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SUMMARY

Regulatory T cells (Tregs) are abundant in tumor tissues, raising a question of whether immunosuppressive
tumor-infiltrating Tregs (TI-Tregs) can be selectively depleted or functionally attenuated to evoke effective
anti-tumor immune responses by conventional T cells (Tconvs), without perturbing Treg-dependent immune
homeostasis in healthy organs and causing autoimmunity. Here, we review current cancer immunotherapy
strategies, including immune checkpoint blockade (ICB) antibodies against CTLA-4 and PD-1 and discuss
their effects on TI-Tregs. We also discuss approaches that exploit differentially regulated molecules on the
cell surface (e.g., CTLA-4) and intracellularly (e.g., T cell receptor signaling molecules) between TI-Tregs
and Tconvs as well as their dependence on cytokines (e.g., IL-2) and metabolites (e.g., lactate). We envisage

that targeting TI-Tregs could be effective as a monotherapy and/or when combined with ICB antibodies.

INTRODUCTION

Cancer immunology duly deserves credit for spawning several
anti-tumor drugs and cell therapies that have improved and
saved the lives of patients with terminal cancers. The most
common treatment strategy is blockade of co-inhibitory
molecules, also known as immune checkpoints (ICs), on can-
cer-killing T cells. Cytotoxic T lymphocyte antigen-4 (CTLA-4),
programmed cell death 1 (PD-1) and its ligand PD-L1 are key
IC targets. Their expression in T cells increase with activation.
As T cells require T cell receptor (TCR) activation and CD28 co-
activation to become effector T cells, CTLA-4 negatively
regulates this process by competing with CD28 for the co-stim-
ulatory ligands CD80 and CD86. PD-1 binds to its ligands, PD-
L1 and PD-L2, to transmit signals that inhibit TCR signaling.
These effects of CTLA-4 and PD-1 could compel cancer-killing
T cells to withdraw into inactive states of dormancy or exhaus-
tion." Hence, antibodies that antagonize CTLA-4 and PD-1 are
used to revive them and sustain their anti-tumor responses.
These immune checkpoint blockade (ICB) antibodies have,
thus far, achieved decent success. Unfortunately, however,
60%-70% of patients fail or only partially respond to these
therapies.” Patients also find themselves with immune-related
adverse events (irAEs), including autoimmune or immunopath-
ological diseases.® Some organ-specific irAEs may be due to
inadvertent activation of T cells that react with self-antigens
(e.g., heart and skin)*° or commensal microbes (e.g., colon).®
It is, therefore, imperative to ascertain the reasons behind
these shortcomings of ICBs and design novel therapies with
better anti-tumor efficacies without over-exposing patients
to irAEs.

CD4" regulatory T cells (Tregs), which constitutively express
CD25 and CTLA-4 on the cell surface and the transcription
factor Forkhead box P3 (Foxp3) in the nucleus, play key roles
in preventing autoimmune and inflammatory diseases. Howev-
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er, their accumulation in tumors suppresses anti-tumor
immunity. Animal studies have, indeed, demonstrated that
systemic Treg depletion can promote anti-tumor immunity
and bring about tumor rejection, but elicits various autoim-
mune diseases.” Mice deficient in CTLA-4 or PD-1 suffer
autoimmunity; the effect of the former severe and fatal from
young age, while the latter is relatively mild with late onset
that affects only certain tissues depending on genetic back-
ground.S’12 Hence, efforts have been devoted to determine
the responses of Tregs and Foxp3~ conventional T cells
(Tconvs) to anti-CTLA-4 and anti-PD-1 antibodies as both
populations highly express CTLA-4 and PD-1 in cancer
tissues.”®'® Given that CTLA-4 is key to Treg immunosup-
pressive function and PD-1 regulates Treg activity, CTLA-4
or PD-1 blockade on tumor-infiltrating Tregs (TI-Tregs) may
have contrasting effects (i.e., tumor suppressing or promoting)
that require further investigation.'* %"

Many studies have attempted to selectively deplete
only TI-Tregs in tumors without affecting Tregs in healthy
tissues, in order to evoke only tumor immunity but not
deleterious autoimmunity. Potential TI-Treg targets on the
cell surface include cytokine and chemokine receptors,
such as CD25 and CCRS, respectively. Intracellular molecules
that govern TCR signaling and metabolic pathways are
also viable candidates. We envision that combining TI-
Treg depletion with ICB antibodies could induce potent
anti-tumor immunity and negate prolonged treatments to mini-
mize irAEs.

In this review, we first discuss the mechanisms of Treg-medi-
ated suppression of anti-tumor immunity, particularly through
CTLA-4 and PD-1/PD-L1, and the effects that ICB antibodies
may have on these mechanisms. We then review recent prog-
ress and discuss future prospects of targeting TI-Tregs by ex-
ploiting differential properties between Tregs and Tconvs and
characteristics unique to TI-Tregs.
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Figure 1. Functional classification of human
Tregs in the blood and tumors

Among CD4" T cells in humans, FoxP3* T cells
contain three functionally distinct fractions: naive
Tregs (Fr. I) and effector Tregs (eTreg; Fr. Il) cells
with Treg-characteristic suppressive function and
activated non-Tregs (Fr. Ill) without suppression
function. The majority of cancers are infiltrated
predominantly by effector Tregs (type A), whereas
certain cancers are infiltrated by both effector
Tregs and non-Tregs (type B). Tumor-infiltrating
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PROTECTIVE ROLE OF TREGS AGAINST
AUTOIMMUNITY AND ITS IMPLICATIONS IN CANCER
IMMUNITY

Treg development and infiltration into tumor tissues

Naturally occurring FoxP3*CD25*CTLA-4*CD4* Tregs (nTregs)
are indispensable forimmunological self-tolerance. This is exem-
plified by spontaneous development of autoimmune diseases, al-
lergy, and inflammatory bowel disease in humans and mice with
congenital Treg deficiency due to FoxP3 gene mutations.'®2°
The majority of nTregs are produced in the thymus as a function-
ally distinct population (thymus-derived Tregs [tTregs]). Immuno-
suppressive Tregs can also differentiate in the periphery from
Tconvs as peripherally derived Tregs (pTregs), especially in the
intestinal mucosa where pTreg induction is crucial for immune
tolerance to commensal microbes and food antigens.”'>*

In the thymus, developing T cells with intermediate TCR affinity
for self-peptide/MHC ligands commit to the Treg lineage, while
T cells with low TCR affinity differentiate into naive Tconvs and
those with high TCR affinity are deleted.”® Tregs are thus able
to recognize self-antigens, which may also be tumor-associated
antigens.”®® Because of their self-reactive TCR repertoire,
tTregs in the periphery may be under constant stimulation by
self-antigens, which could account for their highly activated
phenotype and proliferative behavior even during steady
state.?®*° Similarly, tTregs that recognize tumor-associated
quasi-self-antigens may readily expand clonally and accumulate
in tumors.

IL-2 is central to Treg and Tconv survival. In Tregs, Foxp3 has
dual roles in controlling dependence on IL-2. On one hand, it pre-
vents IL-2 transcription and, on the other, it promotes CD25 (IL-
2Ra) expression.®'*? Formation of the IL-2 receptor (IL-2R)
composed of a, B, and y chains enhances affinity for IL-2 by
almost a hundred-fold compared with IL-2R with only B and y
chains, which is mostly the variant expressed by Tconvs.*
With CD25, Tregs could thus outcompete Tconvs for IL-2.
Without CD25, Tregs experience a developmental defect in the
thymus and are prone to apoptosis in the periphery.®* This
explains the high reliance of tTregs on IL-2, as shown by tran-

v

adaptive. Tregs in an inflammation site
may share a similar pattern of transcription
factors and chemokine receptors as
Tconvs at the site.*° For example, Tregs in a type 1 inflammation
site express T-bet and CXCRS, those in type 2 express GATA-3
and CCR4/CCRS8, and those in type 3 express CCR6 and RORt,
consistent with Th1, Th2, and Th17 cells, respectively. They are
also present in healthy tissues as tissue-resident effector Tregs
that maintain local immune homeostasis.®” Hence, TI-Tregs in
tumors may have various origins, including circulating Tregs,
tissue-resident Tregs, and pTregs generated in situ in tumors.
To specifically deplete TI-Tegs, it is thus necessary to distinguish
their phenotypes and functions from Tregs in healthy tissues.

FoxP3

Subpopulations of Foxp3* T cells in tumor tissues

nTregs in the periphery can be subdivided into naive and
effector Tregs. In humans, naive or resting Tregs with the
CD45RA*CD25'°Foxp3'° phenotype (designated Fr. | Tregs)
upon antigenic stimulation differentiate into CD45RA~CD25"
Foxp3™ effector Tregs (Fr. Il Tregs), which are CTLA-4", prolif-
erative, and strongly suppressive and possess Treg-specific
epigenome (Figure 1).°® Of note, some CD45RA-CD4* T cells
express low levels of Foxp3 and CD25 but barely exhibit
suppressive activity and instead produce proinflammatory cy-
tokines (Fr. Il cells). A typical profile of CD4* T cells in tumors
has elevated immunosuppressive Fr. |l effector Tregs compared
with CD4* T cells in the blood of both cancer patients and
healthy individuals, suggesting that abundant FoxP3" T cells
in tumors is a positive indicator of cancer progression.'®'%:3°
It is perplexing, however, that FoxP3* T cell infiltration corre-
lates with better prognosis in certain cancers such as colorectal
and head and neck cancers.”®*" To address this discrepancy,
Saito et al.*" divided colorectal cancer cases into two groups,
one with Fr. Il effector Tregs dominant (type A) and the other
with Fr. lll non-Treg FoxP3* cells dominant (type B; Figure 1).
They then assessed the frequency of FoxP3* cells among
CD4* T cells in each group and found that it correlated with
poor prognosis in the former group and favorable prognosis in
the latter. The expansion of Fr. lll non-Tregs is facilitated, atleast
in part, by a particular species of colonic microbes.*’ Thus,
proper fractionation of CD4*Foxp3™ T cells into Fr. I, Fr. II, and
Fr. lll and calculation of their relative proportions is a better
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way to gauge tumor dependence on TI-Tregs for cancer prog-
nosis. It is also apt to account for changes in CD8" T cells in tu-
mors that could ensue from Tl-Treg suppression. In general,
high TI-Treg/CD8" T cell ratios in tumors correlate with tumor
progression and poor survival.*?**

Major immunosuppressive functions of Tregs that could
suppress tumor immunity

Tregs have multiple immunosuppressive functions. One of the
major functions is regulating Tconv access to CD80 and CD86
on APCs via CTLA-4."® Mice with Treg-specific deficiency of
CTLA-4 had overt inflammatory disease as severe as mice with
global deficiency of CTLA-4, indicating that CTLA-4 does not
merely regulate CD28 co-stimulation in Tconvs.®'® Similarly,
CTLA-4 haploinsufficiency in humans could cause immune dys-
regulation from defective Treg-dependent control of CD80 on
APCs.**%5 Constant cycling of CTLA-4 between the membrane
and cytosol allows it to capture CD80/86 by trogocytosis and
transendocytosis for internalization and degradation.*®*” With
higher levels of CTLA-4, higher rate of mobility and higher
expression of the integrin, lymphocyte function-associated
antigen-1 (LFA-1), Tregs congregate around APCs to dampen
CD80/86 more actively than Tconvs.*® The increase in CD80/
86 on dendritic cells (DCs) in tumors depleted of TI-Tregs bears
testament to such immunoregulation taking place within tu-
mors.“° In doing so, Tregs deprive Tconvs of CD28 co-stimula-
tion and compel them to a hyporesponsive state known as
anergy. This mode of Treg-mediated modulation of APCs,
together with Treg-secreted immunosuppressive cytokines,
may also exert “bystander suppression”; that is, Tregs suppress
not only Tconvs recognizing the same antigen as Tregs but also
Tconvs recognizing other antigens presented on the same APC
or adjacent APCs.

The above paradigm may yet undergo a slight shift in light of
recent findings on CD80 and PD-L1 jointly balancing immune
activation and modulation. Since they were reported as binding
partners, studies have found CD80 and PD-L1 existing as
heterodimers on the same cells.*>>> When cis-bound, CD80 is
hindered from CTLA-4, but not CD28, and PD-L1 is concealed
from PD-1.>° CTLA-4-Ig disruption of CD80 increased unbound/
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Figure 2. Major immunosuppressive
functions of Tregs

(A and B) Cell contact-dependent mechanisms
involving the (A) down-regulation of CD80 and CD86
co-stimulatory molecules to deprive Tconvs of
CD28 signaling (signal 2) and (B) allowing more free

Apoptosis PD-L1 (unbound to CD80) to suppress activated

Anergy Tconvs through PD-1, which inhibits TCR signaling
(signal 1).

Dormant (C) Sequestration of IL-2 by Treg-induced expression

of CD25 limits the availability of IL-2 for Tconvs.

(D) Secretion of cytokines, such as IL-10, TGF-, and
IL-35, and production of adenosine to regulate APC
activity.

free PD-L1 on APCs.“*® Furthermore, an
anti-CD80 antibody that prevented forma-
tion of CD80:PD-L1 cis-duplexes was
shown to ameliorate autoimmunity in mice
by permitting increased PD-L1:PD-1 sig-
naling in Tconvs.>* It is thus conceivable that Treg-induced re-
duction of CD80 could accentuate PD-L1-mediated inhibition of
PD-1*-activated Tconvs, as suggested by the expansion of
CD80free-PD-L1" APCs co-cultured with Tregs (Figure 2).¢
Tregs have other immunosuppressive functions through
the cell surface molecules, CD25, CD39 and CD73, and the cy-
tokines IL-10, IL-35, and TGF-B. Tregs expressing CD25 can
outcompete Tconvs for IL-2.°° IL-2 sequestration by Tregs
may be accompanied by deprivation of co-stimulation to effec-
tively induce anergy in Tconvs.® Additionally, CD25 may serve
as a “sensing” molecule to react to IL-2 production by Tconvs
to keep them under control. Co-expression of CD39, which
converts ATP to ADP and adenosine monophosphate (AMP),
and CD73, which converts AMP to adenosine, allows Tregs
to boost inhibitory cyclic adenosine monophosphate (CAMP)
in Tconvs through adenosine receptors.®’*® This may occur
when Tregs and Tconvs release ATP through pannexin chan-
nels when they are activated in close proximity.>® Treg-derived
IL-10 and IL-35 are important in preventing tissue inflammation,
particularly colitis.®®? IL-10- and IL-35-producing Tregs are,
however, distinct populations. The differentiation of naive Tregs
into IL-10* Tregs, but not IL-35" Tregs, is dependent on
B-lymphocyte induced maturation protein-1 (Blimp-1).%° Mice
with Treg-specific deficiency of Blimp-1 had severe colitis but
barely had systemic autoimmunity, consistent with mice with
Treg-specific deficiency of IL-10.5%¢" TCR-stimulated Tregs ex-
press high latent TGF-p (L-TGF-) bound to glycoprotein A rep-
etitions predominant (Garp) on their cell surface.®*® Activated
Tconvs also express L-TGF-f albeit at much lower levels. Inter-
action between L-TGF-B and integrins on cells and extracellular
matrix can activate TGF-B in the L-TGF-B:Garp complex to
engage TGF-p receptors.®® Mice with T cell-specific deficiency
of Garp, however, did not exhibit abnormal Treg and Tconv
development; and Garp-deficient Tregs were as immunosup-
pressive as Garp-sufficient Tregs.®® This was in contrast to
human Tregs with Garp knockdown showing defective Foxp3
and immunosuppressive function.®* To elucidate the functional
significance of Garp™ Tregs, it may be necessary to assess
them in ongoing immunopathological conditions, such as in
gut inflammation or even in tumors with high integrins, such
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Figure 3. Overview of Treg-targeting
antibody and small molecule compounds
Individual effects of indicated antibody and com-
pound on Tregs and effector Tconvs and tumor
immunity and autoimmunity. Arrows pointing
down indicate negative effects, arrows pointing up
indicate positive effects, and horizontal arrows

Autoimmunit:
Y indicate no or negligible effects.
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Further research is required to understand the complementary
effects that each Treg function may have on another. One example
is between cAMP and CD28 co-stimulation. Upon TCR stimulation
in Tconvs, cAMP is generated to trigger a negative feedback
through cAMP-dependent protein kinase A that inhibits TCR.?%"°
For TCR to be relieved from this autoinhibitory circuit, CD28 co-
stimulation is essential for upregulating and recruiting phosphodi-
esterases (PDEs) to TCR to hydrolyze cAMP.”" Shortage of PDEs
may be a reason behind Tconvs becoming anergic from APCs
lacking CD80/86. Tregs could enhance this process by transferring
cAMP into Tconvs through gap junctions called connexin 43
(Cx43).” This may arise from the diffusion gradient between Tregs,
typically containing higher cAMP, and Tconvs.”® Cx43 expression
is non-constitutive and strictly dependent on activation especially
under Treg-inducing conditions (e.g., TGF-p).”* There could be
other molecules that do not have directimmunosuppressive effect
but link and synergize Treg functions. These include chemokines
and their receptors that spatially organize Tregs in tissues for
cell-contact suppression.

POTENTIAL CONFLICT BETWEEN TREGS AND PD-1
BLOCKADE IMMUNOTHERAPY

Similar to its role in Tconvs, PD-1 also inhibits Treg activity as
PD-1 blockade results in increased Treg activation.'*”> Non-
obese diabetic mice with Treg-specific deficiency of PD-1
were found to be better protected from autoimmune type 1 dia-
betes.”” This may affect the outcome of anti-PD-1 immuno-
therapy, as increased Treg activity may compromise treatment
efficacy (Figure 3).

We previously reported that PD-1* TI-Tregs in tumors may un-
dermine PD-1 blockade immunotherapy. This was inferred from

increased PD-1* TI-Tregs in tumors of
patients who suffered from a fatal condi-
tion called hyper-progressive disease
(HPD)." HPD is an accelerated growth
of pre-existing tumors treated with ICB
antibodies. Its incidence varies with can-
cer types, from 5.7% in non-small cell
lung carcinoma (NSCLC) to 29% in head
and neck squamous cell carcinoma.”®
HPD likely has multiple causes. Given
that Tregs without PD-1 gene and Tregs
treated with anti-PD-1 were more prolifer-
ative, were more immunosuppressive,
and resulted in increased tumor growth
in mice, we proposed that such an event
may drive some HPD cases.'* This may be pervasive in patients
with tumors containing high PD-1* Treg/PD-1" CD8" T cell ra-
tios. Indeed, PD-1 blockade in mice resulted in larger tumors
that had high pre-existing TI-Treg/CD8" T cell ratios imposed
by near infrared light that purged intra-tumoral CD8* T cells
labeled with photosensitizer-conjugated anti-CD8# antibody.””
As a corollary, low Treg/CD8" T cell ratios within tumors are
associated with better clinical outcomes in patients treated
with anti-PD-1.”® Hence, measuring and tracking the said ratio
with tumor growth could determine the suitability of patients
for anti-PD-1 therapy.

Although still undocumented in humans, there may be cases in
which PD-1 blockade reduces TI-Tregs and tumor development,
as shown in mice with tamoxifen-dependent Treg-specific PD-1
deletion.”® However, these effects came about only when PD-1
deficiency was induced before but not after tumor inoculation.
Given the spontaneous increase in activation and proliferation
of PD-1 deficient Tregs, prior induction of PD-1 deficiency in
Tregs could lower and limit the frequency of Tregs available for
de novo stimulation by tumor antigens and trafficking to tumors
for site-specific immunosuppression. In addition, although
excessive activation may destabilize and increase apoptosis in
Tregs (discussed later), this likely varies with tumors; particularly
as tumors resistant to anti-PD-1 therapy tend to have more TI-
Tregs.”>%° Stratification of tumors into anti-PD-1 responsive
and non-responsive types may bring clarity on the tumor envi-
ronment that disfavors TI-Tregs devoid of PD-1.

It may also be beneficial to identify the immunosuppressive
effects that are augmented by anti-PD-1-induced activation of
Tregs. Some clues recently surfaced from Treg-specific PD-1-
deficient mice, which were shown to have increased levels of
IL-10%, CTLA-4%, and LFA-1" Tregs.®' Future studies also ought
to assess less apparent immunosuppressive mechanisms such
as the rate of adenosine production. Thus far, anti-CD73 has
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been shown to enhance the anti-tumor efficacy of anti-PD-1 in
mice.®? This supports the plausibility of improving anti-PD-1
therapy by attenuating relevant Treg functions.

ANTI-CTLA-4 ANTIBODY AND ITS DEPLETING EFFECT
ON TREGS

Anti-CTLA-4 has a broad range of effects through enhancing
CD28 co-stimulation in Tconvs, blocking CTLA-4-mediated
immunosuppressive function of Tregs and depleting Tregs by
F.-mediated antibody-dependent cellular cytotoxicity (ADCC)
and antibody-dependent cellular phagocytosis (ADCP) (Figure 3).
To date, the relative contributions of these effects by anti-CTLA-
4 to its overall anti-tumor efficacy are still under debate.®>%* The
rate of Treg depletion rests on the Fc IgG isotype of anti-CTLA-4
and FcyR polymorphism.®®> ADCC-mediated Treg depletion by
anti-CTLA-4 has been widely documented in mice and humans
and shown to be prevalent among TI-Tregs in tumors containing
active natural killer (NK) cells.®® In mice, though, ADCP by
CD11b* macrophages could be the predominant mechanism
since the absence of NK cells did not affect anti-CTLA-4-medi-
ated depletion of TI-Tregs.®” An unaddressed question is
whether dormant/exhausted CTLA-4" Tconvs share a similar
fate. Their reduced presence could blunt the efficacy of anti-
CTLA-4. Nevertheless, a synergistic effect can be expected
of combining anti-CTLA-4 and anti-PD-1, which has gained
approval for treatment of certain aggressive cancers.®> A major
drawback lies in the high rate of irAEs, 55% for patients receiving
combined therapy compared with 27.3% and 16.3% for patients
receiving anti-CTLA-4 or anti-PD-1 monotherapy, respectively.®®
However, this may be alleviated by modifications to antibody
structure. A new humanized anti-CTLA-4 variant that was de-
signed to be smaller by excluding light chains and had constant
regions of its heavy chains optimized for ADCC, was reported to
permeate tumors more efficiently and evoked stronger tumor im-
munity compared with conventional anti-CTLA-4.%° Moreover,
its short systemic half-life could reduce irAEs. Hence, much
hope remains for effective and safe anti-CTLA-4 and anti-PD-1
combination treatment against cancer.

BI-SPECIFIC ANTIBODIES AGAINST CTLA-4 AND PD-1

An intriguing advancement in dual blockade of CTLA-4 and PD-1
has recently been made with two bi-specific antibodies,
MED15752 and MDG019.°°% They were constructed purely
for blocking the IC molecules and did not affect Tregs in vitro
and in vivo. Creation of these antibodies was spurred by the
higher presence of CTLA-4"PD-1* T cells in tumors compared
with healthy tissues. Both MED15752 and MDGO019 showed
preferential binding to CTLA-4*PD-1* over CTLA-4*PD-1-
T cells. The same applied to their PD-1 binding properties, indi-
cating that T cells in healthy tissues can be spared from inhibition
since they are largely either CTLA-4 or PD-1 single positive. In
mice expressing human CTLA-4 and PD-1, MED15752 localized
mostly to tumors and was more effective in inhibiting tumors than
the combination of mono-specific antibodies.®’ Similar results
were obtained for MDGO019 in monkeys, which had more circu-
lating activated and memory CD4* T cells, whereas Tregs re-
mained constant.’® Clinical trials are currently under way, with
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early results showing promising tumor regression and irAEs
that were considered moderate and tolerable.*”

Although further tests on their mechanistic actions are
required, MED15752 and MDGO019 were found to be rapidly
internalized and degraded along with their bound IC molecules,
probably because of the perpetual membrane-cytosol cycling of
CTLA-4.°"° Given that Tregs express high levels of CTLA-4 and
PD-1, the effect of losing them in this context may be subtle on
Tregs but profound on Tconvs, which could then be readily
activated.

TRANSIENT TREG DEPLETION BY ANTI-CTLA-4 FOR
TUMOR-REACTIVE TCONV ACTIVATION

High constitutive expression of CTLA-4 on Tregs and activation-
dependent expression of CTLA-4 on Tconvs offer opportunities
to first break tumor TI-Treg defenses then unleash Tconvs
against tumor cells. This was unveiled as a practical approach
in mice that had tumors regressed when infused with anti-
CTLA-4 prior to tumor antigen vaccination that expanded tu-
mor-reactive CD8" T cells.'® Conversely, vaccination in tandem
with infusion of anti-CTLA-4 caused a decrease in CD8" T cells in
tumor tissues and did not change the CD8" T cell/Treg ratio, pre-
sumably as CTLA-4" cells in both populations were depleted in
parallel. Tumors in this group did not regress like those in mice
that were first treated with anti-CTLA-4 then vaccinated with
tumor antigen. This may explain the failure of patients with
late-stage melanoma to benefit from combining anti-CTLA-4
and glycoprotein 100 (gp100) vaccination.”® Although Tregs
and Tconvs were not assessed, it was possible that anti-
CTLA-4 depleted CTLA-4"* Tregs as well as Tconvs that upregu-
lated CTLA-4 upon activation by gp100. Hence, coordination
rather than mere combination of tumor antigen vaccination
with anti-CTLA-4 could be key for such a therapeutic approach
to be effective.

TARGETING OTHER DIFFERENTIALLY EXPRESSED CO-
INHIBITORY/STIMULATORY SURFACE MOLECULES

Tregs and Tconvs share many activation and inhibitory mole-
cules of which several are more highly expressed in Tregs than
in Tconvs. Tconvs also tend to display delayed kinetics of
expression (as described below). These differential properties
may be exploited to re-balance the TI-Treg and Tconv rivalry to
favor the latter in tumors.

GITR stimulation to induce cell death in GITR™ Tregs and
activation of GITR' Tconvs

Glucocorticoid-induced TNFR-related protein (GITR) is highly
expressed in Tregs. Tconvs also upregulate GITR upon activa-
tion though to lower levels.®* Increased levels of CD4*GITR*
Tregs and Tconvs in tumors is associated with poor prognosis
in human gastric cancer.®®> GITR is an activation molecule
with opposing effects on Tregs and Tconvs. This is evident
from agonistic anti-GITR (DTA-1) increasing Treg and Tconv
proliferation, only for the former to become unstable and less
immunosuppressive and even differentiate into Thi-like cells
with cytotoxic effects in tumors (Figure 3).°*°°°° The ability of
GITR stimulation to prevent Tconvs from becoming anergic
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and the inability of GITR ligand-deficient APCs to expand Tregs
suggest that GITR may be a source of co-stimulation.®* High
GITR expression on Tregs may thus subject them to over-stimu-
lation by DTA-1, resulting in Treg instability and apoptosis.

Mice treated with DTA-1 developed smaller tumors that con-
tained less Tregs and more effector Tconvs.'°*'°" In murine glio-
blastoma, DTA-1 reduced tumor resistance to anti-PD-1.%°
When used simultaneously with cell-depleting antibodies, how-
ever, a pre-requisite is that the antibody-targeted molecules on
Tconvs are not upregulated by DTA-1. For example, treating tu-
mor-bearing mice with DTA-1 evoked strong tumor immunity
and impeded tumor development, effects that were potentiated
by non-cell-depleting anti-CTLA-4, but not by cell-depleting
anti-CD25."°° Combination of DTA-1 and anti-CD25 was notice-
ably worse than DTA-1 alone. This could be reasoned by anti-
CD25 depleting both Tregs and Tconvs, the latter also express-
ing CD25 in tumors upon activation by DTA-1.

Unfortunately, anti-GITR has not shown promising efficacy in
clinical trials despite reduction of TI-Tregs in tumor tissues. To
resolve this, a fusion construct consisting of anti-PD-1 and
GITR-Ligand (GITR-L) multimer was generated and found to be
highly potent in preventing tumor growth in humanized mouse
models.'% PD-1 blockade by the anti-PD-1 portion was critical
for GITR clustering that amplified downstream signals by
GITR-L. There was also a marked reduction of TI-Tregs in tu-
mors; and in vitro assay showed less Treg suppression brought
about by anti-PD-1:GITR-L compared with combination of indi-
vidual anti-PD-1 and GITR-L. Hence, GITR agonism could still
be a viable therapeutic option. The key lies in converging its
agonistic effect.

TIGIT modulation to selectively deplete Tregs and
activate Tconvs
T cell immunoglobulin and ITIM domain (TIGIT) is a co-inhibitory
receptor that is promoted by Foxp3, which binds to its locus to
maintain a stable epigenetic state.'® The baseline level of
TIGIT is thus higher on Tregs than on Tconvs, further increasing
on TI-Tregs.'%* In mice, anti-TIGIT with strong ADCC and anti-tu-
mor efficacies was shown to deplete TI-Tregs without altering
the numbers of Tconvs and extra-tumoral Tregs.'% Similarly,
anti-TIGIT human antibody preferentially depleted Tregs over
Tconvs from the blood of cancer patients. The efficacy of
ADCC correlated with the density of TIGIT expression per
cell.'® In another murine model of ovarian cancer, blocking
TIGIT reduced the numbers and function of TI-Tregs in tumors
and improved the survival of mice.'%®

TIGIT could be a good target for cancer immunotherapy in
view of TIGIT knockout mice remaining healthy without sponta-
neous autoimmunity.’®” Upon binding to the ligands, CD155
and CD112, TIGIT transduces negative signals through its own
inhibitory motifs.'°® This also prevents CD155 and CD112 from
engaging the co-stimulatory molecules, CD226 and CD112R,
respectively. Tregs have high TIGIT relative to CD226 and only
upregulate TIGIT but not CD226 upon activation.'®* By contrast,
Tconvs have low TIGIT/CD226 ratios and upregulate both mole-
cules when activated. Although TIGIT signaling promotes Treg
integrity and function, CD226 opposes, vice versa for Tconvs
(Figure 3). Hence, differential control of Tregs and Tconvs may
be possible through the reciprocal effects of TIGIT and CD226.
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Several clinical trials for anti-TIGIT in combination with ICB anti-
bodies are in progress. '

TARGETING CHEMOKINE RECEPTORS SPECIFIC FOR
TI-TREGS

TI-Tregs may possess specialized chemotactic features that
allow them to populate tumors and create tumor immunosup-
pressive environments. These characteristics can be explored
for future therapeutic applications that may be used in conjunc-
tion with ICB antibodies to treat cancer efficiently and safely.

CCR4:CCL17/22
This TI-Treg chemotactic axis came about from uncovering tu-
moral ovarian cells and macrophages as major producers of
CCL22 and TI-Tregs with high CCR4 expression.'’® Indeed,
CCL22 inhibition reduced Treg infiltration into tumors without
affecting Tconvs. Since then, studies have pursued CCR4 as a
TI-Treg-specific molecule (Figure 3). In a recent one, giving
CCR4 antagonist to mice with Pan02 tumors that produced
copious amounts of CCL17 and CCL22 blocked Treg infiltration
into tumors and evoked strong tumor immunity."'® More inter-
estingly, tumors that were inherently low in CCL17 and CCL22
expression had both chemokines upregulated along with
increased CCR4* TI-Tregs upon treatment with anti-CTLA-4.
Although these tumors were partially reduced in size by anti-
CTLA-4, their development was almost completely dismissed
by joint blockade of CTLA-4 and CCR4.""° Hence, it may be
important to monitor for any rise in CCL17 and CCL22 levels in
tumors that could be counterproductive during anti-CTLA-4 or
other types of immunotherapy. A similar observation was re-
ported with piperidinyl-azetidines that bind to a particular
CCR4 motif, preventing recognition of CCL17 and CCL22."""
They were effective in lowering TI-Tregs and enhancing anti-tu-
mor efficacies of anti-CTLA-4 and anti-PD-L1.
Mogamulizumab, a humanized anti-CCR4 antibody used to
treat adult T cell leukemia/lymphoma (ATLL), was previously
found to deplete mostly activated Tregs from the blood and tu-
mor infiltrates of melanoma patients, increasing tumor antigen-
specific activation of Tconvs.''? In recent clinical trials, good
overall response rates (ORR) were attained for mogamulizumab
against ATLL, peripheral T cell ymphoma and cutaneous T cell
lymphoma with a pooled rate of 43%."'® Toxic effects and irAEs
were also within reasonable limits, the most common comprising
lymphopenia, neutropenia, and skin rash. Skin reactions are
particularly common among responders to mogamulizumab,
which could be attributed to the depletion of CCR4" skin-resi-
dent Tregs as confirmed by immunohistological staining.'"*
Similar results have also been obtained against advanced and
recurrent solid tumors (40% ORR) treated with mogamulizumab
alone and advanced solid tumors (hepatocellular carcinoma;
27%, NSCLC; 20% ORR) treated with combination of mogamu-
lizumab and anti-PD-1.""* Tumor biopsies in the latter group
showed reduced TI-Tregs and increased CD8* T cells.

CCR8:CCL1

CCRS8 is currently generating more excitement owing to its high
specificity as a TI-Treg marker in several cancers (e.g., breast,
colon, renal, pancreatic, gastric) (Figure 3).**°>""> Our group
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and others recently found that CCR8* TI-Tregs account for 50%-
60% of TI-Tregs and are highly immunosuppressive.*®'16-118
Remarkably, CCR8* TI-Treg depletion led to an almost complete
remission of tumors and gave rise to strong resistance against
secondary tumor challenge. These were attained without major
loss of Tregs in other organs; and mice were in good health
throughout treatment. Furthermore, a synergistic effect was ob-
tained from combining anti-CCR8 and anti-PD-1.4%""¢

CCRS8, however, is redundant to the migration and retention of
TI-Tregs. These were reported by studies that found CCR8-defi-
cient Tregs with similar rates of tumor infiltration as wild-type
Tregs and CCR8 knockout mice without any tumor growth
reduction.”'® Despite CCR8 not serving any immunosuppressive
purpose, its engagement to CCL1 could promote Foxp3 tran-
scription even in Foxp3* nTregs. This may be accompanied by
increases in the Treg functional molecules CD39, IL-10, and
granzyme B and decrease in PD-1."?° Hence, CCR8 may
enhance the stability of TI-Tregs and relieve them of PD-1 re-
straint. One downside of anti-CCR8 is while there are few
CCR8" Tregs in healthy tissues, they could be increased in sites
of inflammation or autoimmunity where they limit collateral dam-
age.*° Apolipoprotein E knockout (ApoE ") mice infused with
anti-CCR8 and ApoE~'~Ccl1~/~ mice had reduced Tregs in the
aorta and more atherosclerosis.'”' Deletion of CCR8* Tregs in
these regions could be detrimental especially when anti-CCR8
is combined with anti-PD-1.

Others: CCR5:CCL5 and CCR10:CCL28

Other less prominent chemotactic systems of TI-Tregs are
CCR5:CCL5 and CCR10:CCL28. The former is pertinent to
pancreatic and squamous cell carcinoma and hindering either
receptor or ligand restricts Treg entry into tumors.'*"'%®> Mice
that received such treatments had smaller tumors. CCR5 also
makes a good biomarker with its higher expression in circulating
Tregs compared with Tconvs becoming more pronounced
during cancer.'®> CCR10* TI-Tregs are mobilized by hypoxia-
induced CCL28 in ovarian cancer.'®* In tumors, CCR10*
TI-Tregs can secrete vascular endothelial growth factor A
(VEGFA) to expand VEGF receptor-2 (VEGFR-2)* Tregs to
pack tumors with even more Tl-Tregs.'**

TARGETING IL-2/IL-2R AND IMMUNOSUPPRESSIVE
MOLECULES OF TI-TREGS

Targeting IL-2/IL-2R to control the balance between TI-
Tregs and Tconvs in tumors
Until recently, treating tumor-bearing mice with anti-CD25 had
not shown significant reduction in tumors, mainly from insuffi-
cient reduction of TI-Tregs and interference of IL-2R signaling
on Tconvs. These have since been rectified by F.-optimized
anti-CD25 of higher specificity (Figure 3).'2°7'%7

Alternatively, differential binding of IL-2 to the trimeric (oY)
and dimeric (B7y) forms of IL-2R can be leveraged to favor Tconvs
over Tregs. The anti-IL-2 clone, S4B6, against murine IL-2, is one
to model after (Figure 3). S4B6 obstructs IL-2 from IL-2Ra signif-
icantly more than IL-2Rp. The slight steric hindrance of IL-2Rp is
compensated by a conformational change in IL-2 that
strengthens its binding to IL-2RB.® Hence, S4B6 could abolish
the advantage of expressing IL-2Rq, as attested in mice with
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more proliferating Tconvs than Tregs and bearing smaller tumors
when given IL-2:54B6 complex.'%%12°

In another approach, a fusion protein consisting of anti-PD-1
and low-affinity IL-2 was shown to drive tumor immunity through
selective invigoration of PD-1*CD8* T cells.”®* The greater
expansion of CD8™ T cells relative to TI-Tregs only occurred in tu-
mors, not in peripheral tissues. This disparity between anatom-
ical locations lends credence to IL-2 competition in tumors
with high PD-1*CD8* T cells. A second group made similar find-
ings by fusing anti-PD-1 to a non-CD25 binding IL-2 variant.'®’

Sushi domain containing-2 (SUSD2) may also be a good
candidate. SUSD2 is a membrane protein present on effector
CD8" T cells, absent on Tregs.'* It binds to the sushi domains
on CD25, which is expressed at low levels on effector CD8*
T cells, preventing IL-2 from engaging for stimulation. This was
verified by SUSD2-deficient CD8* T cells ridding off tumor cells
more robustly.'*? An IL-2 mutein that was generated for CD25
binding specifically in acidic environments, typical of tumors,
may well displace SUSD2 to trigger tumor-reactive CD8*
T cells.'® However, this is likely to be effective only against tu-
mors that do not have high TI-Treg/CD8" T cell ratio.

Blocking CD39 reduction of ATP and CD73 production of
adenosine

CD39 and CD73 exist on cell surface membrane as well as on
secreted soluble exosomes.'®* CD39 neutralizes the inflamma-
tory threat by ATP through P2 purinergic receptors (e.g., P2XR
and P2YR) and CD73 subdues immune cells through the
cAMP-producing adenosine receptors, Adora2a (A2aR) and
Adora2b (A2bR)."**"'3" Tregs deficient in CD39, CD73, A2aR,
or A2bR are dysfunctional to varying extent.'*®'*? CD39-
deficientand CD73-deficient Tregs have been found to give
way to stronger anti-tumor immune responses in mice.'*%'* Tu-
mor cells themselves use CD39 and CD73 to create an ATP-poor
and adenosine-rich environment conducive to Tl-Tregs.'*® To
reverse this, inhibitors of CD39 and CD73 have to antagonize
both their membrane and soluble forms. This was underscored
by human membrane- and soluble-specific CD39 and CD73 an-
tibodies inducing Tconv activation superior to the respective
membrane only-specific antibodies.’*® Complete blockade
may be vital given that TI-Tregs tend to apoptose from ATP stim-
ulation of P2X7R and apoptotic TI-Tregs could in turn leak ATP to
fuel CD73-mediated tumor immunosuppression.'*”4®

Targeting the immunosuppressive cytokines: IL-10, IL-
35, and TGF-$

Within tumors, IL-10* Tregs are implicated in regulating tumor
inflammation, while IL-35" Tregs may promote Tconv exhaus-
tion.'*® Both IL-10* and IL-35* Tregs participate in creating
immunosuppressive environments in tumors. This was seen in
mice that lack both IL-10* and IL-35" Tregs bearing smaller tu-
mors than mice without either Treg population.’*® Despite their
negative roles in cancer, IL-10* and IL-35* Tregs do not yet ap-
peal as therapeutic targets, because of their commitment to pre-
vent peripheral tissue inflammation.

Tumor cells expressing avB8 have been implicated to activate
L-TGF-B on activated Tconvs, facilitating local conversion of
activated Tconvs into pTregs in tumors.®® Indeed, Foxp3* cells
from avp8-expressing and non-expressing tumors differ in their
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transcriptional profiles. Unfortunately, there were no clear gene
signatures suggesting that the former and latter groups were
dominated by pTregs and tTregs, respectively.®® A reasonable
speculation is that both may increase under the influence of
avf8-mediated activation of TGF-B. Given the clear reductions
of TI-Tregs and tumor growth after treating avp8-expressing,
but not non-expressing, tumors with anti-avp8, a role of avp8
in promoting TI-Treg accumulation in tumors is likely. This also
implies that blocking avp8 could be more effective than blocking
soluble active TGF-p for treating cancer.

INHIBITING FOXP3-REPRESSED TCR-RELATED
MOLECULES TO REDUCE TI-TREGS

Tregs and Tconvs differ in TCR signaling upon TCR stimulation
and also at basal state due to Foxp3-mediated downregulation
of certain TCR signaling components, including lymphocyte-
specific protein tyrosine kinase (Lck), zeta-chain-associated
protein kinase 70 (ZAP-70), SLP76, and CD45 (Figure 4A)."*°
Foxp3-induced downregulation of these molecules may enable
Tregs to better survive and elude activation-induced cell death
in an inflammation site to suppress Tconvs. Hence, TCR-related
molecules, such as Lck, can be felicitous targets for selective
control of Tregs. Indeed, imatinib, a tyrosine kinase inhibitor
(TKI) for oncogenic BCR-ABL fusion kinase in chronic myeloge-
nous leukemia (CML) and with off-target effects on Lck, was
found to preferentially deplete effector Tregs, allowing expan-
sion of antigen-specific CD8" T cells in healthy individuals and
in mice (Figure 4B)."®" As the amount of Lck expressed by
effector Tregs is much lower compared with CD8* T cells, ther-
apeutic doses of imatinib could affect Tregs more than CD8*
T cells. In mice bearing imatinib-insensitive tumors, imatinib
treatment reduced effector Tregs in the periphery and in tumors
and reduced tumor growth.'*° Other small molecule inhibitors of
Lck (e.g., dasatinib, AMG-47a) were also found to selectively
reduce Tregs.

In CML, imatinib-treated patients can be segregated into two
groups; complete molecular remission (CMR) and non-CMR.
Analysis of peripheral blood cells showed close association
between CMR and reduction of effector Tregs coupled with
marked increase in effector/memory CD8" T cells. This suggests
that imatinib may not only mediate direct killing of leukemic cells

Leukemic

RIRK IR 1R K 2

T cell-dependent killing
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Figure 4. Treg-repressed TCR signaling
molecules as targets for Treg reduction

(A) FoxP3-mediated repression of TCR signaling
molecules intrinsic to Tregs.

(B) A schematic diagram showing imatinib’s dual
effects on leukemic cells. Direct killing of leukemic
cells by BCR-ABL inhibition or T cell-dependent
killing of leukemic cells by Lck-inhibition mediated
Treg reduction for achieving complete molecular
remission (CMR) in chronic myelogenous leukemia.

Non-
CMR

CMR

by BCR-ABL inhibition but also by T cell
mediated immunity (Figure 4B)."*" Another
- benefit of imatinib is the rare occurrence of

irAEs. This encourages the development of

second generation TKis, such as dasatinib

with higher Lck specificity and less variable
in BCR-ABL inhibition and effector Treg depletion.’>? Inhibitors
of other Foxp3-repressed TCR-related molecules can also be
tested and optimized for therapeutic doses that reduce TI-
Tregs, but not CD8" T cells, to promote tumor immunity.

METABOLIC ADAPTATION OF TI-TREGS IN TUMORS
THAT MAY BE THERAPEUTICALLY TARGETED

Tumors with low glucose, high lactate, and high lipid
content may be the most accommodating to Tl-Tregs as
discussed below. Changing the levels of one or more of these
nutrients or blocking their metabolism in TI-Tregs may prime
the tumor immune landscape for ICB therapies to be more
effective.

Glycolysis and oxidative phosphorylation

Tumorsrely primarily on glycolysis to generate ATP. Thisimposes
a limitation on Tconvs which depend on glycolysis for effector re-
sponses.'>® In contrast, not only do TI-Tregs have higher glucose
transporter-1 for consuming glucose, they also have the benefit
of Foxp3-induced oxidative phosphorylation (OXPHOS) to pro-
duce more ATP per glucose input.'>*'>° The readiness of Tregs
to turn on OXPHOS can be attributed to Foxp3-induced inhibition
of c-Myc."®® Moreover, pyruvate dehydrogenase may be less in-
hibited as protein kinase B (Akt) signaling wanes from increased
cAMP-PKA during Treg activation. This could permit the conver-
sion of pyruvate to acetyl-CoA for OXPHOS. PD-1 deficient Tregs
are ideal examples as they have increased proliferation,
decreased phosphoinositide 3-kinase (PI3kinase)-Akt transduc-
tion and increased OXPHOS."”

Lactate metabolism

Highly glycolytic tumors are amassed with its by-product,
lactate. After oxidizing lactate, Tconvs may be short of nicotin-
amide adenine dinucleotide (NAD*) required for glycolysis.'®®
This is not so for Tregs as they can replenish NAD* through
OXPHOS. Hence, high lactate in tumors may incapacitate
Tconvs, while TI-Tregs may scavenge lactate through uptake
by monocarboxylate transporter-1 (MCT1) and lactate dehydro-
genase, which converts lactate to pyruvate for OXPHOS."°¢157
This is underscored by MCT1-deficient Tregs that are able to
sustain immune tolerance in healthy tissues but unable to
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suppress tumor immunity.'°® More compelling evidence came to
light when a positive correlation was found between lactate con-
centration in tumors and frequency of PD-1* TI-Tregs.'®” Phos-
phoenol pyruvate from lactate metabolism was found to increase
PD-1 expression in Tl-Tregs. Genetic ablation or chemical
blockade of MCT1 in TI-Tregs greatly improved anti-PD-1 effi-
cacy, indicating that co-blockade of MCT1 and PD-1 could be
an effective therapeutic strategy.'®’

Curcumin, a component of turmeric used in food, has gained a
reputation for its anti-tumor properties, which may be related to
defective glycolysis in Tregs and decreased lactate production
by tumor cells."®® GO-Y030, a curcumin analog, displayed
strong propensity for these effects and also rendered TI-Tregs
unstable.”®® Its synergy with anti-PD-1 coincides with anti-
CTLA-4 establishing immune memory only against moderately
glycolytic tumors.'®® Within these tumors, Tconv activation is
not constrained by glucose and Tregs are less poised to
suppress Tconvs because of reduced lactate.

Lipid metabolism

Tumors may have an abundance of lipids that TI-Tregs feast on
to complement their energy needs.'®' Gastric cancers with
RHOA Y42 mutations are at risk for this circumstance and do
not respond well to anti-PD-1 unless co-treated with PI3K inhib-
itor to prevent tumors from releasing free fatty acids (FFAs) and
so reduce TI-Tregs.'®? In untreated tumors, signs of TI-Tregs
profiting from FFAs are presented by increases in lipid absorp-
tion, CD36 scavenger receptor and carnitine palmitoyltransfer-
ase 1A (CPT1A). Blocking CD36 decreased TI-Treg and
increased Tconv numbers. Although this was inadequate to
counter tumor growth, it did pave the way for anti-PD-1 to
do s0.%?

FFAs captured by CD36 are guided to the mitochondria for fatty
acid oxidation (FAQ).'®® Long-chain FFAs (Lc-FAs) are transferred
across the inner mitochondrial membrane by CPT1A.'%® Short-
and medium-chain FFAs can enter freely, and this may suffice
for most Tregs as deduced from the unaltered Treg numbers in
mice with Treg-specific deficiency of CPT1A.'%*®> However, the
roles of Lc-FAs and CPT1Ain TI-Tregs are hitherto unknown. Given
the increase in CPT1Ain TI-Tregs and Lc-FAs inducing CD8" T cell
exhaustion, tumor immune evasion may abate when Lc-FAs are
reduced in tumors.'>*'%.1%5 This may be possible as shown by
the blockade of fatty acid synthesis through sterol-regulatory
element-binding proteins (SREBPs), which are governed by
SREBP cleavage-activating protein (SCAP), in Tregs. Mice with
Treg-specific deficiency of SCAP had no appreciable tumor
growth nor immune dysregulation except for minor pancreatic
inflammation.’®” Interestingly, SREBP signals were found to
reinforce TCR signaling, suggesting that SCAP inhibitors could
be potential alternatives to TKis for TI-Treg depletion.

Anti-lipid peroxidation

A drawback that TI-Tregs have from lipid metabolism is lipid per-
oxidation, a major precursor to ferroptosis. TI-Tregs are able to
cope and resist ferroptosis by expressing high amounts of the
anti-oxidative enzyme, glutathione peroxidase 4 (Gpx4).'%® Like
SREBPs, Gpx4 is required for the survival of TI-Tregs more
than other Tregs. Mice with Gpx4-deficient Tregs had smaller tu-
mors and were still capable of maintaining immune homeostasis
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in healthy organs except for a slight increase in Th17 cells in
lymphoid organs.'®® Hence, blocking Gpx4 may facilitate cell
death of only TI-Tregs under high oxidative stress in tumor
tissues but not Tregs in healthy tissues.

BLOCKING TUMOR ANGIOGENIC FACTORS ALSO
REDUCES TI-TREGS IN TUMORS

Angiogenesis is instrumental to the supply of nutrients and
drainage of waste in tumors. The two main pro-angiogenic fac-
tors induced by hypoxia in tumors are angiopoietin-2 (Ang-2)
and VEGF."®® Ang-2 can also stimulate IL-10 production by resi-
dent monocytes and macrophages.'’®'"" This was shown to
enhance suppression of Tconvs and expansion of Tregs.'”
Similarly, VEGF can suppress tumor immunity by blocking the
maturation of DCs and monocytes, inducing CD8" T cell exhaus-
tion and expanding VEGFR-2* TI-Tregs in tumors.'’?717¢
VEGFR-2" Tregs have higher Foxp3 expression and are more
immunosuppressive than VEGFR-2~ Tregs.'”” Neuropilin-1, a
Treg signature molecule, confers an added advantage by acting
as a co-receptor that stabilizes VEGF interaction with VEGFR-
2."78 T|-Tregs are sources of VEGF themselves. In comparison
with Tconvs, Tregs express higher VEGF under hypoxia and
Treg-conditioned media generated more capillaries in vitro and
endothelial cells on Matrigel plugs in vivo, effects abrogated by
anti-VEGF."?* Accordingly, depletion of VEGF-producing TI-
Tregs reduced VEGF and angiogenesis in tumors and hampered
tumor growth.'**

The immunosuppressive roles of Ang-2 and VEGF may result
in resistance to ICB antibodies. Indeed, high serum Ang-2 level
associates with poor clinical response to anti-CTLA-4 and anti-
PD-1.""° A bi-specific antibody against Ang-2 and VEGF, which
reduced tumor vasculature and restored antigen presentation by
tumor-resident APCs, was reported to be highly efficacious in
blocking tumor development in synergy with anti-PD-1."%° Be-
sides, several treatment regimens combining ICB antibodies
and TKis are undergoing evaluation. At low doses, TKIs promote
orderly, rather than aberrant, vascularization in tumors with
increased adhesion molecules for lymphocyte infiltration.'®
This could maximize effectiveness of ICB antibodies, as shown
with combined VEGF and PD-1 blockade.'®*'%* As mentioned
above, some TKIs (e.g., imatinib) can also attenuate Tregs,
further curbing tumor development.’®"'®* Research on merging
anti-angiogenic and anti-Treg or ICB therapies is still in its in-
fancy. In time, these combinations may be added to the list of
cancer treatment options.

FUTURE DIRECTIONS

The successes of cancer immunotherapies rest not only on their
effectiveness against cancer but also safety standards. There-
fore, the strategy that we propose is one led by molecular targets
that are differentially expressed between TI-Tregs and Tconvs in
terms of specificity, density, kinetics, and activation dependency
(Figure 3). CTLA-4 and PD-1 rank high on the list of such targets.
However, although CTLA-4 on Tregs is a convenient target for
anti-CTLA-4, PD-1 on Tregs is not, because its blockade en-
hances the activation of Tregs. To circumvent this, PD-1* Tregs
have to be kept to a minimum relative to Tconvs before and
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during anti-PD-1 therapy. Although anti-CTLA-4-mediated Treg
depletion may alleviate this unwanted effect of anti-PD-1, this
combination could lead to increased incidence of irAEs. This
calls for calibration of immune responses to evoke tumor immu-
nity with less autoimmunity.

Another approach to adopt is the blockade of lactate meta-
bolism, which prevents upregulation of PD-1 particularly in TI-
Tregs within highly glycolytic tumors.’” This could lessen the
frequency of PD-1" TI-Tregs and tip the balance in favor of
PD-1" dormant/exhausted tumor-reactive Tconvs for re-activa-
tion by anti-PD-1.

Besides targeting activation and inhibitory surface molecules,
intracellular molecules involved in TI-Treg lipid metabolism, like
CPT1A and SCAP, can be considered for inhibition by small-
molecule drugs. On the basis of evidence that the mevalonate
pathway supports TCR signaling in TI-Tregs, and that TI-Tregs
have a fragile TCR machinery inflicted by Foxp3, inhibiting these
molecules may complement Lck inhibitors (e.g., imatinib) in
depleting TI-Tregs with higher specificity and efficiency.'*%"¢”

Finally, with the advent of novel antibodies, the membrane re-
cycling property of CTLA-4 could be exploited by bi- or even tri-
specific antibodies against CTLA-4 and other TI-Treg-specific
molecules, such as CD25 and CCR4/CCR8. These multi-specific
antibodies may be internalized once bound to CTLA-4 along with
their target markers; for example, CD25, which could then render
TI-Tregs less competitive for IL-2, allowing Tconvs to become
activated. The same may be done to other cell surface molecules
critical for TI-Treg survival and expansion such as MCT1 (lactate
uptake), CD36 (Lc-FA uptake), and VEGFR-2 (VEGF ligation).
This approach is not likely to cause drastic or overt changes in
the immune system and may only affect TI-Tregs in tumor tis-
sues, but not Tregs in healthy tissues. On a cautionary note,
the riddance of Tl-Tregs in established tumors may not neces-
sarily lift the barrier completely for tumor-reactive Tconvs to
attack tumor cells. A second hurdle lies in the persistent lack
of glucose for glycolysis-dependent effector Tconv response.
This may be one of the prevailing reasons behind the low effi-
cacies of ICBs, which leave much food for thought.

CONCLUSION

Tackling cancers that exploit Tregs for their immunosuppressive
finesse requires finesse on our part. This can come only from
learning more about the factors that delineate Tregs and Tconvs.
It is also becoming increasingly clear that combination therapies
that deal with both Tregs and Tconvs, whether sequentially or
simultaneously, produce better outcomes than monotherapies
targeting either of them. Even chimeric antigen receptor (CAR)
T cell therapy may require interventions against CAR Tregs, which
may be present at the time of generating CAR T cells or differen-
tiate and expand from CAR Tconvs post-infusion. '8¢ |n all, we
strongly believe that removing the Treg roadblock in tumors is
necessary to treat cancer, but this is only one of the many road-
blocks that need to be removed before we can defeat cancer.
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