Treg has been attributed to the presence of FOXP3 in activated CD4+ T cells on the
one hand, and its absence from some iTreg on the other [2,16]. The Treg accumulating at the
tumor site were initially thought to have a distinct phenotype. However, as recently pointed
out, this may be a misconception due to up-regulation of various Treg-associated cell surface
antigens rather than expression of new ones [16]. The challenge of Treg isolation from
tumors or peripheral circulation of cancer patients continues to be a significant barrier in the
absence of a surface marker specific for Treg. Expression of FOXP3 confined to the nucleus
is not useful for Treg isolation. The selection of CD25MINCD4+ T cells as Treg is biased by
a variable definition of “high” vs “low” CD25 expression in the hands of different
investigators [31]. Another surface marker, CD39 was also used for Treg isolation from
blood and tumor tissues. However, this marker identifies only the subset of
CD4+FOXP3+CD25M9 Treg that produces an excess of adenosine [32]. The absence of
CD127 on the surface of human Treg has been broadly used for Treg isolation, but because
this is negative selection, the presence in the isolated population of CD127'°W Teff represents
a potential contamination [33].

A very recent study by Hancock’s group reports that none of the 35 Treg-associated flow
cytometry markers that are commonly used for studies of Treg were uniquely expressed on
Treg obtained from blood and various human tissues in 262 samples obtained from 71
patients with lung cancer and 23 healthy blood donors [16]. Further, none of the markers
discriminated tumor-associated Treg from circulating Treg in this study [16]. Previously, the
use of CD4+FOXP3+ as a “conventional” marker of Treg was reported to consistently detect
increased percentages of Treg in blood and tissues of cancer patients relative to those in
healthy donors [14,24,34-36]. However, phenotypic comparisons of circulating
CD4+FOXP3+ Treg in lung cancer patients and healthy donors in the Hancock study using
several additional markers (i.e., CD127, CD25, CD39 or Ki67) did not identify any
distinctive phenotype for Treg in cancer [16].

3.3. Enhanced suppressor function of tumor-infiltrating Treg

Few functional studies that were performed with Treg freshly isolated from human tumors
report highly elevated suppression levels in these cells [16,37,38]. Suppression is generally
measured by Treg-mediated inhibition of activation, proliferation, cytokine production
and/or gene expression levels in responder lymphocytes co-incubated with Treg [39,40]. In
these assays, purity of isolated CD4+FOXP3+Treg is a critical factor [16]. Suppression
mediated by Treg in the TME involves one or several molecular pathways, including
production of immunosuppressive cytokines TGFp, IL-1, IL-35; lysis of Teff by the
perforin/granzyme B-based mechanisms; various metabolic effects and other well studied
pathways, as listed in Table 2. The availability of so many suppressive mechanisms in
tumor-infiltrating Treg suggests redundancy consistent with the importance of Treg for
maintaining immune suppression in the TME.
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In general, tumor-derived Treg are the more powerful suppressors relative to Treg derived
from the patient’s autologous blood. It should be pointed out that previously administered
oncologic therapies have been reported to significantly increase the frequency and
suppressor functions of Treg present in the tumor [41-43]. Increased suppression mediated
by Treg in human tumors is associated with significant up-regulation on the following
proteins on the surface of CD4+FOXP3+ Treg: CD25, CD39, CTLA-4, GARP, Helios, LAP,
TIM3, PD-1 and TIGIT [42-44]. Among these markers, CD39, CTLA-4, GARP and Tim3
appeared to best discriminate Treg from Teff as reported by Hancock [16]. Further, up-
regulated expression of FOXP3 mRNA and protein together with significantly increased
MRNA expression levels of EOS, IRF4, SATB1 and GATAL transcription factors
characterized the activated Treg and was associated with elevated suppressor function of
intra-tumoral Treg [16]. This set of transcription factors was shown to positively regulate
FOXP3 mRNA at the posttranscriptional level. Importantly, this signature of Treg is not
stable but is regulated by tumor-derived signals and factors [16].

3.4. Treg signaling in the TME

The phenotype and functions of Treg in the TME are a subject of intense and pervasive
pressure exercised by the growing tumor. As a result of tumor-driven signals in the form of
soluble factors or vesicular transfer of membrane-tethered ligands and biologically-
competent proteins, Treg are continuously being re-programmed to meet the demands
imposed by the environment. In the TME, plasticity of Treg is dependent on the tumor, and
since escape from the host immune cells is of primary importance, intra-tumoral T cells,
including Treg, are recipients of a variety of suppressive signals originating from the tumor.
Table 3 lists some of the inhibitory molecules and factors responsible for negative signaling
in the TME. Figure 1 illustrates how Treg that are activated and expanded in the TME are
induced to overexpress multiple inhibitory checkpoint receptors (ICRs), including PD-1,
TIM-3, LAG-3, TGIT and adenosine receptors (AoaRS), as discussed above. Nevertheless,
Treg are not suppressed but rather invigorated functionally. The implication of these findings
is that in contrast to functional blockade delivered via the ICRs to all other immune cells,
Treg respond differently to signals delivered via these receptors. It appears that Treg stability
and their activities, including suppressor functions, are not reduced following ICR
engagement [45]. Treg in murine cancer models and in patients with cancer are invigorated
and proliferate in an antigen/IL-2-driven milieu [46]. iTreg have been reported to express
increased levels of intracellular PTEN, and to signal via STAT3 and STAT5 pathways,
bypassing the AKT/mTOR pathway [47,48], as indicated in Figure 2, gaining in stability and
suppressive functions. We and others have shown that human iTreg up-regulate surface
expression of CD39 and CD73, efficiently hydrolyze ATP to 5’-AMP and adenosine (ADO),
actively secrete ADO and mediate effective suppression of Teff cells via the A,aR [49,50].
Unlike Teff, human Treg express low levels of adenosine deaminase (CD26), do not degrade
ADO to inosine and, instead, re-utilize ADO via AoaR expressed on the cell surface [32]
This autocrine signaling of ADO generated by Treg and accumulating in the pericellular
space appears to promote Treg stability and functions. In Teff cells, which also express
AsaR, ADO signaling leads to cAMP-mediated functional downregulation [51] Thus, Treg
in the TME appear to process inhibitory signals differently than Teff. While activation and
proliferation of Teff are restored by ICR signaling, and the stability and suppression
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mediated by Treg in the TME are promoted by the ICR signals [52]. Autocrine utilization of
ADO by Treg /n situ represents an example of the mechanisms adapted by iTreg to ensure
their survival in the highly immunosuppressive TME. An alternative explanation suggested
for the observed up-regulation of ICRs in tumor-infiltrating Treg is that strong suppression
these cells mediate has to be mitigated to prevent an excessive blockade that could interfere
with immunological homeostasis which is already partly compromised by the presence of
malignancy [53]. At present, the biological significance of simultaneous overexpression of
activation markers and numerous ICRs in tumor-infiltrating Treg remain unclear, and are
being actively evaluated in the context of immunotherapy with ICls.

Another aspect of Treg signaling in the TME concerns a possibility that various Treg subsets
might be selectively regulated to utilize specific inhibitory molecular pathways [54]). Table
3 lists several, but not all, of the inhibitory mechanisms known to operate in the TME. It
seems unlikely that all Treg are able to utilize all these various mechanisms. In view of
phenotypic and functional heterogeneity of Treg, it seems more realistic to propose that
distinct subsets of Treg might acquire the preferential ability to mediate one type of
suppression, depending on the inhibitory profile of the tumor. Thus, Treg in the TME might
be instructed to adopt a suppressive pathway that best reflects the suppressive milieu of the
tumor. For example, COX-2+ HNSCCs were shown to promote the /in7 vitro development of
iTreg that expressed COX-2 and produced PGE,, while COX-2(neg) HNSCCs induced Treg
expressing few inhibitory receptors and producing low levels of immunosuppressive factors
[55] . Similarly, in tumors producing TGF-, such as HNSCCs, iTreg tend to up-regulate
LAP and GARP on the cell surface, suggesting that the TGF-f pathway is involved in
tumor-induced suppression mediated by Treg [54]. On the other hand, given the evidence
that expression levels of multiple ICRs are up-regulated on Treg infiltrating human tumors, it
could be hypothesized that all these iTreg are adequately equipped to respond to a wide
variety of ligands present in the TME. This may be an example of redundancy often
encountered with cellular processes regulating hematopoiesis.

3.5. Exosomes and Treg interactions

Tumor-derived exosomes, also dubbed “TEX”, are a major intercellular communication
system in the TME. Tumors produce and release large quantities of exosomes that carry
immunosuppressive and immunostimulatory receptors and ligands [56]. TEX partially
mimic the molecular profiles of their parent tumor cells and deliver signals from tumor cell
to other cells in the TME, including Treg [57]. The TEX cargo is generally enriched in
immunoinhibitory proteins and factors known to suppress immune responses [56]. It has
been noted TEX suppressed proliferation of CD8+ Teff but promoted expansion of CD4+ T
cells [58]. More recently, we and other have reported that TEX promoted expansion and
activity of Treg [59,60]. In vitro co-incubation experiments of TEX with T-cell subsets,
including CD4+CD39+Treg isolated from peripheral blood of healthy donors, indicated that
TEX simultaneously delivered a series of suppressive signals to T cells, up-regulated
expression levels of multiple immunoregulatory genes in Treg and altered their functions
[61]. For example, Treg co-incubated with TEX, which carried CD39 and CD73
ectonucleotidases [44] significantly up-regulated production of immunosuppressive
adenosine by Treg. In aggregate, these data suggested that Treg were re-programmed
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differently by TEX than Teff subsets and that altered mRNA transcription in Treg upon co-
incubation with TEX translated into enhanced production of immunosuppressive proteins
[61]. Such re-programming of Treg by TEX might involve transfer of miRNAs from tumor
to recipient cells, as commonly observed [62]. However, T cells do not readily internalize
exosomes [63], and it is possible that Treg re-programming by TEX preferentially involves
receptor-ligand signaling that leads to transcriptional activation in recipient cells. An
interesting caveat of these /in vitro experiments is that Treg appear to respond differently to
TEX than CD4+ or CD8+ T cells, suggesting they might utilize distinct molecular
mechanisms of activation than their lymphoid counterparts.

4. Treg and immunotherapy with immune check point inhibitors

While functions of Teff, NK and B cells, all of which express PD-1, are inhibited upon
interactions with APC presenting PD-L1 (i.e., inhibitory ligand; Figure 3), Treg appear to
respond to the ligand binding by increased proliferation, greater stability and increased
suppressor functions as previously reported [52]. The PD-1/PD-L1 blockade with
checkpoint inhibitors primarily blocks negative signaling in activated Teff and restores their
anti-tumor functions. In the presence of pembrolizumab that blocks PD-1 signaling, immune
cells are rejuvenated, except for Treg, which upon deprivation of PD-1 signaling in the
presence of pembrolizumab are expected to be restrained in their suppressor functions but, in
fact, do not seem to be (64). Targeting PD-1or PD-L1 by mAbs disrupts signaling necessary
for FOXP3 expression, attenuates Treg functions but does not alter their frequency or
phenotype. Elkord and colleagues who studied effects of pembrolizumab on various Treg
subpopulations in healthy donors and in primary breast cancer patients treated with this
blocking antibody, reported that despite decreased levels of PD-1 expression levels on Treg
following pembrolizumab delivery, Treg phenotype or suppressor functions remained
unchanged [45]. Similarly, Ribas et al also reported no change in Treg defined as
CD45+CD4+CD25MCD127° cells in melanoma patients treated with pembrolizumab [64].
In both these studies, pembrolizumab therapy rejuvenated effector CD8+ T cell populations.

It has been suggested on the basis of studies in mice that ipilimumab or other immune
checkpoint blocking antibodies with the 1gG1 isotype eliminate Treg by antibody-dependent
cellular cytotoxicity (ADCC) mediated by the FcyR-expressing NK cells [65,66]. Anti-
tumor efficacy of ipilimumab was shown to be dependent on the depletion of CTLA-4+ Treg
by ADCC in mouse models [66]. Non-classical CD68+/CD163+/FcryR+ macrophages were
reported to mediate ex vivo ADCC of Treg in patients with melanoma [67]. Preliminary /n
vitro studies from my laboratory suggest that pre-treatment of Treg isolated from PBMC of
healthy donors with ipilimumab resulted in elimination by ADCC of about a third of Treg.
The surviving Treg placed in culture proliferated rapidly, retained the Treg phenotype and
mediated suppression /n vitro (unpublished data). In aggregate, these data suggest that ICls
mainly restore immune competence of Teff without a major disturbance of Treg, which not
only survive but may be encouraged to expand, replenishing the pool of Treg partially
depleted by immunotherapy. However, the suggestion that Treg are not depleted or
“muzzled” by therapies with ICls, while Teff and other immune cells are restored in their
anti-tumor effector functions should be considered with caution. The heterogeneity of
human Treg, their plasticity in the TME and the lack of specific Treg markers represent a
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significant barrier in measuring Treg in tissues and blood of patients treated with IClIs.
Therefore, conclusions on the Treg fate during and after immunotherapies remain unclear
and warrant further investigation.

Resistance of Treg to checkpoint inhibition has been considered as a potential reason for
unresponsiveness of some cancer patients to ICIs [68]. It could be surmised that Treg
overexpressing ICRs in the TME, as previously reported [42,69,70], are not responsive to
antibodies blocking receptor signaling and instead might benefit by greater proliferation or
stability. In this context, elevated Treg-mediated immune suppression could contribute to
resistance to therapy by interfering with rejuvenation of Teff in the presence of ICls. Indeed,
a recent study provides evidence that the recruitment of Treg into the TME may be a reason
for a lack of response to ICI blockade, especially in tumor types that are heavily infiltrated
with adaptive immune cells [71]. It has been suggested that in cancers with a lower number
of non-self neoantigens, where shared antigen-specific CD8+T cells mainly control anti-
tumor responses, ICI-driven rejuvenation of these CD8+ T cells may be inefficient, because
of Treg which are especially potent inhibitors of self-antigen-reactive T cells [72]. This
concept is based on the assumption that Treg mainly suppress autoimmune responses and
only Treg corrupted by the tumor are engaged in restraining functions of tumor-specific T
cells. This may or may not be the case, and a more convincing explanation for Treg
resistance to ICIs could emerge by evaluating differential responses of Treg subsets to
signals predominating in the TME as suggested above.

5. The role of ICRs on Treg in the TME

Figure 4 is a cartoon of iTreg expressing multiple ICRs. Each receptor interacts with a
unique ligand or ligands expressed by immune or non-immune cells present in the TME.
iTreg are thus seen as highly interactive cells. This scenario places Treg in a sensitive
position of being modulated by many different signals generated in the TME. As PD-1,
CTLA-4, TIM-3, LAG-3 and TIGIT are inhibitory receptors, the assumption is that they are
meant to keep Treg from delivering excess suppression that could eliminate normal immune
functions. In the TME, Treg are not only involved in controlling local cancer-promoting
inflammation but also in down-regulating inflammation-induced tissue damage. Hence, Treg
in the TME, and presumably in other inflammatory conditions, must play diverse regulatory
functions and maintain a delicate balance between suppression and no suppression,
depending on environmental cues. Treg appear to be well equipped with numerous
regulatory receptors to effectively accomplish this task. They are a key part of the complex
regulatory network driven by locally-produced cytokines and extracellular vesicles that
operates smoothly in health and is disrupted and/or corrupted in the presence of disease.

Recent literature provides intriguing evidence pointing to previously unsuspected functional
diversity of Treg [73-79]. The engagement of Treg in a variety of non-immunosuppressive
activities such as tissue repair, vascular re-programming, modulation of metabolic and
secretory functions of immune or tissue cells, including tumor cells, and limiting TPI driven
by gut microbiota (Table 4) suggests that this lymphocyte subset is capable of assuming a
broad variety of functions and that this is a contextual process. Further, recent insight
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suggests that these constructive functions of Treg may be regulated by innate mechanisms
such as cytokines (e.g., IL-18 or IL-33) and are independent of TCR signaling [75,76].

6. Are Treg a barrier or not a barrier to the success of cancer
immunotherapy??

Given the above discussed features of Treg and their functional diversity, the question of
therapeutic attempts at their reduction/elimination in cancer deserves to be re-examined.
Over last several years, many different strategies for Treg silencing or elimination have been
experimented with both in pre-clinical and clinical settings (reviewed in [2]). Targeted Treg
therapies often take advantage of expression on Treg of molecules such as CD25, CTLA-4,
CCR4, OX40 or GITR. As neither of these proteins is selectively expressed on Treg, off-site
effects may be anticipated and may interfere with the therapeutic goal. A good example is
the use of antibodies targeting CD25 such as daclizumab, a humanized mAb with 1gG
isotype, that binds to the a-subunit of IL-2 R (CD25). Daclizumab reduced and re-
programmed Treg but also diminished activated Teff and thus did not achieve the expected
augmentation of T-cell responses [80]. Mogamulizumab is a humanized anti CCR4 mAb
with ADCC activity which was initially approved in Japan for treatment of relapsed
refractory adult T cell leukemia/lymphoma and later was used alone or in combination with
nivolumab for therapy of solid tumors [81]. This therapy had a good safety profile,
decreased FOXP3+ Treg, enhanced Teff activity and was associated with objective responses
in some tumor types [81]. Based on the rationale that CCR4, a receptor for CCL17 and
CLC22, is responsible for the Treg recruitment to tumors, therapy with megamulizumab
alone or in combination with vaccines or other immune therapies promoting Teff responses
may be a promising addition to the list of drugs targeting Treg [82]. Treg express CD39 and
CD73, and blocking the adenosine pathway, which is utilized by Treg and promotes their
growth and suppressor activity [51] via silencing these ectonucleotidases, is one strategy for
targeting Treg. Preclinical studies indicate that the adenosine pathway can be targeted with
antibodies, pharmacologic inhibitors or siRNAs to reduce or silence its pro-tumor activities
[83-85]. The results of one clinical trial using the MED19447 MoAb which blocks CD73
activity were recently reported [86]. In the context of CD39+ Treg, antibodies inhibiting
CD39 functions, are also undergoing preclinical /n vivotesting [87]. Indoleamine 2, 3-
dioxygenase (IDO) is expressed in many human cancers. Elevated expression of IDO in
tumors is associated with advanced disease stage and metastasis. IDO inhibits activation of
Teff by depletion of an essential amino acid, tryptophan, and promotes differentiation and
activation of Treg and MDSC through kynurenine production [88]. Inhibitors of IDO such as
epacadostat, alone or with the PD-1 blockade show promising results in recent clinical trials
[89,90]. Treatment with checkpoint inhibitory Abs restore Teff functions but do not seem to
alter phenotype or functions of Treg, as discussed above. As Treg commonly utilize the
TGF-p pathway for suppression, antagonists of this pathway, including neutralizing anti-
TGF-B, fresolimumab, as well as type | TGF-BR serine-threonine kinase inhibitor are in
clinical trials with an objective of enhancing CD8+ T cell/Treg ratios and suppressing IDO
expression by DC in the tumor-draining lymph nodes [91]. Recent data support the
combination of fresolimumab with hypofractionated radiation for therapy of advanced solid
tumors citing improved immune recovery achieved by the combination relative to Ab
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therapy alone [92]. Both the adenosine and COX, pathways are targets of several recent
clinical trials [86], and chemotherapies, including low and high doses of cyclophosphamide,
are frequently in use to reduce Treg frequency [93]. Anti-VEGF therapies targeting VEGF-A
or the VEGFR-2 are aimed at blockading blood vessel development also inhibit infiltration
of immune suppressive cells, including Treg, into tumors and have been recently
administered with ICls in clinical trials of several solid malignancies [94]. Table 5 provides
a listing of currently evaluated monotherapies and combination anti-tumor immunotherapies
that target Treg aiming at their depletion or reprogramming.

While multiple Treg-targeting therapies are available, the difficulty is to a priori discern
which of the numerous inhibitory pathways play a key role in immune escape of a given
tumor. Thus, a rational selection of therapeutic strategies for Treg depletion is a personal
decision based on the prior knowledge of the TME in each cancer patient. The second
difficulty is related to a concern about potential adverse systemic autoimmune effects of
such therapies. So far, the reported adverse effects are few and relatively mild, but so is the
efficacy of anti-Treg inhibitory strategies [95]. Although the Treg frequency is often rapidly
reduced following anti-Treg therapy, it tends to reverse to the baseline level, making it
difficult to judge clinical benefits of this therapy and to associate them to augmented anti-
tumor immunity. It may be that higher or more frequent dosing of inhibitors might have
greater effects on elimination of Treg, but an ever-present possibility for inducing
autoimmune disease mitigates these approaches. Also, the question of whether it is prudent
to silence Treg must be asked, given the new insights into their functional diversity and roles
Treg assume in physiologically critical processes. Today, Treg must be viewed not only as
immunoregulatory elements but as cells that can be programmed to mediate a broad range of
“good” responses in different tissues and organs as indicated in Table 4. In this context, the
concept of Treg silencing in cancer has to be re-examined, taking into account new insights
into Treg functional heterogeneity and their phenotypic plasticity.

7. Expert Opinion

The question of whether FOXP3+ Treg serve or should serve as a therapeutic target for
promoting anti-tumor immunity has no definite answer at this time. Current clinical studies
have yet to demonstrate whether targeting Treg is beneficial for immunotherapy of cancer.
Clearly, Treg play a critical role in tumor immunity and they are partly responsible for
immune suppression in the TME. However, current literature also indicates that Treg might
engage in various non-immune activities which are important for tissues and organs
homeostasis. The contributions of Treg to current cancer immunotherapies are under
investigation. This is proving to be exceptionally challenging because of the lack of selective
phenotypic markers for human Treg and because expression of the FOXP3 transcription
factor alone is not a stable characteristic of Treg in the TME. The lack of a reliable Treg
biomarker that would allow for their isolation from tissues and more precise estimation of
their frequency /n situis a barrier to further progress. Functional assessments of Treg in
tumor tissues are complex and difficult to interpret because of re-programming mediated by
cytokines, chemokines and exosomes that takes place in the TME. Recent data indicate that
tumor-derived exosomes (TEX) carrying diverse molecular/genetic cargos reprogram Treg
and are probably responsible for Treg plasticity in the TME. The reprogrammed Treg in the
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TME may operate differently than their normal counterparts, producing cytokines, soluble
factors and their own exosomes that promote tumor progression. Imposing immune therapy
on this complex network of cellular interactions without a better understanding of the
multiple and diverse functions Treg can assume in the TME might lead to therapeutic
disappointments.

The TME is uniquely shaped by the tumor to its own advantage. Treg differentiating in the
TME acquire phenotypic and functional characteristics specified by the tumor. This means
that each tumor can “design” its own brand of Treg, depending on its need for protection
from the host immune system and the repertoire of reprogramming factors it produces.
Consequently, tumor-specific strategies for the Treg depletion might be needed to disrupt
this cross-talk. Future Treg targeted therapies are likely to be “tumor and patient specific”.
This, of course, will require a deeper understanding of the TME and the Treg in each tumor
before strategies for Treg silencing can be effectively coupled with immune therapies to
achieve tumor control.
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Figure 1.
The phenotypic profile of an iTreg in the tumor microenvironment (TME). The tumor

produces cytokines, soluble factors or exosomes, all of which re-program functions of Treg
in the TME. Highly activated iTreg up-regulate expression levels of checkpoint inhibitory
receptors and other proteins involved in immunosuppressive activity of iTreg, such as TGF-
B-associated LAP and GARP or CD39 and CD73 ectoenzymes (see arrows). iTreg in the
TME may or may not be FOXP3+ and CD25+; they up-regulate expression levels of NRP1,
which maintains contact with DCs via the semaphorin-4a and may play a role in Treg
stability. Abbreviations: Treg, regulatory T cells, ATP, adenosine triphosphate, ADP,
adenosine diphosphate; 5’ AMP, adenosine-5’-monophosphate; ADO, adenosine; TCR, T-
cell receptor; CTLA-4, cytotoxic lymphocyte antigen-4; PD-1, programmed death-1; TIM-3,
T-cell immunoglobulin mucin-3; LAG-3, lymphocyte activation gene-3; TGF-g,
transforming growth factor- beta; LAP, latency-associated protein; GARP, glycoprotein A
repetition predominant; NRP-1, neuoropilin-1; CD15s, sialyl Lewis X.
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Figure 2.
Functions of iTreg in the TME. (A). An adenosine-producing CD4+CD39+ iTreg

upregulates A,aRs expression levels thus facilitating autocrine signaling, which promotes
iTreg suppressor functions. (B). In the TME, signals delivered by PD-L1 to PD-1 expressed
on Treg upregulate PTEN, which blocks the AKT/mTOR pathway, so that Treg signal via
STATS. This increases Treg stability, promotes Treg proliferation and enhances Treg
suppressor functions.
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Figure 3.
Antigen-driven PD-1/PD-L1 signaling: (A) in patients with cancer, where tumor cells or

antigen presenting cells express PD-L1, signaling via PD-1 leads to inhibition of effector
functions in all immune cells except for Treg. PD-1/PD-L1 signaling in Treg leads to greater
stability and more effective suppression. (B) in cancer patients receiving therapy with anti-
PD-1 Abs such as pembrolizumab, immune cells are rejuvenated and regain anti-tumor
functions. In contrast, PD-1/PD-L1 signaling does not seem to decrease the Treg frequency
or block their functions. Instead, Treg stability and functions are not altered, suggesting that
ICI restores Teff cell activity without depleting Treg or suppressing their functions.
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Figure 4.
iTreg in the TME are highly interactive and engage a variety of immune and non-immune

cells. The immune checkpoint inhibitory receptors, CTL-4, PD-1, LAG-3, TIM-3 and
TIGIT, are upregulated on the iTreg surface in the TME. The ligands for these receptors are
present on a variety of tissue and immune cells so that Treg have an ample opportunity to
interact with these various cells. It is possible that these receptors on iTreg control
contextual responses of Treg to environmental signals. Engagements of Treg in immune and
non-immune activities may be regulated by these receptors.

Expert Opin Ther Targets. Author manuscript; available in PMC 2019 April 10.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Whiteside Page 23

Table 1

Current classification of CD4+FOXP3+ human Treg?

Cell subset Phenotype Functional characteristics

Fraction 1: Naive Treg CD4*CD45RATFOXP3low cD25NCD127!ow CTLA4!W Weak suppressor activity; proliferate and

(nTreg) differentiate into effector Treg upon TCR
stimulation

Fraction 2: Effector Treg CD4*CD45RAFOXP3N CD25NCTLA-4"M PD1*TIM-3*GITR*  Strong suppressor activity; prone to

(eTreg) Fas*IL-10*TGF3* apoptosis; low stability Increase with age

Fraction 3: Non-Treg CD4*CD45RA-FOXP3!oW |L2*IFN3*IL17* No suppressor activity

aHuman CD4+FOXP3+ T cells are phenotypically and functionally heterogeneous. Based on expression levels of FOXP3 and CD45RA, they can
be divided into three subsets [12]
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Table 2

Mechanisms used by Treg for immune suppression in the TME

Mechanism Reference
Inhibitory cytokine production: [41,96-98]
IL-10, TGF-B, IL-35

Soluble inhibitory factors:

IDO, PGE, [50,99]

T effector cell cytolysis:

Granzyme B, perforin [100,101]
Metabolic interruption:

IL-2 deprivation [102]
Adenosine production [50,51]
cAMP-mediated effects [103]
Receptor/ligand signaling:

Fas/FasL, TGF-B/TGFRII [96,104]

Checkpoint Inhibition:
CTLA4, PD-1, TIM-3,

Exosomes

LAG-3, TIGIT  [105]
[106,107]

Expert Opin Ther Targets. Author manuscript; available in PMC 2019 April 10.

Page 24



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Whiteside

Table 3

Molecular pathways implicated in Treg-mediated signaling in the TME

Pathway References

TGF-B/TGF- BRI/II: [96]
LAP, GARP, active TGF-p
Adenosine/AaR:

AxR [85]
CD39, CD73 ectoenzymes [51]
ADA [32]
COX-2/PGE, /EP2R [49]

Immune checkpoints:
CTLA-4/ B7, PD-1/PD-L1, TIM- 3/Galectin-9, PVR [13,105]

LAG-3/ MHC II, TIGIT/CD155 (PVR) [69]
Chemokine receptors:

CCR-4,5, 6, 10 [1.5]

Fas/FasL [104]

TNFR2/TNF [108,109]
GITR/GITRL [110]
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Table 4
Functional diversity of Treg?
. Limit tumor promoting inflammation (TPI) in response to gut microbes; important in CRC [111]
. Suppress production of MMP2, a major invasion-promoting factor, by TAMs [112]
. Regulate angiogenesis via NRP1 [113]
. Play a role in tissue repair: produce amphiregulin [77]
. Protect tissues from damage during infections [76]
. In the skin, regulate hair follicle differentiation from stem cells [79]

a, . . . . . -
Some of the non-immunoregulatory functions ascribed to Treg are listed. CRC, colorectal cancer; MMP2, metalloproteinase 2; NRP, neuropilin 1
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Table 5

Therapeutic depletion or re-programming of human Treg?

. Anti-D25 Ab (daclizumab)

. Ontak

. Neutralizing TGF-p Abs

. COX-2 pathway blockade

. Adenosine pathway blockade
. High dose cyclophosphamide
. Low dose cyclophosphamide

. Sunitinib

. Fludarabine

. Immune checkpoint blockade?

aAntibodies, inhibitors or drugs that have been clinically used for reducing numbers/functions of Treg in patients with cancer (reviewed in [2])
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