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Abstract

An intratumoral immune niche sustains the anti-tumor immune
response and supports the response to immunotherapy

By Caroline S. Jansen

Tumor infiltrating lymphocytes have been associated with a survival benefit in many tumor
types, as well as with the response to immunotherapy. However, it is not clear why some tumors
are infiltrated by many T cells, but others have relatively few. Herein, we investigate the
mechanisms required for maintaining a strong anti-tumor T cell response in human cancers. We
demonstrate that the T cell response is both functionally compartmentalized and physically
organized, where a stem-like T cell both self-renews, as well as differentiates into more terminally
differentiated, effector-like daughter cells. We show that the presence of these two cell types, and
the critical differentiation of the stem-like cells, is integral to a robust anti-tumor immune response.
Furthermore, we show that these stem-like T cells reside in antigen presenting cell-dense immune
niches within the tumor, and that tumors with an absence or loss of these niches fail to maintain a
strong anti-tumor T cell response. Importantly, we illustrate that this biology is translatable across
multiple tumor types, reporting these findings in renal cell carcinoma, prostate cancer, and brain
metastases from patients with diverse tumor types. Importantly, in renal cell carcinomas and brain
metastases, we find the substantial presence of these immune niches leads to significantly
improved clinical outcomes. As such, the data presented here provides a strong foundation for
understanding the mechanisms of the T cell response to human cancer and provides a springboard
for future investigation and continued clinical translation for the benefit of patients of many
different tumor types.
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Chapter 1: Introduction

1.1 Introduction

It is estimated that some 1.9 million new cancer diagnoses will be made by the end of 2022 and
that an unfortunate more than 600,000 cancer deaths will occur in the same year in the United
States alone, reinforcing the idea that cancer-related illness and cancer-related death remains a
forefront issue facing the health of not only the United States, but also the entire world!. In kidney
cancers specifically, disease incidence continues to increase, and 2022 is expected to hold nearly
80,000 new kidney cancer diagnoses and nearly 14,000 kidney cancer deaths! . With major risk
factors for kidney cancer including excess body weight, smoking and tobacco use, chronic
hypertension, and chronic renal failure, the increasing prevalence of these conditions raises
additional concern for continued increases in kidney cancer incidence**. Thus, there is great
urgency for improvement in biomarkers for diagnosing or risk-stratifying kidney cancer, as well

as for uncovering opportunities for new or enhanced therapeutic options for kidney cancer patients.

1.2 The importance of the immune system in the control and prevention of cancer

To begin considering what research questions might be most impactful in diagnosing and treating
cancer, it is useful to consider what the unifying features of cancer development and progression
are, especially across multiple tumor types. One such framework for doing so is the “hallmarks of
cancer,” which were first outlined by Weinberg and Hanahan in the early 2000s, when they
proposed six common features and functionalities that cells acquire as they transform to become
malignant’. The original set of six hallmarks included: self-sufficiency in growth signals,

insensitivity to anti-growth signals, tissue invasion & metastasis, limitless replicative potential,



sustained angiogenesis, and evading apoptosis’. In the early 2010s, they updated this list to propose
the six hallmarks to be sustaining proliferative signaling, evading growth suppressors, resisting
cell death, enabling replicative immortality, inducing/accessing vasculature, and activating
invasion and metastasis, with reprogramming cellular metabolism and evading immune

destruction denoted as “emerging hallmarks®”

. Most recently, especially given the leaps in
understanding these two emerging hallmarks that have been made in the decade since this update,

it has been agreed that these emerging hallmarks should now be considered core hallmarks,

alongside the original six’.

Most particularly, the importance of the immune system in restraining cancer growth and
development—and strategically harnessing that for use as therapeutics—has been a strong focus
of cancer research in recent history, most famously culminating with awarding Tasuku Honjo and
Jim Allison with the Nobel Prize. This prize was awarded for their “their discovery of cancer
therapy by inhibition of negative immune regulation®”, which is a discovery that hinges upon the
central role of the T lymphocyte in combatting cancer growth. Importantly, T cells have long been
placed as key players in keeping tumors at bay. For example, it was observed that mice with

3

profound lymphocyte deficiencies develop spontaneous tumors®!3, and that interfering with

important effector molecules produced by T cells (e.g. IFNy and perforin) made mice more

susceptible to tumors!+20,

Additionally, similar observations have long been made in human patients, where

kl4, 21-23

immunosuppressed organ transplant patients have increased cancer ris and where transfer

of bone marrow cells can result in a “graft versus leukemia” effect that can contribute to controlling



24-26

leukemia cell expansion“*<°, again underscoring the importance of the immune system in

curtailing the development of cancer.

Many studies have demonstrated that the presence of T cells, particularly CD8 T cells, is a
predictor of favorable patient prognosis in several tumor types, and this finding continues to be

replicated in many tumor types®’*3

. For example, much of the landmark work establishing tumor
infiltrating lymphocytes (TILs) as a predictor of patient outcomes was accomplished by the Galon
group, who first showed that the type, density, and location of TILs in primary colorectal cancer
are significant predictors of both disease free and overall survival?’-3!. This seminal work led them
to establish a scoring system for measuring TILs—the “Immunoscore”—which considers the
density of infiltrating CD8+ and CD45RO+ T-cells at the tumor core (CT) and invasive margin
(IM), with higher scores reflecting greater lymphocyte invasion®!. Validation of this scoring
system showed that patients with higher scores (i.e. higher T-cell densities within primary tumors)
had increased DFS and OS compared to low scores, and that the Immunoscore scoring system was
a better predictor of survival than TNM staging methods*2. Further study has indicated that patients
with dense CD8 T-cell infiltration of lung metastases colorectal cancer also have improved overall
survival®®. Importantly, after this leading work in colorectal cancer, similar findings have been
reported in many additional tumor types, with T cell infiltration having been found to be a positive
prognostic indicator in melanoma, breast cancer, head and neck cancer, ovarian cancer, non-small
cell lung cancer, esophageal cancer, small cell lung cancer, hepatocellular carcinoma, and renal

cell carcinoma®4-38:-43,

In addition to being an intrinsic predictor of patient prognoses, tumor infiltrating lymphocytes have



also been associated with the response to immunotherapies, such as immune checkpoint
blockade®*-*2. In melanoma patients, those who responded to anti-PD1 therapy have proliferation
of intratumoral CD8 T cells that corresponds with subsequent radiographic reduction of tumor
size®®. Interestingly, in this study, analysis of pre-treatment samples from responding patients
shows higher density of CD8, PDI1, and PDL1 expressing cells in and near the tumor, which
implies that patients with a strong pre-existing T cell response may be more poised to mount a
productive response to immune checkpoint blockade®®, and this finding was replicated in a study
of desmoplastic melanoma patients, where patients with more CD8 T-cells near the tumor margin
were gleaned the most clinical benefit following anti-PD1 therapy*’. Interestingly, more recent
studies have shown that a specific subset of tumor infiltrating T cells (TCF1+ CD8 T cells), which
harbors both a capacity to persist and self-renew as well as differentiate, are those that are most
mechanistically important for the effective response to immune checkpoint blockades, and indeed,

this subset of cells is associated with therapeutic efficacy in patients with melanoma**3,

Importantly, PDL1 expression status is used as a strategy for predicting which patients will benefit
from immunotherapy, but typical immunohistochemistry-based evaluation of expression levels

falls short in comprehensively identifying patient populations who will benefit from these

49-51

therapies™'. Thus, these and other studies indicate that the presence of infiltrating lymphocytes

in the tumor microenvironment is an important factor in predicting the response to

27,31, 37, 39, 44, 45, 52-54

immunotherapy , which could add to the utilization of PDL1 expression status

or make up for it in those cancers which typically lack PDLI expression or for which PDL1

51, 55-57

expression status is poorly predictive of response . Thus, together with the aforementioned

studies indicating that the intrinsic tumor infiltrating immune response can predict patient



outcomes?’4% 32-34 these studies also highlight a common feature of the immune response to
cancer: while some patients may generate significant and efficacious anti-tumor T cell responses,
others do not, and seeking to understand why this is is a critical question for the field, and much

of the focus of the work presented herein.

In summary, all of these observations point to a central role for the immune system, and
specifically for T lymphocytes, in combatting and controlling cancer development, growth, and
advancement. However, given the widespread occurrence of cancer in otherwise healthy patients,
it is clear that this T lymphocyte response is insufficient for completely preventing or controlling
cancer. Accordingly, it is critically important to understand how this response works, how it fails,

and how we might enhance the response to control and prevent cancer more effectively.

1.3 T cell dynamics in the environment of chronic antigen exposure

In order to identify and understand the mechanisms of the CD8 T cell response to cancer, it is
important to build upon the mechanisms of this response in other settings, such as in mouse models
of both infection and cancer, as well as in other relevant human settings, such as chronic infections

or solid organ transplant.

During the classic response to acute infection, it is well understood that naive CD8 T cells undergo
rapid effector differentiation, followed by contraction and the emergence of a population memory
cells as antigen is cleared from the environment®®%? (Figure 1.1). However, when antigen is not
cleared, T cells are chronically exposed to cognate antigen, such as in the setting of tumors and

chronic viral infections. This causes significant transcriptional and functional alterations in the T



cells, which can lead to a T cell state called “T cell exhaustion®*-%>.” This state of exhaustion was
first and most extensively described in a mouse model of chronic viral infection (LCMV), in which
virus-specific CD8 T cells progressively “exhaust”—gaining increasing expression of checkpoint
and inhibitor receptors, while also experiencing a progressive decline in their ability to proliferate

and kill target cells®* 3,

Importantly, more recent studies have added dimension to the understanding of the T cell
exhaustion observed in the setting of chronic antigen exposure®. It is now appreciated that there
are several distinct subsets of exhausted, antigen specific CD8 T cells in this setting*® ¢7-7%, One
such subset is a stem-like cell, which notably maintains the capacity for self-renewal, but also for
differentiating into a more terminally differentiated cell subset (Figure 1.1). This terminally
differentiated subset has diminished capacity for self-renewal, but importantly retains the ability
to kill target cells*® % 67-6% These stem-like CD8 T cells are most readily defined by characteristic
expression of the transcription factor TCF1, as well as high expression of costimulatory molecules,
such as CD28. On the other hand, the more terminally differentiated CD8 T cells lack expression
of TCF1 and instead have higher expression of checkpoint (e.g. Tim3, CTLA4, CD244) and
effector molecule (e.g. granzymes, perforin) expression*® 4, Importantly, this establishes a new
way of understanding the mechanisms of the T cell response in chronic antigen settings—these
distinct cellular subsets compartmentalize the proliferative and cytotoxic functions of CD8 T cells.
TCF1+ stem-like T cells orchestrate T cell maintenance, while killing is achieved by the more
terminally differentiated cells, allowing for an organized, sustainable T cell response in the setting

of chronic antigen exposure*%: 6,
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Figure 1.1 Models of T cell differentiation in the setting of acute or chronic antigen exposure.



This understanding is particularly important in the cancer-specific setting of chronic antigen
exposure, and these stem-like and terminally differentiated cells have also been identified amongst
tumor infiltrating T cells** > 6% 71 Tn the work presented here, we identify these cell populations
in human renal tumors and demonstrate the critical importance of these stem-like CD8 T cells in
maintaining the anti-tumor immune response®’ (see also: Chapter 2). Having found that these stem-
like T cells are critical to a durable anti-tumor T cell response, we propose that the ability to house
these cells could be a factor in why some patient’s harbor many T cells in the tumor, while others

have very few.

1.4 Summary, scope, and goals for this project

In summary, while it has been well established in many tumor types that a productive anti-tumor
T cell response is a positive predictor of patient prognosis?’-33 3342 this remains to be clearly
decided in other tumor types, such as in renal cell carcinoma, so one particular goal of this project
was to define the association between clinical outcomes and T cell infiltration in renal tumors.
Additionally, it remains unclear why some patients may mount such a productive immune
response, while others may not. As others had previously described a stem-like model of
maintaining a T cell response in chronic antigen settings*® 70 this work sought to probe whether
an analogous or similar model was also responsible for supporting an enduring T cell response in
renal tumors, as well to understand whether breakdowns in this biology could explain why some
patients fail to mount a productive T cell response. A second part of this goal for the project
included testing these same hypotheses in diverse tumor types, seeking to understand whether the
stem-like model of the T cell response in tumors represents a biological feature that spans tumor

types. Finally, this project sought to determine how this understanding of the mechanisms of the



intrinsic anti-tumor T cell response might affect the subsequent response to immunotherapy, in
order to better understand why some patients glean great benefit from immune checkpoint
blockade, while others do not. Thus, in this text, I describe my efforts and my findings in the
pursuit of answering these scientific questions, in order to advance the understanding of the
mechanisms of the anti-tumor T cell response in human tumors and in response to immune

checkpoint blockade.
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Chapter 2: An intra-tumoral niche maintains and differentiates stem-like CD8 T-cells
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2.2 Abstract.
Tumor-infiltrating lymphocytes are associated with a survival benefit in several tumor types and

with the response to immunotherapy?’- 3!-37. 3% 40.52.33. 22 However, the reason some tumors have
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high CD8 T cell infiltration while others do not remains unclear. Here we investigate the
requirements for maintaining a CD8 T cell response against human cancer. We find that CD8 T
cells within tumors consist of distinct populations of terminally differentiated and stem-like cells.
On proliferation, stem-like CD8 T cells give rise to more terminally differentiated, effector-
molecule-expressing daughter cells. For many T cells to infiltrate the tumor, it is critical that this
effector differentiation process occur. In addition, we show that these stem-like T cells reside in
dense antigen-presenting-cell niches within the tumor, and that tumors that fail to form these
structures are not extensively infiltrated by T cells. Patients with progressive disease lack these

immune niches, suggesting that niche breakdown may be a key mechanism of immune escape.

2.3 Introduction.

In many cancers, tumor infiltrating CD8 T cells predict patient survival and response to
immunotherapy 27 31-37.39.40.53.72.73 ' Thege observations raise a fundamental question about the
immune response to cancer: Why do some tumors have high CD8 T cell infiltration while others
do not? A logical assumption has been made that T cell exhaustion drives a decline in the T cell
response. T cell exhaustion has been extensively described in viral infections, where persistent
antigen exposure reduces the ability of the CD8 T cells to proliferate and kill target cells®: 74,
Acquisition of checkpoint molecules that inhibit T cell function are a hallmark of this exhausted
state, and blockade of molecules like PD-1 can rescue exhausted cells in these models’ 7.
Supporting the idea that T cell exhaustion is a factor limiting T cell function in cancer, many
reports have found that T cells in tumors express high levels of these checkpoint molecules, and
blockade of PD-1 and CTLA-4 are among the most successful treatments for many cancers’’-8!.

However, the model of persistent antigen exposure driving T cell decline does not explain why
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some patients have a strong T cell response to their tumor for decades, or why patients with
controlled disease may have many CDS8 T cells that are phenotypically exhausted. Here, we have
investigated the CD8 T cell response to human tumors to better explain the mechanisms that

control the magnitude of the T cell response to cancer.

2.4 Results.
TCFI1+ CDS8 T cells reside in tumors
Based on the observation that CD8 infiltration into tumors predicts survival and response to

immunotherapy in other cancers?’: 31 37. 39, 337273, 82, 83

, we measured this parameter in a cohort of
kidney cancer patients. To quantitate CDS infiltration, tumor tissue was collected from patients
undergoing surgery and analyzed by flow cytometry (Figure 2.1 A). CD8 T cell infiltration ranged
from 0.002% to over 20% of the total tumor cells (Figure 2.2 A). For patients with any stage
disease, having less than 2.2% CDS8 T cell infiltration predicted a 4-fold more rapid progression
after surgery (HR=3.84, p<0.01) (Figure 2.2 B, Figure 2.1 B-E, 2.3 A-B). CD8 T cell infiltration

did not correlate with clinical parameters such as disease stage or patient age (Figure 2.3 C-K),

suggesting that other biological mechanisms control the degree of T cell infiltration into tumors.

Reasoning that the composition of the tumor infiltrating CD8 T cells might offer insight into the
mechanisms controlling T cell infiltration, we analyzed expression of checkpoint molecules, co-
stimulatory molecules, and important transcription factors in tumor infiltrating CD8 T cells. We
detected a distinct population of cells that resembled exhausted CD8 cells by their expression of
high levels of checkpoint molecules, TIM3, PD1, CTLA4 and TIGIT (Figure 2.2 C-D, Figure 2.4

A-B). We also identified a population of cells with low checkpoint molecule expression, but high
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Figure 2.1: Clinical characteristics, statistical methods, and clinical outcomes in renal cell
carcinoma. (a) Descriptive Statistics. Table details the demographic, disease stage, disease
characteristic, and immune infiltrate breakdown of the cohort of kidney patients. (b) Martingale
Residual Plot. Residual plot illustrating discovery of 2.2% CD8 “optimal cut”. (¢) Comparison of
Optimal Cut, Sub-Optimal Cut, and Median Cut. (d) CD8 T cell Infiltration predicts time to
progression in stage III (T3NOMO) patients. Patients were stratified into high (>2.2%CD8) or low
(<2.2%CD?8) based on the optimal cut identified in a cohort of all-stage patients. CD8hi: n=13.;
CDS8lo: n=7. p=0.0059, HR = 0.1543, as determined using log-rank test. (¢) CD8 T cell infiltration
significantly improves prognostication in kidney cancer patients with high SSIGN (size, stage,
grade, necrosis) scores. p= 0.0292, HR = 0.1409, as determined using log-rank test. Patients were

were stratified into low (scores 1-6) and high (scores >6) SSIGN score groups and into low
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(<2.2%CD8) and high (>2.2%CDS8) T cell infiltration. SSIGNlo/CD8lo: n=11, SSIGNIlo/CD8hi:

n=16, SSIGNhi/CD8lo, n=28, SSIGNhi/CDg8hi, n=13.
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expression of co-stimulatory molecule CD28 and transcription factor TCF1 (encoded by TCF7)
(Figure 2.2 C-D, Figure 2.4 A-B). TCF1 is a critical transcription factor that defines a stem-like T
cell population in chronic murine lymphocytic choriomeningitis virus (LCMV) infection®® 67 68,
Importantly, others have described a TCF1+ CD8 T cell population in human and murine tumors
that correlates with response to PD1 blockade** 4> 47- 48. 68. 34 'To functionally characterize the
TCF1+ and checkpoint-high populations of CD8 T cells in tumors, checkpoint-high cells (PD1+,
TIM3+) and stem-like cells (TCF1+TIM3-CD28+) were sorted from tumors, labeled with cell
trace violet, and incubated with anti-CD3/CD28 stimulation beads. The TCF1+TIM3 CD28+
stem-like population consistently proliferated in response to bead stimulus, while the checkpoint-
high population lacked proliferative potential (Figure 2.2 E-F). Importantly, after division, the
stem-like T cells upregulated PD1, TIM3 and CD244 to a similar level seen in vivo, and
downregulated TCF1, acquiring the phenotype of the checkpoint-high population (Figure 2.2 G-
H, Figure 2.4 C-F). Together, these data suggest that TIM3- CD28+ T cells possess a stem-like

capability; they can proliferate and give rise to more terminally differentiated, checkpoint-

expressing T cells.

To further investigate the relationship between the intratumoral stem-like and terminally
differentiated CDS8 T cells, we examined the T cell receptor (TCR) repertoires of each population
in 11 tumor samples. We found that TCRs significantly overlapped between the stem-like and
terminally differentiated cell populations in all patients examined, suggesting a clonal relationship
between these populations (Figure 2.2 I-J, Figure 2.5 H). In two patients for whom we recovered
samples from distant sites within the same tumor, we found a high degree of TCR overlap between

the stem-like and terminally differentiated populations at all locations (Figure 2.5 G). These data
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Figure 2.2: The anti-tumor T cell response is supported by a stem-like CD8 T cell, which
gives rise to terminally differentiated CD8 T cells in the tumor. a) CD8 T cell proportion in
kidney tumors shown as percent of total cells (n=68). b) Disease progression after surgery in
kidney cancer patients stratified into high or low CD8 T cell infiltration (+/-2.2%) based on optimal
cut methods. Time to progression is the number of days from surgery until death or progression
by RECIST criteria. (n=66). c) Gating strategy to identify intratumoral CD8 T cell populations.
Populations shown are gated on Live/CD3+/CD8+. d) Expression (MFI) of activation markers,
checkpoint molecules, and transcription factors by Tim3+ and Tim3-CD28+ subsets, gated as in
(c). e & f) Stem-like (Tim3-CD28+) and terminally differentiated (Tim3+) populations were sorted
from kidney tumors, labeled with cell trace violet, and cultured with anti-CD3/anti-CD28 beads
and 10U/mL of IL2 for 4-5 days. Proliferation index and percentage of cells divided is shown. g
& h) Expression of Tim3, PD1, and CD244 after cells undergo proliferation. Summary plots from
in vitro activation experiments compared to fold change in MFI observed between the populations

in vivo. 1) TCR repertoires of stem-like and terminally differentiated T cells sorted as shown in
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Extended Data figure 4. TCR clones are represented by the number of reads detected in either T
cell population. j) TCR repertoire overlap between stem-like and terminally differentiated T cells.
The proportion of the detected TCR repertoire in each patient that is unique to each population or
shared between the two is shown. k & 1) Generation of checkpoint high cells correlates with total
T cell infiltration. Patients were classified as having a low (<20%) or high (>20%) fraction of
Tim3+ terminally differentiated cells. Data shows sample patients (k) and summary data in kidney

(n=49), prostate (n=28), and bladder tumors (n=8) (1).
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Figure 2.3: CD8 T cell infiltration is associated with improved survival and is independent
of standard risk assessment tools, tumor features, and patient demographics. (a & b)
Proportion of CD8 T cells in the tumors of patients that progress or die after surgery as compared
to those without (a) disease progression or (b) death. (¢) Disease stage, p=0.6, (d) Fuhrman nuclear
grade, p=0.4, (e) UISS groups, p=0.3, (f) SSIGN groups, p=0.3, (g) Maximum tumor size in one
dimension, in centimeters, R=0.01, p=0.3, (h) Histologic subtype, p=0.7, (i) Patient age at the time

of surgery, in years, R=0.001, p=0.9, (j) Patient sex, p=0.8, (k) Patient race/ethnicity, p=0.7.
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Figure 2.4: Flow cytometry profiling and functional analysis of CD8 T cells in human RCC

tumor samples. (a) Flow cytometry gating scheme. FSC-A and FSC-H are used to select for

singlets. Live (APC-Cy7 negative) CD3+ events are then selected from this population of singlets.

Lymphocytes are selected from this live CD3+ population on the basis of FSC-A & SSC-A, and

CD4+ and CD8+ T cell populations are selected from the lymphocyte population. (b) Expression

of various molecules by stem-like (green) and terminally differentiated (red) CD8 T cells in human

tumors measured by flow cytometry. (c, d, & e) Expression of TCF1 (c), CD28 (d), and Tim3 (e)

as measured by flow cytometry, by stem-like and terminally differentiated CD8 T cells isolated

from human kidney cancer patients (n=6) and cultured in vitro for 3 days with 10U of IL2 and

with (stimulated) or without (unstimulated) anti-CD3/CD28/CD2 bead stimulation at a 1:1 ratio.

(f) Number of live stem-like and terminally differentiated intratumoral CD8+ T cells after 3 days

of in vitro culture in IL-2 supplemented media. Live/dead staining was utilized to determine the

proportion and number of live CD8 T cells by flow cytometry. (g) Composition of the CD8 T cell

compartment. In 60 human kidney cancer patients, proportion of CD8 T cells that are stem-like
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cells (PD1+ CD28+ Tim3-) correlates with total T cell infiltration (%CDS8 T cells of total cells),
while proportion of terminally differentiated cells (PD1+ Tim3+) does not. (h) Percentage of total

CDS8 T cells correlates with the percentage of total cells that are stem-like CD8 T cells.
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Figure 2.5: Sorting schema and practical and statistical approach to T cell receptor analysis
in RCC. (a) Gating scheme for fluorescence activated cell sorting of cell populations for stem-like
and terminally differentiated cell populations from human kidney tumors. Terminally
differentiated cells (1) are PD1-High and CD39+. Stem-like cells (3) are PD1+CD39-CD28+. (b)
Estimation of population overlap. PD1 and CD39 expression by flow cytometry was modeled

using a 2 population Gaussian mixing model. The amount of each population falling within each
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sorting gate based on the relative proportions of the populations was determined and used to
calculate the if TCRs found in both populations could be accounted for by contamination. (c)
Presort flow cytometry plots for patients sorted for TCR sequencing. (d) Ranking of stem-like
(green) and terminally differentiated (red) TCR clones from most to 10th most dominant clone by
percent of total TCR repertoire (Log10). (¢) Number of unique TCR clones detected in stem-like
(green) and terminally differentiated (red) cell populations as a function of number of cells
collected. (f) Percent overlap detected as a function of number of cells collected. (g) Tumor
samples were taken from two physically distant sites within the same tumor and stem-like and
terminally differentiated cells were sorted from each and TCR sequenced. Venn diagrams illustrate
unique TCRs found between stem-like populations in sites A and B, between terminally
differentiated populations in sites A and B, and between location mismatched stem-like and
terminally differentiated populations (e.g. stem-like-A/terminally differentiated-B, stem-like-
B/terminally differentiated-A), in addition to overlap between stem-like and terminally
differentiated T cell populations within a single site. (h) Table indicating the number of stem-like
and terminally differentiated T cells collected, inferred purity of each population, percent overlap
detected calculated by the number of TCRs detected in either sample divided by the total TCRs in
both samples, and the power to detect >20% overlap (assuming 2000 unique TCRs/sample) for

each patient sample.
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are in contrast to reports finding that the CD39- population of TILs are unrelated to tumor antigens,
and instead support a model of T cell differentiation where stem-like T cells within the tumor are

the precursors to the terminally differentiated CD8 T-cell population®.

We next assessed how the composition of CD8 T cells in the tumor related to total T cells
infiltration. Highly infiltrated tumors consistently had a distinct population of Tim3+ cells, which
resemble phenotypically exhausted CD8 T cells, while poorly infiltrated tumors rarely had these
cells (Figure 2.2 K, Figure 2.4 G). The same relationship was present in prostate and bladder
tumors as well, where poorly infiltrated tumors contained few TIM3+ terminally differentiated
cells (Figure 2.2). In poorly infiltrated tumors, the stem-like CD8 T cell population is consistently
detectable at very low numbers (Figure 2.4 H) but does not appear to be induced to differentiate
into the TIM3+ cells (Figure 2.2 K-L, Figure 2.4 G). These data suggest that the magnitude of the
T cell response within a tumor is related to the ability of many terminally differentiated cells to be

generated by the stem-like TCF1+ T cell population.

Transcription and epigenetics of CDS8 T cell subsets

To further investigate the terminally differentiated and stem-like T cell populations in tumors, we
performed RNAseq on these populations. The terminally differentiated cells expressed more
checkpoint molecules and much higher levels of granzymes and perforin (Figure 2.6 A). In
contrast, TCF1+ stem-like CD8s had higher levels of genes involved in survival such as /L7R and
IL2RA (CD25), as well as co-stimulatory molecules like CD28, CD226 and CD2 (Figure 2.6 B).

We also compared these populations to stem-like and terminally differentiated CD8 T cell subsets
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Figure 2.6: Stem cell differentiation to the terminally differentiated state is associated with

transcriptional and epigenetic changes. a) Heatmap of transcription factors, proliferation related

genes, checkpoint molecules, cytotoxic molecules, co-stimulatory molecules, survival genes, and

migration and adhesion genes. Figure shows the z-scored data. b) GSEA comparison to mouse
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CXCRS5+ and Tim3+ subsets of CD8 T cells. Gene sets were created from CXCRS stem-like and
Tim3+ exhausted CD8 subsets from LCMV. Plots show enrichment score against genes up-
regulated (red) and downregulated (green) in mice. ¢) Summary of the number of epigenetic
changes occurring as CD8 T cells undergo differentiation. Illustration shows the number of DNA
methylation changes occurring as cells differentiate. d). Green regions show methylated and
demethylated regions as cells transition from naive to stem-like cells, and red shows these events
as cells transition from stem-like to terminally differentiated. ) Specific epigenetic changes near
important differentially expressed genes. Histograms show the total methylation from 0-100% in
regions near important genes. Highlights show significantly differentially methylated regions. Dot-

plots show the methylation of each CpG motif within this highlighted domain.
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Figure 2.7: Transcriptional and Epigenetic analysis of T cell subsets in tumors. (a)
Comparison of differentially expressed genes between human cancer and viral specific CD8 T cell
subsets. RNAseq from cancer subsets compared to RNAseq data collected from yellow fever (YF)
antigen specific CD8s (GSE100745) during effector (14 days post-vaccination) and memory (4+
years post-vaccination) time points. The number of differentially expressed genes (DEG) vs. naive
CDS8 T cells was determined using DESeq2. Venn diagrams show number of DEG shared or unique
between viral and cancer subsets. While the cancer subsets of T cells share many genes with the
YF specific cells, there are also many distinct genes only expressed in cancer T cell subsets. (b)
Principal component analysis of T cell subsets form cancer and viral specific CD8s, performed on
genes that were differentially expressed in any group vs. naive cells. (c) DEGs were clustered
using Cluster Affinity Search Technique (CAST). Clusters with greater than 5% of total genes are

shown. Heat map shows z-score of averages from each group. (d) Comparison of cancer subsets
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to transient effector programs found in YF specific T cells. Previously we have identified transient
gene expression signatures that are expressed in YF-specific effector cells, but return to a naive
state after antigen is cleared. These genes not expressed in memory or naive cells are highly
expressed in both cancer subsets suggesting a similarity to an effector cell. (e) Pairwise comparison
of transient effector program genes between effector and cancer subsets shows the relationship of
this subset of genes re-initiated program (blue) and the transient effector program (red) compared
between YF and cancer subsets. Dotted 45degree line represents equal fold change vs. a naive CD8
T cell in cancer and yellow fever cells. (f) GSEA and network analysis of pathways associated
with differentiation. Gene set enrichment performed with GSEA and visualized with Cytoscape.
The most significant networks are shown. Red indicates enrichment of nodes in terminally
differentiated T cells, while blue shows enrichment in stem-like T cells. (g) Histogram shows the
distribution of the continuous region size of DMRs. (h) Histograms show the relative frequency of
DMRs within 10kb of transcription start sites. (i) Global changes in methylation. Violin plots show
the distribution of total methylation within identified DMRs in naive, stem-like, and terminally
differentiated cells. (j) DMR patterns of differentiation. DMRs identified in Figure 2d were
clustered using CAST. Box plots show the interquartile range and mean of DMRs in each cluster
by cell type (k) Histograms show the total methylation from 0-100% in regions near important
genes. Dot-plots show the methylation of each CpG motif within highlighted regions of interest.
(1) Transcriptionally active transcription factors have over-represented binding in epigenetically
modified regions of chromatin. Plots show the enrichment of transcription factor binding sites
within differentially methylated regions in each cell type on the X-axis, and the Y-axis shows the
enrichment of transcription factor binding sites within the promoters of differentially expressed

genes. Color of dots represents the relative expression in stem-like (green) or terminally
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differentiated (red) cells, and the size of the dot is proportional to total expression of the

transcription factor.
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previously described in murine chronic viral infection (LCMV)*. Gene set enrichment (GSEA)
found that the genes expressed by tumor infiltrating populations were highly enriched with the
analogous cell population described in LCMV (Figure 2.6 D). We compared these subsets to
human effector and memory subsets, and both populations were much more similar to the effector
cells than memory (Figure 2.7 A-E)*. These transcriptional data imply key functional differences
between the TCF1" stem-like and Tim3" terminally differentiated T cell subsets within human
tumors, and that these functions appear to be similar to what has been described in stem and

terminally differentiated CD8 T cells in mice.

To understand how epigenetic mechanisms affect the different functions of these subsets, we
performed whole genome DNA methylation analysis. As T cells underwent transition from naive
cells to the stem-like and terminally differentiated states, demethylation events outweighed
methylation events approximately 9 to 1 (Figure 2.6 C-D, Figure 2.7 G-J). These epigenetic
changes occurred near key genes involved in differentiation like TCF7, TBX21, PDCD1 and many
other checkpoint molecules (Figure 2.6 E, Figure 2.7 K) Together these data highlight that two
key functional characteristics of T cells—proliferative potential and cell killing—are
compartmentalized into two distinct populations, and these functions are tightly regulated by

transcriptional and epigenetic mechanisms to ensure that cells perform as required.

TCFI1+ CDS8 T cells reside in APC niches
Our finding of a stem-like CD8 T cell population within the tumor, rather than in lymphoid tissue,
is unexpected. In mouse models of chronic infection, analogous TCF 1+ stem-like T cells are found

only in lymphoid tissue*® 7. Thus, having identified these stem-like cells in tumor tissue, we
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reasoned that a lymphoid-like microenvironment within the tumor may support their survival in
the tumor. We measured tumor-infiltrating antigen presenting cell (APC) populations (Figure 2.8
A). This revealed a highly significant correlation—across kidney, prostate and bladder tumors—
between the presence of dendritic cells and the number of stem-like CD8 T cells in the tumor
(Figure 2.8 B, Figure 2.9 H). Total macrophage percentage did not correlate with the presence of
TCF1+ CD8 T cells or the number of CD8 T cells (Figure 2.8 B). We then used
immunofluorescence staining to determine the spatial relationship between APCs and stem-like
CDS8 T cells (Figure 2.8 B, Figure 2.9 C-D). TCF1+ CD8 T cells were only found in regions with
aggregations of MHC-II+ cells greater than 5 cells/10,000um? (Figure 2.8 E-F). In contrast, the
TCF1- population was distributed across the tissue with no preference for APC dense zones
(Figure 2.8 F). We expanded this analysis to large sections of tumor tissue and found that tumors
had many regions with dense APC zones and the stem-like CDS cells preferentially resided there
(Figure 2.9 E-J). When we looked in prostate and bladder tumors, TCF1+ CDS cells were also
found in dense APC zones (Figure 2.8 G, Figure 2.9 K-L). Finally, we found a significant
correlation (p<0.05, R?>=0.73) between the number of TCF1+ CDS8 T cells in a tumor and the
proportion of the tumor with sufficient APC density to support stem-like cells (Figure 2.8 G). This
suggests that APC dense regions serve as an intratumoral niche for stem-like CD8 T cells, which

sustain the terminally differentiated T cell population and thus of the anti-tumor immune response.

We next assessed whether these antigen presenting niches were similar to tertiary lymphoid

87. 8  These structures were

structures (TLS) previously described in other cancer types
macroscopically obvious on H&E in 5/33 patients, with densely packed mononuclear cells

compartmentalized and usually found outside the tumor border (Figure 2.10 A-B). Presence of
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TCF1+ stem-like CD8 T cells. a) Identification of APC subsets in Kidney (red, n=53), Bladder
(green, n=7), and Prostate tumors (blue, n=33). b) Correlation between CD8 T cells and APC
populations. Percentage of total cells in the tumor that were CD8+ T cells and dendritic cells
(CD11c+MHC-II+) or macrophages (CD68+CD11b+) was in patients from (a). Spearman
correlation coefficient is shown. ¢) Immunofluorescence for MHC-II staining identifies APCs,
while CD8 and TCF1 identify stem-like and terminally differentiated CD8 T cell populations in a
representative kidney cancer patient. Insets show regions highlighted in the larger image. Blue
arrows denote examples of TCF1+ CDS8 T cells. d) Cellular spatial relationship map. After
acquiring XY coordinates of MHC-II+ cells, MHC-II cellular density was calculated (number of
MHC-II+ cells per 1000um2). XY Location of CD8 T cells are overlaid with MHC-II density
contour. CDS cells were designated TCF1+/- using histo-cytometry (Extended Data Figure 6). ¢)
MHC-II cellular density surrounding TCF1+/- subsets. MHC-II density at the corresponding XY
coordinates of each CD8 T cell is shown. f) Distance between CD8 T cells and the closest MHC-
II+ cell. g) Numerous regions of high MHC-II density correlates within increased number of
TCF1+ cells in multiple tumor types. y-axis shows proportion of the tumor with MHC-II density
>5 MHC-II+ cells/10,000um2, with average number of TCF1+ CDS8 T cells in the tumor on the x-

axis.
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Figure 2.9: Comparing flow cytometry and histo-cytometry methods for analysis of immune
infiltrate in RCC. (a) Flow cytometry data illustrating the number of naive cells present
intratumorally. Representative patient, left. Summary data, right. (b) Comparative amounts of
CD45RO expression on naive and stem like intratumoral CD8 T-cells. (¢) Workflow for
immunofluorescence imaging analysis and immuno-map creation. Single channel
immunofluorescence images are imported into CellProfiler. CD8+ and MHC-II+ objects are
identified in the respective channel images. The XY location of each CD8+ and MHC-II+ object
is exported. The TCF1 staining intensity is measured inside the CD8+ objects. These parameters
are used to calculate MHC-II+ density, measure the distance from each CD8+ object to its nearest
MHC-II+ neighbor, and to finally create immuno-maps for immunofluorescence images. (d)
Histo-cytometric analysis of tumor infiltrating immune populations. Location and fluorescence
intensity of CD8+ and MHC-II+ cells were determined using CellProfiler. After image
compensation, CD8+ and MHC-II+ cells were gated. TCF1 intensity of each cell is shown on

histograms for each population below. Comparison of flow cytometry data from the same patient
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sample is also shown. (e) Kidney cancer patients with high CDS infiltration determined by flow
cytometry. Patients that were determined to have high CDS8 infiltration by flow cytometry were
selected for analysis by immunofluorescence. (f) Hematoxylin/eosin stains of human kidney
tumor. Selected slides from human kidney tumor shown in part (e) to be highly infiltrated by T
cells. Regions of tumor tissue are highlighted in yellow. (g) Immunofluorescence imaging of
kidney tumor. Selected tumors shown to be highly infiltrated by T cells. Tumor section was stained
for MHC-II to identify antigen presenting cells, and CD8 and TCF1 to identify stem-like and
terminally differentiated CD8 T cell populations. Insets shows zoomed regions highlighted in the
larger image. (h) Dendritic cells populations, stem-like, and terminally differentiated CD8 T cells
in three representative kidney cancer patients. (i) Cellular spatial relationship map (middle)
analysis and construction conducted as in Figure 3e. (j) CD8 expression of TCF1 preferentially
occurs in dense APC zones. Amount of TCF1 expressed in each CD8 T cell graphed against the
density of MHC-II around each T cell (MHC-II+ cells/10,000um2). (k and 1) TCF1+ CDS8 T cells
are localized near dense MHC-II regions in other cancers. Prostate and bladder tumors were
imaged for CD8, MHCII and TCF1. Shown in (1) are regions of dense MHC-II aggregates in grey

and the location of TCF1+ CDS8 T cells in green.
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Figure 2.10: Comparison of tertiary lymphoid structures and intratumoral antigen
presenting niches in RCC tumor samples. (a) H&E slides highlighting tertiary lymphoid
structures (TLS) in kidney tumors with high (top) and low (bottom) CD8 T cell infiltration. Yellow
boxes highlight areas shown in zoomed insets. (b) H&E slide showing dense immune infiltration
in a tumor with high CD8 T cell infiltration but lacking presence of TLS. Yellow boxes highlight
areas shown in zoomed insets. (c¢) Immunofluorescence staining illustrating organizational
structure of human tonsil. CD8 staining is shown in red, MHC-II in green, TCF1 in yellow, and
DAPI (nuclei) in blue. White box highlights zoomed area shown in inset. Follicle and
extrafollicular space shown as labeled. T cell zone shown in rightmost panel. (d)
Immunofluorescence staining illustrating tumor TLS. CD8 staining is shown in red, MHC-II
staining in green, and DAPI staining of nuclei in blue. White box highlights zoomed area shown
in inset. Follicle and extrafollicular space shown as labeled. (¢) Immunofluorescence staining

illustrating dense immune infiltration in TLS negative kidney tumor. CDS staining is shown in red,
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MHC-II in green, TCF1 in yellow, and DAPI in blue. White box highlights zoomed area shown in
inset. Follicle and extrafollicular space shown as labeled. (f) There is no significant difference in
CDS8 T cell infiltration between kidney tumors with and without TLS. CD8 T cell infiltration
measured by flow cytometry and shown as % CD8+ of total cells. Statistical analysis resultant
from Mann Whitney test is shown. (g) Lack of correlation between proportion of CD8 T cells and
CD19+ B cells in tumors. Linear regression results p = 0.6006 with R2=0.02167. (h) There is no
significant difference in B cell infiltration between tumors with high or low CD8 T cell infiltration.
B cell infiltration is shown as the %CD19+ B cells of total cells. Statistical analysis resultant from

Mann Whitney test is shown.
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TLS did not correlate with CD8 T cell infiltration (Figure 2.10 F-H). By immunofluorescence,
TLS were predominantly very densely packed MHC-II+ cells, interspersed with few CD8 T cells
(Figure 2.10 D). Upon comparison to human tonsil tissue, these TLS much more closely resembled
B-cell follicles, which is consistent with several other reports (Figure. 2.10 C-D)¥’-%°, In
comparison, the antigen-presenting niches populated by TCF1+ CDS8 T cells were predominantly
found inside the stromal barrier of the tumor (Figure 2.10 C). Interestingly, TCF1+ CD8 T cell
containing these nests closely resembled the extrafollicular regions of lymphoid tissue where T
cells reside—moderately densely arranged APCs packed with many TCF1+ CDS8 T cells (Figure
2.10 C, E). In addition, we found a significantly higher level of blood and lymphatic endothelial
cells (CD31+PDPN-, CD31+PDPN+, respectively) in tumors with CDS infiltration, and these
vessels were often closely associated with dense regions of T cell infiltration (Figure 2.11).
Together these findings highlight key features of the CD8 T cell response to cancer. Regions exist
in tumors that resemble a T cell zone of lymphatic tissue. These regions contain the TCF1+ CD8
T cells which seem to only reside in close proximity to APCs, and the generation of these immune

niches is correlated to lymphatic and blood vessel infiltration into the tumor.

Loss of APC niche during immune escape

We next examined how the immune niche differs between patients with controlled disease after
surgery compared to those whose tumors escaped immune control and rapidly progressed. We
imaged large regions of tumor tissue from 26 kidney cancer patients at the time of surgery to
understand how the presence of immune niches in the tumor might correlate with disease
progression (see figure 2.12 A for patient characteristics). Immunofluorescence quantification of

CDS T cells tightly correlated with flow cytometry quantification of CD8 T cell infiltration (Figure
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Figure 2.11: Highly infiltrated kidney tumors are well vascularized and contain lymphatic
vessels. (a) Immunofluorescence staining of human tonsil and highly T cell infiltrated human
kidney tumors showing tissue vascularization. Formalin fixed paraffin embedded tissue was
stained for CD8 (T cells), MHC-II (antigen presenting cells, CD31 (endothelial cells), and DAPI
(nuclei). (b and c¢) Immunofluorescence staining of human tonsil and highly T cell infiltrated
kidney tumors showing presence of lymphatics via Lyvel (b) and Podoplanin/D2-40 (¢). Formalin
fixed paraffin embedded tissue was stained for CD3 (T cells), MHC-II (antigen presenting cells,
Lyve 1 or Podoplanin/D2-40 (lymphatics), and DAPI (nuclei). (d) Flow cytometry analysis shows
tumor vascularization in highly (red) and poorly (gray) infiltrated kidney tumor. Tumors were
stained using antibodies listed in table 2.1, collected on a Becton-Dickinson LSR-II, and analyzed
using FlowJo. (e) Histogram of flow cytometry analysis showing increased CD31 staining in

highly T cell infiltrated kidney tumors (red) as compared to poorly infiltrated tumors (gray).
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Analysis completed as described in D. (f) Summary data of flow cytometry analysis showing
differences in vascularization between highly (red) and poorly (gray) T cell infiltrated kidney
tumors and prostate tumors (black). Analysis completed as described in D. (g and h) Tumor
infiltrating T cells are PD1+. Flow cytometry analysis showing T cells infiltrating kidney tumors
shown. In parts (d-f) are PDI1+, suggesting the cells are not naive and present due to blood
contamination (g) and showing that the MFI of PD1 on tumor infiltrating T cells is not significantly
different between highly (red) and poorly (gray) infiltrated tumors. (i) Representative flow
cytometry plots showing PD1 and Tim3 expression on tumor infiltrated T cells in highly (red) and

poorly (gray) infiltrated tumors. Populations shown are gated on live, CD3+ CD8+ cells.
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Figure 2.12: Clinical features and clinical association of clinical outcomes with imaging-
based assessment of tumor immune infiltrate. (a) Descriptive table enumerating patient
characteristic for kidney cancer patients with and without progressive disease. (b) Comparison of
the number of CD8+ cells per 300um x 300um field in patients with and without progressive
disease. The number of CD8+ cells per 300um x 300um field were enumerated using the methods
outlined in Supplementary Figure 7. (c¢) The correlation between enumeration of CD8 T cells by
flow cytometry and by immunofluorescence. On the x axis, CD8 T cells are measured as a
proportion of total cells. On the y axis, CD8 T cells are measured as a proportion of total DAPI
objects detected in the tumor section. (d) Estimated number of 20x fields of view necessary to
obtain an accurate assessment of level of CD8 T cell infiltration is 171 fields of view. Increasing
number of random fields of view were sampled from images and the percent of cells that were
CDS8 positive by IF correlated to FACS from the corresponding sample. (e) Histological

comparison of kidney cancer patients shown in figure 4 — a kidney cancer patient with dense T cell
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infiltration and no disease progression (red, left) and a kidney cancer patient with poor T cell
infiltration and progressive disease (gray, right). (f) Comparison of the number of MHC-II+ cells
per 300um x 300um field in stage III (T3NOMO) patients with and without progressive disease.
The number of MHC-II+ cells per 300um x 300um field were enumerated using the methods
outlined in Supplementary Figure 7. (g) Comparison of the proportion of tumor area with greater
than 5 MHC-II+ cells per 10,000um2 between stage III (T3NOMO) patients with and without
progressive disease. Statistical analysis resultant from Mann Whitney test is shown. (h) There is
no significant difference in number of fields of view sampled between patients with and without
progressive disease. (i) Density of MHC-II+ APCs and CD8 T cells in densely (left) or poorly
(right) infiltrated kidney tumors. x-axis shows the number of CD8+ cells/10,000um?2. y-axis shows
the number of MHC-II+ cells/10,000um2. Regions of predominantly MHC-II+ cells are
highlighted in yellow, regions of predominantly CD8+ cells in red, and regions of shared MHC-

T+ cells and CD8+ cells in green.
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2.12 B-C). Across ~100,000 20x fields of view in these 26 samples, regardless of the level of CD8
infiltration in the patient, we could generally identify a few dense regions of MHC-II where TCF1+
CDS8 T cells resided (Figure 2.13 A-D). Most importantly, patients with controlled disease had
significantly more of these dense regions (Figure 2.13 E-F). Upon stratifying patients above or
below the median MHC-II density, we found that patients with low MHC-II+ cell density
experience significantly impaired progression free survival (Figure 2.14 G, p=0.04, HR= 3.157).
These factors were independent of PDL1 expression in the tumor, which had no correlation to the
level of CD8 or survival of patients (Figure 2.14). Importantly, when we specifically studied
patients with stage III disease, ~50% of whom progress after surgery, there were >10 fold fewer
immune niches in patients who progressed (Figure 2.12 E-G). Patients with progressive disease
also had lower proportions of MHC-II+ dense, CD8+ dense, and shared MHC-II+ and CD8+ dense
regions in their tumor (Figure 2.13 H-I, Figure 2.12 H-I), suggesting that for tumors to evade
destruction by CD8 T cells, they must either prevent formation of intratumoral immune niches or

find ways to destroy them.

2.5 Discussion.

In this study, we sought to understand the mechanisms controlling CD8 T-cell infiltration into
human tumors. We found tumor infiltrating T cells are comprised of two functionally distinct
subsets, a TCF1+ stem-like CD8 T cell population, and their progeny, a clonally related terminally
differentiated population that express high levels of checkpoint molecules. These terminally
differentiated cells fit the traditional definition of an exhausted CD8 T-cell; they do not proliferate
in response to re-stimulation and express high levels of checkpoint molecules. However, the

presence of this terminally differentiated cell population positively correlates with total number of
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Figu 2.13: Loss of APC niche is associated with impaired CD8 T cell response and disease
progression. a-d) Patients with dense T cell infiltration and no disease progression (red, left) and
one with poor T cell infiltration and progressive disease (gray, right). a) H&E whole slide images.
Tumor is outlined in yellow. b) Whole slide immunofluorescence images. MHC-II (yellow), TCF1
(green), CD8 (red) and DAPI (blue) ¢) Immunomap of APC density in tumors from (b) constructed
as in Figure 3 & Extended Data Figure 7. d) Insets show highlighted regions from (b & c),
illustrating regions of high MHC-II+ density and stem-like T cell infiltration in kidney tumors. e)
Comparison of the number of MHC-II+ cells per 300um x 300um field in patients with (n=13) and
without (n=13) progressive disease. f) Comparison of the proportion of tumor area with >5 MHC-
I+ cells/10,000um?2 between patients with and without progressive disease. Mann Whitney test
result is shown. g) Patients with high MHC-II+ cell density had improved progression free
survival. Log-rank statistical analysis yields p=0.04 & HR=3.226. h) Immunomaps illustrating
regions of MHC-II+ cell density (yellow), CD8+ cell density (red), or shared density (green) in

tumors from (h). i) From top to bottom: Patients without progressive disease have more areas
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where the density of MHC-II+ cells (i), CD8+ cells (ii), or both MHC-II+ cells and CD8+ cells

(iii) exceeds 5 cells/10,000um?.
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Figure 2.14: PDL1 status is not associated with CD8 Tacell infiltration in human RCC tumor
samples. (a) Representative patients with densely infiltrated and poorly infiltrated kidney tumors
whose disease has not progressed or has progressed, respectively. Whole slide scans are shown for
H&E, anti-PD-L1, and immunofluorescence (CD8, MHC-II, DAPI) stains, with zoomed insets of
immunofluorescence data. Yellow circles highlight the location of tumor tissue on the H&E slide.
Yellow boxes highlight the areas shown in the zoomed insets of immunofluorescence images.
Immunofluorescence data is quantitatively analyzed and mapped to show the density of MHC-II+
cells and the x-y location of CD8+ T cells in the rightmost panel. Anti-PD-L1 scans are marked as
++ (positive-high), + (positive-low), or — (negative), as scored by board-certified pathologists. (b)
Patients in (A) are highlighted in red (highly infiltrated, non-progressors) and gray (poorly
infiltrated, progressors) to show the %CD8 T cell infiltration by flow cytometry. (c) PD-L1
staining was scored by board-certified pathologists as positive-high, positive-low, and negative.

There is no significant difference between the percent CD8 T cell infiltration amongst these
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categories by ANOVA with Holm-Sidak correction. (d) Progression free survival for patients with
positive-high (PD-L1 High), positive-low (PD-L1 Low), and negative (PD-L1 negative) kidney
tumors. There is no significant difference in progression free survival between the groups by

Mantel-Cox Logrank test (p=0.6106) or by Logrank test for trend (p=0.3374).
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tumor infiltrating T cells and protection from disease progression. These observations are not well
explained by a model of T-cell exhaustion where continuous antigen exposure leads to
accumulation of checkpoint molecules, resulting in a decline of the T-cell response. Based on the
functional characteristics we defined in these two cell populations and on the clonal relationship
between stem-like and terminally differentiated cells, we propose that the stem-like CD8 T-cell
acts as a precursor to generate a terminally differentiated effector population, which is in
agreement with other recent studies** 4 47- 48, 68. 84 p this model, the stem-like cells require a
region within the tumor that resembles the T-cell zone of secondary lymphatic tissues, made up of
dense areas of antigen presenting cells. An unanswered question in this model is how stem-like
CD8s originate in the tumor. Recent work by others have found that CD8 T-cells in tissue draining
lymph nodes are transcriptionally and phenotypically similar to the stem-like CD8 T-cell described

chronic LCMV infection, suggesting this may be the source of the stem-like cells in tumors®.

Based on this model, we propose that the decline of the T-cell response in human cancer is not
caused by accumulation of checkpoint-expressing exhausted CD8 T-cells, or over-expression of
PDL1 in the tumor, but by the failure of stem-like CD8 T cells to be sufficiently stimulated by an
antigen presenting cell niche to continuously produce terminally differentiated CD8 T-cells in the
tumor. Furthermore, the scarcity of these niches in tumors that rapidly progress after surgery
suggests that tumors may be interfering with the formation or continued maintenance of immune

niches and that this may be a novel mechanism of immune evasion requiring further investigation.

2.6 Materials & Methods.

Sample Collection, Preparation, and Storage: Patients were recruited in accordance with an
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approved IRB protocol, and all patients provided informed consent. Patient tumor samples were
collected immediately after undergoing partial or radical nephrectomy or prostatectomy or
undergoing transurethral resection of a bladder tumor (TURBT). Samples for flow cytometric
analysis were harvested in Hank’s Balanced Salt Solution, minced into small pieces, digested using
Liberase enzyme cocktail, and homogenized using a MACS Dissociator. Single cell suspensions
were obtained, RBC ACK lysed, and stored at -80°C in freezing media for batch analysis. Samples
for immunofluorescence analysis were formaldehyde fixed and embedded in paraffin blocks by
Emory Pathology. Unstained and hematoxylin/eosin-stained sections of FFPE blocks were

obtained from Emory Pathology.

Statistical analysis: Patients were selected to have at minimum 365 days of follow up. Follow up
time was calculated as the number of days from the date of surgery to an event or to censorship.
Progression and death were classified as events. Patients who had not progressed or are not
deceased were censored, and the number of days is calculated from the date of surgery to May 9,
2018. Statistical analysis was conducted using GraphPad Prism or using SAS Version 9.4 and SAS
macros developed by the Biostatistics and Bioinformatics Shared Resource at Winship Cancer
Institute. The significance level was set at p < 0.05. Descriptive statistics for each variable were
reported. The univariate association with %CD8 was carried out by ANOVA/Kruskal Wallis test
for categorical covariates and by Pearson correlation coefficient for numerical covariates. The
univariate association of each covariate with PFS was tested by proportional hazard model with
hazard ratio and its 95% confidence interval being reported. We examined a possible non-linear
relationship between a continuous %CDS8 and PFS through a martingale residual plot and identified

an optimal cutoff value of %CD8 that maximizes the separation between the two groups by a bias
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adjusted log rank test’! °2. The method enables the estimation and evaluation of the significance
of the cutoff value and also is adjusted for the bias created by the data driven searching process.
The optimal cutoff value was found to be 2.2% (Figure 2.1 B-C). Using this same 2.2% cutoff for
CDS infiltration in patients with more aggressive, non-metastatic disease (T3NOMO), less CD8 T
cell infiltration predicted a 6-fold more rapid progression (Figure 2.1 D). CD8 T cell infiltration
also significantly predicted progression amongst patients categorized as high-risk by a

conventional prognostic scoring system (SSIGN) (Figure 2.1 E).

Flow Cytometry: Single cell suspensions from human tumors were stained with antibodies listed
in Table 2.1. Live/dead discrimination was performed using fixable Near-IR Dead Cell Stain Kit
(Invitrogen). Samples were acquired with a Becton-Dickinson LSRII and analyzed using FlowJo.
For intracellular staining, cells were fixed and permeabilized using the FOXP3 Transcription

Factor Staining Buffer Set (eBioscience).

Proliferation assays: CD8 T-cells subsets were sorted from tumors and labeled with Cell trace
violet (Thermo) according to manufacturer’s instruction. Cells were incubated with anti-CD3/anti-
CD28 T cell activation beads (Miltenyi) at a ratio of 1 bead to 2 T-cells in U-bottom plates. Ten
U/ml of human IL2 (Peprotech) was included in culture media (RPMI + 10% FBS). After 4 days,
cells were analyzed by flow cytometry for proliferation and expression of various proteins.

Proliferation index was assessed using FlowJo.

In vitro assays: Stem-like and terminally differentiated CD8 T-cells were sorted from human

tumors and incubated with T-cell culture media (RPMI + 10%FBS) supplemented with human IL-
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2 (10 IU/ml) in U-bottom plates. After 3 days, cells were analyzed by flow cytometry for

expression of various proteins.

TCR Sequencing: Single cell suspensions from human tumors were stained with antibodies listed
in Table 2.1. Live/dead discrimination was performed using fixable Near-IR Dead Cell Stain Kit
(Invitrogen). Populations of interest were isolated using a Becton-Dickinson FACS Aria II Cell
Sorter. Gating is shown in Figure 2.5 A & C. DNA was isolated using a Qiagen AllPrep DNA/RNA
Micro Isolation Kit. TCR sequencing was performed by Adaptive Biotechnologies Immunoseq
technologies. TCR Sequencing analysis was performed using custom R scripts. The number of
TCRs detected and degree of overlap detected was highly subject to the number of cells collected,
highlighting the need to sufficiently sample the pools of cells to accurately understand the clonal

relationship between them (Figure 2.5 E-F).

To determine if there was significant overlap between populations, we first calculated the
contamination of each population with the other so we could determine if overlap in TCRs could
be explained by the contamination rate. To determine the overlap between the stem and terminally
differentiated cells due to biological and technical variance, flow cytometry data was fit using an

EM mixing model *3

. The characteristics of these fitted models are shown in Figure 2.5 B. Shown
on the plot are 80% and 95% confidence intervals for each population and the approximate position
of gates used to sort populations. We then placed gates where we had for the sort and asked the
question of what proportion of the cells in that gate were derived from the target and contaminating

population. This contamination rate is highly subject to the ratio of the two populations. In our 2

most extreme patients shown in E, if 93% of the cells are the stem-like population, the
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contamination rate in the TD population is as high as 14%.

Figure 2.5 B shows how the purity changes as the ratio of stem to terminally differentiated cells
changes. The two most extreme samples are highlighted on the figure to show what the inferred
proportion of each population is in the sorted cells. In addition, we added 5% to this number for
each sample to account for additional contamination from the sorting procedure. The summary of

this analysis is included in Figure 2.5 H.
To identify significance of TCR overlap we used the purity calculated for each patent we tested if

10
P(X < 10) = Z[ 101.00] 0.01. (1 -0.01)1000-i

i=0
the relative frequency of each TCR could be explained by contamination. For each specific TCR
that was detected in both populations, we tested two hypotheses. Firstly, can the number of a
particular TCR in the stem-like population be accounted for by contamination from the TD cell
population, and conversely, can the same TCR in the TD population be accounted for by
contamination from the stem-like population. This was achieved by assuming each TCR detected
in a sample was a Bernoulli trial with a probability of occurring equal to the expected frequency
of the TCR due to contamination. For example, we assumed that if a TCR was found at a frequency
of 10% in the stem population, and the inferred overlap into the TD was 10%, it would contaminate
the terminally differentiated cells at a frequency of 1%. If we collected 1000 total TCRs for a
particular sample, and detected 10 of this specific TCR, the probability of detecting at least this

many TCRs due to this 1% contamination rate would be given by:
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The general formula for testing if the overlap in the terminally differentiated population is caused

by contamination from the stem-like cells is given by:

k

P(X <k) = Z( ; ) p' (1-p)d

1=0

Where:
k = number of the specific TCR detected in the terminally differentiated population
p = frequency of the specific TCR in the stem population x contamination rate

n = total number of TCRs detected in a sample

We applied this analysis to every TCR collected that had overlap detected and tested the converse
hypothesis that the fraction of stem-like TCRs detected could be accounted for by contamination
from the terminally differentiated cells. If both tests were under 0.05, we rejected they hypothesis
that the overlap was caused by contamination. Figure 1L highlights the proportion of TCRs in each
sample that meet these criteria. The supplementary table (Figure 2.5 H) provided has these values

used for every TCR and the p-value calculated.

To identify significance of TCR overlap we assumed 90% purity and conducted a Fisher Exact
test to test the hypothesis that the TCR overlap we detected could be explained by this
contamination rate. To determine the probability that an overlap could have been detected given
the number of cells recovered, we fit an exponential distribution of the observed stem- and effector-

TCR clone frequency (Shown in Figure 2.5 B). We then used a bootstrapping approach to
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randomly sample the same number of TCRs from these two distributions as cells we had collected.
We repeated this 1000 times. If a 20% overlap was not detected at least 80% of the time, the sample
was considered underpowered to detect an overlap. Analysis of the TCRs found that the TCR
repertoires showed a high degree of immunodominance, where the ten most dominant clones
account for 55% of the terminally differentiated repertoire and for 31% of the stem-like repertoire,

indicating an expansion against a narrow range of antigens in the tumors (Figure 2.5 D).

RNA sequencing and analysis: RNA was isolated from FACS sorted cells using QTAGEN All-
prep kit. RNA was prepared using Contech SmartSeq2 (Bladder samples) or Nugen Ovation
(Prostate, Kidney samples) library prep kits. Prostate and Kidney samples were sequenced at
HudsonAlpha on a Hiseq25000, Bladder samples were sequenced at the Emory Yerkes Genomics
Core on a HiSeq1000. Data was normalized and differential expression of genes identified using
DESeq2**. Raw fastq files and analysis of RNAseq is uploaded to GEO under identifier

GSE140430.

DNA-methylation analysis: Whole genome DNA methylation was performed using the Illumina
TruSeq DNA Methylation Kit. Sequence data was aligned using Bismark®®, and data was analyzed
using custom R and Python scripts which are available upon request. Briefly, individual
significantly differentially methylated CpG motifs were identified by Fisher exact test. Continuous
regions of differentially methylated CpGs were identified by finding regions were at least 6 out of
10 CpGs in a continuous stretch were differentially methylated. These regions were then collapsed
and analyzed as single ‘differentially methylated regions’ (DMRs). Differentially expressed

regions were identified as those that had a p value less than 1x10* by fisher exact test and were at
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least 20% different to the comparison sample. Transcription factor binding enrichment analysis
was also conducted, identifying TCF4, TCF7L2, and MYC as enriched in the stem-like cells and
E2F, NRF2, and SPI in the terminally differentiated cells (Figure 2.7 L). Whole genome DNA

methylation data is uploaded to GEO under identifier GSE140430.

Deparaffinization & Antigen Retrieval: Sections were deparaffinized in successive incubations
with xylene and decreasing concentrations (100, 95, 75, 50, 0%) of ethanol. Antigen retrieval was
achieved using either (a) Abcam 100x Citrate Antigen Retrieval Buffer (pH=6.00) for 20 minutes
at 100°C, followed by 20 minutes at ambient temperature or (b) Abcam 100x TrisEDTA Antigen
Retrieval Buffer (pH=9) heated to 115°C under high pressure. Sections were then washed in either
(a) a solution of 10mM glycine and 0.2% sodium azide in phosphate buffered saline or (b) PBS +

0.1% Tween20 before antibody staining.

Immunofluorescence Antibody Staining: Sections were blocked for 15-30 minutes with a 5%
goat serum, 1% bovine serum albumin blocking solution containing (a) 10mM glycine and 0.2%
sodium azide or (b) PBS + 0.1% Tween20. Sections were then stained with appropriate primary
and secondary antibodies. Primary antibodies were used at a concentration of 1:100 and incubated
for 1 hour at room temperature. Secondary antibodies were used at a concentration of 1:250 and
incubated for 30 minutes at room temperature. Detailed information about antibodies used is listed

in Table 2.2.

PD-L1 Staining & Scoring: FFPE slides for 45 patients were stained using Agilent

Biotechnologies PD-L1 IHC (clone 22C3 pharmDx) Staining Kit by Emory Pathology
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Laboratories. Clinical-grade scoring of PD-L1 status was performed by two board-certified
pathologists at Emory University Hospital. Slides with 1-49% of tumor cells expressing PD-L1
were scored ‘positive-low,” slides with 50+% of tumor cells expressing PD-L1 were scored

‘positive-high,” and slides with <1% of tumor cells expressing PD-L1 were scored ‘negative.’

Image Capture & Analysis: We selected a fluorophore panel which allowed for simultaneous
visualization of three targets and a nuclear stain (DAPI). For images shown in Figure 3, we utilized
a Leica SP8 confocal microscope with a motorized stage for tiled imaging, and a 40X, 1.3NA,
0.24mm WD oil immersion objective was used, allowing for highly resolved, smoothly tiled
images. Fluorophores were excited with the 496, 561, and 594 laser lines or with a multiphoton
Coherent Chameleon Vision II laser, tuned to 700nm (DAPI). Emission-optimized wavelength
ranges informed specific detector channels, which were used to detect fluorescence. Leica LASX
software was utilized to create a maximum projection image, allowing us to obtain large tiled
images regardless of a varying focal plane across each tissue section. For images shown in Figure
4, we utilized a Zeiss Z.1 Slide Scanner equipped with a Colibri 7 Flexible Light Source. Zeiss
ZenBlue software was utilized for post-acquisition image processing. For brightfield imaging,

slides were scanned using a Hamamatsu’s Nanozoomer slide scanner.

CellProfiler, a free, open-source software for image analysis, was used for subsequent image
manipulations. CellProfiler was used to define ‘primary objects’ within images, based upon user-
defined parameters (diameter, fluorescence intensity, object clumping, etc.). We used this
technique to define DAPI ‘primary objects’ (i.e., all cells) and MHC+ ‘primary objects’ (i.e.,

defining antigen presenting cells). We also used this technique to define CD8+ ‘primary objects,’
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which we then used to create ‘secondary objects’ by extending the border of each object by 1 pixel
in all directions. These CD8+ ‘secondary objects’ were used to define CD8+ T-cells. Detailed
review of parameters used to MHC-II+ antigen presenting cells and CD8+ T-cells can be found in
Table 2.3. We then used CellProfiler to measure the intensity of TCF1 staining intensity in each
CD8+ T-cell object. Data exported from the CellProfiler pipeline included xy location of CD8+
objects, MHC-II+ objects, and mean intensity of TCF1 staining in CD8+ T-cell objects. The
remainder of image analysis was carried out using custom R and python scripts. MHC-II density

and distance to nearest MHC-II+ neighbor were calculated in custom python scripts.

In order to determine the area of tissue necessary to be sampled to obtain an accurate and
quantitative assessment of the CD8 T cell infiltration into tumors, large slide scanned images were
dissected into areas the approximate size of a 20x field of view. Increasing number of random
fields of view were sampled from images and the percent of cells that were CDS8 positive by IF
correlated to FACS from the corresponding sample. The estimated number of 20x fields of view
necessary to obtain an accurate assessment of level of CD8 T cell infiltration is 171 fields of view

(Figure 2.12 D). Histo-cytometric analysis approach employed similar to that in®.
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2.8 Tables
Table 2.1: Flow Cytometry Antibodies
Target Clone Fluorophore Supplier
CD8a RPA-T8 BV-605 Biolegend
CD4 OKT4 PerCP Biolegend
CD3 UCHT1 FITC Biolegend
CD3 HIT3a/OKT3/SK7 AF-700 Biolegend
CD45RO UCHL1 BV-785/BV-650 Biolegend
CD45RA HI100 BV-510/BV-785 Biolegend
PD1 EH12.2H7 BV-785/BV-421 Biolegend
Tim3 F38-2E2 PE Biolegend
Tim3 344823 APC R&D
CTLA4 L3D10 PE-TR Biolegend
TIGIT MBSA43 APC eBioscience
Ki67 B56 AF-647 eBioscience
TCF1 C6309 FITC/PE Cell Signaling
CD28 CD28.2 PE-Cy7 eBioscience
CD39 A1 BV-421 Biolegend
CD244 C1.7 PE-Dazzle Biolegend
CD11b ICRF44 BV-605 Biolegend
CD11c 3.9 APC Biolegend
CD68 Y1/82A FITC Biolegend
MHC-II .
(HLA-DR) L243 BV-421 Biolegend
CD206 15-2 BV-421 Biolegend
CD31 WM59 BV-711 Biolegend
POdC:]p'a”' NC-08 APC/Fire750 | Biolegend
CD69 FN50 BV510 Biolegend
CD103 BER-ACT8 PE-Dazzle Biolegend
Table 2.2: Inmunofluorescence Antibodies
Target Antibody Type Clone |Concentration Secondary Antibody Concentration
MHC-Il (HLA-DR, DP, DQ) Mouse IgG2a Tu39 1:100 Goat anti-mouse IgG2a A488 1:250
TCF1 Rabbit C63D9 1:100 Goat anti-rabbit A555 1:250
CD8 Mouse IgG1 C8/144B 1:100 Goat anti-mouse IgG1 A594 1:250
CD3 Rabbit Polyclonal 1:100 Goat anti-rabbit A555 1:250
Lyve1 Mouse IgG1 537028 1:100 Goat anti-mouse IgG1 A647 1:250
CD31 Rabbit Polyclonal 1:100 Goat anti-rabbit A555 1:250
Podoplanin Mouse IgG1 D2-40 1:100 Goat anti-mouse IgG1 A647 1:250




Table 2.3: CellProfiler Primary Object Parameters
CD8 ‘Primary MHC-Il ‘Primary | DAPI ‘Primary
Objects’ Objects’ Objects’
Diametgr of o.bject, in pixel 10, 40 8. 50 8.25
units (min, max)
Disczjlrd objects outside Yes Yes Yes
diameter range?
Discard objec_ts touching Yes Yes Yes
border of image?
Threshold strategy Global Global Global
Threshold method Manual Manual Min cross entropy
Method to distinguish . . .
clumped objects Intensity Intensity Intensity
Method to draw dividing
lines between clumped Intensity Intensity Intensity
objects
Automatically calculate
size of smoothing filter for Yes Yes Yes
de-clumping?
Automatically calculate
minimum allowed distance Yes Yes Yes
between local maxima?
Speed up by using lower-
resolution image to find Yes Yes Yes
local maxima?
Fill holes identified After both After both After both
. thresholding and | thresholding and | thresholding and
objects? - - -
de-clumping de-clumping de-clumping
Handling of objects if
excessive number of Continue Continue Continue
objects identified?
. . Yes, defined by | Yes, defined by | Yes, defined by
?
Secondary object defined? distance (1 pixel) | distance (1 pixel) | distance (1 pixel)
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Chapter 3: Stem-like CD8 T cells are present in intra-tumoral immune niches in diverse

tumor types
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3.2 Introduction.
As more and more is learned and appreciated about the importance of the anti-tumor immune

I.esponseZ7-45, 52-54

, a significant question has emerged—what realities of this response are unique
to certain tumor types and what aspects of the response are globally applicable, holding true in a
variety of tumors, tissues, and histologies? Accordingly, after having extensively characterized the
anti-tumor T cell response in renal cell carcinoma and defined the importance of careful
intratumoral organization of this response*’, we sought to test the hypothesis that this same
phenomenon—the presence of TCF1+ stem-like CD8 T cells in dense antigen presenting immune
niches—also supports the anti-tumor immune response in other tumor types. Our initial study had
looked most extensively at renal cell carcinoma, but also considered a small number of bladder
and prostate tumor samples, in which it appeared that these TCF1+ stem-like T cells were present,

and similarly residing in antigen presenting immune niches. This observation further encourages

investigation into the trans-tumor type applicability of this immunobiology.
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We were particularly interested in examining the tumor immune microenvironment in prostate
cancers, as prostate cancer is classically considered to be “immunologically cold” and specifically
lacking significant CD8 T cell infiltration** °7- °8, However, while it is true that prostate cancers
tend to be largely lacking in lymphocytic infiltration, there are a subset of tumors that exhibit
significant immune infiltration®”. Furthermore, we wondered if the presence of stem-like T cells
in intratumoral immune niches may represent a specific feature of this particular immunogenic

subset of prostate cancers, enabling the higher levels of immune infiltration observed in this subset.

Similarly, we were also interested in specifically investigating the landscape of the immune
response in brain metastases, given that the brain had classically been considered a more immune
privileged site, but has more recently has been shown (1) to harbor a functional lymphatic vessel
system and (2) that both primary and metastatic intracranial malignancies have variable intensities
of immune infiltration®-1%2, Accordingly, we wondered if TCF1+ stem like CD8 T cells would be
present in brain metastases and if they would be present in immune niches as in other tissues.
Furthermore, the investigation of brain metastases would allow for discernment of whether this
biology is present in tumors from diverse tissue origins (e.g., breast cancer, melanoma, and lung
cancer) and to probe what the effect of radiation therapy might be on the presence of these immune

niches.

In sum, the goal of this work was to investigate whether TCF1+ stem-like CD8 T cells were present
and residing in dense antigen presenting immune niches in a diversity of tumor types—in

immunogenic prostate cancers and in brain metastases of several different histologies. The findings
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of these investigations shed light and interest on understanding what tenets of the biology of the
anti-tumor immune response, and particularly of the organization of this response, are broadly

translatable across cancers, and what aspects may be unique to individual tumor types.

3.3 Results.

Stem-like, exhausted progenitor CD8 T cells are present in intratumoral immune niches in
immunogenic prostate cancers

In murine models of chronic viral infection, the T-cell response is known to be maintained by a
progenitor-type cell that expresses the transcription factor TCF1 and resides predominantly in the
lymphoid tissue. Interestingly, a number of studies reported the identification of analogous

4,48, 64 and we

CD8+TCF1+ exhausted progenitor T lymphocytes directly in tumor tissue
previously observed these cells in close proximity to MHC-II+ APCs. These aggregated TCF1+ T
cells and MHC-II+ APCs form intratumoral APC niches*’, which closely resemble the T-cell zone
of lymphoid tissue, suggesting that these niches may support TCF1+ stem-like cell survival by
analogous mechanisms to those in the lymphoid tissue. Previous studies examined these TCF1+ T

cells and this pattern of immune organization in predominantly classically immunogenic tumor

types, with a small subset of analysis in unselected prostate cancer.

Here, we identified intratumoral APC niches in immunogenic prostate cancer (Figure 3.1 A-D).
As in prior work, APC niches are defined as areas within tumor tissue with MHC-II+ cells and
CD8+TCF1+ T cells identified in the same 100 x 100 umol/L area. These niches were present in

the described immunogenic prostate cancer cohorts, as well as in two MSI-H prostate cancer cases
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(one RP specimen, one biopsy from a patient with mCRPC at time of resistance to PD-1 blockade
after initial response), and the percentage of tissue with these APC niches was not significantly
different when comparing the immunogenic prostate cancer cohorts to MSI-H cases (P = 0.15;
Figure 3.1 E). These findings are consistent with the conclusion that these tumors are eliciting
immune responses, although the extent to which this is predictive of responsiveness to ICI remains
to be determined. The percentage of tumor tissue occupied by APC niches loosely correlated with
amount of infiltrating MHC-II+ cells (R? = 0.18, P = 0.065; Figure 3.1 F) and more tightly
correlated with the number of infiltrating CD8+ and TCF1+ TILs (R?> = 0.57, P = 0.0001 for both
comparisons; Figure 3.1 G and H), further supporting the role of these APC niches in maintaining

the tumor T-cell response.
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Figure 3.1. Evaluation of antigen-presenting cell (APC) niches within PCa cases. (A) Sample
multiplex immunofluorescence image showing MHC II and CDS8 expression. The left inset is
expanded on the right, with an additional high-power view in the right inset. (B-D) Spatial analysis

of individual cell populations and areas defined as APC immune niches (presence of both MHC-
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[T+ and TCF 1+ cells). (E) Percentage of tissue with APC niches by tissue cohort. (F- H) Correlation
of percentage of tissue with APC niches with MHC-II+ Cells (F), CD8+ TILs (G), and TCF1+

TILs (H).
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Investigating the immune landscape in brain metastases

Having identified TCF1+ stem-like CD8 T cells present in both renal cell carcinoma and
immunogenic prostate cancers, we were next interested to see if these cells might also be present
in additional tumor histologies, as well as in unique tissue locations, such as brain metastases.
Accordingly, we examined a cohort (cohort 1) of 115 archived, FFPE samples of brain metastases
from patients with melanoma, breast cancer, or non-small cell lung cancer by immunofluorescence
and a cohort (cohort 2) of 13 intraoperative tumor samples from patients with assorted tumor types
by flow cytometry. Each cohort contained patients who had and had not received radiation therapy

prior to tumor resection.

We performed multiplex immune fluorescence staining on the cohort of FFPE samples,
accompanied by high resolution, whole slide scanning, and subsequent quantitative analysis. This
approach allows for extraction of quantitative measures from whole slide immunofluorescence
images. With this approach, the x, y location of each cell is measured, cell types are classified, and
the intensity of each stained marker within each cell is quantified. This technique also allows
accurate quantification of the patterns of aggregation of different cell types within tissue, as well
as measurement of cell type density. Steps through this approach are featured in Figure 3.2, where
adjacent slide scans show (Figure 3.2 A) an H&E stain and (Figure 3.2 B) an immunofluorescence
stain of a brain metastasis sample. In (Figure 3.2 C), the result of this quantitative approach is
shown where the immunofluorescence image is reproduced in digitized form, where green dots
represent MHC-II+ APCs, red dots represent CD8+ T cells, and blue dots represent all other cell
nuclei. The inset panel shows immunofluorescence (left) and digitization (right), illustrating the

fidelity of this quantification method to the native immunofluorescence data. In Figure 3.2 D, the
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Figure 3.2: Multiplex, quantitative immunofluorescence imaging analysis of human brain

metastasis samples. (A) Brain metastasis sample stained with hematoxylin & eosin and brightfield
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scanned. (B) Brain metastasis sample immunofluorescence stained for CD8, MHC-II, and counter
stained with DAPI and fluorescence-scanned. (C) Digitization of whole slide sample shown in B
(left), with zoomed inset comparing immunofluorescence (middle) to digitization (right). (D)
Quantification of CD8+, MHC-II+, and TCF1+ CD8+ cells present in brain metastasis samples,
as well as local MHC-II+ cellular density, as measured by calculating the average number of
MHC-II+ cells per 10,000um?. (E) Internal consistency of multiple quantification methods, where
there is concordance between quantifying infiltrating immune cells per mm? or as a percentage of

DAPI+ cells for CD8+ cells, MHC-II+ cells, and TCF1+CD8+ cells.
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result of this digitization and quantification across the entire cohort is shown, where the number
of CD8+ T cells, TCF1+ stem-like CD8+ T cells, and MHC-II+ cells are quantified, along with
the density of MHC-II+ cells. Furthermore, the fidelity of this method is demonstrated by showing
concordance between multiple quantification methods (per mm? vs. as a percentage of all DAPI

nuclei).

Stem-like CD8 T cells are present in brain metastases from patients with melanoma, breast cancer,
and non-small cell lung cancer, with or without exposure to radiation therapy

We utilized these FFPE and intraoperative sample cohorts to examine the immune infiltrate present
in these brain metastases. By immunofluorescence, we were able to identify TCF1+ stem-like CD8
T cells present in brain metastases (Figure 3.3 A). These TCF1+ stem-like CD8 T cells were
present in all brain metastases samples, regardless of exposure to radiation therapy (Figure 3.3 B,
C). MHC-II+ cells were also identified in all samples, regardless of exposure to radiation therapy

(Figure 3.3 A-C).

We also found that the presence of the TCF1+ stem-like CD8 T cells paralleled the total CD8 T
cell infiltration into the tumor. More specifically, while the proportion of CD8 T cells that are
TCF1+ stem-like cells did not correlate with the overall T cell response (Figure 3.3 D), the amount
of TCF1+ CD8 T cells (measured per mm? or as a proportion of all DAPI+ cells) strongly
correlated with the total CD8 T cell response (measured per mm? or as a proportion of all DAPI+
cells), suggesting that, similar to what we have described in renal cell carcinoma, TCF1+ stem-
like CD8 T cells are vital for maintaining the anti-tumor T cell response (Figure 3.3 E).

Importantly, this relationship was true in irrespective of radiation treatment status (Figure 3.3 F).
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Figure 3.3: TCF1+ stem-like CD8 T cells are present in brain metastases in both irradiated

and unirradiated samples. (A) Immunofluorescence staining of a brain metastasis sample
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revealing the presence of immune infiltrate, including TCF1+ CD8+ cells. Inset shows CD8 +
DAPI, CD4 + DAPI, TCF1 + DAPI, and PD1 + DAPI, while merged image shows CDS8, CD4,
MHC-II, TCF1, PD1, and DAPI stains. (B&C) Immunofluorescence staining of an unirradiated
brain metastasis (B) and an irradiated brain metastasis (C). Whole slide scan (left) shows CDS,
CD4, MHC-II, TCF1, PD1, and DAPI stains. Insets show MHC-II + DAPI, CD8 + DAPI, CD4 +
DAPI, TCF1 + DAPI, and PD1 + DAPI, while merged image shows CD8, CD4, MHC-II, TCF1,
PDI, and DAPI stains and demonstrates the presence of TCF1+ CD8+ cells with blue arrows. (D)
Lack of correlation between the abundance of infiltrating CD8+ cells and the proportion of CD8+
cells that are TCF1+. R?>=-0.0033, p=0.5423. (D) Correlation between the abundance of infiltrating
CD8+ cells and the abundance of TCF1+ CD8+ cells, both per mm? (top, R?=0.5680, p<0.0001)
or as a percentage of DAPI+ cells (bottom, R>=0.5807, p<0.0001). (E) Correlation between the
abundance of infiltrating CD8+ cells and the abundance of TCF1+ CD8+ cells in both irradiated
(left) and unirradiated (right) samples, both per mm? (top, irradiated: R?>=0.6233, p<0.0001,
unirradiated: R*=0.5212, p<0.0001) or as a percentage of DAPI+ cells (bottom, irradiated:

R2=0.6344, p<0.0001, unirradiated: R?>=0.5541, p<0.0001).
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We were also able to identify TCF1+ stem-like CD8 T cells in intraoperative tumor samples by
flow cytometry. A sample gating strategy for identification of these cells is shown in Figure 3.4
A, and the presence of TCF1+ stem-like CD8 T cells, as well as Tim3+ terminally differentiated
CDS8 T cells, are shown in Figure 3.4 B. Similar to what we have described in renal cell carcinoma,
these stem-like cells have higher expression of TCF1 and the costimulatory molecule CD28, while
the terminally differentiated cells have higher expression of checkpoint and effector molecules like
PD1, Tim3, CD39, and Granzyme B, and both cell populations express the activation markers
CD39 and HLA-DR, as well as the marker PD1, indicating their status as antigen-experienced cells

(Figure 3.4 C).

Importantly, these cell populations were identifiable in both irradiated and unirradiated samples,
as highlighted in Figure 3.5, which shows PD1+ Tim3+ CD39+ terminally differentiated CD8 T
cells in red, and PD1+ TCF1+ CD28+ stem-like CD8 T cells in green. Importantly, the phenotype
of these cell populations remains concordant between irradiated and unirradiated samples, where
stem-like T cells express lower levels of checkpoint and effector molecules, but higher levels of
TCF1 and costimulatory molecules, than do their terminally differentiated counterparts (Figure 3.6

A, B).

Stem-like CDS8 T cells in brain metastases reside in antigen-presenting immune niches, which
sustain the anti-tumor T cell response in brain metastases and are associated with improved local
control

After having identified these TCF1+ stem-like CD8 T cells in brain metastases, we next wondered

if they preferentially resided in dense antigen presenting “immune niches,” as we had found in
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Figure 3.4: Flow cytometry identification of TCF1+ stem-like CD8 T cells and Tim3+

terminally differentiated CD8 T cells in brain metastases. (A) Flow cytometry gating strategy

for identifying TCF1+ stem-like CD8 T cells and Tim3+ terminally differentiated CD8 T cells in

brain metastases. (B) Flow cytometry plot showing TCF1+ stem-like CD8 T cells (green) and

Tim3+ terminally differentiated CD8 T cells (red), (C) Flow cytometry-based measurement (mean

fluorescence intensity) of selected phenotypic markers on TCF1+ stem-like CD8 T cells (green)

and Tim3+ terminally differentiated CD8 T cells (red).
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Figure 3.5: Flow cytometry comparison of T cell infiltration in irradiated (top) and
unirradiated (bottom) brain metastasis samples. From left to right, plot 1 (leftmost) is gated
singlet/live/CD3+ cells and shows CD4 (blue) and CD8 (red) T cells, plot 2 (left of center) is gated
on singlet/live/CD3+ CDS8 T cells and shows PD1+CD39- CD8 T cells (cyan) and PD1+CD39+
terminally differentiated CD8 T cells (red), plot 3 (right of center) is gated on
singlet/live/CD3+/CD8+/PD1+CD39- cells and shows TCF1+ CD28+ stem-like CD8 T cells
(green), and plot 4 (rightmost) is gated on singlet/live/CD3+/CD8+/PD1+ cells and shows Tim3+

terminally differentiated CD8 T cells (red) and TCF1+ stem-like CD8 T cells (green).



76

gated on PD1+CD39-

Gamb

gated on PD1+CD39-

>
- §tem-|ike .M | A | Af\_ _/\_/L.__ | e |

10* o B ° w 5

Sy - | 2 W00 ppi® 7 10

o
~ _/\%\_ N\ all cD8
o {
-y o - - . -

o o o 6 o my 10° w ot ot ¢
com cosAA T3 ToF1 o o o Ko7 10 o

Figure 3.6: Flow cytometry comparison of the phenotype of stem-like and terminally

differentiated CD8 T cells in irradiated (A) and unirradiated (B) brain metastasis samples.
Leftmost flow cytometry plot is gated on singlet/live/CD3+ CD8 T cells. The flow cytometry plot
to the right is gated on singlet/live/CD3+/PD1+CD39- CD8 T cells. On these plots, PD1+TCF1+
stem-like CD8 T cells are shown in green, whereas PD1+CD39+ terminally differentiated cells are
shown in red. Histograms demonstrating the mean fluorescence intensity of selected phenotypic
markers on stem-like and terminally differentiated CD8 T cells in both irradiated and unirradiated

brain metastases are shown to the right.
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renal cell carcinoma and in immunogenic prostate cancers. Using quantitative analysis of whole
slide immunofluorescence imaging (Figure 3.7 A), we construct “immunomaps” to map the
patterns of immune cell infiltration and aggregation in tumors. In Figure 3.7 B, we show MHC-
I+ cellular density with a gray contour map, overlaid with the x, y location of TCF1+ stem-like
CDS8 T cells in green and all other CD8 T cells in red, illustrating how stem-like cells preferentially
reside in areas of highest antigen presenting cell (MHC-II+ cell) density. Furthermore, when we
measure the distance between each CD8 T cell and its nearest antigen presenting (MHC-I1+) cell
neighbor, we find that TCF1+ cells, on average, reside closer to their nearest APC neighbors than
do TCFI1- cells (Figure 3.7 C), again reinforcing the tenet that TCF1+ stem-like CD8 T cells

preferentially reside in dense antigen presenting immune niches in tumors.

Additionally, when we examine these phenomena across our entire cohort, we see that MHC-II+
cellular infiltration/density correlates with both overall CD8 T cell infiltration, as well as specific
TCF1+ CD8 T cell infiltration (Figure 3.7 D), underscoring the importance of the cooperation
between these cell types in maintaining the anti-tumor immune response. This is further illustrated
in Figure 3.8, where we demonstrate a side-by-side comparison of highly and poorly infiltrated
brain metastases. In a highly infiltrated brain metastasis (left), there is significant CD8 T cell
infiltration (red), including TCF1+ stem-like cells (green), as well as significant MHC-II+ cell
infiltration (gray). Importantly, the highly infiltrated brain metastasis also contains many areas of
immune niches (blue), which are defined as local cellular neighborhoods which harbor both
TCF1+ stem-like CD8 T cells and MHC-II+ antigen presenting cells. On the contrary, in a poorly
infiltrated brain metastasis (right), there are many fewer areas of T cell infiltration, of MHC-II+

antigen presenting cell infiltration, and critically, many fewer areas occupied by these immune
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Figure 3.7: TCF1+ stem-like CD8 T cells reside in dense antigen presenting immune niches
in brain metastases. (A) Digitization of whole slide scan of a brain metastasis sample
immunofluorescence stained for MHC-II, TCF1, and CDS8 and counterstained with DAPI. (B)
Immunomap of the sample shown in (A), where the gray contour illustrates the MHC-II+ cell
density, which is overlaid the x,y location of TCF1+ CD8+ cells in green and TCF1-CD8+ cells
in red. (C) Measurement of the distance between each CD8+ cell identified in the sample shown
in A & B and its nearest MHC-II+ cell neighbor, broken down between TCF1+ and TCF1- CD8+
cells. TCF1+ CD8+ cells are on average significantly closer (p<0.0001) to their nearest MHC-II+
cell neighbors than their TCF1- CD8+ counterparts. (d) Correlation between CD8+ cell infiltration

and MHC-II+ cell infiltration (top left, as measured a percentage of DAPI+ cells: R?=0.1303,
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p<0.0001, top right, as measured per mm?: R>=0.1860, p<0.0001) and specifically between TCF1+
CD8+ cell infiltration and MHC-II+ cell infiltration (bottom left, as measured a percentage of

DAPI+ cells: R>=0.2407, p<0.0001, bottom right, as measured per mm?: R?=0.2275, p<0.0001).
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immunofluorescence stained for MHC-II, TCF1, and CD8 and counterstained with DAPI is shown.
Next from the top is shown a set of three immunomaps, with (1) the x,y location of CD8 T cells
shown in red, with the location of TCF1+ CD8 T cells overlaid in green, (2) the x,y location of
MHC-II+ cells in green, and (3) the local cellular neighborhoods (approximately 10,000um?)
occupied by immune niches (blue), which are defined by areas where both TCF1+ CD8 T cells
and MHC-II+ cells associate. At bottom, zoomed insets of whole slide scan of a brain metastasis
sample immunofluorescence stained for MHC-II, TCF1, and CDS8 and counterstained with DAPI

are shown, with TCF1+ stem-like CD8 T cells highlighted with white arrows.
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niches. This remains true at the cohort level, where we see that CD8 T cell infiltration (Figure 3.9
A), including specific TCF1+ stem-like CDS cell infiltration (Figure 3.9 B), and MHC-II+ antigen
presenting cell infiltration (Figure 3.9 C) correlate with the proportion of the tumor tissue occupied
by these immune niches, further demonstrating the critical importance of the presence and

abundance of these immune niches in maintaining a robust anti-tumor immune response.

Perhaps most importantly, we find that patients with a high proportion of TCF1+ stem-like CD8
T cells or patients with a higher proportion of tumor tissue occupied by immune niches have
improved local control of brain metastases (Figure 3.9 D, E). This is not only consistent with our
findings in renal cell carcinoma, where the presence of a strong anti-tumor immune response was
associated with improved progression free survival, but also demonstrates the clinical relevance
of the immunobiology we have described, whereby the ability of these intratumoral immune niches
to contribute to a sustained, productive antitumor immune response promotes improved clinical

outcomes for patients.

Intratumoral immune niches persist in brain metastases despite radiation therapy

While TCF1+ stem-like CD8 T cells were present and residing in antigen presenting dense immune
niches in both irradiated and unirradiated brain metastases (Figure 3.10 A, B), we wondered if
there might be more granular differences in the components of this antitumor immune response,
resultant from exposure to radiation therapy, even if the more global tenets of the response remain
intact. Interestingly, when we compared our irradiated and unirradiated cohorts, we found that the
overall CD8 T cell response and the TCF1- CDS8 T cell response were attenuated in the irradiated

samples, whereas the MHC-II+ cell infiltration and the specific TCF1+ stem-like CD8 T cell
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Figure 3.9: Higher levels of TCF1+ stem-like CD8 T cells and higher proportions of

intratumoral immune niches in brain metastases are associated with improved local control.
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(A) Correlation of the proportion of the tumor occupied by immune niches with the CD8+ cell
infiltration (left, as measured a percentage of DAPI+ cells: R?>=0.3862, p<0.0001, right, as
measured per mm?: R?=0.4600, p<0.0001). (B) Correlation of the proportion of the tumor occupied
by immune niches with specifically TCF1+ CD8+ cell infiltration (left, as measured a percentage
of DAPI+ cells: R?=0.4965, p<0.0001, right, as measured per mm?: R?>=0.6041, p<0.0001). (C)
Correlation of the proportion of the tumor occupied by immune niches with the MHC-II+ cell
infiltration (left, as measured a percentage of DAPI+ cells: R?>=0.2508, p<0.0001, right, as
measured per mm?: R?=0.3732, p<0.0001). (D) Kaplan-Meier curves demonstrating clinical
outcomes analysis, where patients with higher TCF1+ (% of CDS, left, p=0.0067) or a higher

immune niche proportion (right, p=0.0041) have improved local control of brain metastases.
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Figure 3.10: Exposure to radiation therapy attenuates the CD8 T cell response, but TCF1+
stem-like cells, MHC-II+ cells, and immune niches persist. (A) A whole slide scan of an
irradiated brain metastasis sample immunofluorescence stained for MHC-II, TCF1, and CD8 and
counterstained with DAPI is shown. Inset shows CD8, TCF1, MHC-II, and DAPI while merged
image shows CD8, MHC-II, TCF1, and DAPI stains, with white arrows indicating selected
examples of TCF1+ stem-like CD8 T cells. (B) A whole slide scan of an unirradiated brain

metastasis sample immunofluorescence stained for MHC-II, TCF1, and CD8 and counterstained



86

with DAPI is shown. Inset shows CDS, TCF1, MHC-II, and DAPI while merged image shows
CD8, MHC-II, TCF1, and DAPI stains, with white arrows indicating selected examples of TCF1+
stem-like CD8 T cells. (C) Comparison of CD8+ cells per mm? (p=0.0155), MHC-II+ cells per
mm? (p=0.7759), TCF1+CD8+ cells per mm? (p=0.3403), and TCF1-CD8+ cells per mm?
(p=0.0112), between irradiated (gold) and unirradiated (gray) samples. (D) Comparison of the
proportion of tumor tissue occupied by immune niches between irradiated (gold) and unirradiated

(gray) samples, (p=0.1500).
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Figure 3.11: The effect of timing between exposure to radiation therapy and surgical
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resection on the immune response in brain metastases. (A) Abundance of CD8+ cells present
in irradiated brain metastasis samples at 0-3, 4-5, or 6+ days following stereotactic radiosurgery
(SRS), as measured by CD8+ cells per mm?. *p=0.0352, **p=0.0039. (B) Proportion of CD8 T
cells that are TCF 1+ present in irradiated brain metastasis samples at 0-3, 4-5, or 6+ days following
stereotactic radiosurgery (SRS), as measured by percentage of CD8+ cells that are TCF1+ .
*p=0.0150. (C) Abundance of MHC-II+ cells present in irradiated brain metastasis samples at 0-
3, 4-5, or 6+ days following stereotactic radiosurgery (SRS), as measured by MHC-II+ cells per
mm?. (D) Proportion of tumor tissue occupied by immune niches in irradiated brain metastasis
samples at 0-3, 4-5, or 6+ days following stereotactic radiosurgery (SRS). (E) Proportion of CD8
T cells that are TCF1- present in irradiated brain metastasis samples at 0-3, 4-5, or 6+ days
following stereotactic radiosurgery (SRS), as measured by percentage of CD8+ cells that are
TCF1-. *p=0.0150. (F) Abundance of TCF1+ CD8+ cells present in irradiated brain metastasis
samples at 0-3, 4-5, or 6+ days following stereotactic radiosurgery (SRS), as measured by TCF1+
CD8+ cells per mm?. (G) Abundance of TCF1- CD8+ cells present in irradiated brain metastasis
samples at 0-3, 4-5, or 6+ days following stereotactic radiosurgery (SRS), as measured by TCF1-
CD8+ cells per mm?. *p=0.0111, **p=0.0027. (H) Immunofluorescence staining of irradiated
brain metastasis samples from 1 day post SRS, 5 days post SRS, and 9 days post SRS, revealing
the presence of aggregated immune infiltrates, or immune niches, at each time point. Top row
shows larger areas of tissue, while the bottom row shows zoomed insets from the same region of
tissue. Stains shown include CD8, CD4, MHC-II, TCF1, and DAPI. (I) The number of days
between SRS and surgical resection plotted with abundance of CD8+ cells present (as measured
by CD8+ cells per mm?) in irradiated brain metastasis samples in corresponding patients. (J) The

number of days between SRS and surgical resection plotted with abundance of MHC-II+ cells
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present (as measured by MHC-II+ cells per mm?) in irradiated brain metastasis samples in
corresponding patients. (K) The number of days between SRS and surgical resection plotted with
the proportion of tumor tissue occupied by immune niches in irradiated brain metastasis samples

in corresponding patients.
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presence was unchanged (Figure 3.10 C), suggesting that among the T cell populations present in
the tumor, the TCF1+ stem-like compartment may be less affected by radiation. Importantly, we
also found that the proportion of the tumor tissue occupied by immune niches is maintained despite
exposure to radiation (Figure 3.10 D), further positioning this immune niche and its contained

elements as a more radioresistant component of tumor microenvironment.

We were next interested in whether the timing of radiation therapy would have an impact on the
effect of this exposure on tumor immune infiltration and organization. Samples were broken into
three groups: patients with 0-3 days, 4-5 days, or 6 or more days between radiation therapy and
surgery (Figure 3.11 H). Interestingly the largest attenuation in the CD8 T cell response is seen in
patients undergoing surgery at 4-5 days after radiation therapy, whereas this attenuation seems to
recover by 6 or more days (Figure 3.11 A, I). Similarly, we see that the TCF1+ cells make up the
largest proportion of the T cell response in patients whose surgery most closely follows radiation
therapy (Figure 3.11 B, F), whereas the overall T cell response is recovering and reducing this
proportion by day 6 or more (Figure 3.11 E, G). Importantly, the presence of MHC-II+ antigen
presenting cells (Figure 3.11 C, J), and most especially, the proportion of tumor issue occupied by
immune niches (Figure 3.11 D, K), is unchanged across the time points, again highlighting the

relative radioresistance of this organizational phenomenon in tumor tissue.

3.4 Discussion.
As the field of cancer immunology continues to burgeon, it is critically important to understand
what mechanisms of the anti-tumor immune response are translatable across tumor types and what

features may be more tumor or tissue type specific. Accordingly, after our studies in renal cell



91

carcinoma established the central role of TCF1+ stem-like CD8 T cells, which reside in dense
antigen presenting intratumoral immune niches, in sustaining the anti-tumor T cell response®, we
next sought to determine whether this biology was also present in additional tumor types. In
particular, we were also interested in probing for the presence of this biology in diverse tumor
types, including those generally considered to be “immunologically cold” (e.g. prostate cancer)
and those present in tissues generally considered to be “immunologically privileged” (e.g. brain
metastases), with the reasoning that if this biology persists in these “difficult” cases, it may further

cement its role as a cornerstone of the mechanisms of the anti-tumor immune response.

We began by examining prostate cancers and selected for a subset of highly immunogenic prostate
cancer cases (i.e., those with most significant lymphocyte infiltration) in order to best examine the
hallmarks of a significant and productive immune response in the setting of this tumor type. In
these immunogenic cases, we were able to identify the presence of TCF1+ stem-like CD8 T cells
in the tumor tissue (Figure 3.1 A), and as in renal cell carcinoma, these stem-like CD8 T cells were
found to reside in areas of high MHC-II+ cellularity—that is, in dense, antigen-presenting immune
niches (Figure 3.1 B). Interestingly, we did not find a difference in the abundance of these niches
in pathologist-selected immunogenic prostate cancer cases and in MSI-High cases (Figure 3.1 C),
suggesting that this organization of the intratumoral immune response may be a feature across
tumors, regardless of the inciting stimulus for their immunogenicity. Accordingly, this could

suggest that this biology may hold tremendous potential for therapeutic exploration.

We next turned to interrogating the landscape of the tumor immune microenvironment in brain

metastases. By employing, customizing, and optimizing our highly quantitative
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immunofluorescence imaging pipeline (Figure 3.2), we were able to demonstrate the presence of
TCF1+ stem-like CD8 T cells in these brain metastases samples, and we showed that these cells
are present regardless of whether the tissue had been previously irradiated or not (Figure 3.3 A-
C). These methods also allowed us to appreciate the presence of MHC-II+ antigen presenting cells
in tumor tissue (Figure 3.3 B, C), as well as correlate the size of the stem-like cell population with
the magnitude of the overall CD8 T cell response, whereby the T cell response is proportional to
the stem-like cell response, regardless of radiation exposure (Figure 3.3 D-F). Additionally, we
further established the presence of these important TCF1+ stem-like CD8 T cells the brain
metastases by identifying and phenotyping the cells by flow cytometry (Figure 3.4), which again
revealed the presence of these cells in both irradiated and unirradiated samples (Figure 3.5, Figure

3.6).

Further analysis established that these TCF1+ stem-like CD8 T cells preferentially reside in areas
of high MHC-II+ cellular density (Figure 3.7 A, B) and are on average reside in closer proximity
to their nearest antigen presenting cell neighbor than do their TCF1- counterparts (Figure 3.7 C).
This, similar to what we observed in renal cell carcinoma and immunogenic prostate cancer,
suggests that these TCF1+ stem-like cells prefer to reside in dense, antigen-presenting immune
niches in tumors, creating a functional immune outpost in the tumor that supports an ongoing,
productive anti-tumor immune response (Figure 3.7 D), which when lost, corresponds to a parallel
loss in the overall tumor immune response (Figure 3.8, Figure 3.9 A-C). Importantly, this
functional biology is also clinically relevant, not just only in renal cell carcinoma as previously
reported, but also in brain metastases, where the abundance of stem-like CD8 T cells or the

proportion of tumor tissue occupied by immune niches is associated with improved local control
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of brain metastases (Figure 3.9 D, E).

Interestingly, we found that the stem-like cells and these intratumoral immune niches represent a
particularly radioresistant feature of the tumor immune microenvironment, whereas exposure to
radiation therapy was noted to result in an attenuation of the overall CD8 T cell response, with the
most pronounced effect in the TCF1- compartment (Figure 3.10). When investigating the effect of
timing of radiation therapy on the anti-tumor immune response, while those tumors resected most
closely following radiation had the most pronounced attenuation in the T cell response, the
proportion of immune niches present in the tumor tissue was unchanged with respect to radiation
exposure (Figure 3.11). These findings further position these immune niches (and the stem-like T
cells therein) as an importantly radioresistant faction of the anti-tumor immune response. This may
be a critical realization for layering multiple modalities of therapy, as this data reveals that it may
be possible to take advantage of the immunostimulatory nature of radiation therapy, without
decimating the immune cells already present and functioning in the tumor tissue. Especially as a
sustained, strong intratumoral T cell response has been associated with both improved clinical
outcomes and improved responses to immunotherapy, such as checkpoint blockade®*#?, the
realization that these all-important TCF1+ stem-like CD8 T cells and their immune niche homes
can persist and thrive through radiation therapy may hold great potential for the strategic
combination of multiple immune-stimulating treatment modalities, such as sequential

administration of radiation therapy and immune checkpoint blockade.

In conclusion, the work discussed herein reveals the presence of TCF1+ stem-like CD8 T cells in

diverse tumor types, including immunogenic prostate cancers and brain metastases of several
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different cancer types. Importantly, in each of these settings, as we also reported in renal cell
carcinoma®, these stem-like cells reside in dense, antigen presenting immune niches in tumor
tissue, which serve as homes and reservoirs for those stem-like cells to both self-renew as well as
differentiate into more terminally differentiated cells and mediate the tumor killing compartment
of the anti-tumor T cell response. Thus, while there are numerous ways that the immunogenicity
in a tumor can be established!®, it seems that this level of organization—the intratumoral immune
niche—is a central hallmark of immunologically active tumors and of a productive immune
response, and if the mechanisms of this organization can be uncovered and therapeutically
reproduced, we may unlock the ability to reliably convert an immunogenic stimulus to a sustained,
productive anti-tumor immune response. Consequently, these findings not only reveal that this
described immunobiology is translatable across tumor types, but also provide critical insight into
avenues of further investigation that could lead to novel therapeutic strategies and into
opportunities for intelligent design of combination therapeutic strategies, such as sequential

radiation therapy and immune checkpoint blockade.

3.5 Materials & Methods.

Immunogenic Prostate Studies

Tissue selection: In accordance with the U.S. Common Rule and after Institutional Review Board
(IRB) approval, RP tissue (or biopsy cores alone in three cases) was collected retrospectively
between 2007 and 2019 at Beth Israel Deaconess Medical Center (BIDMC, Boston, MA) and
deidentified in accordance with BIDMC IRB protocol #2010-P-000254. Given previous findings

of enriched PD-L1 expression and TILs among high-grade cases, we examined 115 total cases that
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were GG 4-5 (50 cases), or had other National Comprehensive Cancer Network (NCCN) high-
risk features (extracapsular extension or serum PSA >20 ng/dL; 54 cases). We identified 29 total
cases (25% of screened cases) with tumor PD-L1 expression >5% by IHC; we included an
additional three RP cases and three cases with only core biopsies available, all PD-L1-negative
but with high TILs [>20 lymphocytes per high-power field (hpf)], forming a cohort of 35 total
cases (30% of screened cases). These cases comprised the “immunogenic” cohort. Additional

MSI-H cases were analyzed with multiplex panel described below.

IHC: Prostate tissue was fixed in formalin, processed, and embedded in paraffin using standard
methods. For each case, the tissue block with the largest dimensions of the dominant tumor plus
two or three additional blocks were selected for PD-L1 and CD3 IHC. Additional details are

presented in online Supplementary Methods.

Immunogenicity criteria: Immunogenicity was defined as PD-L1 moderate to strong membranous
staining in >5% of tumor cells; cytoplasmic staining was not considered. High density of TILs,
defined as >20 lymphocytes per hpf either present within the tumor cell nests or glands or
immediately adjacent to tumor cells (i.e., distance between the lymphocyte and its nearest tumor
cell being less than the diameter of an average tumor cell), was used to include six PD-L1-negative
cases. All immunostains were evaluated by an experienced pathologist (H. Ye) and a trained MD

investigator (C. Calagua).

Multiplex IF analysis: The multiplex IF panel consisted of a previously described panel of

antibodies to CD8, PD-1, TCF1, and MHC II, and DAPI counterstaining* (Table 3.1).
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Brain Metastases Studies

Patients: Records of patients treated at two institutions (Emory University and the Levine Cancer
Institute) between 2007-2016 were evaluated and reviewed. Data were de-identified according to
the Health Insurance Portability and Accountability Act, and all investigation was performed in
accordance with the relevant guidelines and regulations. Informed consent was obtained for tissue
sample banking; informed consent for this study was waived by the Institutional Review Board

that approved the study protocol.

FFPE Samples: Formalin fixed paraffin embedded tissue samples from these patients were stained
and analyzed. Unirradiated samples were obtained from the Emory Brain Tumor Bank, and

irradiated samples were acquired from the Levine Cancer Institute.

Histology Sample preparation: Sections were deparaffinized in successive incubations with xylene
and decreasing concentrations (100, 95, 75, 50, 0%) of ethanol. Antigen retrieval was achieved
using Abcam 100x TrisEDTA Antigen Retrieval Buffer (pH = 9) heated under high pressure.

Sections were then washed in PBS + 0.1% Tween20 before antibody staining.

Immunofluorescence antibody staining was done using two different techniques: (1) Sections were
blocked for 30 min with 10% goat serum in 1x PBS + 0.1% Tween20. Sections were then stained
with appropriate primary and secondary antibodies. Primary antibodies were used at a
concentration of 1:100 (MHC-II) or 1:150 (CDS, TCF1) and incubated for 1 h at room temperature.

Secondary antibodies were used at a concentration of 1:250 (A488, A568) or 1:500 (A647) and
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incubated for 30 min at room temperature. Detailed information about antibodies used is listed in
Table 3.2. Sections were counterstained with DAPI according to manufacturer instructions
(Thermo-Fisher). (2) Using the Opal 7-color IHC kit (Akoya Biosciences) endogenous peroxidase
activity was quenched by microwave treatment of the slides with AR buffer. Non-specific binding
was blocked with blocking/Ab diluent. After incubation with the primary antibody, the slides were
incubated with HRP Ms+Rb secondary antibody and then incubated in the appropriate opal
fluorophore for 10 minutes, until staining developed. The slides were finally counterstained with

DAPL

Image capture and analysis: The selected fluorophore panel (1) allowed for simultaneous
visualization of three targets and a nuclear stain (DAPI) using a Zeiss Z.1 Slide Scanner equipped
with a Colibri 7 Flexible Light Source. Zeiss ZenBlue software was used for post-acquisition
image processing. Slides stained with the Opal IHC Kit (2) were scanned using a Perkin Elmer
Vectra Polaris. For brightfield imaging, slides were scanned using a Hamamatsu’s Nanozoomer
slide scanner. Images were analysed using CellProfiler and custom R and python scripts, as
previously described*®. Statistical analysis was carried out using GraphPad Prism 9. Mann-
Whitney tests were used to compare unpaired, non-parametrically distributed samples. Simple

linear regression was used to evaluate for correlations between variables.

Fresh human sample collection, processing and flow staining: brain metastasis samples were
collected after patients underwent craniotomy and surgical resection. Samples were collected
direction after resection into Phosphate Buffered Saline. They samples were then processed by

getting cut into small pieces, digested with a MACS enzyme cocktail, and then homogenized using
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a MACS Dissociator. Digested tumor was washed then through a 70um filter to get a single cell

suspension. Samples were then frozen in freezing media (FBS + 10% DMSO) at -80C.

Single cell suspensions from processed human tumor samples were stained with antibodies from
Table 3.3. Live/dead staining was done using fixable near-IR or aqua dead cell staining kit
(Invitrogen). Cells were permed using the FOXP3 Fixation/Permeabilization kit (eBioscience) for
45 minutes with fixation/permeabilization buffer at 4C and stained with intracellular antibodies in
permeabilization buffer for 30mins at 4C. Samples were acquired on a BD Symphony cytometer

and analyzed using Flowjo (v10).
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3.7 Tables

Table 3.1 Immunofluorescence Antibodies

Target An.:;bpc;dy Clone Concentration Secondary Concentration
MHC-I Goat anti-mouse
(HLA-DR,] Mouse IgG2a| Tu39 1:100 1aG2a A488 1:250
DP, DQ) g
. ] Goat anti-rabbit ]
TCF1 Rabbit C63D9 1:150 A568 1:250
] Goat anti-mouse ]
CD8 Mouse IgG1 | C8/144B 1:150 IgG1 AB4T 1:250




Table 3.2 Immunofluorescence Antibodies
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Target Antibody Type Clone Concentration Secondary
MHC-II (HLA-DR, Goat anti-mouse 1gG2a
Mouse IgG2a Tu39 1:100 or 1:50
DP, DQ) A488 or Opal520
Goat anti-rabbit A568 or
TCF1 Rabbit C63D9 1:150 or 1:100
Opal620
Goat anti-mouse 1gG1 A647
CD8 Mouse 1gG1 C8/144B 1:150 or 1:500
or Opal570
PD1 Mouse 1gG2 EH33 1:50 Opal480
Table 3.3 Flow Cytometry Antibodies
Antibody Fluorochrome Catalog number Clone
CD4 BUV496 BD 750980 OKT4
CD8 BUV661 BD 750699 RPA-T8
PD-1 BUV737 BD 612791 EH12.1
CD39 BV421 328214 Al
CD45RA BV510 304142 HI100
CD3 PerCP-Cy5.5 300430 UCHT1
Tim3 PE R&D FAB2365P 344823
CD28 BUV395 BD 740308 CD28.2
CD127 PE-Cy7 Biolegend 351320 A019D5
CCR7 BV785 Biolegend 353230 G043H7
HLA-DR BV605 Biolegend 307640 1243
GranzymeB A700 BD 560213 GBI11
TCF-1 AF488 Cell signaling 6444S C63D9
Ki67 BV711 Biolegend 350516 Ki67
CD69 BV650 Biolegend 310934 FN50
FOXp3 PE-Dazzle 594 Biolegend 320126 206D
TOX eFluor 660 Invitrogen 50-6502-82 TXR10
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Chapter 4: Clinical outcomes following immunotherapy in renal cell carcinoma patients is

associated with a pre-existing immune response in tumor tissue

4.1. Introduction

Renal cell carcinoma has long been noted as an immunogenic tumor, and historically,
immunotherapy treatment regimens available to these patients included high dose IL2, which
provides objective responses in nearly 20% of patients, but at the cost of substantial toxicity!%4 19,
More recently, immune checkpoint blockade, such as anti-PD1 and anti-PDL1 based therapies,
have become common choices for treatment of patients with advanced clear cell renal cell
carcinoma, with recent clinical trials leading to FDA approval and breakthrough therapy
designations for use of combination tyrosine kinase inhibitor + checkpoint blockade as frontline
therapeutic options'%-'!2, In addition, the use of checkpoint blockade for resectable renal cell

carcinomas at a high risk of recurrence was recently approved in the adjuvant setting, and similar

investigations in the neoadjuvant setting are ongoing!'?.

Despite these recent successes and promising pending investigations, the use of immune
checkpoint blockade is accompanied by significant risk of on-target off-tumor (immune-mediated)
adverse events, and many patients may fail to respond to these therapies, despite their promising
successes for other patients. Interestingly, while some biomarkers of response to immunotherapy
have been identified in other tumor types and have enabled enhanced patient selection, such as
PD-L1 expression, tumor mutation burden, or MSI status, these strategies have not enriched for
responders in renal cell carcinoma®® 37, Accordingly, enhanced understanding of the mechanisms

of the response to immunotherapy in renal cell carcinoma is desperately needed, and biomarkers
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of the effective response to checkpoint blockade are vital to improving patient selection and

improving treatment options for patients with high risk or advanced renal cell carcinoma.

More than a decade of use of immune checkpoint blockade in human patients has resulted in a
great deal of discovery of various features of immune response that may correlate with therapeutic
outcomes, and more specifically, it has been reported that several features of CD8 T cells can
predict how patients respond to therapy. For example, increased expression of Ki67 in CD8 T cells
in the peripheral blood is associated with improved clinical responses in melanoma and lung
cancer!!#122 Other recent reports investigating the TCR repertoire of CD8 T cells in the blood
have suggested that the entrance of new TCR clonotypes in the blood following immunotherapy
may be associated with improved survival in several tumor types!?*123. Taken together, these
studies reveal that dynamic immune changes seem to suggest that these proliferating CD8 T cells,
which are associated with improved clinical outcomes, may be newly activated or recently re-

activated clones that were previously dormant!?®,

In addition to rapid and dynamic changes in the CD8 T cell response in the peripheral blood,
studies have associated CD8 T cell infiltration in tumor tissues with improved patient survival and
response to immune checkpoint blockade?’- 31 37-39:32.53 'For example, initial work to this effect
was shown in melanoma, where it was reported that patients with higher CD8 T cell infiltration
into tumor tissue at the time of therapy were more likely glean clinical benefit from therapy, and

analogous findings have subsequently been reported in additional tumor types?”- 3% 44 45,52, 127,

Furthermore, recent studies have identified that there is a subset of CD8 T cells in the tumor that
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are central to the mechanism behind clinical efficacy of immune checkpoint blockade. This subset
of T cells, stem-like CD8 T cells, is characterized by expression of the transcription factor TCF1+,
which we have reported to be critical for maintaining the anti-tumor T cell response in treatment
naive renal cell carcinoma® and others have correlated with response to checkpoint blockade in
melanoma*-*. Together, this illustrates that there is a common thread across tumor types that
underlies the disparities of the response to immune checkpoint blockade. Some patients generate
a strong T cell response that opposes tumor growth and progression, either endogenously or
following immune checkpoint blockade, but others fail to do so, and the maintenance of TCF1+
stem-like CD8 T cells in tumor tissue seems to be one factor in delineating which patients can
mount significant anti-tumor T cell responses and which responses may fail*}. Accordingly, we
sought to study the response to immune checkpoint blockade in renal cell carcinoma patients, and
more specifically, how the pre-existing intratumoral T cell response supports the later response to

immune checkpoint blockade.

4.2 Results.
TCF1+ stem-like CD8 T cells are identified in archived tumor samples by both

immunofluorescence and flow cytometry in RCC patients receiving immunotherapy

Having identified that TCF1+ stem-like CD8 T cells in renal tumors support a strong CD8 T cell
response, which predicts improved patient survival, and having identified that the presence of these
stem-like cells in intratumoral immune niches in not only renal tumors, but also prostate tumors

and brain metastases, we then wondered if the presence and organization of these stem-like cells
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in tumor tissue would affect the clinical response to immune checkpoint blockade.

In a cohort of patients with renal cell carcinoma who went on to receive immune checkpoint
blockade following disease progression, we identified archival samples (FFPE blocks and/or fresh
frozen tumor tissue) from the patient’s resected primary tumor specimen (FFPE cohort: Table 1,
fresh frozen cohort: Table 2). As shown in the schematic in figure 4.1 A, these patients underwent
partial or radical nephrectomy prior to receiving any systemic therapy. These patients were then
monitored for disease recurrence or progression, and then when clinically indicated, received
immune checkpoint blockade. Importantly, in these treatment-naive patients, the latency between
surgical resection and initiation of immune checkpoint blockade may constitute months, or in some

cascs, even years.

In these patient cohorts, we set out to confirm the presence and organization of TCF1+ stem-like
CDS8 T cells in immune niches in tumor tissue, in both fresh frozen and FFPE tumor samples
acquired from surgical resection, as we had previously described in renal cell carcinoma*. In
Figure 4.1 B, we show how these stem-like CD8 T cells in the tumor are identified by flow
cytometry in fresh frozen tumor samples. In Figure 4.2 C-D, we show how phenotypic highlights
of these stem-like CD8 T cells, where similar to as previously shown*’, where stem-like cells have
high costimulatory molecule expression, while more terminally differentiated cells have higher

checkpoint molecule expression.
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Figure 4.1: Identification of TCF1+ stem-like CD8 T cells in renal cell carcinoma tumors by
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flow cytometry and quantitative immunofluorescence imaging. (A) Study design follows renal
cell carcinoma patients throughout disease course, from surgical resection through the reception
of immune checkpoint blockade. Tumor samples (FFPE & fresh frozen tissue) were used, and
blood was collected at baseline and at each treatment interval. (B) Flow cytometry gating strategy
for identifying stem-like CD8 T cells and terminally differentiated CD8 T cells in renal cell
carcinoma samples. (C) Flow cytometry-based measurement (mean fluorescence intensity) of
selected phenotypic markers on stem-like CD8 T cells (green) and terminally differentiated CD8
T cells (red). (D) Summary data for markers show in C. (E) Renal cell carcinoma sample stained
with hematoxylin & eosin and brightfield scanned. Area of tumor tissue outlined in yellow. (F)
Renal cell carcinoma sample immunofluorescence stained for CD8, MHC-II, and counter stained
with DAPI and fluorescence-scanned. (G) Zoomed inset of whole slide scan of a renal cell
carcinoma sample immunofluorescence shown in F, stained for MHC-II, TCF1, and CD8 and
counterstained with DAPI. (H-J) A set of three immunomaps, with (H) the x,y location of CD8 T
cells shown in red, with the location of TCF1+ CD8 T cells overlaid in cyan, (I) the x,y location
of MHC-II+ cells in green, and (3) the local cellular neighborhoods (approximately 10,000um?)
occupied by immune niches (orange), which are defined by areas where both TCF1+ CDS8 T cells
and MHC-II+ cells associate. (J) Correlation between MHC-II+ cell and CD8+ cell infiltration, as
measured per mm? (R?=0.7289, p<0.0001). (L) Correlation between CD8+ cell infiltration, as
measured per mm?, and the proportion of TCF1+ cells (as a percentage of all DAPI+ cells,
R2=0.7710, p<0.0001). (M) Correlation of the proportion of the tumor occupied by immune niches
with the MHC-II+ cell infiltration (as measured per mm?: R>=0.477, p=0.0043). (N) Correlation
of the proportion of the tumor occupied by immune niches with specifically TCF1+ CD8+ cell

infiltration (as measured a percentage of DAPI+ cells: R?>=0.4745, p=0.0045). (O) Correlation of
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the proportion of the tumor occupied by immune niches with the CD8+ cell infiltration (as

measured per mm?: R?>=0.2811, p=0.0421).
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We were also able to identify these TCF1+ stem-like CD8 T cells in intratumoral immune niches
by multiplex, quantitative immunofluorescence imaging analysis (similar to as described in
Chapters 2 & 3). Adjacent whole slide scans show (Figure 4.1 E) an H&E stain and (Figure 4.2 F)
an immunofluorescence stain of a renal cell carcinoma tumor sample, with a zoomed
immunofluorescence inset showing the presence of TCF1+ stem-like CD8 T cells in close
association with MHC-II+ antigen presenting cells (Figure 4.1 G). Using our quantitative imaging
analysis methods, we also define the precise locations of all CD8+ cells in the tumor issue, as well
as specify the location of each TCF1+ stem-like CD8 T cell in the tumor (Figure 4.1 H) and the
location of all infiltrating MHC-II+ antigen presenting cells in the tumor (Figure 4.1 I).
Importantly, we can also use this analysis to define which areas contain intratumoral immune
niches—that is, local cellular neighborhoods where both TCF1+ stem-like CD8 T cells and MHC-

I+ antigen presenting cells reside (Figure 4.1 J).

Importantly, as we have shown previously in renal cell carcinoma, immunogenic prostate cancer,
and brain metastases, we show that the T cell infiltration into these renal tumors parallels the
antigen presenting cell infiltration (Figure 4.1 K), and that this T cell infiltration is supported by a
parallel presence of specifically TCF1+ stem-like CD8 T cells (Figure 4.1 L). We also show that
the antigen presenting cell density and the abundance of tumor infiltrating TCF1+ stem-like cells
correlates with proportion of the tumor tissue occupied by immune niche neighborhoods (Figure
4.1 M, N). Most critically, those tumors with the highest proportion of immune niches are also
those with the strongest CD8 T cell response (Figure 4.1 O), recapitulating, as we have shown
before, that these niches are a vital ingredient in maintaining and sustaining a productive anti-

tumor T cell response.
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Pre-existing anti-tumor immunity is an important predictor of later immunologic and clinical
response to checkpoint blockade

We next investigated whether the presence of these stem-like T cells and these immune niches
might correlate with clinical outcomes after reception of immune checkpoint blockade. In Figure
4.2, we compare two patients with contrasting outcomes — one patient who responded well, having
a complete response with no evidence of active disease (Figure 4.2 A), and one patient who
progressed quickly despite immune checkpoint blockade administration (Figure 4.2 B). In the
responding patient, quantitative analysis of whole slide immunofluorescence imaging reveals
many areas of CD8+ T cell, and specifically TCF1+ CD8+ T cell, infiltration (red, blue,
respectively), many areas of MHC-II+ cell infiltration (green), and importantly, many areas of
immune niches (orange), where both TCF1+ CD8+ cells and MHC-I1+ cells colocalize (Figure 4.2
A). On the other hand, in the patient with progressive disease, the tumor tissue lacks this same
level of immune cellularity, with very few areas of infiltrating CD8+ T cells, very few areas of
infiltrating MHC-II+ cells, and critically, a near to total absence of areas of immune niches (Figure

42 B).

Interestingly, this pattern of infiltration parallels what we observe by flow cytometry in these two
patients, both in the surgically resected tumor tissue, as well as in the peripheral blood following
reception of immunotherapy. In the responding patient, there a strong T cell response in the
resected tumor tissue, whereas in the progressing patient, there is a near total absence of CD8 T
cell infiltration (Figure 4.2 C). Similarly, there is a significant burst in activated CD8 T cells (as

identified by HLA-DR and CD38 co-expression) in the peripheral blood following administration
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Figure 4.2: Presence TCF1+ stem-like CD8 T cells in intratumoral immune niches is
associated with clinical benefit following immune checkpoint blockade. (A-B) Comparison of

a responding patient (A) and non-responding patient (B). From top to bottom, tumor sample
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immunofluorescence stained for CD8 (red), MHC-II (green), TCF1 (cyan) and counterstained with
DAPI (blue) and fluorescence slide-scanned. A set of three immunomaps, with (1) the x,y location
of CD8 T cells shown in red, with the location of TCF1+ CDS8 T cells overlaid in cyan, (2) the X,y
location of MHC-II+ cells in green, and (3) the local cellular neighborhoods (approximately
10,000um?) occupied by immune niches (orange), which are defined by areas where both TCF1+
CDS8 T cells and MHC-II+ cells associate. At bottom, zoomed insets of whole slide scans, stained
for MHC-II (green), TCF1 (cyan), and CD8 (red), and counterstained with DAPI (blue). (C) Flow
cytometry showing comparative T cell infiltration, including stem-like CD8 T cells (green) and
terminally differentiated T cells (red) in a responding patient (top) and a non-responding patient
(bottom). (D) Flow cytometry highlighting the activated CD8 T cell population in the peripheral
blood at baseline, after cycle 1, and after cycle 2 of immune checkpoint blockade in a responding
patient (top) and a non-responding patient (bottom). (E) Patients with clinical benefit (CB) have
more CD8+ cells per mm? than patients without clinical benefit (no CB), (p=0.0280). (F) Patients
with clinical benefit (CB) have more MHC-II+ cells per mm? than patients without clinical benefit
(no CB), (p=0.0047). (G) Patients with clinical benefit (CB) have higher average MHC-II+ cellular
density per 10,000um? than patients without clinical benefit (no CB), (p=0.0193). (H) Patients with
clinical benefit (CB) have a higher proportion of tumor tissue occupied by immune niches than

patients without clinical benefit (no CB), (p=0.0186).
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of immune checkpoint blockade, when compared to a baseline, pre-treatment sample, whereas this
burst in activated cells is absent in the progressing patient (Figure 4.2 D). Taken together, this
suggests that pre-existing features of a strong T cell response in the tumor — the presence of many
CDS8 T cells, maintained by TCF1+ stem-like in dense antigen presenting niches — may lead to a
strong T cell response following immunotherapy, which corresponds with positive clinical

outcomes.

This patterns are validated when investigated across multiple patients, when we compare these
metrics at the cohort level, where patients with clinical benefit following reception of immune
checkpoint blockade harbor increased CD8 T cell and MHC-II+ antigen presenting cell infiltration
(Figure 4.2 E, F), increased MHC-II+ antigen presenting cell density (Figure 4.2 G), and
importantly (Figure 4.2 H), increased levels of intratumoral immune niches when compared to
patients without clinical benefit. This further underscores the importance of the TCF1+ stem-like
CDS8 T cell, and its home in an intratumoral immune niche, in sustaining the pre-existing immune
response to immune checkpoint blockade, which in turn underlies the clinical response to this

therapy and mediates positive patient outcomes.

Pre-existing anti-tumor T cell response is associated with clinical response to immunotherapy

Having seen that described the importance of the pre-existing anti-tumor immune response by
quantitative immunofluorescence imaging analysis, we sought to investigate this concept in a
larger cohort, utilizing flow cytometry on fresh frozen banked tumor samples. Using flow
cytometry, we can enumerate tumor infiltrating CD8 T cells, and we show that patients with

progressive disease following reception of immunotherapy have lower CD8 T cell abundance than
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Figure 4.3 Increased intratumoral infiltration of CD8 T cells is associated with improved
progression free and overall survival in renal cell carcinoma patients following immune
checkpoint blockade. (A) Patients with progressive disease have attenuated CD8 T cell
infiltration when compared with patients without progressive disease. (B) Patients with higher
CD8 T cell infiltration (measured by flow cytometry, as % of total cells) have improved
progression free survival as compared to those with lower CD8 T cell infiltration. (C) Patients with
higher CD8 T cell infiltration (measured by flow cytometry, as % of total cells) have improved

overall survival as compared to those with lower CD8 T cell infiltration.
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those patients without progressive disease after immune checkpoint blockade (Figure 4.3 A). Most
importantly, patients with increased abundance of CD8 T cells in the tumor tissue at the time of
resection—so a stronger pre-existing anti-tumor T cell response—have improved both progression
free and overall survival following immune checkpoint blockade (Figure 4.3 B, C). Taken together,
this illustrates the crucial role of a pre-existing T cell response, supported by TCF1+ stem-like
CDS8 T cells, in the tumor tissue in supporting the later immunologic and clinical response to

immunotherapy.

4.3 Discussion.

With our prior work having detailed critical hallmarks of the intratumoral immune response in
several tumor types, this study endeavored to examine how these biological mechanisms might be
relevant to the immunologic and clinical response to immunotherapy. To do so, we analyzed the
both the intratumoral immune response at the time of surgery, as well as the peripheral blood
response and clinical response following reception of immune checkpoint blockade (Figure 4.1
A). With this study design, we can use both flow cytometry (Figure 4.1 B-D) and quantitative
immunofluorescence imaging (Figure 4.1 E-J) to identify TCF1+ stem-like CD8 T cells within
tumor tissue. With this quantitative imaging analysis, we can characterize these stem-like cells’
preferential localization to antigen presenting cell-dense immune niches in the tumor tissue, and
demonstrate that the parallel infiltration of MHC-II+ cells and TCF1+ stem-like CD8 T cells, and
their aggregation into immune niches, supports the maintenance of a strong and productive anti-

tumor T cell response (Figure 4.1 H-O).

Importantly, the design of this study allows us track features of a patient’s immune response
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throughout their entire disease course, beginning at the time of surgery and continuing through the
administration of immune checkpoint blockade. Accordingly, it allows us to ask critical questions
about whether a patient’s intrinsic ability to mount a strong anti-tumor T cell response has bearing
on their later propensity to glean clinical benefit from immunotherapy. When we compare patients
with disparate clinical outcomes (Figure 4.2 A-D), we can appreciate significant differential
between the immune filtration in a patient with a good clinical outcome (complete response) and
one that unfortunately did not (progressive disease). In a patient with clinical benefit (Figure 4.2
A, C-D), we find a strong, intrinsic, intratumoral immune response at the time of surgery, both by
flow cytometry and immunofluorescence imaging, that parallels a strong burst of T cell activation
in the peripheral blood following immunotherapy. On the contrary, a patient with progressive
disease (Figure 4.2 B-D) is found to profoundly lack this same strength of intrinsic immune
response, both at in the tumor at the time of surgery and in the peripheral blood following reception

of immune checkpoint blockade.

Importantly, these concepts are replicated at the cohort level, where we see that patients
experiencing clinical benefit following immune checkpoint blockade are found to have
significantly higher levels of immune cell infiltration (specifically, CD8 T cell and MHC-II+
antigen presenting cell, Figure 4.2 E & F), higher levels of MHC-II+ cell density (Figure 4.2 G),
and critically, higher proportions of immune niches in the tumor tissue at the time of surgery
(Figure 4.2 H), suggesting that a patient’s intrinsic ability to mount an anti-tumor immune response
may predict their later ability to mount a productive and clinically beneficial response to
immunotherapy. Finally, we sought to generalize these findings by measuring simply the CD8 T

cell infiltration into tumors at the time of surgery. We find that patients experiencing clinical
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benefit have higher CD8 T cell infiltration into their tumors at the time of surgery. Most
significantly, we show that stratifying patients into CD8 hi and CD8 low, based on the flow
cytometry measurement of the CD8 T cell infiltration into their tumor at the time of surgery, can
predict improved both progression free survival and overall survival in renal cell carcinoma

patients following administration of immune checkpoint blockade.

In summary, while others have reported an association with tumor infiltrating T cells or with a
burst of T cell activation and the response to immunotherapy in isolation and in other tumor

14, 115,124, 128 oyr studies have drawn a connection between all three of these responses and

types
have specifically shown the importance of these features of the immune response in renal cell
carcinoma. Put differently, we show that the intrinsic immunobiology at the time of surgery has

an enduring impact on the later immunological and clinical response to immune checkpoint

blockade.

Furthermore, we propose that these studies add crucial details to understanding the cellular
mechanisms controlling the T cell response to immune checkpoint blockade. The TCF1+ CD8 T
cells we describe here and previously are likely those that also proliferate in response to immune
checkpoint blockade*® ¢7- 68, When these stem-like cells encounter therapies such as anti-PD1
antibodies, they proliferate, but most importantly give rise to the more terminally differentiated,
cytotoxic, effector-like CD8 T cells that are the ones directly responsible for the clearance of tumor
cells. Thus, based on these prior studies and the data resultant from our studies, we hypothesize
that prior to immunotherapy administration of immunotherapy, there may a pool of tumor specific

TCF1+ stem-like CD8 T cells lying dormant that are then unleashed by immune checkpoint
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blockade. When re-awakened and unleashed, we propose that these cells, representing a critical
biological reservoir, may then proliferate and generate anti-tumor cytotoxic cells. Importantly, it
is unclear if these dormant TCF1+ cells are only present in the tumor, or if the ones unleashed by
immune checkpoint blockade to generate a peripheral burst in activated T cells may be
preferentially located outside the tumor, such as in draining lymph nodes, and this is a critical
question for future study. Based on this hypothesis, we propose that patients with a strong pool of
these dormant stem-like CD8 T cells in their tumor and/or lymphatic tissue are those who generate
a large burst of newly activated CDS8 T cells following immune checkpoint blockade, and that this
accounts for ours and others’ data showing that measuring T cell infiltration into tumors or T cell

activation in the blood is a promising indicator of clinical benefit in patients?’43.

In this proposed model, it is also important and interesting to consider what this means for the
patients who do not find clinical benefit following immune checkpoint blockade, and several
explanations are possible. One possibility is that patients with poor outcomes after immunotherapy
lack a strong enough pool of tumor specific TCF1+ stem-like cells, which results in an
insufficiency of the machinery to effectively respond to immune checkpoint blockade. This is
supported by our data finding that these patients with poor responses also have diminished
presence of both TCF1+ stem-like cells and their intratumoral immune niche homes. However,
another possibility is that in some cases or in some settings, immune checkpoint blockade alone is
not a sufficient stimulus to overcome the dormancy of the tumor-specific stem-like T cells. For
example, some patients with poor outcomes following immunotherapy may harbor some TCF1+
stem-like cells, but lack the pre-requisite activating signals (e.g., such as co-stimulatory signals

received via CD28 or cognate antigen presenting cells) to incite their differentiation. Further study
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should specifically aim to identify which of these scenarios, or what combination of these
scenarios, is cause for a lack of clinical and immunological response to immune checkpoint

blockade, as this investigation will be essential for improving the response rate of immunotherapy.

4.4 Materials & Methods.

Sample Collection, Preparation, and Storage: Patients were consented under the Emory University
Urological Satellite Specimen Bank in accordance with the Institutional Review Board
(IRB00055316). Patient blood samples were obtained in cell preparation tubes at baseline and
study specific timepoints and processed to cryopreserve peripheral blood mononuclear cells
(PBMCs) and plasma. To minimize impact on patient schedules, the collection time points were
cycle-dependent, coinciding with scheduled phlebotomy for standard laboratory analysis. Patient
tumor samples were collected immediately after wundergoing partial or radical
nephrectomy. Tumor samples for flow cytometric analysis were harvested in Hank’s Balanced Salt
Solution, cutinto small pieces, digested using Liberase enzyme cocktail (Roche), and
homogenized using a MACS Dissociator. Single cell suspensions were obtained, RBC ACK lysed,
and stored at —80 °C in freezing media for batch analysis. Samples for immunofluorescence
analysis were formaldehyde fixed and embedded in paraffin blocks by Emory Pathology.
Unstained and haematoxylin/eosin-stained sections of FFPE blocks were obtained from Emory

Pathology.

Assessment of Therapeutic Response: Clinical benefit (CB) was defined as a best response of
complete response (CR), partial response (PR), or stable disease (SD). Objective response to

treatment was determined by using Response Evaluation Criteria in Solid Tumor version 1.1
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(RECIST 1.1) (cite 38) by a board-certified radiologist. Re-staging radiograph interval varied
among patients on standard of care (SOC) and clinical trial treatments, and in the SOC group

modalities may have switched between CT and MRI depending on other clinical factors.

Flow Cytometry & Fluorescence Activated Cell Sorting: Single cell suspensions from human
tumors and human peripheral blood were stained with antibodies listed below. Live/dead
discrimination was performed using fixable Aqua or Near-IR Dead Cell Stain Kit (Invitrogen).
Samples were acquired with a Becton Dickinson LSRII and analysed using FlowJo software. For
intracellular staining, cells were fixed and permeabilized using the FOXP3 Transcription Factor

Staining Buffer Set (eBioscience).

Immunofluorescence: Sections were deparaffinized in successive incubations with xylene and
decreasing concentrations (100, 95, 75, 50, 0%) of EtOH in ddH20O. Antigen retrieval utilized
Abcam 100x TrisEDTA Antigen Retrieval Buffer (pH = 9) heated under high pressure and washed
in PBS + 0.1% Tween20. Sections were blocked for 30 minutes with 10% goat serum in 1x PBS
+ 0.1% Tween20 before staining with primary and secondary antibodies. Primary antibodies were
used at a concentration of 1:100 (MHC-II) or 1:150 (CD8, TCF1) and incubated for 1 hour at room
temperature. Secondary antibodies were used at a concentration of 1:250 (A488, A568) or 1:500
(A647) and incubated for 30 minutes at room temperature. Detailed information about antibodies
used is listed below. Sections were counterstained with DAPI according to manufacturer
instructions (Thermo-Fisher). Immunofluorescence images were collected using a Zeiss Z.1 Slide
Scanner equipped with a Colibri 7 Flexible Light Source, and Zeiss ZenBlue software was used

129, 130

for post-acquisition image processing. CellProfiler and custom R and python scripts were
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used for image analysis, as previously described*®, to determine the xy coordinates of cells within
tissue slices, measure fluorescence intensity within each cell, calculate cellular density, and create

spatial maps of cell locations and features within the tissue.

Patient survival analysis: Survival analysis of patients was performed using the log-rank test from

the R package, Survminer.
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4.6 Tables

Table 1: Immunofluorescence Imaging Cohort Patient Characteristics

Table 1 N %
Total 15 100.00
Age at Time of
Surgery Median (Range) 62 (33-75)
Male 9 60.00
Sex
Female 6 40.00
Black/African American 2 13.33
Race .
White/Caucasian 13 86.67
Clear Cell RCC 11 73.33
Histologic Subtype cart-e
Other RCC 4 26.67
Nivolumab 3 20.00
Ipilimumab + Nivolumab 9 60.00
Treatment
Study Drug + Ipilimumab + 3 20.00
Nivolumab
Clear Cell RCC 11 73.33
Histologic Subtype car e
Other RCC 3 20.00
I 1 6.67
11 0 0.00
Stage at Diagnosis
111 6 40.00
v 8 53.33
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Table 2: Flow Cytometry Cohort Patient Characteristics
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Table 2 N %
Total 36 100.00
Age at Time of 63.3 (32.5-
Surgery Median (Range) 76.6)
Male 23 63.89
Sex
Female 13 36.11
Race Black/African American 9 25.00
White/Caucasian 27 75.00
Clear Cell RCC 27 75.00
Histologic Subtype cart-e
Other RCC 9 25.00
Nivolumab 14 38.89
Ipilimumab + Nivolumab 12 33.33
Cabozantinib + Nivolumab 6 16.67
Treatment Levatinib + Nivolumab 1 2.78
Atezolizumab 1 2.78
Axitinib + Avelumab 1 2.78
Study Drug + Ipilimumab +
Nivolumab 1 2.78
Clear Cell RCC 27 75.00
Histologic Subtype car e
Other RCC 9 25.00
I 2 5.56
II 2 5.56
Stage at Diagnosis
I 13 36.11
v 19 52.78
i 1 27.
%CD8 Strata High 0 778
Low 26 72.22
%CD8 Median (Range) 1.1 (0.0-24.5)




Table 3: Flow Cytometry Antibodies
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Target Clone Fluorochrome Source
CD3 UCHT1 FITC Biolegend
CD4 OKT4 PerCP Biolegend
CD28 CD28.2 PE/Cy7 eBioscience
CD39 Al BV421 Biolegend
CD38 HIT2 BV510 Biolegend
CD38 HIT2 BV711 Biolegend
CDS RPA-TS BV605 Biolegend
HLA-DR 1.243 BV711 Biolegend
HLA-DR 1.243 APC/Cy7 Biolegend
PD-1 29F.1A12 BV786 Biolegend
CD45RA HI100 BV785 Biolegend
CD25 M-A251 APC Biolegend
CCR7 G043HI PE-TR Biolegend
CD19 HIB19 700 Biolegend
CD14 HCD14 700 Biolegend
Tbet 4B10 421 Biolegend
FOXP3 PCHI101 PE Invitrogen
Ki67 B56 APC BD Biosciences
GZMB GB11 700 BD Biosciences
Table 4: Immunofluorescence Antibodies
Target Antibody Type | Clone |Concentration| Secondary Concentration
MHC-II (HLA- Goat anti-mouse
Mouse IgG2a Tu39 1:100 1:250
DR, DP, DQ) IgG2a A488
Goat anti-rabbit
TCF1 Rabbit C63D9 1:150 1:250
A568
Goat anti-mouse
CD8 Mouse IgG1 C8/144B 1:150 1:500
IgG1l A647
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Chapter 5: Conclusions and Closing Remarks

5.1. Introduction

Despite many decades of dedicated research and many advances in both diagnostics and
therapeutics, the global disease burden of cancer remains a pressing challenge that causes much
suffering and death each year!. Recent efforts have particularly focused on the importance of the
immune system in the setting of cancer, both in harnessing it in therapeutics to fight cancer growth
and development and in exploiting its patterns for use as biomarkers?’4% 131133 An ever-increasing
arsenal of immunotherapies are being used as frontline therapies in more and more tumor types,
with many of these therapies focusing principally on invigorating the anti-tumor T cell response,
such as anti-PD1, anti-PDL1, and anti-CTLA4 based immune checkpoint blockade!?7-113, 131-135,
Indeed, it is precisely this anti-tumor T cell response that has also been the focus of much study
for use as a biomarker for predicting patient outcomes in several tumor types. As such,
understanding the biological mechanisms that support, sustain, and shape the anti-tumor T cell
response is a critically important and burgeoning field of study. In this work, we examine this
response and uncover key ingredients in the recipe for a robust and productive anti-tumor T cell

response in several tumor types and in the setting of the response to immunotherapy.

5.2 TCF1+ stem-like T cells in human tumors
High levels of tumor infiltrating lymphocytes have been associated with a survival benefit or a

27-43, 131-133 " byt, unfortunately, some

strong response to immunotherapy in several tumor types
patients and some tumors fail to possess these high levels of T cell infiltration. However, it is not

well understood why some patients are able to mount such a response, while others are not.
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Accordingly, this presents a fundamental question—why, and how, is it that some patients’ tumors

have many T cells, while others do not?

In seeking to answer this question, especially having illustrated a dramatic survival advantage for
renal cell carcinoma patients with a strong T cell response (Figure 2.1, Figure 2.2), we report the
presence of a stem-like CD8 T cell in human tumors. This stem-like cell, not unlike similar cells
documented in the setting of chronic viral infection*® ¢+ 70, is characterized by the expression of
the transcription factor TCF1 and has significant expression of costimulatory molecules (e.g.
CD28) and lower expression of checkpoint and effector molecules. This stem-like cell can both
self-renew, maintaining a pool of these less differentiated cells in the tumor, as well as differentiate
into more terminally differentiated, effector-like cells, which lack TCF1 expression and have much
higher checkpoint and effector molecule (e.g. PD1, CTLA4, granzyme B, perforin) expression
(Figure 2.2, Figure 2.4, Figure 2.5 Figure 2.6). As such, somewhat similar to what has been shown
in other settings of chronic antigen exposure (Figure 1.1), we report that these stem-like cells
constitute an important reservoir for maintaining a steady supply of anti-tumor T cells that can

then carry out effector functions to kill cancer cells, mediating enhanced survival for patients.

Importantly, while our efforts to characterize these T cell populations were first concentrated in
renal tumors, we have also demonstrated the presence of these TCF1+ stem-like CD8 T cells in
additional tumor types. We have determined that these special cells are present not only in
generally immunogenic tumors, like renal cell carcinoma, but also in subsets of tumor types that
are thought to be either generally “immunologically cold” or “immunologically privileged” such

as prostate cancer and brain metastases, suggesting that this biology is a critical mechanism that
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spans the disease of cancer, despite tissue of origin, average immunogenicity, or ease of circulatory
access (Chapter 3). For example, while it is true that prostate tumors tend to harbor a paucity of
anti-tumor CD8 T cells, a subset of these tumors do happen to host a stronger T cell response, and
in this subset of “immunogenic prostate tumors,” we describe, as in renal tumors, the presence of
this TCF1+ stem-like cell that maintains the anti-tumor T cell response (Figure 3.1). Similarly,
these cells are also identified in brain metastases of patients with varied cancers of primary tissue
origin, such as breast cancer, non-small cell lung cancer, and melanoma (Figure 3.2, Figure 3.3,
Figure 3.4, Figure 3.5, Figure 3.6, Figure 3.10). Interestingly, and importantly, we also
demonstrate that these stem-like cells are present in both irradiated and unirradiated brain
metastases, indicating their ability to persist despite exposure to ionizing radiation, which is a
critical discovery, especially for sequencing multiple modalities of therapy, such as radiation

therapy and immune checkpoint blockade (Figure 3.3, Figure 3.5, Figure 3.6, Figure 3.10).

Consequently, the work presented here demonstrates the enduring presence of these cells, not only
in a diverse array of tumor types, but also in tissue recesses typically considered to be more
“immune privileged,” further underscoring their importance as a cornerstone feature of the anti-
tumor T cell response. In summary, herein we demonstrate the presence of stem-like cells in
several tumor types, finding that this important cell population correlates with the strength of the
total T cell response and thus beginning to shed light on potential mechanisms for how some

patients are able to host a strong anti-tumor T cell response, while others are not.

5.3 Stem-like T cells reside in an intratumoral immune niche

After establishing the presence of these stem-like CD8 T cells in human tumors and that their
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presence correlates with a strong anti-tumor T cell response, the emergent question then
becomes—what maintains and differentiates the stem-like cell population in the tumor? To seek
to answer this question, we developed and utilized multiplex, quantitative immunofluorescence
imaging methods, in order to understand what cell types might associate with or support the

presence of these stem-like T cells in the tumor.

Using these quantitative imaging methods (Figure 2.9), we discovered that these stem-like cells
preferentially reside in areas of high antigen presenting cell density, whereas the TCF1- terminally
differentiated cells are found more dispersed throughout the tumor (Figure 2.8). Importantly, this
finding was replicated in immunogenic prostate tumors (Figure 3.1), as well as in brain metastases
(Figure 3.7, Figure 3.8), indicating that both the TCF1+ stem-like T cell and its antigen presenting
cell-dense home, which we termed an “intratumoral immune niche,” are trans-tumor type features
of the anti-tumor immune response. Put simply, we establish that that the presence of an

intratumoral immune niche is a significant feature of immunologically active tumors.

Additionally, when we compare patients with differential clinical outcomes in either renal tumors
or brain metastases (Figure 3.8, Figure 3.9), we find that the presence of these immune niches are
a hallmark of a strong and productive anti-tumor immune response. In patients with stable or
improving disease, a strong T cell response is typically supported by the presence of stem-like
CDS8 T cells residing in a dense, antigen presenting immune niche. On the other hand, patients with
progressive or worsening disease often lack this high immune cellularity, and critically lack
“immune niche” neighborhoods, or areas where TCF1+ stem-like T cells colocalize with MHC-

I+ antigen presenting cells (Figure 2.8, Figure 2.11, Figure 2.12, Figure 2.14, Figure 3.8). Indeed,
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we find that patients with higher average antigen presenting cell density or more areas of “immune
niches” have significantly improved outcomes when compared to those with lower antigen
presenting cell density or less immune niche areas (Figure 2.13, Figure 3.9), suggesting that the
presence of these features in the tumor is indicative of a strong and productive anti-tumor cell
response. Interestingly, we find that these intratumoral immune niches are a durable feature of the
immune response, persisting despite exposure to radiation therapy, even while this exposure can

attenuate the infiltration of other immune cells into the tumor tissue (Figure 3.10, Figure 3.11).

As such, it is clear that the presence of these intratumoral immune niches represents a hallmark of
a strong anti-tumor T cell response (Figure 5.1). That is, these immune niches—areas of high
antigen presenting cell density—serve as homes for the presence of stem-like CD8 T cells in the
tumor. When these niches are present, the stem-like CD8 T cells can survive and thrive, receiving
the signals necessary to both self-renew, as well as differentiate and produce new terminally
differentiated cells, which then carry out target cell killing, mediating the anti-tumor effect of the
T cell response. On the other hand, when these immune niches are lost or absent, the stem-like T
cell population is also lacking in the tumor. Without these stem-like cells thriving in the tumor, the
production of new terminally differentiated cells is abolished, and the anti-tumor T cell response
fails. Thus, the presence of these immune niches represents a cornerstone feature of a productive
and effective anti-tumor T cell response, and this immune organization is a key ingredient for

ensuring a robust response that may then in turn provide differential survival benefit for patients.
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-LIKET CELLS

Figure 5.1: The intratumoral immune niche. An antigen presenting cell-dense intratumoral
immune niches serves as a home for TCF1+ stem-like CD8 T cells, which both self-renew and
give rise to more terminally differentiated CD8 T cells, which can carry out tumor cell killing,
arbitrating the anti-tumor effect of the T cell response that provides beneficial outcomes for
patients. This immune niche is present in immunologically active tumors and is a ‘hallmark’ of
immunogenic cancer, constituting an important mechanistic component of both the endogenous

anti-tumor immune response and the response to immunotherapy.
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5.4 Immune niches and the response to immunotherapy

Having found these stem-like T cells in immune niches in tumor tissue to be critical for the
maintenance of the intrinsic, endogenous anti-tumor immune response, we also interrogated
whether this phenomenon may also have a role in mediating the response to immunotherapy.
Interestingly, in renal cell carcinoma patients, we found that patients with a strong endogenous
immune response are more likely to derive clinical benefit from immune checkpoint blockade, and
we found that this immune response, also previously shown, is supported by a stem-like CD8 T

cell that finds its home in intratumoral immune niches (Figure 4.1, Figure 4.2, Figure 4.3).

Importantly, to complete this study, we utilized resected tumor tissue and evaluated the immune
cell infiltration and organization therein, and it is important to note that this specimen may be
resected months or even years prior to a patient’s later reception of immunotherapy (Figure 4.1).
This suggests that a patient’s intrinsic ability to mount an effective anti-tumor immune response—
supported by a stem-like CD8 T cell that resides in dense antigen presenting immune niches in
tumor tissue—is vital for determining their later response to immunotherapy (Figure 4.2, Figure
4.3). This is a critical realization, as it may suggest there could be intrinsic factors of a patient’s
tumor (or a patient’s general immune system) that predispose the ability of mount (or not) a
productive anti-tumor immune response and thus a clinically beneficial response to
immunotherapy. Similarly, this realization could have utility in better stratifying patients for
reception or escalation of therapy, where measuring features of a patient’s endogenous immune
response could indicate whether a patient might be an ideal candidate for immune checkpoint
blockade, or whether a patient might be best suited for a different therapeutic modality, given the

landscape of their endogenous anti-tumor immune response.
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5.5 Future studies and concluding remarks

With the field of cancer immunology continuing to boom, the positive effect of a strong anti-tumor
T cell response continues to become more and more clear. However, what is less clear is why some
patients can mount such a response, while others do not. Accordingly, the work presented herein
is of particular importance, as it uncovers pieces of the mechanisms that explain this disparity
between patients. Here we establish that the anti-tumor T cell response is maintained by a TCF1+
stem-like CD8 T cell, which both self-renews and differentiates to give rise to more terminally
differentiated, effector like cells, and that these stem-like cells are maintained in an antigen
presenting cell-dense intratumoral immune niche. We describe the presence of these stem-like cells
and immune niches across diverse tumor types, demonstrating the relevance of this model in
supporting the T cell response in cancer broadly. In short, we demonstrate that there is an immune
niche, containing stem-like T cells and antigen presenting cells, in immunologically active cancers,
and that the presence of these niches is a ‘hallmark’ of immunogenic cancers. Further, we
demonstrate that these niches support both the immune response that assists improved patient

outcomes and the productive response to immune checkpoint blockade.

Accordingly, this work holds great translational potential. For example, the data presented here
argues strongly for undertaking rigorous validation study and then for using measures of the anti-
tumor T cell response as clinical biomarkers, particularly in renal tumors, as we and others report
a strong association between high levels of infiltrating CD8 T cells and improved patient

27-48

prognoses-"~**. In renal tumors specifically, the deployment of this biomarker could particularly

be of use in at-risk patients, such as those with advanced localized disease (stage III), as a means
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to delineate which patients would benefit from immediate therapeutic escalation and which
patients are suitable for active surveillance, which is currently a major question in this patient
population. Furthermore, given that we also find that the presence of a strong intrinsic anti-tumor
T cell response may predict which patients will clinically benefit following immune checkpoint
blockade, using measures of the anti-tumor T cell response as clinical biomarkers could also be
deployed as a strategy for stratifying which patients should receive immunotherapy and which
patients might benefit more from other therapeutic modalities. As only a minority of patients

currently respond to immunotherapy!0°: 132 136-139

, using a biomarker in this way might empower
for more exact selection of which patients are most appropriate for immunotherapy, especially

ongoing study seeks to uncover avenues of increasing the overall response rate to immunotherapy.

An acutely important discovery presented herein is the description of a particular type of peripheral
immune organization—the intratumoral immune niche, which maintains and differentiates these
stem-like CD8 T cells. While the description of stem-like and terminally differentiated T cells
present a functional compartmentalization of the anti-tumor T cell response, the illustration of this
type of intratumoral immune organization also presents a kind of physical compartmentalization
of the anti-tumor immune response. This work then establishes the appreciation that one way that
the immune system efficiently establishes and sustains its activities is through both functional and
physical compartmentalization. In that way, not unlike canonical understandings of the immune
system’s design, where, for example, in the primary and secondary lymphoid tissue “form follows
function,” we see that in the anti-tumor T cell response, form and function are inexplicably
intertwined. This form of the intratumoral immune niche is necessary for the maintenance of the

stem-like T cell population, which sustains the function of the anti-tumor T cell response.
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Importantly, several questions remain about the nature of these intratumoral immune niches, and
particularly about the mechanisms of their formation and survival in tumor tissue. As these
questions continue to take shape, it is useful to start with an understanding of how organization
supports immune responses more broadly. The immune system is a highly ordered and organized

system, and this organization empowers the carefully orchestrated function of this system.

The organization of the immune system is generally divided between primary, secondary, and
tertiary lymphoid tissues. The primary lymphoid organs are those that are responsible for the
production of immune cells—the bone marrow and the thymus. The bone marrow is the
powerhouse of hematopoiesis, and the thymus plays an indispensable role in T cell differentiation

and repertoire selection!#0-143

. In both tissues, the organization is carefully orchestrated to empower
these functions. For example, with the cortex and the medulla of the thymus harboring specialized
stromal and thymic epithelial cells, providing form that supports the immune system functions that
occur therein!#?, Similarly, the bone marrow’s highly ordered structure also empowers its function,
such as through the generation of a carefully designed niche to maintain and protect hematopoietic

stem cells, which are critical for continued generation of new blood cells!4!-143,

The organization of the secondary lymphoid tissue—the spleen, the lymph nodes, and Peyer’s
patches—is also critical to the functionality of the immune system. The structure of this tissue,
which harbors both lymphocytes and antigen presenting cells, sets the immune system to be poised
for the induction of an effective immune response!'#*. These tissues have three primary functions—
to attenuate pathogen spread, to facilitate antigen presenting cell contact with rare antigen specific

lymphocytes, and to provide a concentration of the factors necessary for the survival and
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differentiation of lymphocytes!*-148, Indeed, the secondary lymphoid organs are specifically
designed for efficient adaptation in the face of an infection or otherwise urgent immune response.
For example, in an infection, lymph nodes undergo structural remodeling—Ilargely via the
plasticity and adaptability of the fibroblastic reticular cells of the lymphoid stroma—to
accommodate lymphocyte influx and facilitate antigen presenting cell remodeling!4%-153, In this
way, not only does the intrinsic organization of the tissue prepare it for its function, but its form

also follows its function in adapting to rapid needs for an immune response.

Broadly, the secondary lymphoid tissue is organized into three main parts—an outer antigen

144, 154 In

sampling region that is rich in antigen presenting cells, a B cell zone, and a T cell zone
the antigen sampling region (i.e., subcapsular zone of the lymph node medulla or marginal zone
in the spleen) contains aggregates of specialized macrophages and dendritic cells. In the T cell
zone (i.e. periarticular lymphatic sheath in the spleen, paracortex in the lymph node, and
interfollicular zone in Peyer’s patches), densely packed CD4 and CD8 T cells are found,
intermixed with dendritic cells and embedded in sponge-like stroma made of fibroblastic reticular
cells!44 152, 135-160 Thege FRCs wrap collagen fibers to form a multidimensional web of conduits,

facilitating trafficking throughout the region!44 160- 161,

As the outcome of the T cell response to infection relies heavily on a productive encounter between
a T cell and its cognate antigen on an antigen presenting cell, it is critical that the microstructure
of the lymphoid tissue positions the immune system for success in this interaction. It not only
achieves efficient concentration of rare antigen specific T cells, but also distributes antigen to

specialized antigen presenting cells!#* 162163 n this way, it is important to appreciate that the
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critical players of the lymphoid tissue—the lymphocytes and the antigen presenting cells—cannot
act in isolation, but rather only when embedded in this structural context of carefully organized
lymphoid tissue. Accordingly, the organization of the tissue—the form—affects the functions
carried out therein, and vice versa. The highly orchestrated structure of the tissue sets the stage for

the immune cells, but these cells can also adapt this organization to fit their needs over time.

Interestingly, this adaptability and interplay between hematopoietic/immune cells and the
structural cells surrounding them is not unique to the primary and secondary lymphoid tissues. In
fact, this bidirectional communication and adaptable plasticity is a key feature of empowering
immune responses outside the primary and secondary lymphoid tissues as well. For example,
highly organized structures that resemble lymphoid tissue have been demonstrated in inflamed,
infected, and tumor tissues and are known as tertiary lymphoid structures®’> '** (Figure 5.2).
Importantly, these inducible structures, often termed tertiary lymphoid structures, are not merely
a byproduct of significant tissue inflammation, but functionally influence the immune response in
these tissues as well. For example, TLS have been shown to improve the clinical course of
pulmonary infections but can be pathogenic in the setting of autoimmune diseases, such as Crohn’s

disease, or in the setting of transplant rejection!®>-167,

Thus, while the precise mechanisms of how these tertiary structures function in the immune
response are, as of yet, incompletely appreciated, it is clear that these TLS appear to be at least
somewhat functionally and structurally similar to lymph nodes. TLS are defined as aggregations
of cells in peripheral tissues comprised of distinct T and B cell compartments, with PNAd+ high

endothelial venules within T cell areas and with follicular dendritic cells, evidence of class
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Figure 5.2 Features of tertiary lymphoid structures. Tertiary lymphoid structures, as depicted
here in tumor tissue, are defined as organizational structures outside the primary and secondary
lymphoid tissue that contain distinct T and B cell zones, with follicular dendritic cells and active

germinal centers in the B cell zones and mature dendritic cells in the T cell zones.
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switching, reactive GCs, and expression of activation induced cytidine deaminase (AID) in B cell
areas®’- 168-170 Tn essence, these structures mimic the characteristic structures and cell types found
in the lymph node and associated with an adaptive immune response—mature DCs situated ina T
cell zone, germinal centers with FDCs and B cells, and HEVs. In addition to these structural
similarities, TLS and lymph node genesis are suggested to share similar inciting signals—
lymphotoxin, TNFa, CCL19/CCL21, CXCL13, and others®”> 7! 172 For example, ectopic
expression of lymphotoxin in mouse models can induce formation of TLS without an offending
stimulus (such as infection), and in murine influenza, tertiary lymphoid structures form along the
bronchioles, but are erased when lymphotoxin signaling is ablated!®® 170: 172174 Tmportantly, these
structures are not unique to lung tissue and have been documented in chronic gastritis, Sjogren’s
disease, chronic hepatitis C infection, transplant rejection, heliobacter-induced hepatitis, and

rheumatoid arthritis!67- 175-185,

Tertiary lymphoid structures have also been described in several tumor types, and in some
instances, associated with improved clinical outcomes, such as in non-small cell lung cancer and
colorectal cancer®- 194 186 Tertiary lymphoid structures, as in infection and autoimmunity, have
been defined as those immune cell aggregations in tumors that harbor T cell zones with mature
DCs, germinal centers with follicular dendritic cells and proliferating B cells, and HEVs?7 164 168,
169.187 Not unlike what has been demonstrated in other settings, the presence of tertiary lymphoid
structures in human tumors has been associated with increased chemokine expression (e.g.
CCL19/CCL21, CXCL13), adhesion molecules, integrins, and more, and these structures may
even contain stromal support networks!%% 138 Taken together, this suggests that these tumor-related

TLS are similar in structure, function, and genesis to those found in autoimmunity and infection,
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and that all of these types of TLS share important form and function with secondary lymphoid

tissue.

Consequently, several critical questions emerge—what is the role of the TLS in recruiting and
maintaining a productive anti-tumor immune response? Are TLS required for a productive anti-
tumor immune response? Can tumor-related TLS exist without a productive anti-tumor immune
response? What is the prognostic significance of these TLS in various tumor types? And, while
many of these questions remain incompletely or entirely unanswered, much has been learned about
this biological phenomenon. In some cases (e.g. colorectal cancer, breast cancer, and non-small
cell lung cancer, oral squamous cell carcinoma, and others), tumor TLS are associated with high
lymphocyte infiltration and with improved clinical outcomes®* 87 88 18919 However, other
schematics of intratumoral immune organization have been described as well, and it is unclear how
these types of organization may diffe—in function or in bearing on clinical outcome—from
tertiary lymphoid structures. For example, “lymphoid neogenesis” has been reported in lung
metastases of melanoma and colorectal cancer patients, and perivascular immune niches have been

demonstrated in mouse models of colorectal cancer and melanoma?33: 48: 168.197

. Indeed, in this work,
we report the presence of intratumoral immune niches in renal cell carcinoma*, immunogenic

prostate cancer’’, and in brain metastases of varied histologies.

Thus, critical questions about the mechanisms and outcomes of peripheral immune organization
remain. For example, it is yet unclear exactly how the immune niches we describe are similar to
33,87-89, 164, 168-170, 187-

and different from previously described tertiary lymphoid structures in tumors

1%, ‘While the two organizational types seem to appear to diverge both in organization and in
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cellular composition, it is uncertain whether the mechanisms that incite their formation are
overlapping or distinct, if one structure’s development may precede the other, or whether the
structures have differential bearing on the outcome of the anti-tumor T cell response. Accordingly,
ongoing study prioritizes these questions, seeking to meticulously compare these two phenomena
of peripheral immune cell organization, in hopes of uncovering the mechanisms of how each one

forms and the precise direction each provides to the anti-tumor T cell response.

Finally, while the description of this intratumoral immune niche that maintains the anti-tumor T
cell response is a significant one, a pressing need then is to understand how these niches form in
some patients and perhaps more critically, why these niches fail to form in others. Especially given
that patients lacking these immune niches tend to have their disease worsen, it is possible that the
failure of these niches’ formation is a manifestation of tumor immune escape and that tumors
acquire characteristics that inhibit or destroy this foundation for the immune response!®-2°!, For
example, several genetic mechanisms of immune evasion have been reported—such as loss of

MHC?02-2% " acquisition of mutations that provide selective advantages that allow adaptation to

205-209 210-212

avoid immune destruction , defects in interferon-y signaling , or avoidance of
immunogenic cell death?! 214, While these studies demonstrate that these mechanisms stymie the
anti-tumor immune, it is yet unknown if these mechanisms may impede formation or cause
destruction of intratumoral immune niches. Accordingly, a critical future question asks how cancer

cell intrinsic biology may affect the formation, or lack thereof, of these immune niches, and how

this biology relates to current understandings of immune evasion.

Future study should focus precisely on this question, as continuing to gain understanding of these
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niches and how they form will uncover opportunities for therapeutic development. Specifically, as
the mechanisms of niche formation are uncovered, this knowledge can be harnessed and exploited
to develop therapeutic strategies that seek to incite niche formation or replicate niche function, and
thus maintenance of a productive anti-tumor T cell response, in patients whose immune response
might otherwise falter. This type of discovery might also hold keys to improving response rates to
existing therapies, such as immune checkpoint blockade, which could provide improve and extend
quality of life for many patients of varied tumor types. In sum, the work presented herein
contributes to a foundational understanding of the mechanisms of the anti-tumor immune response
in human cancer and constructs a springboard from which many exciting, high-impact future
studies may find footing. As such, it is our single and sincerest goal that this work, and the efforts
that follow, may contribute to decreasing the burden of cancer worldwide and to providing hope

for patients and their families everywhere.
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