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ABSTRACT

Immune suppression by CD4"FOXP3" regulatory T (Treg) cells and tumor infiltration by
CD8" effector T cells represent two major factors impacting response to cancer immunotherapy.
Using deconvolution-based transcriptional profiling of human HPV-negative oral squamous cell
carcinomas (OSCCs) and other solid cancers, we demonstrated that the density of Treg cells does
not correlate with that of CD8" T cells in many tumors, revealing polarized clusters enriched for
either CD8" T cells or CD4" Treg and conventional T cells. In a mouse model of carcinogen-
induced OSCC characterized by CD4" T cell enrichment, late-stage Treg cell ablation triggered
increased densities of both CD4" and CDS8" effector T cells within oral lesions. Notably, this
intervention did not induce tumor regression, but instead induced rapid emergence of invasive
OSCCs via an effector T cell-dependent process. Thus, induction of a T cell-inflamed phenotype
via therapeutic manipulation of Treg cells may trigger unexpected tumor-promoting effects in

OSCC.
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INTRODUCTION?

Overview of adaptive immunity

Our immune system consists of two interconnected branches that have evolved to work in
concert to protect ourselves from harmful pathogens: the innate immune system and the adaptive
immune system. While the innate immune response operates on the order of hours to days and
responds to conserved triggers associated with perturbations to immune homeostasis, the adaptive
immune response requires days to weeks to culminate but has the capacity to specifically target a
given pathogen through the diverse antigen receptors expressed on the cell surface of B and T
lymphocytes, the cells that make up the adaptive immune system.

The immune system has the daunting task of coordinating a robust response to dangerous,
invading pathogens while maintaining homeostasis and avoiding tissue destruction and pathology
to healthy tissues. Immune cells have to distinguish between healthy host tissues and harmful
foreign material. Innate immune cells accomplish this goal through expression of germline
encoded pattern recognition receptors (PRRs), which signal when engaged with ligands that
contain molecular motifs or patterns common to pathogens but exogenous to the host (e.g.
lipopolysaccharide or cytosolic dsDNA)?3. Adaptive immune cells, on the other hand, undergo a
process called V(D)J recombination during their development, in which DNA segments within the
B cell receptor (BCR) or T cell receptor (TCR) loci are rearranged and random nucleotides are
inserted to produce a unique BCR or TCR expressed on the cell surface*. Each B cell expresses a
unique BCR with the potential to recognize distinct antigens, whereas each T cell expresses a

unique TCR with the potential to recognize short protein-derived peptides presented on host-

2 Parts of this section are reproduced, with modifications, from Chao, J.L. and Savage, P.A. (2018) Unlocking the
Complexities of Tumor-Associated Regulatory T cells. Journal of Immunology 200:415-421.!



derived MHC molecules displayed on the cell surface by antigen presenting cells (APCs). While
B cells are well-known for their capacity to produce antibodies, T cell function is divided based
on T cell lincage: CD8" T cells exhibit cytotoxic function and recognize peptides presented on
MHC class I (MHCI), CD4" Foxp3™e¢ T conventional (Tconv) cells provide helper functions to
both CD8* T cells and B cells and recognize peptides presented on MHC class II (MHCII), and
CD4" Foxp3™ regulatory T (Treg) cells, which also recognize peptides presented on MHCII, are
critical for the prevention of autoimmunity and maintenance of homeostasis.

CD8" T cells and CD4" Tconv cells are required for clearance of many pathogens and
establish memory populations to quickly and efficiently eliminate subsequent infections of the
same pathogen. A major principle of the T cell response is to direct the immune response against
the invading pathogen while avoiding collateral damage to self-tissues, a principle known as self-
tolerance. CD8" T cells and CD4" T cells achieve this goal through a variety of coordinated
mechanisms that occur both in the thymus during T cell development and in the peripheral
secondary lymphoid organs>. During thymic development, developing thymocytes undergo
V(D)J recombination, resulting in the expression of a unique TCR on the cell surface that are tested
for two major features, both affected by the coreceptor CD8 or CD4: 1) sufficient interaction with
self MHC molecules, endogenous proteins that complex with small, protein-derived peptides
expressed on the cell surface, and 2) low reactivity to self-peptide:MHC complexes. These features
ensure that the TCR of interest has specificity to endogenous MHC molecules yet does not exhibit
strong reactivity to self-peptide:MHC complexes. If these features are not met, the thymocyte
expressing the TCR of interest, or T cell clone, can undergo distinct fates, including death by
neglect, negative selection via apoptosis, or divergence into alternative cell lineages’. One of these

alternative cell lineages is CD4" Foxp3" Treg cells®. Upon exiting the thymus and seeding into



peripheral secondary lymphoid organs, Foxp3* Treg cells act in trans to suppress self-reactive
CD8" T cells and CD4" Tconv cells populating the peripheral repertoire, a key mechanism to
maintaining homeostasis and resolving inflammatory responses after pathogen clearance.
Differentiation into the Foxp3* Treg cell lineage can also occur in the periphery, particularly for
T cell clones reactive to non-harmful microbes’. In this setting, upon engagement with cognate
peptide:MHCII, CD4" Tconv cell clones reactive to antigens derived from certain non-harmful
microbes are instructed to upregulate Foxp3 and differentiate into Treg cells based on
environmental cues, such as TGF-B and APC type!®!'!. It is hypothesized that peripheral Treg
differentiation ensures beneficial commensal species are maintained and not expelled, and serves
as a mechanism to divert CD4" Tconv cells away from alternate effector T helper states, both key
in maintaining host physiology and immune homeostasis®. Other mechanisms of self-tolerance in
the periphery include ignorance, where self-peptides are not presented or sequestered from
recognition, and anergy, a cell intrinsic state of hypoactivation induced by repeated or continuous
TCR signaling®. Maintaining self-tolerance is critical, as a break in any of the mechanisms

described above can contribute to autoimmune disease.

Defining the relationship between adaptive immune cells and tumorigenesis

While T cell responses directed against self-tissues are not desired in many contexts and
are the underlying cause for many autoimmune diseases, since the late 1800s it has been suggested
that an inflammatory response, induced by bacterial infection or mimicked through administration
of a mixture of heat-killed bacteria known as "Coley’s toxins", can promote tumor regression in
some subjects'?. More recent data from clinical samples and mechanistic studies in mouse models

have demonstrated a vital role for T cells in an effective anti-tumor immune response, resulting in



immune-mediated tumor destruction under distinct settings. In early days, this idea was
conceptualized in the immunosurveillance hypothesis proposed by Burnet, which postulates that
T cells evolved partly to prevent cancers by constantly surveying and eliminating emerging tumor
cells!3. More recently, the model has been revised to reflect emerging data demonstrating a role
for T cells in shaping a developing tumor, known as the immunoediting hypothesis.

The immunoediting hypothesis states that a developing tumor can be shaped by the T cell-
mediated anti-tumor response, which acts to eliminate tumor clones that display highly antigenic
peptides via MHC, rendering the tumor less immunogenic over time'4. Neo-antigens arise through
mutations in the cancer cell DNA, leading to expression of an altered self-peptide that is novel to
the endogenous T cell repertoire and therefore recognized as a foreign peptide. Early research in
mouse models addressing the immunoediting hypothesis include studies which demonstrated that
carcinogen-induced tumors derived from immunocompromised mice are more immunogenic than
those derived from immune-competent mice'>. In these studies, Rag2” mice lacking B cells and T
cells were more susceptible to sarcomas induced by the chemical carcinogen methylcholanthrene
(MCA) compared to wild-type mice with an intact immune system. Additionally, MCA-induced
sarcomas derived from Rag2”- were rejected when injected in immunocompetent wild-type hosts.
In contrast, tumors derived from wild-type mice continued to grow when transplanted into
secondary wild-type hosts, suggesting that MCA-induced tumors that grew initially in the absence
of adaptive immunity were more immunogenic than those derived from immune-competent mice.
While evidence of immunoediting in human tumors is limited, some recent studies report
supportive observations. First, analysis of genomic datasets of solid tumor biopsies found
downregulation of HLA expression or loss-of-function mutations in HLA and f2m'®. Furthermore,

loss of HLA heterozygosity, and therefore reduced potential of neo-antigen presentation, was



observed in a subset of non-small cell lung cancers and lung adenocarcinomas'’. Interestingly,
lung adenocarcinomas with HLA loss of heterozygosity had higher T cell infiltration than those
that did not, suggesting that loss of HLA heterozygosity was in response to the presence of a strong
T cell response. Together, these data suggest that cancers that develop in patients are under
selective pressures to be less immunogenic to avoid detection by the immune system. Finally, the
predicted heterogeneity of tumor-derived neo-antigens was suggested to influence prognosis and
response to checkpoint blockade therapy for patients with non-small cell lung cancer'®. These
studies suggest tumor heterogeneity can be a major factor in influencing the impact of
immunoediting.

To provide a mechanistic framework for the immunoediting hypothesis, the cancer-
immunity cycle has emerged over the past decade as a model to conceptualize key findings and
ideas, from expression of tumor-associated proteins to priming and activation of tumor-specific T
cells!®. The genomic alterations associated with and contributing to tumorigenesis can lead to
tumor cell expression of mutated or aberrantly expressed proteins. These altered proteins serve as
a source of tumor-associated antigens that are acquired, processed, and presented by APCs for
recognition by CD8" or CD4" T cells in the draining lymph node. Upon successful T cell priming,
T cells specific for tumor-associated antigens are activated, proliferate, differentiate, and exit the
lymph node to traffic to the tumor site. There, effector T cells have the capacity to induce tumor
control via release of cytolytic molecules or production of anti-tumor modulatory factors. Each
step of the proposed cancer-immunity cycle can be modulated by distinct stimulatory or inhibitory
factors, and therefore has the potential to be manipulated therapeutically'®. For example, once
resident within tumors, the release of cytolytic molecules or other factors by activated T cells can

be modulated by the cell surface expression of numerous co-stimulatory and co-inhibitory



receptors. Interrupting co-inhibitory receptor-ligand axes is the target of many emerging therapies
known as checkpoint blockade, which aims to promote tumor destruction by blocking the co-
inhibitory signal to direct a robust T cell-mediated inflammatory response (discussed below)?.
Many checkpoint blockade therapies, including anti-PD-1 and anti-CTLA-4, have been approved
for multiple cancer types, demonstrating that T cells can be successfully targeted and mobilized

for therapeutic benefit in human subjects.

Immunotherapy: Harnessing the endogenous immune response for clinical benefit

The concept that T cell responses can promote an anti-tumor response is the foundation for
the emerging set of treatments known as immunotherapy. The goal for many immunotherapy
treatments is to induce and mobilize a robust immune response to promote tumor regression. A
variety of immune-based treatment strategies are FDA-approved or in clinical trials, including
adoptive cell therapy (ACT) using autologous or TCR-transduced tumor-infiltrating

2122 vaccination approaches that target tumor-associated antigens?*?4, and checkpoint

lymphocytes
blockade?®. Checkpoint blockade utilizes monoclonal antibodies specific for negative regulators
or their ligands to block the negative feedback signaling pathways on activated T cells. Since the
1990s, various immune molecules such as CTLA-4 and PD-1 have been identified and verified as
important negative regulators of an ongoing T cell response, and often referred to as T cell
“checkpoints™® 2. CTLA-4 expression is inducible on activated T cells and binds B7 molecules
with higher affinity and avidity than CD28, the co-stimulatory receptor, thus outcompeting CD28
for ligands and sequestering B7 molecules. PD-1 is also expressed on activated T cells and its

ligands are PD-L1 and PD-L2 expressed on hematopoietic and non-hematopoietic cells. Upon

ligation, PD-1 provides inhibitory signals to activated T cells. Based on these roles in inhibiting



activated T cells, proof-of-concept studies in mouse models have highlighted the potential of
checkpoint blockade therapy where monoclonal antibodies specific for CTLA-4, PD-1, and/or PD-
L1 are used to promote an inflammatory response in tumor-associated T cells and induce tumor
regression®®??. The past 20 years of translational research has been a triumph, as clinical trials have
successfully treated cancer patients with checkpoint therapies, leading to FDA-approval of anti-
CTLA-4, anti-PD-1, and anti-PD-L1 for use across a variety of tumor types?’. For many tumor
types, up to 20% or more of patients who are treated with checkpoint blockade experience clinical
benefit, with a subset of patients maintaining long-term progression-free survival. Furthermore,
the panel of emerging antibody therapeutics has expanded to include other inhibitory and

activating receptors, such as 0X40, 4-1BB, TIM-3, Lag3, and GITR.

Limitations of immunotherapy and potential adverse consequences

Although checkpoint blockade therapy has successfully been implemented in the
clinic?%3%31 " a large fraction of patients do not respond to therapy or do not maintain a durable
response. Clinical studies demonstrate that a large fraction of non-responders have tumors with
minimal T cell infiltrate at baseline, as objective responses are largely restricted to “T cell-
inflamed" tumors with a high density of T cell infiltrate at baseline’?=>3. The lack of a substantial
T cell infiltrate could be due to inefficient T cell priming in the draining lymph node, defects in T
cell trafficking to the tumor, or limited survival of effector T cells within the tumor. Therefore,
there has been substantial efforts in recent years to understand the mechanisms restricting or
promoting T cell density within tumors, and devising therapeutic strategies to induce a T cell-
inflamed phenotype in “cold” tumors. Strategies to promote a T cell-inflamed phenotype include

inducing innate cell activation to improve T cell priming, such as through STING agonists,



promoting tumor-associated APCs to secrete chemokines to improve T cell trafficking to the tumor
site, and metabolic or epigenetic modulation of the tumor environment to promote T cell survival
within the tumor®®. Emerging strategies also include the specific targeting of immune suppressive
cell populations, in the hopes of releasing the cellular restrain on the effector T cell response. In
this regard, understanding the functions and biology of tumor-associated regulatory T (Treg) cells
are of interest.

While the precise cellular and molecular mechanisms of checkpoint blockade efficacy, and
the factors limiting clinical response, are the subject of active investigation, pre-clinical
observations utilizing mouse models have demonstrated that an inflammatory immune response
may have distinct outcomes, implying that checkpoint blockade may have a detrimental effect
depending on the tumor and patient setting. For example, IFN-y is a canonical cytolytic molecule
often associated with a robust effector CD8" T cell response. Traditionally, IFN-y is thought to
play an anti-tumor role by having a direct effect on tumor cells by inhibiting tumor cell growth,
promoting the upregulation of MHCI and neo-antigen presentation for tumor cell killing by tumor-
reactive CD8" T cells, or imparting a transcriptional program that renders tumor cells less fit while
promoting T cell infiltration'>37-3¥ However, IFN-y has also been shown to have a tumor-
promoting effect in some contexts, depending on the dose, tumor stage, or treatment setting>+2.
Beyond IFN-y, other aspects of T cell-mediated inflammation and T cell-derived factors can
contribute to tumor development and progression. In an autochthonous mouse model of breast
cancer, IL-4 derived from CD4" T cells were shown to promote tumor metastasis*}. Similarly,
another study utilizing breast cancer cell lines demonstrated the role of Foxp3* Treg cells in
promoting tumor metastasis via RANKL-RANK signaling to carcinoma cells**. Observations of

tumor-promoting inflammation is not restricted to animal models. It is well appreciated that



patients with Inflammatory Bowel Disease (IBD), a disease characterized by chronic inflammation
of the gastrointestinal tract, are at an increased risk for developing colorectal cancer**%. To
mechanistically determine the interaction between inflammation and colorectal cancer, studies in
mouse models of intestinal adenomas and carcinomas have demonstrated a role for Foxp3* Treg
cells in promoting tumor development and progression*’#8, While Treg cells are known for their
immunoregulation function, it was demonstrated that Foxp3®™ Treg cells can acquire an
inflammatory phenotype, particularly upregulation of IL-17A, to promote tumor progression*’48,
In these studies, transfer of Treg cells from non-tumor-bearing mice provided an anti-tumor effect
for host protection, suggesting that the tumor environment fosters a Treg cell population which
exhibit a phenotype that is tumor-promoting. These studies and observations highlight the dual
role of the immune response in both inhibiting and promoting tumorigenesis (Figure 1).
Furthermore, it has been observed that some patients can experience “hyper-progression,” a
phenomenon characterized by accelerated tumor growth kinetics following immunotherapy**—3,
suggesting that checkpoint blockade has the potential to exacerbate disease in a fraction of patients.
Therefore, understanding the impact of promoting or inhibiting a patient’s T cell response, whether

through checkpoint blockade or other therapeutic modalities augmenting other steps along the

cancer-immunity cycle, is critical to improving treatment options and treatment outcomes.

Regulatory T cells: a key regulatory population enriched in the tumor environment
Regulatory T (Treg) cells express the lineage-defining transcription factor Foxp3 and are

often found at elevated densities in tumor lesions relative to lymphoid and non-lymphoid sites.

Treg cells throughout the body are essential for the prevention of autoimmunity and the

maintenance of immune homeostasis, and function by suppressing the activation and



Immune homeostasis

Inflammatory Immunosuppressive
immune cells cells

Anti-inflammatory Inflammatory
environment environment

Immunosuppressive
Inflammatory cells

immune cells

Inflammatory

o q N
Immunosuppressive immune cells

cells

Established roles in:

* Immune response against pathogens

* Anti-tumor immune response to promote
tumor regression

Established roles in:
* Resolution of immune responses

Potentially detrimental for:
* Inhibiting a robust anti-tumor immune
response

Potentially detrimental for:
* Autoimmune disease
* Tumor-promoting inflammation

Immunotherapy approaches that aim to mobilize the immune response to promote tumor regression:
¢ Checkpoint blockade (e.g. anti-CTLA-4 and anti-PD-1)

* Adoptive cell therapy and CAR-T cells

* Tumor vaccines

* Specific depletion or de-stabilization of tumor-associated immunosuppressive cells (e.g. Treg cells)

Figure 1. Immune homeostasis in health and disease

In health, inflammatory cells, including eftector T cells, and immunosuppressive cells, including
Foxp3* regulatory T cells, exist in balance to one another to maintain immune homeostasis (top
panel). The immune system must oscillate between an inflammatory environment (right panel) and
an anti-inflammatory environment (left panel) at the appropriate time and place to maintain health
and prevent disease. For example, an inflammatory response is necessary upon infection with an
invading pathogen, while an anti-inflammatory response is critical to resolve inflammatory
immune responses to return to homeostasis. Promoting an inflammatory immune environment
within a tumor can promote tumor progression, but immune cells can contribute to
tumor-promoting inflammation in distinct contexts. These concepts highlight the dual role
immune cells can have in both inhibiting and promoting tumorigenesis, and the potential unwanted
consequences of therapeutic strategies that aim to promote inflammation in the tumor environment
(bottom panel).
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differentiation of CD4" helper T cells and CD8" cytotoxic T cells reactive to autologous,
environmental, or tumor-expressed antigens. Numerous correlative studies have revealed that for
some cancers, the density of tumor-infiltrating Treg cells has prognostic significance®7,
suggesting that Treg cells may have a functional impact on tumor development and progression.
Interestingly, in some cancers such as hepatocellular carcinoma, a high Treg cell density is
predictive of poor clinical outcome, consistent with the paradigm that Treg cells promote tumor
progression by suppressing tumor-specific T cell responses. In contrast, a high Treg cell density is
predictive of improved clinical outcome in other cancers such as colorectal carcinoma. While the
precise mechanisms driving this association are undefined, these disparate findings suggest that
the role of Treg cells in shaping tumorigenesis may be highly context-dependent, varying
considerably at different organ sites.

Given the pivotal role of Treg cells in immune suppression and the prevalence of these
cells in many human cancers, it is thought that Treg cells constitute a major barrier to therapeutic
efforts to mobilize the immune system to induce tumor regression. This idea has spurred concerted
efforts to develop modalities to enhance cancer immunotherapies by inducing the selective
depletion or modulation of intratumoral Treg cells, while simultaneously leaving Treg cells
elsewhere in the body unaffected. However, the functions and mechanisms of tumor-associated
Treg cells remains incompletely defined. In recent years there has been a growing appreciation
that Treg cells exhibit substantial phenotypic and functional diversity>®®, highlighting the
potential diverse functions and impact of tumor-associated Treg cells. First, Treg cells may
promote tumor progression by restricting anti-tumor immunity or by acquiring a pro-inflammatory
phenotype. Alternatively, Treg cells may also play a role in inhibiting tumor progression, for

example by suppressing tumor-promoting inflammation. Finally, Treg cells may serve non-
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immune related functions and module the tumor environment by regulating tissue remodeling,
repair, or metabolism. Understanding the function and biology of tumor-associated Treg cells in
specific contexts is key as many available and emerging therapies aim to specifically manipulate
tumor-associated Treg cells, or the molecular targets are highly expressed on tumor-associated

Treg cells, such as PD-1, CTLA-4, 0X40, 4-1BB, TIM-3, Lag3, and GITR.

Targeting intratumoral Treg cells to promote tumor regression

The prevailing model in the field dictates that Treg cells support a pro-tumor environment,
either by inhibiting the anti-tumor immune response or acquiring a pro-inflammatory phenotype
that supports tumor growth, suggesting that depletion or de-stabilization of tumor-associated Treg
cells would result in tumor control or tumor regression. Indeed, early studies using mouse models
of orthotopic tumors found that systemic Treg cell depletion delayed tumor growth and enhanced
tumor control®!92, In these studies, transient Treg cell depletion was associated with an increase in
tumor-infiltrating effector T cells, and the pro-inflammatory cytokine IFN-y was shown to be
important in promoting tumor control upon Treg cell depletion. However, because depletion of
Treg cells was systemic in these models, it is difficult to ascertain the specific functions of Treg
cells resident within tumors versus those circulating in the periphery or within lymph nodes.
Furthermore, systemic Treg cell depletion cannot be sustained because of autoimmune
consequences®. Therefore there is great interest in targeting tumor-associated Treg cells for
specific depletion or de-stabilization, while leaving Treg cells elsewhere in the body unperturbed
to maintain immune homeostasis.

To this end, monoclonal antibodies targeting molecules highly expressed on intratumoral

Treg cells have gained attraction as an approach to specifically target tumor-associated Treg cells.

12



Early studies in mice demonstrated that administration of distinct anti-CTLA-4 antibody clones
induced the depletion of intratumoral Treg cells without impacting intratumoral conventional T
cells or Treg cells outside of the tumor, resulting in slowed outgrowth of transplantable
melanomas®. Interestingly, the efficacy of these antibodies was dependent on the presence of
tumor-infiltrating myeloid cells expressing activating Fc receptors, implying a role for Fc receptor-
dependent, ADCC-mediated Treg cell depletion. In addition, the authors suggested that the
selectivity of anti-CTLA-4 antibody in driving the preferential depletion of Treg cells was largely
due to the elevated cell-surface expression of CTLA-4 by intratumoral Treg cells relative to
conventional T cells within the tumor, a concept that may be broadly relevant for therapeutic
antibodies targeting other T cell-expressed receptors. Working in parallel, Selby and colleagues
performed similar studies in mice using an anti-CTLA-4 antibody clone of fixed antigen-binding
specificity in which the constant region of the antibody was changed to different isotypes known
to engage activating Fc receptors with varying affinities®. It was found that the therapeutic
efficacy of anti-CTLA-4 antibody treatment correlated with the ability of the Fc region to bind
activating Fc receptors, again suggesting a role for ADCC in determining in vivo antibody activity.
These two studies highlight the importance of both the Fab and Fc regions of an antibody in
determining the therapeutic efficacy of an antibody of interest. Consistent with these findings,
additional studies in mice have demonstrated similar requirements for therapeutic antibodies
targeting other T cell-expressed co-receptors such as GITR®%67 and OX40, for which specific
antibodies are currently under clinical development for the treatment of human cancer®.

In addition to ADCC-mediated Treg cell depletion, anti-CTLA-4 blockade was recently
demonstrated to promote an altered metabolic and functional state of intratumoral Treg cells in a

transplantable mouse model, particularly for Treg cells isolated from a glucose-rich tumor
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environment’?. Compared to a glucose-deplete tumor environment, intratumoral Treg cells isolated
from a glucose-rich tumor environment had the capacity to consume more glucose ex vivo.
Furthermore, anti-CTLA-4 treatment improved survival in mice harboring tumors with a glucose-
rich environment, which was associated with an increased percentage of intratumoral Treg cells
expressing TNF-a, and IFN-y’. Importantly, Treg cells isolated from draining lymph nodes did
not exhibit aberrant TNF-a or IFN-y expression. This study highlights the notion that Treg cells
may have unique requirements to function and thrive in the unique milieus associated with cancer,
including altered metabolic states as well as tissue remodeling, angiogenesis, and hypoxia’®’!,
While the precise mechanism of anti-CTLA-mediated Treg instability is undefined,
Zappasodi et al. provide evidence that the unique requirements of intratumoral Treg cells could be
targeted to specifically modulate tumor-infiltrating Treg cells without impacting Treg cells
elsewhere in the body. Some of the first work demonstrating this concept came from studies
examining the role of neuropilin-1 (Nrp1) expression by Treg cells. Nrp1 is a type I transmembrane
protein that is highly expressed by Treg cells and has been suggested to play a key role in Treg
cell function’”3. Nrp1 functions as a receptor for both vascular endothelial growth factor (VEGF),
a critical regulator of blood vessel formation, and semaphorin-4a (Sema4a), a cell-surface protein
that has well-defined roles in axonal guidance but is also expressed by dendritic cells, B cells, and
T cells. Work from Hansen and colleagues demonstrated that Nrp1-expressing Treg cells migrate
in response to tumor-derived VEGF in vitro, and showed that Treg-specific deletion of Nrpl
slowed the outgrowth of transplantable and autochthonous tumors without inducing systemic
autoimmunity, suggesting a role for Nrpl expression on tumor-associated Treg cells’#. Although
a direct connection between VEGF production and Treg-specific Nrpl function has yet to be

demonstrated in vivo, these findings raise the intriguing possibility that Nrpl may play a key role
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in coordinating Treg cell responsiveness to VEGF-dependent angiogenic signals in the tumor
environment. In parallel studies, work from Vignali and colleagues demonstrated that Nrpl
functions as a receptor for Semad4a on Treg cells, and revealed a key role for Nrpl ligand
engagement in maintaining Treg cell functionality within tumors’>7¢, Using mutant mice in which
Nrpl is conditionally deleted on Treg cells, they showed that Nrp1 expression was dispensable for
Treg-mediated maintenance of systemic tolerance and immune homeostasis’>. However, challenge
of Nrpl mutant mice with transplantable B16 melanomas revealed slower tumor outgrowth and
enhanced anti-tumor T cell responses, consistent with the findings of Hansen et al. Blockade of
the Sema4a-Nrpl axis using monoclonal antibodies significantly slowed tumor growth, indicating
that transient Nrp1 blockade can have measurable effects. Mechanistic analysis showed that tumor-
infiltrating Treg cells in Nrpl mutant mice maintained normal levels of Foxp3 expression, but
exhibited a dysregulated transcriptional program and aberrant production of cytokines such as
IFN-y’%, reminiscent of anti-CTLA-4 blockade in mice bearing glycolysis-deficient tumors’®.
Interestingly, loss of Nrp1 was dominant, in that conditional deletion of Nrp1 on 50% of Treg cells
induced T cell-intrinsic defects but also led to the dysregulation of the remaining Nrp1-expressing
intratumoral Treg cells’®. Together, these studies in mice demonstrate that disruption of Nrpl
expression by Treg cells specifically affects Treg cell activity in the tumor environment without
impacting Treg cell function elsewhere in the body, revealing the existence of a distinct pathway
that can be specifically targeted to modulate intratumoral Treg cell activity. Further work will be
needed to determine whether Nrpl signaling plays a key role in Treg cell function in human
cancers, and to assess the relative contributions of VEGF and Sema4a-signals in coordinating the

activity of Nrpl-expressing Treg cells in the tumor environment.
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In other areas of inquiry, Luo et al. demonstrated that the transcription factor Foxol
antagonizes Treg maturation and tumor infiltration’’. Using mutant mice in which Foxol
expression in Treg cells is resistant to downregulation, the authors observed that the homozygous
mutant mice exhibited defects in effector Treg cell (eTreg) differentiation associated with
decreased Treg cell trafficking to non-lymphoid organs, resulting in autoimmune reactions
mediated by CD8" T cells. Moreover, the outgrowth of transplantable and genetically driven
tumors was slowed in homozygous mutant mice, indicative of impaired Treg cell activity and
enhanced anti-tumor immunity. Interestingly, the investigators also identified a "sweet spot" in
which heterozygosity of the constitutively-activate Foxol mutant allele led to enhanced anti-tumor
immunity without inducing widespread autoimmunity. Thus, this study identified Foxol activity
as a key determinant of the differentiation of eTregs, and demonstrated that this axis can be
modulated genetically to restrict the trafficking and fitness of intratumoral Treg cells without
altering Treg-mediated immune regulation in the secondary lymphoid organs. Given that Foxol is
an intracellular transcription factor that is widely expressed by many cell types and functions
downstream of the PI3K-Akt pathway, it is unclear whether the “tuning” of Foxol activity in
genetic mouse models can be recapitulated using small-molecule drugs targeting this pathway.
Regardless, these data reveal that subtle perturbations in Treg cell signaling can induce major
functional changes that dissociate Treg cell function in the tumor environment from Treg cell
activity elsewhere in the body.

Collectively, these studies demonstrate that in mice, intratumoral Treg cells exhibit unique
requirements for proper function and fitness in the tumor context, and show that these requirements
are divergent from the functional requirements of Treg cells tasked with preventing autoimmunity

and maintaining immune homeostasis in secondary lymphoid organs. In agreement with this
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concept, recent observations from high-resolution surveys have revealed a core set of genes
specifically upregulated by Treg cells isolated from a range of human tumors, suggesting a tumor-
specific signature that may be common to Treg cells from many cancer types (discussed below).
Future studies probing the functional role of these pathways in coordinating intratumoral Treg cell
activity, and determining the feasibility of targeting these pathways using antibodies or small-
molecule agents will be key to further our understanding of the unique requirements and impact

of tumor-associated Treg cells.

Analysis of tumor-infiltrating Treg cells in human cancers

Beyond CTLA-4, CD25, and other well-defined immunomodulatory receptors, an
improved understanding of the unique features of tumor-infiltrating Treg cells may provide key
insight into the function of these cells in the tumor context, and reveal novel targets for the selective
modulation of Treg cells for therapeutic benefit. In this light, recent studies from the last few years
report high-resolution surveys of Treg cells infiltrating human cancers. In one study, Plitas et al.
performed transcriptional and phenotypic analysis of Treg cells isolated from breast cancer lesions,
and compared these to Treg cells isolated from normal breast parenchyma or peripheral blood’®.
The authors found that breast tumors contained elevated percentages of Treg cells relative to
normal breast tissue, and that intratumoral Treg cells were highly proliferative and expressed high
amounts of CD25, CTLA-4, and PD-1 proteins. RNA sequencing of purified cell populations
revealed that the transcriptional profiles of intratumoral Treg cells and Treg cells from normal
breast tissue were very similar, suggesting that much of the transcriptional program of breast
cancer-infiltrating Treg cells may be associated with residency in mammary tissue. The analysis

also revealed that CCRS, a receptor for chemokines such as CCL1 and CCL18, was selectively
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expressed by both intratumoral Treg cells and Treg cells in normal breast parenchyma, suggesting
that CCR8-dependent signals may be important for Treg cell recruitment, positioning, or function
at these sites. Notably, the authors demonstrated that CCR8 protein was also expressed by
intratumoral Treg cells from human colorectal carcinoma (CRC), melanoma, and lung
adenocarcinoma samples, suggesting that CCR8 may be relevant in multiple cancer types. A recent
proof-of-concept study demonstrated that treatment with an anti-CCRS8 antibody was capable of
promoting intratumoral Treg cell depletion and tumor regression in a small panel of transplantable
tumor mouse models, providing pre-clinical evidence that CCRS8 can be targeted therapeutically
to promote tumor regression’’.

In parallel studies, De Simone and colleagues analyzed bulk Treg cells and CD4" T helper
cell subsets isolated from CRCs and non-small-cell lung cancers (NSCLC), enabling a direct
comparison of the transcriptomes of Treg cells from cancers originating at different organ sites®.
Interestingly, this revealed a set of transcripts that were preferentially upregulated by Treg cells in
both CRC and NSCLC compared to Treg cells and conventional T cells from normal non-
lymphoid tissues and blood. Single-cell analysis of intratumoral Treg cells using quantitative PCR
confirmed that many of these signature genes were also upregulated in Treg cells isolated from
other cancer types, including breast cancer, gastric cancer, and metastases of NSCLC and CRC. In
addition, Zheng and colleagues performed single-cell RNA sequencing of T cells isolated from the
blood, tumor, and normal tissue of patients with hepatocellular carcinoma®!. Transcriptional
analysis of single FOXP3-expressing Treg cells identified ~400 genes that were preferentially
upregulated by intratumoral Treg cells relative to Treg cells isolated from normal adjacent tissue.
Importantly, Zheng et al. performed a meta-analysis and noted that 31 genes in the intratumoral

Treg cell signature were identified in the three human studies highlighted here, as well as a fourth
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study of cells isolated from human melanomas®, indicating that intratumoral Treg cells isolated
from different cancer types may express a conserved "tumor specific" Treg cell signature. This
signature includes many genes encoding well characterized immunomodulatory cell-surface
receptors, including CTLA-4, GITR, 4-1BB, TIGIT, 0X40, ICOS, and CD27. Given that these
markers are also expressed by a fraction of Treg cells throughout the body, these proteins may
represent the “usual suspects” that appear in the conserved tumor-specific Treg cell signature based
on upregulation in the tumor environment. Importantly, the conserved 31-gene signature also
includes genes encoding proteins not previously implicated in tumor-infiltrating Treg cell biology,
such as MAGEH]I (encoding a type I MAGE family protein of unknown function), IL/R2
(encoding a decoy receptor for IL-1), TFRC (encoding a transferrin receptor), FCRL3 (encoding
an Fc receptor-like protein), and CCRS. It remains unknown whether these proteins are important
for Treg cell function in the tumor environment, or reflect adaptation required to survive and thrive
within neoplastic lesions.

Beyond the characterization of transcriptional profiles, the single-cell RNA sequencing
studies of Zheng et al. provided a unique glimpse into Treg cell clonality within human tumors.
The investigators were able to determine afTCR sequences for the majority of single Treg cells,
which revealed that a substantial fraction of intratumoral Treg cells expressed afTCRs that were
found recurrently in a given tumor. In contrast, Treg cells isolated from peripheral blood and
intratumoral conventional T cells exhibited diverse afTCR sequences with few recurrent clones.
In accordance with this, Plitas et al. utilized BTCR sequencing of bulk T cell populations to
demonstrate that breast cancer-infiltrating Treg cells exhibited reduced clonal diversity relative to
naive-phenotype peripheral Treg cells’®. These findings provide direct evidence of expansion or

enrichment of distinct Treg cell clones in human tumors, a finding that is consistent with previous
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work in mice suggesting that developing tumors drive the enrichment of oligoclonal Treg cell
populations®*. While the specificity of tumor-infiltrating Treg cells in patients remain largely
unknown, studies in mice suggest that at least some clonally expanded Treg cell clones are reactive
to organ-specific self-peptides that are expressed and presented by APCs at steady-state and
upregulated in the tumor setting®®. These findings suggest that the enrichment of some oligoclonal
Treg cells in the tumor environment may be partly due to reactively to self-antigens, rather than
antigens unique to the tumor environment.

Taken together, these studies demonstrate that in the human cancers analyzed thus far, the
transcriptional program of tumor-infiltrating Treg cells may represent a composite signature
blending a tissue-specific signature associated with the organ of cancer origin with an additional
tumor-specific signature that may be common to Treg cells from many cancer types (Figure 2).
These findings pave the way for future mechanistic studies probing the functional role of these
pathways in coordinating intratumoral Treg cell activity, and determining the feasibility of
targeting these pathways using antibodies or small-molecule agents. Furthermore, it will be key to
determine the impact of modulating various aspects of tumor-associated Treg cell biology in either
promoting tumor regression or enhancing tumor development and progression. Understanding the
cellular and molecular mechanisms of tumor-associated Treg cell biology, whether immune-
related or immune-independent functions, is critical to determine best strategies of modulating

them therapeutically and to identify optimal contexts for particular therapeutic strategies.

Beyond immune suppression: newly defined functions of Treg cells in non-lymphoid tissues
In recent years, a growing number of studies have revealed unique functions of Foxp3*

Treg cells in non-lymphoid sites that appear to be independent of their well-defined roles in
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Figure 2. Hallmarks of tumor-infiltrating Treg cells

A conceptual model highlighting the phenotypic and functional diversity of Treg cells in lymphoid
organs, nonlymphoid tissue sites, and tumor lesions is shown. cTreg cells and eTreg cells in the
lymph nodes and spleen are thought to mediate the suppression of autoimmune reactions and the
maintenance of immune homeostasis. cTreg cells are characterized by a quiescent “naive”
phenotype and can differentiate into activated-phenotype eTreg cells in a TCR-dependent process.
Tissue-associated Treg cells present in different nonlymphoid sites exhibit tissue-specific
transcriptional programs unique to the tissue of residence, and they can mediate diverse
context-dependent functions that are independent of immune suppression. The mechanisms
driving Treg cell enrichment and expansion within tumors are unknown but may involve
responsiveness to antigen, chemokines, and inflammatory mediators. Intratumoral Treg cells are
characterized by the following hallmarks: 1) evidence of oligoclonal expansion; 2) a composite
transcriptional signature that blends a tissue-specific Treg cell signature associated with the tissue
of cancer origin with a conserved tumor-specific signature that is common to Treg cells from
different cancer types; 3) high expression of common Treg markers known to function as
immunomodulatory receptors, including CTLA-4, PD-1, TIGIT, OX40, and GITR; and 4)
expression of transcripts encoding proteins with undefined roles in intratumoral Treg cell biology,
including CCR8, MAGEHI, IL1R2, TFRC, and FCRL3. Beyond suppression of antitumor T cell
responses, additional functions of intratumoral Treg cells have yet to be clearly defined. The arrow
suggests a precursor—product relationship, which has been defined for the cTreg-to-eTreg cell
transition, but remains hypothetical for tissue-associated and intratumoral Treg cell populations.

21



suppressing adaptive immunity and maintaining immune homeostasis. While the relevance of
these functions to tumor-associated Treg cells is highly speculative at this time, these findings
expand our view of Treg cell functional diversity, suggest that the functions of intratumoral Treg
cells may be manifold and context-dependent, and force a re-visitation of the paradigm that the
primary function of tumor-infiltrating Treg cells is to suppress anti-tumor immunity.

In seminal work, Mathis and Benoist demonstrated that Treg cells play a key role in
regulating obesity-related inflammation of the visceral adipose tissue (VAT)3*%. The
investigators showed that the densities of Treg cells in the VAT are greatly diminished in insulin-
resistant mouse models of obesity, and that sustained expansion of Treg cells induced
normalization of blood glucose levels in mice fed a high fat diet, indicating that Treg cells can
affect adipose-associated inflammation and metabolic function. The investigators used
transcriptional profiling to reveal that VAT Treg cells preferentially express an array of transcripts
not typically expressed by Treg cells at other sites, and showed that at least two of these factors
are critical for the optimal accumulation of Treg cells in VAT. First, it was shown that PPAR-y, a
receptor that is important for adipocyte differentiation, is highly expressed by VAT Treg cells and
is required for Treg cell enrichment in adipose tissue. Second, it was shown that the majority of
VAT Treg cells express the IL-33 receptor ST2, and that Treg cell density in the VAT was
diminished in ST2-deficient mice. Notably, IL-33 has been shown to function as an "alarmin" that
triggers inflammatory responses when released from stressed or dying cells®’, suggesting a role for
the IL-33/ST2 axis in driving the homing and/or expansion of Treg cells at sites of tissue damage.
Together, these studies laid the groundwork for a paradigm suggesting that Treg cells at non-

lymphoid sites mediate functions that are independent of immune suppression, express unique
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gene expression profiles that are required for optimal function and fitness in the local environment,
and are responsive to antigen-independent inflammatory mediators>®.

In other areas, additional work has defined a unique role for Treg cells in promoting tissue
repair in non-lymphoid organs®®®, and identified Amphiregulin (Areg) as a key factor produced
by Treg cells at sites of tissue damage. In one study, Burzyn and colleagues demonstrated that
clonally expanded Treg populations accumulate in acutely injured muscle tissue and in the
damaged muscle of Dmd mutant mice, a mouse model of muscular dystrophy®’. Transient
depletion of Treg cells impaired muscle repair, and was associated with increased cellular
infiltrates, increased fibrosis, and a failure of myeloid cells to switch to a pro-regenerative
phenotype. As with VAT-associated Treg cells, muscle-infiltrating Treg cells exhibited a unique
transcriptional program that was distinct from splenic Treg cells. One of the genes preferentially
expressed by muscle-infiltrating Treg cells was the gene encoding Areg, an epidermal growth
factor (EGF) family ligand that signals through the EGF receptor system. Treg cells were found in
close proximity to regenerating muscle myofibers in situ, and promoted the differentiation of
muscle satellite cells in vitro, suggesting that Treg cells may function to promote muscle
regeneration in part by direct communication with muscle progenitor cells. In a separate study,
Arpaia and colleagues generated mice with Treg-specific deletion of Areg and examined the
impact of this deficiency on immune regulation and tissue repair in the lung in the context of an
ongoing viral infection®. Notably, the authors found that Areg expression by Treg cells was
dispensable for the maintenance of immune homeostasis and the regulation of virus-specific T cell
responses. In contrast, Areg mutant mice exhibited increased tissue damage and a rapid decline in
lung function following influenza virus infection, demonstrating that Treg cells restrict tissue

damage via Areg production in this setting. Additional mechanistic data revealed that Areg
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production by Treg cells in vitro was triggered by exposure to IL-18 and IL-33, but not by TCR
stimulation, suggesting that TCR-independent cues in the microenvironment may be the primary
drivers of Areg production by Treg cells. In follow-up studies, Green et al. demonstrated that T
cells, including Treg cells, isolated from the lungs of mice inoculated with a lung cancer cell line
express Areg”. T cell specific loss of Areg led to slowed tumor growth, suggesting that Treg-
derived Areg can contribute to tumor growth. Taken together, these findings raise the intriguing
possibility that a key function of intratumoral Treg cells in lung cancers and other solid cancers
may lie in regulating tissue remodeling and repair through the production of Areg and other factors.
Notably, the studies of Plitas et al. revealed that Areg is significantly upregulated by a subset of
intratumoral Treg cells in breast cancer lesions isolated from patients’®, lending credence to this
idea.

Finally, a recent study by Ali et al. further expanded the newly defined roles of tissue-
associated Treg cells, demonstrating a pivotal role for skin-resident Treg cells in promoting the
differentiation of hair follicle stem cells (HFSCs)°'. The authors demonstrated that Treg cells are
localized in close proximity to the HFSC niche within hair follicles, and that inducible ablation of
Treg cells suppressed hair growth. Interestingly, it was also shown that Treg cell expression of
Jaggedl (Jagl), a Notch ligand that is highly expressed by Treg cells at this site, was required for
optimal HFSC proliferation and induction of the active growth stage of hair follicle formation.
Thus, these findings suggest a model in which skin-associated Treg cells function at steady state
to promote hair follicle development via engagement of Notch receptors on HFSCs. Interestingly,
Notch pathway activation or inhibition has been implicated as a driver of tumorigenesis in some

human malignancies, including melanoma®?>~°*. These concepts raise the possibility that Treg cells
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may shape cancer development by direct cell-cell crosstalk with cancer cells or cancer stem cells
via Jagl-Notch interactions.

Collectively, the studies discussed above highlight our expanding view of the functional
diversity and specialization of Treg cells in distinct tissue environments throughout the body, and
reveal broad principles regarding Treg cell biology in non-lymphoid tissues. Specifically, tissue-
associated Treg cells can respond to antigen-independent inflammatory mediators, and express
unique gene expression profiles that are required for optimal function and survival in the local
environment. From a functional standpoint, tissue-associated Treg cells exhibit diverse functions
that are independent of immune suppression; these functions may include conserved mechanisms
such as the augmentation of tissue repair via Areg production, or specialized tissue-specific
functions such as metabolic regulation or stimulation of stem cell differentiation. The finding that
the transcriptional programs of intratumoral Treg cells from various human cancer types are
similar to the programs of their Treg cell counterparts in normal adjacent tissue suggests that the
principles defined for tissue-associated Treg cells may be directly relevant for Treg cell activity in
the tumor context. This suggests that the functions of intratumoral Treg cells may be diverse and
highly context-dependent, and highlights a key need to examine additional functions of tumor-

infiltrating Treg cells beyond their defined roles in the suppression of anti-tumor immunity.

Carcinogen-induced head and neck cancer: an archetypal cancer for understanding anti-
tumor immunity

Head and neck cancers (HNCs), which are cancers that arise in the head and neck region,
including but not limited to the nasal cavity, the pharynx, and the oral cavity, are the seventh most

common cancer worldwide and accounts for 3-4% of all cancers in the United States”®. While a
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fraction of HNCs are associated with human papillomavirus (HPV) infection, a large proportion
of HNCs are HPV-negative and associated with heavy smoking, suggesting these cancers are
carcinogen-induced. Indeed, genomic analysis of HPV* and HPV-negative HNCs reveal distinct
gene expression profiles and mutational profiles®®%, suggesting HPV* and HPV-negative HNCs
have distinct etiologies. Current strategies to treat HNCs include surgery, radiation therapy,
chemotherapy, and/or targeted therapy such as immunotherapy®’, but even with a variety of
treatment options, prognosis has not improved. Therefore, there is a critical need to improve and
expand the available treatment options for patients. A key gap in knowledge in this quest is the
understanding of immune cells and the immune response in HNC. Although the role of the immune
response in HNC is largely unknown, several lines of observation suggest carcinogen-associated
HNC represents an intriguing cancer type to understanding the immunological factors impacting
tumor progression and response to therapy. First, HPV-negative HNCs harbor a high mutational
load®'%! leading to a higher likelihood for the generation and expression of neo-antigens for
recognition as foreign by effector T cells'*. Second, gene expression analysis of patient samples
reveal the upregulation of immune response and immune related genes, as well as detection of
infiltrating T cells in a subset of HPV-negative HNCs by immunohistochemistry (IHC)?7-101:102,
suggesting an ongoing T cell response in a subset of HPV-negative HNC. Third, clinical trials
report that a proportion of patients respond to anti-PD-1 treatment'*>'%4 indicating that the
immune response can be mobilized for an anti-tumor immune response.

While it is clear immune cells, and in particular T cells, are associated with carcinogen-
induced HNCs in some circumstances, the role of the immune system is largely unknown in this
context. At steady state, it is not known if the immune system promotes the progression of

carcinogen-associated HNC, slows progression, or has little impact. Moreover, recent studies
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suggest that HNC may have a unique immune cell infiltrate, warranting a closer examination of
the cellular players that impact tumor progression. First, early data suggest that while T cell-
inflamed cancers are more responsive to anti-PD-1 therapy overall, some smoking-associated
HNC patients have T cell-inflamed tumors at baseline but do not respond to immunotherapy'%4,
suggesting that a T cell-inflamed tumor at baseline is necessary but not sufficient for effective
response to immunotherapy. Second, a study of HNC patients treated with anti-PD-1 or anti-PD-
L1 therapy reported that over 25% of patients experienced "hyper-progression" characterized by
accelerated tumor growth kinetics following therapy>?, suggesting that checkpoint blockade may
accelerate disease in a fraction of patients. Third, prognostic studies have revealed that high
intratumoral Treg cell density is associated with a favorable prognosis for a fraction of HNC
patients>®101.105.106 " 3 finding inconsistent with the notion that intratumoral Treg cells promote
HNC and negatively impact clinical outcome by suppressing tumor-reactive effector T cells. These
reports demonstrate that the processes governing endogenous anti-tumor immunity and the
response to therapy are likely to vary based on a variety of factors such as host genetics, cancer
genetics, the microbiota, as well as the local tissue environment, and highlight a critical need for

mechanistic insight in tractable animal models that accurately mimic carcinogen-induced HNSCC

development and progression.

Approach to understanding the impact of the endogenous immune response to HNC

As discussed above, there is a critical need to understand the adaptive immune response to
HNC and the functional cell types involved to continue to improve therapies for HNC that target
the relevant molecular and cellular players. Traditionally, pre-clinical studies in mice have relied

107

on the use of transplantable tumor cell lines or genetically engineered cancer models'”’. However,
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these models do not recapitulate some aspects of human cancer. For example, many transplantable
tumor models involve injection of tumor cells at an ectopic site and the resulting tumors are clonal,
fast growing, and do not contain the high mutational loads of many carcinogen-induced cancers
such as HPV-negative HNC. Furthermore, although tumors from genetically engineered mouse
models develop in situ, the genome of each cancer cell is altered in a similar manner and
engineered alterations typically occur in both transformed cells and non-transformed neighboring
cells. Therefore, there are potential limitations in the physiological accuracy of these model
systems when it comes to mimicking human tumor development and heterogeneity. To overcome
these obstacles, the approach utilized in this project is an autochthonous mouse model of
carcinogen-induced oral squamous cell carcinoma (OSCC), a major subtype of HNC. In this
model, C57B1/6 mice are exposed to the chemical carcinogen 4-nitroquinoline N-oxide (4-NQO)

for 20 weeks to induce oral lesions in the tongue epithelium!3-112

. Importantly, previous studies
have reported that the progression and histopathology induced in the tongue epithelium by 4-NQO
exposure closely resembles that of human HPV-negative OSCC, including characteristic
progression from pre-neoplastic dysplasia to invasive OSCC!9:111L113-115 Therefore, the 4-NQO
mouse model provides a physiologically accurate and tractable system to understand the

relationship between the endogenous immune response and carcinogen-induced OSCC by

allowing for mechanistic studies not possible in humans.
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MATERIALS AND MATHODS"

Patient samples

Two OSCC transcriptomic data cohorts of patients with locoregionally advanced disease were
utilized, The Cancer Genome Atlas—Head-and-Neck Squamous Cell Carcinoma (TCGA-HNSC)
data set”® restricted to HPV-negative OSCC data (n = 259) and the Chicago HNC (head and neck
cancer) Genomics Cohort (CHGC)"” restricted to HPV-negative OSCC data (n = 78). Only tumors
of oral cavity were included to the analysis, while other anatomical sites (larynx, hypopharynx,
oropharynx and tonsil) were excluded. Transcriptomic data of patients with kidney renal clear cell
carcinoma (n = 535), liver hepatocellular carcinoma (n = 374), lung adenocarcinoma (n = 527),
and melanoma (n = 471) are based upon data generated by the TCGA Research Network:

https://www.cancer.gov/tcga.

Mice

The following mice were purchased from the Jackson Laboratory, and bred and maintained at the
University of Chicago under specific pathogen-free conditions: B6 (C57BL/6J) mice, Foxp3-DTR
(B6.129(Cg)-Foxp3m3(PTRGFP ATy mice, Terb = x Terd 7~ (B6.129P2-Terb™Mom Teyd™Iimom/Y)
mice, Ighm”~ (B6.129S2-Ighm™!e"/]) mice, Pdcdl-/- (B6.Cg-Pdcd1™!1h7/]) mice, Ragl™
= (B6.129S7-Rag1™™em/])  mice, Tcra™~ (B6.129S2-Tcra™™m/T)  mice, CD4-Cre (B6.Cg-
Tg(Cd4-cre)1Cwi/Bflul) mice, Foxp3°" (B6.Cg-Foxp3™2T¢"/J) mice, and Ifngrl-/- (B6.129S7-

Ifngr1™!A2Y]) mice. “TCRBtg” mice expressing a fixed TCRP chain of sequence TRBV26-

® Much of this section is reproduced, with modifications, from Chao, J.L., Korzinkin, M., Zhavoronkov, A., Ozerov,
L., Higgins, K., Lingen, M.W., Izumchenko, E., and Savage, P.A. “Effector T Cell Responses Unleashed by
Regulatory T Cell Ablation Promote Progression of Oral Squamous Cell Carcinoma” Submitted.

29



ASSLGSSYEQY were generated as described previously®®. All mice were generated on a pure B6
background or were fully backcrossed to the B6 background. All mice were bred and maintained
under specific pathogen-free conditions in accordance with the animal care and use regulations of
the University of Chicago. Mice for experiments were age-matched, cage-mates, and littermates
when possible, and assigned to experimental groups randomly and based on genotype, when

appropriate. Both male and female mice were used for experiments, as appropriate.

Cell lines and bacteria

Drosophila S2 cells were used for recombinant production of I-A®; cells were transfected according
to the Drosophila Expression System manual (Thermo Fisher) in Schneider’s Drosophila medium
supplemented with 10% FBS, 1X Pen/Strep (100 U/mL penicillin, 0.1 mg/mL streptomycin), and
20 pg/mL gentamicin, and maintained in stationary cultures at 27°C. S2 transfectants were selected
with 25 pg/mL Blasticidin, and stable lines were expanded for expression in Express Five SFM
supplemented with 25 pg/mL Blasticidin, 1X Pen/Strep, and 20 pg/mL gentamicin, in suspension
culture shaking at 120 rpm and 27°C. Plat-E cells (Cell Biolabs) were used for retroviral packaging
of TCRa-containing pMGflThyl.1 plasmid; cells were grown in Dulbecco’s Modified Eagle’s
Medium 14 (Gibco) supplemented with 10% FBS, 1X Pen/Strep, 10 pg/mL Blasticidin, and 1
pg/mL Puromycin and maintained in stationary cultures at 37°C. Plat-E transfectants were cultured
in the absence of Blasticidin and Puromycin. E. coli DH5a (New England Biolabs) was used for

cloning and propagation of TCRa-containing pMGflThy1.1 plasmid.
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Deconvolution of bulk transcriptomic profiles

Pre-processed gene expression data was loaded into the version of iPANDA algorithm!'®!'7 with
disabled gene grouping and topological weights. The ‘off” state of topology coefficients means
that they are equal to 1 for all genes during the calculation. The ‘off” state for the gene grouping
means that all the genes are treated as individual genes. Deconvolution was performed using a
collection of differentially expressed genes that facilitate annotation of the four T-cell subtypes as
naive-like, regulatory, cytotoxic, and exhausted''®, and the estimated proportion of each subtype
was calculated for each sample . Activation signs for all the genes was obtained from Puram et
al.'"® and iPANDA algorithm was used for the dimension reduction in gene expression data prior
to the clustering and data visualization!!”. In order to validate the results, another deconvolution
algorithm, xCell'?°, was used. The “xCell” R package (version 1.12) was used to generate immune
estimates for the xCell method'?. A general immune estimation score for cases from TCGA cohort
was already generated by xCell and is publicly available. For comparison purposes, only cell types

which could be detected by both iPANDA and xCell were used for validation.

Administration of 4-NQO

For most experiments, 6-8 week old mice were administered 4-NQO in their drinking water for a
continuous period of 20 weeks. In some experiments, mice were administered 4-NQO in their
drinking water for a continuous period of 8 weeks, then supplied normal drinking water for an
additional 12 weeks or 24 weeks, and mice were analyzed 20 weeks or 32 weeks, respectively,
after start of 4-NQO treatment. For stock solution, 4-NQO powder (Sigma) was dissolved in

DMSO at a 50 mg/mL concentration and stored at -20°C until use. Stock solution was dissolved
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in propylene glycol (Sigma) and added to drinking water for a final concentration of 100 pg/mL

4-NQO in 0.6% propylene glycol. 4-NQO drinking water was replaced weekly.

Tongue tissue histology and immunohistochemistry

Tongues were isolated and fixed in 10% buffered formalin (Sigma) for 24-48 hours then
longitudinally bisected and embedded in paraffin. Consecutive 5 um sections were stained with
hematoxylin and eosin (H&E) for blinded histopathological analysis or processed for
immunohistochemical detection of CD3, Foxp3, pSTATI, or Ki-67 antigens using anti-CD3
(clone SP162, Sigma-Aldrich), anti-Foxp3 (clone FIK-16s, Invitrogen), anti-pSTAT1 (Tyr701)
(clone 58D6, Cell Signaling), anti-Ki-67 (clone SP6, Thermo Scientific) antibodies, respectively.
Slides were scanned at 40X using the Aperio ScanScope XT and viewed and analyzed on the
accompanying software ImageScope. Tissue processing, staining, and digital scanning was
performed by the Human Tissue Resource Center at University of Chicago. To analyze
histopathology incidence, each H&E slide was scored once based on the most severe grade present,
using established criteria'®®: normal epithelium, hyperkeratosis, dysplasia, or invasive squamous
cell carcinoma. To analyze histopathology burden, the epithelial perimeter of each tongue was
outlined, and each region was scored as normal epithelium, hyperkeratosis, dysplasia, or invasive
squamous cell carcinoma. In this way, each histological grade defined a certain percentage of the
total perimeter of the sample. For immunohistochemistry quantification, images were captured at
40X and positive cells were counted in an automated fashion in Imagel'?! using the following
macro code (written to iterate over all images in a given directory):

dir = getDirectory("Choose a Directory to PROCESS");
list = getFileList(dir);

dir2 = getDirectory("Choose a Directory for SAVING");
//setBatchMode(true);
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for (=0, f<list.length; f++) {

path = dir+list[f];

if (lendsWith(path,"/")) open(path);
if (nlmages>=1) {

if (endsWith(path,"f")) {

//dir=getDirectory("select folder to save images"); // Find

T=getTitle;

run("Properties...", "channels=1 slices=1 frames=1 unit=um pixel width=0.249
pixel height=0.249 voxel depth=0.249 global");

run("Colour Deconvolution", "vectors=[H DAB]");
selectWindow(T+"-(Colour 2)"); // selecting the brown window, i.e. the one with the
positive IHC stain

setAutoThreshold("Default");

setThreshold(0, 105);

// CD3 THC = setThreshold(0, 105) ; Foxp3 and Ki-67 IHC = setThreshold(0, 100) ;
pSTAT1 IHC = setThreshold(0, 150)

run("Convert to Mask");

run("Make Binary");

run("Fill Holes");

run("Despeckle");

run("Watershed");

rename(T + " ITHC+ cells");

run("Analyze Particles...", "size=15-Infinity circularity=0.01-1.00 display exclude clear
summarize add");

// Foxp3 and pSTAT1 IHC: "size=5-Infinity circularity=0.01-1.00 display exclude clear
summarize add" ; CD3 IHC: "size=15-Infinity circularity=0.01-1.00 display exclude clear
summarize add" ; Ki-67 IHC: "size=6-Infinity circularity=0.01-1.00 display exclude clear
summarize add"

selectWindow(T);

roiManager("Show All without labels");

waitForUser("check outlines");
run("Flatten");

// next three lines are code to strip off the .tif extension from the filename
s=lastindexOf(T, ".");

T=substring(T, 0,s);
saveAs("Tiff", dir + T + " Markup.tif");

run("Close All");
b

33



Treg cell depletion with diphtheria toxin (DT)

For late-stage Treg cell depletion, mice were treated with 1 pug DT (Sigma) via intraperitoneal
(i.p.) injections on days 0, 1, 3, 5, and 7 during the 17" week of 4-NQO exposure. In some
experiments, Treg cells were depleted in a periodic and transient manner, in which mice were
treated with 1 pg DT on two consecutive days during the 9%, 12t 15" and 18" week of 4-NQO

exposure.

Monoclonal antibody treatment

For immunotherapy treatment, mice were treated with 100 pg of the following monoclonal
antibodies via i.p. injections twice weekly, starting during the 17" week of 4-NQO exposure: anti-
CTLA-4 (clone 9D9), anti-PD-1 (clone RMP1-14), anti-PD-L1 (clone 10F.9G2), or control (clones
MPCI11, 2A3, or LTF-2). For neutrophil depletion, mice were treated with 200 pg of anti-Gr-1
(clone RB6-8C5) or control (clone LTF-2) monoclonal antibody via i.p. injection three times
during the 17" week of 4-NQO exposure. For T cell depletion, mice were treated with 150 ug of
the following monoclonal antibodies via i.p. injections twice during the first week, following by
weekly treatments, starting during the 17" week of 4-NQO exposure: anti-CD4 (clone GK1.5),
anti-CD8 (clone 2.43), or control (clone LTF-2). For IFN-y neutralization, mice were treated with
500 pg of anti-IFN-y (clone XMG1.2) or control (clone HRPN) monoclonal antibody via i.p.
injections weekly, starting during the 17" week of 4-NQO exposure. All antibodies for in vivo use

were purchased from BioXCell.
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Immunization with peptide plus CFA
Mice were given a single subcutaneous (s.c.) injection on the flank of 100 pug of 2W1S peptide
(GenScript) in 100 uL of CFA emulsion (InvivoGen) after 18 weeks of 4-NQO exposure. CFA

emulsion consisted of a 1:1 ratio peptide:CFA. Mice were analyzed 2 weeks later.

Cell isolation, flow cytometry, and fluorescence-activated cell sorting

Cells from secondary lymphoid organs were isolated into single cell suspension in RPMI-1640
media supplemented with 10% FBS and 1% penicillin/streptomycin using a 70 um filter. To
harvest tongue-infiltrating lymphocytes, tongues were excised and injected and digested with 5
mM EDTA in RPMI-1640 for 15 minutes at 37°C, followed by digestion with Liberase TL (10
mg/mL, Roche) and DNase (20 mg/mL, Roche) in RPMI-1640 for 30 minutes at 37°C. Digested
organ tissues were mechanically disrupted with frosted microscope slides and viable lymphocytes
were enriched using Histopaque 1119 (Sigma). Cells were stained with conjugated antibodies
specific for the following proteins (clone name in parentheses): B220 (RA3-6B2), CD11b
(M1/70), CD11c (N418), CD127 (A7R34), CD25 (PC61.5), CD3e (17A2), CD4 (RM4-5 or
GK1.5), CD44 (IM7), CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), CD69 (H1.2F3), CD8a
(53-6.7), CD8PB (YTS156.7.7), Egr2 (erongr2), F4/80 (BMS8), Foxp3 (FJK-16s), Gata3 (TWAJ),
Gr-1 (RB6-8C5), I-A/I-E (M5/114.15.2), IFN-y (XMG1.2), IL-17A (eBio17B7), IL-4 (11B11),
Ly6C (HK1.4), Ly6G (1A8), NKI1.1 (PK136), PD-1 (RMP1-30), ROR[]t (Q31-378), T-bet
(4B10), TCRPB (H57-597), TCRys (GL3), Thyl.1 (OX-7), Thyl.2 (53-2.1), TNFa. (MP6-XT22).
Cells were stained for 20 minutes at 4°C in staining buffer (PBS with 2% FCS, 0.1 NaN, 5%
normal rat serum, 5% normal mouse serum, 5% normal rabbit serum (all sera from The Jackson

Laboratory), and 10 pg/mL 2.4G2 antibody). Overnight intracellular staining for Foxp3, T-bet,
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Gata3, RORyt, IFN-y, IL-17A, IL-4, and TNFa was performed using the Foxp3 Transcription
Factor Staining Buffer Set (eBioscience). In experiments involving tetramer staining, cells were
stained as previously described'??. Briefly, cells were stained with PE- and APC-labeled 2W1S/I-
AP tetramers at a final concentration of 10 nM for 1 hour at room temperature, followed by
enrichment using the EasySep™ PE Positive Selection Kit (StemCell Technologies). The resulting
bound fraction was stained for surface and intracellular proteins as described above. Flow
cytometry was performed on an LSR Fortessa (BD Biosciences) and data were analyzed using
FlowJo software (TreeStar). Fluorescence-activated cell sorting (FACS) was preformed using a

FACSAria (BD Biosciences).

In vitro T cell stimulation

Lymphocytes from tongues were isolated into single cell suspension as described above and plated
into 96-well U-bottom plates, pooling 1-3 mice per well. Cells were stimulated with PMA (50
ng/mL, Sigma) and Ionomycin (500 ng/mL, Sigma) for 5 hours. Monensin (2 uM, eBioscience)
was added to the culture during the last 4 hours of incubation. T cells were then stained to assess

cytokine profile, as described above.

TCR sequence analysis

Foxp3°FP x TCRBtg mice were treated with 4-NQO drinking water for 8 weeks, then supplied
normal drinking water for an additional 24 weeks. Lymphocytes from whole tongues were isolated
into single cell suspension as described above, and Foxp3-GFP" Treg cells were single-cell sorted
into catch solution (sterile H>0 with TRIS (pH 8.0, Ambio) and RNase inhibitor (Promega)) in 96

well U-bottom plates and processed for TCRo sequencing analysis, as described in Dash et al.'??
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with modifications. Briefly, cDNA synthesis was performed directly from single cells using
Maxima First Strand cDNA Synthesis Kit (Thermo Scientific) per manufacturer’s instructions with
minor modifications. The cDNA synthesis used 6 uL of reaction mix consisting of 3 uL 5X
Reaction Mix, 0.5 pL Maxima Enzyme Mix, and 1.25% IGEPAL (Sigma). This was added to the
10 pL single cell-containing solution and incubated at 25°C for 10 minutes, 50°C for 50 minutes,
and 85°C for 5 minutes. Following reverse transcription, multiplex PCR was performed to amplify
the CDR3a transcripts in a 20 pL reaction mix containing 2 uL. cDNA and DreamTaq Green
Master Mix (Thermo Scientific). The first round of PCR used a mixture of 23 TRAV forward and
1 TRAC reverse primers. The PCR conditions were 94°C for 5 minutes followed by 45 cycles of
94°C for 30 seconds, 56°C for 30 seconds, and 72°C for 1 minute, with a final extension at 72°C
for 8 minutes. The second round of PCR used the product from the first round of PCR as template
and a mixture internal 23 TRAYV forward and 1 TRAC reverse primers. The PCR conditions were
similar to the first round but with 50 cycles. The nested PCR product was purified using EXOSap-
IT (Applied Biosystems) per the manufacturer’s instructions, and sequenced using the internal
TRAC reverse primer. TCRa sequences were analyzed and assigned using the international

ImMunoGeneTics information system (IMGT) database (http://www.imgt.org).

Retrovirus production, infection, and generation of TCR retrogenic (TCRrg) mice

TCRrg mice were generated as previously described!?%!24, In brief, the Tcra sequence that encodes
a TCRa chain of interest was cloned into a modified retroviral construct. Plat-E cells were used to
generate retrovirus. Tcra’”~ CD4-Cre" TCRBtg" mice were injected with 5-fluorouracil (APP
Pharmaceuticals) three days prior to bone marrow harvest. Bone marrow cells were then cultured

for two days in X-Vivo 10 media (Lonza) supplemented with 15% FCS, 1%
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penicillin/streptomycin, 100 ng/mL mouse SCF, 10 ng/mL mouse IL-3, and 20 ng/mL mouse IL-
6 (BioLegend). Cells were infected with retrovirus by spinfection in the presence of 6 pug/mL
polybrene (EMD Millipore) and cultured for an additional 24 hours. All spinfected cells were then
mixed with 5 x 10° freshly harvested bone marrow “filler” cells from Rag/”~ mice and injected
intravenously (i.v.) into lethally irradiated (800 rad) CD45"! B6.SJL recipient mice to produce
“primary TCRrg” mice. For “secondary TCRrg” mice, CD4" T cells were FACS-purified from
primary TCRrg mice following CD4 MACS enrichment (Miltenyi Biotech) and 10* Thy1.1* CD4"
T cells were transferred i.v. with 10° freshly harvested “filler” RBC-lysed splenocytes from

CD45"! mice into Tcrb” hosts. “Secondary TCRrg” mice were analyzed three weeks later.

Generation of PdcdI"*/ Pdcdl” mixed bone marrow-chimeric mice

Bone marrow cells from Pdcdl”~ CD45%2 and B6.SJL CD45'! mice were isolated and
enumerated. A mixture consisting of 50% Pdcdl”~ CD45?? and 50% B6.SJL CD45 ! was
prepared and 5 x 10° cells were retro-orbitally injected into lethally (900 rads) irradiated B6.SJL
CD45"! host mice. 8 weeks post-engraftment, mice were placed on 4-NQO drinking water for 20

weeks then analyzed.

2W1S/I-AP tetramer production

2W1S/I-AP tetramers bearing the 2W1S peptide (EAWGALANWAVDSA) were produced using
methods similar to those described previously!'?>!123, I-A® was expressed in Drosophila S2 cells,
using separate plasmids to encode the alpha and beta chains, as described previously!'?*!23,
Constructs were co-transfected into Drosophila S2 cells together with a plasmid encoding the BirA

biotin ligase. Protein expression was induced with the addition of 0.8 mM CuSOQs, in the presence
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of 2 pg/mL biotin (Sigma-Aldrich). Biotinylated I-A° protein was purified from culture
supernatant by nickel affinity chromatography with His Bind Ni-IDA resin (EMD Millipore) and
by avidin affinity chromatography with Pierce Monomeric Avidin UltraLink Resin (Thermo
Fisher). Tetramers were formed by mixing biotinylated I-A® with streptavidin-APC (Prozyme
PJ278S) or streptavidin-PE (Prozyme PJRS34) at a slight molar excess of I-A to biotin binding
sites. Saturation of the streptavidin conjugate was verified by non-reducing SDS-PAGE without
boiling samples.

I-AP Alpha Chain The extracellular domain of the I-AP alpha chain (underlined) was fused at its
N terminus to a secretion signal sequence (boundary denoted by ““/’), and at its C terminus to an
acidic leucine zipper, and a recognition sequence for the BirA biotin ligase.

MPCSRALILGVLALTTMLSLCGG/EDDIEADHVGTYGISVYQSPGDIGQYTFEFDGDELF

YVDLDKKETVWMLPEFGQLASFDPQGGLONIAVVKHNLGVLTKRSNSTPATNEAPQAT

VFPKSPVLLGQPNTLICFVDNIFPPVINITWLRNSKSVADGVYETSFFVNRDYSFHKLSYL

TFIPSDDDIYDCKVEHWGLEEPVLKHWEPEIPAPMSELTETGGGGSTTAPSAQLEKELQA

LEKENAQLEWELQALEKELAQGGSGGSGLNDIFEAQKIEWHE.

I-AP Beta Chain with 2W1S Peptide The extracellular domain of the I-A® beta chain (underlined)
was fused at its N terminus to a secretion signal sequence (boundary denoted by “/”), the 2W1S
peptide (in bold) and a linker sequence, and at its C terminus to a basic leucine zipper and a 6xHis
tag.
MALQIPSLLLSAAVVVLMVLSSPGTEG/GDSEAWGALANWAVDSAGGGGSLVPRGSG

GGGSERHFVYQFMGECYFTNGTQRIRYVTRYIYNREEYVRYDSDVGEHRAVTELGRPD

AEYWNSQPEILERTRAELDTVCRHNYEGPETHTSLRRLEQPNVVISLSRTEALNHHNTLV

CSVTDFYPAKIKVRWFRNGQEETVGVSSTQLIRNGDWTFQVLVMLEMTPRRGEVYTCH
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VEHPSLKSPITVEWRAQSESAWSKGGGGSTTAPSAQLKKKLQALKKKNAQLKWKLQAL

KKKLAQHHHHHH.

Data and code availability

Source data for patient datasets used for Figure 3 and Figure 4 1is available at
https://doi.org/10.1038/nature14129 and https://www.cancer.gov/tcga. Source code used for
analysis for Figure 3 and Figure 4 is available at https://doi.org/10.1038/ncomms13427 and
http://doi.org/10.5281/zenodo.1004662. The single-cell TCRa sequence data generated in this
study are available in Table S1. Source TCR sequence data and analysis used for CD4" Foxp3™*
Treg and CD4" Foxp3™¢ Tconv catalogs in Figure 8A-B is available at

https://doi.org/10.1016/j.immuni.2016.02.009.

Quantification and statistical analysis

Data were analyzed using Prism software (GraphPad) and R (The R Project for Statistical
Computing)'?®. Pairwise correlation statistics was performed using the Pearson correlation score.
Significance testing was performed using the nonparametric Mann—Whitney test (two-tailed), one-
way ANOVA with Bonferroni’s multiple comparisons test (two-tailed), or Fisher’s exact test, as
specified in the figure legends. The number per group is indicated in the figure legends. A value

of p < 0.05 was considered statistically significant.
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Table 1. Key Resources Table

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
Anti-CD3 antibody, Rabbit monoclonal, clone | Sigma-Aldrich Cat# SAB5500057
SP162
FOXP3 Monoclonal Antibody, clone FIK-16s | eBioscience Cat# 14-5773-82,
RRID: AB 467576
Rabbit Anti-Statl, phospho (Tyr701) Cell Signaling Cat# 9167,
Monoclonal Antibody, clone 58D6, RRID:AB 561284
unconjugated
Rabbit Anti-Human Ki67 (Ki-67) Monoclonal | Thermo Fisher Cat# RM-9106-8S,
Antibody, Unconjugated, Clone SP6 RRID: AB 149707
anti-mouse/human CD45R/B220 antibody, BioLegend Cat# 103211,
clone RA3-6B2, APC conjugated RRID:AB 312996
anti-mouse/human CD45R/B220 antibody, BioLegend Cat# 103205,
clone RA3-6B2, FITC conjugated RRID:AB 312990
anti-mouse/human CD45R/B220 antibody, BioLegend Cat# 103230,
clone RA3-6B2, Pacific Blue conjugated RRID:AB 492877
anti-mouse/human CD45R/B220 antibody, BioLegend Cat# 103221,
clone RA3-6B2, PE/Cy7 conjugated RRID:AB 313004
anti-mouse/human CD11b antibody, clone BioLegend Cat# 101237,
M1/70, BV605 conjugated RRID:AB 11126744
anti-mouse/human CD11b antibody, clone BioLegend Cat# 101223,
M1/70, Pacific Blue conjugated RRID:AB 755985
anti-mouse CD11c¢ antibody, clone N418, APC | BioLegend Cat# 117310,
conjugated RRID:AB 313779
anti-mouse CD1 1c¢ antibody, clone N418, BioLegend Cat# 117321,
Pacific Blue conjugated RRID:AB 755987
anti-mouse CD127 (IL-7Ralpha) antibody, BioLegend Cat# 135013,
clone A7R34, PE/Cy7 conjugated RRID:AB 1937266
anti-mouse CD25 antibody, clone PC61, APC | BioLegend Cat# 102011,
conjugated RRID:AB 312860
anti-mouse CD3 antibody, clone 17A2, Alexa | BioLegend Cat# 100216,
Fluor 700 conjugated RRID:AB 493697
anti-mouse CD3 antibody, clone 17A2, BioLegend Cat# 100221,
APC/Cy7 conjugated RRID:AB 2057374
anti-mouse CD3 antibody, clone 17A2, BioLegend Cat# 100219,
PE/Cy7 conjugated RRID:AB 1732068
anti-mouse CD3 antibody, clone 17A2, FITC BioLegend Cat# 100203,
conjugated RRID:AB 312660
anti-mouse CD4 antibody, clone RM4-5, BioLegend Cat# 100547,
BV605 conjugated RRID:AB 11125962
CD4 Monoclonal Antibody, clone RM4-5, eBioscience Cat# 48-0042-82,
eFluor 450 conjugated RRID:AB 1272194
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Table 1, continued.

anti-mouse CD4 antibody, clone GK1.5, BioLegend Cat# 100434,
PerCP/Cy5.5 conjugated RRID:AB 893324
anti-mouse/human CD44 antibody, clone IM7, | BioLegend Cat# 103028,
APC/Cy7 conjugated RRID:AB 830785
anti-mouse/human CD44 antibody, clone IM7, | BioLegend Cat# 1030006,

FITC conjugated RRID:AB 312957
anti-mouse CD45.1 antibody, clone A20, BioLegend Cat# 110724,

Alexa Fluor 700 conjugated RRID:AB 493733
anti-mouse CD45.1 antibody, clone A20, FITC | BioLegend Cat# 110705,
conjugated RRID:AB 313494
anti-mouse CD45.1 antibody, clone A20, BioLegend Cat# 110721,
Pacific Blue conjugated RRID:AB 492867
anti-mouse CD45.2 antibody, clone 104, BioLegend Cat# 109823,
APC/Cy7 conjugated RRID:AB 830788
anti-mouse CD45.2 antibody, clone 104, BioLegend Cat# 109847,
BV711 conjugated RRID:AB 2616859
anti-mouse CD62L antibody, clone MEL-14, BioLegend Cat# 104408,

PE conjugate RRID:AB 313095
anti-mouse CD69 antibody, clone H1.2F3, BioLegend Cat# 104512,
PE/Cy7 conjugated RRID:AB 493564
anti-mouse CD8a antibody, clone 53-6.7, BioLegend Cat# 100714,
APC/Cy7 conjugated RRID:AB 312753
anti-mouse CD8a antibody, clone 53-6.7, BioLegend Cat# 100721,
PE/Cy7 conjugated RRID:AB 312760
anti-mouse CD8a antibody, clone 53-6.7, BioLegend Cat# 100733,
PerCP/Cy5.5 conjugated RRID:AB 2075239
anti-mouse CD8b (Ly-3) antibody, clone BioLegend Cat# 126618,
YTS156.7.7, Alexa Fluor 700 conjugated RRID:AB 2563949
anti-mouse CD8b (Ly-3) antibody, clone BioLegend Cat# 126619,
YTS156.7.7, APC/Cy7 conjugated RRID:AB 2563950
anti-mouse CD8b (Ly-3) antibody, clone BioLegend Cat# 126609,
YTS156.7.7, PerCP/Cy5.5 conjugated RRID:AB 961304
EGR2 Monoclonal Antibody, clone erongr2, eBioscience Cat# 17-6691-80,
APC conjugated RRID:AB 11150966
anti-mouse F4/80 antibody, clone BM8, Pacific | BioLegend Cat# 123124,

Blue conjugated RRID:AB 893475
FOXP3 Monoclonal Antibody, clone FIK-16s, | eBioscience Cat# 17-5773-82,
APC conjugated RRID:AB 469457
FOXP3 Monoclonal Antibody, clone FIK-16s, | eBioscience Cat# 48-5773-82,
eFluor 450 conjugated RRID:AB 1518812
FOXP3 Monoclonal Antibody, clone FIK-16s, | eBioscience Cat# 11-5773-82,
FITC conjugated RRID:AB 465243
FOXP3 Monoclonal Antibody, clone FIK-16s, | eBioscience Cat# 12-5773-82,

PE conjugated

RRID:AB 465936
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Table 1, continued.

FOXP3 Monoclonal Antibody, clone FIK-16s, | eBioscience Cat# 25-5773-82,
PE/Cy7 conjugated RRID:AB 891552
Gata-3 Monoclonal Antibody, clone TWAJ, eBioscience Cat# 12-9966-41,

PE conjugated RRID:AB 1963601
Gata-3 Monoclonal Antibody, clone TWAJ, eBioscience Cat# 46-9966-42,
PerCP-eFluor 710 conjugated RRID:AB 10804487
anti-mouse Ly-6G/Ly-6C (Gr-1) antibody, BioLegend Cat# 108424,

clone RB6-8C5, APC/Cy7 conjugated RRID:AB 2137485
anti-mouse [-A/I-E antibody, clone BioLegend Cat# 107620,

MS5/114.15.2, Pacific Blue conjugated

RRID:AB 493527

anti-mouse IFN-g antibody, clone XMG1.2,
APC conjugated

BD Biosciences

Cat# 562018,
RRID:AB 10896992

IL-17A Monoclonal Antibody, clone eBioscience Cat# 12-7177-81,
eBio17B7, PE conjugated RRID:AB 763582
anti-mouse IL-4 antibody, clone 11B11, BioLegend Cat# 504119,

BV421 conjugated RRID:AB 10896945
Rat Anti-Mouse IL-4 Antibody, clone 11B11, | BD Biosciences Cat# 564004,

BV650 conjugated

RRID:AB 2687569

anti-mouse Ly-6C antibody, clone HK 1.4, PE
conjugated

BioLegend

Cat# 128007,
RRID:AB 1186133

anti-mouse NK1.1 antiody, clone PK136, APC
conjugated

BD Biosciences

Cat# 550627,
RRID:AB 398463

anti-mouse CD279 (PD-1) antibody, clone BioLegend Cat# 109109,
RMP1-30, PE/Cyanine7 conjugated RRID:AB 572016
anti-mouse Ly-6G antibody, clone 1A8, FITC | BioLegend Cat# 127606,

conjugated

RRID:AB 1236494

Mouse Anti-Mouse RORgt, clone Q31-378, BD Biosciences Cat# 564723,
BV786 conjugated RRID:AB 2738916
anti-T-bet antibody, clone 4B10, BV421 BioLegend Cat# 644816,
conjugated RRID:AB 10959653
anti-mouse TCR beta chain antibody, clone BioLegend Cat# 109234,
H57-597, BV510 conjugated RRID:AB 2562350
anti-mouse TCR beta chain antibody, clone BioLegend Cat# 109207,
H57-597, PE conjugated RRID:AB 313430
anti-mouse TCR beta chain antibody, clone BioLegend Cat# 109221,
H57-597, PE/Cy7 conjugated RRID:AB 893627
anti-mouse TCR gamma/delta antibody, clone | BioLegend Cat# 118116,

GL3, APC conjugated RRID:AB 1731813
anti-mouse TCR gamma/delta antibody, clone | BioLegend Cat# 118123,

GL3, PE/Cy7 conjugated RRID:AB 11203530
anti-rat CD90/mouse CD90.1 (Thy-1.1) BioLegend Cat# 202524,
antibody, clone OX-7, PE conjugated RRID:AB 1595524
anti-mouse CD90.2 (Thy1.2) antibody, clone BioLegend Cat# 140304,

53-2.1, FITC conjugated

RRID:AB 10642812
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Table 1, continued.

anti-mouse TNF-alpha antibody, clone MP6-
XT22, BV421 conjugated

BioLegend

Cat# 506327,
RRID:AB 10900823

2W1S/I-AP tetramer, APC conjugated

Laboratory of P.A.S.

122

2W1S/I-AP tetramer, PE conjugated

Laboratory of P.A.S.

122

InVivoPlus anti-mouse CTLA-4 (CD152) BioXCell Cat# BE0164,
antibody, clone 9D9 RRID:AB 10949609
InVivoPlus anti-mouse PD-1 (CD279) BioXCell Cat# BE0146,
antibody, clone RMP1-14 RRID:AB 10949053
InVivoPlus anti-mouse PD-L1 (B7-HI) BioXCell Cat# BE0O101,
antibody, clone 10F.9G2 RRID:AB 10949073
InVivoPlus anti-mouse Ly6G/Ly6C (Gr-1) BioXCell Cat# BE0O075,
antibody, clone RB6-8C5 RRID:AB 10312146
InVivoPlus anti-mouse CD4 antibody, clone BioXCell Cat# BE0003-1,
GK1.5 RRID:AB 1107636
InVivoPlus anti-mouse CD8a antibody, clone BioXCell Cat# BE0061,
2.43 RRID:AB 1125541
InVivoPlus anti-mouse IFNy antibody, clone BioXCell Cat# BE00S55,
XMG1.2 RRID:AB 1107694
InVivoPlus mouse IgG2b isotype control BioXCell Cat# BE00S86,
antibody, clone MPC-11 RRID:AB 1107791
InVivoPlus rat [gG2a isotype control antibody, | BioXCell Cat# BE0089,
clone 2A3 RRID:AB 1107769
InVivoPlus rat [gG2b isotype control antibody, | BioXCell Cat# BE0090,
clone LTF-2 RRID:AB 1107780
InVivoPlus rat I[gG1 isotype control antibody, | BioXCell Cat# BE00SS,
clone HRPN RRID:AB 1107775
Bacterial and Virus Strains
E. coli DH5a New England Cat# C2987H
Biolabs
Biological Samples
Chemicals, Peptides, and Recombinant Proteins
4-Nitroquinoline N-oxide Sigma-Aldrich Cat# N8141
Dimethyl sulfoxide Sigma-Aldrich Cat# D4540
Propylene Glycol Fisher Scientific Cat# P355-1
Formalin solution, neutral buffered, 10% Sigma-Aldrich Cat# HT501128
Diphtheria Toxin from Corynebacterium Sigma-Aldrich Cat# D0564
diphtheriae
Complete Freund’s Adjuvant (CFA) InvivoGen Cat# vac-cfa-10
Custom 2W 1S peptide GenScript N/A
(EAWGALANWAVDSA), >98% pure
Liberase TL Research Grade Roche Cat# 5401020001
DNase I, grade II, from bovine pancreas Roche Cat# 10104159001
Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Cat# 79346
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Table 1, continued.

Ionomycin calcium salt from Streptomyces
conglobatus

Sigma-Aldrich

Cat# 10634

Monensin Solution (1000X) eBioscience Cat# 00-4505-51

5-Fluorouracil APP Cat# 101710
Pharmaceuticals

Recombinant Mouse M-CSF (carrier free) BioLegend Cat# 576406

Recombinant Mouse IL-3 (carrier free) BioLegend Cat# 575504

Recombinant Mouse IL-6 (carrier free) BioLegend Cat# 575706

Polybrene Infection / Transfection Reagent EMD Millipore Cat# TR-1003-G

Critical Commercial Assays

CD4 * T Cell Isolation Kit, mouse Miltenyi Biotec Cat# 130-104-454

EasySep PE Positive Selection Kit Stem Cell Cat# 18557
Technologies

EasySep APC Positive Selection Kit Stem Cell Cat# 18453
Technologies

Foxp3 / Transcription Factor Staining Buffer eBioscience Cat# 00-5523-00

Set

Maxima First Strand cDNA Synthesis Kit for | Thermo Scientific Cat# K1641
RT-qPCR
DreamTaq Green PCR Master Mix (2X) Thermo Scientific Cat# K1081
Deposited Data
TCRa sequence dataset This paper Table S1
TCRa catalogs Malchow et al., N/A

201627
TCGA-HNSCC dataset Cancer Genome N/A

Atlas Network,

2015%
CHGC dataset Keck et al., 2015%7 N/A
TCGA datasets (kidney renal clear cell https://www.cancer. | N/A
carcinoma, liver hepatocellular carcinoma, gov/tcga
lung adenocarcinoma, melanoma)
Experimental Models: Cell Lines
Plat-E Retroviral Packaging Cell Line \ Cell Biolabs \ Cat# RV-101
Experimental Models: Organisms/Strains
Mouse: B6: C57BL/6J Jackson Laboratories | JAX: 000664
Mouse: Foxp3-DTR: B6.129(Cg)- Jackson Laboratories | JAX: 016958
Foxp3tm3(DTR/GFP)Ayr/J
Mouse: Terb” x Terd’-: B6.129P2-Terb™!Mom | Jackson Laboratories | JAX: 002122
Tcrdtmlmom/J
Mouse: Ighm”- (B6.129S2-Ighm'™!Cen/J) Jackson Laboratories | JAX: 002288
Mouse: Pdcdl-/- (B6.Cg-Pdcd1™!18hr/) Jackson Laboratories | JAX: 028276
Mouse: Ragl™~ (B6.129S7-Rag ™! Mom/]) Jackson Laboratories | JAX: 002216
Mouse: Tcra™= (B6.129S2-Tcra™!Mom/]) Jackson Laboratories | JAX: 002116
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Table 1, continued.

Mouse: CD4-Cre (B6.Cg-Tg(Cd4- Jackson Laboratories | JAX: 022071
cre)1 Cwi/Bflul)

Mouse: Foxp3°tT (B6.Cg-Foxp3™T/]) Jackson Laboratories | JAX: 006772
Mouse: Ifngri”~ (B6.129S7-1fngr1t™!A2Y]) Jackson Laboratories | JAX: 003288

Mouse: TCRbtg: transgenic mouse expressing
(TRBV26)- ASSLGSSYEQY TCRS chain

Laboratory of P.A.S.

Malchow et al., 201383

Oligonucleotides

Recombinant DNA

I-A ® alpha chain in pRMHa3 Laboratory of E.J. Leonard et al. 201722
Adams

I-A ® beta chain (2W1S peptide) in pRMHa3 Laboratory of E.J. Leonard et al. 201722
Adams

pMGfIThyl.1 Laboratory of A. McDonald et al.,
Bendelac 2015'8

Software and Algorithms

Prism (v9.0.0) GraphPad http://www.graphpad.c

om

FlowJo v10.7.1

BD Biosciences

http://www.flowjo.com

R v4.0.2 R Core Team, 2020 | https://www.r-
project.org/
Fiji Schindelin et al., https:/fiji.sc/
2012121
iIPANDA Ozerov et al.,
2016'1°

xCell R package (version 1.12)

Aran et al., 2017'20

https://github.com/dvira
ran/xCell

Aperio ImageScope Leica https://www.leicabiosys
tems.com/

Other

Aperio ScanScope XT Leica

LSR Fortessa BD Biosciences

FACSAria BD Biosciences
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RESULTS®

Introduction

In recent years, a broad conceptual framework has emerged for understanding the
endogenous immune response to cancer and factors impacting the success or failure of immune-
based cancer therapies!'®. The genetic and epigenetic changes associated with tumorigenesis can
lead to tumor cell expression of mutated or aberrantly expressed proteins, which serve as the source
of short peptide antigens that can be complexed with MHC molecules and displayed at the cell
surface for recognition by CD4" and CD8" T cells. Antigen presenting cells acquire tumor-derived
constituents and present peptide antigens to T cells in the draining lymph nodes. In cases in which
productive T cell priming occurs, T cells undergo activation, proliferation, and differentiation,
followed by exit from the lymph nodes and trafficking to the tumor site. There, effector T cells
have the potential to induce tumor control via directed production of cytolytic effectors or local
production of modulatory factors.

For many cancer types, a major fraction of tumors lack a substantial T cell infiltrate!®>12%,
implying the lack of effective T cell priming in the lymph nodes, the exclusion of primed T cells
from the tumor parenchyma, or limited survival of T cells within the tumor microenvironment.
Clinical studies demonstrate that a paucity of intratumoral T cells is a major factor restricting the
efficacy of checkpoint blockade antibodies targeting the PD-1 or CTLA-4 axes, as objective
responses are largely restricted to "T cell-inflamed" tumors that harbor a high-density T cell

infiltrate at baseline®*—3. This has sparked considerable interest in understanding the mechanisms

¢ Much of this section is reproduced, with modifications, from Chao, J.L., Korzinkin, M., Zhavoronkov, A., Ozerov,
L., Higgins, K., Lingen, M.W., Izumchenko, E., and Savage, P.A. “Effector T Cell Responses Unleashed by
Regulatory T Cell Ablation Promote Progression of Oral Squamous Cell Carcinoma” Submitted.
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restricting T cell density within tumors, and devising new strategies to induce a T cell-inflamed
phenotype in otherwise "cold" neoplasms.

In this regard, a major focus has centered on understanding the biology of CD4" FOXP3*
regulatory T (Treg) cells in the tumor setting. Treg cells are found at elevated densities within
many human cancers, and are thought to facilitate cancer progression and therapeutic resistance
by suppressing the priming and activity of tumor-reactive effector T cells!!3%!13!, Consistent with
these observations, intratumoral Treg cell density has been correlated with a poor prognosis for
some cancer types>*3’. However, studies in mice have demonstrated that Treg cells may serve
diverse tissue-specific functions that are unrelated to effector T cell suppression, including
metabolic regulation®*%3 the promotion of tissue repair®®%°, and the regulation of stem cell
differentiation®!, suggestive of multifaceted functions of intratumoral Treg cells within the tumor
microenvironment. Importantly, intratumoral Treg cells express a panoply of cell-surface receptors
that are targeted by current and emerging antibody-based therapies, including PD-1, CTLA-4,
0X40, 4-1BB, TIM-3, Lag3, and GITR-7880-82.132 'qyooesting that tumor-infiltrating Treg cells are
likely to be directly impacted by therapeutic antibodies and are therefore key determinants of
therapeutic outcome.

Smoking-associated human papilloma virus (HPV)-negative head-and-neck squamous cell
carcinomas (HNSCCs), which include many OSCCs, represent an archetypal cancer that exhibits
cardinal features of response or resistance to immune-based therapy, making it a compelling
system for understanding the immunological forces that shape cancer development and response
to therapy. Most HNSCCs harbor an elevated density of somatic point mutations®'°! with
potential to encode peptide neo-antigens. Notably, HPV-negative HNSCCs may arise from

different anatomical sites and exhibit substantial genomic, phenotypic, and therapeutic
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heterogeneity, with the fraction of advanced HNSCCs that are responsive to anti-PD-1 and anti-
PD-L1 checkpoint blockade largely restricted to those with a T cell-inflamed phenotype at
baseline!®. However, HPV-negative HNSCCs also exhibit compelling properties that are not
aligned with the common conceptual framework of anti-tumor immunity. First, numerous
prognostic studies reveal that high Treg cell density within the tumor center or tumor stroma is
associated with a favorable prognosis in a subset of HNSCC patients3®!051% 3 finding inconsistent
with the notion that intratumoral Treg cells promote HNSCC and negatively impact clinical
outcome by suppressing tumor-reactive effector T cells. Second, a study of HNSCC patients
treated with anti-PD-1 or anti-PD-L1 therapy reported that over 25% of patients experienced
"hyper-progression" characterized by accelerated tumor growth kinetics following therapy>?,
suggesting that checkpoint blockade may accelerate disease in a fraction of patients. These reports
demonstrate that the processes governing endogenous anti-tumor immunity and the response to
therapy are likely to vary based on host genetics, cancer genetics, the microbiota, the cell type of
cancer origin, as well as the local tissue environment, and highlight a critical need for mechanistic
insight in tractable animal models that accurately mimic carcinogen-induced HNSCC development
and progression.

Here, we utilize deconvolution-based profiling of human transcriptional data and
mechanistic studies in a mouse model of autochthonous carcinogen-induced OSCC to investigate
the relationship between two major determinants of response to immunotherapy - immune
suppression by Foxp3™ Treg cells and tumor infiltration by CD4" and CD8" effector T cells.
Transcriptional profiling of human HPV-negative oral squamous cell carcinoma (OSCC), the most
common type of HNSCC, and other cancers identified polarized clusters enriched for either CD8"

T cells or CD4" Treg and conventional T cells, implying that the factors dictating the intratumoral
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density of CD8" T cells are distinct from those driving the density of Treg cells in many patients.
In a mouse model of carcinogen-induced OSCC of the tongue, we found that induction of a strong
T cell-inflamed phenotype via late-stage depletion of Treg cells did not induce tumor regression,
but instead induced rapid emergence of OSCCs via a process that was dependent on effector T
cells. These mechanistic insights suggest that therapeutic intervention to manipulate intratumoral
Treg cells or augment a T cell-inflamed phenotype may induce unexpected tumor-promoting
effects, highlighting the importance of defining the mechanisms driving these effects and

delineating biomarkers to identify HNSCC patients at risk of such adverse events.

In human subjects, the density of OSCC-infiltrating Treg cells does not correlate with CD8*

T cell density in a subset of human tumors

Previous studies have suggested that the influx or expansion of FOXP3" Treg cells in
human solid malignancies may be triggered in response to CD8" effector T cell infiltration and
effector activity’*'33, To examine this relationship in human HPV-negative OSCC and other
cancers, we used previously defined T cell type-specific reference gene expression profiles from
single-cell RNA sequencing''® to estimate the relative abundance of CD4" Treg cells, CD4"
conventional T cells, cytotoxic CD8" T cells, and exhausted CD8" T cells from bulk gene
expression data derived from The Cancer Genome Atlas (TCGA) and Chicago Head and Neck
Genomics Cohort (CHGC) data sets”” by mathematical deconvolution using the iPANDA
algorithm!!®!17.134 "This analysis revealed that human HPV-negative OSCCs are associated with a
range of predicted densities of exhausted and cytotoxic CD8" T cells (Figure 3A, C), highlighting
the known variability of CD8" T cell infiltration in OSCCs!'01:102105.117.135-137 ' The analysis also

demonstrated that the predicted density of CD4" Treg cells correlated with the density of CD4*
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Figure 3. In human subjects, the density of OSCC-infiltrating Treg cells does not correlate
with CD8" T cell density in a subset of tumors

Heat map of z-scores depicting the relative abundance of CD4" Treg cells, CD4" conventional T
cells, cytotoxic CD8* T cells, and exhausted CD8" T cells from bulk gene expression data using the
iPANDA algorithm.

A, C) Heat maps of HPV-negative OSCC datasets derived from (A) The Cancer Genome Atlas
(TCGA) or (C) Chicago Head and Neck Genomics Cohort (CHGC) displaying the normalized
z-scores of the relative abundance of CD4" Treg cells, CD4" conventional T cells, cytotoxic CD8*
T cells, and exhausted CD8" T cells. Each column represents an individual patient sample. Color
denotes the normalized z-score. Unsupervised clustering is used.

B, D) Correlation plots displaying pairwise comparisons of each T cell subset from (B) TCGA or
(D) CHGC datasets. Color denotes the Pearson correlation score.

n = 329 samples (TCGA), 78 samples (CHGC).

CD8* Cytotoxic & S
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conventional T cells (Figure 3A-D). Notably, unsupervised clustering based on the relative
densities of the four T cell subtypes revealed polarized OSCC clusters enriched for either CD8" T
cells or CD4" Treg and conventional T cells (Figure 3A, C). Similar clusters enriched for either
CD8" T cells or Treg cells were also identified using the xCell cell type enrichment analysis
platform'?® (Figure 4A), and were observed using iPANDA to analyze other human solid cancer
types that are amenable to immune-based therapy (Figure 4B-1). Interestingly, the anti-correlation
between CD8" T cells and CD4" T cells is most pronounced in OSCC (Figure 3B, D), compared
to other solid cancer types analyzed (Figure 4C, E, G, I). These findings indicate that in some
tumors, the factors dictating the density of intratumoral CD4" T cells (Treg cells and/or CD4" T
conventional cells) are likely to be distinct from the determinants of CD8" T cell density, and
suggest that tumor infiltration by CD8" T cells is unlikely to be a primary determinant of

intratumoral Treg cell density in such cancers.

Characterization of a mouse model of carcinogen-induced oral squamous cell carcinoma
The above findings, paired with prognostic studies indicating that high Treg cell density is
associated with a favorable prognosis in OSCCs and some other human
cancers>+36-37:101.105,106,135,137-140 * j]lystrate compelling correlates that may have functional
significance for understanding anti-tumor immunity and response to immunotherapy. A clear
understanding of the significance of these relationships requires mechanistic loss- and gain-of-
function experiments in animal models that accurately recapitulate the biology of OSCC. With this
in mind, we utilized a mouse model of carcinogen-induced OSCC to gain a better understanding

of the nature of Treg cells associated with these neoplasms, and to define the relationship between

Treg cells and effector T cells in this setting. In this model, mice are exposed to drinking water
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Figure 4. The density of tumor-infiltrating Treg cells does not correlate with CD8" T cell
density in a subset of human solid tumors (Legend on next page)
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Figure 4, continued.

Heat maps of the relative abundance of T cell populations from bulk gene expression data using
the xCell or iPANDA algorithm.

A) Heat map of HPV-negative OSCC dataset derived from The Cancer Genome Atlas (TCGA)
displaying the normalized z-scores of the relative abundance of CD4" Treg cells and CD8" T cells,
using xCell. Each column represents an individual patient sample. Color denotes the normalized
z-score. Unsupervised clustering was used. n = 259 samples.

B, D, F, H) Heat maps of indicated solid tumor datasets derived from TCGA displaying the
normalized z-scores of the relative abundance of CD4" Treg cells, CD4" conventional T cells,
cytotoxic CD8" T cells, and exhausted CD8" T cells, using iPANDA. Each column represents an
individual patient sample. Color denotes the normalized z-score. Unsupervised clustering was
used.

C, E, G, I) Correlation plots displaying pairwise comparisons of each T cell subset of indicated
solid tumor datasets derived from TCGA. Color denotes the Pearson correlation score.

n = 535 samples (kidney renal clear cell carcinoma (KIRC)), 374 samples (liver hepatocellular
carcinoma (LIHC)), 527 samples (lung adenocarcinoma (LUAD)), 471 samples (melanoma
(SKCM)).
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containing the chemical carcinogen 4-nitroquinoline N-oxide (4-NQO) for 20 weeks to induce oral
lesions in the tongue epithelium!%-1'2, Notably, the progression and histopathology of 4-NQO-
induced lesions in mice closely mirrors that of human HPV-negative OSCC, including
characteristic progression from pre-neoplastic dysplasia to invasive OSCC!0&!LI3-IS Previous
studies using this model report an OSCC incidence ranging from 10-50%, depending on the
duration and dose of 4-NQO exposure!!*!2, We developed an approach to quantitatively assess 4-
NQO-induced lesions of the tongue with respect to the incidence and burden of lesions of distinct
histological grades. Following longitudinal tongue bisection, tissue sections from the mid-plane
were stained with H&E and blinded. The epithelial perimeter of each tongue section was then
traced, and the fraction of the perimeter characterized by distinct histological grades (normal
epithelium, hyperkeratosis, dysplasia, or invasive OSCC, Figure SA) was quantified and plotted
for each mouse using two approaches. Using this approach, we can quantify the histopathology
burden per mouse, as well as assess distinct asynchronous lesions within an individual mouse. As
illustrated for a cohort of twenty-nine 4-NQO-treated mice in Figure 5B, all mice developed
hyperkeratosis and dysplastic lesions by 20 weeks of carcinogen exposure, with 11 mice
developing invasive OSCC (Figure 5B). Importantly, 4-NQO exposure for 20 weeks induced
dysplasia and invasive OSCC to a similar extent in male and female mice (Figure 5C-D),
demonstrating no significant sex-based differences to susceptibility to carcinogen-induced OSCC.

Next, we compared the 20 week continuous 4-NQO exposure regimen described above to
an alternative 4-NQO treatment regimen in which 4-NQO is provided in the drinking water for 8
weeks, followed by a “rest” period for the remaining 12 weeks in which mice are supplied normal
drinking water not containing the carcinogen!®-'2, Although not statistically significant, mice

exposed to 4-NQO for a full 20-week schedule trended towards an increased incidence of OSCC
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Figure 5. The chemical carcinogen 4-NQO induces the development of pre-neoplastic
dysplasia and invasive oral squamous cell carcinoma
A) Quantification of histopathology. 6- to 8-week-old C57Bl/6 mice were exposed to drinking
water containing 100 pg/mL 4-NQO for 20 weeks. After 20 weeks since the start of 4-NQO
exposure, tongues were dissected, fixed in 10% formalin, bisected longitudinally, and stained
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Figure 5, continued.

with H&E. The perimeter of each tongue is outlined and categorized base on histology grade:
hyperkeratosis (black), dysplasia (blue), or SCC (green). Shown is a representative H&E stain of
FFPE tongue after longitudinal bisection of 4-NQO-treated mouse, perimeter traced based on
histology grades noted above.

B) Summary plot of 4-NQO-induced histopathology, showing the percentage of tongue perimeter
defined as indicated histology grade. Each bar represents an individual tongue from a single mouse
treated with 4-NQO drinking water for 20 weeks, separated by sex.

C, E, I) Tumor incidence, where each mouse was scored once based on most severe histology
grade observed. Summary plot of pooled data, showing the percentage of mice scored as indicated
histology grade. Each bar represents the cumulative data for mice of the indicated sex (C), or
indicated 4-NQO exposure experimental setup (E, I). Mice were treated with 4-NQO drinking
water for a continuous 20 week period (C, E, 1), treated for 8 weeks followed by 12 weeks of rest
on normal drinking water (E), or treated for 8 weeks followed by 24 weeks of rest on normal
drinking water (I).

D, F, J) Tumor burden. Summary plots of pooled data, showing the percentage of tongue perimeter
defined as hyperkeratosis, dysplasia, or SCC. Each symbol represents an individual tongue from a
single mouse of the indicated sex (D), or indicated 4-NQO-exposure experimental set up (E, I).
Median is indicated. Mice were treated with 4-NQO drinking water for a continuous 20 week
period (D, F, J), treated for 8 weeks followed by 12 weeks of rest on normal drinking water (F), or
treated for 8 weeks followed by 24 weeks of rest on normal drinking water (J).

Data are pooled from multiple independent experiments. n = 10 — 15 mice per group. Fisher t-test
(C, E, I), two-tailed nonparametric Mann Whitney test (D, F, J). NS = not significant, * =p < 0.01.
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(Figure 5E) and increased burden of dysplasia (Figure 5F) when compared to mice exposed to 4-
NQO for 8 weeks. We also evaluated a third 4-NQO treatment schedule in which mice are provided
with 4-NQO drinking water for 8 weeks, followed by a “rest” period of 24 weeks and analysis at
32 weeks after the initiation of 4-NQO exposure. It is important to note that this alternative
treatment schedule translates to analyzing mice at ~9.5 months of age. In this setting, there were
no significant differences in OSCC incidence and burden compared to mice exposed to 4-NQO for
20 weeks (Figure 51I-J). Together, these data demonstrate that the incidence and burden of
dysplasia and invasive OSCC are comparable for the various 4-NQO treatment regimens utilized.
To maximize OSCC incidence and burden while avoiding the need to analyze aged mice, the
experiments presented in this thesis focused on the 20-week continuous 4-NQO exposure regimen,

unless otherwise noted.

Murine carcinogen-induced oral lesions are associated with a low-density T cell infiltrate

polarized towards enrichment of CD4" T cells

To understand the endogenous immune response in this model, we analyzed the nature of
immune cell subsets infiltrating 4-NQO-induced oral lesions. Tongue-associated innate immune
cells, including dendritic cells and various subsets of myeloid cells, were readily detected in the
tongues of 4-NQO-treated mice by flow cytometry (Figure 6A-C). Next, we looked for the
presence of infiltrating T cells. Of note, control experiments demonstrated that exposure to 4-NQO
did not impair the T cell response elicited by immunization with a foreign peptide plus adjuvant
(Figure 6D-E), indicating that 4-NQO exposure does not induce broad immune suppression.
Analysis using immunohistochemistry (IHC) revealed that CD3" T cells were detected at low

densities within most 4-NQO-induced dysplasias and OSCCs, and that these densities were slightly
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Figure 6. Murine carcinogen-induced oral lesions harbor innate immune cells

A-C) 6- to 8-week-old female C57B1/6 mice were exposed to 4-NQO drinking water for 8 weeks
followed by 24 weeks on normal drinking water. Mice were analyzed 32 weeks after the start of
4-NQO treatment. Data are pooled from three independent experiments.

A) Representative flow cytometric analysis of Ly6C vs. Gr-1 expression by CD11b" cells isolated
from tongues of 4-NQO-treated mice. The frequency of cells within the indicated gates is denoted.
B) Summary plot of pooled data from (A), showing the frequency of Ly6C"¢ Ly6G/Gr-1"¢ cells,
Ly6C" cells, and Gr-17 cells amongst CD11b* cells isolated from whole tongues of 4-NQO-treated
mice. Each symbol represents an individual mouse. Mean is indicated. n = 18 mice.

C) Summary plot of pooled data, showing the frequency of CD11¢* MHCIIM cells, CD11b" cells,
CDI11b" Ly6C cells, and CD11b" Gr-17 cells amongst CD45" cells isolated from whole tongues of
4-NQO-treated mice. Mean is indicated. n = 18 mice.

D-E) 6-week-old female C57B1/6 mice were exposed to 4-NQO drinking water for 20 weeks.
After 18 weeks of 4-NQO exposure, mice were immunized subcutaneously with 100 ug 2W1S
peptide emulsified in CFA. Two weeks after immunization, after 20 weeks of 4-NQO exposure,
CD4" T cells were isolated and 2W1S/I-A® tetramer-binding cells were enriched from pooled
SLOs and analyzed by flow cytometry. Age-matched C57BI1/6 female mice not exposed to 4-NQO
were used as controls. Data from one experiment. n = 1 — 4 mice per group.

D) Representative flow cytometric analysis of CD4" T cells isolated from pooled SLOs of
immunized mice. Plots depict dual 2W1S/I-A® tetramer staining on CD4" T cells. The frequency
of cells within the indicated gates is denoted.

E) Summary plot of pooled data from (D), showing the total number of dual 2W1S/I-A°
tetramer-binding CD4" T cells, enriched from SLOs of immunized mice. Each symbol represents
an individual mouse. Mean + SEM is indicated.
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elevated relative to normal epithelium and regions of hyperkeratosis (Figure 7A-B). T cells were
sparse and typically localized near the basal epithelium or interspersed within the parenchyma of
dysplastic and OSCC lesions (Figure 7A). Analysis of tongue-associated T cells from either the
whole tongue or from excised lesions of 4-NQO-treated mice using flow cytometry revealed a
preponderance of CD4" af T cells (Figure 7C-E), similar to published reports assessing immune
populations resident in the oral cavity'*\142. CD8" a8 T cells were also readily detectable but were
typically found at lower densities (Figure 7C-E), and yo T cells were uncommon (data not shown
and Figure 14G-H). On average, Foxp3* Treg cells accounted for 54%=18 of tongue-associated
CD4" T cells isolated from 4-NQO-treated mice (Figure 7F), consistent with reports showing that
human OSCCs harbor elevated percentages of FOXP3* Treg cells'?!-195:135 These Treg cells did
not express lineage-defining transcription factors of differentiated helper T cell subsets, including
T-bet, Gata3, and RORyt (Figure 7G), as has been described in some murine tumor models and
human cancer patients*’#%143.144 " Furthermore, the elevated frequency of Foxp3" Tregs was
specific to 4-NQO exposure and was more pronounced in the draining cervical lymph nodes
(Figure 7H), suggesting enhanced Treg cell abundance in response to 4-NQO-induced lesions.
Together, these data reveal that 4-NQO-induced lesions are characterized by low-density T cell

infiltration polarized towards enrichment of CD4" Treg and conventional T cells.

A fraction of tongue-associated Treg cells exhibit clonal expansion and reactivity to regional
antigens
To gain insight into the antigen specificity of tongue-associated Treg cells in this model,
we performed single-cell sorting of Treg cells isolated from whole tongues of 4-NQO-treated mice,

123

followed by nested PCR amplification and sequencing of rearranged TCR genes'=>. To facilitate
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Figure 7. Murine carcinogen-induced oral lesions are enriched for CD4" Treg and
conventional T cells
6- to 8-weekd old C57Bl/6 mice were exposed to 4-NQO drinking water for 20 weeks.
A) (Top) Representative H&E 1mage of SCC region of tongue epithelium. (Bottom)
Representative CD3 (left) and Foxp3 (right) IHC images of adjacent sections of depicted SCC
region denoted by white box in H&E image. White arrows denote CD3" or Foxp3* cells. Scale bar
represents 400 um (H&E) or 50 um (IHC).
B) Summary plot of pooled data from CD3 IHC density analysis, showing the number of CD3"
cells per mm? for each lesion. Each symbol represents an individual lesion. Median is indicated. n
= 10 regions from 1 mouse (control), n = 6 — 40 lesions from 10 mice (4-NQO).
C) Representative flow cytometric analysis of CD8" and CD4" T cells isolated from tongues of
4-NQO-treated or vehicle-treated mice. Left plots depict CD4 vs. CDS8p expression by TCRf"
cells, whereas the right plots depict CD4 vs. Foxp3 expression by CD4" T cells. The frequency of
cells within the indicated gates is denoted.
D-F) Summary plot of pooled data from (C), showing the number of TCR*, CD8", CD4", or
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Figure 7, continued.

Foxp3* T cells per mg of tissue (D), the ratio of CD4" to CD8" T cells (E), or the frequency of
Foxp3* cells amongst CD4" T cells (F) isolated from whole tongues of vehicle-treated mice (open
circles), whole tongues from 4-NQO-treated mice (black circles), or excised tongue lesions from
4-NQO-treated mice (red circles). Each symbol represents an individual mouse (open and black
circles) or an individual lesion (red circles). Mean is indicated. Dotted line represents ratio = 1 (E).
n =5 (control whole tongues), n = 6 (4-NQO whole tongues), n =9 — 21 (4-NQO excised lesions).
G) Representative flow cytometric analysis of Foxp3" Treg cells isolated from tongue of
4-NQO-treated mouse. Left plot depicts RORyt vs. Gata3 expression, whereas the right plot
depicts RORyt vs. T-bet expression. The frequency of cells within the indicated gates is denoted.
H) Summary plot of pooled data, showing the frequency of Foxp3* cells amongst CD4* T cells
isolated from spleen or lymph nodes of 4-NQO treated mice. Mean is indicated. n = 10 mice per
group. Spl = spleen, iabLN = axial, inguinal, and brachial lymph nodes, cLN = cervical lymph
node.

Data are pooled from multiple independent experiments. HK = hyperkeratosis, SCC = squamous
cell carcinoma, DW = drinking water. One-way ANOVA with Dunn’s post-test analysis,
comparing all pairs in column (B, H, adjusted p-values from Dunn’s post-test are depicted),
two-tailed nonparametric Mann Whitney test (D, F). ** = p < 0.01, *** = p < 0.001, **** =p <
0.0001.
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this analysis, we utilized mice expressing a Foxp3°" reporter allele and a fixed transgenic TCR
(TCRpBtg) chain®, which enables the analysis of TCR specificity and diversity by sequencing of
the TCRa chain alone'?*'?”. Our survey of Treg cells from five 4-NQO-treated Foxp3°'F TCRBtg
mice demonstrated that tongue-associated Treg cells from each mouse expressed a diverse array
of TCRa chains (Figure 8A). While the overall repertoire was diverse, a small fraction of tongue-
associated Treg cell clones were found recurrently in multiple mice; seven clones were found in
at least three of the five animals analyzed (Figure 8B). These recurrent clones expressed distinct
CDR3a sequences and utilized diverse Va and Jo elements (Table 2). Analysis of the
representation of these TCRs in previously published TCRa data sets of T cells from the pooled
secondary lymphoid organs (SLOs) of untreated tumor-free Foxp3°"” TCRBtg mice'?’ revealed
that most TCRs expressed by tongue-associated Treg cells were preferentially expressed by Treg
cells found in tumor-free mice (Figure 8A-B), suggesting that tongue-associated Treg cell clones
in 4-NQO-treated mice were likely drawn from a pre-existing Treg cell pool.

To define the nature of antigens recognized by these recurrent Treg cell clones, we
generated monoclonal TCR "retrogenic" (TCRrg) mice!?*!?% expressing single recurrent tongue-
associated Treg cell TCRs identified above. CD4" T cells from TCRrg mice were purified and co-
transferred with congenically disparate polyclonal splenocytes into T cell-deficient Tcrb™
recipient mice that had not been exposed to 4-NQO, and the distribution and activation status of
donor TCRrg cells was assessed. For three of the four clones, TCRrg CD4" T cells exhibited
preferential activation and/or accumulation in the tongue-draining cervical lymph nodes (cLNs)
(Figure 8C-D), suggestive of reactivity to regional antigens that are presented in tumor-free

animals, irrespective of tumor status and 4-NQO exposure.
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Figure 8. A fraction of tongue-associated Treg cell clones exhibit clonal expansion and
reactivity to regional antigens (Legend on next page)
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Figure 8, continued.

A-B) 6- to 8-week-old Foxp3°'* TCRPBtg" mice were placed on 4-NQO drinking water for 8 weeks,
followed by 24 weeks of normal drinking water. Treg cells were subsequently isolated from
tongues, single-cell sorted by FACS, and TCRf chains were amplified by nested PCR and
subjected to Sanger sequencing (see methods). n = 5 mice.

A) Heatmap depicting all CDR3a sequences identified among all single-cell sorted Treg cells.
Each row represents a unique CDR3a sequence. (Left) The number of occurrences each CDR3a
sequence appears in tongue-associated Treg datasets from individual 4-NQO-treated mice. Each
column represents an individual mouse, with the number of cells sequenced per mouse noted in
parenthesis. The last column represents the cumulative data. Color denotes the total number each
CDR3a sequence appears in dataset. (Right) The frequency each CDR3a sequence appears in
published datasets of CD4" Foxp3™ Treg cells or CD4* Foxp3™¢ Tconv cells isolated from pooled
secondary lymphoid organs (SLOs) of untreated, non-tumor-bearing Foxp3°"™ TCRftg" mice®.
Each column represents dataset from an individual mouse. Color denotes the frequency of each
CDR3a sequence in dataset.

B) Select CDR3a sequences from (A), depicting those recurrent among at least three
4-NQO-treated mice. Underlined amino acid sequence refers to the 3-letter ID used to reference
each TCR clone in (C-D).

C-D) 10* Thyl.1* CD4" TCR retrogenic (TCRrg) T cells were isolated from pooled SLOs of
primary retrogenic mice and co-transferred with 10° RBC-lysed splenocytes from CD45"! mice
intravenously into Tcrb” secondary recipients (see methods). 3 weeks after transfer, the fate of
transferred T cells was assessed in SLOs.

C) Representative flow cytometric analysis of CD4" T cells isolated from indicated organs of
secondary recipients that received RTSrg donor T cells. The top plots depict Thyl.1 vs. CD45.1
expression by CD4" cells, whereas the middle and bottom plots depict Egr2 vs. CD69 expression
by donor Thy1.1" RTSrg or CD45.1" polyclonal CD4" T cells, respectively. The frequency of cells
within the indicated gates is denoted.

D) Summary plots of pooled data from (C), showing the frequency of Thyl.1* CD4" TCRrg T cells
amongst total CD4" T cells (top), and the frequency of Thyl.1* CD4" TCRrg T cells expressing
Egr2 and CD69 (bottom), isolated from indicated organs of secondary recipient mice. TCR clone
names depicted refer to the 3rd — Sth amino acids of the CDR3a sequence, underlined in (B). Mean
is indicated. Dotted line denotes y-axis = 1 (top) or y-axis = 0 (bottom). n = 4 — 7 mice (RTS
TCRrg), n = 2 mice (DPY TCRrg), n = 9 mice (PHI TCRrg), n = 3 mice (KGN TCRrg).

Data are pooled from multiple independent experiments. Spl = spleen, aLLN = axial lymph node,
pLN = periaortic lymph node, cLN = cervical lymph node, bLN = brachial lymph node, mLN =
mesenteric lymph node. One-way ANOVA with Tukey’s post-test analysis, comparing all pairs in
column (D, adjusted p-values from Tukey’s post-test are depicted). * =p < 0.0.5, ** = p < 0.01,
%k =p <0.001.
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CDR3a V-region J-region
ALRTSGSWQLI mTRAVI12-1 mTRAV22
AVDPYNTNTGKLT | mTRAV7-5 mTRAV27
AVSAKTNAYKVI mTRAV9-3 mTRAJ30
AVPHITGNTGKLI mTRAV3-4 mTRAV37
AAKGNYQLI mTRAV14D-3/DV8 | mTRAV33
AVRTHTGYQNFY mTRAV3-4 mTRAJ49
ALGDPGSNAKLT mTRAV6D-6 mTRAJ42

Table 2. Recurrent tongue-associated Treg TCRs isolated from 4-NQO-treated mice
CDR3a sequences depicted in Figure 8B, representing the 7 recurrent TCR clones found in at least
three 4-NQO-treated mice. Bold amino acid sequence of CDR3a refers to the 3-letter ID used to
reference each TCR clone. TRAV and TRAJ usage for each clone is depicted. Clones RTS, DPY,
PHI, and KGN, representing a range of TRAV and TRAJ usage, were selected for retrogenic
mouse generation and downstream characterization for Figure 8C-D.
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4-NQO-induced lesions are not significantly impacted by the endogenous adaptive immune

response

Given that 4-NQO-induced lesions mimic genetic heterogeneity of human tobacco-
associated OSCC'®, and harbor a high density of point mutations with potential to encode tumor-
specific neo-antigens'!'*!!'5 we hypothesized that the endogenous T cell response may restrict the
emergence of dysplasia or OSCC, as has been suggested for cancers exhibiting a high mutational
load'#6. However, our data revealed that the incidence and burden of dysplasias and OSCCs were
not significantly altered in ap T cell-deficient Tcrb”" mice or y8 T cell-deficient Terd”’” mice
relative to wild-type littermates (Figure 9A-B), indicating that T cells do not measurably impact
the emergence of 4-NQO-induced lesions in the absence of immune-based therapy. Similarly, the
incidence and burden of dysplasias and OSCCs were not significantly altered in B cell-deficient
Ighm™ mice compared to wild-type littermates (Figure 9C-D), demonstrating that B cells also do
not measurably impact the emergence of 4-NQO-induced lesions in the absence of immune-based
therapy. Together, these data demonstrate that the endogenous adaptive immune response does not
impact the development or progression of 4-NQO-induced OSCC at steady-state, in the absence

of any perturbations.

Tongue-associated PD-1-deficient T cells have a competitive advantage in 4-NQO-treated
mice
Given the role of PD-1 as an important negative regulator of T cells®’, we generated mixed
bone marrow chimeras by engrafting equal ratios of wild-type and congenically disparate PD-1-
deficient Pdcdl”~ bone marrow into lethally irradiated wild-type hosts to assess the role of PD-1

expression on T cell infiltration in 4-NQO-induced lesions. After 20 weeks of 4-NQO exposure,
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Figure 9. 4-NQO-induced lesions are not significantly impacted by the endogenous adaptive
immune response

6- to 8-week-old littermates of indicated genotype were exposed to 4-NQO drinking water for 20
weeks, and tongues were subsequently excised, and histopathology was quantified as in Figure
SA.

A, C) Tumor incidence, where each mouse was scored once based on most severe histology grade
observed. Summary plot of pooled data, showing the percentage of mice scored as indicated
histology grade. Each bar represents the cumulative data for mice of the indicated genotype.

B, D) Tumor burden. Summary plots of pooled data, showing the percentage of tongue perimeter
defined as hyperkeratosis, dysplasia, or SCC. Each symbol represents an individual tongue from a
single mouse of the indicated genotype. Median is indicated.

Data are pooled from multiple independent experiments. SCC = squamous cell carcinoma. n = 20
mice (Terb™ Terd™ ), n = 11 mice (Terb™” Terd”), n = 18 mice (Terb™ Terd™), n = 7 mice (Terb™
Terd”™), n = 23 mice (Ighm™), n = 24 mice (Ighm™). Fisher t test (A, C), one-way ANOVA,
comparing all pairs in column (B), two-tailed nonparametric Mann Whitney test (D). NS = not
significant.
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tongue-associated T cells were largely derived from the Pdcdl” bone marrow compartment
(Figure 10A-D). This was true for all T cell subsets analyzed, including CD8" T cells (Figure 10A,
B), CD4" Foxp3"¢ Tconv cells (Figure 10A, C), and CD4" Foxp3* Treg cells (Figure 10A, D).
Furthermore, the overrepresentation of Pdcdl”- T cells was unique to tongue-associated T cells, as
this was not observed in spleen or lymph nodes (Figure 10B-D). Together, these data demonstrate
that PD-1-deficient T cells have a competitive advantage compared to wild-type T cells in the
tongues of 4-NQO-treated mice, and suggest that targeting PD-1 via checkpoint blockade may

promote T cell infiltration and/or survival within carcinogen-induced lesions.

4-NQO-induced lesions are not significantly impacted by treatment with checkpoint

blockade therapies

To define the extent to which 4-NQO-induced lesions are responsive to established
antibody-mediated checkpoint blockade immunotherapies, we treated 4-NQO-exposed mice with
monotherapy using anti-CTLA-4, anti-PD-1, or anti-PD-L1 antibody, each paired with appropriate
isotype control groups. As shown in Figure 11, these monotherapies did not significantly alter the
burden or incidence of pre-neoplastic lesions or OSCCs (Figure 11A-B, E-F, H-I), and failed to
significantly alter the density of infiltrating T cells (Figure 11C-D, G, J), suggesting that 4-NQO-
induced lesions were largely resistant to these T cell-directed checkpoint blockade monotherapies
in the animal cohorts examined.

To further test whether 4-NQO-induced lesions are responsive to checkpoint blockade
immunotherapies, we next treated 4-NQO-exposed mice that were depleted of neutrophils with a
combination of anti-PD-L1 and anti-CTLA-4 antibodies. We wondered if this strong treatment

strategy would lead to tumor regression. Depleting neutrophils using an anti-Gr-1 monoclonal
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Figure 10. Tongue-associated PD-1-deficient T cells have a competitive advantage in
4-NQO-treated mice

B6.SJL (CD45'1) littermates were lethally irradiated and reconstituted with a 1:1 mixture of
Pdcdl** (CD45.1) and Pdcdl”- (CD45.2) bone marrow. 8 weeks post-engraftment, mice were
placed on 4-NQO drinking water for 20 weeks.

A) Representative flow cytometric analysis of cells isolated from tongue of 4-NQO-treated mixed
bone marrow chimera mouse. Plots depict CD45.2 vs. CD45.1 expression by all single cells
(leftmost plot), CD8" T cells (left-center plot), CD4" Foxp3" Tconv cells (right-center plot), and
CD4" Foxp3" Treg cells (rightmost plot). The frequency of cells within the indicated gates is
denoted.

B-C) Summary plot of pooled data from (A), showing the ratio of Pdcdl” to Pdcdl™" cells
amongst CD8" T cells (B), CD4" Foxp3"™¢ Tconv cells (C), or CD4" Foxp3* Treg cells (D). Each
symbol represents an individual mouse. Mean is indicated. Dotted line represents ratio = 1.

Data are pooled from three independent experiments. iabLNs = inguinal, axial, and brachial lymph
nodes, cLN = cervical LN. n = 22 mice.
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Figure 11. 4-NQO-induced lesions are not significantly impacted by treatment with
checkpoint blockade monotherapies (Legend on next page)
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Figure 11, continued.

6- to 8-week-old C57Bl/6 mice were exposed to 4-NQO drinking water for 20 weeks. During the
last 4 weeks of 4-NQO exposure, mice were treated intraperitoneally twice weekly with 100 ug
anti-CTLA-4 (A-D), anti-PD-1 (E-G), anti-PD-L1 (H-J) or isotype control monoclonal antibody.
Tongues were excised at endpoint, and histopathology and THC staining was performed and
quantified. n = 10 mice per group.

A, E, H) Tumor incidence, where each mouse was scored once based on most severe histology
grade observed. Summary plot of pooled data, showing the percentage of mice scored as indicated
histology grade. Each bar represents the cumulative data for mice that received control antibody or
anti-CTLA-4 (A), anti-PD-1 (E), or anti-PD-L1 (H) monoclonal antibody.

B, F, I) Tumor burden. Summary plot of pooled data, showing the percentage of tongue perimeter
defined as the indicated histology grade. Each symbol represents an individual tongue from a
single mouse that received control antibody or anti-CTLA-4 (B), anti-PD-1 (F), or anti-PD-L1 (I)
monoclonal antibody. Median is indicated.

C, G, J) Summary plot of pooled data from CD3 THC density analysis, showing the number of
CD3" cells per mm? for each lesion from mice that received control antibody or anti-CTLA-4 (C),
anti-PD-1 (G), or anti-PD-L1 (J) monoclonal antibody. Each symbol represents an individual
lesion. Median is indicated. n = 5 — 54 lesions from 10 mice per group.

D) Summary plot of pooled data from Foxp3 IHC density analysis, showing the number of Foxp3*
cells per mm? for each lesion. Each symbol represents an individual lesion. Median is indicated. n
=5 —43 lesions from 10 mice per group.

Data are pooled from multiple independent experiments. SCC = squamous cell carcinoma. Fisher
t test (A, E, H), two-tailed nonparametric Mann Whitney test (B-D, F-G, I-J). NS = not significant.
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antibody (Figure 12A) did not significantly alter the incidence or burden of dysplasias or OSCCs
alone or in combination with anti-PD-L1 and anti-CTLA-4 treatment (Figure 12B-C). These data
demonstrate that neutrophils do not measurably impact 4-NQO-induced lesions, whether or not in
the context of combination checkpoint blockade therapy.

Together, these data demonstrate that 4-NQO-induced lesions are largely resistant to
checkpoint blockade therapies, both as monotherapies and as combination therapies, and
neutrophils do not significantly impact tumorigenesis. While the factors underlying the negligible
impact of checkpoint blockade therapy remain undefined, we hypothesized that a lack of a high-
density tumor-infiltrating effector T cell response and a preponderance of suppressive Foxp3* Treg

cells observed in Figure 7 may promote therapeutic resistance.

Late-stage Treg cell depletion enhances the emergence of invasive OSCC

The above results suggest that the 4-NQO-induced model of OSCC mirrors a substantial
fraction of human OSCCs and other common human malignancies, in which cancer lesions are
associated with a low-density of infiltrating T cells and do not exhibit robust responses following
checkpoint blockade therapy??3333104147 In this regard, a major therapeutic goal is to develop
novel approaches to drive increased densities of tumor-infiltrating T cells, thereby turning non-T

3235 To examine this idea

cell-inflamed "cold" tumors into T cell-inflamed "hot" tumors
mechanistically, we aimed to augment effector T cell infiltration of 4-NQO-induced lesions by
transiently ablating Foxp3™ Treg cells, which has been previously shown to enhance intratumoral
T cell density and promote tumor regression in some murine cancer models®!-62:148.149 Tg this end,

we utilized Foxp3P™¥ mice in which the human diphtheria toxin receptor (DTR) is expressed by

all Foxp3-expressing cells, enabling inducible ablation of Treg cells via intraperitoneal
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Figure 12. 4-NQO-induced lesions are not significantly impacted by neutrophil depletion or
combination checkpoint blockade treatment

6- to 8-week-old female C57Bl/6 mice were exposed to 4-NQO drinking water for 20 weeks.
During the last 4 weeks of 4-NQO exposure, mice were treated intraperitoneally with 200 ug
anti-Gr-1 depleting or isotype control antibody, plus 100 ug each of anti-CTLA-4 and anti-PD-L1
or isotype control monoclonal antibodies (see methods). Tongues were excised at endpoint, and
histopathology staining was performed and quantified as in Figure SA. n = 11 — 13 mice per
group.

A) Representative flow cytometric analysis of CD11b" cells isolated from tongues of
4-NQO-treated mice treated with isotype control or anti-Gr-1 neutrophil depleting monoclonal
antibody. Plots depict Ly6C vs. Gr-1 expression by CDI11b" cells. The frequency of Gr-1*
neutrophils within the indicated gates is denoted.

B) Tumor incidence, where each mouse was scored once based on most severe histology grade
observed. Summary plot of pooled data, showing the percentage of mice scored as indicated
histology grade. Each bar represents the cumulative data for mice that received indicated
depleting antibody and indicated combination checkpoint blockade antibodies.

C) Tumor burden. Summary plot of pooled data, showing the percentage of tongue perimeter
defined as the indicated histology grade. Each symbol represents an individual tongue from a
single mouse that received indicated depleting antibody and indicated combination checkpoint
blockade antibodies. Median is indicated.

Data are pooled from multiple independent experiments. mAb = monoclonal antibody, ctrl =
control monoclonal antibody, SCC = squamous cell carcinoma. Fisher t test (B, adjusted p-values
from Bonferroni correction are depicted), one-way ANOVA with Dunn’s post-test analysis,
comparing all pairs in column (C, adjusted p-values from Dunn’s post-test are depicted). NS = not
significant.
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administration of diphtheria toxin (DT). We exposed Foxp3P™¥ and control Foxp3”™ male
littermates to 4-NQO for 20 weeks. Starting at 16 weeks of 4-NQO exposure, Treg cells were
ablated via DT administration for one week, and mice were then given three weeks to recover
(Figure 13A). Of note, while DT-mediated Treg cell depletion was systemic®, mice did not
develop adverse autoimmune reactions in non-lymphoid organs (data not shown), similar to
previously reported results using a similar regimen®’.

Unexpectedly, depletion of Treg cells at this late stage did not trigger regression of
dysplastic lesions or OSCCs, but instead induced increased incidence and burden of OSCCs within
the short four-week period following initiation of Treg cell ablation (Figure 13B-C). By IHC,
increased OSCC incidence and burden were associated with a >2.5-fold increase in the densities
of CD3" T cells in both dysplasias and OSCCs at endpoint (Figure 14A-B). In Treg-depleted
Foxp3P™> mice, CD3" T cells were found in distinct clusters in both the basal epithelium and
within the tumor parenchyma, compared to the sparse localization in lesions from Foxp3"™¥
littermates (Figure 14A). Notably, Foxp3® Treg cell densities within 4-NQO-induced lesions
returned to baseline levels at the 20 week endpoint (4 weeks after initiation of Treg cell ablation,
Figure 14C), highlighting the robust mechanisms driving Treg cell recovery following inducible
depletion. Flow cytometry-based analysis of the whole tongues of treated mice revealed that
Foxp3™eCD4" and CD8" a3 effector T cells were the major immune cell populations to increase
in the tongues following Treg cell depletion (Figure 14D-F), with other tongue-infiltrating CD45*
cell populations remaining largely unaltered (Figure 14G-H). To determine if Treg cell depletion
had a similar impact during the earlier stages of carcinogenesis, we depleted Treg cells in a
transient and periodic manner by administrating DT on consecutive days starting at 8 weeks of 4-

NQO exposure and repeated every 3 weeks (Figure 15A). We found that this regimen induced
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Figure 13. Late-stage Treg cell depletion enhances the emergence of invasive OSCC

A) Experimental setup. 6- to 8-week-old Foxp3"™ and Foxp3P™" littermates were exposed to
4-NQO drinking water for 20 weeks. During the 17" week of 4-NQO exposure, all mice were
treated intraperitoneally every other day with diphtheria toxin (DT) for 1 week. Mice were
sacrificed either 3 weeks later, at the 20 week endpoint, for histopathology analysis.

B) Tumor incidence at 20 week endpoint, where each mouse was scored once based on most severe
histology grade observed. Summary plot of pooled data, showing the percentage of mice scored as
indicated histology grade. Each bar represents the cumulative data for mice of the indicated
genotype. n = 18 mice (Foxp3"™), n = 24 mice (Foxp3°™%).

C) Tumor burden at 20 week endpoint. Summary plot of pooled data, showing the percentage of
tongue perimeter defined as the indicated histology grade. Each symbol represents an individual
tongue from a single mouse of the indicated genotype. Median is indicated. n = 18 mice
(Foxp3"™), n =24 mice (Foxp3P™®),

Data are pooled from multiple independent experiments. SCC = squamous cell carcinoma. Fisher
t test (B), two-tailed nonparametric Mann Whitney test (C). NS = not significant, * =p <0.0.5, **
=p <0.01, ¥*¥* =p <0.001, ¥*** = p <0.0001.
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Figure 14. Late-stage Treg cell depletion is associated with an increase in effector T cell
density

6- to 8-week-old Foxp3"™ and Foxp3P™" littermates were exposed to 4-NQO drinking water for
20 weeks. During the 17" week of 4-NQO exposure, all mice were treated intraperitoneally every
other day with diphtheria toxin (DT) for 1 week. Mice were sacrificed either 3 weeks later, at the
20 week endpoint, for IHC staining (A-C), or after the 1 week DT treatment, at the 17 week
endpoint, for flow cytometry analysis (D-H).

A) Representative CD3 THC image of SCC region of tongue isolated from mice of the indicated
genotype, at 20 week endpoint. Scale bar represents 100 um.

B) Summary plot of pooled data from CD3 IHC density analysis at 20 week endpoint, showing the
number of CD3" cells per mm? for each lesion. Each symbol represents an individual lesion.
Median is indicated. n =3 — 110 lesions from 18 — 24 mice per group.

C) Summary plot of pooled data from Foxp3 IHC density analysis at 20 week endpoint, showing
the number of Foxp3™ cells per mm? for each lesion. Each symbol represents an individual lesion.
Median is indicated. n =3 — 110 lesions from 18 — 24 mice per group.
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Figure 14, continued.

D) Representative flow cytometric analysis of T cells isolated from whole tongues of
4-NQO-treated mice of indicated genotype at 17 week endpoint, after 1 week of DT treatment.
Left plots depict TCR vs. TCRyd expression by CD3" T cells, middle plots depict CD4 vs CD8a
expression by aff T cells, and right plots depict CD4 vs. Foxp3 expression by CD4" T cells. The
frequency of cells within the indicated gates is denoted.

E-F) Summary plots of pooled data from (D), showing the frequency of TCRB* T cells amongst
CD45" cells (E), or number of TCRB*, CD8", or CD4* Foxp3™¢ T cells per mg of tissue (F),
isolated from whole tongues of 4-NQO-treated mice of indicated genotype. Each symbol
represents an individual mouse. Mean is indicated. n = 8 mice (Foxp3"™), n =9 mice (Foxp3P™®),
G) Summary plots of pooled data, showing the frequency of CD11¢" DCs, CD11b" myeloid cells,
ILCs, y8 T cells, and Foxp3* Treg cells amongst CD45" cells. Each symbol represents an
individual mouse. Mean is indicated. n = 8 mice (Foxp3"*), n = 9 mice, (Foxp3°™®").

H) Summary plot of pooled data, showing the number of CD11c* DCs, CD11b" myeloid cells,
ILCs, y0 T cells, and Foxp3* Treg cells per mg of tissue. Each symbol represents an individual
mouse. Mean is indicated. n = 8 mice (Foxp3"™), n =9 mice, (Foxp3°™®).

Data are pooled from multiple independent experiments. SCC = squamous cell carcinoma, DC =
dendritic cell, ILC = innate lymphoid cell = CD3"¢ Thyl" CD127*. Two-tailed nonparametric
Mann Whitney test (B-C, E-H). NS = not significant, * =p <0.0.5, ** =p <0.01, *** =p <0.001,
krE* = p <0.0001.
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Figure 15. Early-stage transient and periodic Treg cell depletion does not impact OSCC
incidence and burden
A) Experimental setup. 6- to 8-week-old Foxp3"™ and Foxp3P™" littermates were exposed to
4-NQO drinking water for 20 weeks. During the 9, 12, 15" and 18" weeks of 4-NQO exposure,
all mice were treated intraperitoneally with diphtheria toxin (DT) on two consecutive days. At the
20 week endpoint, tongues were excised, and histopathology and IHC staining was performed and
quantified. n = 10 mice (Foxp3"™), n = 16 mice (Foxp3P™%).
B) Summary plot of pooled data from CD3 IHC density analysis, showing the number of CD3*
cells per mm? for each lesion. Each symbol represents an individual lesion. Median is indicated. n
=3 — 64 lesions from 10 — 16 mice per group.
C) Summary plot of pooled data from Foxp3 IHC density analysis, showing the number of Foxp3*
cells per mm? for each lesion. Each symbol represents an individual lesion. Median is indicated. n
=3 — 64 lesions from 10 — 16 mice per group.
D) Tumor incidence, where each mouse was scored once based on most severe histology grade
observed. Summary plot of pooled data, showing the percentage of mice scored as indicated
histology grade. Each bar represents the cumulative data for mice of the indicated genotype.
E) Tumor burden. Summary plot of pooled data, showing the percentage of tongue perimeter
defined as the indicated histology grade. Each symbol represents an individual tongue from a
single mouse of the indicated genotype. Median is indicated.
Data are pooled from multiple independent experiments. HK = hyperkeratosis, SCC = squamous
cell carcinoma. Two-tailed nonparametric Mann Whitney test (A-B, D-E, G), Fisher t test (F). NS
= not significant. * =p <0.0.5, ** =p <0.01, *** =p < 0.001.
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elevated densities of CD3" T cells and Foxp3* Treg cells at the endpoint (Figure 15B-C), but did
not have a significant effect on OSCC incidence or burden (Figure 15D-E), suggesting that the
impact of Treg cell ablation is dependent on the time of depletion along the continuum of cancer
progression. Cumulatively, these data reveal the unexpected finding that transient Treg cell

depletion at the later stages of carcinogenesis enhances the emergence of OSCC.

Increased incidence and burden of OSCC following late-stage Treg cell depletion is

dependent on effector T cells

Given that o effector T cells were the major immune population to significantly expand
following Treg cell depletion (Figure 14D-H), we next asked if effector T cells were required for
the enhanced emergence of OSCC in this setting. To test this, starting at 16 weeks of 4-NQO
exposure, Foxp3”™ and Foxp3P™" mice were treated with DT for one week to transiently ablate
Treg cells, plus concurrent anti-CD4 and anti-CDS8 depleting antibodies or isotype control
antibodies (Figure 16A). In mice treated with DT plus isotype control antibodies, Treg cell ablation
led to elevated incidence and burden of OSCCs compared to non-depleted controls (Figure 16B-
C, compare data columns 1 and 2), consistent with data presented in Figure 13B-C. However, in
Foxp3P™7 mice treated with DT plus anti-CD4 and anti-CD8 depleting antibodies, the impact of
Treg cell ablation was abrogated, as OSCC incidence and burden remained at baseline (Figure
16B-C, compare data columns 2 and 4). In Foxp3P™% mice, DT plus anti-CD8 depleting antibody
alone had no impact on OSCC incidence or burden compared to DT plus isotype control antibody
(Figure 17A-C), demonstrating that effector CD4" Foxp3™¢ T cells alone are sufficient to promote
the emergence of OSCC following Treg cell ablation. Of note, analysis of Foxp3””¥ mice revealed

that the depletion of all CD4" and CD8" T cells had no impact on the incidence of 4-NQO-induced
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Figure 16. Increased incidence and burden of OSCC following late-stage Treg cell depletion
is dependent on effector T cells

A) Experimental setup. 6- to 8-week-old Foxp3°™» and Foxp3"™ littermates were exposed to
4-NQO drinking water for 20 weeks. During the 17" week of 4-NQO exposure, all mice were
treated with diphtheria toxin (DT) for 1 week, as in Figure 13A. During weeks 17 through
endpoint, mice were concomitantly injected intraperitoneally with 150 ug each of anti-CD4 +
anti-CD8 depleting or isotype control antibodies (see methods). Tongues were excised at endpoint
and histopathology was quantified as in Figure 5A. n = 12 mice (Foxp3""”, control antibodies), n
= 13 mice (Foxp3P™¥, control antibodies), n = 26 mice (Foxp3"™, anti-CD4 + anti-CD8
antibodies), n = 16 mice (Foxp3P™”, anti-CD4 + anti-CD8 antibodies).

B) Tumor incidence, where each mouse was scored once based on most severe histology grade
observed. Summary plot of pooled data, showing the percentage of mice scored as indicated
histology grade. Each bar represents the cumulative data for mice of the indicated genotype and
antibody treatment.

C-D) Tumor burden. Summary plot of pooled data, showing the percentage of tongue perimeter
defined as SCC (C) or defined as hyperkeratosis and dysplasia (D). Each symbol represents an
individual tongue from a single mouse of the indicated genotype and antibody treatment. Median
is indicated.

Data are pooled from multiple independent experiments. mAb = monoclonal antibody, SCC =
squamous cell carcinoma. Fisher t test (B, adjusted p-values from Bonferroni correction are
depicted), one-way ANOVA with Dunn’s post-test analysis, comparing all pairs in column (C-D,
adjusted p-values from Dunn’s post-test are depicted). NS = not significant, * = p <0.0.5, ** =p
<0.01, *** =p <0.001.
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Figure 17. Depletion of CD8' T cells alone is not sufficient to abrogate the increased incidence
and burden of OSCC following late-stage Treg cell depletion

A) Experimental setup. 6- to 8-week-old Foxp3P™" mice were exposed to 4-NQO drinking water
for 20 weeks. During the 17" week of 4-NQO exposure, all mice were treated with diphtheria toxin
(DT) for 1 week, as in Figure 13A. During weeks 17 through endpoint, mice were injected
intraperitoneally with 150 ug of anti-CD8 depleting or isotype control antibody (see methods).
Tongues were excised at endpoint and histopathology was quantified as in Figure SA. n = 14 mice
(isotype control antibody), n = 11 mice (anti-CD8 antibody).

B) Tumor incidence, where each mouse was scored once based on most severe histology grade
observed. Summary plot of pooled data, showing the percentage of mice scored as indicated
histology grade. Each bar represents the cumulative data for mice that received indicated antibody
treatment. Fisher t test.

C) Tumor burden. Summary plot of pooled data, showing the percentage of tongue perimeter
defined as SCC. Each symbol represents an individual tongue from a single mouse that received
the indicated antibody treatment. Median is indicated. Two-tailed nonparametric Mann Whitney
test.

Data are pooled from multiple independent experiments. SCC = squamous cell carcinoma. NS =
not significant.
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lesions compared to isotype control antibody (Figure 16B-D, compare data columns 1 and 3),
consistent with our findings in aff T cell-deficient Tcrb” mice (Figure 9A-B). These collective
findings demonstrate that the rapid emergence of OSCCs following late-stage Treg cell ablation is
dependent on the presence of effector T cells, implying that the observed effects are dependent on
a factor or factors produced by conventional T cells.

To better understand the mechanisms driving the rapid emergence of OSCCs following
Treg cell ablation, we analyzed tissue sections for expression of the proliferation marker Ki-67.
Density analysis revealed that in lesions from non-Treg-depleted control mice, a substantial
fraction of cells exhibiting a basal cell morphology stained positive for Ki-67 (Figure 18A). In
lesions of Treg cell-ablated mice, the percentage of cells staining positive for Ki-67 was
comparable to controls (Figure 18B). In an effort to identify potential effector T cell-expressed
factors that may contribute to the enhanced emergence of OSCC following Treg cell depletion, we
analyzed T cell production of common effector cytokines by flow cytometry. These data revealed
that Treg cell-depleted mice harbored a greater fraction of tongue-associated CD3" T cells
(primarily CD4" Foxp3"¢ Tconv cells) that produced IFN-y (Figure 18C-E). In contrast, the
fraction of T cells producing IL-17A and IL-4 was not elevated in Treg cell-ablated mice (Figure
18C-E). The increase in IFN-y-producing effector T cells was associated with elevated tissue
staining for phospho-STATI, an intracellular readout of IFN-y sensing (Figure 18F-G). Of note,
cells of both lymphocyte and epithelial cell morphology stained positive for pSTATI1, suggesting

that both immune cells and carcinoma cells were responding to cues in the local environment.
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Figure 18. Increase in IFN-y* effector T cells following late-stage Treg cell depletion

6- to 8-week-old Foxp3P™¥ and Foxp3"™ littermates were exposed to 4-NQO drinking water for
20 weeks. During the 17" week of 4-NQO exposure, all mice were treated with diphtheria toxin
(DT) for 1 week, as in Figure 13A. Mice were sacrificed either 3 weeks later, at the 20 week
endpoint, for [HC staining (A-B, F-G), or after the 1 week DT treatment, at 17 week endpoint, for
flow cytometry analysis (C-E).

A) At the 20 week endpoint, tongues were excised and Ki-67 IHC staining was performed and
quantified. Representative Ki-67 IHC image of SCC region of tongue isolated from a Foxp3"™
mouse. Scale bar represents 100 um.

B) Summary plot of pooled data from Ki-67 IHC density analysis, showing the number of Ki-67*
cells per mm? for each lesion. Each symbol represents an individual lesion. Median is indicated. n
=3 — 89 lesions from 18 — 19 mice per group.

C) Following 1 week DT treatment, at the 17 week endpoint, lymphocytes from 1-3 tongues were
pooled, stimulated with PMA and ionomycin for 5 hours, and analyzed by flow cytometry.
Representative flow cytometric analysis of IFN-y vs. IL-17A expression by CD3" T cells isolated
from tongues of mice of the indicated genotype. The frequency of cells within the indicated gates
is denoted.
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Figure 18, continued.

D) Summary plot of pooled data from (C), showing the frequency of CD3" T cell that are positive
for IFN-y, IL-17, or IL-4, isolated from pooled tongues of 4-NQO-treated mice of indicated
genotype at the 17 week endpoint, after 1 week of DT treatment. Each symbol represents a pooled
sample. Mean is indicated. n = 5 pooled samples from 11 mice (Foxp3"™, IFN-y and IL-17A), n =
7 pooled samples from 13 mice (Foxp3°™”, TFN-y and IL-17A), n = 3 pooled samples from 7 mice
(Foxp3"™, 1L-4), n = 6 pooled samples from 11 mice (Foxp3°™¥ 1L-4).

E) Summary plot of pooled data from (C), showing the frequency of IFN-y* cells amongst CD4*
Foxp3™e T cells, CD8* T cells, or yd T cells, isolated from pooled tongues of 4-NQO-treated mice
of indicated genotype at the 17 week endpoint, after 1 week of DT treatment. Each symbol
represents a pooled sample. Mean is indicated. n = 5 pooled samples from 11 mice (Foxp3"",
IFN-y and IL-17A), n = 7 pooled samples from 13 mice (Foxp3P™”, IFN-y and IL-17A), n = 3
pooled samples from 7 mice (Foxp3"™, IL-4), n = 6 pooled samples from 11 mice (Foxp3°™”,
IL-4).

F) At the 20 week endpoint, tongues were excised and pSTAT1 IHC staining was performed and
quantified. Representative pSTAT1 THC image of SCC region of tongues isolated from mice of the
indicated genotype. Scale bar represents 100 um.

G) Summary plot of pooled data from pSTAT1 IHC density analysis, showing the number of
pSTAT1" cells per mm? for each lesion. Each symbol represents an individual lesion. Median is
indicated. n =2 — 81 lesions from 16 — 17 mice per group.

Data are pooled from multiple independent experiments. SCC = squamous cell carcinoma.
Two-tailed nonparametric Mann Whitney test (B, D-E), one-way ANOVA with Dunn’s post-test
analysis, comparing all pairs in column (G adjusted p-values from Dunn’s post-test are depicted).
NS = not significant, * = p <0.0.5, ** =p <0.01, *** =p <0.001.
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Increased incidence and burden of OSCC following late-stage Treg cell depletion is not

dependent on IFN-y sensing

Given the increase in incidence and burden of OSCC following late-stage Treg cell ablation
is: 1) dependent on effector T cells (Figure 16B-C); 2) associated with an upregulation of IFN-y*
effector T cells (Figure 18C-E); and 3) associated with an increase in pSTAT 1" cell density (Figure
18F-G), we hypothesized that IFN-y plays a key role in promoting the progression of OSCC upon
late-stage Treg cell ablation. To test this hypothesis, we took a two-pronged approach. First,
starting at 16 weeks of 4-NQO exposure, Foxp3P™" mice were treated with DT for one week plus
anti-IFN-y neutralizing antibody or isotype control antibody (Figure 19A). Treatment with anti-
IFN-y neutralizing antibody did not have a significant impact on the incidence or burden of OSCC
(Figure 19B-C). However, there was also no observable change in the pSTAT1" cell density with
anti-IFN-y treatment (Figure 19D), suggesting that anti-IFN-y neutralization was not effective
within carcinogen-induced lesions in vivo. As a second approach, Ifngrl”- mice were crossed to
Foxp3P™R mice, allowing for DT-mediated Treg cell depletion in mice that are not able to sense
IFN-y due to the genetic loss of IFN-yR 1. Similar to previous experiments, starting at 16 weeks of
4-NQO exposure, Foxp3P™7 Ifugr1** or Ifngrl™" and Foxp3P™" Ifngrl-" littermates were treated
with DT for one week to transiently ablate Treg cells, and then rested for up to 3 additional weeks
(Figure 19E). In this setting, the density of pSTAT1" cells was reduced in lesions in Foxp3PT#»
Ifngrl” mice after Treg cell ablation, compared to Foxp3P™® IFN-yR1-sufficient littermates
(Figure 19H), supporting the notion that STAT1 phosphorylation is at least partially dependent on
IFN-y sensing in this model. However, loss of IFN-y sensing in Foxp3P™®¥ Ifugrl”- mice did not

have a significant effect on OSCC incidence or burden (Figure 19F-G). Cumulatively, these data
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Figure 19. Increased incidence and burden of OSCC following late-stage Treg cell depletion
is not dependent on IFN-y sensing

A) Experimental setup for panels B-D. 6- to 8-week-old Foxp3°™% mice were exposed to 4-NQO
drinking water for 20 weeks. During the 17" week of 4-NQO exposure, all mice were treated with
diphtheria toxin (DT) for 1 week, as in Figure 13A. During weeks 17 through endpoint, mice were
injected intraperitoneally weekly with 500 ug of anti-IFN-y neutralizing or isotype control
antibody. Tongues were excised at endpoint and histopathology was quantified as in Figure 5A. n
= 20 mice (isotype control antibody), n = 21 mice (anti-IFN-y antibody).

B) Tumor incidence, where each was mouse scored once based on most severe histology grade
observed. Summary plot of pooled data, showing the percentage of mice scored as indicated
histology grade. Each bar represents the cumulative data for mice that received indicated antibody
treatment.

C) Tumor burden. Summary plot of pooled data, showing the percentage of tongue perimeter
defined as SCC. Each symbol represents an individual tongue from a single mouse that received
the indicated antibody treatment. Median is indicated.
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Figure 19, continued.

D) Summary plot of pooled data from pSTAT1 IHC density analysis, showing the number of
pSTAT1" cells per mm? for each lesion. Each symbol represents an individual lesion. Median is
indicated. n = 11 — 41 lesions from 6 mice per group.

E) Experimental setup for panels H-G. 6- to 8-week-old Foxp3°™" Ifngr*’*, Foxp3P™" Ifngrl™",
and Foxp3P™ [fngr1”- mice were exposed to 4-NQO drinking water for 20 weeks. During the 17"
week of 4-NQO exposure, all mice were treated with diphtheria toxin (DT) for 1 week, as in Figure
12A. Tongues were excised at endpoint and histopathology was quantified as in Figure 4A.
Ifngr1-WT = Ifngrl** or Ifngrl™", Ifngr1-KO = Ifngri”". n = 24 mice (Foxp3"™¥ Ifngr1-WT), n =
17 mice (Foxp3P™” Ifngr1-KO).

H) Summary plot of pooled data from pSTAT1 IHC density analysis, showing the number of
pSTAT1" cells per mm? for each lesion. Each symbol represents an individual lesion. Median is
indicated. n = 4 — 26 lesions from 5 mice per group.

F) Tumor incidence, where each was mouse scored once based on most severe histology grade
observed. Summary plot of pooled data, showing the percentage of mice scored as indicated
histology grade. Each bar represents the cumulative data for mice of indicated genotype.

G) Tumor burden. Summary plot of pooled data, showing the percentage of tongue perimeter
defined as SCC. Each symbol represents an individual tongue from a single mouse of indicated
genotype. Median is indicated.

Data are pooled from multiple independent experiments. mAb = monoclonal antibody, SCC =
squamous cell carcinoma. Fisher t test (B, F), two-tailed nonparametric Mann Whitney test (C-D,
H, G). NS = not significant, ** = p <0.01, *** =p <0.001, **** = p <0.0001.
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suggest that the increase in OSCC incidence and burden following late-stage Treg cell depletion
is not dependent on IFN-y.

Future studies will be key to determine the precise mechanism(s) of effector T cell-
dependent increase in OSCC incidence and burden following late-stage Treg cell depletion.
Current ongoing studies include an unbiased RNA-sequencing approach, where bulk RNA-
sequencing and analysis will be performed from select micro-dissected dysplasias and OSCCs
lesions from DT-treated Foxp3”™" and Foxp3P™" littermates. The goal of this approach is to
provide transcriptomic insight into the cellular and molecular changes induced by late-stage Treg

cell ablation in an unbiased manner.

Discussion

Our finding that late-stage Treg cell ablation enhances the incidence and burden of
carcinogen-induced OSCCs suggests that strategies to promote de novo T cell infiltration in a
subset of tumors that lack a substantial T cell infiltrate at baseline may yield unintended tumor-
promoting effects. In this regard, Foxp3™* Treg cells may sit at the fulcrum of such reactions, given
their abundance within many human cancers (including OSCC), their potent regulatory functions,
and the fact that Treg cells express high densities of many cell-surface receptors that are targeted
by approved and emerging therapeutic antibodies. The potential for adverse consequences induced
by immune-based therapy is also suggested by recent reports documenting patients with solid
cancers, including those with HNSCC, that experience "hyper-progressive" disease following
immunotherapy, characterized by accelerated tumor growth kinetics following therapy**3=33.
These collective findings highlight the importance of understanding the mechanisms driving

accelerated disease following immunotherapy, and delineating predictive biomarkers to identify
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patients who are at risk of such adverse events. The nature of the response to immune-based
therapy is likely to be context-dependent and impacted by a multitude of factors, including host
and cancer genetics, the microbiota, the histological site of cancer origin, the stage of disease, and
the local tissue environment. Moreover, due to heterogeneity in tumor biology and the composition
of immune cells within the tumor environment, the response to immunotherapy may reflect a
mixture of immune-mediated tumor control coupled with immune-mediated tumor promotion,
depending on the state of distinct lesions at the time of therapy.

Early studies using transplantable tumor models suggested that Treg cell depletion can
promote immune-mediated tumor control®’-%2!4° In contrast, an expanding body of studies in
autochthonous mouse cancer models reveal evidence that Treg cell ablation can have tumor-
promoting effects, consistent with our current findings. In a mouse model of pancreatic cancer
driven by oncogenic Kras activation, Zhang et al. demonstrated that Treg cell ablation accelerated
tumor progression, and that this effect was abolished upon co-depletion of conventional CD4" T
cells’. In other studies, Martinez et al. used an autochthonous model of polyoma middle-T
oncogene-driven mammary carcinoma to demonstrate that Treg cell depletion at the pre-invasive
ductal carcinoma in situ stage promoted progression to an early invasive carcinoma'’.
Intriguingly, earlier research from the same group using orthotopic implantation of polyoma
middle-T-driven tumors showed that Treg cell ablation in mice bearing advanced primary tumors
deterred tumor outgrowth®, demonstrating that the impact of Treg cell ablation can be stage-
specific for a given cancer model. These collective findings, coupled with our current work,
highlight the importance of utilizing animal models that accurately recapitulate the biology and
pathogenesis of OSCC development and progression in humans, in which tumors arise in situ and

progress from pre-neoplastic to invasive lesions.
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At this time, the mechanisms driving the enhanced emergence of OSCC following late-
stage Treg cell ablation remain incompletely defined. Our results to date suggest that a factor or
factors expressed by effector T cells are required to drive rapid emergence of OSCC in this setting.
It is possible that this phenomenon is due to indirect effects such as local modulation of the
inflammatory milieu, or due to direct interactions between T cells and tumor cells or their
progenitors. It is also conceivable that other stromal cell types contribute to the observed reaction,
including fibroblasts, endothelial cells, and non-transformed epithelial cells. Notably, previous
work has demonstrated that tumor-associated conventional T cell populations can promote tumor
progression in distinct contexts. This evidence includes the demonstration that IL-4-producing
CD4" T cells promote metastasis in a murine model of mammary carcinoma®’, and the
demonstration that CD4" T cells exhibiting a PD-1" T follicular helper-like phenotype are
associated with diminished response to anti-PD-1 checkpoint blockade therapy!?. Such findings
are consistent with the notion that effector T cell subsets may promote cancer progression and that
immune-based therapies have the potential to unleash undesirable tumor-promoting cascades in a
subpopulation of patients. Our findings also provide a potential explanation for prognostic studies
showing that high intratumoral Treg cell density is predictive of improved clinical outcome in
OSCC and other HNSCCs>%101:105.106,135.138,140 Ty this scenario, intratumoral Treg cells may restrict
tumor infiltration by tumor-promoting effector T cells, thereby contributing to the observed
prognostic correlates. Moving forward, a key unresolved question in the 4-NQO-induced OSCC
model is whether the enhanced emergence of carcinoma following Treg cell depletion is due to
progression of dysplastic lesions to OSCC, and/or rapid expansion of pre-existing OSCCs. In our
studies, late-stage Treg cell depletion enhanced the emergence of OSCC whereas earlier Treg cell

ablation induced no measurable changes, suggesting that the observed effects are stage-specific.
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Lastly, our identification of polarized clusters of OSCC enriched for either CD8" T cells
or CD4" Treg and conventional T cells demonstrates that the density of Treg cells does not
correlate with that of CD8" T cells in many OSCCs and tumors of other solid cancer types. This
finding implies that the factors driving intratumoral CD4" T cell abundance are likely distinct from
those driving intratumoral CD8" T cell density in many tumors, and indicates that the notion that
Treg cell density largely "shadows" the density of tumor-infiltrating CD8* T cells*#!33153 is not a
universal principle applicable to all human cancers. This also suggests that in some cases,
categorization of tumors as "T cell-inflamed" vs. "T cell non-inflamed" lacks the resolution to
articulate the immune landscape of a given tumor with respect to the relative representation of
CD8" effector T cells, CD4" effector T cells, and CD4" Foxp3" Treg cells. Future work aimed at
understanding the differential mechanisms driving CD4" vs. CD8" T cell infiltration may reveal

new approaches to selectively manipulate each T cell class within the tumor environment.
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DISCUSSION

Overview

In this work, we analyzed the impact of the immune response to OSCC in both patient
samples and in a mouse model of carcinogen-induced OSCC. By utilizing a deconvolution-based
approach to interrogate the transcriptional profiles of human HPV-negative OSCCs, unsupervised
clustering analysis revealed polarized clusters enriched for either CD4" T cells or CD8" T cells,
demonstrating that the density of CD4" T cells, both FOXP3" Treg cells and Tconv cells, does not

correlate with the density of CD8" T cells in many tumors (Figure 20A).

In an autochthonous mouse model of carcinogen-induced OSCC, we detected the presence
of an infiltrating T cell population over-represented by CD4" T cells, suggesting that this model
may represent the fraction of patients observed to have tumors with a high CD4" T cell density
(Figure 20B). Despite the presence of infiltrating T cells, mice were largely resistant to checkpoint
blockade monotherapies, suggesting the existence of endogenous resistance mechanisms. We
hypothesized that tumor-associated Foxp3* Treg cells, which displayed a diverse TCR repertoire
with a fraction of clones exhibiting clonal expansion and reactivity to regional antigens, play a
major role in restricting anti-tumor immunity. However, late-stage Treg cell ablation did not
induce tumor regression, but instead exacerbated disease and induced the emergence of OSCC, a
process that was dependent on effector T cells. Together, our studies demonstrate that in this
setting, induction of strong effector T cell responses can promote tumor development and

progression (Figure 20C).
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Figure 20. Working model of effector T cell-dependent emergence of OSCC following

late-stage Treg cell depletion

A) Deconvolution-based profiling of human transcriptional data revealed OSCC clusters enriched

for either CD4" Treg cells (green cells) and CD4" Tconv cells (pink cells) or CD8* T cells (blue

cells).

B) In an autochthonous mouse model of OSCC, carcinogen-induced lesions are enriched for CD4*

T cells at homeostasis

C) Perturbation to immune homeostasis via late-stage Treg cell ablation promotes the emergence

of OSCC, an effect dependent on effector T cells.

D) Following late-stage Treg cell ablation, effector T cells exert a tumor-promoting environment.

Effector T cells of unknown specificity may release a factor or factors that directly or indirectly

interact with carcinoma cells to promote tumor progression, alter tumor cell phenotype, or induce

tumor cell proliferation.
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Strategies to promote a robust inflammatory response within the tumor environment may

yield unintended adverse consequences

Ongoing efforts to improve therapeutic efficacy of immunotherapy has been focused on
promoting a T cell response in the tumor environment, particularly for those tumors with a non-T
cell-inflamed phenotype at baseline. Strategies for improving treatment options for patients
include targeting effector T cells to promote an inflammatory immune response and targeting
tumor-associated Treg cells for depletion or de-stabilization. Our findings that late-stage Treg cell
ablation enhances the incidence and burden of carcinogen-induced OSCCs suggests that strategies
that promote de novo T cell infiltration and effector T cell responses in tumors that lack a

substantial T cell infiltrate at baseline may yield unintended consequences.

Adverse consequences beyond auto-immune related outcomes have been observed in a
subset of patients treated with immunotherapy. In HNSCC, up to 25% of patients treated with anti-
PD-1 or anti-PD-L1 experienced “hyper-progressive” disease, which is defined as accelerated
tumor growth kinetics following start of treatment®®. Hyper-progressive disease has also been

reported in other solid tumors**-2

, suggesting that immune-based therapy can accelerate disease
in multiple tumor types. The cellular and molecular mechanisms driving hyper-progression remain
incompletely understand. In distinct settings, hyper-progression was associated with specific
tumor cell genomic mutations or alterations®!, suggesting a tumor cell-intrinsic effect. Other
studies suggest patient age* or metastatic disease®® are associated with elevated risk of hyper-
progression. Based on our finding that depletion of effector CD8" T cells alone was not sufficient
to abrogate the emergence of OSCC following Treg cell ablation, we hypothesize that CD4" Tconv

cells serve a critical role in this phenomenon. While experiments are currently ongoing to test this

hypothesis, it is possible that hyper-progressive disease is restricted to those patients who harbor
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tumors enriched for CD4" T cells, whereas response to immunotherapy is preferentially observed

in tumors enriched for CD8" T cells.

It is important to note that the occurrence of hyper-pressive disease is currently
controversial. The studies highlighted above were retrospective studies, whereas properly
controlled phase 3 clinical trials are required to better understand the proportion of patients at risk
for hyper-progressive disease, and to address the mechanism of hyper-progressive disease. These
properly controlled, double-blinded studies, which would include a control group that does not
receive immunotherapy, will require knowledge of tumor growth rate before and after start of
immunotherapy to be able to better characterize the patient group defined as “non-responders.”
Currently, non-responders are a heterogenous group comprised of patients who maintain stable
tumor growth kinetics, and therefore experience no benefit nor harm with immunotherapy, as well
as patients who may be experiencing hyper-progression, and therefore suffer adverse
consequences of immunotherapy treatment. The ability to distinguish between the “true” non-
responder patient cohort and the cohort of patients experiencing hyper-progression due to
immunotherapy treatment will be necessary to better understand the molecular and cellular
mechanisms driving these unwanted effects. Furthermore, analysis of those patients who
experience hyper-progression will allow for the identification of predictive biomarkers to stratify
patients who may benefit with immunotherapy, versus those at risk of unwanted and detrimental

effects of immunotherapy treatment.
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Importance of studying the immune response in physiologically accurate mouse models

While our finding that late-stage Treg cell ablation promotes OSCC goes against current
paradigm that tumor-associated Treg cells inhibit the anti-tumor immune response, two recent
studies report similar observations that Treg cell ablation can be tumor-promoting. First, Zhang et
al. found that in an autochthonous mouse model of pancreatic cancer driven by oncogenic Kras
activation, Treg cell ablation accelerated tumor progression, which was associated with an increase
in tumor-infiltrating IFN-y* CD4" Tconv cells'®’, similar to our observations in carcinogen-
induced OSCC. Interestingly, the authors demonstrated that the tumor progression was abrogated
when CD4" Tconv cells were depleted, consistent with our finding that CD8" T cell depletion
alone was not sufficient to abrogate effects of Treg cell ablation. Although the mechanism remains
incompletely defined in the pancreatic tumor model, the authors demonstrated that the chemokine
receptor CCR1 played a critical role, and fibroblasts and epithelial cells in the tumor environment
had an altered phenotype following Treg cell ablation. Together, the authors propose a model
involving a cellular and molecular network between CD4" Tconv cells, CCR1 ligands, and tumor-
associated macrophages and epithelial cells in promoting tumor progression upon Treg cell

ablation.

In a separate study, Martinez et al. found that early-stage Treg cell ablation led to
accelerated progression to invasive carcinoma in an autochthonous mouse model of polyoma
middle-T oncogene-driven mammary carcinoma'®'. Similar to our findings, the authors observed
accelerated tumor progression just two weeks after Treg cell ablation, demonstrating that the
impact of Treg cell ablation can occur rapidly. While the mechanism also remains unknown, the
authors observed elevated IL-4 and IL-5, but not IFN-y, as well as an increase in tumor-associated

macrophages upon Treg cell ablation, which is unlike the observations from Zhang et al. and our
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studies. Together, these studies demonstrate that Treg cell ablation can be tumor-promoting across
different autochthonous mouse models of cancer, and highlight how the cellular and molecular

mechanisms driving this effect may be distinct depending on the tumor context.

Interestingly, the same group published a previous study in an orthotopic model of breast
cancer, and found that Treg cell ablation led to slowed tumor outgrowth in the orthotopic setting®'.
The differential impact of Treg cell ablation at early-stage in the autochthonous breast cancer
model compared to the orthotopic model may reflect stage-specific outcomes, as demonstrated in
the 4-NQO-induced OSCC mouse model. It is also possible that the differential impact of Treg
cell ablation is reflective of the differences between transplantable tumor models, which are fast
growing and do not progress from pre-neoplasia to invasive carcinoma, and autochthonous tumor
models, which more accurately recapitulate the biology of tumorigenesis. Early studies in mice
demonstrating that Treg cell depletion promotes tumor regression relied on the use of
transplantable tumor models®!*2. However, the use of autochthonous tumor models, where tumors
develop in situ, progress from pre-neoplasia to invasive carcinoma, and potentially have multiple
heterogeneous lesions evolving in parallel, may reveal previously un-explored or under-
appreciated interactions and observations, such as our findings that effector T cell expansion or

infiltration triggered by late-stage Treg cell ablation exacerbates disease.

Given that autochthonous tumor models recapitulate many aspects of tumor biology
highlighted above, the use of an autochthonous tumor is key to understanding how effector T cells
promote OSCC emergence following late-stage Treg cell ablation. An effector T cell-derived
factor or molecule may have a direct effect on transformed tongue epithelial cells, or could
indirectly promote OSCC by altering other cell types in the tumor environment, such as innate

immune cells, stromal cells, or non-transformed epithelial cells (Figure 20D). Similarly, it is

98



unclear if the increased incidence and burden of OSCC following late-stage Treg cell ablation is
due to faster progression from dysplasia to invasive OSCC, in situ proliferation of carcinoma cells,
or an altered phenotype of carcinoma cells (Figure 20D). A better understanding of the cellular
and molecular mechanisms dictating OSCC emergence following late-stage Treg cell ablation is
critical to gain insight into the tumor-promoting role of effector T cells, and may reveal novel

biomarkers or therapeutic targets.

T cell deficiency does not impact tumor development or progression

Our findings that the incidence and burden of both dysplasia and invasive OSCC are
unaltered in T cell-deficient, as well as in Foxp3”7 mice treated with depleting anti-CD4 and anti-
CD8 antibodies at late-stage, demonstrate that T cell deficiency does not significantly impact the
kinetics of tumor development or progression. These findings suggest that immunoediting may not
occur to a measurable extent in this mouse model of carcinogen-induced OSCC. While
immunoediting has been demonstrated in the methylcholanthrene (MCA )-induced mouse model ',
in which mice are injected subcutaneously with the carcinogen MCA to induce sarcoma
development, the extent to which this process is operative in other tumor models or in humans
remains unclear. The evidence that immunoediting occurs in patients remain limited, particularly
for HNSCCs. In a computational survey predicting neo-antigen density across an array of human
cancers, putative immunoediting, as measured by depletion of predicted neoepitopes generated per
non-silent point mutation, was only observed in two human cancer types analyzed: colorectal
cancer and kidney clear cell cancer'®. Notably, despite the fact that HPV-negative HNSCCs harbor

a relatively high density of somatic mutations in protein-coding regions®*~'°! this same approach
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revealed that the depletion of putative neoepitopes was not statistically significant in HPV-

negative HNSCC, suggesting that immunoediting may be uncommon in this cancer type.

While attempts to observe immunoediting have focused on the identification and
quantification of predicted neo-antigens, other forms of immunoediting have been documented.
Studies probing the genomic landscape of lung cancers isolated from patients observed the loss of
heterozygosity at the HLA loci!’, implying selection against distinct HLA alleles. Loss of HLA
heterozygosity was found to correlate with immune infiltration and neo-antigen burden.
Furthermore, the authors found that a fraction of neo-antigens were predicted to bind more
frequently to the lost HLA, providing a mechanism for immune evasion and clonal evolution of
tumor cells. In a separate study, McGranahan et al. demonstrated that both lung adenocarcinomas
and lung squamous cell carcinomas display a range of heterogeneity with regards to predicted neo-
antigen expression'®. The authors saw that tumors that expressed a more homogenous panel of
mutations, and therefore the cancer was more clonal, were associated with an T cell-inflamed
tumor phenotype and durable response to anti-PD-1 checkpoint blockade therapy, particularly for
lung adenocarcinomas, highlighting tumor clonality as a key characteristic to T cell infiltration
and immunotherapy efficacy. Together, these studies provide evidence that some tumors are under
immune-mediated selective pressures, and that selective pressures can result in the loss of HLA
heterozygosity or restrict clonal tumor outgrowth. Future studies probing the presentation of neo-
antigens as well as alterations in genomic features of tumor lesions, such as tumor clonality and
mutations within the MHC loci, in the presence or absence of T cells will be necessary to fully

assess the extent to which immunoediting occurs in 4-NQO-induced OSCC.

Finally, it is important to note that T cell deficiency and T cell depletion leads to the loss

of both effector T cell and Treg cell populations. Studies presented in this work suggests that a
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delicate balance between effector T cells and Treg cells is established during tumor development
and progression (Figure 20B). An impact on OSCC incidence and burden was only observed when
a strong perturbation was imposed on this balance, such as systemic Treg cell ablation and
subsequent expansion of effector T cells (Figure 20C). However, no impact on OSCC incidence
and burden was observed when both sides of the scale were absent, such as in T cell-deficient mice
and mice depleted of all T cells. Future studies aimed at expanding the tumor-associated Treg cell

population will be critical to test this emerging concept.

A fraction of tumor-associated Treg cells exhibit clonal expansion and reactivity to regional

antigens

Analysis of the TCR repertoire of Treg cells isolated from the tongues of 4-NQO-exposed
mice revealed that the overall repertoire of tongue-associated Treg cells in 4-NQO-treated mice
was diverse. We detected a handful of recurrent clones present across different mice, suggestive
of clonal expansion. While the factor or factors that promote clonal expansion and clonal
maintenance of Treg cells within the tumor remain to be determined, our studies utilizing TCR
retrogenic mice revealed insights into the specificity of recurrent Treg TCR clones. Three of the
four recurrent Treg cell clones analyzed exhibited enrichment patterns suggestive of reactivity to
regional antigens present in tumor-free mice, consistent with previous studies from our lab
identifying predominant tumor-infiltrating Treg cell clones reactive to organ-specific self-
antigens®3. Furthermore, TCR repertoire analysis of Treg cells isolated from human tumors have
demonstrated that Treg cells in breast cancer were oligoclonal’®, and Treg cells isolated from liver

tumors were more clonal than Treg cells isolated from peripheral blood®'. Together, these data
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demonstrate that tumors drive the selective oligoclonal enrichment of distinct Treg cell clones,

implying a role for antigen-specificity.

Our data demonstrated that a fraction of recurrent Treg cell clones associated with oral
lesions display reactivity to regional antigens presented in the draining cervical lymph nodes,
irrespective of tumor or carcinogen exposure. Therefore, the antigens recognized by these clones
are likely derived from organ-specific self-antigens or microbial-derived antigens that are present
in the microbial community resident in the oral cavity. However, it is also possible that a fraction
of tumor-associated Treg cell TCR clones have specificity to neo-antigens, particularly for those
clones that were not found recurrent across mice analyzed, since each mouse likely harbors a
unique set of expressed and presented neo-antigens. Consistent with this idea, Treg cell specificity
to neo-antigens has been demonstrated for some dominant Treg TCRs isolated from human

cancers’*,

Comparison of tumor-associated Treg cell TCRs to TCR repertoires of Treg cells isolated
from pooled spleen and lymph nodes of non-tumor-bearing mice suggests that the majority of
tumor-associated Treg cells are pulled from the pre-existing pool of Tregs present in the periphery
before tumorigenesis, suggesting that the high preponderance of Treg cells in tumors may be co-
opted from the regional environment. This concept is in agreement with previous reports in mice®?

and humans'>*

, which observed clonal overlap between the repertoires of Treg cells isolated from
tumor and peripheral blood. Furthermore, a study that analyzed the TCR[3 CDR3 clonotypes of
Treg cells and CD4" Tconv cells isolated from human breast cancer demonstrated that the overall

repertoires were dissimilar’®, suggesting that the intratumoral Treg cell and Tconv cell

compartments are largely distinct.
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Currently, it is unknown if the tumor-associated Treg cells are thymic-derived tTregs or
peripherally induced pTregs, or a mixture of both. Given that pTregs are estimated to make up 15-
25% of the peripheral Treg cell compartment at steady-state!3, it is possible that a fraction of
Treg cells isolated from 4-NQO-induced oral lesions are pTregs present at steady-state and reactive
to microbial antigens derived from the oral cavity microbiome. Another possibility is that a fraction
of tumor-associated Treg cells is derived from the steady-state CD4" Tconv compartment and
differentiate into pTreg during carcinogenesis. While Plitas et al. observed that the tumor-
associated Treg and Tconv repertoires were largely dissimilar in human breast cancer’®, a small
survey of three breast cancer patients observed clonotype overlap between tumor-associated Treg
cells and CD4" Tconv cells'3. Ahmadzadeh et al. also observed that a small fraction of tumor-
associated Treg clonotypes overlapped with tumor-associated CD4+ Tconv clonotypes in patients
with metastatic melanoma, gastrointestinal cancer, and ovarian cancer'>*. Together, the studies
documenting shared repertoires between a fraction of tumor-associated Treg cells and CD4" Tconv
cells suggest that some intratumoral Treg cells may be generated via pTreg cell differentiation in

the tumor context.

Future studies utilizing TCR retrogenic mice will be key in understanding the
developmental origins of tumor-associated Treg cells. We can perform intrathymic injections,
where thymocytes isolated from retrogenic mice are intrathymically injected into thymi of
secondary hosts that harbor polyclonal thymocytes, to assess tTreg development for clones of
interest. Likewise, transfer of retrogenic CD4" Tconv cells into secondary hosts can be performed
in parallel to assess the pTreg potential of tumor-associated Treg clones. Moreover, a better
understanding of the TCR repertoire and specificity of tumor-associated effector T cell

populations, particularly for CD4" Tconv cells, will be critical to understand the relationship
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between Treg cells and effector T cells. Do the TCR repertoires overlap? Do Treg cells and effector
T cells share reactivity to similar antigens, or do they recognize distinct sets of antigens? The
answer to these questions will provide important insights to the development of antigen-based
cancer vaccines, and the impact of directing the effector T cell or Treg cell response to specific

tumor-associated antigens of interest.

Density of tumor-associated CD8" T cells does not correlate with density of tumor-associated

CD4" T cells

Our observations from deconvolution-based transcriptional analysis suggest distinct
factors dictate CD8" or CD4" T cell density within tumors. Our findings indicate that the notion
that Treg cell infiltration and density within the tumor largely “shadows” that of CD8" T cells and
inflammation may not be a universal principle applicable to all human cancers. Instead, our
findings suggest that the characterization of “T cell-inflamed” tumor phenotype requires a more
nuanced definition to more accurately reflect the immune landscape of a given tumor with respect
to the relative representation of distinct T cell types. While the factors driving a CD4" T cell-biased
versus a CD8" T cell-biased tumor environment remain unclear, it is possible that tumor cell-
intrinsic mechanisms promote or inhibit either CD4" T cell or CD8" T cell infiltration into the
tumor. Given that the enrichment for either CD4" or CD8" T cells was observed for a subset of
tumor samples, perhaps a unique set of genomic alterations in tumor cells promote infiltration and
survival of either CD4" or CD8" T cells, similar to the tumor cell-intrinsic role that has been

described for B-catenin-driven immune exclusion in melanoma'>’

. It is also possible that other
factors within the tumor milieu, such as cytokines, chemokines, and nutrients, influence the

infiltration and survival of CD4" or CD8" T cells. Finally, the state of immune infiltration observed
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could be a reflection of the immune landscape within the organ prior to tumorigenesis. For
example, for an organ site such as the oral cavity, tumors originating at this site may be biased
towards CD4" T cell enrichment because it is already enriched for CD4" T cells at steady state. It
is important to note that our characterization of the immune landscape revealed that 4-NQO-
induced lesions were biased for CD4" T cells, and the prevalence of CD4" T cells compared to
CD8" T cells was observed even in control treated, non-tumor-bearing mice, suggestive of

enrichment of CD4" T cells prior to tumorigenesis.

Finally, our analysis revealed that the relative densities of CD4" Tconv and FOXP3" Treg
cells correlate, providing intriguing evidence that both CD4" T cell populations may respond to
similar or interwoven factors to infiltrate tumors. In the spleen and lymph nodes, T cell-derived
IL-2 is a critical factor for maintaining the Treg cell population, particularly central Treg cells
(cTregs) that exhibit a naive phenotype in the periphery'>®. Furthermore, self-reactive CD4 single
positive thymocytes have been proposed to be the key IL-2-producing cell population to promote
Treg cell differentiation in the thymus!>®. Together, these studies lay out the possibility that self-
reactive CD4" Tconv cells in the tumor provide a key IL-2 niche for intratumoral Treg cell
recruitment, retention, and survival. As discussed in the previous section, assessing the repertoire
and specificity of tumor-associated CD4" Tconv cells will provide critical insight to inform this
proposed model. Future studies examining the role of T cell-derived factors, whether IL-2 or a
tumor-expressed factor, will be key to understanding the concurring presence of CD4" Tconv and
FOXP3* Treg cells in a subset of human tumors. Given the prevalence of CD4" T cells detected in
oral lesions, the 4-NQO mouse model of carcinogen-induced OSCC provides a unique platform to
study the factors dictating CD4" T cell versus CD8" T cell tumor infiltration. A better

understanding of a more nuanced definition of T cell infiltration, and the diversity of immune
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landscapes of tumors, can help to uncover unique strategies to perturb distinct subsets of T cells

within the tumor environment.

Conclusion

Prior to this work, current paradigms predicted that Treg cell depletion would lead to tumor
regression. However, our studies in an autochthonous mouse model of carcinogen-induced OSCC
revealed the opposite finding. Instead, late-stage Treg cell depletion led to an increase in OSCC

incidence and burden.

Our work contributes to the growing body of literature that either Treg cell depletion or
effector T cell responses can be tumor promoting in distinct contexts, both in mice**#+150.151 and
humans**=3, highlighting the dual role of the immune system in both inhibiting tumor growth as
well as promoting tumor development and progression’!. Our findings have important implications
for current FDA-approved immune-based therapies, as well as the set of emerging therapies that
target cell surface molecules that are either exclusively expressed by or over-expressed by
intratumoral Treg cells and have the potential to either deplete or de-stabilize intratumoral Treg
cells. These targets include but are not limited to PD-1, CTLA-4, OX40, 4-1BB, GITR, Lag3,
TIGIT, and CCRS. Indeed, anti-CTLA-4 treatment has been demonstrated to promote intratumoral
Treg cell depletion in mice, depending on the antibody clone and Fc region®®. Similarly,
preclinical experiments in mouse models demonstrated that anti-GITR, anti-OX40, and anti-CCRS8
treatments can promote intratumoral Treg cell depletion®®-%%7°, Future studies will require a deeper

investigation of the direct impact of immunotherapy on intratumoral Treg cells in patients, and
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determine the beneficial or harmful effects of targeting intratumoral Treg cells for depletion or de-

stabilization.

Mechanistically, we observed that the increase in OSCC incidence and burden following
late-stage Treg cell ablation was dependent on effector T cells, suggesting that effector T cell-
derived factor(s) drive the rapid emergence of OSCC. Currently, it is not known if the rapid
emergence of OSCC following late-stage Treg cell depletion is due to direct T cell-tumor cell
interactions, involves other cells within the environment, or is due to paracrine-mediated
modulation of the tumor milieu. At this point, it is also unclear if the enhanced emergence of OSCC
is due to progression of dysplasia to OSCC, or rapid expansion and proliferation of pre-existing
carcinoma cells. Together, our studies highlight the need to understand the molecular and cellular
mechanisms driving emergence of OSCC upon late-stage Treg cell ablation, and delineating

predictive biomarkers to identify patients who are at risk of adverse events.
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Future Issues

1. What is the impact of the microbiome on carcinogen-induced OSCC? Is the development
and progression of carcinogenesis affected by antibiotic treatment or in germ-free mice?
Does the local microbiome community resident within the oral cavity impart a unique
influence during tumorigenesis of oral lesions, compared to distal microbial communities
in the gut or skin?

2. Establish cell lines derived from 4-NQO-induced lesions. Use of tumor cell lines derived
from distinct lesions would allow one to test the immunogenicity of tumors derived from
immune-sufficient versus immune-deficient hosts, assess the reactivity of tumor-
infiltrating T cells to matched and unmatched lesions in vitro, and allow for the
manipulation of tumor cells via CRISPR-Cas9 approaches to determine the role of a gene
of interest expressed by tumor cells.

3. Determine the molecular characteristics that dictate progression from pre-neoplasia to
invasive OSCC by analyzing the genome and transcriptome of micro-dissected pre-
neoplastic dysplasias and invasive OSCCs.

4. What is the mechanism of the emergence of OSCC following late-stage Treg cell ablation?
What are the effector T cell-derived factor(s) mediating this outcome? Is the enhanced
emergence of OSCC following late-stage Treg cell ablation due to progression of dysplasia
to OSCC, or rapid expansion and proliferation of pre-existing OSCCs?

5. What is the impact of expanding the tumor-associated Treg cell population? Will
increasing the relative ratio of Treg cells to effector T cells in the tumor environment

promote tumor regression, the opposite effect of late-stage Treg cell ablation?
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6.

10.

1.

Are there predictive biomarkers to stratify patients who may maintain a durable response
to immunotherapy from patients who may experience adverse consequences and
detrimental effects with immunotherapy treatment, such as hyper-progression?
Identification of predictive biomarkers requires properly controlled phase 3 clinical trials
that includes a control group of patients who do not receive immunotherapy, and the ability
to assess tumor growth rates before and after start of treatment.

Do T cells impose unique selective pressures on developing tumors? What are the genomic
features of 4-NQO-induced lesions in the presence or absence of T cells?

What are the peptides recognized by the tumor-associated Treg clones identified? Are the
peptides derived from a self-protein, a microbe present in the oral cavity, or a tumor-
specific protein?

What are the developmental origins of the tumor-associated Treg cells found in 4-NQO-
treated mice? Do tumor-associated Treg cells express Foxp3 prior to tumorigenesis? Are
tumor-associated Treg cells thymic-derived tTregs or peripherally-induced pTregs?

What is the TCR repertoire of tumor-associated CD4" Tconv cells? Does the TCR
repertoire overlap with the TCR repertoire of tumor-associated Treg cells? Do tumor-
associated CD4" Tconv and Treg cells share reactivity to similar antigens?

What are the factors that dictate T cell infiltration into and survival within the tumor
environment? Are these factors distinct or overlapping for CD4" T cells and CD8" T cells?
Is the observation that a subset of tumors are enriched for either CD4" T cells or CD8" T

cells due a tumor cell-intrinsic or tumor cell-extrinsic effect?
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