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Summary

Overcoming the immunosuppressive tumour microenvironment is the
Department of Molecular and Cell Biology, major challenge impeding cancer immunotherapy today. Regulatory

University of California, Berkeley, Berkeley, T-cells (Tregs) are prevalent in nearly all cancers and, as immunosuppres-

CA, USA sive regulators of immune responses, they are the principal opponents of
cancer immunotherapy. However, disabling Tregs systemically causes sev-
ere autoimmune toxicity, hastening the need for more selective methods
to target intratumoural Tregs. In this review, we discuss a burgeoning
new modality to specifically target tumour-infiltrating Tregs (TI-Tregs) by
reprogramming their functionality from immunosuppressive to immune
stimulatory within tumours. As the basis for therapeutic selectivity of TI-
Tregs, we will focus on the defining features of Tregs within cancer: their
highly activated state controlled by the engagement of key surface recep-
tors, their distinct metabolic programme, and their unique transcriptional
programme. By identifying proteins and pathways that distinguish TI-
Tregs from other Tregs in the body, as well as from the beneficial antitu-
mour effector T-cells within tumours, we highlight mechanisms to selec-
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Introduction

The recent success of multiple forms of immune-based
cancer therapies that mobilize cytotoxic T-cells to attack
cancer cells has revolutionized the treatment of this dis-
ease.! However, it is already apparent that these immune-
boosting drugs do not benefit all patients, highlighting
the need for therapies that do more than ramp up the
immune response. Two key hurdles remain to be cleared
for the broadest impact of cancer immunotherapies. First,
treatments are needed that can overcome the immuno-
suppressive tumour microenvironment (TME). Second,
and perhaps more important, strategies for enhancing
tumour-specific anti-tumour immunity locally within
tumours are necessary to reduce the severe autoimmune
side-effects in non-cancerous tissues that are associated
with all current cancer immunotherapies.”

Regulatory T-cells (Tregs), a subset of immunosuppres-
sive CD4" T-cells defined by their expression of the Fox-
p3 transcription factor, may be the perfect target to
achieve both of these goals.” In cancer, Tregs infiltrate
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tively reprogramme TI-Tregs for the treatment of cancer.
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tumours where they dampen anti-tumour immune
responses and are commonly associated with poorer
prognoses.* However, Tregs play an essential role in pre-
venting autoimmunity and, while Treg depletion can
mobilize anti-tumour immune responses in some
instances, it has always come with the significant cost of
severe autoimmunity.”

In this review, we will describe a newly evolving
approach that aims to selectively reprogramme the
functionality of Tregs within tumours by discovering
and targeting the unique characteristics of tumour-infil-
trating Tregs (TI-Tregs). We will focus on three defin-
ing aspects of TI-Tregs that, when disrupted, can
reprogramme TI-Treg function: (i) their activation state
via stimulatory cell surface receptors; (ii) their meta-
bolic state; and (iii) their transcriptional state as con-
trolled by critical transcription factors and chromatin
regulators (Fig. 1). We define Treg reprogramming in
this review broadly.® It encompasses the loss of
immunosuppressive activity, which may include loss of
Foxp3 expression (often described as Foxp3 or Treg
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Signals and pathways critical for the stability of TI-Tregs
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Figure 1. Signals and pathways critical for the stability of tumour-infiltrating regulatory T-cells (TI-Tregs). Here we demarcate five intercon-
nected nodes (receptors, cytosolic signalling, metabolism, transcription factors and chromatin regulation) that together programme Treg
immunosuppression. Reprogramming of TI-Tregs from immunosuppressive to immune stimulatory activities is achieved by the disruption of
these critical pathways (see highlighted lines and arrows in the figure).

instability), but does not necessitate it, and/or the
acquisition of pro-inflammatory or immune stimulatory
activities.” By reprogramming the functionality of Tregs
from an immunosuppressive to pro-inflammatory state

© 2019 John Wiley & Sons Ltd, Immunology, 157, 198-209

specifically within the TME, reprogramming therapies
will not only circumvent immune regulation in
tumours, by removing immunosuppressive cells, but
also provide heightened precision for cancers, by
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Table 1. Druggable mechanisms to reprogramme TI-Tregs
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Target Agent Mechanism of action Study reference
CD28 Pentoxifylline (PTXF), CPI-1205 c-REL inhibition, EZH2 inhibition 103,117
CTLA4 Anti-CTLA4 antibodies Selectively deplete TI-Tregs 19
CD25 (IL2R) Anti-CD25 antibody, ONTAK Reprogramme, deplete Tregs 29
GITR Anti-GITR antibody Reprogramme TI-Tregs, reduce expression of HELIOS 35
NRP-1 Anti-NRP1 antibody, Sema4a-Ig Reprogramme TI-Tregs, block PTEN recruitment 30-32
CCR4/CCR8 Anti-CCR4, anti-CCR8 antibodies Selectively deplete/reprogramme Th2-like Tregs 9,10,40,41
CXCR3 AMG487 CXCR3 inhibitor 45
LCK Imatinib, Dasatinib Inhibit LCK kinase 8,20
PI3K CAL-101 Inhibit PI3K kinase subunit p110 25
PTEN VO-OHpic Inhibit PTEN and increase Akt phosphorylation 23
AKT SC79 AKT activating chemical 54
Glycolysis Dichloroacetate (DCA), 2-DG Inhibit glucose uptake and aerobic glycolysis 52,62
Lipid metabolism 5-(tetradecyloxy)-2-Furoic acid Inhibit FAO and FAS and destabilize Treg 52,53
(TOFA); Etomoxir
Glutaminolysis dimethyl oKG (DMK) Activate mTOR 63
FOXP3 C646, CP1703, CPI644 P300 (HAT) inhibitor destabilize Foxp3 protein 86,87
CBP/EP300 CP1703, CPl644 CBP/EP300 inhibitors alter epigenome of Tregs 87
NF-kB Pentoxifylline (PTXF) Inhibits c-REL expression and TI-Treg stability 8
EOS TLRY agonist TLR9-mediated inflammation downregulates EOS 103
FOXOs SC79 AKT activating, FOXO inhibiting 54
EZH2 CPI-1205, EPZ011989 EZH2 inhibitors reprogramme TI-Tregs, synergize with CBI 117
BET proteins JQ1 Selectively deplete TI-Tregs, synergize with CBI 88

converting immunosuppressive Tregs into immunostim-
ulatory cells specifically within cancer. Indeed, as dis-
cussed in this review, many drugs are already approved,
or are in development, which have the potential to
reprogramme  TI-Tregs in  support of  cancer
immunotherapies (Table 1).

Activation and differentiation of TI-Tregs

A defining feature of TI-Tregs is their highly activated
phenotype.! ' Treg activation within the TME leads to
the induction of a repertoire of suppressive molecules,
such as CTLA-4, GITR, PD-1 and LAG-3, which control
antitumour immune responses. However, the activation
of Tregs can also drive the destabilization of Foxp3
expression and induce the production of pro-inflamma-
tory cytokines,''" revealing that maintenance of Treg
identity is tenuous during activation. Treg activation
within the context of the TME also imparts a unique
transcriptional programme that distinguishes TI-Tregs
from Tregs present in normal tissues, indicating that Treg
differentiation may adapt within cancers.”” %! Therefore,
approaches that target the highly activated state of TI-
Tregs or their unique differentiation state within cancer
may prove to be powerful mechanisms for specifically dis-
rupting Tregs within tumours and reprogramming their
functions. We will begin our review by discussing the
critical surface receptors that control Treg activation or
contribute to their differentiated state in tumours.
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CD28

In conjunction with T-cell receptor (TCR) stimulation, the
CD28 co-stimulatory receptor represents the most potent
secondary stimulus for Treg functionality. Blocking CD28
signalling to Tregs drastically inhibits their stability and
function.'>'® In the context of cancer, deleting CD28 in
Tregs impairs their differentiation and function selectively
within tumours, reducing their capacity to suppress anti-
tumour immune responses and promoting tumour con-
trol.'” CD28 binding is opposed by cytotoxic T lympho-
cyte-associated protein-4 (CTLA-4), an inhibitory receptor
that competes for binding to the same ligands, B7-1 and
B7-2, on antigen-presenting cells. CTLA-4 expression is
induced by CD28 activation as a negative feedback regula-
tory mechanism in effector T-cells, and CTLA-4 is a target
for checkpoint blockade immunotherapy (CBI) for can-
cer.'® CLTA-4 is also highly expressed on TI-Tregs, most
likely as a result of their highly activated state, and its
expression on TI-Tregs supports their immunosuppressive
activity. Interestingly, a major mechanism of action of
anti-CTLA4 CBI may be to selectively deplete, or interfere
with the function of, TI—Tregs.lg’19

CD28 engagement activates several cytosolic signalling
pathways, but activation of lymphocyte cell-specific protein
tyrosine kinase (LCK) seems to be particularly important
for Tregs.”” LCK is central to the activation and nuclear
localization of the transcription factor nuclear factor of
kappa light polypeptide gene enhancer in B-cells (NF-xB),
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which, as will be discussed later, is essential for the mainte-
nance of the immunosuppressive activity of Tregs in can-
cers.>?® Interestingly, the phosphatidylinositol 3-kinase
(PI3K)-AKT-mammalian target of rapamycin (mTOR)
pathway, which is also activated in response to CD28, has
not proven to be important in establishing and maintain-
ing the immunosuppressive Treg state. In conventional
CD4" T-cells, CD28 potently activates PI3K/AKT/TORCI
signalling, whereas in Tregs, AKT activation is significantly
reduced in response to CD28 ligation. AKT activity is
impaired in Tregs by the action of two phosphatases: phos-
phatase and tensin homologue (PTEN), a lipid phos-
phatase that counteracts PI3K-mediated phosphorylation
of phosphatidylinositol-4,5-bisphosphate (PIP,) to phos-
phatidylinositol-3,4,5-trisphosphate ~ (PIP;); and the
PH-domain leucine-rich-repeat protein phosphatase
(PHLPP), which directly dephosphorylates and inactivates
AKT.*"?* A critical role for suppressing PI3K/AKT/TORC1
signalling in TI-Tregs was revealed by disrupting PTEN in
Tregs, which led to increased expression of the pro-inflam-
matory molecules IL-2, CD40L and IL-17 in TI-Tregs and
enhanced anti-tumour irnmunity.23 Mechanistically,
uncontrolled AKT activation may reprogramme Treg
function by reducing their expression of CD25, inactivating
FOXO transcription factors, or altering their metabolic
state (see below).”"** However, some PI3K activity may be
essential for Treg survival and function, as genetic deletion
or pharmacological inhibition of the PI3K subunit p110
selectively impairs TI-Treg function and improves
immune-mediated control of murine tumours.>

Interleukin-2 receptor

Interleukin-2 (IL-2) is the essential cytokine for the main-
tenance and function of Tregs.”® Binding of IL-2 to the IL-
2 receptor leads to the phosphorylation and activation of
signal transducer and activator of transcription 5 (STAT5),
a critical transcription factor for programming immuno-
suppressive Tregs, largely through its direct regulation of
Foxp3 expression.”” Disruption of STAT5 binding to the
Foxp3 locus leads to Treg reprogramming, where Tregs
switch from producing immunosuppressive cytokines to
making pro-inflammatory cytokines.”” The IL-2 receptor
is made up of three polypeptides. CD25, the IL-2 receptor
o chain, is highly upregulated in Tregs and distinguishes
Tregs from other immune cells.”® Treatment of human
Tregs in vitro with the FDA-approved monoclonal anti-
body against the CD25 receptor, daclizumab, reduces
CD25 expression on Tregs, decreasing expression of Foxp3
and increasing their secretion of IFN-y.*

Neuropilin 1
Neuropilin 1 (Nrp-1) is a receptor that is highly

expressed in thymic-derived (natural) Tregs. In the
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context of several human cancers, Nrp-1 is found to be
highly induced in TI-Tregs.”® In murine cancer models,
deletion of Nrp-1 specifically in Tregs leads to enhanced
immunity to many transplantable tumours. Nrp-1 defi-
ciency in Tregs can selectively prevent their recruitment
to cancers by disabling their capacity to sense vascular
endothelial growth factor (VEGF), which is produced at
high concentrations in many cancers, via Nrp-1.>" More
strikingly, Nrp-1-deficient Tregs that enter the TME pro-
duce large amounts of IFN-y, which acts in a paracrine
fashion to bolster stronger CD8" T-cell responses within
the TME and acts on other TI-Tregs to promote their
reprogramming to IFN-y-producing cells.’® Mechanisti-
cally, Nrp-1 recruits PTEN to the immunological synapse
upon TCR engagement, blocking the potentially toxic
activation of AKT, which can inhibit FOXO activity and
drive glycolytic metabolism, thus preserving Treg stability
and function.’®*

GITR

Glucocorticoid-induced tumour necrosis factor (TNF)
receptor (GITR), a member of the TNF receptor (TNFR)
superfamily, is highly upregulated upon T-cell activation
and is highly expressed on Tregs. Antibodies against
GITR have long been used to selectively deplete Tregs
and inhibit their suppressive capacity in vitro.”> However,
recent evidence from murine tumour models suggests
that anti-GITR antibodies can also selectively repro-
gramme TI-Tregs.”® Mechanistically, anti-GITR causes
downregulation of Foxp3, Helios and IL-10, while
increasing the levels of IFN-y production from TI-Tregs.>
As will be discussed in the subsequent section, anti-GITR
antibodies may function via regulating Helios expression,
as genetic deletion of Helios in Tregs phenocopies anti-
GITR treatment.*

Chemokine receptors

After activation, Tregs differentiate to suppress specific
types of inflammation by expressing the same polarizing
transcription factors, such as T-bet, GATA3 or ROR-yt,
and the accompanying chemokine receptors to home to
the same niche as the T-cells they will control.’” The co-
expression of Foxp3 with transcription factors that con-
trol effector T-cell functions may provide better precision
for Treg immunosuppression but, also, competition
between opposing T-cell programmes can disrupt the
immunosuppressive function of Tregs or the maintenance
of Foxp3 expression itself.®'>*® While it is not clear
whether there is a common pattern of TI-Treg differenti-
ation in all cancers, selectively targeting specific subsets
of TI-Tregs based on chemokine receptor expression is
an active area of investigation for the treatment of
cancer.
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Th2-like Tregs, distinguished by the expression of the
chemokine receptor CCR4, are increased in patients with
melanoma and colorectal cancer, and exhibit a heightened
capacity to suppress effector T-cells.”?® Antibodies against
CCR4 can reduce the number of TI-Tregs in murine
tumours,”” and a humanized anti-CCR4 antibody, KW-
0761, is being tested in early clinical trials in patients.*'
Interestingly, treating T-cells with CCL17 (a CCR4 inter-
acting chemokine) can directly inhibit the production of
the Thl cytokine IFN-y, thus implicating chemokines
themselves as factors that can directly reprogramme the
functionality of T-cells.*” CCRS8, another chemokine
receptor associated with Th2 cells, may prove to be a
superior target, as it was found highly expressed on TI-
Tregs in multiple solid tumours, but in a more restricted
fashion than CCR4.”'° However, the type of TI-Tregs
may vary in different cancers and patients, as Thl-like
Tregs, defined by the expression of T-bet, made up 40%
of Foxp3" cells in a murine model of lung carcinoma,
and between 2% and 10% of Tregs from human non-
small cell lung carcinomas.*> CXCR3, the Thl-defining
chemokine receptor, was the most prevalent chemokine
receptor on tumour-infiltrating FOXP3™ Treg in human
ovarian cancers.” Because Thl-like TI-Tregs may best
inhibit Thl effector T-cell responses that are associated
with cytotoxic CD8" T-cells and IFN-y production, selec-
tively eliminating these Tregs may have the greatest effect
on potentiating the most effective type of anti-tumour T-
cell responses.**** A role for Th17-like Treg reprogram-
ming, defined by the transcription factor retinoic acid-
related orphan receptor-yt (RORyt) and the chemokine
receptor CCR6, in cancer is complicated. In inflamma-
tion-driven cancers, such as colorectal cancer, pro-inflam-
matory Th17-like Tregs supported cancer development,
while in other cancers, such as ovarian cancer that may
not be driven by inflammation, Th17-like Tregs have
enhanced suppressive activity and support cancer devel-
oprnent.%’47

Metabolism in TI-Tregs

The TME is characterized by a multitude of factors that
impinge on the metabolism of infiltrating immune cells.
Common TME characteristics such as hypoxia, low glu-
cose and increased lactic acid may prohibit productive
anti-tumour immune responses by impeding the meta-
bolic programmes required to support the tumour-Kkilling
functions of effector T-cells, while simultaneously favour-
ing Treg metabolism.*® In this section of our review, we
will highlight the capacity for Tregs to thrive in the TME
by their use of a diversity of metabolic substrates, namely
glucose, lipids and glutamine, to feed their metabolic
requirements within the context of low oxygen tension.
We will describe how disrupting the metabolic pathways
used by TI-Tregs may reprogramme their functionality
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selectively in cancers to drive more potent anti-tumour
immune responses.

Metabolism of glucose, lipids and glutamine

During the activation of T-cells through their TCR, a
switch in metabolism occurs from oxidative phosphoryla-
tion (OXPHOS), which maximizes ATP yield from glu-
cose, to glycolysis, which supports cellular proliferation
and effector functions, for example cytokine production.*
This switch is directed by CD28 co-stimulation, which
activates PI3K/AKT, inducing the expression of the glucose
transporter Glutl, and increasing glucose uptake for gly-
colysis.® However, Tregs exhibit a much less distinctive
switch to glycolysis upon activation and instead utilize a
more diverse set of energy-generating pathways, including
fatty acid oxidation (FAO) and glutaminolysis to support
their preference for the OXPHOS pathway.”'>* The
importance of OXPHOS in Tregs is clear, as deletion of
two important OXPHOS regulators, peroxisome prolifera-
tor-activated receptor y co-activator la (Pgcla) or sirtuin
(Sirt) 3, impairs Tregs suppressive function both in vitro
and in vivo.”

In the context of low glucose and high lactate, which is
typical of most TMEs, Foxp3 expression in Tregs can
increase OXPHOS, impede glycolysis by repressing the
expression of Myc (a major transcriptional activator of
glycolytic genes), and increase resistance to high concen-
trations of lactate.”® In multiple murine tumour models,
TI-Tregs have proven to be less vulnerable to glucose
restriction than other effector T-cells.’>”°® However, in
some settings, inhibition of glycolysis in TI-Tregs reversed
Treg suppressive function and promoted anti-tumour
immunity.”>®" This may be due to the capacity of Tregs
to preferentially convert pyruvate into mitochondrial
acetyl-CoA, which would further support OXPHOS®* but,
more likely, this reflects a requirement for some glycolytic
activity in Tregs despite their increased utilization of
OXPHOS compared with effector T-cells.

Lipid and glutamine metabolism in Tregs versus effec-
tor T-cells may provide a clearer metabolic distinction
between these subsets. FAO also generates acetyl-CoA to
feed the citric acid cycle. FAO is favoured by Tregs com-
pared with effector T-cells in vitro,” and inhibition of
endogenous fatty acid synthesis (FAS) or FAO can atten-
uate Foxp3 expression and TI-Treg function without
affecting Th1 cell differentiation.’>>* Cancers also exhibit
high levels of glutaminolysis, wherein glutamine is
diverted into metabolic intermediates to feed the citric
acid cycle or provide a substrate for lipid biosynthesis.
Similar to glucose deprivation in the TME, glutamine
deprivation prevents Thl differentiation but drives Treg
conversion from naive CD4" T-cells. This may be the
result of glutamine conversion to a-ketoglutarate («-KG),
which can increase TORCI activity and oppose Treg
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programming.®® However, systemic administration of glu-
tamine to mice has also been reported to increase the fre-
quency of Foxp3* Tregs.**

PI3K/AKT/mTOR

As a central axis of metabolic control, the PI3K/AKT/
mTOR signalling pathway provides the most direct route
to reprogramming TI-Tregs metabolically. As discussed in
the previous section, during Treg activation, tight control
of AKT activity is required for the suppressive phenotype
of Tregs, and blocking the activity of the pathway sup-
ports the immunosuppressive Treg programme.®>*® Fur-
thermore, Thl cells can be reprogrammed to Foxp3*
Tregs by reducing TCR/CD28-mediated PI3K/AKT/
mTOR activity, which causes a metabolic shift from gly-
colysis to OXPHOS.®” Conversely, pharmacological acti-
vation of AKT increases glucose uptake and glycolysis,
destabilizing Tregs.* As described earlier, PTEN defi-
ciency in Tregs promotes Foxp3 instability and this is
likely the result of elevated glycolytic metabolism and
reduced OXPHOS.2"***%° However, inhibition of speci-
fic isoforms of PI3K or disruption of TORCI can nega-
tively impact the Treg programme, resulting in the loss of
suppressive receptors, such as CTLA4, ICOS and PD-
1.7%7" Nevertheless, interpreting these results is compli-
cated, as regulatory feedback mechanisms, such as
TORC1 inhibition of TORC2, can actually result in
hyper-activation of AKT in the absence of TORCI, as
TORC2 phosphorylates and activates AKT.°

HIF1-a

Due to poor vascularization of most solid tumours, TMEs
are notoriously deprived of oxygen, or hypoxic. Respira-
tory hyperoxia has been shown to improve the anti-
tumour T-cell response against metastatic melanoma in
the lung, and this was associated with decreased Treg fre-
quency, Foxp3 expression and suppressive function within
tumours.”> Low oxygen tension, combined with TCR acti-
vation, can stabilize hypoxia-inducible factor 1-o0 (HIF1-
@), and this may promote Foxp3 expression in vitro.” "
However, a number of studies also indicate that expres-
sion of HIF1-« impairs Treg stability due to its transcrip-
tional induction of glycolytic genes and its direct binding
to Foxp3, which can drive Foxp3 degradation.”®”® Sup-
porting the latter hypothesis, the oxygen-sensing prolyl-
hydroxylase (PHD) proteins, which are suppressors of
HIF1-o, are required to induce Treg programming in
metastatic niches.”” Similarly, targeted deletion of the
HIF1-o0 E3 ubiquitin ligase Von Hippel-Lindau (VHL) in
Tregs leads to elevated HIF1-o that directly binds to the
promoter of the Ifng gene and induces IFN-y expression
in Tregs, resulting in their conversion into Thl-like
cells.** This finding was also confirmed in TI-Tregs,
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where increased HIF1-o expression supported the produc-
tion of IFN-y from Tregs, which led to the impairment of
TI-Treg function.™

Transcription in TI-Treg

Changes in transcription strongly underlie the stability of
the immunosuppressive Treg programme. Factors con-
trolling Treg transcription, both transcription factors and
the chromatin landscape, act in an independent and over-
lapping fashion to establish and maintain the Treg pro-
gramme upon activation.’"®* TI-Tregs exhibit a
distinctive transcriptional programme compared with
Tregs in other sites of the body, opening up the possibil-
ity to specifically disrupt the TI-Treg transcriptome as a
mechanism to enhance antitumour immunity.*

Foxp3

Foremost in importance among transcription factors in
Tregs is Foxp3, the lineage-defining transcription factor
of Tregs that is essential for their differentiation and
function. Deficiency for Foxp3 leads to multi-organ
autoimmunity in mice and humans, and loss of Foxp3 in
Tregs diminishes their immunosuppressive capacities,
often leading to their acquisition of pro-inflammatory
activities.* ® Several mechanisms have been discovered
that regulate Foxp3 stability, either at the level of protein
stability or at the level of transcription, and their disrup-
tion can selectively promote anti-cancer immunity. Post-
transcriptional acetylation of Foxp3 by the histone acetyl-
transferase (HAT) EP300 enhances Foxp3 stability and
activity. EP300 inhibition selectively reduces the frequency
and suppressive function of Tregs within tumours by
reducing acetylation of Foxp3 itself, as well as reducing
histone acetylation (a stimulating transcriptional mark) at
key Treg-activated genes, leading to decreased expression
of Foxp3, LAG-3, CTLA-4 and TIM-3.2* In addition,
pharmacological inhibitors that block the interaction of
other bromodomains with acetylated histones, such as
JQ1, can selectively disrupt the function of Tregs in
tumours while leaving antitumour effector T-cells fully
functional *¢

Foxp3 transcription is also silenced epigenetically via
DNA methylation of its locus at key conserved non-cod-
ing sites. Importantly, evidence from animal models and
humans indicates that these loci are stably unmethylated
in TI-Tregs, lending credence to the hypothesis that the
TME naturally supports the immunosuppressive Treg
programme.*””® However, DNA methylation is dynamic;
thus, disruption of ten-eleven translocation (TET) pro-
teins that catalyse the first steps in DNA demethylation,
or blocking their recruitment to the Foxp3 locus, can dis-
rupt Foxp3 expression.”’ ™ In contrast, TET2 disruption
in antitumour effector T-cells may enhance their capacity
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to persist as memory cells and better regulate cancer,
making targeting of TETs an attractive opportunity to
selectively block immune suppression in the TME.’* 2-
Hydroxyglutarate (2-HG), a glutamine metabolite com-
mon in the TME, can negatively regulate TET proteins
and other dioxygenases, such as lysine demethylases, thus
linking glutamine deprivation (discussed in metabolism
section) to an epigenetic mechanism of enhancing Treg
stability in cancers.”

Cooperating transcription factors

Foxp3 drives the transcriptional programme of Tregs by
interacting with a series of transcription factors, both
through direct physical interactions within common com-
plexes and by complementing Treg transcriptional pro-
grammes. Disruption of several of these transcription
factors, discussed here, has been shown to reprogramme
Tregs into pro-inflammatory cells with anti-cancer-pro-
moting activities.

NF-kB

Activated upon TCR/CD28 stimulation, the NF-kB sub-
units p65 and c-Rel are required for the development of
Tregs in the thymus. However, only disruption of c-Rel,
either genetically or pharmacologically, reprogrammes
TI-Tregs to enhance cancer immunity.>*® c-Rel-deficient
TI-Tregs exhibit reduced expression of genes associated
with Treg activation — Ifgae, Tigit, Klrgl, Il1r2, as well as
downregulation of Foxp3, CD25 and Helios® but, more
importantly, these Tregs reprogramme into Thl-like cells,
expressing Eomes, Tbx21, 112 and Ifng.*”°

Helios

An Ikaros family transcription factor, Helios is co-
expressed in 70%-80% of mouse and human Foxp3"
Tregs, and its expression is a defining feature of thymic-
derived Tregs.”” While Helios appears dispensable in qui-
escent cells, upon Treg activation in the context of
inflammation or cancer it is required for their stabil-
ity.”® Genetic disruption of Helios, or its down-modula-
tion by anti-GITR antibodies, reprogrammes TI-Tregs by
decreasing Foxp3 and increasing an inflammatory Th
programme (IFN-y, IL-10, GATA3 and TBX21) and
enhancing tumour immunity,*>>®%1%0

Eos

Also a member of the Ikaros family of transcription fac-
tors, Eos physically interacts with Foxp3 in a complex
that represses genes necessary for the preservation of the
Treg immunosuppressive programme.'”" TI-Tregs in
murine models and from human patients with lung
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cancer are characterized by high levels of Eos.””'%* Down-
regulation of Eos reprogrammes Tregs to gain immune-

stimulating capacity by increasing expression of
CD40L, and this enhances CD8" T-cell responses against
cancer.'*>'%*

Forkhead box proteins

Foxol and Foxo3 are essential transcription factors for
Treg stability, binding directly within the Foxp3 locus to
support its expression, while also acting at the Ifng locus
to repress it.**'°> Phosphorylation of Foxo proteins by
AKT leads to their inactivation by nuclear exclusion, fur-
ther establishing the toxicity of AKT activity for Treg
identity. Paradoxically, by introducing mutations into
Foxo proteins to prevent phosphorylation by AKT, the
migration and function of Tregs into tumours was
blocked and cancer immunity was enhanced.'® There-
fore, it is clear that tight control of PI3K/AKT pathway
signalling, both in the strength and timing of the signals,
is paramount for optimizing the Treg programme.

Bach2

A member of the basic leucine zipper family of transcrip-
tion factors, Bach2 polymorphisms are associated with
multiple inflammatory diseases in humans.'’” This is due
to a direct role in Tregs, where Bach2 is required to sup-
press inflammatory transcriptional programmes. In the
absence of Bach2, Tregs reprogramme to Thl- and Th2-
like cells and enhance CD8" antitumour T-cell responses,

. . . .. . 108,109
significantly impairing cancer progression.

Nr4a

Three orphan nuclear receptor 4A proteins (Nur77, Nurrl
and Norl) act in a largely redundant fashion to induce
and maintain Foxp3 expression.''® NR4A expression is
increased as a direct result of the strength of TCR engage-
ment.'"! Therefore, NR4A proteins are found highly
expressed in TI-Tregs, where TCR-mediated activation is
high. Importantly, in preclinical models of cancer, genetic
disruption of Nr4al and Nr4a2, or pharmacological inhi-
bition of NR4As led to reductions in the levels of Foxp3,
I2ra, Ikzf4 and Ctla4 in TI-Tregs and enhanced anti-
tumour immunity.'"?

Ezh2

In addition to activating genes upon TCR engagement,
equally important for the maintenance of the Treg
immunosuppressive state is the repression of genes that
antagonize the Treg programme.''*'!* This is particularly
important for preventing the production of pro-inflam-
matory cytokines, as discussed with Eos and Bach2.

© 2019 John Wiley & Sons Ltd, Immunology, 157, 198-209
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However, beyond co-opting transcription factors, Tregs
also utilize histone modifications to alter chromatin
structure and control gene expression. Mechanistic insight
into how Foxp3 mediates gene repression came from the
discovery that Foxp3 associates with Enhancer of Zeste
Homolog 2 (Ezh2) after Treg activation, thereby guiding
the Polycomb Repressive Complex 2 (PRC2) to deposit
the repressive H3K27me3 chromatin mark to regions of
the genome that should remain silent in Tregs.'"> Dele-
tion of Ezh2 in Tregs solidified the importance of the
EZH2-Foxp3 collaboration, with mice developing a late-
onset autoimmunity that was restricted to non-lymphoid
tissues.'"” EZH2 is induced during Treg activation in a
CD28-dependent manner, likely via c-Rel, which can
directly bind to and activate Ezh2 transcription, thus con-
necting an extracellular cue to the epigenetic control of
Treg transcription.''® Blocking the function of EZH2 in
Tregs, either genetically or pharmacologically, leads to
specific reprogramming of Treg function within cancers,
with TI-Tregs exhibiting reduced production of immuno-
suppressive IL-10 and increased production of TNF-o,
IFN-y and IL-2."" Furthermore, anti-CTLA4 checkpoint
blockade dramatically increases EZH2 expression within
the TME, presumably due to increased CD28 signalling,
and may promote TI-Treg suppressive activity. As a
result, the combination of anti-CTLA4 with EZH2 inhibi-
tion can act synergistically to engage potent anti-cancer

immunity in murine cancer models.''®

Conclusion: Key challenges and next steps

Here we have highlighted a rapidly evolving paradigm
for the immunotherapeutic treatment of cancer by
reprogramming TI-Treg function. We cite several pre-
clinical studies that have already revealed the power of
TI-Treg reprogramming. This approach is effective
because it not only reduces Treg immunosuppression in
tumours, but actually reverses it, by converting TI-Tregs
to pro-inflammatory cells that stimulate the immune
response within tumours. While the number of examples
of TI-Treg reprogramming per se is small, the idea of
selectively targeting TI-Tregs based on their unique
properties within cancers has proven to be widely effec-
tive (e.g. anti-CTLA4 or anti-CCR4 antibodies). By
pooling our knowledge of the state of the field, we sim-
plified the characteristics of TI-Tregs into three defining
features: a high activation state; an altered metabolism
favouring OXPHOS driven largely by lipid fuels; and a
set of collaborating transcription factors and chromatin
regulators that assist the Foxp3-driven gene expression
programme.

However, while the strategies highlighted here are pre-
dicted to selectively target TI-Tregs versus other Treg
populations in the body, for such basic discoveries to be
applied to patients as therapies it is essential to consider

© 2019 John Wiley & Sons Ltd, Immunology, 157, 198-209
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the consequences of modulating these pathways in other
types of T-cells, other immune cells, and other cell types
within the tumour and systemically. In several instances,
there is already strong evidence to support the possibility
that targeting these pathways in Tregs and other cell types
would both benefit cancer immunotherapy. For instance,
targeting co-inhibitory receptors, such as CTLA-4, PD-1
or TIGIT, upregulated both on CD8" T-cells and Tregs in
tumours can enhance anti-tumour T-cell functions while
simultaneously disabling Tregs to potently enhance the
cancer immune response.'' Similarly, antibodies against
GITR, while capable of reprogramming Tregs, can also
enhance the proliferation and cytokine production of
intratumoural CD8" T-cells.'*® Targeting Tregs through
reprogramming metabolism is also promising, as the
metabolic needs of TI-Tregs appear to be unique and
opposite of other types of T-cells. For example, selectively
blocking FAO or enhancing glycolysis may disrupt Treg
stability while promoting anti-tumour T-cell function.
Perhaps most remarkably, small molecule inhibitors of
the chromatin modifier EZH2 may not only repro-
gramme TI-Treg function, but also directly increase cyto-
toxic T-cell activity and recruitment to the TME (by
increasing Thl chemokine production from tumour
cells).!'7>H812L122 1y other instances, targeting some of
the pathways described here may have tempered effects
due to blocking the function of beneficial immune cell
populations attacking the cancer. For example, blocking
CD28 can reprogramme Tregs, but CD28 is required for
T-cell activation, the acquisition of glycolytic metabolism
necessary for effector functions, and the efficacy of PD-1
checkpoint blockade therapy.”®'**> Thus, inhibiting CD28
may negate the benefits of Treg reprogramming. Simi-
larly, blocking IL-2 signalling may reprogramme Tregs,
but IL-2 signalling also stimulates natural killer cells and
T-cells; thus, its blockade may hinder the anti-tumour
activities of these cells. Efforts to direct these drugs exclu-
sively to Tregs, such as with optimized antibodies that
specifically deplete TI-Tregs or engineered IL-2 molecules
that do not bind Tregs, may be critical to the success of
targeting the IL-2 pathway.'**'*> Further work identifying
target pathways that act selectively in TI-Tregs combined
with new strategies for selectively delivering drugs to TI-
Tregs will be needed to expand the repertoire of thera-
peutic options to reprogramme TI-Tregs.

Finally, the greatest challenge of cancer treatment is to
slow or reverse metastatic disease, the most lethal form of
cancer. Treg immunosuppression within primary tumours
is thought to contribute to the correlations between Treg
frequencies and increased incidence of metastatic disease
in gastric,]26 breast,'?”'?® non-small cell lung,lzg blad-
der'® and renal cell cancers.””’ However, few studies
have resolved whether Tregs play a more specific role in
driving the process of metastasis. TI-Tregs have been
shown to promote the vascularization of ovarian cancers
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via their capacity to produce VEGF-A, thus facilitating
the establishment of a bloodstream to tumours that may
be used by cancer cells to escape to distant sites in the
body.'** TI-Tregs were also shown to induce metastasis
by their expression of RANKL, which interacts with the
RANK receptor on mammary carcinoma cells and
represses the expression of the metastasis inhibitor mas-
pin."””>  Furthermore, co-administration of antibodies
against RANKL and CTLA-4 can exhibit synergistic
effects, impairing tumour growth and metastasis in a
murine melanoma model."** Therefore, targeting TI-Tregs
may go beyond reversing immunosuppression in the
TME to encompassing the prevention of metastases by
blocking select pathways by which Tregs can promote the
escape of tumour cells from their primary sites.

In this review, we have focused on revealing several
commonalities in the mechanisms that control the
immunosuppressive Treg state that can be targeted to
reprogramme their function to become immune stimula-
tory, often with a high degree of intratumoural specificity.
This has led to the identification of several specific and
interconnected signalling nodes that may prove to be par-
ticularly potent targets for cancer immunotherapy: surface
receptors (e.g. CD28-NFkB), cytosolic signalling pathways
(e.g. NRP1-PTEN inhibition of PI3K/AKT/mTOR), meta-
bolic pathways (e.g. FAO-OXPHOS), transcription factors
(e.g. GITR-Helios) and chromatin regulators (e.g. Foxp3-
EZH2). In conclusion, the selective reprogramming of
Tregs within cancers represents a singular methodology
to overcome the last barriers that impede the broad suc-
cess of cancer immunotherapy in patients by both over-
coming immunosuppression in the TME and limiting
autoimmune toxicity.
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