Chapter 9
Managing Regulatory T Cells to Improve
Cancer Immunotherapy

Tyler J. Curiel

Abstract Regulatory T cells (Tregs) are increased in peripherally circulating blood
cells and in the solid tumor masses of patients afflicted with many different cancer
histologies. Cancer Tregs not only are capable of impeding endogenous protective
anti-tumor immunity from optimal functioning but are also capable of impeding
the efficacy of anti-cancer immunotherapy. Tumor-associated Tregs represent
heterogeneous populations, differing by their origins and in their mechanisms
used to impede anti-tumor immunity. Their properties can differ compared to
those in peripheral circulation. Most studies now report that Treg content in the
tumor inversely correlates with survival or therapeutic response, but a few reports
suggest that Tregs are beneficial to patients with certain types of cancers. Thera-
peutic strategies to manage Treg capacity to mediate immune dysfunction
include depletion, regulatory functional blockade, differentiation blockade, altering
trafficking, differentiation diversion, or raising the threshold of anti-cancer effector
cells for Treg-mediated regulation. Several clinical trials have shown the feasibility
and relative safety of managing Tregs in human cancer, although treatment effects
are modest. This chapter will review contemporary knowledge of Tregs in cancers,
including origins, mechanisms of action, interactions with other immune cells and
strategies for therapeutic management, addresses the major questions facing the
field and suggests additional important areas for future research. The focus is on
CD4*CD25"Foxp3™ Tregs, but other cancer-associated regulatory cells will be
addressed in brief.
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9.1 Introduction

Malignancies post significant immunologic challenges for the host. On the one
hand, they are antigenic and pathological, and should thus be amenable to immune
destruction. On the other hand, irrespective of how abnormal the malignant cells
have become, they nonetheless derive from self-tissues. Thus, the powerful host
machinery of peripheral tolerance intervenes to prevent autoimmune (anti-tumor)
attack indistinguishable from pathologic autoimmunity, consequently impeding
what could otherwise be clinically protective anti-tumor immunity. Tumors also
employ a devastating array of other immune escape features, discussed below and
in detail in other chapters (see especially Chaps. 2, 4, 8, and 10).

Many potentially self-reactive T cells are deleted in the fetal thymus in central
tolerance. However, imperfections in central tolerance prevent removal of all poten-
tially self-reactive T cells, some of which enter peripheral tissues including blood,
lymph nodes and gut, posing life-long risks for development of autoimmune
problems. Those self-reactive T cells not eliminated through central tolerance must
thus be dealt with using additional strategies, including peripheral immune tolerance.
In peripheral immune tolerance, a potentially autoimmune attack in progress is
sensed and inhibited typically before clinically apparent pathologic consequences
arise. Sakaguchi and others elegantly showed that a subset of T cells within the
CD4*CD25" population were key mediators of peripheral tolerance’.

Nonetheless, activated T cells, including anti-tumor effector T cells can
also express the identical CD4"CD25" phenotype. Thus, Tregs cannot usually be
identified by flow cytometric phenotype alone. We now know that the forkhead/
winged helix nuclear transcription factor Foxp3 regulates Treg differentiation and
function®™. Thus, Tregs usually express high Foxp3, although not all Foxp3*
T cells are Tregs’. Additional phenotypic features of Tregs (mouse and human)
include high expression of CTLA-4 and GITR, and expression of additional
markers including CD62L, CCR7, LAG3, CD103, and others, and low expression
of CD127, IL-2, IL-17, and interferon (IFN)-yé. Nonetheless, these features are also
common to many activated non-Treg CD4" T cells. Appropriate Treg identification
with confirmatory functional studies continues to confound interpretations of
clinical and preclinical data on potential immunopathogenic functions of Tregs in
various settings.

Data derived from small animal models and from human patients have
established that Tregs are numerically increased in peripheral blood and the solid
tumor masses of epithelial carcinomas, lymphomas and sarcomas, and in lymph
nodes draining these tumors’ >*. Initial Treg work focused on cells in blood
circulation as they were easy and safe to access. Tregs circulate in increased
numbers in the blood of patients during the blood phase of their hematologic
malignancies, such as in acute myelogenous leukemia®. CD4*CD25*FOXP3*
T cells are found in brain metastases in human melanoma and non-small cell
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carcinoma, and in metastatic brain lesions in mouse models for breast and colon
cancer, and metastatic melanoma®®, suggesting that Treg management strategies
could also be effective in tumors in the central nervous system. It is now clear that
the numbers, phenotypes, and functions of Tregs determined from studies of
peripherally circulating cells might not reflect accurately local events in the
tumor microenvironment. Immunological and clinical implications of these
compartment-specific differences are still incompletely understood.

9.1.1 Categorizing Tregs

Although Tregs have been categorized in different schemes, a useful and durable
concept was proposed by Jeff Bluestone®’. In this scheme, Tregs arising in the
thymus through homeostatic processes are defined as natural Tregs (nTregs), and
are thought primarily to function as mediators of peripheral tolerance against
autoimmune attack. Adaptive or induced Treg (iTregs) are induced extrathymically
during inflammation or extrathymic T cell activation (including antigen encounter)
under tolerizing conditions, likely to help control inflammation, among other
functions (Fig. 9.1). nTregs appear to regulate immune processes through direct
cell-to-cell contact despite producing IL-10 and TGF-p. iTregs regulate immunity
through a variety of mechanisms including both cell-to-cell contact as well as
soluble factors, reflecting their heterogeneous origins. nTregs and iTregs are
phenotypically indistinguishable despite differences in in vivo function and
mechanisms of action, although recently the nuclear transcription factor Helios
was reported to identify nTregs relatively exclusively in both mice and humans?®,
It is not yet clear whether Helios will be useful to distinguish nTregs versus iTregs
in inflammatory conditions, such as in cancer. This inability to distinguish nTregs
from iTregs has impeded progress in understanding contributions to normal and
pathologic process from each. A recent, pivotal study from the Rudensky lab*
describes a mouse deficient in iTreg generation owing to experimental deletion of
the CNSI1 region of the foxp3 gene that his group showed to be critical for iTreg
generation’. These studies confirmed a role for iTregs in regulating inflammation
and for nTregs in mediating autoimmune protection, although much additional
work is required for a fuller understanding of their physiologic roles in a variety
of contexts.

Remarkably, yet predictably, additional Treg subsets have been identified based
on functional attributes, including subsets specialized to inhibit specific immune
functions such as Th2 or Th17 CD4" T cell function. An exhaustive review of Treg
differentiation pathways and factors was recently published®, which is an excellent
reference for additional reading.
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Fig. 9.1 Differentiation and phenotypes of nTregs and iTregs. (a) An uncommitted thymocyte in
the thymus receives many instructions regarding its differentiation fate including from T cell
receptor (TCR) engagement by antigen, cytokines binding the yc chain (such as IL-2), and other
signals to be fully determined such as neighboring thymocytes or stromal cells, or host genetic
factors. “X” represents signals yet to be discovered. (b) Early thymic signals begin a differentia-
tion pathway. If the integration of signals induces Foxp3, cells start to differentiate into the Treg
pathway and begin to express phenotypic features such as high-level CD25 and CTLA-4. These
cells may still express Th2 cytokines such as IL-4, Th17 cytokines such as IL-17 or Tr1 cytokines
such as IL-10 but are not suppressive. These cells resemble the Tgy cells or Tregs from FILIG
mice. (c) Foxp3 expression reinforces its own expression, and in conjunction with continuing and
new signals develops the fully developed Treg phenotype with higher CD25 and CTLA-4
expression than in b, suppressive function, reduced Th cytokines, and reduced phosphodiesterase
(PDE) 3b. This is now a natural Treg, developing in the thymus and suppressing through contact-
dependent mechanisms. It can exit the thymus to circulate or migrate to peripheral lymphoid
organs such as lymph nodes and spleen. (d) A Foxp3™ thymocyte exiting the thymus can encounter
local conditions that induce Foxp3 (such as vascular endothelial growth factor in a tumor) and lead
to extrathymic Treg development from this Foxp3™~ cell, producing adaptive Tregs (ITregs) that
can suppress through soluble or contact-dependent mechanisms depending on speficics of their
generation. The natural Foxp3* Treg (nTreg) exiting the thymus (upper right part of lower panels)
can encounter additional factors that change its properties as an iTreg. (e) Foxp3 can regulate gene
expression either through binding to the forkhead domain (fop), induction of regulatory mi-R155
(middle) or in cooperation with NFAT (lower). Additional levels of regulation occur when induced
genes then mediate downstream effects. Reproduced from T. Curiel Nature Medicine 13:250-253
2007. Graphic: Katie Ris.
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9.2 Properties of Tumor-Associated Tregs

9.2.1 General Properties

Tumor-associated Tregs are a heterogeneous mix of cells that have developed
in distinct developmental pathways from cells arising in various anatomic
compartments. They mediate disparate functions through diverse mechanisms as a
result, which was the subject of an excellent review”'. No definitive reports thus far
document the relative contributions of various developmental pathways (such as
iTreg versus nTreg) in the various Treg populations of a given tumor. Nonetheless,
in a mouse model for cancer, nTregs and i Tregs each contribute to tumor tolerance>>.
The recent generation of iTreg-deficient mice®” will greatly aid further studies.

Tumor-associated Tregs are not typically distinguishable phenotypically from
Tregs in other pathologic conditions. That is, tumor Tregs are CD3* T cells
expressing CD4, CD25, GITR, and CTLA-4 among other features common to
most Tregs identified to date.

9.2.2 Tumor-Specific Properties of Tregs

Tumor-associated Tregs also have specific and unique characteristics as a
consequence of tumor microenvironment influences. For instance, blood
CD4*CD25"FOXP3™" Tregs in prostate cancer patients are more suppressive than
comparable cells in blood from control subjects, despite similar total numbers™.
Tregs in tumors of some human cancers could be more likely to induce CD8"*
effector T cell apoptosis through FasL-mediated interactions**. Tumor-associated
TGE-p production promotes local Treg generation from naive T cells®>. A novel
population of CD4*CD257CD69" Tregs suppressing T cell function through
membrane-bound TGF-B was reported in mouse cancer models including
melanoma, hepatocellular carcinoma, and lung cancer’®. Lack of expression of
CD127 (IL-7 receptor o chain) is a feature of functional Tregs in human blood from
normal subjects’’. CD127 expression in relationship to function is relatively
unstudied in tumor Tregs. We found that CD4*CD25"FOXP3*CD127" and
CD4*CD25"FOXP3"CD127~ T cells in blood and ascites of ovarian carcinoma
patients both contained highly suppressive Tregs (manuscript submitted).
Neuropilin-1 expression defines functional Tregs in mice*®. A similarly function-
ally suppressive Neuropilin-1" population has been described in human cervical
cancer”’. These cells resided preferentially in lymph nodes draining the tumor and
were reduced by cytotoxic chemotherapy in direction relationship to reduction of
the tumor mass. Additional differences between homeostatic and tumor-associated
Tregs are likely to be described.

Apparent malignancies deriving from Tregs appear to occur, which is not
altogether surprising, as hematologic neoplasms derived from essentially all
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hematopoietic elements have been described. FOXP3 expression is reported in
subsets of cutaneous T cell lymphomas. The malignant FOXP3* T cells have
suppressive function in in vitro assays akin to typical CD4*Foxp3* Tregs™.
Mycosis fungoides cells undergoing large cell transformation express FOXP3
along with their clinically aggressive behavior*'. In a study of lymphoma patients,
FOXP3" and FOXP3~ leukemia/lymphoma cases did not differ by major prognostic
factors including tumor stage, patient age, tumor distribution, and concentrations
of serum lactate dehydrogenase or serum calcium, and there was no difference in
overall survival*?,

Recent observations of tumor Tregs suggest that they can promote metastasis in
breast cancer through RANK/RANK ligand signals from RANK ligand produced
by Tregs interacting with tumor RANK™*?. Tumor hypoxia can contribute to tumor
Treg accumulation through hypoxia-driven CCL28 production®*.

9.3 Issues in Identifying Bona Fide Functional Tumor Tregs

9.3.1 Functional Testing Issues

As discussed further below, testing the function of putative Treg populations
remains the gold standard to confirm Treg identity in specific settings. Further,
it is now recognized that tests of Treg function are still limited. A useful
distinguishing feature between Tregs and other activated CD4" T cells is the
relative in vitro anergy of the former, despite significant proliferative potential
in vivo®. The classic Shevach assay'® tests the ability of a candidate Treg popula-
tion to suppress proliferation of naive T cells in vitro. Although useful, the assay is
incomplete as it might not fully or accurately reflect the regulatory properties of
that particular Treg population in vivo. For example, Tregs also suppress T cell IL-2
production which can be a major in vivo suppressive mechanism*®. Aside from
regulating T cell function, Tregs also affect antigen presenting cell function and the
effects of various other immune cells (reviewed in 31, 46).

Even with relatively standardized tests, specific aspects of the functional tests
can alter findings, leading to differing results and conclusions. For example, T cell
receptor signaling strength partly determines the susceptibility of the responder
T cells whose proliferative suppression is used to gauge Treg effects in standard
in vitro Treg functional tests. Tregs can also exert effects on a specific T cell subset
not tested in vitro, among other considerations. We have used Richard Flavell’s
FIR mice, in which viable Tregs can be flow cytometrically sorted based on red
fluorescence protein expression under foxp3 promoter control'’. Bona fide
Tregs from FIR mice can be transferred into tumor-bearing mice for specific tests
of in vivo effects on tumor growth, tumor-specific immunity, and de novo Treg
generation™®.
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Because human samples are generally limiting, some investigators have tested
T cell proliferation in mixed cell populations before and after CD25 cell depletion
as a surrogate for specific Treg testing®. Testing suppression of T cell activation
markers in vitro either with Treg addition or CD25* T cell depletion can give
some information about the existence of functional Treg populations while using
relatively small quantities of blood. We have shown that malignant human ascites is
a good source of functional tumor-associated Tregs®.

9.3.2 Surrogates for Functional Testing

As numbers of Treg are usually limiting in human tissues, additional techniques
that can corroborate Treg identity in human tumors have been investigated. For
example, FOXP3 expression identifies functional Tregs in selected human
carcinomas”’. FOXP3 methylation has been suggested as a way to identify func-
tional Tregs when only small specimen quantities are available®'. CD39 expression
might distinguish functional Tregs from other T cells expressing the CD4*CD25"
phenotype, including in patients with cancer’”. Additional work is required to
determine which nonfunctional surrogate tests are adequate for Treg identification
in specific conditions. This issue is especially important following immune-based
interventions, because treatments can have unexpected and unstudied effects on
T cell phenotype that require additional study. Our lab policy is to confirm the
functional identity of a potential Treg population in a setting for which such
function has not previously been specifically established. We also continue to
perform confirmatory functional testing in each experimental animal or human
subject to the extent possible to continue to understand how reliable the phenotypic
descriptors of potentially functional cell populations are. For example, we have
found that interferon-o increased the prevalence of Foxp3* T cells in mice and
humans with ovarian cancer, although these induced Foxp3™* T cells do not neces-
sarily have Treg function (manuscript submitted).

9.4 Significant Issues in Understanding a Role for Tregs
in Tumor Immunopathology

Important questions to address include: (1) What mechanisms induce tumor-
associated Tregs? (2) Why are Tregs increased in most cancers? (3) What are the
specific roles for specific Treg subsets in tumor immunopathology? (4) What
mechanisms do tumor-associated Tregs use to mediate cancer immunopathology?
Answering these overarching questions helps understand cancer immunopathology
and helps generate tools to develop novel and effective anti-tumor immuno-
therapies, a goal that has proven relatively elusive thus far.
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Fig. 9.2 Critical elements of tumor-associated immune dysfunction. Although anti-tumor immu-
nity is elicited as shown in the top half of this figure, active tumor-driven immune dysfunction (red
box in bottom half of the figure) thwarts immune cancer elimination. Antigen presenting cells,
which in the top half can activate tumor-specific immunity, can also elicit dysfunctional immune
cells that turn anti-tumor immunity off, or inhibit it through subversion by tumor factors. Factors
responsible for this dysfunction can derive from the tumor itself, or from local stroma or immune
cells. These agents include immune suppressive vascular endothelial growth factor (VEGF),
transforming growth factor (TGF)-p, and interleukin (IL)-10. These molecules can directly inhibit
immunity, such as the ability of TGF-, IL-10, or VEGF to inhibit T cell activation, or can
indirectly elicit other dysfunctional cells. In this latter instance, tumor IL-10 or VEGF can promote
antigen presenting cells to express B7-H1, an immune molecule that can directly inhibit T cells, or
promote generation of regulatory T cells (Tregs) that inhibit anti-tumor immunity. Tumors can
attract Tregs through CCL22, CCL28, and other factors. Novel strategies to overcome these
complex and potent tumor-driven active defenses against anti-tumor immunity represent major
new opportunities to improve the efficacy of anti-tumor immunotherapy. Figure adapted from
Curiel, TJ. Drug Resistance Updates 2012;15(1-2):106—13.

9.4.1 Origins of Tumor Tregs

Tregs accumulate in tumors and the patients with them for various reasons
including: (i) control of autoimmunity, (ii) control of inflammation, (iii) de novo
local differentiation (which means iTreg generation), (iv) recruitment from distant
compartments, (v) local proliferation, and (vi) decreased death. Details of these
potential mechanisms will be addressed in turn. Specific mechanisms for Treg
actions, however, could nonetheless differ by tumor type and perhaps stage,
and also could differ based on the anatomic compartment for any given tumor.
Figure 9.2 illustrates how many factors generate Tregs at the same time that
anti-tumor immunity is generated.
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9.4.1.1 Control of Autoimmunity

The identification of increased Tregs specific for self-antigens is consistent with
dysfunctional attempts to control autoimmunity as the basis for their increased
numbers. Such normal self-antigen-specific Tregs in cancers have been described
for a subset of self-antigens that are also tumor-associated antigens. As an example
in humans, Tregs specific for the autoantigens gpl00, TRP, NY-ESO-1, and
survivin have been described in melanoma’”.

94.1.2 Control of Inflammation

Inflammation is a dual-edged sword in cancer. Chronic inflammation
contributes to development of some cancers, and cancers generally promote a
pro-inflammatory environment™. Thus, it is plausible that some tumor-associated
Tregs are iTregs generated or attracted to help control the tumor microenviron-
mental inflammation. Thus far, described normal Tregs including those isolated
from the tumor microenvironment can inhibit production of inflammatory
cytokines in vitro. Nonetheless, to my knowledge, Treg accumulation specifically
to control tumor-associated inflammation has not yet been formally demonstrated.
However, consistent with the concept that Treg-mediated reductions in chronic
inflammation can help prevent cancer, in a mouse model for chronic inflammation
in the colon, Tregs lowered colorectal cancer incidence by inhibiting local
inflammation®. Further, it is now clear that specific Treg subsets have defects
in controlling certain types of inflammation®*®°7 suggesting that some
cancer-driven inflammation could be from reduced iTreg-mediated control, and
suggesting possible means for novel therapeutic attack.

9.4.1.3 Enhanced de Novo Local Differentiation

Some experimental data support the notion that tumor environmental factors can
facilitate Treg differentiation locally. Tumor cells can promote Treg differentiation
by direct action on T cells, or indirectly by altering local antigen presenting cells,
particularly dendritic cells®" and likely other cells as well. Soluble as well as
contact-dependent tumor mechanisms that promote local Treg generation have
been described. Soluble mediators include cyclooxygenase-2, which is associated
with (although not proven to mediate) increased Treg numbers in patients with head
and neck cancers’. TGF-B produced by tumor cells differentiates naive
CD4*CD25™ T cells into Tregs (iTregs) in mouse models of renal cell carcinoma
and prostate cancer’”. The human SK-OVCAR3 cell line produces TGF-f that
differentiates naive CD4*CD25~ human T cells into Tregs (iTregs) in vitro™.
Indoleamine 2,3-dioxygenase produced by human leukemia cells (and from other
sources) induces Tregs in vitro and in vivo®. B cell CD70 signals in non-Hodgkin
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lymphoma can boost FOXP3 expression in naive human CD4*CD25~ T cells
in vitro®'. Gall from Reed-Sternberg cells in classic Hodgkin lymphoma can
facilitate immune suppression directly and also indirectly by helping generate
Tregs®®>. We found that tumor B7-HI signals contribute to iTreg generation in
mice with B16 melanoma™, including sexually dimorphic effects discussed further
in Chap. 13. Additional, tumor-associated factors whose identity remains unknown
or poorly understood also contribute to tumor Treg generation®®*,

The tumor can render local cells dysfunctional by promoting generation of
iTregs or enhancing their function. For example, plasmacytoid dendritic cells in
tumor draining lymph nodes in a mouse cancer model directly activated
preexisting Tregs through indoleamine 2,3-dioxygenase production. The suppres-
sive mechanism in this case (B7-H1/PD-1 signaling) is distinct from Tregs
activated without indoleamine 2,3-dioxygenase®. Ovarian cancer-derived IL-10
and vascular endothelial growth factor induce dendritic cell B7-H1 expression that
generates IL-10 producing Tregs in human ovarian cancer®. Tumor-conditioned
human plasmacytoid dendritic cells also can redirect T cell differentiation to either
FOXP3* Tregs or to IL-10* Tregs®’.

The relative importance of individual mechanisms for local cancer Treg
generation remains poorly defined and likely will differ by tumor and by anatomic
compartment.

9.4.1.4 Enhanced Recruitment

Different types of tumors produce factors preferentially recruiting local Tregs.
The best studied axis is via CCR4 expressed on Tregs and the chemokines
CCL17 or CCL22 in the tumor microenvironment (reviewed in 31). Specific
examples include Treg attraction in ovarian® or gastric®® carcinoma via CCL17 or
CCL22 signaling. CXCR4" Tregs might also be attracted to the tumor microenvi-
ronment through local CXCL12 production, as preliminarily suggested in malig-
nant mesothelioma®. The cytokine IL-2 is FDA-approved to treat specific cancers
including malignant melanoma. However, it is now recognized that therapeutic
IL-2 can increase CXCR4 expression on Tregs, increasing their accumulation in
ovarian cancer patients’’. Whether CXCR4/CXCL12 signaling boosts Treg accu-
mulation in ovarian cancer patients not treated with IL-2 remains to be established.
Elements in tumor stroma also might help attract Tregs locally to the tumor
microenvironment. For example, tumor-associated macrophages in ovarian cancer
secrete the chemokine CCL22 that can attract Tregs locally through a CCR4
interaction®. Local tumor hypoxia can generate CCL28 that attracts Tregs™**.

94.1.5 Enhanced Local Proliferation

TGF-B from certain tumors can impede local, myeloid dendritic cell maturation,
contributing to local Treg proliferation’'. Additional work supports the concept that


http://dx.doi.org/10.1007/978-1-4614-4732-0_13

9 Managing Regulatory T Cells to Improve Cancer Immunotherapy 291

tumors produce soluble factors and surface-expressed molecules that can promote
local Treg proliferation®. Other factors that impede dendritic cell maturation and
thus Treg generation, such as vascular endothelial growth factor’?, can induce
Tregs, but specific effects on Treg proliferation are not reported.

9.4.1.6 Reduced Local Treg Death

Increased death could be a mechanism to augment Treg accumulation in the tumor
microenvironment, but such a mechanism remains to be demonstrated experimen-
tally. There are therapeutic strategies known to increase Treg death locally in the
tumor environment”>.

9.4.1.7 Miscellaneous Host Factors

Several models using genetically defined conditions have identified host factors that
could alter tumor surveillance or anti-tumor immunity through Treg effects. As an
example, IRAK-M '~ mice (lacking IRAK-M, a negative regulator of innate
immunity) exhibit increased anti-tumor T cell immunity and reduced Tregs’*.
B7-H1 T cell cosignaling can generate IL-10* Tregs in human ovarian cancer®®
and female B7-H1 ™/~ mice have reduced Treg function compared to wild-type
females’” that is a sexually dimorphic B7-H1 effect on Tregs*®. We have recently
demonstrated that estrogen regulates B7-H1 T cell co-signaling effects in Treg
generation (manuscript submitted) that is further discussed in Chap. 13.

9.5 Clinical Relevance of Tumor Treg Content

9.5.1 Treg Content and Prognosis

FOXP3 expression in immune cells in the tumor has been proposed as a prognostic
biomarker’®. Nonetheless, FOXP3 expression can be transient and/or reversible,
thus altering the function of T cells in which it is expressed’”’®. Foxp3* T cell
differentiation is now also known to be highly plastic’’. For example, in human
ulcerative colitis and colon cancers developing in that setting, FOXP3* Treg are
functionally suppressive, but also produce cytokines not produced by homeostatic
Tregs, including TNF-o, IFN-y, and IL-17%. Tt is thus unlikely that simple analysis
of immune cell or tumor cell Foxp3 content alone will be a highly specific
predictive tool without additional information including functional data from
FOXP3-expressing cells, the content of other local immune cells, and the anatomic
relationships of immune cells to each other and to the tumor, among many
additional considerations.
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Tumor Treg numbers correlate negatively with survival or treatment response
in several studies, including in ovarian cancer®, RO (fully resected) gastric
carcinoma® and hepatocellular carcinoma®>®. Intratumoral Foxp3* T cells
positively correlated with local recurrence in the vertical phase of melanoma®*.

By contrast, a few studies, notably in hematologic malignancies®, suggest that
increased Tregs are beneficial to survival or prognosis. In colorectal cancer, tumor
FOXP3" cell number was positively correlated with survival whereas FOXP3" cell
number in unaffected tissue in the same patients was negatively associated with
survival®®. In head and neck cancer, tumor Treg positively correlated with regional
cancer control®’. Studies in experimental animal cancer models provide at least one
plausible mechanism by which Tregs function could benefit anti-tumor immunity. In
a mouse melanoma model, Tregs augmented anti-tumor immunity, potentially by
inhibiting complete tumor eradication. Residual tumor could potentially generate
sufficient tumor antigen to stimulate anti-tumor immunity without clinical
detrimental effects®®. Functionally suppressive FOXP3* Treg in ulcerative colitis
produce TNF-a, IFN-y, and IL-17 as noted above® that could promote anti-tumor
immunity.

Finally, a few studies show that Treg content conveys no prognostic value
including the finding that tumor-infiltrating FOXP3*CD4*CD25" T cells had no
predictive power in renal cell carcinoma™ . In anal cancer, Treg cell content was not
prognostic’, but patients were studied following radio-chemotherapy treatments,
potentially confounding results. The differing conclusions and results in these
various studies could owe to a number of factors, including issues discussed
above, and those to be addressed below. A recent review of Tregs and prognosis
is available’® for additional reading.

9.5.2 Tregs and Treatment Response

Levels of blood Tregs (CD4"CD25" T cells) in human cancer patients prior to
therapy predicted overall survival after treatment with a dendritic cell vaccine in
which some patients were also simultaneously treated with activated T cells’".
Reduction of tumor-infiltrating FOXP3™ cells with simultaneous increase in tumor-
infiltrating CD8" cells correlated positively with pathologic complete response after
neoadjuvant therapy in human breast cancer’”. In prostate cancer patients receiving
anti-cancer vaccination plus androgen deprivation, Treg did not predict clinical
efficacy”>”*. In head and neck cancer patients with squamous cell carcinomas and
no evident disease after conventional treatment, increased peripherally circulating
Tregs were more suppressive than in patients not getting similar treatments’”,
suggesting that therapy boosted numbers and function of suppressive Tregs even
while affording a net clinical benefit. If results such as these are confirmed,
especially by demonstrating the identity of putative Tregs with functional tests,
these data could be useful to help develop algorithms predictive of long-term
treatment efficacy, help identify individuals most likely to respond, or help screen
out individuals unlikely to benefit from treatments.
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9.5.3 Additional Sources of Confusion in Studies
of the Prognostic Significance of Tumor Tregs

Demonstrating Treg function can be difficult, particularly in human tissues
as sample size is usually limiting. Consequently, prognostic studies often use
FOXP3 expression as a surrogate for functional Tregs, but without doing confirma-
tory functional testing. Some studies use immunohistochemistry to detect Foxp3™*
cells but do not demonstrate that Foxp3* cells are CD3™ T cells. Such approaches
could lead to confusion because FOXP3 expression is not an absolute or specific
marker for functional Tregs’. In this regard, it was recently suggested that FOXP3
expression plus cytokine profiling could help distinguish FOXP3" Tregs from
FOXP3* activated effector cells in certain epithelial carcinomas®. Another
potential source of conflicting results is that patient populations and factors
known to confound survival estimates or treatment response data are not fully
defined or identified in some studies.

Absolute numbers and/or functional status of Tregs are prognostic indicators
as discussed, but Tregs also appear to have prognostic importance based on
their specific anatomic location, or distribution within this anatomic location. For
example, in gastric carcinoma, survival was affected by Treg distribution in the
tumor but not on total FOXP3™ tumor Treg numbers”®. The ratio of Tregs to various
immune cells, including anti-tumor effector cells also predicts survival in some
studies. For example, a low ratio of CD8" T cells to Tregs predicted a poor
prognosis in patients with cervical cancer’’. The ratio of FOXP3* cells to granzyme
B* cells predicted survival in Hodgkin lymphoma patients’®. The timing of these
changes can also be important. For example, the simultaneous reduction of FOXP3*
cells with increased infiltration into breast carcinoma tissue of CD8" cells was the
best predictor of pathologic complete response following cytotoxic breast cancer
chemotherapy®>. As we understand specific aspects of tumor-associated Tregs
better, it is likely that better algorithms to predict treatment responses (including
to surgery, radiation and cytotoxic agents) and survival will be produced. These
advances will also be further facilitated as we better understand how to identify
tumor Tregs with logistically tractable tests.

9.6 Tregs and Cancer Prevention

Efforts to understand the immunopathologic role of cancer Tregs have focused on
their immunopathologic influences on clinically apparent cancer. Nonetheless,
because Tregs dampen anti-tumor immunity it is plausible that they could also
affect the degeneration of a premalignant lesion to a frank malignancy, or could
affect the immunoediting that occurs after malignant degeneration but before the
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tumor is clinically apparent (the immune equilibrium phase). A significant finding in
this regard is that Tregs mediate loss of concomitant immunity®”, making it biologi-
cally plausible that they could inhibit anti-tumor immunity early in preclinical cancer
progression. Tregs inhibit tumor immune surveillance in skin and connective tissues
in a mouse model for carcinogen-induced sarcoma'®. It has been proposed that a
mechanism for ultraviolet radiation-induced skin cancer could include the induction
of dermal Tregs'®" and that Tregs could contribute to malignant progression in
cervical cancer'’. As many cancers, including cervical carcinomas are
virus-associated, Tregs could contribute to malignant progression by suppressing
immunity to virus-associated antigens in addition to any effects on nonviral antigen
immunity' %%, also supported by the finding of human papilloma virus antigen-specific
Tregs in human cervical cancer'®, a cancer in which human papilloma virus is a
key etiologic agent. In a chronic inflammation model for colorectal cancer in mice,
Tregs decreased colorectal cancer development by blunting microbe-driven local
inflammation®. Managing Tregs in cancer prevention remains little explored yet
merits additional attention. Significant issues with clinical application of this concept
include the many obvious difficulties of their pharmacologic manipulations (and
possible side effects) when there is no clinical malignancy.

9.7 Tumor Treg Effects of Anti-Cancer Therapies

Increased attention to the immunopathologic effects of cancer Treg effects has
demonstrated some surprising findings regarding Treg effects on treatment out-
comes for some cancers. At present, detailed mechanisms of how Tregs affect
clinical outcomes in cancer patients remain unknown, with studies generally
describing correlations. Future work is likely to shed considerable light on
mechanistic details.

9.7.1 Vaccine Effects on Tregs

While it has long been known that active vaccinations generate vaccine antigen-
specific effector T and B cells, recent work now establishes that such vaccines
can also generate antigen-specific Tregs in mouse cancer models'®. In humans, a
vaccine for cervical cancer-induced CD4*CD25"FOXP3" cells'®, but Treg functional
capacity and vaccine antigen specificity, remain to be demonstrated. Conversely, in a
human anti-tumor vaccination trial to treat B cell chronic lymphocytic leukemia,
vaccination reduced CD4*CD25'FOXP3* T cells suggesting Treg reduction'®,
although Treg function of these cells was not tested. A MAGE-A3 peptide vaccine-

induced MAGE-A3-specific CD4"CD25"FOXP3" T cells with regulatory properties
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detected in peripheral blood of melanoma patients'®” and a dendritic cell vaccine

expanded functionally suppressive blood CD4"CD25"FOXP3* Tregs in multiple mye-
loma patients'®®. Thus, active vaccination in cancer patients clearly appears to have
potential to induce vaccine antigen-specific Tregs, along with any beneficial cells that
might concurrently be generated.

In recognition of the issue of vaccine-induced Tregs, development of vaccines
that foster generation of antigen-specific anti-tumor effector cells over generation
of antigen-specific Tregs has been proposed'®. Approaches include combining a
CD40 agonist with Toll-like receptor activation''® and a DOTAP (N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulfate) vaccine against
human papilloma virus E7 antigen that generates CD8" T cells with concurrent
Foxp3* T cell reductions in a mouse cancer vaccine model'''. Challenge of mice
with tumors engineered to express ectopic CD137 single chain antibody generates
better anti-tumor immunity and simultaneously generates lower numbers of Tregs
than challenge with wild-type tumor cells''?. Dendritic cells from multiple mye-
loma patients inhibited T cell activation, and tumor cell lysates from multiple
myeloma or anti-myeloma idiotype antibodies-induced CD4"CD25"FOXP3* cells
in vitro'"*. In this study, forced calnexin expression in these dendritic cells with a
lentivirus vector boosted tumor antigen-specific effector T cell generation without
increasing the generation of FOXP3* T cells.

9.7.2 Cytokine Treatment Effects on Tregs

IL-2 is FDA-approved to treat renal cell carcinoma and malignant melanoma. Its
clinical development was based on its activating and proliferation-inducing effects
on T cells generally, and anti-tumor effector T cells specifically. However, more
recent work demonstrates that a key physiologic function of IL-2 in vivo is
maintenance of peripheral tolerance through critical growth and differentiation
effects on Tregs''*'"> (see also Chap. 7). In light of this new understanding,
therapeutic consequences of IL-2 in relationship to its effects on Tregs were
undertaken. IL-2 given systemically in patients with ovarian cancer altered
molecules involved in Treg trafficking and boosted numbers of Tregs’’. Adminis-
tration of IL-2 (combined with gpl00 peptide vaccination) in three phase II
melanoma clinical trials had variable effects on circulating CD4*CD25"FOXP3*
T cells (suggesting Tregs) in circulation, with increases and decreases that bore no
clear relationship to clinical outcomes''®. Other cytokines can also alter numbers of
Tregs, and their differentiation, function or migration. As an example, gene therapy
with IL-12 reduced Treg generation in a mouse model for hepatocellular
carcinoma''’.
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9.7.3 Additional Agents That Alter Tregs

9.7.3.1 Drugs That Reduce Treg Numbers or Function

Relatively low doses of the anti-cancer cytotoxic alkylating agent cyclophosphamide
(Cytoxan) can reduce Treg numbers in mice and humans''®. Addition of cyclophos-
phamide can boost the efficacy of dendritic cell vaccines efficacy in mouse models
for melanoma or colon carcinoma, association with reduced phenotypic Treg
numbers that is thought to a mechanism''?. At the high doses used in standard cancer
treatment protocols, it is unlikely that Treg depletion alone is a significant immune
mechanism for the anti-cancer effects of cyclophosphamide. The aromatase inhibitor
letrozole can reduce Tregs in breast cancer'*’. Low dose metronomic temozolomide
is reported to reduce phenotypic Tregs in a rat model for glioma, but function of the
phenotypic Tregs was not tested'?'. The kinase inhibitor imatinib mesylate (Gleevec)
enhances vaccine-induced anti-tumor immunity in mice, thought at least in part
by reducing Treg numbers and function'?. Imatinib mesylate actions on Tregs
appear to be partly through reducing T cell receptor signaling, including reduced
expression of the ZAP70 component of the T cell receptor signaling complex'*2.
Cyclooxygenase-2 inhibitors have been proposed to reduce colorectal cancer risk in
part by reducing Treg function, based on suggestive but not definitive evidence'?,
including the finding that cyclooxygenase-2 inhibitors can reduce FOXP3™ cell

. 124
content in human colorectal cancers “".

9.7.3.2 Drugs That can Increase Treg Numbers or Function

Histone deacetylase inhibitors are another class of drug gaining much research
attention for direct effects on tumor cell proliferation, but they can also increase
Treg suppressive functions and numbers'>'?°, IL-2 can further boost this effect of
histone deacetylase inhibitors on Tregs'*’. Retinoids, including all-trans retinoic
acid used in specific acute leukemias can promote generation of Tregs that prefer-
entially home to gut'?®. The mTOR inhibitor rapamycin is in cancer clinical trials as
an anti-proliferative agent. It is widely considered to be immunosuppressive and
thought to increase Treg numbers based on the finding that mTOR suppression is
required for optimal Treg function'*’. In our studies of normal mice given chronic
oral rapamycin based on its longevity extension effects'*’, we found no increase in
Treg numbers or function and no evidence for immune suppression when given for
up to 19 consecutive months (manuscript submitted). The thalidomide congeners
lenalidomide and pamolidomide reduce Treg numbers and function'®' possibly by
reducing Foxp3 expression in CD4* T cells rather than by altering their production
of IL-10 or TGF-p. Trastuzumab (Herceptin), an anti-Her2/neu antibody, effected a
decrease in peripheral blood Treg numbers while simultaneously increasing IL-17-
producing Th17 T cells in patients being treated for breast cancer, suggesting that
the Th17/Treg Th differentiation pathway had been skewed'*?. Additional effects
of other drugs for other indications have been identified'**'*.
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Given the significant Treg effects of these agents, and additional immune effects
of these and other agents that are being discovered, it is worthwhile to reassess the
mechanisms of action of certain anti-cancer drugs, including active vaccines,
passive adoptive cell transfers, tyrosine kinase and/or growth factor signaling
inhibitors, anti-angiogenesis agents, and a variety of others. Such studies might
suggest new insights into mechanisms of action or help identify subsets of patients
that could benefit from, or be harmed by, certain treatment strategies. The dual
effect of IL-2 on promoting proliferation of anti-cancer effector T cells and
inducing dysfunctional Tregs in cancer is an excellent example discussed above.
The National Cancer Institute’s Provocative Questions Program in 2011 addressed
the issue of novel uses for well-known agents in its provocative question 5 (http://
provocativequestions.nci.nih.gov/rfa).

9.8 Strategies to Manage Tregs

Cancer-associated Tregs appear to reduce the efficacy of endogenous and therapeu-
tically induced anti-cancer immunity in most cancers so studied, reviewed in 31.
The concept that reducing cancer Treg function will be therapeutically beneficial is
thus a logical supposition'?®. In support of such thinking, experimental Treg
depletion improves de novo anti-tumor immunity'®, and increases tumor-specific
immunity'*® including shared tumor antigens'*®. Experimental Treg depletion also
improves the immune and clinical activity of other therapeutic approaches includ-
ing active vaccination'>”"'*®, Our increasing understandings of mechanisms
governing tumor Treg function and local accumulation®’'?° suggest distinct
categories of strategies to approach reducing tumor Treg function: depletion;
blocking differentiation, trafficking or effector functions; raising effector cell
suppression threshold, or diversion into alternate Th differentiation pathways'>*'?%,
Outright depletion is the best studied strategy thus far in preclinical cancer models
and in human trials'*>'#%"'** However, the clinical and immunologic effects of
Treg depletion alone are usually limited by Treg regeneration that in some cases
yields Treg numbers that exceed pre-depletion levels'*>"'*®. Thus, managing Tregs
in conceptually a better approach to frame strategic thinking. The following
sections outline Treg management strategies that have been or could be tested.

9.8.1 Nonspecific Treg Depletion

A basic feature of most Tregs studied thus far is the uniformly high expression of
IL-2 receptor alpha chain (CD25). Targeting anti-CD25 through antibodies (usually
clone PC61) is the most commonly employed approach in preclinical mouse cancer
models'. We and others have demonstrated that denileukin diftitox (ONTAK), a
recombinant fusion protein of the majority of human IL-2 plus the toxin moiety of
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diphtheria toxin'*’ that targets cells expressing IL-2 receptor'*®, has been used to

deplete Tregs in renal cell carcinoma'®’, melanoma'*"'**'*° and ovarian

cancer'*®. We have also depleted Tregs with denileukin diftitox in patients with
breast, pancreatic, bladder, and lung cancer in addition to melanoma (manuscript
submitted). One group failed to demonstrate that denileukin diftitox could deplete
Tregs in melanoma'*®. The basis for this discrepant result is unknown at present,
but does not appear due to differences in doses or schedule, or prior treatments
with IL-2. We recently reported that aged mice have increased numbers of CD25'"
but Foxp3* functional Tregs'’'. Denileukin diftitox depleted these Tregs, but
consequences for tumor immunotherapy remain to be fully established.

The alkylating agent cyclophosphamide''® (Cytoxan), improves the clinical
efficacy of dendritic cell vaccines in preclinical mouse models for colon carcinoma
and melanoma in association with reducing Treg numbers''*. ICOS™ and TNFR2*
Tregs are reportedly more suppressive than the total CD4*CD25" T cell population
that includes Tregs; cyclophosphamide appears selectively to deplete numbers of
these highly suppressive Tregs'>*. Metronomic low dose schedules of cyclophos-
phamide can deplete functional Tregs in peripheral blood of cancer patients''®.
Fludarabine can deplete Tregs, although it is toxic to most T cells'>. Paclitaxel-
based chemotherapy in non-small cell lung cancer patients reduced Treg numbers
in peripheral blood, which in vitro tests suggested was specifically due to the
paclitaxel>*.

Immunity generated against Foxp3-expressing cells (including Tregs) increased
tumor immunity in a mouse model for renal cell carcinoma'®. However,
mechanisms of action of this approach could include attack against Foxp3
expression reported in some non-hematologic cancers'®.

LMB-2 is a Pseudomonas immunotoxin conjugated to the Fv moiety of an
anti-CD25 antibody targeting the toxin to CD25" cells and depletes Tregs in
human cancer patients'>’. Although depleting CD25™ T cells from hematopoietic
stem cell transplant in a mouse cancer model boosted anti-tumor immunity'>®,
depleting CD25™ cells (including, but not exclusively Tregs) in an autologous cell
adoptive cell transfer protocol in combination with high-dose IL-2 in vivo did not
affect prolonged Treg reduction in a clinical trial">°.

The anti-CD25 monoclonal antibody daclizumab was recently demonstrated
to deplete human Tregs in breast cancer patients, and reprogram their Tregs as
evidenced by increased IFN-y production'*.

CpG treatment in melanoma patients can reduce lymph node FOXP3" T cell
numbers'®, but functional status of FOXP3* cells was not reported in this study.
The small-molecule STAT3 inhibitor JSI-124 augmented activated effector T cell
infiltration into tumor and reduced cells with a Treg function in a mouse melanoma
model when combined with CpG treatment'®'. Adding cyclophosphamide to OX40
ligation enhances anti-tumor immunity and promotes tumor rejection in a mouse
melanoma model, thought in part due to increasing local Treg apoptosis’>. Many
more examples similar to these have also been described. Foxp3®™ mice are
engineered for diphtheria toxin expression under control of the Foxp3 promoter'®%.
Using these mice, it is definitively established that depleting just Tregs alone can
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significantly enhance anti-tumor immunity and clinical tumor rejection'®*. Due to the

technical challenges inherent in human Treg work, the clinical and immunologic
effects exclusively attributable to depleting Tregs has not been definitively
demonstrated in any human cancer. Chesney, et al., showed that denileukin diftitox
improved clinical and immune outcomes in advanced-stage human melanoma,
including with cerebral metastases, but attributed effects to transient T cell depletion
of the immunotoxin'*'. A follow-up study by the same group confirmed the efficacy

of the immunotoxin and its ability to deplete human Tregs in metastatic melanoma'*2,

9.8.2 Antigen-Specific Treg Targeting

Tumor antigen-specific Tregs have now been described as occurring de novo, with
no prior vaccinations or other interventions™'®*, although they are also described
as increasing in response to active cancer vaccination'®*. Significant pathologic
autoimmunity from Treg depletion in human cancer patients has yet to be reported,
contrasting with many reports of significant autoimmune complications of
anti-CTLA-4 antibody treatment'® (and see Chap. 8). Lack of significant autoim-
munity with current attempts to deplete Tregs no doubt is partly due to the relatively
inefficiency of the approaches evaluated, as total Treg depletion can induce signifi-
cant autoimmunity even in naive mice'®. Nonetheless, if tumor antigen-specific
Tregs could be specifically targeted for destruction, it could be possible to improve
anti-tumor immunity with minimal induction of unwanted pathologic auto-
immunity from Treg depletion. No technique that manages human antigen-specific
Treg function uniquely has yet been described. In some cancers, folate receptor
4-expressing tumor Tregs includes a population of tumor antigen-specific Tregs the
reduction of which augments clinically significant anti-tumor immunity in a mouse
cancer model'®°.

9.8.3 Raising the Effector Cell Suppression Threshold

The anti-CTLA-4 antibody ipilimumab was FDA-approved to treat metastatic
melanoma in March 2011. It can increase the proliferation of Tregs in human
subjects despite its clinically proven efficacy'®’. It was initially thought perhaps to
work by reducing Treg numbers, but that is probably not a significant mechanism,
and if anything Treg numbers can increase after anti-CTLA-4'*""7°, Mechanisms
for its clinical effects include reducing Treg function and increasing the threshold
for Treg-mediated suppression of effector cells by action on the latter. The relative
contributions of each mechanism of action is incompletely understood and might
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depend on tumor type and anatomic compartment, although increasing the Treg
suppression threshold appears generally to be more important. Anti-CTLA-4
antibody treatment reduced CD3"CD4"FOXP3™ T cells in blood that phenotypically
appeared to be Tregs in a human trial. Nonetheless, CD8” cytotoxic T cell numbers
in blood did not change significantly. Further, CD3"CD4"FOXP3* T cells quickly
returned to baseline numbers, and their function as Tregs was not confirmed'”!.
Please see Chap. 8 for many additional details on anti-CTLA-4 effects.

In an alternative approach to raising effector T cell suppression threshold, A20
(a zinc finger protein) was genetically silenced in dendritic cells. In a mouse cancer
model, tumor-infiltrating T cells previously activated with A20-silenced dendritic
cells resisted Treg-mediated suppression' . The cytokine IL-7 raises effector T cell
threshold for Treg-mediated suppression in mouse models of autoimmunity'’?, but
IL-7 effects in this regard in tumors have not been reported. Notch signaling in
effector T cells appears important in modulating Treg-mediated suppression
when the suppression involves membrane-bound TGF-B'”*, but Notch effects on
resistance to human Tregs have not yet been reported.

9.8.4 Altering Treg Trafficking

Specifically impeding the trafficking of Treg ingress into areas where anti-tumor
immunity is primed® or executing its effector functions is likely to be a beneficial
treatment strategy. Improving effector T cell trafficking over Treg trafficking into
tumor could be a useful treatment strategy, as was demonstrated using cyclophos-
phamide plus anti-OX40 antibody in a mouse model for melanoma’>. We showed
that anti-CL22 antibody prevented Tregs from infiltrating into human ovarian cancer
cells xenografted into immunodeficient mice, promoting immune-mediated rejec-
tion by adoptively transferred autologous CD8" T cells (T. Curiel, W. Zou, et al.,
unpublished data). CCL22 also attracts Tregs in human breast cancer'”>. However,
CCL22 may also facilitate trafficking of effector T cells. Therefore, any potential
benefit of CCL22 blockade or of interrupting other trafficking signals requires
further study as to potential therapeutic utility. Selective in silico studies identified
small-molecule chemokine receptor antagonists or monoclonal antibodies able to
block in vitro CCL22-mediated recruitment of human Treg and Th2 cells'’® and
have gone into phase I clinical trials'”’. Therapeutic utility may be limited by the
binding promiscuity of chemokine receptors, the redundancy of chemokine/ligand
pairs, or the role of chemokines in normal tissue homeostasis or anti-tumor
immunity. These additional effects of chemokine/receptor antagonism must be
taken into account in strategies to block chemokines and their receptors.

Therapeutic IL-2 administration can alter Treg trafficking, and increase numbers
of circulating Tregs’™'”® even if their functionality could be reduced'”®,


http://dx.doi.org/10.1007/978-1-4614-4732-0_8

9 Managing Regulatory T Cells to Improve Cancer Immunotherapy 301
9.8.5 Inhibiting Treg Suppressive Functions

Tumor Tregs use a variety of mechanisms to exert suppression of anti-tumor
immunity®'. Mitigating or preventing these mechanisms could be therapeutically
beneficial>*'**. Inoculation of Escherichia coli engineered to express the
Listeriolysin-O gene promoted generation of specific cytotoxic T lymphocytes,
but also simultaneously made local Tregs nonfunctional'”’. Inhibiting STAT3
reduces Treg suppressive function'®’, and specific ablation of STAT3 signaling
reduces the capacity of Tregs to restrain Th17-polarized T cells*®, which was also
recently suggested in endogenous Tregs in aged mice'®'. As detailed in Chap. 2,
IL-17-producing cells and Th17-polarized immunity have incompletely understood
roles in anti-tumor immunity®>'®%. Thus, how these findings will translate into
specific anti-cancer therapies remains unclear. Agonizing OX40 expressed on
tumor-infiltrating Tregs with a specific antibody blunts their capacity to inhibit
anti-tumor effector T cell activity and thus promotes improved immune-mediated
tumor rejection'*. Agonizing GITR signals in vitro with monoclonal antibodies
reduces the suppressive capacity of Tregs in mice'®>'®*, but whether the approach
will work with human Tregs remains unclear'®>. Toll-like receptor signaling in
virus-based anti-tumor vaccines can reduce Treg-mediated immunosuppression.
Because dendritic cell-based vaccines do not induce Toll-like receptor signaling
in the absence of some additional manipulations, they could be maximally effective
in promoting the efficacy of anti-tumor CD8* T cells either by reducing Treg
function or by coadministration of a Toll-like receptor agonist'®’. There is much
interest in reducing Treg function using Toll-like receptor ligation (e.g., TLR9
ligation with CpG oligonucleotides) as an effective way to improve the efficacy of
some cancer vaccines. Sendai virus reduced Treg function in a mouse model for
colorectal cancer in which virus-induced IL-6 was suggested as a mechanism'®’,
Additional considerations to block Treg function include interrupting Foxp3
interactions with NFAT, which is required for Treg suppressive function'®®, and
blocking Treg effector molecules such as IL-10, TGF-B, or IL-35 among other
strategies. Most of these strategies have not yet been assessed in human trials.

9.8.6 Blocking Treg Differentiation

The nuclear transcription factor Foxp3 controls Treg differentiation through
mechanisms that are increasingly understood®'®%'° that could be used in thera-
peutic applications. For example, the CNS1 region of Foxp3 controls induced Treg
generation””" that could be silenced to reduce tumor-driven Treg generation.
Tumor environmental products such as vascular endothelial growth factor retard
maturation of local dendritic cells'®'. These tumor-associated immature dendritic
cells can contribute to defective T cell activation, and to generation of Tregs. Thus,
preventing dysfunctional dendritic cell activation of T cells could help reduce Treg
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generation in tumors. We showed that interferon-o improves dendritic cell matura-
tion in a mouse model for ovarian cancer associated with reduced Treg generation
and function and that adding it to denileukin diftitox improved clinical responses in
ovarian cancer in mice and in human patients (manuscript submitted).

9.8.7 Subverting Treg Differentiation

Tumor-associated Tregs include those that are tumor antigen-specific™'®*. If these
antigen-specific T cells could be reprogrammed into a clinically useful pathway, for
example, a Thl-polarized or polarizing pathway, these counterproductive tumor-
specific Tregs could be induced to become tumor-specific effector T cells. Using
the common aryl hydrocarbon receptor to redirect T cells into a Th17 differentia-
tion pathway over Treg differentiation'®” is an example of a means to subverting
Treg differentiation, assuming that the resulting Th17 cells are not detrimental and
that a safe common aryl hydrocarbon receptor targeting molecule is identified.
Th17 immunity is beneficial in some tumors 8>3 (and see Chap. 2 for details). For
example inhibiting indoleamine 2,3-dioxygenase in a B16 mouse melanoma model
skews Tregs towards the Th17 pathway that could promote anti-tumor immunity194.
In this same melanoma model, treating dendritic cells ex vivo with an anti-B7-DC
antibody facilitated the conversion of antigen-specific Tregs into tumor antigen-
specific Th17 effector cells that mediated anti-tumor immunity'®>. A recent report
demonstrated that the anti-CD25 monoclonal antibody daclizumab depleted Tregs
and also reprogrammed them towards a Thl phenotype as evidenced by IFN-y

production in a clinical trial of an hTERT vaccine in metastatic breast cancer'*°.

9.8.8 Combining Treg Management with Other Treatment
Modalities

The timing of treatment modalities for anti-cancer immunotherapy can have signifi-
cant influences on immunologic and clinical efficacy, including the timing of Treg
depletion in relationship to other treatments'*®. Our understanding of how best to
combine various Treg management strategies with other treatments remains limited.
Transient lymphodepletion to foster homeostatic effector T cell expansion combined
with Treg depletion is a testable concept, and could help explain some of the
treatment effects of denileukin diftitox'*'. Another approach worth additional
exploration is combining radiation, or selected doses of certain cytotoxic'®’ or
hormonal agents” that can increase tumor immunogenicity (such as by generating
release of, or improving the immunogenicity of, tumor antigens as an endogenous
vaccination) with Treg management. Further, the timing of chemotherapy can slow

Treg re-accumulation after other approaches'*®.
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9.8.9 Additional Treg Management Considerations

Even when Treg management itself is highly effective in reducing functional
Tregs, clinical efficacy can nonetheless be hampered by poor intrinsic effector
cell function, low effector cell trafficking into the correct compartment or
immunoediting'**°’, among many other factors. For example, the efficacy of
depleting Tregs in a mouse melanoma model was hampered due to relatively poor
effector cell trafficking to appropriate sites. Combining Treg depletion with endo-
thelial damage from external beam irradiation significantly improved appropriate
effector cell trafficking and immune and clinical efficacy of Treg depletion'®’.

Relatively little has been studied regarding age or gender effects on tumor
immunity generally, the effects of Tregs specifically and responses to tumor
immunotherapy. Lack of age-specific studies is particularly striking as age is the
biggest risk factor for cancer?’!. The effects of aging on Treg function in naive mice
and humans have led to contradictory results'®'. In our BL6 mice, there is little
age-associated decline in Treg function in naive and tumor-bearing hosts'®>'®
Nonetheless, depleting Tregs is ineffective in improving anti-tumor immunity and
clinical effects in B16 melanoma in aged mice, whereas it is highly effective in
young mice. Lack of efficacy was found due to a compensating increase in myeloid-
derived suppressor cells in aged, but not young B16-bearing hosts following Treg
depletion. Combining Treg plus myeloid-derived suppressor cell depletion was thus
effective in aged mice, whereas adding myeloid cell depletion to young B16-
bearing mice provided no additional benefit. By contrast, Treg depletion was
effective in aged hosts in a model of MC-38 colorectal cancer because myeloid-
derived suppressor cells did not increase after denileukin diftitox-mediated Treg
depletion'®’.

Regarding gender differences, we showed that estrogen and B7-H1 immune co-
improve anti-tumor immunity and clinical responses in females better than males in
a mouse B16 melanoma model. Differences owed in part to greater Treg functional
reduction with B7-H1 blockade or deficiency in females, whereas Treg depletion
was equally efficacious in either sex*®. Please see Chap. 13 for many additional
miscellaneous strategies and details.

9.9 Other Regulatory Cells

In some mouse models for cancer, Tregs might not be the significant mediators of
immune dysfunction, and in such cancers, managing Tregs might not be the optimal
therapeutic approach. As one example, immune suppression is reportedly mediated
principally by CD4* NKT cells, not CD4" Tregs in a mouse model for lung
metastasis due to CT26 colon cancer’’”. Nonetheless the role of Tregs in lung
metastasis, and their role for affecting tumor growth in other anatomic
compartments was not specifically reported. In the TRAMP mouse model for
prostate cancer, Treg depletion with the anti-CD25 antibody PC61 did not improve
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tumor-specific tolerance or increase tumor rejection®®. In humans, Tregs do not
always correlate negatively with clinical responses to treatment or to survival as
discussed above in the Section 5. Thus, it is likely that other regulatory cells are also
immunopathologically relevant to clinical cancer outcomes.

In this regard, CD8" T cells, certain myeloid cells and NKT cells have also
been reported as mediating dysfunctional immune suppression in cancer”*.
CD8'FOXP3" T cells in prostate cancer can suppress in a contact-dependent
manner, which effects are blunted by TLR8 agonists’”. CD8*CD25"Foxp3*
suppressive T cells have been reported in peripheral blood and the solid tumor
mass in patients with colorectal cancer. These CD8" Tregs expressed high CTLA-4
and GITR and suppressed the proliferation of, and cytokine secretion from
CD4*CD25~ T cells in vitro, similar to conventional CD4*CD25"Foxp3*
Tregs®. In a mouse leukemia model of allograft rejection, anti-CD3 antibody
treatment induced CD8"FOXP3™" suppressor T cells mitigating graft versus host,
but not graft versus leukemia responses”’’. In a mouse colon cancer model a
specific subpopulation of NKT cells and IL-13 were implicated in immune sup-
pression””®. This immune suppression was specifically suggested not to be Treg-
dependent®®?. How these various suppressive and immune dysfunctional mediators
contribute to tumor immunopathology, and how their management will contribute
to novel anti-cancer immunotherapy strategies remain fully to be defined, and are
interesting and important areas for additional investigation. For example, we
recently identified how Treg depletion affects myeloid-derived suppressor cells,
and how their combined management was superior to management of either alone

in aged mice with B16 melanoma'®’.

9.10 Summary and Challenges

Recent detailed studies make plain that not all types of malignancies, or at all
pathological stages, and not all hosts will benefit from specific Treg management
strategies proposed here. For example, Tregs could contribute to immunopathology
in specific lymphomas. Nonetheless, steroids that are used in some treatment
strategies could blunt clinically meaningful activation of effector T cells. Alterna-
tively, if Tregs are beneficial in some lymphomas as suggested, reducing their
function could be detrimental. Understanding which agents are most useful in Treg
management, and in what combination and in which order are important details
generally not known at present. Treg-specific agents are not currently available for
use in humans, but with our rapid understanding of Treg biology, development of a
specific management agent in the near term is a realistic expectation.

Practically applicable, accurate immune assays that predict Treg function and
clinical outcomes following Treg management interventions must be developed and
validated to assess clinical and immune consequences of proposed interventions. As
an example, to understand the effects of Treg-mediated T cell suppression, methods
to isolate large numbers of viable immune cells at high purity must be developed that
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do not compromise patient safety. Clinical trial design must address appropriate
proof-of-concept issues that account for the unique, specific challenges inherent in
understanding effects of these novel approaches. For example, assays to link Treg
management strategies with alterations in tumor-specific immunity will be important
to develop, to show conclusively that Treg function (however defined) is accom-
plished with a specific intervention, and that this reduction is a mechanism for any
improved clinical and immune outcomes observed. Developing tests of local tumor
microenvironmental changes is challenging in human subjects where patient safety
and limiting tissue amounts are major considerations. Thus, developing a blood test
or relatively non-invasive test that will convey the relevant data needed to come to
meaningful conclusions regarding mechanisms of Treg management strategies
would be a significant advance.

Despite our current state of relatively incomplete understandings, there is reason
for much optimism given the rapid and useful advances made in the past 5 years
alone. Developing clinically useful and logistically tractable Treg management
strategies to treat cancer is a reasonable and realistic goal for the near term.
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