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Abstract

Failure to develop an effective anti-tumor immune response is recognized to be
central to the progression of cancer. Patients who are able to mount a strong
anti-tumor T cell response — sometimes manifested through increased T cell
densities — not only demonstrate improved prognosis, but also respond better to
standard and experimental therapies. Conventional single-color immuno-
histochemistry approaches are useful in stratifying patients based on the degree
of their CD3 and CD8 T cell infiltrate, but are unable to capture important
suppressive mechanisms within the tumor microenvironment. We established a
technique that allows for studying multiple parameters simultaneously in both
human and mice. Using this technique we can show evidence that the
interactions between different immune populations can be used as a better
prognostic tool compared to CD8 T cell density alone. Furthermore, integrating
this tool with clinical trials, as described in the appendices, could be important in
understanding the mechanisms of action of the therapies and to develop

predictive biomarkers that will allow for better directed therapy.



Chapter 1: Introduction

Improved understanding of the complexity of the tumor microenvironment has led
to advances in therapies for patients with cancer. The immune system, in
particular, has been demonstrated to be a critical component in the recognition
and elimination of neoplastic cells. The prognostic impact of T cell infiltrates was
described as early as the 1960s, when Lloyd et al. observed an inverse
correlation between the density of lymphocytic infiltrate and stages of cutaneous
melanomal. In the past twenty years, work from Schreiber and others elegantly
cemented a framework for immune surveillance with the three stages of
immunoediting: elimination, equilibrium, and escape. Following the neoplastic
transformation of cells, rapid elimination by immune cells almost always occurs;
in some circumstances, however, certain tumor cells avoid immune elimination
and exist in a state that’s kept in check by the immune system. This “equilibrium”
stage can last for many years until the neoplastic cells gain additional
immunosuppressive advantages, thereby escaping immune surveillance and
emerging as clinically evident cancer?’. Antigenic loss and/or aberrant
expression of key molecules such as PD-L1 and IDO within the tumor are
thought to facilitate T cell anergy and immune escape. In the microenvironment,
a network of T cells, B cells, macrophages, dendritic cells, natural killer (NK)
cells, neutrophils, eosinophils, endothelial cells and mast cells can all exist within
the tumor with little to no beneficial immune function, which ultimately leads to
tumor growth. Specifically, it is thought that an enrichment of suppressive

immune factors such as TGF-beta, IL-4, IL-10, IL-13, arginase and IDO are



expressed within the tumor microenvironment and can limit anti-tumor immune
responsed12, Therapies that specifically target the immune escape phase such
as anti-CTLA-4 and anti-PD-1 are designed to reverse T cell immunosuppression
and restore the immune surveillance to equilibrium or elimination phases where
high levels of pro-inflammatory cytokines include IFN-gamma, IL-2, IL-12 and
TNF-alpha dictate a strong type | anti-tumor T cell response. In humans,
however, great diversity — not only within the cancer cells, but more importantly
the immune environment in both the tumor and stroma — accompanies the
escaped tumors, resulting in variable responses to surgery, chemotherapy,
radiation, and immunotherapy. To identify who will respond better to different
therapies and stratify patients, novel tools that allow for objective assessment of

immune diversity are much needed.

Objective Immunohistochemistry

Immunohistochemistry has been established as one of the seminal tools for the
study of tissue morphology and architecture. Compared to genomics and flow
cytometry approaches, immunohistochemistry offers important contextual and
positional information of different immune subsets within the tumor and allows for
assessment of spatial interactions between these populations!2. For almost all
types of cancer, pathologists examine the tissue under the microscope for the
density of various immune populations and grade them as brisk, non-brisk, or
absent. On the extreme ends of the spectrum, brisk lymphocytic infiltrate into the

tumor, or a “hot” tumor, is frequently associated with more pro-inflammatory



tumor milieu, better response to therapies, and improved outcome. An absence
of lymphocytic infiltrate, or a “cold” tumor, is associated with rapid progression of
disease!* 15, However, for the majority of patients with an intermediate T cell
infiltrate, the prognostic accuracy using conventional grading is less clear, as the
interpretation is subject to day-to-day bias that decreases the consistency and
reliability of the test!6. Objective assessment using digitized slides and computer
software is a critical step towards addressing the subjectivity. Developed by
Jerome Galon and colleagues, quantitative assessment of CD3+ and CD8+ T
cells at the invasive margin and tumor center has been shown to be highly
prognostic, and remarkably more so than conventional AJCC TNM staging!’. 18,
This revolutionized the field of predictive and prognostic biomarker discovery of
immune subsets within the tumor, and encouraged the use of digital pathology
tools for biomarker discover and validation. Currently, CD8 T cell infiltrates have
been shown to have prognostic value in various types of cancer, including
melanoma, NSCLC, RCC and bladder cancer!®. Quantitative IHC assessment
can also be predictive, as high densities of CD8 and PD-L1 staining correlate
with response to anti-PD-1 immunotherapy agents2% 21, However, many patients,
with high levels of T cell infiltrates in their tumors, rapidly progress, and other
patients, with tumors that have high PD-L1 expression, don’t respond to anti-PD-
L1 therapy?2. Therefore, we hypothesize that the tumor harbors a complex
microenvironment that is difficult to encapsulate with single markers such as CD8
and PD-L1, and that the utilization of multiparametric analysis to study the

interactions between cell types could capture a more comprehensive landscape



of the tumor microenvironment that can help us to more accurately stratify the
patients compared to CD8 alone. This central hypothesis is the basis for the work

in subsequent chapters.

Multiparametric Immunohistochemistry

Limitations in single marker conventional IHC pose a significant challenge for the
development of effective prognostic, as well as predictive biomarkers for cancer
immunotherapy. The introduction of novel techniques, such as multiplex IHC,
helps overcome some of the obstacles?3. Compared to single color IHC, the main
advantage of multiplex IHC is 2 fold. First, because it allows for the analysis of
multiple parameters simultaneously on a single slide, it significantly decreases
the amount of tissue required for assessment. Second, perhaps more
importantly, the simultaneously analysis of multiple immune cells allows for the
study of their spatial relationship, which is valuable information that could be a

surrogate for their relative function23 24,

The methods for multiplex imaging falls into 2 categories: brightfield and
florescent. Brightfield utilizes chromogen deposition such as DAB and AEC,
which produces distinct colors for visualization. Compared to other multiplex
methodologies, brightfield multiplexing allows for fast visualization of multiple
markers on a single tissue stained in an automated platform. On a single slide,
it's possible to image up to 5 distinct colors using the conventional method

(Figure 1.1).



FoxP3 — DAB (dark brown)
CD8 - Gray/black

CD3 - Blue

CD20 - Red/magenta
S100 — Green

Figure 1.1: 5-plex Brightfield Imaging utilizing Ventana platform. Adapted from
Capone et al, SITC 2014

However, subsequent image analysis is limited, as in its current state, the
software is inadequate to separate each marker for an objective assessment.
Methods with more advanced image alignment and antigen stripping allows for
quantitative evaluation of 12 or more markers stained sequentially?5, however,
this method is extremely time consuming in both image acquisition and analysis,
and can cause antigen loss after multiple rounds of stripping.

Florescent multiplex imaging has long been the standard approach, utilizing the
difference in fluorophore emission spectra to establish simultaneous detection of

3 or even 4 markers. However, detection of more than 4 markers simultaneously



has been extremely difficult, due to the inability to effectively strip the previous
antigen without affecting the sensitive fluorophore, as well as problems with
photobleaching?3. Recently, advanced imaging technologies utilizing tyramide-
based fluorophores as a backbone demonstrated the ability to effectively detect 7
different markers on a single slide. This technology has the potential to be used
in an automated process that could increase reproducibility and could find clinical
application. Capabilities and drawbacks of this particular method will be
extensively discussed in Chapters 2, 3, and 4 in the context of adoptive T cell
therapy, murine tumor and spleen studies, and staining of head and neck

squamous cell cancer.

Adoptive T cell therapy

In certain cancers such as melanoma and HNSCC, the tumor-infiltrating T cells
(TILs) can be isolated from the tumor and expanded ex vivo using high dose IL-2.
The cytolytic capacity of these T cells against autologous tumor serves as a
functional indicator of a pre-existing anti-tumor immune response; more
importantly, these tumor-specific T cells can be used for adoptive cell therapy
(ACT), a promising treatment strategy for patients with metastatic melanoma.
The process involves harvesting T cells from autologous tumor resection or
biopsy, expanding them ex vivo with IL-2, testing them for tumor-specificity using
cytokine production as a functional readout, and ultimately rapidly expanding the
tumor-specific TIL for re-infusion into the patients. Non-myeloablative

lymphodepletion using chemotherapy is performed prior to infusion to allow for



spaces the T cells can expand into, and high dose IL-2 is administered to support
the in vivo expansion of transferred T cells26.27, CD8 T cells often constitute the
majority of the tumor-specific T cells in culture, other cells such as CD4 T cells,
NK cells, and gamma-delta T cells are also present in these cultures and have
been shown to possess significant anti-tumor activity?’. Regulatory T cells are
also present and depletion of them prior to re-infusion has positively correlated
with increased clinical response to ACT?28-31,

Metastatic melanoma is the most studied cancer type for ACT, and tumor-
specific T cells can be recovered from 35-70% of patients depending on
methodology and media used and the experience of the center. The response
rate in patients reinfused with these TILs is 50-75%732-34 when used in
combination with lympho-depletion and high dose IL-2. Notably, 95% of the
complete responders demonstrated a durable response of at least 5 years34. The
use of ACT for patients with HNSCC has yet to be established. In HNSCC,
tumor-specific T cells were able to be cultured from approximately 60% of the
tumors, a number that is similar to melanoma3® 36, There has been very limited
evidence regarding efficacy of treating HPV-negative HNSCC with ACT, the
largest study is a Japanese group with 7 patients included in the trial, 5 with
SCC, 1 melanoma and 1 spindle cell sarcoma3’. The overall response rate was
43% with 1 complete responder (CR) who had SCC of the floor of the mouth and
received ACT immediately after partial resection of the tumor and surrounding
lymph nodes. Despite lacking larger and well-controlled studies with long-term

follow-up, ACT represents a promising treatment strategy for the subset of



patients from whom tumor-specific TILs can be isolated and expanded in vitro.

A significant hurdle to the use of ACT is the ability to culture and expand tumor-
specific T cells from patients’ tumors. In renal, breast, and colon cancer, the cell
recovery rate is extremely low (0-20%38). Strategies to increase the success of
recovering tumor-specific T cells from tumor specimens are currently being

studied and will be specifically discussed in Chapter 2.

Head and neck squamous cell cancer*

As a large portion of the work within this thesis is focused on HNSCC, a brief
review of different immunotherapies for HNSCC is provided below. Head and
neck squamous cell carcinoma (HNSCC) is the 6th leading cause of cancer
worldwide. 45,000 new cases of HNSCC are expected in the United States 2015.
Over the last three decades, new discoveries regarding the molecular basis
underlying the neoplastic transformation of HNSCC have improved patient
treatment and morbidity39-42. However, current treatments have failed to provide a
significant mortality benefit, a failure potentially caused by an underlying inability
of the immune system to contain and clear the malignancy#3-45. The role of
immune suppression has been described in HNSCC as early as the mid-1970s,
with the recognition that tumor size and lymph node spread positively correlate
with the depression of T cell response to exogenous stimulation*6. More recent
studies identified a hierarchical immunosuppression in lymph nodes of patients

with HNSCC, with most immune dysfunction demonstrated in the lymph nodes



closest to the primary tumor4’. Following the discovery of the role of human
papilloma virus (HPV) in HNSCC480, a series of studies have sculpted the
distinction of HPV-related HNSCC as a separate disease compared to HPV-
negative HNSCC?>1-53, Evidence suggests that this is potentially due to an
immune response against viral antigens, leading to increased lymphocytic

infiltrate, improved anti-tumor response, and a more favorable clinical outcome>*

55

For both HPV-positive and HPV-negative HNSCC, overcoming the immune-
suppression through immunotherapies may provide significant long-term benefit
in patient outcomes. Although many of these immunotherapy strategies have
shown great promise in certain solid malignancies such as melanoma and non-
small-cell lung cancer (NSCLC)>6-%8, their utilization in HNSCC is still at an early
stage. In this chapter, various strategies to increase anti-cancer immune

response will be briefly discussed.

Checkpoint Blockade Therapy

Overview: The activation of CD8* cytotoxic T cells is a multistep process. The
first step (“signal 1”) is the engagement of the antigen to T cell receptor (TCR) via
major histocompatibility complex | (MHCI)%°. T cell activation is dependent on
“signal 2”, or the binding of CD80/CD86 from antigen-presenting cells (APCs) to
the co-stimulatory receptor CD28%°. After receiving both “signal 1” and “signal 2”,

the proliferation of T cell requires “signal 3”, or the local cytokine milieu®°.



Cytokines such as IL-12 and IL-2 can strongly support T cell polarization and
proliferation, leading to rapid expansion of these antigen-specific T cells that are
the basis for an anti-tumor immune response®% 61, There are multiple immune
“‘checkpoints”, or receptors that serve to dampen an overactive immune response
to restore proper homeostasis®. These checkpoints are critical in prevention of
auto-immune diseases; however, in the case of tumor immunotherapy, they can
be utilized by tumor cells to resist immune-mediated killing!®. Checkpoint
blockade antibodies are at the forefront of immunotherapy: blocking these
immune checkpoints with antibodies results in restoration of T cell function and
heightened anti-tumor response. The efficacy of these antibodies, especially in
combination, against a variety of cancer types is ground breaking®>® 58 .62 \While
most of the excitement has been focused on anti-CTLA-4, anti-PD-1, and anti-
PD-L1, other novel checkpoint blockade inhibitors are also being tested in both

preclinical and clinical settings.

CTLA-4: Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) is a CD28
homologue expressed on the surface of T lymphocytes®®. CTLA-4 is expressed
transiently on the surface of early activated CD8 T cells; however, its expression
is constitutive on regulatory T cells (Tregs)83. The inhibition of CD8 T cells by
CTLA-4 is two-fold: engagement of co-stimulatory molecules CD80 and CD86 to
CTLA-4 on CD8 T cells results in the dephosphorylation of T cell receptor (TCR)
signaling proteins such as CD3 and LAT, leading to T cell inhibition®4.

Additionally, CTLA-4 has higher affinity for CD80/CD86 than CD28%. This

10



effectively reduces the availability of “signal 2” required for the activation of CD8
T cells, a process that eventually leads to T cell anergy®°. Blocking antibodies to
CTLA-4 result in significant tumor shrinkage in some preclinical cancer models®¢-
68, Ipilimumab (anti-CTLA-4, BMS) was approved for treatment of metastatic
melanoma in 2011 based on a randomized phase Il study demonstrating
superior efficacy when compared to vaccine alone (gp100 peptide vaccine)®’.
The mechanism of action of anti-CTLA-4 is currently under investigation. Several
groups have reported that anti-CTLA-4 can induce priming of new T cell
responses to tumors and depletes Tregs within the tumor microenvironment in a
macrophage dependent mechanism®9. The efficacy of anti-CTLA-4 in head and
neck cancer is current being tested in combination with radiation

(NCT01935921).

PD-1: Programmed-death receptor 1 (PD-1) is another inhibitory receptor
expressed upon T cell activation’®. Similar to CTLA-4, binding of PD-1 to its
ligand PD-L1 induces dephosphorylation of CD3 resulting in T cell anergy and
exhaustion’® 72, The PD-1 blocking antibody restored CD8 T cell function and
augmented anti-tumor activity in numerous pre-clinical models”3-77, and
significantly improved survival in patients with melanoma, RCC, and NSCLC?58. 78
82, For some patients, the response rate can be further increased when PD-1
blocking antibodies are used in combination with an anti-CTLA-4 agent®6 83, The
FDA recently approved nivolumab (anti-PD-1, BMS) for the treatment of non-

small-cell lung cancer based on a phase Il study comparing its usage to

11



cytotoxic chemotherapy for late stage squamous NSCLC?>8. The adverse effects
of anti-PD-1 are distinct compared to anti-CTLA-4, outlining their differential
mechanism of influence on the immune system. The former is expressed on
activated T lymphocytes and is thought to play less of a role in priming of new T
cell responses®t. Consequently, it is currently hypothesized that the efficacy of
anti-PD-1 is limited to patients with a pre-existing tumor-specific immune
response?2, At the moment, there are multiple trials testing the efficacy of anti-
PD-1 in head and neck cancer as a single agent, with the most recent data
showing response rate of 18-23% for anti-PD-1 as a single agent in both HPV-
positive and HPV-negative disease, doubling that of chemotherapy. Trials testing
the efficacy of anti-PD-1 in combination with radiation and other
immunotherapies such as anti-KiR, an inhibitory receptor present on surface of
NK cells, are also currently underway. A list of clinical trials using PD-1 blockade

is shown in Table 1.
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Table 1.1: PD-1/PD-L1 axis for the treatment of HNSCC, adapted from

ClinicalTrials.gov

Trial Name

Compound

Clinical Trial
Number

Reirradiation With MK-3475 in Locoregional
Inoperable Recurrence or Second Primary
Squamous Cell CA of the Head and Neck

Study of MK-3475 (Pembrolizumab) in
Recurrent or Metastatic Head and Neck
Squamous Cell Carcinoma After Treatment
With Platinum-based and Cetuximab
Therapy (MK-3475-055/KEYNOTE-055)

A Combination Clinical Study of PLX3397
and Pembrolizumab To Treat Advanced
Melanoma and Other Solid Tumors

Pembrolizumab (MK-3475) Versus
Standard Treatment for Recurrent or
Metastatic Head and Neck Cancer (MK-
3475-040/KEYNOTE-040)

A Study of Pembrolizumab (MK-3475) for
First Line Treatment of Recurrent or
Metastatic Squamous Cell Cancer of the
Head and Neck (MK-3475-048/KEYNOTE-
048)

Trial of Nivolumab vs Therapy of
Investigator's Choice in Recurrent or
Metastatic Head and Neck Carcinoma
(CheckMate 141)

A Phase | Study of an Anti-KIR Antibody in
Combination With an Anti-PD1 Antibody in
Patients With Advanced Solid Tumors

A Study of the Safety, Tolerability, and
Efficacy of INCB24360 Administered in
Combination With Nivolumab in Select
Advanced Cancers

A Study to Investigate the Safety and
Efficacy of Nivolumab in Virus-associated
Tumors (CheckMate358)

Phase Il Study of MEDI4736 Monotherapy
in Treatment of Recurrent or Metastatic
Squamous Cell Carcinoma of the Head and
Neck

Study of MEDI4736 Monotherapy and in
Combination With Tremelimumab Versus

Pembrolizumab

Pembrolizumab

PLX3397,
Pembrolizumab

Pembrolizumab

Pembrolizumab

Nivolumab

Lirilumab,
Nivolumab

Nivolumab,
INCB24360

Nivolumab

MEDI4736

MEDI4736,
Tremelimumab

NCT02289209

NCT02255097

NCT02452424

NCT02252042

NCT02358031

NCT02105636

NCT01714739

NCT02327078

NCT02488759

NCT02207530

NCT02369874
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Standard of Care Therapy in Patients With
Head and Neck Cancer

Study to Assess Combination of MEDI4736 MEDI4736, NCT02499328
With Either AZD9150 or AZD5069 in AZD9150,

Patients With Metastatic Squamous Cell AZD5069

Carcinoma of Head and Neck

A Phase 1 Study of MPDL3280A (an MPDL3280A NCT01375842

Engineered Anti-PDL1 Antibody) in Patients
With Locally Advanced or Metastatic Solid
Tumors

A Phase I, Open-Label, Multicentre Study to MEDI4736 NCT01938612
Evaluate the Safety, Tolerability and

Pharmacokinetics of MEDI4736 in Patients

With Advanced Solid Tumours

PD-L1: Programmed-death receptor ligand-1 (PD-L1) is the ligand for PD-1, and
ligation of PD-L1 to PD-1 leads to T cell inhibition®. PD-L1 is expressed in a
multitude of tissues including muscles and nerves. Of relevance for cancer
immunotherapy, PD-L1 can be expressed on the surface of tumor cells, tumor
associated macrophages (TAMs), and T lymphocytes, and can subsequently
inhibit PD-1 positive T cells22 85, The expression of PD-L1 can be induced by
cytokines such as interferons, or alternatively PD-L1 can be expressed
autonomously through aberrations in the EGFR signaling pathway?@6-8°. In clinical
studies, antibodies blocking PD-L1 have demonstrated 6-21% objective response
rate (ORR) in non-selected tumors® 91, 19% in triple-negative breast cancer®?,
and 38% in patients with NSCLC demonstrating high PD-L1 expression®. The
toxicity profile for anti-PD-L1, like anti-PD-1, is thought to be generally milder
compared to the adverse events observed with anti-CTLA-4°1. The mechanism of
action of anti-PD-L1 is currently under investigation. Several studies have shown

that clinical benefit is directly correlated with high expression of PD-L1%. The
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multiple open clinical trials testing the efficacy of anti-PD-L1 in HNSCC are also

summarized in Table 1.

Other checkpoint blockade agents: A large numbers of immune checkpoint
inhibitors have been discovered and a significant portion of them are currently
being tested in either a pre-clinical setting or in clinical trials for the treatment of
cancer. Two examples that have moved into the clinical setting are anti-LAG-3,
targeting an inhibitory receptor on the surface of T cells; and anti-KIR, to reverse
the inhibited natural killer (NK) cells. Trials involving anti-LAG-3 and anti-KIR are

underway for the treatment of hematologic and advanced solid malignancies.

Adoptive T cell Therapy with Autologous T cells

Regardless of HPV status, the presence of tumor-infiltrating lymphocytes is
associated with more favorable outcomes in HNSCC#4 45, The use of adoptive T
cell therapy in HNSCC was briefly discussed earlier in this chapter, limited
studies have been performed in a few centers36.37. 94, At our center, we have
attempted to generate TILs from HNSCC tumors in over 100 patients and
successfully generated tumor-specific TILs in about 50% of the samples. We
have treated a single patient with aggressive HNSCC using ACT: although the
patient progressed rapidly due to the bulk of the disease, there were a few
nodules between 3cm and 10cm which showed rapid necrosis and regression,
with one 3cm nodule completely disappearing only a week after T cell infusion.

We believe that ACT represents a treatment strategy for HNSCC with some
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promise, however, there is still a lot to be learned about dosing and timing with

high dose IL-2 and potential combination therapies.

Cytokine based therapy

Cytokines are molecular signals that allow intercellular communication over some
distance to generate rapid and robust immune responses in a controlled manner.
The immune-mediated anti-tumor activities of a few cytokines have been well
characterized in pre-clinical settings and led to many clinical trials testing the
efficacy of interleukins including IL-2, IL-7, IL-12, IL-15, IL-21; interferons; and
GM-CSF. Out of these, high-dose IL-2 was approved for treatment of metastatic
melanoma and renal cell carcinoma®®, and IFNa for adjuvant therapy in patients

with stage 3 melanoma®.

IL-2: Interleukin-2 or IL-2, is a member of the IL-2-related family that functions to
stimulate T cell growth through the IL-2 receptor. IL-2 exhibits a myriad of effects
on the immune system: in addition to promoting CD4 and CD8 T cell proliferation,
and differentiation into effector T cells and memory T cells. IL-2 also expands
Tregs, which express high-affinity IL-2 receptors®’- %8, This acts as a negative
feedback mechanism to decrease CD8 T cell activity through both depletion of
IL-2 and inhibition by Tregs. Systemic high-dose IL-2 plays a key role in the
treatment of metastatic melanoma and renal cell carcinoma. Due to acute
toxicities, use of high dose IL-2 is limited to patients who are in otherwise good

health. It induces objective clinical response in 15-25% of patients with
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metastatic melanoma and renal cell carcinoma, with complete response around
7-10%33. 99-101 |mportantly, of the patients achieving complete response, 80-95%

remain disease free for up to 20 years100. 102,

The use of IL-2 in HNSCC has been used in local-regional or intralesional
injection with mixed results. High-dose IL-2 injected local-regionally
demonstrated induction of tumor-specific T cells in the draining lymph nodes of
patients with HNSCC193, However, perilymphatic injection of low-dose, but not
high-dose IL-2, demonstrated temporary regression of HNSCC and two complete
responders in lip cancerl?4-108 The mechanism for resistance to IL-2 therapy in
HNSCC is unclear. It has been suggested in melanoma that patients who fail to
demonstrate significant Treg induction experienced an increased response to
therapy199. One explanation for these observations is that the presence of
abundant regulatory T cells unique to HNSCC could be rapidly expanded with IL-
2 and thus limit the anti-tumor CD8 response. Combination therapy with systemic
high-dose IL-2 and Treg depleting agents, such as cyclophosphamide, may be

an avenue to overcome this pathway for the treatment of HNSCC.

IFNa: interferon-a is a type | interferon that is involved in the immune response to
viral infections. In cancer immunotherapy, administration of IFNa can activate
CDS8 T cells, as well as the innate immune system, specifically, NK cells, DCs,
and macrophages!1% 111 This has led to a heightened anti-tumor immune

response in pre-clinical models, especially when used in combination therapy
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with checkpoint blockade®®. The use of IFNa clinically has so far been limited to
adjuvant setting in high risk melanoma, while it can significantly improve disease-
free survival its overall survival benefit seems to be limited to a very small subset
of patients®®. Currently IFNa is being tested in solid tumors in combination with

various targeted and immunotherapy agents.

Other cytokines: administration of cytokines such as IL-7, IL-12, IL-15, IL-21,
GM-CSF, and inhibition of suppressive cytokines such as TGF[ are still being
explored in the treatment of a variety of solid malignancies, including HNSCC.
IL-12 has been reported to increase B cell distribution and activation when
injected intratumorally in an adjuvant setting for treatment of HNSCC112 113 phut
the clinical benefit is currently unclear. It is possible that we may see increasing
number of these agents used in combination therapy for the treatment of
HNSCC, as pre-clinical evidence points to increased efficacy of these agents

when used in combination with checkpoint blockade or T cell agonists.

Immune system agonists

Upon encountering an antigen, T cells can upregulate co-stimulatory receptors
such as OX40 and 4-1BB?9. Activation of these co-stimulatory receptors can
significantly increase T cell proliferation, function, and survival, leading to a
greater anti-tumor immune response. A few of these co-stimulatory receptors

with clinical application potential are discussed below.
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0OX40: OX40 is a member of the tumor necrosis factor receptor (TNFR)
superfamily and is present on surface of T cells, in particular CD4 T cells and
Tregs20. Activation of OX40 through an agonist antibody, either directly or
indirectly, increases CD4 and CD8 T cell priming, proliferation and function2°,
Interestingly, while OX40 activation in Tregs does not seem to affect their
proliferation, their ability to inhibit the function of CD8 T cells appears to be
hindered partly through the disruption of FoxP3 expression and inhibitory
cytokine release?? 114, This tips the effector to inhibitor balance in the tumor
microenvironment and results in significant anti-tumor efficacy in many
immunogenic pre-clinical models1>. In poorly immunogenic tumor models,
combination with a vaccine appears to substantially improve therapeutic efficacy
(Fox lab unpublished). Clinically, 9B12, an agonist antibody to OX40, has had
safety demonstrated in a phase | triall16. The antibody is currently being tested
as a single agent in neoadjuvant setting for the treatment of patients with HNSCC
(NCT02274155). Based on pre-clinical evidence, OX40'’s antitumor activity could

potentially be further improved by combining it with a vaccine or PD-1 blockade.

4-1BB: 4-1BB is another member of the TNFR superfamily expressed on
activated T cells and NK cells11’. Its engagement by 4-1BBL or by an agonist
antibody on CD8 T cells results in increased proliferation, cytokine production,
and survivall18, 4-1BB activation also has profound impact on the humoral
immune system and CD4 T cells!1®. Studies in pre-clinical models of lupus

demonstrated suppressed B cell response and induction of CD4 T cell anergy
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upon 4-1BB stimulation??, In pre-clinical tumor models, in vivo administration of
4-1BB agonist antibody demonstrated enhanced anti-tumor activity ina CD8 T
cell dependent manner!2l. 122 and currently these agents are being tested in
clinical trials for treatment of solid and hematologic malignancies. 4-1BB
agonists, either as a single agent or in combination with checkpoint blockade are
currently being proposed for the treatment of HNSCC, and new trials could open

in the near future.

CD40: CDA40 is another member of the TNFR superfamily that is mainly
expressed on the surface of APCs. CD40 plays an important role in licensing of
APCs by T cells, its ligation by CD40L or an agonist antibody leads to increased
expression of MHC complexes and co-stimulatory molecules; secretion of pro-
inflammatory cytokines such as IL-12; and increased antigen-presentation. This
in turn facilitates the priming of CD4 and CD8 T cells, leading to the activation of
NK cells and to an enhanced anti-tumor immune response. CD40 agonist
antibodies such as CP-870,893 (Pfizer) and dacetuzumab (Seattle Genetics,
discontinued) demonstrated pre-clinical therapeutic efficacy in both solid and
hematologic malignancies. Among solid tumors, CD40 agonist antibodies have
been tested in the treatment of pancreatic cancer with objective response rate of
around 20%. Preliminary study in melanoma with combination CP-870,893 and
tremelimumab (anti-CTLA-4, Pfizer) was performed with an ORR at 27.3% and
CR at 9.1%123, The utilization of anti-CD40 in HNSCC has not yet been

extensively explored.
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Vaccines

A coordinated anti-tumor immune response that induces both CD4 and CD8 T
cell is critical to mediating therapeutic effect. To activate tumor-specific CD4 and
CDS8 T cells, tumor-associated antigens (TAAS) are processed and cross-
presented by APCs. When the immune system is functioning optimally and in the
presence of adequate co-stimulatory signals and cytokines, the T cells are
activated and expanded in numbers that can recognize and eliminate tumor cells.
It is currently hypothesized that a pre-existing anti-tumor T cell response is
critical to the therapeutic effectiveness of checkpoint blockade, especially anti-
PD-1. For patients lacking this pre-existing tumor-specific immune response,
priming a new anti-tumor response through vaccines is expected to provide
substantial benefit to therapy containing checkpoint blockade or immune system

agonists. The many forms of vaccines will be briefly discussed below.

Peptide and whole protein vaccine: The utilization of peptide vaccine for the
treatment of cancer has expanded since one of the first studies used a MAGE-1
peptide for the treatment of melanomal?4. Delivery of peptide-based vaccine with
an immune adjuvant or pulsed onto DCs has been shown to elicit peptide-
specific CD8 T cell responses. Peptide cocktails have been used with various
degrees of success in certain solid tumors, with one study using IDM-2101, a 10-
peptide vaccine cocktail for treatment of patients with stage I1IB and IV NSCLC.

The study reported no significant adverse effect with 17.3 month median overall
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survivall?>, For vaccines containing single whole-protein, progression-free
survival and median overall survival benefit has been observed!?6. 127, These
results led to the first FDA-approved cancer vaccine, Sipuleucel-T, for the
treatment of castration-resistant prostate cancer. However, very few durable
responses were observed with single peptide vaccines, potentially because the

protein antigen was down regulated by the tumor cells128,

Whole cell vaccines: Whole cell vaccines are prepared using irradiated whole
tumor cells and are frequently delivered with an adjuvant, such as GM-CSF. One
advantage of whole cell vaccines, compared to a peptide vaccine, is that it
contains a richer antigenic profile. By using the autologous tumor, multiple
relevant antigens can potentially be targeted in a single vaccine, aimed to induce
anti-tumor immune response when combined with a stimulatory adjuvant.
Genetic modification of the tumor has also been accomplished, particularly with
GM-CSF, which stimulates recruitment of DCs to the vaccine site and results in
augmented antigen processing and presentation to both T and B cells12%. Due to
the cost and difficulty coordinating autologous vaccine preparation, allogeneic
vaccine strategies now represent the bulk of whole tumor vaccine trials'3°, The
assumption with allogeneic vaccines is that many antigens are shared between
tumors so that vaccination with an allogeneic tumor can effectively prime an
immune response towards antigens commonly overexpressed by a patient’s
autologous tumor. This approach demonstrated promise with one phase Il study

reporting median survival of 24.8 month in patients with pancreatic
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adenocarcinoma vaccinated with GM-CSF secreting allogeneic tumor3?,

Autophagosome-based vaccines: Autophagy, the process by which cells recycle
cellular components through autophagolysosomal fusion, is essential in the
immune recognition of cancer!32-134, Tumor autophagy is necessary for tumor-
specific T cell priming through the induction of cross-presentation of tumor
antigens by DCs135. 136 |n addition, tumor-derived autophagosomes contain
short-lived proteins and defective ribosomal products, which represent the major
source of proteins for MHC class I-restricted self-peptides!3’. 138, These two types
of proteins degrade rapidly and are not enriched in whole-cell vaccines but are
captured and enriched in the autophagosome-based vaccines. Anti-tumor
efficacy has been shown in several different pre-clinical models!3% 139. 140 gnd
DRibbles (UbiVac), an autophagosome-based vaccine, is currently being tested
in an ongoing multicenter phase Il clinical trial in patients with non-small cell lung
cancer (NCT01909752). A trial for the treatment of patients with HNSCC is being

planned.

HPV vaccine: HPV-related HNSCC has been steadily on the rise for the last 3
decades in United States with a concurrent decrease in smoking related
HNSCC4, |t is estimated that by 2020, HPV-related HNSCC cases will be more
frequent then HPV-negative cases!42. HPV is a DNA virus that can inhibit the
function of P53 and Rb through the E6 and E7 oncoproteins, respectively. A

direct causal relationship has been established between high risk HPV and
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HNSCC, and the E6 and E7 oncoproteins can be readily detected in many HPV-
positive tumors. The therapeutic use of HPV vaccine is still being explored in
HNSCC,; studies in patients with cervical intraepithelial neoplasia grade 2/3
demonstrated that intramuscular vaccination with HPV EG6/E7 vaccine induced
CD8 T cell response that localized to the dysplastic mucosa. Currently, there are
multiple trials opened for the treatment of HNSCC using HPV vaccines delivered
using different platforms. These include ADXS 11-011 (Advaxis Inc.) study using
Listeria as a vector for vaccine delivery (NCT 02002182), peripheral blood
mononuclear cells pulsed with E6 and E7 peptide (NCT00019110), and
intramuscular vaccination with VGX3100 and INO-9012 (Inovio Pharmaceuticals)
followed by electroporation (NCT02163057). Additionally, a vaccine against high
risk HPV subtypes has successfully reduced the incidence of cervical
intraepithelial neoplasia (CIN) by 90-96%143. 144 and is currently being

implemented in the prevention of HPV induced HNSCC (NCT02382900).

Biomarkers

The final part of this chapter will briefly cover biomarkers, a rapidly advancing
area for immunotherapy. With increasing numbers of immunotherapy strategies
available for the treatment of solid malignancies, including HNSCC, identification
of prognostic and predictive biomarkers is paramount to stratify patients and
direct therapy. Understanding these biomarkers is an active area of research,
with a majority of the attention focusing on the checkpoint blockades such as

anti-PD-1. Recent studies have demonstrated that response to anti-PD-1 is
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heavily dependent on the expression of PD-L1 in the tumor microenvironment, as
well as the mutational burden of the tumor20.22. 145, These findings suggest that
the response to anti-PD-1 is hinged on a pre-existing anti-tumor immune
response, and that anti-PD-1 acts to free the CD8 T cells from inhibition to exert
their anti-tumor activities. A biomarker for anti-CTLA-4 clinical activity is also
being researched; preliminary studies suggest that the response is dependent on
FcgRIIIA (CD16)-expressing monocytes’ mediated elimination of Tregs®°. IHC is
the most frequently used technique in the identification of these biomarkers.
Studies using quantitative IHC have identified CD8 T cell infiltration as an
important prognostic factor in predicting outcome for patients with HNSCC44 45,
More recently, multiplex immunohistochemistry has emerged as a more
advanced tool for the analysis of the tumor microenvironment, offering a more
efficient and comprehensive analysis of the tumor microenvironment for both
diagnostic and mechanistic studies 23 146, This also allows us to explore the
relationship between cell types in the peritumoral and intratumoral
compartments, quantify the expression of specific biomarkers (Figure 1) and
examine their impact on patient prognosis as well as response to therapy. As
research on biomarkers advances we will hopefully be able to better direct
patients’ treatment, based on their tumor microenvironment and mutational
status, to the immunotherapy that potentially offers the best response rate and

ultimately, a cure for their disease.
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Figure 1.2: Distinct tumor microenvironment in HNSCC. Left: Tumor with low
immune infiltrate and high PD-L1 expression. Right: Tumor with high immune
infiltrate and low PD-L1 expression. Key — Red: PD-L1; Yellow: CD8; Green:
FoxP3; Magenta: CD79A (B cells); Orange: CD163 (Macrophages); Blue: DAPI

Summary

The development of multiplex IHC highlights a gradual shift in the study of tumor
microenvironment and biomarker development. By analyzing multiple parameters
simultaneously, we seek to uncover important immune signatures in the tumor
microenvironment in melanoma and HNSCC. Specifically, we hypothesize that
the analysis of cell-cell relationship through multiplex IHC provides a more
complete view of tumor microenvironment and results in 1) the development of
better prognostic and predictive biomarkers; and 2) provides insight into the
underlying biology and mechanism of action of different therapies. Both of these

points will be discussed in detail in the subsequent chapters.

# Originally published in Targeting Oral Cancer. ISBN 978-3319276458
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Chapter 2: Multiplex analysis in melanoma predict generation of
tumor-infiltrating lymphocytes*

Abstract

Background

Adoptive T cell therapy (ACT) has shown great promise in melanoma, with over
50% response rate in patients where autologous tumor-reactive tumor-infiltrating
lymphocytes (TIL) can be cultured and expanded. A major limitation of ACT is the
inability to generate or expand autologous tumor-reactive TIL in 25-45 percent of
patients tested. Methods that successfully identify tumors that are not suitable for
TIL generation by standard methods would help eliminate the costs of fruitless
expansion and enable these patients to receive alternate therapy immediately.
Methods

Multispectral fluorescent immunohistochemistry with a panel including CD3, CDS,
FoxP3, CD163, PD-L1 was used to analyze the tumor microenvironment in 17
patients with melanoma among our 36-patient cohort to predict successful TIL
generation. Additionally, we compared tumor fragments and enzymatic digestion
of tumor samples for efficiency in generating tumor-reactive TIL.

Results

Tumor-reactive TIL were generated from 21/36 (58%) of melanomas and for
12/13 (92%) tumors where both enzymatic and fragment methods were
compared. TIL generation was successful in 10/13 enzymatic preparations and in
10/13 fragment cultures; combination of both methods resulted in successful

generation of autologous tumor-reactive TIL in 12/13 patients. In 17 patients for
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whom tissue blocks were available, IHC analysis identified that while the
presence of CD8* T cells alone was insufficient to predict successful TIL
generation, the CD8" to FoxP3™ ratio was predictive with a positive-predictive
value (PPV) of 91% and negative-predictive value (NPV) of 86%. Incorporation of
CD163+ macrophage numbers and CD8:PD-L1 ratio did not improve the PPV.
However, the NPV could be improved to 100% by including the ratio of CD8*:PD-
L1* expressing cells.

Conclusion

This is the first study to apply 7-color multispectral immunohistochemistry to
analyze the immune environment of tumors from patients with melanoma.
Assessment of the data using unsupervised hierarchical clustering identified
tumors from which we were unable to generate TIL. If substantiated, this immune
profile could be applied to select patients for TIL generation. Additionally, this
biomarker profile may also indicate a pre-existing immune response, and serve
as a predictive biomarker of patients who will respond to checkpoint blockade.
We postulate that expanding the spectrum of inhibitory cells and molecules
assessed using this technique could guide combination immunotherapy

treatments and improve response rates.

# Originally published in J Immunother Cancer. 2015 Oct 20;3:47
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Introduction

ACT with autologous TIL has shown great promise against metastatic melanoma,
with response rates of up to 50-70% and complete responses of up to 20%32 34
147 In patients with melanoma, 95% of the complete responders demonstrated a
durable response for at least 5 years34. While the anti-tumor effect of ACT
appears to be primarily mediated by CD8* effector T cells!47-149, CD4* T cells can
also mediate tumor regression and may play a critical role in maintaining long-
term immunity and cure of patients!®0. 151 T cells used for ACT are expanded
from patients’ autologous tumors by in vitro culture with high-dose interleukin 2.
Cultured TIL that recognize autologous tumor and secrete y-interferon are
considered autologous tumor-reactive. These cells are then cultured using a
rapid expansion protocol (REP) and adoptively transferred into patients?26. 27. 149,
152-156 . A major limitation of adoptive T cell therapy is the inability to generate or
expand tumor-reactive lymphocytes from many tumors. Autologous tumor-
reactive T cells can be produced from 50 - 75% of melanoma specimens, but
success rates are much lower for other cancers (0-20% for renal, breast and
colon cancers)38. Identifying the reasons for failure of TIL isolation and expansion
is important if we are to make ACT available to more patients with melanoma and
other tumor types. Additionally, recent reports suggest that the response to
checkpoint blockade agents such as anti-PD-1 and anti-PD-L1 is limited to
patients with pre-existing immune responses?’ 21, Since the isolation of
autologous tumor-reactive TIL is potentially the best indicator thata T cell

response against a patient’s tumor cells exists, we hypothesize that a
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pretreatment immunohistochemical assessment that can predict the ability to
generate autologous tumor-reactive T cells may also serve as a biomarker to

predict response to checkpoint blockade or other immunotherapies.

Quantitative immunohistochemistry has been useful for predicting response
rates, treatment selection and determining prognosis in many types of cancer?®
157 This is especially notable in colon cancer, where the type and amount of
tumor-infiltrating lymphocytes is highly predictive of prognosis’: 18, Similar
reports have been made in melanoma, in which patients with high CD8* T cells
are associated with better prognosis 1%8-160, Recently, multiplex
immunohistochemistry (IHC) has emerged as an important tool for the analysis of
the tumor microenvironment. Compared to traditional single color IHC methods,
multiplex IHC methods are more efficient and contain richer information sets for
both diagnostic and mechanistic studies 23 146, We utilized a multispectral
guantitative fluorescent immunohistochemistry method, which allows
simultaneous detection of 7 markers, to explore potential suppressive
mechanisms in the tumor microenvironment that may prevent the generation of
autologous tumor-reactive TIL. The results not only demonstrate for the first time
the feasibility of this method in analyzing clinical tumor specimens, but also
provide insight into possible reasons for the failure to isolate or expand

autologous tumor-reactive TIL from patients with melanoma.

Materials and Methods

TIL Generation
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Tumor procurement and processing: All tumors were resected as part of an IRB-
approved protocol of the Providence Portland Medical Center and were
numbered sequentially upon arrival in the Human Applications Laboratory (HAL)
of the Earle A. Chiles Research Institute (EACRI). Appropriate consent was
collected from patients from whom the tumors were collected for research use. At
the beginning of these studies, all tumors were processed by triple enzyme
digestion using a mixture of collagenase type IV (Cat# C-5138, SIGMA),
hyaluronidase Type-V (Cat# H-6254, SIGMA) and deoxyribonuclease-1 (Cat# D-
5025, SIGMA). Subsequently, tumors were processed using GMP manufactured
enzymes that included Liberase MTF C/T, a combination of collagenase and
thermolysin (Cat# 05339880529, Roche), Hylenex (Baxter) or Amphadase
(Amphaster), and DNase-1 recombinant grade-1 (Cat# 04536282001, Roche).
The freshly minced tumor suspension and enzyme mixture was subsequently
mixed at room temperature for 4 to 18 hrs, using a magnetic stir bar and stir plate
with rotations set at the lowest speed that would keep the tumor fragments
suspended. The resulting tumor digest was filtered through a 200-micron nylon
membrane and washed twice with HBSS, counted and resuspended in Human
AB culture medium. Human AB culture medium (CM) is comprised of RPMI 1640
(Lonza, Walkersville, MD), 25mmol/L HEPES pH 7.2 (Lonza), L-Glutamine (200
mM) (Lonza), penicillin/streptomycin 10,000 units/ml (Lonza), gentamicin
50mg/mL (Cambrex), 5.5%x10-5M B-mercaptoethanol (Life Technologies,
Eugene, OR), supplemented with 10% heat-inactivated human AB serum (Valley

Biomedical, Inc, Winchester, VA; Cat #HP1022; Lot numbers K-61552, G-81460
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and B-90211). These lots of human AB serum were screened by the Surgery
Branch, NCI, NIH and shown to support generation of human TIL (Screening
information supplied by Dr. Maria Parhkurst and Linda Parker).

For the head-to-head comparison of TIL generation from tumor fragments and
enzymatic digests, the same tumor specimen was minced into 1-2 mm?
fragments and representative fragments were taken to set up fragment TIL
cultures. The remainder of the minced tumor was processed for isolation of cells
by enzymatic digestion.

Briefly, TIL generation was performed similarly to that outlined by Surgery
Branch, NCI, NIH, tiltum protocol 9-6-05 (provided by DR. John Wunderlich).
Typically, at least 6 wells of tumor fragments and 6 wells enzymatically digested
tumor were plated for culture. For tumor fragment cultures, typically 4 to 10
fragments were plated into each well of a 24 well plate containing 2 mL human
AB CM supplemented with 1000 cU/mL. Enzyme digested tumor suspensions
were adjusted to 5.0 x 105/mL in human AB CM supplemented with 1000 cU/ml
IL-2 and 2mls were plated per well of a 24 well plate. The 24 well plates were
placed in a humidified 37°C incubator with 5% CO2 and cultured until lymphocyte
growth was evident. Each well of the plate was inspected on alternate days
using a low-power inverted microscope to monitor the extrusion and proliferation
of lymphocytes. Whether or not lymphocyte growth was visible, half of the
medium was replaced in all wells no later than 1 week after culture initiation.
Typically, about 1 to 2 weeks after culture initiation, a dense lymphocytic carpet

would cover a portion of the plate surrounding each fragment. When any well
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became almost confluent, all the growing lymphocytes were mixed vigorously,
split into two daughter wells and filled to 2 mL per well with CM plus 1000 cU/mL
IL-2. Subsequently, the cultures were split to maintain a cell density of 0.5 to 1.0
x 10° cells/mL, or half of the media was replaced at least twice weekly or (as
needed). The age of TIL cultures used in these studies varied from 12 to 67
days. Each culture originating from each of the initial 6 wells plated for each
condition were considered to be an independent TIL culture or “cloid” and
maintained in a separate plate with separate pipettes used to maintain integrity of
each cloid during expansion.

Cytokine release assays (IFNy Release):

Tumor specificity or reactivity assays were initiated the same day cells were
harvested and frozen for future use. TIL activity and specificity were determined
by analysis of IFNy secretion following stimulation with autologous tumor cells.
TIL (1x1068 cells/well) were plated in a 24-well plate with 2.5x10° autologous
stimulator tumor cells/well. Autologous tumor cells were either cryopreserved
enzymatic tumor digests or autologous melanoma cell lines. Control wells
contained either TIL alone or tumor cells alone. Supernatants were harvested
after 18-20 hours and IFNy secretion was measured by enzymes linked-
immunosorbent assay (ELISA) technique according to manufacturer’s guidelines
(eBioscience). TIL. were considered autologous tumor-reactive if at least one of
the TIL cloids released >100 pg/ml of IFNy and this value was > twice the
background values (IFNy release from TIL alone).

Immunohistochemistry
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Slides were placed onto staining rack in the Leica autostainer and
deparaffinization protocol (70% ethanol 30min, 95% ethanol 30min x 2, 100%
ethanol 30min x 3, xylene 40min x 2, paraffin 35min x 4) was run. Samples were
marked with ImmEdge hydrophobic pen (Vector) and let dry. Slides were
subjected to antigen retrieval with Citra buffer (Biogenex) and rinsed once with 1x
TBST (10x solution: 88g Trizma base, 24g of NaCl in 1L ddH20, pH to 7.60). and
blocked with Ventana antibody diluent for 10 minutes. Primary antibody was
diluted in Ventana antibody diluent: the dilutions are 1:50 for CD3 (SP7, Spring
Bioscience, M3074), 1:50 for CD8 (SP239, Spring Biosciences), 1:100 for FoxP3
(236A/E7, Abcam), 1:200 for PD-L1 (E1L3N, Cell Signaling), 1:25 for melanoma
cocktail (ab732, Abcam); and pre-dilute for CD163 (MRQ26, Ventana). Primary
antibodies were incubated for 45’ on an orbital shaker (Thermo Scientific,
SHKA2000) at room temperature. Antibodies were subsequently removed by
vacuum and slides were washed 3x for 30s in TBST.

Anti-rabbit or anti-mouse secondary antibody (Life Technologies) was added to
slides drop wise to cover the tissue area, slides were incubated for 10 minutes at
RT and subsequently washed 3x for 30s in 1x TBST.

Tyramide-conjugated fluorophore (TSA-fluorophore) (PerkinElmer,
NEL791001KT; Life Technologies, T20950) was added to slides at 1:100
dilutions in Amplification plus buffer (PerkinElmer, NEL791001KT) and incubated
for 10 minutes at RT; TSA was vacuumed off and slides were washed 3x for 30s
in 1IX TBST

For multiplex imaging, heat based antigen-stripping method with Citra buffer was
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used between each sequential staining step. On the final step, DAPI (Life
Technologies, D1306, 1mg/mL stock) was diluted 1:500 in TBST and added to
slides. Slides were incubated for 5 minutes at RT and washed 2x for 30s in TBST
Slides were rinsed with ddH20 and coverslipped with VectaShield Hard Mount
(Vector). Slides were painted with nail polish (L.A. Colors) and stored at 4°C in a
covered slide box. Slides were imaged at both 4x and 20x using Vectra imaging
software (PerkinElmer) and the number of cells were enumerated from 20x fields

using inForm analysis software (PerkinElmer).
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Results

Patients

Between 2001 and 2009, melanoma samples from 39 patients with melanoma
enrolled in a cancer immunotherapy research study approved by the Providence
Portland Medical Center’'s (PPMC) Institutional Review Board, were used to
generate TIL. Signed informed consent was obtained from all patients. Tumor
specimen from 3 patients were excluded from our study, 2 of them are
contaminated due to the site from which they were resected, and 1 was not able
to be tested for tumor-reactivity because autologous tumor was unavailable.
Surgical specimens for immunohistochemistry studies were obtained from the
PPMC Pathology Department. Formalin-fixed-paraffin-embedded (FFPE)
specimens and frozen section controls frozen section controls (FSC) samples
from the same date were retrieved from Pathology for a subset of the patients
whose tumors were resected at PPMC. FSC samples were prepared by thawing
the frozen samples in OCT medium, fixing in 10% formalin, and subsequently
processed and embedded at PPMC pathology. In some cases, these
reprocessed cryopreserved tumors were not useful for multispectral imaging and
were excluded from our multispectral studies. Patient demographics are shown in
Table 2.1. The median age was 56, with a range between 23 and 79; 65% of the

patients were male.
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Mel
number

Mel-
119

Mel-
120

Mel-
131

Mel-
133

Mel-
134

Mel-
135

Mel-
140

Mel-
144

Mel-
145

Mel-
150

Mel-
160

Mel-
163 A

Mel-
173-C

Mel-
176

Mel-
177A

Mel-
179

Mel-
180A

Sex

Successful
expansion
(N=29)

No

No

Yes

Yes

Yes

No

Yes

No

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Tumor-
reactive
(N=21)

Yes

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

37

FFPE
(N=17)

FFPE

FFPE

FFPE

FFPE

FFPE

FSC

FFPE

FSC

FSC

Site

Right Groin

Right Back

Liver

Right
supraclavicular
mass

Intraperitoneal
mass

Right back mass

Right Thigh

llliac LN

lower left lobe

Right Leg mass
Right axillary
mass

Axillary tumor
mass

Time to
growth
(days)

29

30

38

37

27

26

55

40

34

25

56
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number

Mel-
181

Mel-
182

Mel-
185

Mel-
186

Mel-
187

Mel-
188

Mel-
189

Mel-
189A

Mel-
190

Mel-
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Mel-
192

Mel-
193

Mel-
199

Mel-
200

Mel-
201

Mel-
206

Mel-
207

Mel-

Sex

T

T

Successful
expansion
(N=29)

Yes

No

Yes

No

Yes

Yes

No

Yes

No

Yes

No

No

Yes

Yes

Yes

Yes

Yes

Yes

Tumor-
reactive
(N=21)

Yes

Yes

No

No

Yes

No

Yes

Yes

Yes

Yes

Yes

Yes

FFPE
(N=17)

FFPE

FSC

FSC

FFPE

FFPE

FSC

FSC

38

Site

Left pelvic mass

Superior
medistinal mass

Right lower lobe
mass

Paracenthesis
fluid

Right Axillary LN

Left Chest wall

Small Bowl

LN

Thigh

Left Lung Upper
Lobe

Left lower tumor

Left lower lobe

Time to
growth
(days)

12

33

67

41

32

28

48

37

26

56

35

33



Successful Tumor- Time to

el Sex expansion reactive HFHS Site growth
UEE (N =29) N=21)  (N=17) (days)
208 LN
Mel- :

M Yes Yes FFPE Liver mass 29
209
Mel- :
211 F Yes Yes Liver mass 26

Table 2.1: Sample descriptions. Tumor specificity is determined by IFN-y release
when stimulated with the autologous tumor cell line or tumor digest (defined as
IFN-y release greater than 100 pg/ml and double the background (T cells alone).
FFPE or FSC (frozen section control) samples are available where indicated. The
letters (A, B, C) after Mel-# designate tumors from different sites

Comparison of methods to isolate and culture tumor-infiltrating lymphocytes

The recent regulatory concerns regarding the source of enzymes used for
enzymatic digestion of tumors may have led to an increased reliance on fragment
cultures of tumor samples at cancer centers investigating TIL therapy. Fragment
culture methods are faster and more cost effective and studies have reviewed
the efficiency of fragment culture and enzymatic digest on different tumors 26,
However, we are unaware of any head-to-head comparison of TIL generation
from fragments and enzymatic digests of the same tumor. In this report, we
compared the efficiency of fragment culture and enzymatic digestion in the
generation of autologous tumor-reactive TIL cultures in 13 patients. A summary
of results from this comparison is shown in Figure 1. To generate TIL a minimum
of 12 wells of a 24 well culture plate was initiated; 6 wells contained
enzymatically digested tumor cell suspensions and 6 wells contained tumor
fragments. Culture efficiency was evaluated in two ways. First, we determined

the percentage of wells where it was possible to grow cultures of lymphocytes.
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Fig. 2.1: Efficiency of TIL Generation using tumor fragment and enzymatic
digest. a-b Percentage of plated wells that grew TILs for (a) each patient and (b)
average for all 13 patients. c-d Percentage of plated wells that grew tumor-
reactive TILs for (c) each patient and (d) average of all 13 patients. Statistics are
established using paired parametric analysis. M: tumor fragments; E: Enzymatic
digest

Second, we evaluated whether the lymphocytes that grew out exhibited
autologous tumor-reactive function, as defined by >100pg/mL IFNy release when
stimulated with autologous tumor and at least two times the background of T
cells cultured alone. While the ability to expand lymphocytes from tumors
appeared equivalent between fragment culture and enzymatic digest isolation
methods, there was a trend towards superiority for growth of autologous tumor-
reactive lymphocytes with enzymatic digestion (P=0.09). Importantly, we failed to
generate autologous tumor-reactive TIL from 3 patients (23%) using tumor
fragment culture, and from 3 patients (23%) when enzymatic digestion was used

(Figure 2.1C). If both methods were used to generate TIL, the success rate of

generating an autologous tumor-reactive TIL culture improved to 92% (12/13).
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While the numbers are small, this suggests that including both fragment culture
and enzymatic digestion may enhance the success of tumor-reactive TIL

isolation.

Predicting the ability to generate autologous tumor-reactive TIL

We were able to culture autologous tumor-reactive TIL from 21/36 (58%) of
patients. This number is similar but a bit lower than the percentage of autologous
tumor-reactive T cells generated from a large ACT clinical trial for treatment of
melanoma (57/82, 70%)3°. The schematic for our culturing conditions is shown in
Figure S2.1. The patients from whose tumor we could not culture TIL were
retested using cryopreserved tumor digest and the failure to grow TIL was
confirmed. The first question we asked about the tumors from which TIL could
not be grown was whether they were infiltrated by low numbers of CD8* T cells.
To address this question, we were able to retrieve 11 FFPE and 6 FSC blocks
from our 36-patient cohort. Two blocks (Mel-179, Mel-188) represent cases
which TIL could be successfully cultured but were not tumor-reactive; we
included these in our study and they are highlighted in the figures for distinction.
H&E sections from selected patients were blindly reviewed by a board-certified
hematopathologist (C.B.B.) at our institute. Lymphocytic infiltrate within the tumor
was classified as low (1+), intermediate (2+), or high (3+). No correlation was
noticed between extent of lymphocytic infiltrate and the ability to generate TIL

from the tumors (Figure 2.2).
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Figure 2.2: Lymphocytic immune infiltrate is insufficient to predict TIL culture
success. A) Representative H&E stain from 4 patients, two are classified as 3+
(Top) and two are classified as 1+ (Bottom), TIL culture status is indicated above
images. A summary of our observations is shown in B, which compares the
average pathology score of lymphocytic infiltrate between tumors that grew
tumor-reactive TILs and those that did not.

From this we hypothesized that the tumor microenvironment in some patients is
immunosuppressive such that the ability to culture TIL is limited. To address this
guestion and further confirm our initial finding, we utilized a multispectral
guantitative immunohistochemistry platform (Vectra, PerkinElmer, Hopkinton,
MA) to quantitatively and qualitatively assess the immune infiltrates within
tumors. Four representative images are shown in Figure 2; there were two
distinct patterns of immune infiltrate observed in our cohort: the patients with

extensive immune infiltrates (Figure 2.3A, B) and those with limited immune

infiltrate (Figure 2.3C, D).
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Failed to Generate TiLs Successfully Generated TiLs

A) Mel-135 [} 20% L L IRt @ i SIS oY B) Mel-176

Fig. 2.3: Sample 7-plex Images. Patients with high (Top) and low (Bottom)
immune infiltrate from whom TIL did not (Left) or did (Right) grow. Images are 9
(Top) or 4 (Bottom) 200x fields stitched together for the specified melanoma
specimens (A-D)

Supporting our initial observation with in Figure S2, the extent of immune
infiltrate alone was insufficient in predicting the ability to generate TIL (Figure
2.4). We next examined specific immune markers for their ability to predict
generation of TIL. We found that enumeration of the CD3* and CD8* T cell
infiltrates alone is insufficient to predict successful generation of TIL.

Representative images of tumors from two patients are shown in Figure 2.4;

although both tumors have high CD3* (magenta) and CD8* (yellow) T cell
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infiltrate, we were unable to culture TIL from the tumor on the left, while we were

able to generate TIL from the tumor on the right.
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Fig. 2.4: CD3 and CD8 are insufficient in predicting ability to generate TILs. Top:
Pseudocolor H&E image of two example patients with similar CD3+ and CD8+ T
cell infiltrate. Bottom: a-b) Quantification of the total percent of CD3+ and CD8+
T cells. Red colored dots indicated tumor sample that grew TIL but did not react
to autologous tumor

Considering the failure to generate TIL may be a consequence of an immune-
suppressive environment, we evaluated tumors for the number of CD3*FoxP3*
regulatory T cells, and CD163* alternatively activated (M2) macrophages; and
also quantified the number of cells expressing PD-L1. As PD-L1 can also be

expressed on melanoma cells (Figure 2.5A), we used a cocktail consisting of

HMBA45, Mart-1 and Tyrosinase to identify tumor cells. The cocktail was positive
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in 70% of the patients in our cohort. Since PD-L1 can also be expressed on

CD163* macrophages, and CD3*CD8* T cells (Figure 2.5B-C), we included their

expression in our evaluation as well.

Figure 2.5: PD-L1 Localization. A) On tumor cells B) on CD8+ T cells and C) on
CD163+ macrophages.

We analyzed the percent of CD3*FoxP3" regulatory T cells, percent of CD163*
macrophages, and PD-L1 expression using H-Score, a value based both on the
intensity of the PD-L1 expression on a 0-3+ scale, and the number of cells that
are positive for PD-L1. We did not find any significant correlation between the
amount of CD3*FoxP3* regulatory T cells and the ability to generate TIL.
However, when we evaluated the relative proportion of CD8* and CD3*FoxP3*
regulatory T cells, we found that the ratio was highly significant (P=0.006,
PPV=91%) in predicting TIL culture success (Figure 2.6B). This suggests that the
percent of regulatory T cells present in the tumor may be a determining factor in
limiting the proliferation of T cells in vitro. PD-L1 expression by itself did not
correlate with the ability to culture TIL, however, when we took the ratio of CD8*
T cells to PD-L1" cells, there was an increased trend(P=0.09) (Figure 2.6C-D),

suggesting a potential contributory immunosuppressive role for PD-L1 in
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preventing the generation of TIL in vitro. We also found an inverse correlation
between the number of CD163* macrophages and the ability to culture TIL
(P=0.03). This correlation, was however not further improved when the number of

CD8* T cells was taken into account (Figure 2.6E-F).
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Figure 2.6: CD8 to FoxP3 ratio is predictive of ability to culture autologous TILs.
A-B) FoxP3 alone and CD8:FoxP3 ratio. C-D) PD-L1 alone and CD8: PD-L1
ratio. E-F) CD163 alone and CD8:CD163 ratio. Statistics are done with unpaired
nonparametric T test (Mann-Whitney Ranked Comparison). Significance is
established at P<0.05. Red colored dots indicated tumor sample that grew TIL
but did not react to autologous tumor

We then constructed a heat map using all available data sets and performed an
unsupervised hierarchical analysis on all samples (Figure 2.7). We found that
the CD8* to PD-L1" ratio was able to further enhance the NPV of CD8* to FoxP3*
ratio from 86% to 100%. Neither positive nor negative predictive values were

further improved by the amount of CD163* infiltrate.
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Figure 2.7: Unsupervised hierarchical clustering of CD8+:FoxP3+ and CD8+:PD-L1+
ratios. The color is a continuing spectrum with dark red indicating max expression and
dark blue indicating minimum expression. *indicates patients from whom we failed to
culture tumor-specific TIL. **indicates tumor sample that grew TIL but did not react to
autologous tumor

Discussion

Adoptive T cell therapy using autologous T cells has been shown to be an
effective way to treat patients with melanoma. The infrastructure and laboratory
support required is quite substantial and has limited TIL therapy to a small
number of academic sites. A further limitation is that the success rate for

production of tumor-reactive TIL in melanoma has been between 50 and 70%.

Thus this therapy is currently limited to a subset of patients with melanoma from
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whom tumor-reactive TIL can be isolated and expanded. Methods that improve
the success rate of culturing tumor-reactive TIL might increase the availability of
ACT to more patients with melanoma, and perhaps other malignancies. The two
standard methods of processing tumor for TIL generation are culture of tumor
fragments and enzymatic digestion of tumor fragments with culture of the isolated
tumor cell suspension. We have compared both methods for their efficiency in
generating tumor-reactive TIL using fragment culture and enzymatic digestion
and found a trend favoring increased efficiency using enzymatic digest.
Importantly, we found that regardless of the method there was a failure to
produce clinically useful T cells for adoptive immunotherapy in one of every three
patients. Our data suggest that employing both methods increased the chances
for success and could maximize the number of patients from whom TIL can be
grown. In addition, time in culture seemed to play an important role, as previously
reported!®l, We found an inverse correlation between the autologous tumor-

reactivity of TIL and the amount time they had spent in culture (Figure 2.8).
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Figure 2.8: Number of days it takes for TIL to grow in culture is predictive of
tumor reactivity. Statistics is done using unpaired non-parametric T test.
Significance is established at P<0.05.
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The second main aim of our study was to analyze the tumor microenvironment
for factors that may limit the generation of tumor-reactive TIL. We utilized a novel
multispectral immunohistochemistry method employing the PerkinElmer Vectra
platform to examine the microenvironment of melanoma. Part of our aim was to
test the feasibility of this method to analyze multiple markers on a single 4-micron
section of a FFPE tumor sample. Overall, we found that the method was

reproducible and permitted the simultaneous detection of up to 7 markers (Figure

2.3, Figure 2.9).

Figure 2.9: Sample multispectral image with individual channels. Original is the
raw image with all channels taken using the Vectra imaging software. The
spectrum for each fluorophore is subsequently measured with control slides, and
subtracted from the original image to establish each individual channels and the
composite.
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We have compared two different methods for image analysis and found no
significant difference between using the percentage of immune infiltrate or the
number of immune infiltrating cells per mm? (Figure S2.3A). We also found no
significant difference in the results of the immune infiltrate analysis whether we
used the PerkinElmer inform software or the Definiens Tissue Studio (Figure
S2.3B). The method works best with FFPE samples, which we could retrieve
from 11 patients. For frozen sections that are subsequently fixed with formalin,
certain markers such as CD8 can demonstrate an artifactual punctate pattern of
positivity (Figure 2.10F, black arrows), which increased the difficulty of the digital
morphometric analysis. We also found that FoxP3 staining in frozen sections had
a higher background and can lead to over-estimation of the number of FoxP3*
cells due to artifacts (Figure 2.10I, black arrows). Since the artifacts are not
CD3*, this problem was circumvented in our study by using both CD3 and FoxP3
to determine the number of regulatory T cells and including only the cells that
were positive for both CD3 and FoxP3 (Figure 2.10I, red arrows). Detection of
CD163, CD3 and PD-L1 did not seem to be affected to the same degree by
artifactual changes induced by freezing (Figure 2.10B, C, E). Detection of
melanoma cells by the melanoma cocktail was only positive in 70% of
specimens. An alternative approach to improve detection may be the use of an
antibody against SOX10, which has shown superior sensitivity and specificity

over the melanoma cocktail162.
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FigUre 2&6: CompaﬁSon between FFPE (pr) and frozen (Bottom) se
A,F) CD8; B,G) CD3; C,H) CD163; D,l) FoxP3; E,J) PD-L1

From our multispectral analysis, we found that the presence of CD8* T cells
alone was insufficient in predicting the success of generating a TIL culture, while
the ratio of CD8* T cells to CD3*FoxP3* regulatory T cells was a significant
predictor (P=0.006). This is consistent with previous reports in preclinical models
showing that depletion of FoxP3* regulatory T cells, or inhibiting regulatory T cell
function through OX40 or GITR activation, can lead to an increased CD8: FoxP3*
T cell ratios that correlated with improved CD8* T cell function and therapeutic
efficacy?8-30, In other studies, regulatory T cells isolated from tumor were shown
to directly inhibit T cell function in non-small cell lung cancer3!, and may
negatively influence the response rate of patients receiving ACT163.164 \We also
found that the number of CD163* macrophages inversely correlated with the
ability to culture TIL (Figure 2.6E); consistent with reports suggesting depletion of
macrophages through inhibition of CSF1R signaling inhibition can enhance CD8*
T cell function in preclinical models!! 12165 This has led to a phase | clinical trial

evaluating anti-CSF-1R administration, which identified partial clinical responses
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in 5/7 patients with diffuse-type giant cell tumor'¢6, We evaluated the effect of
arginase | and iNOS inhibition during the generation of TIL cultures but found no
significant increase in recovery success (Puri et al. manuscript in preparation).
Recently, other have shown that by using an agonist 4-1BB antibody during the
initialing of culture increased the numbers of memory CD8* TIL that were specific
for autologous tumor and represents a promising approach to increase the

number of patients eligible to receive adoptive immunotherapy with TIL167,

While PD-L1 expression by itself is not an indicator of TIL culture success, the
ratio of CD8" T cells to PD-L1* cells is trending towards a significant separation,
suggesting this important negative feedback loop may limit the ability to grow
tumor-reactive TIL ex vivo. We subsequently performed unsupervised clustering
of the data, which allowed us to further analyze the large amount of information
generated with multispectral imaging. From this analysis, we were able to
incorporate 2 out of 3 suppressive markers from our panel and identify a cluster
of patients whose tumor demonstrated both low CD8*:FoxP3* and low CD8*:PD-
L1* ratios (Figure 2.7); and we failed to generate TIL from these tumors. Our
observations raised the question whether CD8* T cell proliferation was
suppressed during culture, or whether they were already anergic and unable to
proliferate at the time they were placed in culture due to pre-existing suppressive
mechanisms. Evidence from murine and human studies suggests that expression
of PD-L1 and the presence FoxP3™* regulatory T cells can reduce the anti-tumor
effect of ACT163, 164,168,169 These studies imply that regulatory T cell depletion

and use of anti-PD-L1 antibody before culture may increase the success rate in
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growing tumor-reactive TIL, and potentially expand the use of ACT to greater

number of patients with melanoma and potentially other malignancies.

Checkpoint blockade therapy is one of the most promising treatments for patients
with solid tumors. Recent studies suggest that the response to agents such as
anti-PD-1 and anti-PD-L1 is limited to patients with pre-existing immune
response?%: 21, \We consider the ability to culture tumor-reactive lymphocytes from
tumors of patients to be a very specific indicator of a pre-existing anti-cancer
immune response. The density of CD8* T cells has shown to be a powerful
marker in predicting response to anti-PD-1 therapy in a small cohort of patients,
correctly predicting 13/15 patients who are treated with anti-PD-1 therapy?°. It is
possible that including FoxP3* regulatory T cells may further increase the
prediction for anti-PD-1 response. We plan to apply our multispectral
immunohistochemical analysis to patients receiving T cell checkpoint antibodies
to assess their impact on the tumor microenvironment and correlate it with

functional and clinical outcome.

Conclusion

In summary, this is the first study to apply 7-color multispectral
immunohistochemistry to analyze the immune environment of tumors from
patients with melanoma. Enumeration of staining with objective assessment
software and analysis of the data using unsupervised hierarchical clustering
identified tumors where we were unable to generate TIL. These results could be

evaluated with a prospective study to determine if this immune profile could
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select patients for successful TIL generation. Additionally, since this biomarker
profile appears to identify presence of tumor-reactive T cells, it may represent a
predictive biomarker of patients who will respond to checkpoint blockade. While
application of this methodology is at an early stage, we consider that its greatest
promise will be as a means to identify resistance mechanisms operational at the
tumor site. In this era of combination immunotherapy, this information will be a

useful guide to tailor specific therapies to patients with cancer.
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Chapter 3 - A novel tool to evaluate T and B cells populations by

IHC in murine tissue”

Abstract

Recent advances in multiplex immunohistochemistry techniques allow for
guantitative, spatial identification of multiple immune parameters for enhanced
diagnostic and prognostic insight. However, applying such techniques to murine
fixed-tissues, particularly sensitive epitopes such as CD4, CD8a, and CD19,
have been difficult. We compared different fixation protocols and antigen retrieval
techniques, and validated the use of multiplex immunohistochemistry for
detection of CD3"CD4* and CD3*CD8* T cell subsets in both murine spleen and
tumor. This allows for enumeration of these T cell subsets within immune

environments as well as the study of their spatial distribution.

Keywords: T cells, B cells, tumor immunity, imaging

# Originally published in J Immunol. 2016 May 1;196(9):3943-50
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Introduction

Assessment of patterns of immune infiltrates has been shown to be highly
prognostic and diagnostic in many types of cancers?® 157, The clinical impact of
such analysis is most notably shown in colon cancer, where objective
guantification of CD3* and CD8* T cells densities in the primary tumor has a
highly significant impact on patient prognosis!8. More recently, multiplex
immunohistochemistry (IHC) has emerged as a powerful technique for the study
of multiple immune parameters on a single slide. This not only increases
efficiency, but more importantly, allows for the study of relationships between cell
populations, offering greater insight into the mechanisms underlying various

disease processes!s,

Currently, multiplex IHC platforms have been applied for use in human tissues,
but its use in murine fixed-tissues is still being optimized. Many antibodies
against human antigens are successfully used with paraffin sections for human
IHC, but considerably less are available for mouse antigens. Notably, there has
been a dilemma in the field about performing IHC staining on certain immune
epitopes such as CD4, CD8a, and CD19 which stain functionally distinct T and B
cell populations. These fixation sensitive epitopes are not easily detected in
formalin-fixed paraffin embedded tissues, but have historically relied on frozen
tissue for detection; however, this comes with sacrifices of the integrity of tissue
architecture making it difficult to study tissue morphology17%-173, While it has been

suggested that Zinc-based fixation buffers are superior in preserving these
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epitopes compared to formalin fixation’4 175, the specificity of the antibodies and
the ability to multiplex under these conditions have not been tested. Being able to
perform CD4 and CD8 staining reliably in paraffin-embedded murine tissues is
critical to our understanding of their function in various physiological and disease
processes. Especially given certain immune cell subtypes, such as tissue
resident memory T cells, have been reported to be underestimated using
standard flow cytometry techniques’®. In our study, we compared multiple
fixation protocols as well as antigen retrieval methods to validate the use of
multiplex IHC in murine tissues with sensitive epitopes such as CD4, CD8a and
CD19. Our approach allows for successful detection and quantification of 5 or

more markers on murine tissues.

Material and methods

Mice

Female C57BL/6 mice, Ragl” mice (B6.129S7-Rag1™Mom/J), pmel-1 TCR
transgenic mice (B6.Cg-Thy1?/Cy Tg(TcraTcrb)8Rest/J), and TRP1 TCR/Ragl"
transgenic mice (B6.Cg-Ragli™Mom Tyrp18-WTg(Tcra,Tcrb)9Rest/J) were
purchased from the Jackson Laboratory (Bar Harbor, ME). pmel-1 TCR
transgenic mice were bred Ragl” mice to generate pmel TCR/Ragl”- mice. pmel
TCR/Ragl”’ mice have CD8" T cells expressing a transgenic TCR specific for
mgp100(2s-33) peptide. TRP1 TCR/Ragl” transgenic mice have CD4* T cells
expressing a transgenic TCR specific for mtyrpl1s-127) peptide. All mice were

maintained in a specific pathogen-free environment. Recognized principles of
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laboratory animal care were followed (Guide for the Care and Use of Laboratory
Animals, National Research Council, 2011), and all animal protocols were
approved by the Earle A. Chiles Research Institute Animal Care and Use

Committee.

Tumor cell lines

The sarcoma cell line, MCA-310177, and squamous cell carcinoma cell line,
SCCVII1?8, were maintained in complete media. For MCA-310, 20,000 cells were
injected subcutaneously on the flank of C57BI/6 mice; and for SCCVII, 1 million
cells were injected subcutaneously on the back of the neck of C3H/HeJ mice.
Mice were sacrificed and the established tumors were resected, fixed in zinc

fixation buffer and processed with a Tissue-Tek automated tissue processor.

Immunohistochemistry

Tissue Fixation and Processing

One liter of Zinc-Fixation Buffer was prepared by mixing 0.5g calcium acetate
(Sigma 402850), 5g zinc acetate (Sigma, Z0625) and 5g zinc chloride (Sigma,
208086) to 0.1M Tris (Sigma, 251-018) pH 7.4. Final pH 6.5-7.0. PLP was
prepared by mixing Lysine HCI (Sigma, L5626) solution (13.9g Lysine HCl in 375
ml ddH20 and pH to 7.4 with Na2HPO4 (Sigma, W239901) with 15.6 ml of 16 %
paraformaldehyde (Electron microscopy sciences, 15712). 2.14g of Sodium
Periodate (Sigma, 311448) was added and the solution was brought up to 1L

with 0.1M phosphate buffer (Sigma, W2399D1).
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Spleens and tumors were harvested and fixed for 24 hours at room temperature.
Spleens and tumors were processed using Tissue-Tek automated tissue
processor (Sakura) on Zinc setting for zinc and PLP-fixed samples (start on 70%
ethanol, skip formalin fixation) and embedded with Leica tissue embedder. 4um
thick sections were cut and floated onto plus-slides (Cardinal ColorFrost) in a
tissue floatation bath set at 40°C (Fisher Healthcare). Slides were allowed to dry

at room temperature overnight and stored in 4°C until use.

Deparaffinization, Staining, Imaging and Analysis

Slides were placed onto staining rack in the Leica autostainer and
deparaffinization protocol (70% ethanol 30min, 95% ethanol 30min x 2, 100%
ethanol 30min x 3, xylene 40min x 2, paraffin 35min x 4) was run. Samples were
marked with ImmEdge hydrophobic pen (Vector) and let dry. Slides were rinsed
once with 1x TBST (10x solution: 88g Trizma base, 24g of NaCl in 1L ddH20, pH
to 7.60) and blocked with Renaissance antibody diluent (Biocare Medical, PD905)
for 10 minutes.

Primary antibody was diluted in Renaissance antibody diluent (Biocare Medical,
PD905). The dilutions are 1:50 for CD3 (SP7, Spring Bioscience, M3074), CD4
(RM4-5, BD Biosciences, 550280; GK1.5, eBioscience 14-0041-85), CD8 (53-6.7,
BD Biosciences, 550281), CD19 (1D3, BD Biosciences, 553783), and granzyme
B (polyclonal rAB, Abcam ab4059); 1:100 for FoxP3 (FJK-16s, eBioscience, 14-
5773), PD-L1 (Abcam, ab58810); 1:250 for F4/80 (Cl:A3-1, AbD Serotec,

MCA497GA). Primary antibodies were incubated for 45’ on an orbital shaker
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(Thermo Scientific, SHKA2000) at room temperature. Antibodies were
subsequently removed by vacuum and slides were washed 3x for 30s in TBST.
Anti-rabbit secondary antibody (Life Technologies, 87-9623), or anti-rat (Vector
Labs, MP-7444-15) was added to slides drop wise to cover the tissue area, slides
were incubated for 10 minutes at RT and subsequently washed 3x for 30s in 1x
TBST.

Tyramide-conjugated fluorophore (TSA-fluorophore) (PerkinElmer,
NEL791001KT; Life Technologies, T20950) was added to slides at 1:100 dilution
in Amplification plus buffer (PerkinElmer, NEL791001KT) and incubated for 10
minutes at RT; TSA was vacuumed off and slides were washed 3x for 30s in 1X
TBST

For multiplex imaging, antigen-stripping buffer (0.1M glycine (Sigma, G2879),
pH210 using NaOH (Fisher chemical, SS267), 0.5% Tween) was added to slides
and incubated at room temperature for 10 minutes, slides were rinsed in TBST,
blocked briefly and incubated with subsequent primary antibody at desired
dilution and time. DAPI (Life Technologies, D1306, 1mg/mL stock) was diluted
1:500 in TBST and added to slides. Slides were incubate for 5 minutes at RT and
washed 2x for 30s in TBST Slides were rinsed with ddH20 and coverslipped with
VectaShield Hard Mount (Vector). Slides were painted with nail polish (L.A.
Colors) and stored at 4°C in a covered slide box. Slides were imaged at both 4x
and 20x using Vectra imaging software (PerkinElmer) and the number of cells

were enumerated from 20x fields using inForm analysis software (PerkinElmer).
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Results

Murine CD3, CD4, CD8 fluorescent immunohistochemistry

Neutral buffered 10% formalin (NBF) has been the standard in fixation for human
tissues; it is superior in preserving tissue architecture and is able to withstand
repeated heat-mediated antigen retrieval for use of multiplex
immunohistochemistryl70. 179 For murine tissues, 10% NBF, when combined with

standard heat-mediated antigen retrieval, is excellent in detecting immune

markers such as CD3 (Figure 3.1).

Figure 3.1: Zinc-based buffer is superior in detection of CD4 and CD8a. Spleen
sections are fixed for 24 hours in each condition and 4um sections are cut and
prepared. Antigen retrieval is performed on formalin-fixed tissues but not on
either PLP or zinc-fixed tissues. Tissue sections are imaged at 20x with
PerkinElmer Vectra platform.
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However, the use of NBF to fix mouse spleens resulted in the inability to detect
either CD4 or CD8a epitopes (Figure 3.1). To address this problem, we
examined two alternative fixation methods. PLP, or periodate-lysine-
paraformaldehyde, is a fixative that acts by crosslinking lysine residues and has
been shown to be compatible with many different epitopes for the use of IHC1€0.
181 In murine spleen sections fixed with PLP, we were able to detect both CD3
and CD4 epitopes. However, the intensity of CD4 staining was weak and we

were not able to detect CD8a (Figure 3.1).

Zinc-based fixation has traditionally been an additive to NBF for improved
antigen preservation. However, reports have suggested that zinc-based fixative
devoid of NBF could maintain antigen integrity without sacrificing much of the
architecturel’4 175,182 \We did not notice a significant difference in tissue

architecture between NBF and the zinc-based fixative (Figure 3.2a-b).

Importantly, we found that spleen tissue fixed in the zinc-based fixation buffer

was superior to both formalin-fixed and PLP-fixed tissue in detection of CD4, and

CD8a epitopes (Figure 3.1).
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Figure 3.2: Comparison between NBF fixation and Zinc-based fixation. A) H&E
staining for SCCVII squamous cell tumor fixed with NBF. B) H&E staining for
SCCVII squamous cell tumor fixed with zinc-based buffer. C) Immunostaining of
CD3 (white), CD4 (magenta), and CD8 (yellow) in SCCVII tumor fixed with
formalin. D) Same staining done in the same tumor fixed with zinc-based buffer.

To validate the CD4 and CD8a staining, we obtained spleens from Rag1--
transgenic mice which lack both T cells and B cells; or spleens from either a
transgenic CD8* T cell receptor mouse that recognizes gp100 (pmel) or a
transgenic CD4" T cell receptor mouse that recognizes tyrpl (TRP1). Both of the
T cell receptor transgenic mice were crossed to Ragl”’ mice to ensure only
transgenic T cells were present. Spleen sections were cut and stained with CD3,

CD4, and CD8a antibodies. As expected, we observed the absence of CD3
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staining in the Ragl”’ spleens but the presence of CD3* cells in both pmel and
TRP1 spleens (Figure 3.3A-C, M). Interestingly, we observed the presence of a
small population of cells that stained with CD8a in Rag1”- mice; however, these
CD8" cells did not stain with CD3 (Figure 3.3A, E) and based on their
morphology and location within the spleen, they are most likely CD3-CD8a*
dendritic cells 183, In pmel transgenic animals, we saw an increase in CD3*CD8a*
cells (Figure 3.3B, F, M), confirming the recognition of the antibody to CD8* T
cells. We observed CD3CD4* cells in the spleens from Ragl” and Ragl’ pmel
TCR transgenic mice (Figure 3.3A, B, |, J). Examination of spleens from Ragl”
TRP1 TCR transgenic mice showed a small population of CD3 expressing cells
in the T cell areas of the spleen (Figure 3.3C), but interestingly this did not
correlate with an increased expression of CD4 in these spleens compared to
Ragl” or Ragl” pmel TCR (Figure 3.3l, J, K, M). Although CD4, like CD8a, can
also be expressed in non T cells such as macrophages and DCs184-186 e
wanted to validate the specificity of the CD4 staining. To do this, we stained a
spleen from a CD4” mouse. We did not observe any CD4 staining in the CD4"
spleen, confirming the specificity of the antibody (Figure 3.3D, H, L). The
existence of these CD3-CD4* cells highlights the importance of multiplex
immunohistochemistry, which allows us to separate the CD3*CD4* T cells from

the CD4* myeloid cells to accurately identify and study these distinct populations.
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Figure 3.3: CD4 and CD8 staining in spleen sections. Spleens are fixed for 24
hours in each condition. Single stains with CD3, CD4, and CD8 antibody are
performed and tissue sections are imaged at 4x with PerkinElmer Vectra
platform. Spleens from RAG1 knockout were stained with CD3 (A), CD8 (B), CD4
(C). Stains were also performed on spleens from RAG1 knockout with transgenic
PMEL TCR (B, F, J), RAG1 knockout with transgenic TRP1 TCR (C, G, K), and
CD4 knockout (D, H, L). Cells were enumeration as % of positive cells in a 20x
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field (M).
Murine multiplex fluorescent immunohistochemistry

Our previous work has shown that a tyramide-based multiplex fluorescent
imaging platform can be used to predict the success of culturing tumor-infiltrating
lymphocytes from human melanoma samples?4. A simple diagram of this protocol
is shown in Figure S2. Briefly, tissue sections were antigen-retrieved, stained
with primary, secondary antibodies, and then stained with tyramide (TSA)
conjugated to a fluorochrome label. This was followed by heat-mediated antigen
stripping to remove the primary antibody in order to label with new primary
antibody. To establish a multiplex protocol in murine samples, we tried heat-
mediated antigen stripping on murine zinc-fixed tissues. We found that after
antigen retrieval, we were able to stain for CD3 (Figure 3.4A-B), but we lost the
ability to stain for CD4 (Figure 3.4C-D) and CD19 (Figure 3.4E-F). Although we
saw CD8a staining on the tissue following antigen retrieval (Figure 3.4G-H),
these were not T cells as none of the CD8a* cells co-stained with anti-CD3

(Figure 3.41).

CD3 CD4 CD19 CD8

No AR

With AR

Figure 3.4: Heat-mediated antigen retrieval diminishes CD4, CD19 and CD8
staining. Heat-mediated antigen retrieval with Biogenex Citra buffer was
performed using microwave. Slides were microwaved for 25 seconds to bring to
a boil on high power and maintained for 10 minutes on 10% power. Antibody
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staining were performed with (B,D,F,H) or without (A,C,E,G) antigen retrieval. I)
Merge of CD3 and CD8 after antigen retrieval.

To circumvent this issue, we prepared and compared two non-heat-mediated
glycine-based stripping buffers that are either basic (pH 10) or acidic (pH 2).
Spleen tissue sections were sequentially stained with CD8a, CD4, and CD19 in
that order and antigen stripping buffer was applied between antibodies. We found
that the basic antigen stripping buffer (pH 10) was superior in maintaining
subsequent CD4 and CD19 staining intensity (Figure 3.5A) compared to the
acidic stripping buffer (Figure 3.5B). We subsequently tested the stripping
efficiency using the basic stripping buffer. We found that the pH 10 buffer was
able to sufficiently strip the previous antibody, allowing for subsequent staining
with no cross epitope staining (Figure 3.5C-F). This demonstrates that the basic
stripping buffer is suitable for multiplex fluorescent immunohistochemistry
detection of sensitive T and B cells markers in murine tissues. We were able to
use the basic stripping buffer to successfully identify CD3, CD4, CD8 populations

in the spleen (Figure 3.6A-G).
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Figure 3.5: Multiplex Immunohistochemistry with CD4, CD8 and CD19. Slides
were first stained with CD8 (yellow), and exposed to antigen stripping buffer
(100mM glycine, 0.5% Tween, pH10(A) or pH2(B)). Slides were stained for CD4
(green), followed by antigen stripping and CD19 staining (magenta). C-F) Higher
magnification of the slides stripped with pH10 buffer.
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Figure 3.6: Staining of CD4 and CD8 T cells in spleen. Slides were stained with
CD3 (A), CD4 (B) and CD8 (C) in that order with antigen stripping in between. D)
Merge of CD3 and CD4; E) Merge of CD3 and CD8; and F) Merge of CD3, CD4,
and CD8 G) Pseudo H&E image of CD4 staining with DAPI H) Pseudo H&E
image of CD3 (Red), CD4 (Brown) and CD8 (Magenta) on cells adjacent to a
central artery (CA). 1) H&E image of spleen sections outlining lymphocyte
distribution around a central artery (CA).

The observation of follicular CD4 staining in Ragl™ is interesting, reports have
established the presence of CD3-CD4* DCs in murine tissues84.186_ Tg
determining whether these CD3'CD4* cells are DCs, we stained for DC marker
CD11c using our multiplex protocol and found a significant portion of the CD4*
cells expressing CD11c (Figure 3.7A-D). Using flow cytometry, we also
determined that these CD3'CD4* cells can also express CD11b, consistent with

previous reports that macrophages can express CD4187 (Figure 3.7E).
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Figure 3.7: CD3-CD4+ cells co-express CD11b and CD11c. Spleen sections from Ragl™
animal were stained with CD4 and CD11c by IHC (A-C). D) Pseudo H&E of the section
demonstrating spleen architecture. E) Spleen sections from Rag1” were collected and
stained for CD3, CD4, and CD11b by flow cytometry.
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We next wanted to address if their residence in the follicles of the spleen of
Ragl” mice would be displaced if CD3*CD4*, CD3*CD8* and CD19* B cells
were adoptively transferred into these mice. To do this, we adoptively transferred
splenocytes from wild-type C57BL/6 to syngeneic Ragl” transgenic mice.
Spleens from the receiving animal were harvested 14 days post adoptive transfer
and assessed for the presence of T and B cells. We found that following the
adoptive transfer, there is a significant increase in CD19* B cells and CD3* T
cells (Figure 3.8F, I, L, N) with a concurrent decrease of CD3'CD4* cells (Figure
3.8K). Furthermore, the location of the majority of CD19* B cells and CD3* T
cells, as indicated by IHC, are inside the follicles, surrounded by CD3"CD4* cells

(Figure 3.8F-J).
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Figure 3.8: Adoptive transfer of splenocytes into Rag-/- mice. 10 million
splenocytes from WT C57BI/6 were transferred to Ragl” mice. Spleens were
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harvested 14 days later. Multiplex fluorescent IHC was performed on both Rag-

- (A-E), and adoptively transferred animals (F-J). Statistics (K-N) were performed
using unpaired T test. N=3-4. The % positive cells enumerated are based on total
DAPI* cells in the area imaged.

The simultaneous increase in T and B cells and decrease in CD3'CD4" cells
could suggest that there may be signals exist in these follicles that drives the
survival of these CD3"CD4" cells, and similar signals may exist to facilitate the
migration of adoptively transferred T and B cells.

Finally, we wanted to evaluate whether this multiplex technique could be used to
stain immune cells in a tumor setting. We subcutaneously injected C57BL/6 mice
with a methylcholanthrene-induced sarcoma cell line. Tumors were harvested
and stained for CD3, CD4, CD8, FoxP3, and F4/80 using our multiplex IHC
protocol. We were able to identify distinct T cell populations in the tumor (Figure
3.9A-G), and separate them into CD3*CD4CD8" T cells, CD3*CD8* T cells,

CD3*CD4*FoxP3 T cells, and CD3*CD4*FoxP3* regulatory T cells. This

multiplex IHC protocol was verified in a second murine tumor model with a

spontaneously squamous cell carcinoma cell line, SCCVII.

Figure 3.9: Multiplex fluorescent IHC on tumor samples. A-F) MCA310 sarcoma tumor
was stained with CD3, CD4, CD8, FoxP3, F4/80 and DAPI. Red arrows
indicating CD3*CD4CD8" T cells, green arrows showing CD3*CD8* T cells,
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yellow arrows indicating CD3*CD4*FoxP3" T cells, and magenta arrows indicate
CD3*CD4*FoxP3* T cells G) SCCVII squamous cell carcinoma tumor was
stained with PD-L1, CD4, CD8, FoxP3, and DAPI. Inlay: higher magnification of a
section of tumor demonstrating CD4, CD8, FoxP3 and PD-L1 staining.
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Discussion

Immunohistochemistry approaches on formalin-fixed-paraffin-embedded tissues
have long been the standard for morphological analysis. More recently,
guantitative IHC methods have shown promise in development of cancer
diagnostics and prognostic biomarkers for tailored therapy!88 189, This is
especially useful in the era of immunotherapy as many immunotherapies can
benefit from biomarkers allowing for directed treatment. Methods such as
multiplex immunohistochemistry have been in the forefront of development as
they significantly enrich the data extracted from the tissue microenvironment, and
allow for relationship analysis between cell subsets for added information. Much
of the work has been performed on human tissues as the staining of various
epitopes on FFPE tissues has been optimized?!3 24, For murine studies,
characterizing tissue immune-environment by IHC are lacking due to many
epitopes, notably CD4 and CD8, being sensitive to cross-linking and unable to be
detected in FFPE samples. Frozen sections are sometimes used for these
sensitive antibodies!9, but results in distorted tissue architecture and artifacts
that are poor for morphological studies. For these reasons, flow cytometry has
long been the gold standard for analysis of immune infiltrate in the tumor
microenvironment!°l. However, flow cytometry does not provide sufficient
contextual information, which has been shown in both murine and human studies
to be important in understanding the biological basis of diseases, and predicting
outcome in various types of cancer® 157, |t has been suggested that alternative

fixation methods, such as PLP and zinc-based fixation are superior to formalin in
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preserving certain epitopes, but the specificity of the antibodies under these
conditions are not characterized and their application in a multiplex platform is
unknown. Our study showed that zinc-based fixation is superior to PLP and
formalin in the detection of sensitive epitopes such as CD4 and CD8 (Figure 3.1),
and may be applied to a boarder selection of antibodies traditionally reserved for
flow cytometry and frozen-section such as CD19. These results were not unique
to the chosen clones of monoclonal antibodies as we also observed staining with
a different clone targeting CD4 (RM4-5 - Fig 3.1; GK1.5 — Fig 3.2c-d). In addition
we have had success with polyclonal antibodies targeting PD-L1 (Figure 3.9G)

and granzyme B (Figure 3.10).

While validating the specificity of CD4 staining (Figure 3.3), we observed a
significant population of CD3-CD4"* cells assuming follicular aggregation. As
these cells appear in both Ragl”, pmel and TRP1 spleens, it is possible that
they reside in follicle devoid of T and B cells, or alternatively, they may be
instrumental in recruiting T and B cells to the follicles in the spleen. When we
adoptively transferred WT splenocytes into Ragl’ mice, we observed
accumulation of CD3* T cells and CD19* B cells in the vicinity of these follicles
(Figure 3.8D-J), suggesting that these CD3-CD4" cells may mediate the
recruitment and potential development of B cells. These findings will need

confirmation from future studies.

The presence of these CD3"CD4* cells in the spleen outlines the importance of
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multiplex staining to reliably study various immune cell populations. We were
able to apply the technique in a multiplex platform to examine multiple
parameters simultaneously in fixed specimens of murine spleens (Figure 3.6A-1),
as well as two orthotopically implanted tumor cell lines (Figure 3.9A-G). To study
these sensitive epitopes such as CD4 and CD8a in a multiplex platform, a mild
antigen-stripping solution such as glycine is superior for proper preservation of
signal compared to heat-mediated antigen stripping (Figure 3.5). We conclude
that the pH10 stripping buffer is the optimal buffer solution for this T and B cell
panel as it is able to efficiently remove previous antibody without adversely
affecting the staining profile with subsequent antibodies. However, stronger
stripping solution may be needed for antibodies with stronger affinity, such as
F4/80 for macrophages. This can be accomplished with the addition of SDS and

acidic pH, which provides a harsher environment for enhanced antibody stripping.

The ability to use this multiplex immunohistochemistry platform to stain different
populations of immune cells within the tumor microenvironment provides both
guantity and spatial relationships that are informative. It is also important to be
able to examine functionality of these cells and we have begun to examine this

using granzyme B expression in CD8 T cells (Figure 3.10).
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Figure 3.10: A subset of CD8+ T cells express granzyme B. Immunostaining of CD3 (not
shown), CD8 (yellow), granzyme B (green) was done in SCCVII tumor sections fixed
with zinc-based buffer. Heat mediated antigen-retrieval was performed before granzyme
B staining.

A current limitation we have encountered is the lack of effective antibodies to
study cytokines expressed by these cells. Genomic approaches may be an
alternative to address some of these limitations. Zinc-based fixation has not been
shown to adversely affect the quality of DNA and RNA in the sample182 192 gnd
we have had preliminary success analyzing mRNA expression profiles in murine

tumors fixed with zinc-based buffer (data not shown).

To our knowledge, our study is the first to report on the capability of performing
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multiplex IHC with CD4, CD8 and CD19 to identify basic T and B cell populations
in zinc-fixed-paraffin-embedded murine tissues. Importantly, this method
provides the ability to examine the spatial interactions and relationships between
multiple parameters on a single tissue section. Additionally, this approach will
likely allow for the utilization of additional antibodies that are traditionally
reserved for flow cytometry and frozen-section to be used on paraffin-embedded

samples.

Respective contributions
| designed and performed most experiments in this chapter. SJ helped with
experimental design, adoptive T cell transfer experiment, and flow cytometry

staining. CBB reviewed and verified all IHC staining.
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Chapter 4: Multiparametric immune staging of non-HPV head

and neck squamous cell cancer

Abstract

Background: Changes in the composition and function of innate and adaptive
immune cells in the tumor microenvironment represent crucial hallmarks for
initiation and progression of cancer. In oral squamous cell carcinoma (OSCC) the
composition, frequency and location of peri- and intra-tumoral immune cells, but
also expression of HLA class | antigens and other components of the antigen
processing machinery (APM) by tumor cells play an important role in the control
of HPV-positive tumors, but the prognostic and therapeutic impact of these
parameters in HPV-negative OSCC has not yet been clarified.

Materials and methods: For simultaneous characterization of peri- and intra-

tumoral T cell subtypes (CD3, CD8, FoxP3, CD163) including their topographic
localization, together with analysis of PD-L1 expression by tumour cells multi-
spectral imaging was performed on sections obtained from 119 patients with
HPV-negative OSCC. In addition, protein expression of three components of the
HLA class | APM (32-microglobulin (B2-m), MHC class | heavy chain (HC) and
large multifunctional peptidase (LMP)10 was analyzed by conventional
immunohistochemistry. Finally, the data obtained were correlated with clinical
and prognostic parameters.

Results: Independent from accepted progression markers like TNM classification
and tumor grading high number of peri-tumoral CD8* T cells in close distance to

the tumor cells paired with the absence of surrounding FoxP3* and/or PD-L1*
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cells and low expression of 2-m, MHC class | HC and LMP10 defined a tumor
subgroup with prolonged overall survival (OS; P<0.01). A multivariable
cumulative “suppression index” (CSl) scoring system allowed to separate OSCC
patients with a 5-year overall survival rate (OSR) of 90% and 20%, respectively.

Conclusion: To our knowledge this is the first application of multispectral imaging
describing the relevance of simultaneous evaluation of immune cell — tumor
interactions and their use as prognostic biomarkers in evaluating OSCC patients’
outcome. Simultaneous analysis of immune cell infiltration and HLA class | APM
component expression by tumor cells even improved the prognostic impact of the

multispectral data.
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Introduction

Oral squamous cell carcinoma (OSCC) represents a leading cause of cancer
worldwide with significant mortality and morbidity. In contrast to other head and
neck squamous cell cancer (HNSCC) subtypes, most OSCC are attributed to
smoking and alcohol, while an association of this disease with HPV infection is
rare 193196 Despite novel insights into the molecular basis of HNSCC current
therapies do not offer a significant improvement in overall survival (OS) over the
last decadel?”.

Since the traditionally used risk stratification based on tumor size, lymph node
and distant metastasis (TNM staging) and histological grading alone is not
sufficient to predict the individual prognosis of OSCC patients19. 199 additional
prognostic biomarkers are urgently required. The adverse prognostic impact of
some tumor markers, like the carcinoembryonic antigen (CEA), the cancer
antigen (CA) 19-9, CA125, CA15-3 and the squamous cell carcinoma (SCC)
antigen is already known since decades?%. Local tumor hypoxia influencing the
expression of hypoxia-inducible factor (HIF) 1a and other hypoxia-associated
proteins also has an adverse impact on prognosis!® 201 Furthermore, the
composition of peri-tumoral immune cell infiltration has been suggested as novel
prognostic marker and potential therapeutic target in several tumor entities.
Already twenty years ago it was reported that tumor patients with high tumor
burden and nodal spread had decreased T cell cytokine release upon their
stimulation with the highest depression occurring at most proximal tumor draining

lymph nodes*: 47. More recently published data indicated that the degree of
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immune dysfunction was significantly correlated with a negative clinical
outcome?02. 203 |n HNSCC, the prognostic role of immune cells was determined
in both peripheral blood and tumor infiltrating immune cells. In peripheral blood
mononuclear cells (PBMC) a reduced frequency and activity of immune effector
cells and an increased frequency of regulatory T cells (Treg), tumor-associated
macrophages (TAM) and myeloid-derived suppressor cells (MDSC) could be
correlated with early recurrence and worse prognosis 294206, For other solid
tumor entities in particular colorectal cancer the adaptive immune reaction
composed of T lymphocytes (CD3) with cytotoxic (CD8) and memory (CD45R0)
phenotype, located intra-tumoral and peri-tumoral at the invasive margin (IM)
represented a significant parameter to predict recurrence and survival of patients
17,18 This classification was termed "immunoscore" and provides a score based
on the number of CD3* and CD8" lymphocytes in the center and in the IM
regions of tumors. The prognostic value of various tumor-infiltrating immune cell
populations in patients with HNSCC was also determined demonstrating a
correlation of a strong CD3* and CD8* T cell infiltrate as well as a high frequency
of CD4* CD69" T cells with an increased OS of these patients 45 207, 208
Discrepant results exist on the frequency of CD4* CD25* FoxP3* Tregs and their
link to prognosis 209211 |n contrast absent or low expression of the ¢ chain of the
T cell receptor (TCR) and a low density of dendritic cells (DCs) was correlated

with a poor survival and a high risk of recurrence212-214,
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For most tumor entities it is generally accepted that tumor cells develop different
strategies leading to tumor escape from immune surveillance. These
mechanisms include downregulation of tumor antigen (TA) expression on their
cell surface, loss or a reduced expression of MHC (major histocompatibility
complex) class | molecules and components of the antigen processing and
presentation machinery (APM) like the MHC class | HC, B2-m, proteasomal
subunits and the peptide transporter associated with antigen processing (TAP),
increased expression of immunosuppressive molecules, like co-inhibitory
molecules of the B7 family e.g. the programmed death-like receptor ligand 1 (PD-
L1) as well as the non-classical HLA class | antigens HLA-G and HLA-E 215-218,
Reversal of the immune escape phenotype by targeting the immune check points
with antibodies directed against PD-1 or PD-L1 demonstrated promising efficacy
for the treatment of HNSCC 219,

One major disadvantage of studies concerning immune surveillance of HNSCC is
that many of these studies either focused on HPV™* oropharyngeal cancers or did
not distinguish its cohorts based on the patients’ HPV status despite HPV* OSCC
exhibit a distinct gene and immune signature compared to HPV- counterparts 220,
HPV* OSCC are associated with much brisker infiltrates of T and B cells, higher
levels of interferon (IFN)-gamma secretion, and enhanced CD8 to FoxP3 ratios
45,221 These features are might be a response to the presence of viral antigens

and may translate into enhanced anti-tumor immune responses 51-55,
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So far, a detailed analysis of HPV- oral cavity SCC regarding immune cell
infiltrations, tumor specific strategies for immune escape and association of these
parameters with clinical parameters has not been performed. Therefore, the aim
of this study was to get better insights into these processes concerning their
impact on prognosis, which might help to select patients for specific
immunotherapies in particular those with poorer outcome. In order to analyze the
different components of immune surveillance players together on one tissue slide
multiplex immunohistochemistry (IHC), a powerful method for studying multiple
immune subpopulations, tumor cells and cell-to-cell relationship as already been

evaluated for melanoma was employed 2413,

Material and methods

Patient selection

151 patients from University of Halle and 12 patients from Providence with
HNSCC were selected for this study. 48 patients were dropped from the study
due to HPV-positivity, lack of invasive margin, or difficulties with staining. The

features of the cohort are shown in Figure S1.
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Figure 4.1: Patient characteristics. A) Kaplan-Meier survival curve of patients by
their stage. B) Summaries of patient characteristics, treatment, and follow-up.

Brightfield Immunohistochemistry

For bright field immunohistochemistry (IHC), following monoclonal antibodies
(mAb) were used: NAMB (b2-m; SP09-36), HC10 (HLA class | HC; HSP09-35)
and TO-7 (LMP10; SP08-225). Tissue samples were deparaffinized with xylol
and transferred via alcohol into aqua dest. Antigen decloaking was performed by
steaming the slides with a preheated T-EDTA buffer (ZUC029-500, 1:10
dissolved, Zytomed Systems) at pH 9,0 and 98°C for 20 minutes in an oven
(Braun, type 3216). After cooling down for 20 minutes and rinsing with aqua dest
slides were blocked for 7-10 minutes with 3% H202. After another rinsing step
and application of washing buffer (ZUC202-2500, 1:20 solution, Zytochem Plus
HRP Kit / Plus Polymer System, Zytomed) the antibodies (f2-m at 1:50, HC10 at

1:2500 and LMP10 at 1:200 dilution) were added dropwise on the tissue area
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and incubated for 30 minutes at room temperature (RT). Antibody removal was
performed by vacuum followed by a washing step. Then slides were incubated
with a biotinylated secondary antibody (Broad Spectrum, Zytochem Plus HRP
Kit, Zytomed) for 15 minutes at RT, rinsed with washing buffer followed by 15
minutes of incubation with horse radish peroxidase (HRP; Zytochem Plus HRP,
Zytomed). The epitopes were visualized with DAB (10 minutes of DAB Substrate
Kit, Zytomed). After further rinsing steps (aqua dest), the slides were
counterstained with hemalaun (Dr. K. Hollborn & sons) for 30 seconds,
transferred into xylol and covered (Eukitt, ORSAtec) for bright field analysis.
Staining results were semi-quantitatively evaluated utilizing the international
rating score (IRS) as described by Remmele and co-authors??2 determining
staining intensity (0O-negative, 1-low, 2-moderate, 3-strong positive) and
percentage of stained cells (0-negative, 1- <10%, 2- 10-50, 3- 51-80, 4- >80%),
the IRS score is then the product of the two. All tissue samples were

independently categorized by two pathologists.

Multiplex Immunohistochemistry

Slides were deparaffinized and antigen retrieved with Citra (Biogenex) buffer.
Slides were sequentially stained as previously described (Feng, Puri et al, 2015)
with PD-L1 (E1L3N, Cell signaling), CD8 (M239, Spring Bioscience), FoxP3
(236A/E7, Abcam), CD3 (2GV6, Ventana), CD163 (MRQ26, Ventana),

cytokeratin (AE1/AE3, DAKO) and DAPI (Invitrogen). TSA-Cy5 (PerkinElmer),
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TSA-Cy3 (PerkinElmer), TSA-FITC (PerkinElmer), TSA-Alexa594 (Life
Technologies), TSA-Biotin-Alexa514 (PerkinElmer, Life Technologies), and TSA-
Coumarin (PerkinElmer) were applied to each antibody respectively. Slides were
imaged using PerkinElmer Vectra platform. Similar to the “hotspot” analysis
established previously!8, three 20x fields from the invasive margin were selected
based on highest lymphocytic infiltrate. Images were analyzed in small batches
using PerkinElmer inForm and R script for cell phenotype enumeration and

relationship analysis.

Statistical analysis

Kaplan-Meyer survival curve were established using SPSS statistical software
V23. For each analysis, a median cutoff is used, log-rank and Breslow tests were
performed and P value from the most appropriate test was reported. For
suppression index studies, we assigned a binary value for each category using
median cutoff and summed all the values to calculate the suppression index
score. The P value represents the difference between the lowest and highest Sl

Scores.

Results

Location of CD8* T cells at the tumor invasive margin predict overall survival in

HPV-negative OSCC
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Within a tumor tissue the invasive margin represents an immunologic important
zone, where invading tumor cells interact with surrounding tissues and
environment. As already shown for colorectal cancer (CRC), such tumor-immune
cell interactions have the potential to decide on outcome of patients —
independent from other prognosis factors223. Immunoscore studies on CRC and
lung cancer revealed that one of the most important components of the tumor
micro milieu is the density of CD8" T cells, but every tumor entity has to be
considered separately 157.224-226 |n HPV- OSCC, the invasive margins harbor a
significantly denser immune cell infiltrate than the tumor centers, a difference that
was more pronounced than in CRC (Figure 4.2A-C).

Therefore, the analyses were focused particularly at the invasive margins after
staining tumor sections from 119 OSCC patients in two centers with 7 different
markers (Figure 4.3). The invasive margins were further divided into tumor and
stromal components before the immune population subsets in both

compartments were objectively assessed (Figure 4.3).
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Figure 4.2: Difference in the location of immune infiltrate between OSCC and
colorectal cancer. A) Representative example of CD8 infiltrate for OSCC B)
Representative example of CD8 infiltrate for colorectal cancer C) Enumeration of
immune infiltrates using Definiens platform. IM: Invasive Margin, CT: Center of
Tumor
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Figure 4.3: Example of staining and tumor-stromal recognition for OSCC
specimens. Tissue sections were stained with 7 different markers, 20x images
with highest immune infiltrate were taken at the invasive margin, which is further
separated into tumor and stromal components. Red overlay — recognized by
software as tumor; green overlay — recognized by the software as stroma.
Consistent with the concept of CD8 T cells playing a central role in prognosis and
response to therapy, we found a direct correlation between the density of
CD3*CD8* T cells and a favorable overall survival (Figure 4.4A, D). More
strikingly, by sub-compartmentalizing the invasive margin, the density of CD8* T
cells in proximate vicinity of tumor cells has a greater impact on overall survival

compared to CD8* T cells in greater distance to the tumor cells (Figure 4.4A, D).

These data suggest that even within the IM the relative location of CD8* T cells is
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important, and may be an indicator of an overall favorable immune signature at

the IM.
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Figure 4.4: Impact of densities of immune infiltrate at the invasive margin on

Overall survival (months)

overall survival. Densities of CD8, FoxP3 and PD-L1 at both tumor and stroma of
the invasive margin were enumerated using PerkinElmer inForm software. A
median cutoff is used to separate high and low infiltrate. Log-rank statistics are
performed to determine significance.

Suppressive factors at the invasive margin play an important role in overall

survival

Interestingly, our analysis revealed a positive association between the number of

CD3* FoxP3* T cells in the stroma and OSCC patients’ outcome (Figure 4.4E).

Similar findings have been reported in CRC, HPV* oropharyngeal SCC and

gastric cancer 227. 228, Based on a positive correlation between the Treg influx and

CD8* T cell infiltrate (Figure 4.5), it was assumed that a portion of these Tregs
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recruited to the tumor microenvironment (TME) either do not repress tumor

antigen-specific T cells or exert diminished suppression due to increased

distance.
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Figure 4.5: Correlation between FoxP3 and CD8 infiltrate at the invasive margin.
Densities of cells were enumerated using PerkinElmer inForm and linear
regression and significance were established using Prism.

To support this hypothesis that different levels of suppression exist dependent on
their precise localization within the TME, the density of FoxP3* T cells was
determined only within 30pum of CD8* T cells (our method is illustrated in Figure

4.6), a distance that was established based on the preliminary analysis of 34

patients of our cohort (Figure 4.7).
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Figure 4.6: Example of relationship analysis. A reference cell (star) is picked and
cell types were enumerated within a certain distance and the overall relationship
parameter is an average of all numbers in the entire 20x field.
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Figure 4.7: Comparison between numbers of FoxP3 within different distances of
CD8" T cell. Four different distances were compared using inForm platform
combined with R-script provided by PerkinElmer. The average numbers of
FoxP3* T cells within 20, 30, and 45 microns of CD8, as well as total number of
FoxP3* T cells were calculated and normalized to total number of CD8" T cells. A
median cutoff is used to establish the Kaplan-Meier survival curve. N=34 for this
preliminary cohort.

When normalized to the density of CD8* T cells prognostic separation of the

patients was superior using this approach: we were able to further separate

patients when compared to analyses of the density of either CD8* T cells or
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Tregs alone (Figure 4.8A, D); this observation was not found by analysis of all
Tregs (Figure 4.9A, C, E, G). Consistent with Treg biology this difference
suggests that Tregs more proximal to CD8* T cells may exhibit an enhanced

suppressive function.
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Figure 4.8: Impact of relationship and suppression index on prognosis. A,B,D,E)
Numbers of FoxP3* and PD-L1* cells within 30 micron of CD8 were determined
using PerkinElmer inForm and R-script and are normalized to number of CD8" T
cells. A median cutoff is used to separate high and low infiltrate. C,F) the
expression based on median cutoff of FoxP3 and PD-L1 are added together and
ranked from high (score of 2), med (score of 1) and low (score of 0). Log-rank
statistics are performed to determine significance.

We have also examined the impact of PD-L1 on prognosis. Previous reports in a
Chinese cohort suggest PD-L1 may be inversely correlated with outcome in

HNSCC?22° however, we did not see a difference in our cohort. This could be a
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result of distinct etiology of carcinogenesis between the Chinese population and
European population?%, Importantly, in HNSCC, PD-L1 expression in the tumor
can be both cytokine induced or constitutively expressed through aberrant
signaling pathways231. While PD-L1 upregulation as a response to increased
interferon-gamma levels in the tumor microenvironment may indicate favorable
prognosis, constitutive PD-L1 expression on the other hand, is thought to be
associated with poor outcome. We have enumerated the number of PD-L1
expressing cells within 30um of CD8 T cells. Normalizing this to the number of
CDS8 T cells allows us to indirectly evaluate the impact of PD-L1 as a function of
CD8 T cell on overall survival. We found that patients with high number of PD-L1
relative to CD8 performed more poorly than patients with low number of PD-L1
relative to CD8 (Figure 4.8B, E). This suggest that for the tumors with high PD-L1
in the absence of CD8, there might be aberrant signaling pathways resulting in
constitutive activation of PD-L1, leading to worse outcome; while for the tumors
with high PD-L1 in the presence of higher CD8* T cell infiltrate, the PD-L1
upregulation may be an indicator of an anti-tumor immune response, thus
correlating with improved overall survival. Interestingly, contrary to Tregs, we did
not see any difference between the PD-L1 within 30pum of CD8 compared to total
numbers of PD-L1 expressing cells (Figure 4.9B, D, F, H), this suggests that the

PD-L1 upregulation is largely uniform at the invasive margin.
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Figure 4.9: Distance of FoxP3 to CD8 is more important on prognosis than
distance of PD-L1 to CD8. Comparisons were made between the 30 micron
distance and overall ratio for FoxP3 (A,E,C,G) and PD-L1 (B,F,D,H) in both
tumor and stroma of the invasive margin. Log-rank statistics are performed to
determine significance.

Our previous work in melanoma demonstrate that combining CD8:FoxP3 and
CD8:PD-L1 ratios are important in predicting culturing success of tumor-
infiltrating lymphocytes24. We conveyed similar concept to HPV-negative HNSCC
and coined the term “suppression index (Sl)”, which takes into consideration both
FoxP3 and PD-L1 within 30um of CD8 normalized to CD8. Our results showed
that by combining both suppressors, we are able to separate out the patients with
around 70% and those with around 30% 5-year survival (Figure 4.8C, F). To
examine the effect of tumor staging on relationships, we separated our cohort
into 2 general groups based on their overall survival (Figure 4.1A). Patients with
stage lll disease were grouped with stage | and Il based on their 70% 5-year

overall survival in our particular cohort. We found in patients with stage I-111

OSCC, the effect of suppression index in the stroma is highly predictive of overall
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survival: patients with lowest suppression index achieved almost 90% 5-year

survival, compared to less than 40% for patients with highest suppression index

(Figure 4.10A-F). In patients with stage IV disease, the relationship parameters

and suppression index in both the tumor and stroma seem also to be predictive

of outcome, with more separation observed in the tumor compartment (Figure
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Figure 4.10: Stromal suppression index is more important on patient prognosis in
Stage I-1ll patients. Distance parameters and suppression indices were
performed on both tumor and stroma of invasive margin for stage I-1ll patients,
median cutoff is used to establish high (above median) and low (below median).
For C and F, the expression based on median cutoff of FoxP3 and PD-L1 are
added together and ranked from high (score of 2), med (score of 1) and low
(score of 0). Log-rank statistics are performed to determine significance.
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Figure 4.11: Both tumor and stromal component are important on patient
prognosis in Stage IV patients. Distance parameters and suppression indices
were performed on both tumor and stroma of invasive margin for stage 1V
patients, median cutoff is used to establish high (above median) and low (below
median). For C and F, the expression based on median cutoff of FoxP3 and PD-
L1 are added together and ranked from high (score of 2), med (score of 1) and
low (score of 0). Log-rank statistics are performed to determine significance.

Cumulative suppression index scoring system as a means to evaluate both tumor

and stromal components is prognostic in OSCC

Stemmed from the concept Galon and colleagues have established previously in
colon studies, we combined the Sis from both the tumor and stroma at the
invasive margin into a cumulative SI (CSlI, Figure 4.12A). This results in
identification of patients with over 90% 5-year survival and those with only 20%
5-year survival in our entire cohort (Figure 6B). To further strengthen our CSI

scoring system, we have examined the expression of antigen presentation
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machinery (APM) components such as class | heavy chain and bz2-microglobulin
in our cohort using an “immunoreactivity score (IRS)” previously established to
clinically assess the intensity of hormonal receptors in breast cancer. We found
that interestingly, cytoplasmic expression of these APM components inversely
correlated with overall survival (Figure 4.12C). We speculate that higher
cytoplasmic expression may indicate a defect in the pathway that traps these
components in the cytoplasm, leading to decrease in T cell mediated killing.
Combining it with CIS resulted in further increase in patient survival with CSI of O
and 1 achieving 90-100% 5-year survival and those with CSI 5 and 6 achieving
0-20% 5-year survival (Figure 4.12D). When we evaluated the effect of CSl on
different tumor stages, we found that in patients with stage I-11l disease, a CSI
score of 0 achieved 100% survival in our cohort (Figure 4.12E); however, no
other improvement was observed compared to the stroma alone (Figure 4.10F,
4.12E). Similar results were observed by considering just stage I-Il patients (data
not shown). In patients with stage IV disease, we were able to separate patients
with CSI score of 0 having 60% 5-year survival, and those with score of IV rapidly
succumb to their disease (Figure 4.12F). Our findings indicate that even for
patients with late stage HPV-negative OSCC, relationship parameters between
immune populations are still prognostic. We believe that this type of analysis
including multiple relationships parameters and resistance mechanisms
evaluated independently is an important step forward. It allows us to establish an
immune signature that separates the patients with good outcome from those with

poor outcome.
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Figure 4.12: Cumulative suppression index is important in determining patient
prognosis. A) model B) Entire cohort, scores were summed from each individual
component using median cutoff as seen in the model C) APM components (beta-
2 microglobulin and heavy chain), scores from each component using a median
cutoff and compiled into low (score of 0), med (score of 1) and high (score of 2)
D) CSI with APM components, scores from each component using median cutoff
were added, ranging from score of 0 (below median for every category), and
score of 6 (above median for every category) E) CSlI for patients with stage I-llI
disease F) CSI for patients with stage IV disease. Log-rank statistics are
performed to determine significance, the top p-value refers to all comparisons,
the bottom p-value refers to the difference between the lowest and highest score.
Discussion

To the best of our knowledge this is one of the first immune profiling studies that
objectively assessed not only the frequency and composition of the immune cell
infiltrate, but rather also cell-cell relationships and further correlated these data to
clinical parameters. Compared to conventional single-color IHC, multiplex IHC
offers the ability to stain multiple parameters on a single section for the analysis

of the quantity and localization of cells as well as their interactions 13. This type of
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multidimensional analysis was applied to an in-depth study of tumor cells and the
TME followed by correlation of these data with OSCC patients’ survival.

As recently demonstrated in various studies density, composition and localization
of immune cell infiltrates, in particular CD8" T cells, have prognostic relevance in
different solid cancers, which led to the development of the immunoscore as an
important independent prognosis index in CRC232234 |n HNSCC, numbers of
various immune subsets have been correlated with clinical outcome?23% 236 put
the majority of these reports either focused exclusively on HPV* HNSCC or did
not distinguish patient populations based on HPV status. However, high
throughput analysis revealed that HPV* and HPV- HNSCC are distinct clinical
entities, which have distinct molecular features and an altered immune
phenotype characterized by CD8* T cell infiltration?36, To date our study
represents one of the largest HPV OSCC studies consisting of more than 120
patients from two centers. Immunoscore data were generated using multiplex
imaging, a novel technique that has shown promise for analyzing multiple
parameters from a single FFPE section?4 237, Consistent with other reports, our
results indicated a favorable association between CD8* T cell density and OSCC
patients’ survival. By focusing exclusively on CD8* T cell infiltrates in the tumor,
we were able to identify long term survivors, independent of the tumor stage
suggesting a prognostic value of the immune cell repertoire in the TME. In
addition, PD-L1 expression was analyzed in our tumor samples, which has
recently been shown to be inversely correlated with the outcome of HNSCC

patients of a Chinese cohort 229, These discrepant results might be due to the
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distinct etiology of carcinogenesis between the Chinese, North American and
European population [45]. In HNSCC, PD-L1 expression can be induced by
cytokines secreted from immune cells or constitutively expressed due to aberrant
signaling pathways [46]. While upregulation of PD-L1 as a response to the IFN-y
levels in the TME has a favorable prognosis, basal PD-L1 expression of tumors
is linked to a worse patients’ prognosis.

Based on our previous data in melanoma, we additionally analyzed the spatial
relationships between CD8* T cells and immune suppressors and the role of the
distance between different immune cell subsets and/or tumor cells for prognosis.
Adapted from on optimal separation of a test cohort of 34 patients (Figure 4.7),
which led to the generation of a suppression index scoring system consisting of
neighboring effector and suppressor cells FoxP3 and PD-L1 expression was
analyzed within a 3-lymphocytes-wide distance (30um). Using this approach,
patients with a low suppression index survived much longer compared to those
with a high suppression index, while the OS for those with intermediate
suppression index fell right in the middle. When separating the patients by tumor
stages the stromal SI was more important in stage I-lll, the tumor Sl appeared to
be more important in stage IV patients. These data lead to the hypothesis that in
earlier tumor stages, the peri-tumoral immune infiltrate acts to contain the tumor.
While in late stage patients often with nodal invasion, high levels of intra-tumoral
immune infiltrate represent a favorable signature that aids to clear the remaining
tumor after surgical resection. By combining the suppression indices from both

tumor and stroma, we were able to further separate the overall survival based on
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their cumulative suppression index scores in both early and late stage patients
with HPV- OSCC. The power of this index was further strengthened by taking into
consideration the cytoplasmic expression of MHC class | components, which by

themselves inversely correlate with overall survival.

To further strengthen our CSI scoring system, the expression of APM
components, such as MHC class | HC, B2-m and LMP10 was determined in our
cohort using an “immunoreactivity score (IRS)” previously established to score
hormone receptor intensity??2. The cytoplasmic expression of these APM
components inversely correlated with OS of OSCC patients (Figure 6C). We
speculate that higher cytoplasmic expression of HC and B2-m may indicate a
defect in the export of MHC class | molecules to the cell surface as shown in
virus-infected cells. This result in lower MHC class | surface expression, which
could be associated with reduced T cell-mediated killing. An altered MHC class |
APM component expression has been also shown to be associated with a
reduced patients’ survival in HNSCC, but also in other tumor entities238. 239,
Although the underlying molecular mechanisms of the altered APM component
expression has not been analyzed in detail, deregulation rather than structural
abnormalities appear to be the cause. This assumption is further strengthened by
the fact that deficient f2-m expression in HNSCC is not due to mutations in this
gene. By combining multiple parameters including the study of immune
suppressive factors in a CD8* T cell centric way, patients with 80% to 100% 5-

year survival could be identified and distinguished from those who rapidly
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progressed with 0% 2-year survival. Our study not only confirms the importance
of CD8* T cells in prognosis, but also highlights the complexity of the tumor
microenvironment suggesting that the consideration of multiple parameters is
necessary in order to better identify the patients requiring aggressive treatment.
However, our study has some limitations: Some tumor samples from patients
with stage IV disease exhibit a very high CD8* T cell infiltrate and a very
favorable CSI score. In contrast to our prediction, these patients rapidly
progressed suggesting that the immune suppressive panel analyzed is
insufficient to identify additional suppressive mechanisms that exist to dampen a
strong anti-tumor response. Furthermore, the scoring system used does not
address patients with intermediate scores. Incorporation of HLA class | APM
component analysis improved the prognostic power of the Sl, but still does not
fully allow us to separate these patients. One might consider extending the
analysis for other APM components to increase the prognostic relevance of these
markers. Thus going from CSI of O to 1a small change at the invasive margin can
cause drastic shifts in pathways and immune contextures postulating that
additional markers should be further analyzed to tease apart what is happening
at the invasive margin.

Overall, these data signify the importance of T cell responses in HPV- OSCC and
provide a rationale for the utilization of multiplex imaging in identifying the

patients that may require treatment intensification or enroliment into clinical trials.

Respective contributions
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| designed and performed most experiments in this chapter. Daniel Bethmann,
Barbara Seliger et al. provided the HNSCC slides for staining and performed the

APM analyses. CBB reviewed and verified all IHC staining.
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Chapter 5 (Appendix): Immunoprofiling to monitor changes in
tumor microenvironment following immunotherapy

One of the powerful applications of immune profiling, as mentioned in the
introduction, is to evaluate changes in the tumor-immune interactions following
treatment with immunotherapy. This appendix will touch on both changes
following immunotherapy in human and murine cancers.

Appendix 1: Changes in tumor microenvironment in murine tumors
following treatment with DRibble vaccine and STING ligand.

Autophagy, the process by which cells recycle cellular components through
autophagolysosomal fusion, is essential in the immune recognition of cancer!32
134 We and others have shown that tumor autophagy is necessary for tumor-
specific T cell priming through the induction of cross-presentation of tumor
antigens by DCs13%. 136 |n addition, tumor-derived autophagosomes contain
SLiPs and DRIiPs, which represent the major source of proteins for MHC class I-
restricted self-peptides’3’. 138 Acting together, these two characteristics make
autophagosomes an ideal vaccine encompassing a highly enriched antigen
repertoire for the cross-priming of CD8+ T cells. We have developed a method to
harvest these autophagosomes through the simultaneous inhibition of the
proteasome with bortezomib to induce autophagosome formation, and inhibition
of autophagolysosomal fusion with ammonium chloride, leading to intracellular
and extracellular accrual of these autophagosomes!3?. These autophagosomes
are then collected by centrifugation, and we have demonstrated their protective

and therapeutic efficacy in 7 pre-clinical sarcoma and carcinoma models135. 139,
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140 Our work has resulted in an ongoing multicenter phase Il clinical trial in
patients with non-small cell lung cancer (NCT01909752), and a trial planned in
HNSCC. Since much of DRibbles’ activity is heavily dependent on cross-
presentation by cells of the innate immune system, it is possible that activation of
the STING pathway may further enhance DRibbles’ therapeutic efficacy. STING
is a receptor that resides in both the cytoplasm and the endoplasmic reticulum of
most cells. Macrophages and DCs are potently activated by STING ligands such
as cyclic dinucleotides (CDN)240-243, Tumor cells can also express STING
receptor to various degree, and in HNSCC, there is a positive correlation

between STING receptor expression and CD8 T cell infiltrate (Figure A1-1).
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Figure 5-1: STING Expression
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. respectively. B, D: 6-plex multispectral
) staining using PerkinElmer platform in
patient #1 and #2, respectively. E:
o . correlation between STING expression
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cell infiltrate. Quantification is done
using Definiens’ Tissue Studio
(STING), and PerkinElmer (CD8).
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Central to its role in innate immunity to infection, the binding of CDN to STING
receptor induces type | interferon secretion?41. 244-247 and this reverses
macrophages that already exhibit an anti-inflammatory (M2) biased activation
status back to a more pro-inflammatory (M1) phenotype248. Consistent with a pro-
inflammatory signature, my preliminary results suggest that CDN significantly

enhances the secretion of IL-12, a pro-inflammatory “signal 3” critical for T cell
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proliferation and function24°-252, from both M1 and M2 macrophages differentiated
in vitro with y-interferon (IFNy) and IL-4, respectively (Fig. A1-1).
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Figure 5-2: Augmentation of IL-12 release from differentiated macrophages by
CDN. BMDMs are cultured in M-CSF and differentiated in vitro with (A) IL-4 and
(B) IFNy with vehicle or CDN. IL-12 level in the media is quantified by ELISA 24
hours later.

In this way CDNSs can repolarize the milieu of antigen presentation, as
suppressive factors such as IL-10 and Argl become less abundant in the local
environment and pro-inflammatory factors increase. The consequence of such
polarization can increase T cell priming and proliferation1?7. 253, Therefore, |
hypothesize that the stimulation of macrophages and DCs with CDN will increase
antigen cross-presentation of DRibbles, leading to tumor-specific T cell activation
and subsequent tumor rejection. To test the impact of DRibbles and CDNon T
cell infiltrate, tumors were established by the injection of 5x10° SCCVII cells
subcutaneously on the posterior cervical region of C3H/HeJ mice and were
allowed to reach 5mm in diameter. PBS, DRibbles, CDN, or combination
DRibbles and CDN were delivered to inguinal lymph nodes bilaterally. Tumors

were resected 7 days post injection and bisected. Half of the tumor were fixed in

zinc fixation buffer for IHC and other half were enzymatically digested for flow
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cytometry. The results show that combining DRibbles with CDN may increase in
CD8 T cell infiltrate and proliferation in the tumor, and enhance CD8" T cell to

FoxP3 ratio (Figure A1-3).
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Figure 5-3: Characterization of tumor-infiltrating immune cells after DRibble and
CDN therapy. A) Flow cytometry analysis, N=max 4 per group. B) IHC analysis of
proliferating CD8 T cells, N=5 per group. C) Representative images of
immunostaining of T cells. D) Ratio of CD8 to # of FoxP3 within 15 microns of a
CDS8 T cell.

Appendix 2: Changes in tumor microenvironment in melanoma following
treatment with oncolytic virus CVA21#

CAVATAK is an oncolytic strain of coxsackievirus A21 (CVA21), preclinical

models demonstrated that intratumoral injection of CVA21 results in tumor-
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specific viral in-situ proliferation and lysis of melanoma both in vitro and in
vivo?>4, A phase Il study was performed in collaboration with Viralytics to assess
the safety and efficacy of CVA21 in patients with advanced melanoma that have
injectable cutaneous metastases. Overall response rate in the study per
iIrRECIST 1.1 criteria is 30%. The aim of our study is to understand the effect of
the treatment on immune infiltrate. We utilized both multiplex imaging to evaluate
different aspects of immune function at baseline, and at day 8 post injection. We
found that there is no significant difference between disease-controlling
responders and progressors in their immune infiltrate density at baseline (Figure
A1B). However, in the disease-controlling responders, injection of oncolytic virus
results in significant increase in both CD8+ T cells and PD-L1 expression in the
tumor, suggesting potentially an anti-tumor response and the release of
interferon-gamma. This change was not observed in the progressors, as
demonstrated by Pt 03-042 in Figure A1A, and A1B. Our result is the first step
towards understanding the effects of oncolytic virus CVA21 on the tumor
microenvironment and we hope to identify in the future resistance mechanisms

that prevent an increase in the T cell infiltrate following administration of CVA21.

# Originally presented in ASCO 2016 J Clin Oncol 33, 2015 (suppl; abstr 9030)

114



A = FoP3 mmm PD.L1 Progression

CD163 mmm CD3
. DAP| cD8 Day O (pre-treatment) Day 8 (post-treatment)

Pt 03-042

~Male: Stage IlIC
with melanoma to the neck
«Prior treatment with ipilimumab

Pt 04-015

R o

-Female: Stage IlIC

with melanoma to legs

«Prior treatment with ipilimumab
and pembrolizumab

Pt 03-044

-Female: Stage IlIC

with melanoma to back

«Prior treatment with ipilimumab
and talimogene laherparepvec

CcD3*CD8* PD-L1*
6000
B Figure 5-4: Changes in
w 4500+ immune infiltrate post
E CVAZ21 injection
2 30007 A) 3 example patients
© with before/after
1500= . . .
multiplex imaging B)
o summary of 8 patients.
3 & O ® o & o & PROG: progressors
S P N N N S N . ’
T TSI ST DCR: patients whose
(%) Qp QOQ' OOQ' O Q,Oe' C.-Q' OQ' di trolled
& < & & 99 isease were controlle

115



Chapter 6: Summary and Conclusions

Objective assessment of the immune component of the tumor microenvironment
represents a key advancement in standardization and biomarker development.
The work presented in this thesis highlights the importance of multiparametric
analysis and assessing cell-cell relationships. Pre-clinically, by combining a zinc-
based tissue fixation method with a glycine-based antigen-retrieval solution, we
have successfully established a multiplex IHC platform to assess T and B cell
distributions in murine tissue. We have also provided evidence for the value of
multiparametric analysis by identifying follicular aggregation of CD3-CD4*CD11c*
cells in murine RAG1” spleen and their replacement by T and B cells following
adoptive transfer of splenocytes from wild-type animals. In cancer models, we
could identify CD4*F4/80* macrophages and CD8*FoxP3™ cells that were
abundant in certain tumors such as FAT, a cell line derived from MMTV-PyMT
spontaneous mammary carcinoma. The functions of these cells are poorly
understood and they are difficult to isolate and study using conventional IHC or
flow cytometry. Understanding changes to these populations and the resulting
shift in cytokine and T cell infiltrate by multiplex IHC following treatment may give
us insight into the mechanisms of tumor rejection by these therapies. Overall, the
multiplex IHC platform represents a step forward in objective assessment of
immune populations in the tumor microenvironment following therapy. The
combination of zinc-fixation and mild antigen-stripping solution also expands the
possibility of using antibodies traditionally reserved for frozen section or flow

cytometry for multiplex IHC studies; and the contextual information provided by
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IHC can complement flow cytometry. This is especially advantageous for the
study of immune subsets such as resident memory T cells that can’t be efficiently

isolated out, or when the tissue sample is too small to be used in flow cytometry.

Applying multiparametric analysis to clinical samples yields promise for
biomarker development. In melanoma, we demonstrated that CD8:FoxP3 ratio
can predict the success in culturing tumor-infiltrating lymphocytes; and combining
it with CD8:PD-L1 ratio, we were able to achieve 100% sensitivity and specificity
in our small cohort. This is important for two reasons. Our technique may allow
for better selection of patients with a more favorable immune signature who
would more likely benefit from TIL therapy. Secondly, checkpoint blockade
therapy is one of the most promising treatments for patients with solid tumors.
But response to agents such as anti-PD-1 and anti-PD-L1 is limited to patients
with pre-existing immune response?% 21, Being able to culture tumor-reactive
lymphocytes from patients’ tumors could be an important indicator of the
likelihood of a pre-existing anti-cancer immune response. Thus, while the density
of CD8* T cells has been shown to be a powerful marker in predicting response
to anti-PD-1 therapy in a small cohort of patients20, it is possible that including
Tregs and PD-L1 may further enhance the prediction for response to anti-PD-1

therapy.

We further investigated the distances between CD8, Treg and PD-L1 in the

tumor microenvironment in HPV-negative HNSCC. Consistent with our data in

117



melanoma, a high CD8:PD-L1 ratio correlated with a prolonged overall survival in
HPV-negative HNSCC. However, when we examined the ratio of CD8:FoxP3, we
found that the numbers of Treg within a 30-micron radius of CD8, but not total
Treg, were prognostic. This observation that higher densities of Tregs close to
CDS8 correlated with worse outcome suggests differential suppression of T cells
by Tregs in HNSCC. Consistent with our interpretation, studies by others have
shown that a significant part of Treg-mediated T cell inhibition is contact-
mediated, such as through CTLA-4, CD73/CD39, direct cytolysis or gap
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Figure 6-1: CD163+ macrophages exist in close proximity to FOxP3+ Tregs. A)
Numbers of FoxP3* Tregs per mm? in different types of cancer. B) Average
numbers of CD163* macrophages within 15-micron of Treg in both tumor and
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stroma in HPV-negative HNSCC. C) Differences in PD-L1 expression of CD163*
macrophages in both tumor and stroma. D) In-situ hybridization of TGF-beta
shown in red, arrows pointing to cells resemble macrophages.

Additionally, HPV-negative HNSCC is one of the cancers with the highest FoxP3
infiltrate (Figure 6-1A), but it is unclear whether this process is mediated through
chemokine induced migration, or in situ conversion. Studies from Gajewski’s
group demonstrated that for inflamed tumors, CD8 mediates Treg migration
through CCR4 binding chemokines, while other studies suggest potential for
highly suppressive iTreg conversion in situ through TGF-beta® 257. Examining the
location of the FoxP3* T cells intratumorally revealed their close proximity to PD-
L1+ macrophages: on average, there is one CD163* macrophage within 15-
microns of every other Treg (Figure 6-1B,C). Could these macrophages mediate
the conversion of these Tregs through the secretion of TGF-beta? We probed for
TGF-beta using in-situ hybridization methods and found aggregates of TGF-beta
in cells resembling macrophages. Methodology to perform both ISH and
multiplex IHC on a single slide is underway and can help to determine if the PD-
L1+ CD163+ macrophages adjacent to FoxP3 are secreting TGF-beta and
mediating the conversion of these Tregs. Combining TGF-beta inhibitors with
other modalities such as radiation and OX40 agonist has demonstrated efficacy
in preclinical models® 10 and our data could provide another rationale for use of
TGF-beta signaling blockade in HNSCC, reducing Treg burden and enhancing T

cell function.
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Combination of relationships, such as CD8:FoxP3 with CD8:PD-L1, in melanoma
showed better prediction of TIL culture success than either parameter alone.
Using this concept in HNSCC to develop of a "suppression index" (Sl), we can
separate patients with less than 20% 5-year overall survival with those achieving
over 80% 5-year survival. It is important to realize that the survival benefit is
primarily driven by CD8 T cell infiltrate. In other words, tumors with low CD8
density have high suppression indices (above median) regardless of PD-L1 and
Treg level, whereas tumors with very high levels of CD8 infiltrate have low
suppression indices even if they also have high FoxP3 infiltrate and PD-L1
expression. Because of this, the suppression index fails to address the rare
patients with some of the highest CD8 T cell infiltrate who progress rapidly. For
these particular patients, preliminary analysis of their tumors with activated
caspase 3 and XIAP, a suppressor of caspase activation, revealed high XIAP
expressions and almost complete absences of nuclear cleaved caspase 3.
Furthermore, these patients also have increased expression of cytoplasmic class
| antigen-presentation machinery with a concurrent decrease of membrane class
| expression. All of these factors suggest that despite high T cell infiltrate for
these particular patients, defects in signaling pathways prevent them from
eliminating the cancer. To stratify these rare patients, additional markers of
immune resistance and escape are much needed. Novel technologies such as
NanoString and RNAseq can help uncover these mechanisms of immune

resistance and escape.
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For the majority of patients, our results can potentially be important in patient
care. Patients with more “hot” tumors and low suppression indices may
potentially benefit from less intensive therapy and avoid treatment associated
adverse effects. Conversely, patients with “cold” tumors characterized by high
suppression indices may need more aggressive therapies to improve their overall
survival. Some therapies such as oncolytic virus and anti-OX40 may convert a
“cold” tumor with a high suppression index into an “inflamed tumor” with a low
suppression index. Neoadjuvant treatment with these particular therapies, based
on results from our suppression index study, may provide survival benefit for
patients with high SlI. Incorporation of multiplex IHC to study immune parameters
in tumor biopsies at baseline is key in such trials, as it can not only help assess
clinical outcome of the patients on therapy, but also evaluate the potential
mechanism of action of the therapeutic agents, advancing treatment strategies

and improving patient care.
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