IMMUNE BIOMARKERS IN BREAST CANCER PATHOLOGY SPECIMENS:

CHARACTERIZATION AND CLINICAL IMPLICATIONS

by

Samantha Burugu

B.Sc., University of Ottawa, 2012

M.Sc., McGill University, 2015

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF

THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
in
THE FACULTY OF GRADUATE AND POSTDOCTORAL STUDIES

(Pathology and Laboratory Medicine)

THE UNIVERSITY OF BRITISH COLUMBIA

(Vancouver)

June 2019

© Samantha Burugu, 2019



The following individuals certify that they have read, and recommend to the Faculty of Graduate
and Postdoctoral Studies for acceptance, the dissertation entitled:

Immune biomarkers in breast cancer pathology specimens: Characterization and clinical

implications

submitted by Samantha Burugu

the degree of  Doctor of Philosophy

in partial fulfillment of the requirements for

in Pathology and Laboratory Medicine

Examining Committee:

Torsten O. Nielsen

Supervisor

John J. Spinelli

Supervisory Committee Member

Peter C.V. Black

University Examiner

Kenneth W. Harder

University Examiner

Additional Supervisory Committee Members:

Kevin L. Bennewith

Supervisory Committee Member

Nickolas Myles

Supervisory Committee Member

Brad H. Nelson

Supervisory Committee Member



Abstract

Immunotherapy is dramatically changing the landscape of cancer treatment and is becoming
incorporated into the standard of care for some tumor types. Until recently, breast cancer has not
been generally considered particularly immunogenic. However, breast cancer is a heterogeneous
disease and increasing evidence suggests that patients with basal-like breast cancer, an
aggressive subtype lacking targeted therapy options, may be amenable to immunotherapy.

My research goals have included the investigation and clinical characterization of two
emerging targetable immune checkpoint biomarkers: lymphocyte-activation gene 3 (LAG-3) and
the T-cell Immunoglobulin and Mucin domain-containing molecule 3 (TIM-3), by applying
immunohistochemistry to a well-annotated tissue microarray cohort of 3,992 breast cancers. As
an additional research goal, | evaluated a novel in situ multiplex biomarker assessment method
(Nanostring-based digital spatial profiling-DSP) for its compatibility with breast cancer tissue
microarrays, to generate immune profiles from patient surgical specimens.

| report that the expression of LAG-3 or TIM-3 on intra-epithelial tumor-infiltrating
lymphocytes (iTILs) was observed in a minority of cases (11%) in the whole cohort, but was
significantly enriched in basal-like breast cancers (33% and 28% of basal-like breast cancers
being infiltrated with LAG-3+ and TIM-3+iTILs, respectively). Furthermore, | found that LAG-
3+iTILs and TIM-3+iTILs were present in breast cancers co-infiltrated with established
immunotherapy targets (program cell death-1/PD-1 and its ligand, PD-L1). In multivariate
analyses, LAG-3+iTILs or TIM-3+iTILs were independent favorable prognostic factors in breast
cancer patients. In the last part of the thesis, | profiled the tumor immune microenvironment of
two basal-like-enriched breast cancer cohorts, quantifying the expression of 31 immuno-

oncology biomarkers using DSP. | then validated the digital counts for CD8 and PD1 by
iii



comparing with immunohistochemistry, and CD45 digital counts by comparing with
hematoxylin & eosin-stained stromal TILs counts. Lastly, I identified a 4-biomarker signature
indicative of a pre-existing immunity in breast cancer patients.

The body of work presented here may help guide the selection of breast cancer patients
for clinical trial evaluation of emerging immunotherapy agents. Furthermore, | show that digital
spatial profiling technology can efficiently and quantitatively profile immune expression on

breast cancer patient specimens using only a tiny fraction from precious tumor samples.



Lay Summary

Immune checkpoint inhibitors are drugs that restore patients’ own immune system to fight cancer
and have revolutionized cancer treatment. However, in most cancers (including breast cancer),
the success of current immunotherapy targets has been limited to few patients for reasons that are
still unknown, so new drugs for new targets are being investigated. Using breast tumor samples
from more than 3,000 patients, | found that two emerging targets for immunotherapy (LAG-3
and TIM-3) were particularly enriched in patients with an aggressive breast cancer subtype
called basal-like, providing the largest evidence yet about the presence of LAG-3 and TIM-3 in
breast cancer. Furthermore, using a novel technology that identifies multiple immune
populations in a patient’s tumor, | identified 4 key immune populations that might help to select
patients amenable to immune-modulating therapies. The work presented here can inform the

prioritization and design of clinical trials for immune therapies in breast cancer.
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Chapter 1: Introduction

1.1 Breast cancer

Breast cancer is the most common cancer diagnosed among Canadian women. According
to the Canadian Cancer Society, breast cancer accounted for 25% of cancer newly diagnosed
among women in 2017. Campaigns for early breast cancer detection and evolution of treatments
led to high survival rates for breast cancer patients. 87% of Canadian women diagnosed with
early breast cancer survive at least 5 years (Canadian Cancer Society). However, the survival
rates dramatically decrease in patients who present or progress to metastatic breast cancer to 22%
of chance for survival after 5 years. In the past 2 decades, molecular profile studies revealed
breast cancer as not a single disease but an agglomeration of multiple diseases.

1.1.1 Heterogeneity of breast cancers

Different molecular features have been used to classify breast cancers including gene or
protein expression, DNA aberrations, and miRNA profiles'®. The seminal molecular study that
profiled >8,000 genes of breast cancer patients using cONA microarrays identified 4 distinct
intrinsic breast cancer subtypes based on gene expression patterns®. These were: Luminal-like,
basal-like, Erb-B2+ and normal-like.

Gene expression patterns that distinguished the intrinsic subtypes included expression of
transcription factors such as the estrogen receptor for luminal-like breast cancers, expression of
genes associated with basal epithelial cells for basal-like breast cancers and over-expression of
ERBB2 gene (coding for human epidermal growth factor receptor 2 protein or HER?2) for Erb-
B2+ breast cancers 1. Breast cancer intrinsic subtypes, as established in this study, were validated

in subsequent studies and refined into the 4 major molecular subtypes : Luminal A, Luminal B,



HER2-enriched (HER2E) and basal-like 3+ (Table 1.1). These four subtypes are distinct and
display different clinical outcomes and response to therapy; a finding that has been repeatedly
recapitulated using different gene expression platforms and different independent clinical
datasets. 014

Another major breast cancer study further classified into 10 different subtypes termed
integrative clusters by analyzing various molecular features such as aberrations in DNA copy
number and gene expression?. The study showed that luminal A and luminal B breast cancer
intrinsic subtypes can be further divided into 8 different integrative clusters. The prognosis varies
greatly among the 10 integrative clusters but shows similarity with breast cancer intrinsic
subtypes?15:18,

In clinical practice, partly due to high costs of molecular assays, immunohistochemistry
surrogates are used to identify the intrinsic subtypes'®!"*8(Table 1.1): For luminal A: estrogen
receptor (ER) and/or progesterone receptor (PR) positivity, low levels of Ki67, and HER2
negative; for luminal B: ER and/or PR positive, high levels of Ki67 and/or HER2+ by
immunohistochemistry or fluorescent in situ hybridization; for HER2E: ER and PR negative
and HER2+'° and for basal-like: ER, PR and HER2 negative and sometimes referred to an
improved definition that adds CK5/6+ and/or EGFR+ to the triple negative phenotype?’. Among
these breast cancer subtypes, the triple negative immunohistochemistry phenotype (TNBC) is the
most distinct and identifies, by gene expression, a heterogeneous group of breast cancers of

which approximatively 50-75% are of basal-like subtype 2124,



1.1.2 Evolution of breast cancer treatments

1.1.21 Chemotherapy

The efficacy of chemotherapy in treating breast cancer has been shown since the
establishment of the first chemotherapy regimen made of cyclophosphamide, methotrexate and
5’fluorouracil (CMF)?>? . This combination is composed of a DNA-damaging alkylating agent
(cyclophosphamide) and 2 antimetabolites: an inhibitor of folic acid synthesis (methotrexate) and
a nucleoside analogue (5’-fluorouracil). Chemotherapy regimens have evolved and improved
breast cancer patients outcomes in both neoadjuvant and adjuvant settings with a current
backbone composed of anthracyclines and taxanes?. Anthracyclines are anti-tumor nucleic acid

intercalating agent and taxanes have anti-mitotic activity.

Breast cancer intrinsic subtypes respond differently to CMF, and basal-like breast cancers
are more responsive to CMF42728 _ Anthracyclines appear to be particularly efficacious in the
treatment of HER2E breast cancers in part due to alterations in the topoisomerase 2 gene present

in the same chromosomal location as ERBB2 gene (and thus often co-amplified) 142%-3L,

More recent chemotherapy agents are used to treat metastatic breast cancer and include
additional antimetabolites/nucleoside analogues (capecitabine, gemcitabine) and DNA-
crosslinking agents (platinum-based therapies) with clinical responses dependent on breast

cancer stage and subtype!332:33,



1.1.2.2 Targeted therapy

Molecular profiling of breast cancers led to personalized therapies with direct effects on
the prognosis of patients. ER expression in Luminal A and B breast cancer intrinsic subtypes is a
predictive biomarker of response to anti-ER compounds such as letrozole and tamoxifen34.
Similarly, HER2E breast cancers are treated with anti-HER2 therapies such as trastuzumab®. In
contrast, the majority of basal-like breast cancers do not have proven targeted therapy options
partly due to the heterogeneity of the subtype 2223%, Only BRCA-mutated basal-like/triple
negative breast cancers (accounting for about 15% of triple negative breast cancers)®’ have been
shown to respond to poly(ADP-ribose) polymerase inhibitors, agents that target the DNA
damage repair system through synthetic lethality, which led to recent US health authority
approvals®-3°, However, accumulating evidence suggests that basal-like breast cancers might be
the most amenable breast cancer subtype to immune-modulating therapies.
1.2 Immune system and cancer

The potential of anti-tumor immunity has been known for centuries, owing to pioneers
such as Paul Ehrlich who introduced the immune surveillance concept in the 1900s*° — a concept
that has been reinvigorated in recent years, with the rise of immunotherapy, and relies on the
interplay between cancer cells and the tumor immune microenvironment in opposing tumor
development and progression. The cancer-immunity interaction is described as a 3-phase
process: Elimination, Equilibrium and Escape (Figure 1.1) 443

The elimination phase begins when transformed or cancer cells are recognized by the
immune system. The immune response that proceeds is mediated by collective actions of the
innate and the adaptive immune system. The latter includes cytotoxic T cells that target cancer

cells expressing various types of antigens*. The actions of the innate immune system are mostly
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antigen-independent with some exceptions including antibody-dependent cellular cytotoxicity
and antibody-dependent cellular phagocytosis which provide a link between the innate and
adaptive immune system.

The immunogenicity of the tumor is shaped during the equilibrium phase. It is at this
phase that highly immunogenic cancer clones are successfully eliminated by the immune system
leaving cancer clones with low immunogenic potential to grow unchecked by the immune
system. A recent study reports the occurrence of immune-editing in metastatic sites®. It is
believed that all cancers go through cancer immune-editing, and only become clinically
detectable at the escape phase.

The tumor immune microenvironment includes polymorphonuclear cells, macrophages, T
cells, natural killer cells, dendritic cells and B cells. These components vary in frequency and
composition across different types of cancers. For instance, melanoma, renal cell, lung and
colorectal carcinomas are known to have more extensive immune infiltrates in overall
comparison to other types of cancers, such as breast or prostate carcinomas*® . This difference in
immune infiltrates has been partly attributed to the degree of mutational burden observed
prominently for example in melanoma*’*. Genetic instability and high mutation rates lead to
increased production of neo-epitopes that induce a polyphenotypic immune response and
generate a chronically inflamed tumor microenvironment 4749,

Basal-like breast cancers are associated with genetic instability (via copy number
alterations) and a relatively high mutational burden (partly due to mutations in p53 and
deficiencies in DNA repair pathways) that make them the most immunogenic of all breast cancer

intrinsic subtypes®°



The presence of important cell populations of the innate and adaptive immune system has
been reported in breast cancer °. While the cells of the adaptive immune system have been the
major focus in breast cancer, innate immune cells are frequently found in tumor specimens.
1.2.1 Innate immunity
Innate immunity constitutes a heterogeneous family and is the first immune response to an insult
such as cellular transformation®. Following recognition of the insult, innate immune cells
mediate their actions through distinct mechanisms such as phagocytosis for neutrophils and
macrophages, cellular cytotoxicity for natural Killer cells and yé T cells, and antigen presentation
for dendritic cells and macrophages. Only innate immune cells of myeloid origin with reported
immunosuppressive activity are presented below.
1.2.1.1 Tumor-associated neutrophils

Neutrophils are primarily known for their major role in the clearance of micro-organisms
at sites of infection. In cancer, cytokines secreted in the tumor microenvironment such as 1L-8
help in the recruitment and replenishment of these short-lived cells®®. In preclinical studies
tumor-associated neutrophils have been shown to be immunosuppressive by reducing T cell
proliferation in breast cancer mouse models®*®°. The role of tumor-associated neutrophils in
breast cancer patients is still unclear.

Myeloid-derived suppressor cells (MDSCs), a heterogeneous population of immature
myeloid cells with immunosuppressive activity constitute a phenotypically — but not
histologically — distinct subset of neutrophils®®” . MDSCs are observed in the tumor
microenvironment of different types of cancer (including breast cancer), and have perhaps best
been characterized in mouse models®®°® . Their phenotype varies but common markers used to

recognize human MDSCs by flow cytometry include at least a CD11b+CD33+ phenotype®.



Importantly, the presence of MDSCs in breast cancer patient tumors correlates with late-stage
disease and poor prognosis®:.
1.2.1.2 Macrophages

Tumor-associated macrophages (TAM) found in cancer specimens are divided into two
main categories, namely classically-activated M1 and alternatively-activated M2 macrophages,
based on the main biological processes in which they participate. TAMs with an M1 phenotype
are associated with a pro-inflammatory microenvironment and production of type | cytokines
including TNFa and nitric oxide synthase. M1 macrophages appear to be involved in anti-tumor
immune reactions but lack a unique biomarker to identify them by immunohistochemistry in
clinical biopsy specimens®?.

In contrast, the M2 phenotype is associated with an immunosuppressive
microenvironment, producing cytokines such as IL-4 and IL-10. M2 macrophages have a role in
establishing an immune environment that is permissive to tumor growth and spread; biomarkers
such as CD163 have been used to identify this population®®. By using CD68 as a pan-marker that
can identify both M1 and M2 macrophages, and CD163 as a more specific marker for M2
macrophages, several studies have implicated a role for M2 macrophages in breast cancer
patients as both high CD68 and CD163 counts are associated with poor outcome®3-66,

The interaction between TAMSs and breast cancer cells might also be tumor subtype
dependent, because in vitro data shows that co-culture of TAMs with estrogen receptor
positive/luminal breast cancer cell lines generates M1 phenotype TAMs, whereas an M2
phenotype is generated when macrophages are co-cultured in the presence of triple

negative/basal breast cancer cell lines®’.



Recent studies have shown that the immunosuppressive activity of TAMs can also be
mediated by the expression of an immune checkpoint receptor called Programmed cell Death-
Ligand 1 (PD-L1) that leads to inhibition of cytotoxic tumor-infiltrating lymphocytes®® . PD-L1
expression is in turn driven by the secretion of IFNy by activated T cells, representing a negative
feedback loop that highlights the importance of cross-talk between T lymphocytes and
macrophages within the tumor immune microenvironment58°,

1.2.2 Adaptive immunity
1.2.2.1  Tumor-infiltrating lymphocytes in breast cancer

In breast cancer, TILs composed primarily of B and T cells are observed in about 80% of
patients and vary greatly by breast cancer subtypes’®™. In addition, tertiary lymphoid structures
that include B cells can be identified in formalin-fixed paraffin-embedded breast tumor whole
sections, particularly those taken from the interface been carcinoma and adjacent normal
tissues’>"3. Measurement of TILs is typically done on standard hematoxylin and eosin (H&E)-
stained slides made from core biopsies or surgical excision specimens from breast cancer
patients (Figure 1.2). Even though research results from biomarker-assessed TILs on tissue
microarray cores vs. whole sections are concordant (in terms of associations with
clinicopathological parameters and prognosis), and 4 micron thick whole sections still only
represent a minuscule fraction of the total tumor specimen, the international TIL working group
recommends that TIL assessment be done on whole sections to better capture the spatial
distribution of TILs on H&E slides™.

In a seminal study investigating the prognostic value of TILs in breast cancer, the scoring
of H&E TILs was assessed irrespective of their localization in the tumor and was categorized by

density”. In an effort to further its clinical implementation, an international TIL working group



has set recommendations to standardize the assessment process for this biomarker’. Stromal
TILs (sTILs) are defined as the percentage of the stromal area infiltrated by TILs that are not in
direct contact with carcinoma cells, whereas intraepithelial TILs (iTILs) are defined as the
percentage of the tumor area occupied by TILs within tumor nests in direct contact with
carcinoma cells’ (Figure. 1.2). Although there is a positive correlation between sTIL and i TIL
scores, only H&E sTILs are recommended to be assessed for prognostic or predictive analyses
due to the higher analytical reproducibility of sTIL scoring among different pathologists’ .

The prognostic and predictive values of H&E TILs in breast cancer vary by subtype as
reported in numerous studies’®. The role of H&E TILs as a prognostic marker has been evaluated
in several large studies that consistently show that among patients with triple negative breast
cancer, 10% increments in H&E TILs are associated with an improved clinical outcome,
especially for the endpoint of relapse-free survival’"8!,

H&E TILs as a predictive factor have been evaluated in breast cancer neoadjuvant and
adjuvant settings in multiple studies®'#. In neoadjuvant settings, a recent study analyzing breast
cancers pooled from 6 randomized neoadjuvant clinical trials reported increasing H&E TIL
concentration is a predictive factor for pathologic complete response in all breast cancers
(irrespective of subtype)’®. In contrast, in the adjuvant setting, a correlation between presence of
high levels of H&E TILs (> 60%, a cut-off sometimes used to define lymphocyte-predominant
breast cancers) and response to particular adjuvant chemotherapy agents or anti-HER2 agents has
been shown®#4; however discrepant results have also been reported . This suggests that the

predictive value of H&E TILs might be immune cell-type specific.



1.2.2.2 Becells

In comparison to T lymphocytes, the role of B cells in the context of breast cancer has not
been studied as comprehensively. Although B cells have an established primary role in antibody
production, they express MHC class Il proteins that enable them to present antigens to CD4+ T
cells; therefore, they do play a role in modulating T cell mediated anti-tumor activity %. Several
markers can be used to identify B cells by immunohistochemistry on formalin-fixed paraffin-
embedded tumor tissues, but most studies have used CD20>% 718687,

In the context of breast cancer, few studies have assessed the specific role of B cells in
patient tumors®-#, One large study looked at the density of CD20+ B cells by
immunohistochemistry using tissue microarrays representing 1470 breast carcinomas®®. Results
showed that the presence of CD20+ B cells was significantly associated with high grade tumors,
hormone receptor negativity, basal-like subtypes and improved survival in the ER negative
subtypes — associations very similar to those reported for most T-cell markers.

Moreover, the presence of antibody-secreting plasma cells in breast tumors and its
prognostic implications have been reported®. Plasma cells are morphologically distinct from
other B cells and can be visualized on hematoxylin and eosin-stained slides®.
Immunohistochemical biomarkers have been used to identify plasma cells in breast tumors and
include CD138 and immunoglobulin kappa C?. The prognostic value of plasma cells is still
unsettled and depends on biomarkers used to identify plasma cells with some studies pointing to
a favorable prognostic factor®% while others reporting the opposite”°.

Evidence suggests there is also a T-cell independent immunosuppressive role for a subset
of B cells, through their secretion of immunosuppressive cytokines such as IL-10 and TGFp.

These B cells are sometimes referred as tumor-evoked B cells in breast cancer®®, and promote
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lung metastases in a breast cancer mouse model by converting helper T cells into regulatory T
cells®3. In one study, B-cell gene signatures were shown to improve progression- and metastasis-
free survival in breast cancer, with a more pronounced effect in the basal-like subtype®*.

Overall, these studies emphasize the potential importance of the role played by B-cells in
tumor immune responses, but more studies investigating the role of these important TILs are
needed.

1223 Tecells
12231 CD8+TILs

The elimination of cancer cells by the immune system is in part mediated by CD8+
cytotoxic T lymphocytes. After recognition of their specific epitopes presented on MHC class |
molecules expressed antigen-presenting cells and by cancer cells, CD8+ T cells release perforin
and granzymes leading to cancer cell death. The presence of infiltrating CD8+ T cells
measurable by immunohistochemistry in breast carcinomas has been reported in several
studies®95%,

The location of CD8+ TILs in the tumor is assessed in the same manner as H&E evident
lymphocyte counts, with CD8+ iTILs defined as CD8+ lymphocytes in direct contact with
carcinoma cells or as CD8+ sTILs when they are located outside of carcinoma cells nests. CD8+
TIL counts are usually reported as absolute numbers. CD8+ tumor infiltrating lymphocytes
(iTILs and sTILs) are observed mostly in the HER2-enriched and basal-like / triple negative
breast cancer subtypes, which are known to be associated with increased levels of genomic
instability?®>®7. Genomic instability can lead to increased production of neo-antigens that can be

recognized by these CD8+ T cells, possibly explaining their high prevalence in these subtypes®.
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The localization of CD8+ T cells in the tumor can affect their function, as CD8+ T cells
need to be in direct contact with cancer cells to kill them. Stromal factors such as abundant
collagen have been identified in stromal gene signatures of breast cancer (using laser capture
microdissection) and can play a role in limiting T cell infiltration within tumors®.

Results from several studies evaluating CD8+ TILs as a prognostic marker reported that
high levels of CD8+ TILs are associated with better clinical outcomes. A large study that
included 12 439 tumors combining patients from 4 different cohorts showed that CD8+ TILs
were associated with a significantly reduced relative risk of death from breast cancer®’ .
Moreover, the presence of stromal and intraepithelial CD8+ TILs was associated with
significantly higher survival when compared with tumors not containing CD8+ TILs.
Importantly, a subgroup analysis showed that this prognostic effect was observed in ER negative
and in HER2 enriched tumors, but was not observed in ER+ (luminal subtype) cases®’.
Consistent with these findings, a retrospective analysis done on 1334 primary breast cancer
tissue samples demonstrated a significant favorable association of CD8+TILs with breast cancer
specific survival in patients with ER negative cancers and their component HER2 enriched and
basal-like intrinsic molecular phenotypes *.

While there is therefore strong evidence supporting the prognostic effect of CD8+ TILs
in breast cancer, a predictive utility for CD8+ TILs in the adjuvant setting has been demonstrated
for the value of adding anthracycline chemotherapy to other chemotherapeutic agents®’1%. A
prospective-retrospective analysis of the National Epirubicin Adjuvant Trial (NEAT) showed
that the presence of CD8+ iTILs among ER negative tumors was associated with a higher benefit
in the anthracycline containing arm (epirubicin added to cyclophosphamide-methotrexate-

5’fluorouracil(E-CMF)) compared to tumors negative for CD8+ iTILs. A significant interaction
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was observed between the presence of CD8+ iTILs and the relative benefit of adding
anthracyclines, at least among the ER negative breast tumors; patients receiving the control arm
of non-anthracycline chemotherapy (CMF alone) did not show improved outcomes among cases
with CD8+ iTILs ¥'.

Furthermore, | worked on a study that showed a significant interaction between low
levels of CD8+sTILs and improved progression-free survival in metastatic breast cancer patients
receiving trastuzumab, an antibody-based anti-HER2 agent!®’. The study was conducted on
clinical trial material from patients enrolled in the MA.31 Phase I11 clinical trial that randomized
metastatic breast cancer patients to receive adjuvant trastuzumab or lapatinib (small molecule-
based anti HER?2 agent) in combination with taxane chemotherapy*®® . Results from this study
suggest that low levels of pre-existing CD8+ TILs could favor an enhanced anti-tumor immunity
promoted by an antibody-based therapy in metastatic settings.

Several studies have reported that higher levels of CD8+TILs correlate with higher pCR
rates after neoadjuvant chemotherapy®?1% : however, all of these studies were retrospective
analyses of non-randomized studies. Therefore, high level of evidence studies of the type
required to prove the clinical utility of CD8+ TILs for predicting response to chemotherapy are

still lacking.

12232 CD4+ T cells

CD4+ T cells recognized MHC class 11 expressed on antigen-presenting cells and are
divided into many subsets based on their specific functions and include Thl, Th2, regulatory T
cells and follicular helper T cells!®. By secreting IFNy, Th1 CD4+ T cells are essential for the

activation of CD8+ cytotoxic T cells, and have been shown to correlate with favorable survival
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in breast cancer'®. A different primary function is ascribed to Th2 CD4+ T cells, which secrete
humoral immunity-related cytokines such as IL-4 and 1L-6 1%; their role in breast cancer is less
Clear.

The function of regulatory T cells is to dampen the immune system so as to limit
excessive immune responses that can cause collateral damage to normal tissue. By
immunohistochemistry, these cells are most readily identified via the expression of a nuclear
factor called Forkhead box P3 (FOXP3). FOXP3+ TILs are associated with high risk
clinicopathological factors such as high grade and ER negativity®-1%7 198110 Some studies report
significantly increased survival within ER negative subtypes that have high FOXP3+ TILs,
specifically for triple negative and basal breast cancers®®107:111,

The CD8/FOXP3 ratio is a parameter that indicates an activated immune
microenvironment in the tumor and reflects the interplay between activating cytotoxic immune
responses through CD8+ and downregulating it through FOXP3+ T cells. A higher CD8/FOXP3
ratio was shown to be significantly associated with better survival in ER negative tumors.
However, it should be noted that the analysis of FOXP3 lacks independent prognostic
significance in multivariate analyses®%" and many of the studies that examined the prognostic
value of FOXP3 have a limited power to derive conclusions regarding its clinical utility.
Accordingly, the role of FOXP3 as a prognostic marker in breast cancer needs to be further
established in large prospective-retrospective clinical trial study designs. While it may seem
intuitive that high levels of immunosuppressive FOXP3 TILs would reflect a pro-tumoral
immunosuppressive microenvironmental change, their presence actually represents a natural

secondary consequence of an active immune response and using a ratio of CD8/FOXP3 may

14



therefore not be an appropriate parameter for representing the clinical implications of the
underlying biology.

Follicular helper T cells (Tth) are another subset of CD4+ lymphocytes which function as
mediators of B cell activation in germinal centers!*2'®  Tth cells, measured by IHC or by gene
expression, are present in breast cancer immune infiltrates and are linked to a better prognosis,
especially within HER2+ cases %, One study showed that high expression of CXCL13 (an
important chemokine responsible for T and B cell homing in germinal centers) by Tfh in breast
cancer is associated with higher levels of pathological complete response to anthracycline-based
treatment regimens, and with better subsequent disease-free survival®°®.

1.3 Cancer immunotherapy: A new strategy in breast cancer treatment

Immunotherapy can be described as any therapy that promote directly or indirectly the
immune system. In cancer, immunotherapy agents can be broadly classified by their basic
mechanism of action: immune augmentation or immune restoration.

1.3.1 Immune augmentation

Immune augmentation strategies in cancer involve treatments that directly or indirectly
establish and enhance anti-tumor immune responses. A few of these strategies are presented
below.
1.3.1.1 Direct effects

Immune augmentation can be established by altering anti-tumor immunity through
different methods such as therapeutic vaccination, adoptive T cell therapy and with chimeric
antigen T cell receptors.

Therapeutic cancer vaccines are vaccines that induce immunity against targeted-cancer

antigens. Cancers can produce a plethora of antigens with different degrees of immunogenicity
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that may be targeted by strategies under active investigation including viral-based and dendritic
cell-based vaccines such as sipuleucel-T*115 Although not exclusively based on dendritic cells,
sipuleucel-T is a health authority-approved therapeutic cancer vaccine that is intended for the
treatment of hormone-refractory prostate cancers by targeting the prostatic acid phosphatase!*®.
In breast cancer, the most promising therapeutic cancer vaccines have been those targeting
shared tumor-associated antigens such as HER2, with results yet to be published for the HER2
peptide E75 vaccine being evaluated in a phase 111 clinical trial (NCT01479244)Y.

In adoptive T cell therapy, autologous TILs are activated in a milieu containing fragments
from patient’s own tumor*8, This technique leads to the selection and expansion of tumor-
specific T cells which are then transferred back into the patients and has been used mostly in
melanoma patients where it appears to reliably work!2,

Another immune augmentation strategy is manufacturing T cells with chimeric antigen T
cell receptors (CAR T cells) which is now approved by health authorities in the United States for
treatment of some forms of lymphomas*'® . With recombinant DNA, the antigen receptors for
CAR T cells are engineered to target receptors expressed on cancer cells (such as CD20 or CD19
for B cell lymphoma) in addition to carrying additional immune modulating regions in their
cytosolic tails*'®. Adoptive cell therapy holds promise for otherwise poorly-immunogenic tumors
such as ER+ breast cancers and can be used in combination with immune restoration strategies
discussed below 2012,
1.3.1.2 Indirect effects

Particular conventional chemotherapy agents are known to elicit an anti-tumor immune
response by creating a process termed immunogenic cell death in dying cancer cells.

Immunogenic cell death elicits the presence of damage-associate molecular patterns in dying
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cancer cells such as exposure of cell surface calreticulin and release of HMGB1, promotes
antigen cross-presentation by dendritic cells in addition to the release of antigens!??123,
Cyclophosphamide and anthracyclines are among the conventional breast cancer chemotherapy
agents working via this mechanism of action'?? . Additionally, particular chemotherapy agents
such as cyclophosphamide and gemcitabine preferentially suppress T regulatory and myeloid-
derived suppressor cells to a much greater extent than cytotoxic and helper T-cells, enhancing
antitumor immune responses*?4.

In addition to chemotherapy agents, radiation is thought to augment anti-tumor immunity
through the release of antigens in irradiated tumors that also lead to elimination of non-irradiated
tumors, a process termed the “abscopal effect”*?>1%5, However, additional factors such as
selection of combination treatment agents and radiation dosage modulate the induced- immune
responset?>1?7,

Antibody-dependent cellular cytotoxicity, antibody-dependent cellular phagocytosis, and
complement-dependent cytotoxicity are immune-mediated effects of some antibody-based
targeted therapies such as trastuzumab 101128130 Antibody-dependent cellular cytotoxicity and
phagocytosis appear to be more frequent than complement-dependent cytotoxicity and is
mediated by immune populations with receptors for the Fc portion of the antibody*3!. These cells
include macrophages that engulf antibody-coated cells in antibody-dependent cellular
phagocytosis and Natural Killer cells that become activated following binding to their respective
Fc receptors!32133,

1.3.2 Immune restoration via immune checkpoint receptor inhibition
Immune restoration is characterized by strategies that reinvigorate a patient’s own anti-

tumor immunity in situ such as by targeting immune checkpoint receptors (Figure 1.3).
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Following activation of a T cell, the expression of various inhibitory receptors, termed
immune checkpoints, is induced as part of a normal feedback circuitry as another way to avoid
excessive immune responses and limit damage to normal tissue. The term ‘exhaustion’ is also
used to describe effector T cells exhibiting reduced proliferation and decreased production of
IFNY in the context of a chronic antigen stimulation, a characteristic of the tumor
microenvironment 134, In cancer, such pathways appear upregulated, as part of cancer immuno-
evasion that characterizes the Escape phase. Fortunately, these repressive pathways themselves
are targeted by checkpoint inhibitor drugs.

1321 CTLA-4

CTLA-4 is a receptor expressed on T cell membranes that acts through binding to
CD80/86 expressed on dendritic cells, blocking T cell activation signal 2 and thereby leading to
T cell anergy, a normal biological negative feedback process. Dendritic cell interactions with T
cells that may yield CTLA-4/CD80 binding events occur mostly within peripheral lymphoid
organs such as lymph nodes, and for this reason CTLA-4+ TILs are not often observed on
primary tumor specimens®*®. Few immune gene signature studies have evaluated CTLA4 mRNA
expression in breast cancer, although recent conference presentations describe increased
expression correlating with reduced survival*®6:137,

The approach of CTLA-4 blockade and its clinical success in melanoma therapy
pioneered the field of immune checkpoint inhibition**¥-14° leading to even more recent advances
on other targetable immune checkpoints such as PD-1'%1, However, a breast cancer clinical trial
examining tremelimumab (a human monoclonal anti-CTLA-4 antibody) in addition to
exemestane in metastatic ER+ breast cancer patients did not achieve any partial or complete

responses, while exposing patients to some potential serious side effects of anti-CTLA-4 therapy
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(Table 1.2) *2. Accordingly, the selection of breast cancer patients for clinical trials that would
benefit from anti-CTLA-4 agents needs to be done carefully, and specifically investigated among
the particular subgroups of breast cancer patients most likely to benefit from immune restoration
strategies (who are unlikely to be ER+ populations due to their low immunogenicity).

1322 PD-1/PD-L1

PD-1 is a cellular receptor expressed on antigen-experienced T cells'*3, Binding to its
ligands — PD-L1 or PD-L2, which are expressed normally on antigen-presenting cells and
aberrantly on tumor cells — leads to inhibition of effector functions#4,

PD-1 inhibition of effector functions results from targeting CD28, the co-stimulatory T
cell receptor, for dephosphorylation®. Inhibitors targeting the PD-1/PD-L1 pathway have
exhibited durable responses in multiple clinical trials leading to various health authorities’
approval for treatment of certain cancers such as melanoma, non-small cell lung cancer and
bladder cancer4®,

PD-1/PD-L1 inhibitors have also been evaluated in several breast cancer clinical trials
including a recent phase Il clinical trial (IMpassion 130) that randomized 902 advanced triple
negative breast cancer patients to receive PD-L1 inhibitor (atezolizumab) with chemotherapy, or
chemotherapy alone 4"149(Table 1.2). Accumulating reports from these trials show that clinical
responses are mostly limited to patients receiving immune checkpoint inhibitors as first-line
treatment and/or with immunogenic tumors characterized by PD-L1 expression 148150-152 | the
IMpassion 130 clinical trial, 40.9% of randomized patients were PD-L1 positive. PD-L1+ breast
cancer patients randomized to the atezolizumab+chemo arm had a significant longer median
progression-free survival (7.5 months vs 5 months, hazard ratio:0.62, 95%CI 0.49-0.78) and

overall survival (25 months vs 15.5 months, hazard ratio: 0.62, 95%CI 0.45-0.86) in comparison
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to PD-L1+ patients treated with chemotherapy alone'*8, PD-L1 assessment in clinical trials as a
potential predictive marker is the subject of controversy and has not reached a high level of
analytical validity due to several factors such as heterogeneity of PD-L1 expression, variable cut-
offs for PD-L1 positivity and the variety of PD-L1 monoclonal antibodies in diagnostic use®®3.

It is important to highlight that while tumors with a positive PD-L1 expression can
clinically benefit from PD-1 or PD-L1 checkpoint inhibitor monotherapy, other tumors with
negative or minimal expression for PD-L1 might need the combination of other agents with anti-
PD-1 to elicit the immune system to fight against their tumors. An intriguing hypothesis is that
the combination of immune modulating conventional chemotherapy agents or radiotherapy with
checkpoint inhibitors could have special value in patients with a low immune response that
exhibit low base-line levels of TILs and minimal expression of PD-L1. In support of such
hypotheses, a pilot study assessing the interaction of the immune system with the combination of
tumor cryoablation plus ipilimumab interestingly found that the combination of these two very
different treatment approaches leads to activation of the immune system, as marked by increased
production of plasma IFNy and proliferation of T-cells *>4, Since this combination therapy has
been shown to be associated with upregulation of IFNy, it could lead to a higher expression of
PD-L1%%7 and thus could benefit patients with little to no pre-existing immune response (based
on the levels of TILs and PD-1/PD-L1 expression). More studies are needed to define the best
dosage therapy and target population of patients most likely to benefit from combinations of

immunotherapy with conventional therapies.
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1.3.3 Beyond CTLA-4 and PD-1/PD-L1

Following the success of CTLA4 and PD1/PDL1 inhibitors, additional immune
checkpoint targets have recently emerged and made their way into early phase clinical trials®®,
These include LAG-3 and TIM-3.

1331 LAG-3

Lymphocyte Activation Gene 3 (LAG-3) is an exhaustion marker with
immunosuppressive activity expressed on activated T cells ¢, Major histocompatibility complex
class Il (MHC-I1) is a ligand for LAG-3; additional ligands (e.g., L-selectin and galectin-3) have
also been identified'®. Regulatory T cells (Tregs) expressing LAG-3 have enhanced suppressive
activity, whereas cytotoxic CD8+ T cells expressing LAG-3 have reduced proliferation rates and
effector cytokine production in cancer and autoimmune diabetes®>’*>°. A splice variant of LAG-
3 cleaved by metalloproteinases and secreted in the cellular microenvironment has immune-
activating properties when bound to MHC-11 on antigen presenting cells.

LAG-3+ tumor-infiltrating lymphocytes (TILs) have been reported in melanoma, colon,
pancreatic, breast, lung, hematopoietic, and head and neck cancer patients'®*¢7 in association
with aggressive clinical features. Antibody-based LAG-3 blockade in multiple cancer mouse
models restores CD8+ effector T cells and diminishes Treg populations, an effect enhanced when
combined with anti-PD-1%16° A recent study in a metastatic ovarian cancer mouse model
showed that LAG-3 blockade leads to upregulation of other immune checkpoints (PD-1, CTLA-
4, and TIM-3), and combination therapy targeting LAG-3, PD-1, and CTLA-4 increases
functional cytotoxic T cell levels while reducing Tregs and myeloid-derived suppressor cellst™.

Multiple early phase clinical trials are testing antagonistic LAG-3 agents in combination

with anti-PD-1 and/or anti-CTLA-4 therapy (>15 phase I or 11 clinical trials on clinicaltrials.gov-
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February 2019). In view of the activating properties of soluble secreted LAG-3, a soluble agonist
LAG-3 antibody (IMP321) was tested in advanced solid malignancies as a single agent!’*, and
demonstrated sufficient tolerability and efficacy to warrant advancement to phase 11
(NCT02614833).

1332 TIM-3

T-cell Immunoglobulin- and Mucin-domain-containing molecule 3 (TIM-3) is an
immune-inhibitory molecule first identified on CD4+ Th1 (helper) T-cells and CD8+ Tcl
(cytotoxic) T-cells'’?, then later on Th17 T-cells,’® regulatory T-cells*1> and innate immune
cellst’®18, TIM-3 is activated primarily by its widely-expressed ligand, galectin-917°, leading to
effector T-cell death through calcium influx, cellular aggregation, and apoptosis*®. When TIM-3
signaling is active, interferon-producing T-cells become exhausted, resulting in Th1 suppression
and immune tolerance®®182, TIM-3 expression is commonly observed during chronic infection,
as a characteristic marker of exhausted T cells, 183187,

In cancer, tumor-infiltrating lymphocytes expressing TIM-3 have been observed in
melanoma?®18 non-Hodgkin’s lymphoma®, lung!’#, gastric®, and other cancers'®>1%. In
these studies, TIM-3 is co-expressed with PD-1 and associated with effector T-cell exhaustion
and dysfunction. This phenomenon is also observed in mouse models of solid®® and
hematologic*®’ cancers, where TIM3+PD1+CD8+ T-cells exhibit an exhausted phenotype
characterized by reduced proliferation and defective production of IL-2, TNFa, and IFN-y. In
contrast, TIM-3 positive Treg display increased expression of effector molecules and are more
immunosuppressive than their TIM-3 negative counterparts®19,

Inhibition of TIM-3 alone tends to have little effect on tumor growth in pre-clinical

mouse models, despite some evidence supporting a reversal of immune cell exhaustion?88.196:200-
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202 However, combined targeting of PD-1 and TIM-3 leads to a substantial reduction in tumor
growth — better than either pathway alone — in numerous preclinical in vivo models!8819.197.202
supporting the concept that malignant cells become resistant to PD-1 checkpoint blockade by
activating another immune checkpoint. Indeed, mouse models partially responsive to PD-L1
inhibition upregulated TIM-3 expression in resistant tumors!®+2% and addition of TIM-3
blockade was successful in overcoming that resistance. Upregulation of TIM-3 has also been
observed in patients receiving PD-L1 monotherapy, suggesting it may represent a form of
adaptive resistance to this therapy 2%, At least seven early phase clinical trials are underway that
attempt to combine anti PD-L1/PD-1 therapy with agents targeting TIM-3 (NCT03489343,
NCT02817633, NCT03680508, NCT03311412, NCT03099109, NCT03744468,
NCT03066648).
1.4 Rationale for thesis and research objectives

As an increasing number of immune targets for cancer immunotherapy are being
discovered in pre-clinical animal studies, the characterization of immune infiltrates in patient
tumors and the investigation of these immunotherapy targets are crucial for clinical trial study
design and assay development studies that may lead to clinical implementation of immune
targets as potential prognostic or predictive biomarkers.

At the start of my thesis, immuno-oncology research in breast cancer was still in its infancy
and early phase immune checkpoint inhibitor clinical trials in breast cancer were just opening.
The main goal of my research was to investigate the presence and prognostic implications of
clinically relevant immune infiltrates in well-annotated breast cancer pathology specimens.

My hypothesis is that immunotherapy targets will be expressed on infiltrating immune cells

in a specific subset of breast cancers, detectable in breast cancer pathology specimens.
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Furthermore, these biomarkers will have prognostic implications and may serve as a guide for

breast cancers amenable to emerging immunotherapy strategies.

Specifically, my thesis is based on the following 2 aims:

1. Development and prognostic analyses of emerging immune checkpoint biomarkers by
immunohistochemistry in an annotated breast cancer cohort, with subsequent validation
using a larger breast cancer cohort.

For this aim, my hypothesis is that emerging immunotherapy targets would be enriched in
estrogen receptor negative breast cancer patients and their presence will be associated with
unfavorable survival.

| reviewed the literature to identify emerging immune checkpoint biomarkers beyond PD-1/
PD-L1 that were being evaluated in clinical trials. | then organized evaluation of these candidates
by immunohistochemistry on an initial breast cancer patient cohort consisting of 330 breast
tumor excision specimens built into tissue microarrays and linked to clinical outcome. This
cohort serves as a training set to screen for biomarkers compatible for immunohistochemistry
assessment on formalin-fixed paraffin-embedded tumor tissues. In addition, I used the training
set for cut-point determination for positivity and to generate hypotheses to be validated on an
independent larger cohort. The latter consists of a tissue microarray series spread over 17 blocks,
representing 3,992 breast cancer patients linked to clinical outcome and extensive biomarker
data. Prior to the analyses on this larger cohort, my results on the training cohort set of 330 breast
cancer patients and the specific hypotheses | generated were reviewed by the breast cancer
outcomes unit at the BC Cancer Agency for approval to access the valuable large cohort.

2. Development of a new in situ multiplex methodology for immune profiling of breast cancer

patients
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My hypothesis for this second aim is that a signature composed of immune and tumor
biomarkers would discriminate between immune-enriched and immune-desert profiles of breast
cancer tumors.

Immune infiltrates present in tumors represent multiple important immune cell types which
likely mediate different activities within the tumor microenvironment that could promote or
inhibit responses to immune-modulating therapies. Assessing and visualizing the presence of
multiple biomarkers within a tissue remains a technical challenge. For this aim, | set out to
evaluate a novel immunohistochemical multiplex technology called digital spatial profiling by
Nanostring, capable of generating quantitative assessment of 31 targets in tumor tissues. | tested
the feasibility of the digital spatial profiling technology using two different breast cancer tissue

microarray cohorts.

The results generated in the first aim are presented in Chapter 2 and Chapter 3 whereas
Chapter 4 presents the results of the Nanostring-based digital spatial profiling platform tested on
two initial cohort-based sets. Chapter 5 summarizes the body of work presented in the thesis and

provides perspectives for the future in breast cancer immunotherapy.
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Figure 1.1 Cancer-immune interaction

Simplified illustration depicting the 3 phases of cancer-immune interaction: Elimination,
Equilibrium and Escape. The dynamic tumor immune microenvironment is depicted by the
changes in the composition of cancer clones and immune populations at each phase.
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Figure 1.2 Assessment of tumor-infiltrating lymphocytes in the breast cancer microenvironment.

Hematoxylin and Eosin-stained section of a breast cancer specimen displaying the immune infiltrates in the tumor stroma
compartments used for scoring TILs (representative scoreable areas are indicated by white circles) as per recommendations of the
international TILs Working Group™. A, low magnification view of the tumor used to identify areas where stromal TIL count can be
assessed. B, High magnification view of one stromal area included in the scoring, estimated at 20% sTILs. Reproduced with
permission.
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TAM: Tumor-associated macrophage
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Figure 1.3 Immune regulation in the breast cancer microenvironment

Different populations of immune cells are observed in breast cancer specimens and are associated with both anti- and pro-tumorigenic
effects. Immune checkpoint inhibitor-expressing immune cells are identified by the presence of PD-1, LAG-3 and TIM-3 on the cell
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surface. Green arrows indicate interactions leading to activation whereas red arrows indicate inhibitory interactions. Reproduced with
permission.
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Table 1.1 Description of breast cancer clinical intrinsic subtypes.

Frequency (%)

Clinical IHC
surrogate

Therapy
options

Prognosis

Immunogenicity

Luminal A Luminal B HER2E
70-80 10-15
ER+, PR+ ER+, PR+ ER—, PR-
Ki67 (<14%) Ki67 (214%) HER2+
HER2- (Luminal/HER2+)
Hormonal Hormonal Anti-HER2,
therapy +/- therapy, Chemotherapy
chemotherapy = chemotherapy,
or radiotherapy
radiotherapy
Good Intermediate Intermediate
Low Intermediate Intermediate

Basal-like
10-15

ER—, PR—, HER2—,
CK5/6+ and/or EGFR+
TNBC (ER—-, PR—,
HER2-)

Chemotherapy, PARP
inhibitors for BRCA-
mutated

Worse

High
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Table 1.2 Breast cancer immunotherapy clinical trials

Target Agent (company) Study Phase Population Reported results
PD-1 Pembrolizumab (Merck) KEYNOTE-028 (single agent) b Advanced ER+/HER2- ORR: 12% (3 PR)
Rugo HS et al., Clin Can Res, 2018 (N=25)
KEYNOTE-086 (single agent) [} Metastatic triple negative breast cancer Cohort A: previously treated, TNBC unselected (N=170) :
Adams S et al.,Ann Oncol, 2018 (N=254) ORR=5.3% (2CR, 7 PR)
Cohort B: previously untreated, TNBC PD-L1+ (N=84):
ORR= 21.4% (4 CR, 14 PR)
KEYNOTE-012 (single agent) b Selected PD-L1+ metastatic triple-negative breast ORR=18.5 % (1CR, 4 PR)
Nanda R. et al., J Clin Oncol, 2016 cancer
(N=27)
ENHANCE-1/KEYNOTE-150 (in combination with b/l Advanced triple-negative breast cancer ORR: 26.4% (3 CR, 25 PR)
eribulin) (N=106)
Tolaney SM et al., Cancres, 2018.P6-13 abstr
KEYNOTE-173 (in combination with various Ib Advanced triple-negative breast cancer pCR:
chemotherapy agents) (N=20) Cohort A treated with pembro followed by pembro+nab-paclitaxel
followed by pembro+doxorubin/cyclophosphamide:
Schmid P etal., J Clin Oncol, 556 (2017). abstr. 60%
Cohort B treated with pembro followed by pembro+ nab-paclitaxel +
carboplatin and by pembro+ doxorubin/cyclophosphamide:
90%
I-SPY 2 (in combination with paclitaxel or paclitaxel I Primary breast cancer pCR:
alone followed by doxorubicin/cyclo-phosphamide) (N=249) TNBC: 60% pembro arm vs 20% control
Nanda R et al., J Clin Oncol, 506 (2017).abstr. HR+/HER2-: 34% pembro vs 13% control
PD-L1 Avelumab JAVELIN (single agent) Ib Metastatic breast cancer ORR=4.8% (1 CR, 7 PR)
(Pfizer and EMD serono) Dirix LY. et al, Breast Cancer Res Treat, 2018 (N=153)
Atezolizumab (Roche) IMPassion 130 (in combination with nab-paclitaxel ] Advanced triple-negative breast cancer Primary endpoints in atezo+nab-pacli:
vs nab-paclitaxel alone) (N=902; randomized 1:1) Median PFS: 7.2 months vs 5.5 months, p=0.002
Schmid P etal., N Engl J Med, 2018 Median OS : 21.3 months vs 17.6 months
p=0.08
Durvalumab (Imfizi) Yale study 11} Primary triple-negative breast cancer pCR: 71.4%
Pusztai L etal., J Clin Oncol, 572 (2017). abstr (N=7)
CTLA-4 Tremelimumab Vonderheide RH et al.,Clin Cancer Res, 2010, (In | Metastatic ER+/HER2- breast cancer ORR=0
(Astrazeneca) combination with exemestane (N=26) 11 SD (42%)

ORR: objective response rate by RECIST 1.1 criteria; CR: complete response, PR: partial response

pCR: Pathologic complete response
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Chapter 2: LAG-3+ tumor infiltrating lymphocytes in breast cancer: clinical

correlates and association with PD-1/PD-L1+ tumors

SYNOPSIS

Novel immune checkpoint blockade strategies are being evaluated in clinical trials and
early phase studies are now including strategies targeting the lymphocyte activation gene 3
(LAG-3) checkpoint, alone or in combination with PD-1/PD-L1 blockade. In this chapter, |
investigated LAG-3 expression and its prognostic value in a large series of breast cancer patients,
and correlated LAG-3 expression with key biomarkers including PD-1 and PD-L1. LAG-3
expression was evaluated by immunohistochemistry on two tissue microarray series
incorporating 4322 breast cancer primary excision specimens (N=330 in the training and N=
3,992 in the validation set) linked to detailed clinico-pathological, biomarker and long term
clinical outcome data. PD-1 and PD-L1 expression were also evaluated by
immunohistochemistry.

After locking down interpretation cutoffs on the training set, LAG-3+ intra-epithelial
tumor-infiltrating lymphocytes (iTILs) were found in 11% of cases in the validation set. In both
sets, LAG-3+iTILs were significantly associated with negative prognostic factors: young age,
large tumor size, high proliferation, HER2E and basal-like breast cancer subtypes. In
multivariate analyses, breast cancer patients with LAG-3+iTILs had a significantly improved
breast cancer-specific survival (BCSS) (HR: 0.71,95%CI 0.56-0.90), particularly among ER—
patients (HR: 0.50,95%CI 0.36-0.69). Furthermore, we found that 53% of PD-L1+ and 61% of
PD-1+ cases are also positive for LAG-3+iTILs, supporting potential immune checkpoint

blockade combination strategies as a treatment option for breast cancer patients.
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2.1 Introduction

Although breast cancer is not generally considered an especially immunogenic
malignancy in comparison to melanoma and lung cancer*’, recent studies show that some
tumors, especially estrogen receptor (ER) negative breast cancers, do elicit an immune response
70, Immune checkpoint inhibitors targeting cytotoxic T-lymphocyte-associated protein 4(CTLA-
4), the programmed cell death receptor 1(PD-1) and/or its ligand (PD-L1) have shown clinical
efficacy, especially in melanoma and lung cancer 2829, In breast cancer, results from early
phase trials have suggested checkpoint inhibitor efficacy may be primarily seen in triple negative
cases 2%°. While the immuno-oncology field is moving at a fast pace, large scale studies of
immune checkpoint expression in breast cancer series are as yet few. The lymphocyte activation
gene 3 (LAG-3) represents one example of a new immune checkpoint target.

LAG-3 is a cellular receptor expressed by activated T lymphocytes and is associated with
T cell exhaustion 6. LAG-3 is commonly upregulated with PD-1; pre-clinical data suggests that
LAG-3 blockade releases T cells effector functions and synergizes with other immune
checkpoint inhibitors such as anti-PD-18. Thus, LAG-3 represents an interesting target for
immunotherapy and there are a number of ongoing early phase clinical trials testing anti-LAG-3
therapeutic antibodies in different types of cancer. Our objective was to assess the prognostic
value of LAG-3 and its association with PD-1 and PD-L1 immune checkpoints in a large, well-

characterized cohort of breast cancer specimens.
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2.2 Materials and methods
2.2.1  Study cohorts

The initial set (a training set used to finalize staining and scoring methodology) consisted
of 330 invasive breast cancer cases from University of British Columbia hospitals diagnosed
between 1989 and 2002 2%, The validation set, previously described in detail 1%, consisted of
3,992 female patients diagnosed with invasive breast cancer at centres of the British Columbia
Cancer Agency across the province between 1986 and 1992 and for which formalin-fixed
paraffin-embedded primary breast tumor excision specimens were collected from a central
estrogen receptor testing laboratory. None of these patients received neoadjuvant treatment. A
further description of the study cohorts is provided in Section 3.2.1 of Chapter 3.

Basic clinical and pathological parameters of the study populations are summarized in
Table 2.1 and 2.2. The median follow-up time is 12.6 years for both sets. Access to the samples
and corresponding de-identified clinico-pathologic, treatment and outcome data was approved by
the Clinical Research Ethics Board of the University of British Columbia and by the BC Cancer
Agency Breast Cancer Outcomes Unit.
2.2.2  Immunohistochemistry

Formalin-fixed paraffin-embedded primary excision specimens were used to build tissue
microarrays, represented as 0.6mm cores as previously described 2°62%7. Biomarkers previously
stained by immunohistochemistry on the validation tissue microarray include ER, PR, HER2,
Ki67, EGFR, CK5/6, and CD8 °6. Immunohistochemistry for LAG-3 and PD-1 was performed
using a Ventana Ultra automated stainer in accordance with manufacturer’s protocol using the
following antibodies and concentrations: LAG-3 (Clone 17B4, dilution 1:100, Abcam, see

Appendix A), PD-1 (Clone NAT105, dispenser, Roche). PD-L1 staining was performed at the
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Deeley Research Centre (Victoria, Canada) using clone SP142, dilution 1:100 (Spring
Bioscience) (see Figure 2.1 for representative staining of LAG-3, PD-1, and PD-L1). Breast
cancer intrinsic subtypes from both cohorts were previously determined by
immunohistochemical methods that were originally developed against gene expression gold
standards 2%, Briefly, Luminal A was defined as ER+ (>1%) or PR+ (>1%), HER2— and low
Ki67, Luminal B as ER+ (or PR+) and HER2+ or high Ki67 (>14%); HER2E as HER2+ and
ER— and PR—; Basal-like as HER2—-/ER—/PR— with EGFR+ or CK5/6+.
2.2.3 LAG-3, PD-1 and PD-L1 scoring

Biomarkers were evaluated and reported following REMARK guidelines 2%°. TMA slides
were digitally scanned and visually scored by an experienced pathologist blinded to clinical
information. Scoring and quantification of LAG-3 and PD-1 were carried out as previously
described for other lymphocyte biomarkers %, In brief, stromal lymphocytes were defined as
lymphocytes not in direct contact with the breast carcinoma nest whereas intra-epithelial
lymphocytes were located within the carcinoma nest. Scores of lymphocyte biomarkers were
reported as absolute counts, and any positive expression (>1 TILs per TMA core) was used for
dichotomization into positive and negative cases. PD-L1 scoring is a matter of controversy in the
current literature; in this study we used the method of McDermott DF et al., 2'° whereby
expression was assessed as the percentage of carcinoma cells with membranous expression; any
cores with >1% of PD-L1+ carcinoma cells were considered positive. We found only 24 cases
out of 2918 cases with PD-L1+ immune cells and they were discarded for further analyses.
Cutoffs determined using the training set were locked down for analysis on the validation set.

Overall stromal tumor-infiltrating lymphocytes were assessed following the methods

established by the international TIL working group’® on scanned images of hematoxylin and
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eosin-stained tissue microarray slides and were only available on the training set at the time of
the publication of this chapter.
2.2.4  Statistical Analysis

Statistical analyses were carried out using IBM SPSS (version 24.0) and R (version 3.3.2)
software. Breast cancer-specific survival (BCSS) was the primary outcome, defined as the time
from date of diagnosis to date of death attributed to breast cancer. Patients who died from
another cause or were alive at the end of follow-up were censored. Relapse-free survival (RFS)
analyses were also performed, defined as time from date of diagnosis to date of any type of
breast cancer relapse (local, regional, distant, or contralateral). In addition, patients were
censored if they had not died from breast cancer or if they had not relapsed at the end of follow-
up time for relapse-free survival analyses. Univariate associations between LAG-3 and survival
were examined using Kaplan-Meier survival curves and log-rank test. Cox proportional hazards
regression was used to estimate hazard ratios for LAG-3 adjusted for the following
clinicopathological parameters: age (<50 vs >50), tumor grade (grade 3 vs grade 1,2), tumor size
(>2cm vs <2 cm), lymphovascular invasion status and nodal status). Findings observed on the
initial set, to be tested on the validation set, were prespecified in a formal written statistical plan,
presented at the BC Cancer Agency Breast Cancer Outcomes Unit. Additionally, for analyses of
lymphocytes biomarker relationships, due to low numbers of positive cases in the initial set, a
training and validation approach was used by splitting the validation set in half. Findings to be
validated on the other half of the set were prespecified in a written statistical plan prior to the

analyses (see Appendix B). All statistical tests performed were two-sided at a=0.05.
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2.3 Results
2.3.1 Selection of LAG-3+TILs cutoffs on the training set

278 (84%) of breast cancer cases in the training set were interpretable for LAG-3 (Table
2.1). As relatively few cases had LAG-3+TILs in 0.3mm? cores, any cases that had >1
lymphocyte expressing LAG-3 were deemed as positive. We found stromal lymphocytes
expressing LAG-3 in 15% and intra-epithelial lymphocytes expressing LAG-3 in 14% of cases.
Both LAG-3+sTILs and iTILs were significantly associated with negative prognostic factors
including high grade tumor, ER negativity and high Ki67 proliferation (Table 2.1). Following
our previous publications on lymphocyte biomarkers %1% we set on LAG-3+TILs>1 per
0.3mm? core as our primary analysis for the validation set to allow comparison among
lymphocyte biomarkers.
2.3.2 LAG-3+iTILs are enriched in ER negative subtypes and associated with improved
survival

2,921 (73%) cases were interpretable for LAG-3 staining on the validation set. LAG-
3+ TILs>1 per 0.3mm? core were observed in 11% of breast cancer patients with a distribution
range of 0-45 (Table 2.2). The presence of LAG-3+iTILs was significantly associated with
younger age, large tumor size, ER/PR negativity, and high Ki67 proliferation index (Table 2.2;
interaction test by subtype shown in Table 2.3). ER negative tumor subtypes more commonly
contained LAG-3+iTILs, present in 33% of basal-like and 27% of HER2E samples (versus 3%
and 11% in luminal A and luminal B tumor subtypes respectively).

In the whole cohort and in the ER+ breast cancer subset (81% of cases), the presence of
LAG-3+ITILs was not significantly associated with survival in univariate analyses (Figure 2.2A-

B). In contrast, ER negative breast cancer patients with LAG3+iTILs had significantly improved
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breast cancer-specific survival and relapse-free survival, an association present in both HER2E
and basal-like subtypes (Figure 2.2C-E, Figure 2.3). In multivariate analyses that adjusted for
breast cancer-specific clinicopathalogical factors, LAG-3+iTILs were a significant favorable
prognostic factor in the whole cohort and among ER negative breast cancer patients (Table
2.4A). Due to the correlation between the other immune checkpoints markers, the presence of
LAG-3+iTILs is not an independent prognostic factor in a multivariate analysis that include
CD8, PD-1 and PD-L1 as covariates (Table 2.4B); only the presence of PD-1+iTILs represented
a significant prognostic factor for improved breast cancer-specific survival in this model.

2.3.3 LAG-3+iTILs are strongly associated with PD-L1/PD-1+ tumors

Expression of immune checkpoint markers is regulated in a time-dependent manner and
can lead to cells expressing multiple immune checkpoint markers such as LAG-3 and PD-1%%,
We investigated the association between tumors containing LAG-3+TILs, PD-1+TILs, and
carcinoma cells expressing PD-L1.

As expected, immune checkpoint markers were significantly associated with each other
(Table 2.5) and with total H&E stromal TIL levels (Table 2.6). 53% of PD-L1+tumors and 61%
of tumors with PD-1+TILs were also positive for LAG-3+iTILs on equivalent-sized tissue
microarray cores, whereas only 38% of tumors with CD8+iTILs were co-infiltrated with LAG-
3+TILs. The percentage of PD-L1+tumors infiltrated with PD-1+TILs was similar to that of
LAG-3+TILs but only ~20% of tumors with CD8+iTILs had carcinoma cells positive for PD-L1

(Table 2.5). Scatter plots relating the investigated biomarkers are presented in Figure 2.4
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2.3.4 Exploratory survival analyses of concurrent tumor infiltration with LAG-3+ and
CD8+T cells

Given that LAG-3 can be expressed on different lymphocyte subsets (CD8 or CD4)8,
we investigated the association between the presence of cytotoxic CD8+iTILs and the prognostic
value of LAG-3+iTILs. In the absence of CD8+iTILs, with relatively few cases positive for
LAG-3, we found that the presence of LAG-3+iTILs was no longer associated with survival
among ER negative breast cancer patients (Figure 2.5A). In contrast, concurrent infiltration of
LAG-3+iTILs and CD8+iTILs was significantly associated with improved survival, suggesting
an important role of CD8+TILs expressing LAG-3 in breast cancer. Furthermore, we observed
similar findings with concurrent infiltration of PD-1+iTILs and CD8+iTILs (Figure 2.5B; LAG-
3 and PD-1 co-infiltration shown in Figure 2.6). Surprisingly, in ER negative breast cancer
patients with no detectable CD8+iTILs per 0.3mm? core, the presence of PD-L1+ carcinoma
cells was associated with a trend for poor BCSS, whereas patients with both CD8+iTILs and PD-

L1+ carcinoma cells had significantly improved BCSS (Figure 2.5C).

2.4 Discussion

In a large set of breast cancer patients, we report on the presence of an immune
checkpoint biomarker targetable with new drugs. We found that LAG-3+TILs can be scored
quantitatively by immunohistochemistry on tissue microarrays with consistent results supporting
its analytical validity as a biomarker. By this methodology, LAG-3+TILs were observed in a
limited subset of patients (11%) that mostly fall into the HER2E and basal-like breast cancer

subtypes and is a favorable prognostic factor in ER negative breast cancers. The presence of
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immune infiltrates most prominently in ER negative breast cancers, detectable with lymphocyte
biomarker assays, is now supported by a large body of evidence 7.

In contrast, LAG-3+iTILs were not prognostic in ER+ patients. This finding may not be
surprising as ER+ breast cancers appear generally to be less immunogenic and have lower levels
of TILs than ER negative patients "°. In the FinHER trial, the presence of TILs was not
associated with survival in early stage ER+/HER2— breast cancer patients °, and in a combined
analysis of two French Phase I11 clinical trials TILs were only prognostic in triple negative and
HER?2 positive patients %,

High pretreatment serum levels of soluble LAG-3 have been associated with improved
survival among ER+ breast cancer patients 1. Soluble LAG-3 represents a splice variant with
activating functions when bound to major histocompatibility complex Il protein expressed on
dendritic cells 3. By contrast, our study measured the expression of LAG-3 on TILs in breast
carcinoma tissues, and agrees with a recently published smaller study that found a subset of triple
negative breast cancers had concurrent infiltration of LAG-3+/PD-1+ TILs and that this was
associated with a (non-significant) trend for improved survival 163,

In pre-clinical studies, LAG-3 expressing CD8+TILs are exhausted and do not function
properly, whereas LAG-3 expressing CD4+ regulatory T cells exhibit an enhanced immune
suppressive function, supporting a hypothesis that the presence of LAG-3+TILs in cancer
patients should lead to poor survival. Instead, our results suggest that the presence of LAG-3
expressing TILs may in fact indicate that there is an ongoing cancer-immune interaction, a
phenotype that is described as an inflamed tumor 2'? and usually implies an improved prognosis.
Indeed, we found that >50% of breast cancers that are PD-L1+ or are infiltrated with PD-1+TILs

have concurrent infiltration of LAG-3+TILs.
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In the training set where H&E sTILs counts were available, we found that high levels of
H&E sTILs (>50%, a level termed “lymphocyte predominant breast cancer” or LPBC) correlated
with increased co-infiltration of LAG-3+/PD-1+ TILs. H&E sTILs are prognostic in ER- breast
cancers and can be predictive of response to trastuzumab in HER2+ patients 8213, emerging
evidence also suggests TIL count may predict response to anti-CTLAA4 (ipilimumab) and anti-
PD-1(pembrolizumab) 2421, TIL counts performed on H&E sections have the advantage of
being applicable to existing slide sets or incident cases without requiring new
immunohistochemical assays. However, this method necessarily combines all lymphocytes —
including activating, suppressing and anergic populations, as well as NK and B cells.
Theoretically, direct assessment of LAG-3 should be more likely to predict response to LAG-3-
targeted checkpoint inhibitors; our study is a first step in defining an assessment method and a
description of expression patterns over a large number of cases with detailed follow-up. The
tissue microarray format limits the capacity to directly compare with standardized H&E TIL
scores ’4, and an assessment of the predictive capacity of LAG-3 in breast cancer will of course
require application to randomized clinical trials.

The clinical activity of immune checkpoint inhibitors as single agents in breast cancer
appears limited based on recent and varying results. In the KEYNOTE-012 trial of 32 women
with advanced triple negative breast cancer (TNBC) and >1% PD-L1 expression treated with
pembrolizumab (a PD-1 inhibitor), the response rate was 18.5% 2°°, with the median duration of
response not yet reached at study publication. In a more recent presentation of 115 metastatic
TNBC patients treated with atezolizumab (a PD-L1 inhibitor), a 10% overall response rate was
seen irrespective of PD-L1 status, with most of this activity in the 1st line setting?'®. The median

progression free survival was 1.4 months, but in those patients who achieved a response, the
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median duration of response was 21.1 months. Of note, in the exploratory biomarker analyses,
there was a suggestion for better clinical outcomes in those tumors with higher levels of CD8+ T
cell infiltrates. Lastly in a phase Ib study of previously taxane / anthracycline-treated, advanced
breast cancer (N=168) treated with avelumab (a PD-L1 inhibitor), the response rate was only
4.8% in the overall population, and 8.6% in the TNBC cohort?'’.

It seems clear that the majority of advanced breast cancers do not achieve a response to
single agent immune checkpoint inhibition, although in the minority that do, the response
appears relatively durable — as has been seen in other malignancies treated with these agents. The
results of our study suggest considering stratification of patients in these clinical trials for both
PD-1/PD-L1 status and LAG-3 status. As the field is now studying combinations of immune
checkpoint inhibitors, our results raise the question whether the cohort of tumors with co-
expression of PD-1/PD-L1 and LAG-3+iTILs should be excluded from these trials as the natural
history of this cohort is relatively favorable. However, this could be due to the effects of adjuvant
therapy that may have reinvigorated a de novo immune response.

Although this study has major strengths, such as the use of analytically validated
antibodies and multiple, large, well-annotated sets of breast cancer specimens, it also has some
limitations. While long term follow-up is a strength, the study cohort does date from a time prior
to use of HER2 targeted therapies or taxanes, which may affect generalization to contemporary
patients. The breast cancer specimens used in the study were retrospectively collected and
assembled into TMAs and as such, the area of the tumor analyzed reflects only a minute
sampling of the original tumor tissue. In addition, co-infiltration of immune subsets (LAG-3+,
PD-1+, CD8+) had to be inferred from results of individually-stained tissue sections and

therefore cannot directly assess co-expression of immune checkpoints on the same cell.
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In conclusion, LAG-3 is an immune checkpoint marker targeted by emerging treatments
and is most commonly expressed among ER- breast cancer patients — including in one third of
basal-like breast cancers, an aggressive subtype where checkpoint inhibitors have great promise
and potential. Although our study does not directly measure biomarker expression in the
metastatic setting, the strong association between tumors positive for PD-1/PD-L1+ and LAG-3+
biomarkers suggests a potential for the combination of therapies targeting these immune

checkpoint markers, a concept currently being evaluated in clinical trials in metastatic disease
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and PD-L1 in breast tumor tissue microarray cores

Brown staining on intra-epithelial and stromal tumor-infiltrating lymphocytes can be observed for LAG-3 and PD-1 micrographs

whereas PD-L1 staining can mainly be observed on carcinoma cell membranes. Micrographs were taken under X20 objective

magnification.

Figure 2.1 Representative immunohistochemical staining of LAG-3, PD-1,
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Figure 2.2 LAG-3+iTILs association with breast cancer-specific survival.
(A) whole cohort, (B) ER+, (C) ER—, (D) HER2E and (E) Basal-like.
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infiltrating lymphocytes.
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Figure 2.4 Correlation between LAG-3, PD-1, PD-L1 and CD8 scores.

Scatter plots with spearman’s rho correlation coefficient and p values for each pair of immune
markers. A, LAG-3+iTILs and CD8+iTILs; B, LAG-3+iTILs and PD-1+iTILs; C, LAG-3+iTILs
and PD-L1+ carcinoma cells; D, PD-1+iTILs and CD8+iTILs
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Figure 2.5 Association between CD8+iTILs and the prognostic value of immune checkpoint

markers.

Breast cancer-specific survival Kaplan-Meier curves of patients in the whole validation set
stratified by the presence of immune checkpoint markers (A) LAG-3, (B) PD-1, (C) PD-L1 in
the absence (Left panel) or presence (Right panel) of concurrent CD8+iTILs.
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Figure 2.6 Association with breast cancer-specific survival for LAG-3+/PD-1+ intra-epithelial tumor-infiltrating lymphocytes
in the presence or absence of CD8+ intra-epithelial tumor-infiltrating lymphocytes among ER negative patients.
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Table 2.1 Association of LAG-3+intra-epithelial and stromal tumor-infiltrating
lymphocytes with clinicopathological parameters in the training set

Training set (N=278)

Parameters Negative LAG- Negative LAG-3+sTILs
3+iTILs 21
N=240 21 P N =235 N =43 (15%) P
N=38 (14%) value* value*
Age at diagnosis 0.47 0.61
(year)
<50 90 17(16%) 89 18 (17%)
=50 150 21(12%) 146 25 (15%)
Tumor size (cm) 0.05 0.24
<2 143 16 (10%) 138 21 (13%)
>2 97 22 (19%) 97 22 (18%)
Grade <0.001 <0.001
1&2 157 6 (4%) 155 8 (5%)
3 81 32 (28%) 78 35 (31%)
Unknown 2 -
ER <0.001 <0.001
Negative 36 23 (39%) 37 22 (37%)
Positive 202 15 (7%) 196 21 (10%)
Unknown 2 - 5 -
PR <0.001 <0.001
Negative 66 26 66 26 (28%)
Positive 171 12 166 17 (9%)
Unknown 3 - 3 -
Ki67 <0.001 <0.001
<14% 149 8 144 13 (8%)
214% 86 30 86 30 (26%)
Unknown 5 - 5 -
Subtypes <0.001 <0.001
Luminal A 135 6 (4%) 131 10 (7%)
Luminal B 56 7 (11%) 53 10 (16%)
HER2E 7 4 (36%) 7 4 (36%)
Basal-like 14 11 (44%) 16 9 (36%)
NOS 3 0 3 0
Unknown 25 10 25 10

*Fisher’s exact tests were computed for 2x2 association. Association between subtypes and TIM-3+TILs
was analyzed by Chi square test
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Table 2.2 Association of LAG-3+ intra-epithelial tumor-infiltrating lymphocytes and

clinicopathological parameters.

Validation set (N =2921)

Parameters Negative LAG-3+iTILs
21
N=2594 N=327 (11%) P value*
Age at diagnosis (years) <0.001
<50 719 131(15%)
=250 1875 196 (9%)
Tumor size (cm) <0.001
<2 1371 139 (9%)
>2 1211 186 (13%)
Grade <0.001
1&2 1206 60 (5%)
3 1283 255 (17%)
Unknown 105 12
Ki67 <0.001
negative 1386 66 (4%)
positive (214%) 989 237 (19%)
Unknown 219 24
ER <0.001
Negative 620 195 (24%)
Positive (>1%) 1965 132 (6%)
Unknown 9 0
PR <0.001
Negative 1094 234 (18%)
Positive (>1%) 1354 84 (6%)
Unknown 146 9
Subtypes <0.001
Luminal A 1144 38 (3%)
Luminal B 744 95 (11%)
HER2E 159 41 (20%)
Basal-like 186 90 (33%)
NOS - -
Unknown 224 13

*Chi square p value



Table 2.3 Differences in survival by LAG-3 expression and breast cancer subtypes, as
assessed by interaction test

Survival endpoint Interaction
test
P value*
Breast cancer-specific survival 0.002
Relapse free survival 0.004

*interaction test was conducted using the likelihood ratio test to assess the interaction
between a cox regression model with and without the LAG-3 x breast cancer subtype
(luminal vs non-luminal) interaction term.

52



Table 2.4 Multivariate analyses of LAG-3+iTILs in the whole cohort and among ER-

patients for breast cancer-specific survival.

A), only clinico-pathological parameters and LAG-3+iTILs as covariates, and B),
clinico-pathological parameters and all immune biomarkers as co-variates.

A)

Whole cohort (# of events/n: 805/2702)

Among ER- (# of events/n: 283/764)

Hazard Ratio for LRT P- Hazard Ratio for LRT P-value
BCSS (95% ClI) value BCSS (95% ClI)
Age at diagnosis =50 1.00 (0.87-1.16) 0.96 1.04 (0.82-1.32) 0.75
(Reference group:<50)
Tumor grade Grade 3 1.83 (1.57-2.13) <0.0001 1.96 (1.42-2.72) <0.0001
(Reference group:
grade 1-2)
Tumor size >2 1.70 (1.47-1.97) <0.0001 1.54 (1.19-200) <0.0001
(Reference group:
<2cm)
Lymphovascular Positive 1.32 (1.12-1.56) 0.0007 1.45 (1.09-1.93) 0.01
invasion status
(Reference group:
negative)
Nodal status Positive 2.00 (1.69-2.35) <0.0001 2.21 (1.68-2.91) <0.0001
(Reference group:
negative)
LAG-3+TILs 21 0.71 (0.56-0.90) 0.003 0.50 (0.36-0.69) <0.0001
(Reference group: 0)
B)
Whole cohort (# of events/n: 697/2384) Among ER-  (# of events/n: 224/634)
Hazard Ratio for LRT P- Hazard Ratio for LRT P-value
BCSS (95% ClI) value BCSS (95% ClI)
Age at diagnosis 250 0.99 (0.85-1.16) 0.92 0.97 (0.75-1.27) 0.85
(Reference group:<50)
Tumor grade Grade 3 1.89 (1.61-2.23) <0.0001 2.10 (1.45-3.05) <0.0001
(Reference group:
grade 1-2)
Tumor size >2 1.61 (1.38-1.89) <0.0001 1.43 (1.08-1.91) 0.012
(Reference group:
<2cm)
Lymphovascular Positive 1.36 (1.14-1.63) 0.00063 1.41 (1.02-1.95) 0.035
invasion status
(Reference group:
negative)
Nodal status Positive 1.95 (1.63-2.32) <0.0001 2.20 (1.61-3.01) <0.0001
(Reference group:
negative)
CD8+iTILs =1 0.98 (0.83-1.16) 0.84 1.04 (0.76-1.42) 0.81
(Reference group: 0)
PD-1+iTILs =1 0.65 (0.47-0.91) 0.0082 0.50 (0.32-0.80) 0.002
(Reference group: 0)
PD-L1 21% 0.80 (0.58-1.10) 0.16 0.81 (0.52-1.28) 0.36
(Reference group: <1)
LAG-3+iTILs 21 0.95 (0.71-1.28) 0.75 0.73 (0.49-1.09) 0.12

(Reference group: 0)

BCSS: Breast cancer-specific survival, LRT: Likelihood ratio test
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Table 2.5 Associations among immune response biomarkers in breast cancer patients

Immune markers LAG3+iTILs=0 LAG-3+TILs P-value
Positive (21) x2)
PD-L1*
Negative 2306 189 (7.6%) <0.0001
Positive 109 125 (53.4%)
(21%)
PD-1+TILs*
Negative 2382 170 (6.6%) <0.0001
Positive (1) 97 147 (60.7%)
CD8+iTILs*
Negative 1775 69 (4%) <0.0001
Positive (21) 693 245 (26%)
PD-1+iTILs=0 PD-1+iTILs
Positive (21)
PD-L1
Negative 2332 151 (6.1%) <0.0001
Positive 141 89 (38.6%)
(21%)
CDS8+iTILs
Negative 1785 63 (3.4 %) <0.0001
Positive (21) 762 178 (18.9 %)
PD-L1=0 PD-L1
Positive (21%)
CD8+iTILs
Negative 1793 62 (3.3%) <0.0001
Positive (21) 763 174 (18.6%)

*Frequency in the whole cohort: PD-L1 21%= 241/2918 (8.3%); PD-1+iTILs 21 = 246/2908 (8.5%);

CD8+TILs 21=1089/3403 (32%)



Table 2.6 Association of hematoxylin and eosin-stained (H&E) stromal TILs with PD-1+,
LAG-3+, and PD-1+/LAG-3+ concurrent infiltration.

H&E sTILs categories®

Low (<10% sTILS) Intermediate (210%- 50% sTILS) High (LPBC) Total
(>50% sTILS)
n (%)
n (%) n (%)
PD-1+iTILs(21) 34/225 (15%) 24/59 (41%) 9/10 (90%) n=67
LAG-3+iTILs(21) 11/205 (5%) 23/57 (40%) 4/9 (44%) n=38
PD1+/LAG3+** 8/197 (4%) 14/54 (26%) 419 (44%) n=26

Abbreviations: sTILs: stromal tumor infiltrating lymphocytes; LPBC: lymphocyte predominant breast cancer.
* sTILs were assessed on the training set by the method of Salgado R et al.”™
**Concurrent infiltration of PD-1+iTILs and LAG-3+iTILs in TMA cores.
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Chapter 3: TIM-3 expression in breast cancer

SYNOPSIS

Upregulation of additional immune checkpoint markers is one mechanism of resistance to
current inhibitors that might be amenable to targeting with newer agents. T-cell Immunoglobulin
and Mucin domain-containing molecule 3 (TIM-3) is an immune checkpoint receptor that is an
emerging target for cancer immunotherapy. In this chapter, I investigated TIM-3
immunohistochemical expression in 3,992 breast cancer specimens assembled into tissue
microarrays, linked to detailed outcome, clinico-pathological parameters and biomarkers
including CD8, PD-1, PD-L1 and LAG-3.

We found that breast cancer patients with TIM-3+ intra-epithelial tumor-infiltrating
lymphocytes (iTILs) (>1) represented a minority of cases (11%), with a predilection for basal-
like breast cancers (among which 28% had TIM-3+iTILs). The presence of TIM-3+iTILs highly
correlated with hematoxylin and eosin-stained stromal TILs and with other immune checkpoint
markers (PD-1+iTILs, LAG-3+iTILs and PD-L1+ tumors). In prognostic analyses, early breast
cancer patients with TIM-3+iTILs had significantly improved breast cancer-specific survival. In
multivariate analyses, the presence of TIM-3+iTILs was an independent favorable prognostic
factor in the whole cohort as well as among ER negative patients. This study supports TIM-3 as a

target for breast cancer immunotherapy.

3.1 Introduction
The presence of small round dark mononuclear cells characteristic of tumor-infiltrating
lymphocytes (TILs) on hematoxylin and eosin (H&E) - stained breast cancer specimens has

garnered increased attention with the emergence of immune checkpoint inhibitors and has led to a
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re-examination of the role of the immune system in breast tumors. Accumulating evidence shows
that the presence of an immune response in breast cancers correlates with estrogen receptor
negative (ER-) subtypes (i.e. the HER2 and basal-like intrinsic subtypes) among whom there is an
association with favorable outcomes "®®!, In contrast, the more common ER+ breast cancer
subtypes rarely display such heightened immune responses, which when present are associated
with unfavorable prognosis’®219220,

Immune checkpoint inhibitors targeting cytotoxic T-Lymphocyte-associated antigen 4
(CTLA-4), programmed cell death-1 (PD-1) or its ligand (PDL-1) perform best in immunogenic
cancers such as melanoma and non-small cell lung cancer'®®22! but responses have recently been
reported in triple negative / basal-like breast cancers?®22222% (for reviews see refs. 2242%5),
However, even among such potentially immunogenic cancers, immune checkpoint inhibitors
benefit only a relatively small number of patients®8224226-230 ' Ag resistance may be due to the
activation of alternative checkpoint pathways, additional immune checkpoint targets have become
a subject of active research, including the T-cell Immunoglobulin and Mucin-domain- containing
molecule 3 (TIM-3)1%,

TIM-3 is an immune receptor discovered in 2002 that is expressed on a variety of immune
cells including dendritic cells, macrophages, and T cells’2231232 TIM-3 mediates its suppressive
activity on immune cells via its ligands that include phosphatidylserine, CEACAM-1 and the
widely expressed ligand galectin-9 %233 TIM-3 is expressed on activated T cells and its signaling
on cytotoxic T cells leads to an exhausted phenotype, characterized by a reduction in proliferation,
decreased production of effector cytokines and apoptosis of effector T cells?. In addition, TIM-
3+ TILs can co-express PD-1, with blockade of both receptors leading to a more pronounced tumor

regression than either agent alone, at least in pre-clinical studies 1%,
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Multiple studies have now reported on the presence of TIM-3+TILs in human tumors!942%-

238 However, in breast cancer, TIM-3+TILs have been evaluated by immunohistochemistry in a
limited number of patients, with one recent study reporting positive associations with lymph node
metastases®3*24%, The objective of our study is to evaluate the expression of TIM-3 on TILs in a
large series of breast cancers powered for multivariate correlation with clinico-pathological

parameters, survival, and other important immune biomarkers.

3.2 Material and methods
3.2.1 Study cohorts

The study cohorts were the same as in Chapter 2. The initial set consisting of 330 breast
cancer patients was used to finalize biomarker staining and interpretation conditions for an initial
analysis of TIM-3. These patients were diagnosed with invasive breast cancer at University of
British Columbia hospitals between 1989 and 2002 and have been previously described?®. A
detailed description of the validation set consisting of 3,992 breast cancer patients has been
previously published!®”24, In brief, newly diagnosed invasive breast cancers from centres across
the province of British Columbia performing breast cancer excision surgery, referred to the British
Columbia cancer agency between 1986 and 1992 and for which both blocks from a central estrogen
receptor testing laboratory and detailed de-identified clinico-pathologic, treatment and outcome
data collected by the British Columbia cancer agency breast cancer outcomes unit were available
were assembled into 17 single core tissue microarray blocks. None of these patients (training and
validation cohorts) received neoadjuvant treatment. The median follow-up for both cohorts is 12.6

years. The Clinical Research Ethics Board of the University of British Columbia and the British
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Columbia Cancer Agency Breast Cancer Outcomes Unit approved the access to the samples and
corresponding de-identified outcome data.
3.2.2  Immunohistochemistry and scoring

Tissue microarrays (TMASs) were built from formalin-fixed paraffin-embedded primary
excision specimens from patients in the training and validation cohorts and represented as 0.6mm
cores across 3 blocks for the training cohort and 17 blocks for the validation cohort. These TMAs
have been previously stained and scored for multiple biomarkers including ER, PR, HER2, Ki67,
EGFR, CK5/6, CD8, LAG-3, PD-1 and PD-L124?, Breast cancer intrinsic subtypes were previously
determined from both cohorts by immunohistochemistry (IHC) benchmarked against a gene
expression gold standard (the PAM50 intrinsic subtype classifier) 2% . Briefly, ER+ (>1%) or PR+
(>1%), HER2—- (including IHC 2+ cases that were HER2— by fluorescence in situ hybridization)
and low (<14%) Ki67 were defined as Luminal A; hormone receptor positive cases which were
also either HER2+ or had high Ki67 were defined as Luminal B; HER2+/ER—/PR- cases were
defined as HER2E, and triple negative cases that were positive for EGFR+ or CK5/6+ were defined
as basal-like.

Overall stromal TILs were scored on H&E-scanned images of the TMA cores using the
assessment recommendations of the International TILs Working Group’, whereby stromal TILs
are scored as the percentage of intertumoral stromal surface area (i.e. excluding areas occupied by
carcinoma cells) containing mononuclear lymphocytic infiltrates.

TIM-3 immunohistochemistry was conducted with anti-T1M-3 rabbit monoclonal antibody
clone D5D5R from Cell Signaling (Cat# 45208) as employed in other publications 231:239.243.244
here using a Ventana Ultra automated stainer (Ventana Medical Systems) in concordance with

manufacturer’s protocol. In brief, slides underwent antigen retrieval with Standard Cell
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Conditioning 1 reagent (Ventana Medical Systems) followed by 60 minutes of primary antibody
incubation (applied at 1:50 dilution) with no heat, and visualized using a chromoMap DAB
detection kit (Ventana Medical Systems). Membranous staining in tonsil tissue served as a positive
control in each staining run. TIM-3+ lymphocytes scores were reported as absolute counts per
TMA core for intra-epithelial or stromal locations. TIM-3+ intra-epithelial lymphocytes (TIM-
3+iTILs) were defined as TIM-3+ lymphocytes located within carcinoma nests whereas TIM-3+
stromal lymphocytes (TIM-3+sTILs) were those not in direct contact with the carcinoma nest.
3.2.3 Statistical analysis

IBM SPSS software (version 24.0) and R (version 3.3.2) were used to conduct all the
statistical analyses. TIM-3+ iTILs scores were dichotomized >1 (as positive) vs. 0 (as negative).
In addition, TIM-3 expression on other immune cells (non-lymphocytes) was assessed, but as only
1% of cases were positive on the training set this staining pattern was not further analyzed.
For prognostic analyses, the primary end-point, breast cancer-specific survival, was defined as the
time from date of diagnosis to date of death attributed to breast cancer. Patients were censored at
death from another cause or if alive at end of follow-up. Relapse-free survival and overall survival
were secondary end-points. Relapse-free survival was defined as time from date of diagnosis to
date of any type of breast cancer relapse (local, regional, distant, or contralateral) and overall
survival as time from date of diagnosis to date of death, irrespective of the cause of death. In
addition, patients were censored if they had not died from breast cancer or if they had not relapsed
at the end of follow-up time for relapse-free survival analyses. Correlation with survival was
conducted using Kaplan-Meier curves, log-rank test and Cox regression models. Proportional
hazard assumptions were assessed by visual examinations of Kaplan-Meier plots. In the case where

the proportional hazard assumption was violated (for the basal-like subgroup, beyond 5 years), the
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follow-up time and hazard ratios were modified accordingly in the multivariate Cox regression
model. The effect size was adjusted in multivariate Cox regression models by taking into account
significant clinicopathological parameters (age, tumor grade, tumor size, lymphovascular invasion
and nodal status).

Clinico-pathological and prognostic associations for TIM-3+iTILs were analyzed first on
the training cohort (n=330) and further tested on the validation cohort (n=3,992) in a pre-specified
formal written statistical plan, presented at the British Columbia Cancer Agency Breast Cancer
Outcomes Unit. Furthermore, half of the validation cohort served for a training and a validation
approach specifically for correlations and combinatorial analyses among immune biomarkers
(TIM-3, PD-L1, PD-1, LAG-3, CD8) due to the low number of positive cases observed in the
training set. In addition, 40% of cases in the validation cohort were considered TIM-3+sTIL
positive based on a >1 positive TIL cut-point. A cut-point of >2 positive TILs for TIM-3+sTILs,
representing 20% of cases, was selected following testing of various cut-points (>1, >2) based on
the distribution on half of the validation cohort set in prognostic analyses. In these cases, a pre-
specified written statistical plan for validation on the other half of the set was presented prior to
statistical analyses (see Appendix C). Prognostic analyses of co-infiltrated immune checkpoint
markers were nevertheless considered exploratory. All statistical tests performed were two-sided

at 0=0.05.

3.3 Results
3.3.1 Distribution of TIM-3+TILs in breast cancers
To define staining conditions and interpretation, we conducted an initial evaluation of

TIM-3 staining and correlation with clinico-pathological parameters on a tissue microarray
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consisting of 330 breast cancer patients (representing a training set). We observed 12% of breast
cancer cases with TIM-3+ intratumoral tumor infiltrating lymphocytes (>1 iTIL per 0.6 mm
diameter core) whereas stromal TIM-3+sTILs (>1) were present in 48% of cases (Results for
TIM-3+iTILs shown in Table 3.1). We then proceeded with TIM-3 staining on a TMA
comprising an independent cohort of 3,992 breast cancer cases, of which 3,148 cases were
interpretable for TIM-3 immunohistochemistry staining (Figure 3.1). The results were consistent
with the training set as 11% of cases had >1 TIM-3+i1TILs and 40% of cases had >1 TIM-3+
STILs (Figure 3.2). TIM-3 expression on macrophages was only observed in 1% of cases and
was not analyzed further.

As there were a large number of cases with TIM-3+sTILs, a cut-off for dichotomization
of >2 sTIL/0.6 mm core, a level reached in 20% of breast cancers, was selected based on
analyses of Kaplan Meier curves of different TIM-3+sTILs cut points (as described in Methods:
Statistics). However, TIM-3+iTILs were selected as the primary analysis parameter, to allow
comparison with previously published immune biomarkers in this breast cancer cohort®242 ,
3.3.2 The presence of TIM-3+iTILs in breast cancer is associated with unfavorable
clinico-pathological factors

Consistent with the results in the initial cohort of 330 patients, breast cancer cases with
TIM-3+iTILs in the validation cohort were significantly associated with younger age at
presentation, higher grade, hormone receptor (ER/PR) negativity, and high Ki67 proliferation
index [defined as >14%] (Table 3.2). In addition, the presence of TIM-3+iTILs was much more
common in the basal-like subtype relative to other subtypes (28% in basal-like vs 6% in luminal
A). The results for TIM-3+sTILs reflected similar associations with clinico-pathological

parameters to TIM-3+iTILs findings (Table 3.3).
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3.3.3 TIM-3+iTILs correlate with the presence of other immune checkpoint markers
(LAG-3, PD-1, PD-L1) and overall H&E sTILs

Because this large cohort had been previously assessed for key immune biomarkers
including PD-1, PD-L1 and LAG-3, we were able to analyze their correlations with TIM-3. In
addition, we scored overall H&E stromal TILs to allow a parallel evaluation with immune
checkpoint markers.

We found that breast tumors with TIM-3+iTILs were highly significantly associated with
the presence of additional immune checkpoint markers (Table 3.4). Indeed, nearly half of breast
cancers that were positive for PD-L1 or PD-1+iTILs or LAG-3+iTILs were also infiltrated with
TIM-3+iTILs in the same 0.6 mm TMA core. However, only 3% (91/2736 interpretable cases)
expressed all three immune checkpoint markers (TIM-3+/PD-1+/LAG-3+) (Table 3.4) when
assessed by this method. No particularly unique association pattern was observed between the
presence of TIM-3+iTILs and any of the other individual immune checkpoint markers tested,
suggesting that the TIM-3 checkpoint expression on TILs occurs in tumors containing T cells
positive for other exhausted markers. Furthermore, we found that all immune checkpoint markers
correlated positively (p<0.001) with H&E sTILs (Figure 3.3). In this cohort, less than 1% of
cases were categorized as lymphocyte-predominant breast cancer (LPBC, defined as >50% H&E
STILS).

3.34 TIM-3+iTILs are associated with good prognosis in early breast cancer

In univariate analyses, the presence of TIM-3+ITILs in early breast tumors was
associated with improved breast cancer-specific survival (BCSS) in the whole cohort (HR: 0.76,
95%CI 0.61-0.96, Log Rank p=0.02) (Figure 3.4). When breast cancer subtypes were stratified

in the analysis, only HER2+ and basal-like breast cancer patients with TIM-3+iTILs displayed
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significantly improved BCSS (HER2+: HR: 0.27, 95%CI 0.10-0.72, Log Rank p=0.005; Basal-
like: HR: 0.48, 95%CI1 0.29-0.78, Log Rank p=0.003) (Figure 3.4). These results were similar
using overall survival and relapse-free survival secondary endpoints (Figure 3.5 for overall
survival; Figure 3.6 for relapse-free survival). In contrast, the presence of TIM-3+sTILs had a
trend for favorable prognosis for BCSS and relapse-free survival and reached significance in the
whole cohort for overall survival (Figure 3.7 for BCSS; Figure 3.8 for overall survival and
Figure 3.9 for relapse-free survival).

In multivariate analyses that included H&E sTILs as a covariate, the presence of TIM-
3+iTILs remained a favorable prognostic factor in the whole cohort and among ER- breast
cancer patients (Table 3.5 — Whole cohort: HR: 0.64, 95%CI 0.48-0.85, p=0.001; ER-: HR: 0.58,
95%CI 0.39-0.86, p=0.004, Basal-like: HR: 0.58, 95%CI 0.32-1.03, p=0.052). Similar findings
were observed for TIM-3+sTILs albeit not reaching significance for basal-like breast cancer
patients (Table 3.6). We also found that ER- breast cancer patients with tumors that were co-
infiltrated with TIM-3+, PD-1+ and LAG-3+ TILs had a significant improved breast cancer
specific survival, in univariate and multivariate analyses, relative to patients with a single
positive, dual positive, or complete absence of these three immune checkpoint markers (Figure

3.10, Table 3.7).

3.4 Discussion

We report the first study of TIM-3 expression in a large (>1000 case) series of early breast
cancers. TIM-3 expression in this cohort was restricted to tumor-infiltrating lymphocytes and was
present in about 12% of cases when 0.6 mm cores were evaluated for expression on intra-epithelial

TILs, or 20% of cases when assessed on stromal TILs. The presence of TIM-3+iTILs was
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associated with younger age, high grade and high Ki67 proliferation index and was enriched in the
basal-like breast cancer subtype. Moreover, TIM-3+iTILs highly correlated with co-infiltration of
additional immune checkpoint markers PD-L1 (on carcinoma cells), PD-1 and LAG-3+ (on TILS).
In prognostic analyses, early breast cancer patients with TIM-3+ iTILs had significantly improved
survival for all assessed endpoints, as compared to patients whose tumors lacked TIM-3+iTILs. In
multivariate analyses, the prognostic effect was maintained in the whole cohort as well as among
ER- and basal-like breast cancer patients.

Studies from our group and from others have been consistent in finding that the presence
of immune checkpoint markers on intra-epithelial TILs in breast tumors is an uncommon event,
and mostly restricted to ER- breast cancers'®323°242 However, TILs positive for immune
checkpoint markers are able to discriminate breast cancer patients with favorable survival,
consistent with an active anticancer immune microenvironment. Indeed, we found that breast
tumors infiltrated with TIM-3+iTILs highly correlate with tumors positive for other checkpoint
markers (PD-1, PD-L1 and LAG-3). Results are consistent with other reported studies and imply
that the expression of multiple different immune checkpoints can occur during tumor progression,
reflecting an ongoing battle between cancer cells and the immune system?2245_ In our cohort,
coexpression of TIM-3 with PD-1 and LAG-3 is associated with a particularly favorable prognosis,
perhaps reflecting an underlying robust immune recognition of the cancer cells that is difficult for
the tumor to evade. Furthermore, other studies have reported TIM-3 expression on carcinoma cells
to be associated with poor prognosis (for meta-analysis see ref. 24¢), which we did not observe in
our large breast cancer cohort. These apparently conflicting results may be due to the different
types of tumor and possible confounding by stage or other factors, as the smaller studies in other

tumors were not powered for multivariate analyses.
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Strengths of our study include the use of a large cohort of early breast cancer patients,
treated consistently according to provincial guidelines, linked to detailed long-term outcome data
and assessed using a training and validation approach to biomarker interpretation. Some limitations
include, first, the necessity in such a large series to rely on TMA cores, representing a 0.28 mm?
surface area sampling of a tumor for assessment of the tumor immune microenvironment. Second,
infiltration of TILs bearing multiple immune biomarkers could only be inferred from single stains
and therefore does not directly identify co-expression on the same lymphocyte. Third, breast
cancer patients in the cohort received what would now be considered older treatments (predating
trastuzumab, taxanes and aromatase inhibitors) which may affect extrapolation of some of the
observed prognostic and predictive associations to more contemporary treatment regimens.

Accumulating evidence suggests resistance to anti- CTLA-4 or anti- PD-1/PD-L1
inhibitors can occur in otherwise immunogenic cancers through compensatory upregulation of
additional immune checkpoints!’®?®, TIM-3 has recently emerged as a target for cancer
immunotherapy following pre-clinical studies suggesting its non-redundant functions in
comparison to the better-characterized checkpoint markers PD-1/PD-L1, and efficacious treatment
synergy when TIM-3 is targeted in combination with anti-PD1/PDL1 antibodies!®196.197:202,
Although ER- breast cancer, in particular basal and triple negative breast cancer, is considered the
most immunogenic subtype, reports from immune checkpoint inhibitor clinical trials are not as
encouraging. Early reports suggest metastatic breast cancer patients may benefit most from PD-
1/PD-L1 blockade monotherapy in the first-line setting, or in combination with chemotherapy
agents for second or third-line therapy with an objective response rate ranging from 10%-40%
205222223 (for review, see ref. 224). The findings from our study imply that TIM-3 inhibitors could

potentially help to treat PD-1 refractory or metastatic tumors. Currently, four early phase clinical
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trials testing the efficacy of anti- TIM-3 in combination with anti- PD-1/PDL1 in advanced tumors
have opened [NCT03066648, NCT02608268, NCT02817633, and NCT03099109]. Our data
support that this appears to be a relevant combinatorial strategy to assess in breast cancer,
particularly in patients with non-BRCA mutated basal-like tumors, an aggressive subtype for

which targeted therapies are not currently available.
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Figure 3.1TIM-3 staining in breast cancer patients

Representative images of TIM-3 immunohistochemistry staining on formalin-fixed paraffin-embedded breast cancer tissue microarray
cores. (A) TIM-3 negative staining; (B) TIM-3+ intra-epithelial tumor-infiltrating lymphocytes; (C) TIM-3+ stromal tumor-infiltrating
lymphocytes. Red arrows indicate positive TIM-3+ intra-epithelial (in B) or stromal (in C) tumor-infiltrating lymphocytes.
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Figure 3.2 Distribution of TIM-3+ tumor-infiltrating lymphocytes in the whole (validation)
cohort

Histograms illustrating the absolute count per TMA core for TIM-3+ intra-epithelial TILs (A)
and stromal TILs (B). Scores were available for 3,148 cores for which immunohistochemistry
staining was interpretable.
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Figure 3.3 H&E sTIL correlation with immune biomarkers.
Scatter plots depicting the correlation between the percentage of H&E sTILs on the x-axis and immune biomarker scores (A, PD-L1;
B, PD-1+iTILs; C, LAG-3+iTILs; D, TIM-3+iTILs) per TMA core on the y-axis, with the corresponding Spearman rho and p values.
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Figure 3.4 TIM-3+intra-epithelial tumor-infiltrating lymphocytes association with breast
cancer-specific survival in the whole (validation) cohort and by breast cancer subtype.

Kaplan Meier curves of breast cancer-specific survival in breast cancer patients stratified by the
presence or absence of TIM-3+iTILs. Kaplan-Meier curves in (A) the whole cohort, (B) Luminal
A cases, (C) Luminal B, (D) HER2+ and (E) basal-like cases are shown with their corresponding
numbers of patients, events and log rank p values. The number of patients still at risk at the end

of each 5 years of follow-up is shown at the bottom of each panel.
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Figure 3.5 Overall survival for TIM-3+intra-epithelial tumor-infiltrating lymphocytes in
the whole cohort, in HER2+ and basal-like breast cancer subtypes.
Kaplan Meier curves (KM) of overall survival in breast cancer patients stratified by the presence

or absence of TIM-3+iTILs. KM curves in the whole cohort (A), HER2+ (B) and basal-like (C)
are shown with corresponding number of patients, events and log rank p values.
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Figure 3.6 Relapse-free survival for TIM-3+ intra-epithelial tumor-infiltrating lymphocytes
in the whole cohort, in HER2+ and basal-like breast cancer subtypes.

Kaplan Meier (KM) curves of relapse-free survival in breast cancer patients stratified by the
presence or absence of TIM-3+iTILs. KM curves in the whole cohort (A), HER2+ (B) and basal-
like (C) are shown with corresponding number of patients, events and log rank p values.
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Figure 3.7 TIM-3+ stromal tumor-infiltrating lymphocytes association with breast cancer-
specific survival in the whole cohort and by breast cancer subtype.

Kaplan Meier curves of breast cancer-specific survival in breast cancer patients stratified by the
presence or absence of TIM-3+sTILs. KM curves in (A) the whole cohort, (B) Luminal A cases,

(C) Luminal B, (D) HER2+ and (E) basal-like cases are shown with their corresponding
numbers of patients, events, hazard ratios and log rank p values.
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Figure 3.8 Overall survival for TIM-3+ stromal tumor-infiltrating lymphocytes in the
whole cohort, in HER2+ and basal-like breast cancer subtypes.

Kaplan Meier curves (KM) of overall survival in breast cancer patients stratified by the presence
or absence of TIM-3+sTILs. KM curves in the whole cohort (A), HER2+ (B) and basal-like (C)
are shown with corresponding numbers of patients, events, hazard ratios and log rank p values.
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Figure 3.9 Relapse-free survival for TIM-3+ stromal tumor-infiltrating lymphocytes in the
whole cohort, in HER2+ and basal-like breast cancer subtypes.

Kaplan Meier (KM) curves of relapse-free survival in breast cancer patients stratified by the
presence or absence of TIM-3+sTILs. KM curves in the whole cohort (A), HER2+ (B) and basal-
like (C) are shown with corresponding numbers of patients, events, hazard ratios and log rank p
values.
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Figure 3.10 Prognostic value of TIM-3, PD-1 and LAG-3+iTILs co-infiltration among ER
negative breast cancer patients.

Kaplan Meier curve of breast cancer-specific survival among ER- breast cancer patients stratified
by the presence or absence of one or more immune checkpoint markers is shown with
corresponding number of patients, events and a log rank p value. Blue: All negative (TIM3-/PD1-
ILAG3-), green: Single positive (TIM3+ or PD1+ or LAG3+), grey: Double positive
(TIM3+/PD1+ or TIM3+/LAG3+ or PD1+/LAG3+), purple: All positive (TIM3+/PD1+/LAG3+).
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Table 3.1 Association of TIM-3+ iTILs with clinico-pathological parameters on the initial

training cohort.

Initial training cohort (n=330; interpretable staining n=234)

Parameters Negative TIM-3+iTILs
(21)
n=206 n=28 (12%) P value*
Age at diagnosis 0.22
(years)
<50 71 13 (15%)
=50 135 15 (10%)
Tumor size (cm) 0.31
<2 118 13 (10%)
>2 88 15 (15%)
Grade 0.004
1&2 122 8 (6%)
3 83 19 (19%)
Missing 1 1
Ki67 0.006
Negative (<14%) 121 9 (7%)
Positive (214%) 82 19 (19%)
Missing 3 0
ER <0.001
Negative 40 15 (27%)
Positive (>1%) 166 13 (7%)
Subtypes <0.001
Luminal A 104 8 (7%)
Luminal B 49 6 (11%)
HERZ2E 8 3 (27%)
Basal-like 18 7 (28%)
Unknown 27 4

* Chi-square p value
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Table 3.2 TIM-3+ intra-epithelial tumor-infiltrating lymphocytes association with clinico-

pathological parameters in breast cancer

Parameters Negative TIM-3+TILs p .
>1 -value
(x2)
N=2816 N=332 (11%)

Age at diagnosis (years) 0.003
<50 787 119 (13%)
=50 2029 213 (10%)

Tumor size (cm) 0.331
<2 1467 163 (10%)
>2 1334 166 (11%)

Grade <0.001
1&2 1286 96 (7%)
3 1414 219 (13%)
Unknown 116 12

Ki67 <0.001
Negative (<14%) 1469 100 (6%)
Positive (214%) 1085 209 (16%)
Unknown 262 23

ER <0.001
Negative 716 159 (18%)
Positive (>1%) 2091 172 (8%)
Unknown 9 1

Subtypes <0.001
Luminal A 1209 73 (6%)
Luminal B 631 80(11%)
HERZ2E 184 25 (12%)
Basal-like 205 81 (28%)
Triple negative, non-basal 182 40 (18%)
Unknown 240 17

* Chi-square test
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Table 3.3 Association of TIM-3+ stromal tumor-infiltrating lymphocytes with clinico-
pathological parameters.

Validation set (N =3,148)

Parameters Low TIM-3+sTILs
(<2) (22)
N=2516 N=632 (20%) P value*
Age at diagnosis <0.001
(years)
<50 683 223 (25%)
=50 1833 409 (18%)
Tumor size (cm) 0.370
<2 1313 317 (19%)
>2 1189 311 (21%)
Missing 14 4
Grade 0.009
1&2 1133 249 (18%)
3 1276 357 (22%)
Missing 107 26
Ki67 <0.001
Negative (<14%) 1307 262 (17%)
Positive (214%) 982 312 (24%)
Missing 227 58
ER <0.001
Negative 649 226 (26%)
Positive (>1%) 1858 405 (18%)
Missing 9 1
Subtypes <0.001
Luminal A 1074 208 (16%)
Luminal B 561 150 (21%)
HERZ2E 150 59 (28%)
Basal-like 207 79 (28%)
Triple negative, 172 50 (23%)
non-basal
Unknown 352 86

* Chi-square p value
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Table 3.4 Association of TIM-3+ intra-epithelial tumor-infiltrating lymphocytes with other
immune biomarkers in breast cancer

Immune biomarkers TIM-3+iTILs=0 TIM-3+iTILs 21 P-value
(n=2816) (n=332) (x2)
PD-L1*
Negative 2374 215 (8%) <0.0001
Positive (=1%) 133 97 (42%)
PD-1+iTILs*
Negative 2388 198 (8%) <0.0001
Positive (1) 127 113 (47%)
LAG-3+iTILs* <0.0001
Negative 2344 169 (7%)
Positive (1) 175 146 (45%)
CD8+iTILs*
Negative 1881 111 (6%) <0.0001
Positive (1) 778 213 (22%)

*Frequency in the whole cohort: PD-L1 2 1%= 241/2918 (8.3%); PD-1+iTILs 21 =
246/2908 (8.5%); LAG-3+iTILs= 327/2921 (11%), from Burugu S et al.?*2 CD8+iTILs
21=1089/3403 (32%) from Liu S et al.®®

81



Table 3.5 Multivariate analyses of TIM-3+ intra-epithelial tumor-infiltrating lymphocytes
in the whole cohort, among estrogen receptor negative and in basal-like patients for breast
cancer-specific survival including H&E sTILs as a covariate.

Whole cohort  (# of events/n: 705/2379)
Hazard Ratio for LRT P-
BCSS (95% CI) value
Age at diagnosis =250 1.06 (0.86-1.30) 0.61
(Reference group:<50)
Tumor grade Grade 3 1.49 (1.26-1.77) <0.001
(Reference group: grade 1-
2)
Tumor size >2 1.63 (1.39-1.91) <0.001
(Reference group: <2cm)
Lymphovascular invasion Positive 1.33(1.11-1.60) 0.002
status
(Reference group:
negative)
Nodal status Positive 2.29 (1.86-2.82) <0.001
(Reference group:
negative)
Adjuvant systemic TAM only 0.73 (0.57-0.93) 0.05
therapy Chemo only 0.74 (0.56-0.99)
(Reference group: no AST) TAM+chemo 0.69 (0.49-0.97)
Breast cancer subtypes
(Reference group: Luminal Luminal B/Ki67 1.81 (1.50-2.19) <0.001
A) Luminal/HER2+  2.16 (1.64-2.84)
HER2+ 2.54 (1.93-3.35)
Basal-like 2.28 (1.74-2.99)
H&E sTILs 0.98 (0.98-0.99) <0.001
(10% increments)
TIM-3+iTILs
(Reference group: 0) 21 0.64 (0.48-0.85) 0.001
Among ER-* (# of events/n: 255/705)
Hazard Ratio for LRT P-
BCSS (95% CI) value
Age at diagnosis =250 0.90 (0.66-1.23) 0.50
(Reference group:>50)
Tumor grade Grade 3 1.91 (1.35-2.70) <0.001
(Reference group: grade 1-
2)
Tumor size >2 1.62 (1.23-2.12) 0.001
(Reference group: <2cm)
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Lymphovascular invasion Positive 1.32 (0.99-1.77) 0.06
status
(Reference group:
negative)
Nodal status Positive 2.44 (1.76-3.38) <0.001
(Reference group:
negative)
Adjuvant systemic TAM only 0.89 (0.59-1.34) 0.64
therapy Chemo only 0.81 (0.55-1.19)
(Reference group: no AST) TAM+chemo 1.02 (0.59-1.75)
H&E sTILs 0.98(0.97-0.99) 0.002
(10% increments)
TIM-3+iTILs
(Reference group: 0) >1 0.58 (0.39-0.86) 0.004
Among basal-like (# of events/n: 94/263)
Hazard Ratio for LRT P-
BCSS (95% CI) value
Age at diagnosis =250 0.86 (0.50-1.46) 0.57
(Reference group:<50)
Tumor grade Grade 3 1.39 (0.72-2.71) 0.31
(Reference group: grade 1-
2)
Tumor size >2 1.40 (0.91-2.16) 0.13
(Reference group: <2cm)
Lymphovascular invasion Positive 1.31 (0.82-2.10) 0.26
status
(Reference group:
negative)
Nodal status Positive 2.01 (1.19-3.38) 0.008
(Reference group:
negative)
Adjuvant systemic TAM only 1.65 (0.80-3.42) 0.60
therapy Chemo only 1.21 (0.65-2.25)
(Reference group: no AST) TAM+chemo 1.40 (0.47-4.19)
H&E sTILs 0.97 (0.95-0.99) 0.002
(10% increments)
TIM-3+iTILs
(Reference group: 0) 21 0.58 (0.32-1.03) 0.052

* including HER2 positive and negative
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Table 3.6 Multivariate analyses of TIM-3+stromal tumor-infiltrating lymphocytes
in the whole cohort, among estrogen receptor negative and in basal-like patients for breast
cancer-specific survival.

Whole cohort  (# of events/n: 705/2379)
Hazard Ratio for LRT P-
BCSS (95% CI) value
Age at diagnosis =250 1.05 (0.85-1.29) 0.66
(Reference group:>50)
Tumor grade Grade 3 1.48 (1.25-1.74) <0.001
(Reference group: grade 1-
2)
Tumor size >2 1.63 (1.39-1.91) <0.001
(Reference group: <2cm)
Lymphovascular invasion Positive 1.34 (1.11-1.60) 0.001
status
(Reference group:
negative)
Nodal status Positive 2.29 (1.86-2.81) <0.001
(Reference group:
negative)
Adjuvant systemic TAM only 0.73 (0.58-0.93) 0.06
therapy Chemo only 0.75 (0.57-1.00)
(Reference group: no AST) TAM+chemo 0.69 (0.49-0.98)
Breast cancer subtypes
(Reference group: Luminal Luminal B/Ki67 1.80 (1.49-2.18) <0.001
A) Luminal/HER2+ 2.21 (1.68-2.90)
HER2+ 2.58 (1.96-3.41)
Basal-like 2.15 (1.64-2.80)
H&E sTILs 0.98 (0.97-0.99) <0.001
(10% increments)
TIM-3+sTILs
(Reference group: <2) 22 0.79 (0.65-0.96) 0.017
Among ER- (# of events/n: 255/705)
Hazard Ratio for LRT P-
BCSS (95% ClI) value
Age at diagnosis =50 0.93 (0.68-1.27) 0.63
(Reference group:>50)
Tumor grade Grade 3 1.87 (1.32-2.64) <0.001
(Reference group: grade 1-
2)
Tumor size >2 1.57 (1.20-2.06) 0.001
(Reference group: <2cm)
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Lymphovascular invasion Positive 1.38 (1.03-1.85) 0.029
status
(Reference group:
negative)
Nodal status Positive 2.40 (1.73-3.32) <0.001
(Reference group:
negative)
Adjuvant systemic TAM only 0.93 (0.62-1.40) 0.73
therapy Chemo only 0.84 (0.57-1.23)
(Reference group: no AST) TAM+chemo 1.05 (0.61-1.81)
H&E sTILs 0.98 (0.97-0.99) <0.001
(10% increments)
TIM-3+sTILs
(Reference group: <2) 22 0.73 (0.53-1.00) 0.047
Among basal-like (# of events/n: 94/263)
Hazard Ratio for LRT P-
BCSS (95% CI) value
Age at diagnosis =50 0.86 (0.50-1.46) 0.57
(Reference group:<50)
Tumor grade Grade 3 1.40 (0.72-2.71) 0.30
(Reference group: grade 1-
2)
Tumor size >2 1.36 (0.88-2.11) 0.16
(Reference group: £2cm)
Lymphovascular invasion Positive 1.41 (0.88-2.25) 0.15
status
(Reference group:
negative)
Nodal status Positive 2.06 (1.22-3.48) 0.006
(Reference group:
negative)
Adjuvant systemic TAM only 1.65 (0.79-3.43) 0.63
therapy Chemo only 1.20 (0.64-2.24)
(Reference group: no AST) TAM+chemo 1.17 (0.39-3.50)
H&E sTILs 0.97 (0.95-0.99) <0.001
(10% increments)
TIM-3+sTILs
(Reference group: <2) =2 1.05 (0.61-1.78) 0.87
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Table 3.7 Multivariate analyses of TIM-3/PD-1/LAG-3+iTILs among ER negative breast

cancer patients for breast cancer-specific survival.

Among ER- (# of events/n: 249/686)

Hazard Ratio for P-value*
BCSS (95% CI)
Age at diagnosis =250 0.89 (0.64-1.24) 0.49
(Reference group:<50)
Tumor grade Grade 3 2.22 (1.56-3.16) <0.001
(Reference group: grade 1-2)
Tumor size >2 1.50 (1.14-1.98) 0.004
(Reference group: <2cm)
Lymphovascular invasion Positive 1.355 (0.998-1.840) 0.052
status
(Reference group: negative)
Nodal status Positive 2.654 (1.887-3.731) <0.001
(Reference group: negative)
Adjuvant systemic therapy TAM only 0.851 (0.566-1.279) 0.436
(Reference group: no AST) Chemo only 0.739 (0.495-1.103)
TAM+chemo 1.193 (0.683-2.084)
TIM-3/PD-1/LAG-3+iTILs TIM3-/PD1+/LAG3- 0.499 (0.251-0.989) 0.046
(Reference group:
TIM3-/PD1-/LAG3-) TIM3-/PD1-/LAG3+ 0.498 (0.289-0.861)  0.012
TIM3-/PD1+/LAG3+ 0.586 (0.299-1.148)  0.119
TIM3+/PD1-/LAG3- 0.615 (0.314-1.203) 0.155
TIM3+/PD1+/LAG3- 0.348 (0.086-1.410) 0.139
TIM3+/PD1-/LAG3+ 0.959 (0.519-1.772)  0.893
TIM3+/PD1+/LAG3+ 0.165 (0.073-0.375) <0.001

*Wald-test
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Chapter 4: Quantitative in situ multiplex immune profiling of breast cancer

patients using digital spatial profiling technology

SYNOPSIS:

Predictive biomarkers of immunotherapies are the focus of intensive research that has
dramatically increased in a short amount of time. Immune biomarkers presented in Chapter 2
and 3 represent only some of the immunotherapy targets that have advanced from pre-clinical to
clinical phase. Studies show that more than one biomarker will likely be required to identify
immunotherapy-responsive tumors. The tumor immune microenvironment is complex and
requires a multiplex detection system to distinguish the various immune cell populations. In this
chapter, | profiled the tumor immune microenvironment of two breast cancer cohorts (a total of
59 breast cancers enriched for the basal-like subtype) using a novel multiplex technology by
Nanostring called Digital Spatial Profiling (DSP). DSP enables the characterization and
expression profiling of breast cancer tumors, in my work using a 31-marker immuno-oncology
panel. | then validated DSP digital counts for CD8 and PD1 by immunohistochemistry, and
CD45 digital counts by assessing hematoxylin and eosin-stained stromal tumor-infiltrating
lymphocyte counts. Furthermore, | was able to identify a profile of patients with favorable
prognosis. Lastly, | identified a 4-biomarker signature that was indicative of a pre-existing
intratumoral immune response. A proposal to evaluate the capacity of the 4-biomarker signature

to predict response to immune-modulating chemotherapy is presented at the end of the chapter.
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4.1 Introduction

Immunotherapy has drastically changed the cancer treatment landscape, including now in
breast cancer. Clinical trials evaluating immune checkpoint inhibitors in breast cancer have
mostly targeted patients with basal-like triple negative breast cancers as it represents the most
immunogenic subtype [as reviewed by Wein et al.1*’ ]. A recent phase 11 clinical trial
(IMpassion130) of a PD-L1-targeted immune checkpoint inhibitor reported improved
progression-free survival in treatment-naive metastatic basal-like breast cancer patients'4,
Predictive biomarkers of response to immune checkpoint inhibitors are needed (to avoid
unnecessary toxicities and high costs) but the identity of these biomarkers is still a subject for
debate. Genomic characteristics of tumors that are associated with response include the presence
of high microsatellite instability (MSI-H), mismatch-repair deficiency (dAMMR), a high
mutational burden, and copy number alterations?*”-2*°, However, MSI-H/dMMR tumors are rare,
especially in breast cancer (~2% of breast cancers?> ) and no standardized means of
measurement nor cut-offs for mutational burden are yet firmly established.

Tumors heavily-infiltrated with immune cells are more likely to respond to immune
checkpoint inhibitors as demonstrated in earlier studies?*22'>2%! [reviewed by Chen DS and
Mellman 17*2]. Anti-tumor immunity is mainly mediated by T cells, which represent a
heterogeneous population that includes effector, exhausted and regulator phenotypes®®2. In
addition, other immune cells play key roles in anti-tumor immunity such as Natural Killer cells
and macrophages®?2%2. The concurrent infiltration of the various immune cell populations in a
patient’s tumor, as well as their intratumoral localization pattern, may be associated with
impeded or improved responses to immunotherapies. Nonetheless, to analyze multiple immune

biomarkers concurrently in a patient’s tumor tissue represents a technical challenge; methods that
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have been tried include sequential staining of multiple antibodies or digital segmentation of
tumors for image analyses®®>2>,

In my study, | employed a novel quantitative spatially-resolved multiplexed antibody-
based method called digital spatial profiling (DSP) using NanoString’s GeoMx™ technology.
This method allows for simultaneous quantitative measurement of an immuno-oncology panel
(representing 31 biomarkers) in user-defined areas of formalin-fixed paraffin-embedded breast
tumor tissues. The 31 biomarkers included immune cell type identification markers (CD14,
CD19, CD3, CD4, CD45, CD45R0, CD56, CD68, CD8A, FOXP3, GZMB, CD20, PD1, PD-L1,
VISTA), tissue and cancer biomarkers (Pan-cytokeratins, PTEN, B-catenin, Ki67, Bcl-2) and
other immune-related biomarkers (B7-H3, STAT3,Beta-2 microglobulin, CD44) . We surveyed
the expression of the 31 biomarkers in two basal-like enriched tissue microarray cohorts

representing a total of 59 breast cancer patients.

4.2 Material and methods
4.2.1 Study cohort

Tumor excision specimens from two British Columbia breast cancer patient cohorts
(herein referred to as Cohort A and Cohort B) were built into two tissue microarrays comprised
of 0.6mm duplicated cores. Cohort A consisted of 39 patients diagnosed with invasive breast
cancer in the period of 2008-2011, details of which have already been published in the context of
a study from our laboratory of basal biomarker expression in ER negative and weakly ER
positive cases®> . Breast cancer patients from cohort B (N=20) were diagnosed between 2013-
2015, with clinical triple negative breast cancer (ER—/PR-/HER2-) and treated accordingly.

None of the patients (from Cohort A or B) received neoadjuvant therapy, so the samples under
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investigation represent primary tumor tissue that was not exposed to radiation, chemotherapy or
endocrine therapy. Clinicopathological parameters for Cohort A and B are summarized in Table
4.1. Identification of breast cancer subtypes in Cohort A was done using PAM50 gene expression
profiling as a gold standard breast cancer subtyping assay as previously published?®®. Clinical
outcome data were available for cohort A with a median follow-up time of 48 months (cohort B
cases are too recent to have mature outcome data). The clinical research ethics board of the
University of British Columbia and BC Cancer Agency approved access to clinical outcome and
de-identified data.
4.2.2 Digital spatial profiling

Breast cancer tissue microarrays were subjected to digital spatial profiling using
Nanostring GeoMx™ technology as recently published?*%?>’(See schematic in Figure 4.1). In
brief, tissue microarrays were incubated with a cocktail of antibodies that included fluorescent
visualization markers and an immuno-oncology biomarker panel. To select regions of interest,
fluorescent visualization markers consisted of CD45 for immune cells, Pan-cytokeratins for
carcinoma cells and DAPI as a nuclear stain. Each TMA core served as a defined region of
interest. The immuno-oncology biomarker panel consisted of 31 antibodies (see Figure 4.1)
linked with UV-cleavable DNA oligos that can be quantified on the Nanostring nCounter
platform. Biomarker expression counts were normalized using Nanostring internal spike-in
controls for hybridization (called ERCC). Biomarker expression counts from duplicated cores
were averaged for each patient prior to further analyses. There were 3 cases in Cohort A and 1
case in Cohort B for which biomarker expression counts were interpretable in only one of the 2

cores.
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DSP counts were divided by the geometric mean values of isotype controls to generate
the signal to noise ratio for each biomarker.
4.2.3 Immunohistochemistry and scoring

Anti-CD8 mouse monoclonal antibody (clone 28/144B) and anti-PD1 rabbit monoclonal
antibody (clone EPR4877) were applied to the Cohort B TMA according to manufacturer’s
protocol, at the Deeley Research Centre (Victoria, BC). A pathologist blinded to clinical and
DSP data scored CD8+ and PD1+ lymphocytes using a previously published scoring system
developed in our laboratory?*2. In brief, absolute counts of CD8+ or PD1+ lymphocytes were
reported based on their localization in the tumor. Intra-epithelial tumor-infiltrating lymphocytes
(iTILs) were defined as CD8+ or PD1+ lymphocytes in direct contact with carcinoma nests
whereas stromal tumor-infiltrating lymphocytes (sTILs) were outside of carcinoma nests. To
allow comparison with CD8 and PD1 DSP digital counts, iTIL and sTIL counts were combined
to generate a total count of CD8+ or PD1+TILs for each tissue microarray core. H&E sTILs
were scored on both TMA cohorts as described in Chapter 3 based on an internationally-
standardized scoring system our lab contributed to developing*2%,
4.2.4  Statistical analysis

Unsupervised hierarchical clustering was performed on DSP biomarker expression
normalized counts for each patient using ComplexHeatmap on R/Bioconductor and provided by
Nanostring. Associations with clinicopathological parameters and outcome were performed in
IBM SPSS software version 25. Kaplan-Meier curve estimates were built for breast cancer-
specific survival, defined as the time between invasive breast cancer diagnosis and time of death
attributed to breast cancer. Breast cancer patients alive at last follow-up or that had died of other

causes were censored.
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An intraclass correlation was calculated to assess core to core agreement of biomarker
expression digital counts between two duplicated cores. Chi-square tests compared the statistical
significance of the pathological parameter associations among the DSP immune expression
profiles. Biomarker correlation analyses (for CD8, PD1 IHC vs DSP counts and H&E sTILs vs
CD45 DSP counts) were assessed by Spearman Rho. A one-way analysis of variance (ANOVA)
test was conducted to identify biomarkers differentially expressed between the three levels of
H&E sTILs (low:<10%, intermediate: >10-<50% and high or lymphocyte-predominant breast
cancer: >50%). To reduce Type | errors across multiple tests generated in ANOVA, a
Bonferroni-correction was used to set a cut-off of 0.001 for significant p-values. Post-hoc
multiple comparisons using Tukey Honest Significant Difference (HSD) test were used to assess
significant differences in pairwise group comparisons. A multiple regression analysis in Cohort
A (due to a larger sample size compared to Cohort B) was used to build a predictive model for
identifying immune-enriched breast tumors based on the 4-biomarker signature. For this
analysis, H&E sTILs counts were entered as the variable to predict. The predictive model
generated, for each patient, a continuous immune score based on the 4-biomarker signature. High

values of this score represented immune-enriched breast tumors.

4.3 Results
4.3.1 Overview of DSP digital counts of the 31 biomarkers

A single tissue microarray slide for each cohort (represented by duplicated cores) was
stained and analyzed by using the Nanostring Digital Spatial Profiler (Figure 4.1). Tissue
microarray cores representing 37 out of 39 cases from Cohort A and all 20 cases from Cohort B

were interpretable by DSP. DSP digital counts were obtained for all the biomarkers included in
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the immuno-oncology panel (Appendix Table B.1). All counts were normalized using
hybridization technical controls as described in Material and methods. For cases with
interpretable digital spatial profiling counts on duplicated cores (N=34 in Cohort A and N=19 in
Cohort B), there was a good to excellent core-to-core agreement (intraclass correlation greater
than 0.75) in the 31 biomarker expression counts for the majority of cases (68% for cohort A and
58% for cohort B) with only a few cases (less than16% in both cohorts) having poor (intra class
correlation <0.5) core-to-core agreement (Figure 4.2).

In both cohorts, DSP digital counts for tissue microarray cores were highly variable
ranging from less than 100 counts for biomarkers including antibody isotype controls and
FOXP3 to high values of more than 80,000 counts for biomarkers such as Pan-cytokeratin and -
catenin (Figure 4.3, bottom tables). DSP digital counts for mouse isotype control was
significantly higher in Cohort B in comparison to Cohort A and a similar trend for the rabbit
isotype control (p=0.07) was observed, suggesting a possible experimental variation (Figure
4.4A). However, there was no significant difference in digital counts for reference biomarkers
(Histone H3 and Ribosome S6), indicating that cellularity was comparable between the tissue
microarray cores (Figure 4.4B). For further DSP analyses, a signal to noise ratio normalization
was applied to DSP counts using isotype controls counts to remove non-biological background
variance (Appendix Table B.2).

4.3.2 Validation of CD8 and PD1 DSP counts by immunohistochemistry and correlations
with tumor infiltrating lymphocyte counts

To validate the biomarker digital counts generated by the digital spatial profiling, we
analyzed immunohistochemistry scores assessed visually by a pathologist for CD8 and PD1

previously stained on the Cohort B tissue microarray. Based on our established, published cut-
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points®242 CD8+ iTILs (>1) were present in 55% of cases whereas PD1+TILs (>1) were
observed in 50% of cases. CD8 and PD1 immunohistochemistry continuous scores significantly
(p<0.001) correlated with the CD8 and PD1 DSP counts performed on sections from the same
tissue microarray (Spearman rho r=0.674 for CD8 and r=0.838 for PD1: Figure 4.5A; B). We
found that there were 8 cases (40%) with PD1+ lymphocytes that were only detected by DSP,
although the PD1 digital counts for these specific cases were in the lower range of distribution of
PD1 DSP counts (Figure 4.5B). Similar findings were observed for differences between CD8
DSP counts and immunohistochemistry scores.

As H&E sTILs scores were available for both cohorts, we also analyzed the Spearman
rank correlation between visual counting of lymphocytes with CD45 DSP counts (a general
marker for lymphocytes) (Figure 4.5C-D). H&E sTILs scores and CD45 DSP counts
significantly correlated (p<0.001) with each other, supporting that the level of immune cells
detected by CD45 using DSP directly reflects the number of morphologically-characterized
lymphocytes visually identifiable in a core.

4.3.3 Distinct breast cancer immune expression profiles are illustrated by DSP

Normalized counts of the 31 biomarker DSP immuno-oncology panel were subjected to
an unsupervised hierarchical clustering analysis for each cohort (Figure 4.6). Cohort A (n=37)
was clustered into 4 groups whereas Cohort B (n=20) partitioned into 3 groups (Figure 4.6).
The level of immune infiltration based on the immune biomarkers’ expression counts varied
greatly between these groups. In Cohort A, breast cancer patients in Groups A2 and A3 showed
the highest immune infiltration including high levels of CD45, CD3 and CD20 counts in
comparison to patients represented in Group Al and A4 (Figure 4.6A). However, patients in

Group A2 had the most immune-enriched tumors among all the groups (Figure 4.6A). In Cohort
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B, Group B2 included breast cancer patients with high levels of CD45, CD45R0, CD8, and
CD20 counts whereas patients in Groups B1 and B3 had low to intermediate level of immune
infiltration in their basal-like tumors (Figure 4.6B).

As expected, pan-cytokeratin counts were elevated in patients with low immune
infiltration in their tumors for both cohorts (i.e., in groups A1/A4 compared to groups A2/A3 for
cohort A and in groups B1/B3 compared to group B2 for cohort B, Figure 4.6) although it did
not reach statistical significance. Similar non-significant trends were observed for additional
non-immune biomarkers elevated in immune-desert breast tumors including p-AKT and beta-
catenin in Cohort B (Figure 4.6B). Moreover, counts for B7-H3, an emerging immune
checkpoint molecule?®, appeared to be inversely correlated with immune infiltration in Cohort A
(Figure 4.6A).

No significant associations with any of the clinicopathological parameters tested were
found, likely due to the limited sample size in each cohort (Tables 4.2 and 4.3). However, in
survival analyses (on Cohort A), improved breast cancer-specific survival was associated with
immune-enriched DSP profiles (Figure 4.7). All the patients with death attributed to breast
cancer in this 7-year follow-up were among the DSP profile groups with low tumor-immune
infiltration, namely Al and A4. Due to the absence of events in the immune-enriched DSP
profiles, hazard ratios could not be computed.

4.3.4 Identification of a set of biomarkers most associated with immune-enriched profiles
in both cohorts

To determine which were the key biomarkers included within the DSP immuno-oncology

panel that would discriminate between immune-enriched and immune-desert breast tumors, |
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conducted a one-way analysis of variance among patients stratified by the different levels of
H&E sTILs shown in Table 4.2 and 4.3.

After performing log transformation of the DSP counts for all 31 biomarkers as per
standard procedure to allow one-way analysis of variance tests statistics to be calculated, | found
8 biomarkers out of 31 with significant Bonferroni-corrected p-values showing a difference in
expression between patients with different levels of H&E sTILs in Cohort A. These were: CD20,
CD45RO0, CD3, PD1, CD4, CD45, CD8 and CD19 (Table 4.4).

In Cohort B, only 4 out of 31 biomarkers were differentially expressed among patients
with different levels of H&E sTILs and all 4 biomarkers (CD20, CD3, PD1 and CD45) were also
shared with Cohort A (Table 4.4). Post-hoc pairwise comparison analyses using Tukey honest
significant difference test indicated which H&E sTILs groups had significant differences in
expression of the selected biomarkers (Table 4.4). The B-lymphocyte biomarker CD20 had the
highest fold change in expression between patients with lymphocyte-predominant breast cancers
and patients with low levels of H&E sTILs. There was a more than 100-fold difference for
Cohort A and a nearly 50-fold difference in expression for Cohort B (Table 4.4). | settled on the
4 immune biomarkers (CD20, CD3, PD1 and CD45) differentially expressed in both cohorts as a
potential candidate protein biomarker-signature for immunogenic breast cancers.

The 4 biomarker-signature was entered in a multiple regression analysis to build a
predictive model for immune-enriched breast tumors (see methods section for details-Table 4.5).
The equation yielded in the predictive model showed a higher coefficient factor for PD1 DSP
counts in comparison to the other 3 biomarkers (1.412 for PD1 vs 0.035 for CD3 counts),

suggesting a significant contribution of PD1 counts to predict immune-enriched tumors. In
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contrast, as CD45 expression is not restricted to lymphocytes, a negative coefficient factor was
associated with CD45 DSP counts in the predictive model.

In both cohorts, this predictive model yielded a good to excellent area under the receiver
operating characteristic curve (AUC=0.829 for Cohort A and AUC= 1.00 for Cohort B),
indicating that this model accurately identified immune-enriched breast tumors (Table 4.5). In
cohort A, the 4-biomarker signature (treated as a continuous variable) correlated with improved
breast cancer-specific survival albeit not reaching statistical significance (HR: 0.65 , 95%

CI:0.35-1.09, Wald test p= 0.10).

4.4 Discussion

Using the digital spatial profiling technology, | was able to profile 31 protein biomarkers
for their expression in 59 breast cancer patient surgical samples using just two TMA slides.
Digital counts obtained by DSP on tissue microarray cores show a good core-to-core agreement
between duplicated cores and exhibited a high dynamic range from biomarkers with low counts
such as FOXP3 to highly abundant proteins such as cytokeratins. Digital counts from isotype
controls showed variation between cohort A and cohort B whereas cellularity remained similar
between the two cohorts. Furthermore, | directly validated CD8 and PD1 DSP digital counts by
single stain immunohistochemistry and indirectly validated CD45 DSP digital counts by
assessing H&E sTIL scores. The immune biomarker expression profiles illustrated by DSP were
significantly associated with survival in one cohort. Our discovery-based study identified a
signature of 4 key biomarkers (CD20, CD3, PD1 and CD45) that best discriminate immune-

enriched from immune-cold breast tumors in the tested study cohorts. This represents the first
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study to investigate immune expression profile in breast cancer tissue microarrays using the
digital spatial profiling Nanostring-based technology.

In situ detection of multiple biomarkers in tumor tissues can also be done by fluorescent
multiplex IHC or by mass cytometry. One of the most commonly used fluorescent multiplex IHC
methods compatible with autostainers is the Opal system by Perkin Elmer. The Opal system
offers the visualization of up to six target biomarkers in tumor tissues and is a preferred tool for
proteins of low abundance as it has increased sensitivity due to tyramide-based signal
amplification®°. However, some of the disadvantages of this technique include: 1) the need for
signal amplification which does not provide the relative abundance of the target in the tissue; 2) a
requirement for particular planning of sequential staining of compatible antibodies in a panel,
which is a laborious task and limits the number of targets that can be detected and 3) this
technique requires building and training algorithms for multispectral image analysis2>3261-264,

Multiplex detection by mass spectrometry such as mass cytometry or multiplex-ion beam
imaging techniques can identify more biomarkers than conventional multiplex IHC and offers
quantitative measurement but still requires training for digital image analysis and can be time-
consuming 25428, In contrast, the 31 biomarker expression DSP digital counts were generated
automatically without signal amplification steps and without an image analysis training step.
Thus, the Nanostring-based digital spatial profiling technology offers a way to quickly and
directly profile the tumor immune microenvironment and select key biomarkers for in-depth
analyses. Indeed, DSP was recently used in two different studies to profile immune biomarker
expression in tumor biopsies from melanoma patients receiving immune checkpoint inhibitors (a

combination of anti-CTLA4+ anti-PD1 agents or single anti-PD1 agent) and few immune
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biomarkers were found to correlate with response in the neoadjuvant setting and with increased
relapse-free survival in the adjuvant setting®°%:2>’,

In addition to identifying discrete breast cancer immune profiles, | was also able to
associate the DSP-derived immune expression profiles with clinical outcome in an exploratory
analysis. In Cohort A, the groups of patients with high tumor immune infiltration (A2 and A3)
were associated with significantly improved breast cancer-specific survival.

Using one-way analysis of variance statistics, | narrowed the DSP immuno-oncology
panel down to 8 biomarkers that discriminated the groups into high-vs low immune infiltrations.
These 8 biomarkers include a general lymphocyte marker (CD45) and more specifically
encompass immune cell populations including T cells (CD3, CD4, CD8), B cells (CD19, CD20),
exhaustion-immune checkpoint states (PD1), and memory state (CD45R0). In Cohort B, the
immuno-oncology panel was narrowed down to 4 immune biomarkers that associated with those
cancer patients with the highest tumor immune infiltration (grouped in lymphocyte-predominant
breast cancers group), all 4 of which were also incorporated within the 8-biomarker signature
from Cohort A. These 4 common biomarkers are CD20, CD3, PD1, and CD45. Furthermore, |
identified a predictive model to identify immune-enriched breast tumors based on the 4-
biomarker signature.

As this 4-biomarker signature illustrates, evaluating one immune biomarker at a time
leaves out important information that may have clinical utility (prognostic or predictive value).
Indeed, studies on predictive biomarkers of response to immune checkpoint inhibitors show the
need for assessing more than one biomarker?*>2492%5 [Reviewed by Gibney et al.?%¢]. DSP digital
counts from non-immune biomarkers such as beta-catenin and p-AKT appeared to positively

correlate with breast tumors with low immune infiltration (although it did not reach statistical
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significance in the two small cohorts). Beta-catenin has been reported to be associated with
immune-desert tumors [ Reviewed by Spranger S et al.,?®’] which further shows the importance
of assessing tumor intrinsic properties in multiplex panels as in the DSP.

Assessing H&E sTIL scores evaluates all the immune populations included in the 4-
biomarker signature, namely B cells, and T cells in different activation states. In my study, H&E
STIL scores correlate significantly with CD45 DSP counts. However, using this method, the
information of the individual contribution of each immune cell type to the overall immune
population is not evaluated. As this discovery-based study shows, biomarkers such as CD20, on
an average, have the highest DSP counts in tumor immune-enriched breast cancer patients. This
can be interpreted as B cells being the largest contributor to the total lymphocyte population
within the tumor, since DSP digital counts are directly reflective of the number of CD20
molecules present. However, this should be taken with caution as the abundance of each
antibody-targeted molecule per cell might be due to a difference in sensitivity of detection of
certain epitopes (e.g. the CD20 epitope targeted in the panel could be particularly highly
accessible in formalin-fixed paraffin-embedded tissues and/or could have an especially high
affinity for its antibody).

Immuno-oncology biomarker studies have largely focused on T cells?%5268 as PD-1 (expressed
on T cells) represents the target for the regulator-approved immunotherapy drugs in greatest
clinical use. In contrast, studies on the presence of B cells in breast cancer have been mostly
prognostic®888% with one study suggesting B cells are predictive of response to anthracyclines,
an immune-modulating chemotherapy agent'®. Certainly, B cells have pleiotropic functions
within tumors, including antigen presentation, which can enable a de novo immune response

within the tumor microenvironment2%°,
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Although the study I describe in Chapter 4 successfully identified immune expression
profiles from breast cancer patient specimens that have potential clinical relevance, | have to
acknowledge several limitations: 1) As it is a first study applying this novel technology to breast
cancer tissue microarray materials, the sample size was limited which can affect the variability of
DSP profiles if analyzed in a larger cohort; 2) DSP profiles in each cohort were selected in a
data-driven fashion based on the visual clusters generated by unsupervised hierarchical analysis
and data-driven model-building and thus, conclusions drawn from the biomarkers and panels
identified from this approach will require further validation on independent materials; and 3) due
to the limited sample size, the whole tissue microarray core was selected as a region of interest
without discriminating intraepithelial from stromal immune infiltration which prevented the
ability to assess the importance of biomarker localization in the tissue.

As the number of clinically relevant immune biomarkers discovered is likely to continue
rising, multiplex detection systems such as DSP will be needed to perform future studies.
Moreover, as Chapter 4 illustrates, DSP can generate a substantial amount of protein
measurements using only tissue microarray cores, therefore sparing precious patient tumor
tissues. This first study on breast cancer tissue microarrays supports DSP as a technology that
could be used to survey the immune context in tissue samples representing tumors responding
versus non-responding to immune-modulating therapies. A proposal to use DSP to evaluate the
capacity of immune biomarkers to predict response to immune-modulating chemotherapy in
breast cancer is presented at the end of this chapter with a future goal of applying the technology

on breast cancer immune checkpoint inhibitor clinical trials.
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4.5 Proposal to apply the Nanostring digital spatial profiling technology to clinical trials
material

Assessing the predictive value of immune biomarkers for response to anthracyclines, an immune-
modulating chemotherapy, in the MA.5 clinical trial

Tumor immunogenicity or the ability of cancer cells to produce antigens recognized by
the body’s immune system is a major biological feature underlying the success of
immunotherapy?’%2’t, A growing body of evidence suggests that some chemotherapy drugs, such
as anthracyclines, are immune-modulating as their effects include promotion of immune
activation, inhibition of immunosuppressive cells, and/or release of antigens from tumors in a
process termed immunogenic cell death'?2272273,

Pre-existing immunity in breast cancer patients treated with neoadjuvant anthracycline-
containing chemotherapy is associated with pathologic complete response in hormone-receptor
negative subtypes'®. However, in the adjuvant setting, the predictive value of a pre-existing anti-
tumor immune response is not clear. Some studies report solely a prognostic value for high levels
of H&E stained tumor-infiltrating lymphocytes in hormone-receptor negative breast cancer
patients treated with anthracycline-containing chemotherapy; others report a predictive value8'83,
The Canadian Cancer Trials Group (CCTG) MA.5 clinical trial randomized premenopausal
node-positive breast cancer patients to receive adjuvant Cyclophosphamide-Methotrexate-
5’Fluorouracil (CMF) or Cyclophosphamide-Epirubicin-5’Fluorouracil (CEF: anthracycline
substitution) and therefore provides an opportunity to evaluate the value of pre-existing
immunity in breast cancer patients to predict benefit from adjuvant anthracyclines, an immune-

modulating chemotherapy.
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Problem: H&E stromal tumor-infiltrating lymphocytes represent a heterogeneous
population of immune cells and lack precision as a biomarker, highlighting a need to test more
advanced, specific biomarkers. However, individually testing the large number of biomarkers
required to identify immune populations and activation phenotypes in formalin-fixed paraffin-
embedded tissues would consume a considerable amount of precious Phase 11 trial material.

We propose to evaluate the predictive value of immune biomarkers of response to
immune modulating chemotherapy in patients from the MA.5 clinical trial by undertaking digital
spatial profiling (DSP) using NanoString’s new GeoMx technology, a method for which we have
generated relevant preliminary data on breast cancer tissue microarrays.

45.1 Hypothesis:

Breast cancer patients with pre-existing immune-enriched tumors assessed by the 4-
biomarker signature will benefit from adjuvant anthracycline-containing chemotherapy (CEF)
more than from CMF.

Our study objectives are:

1. Assess the predictive value of the 4-immune biomarker signature of response to

anthracycline-containing chemotherapy regimens

2. Characterize the pre-existing tumor immune microenvironment of a large set of

breast cancer patients using a 56 antibody multiplexed immuno-oncology panel on
the DSP Nanostring platform.
45.2 Materials and methods:

For this study, we will use the existing TMAs built from surgical excision tumor

specimens from the patients in MA.5. Our laboratory has experience using the MA.5 TMAs

which comprise 4 blocks representing a total of 511 cases with duplicated cores. One 4um FFPE
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unstained TMA section will be required for this study, which will be performed using a
Nanostring Digital Spatial Profiler instrument being installed on site. The DSP immuno-
oncology panel will be purchased from Nanostring and current iteration of this panel includes 56
biomarkers (Table 4.6).

Fluorescent visualization markers for selection of regions of interest will include a tumor
marker (Pan-cytokeratins), a lymphocyte marker (CD45) and DAPI as a nuclear stain. To allow
the assessment of intraepithelial vs stromal immune infiltration, a pan-cytokeratin and CD45
mask will be used to select two regions of interest (ROIs) per TMA core per patient to be
analyzed by DSP (a total of 2044 ROIs). Pan-cytokeratin positive/CD45 negative will be defined
as intraepithelial regions whereas stromal regions will be identified as pan-cytokeratin
negative/CDA45 positive. Analysis of biomarker expression counts in each ROI will be conducted
in our lab using the Nanostring DSP platform. Internal spike-in hybridization controls and a
signal to noise ratio will be applied for data normalization prior to statistical analyses.

45.3  Statistical design:

MA.5 randomized 710 node-positive premenopausal breast cancer patients to receive
adjuvant anthracycline-containing chemotherapy (CEF, n=351) versus CMF (n=359). The 10-
year follow-up trial results showed superiority of CEF over CMF for the primary endpoint,
relapse-free survival (HR=1.31; 95%ClI, 1.06 to 1.61; stratified log-rank, p=0.007)%"*. The MA.5
TMA consists of 511 breast cancer patients representing 72% of the clinical trial’s population.
We hypothesize that there will be a significant interaction observed between MA.5 study arm
(CEF vs CMF) and a pre-existing antitumor immune response for the trial’s primary endpoint,

relapse-free survival.
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Drawing from our recently-completed discovery-based study on breast cohort TMAS, we
will evaluate the predictive value of the 4-biomarker signature (CD20, CD3, PD1 and CD45) in
the intraepithelial region as our primary hypothesis.

Precisely, the level of immune infiltration in breast tumors will be based on the score generated
by the 4-biomarker predictive model as presented in the initial cohort-based study.

The Canadian cancer trials group statisticians following a formal pre-specified written
statistical plan will conduct all clinical analyses. The initial analyses will include a) a table of
patient characteristics (age, nodal status, tumor stage, intrinsic subtypes previously defined by
PAM50%, according to 4-biomarker signature (as a continuous variable); b) a distribution of the
4-biomarker signature by treatment regimen (CEF vs CMF) to assess any improper balances
between patients in CEF and in CMF treatment arms .

If there are no significant imbalances, Kaplan-Meier estimates in univariate analyses and
multivariate cox regression analyses will use relapse-free survival as a primary endpoint and
overall survival as secondary endpoint stratified by the 4-biomarker signature. Our analyses will
first focus on the CEF arm alone as CMF can potentially have an immune modulating effect that
could lower our power to see an effect of pre-existing immunity in response to CEF. Benefit of
CEF will be estimated for all patients stratified by the 4-biomarker signature. As a secondary
analysis, we will analyze benefit of CEF vs CMF for all patients stratified by the 4-biomarker
signature. A treatment x 4-biomarker immune signature interaction term will be calculated using
the likelihood ratio test to assess benefit of CEF vs CMF in all patients stratified by the 4-
biomarker signature. Prognostic and unsupervised hierarchical clustering analyses using the full

DSP 56 immune biomarker panel will be conducted as exploratory analyses.
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A finalized specific statistical plan will be discussed with the Canadian cancer trials
group statisticians following initial gathering and processing of DSP results and reassessment of
study power based on the biomarker distribution and number of cases with interpretable data.
4.5.4  Significance of research:

This study proposes to evaluate, quantitatively, the complex tumor immune
microenvironment of breast cancer patient surgical specimens using the cores on existing tissue
microarrays via novel digital spatial profiling technology. As a result, large amounts of protein-
level biomarker data will be generated from tiny amounts of precious clinical trial material.

Furthermore, we will assess the predictive value of a pre-existing antitumor immune
response signature for benefit from anthracycline-containing chemotherapy. This could support
hypotheses that particular chemotherapy regimens act in part via the immune system. Biomarker
results could potentially help to better identify those breast cancer patients most amenable to
immune-modulating anthracycline chemotherapies vs. those who might be spared their

sometimes severe side effects.
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(1) Antibody cocktail

AKT, B7-H3, Bcl-2, B2M, B-catenin,

CD14, CD19, CD3, CD4, CD44, CD45, (2)
CD45R0O, CD56, CD68, CD8A, (3)
FOXP3,GZMB, Histone H3, IgG Rb .
Ctrl, IgG Ms Ctrl, Ki67, CD20, p-AKT, Selection of ROIs L .
Pan-CK, PD-1, PD-L1, VISTA, PTEN, Cohorta  CohortB Aspiration of DNA oligos for each ROI

p-STAT3, STAT3, S6

Hybridize and count using —
Nanostring nCounter _ 96-well plate

Figure 4.1 Schematic of DSP analysis process on Cohort A and B TMAs

(1) An antibody cocktail is applied to formalin-fixed paraffin-embedded tumor tissue from a 4
micron section of a tissue microarray. Green-highlighted biomarkers in the antibody cocktail
represent immune cell populations. (2) The slide is visualized using 3 fluorescent markers
included in the antibody cocktail (Pan-CK in green, CD45 in red and a nuclear stain in blue) and
is used to select the regions of interest (ROIs). 37/39 cases were interpretable for Cohort A. All
20 cases were interpretable for Cohort B. (3) DNA oligos attached to each antibody are cleaved
by UV in the selected ROI and aspirated oligos are dispensed into a 96-well plate. The process
repeats for each ROI. (4) 96-well plate is put into the Nanostring nCounter for hybridization to
corresponding capture/reporter probes and digital counts for each antibody-targeted biomarker
are generated.
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Figure 4.2 Core-to-core agreement on DSP measurements for biomarker expression counts

Graphs depicting the intraclass correlation coefficient computed for the 31 biomarkers expression counts measured in each pair of
duplicated tissue microarray cores for each patient in Cohort A (top) and Cohort B (bottom) . Numbers shown in each brackets
represent the tissue microarray core number of duplicates.
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Figure 4.3 Distribution of DSP digital counts.
Top, boxplots illustrating DSP digital normalized counts (minimum-maximum) obtained for each DSP target in each cohort. Bottom,

tables representing median counts and interquartile range for each DSP target in each cohort.
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Figure 4.4 Comparison of background variance and sample cellularity between Cohort A
and Cohort B.

A, boxplots depicting DSP normalized counts for each isotype antibody control (Mouse and
Rabbit) in each cohort and used to evaluate background variance. B, boxplots illustrating DSP
normalized counts for 2 reference protein biomarkers (Histone H3 and Ribosome S6) used to
evaluate sample cellularity. A Mann-Whitney test was used to assess significant difference in
DSP counts for isotype controls or reference proteins between Cohort A and Cohort B.

ns: non-significant p value
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Figure 4.5 Validation of digital spatial profiling counts by immunohistochemistry and
H&E staining.
Correlation between CD8 (A), PD1 (B) digital spatial profiling counts and

immunohistochemistry scores. (C, D) Correlation analysis between stromal tumor-infiltrating

lymphocytes (sTILs) scored on H&E-stained slides and CD45 DSP counts in Cohort A and B.

Spearman rho correlation coefficient and p values are displayed for each correlation analysis
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Figure 4.6 Unsupervised hierarchical clustering of patients in Cohort A and B based on biomarker expression counts analyzed
by DSP.

Top, heatmaps generated based on DSP technical control-normalized counts for each region of interest (or tissue microarray core) in
each cohort. Bottom, DSP counts for regions of interest representing duplicated tissue microarray cores were averaged and a heatmap
representing DSP counts per patient was generated for each cohort. Bottom of each heat map shows the clinico-pathological
parameter associated with each patient. Color bar in the middle of the 2 heatmaps denotes the biomarkers counts.

H&E sTILs: Hematoxylin and eosin-stained stromal tumor-infiltrating lymphocytes; LVI: Lymphovascular invasion; LN: Lymph node
status
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Figure 4.7 Prognostic value of DSP immune profiles in breast cancer patients from Cohort
A

Kaplan Meier curves of breast cancer-specific survival (BCSS) among patients with interpretable
DSP counts (n=37/39) stratified by DSP clusters. The median follow-up time was 43 months.
Number of events for each curve and the log rank p value of the Kaplan Meier are displayed.
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Table 4.1 Cohort description

Cohort A
Parameters N
Age (yrs)
<50 6
=250 33 (85%)
Tumor size (cm)
<2 15
>2 33 (61%)
Tumor Grade
Grade 1 or 2 12
Grade 3 27 (69%)
PAMS50
subtypes
Luminal A 6
Luminal B 12
HER2E 5
Basal-like 15 (40%)

Cohort B
Parameters N
Age (yrs)
<40 4
240-47 16 (80%)
Tumor size (cm)
<2 10
>2 8 (44%)
Tumor Grade
Grade 1 or 2 0
Grade 3 19 (100 %)
Lymph node status
Negative 6
Positive 10 (63%)
Lymphovascular
invasion
Absent 13
Present 5 (28%)
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Table 4.2 Cohort A DSP immune expression profile associations with clinicopathological

parameters*
Cluster: A1 A2 A3 A4 p**
(n=6) (n=6) (n=11) (n=14)
Age (yrs) 0.10
<50 2 (33%) 0 0 4 (29%)
=50 4 (67%) 6 (100%) | 11 (100%) | 10 (71%)
Tumor size (cm) 0.35
<2 1 (17%) 4 (67%) 4 (40%) 5 (36%)
>2 5 (83%) 2 (33%) 6 (60%) 9 (64%)
Tumor Grade 0.86
Grade 1 or 2 2 (33%) 2(33%) 4 (36%) 3(21%)
Grade 3 4 (67%) 4(67%) 7 (64%) 11 (79%)
PAMS50 subtypes 0.40
Luminal A 0 1 (17%) 2 (18%) 2 (14%)
Luminal B 3 (60%) 1 (17%) 3(27%) 4(29%)
HERZ2E 2 (40%) 1 (17%) 0 2(14%)
Basal-like 0 3 (50%) 6 (55%) 6 (43%)
H&E sTILs level 0.001
Low (<10%) 3 (50%) 0 4(36%) 10 (71%)
Intermediate (=210-<50%) | 3 (50%) 3 (50%) 7 (64%) 4 (29%)
High or LPBC (=50%) 0 3 (50%) 0 0

LPBC: Lymphocyte-Predominant Breast Cancer

* Lymphovascular invasion and nodal status information were not available for the

analysis.**Chi-square test
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Table 4.3 Cohort B DSP immune expression profile associations with clinicopathological

arameters
Cluster: B1 B2 B3 p*
(n=5) (n=8) (n=7)
Age n/a
<50 5 8 7
250 0 0 0
Tumor grade n/a
Grade 1 or 2 5 8 7
Grade 3 0 0 0
Tumor size (cm) 0.67
<2 3 (60%) 4 (67%) 3 (43%)
>2 2 (40%) 2 (33%) 4 (57%)
Lymphovascular invasion 0.5
absent 2 (50%) 6 (75%) 5 (83%)
present 2 (50%) 2 (25%) 1 (17%)
Lymph node status 0.22
negative 0 4 (57%) 2 (33%)
positive 3(100%) 3 (43%) 4 (67%)
H&E sTILs level 0.02
Low (<10%) 4 (80%) 0 2 (29%)
Intermediate (=10-<50%) 1(20%) 2 (25%) 3 (43%)
High or LPBC (250%) 0 6 (75%) 2 (28%)

n/a: Not applicable

LPBC: Lymphocyte-Predominant Breast Cancer

*Chi-square test
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Table 4.4 Identification of key biomarkers in breast tumors stratified by H&E sTILs levels
from Cohort A and B.

Cohort A
Biomarker F value p Post-hoc multiple LOG2 mean p
comparison among H&E difference
sTILs levels (95%Cl)

1. CD20 22.186 | <0.001 LPBC intermediate | 4.78 (2.04-7.52) | <0.001
Low 7.07 (4.33-9.81) | <0.001

Intermediate Low 2.29 (0.79-3.79) 0.002

2. CD45RO | 21.220 | <0.001 LPBC intermediate | 2.89 (1.41-4.36) 0.001
Low 3.85 (2.38-5.33) | <0.001

Intermediate Low 0.96 (0.16-1.77) 0.02
3. CD3 20.144 | <0.001 LPBC intermediate | 3.46 (1.58-5.34) | <0.001
Low 4.74 (2.86-6.62) | <0.001

Intermediate Low 1.28 (0.25-2.31) 0.01

4. PD1 18.824 | <0.001 LPBC intermediate | 1.97 (0.81-3.14) 0.001
Low 2.81(1.64-3.98) | <0.001

Intermediate Low 0.84 (0.20-1.48) 0.008
5. CD4 15.746 | <0.001 LPBC intermediate | 2.29 (1.091-3.50) | <0.001
Low 2.76 (1.55-3.96) | <0.001

Intermediate Low 0.46 (-0.198-1.12) | 0.22

6. CD45 15.679 | <0.001 LPBC intermediate | 3.46 (1.36-5.56) 0.001
Low 4.69 (2.60-6.79) | <0.001

Intermediate Low 1.23 (0.08-2.38) 0.03

7. CD8A 14.466 | <0.001 LPBC intermediate | 2.90 (1.09-4.71) 0.001
Low 3.90 (2.09-5.71) | <0.001

Intermediate Low 0.99 (0.001-1.98) 0.05
8. CD19 13.091 | <0.001 LPBC intermediate | 2.98 (1.38-4.59) | <0.001
Low 3.34 (1.74-4.95) | <0.001

Intermediate Low 0.36 (-0.52-1.24) 0.58

Cohort B
Biomarker F value p Post-hoc multiple LOG2 mean p
comparison among H&E difference
STILs levels (95%Cl)

1. PD1 16.757 | <0.001 LPBC intermediate | 0.60 (-0.46-1.65) 0.34
Low 2.34 (1.28-3.39) | <0.001

Intermediate Low 1.74 (0.61-2.87) 0.003

2. CD20 14.777 | <0.001 LPBC intermediate | 2.38 (-0.3-5.02) 0.08
Low 5.60 (2.96-8.24) | <0.001

Intermediate Low 3.22 (0.40-6.05) 0.02

3. CD3 10.913 0.001 LPBC intermediate | 0.07 (-1.62-1.77) 0.99
Low 2.82 (1.13-4.52) 0.001

Intermediate Low 2.75 (0.93-4.56) 0.003

4. CD45 1.455 0.001 LPBC intermediate | 0.51 (-1.53-2.56) 0.80
Low 3.48 (1.43-5.52) | 0.001

Intermediate Low 2.97 (0.78-5.15) 0.008

LPBC: Lymphocyte-Predominant Breast Cancer
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Table 4.5 Assessment of the 4-biomarker signature for detecting immune-enriched breast tumors

AUC (95% CI) Hazard ratio for breast cancer-specific

survival (95%Cl), p value

4-biomarker signature in Cohort A 0.828 (0.697-0.962) 0.65 (0.39-1.09), p=0.10

4-biomarker signature in Cohort B 1.00 N/A

Predictive model: 4.051+ (0.035*[CD3 DSP counts]) + (1.412*[PD1 DSP counts])-(0.079*[CD45 DSP counts])+(0.055*[CD20 DSP

counts])
AUC: Area under the receiver operating characteristics curve

N/A: No outcome data was available to compute hazard ratios in Cohort B
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Table 4.6 List of biomarkers in the commercially available DSP immuno-oncology panel
that will be used for the study on MA.5 clinical trial

Biomarker module Biomarker list

Immune cell profiling core  Beta-2-microglobulin, CD11c,CD20,CD3,CD4,CD45,CD56, CD68,

(20 markers) CD8, CTLA4, GZMB, Histone H3, Ki-67,PD1, PD-L1, Pan-
cytokeratin, HLA-DR, SMA, Fibronectin, TGF-B
Immuno-oncologydrug 4-1BB,B7-H4, LAG-3,0X40L, TIM-3, VISTA,ARG1,B7-H3, GITR,

targetmodule (11 markers) I1DO-1,STING

Immune activation status CD127,CD25,CD80,CD86,ICOS,PD-L2,CD40,CD40L,CD27,
module (10 markers) CD44

Immune cell typing module CD45R0O,FOXP3,CD34,CD66b,gamma delta TCR, CD14,
(8 markers) FAPalpha, CD163

Pan-tumormodule MART1, NY-ESO-1, S100B, Bcl-2, EpCAM, Her2/ERBB2, PTEN
(7 markers)
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Chapter 5: Overall conclusions and future directions

5.1 Summary of findings

Although breast cancer has not been generally viewed as an immunogenic cancer, the
body of work presented in this thesis and accumulating evidence from others illustrates that this
view is only applicable to a portion of breast cancers. Out of 3,992 breast cancer pathology
specimens profiled in this thesis, hormone receptor negative breast cancers (specifically HER2+
and basal-like breast cancer subtypes) were frequently enriched in immune infiltrates. The
immune populations evaluated in Chapter 2 (LAG-3) and Chapter 3 (TIM-3) express
immunotherapy targets for agents currently in early phase clinical trials, guided by the
remarkable results reported from agents targeting the PD-1/PD-L1 pathway in multiple cancer
types. Thus, this work provides important pre-clinical data on the selection of breast cancer
patients amenable to testing such new immunotherapy agents.

Although Chapter 2 and Chapter 3 are quite similar, there were some differences in
statistical analyses presented in each chapter such as conducting an interaction test between
LAG-3 and breast cancer intrinsic subtypes for predicting survival in Chapter 2 and prognostic
analyses of TIM-3 (Chapter 3) using overall survival as an endpoint. The different statistical
analyses were provided to address reviewers’ comments for each publication.

Predictive biomarkers for cancer immunotherapy are still being investigated and results
from immune checkpoint clinical trials point to multiple candidates rather than a single
biomarker. In Chapter 4, | profiled the immune expression of 57 breast cancers in a discovery-
based study using breast cancer tissue microarrays to test a new multiplex technology called
digital spatial profiling by Nanostring. This technology simultaneously and quantitatively

assessed the expression of 31 biomarkers, representing predominantly an immuno-oncology
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panel. | identified a signature of 4 biomarkers highly expressed in immune-enriched breast
cancers. In addition, | present, at the end of Chapter 4, a proposal to apply the digital spatial
profiling technology onto breast cancer clinical trial specimens to validate the prognostic aspect
of this signature and to assess the predictive value of the 4-biomarker signature for response to
anthracyclines, a type of chemotherapy drug with immune-modulating effects. Results from the
proposed study will serve as a framework for evaluating the predictive value of immune
biomarkers for response to immune checkpoint inhibitors in breast cancer immunotherapy
clinical trials.
5.1.1 Perspectives for LAG-3-targeted agents

In Chapter 2, I investigated the presence of a newly recognized targetable immune
checkpoint called LAG-3 in a large cohort of breast cancer patients. LAG-3 expression on
tumor-infiltrating lymphocytes was enriched in basal-like breast cancers, highly associated with
breast cancers positive for PD-L1 expression and was an independent favorable prognostic
factor. This work constitutes the largest evaluation of the expression of LAG-3, PD-1, and PD-
L1 at the protein level in breast cancer excision specimens.

A recent single-cell sequencing study of breast cancer excision specimens identified
LAG3 gene expression as one of the characteristic markers for tissue resident memory T cells,
cells that are thought to be the key players in mediating the effects of immune checkpoint
inhibitors®”®. LAG-3 can also be secreted in a soluble form with activating or inhibitory function
on various immune populations but its cell surface expression on effector T cells leads to
exhaustion'**278 | This apparent contradiction may be partly due to the variety of LAG-3
ligands?’®. There is an ongoing Phase I1 clinical trial evaluating the efficacy of a LAG-3 agonist

(IMP321) in hormone receptor-positive breast cancer patients which reported (as interim-results)
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that no dose limiting toxicities in the 15 patients enrolled were observed?’” (NCT02614833). At
the time of this writing, there were few anti-LAG-3 antagonistic agents being evaluated in
clinical trials. An early report from a phase I/11 clinical trial evaluated an anti-LAG3 agent
(LAG525) alone or in combination with an anti-PD1 agent in advanced malignancies, and found
that the combination was well tolerated with promising signs of response in triple negative breast
cancer patients?’® .

The enthusiasm for finding new immune checkpoint targets for cancer immunotherapy
and early results from LAG3 clinical trials point to LAG3 as a promising new candidate in breast
cancer immunotherapy. Furthermore, results presented in Chapter 2 can help guide
combination strategies with other immune checkpoint targets.

5.1.2 Perspectives for TIM-3-targeted agents

In Chapter 3, I evaluated the expression of TIM-3, an emerging immunotherapy target,
on tumor-infiltrating lymphocytes in our large cohort of 3,992 breast cancer patients. | found that
in contrast to LAG-3, breast cancers infiltrated with TIM-3+ tumor-infiltrating lymphocytes were
not particularly associated with the presence of a specific immune checkpoint biomarker but
rather were strongly associated with all of them (PD-1, LAG-3, PD-L1). Moreover, TIM-3
remained an independent favorable prognostic factor in a multivariate analysis that included
H&E sTILs as a covariate.

Some properties that contribute to make TIM-3 unique include its expression on several
immune populations (resident memory T cells, macrophages and dendritic cells) and having
multiple ligands (Galectin-9, CEACAM-1, Phosphatidyl serine)?427>. The significance of TIM-
3 as an immune checkpoint was again put in evidence in a recent study that identified rare

germline mutations in HAVCR2 (TIM-3 coding gene) associated with TIM-3 deficiency that lead
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to hematological malignancies in humans?”®. Results from early phase clinical trials of various
anti-TIM-3 agents are yet to be published.
5.1.3 Digital Spatial profiling

Chapter 4 is quite distinct from the other chapters as it describes the application of a new
technology, called digital spatial profiling, that | tested on two distinct, smaller tissue microarray
cohorts. As the immuno-oncology field continues to expand and a variety of clinically relevant
immune biomarkers are discovered, it is becoming important to have the tools to identify and
ideally quantify multiple markers within formalin-fixed, paraffin-embedded patient tumor tissues
removed at biopsy or surgery.

Immunohistochemistry is the workhorse in research or clinical pathology and although it
is a simple methodology as an in situ detection system, conventional multiplex
immunohistochemistry is restricted to antibody species that can work together sequentially as
primary and secondary antibodies?®. In contrast, the latest fluorescent multiplex
immunohistochemistry systems (such as the Opal system) circumvent the restriction of antibody
species by employing sequential antibody-directed attachment of fluorophores to the target
epitopes®®3. However, this necessitates repeated antibody stripping and sequential hybridization
steps that are unwieldy to run at scale; the most elaborate Opal detection system can measure up
to six target biomarkers and thus would serve best as a validation tool for short lists of key
biomarkers discovered by more highly multiplexed methods such as Nanostring-based digital
spatial profiling. To measure multiple biomarkers quantitatively while preserving their spatial
distribution in tumor tissue, conventional or fluorescent multiplex immunohistochemistry offers

more highly resolved spatial distribution, but not such precise quantitative measurement.
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Mass spectrometry imaging such as mass cytometry is another in situ multiplex detection
system that offers quantitative measurement. It uses antibodies labeled with elemental isotopes
thereby bypassing the requirement for different species’ primary antibodies and fluorophore
emission spectra when assaying multiple biomarkers and has recently been used to evaluate

immune infiltrates in breast cancer tissue microarrays?>*

but the technology requires the building
of algorithms for multispectral imaging.

The digital spatial profiling technology allowed me to generate immune profiles of 57
breast cancer patients by analyzing the expression of 31 biomarkers using tissue microarray
cores. Although there were only 4 out of 31 biomarkers that significantly distinguished immune-
enriched from immune-desert breast tumors in the initial data sets, there were interesting trends
observed with additional biomarkers such as beta-catenin and B7-H3 which show the value of
assessing multiple biomarkers at once. As outlined in the proposal study at the end of Chapter
4, the clinical value of the 4-biomarker signature is intended, in future studies, to be evaluated
using clinical trials specimens from breast cancer patients that received immune-modulating
therapies including immune checkpoint inhibitors.

5.2 Significance of the research and perspectives for the future of breast cancer
immunotherapy

Immunotherapy for breast cancer is just at its beginning and results from therapeutic
agents being evaluated in ongoing clinical trials will provide more insights into factors enabling
or preventing breast tumor responses to immunotherapies. This body of work brings a significant

contribution into guiding the selection of breast cancer patients for clinical evaluation of

emerging targets in immunotherapy. Furthermore, Chapter 4 provides a framework and tools for

125



efficiently and quantitatively profiling immune expression in breast cancers by simultaneously
screening multiple biomarkers using only a tiny fraction of tissue in precious tumor samples.
As | demonstrate in this thesis, current strategies for immune restoration appear most applicable
to a fraction of immunogenic breast tumors. Most breast cancers have low immunogenicity (i.e.,
hormone receptor positive breast cancers) and will likely require different or a variation of
current therapeutic strategies such as immune-modulating combination treatments. An example
of that approach includes cyclin-dependent kinase 4/6 inhibitors that have shown impressive
results in breast cancer clinical trials and have now been approved by health authorities®. A
recent study showed that in addition to inhibiting breast cancer growth, abemaciclib, a cyclin-
dependent kinase 4/6 inhibitor, provoked anti-tumor innate and adaptive immune responses in
mice and thus provides pre-clinical evidence that supports combining CDK4/6 inhibition with
anti-PD-L1 agents?!. This strategy is being evaluated in early phase I/11 clinical trials
(NCT01676753; NCT02778685; NCT02779751; NCT03294694; NCT03573648) with

280 Additional immune-

promising preliminary results already reported in conference proceedings
modulating combination treatments strategies can include radiotherapy and DNA-demethylating
agents®®2,

In conclusion, the body of work and studies presented in this thesis contributes to the
rapidly-expanding field anti-tumor immunity in breast cancer and supports the clinical evaluation
of immune checkpoint combination immunotherapy that includes LAG-3 and TIM-3-targeted
agents. The variety of therapeutic strategies and targets in cancer immunotherapy will continue

to broaden; all with the hope of achieving personalized immunotherapy options for breast cancer

patients, likely facilitated by technologies such as DSP.
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Appendix A

Supplemental information on LAG-3 assay

Antibody: LAG-3
Clone: 17B4
Reactivity: Human

Sensitivity and Specificity

LAG-3 mouse clone 17B4 (Abcam) recognizes amino acids 70-99 of human LAG-3 protein.
Clone 17B4 was tested by Western blot by the supplier using recombinant human LAG-3
protein. Other tested applications of LAG-3 clone 17B4, including flow cytometry and
immunohistochemistry on formalin-fixed paraffin-embedded tissues, were reported in previous
publications [PMID: 21441454; 25358689, 27301722, and 27912781].

Full protocol on Ventana

LAG-3 immunostains on tissue microarrays were performed on the Ventana Discovery Ultra
(Ventana Medical Systems, Tucson, AZ, USA) semi-automated immunostainer. Slides
underwent antigen retrieval with Standard Cell Conditioning 1 (Ventana Medical Systems)
followed by 120 minutes of primary antibody incubation with no heat and detected using
chromoMap DAB Detection Kit (Ventana Medical Systems). LAG-3 antibody (clone 17B4,
Abcam, ab40466) was applied at dilution of 1:100. Membranous staining on activated
lymphocytes localized in normal tonsil tissue served as a positive control.

Analytical validity

To assess the reproducibility of LAG-3 scoring, a second observer independently scored 145
cases from the training set (duplicate 0.6 mm diameter tissue microarray cores, stained by

immunohistochemistry per the above protocol). As in Chapter 2, IHC-positive lymphocytes
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were counted, and cases were categorized as positive if any (>0) were identified. There was a
substantial inter-observer agreement between LAG-3 dichotomized scores for both the primary
biomarker assessment in the Chapter 2 intraepithelial tumor infiltrating lymphocytes = iTILs
(Cohen’s kappa = 0.69 ((95% CI 0.49-0.84) and for the alternative assessment of stromal tumor

infiltrating lymphocytes, sTILs= 0.65 (0.46-0.81).
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Appendix B

Pre-specified statistical plan for Chapter 2 presented at the BC Cancer Agency Breast
Outcome Unit
List of hypotheses generated on the half of the validation cohort (n=2,003) and to be tested
on the other half (n=1,989):
1) Breast tumors with LAG3+TILs are associated with improved relapse-free survival
among ER-.
2) Breast tumors with PD1+TILs are associated with shorter relapse-free survival among
ER+ patients.
3) Breast tumors with LAG3+TILs and/or PD-1+TILs or PD-L1 are associated with
shorter disease-specific survival in cases that lack CD8+ iTILs and improved outcome in

cases with CD8+iTILs among ER- patients.
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Appendix C

Pre-specified statistical plan for Chapter 3 presented at the BC Cancer Agency Breast
Outcome Unit

List of hypotheses generated on the half of the validation cohort (n=2,003) and to be tested
on the other half (n=1,989):

1) ER- breast tumors (specifically the basal-like subtype) with H&E sTILs (>10%) are
significantly associated with improved relapse-free survival.

2) Breast tumors with H&E sTILs (>10%) or with TIM-3+TILs (>1) are highly
associated with the presence of LAG-3+iTILs, PD-1+iTILs and PD-L1+ tumors.

3) The improved survival of basal-like breast cancer patients with H&E sTILs (>10%) is
dependent on co-infiltration with FOXP3+iTILs.
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Appendix D

Appendix Table D.1 DSP technical control-normalized counts by cohort

Cohort A

CaselD |Beta-Catenin| CD8A B7-H3 CD4 FoxP3 mAb IgG24  CD68 PTEN Rabbit IgG CD14 S6 GZMB | Ki67 (8D5) B2M Histone H3 AKT D3 VISTA PD1 PSTAT3 CD4a4 STAT3 CD56 PD-L1 D45 P-AKT CD19 C€D20 PanCK CD45RO Bdl-2
2 14379.170 | 87.840 |13647.300| 571.215 | 63.265 19.390 | 782.810 | 158.265 | 54.370 | 468.475 | 4415310 | 1667.045 | 78.380 | 2716.695 | 1390.590 | 3954.365 | 109.250 | 157.125 | 76.145 | 362.715 | 12352.625 | 6165.880 | 94.580 | 384.080 | 252.560 | 213.255 | 62.820 | 77.470 | 36080.790 | 114.505 | 5457.080
3 24076.700 | 182.310 [14242.655| 1279.680 | 74.030 | 23.600 | 2192345 | 83.115 | 74.165 | 585.935 | 8084.240 | 3753.260 | 1928.570 | 7068.230 | 2324.620 | 2402.075 | 663.795 | 254305 | 122.335 | 355.935 | 11352.590 | 3195420 | 1593.510 | 579.365 | 503.135 | 378.470 | 181.665 | 142.700 | 68023.420 | 336.825 | 483.205
4 5238365 | 1962.370 | 3147.055 | 3012.130 | 108.550 58495 | 1147.160 | 75.235 116.690 | 741.050 | 6781.670 | 969.270 30.780 8253.065 | 1427.140 | 3043.625 | 2007.125 | 290.735 | 411.170 | 414.085 | 3965.615 | 2950.920 | 185.655 | 835.030 [13206.060| 192.185 | 661.760 [36642.470| 26044.265 | 710.005 | 2955.700
5 25301.750 | 102.280 [16300.010 1079.755 | 91.820 | 32.305 | 3941.785 | 123.015 | 109.535 | 1857.195 | 5344.670 | 1605.095 | 388.090 | 4556.720 | 963.210 | 2987.030 | 322.075 | 938365 | 76.730 | 283.890 | 5391.675 | 3198.610 | 3640.410 | 763.800 | 286.850 | 303.785 | 168.080 | 118.685 | 14633.850 | 211.000 | 206.345
6 8511985 | 218.940 | 3937.415 | 734710 | 85690 | 35170 |1038.130 | 50.605 | 81.070 | 809.535 | 9027.705 | 1246.020 | 1479.035 | 17424.240 | 2305.240 | 4037.110 | 302.460 | 355.900 | 123335 | 327.060 | 8981.845 | 3855.420 | 227.890 | 566.615 | 301.940 | 889.415 | 87.830 | 246.510 | 15288.340 | 323.335 | 1102.095
7 5683.360 117.880 | 7631.610 | 964.200 42.540 11790 | 5452.740 | 112.960 38.290 | 1156.420 | 2813.100 | 1312.220 | 121.050 | 1947.820 | 367.070 | 1609.310 | 980.720 | 565.290 | 118.160 | 224.170 | 12408.020 | 1580.260 | 8313.220 [ 320.030 [ 1487.890 | 148.860 | 157.330 | 102.110 | 2538.380 | 579.130 | 591.460
8 28408.005 | 1153.065 | 5491.535 | 3433.485 | 109.450 | 22.440 | 2300.100 | 150.010 | 75.110 | 797.450 |16430.360| 3003.890 | 527.725 | 6988.840 | 2217.800 | 4441.760 | 6358.415 | 674.505 | 322.915 | 398.495 | 5059.075 [12362.890| 140.730 | 473.275 | 7136.085 | 368.775 | 248.385 [14144.690| 10621.425 | 1577.345 | 1238.780
9 8568.230 245.660 | 7151.940 | 722.445 75.430 22.505 | 1405.845 | 161.005 | 100.900 | 374.380 |13431.540| 1939.925 | 575.760 | 7039.690 | 2173.540 | 5963.685 | 327.175 | 199.230 68.275 229.855 | 1851.445 | 3903.315 | 59.230 339.690 | 180.470 | 308.830 | 131.215 | 151.380 | 41628.800 | 182.430 | 9901.320
10 3187.950 | 3928.470 | 2414.235 [10182.060| 111.465 | 17.645 | 1541.195 | 123.115 | 66.460 | 906.355 | 5471.615 | 1042.330 | 158.690 | 8349.335 | 2251.190 | 2684.895 |15672.900| 494.010 | 1058.915 | 816.180 | 7429.320 | 8351.110 | 278.585 | 464.585 [16720.065| 692.955 | 439.495 |30143.300| 6709.235 | 5503.470 | 2235.990
11 18591.585 | 807.035 | 3028.345 | 1736.500 | 155.495 | 49.715 | 4007.385 | 71.520 | 222.280 | 3668.625 | 6414.330 | 4173.500 | 137.025 | 22351.650 | 1098.565 | 1443.645 | 3080.625 | 965.410 | 309.305 | 692.745 | 23913.120 | 3079.210 [ 91.775 | 1459.040 | 3535.045 | 428.075 | 709.955 | 251.555 | 39732.980 | 1071410 | 265.660
12 20683.430 | 298.280 | 7342.895 | 718.895 | 108.575 36.120 | 2132.130 | 583.720 | 101.225 | 904.070 |13650.555| 3857.140 | 683.990 | 9175.730 | 4570.535 |10107.985| 611.005 | 392.725 | 150.775 | 449.505 | 2892.490 | 6366.580 | 177.335 | 670.045 | 598.605 | 491.865 | 317.965 | 870.225 [149468.975| 322.360 |13085.040
13 1273.050 | 25.110 | 2620.100 | 280.220 | 51.920 8.050 | 968.380 | 12.110 | 22.680 | 153.480 | 475.210 | 151.040 | 6.430 2822.400 | 47.050 | 168.920 | 62.490 | 55170 | 60.860 | 53.550 | 1202.360 | 250.160 | 38.920 | 122.610 | 121.790 | 38.920 6.430 51.920 | 406.970 | 81.980 | 29.990
14 14388.940 | 462.565 | 4560.970 | 1189.595 | 62.730 | 13.605 | 869.040 | 190.150 | 53.945 | 693.945 | 4635.285 | 1236.845 | 344.605 | 1776.125 | 1541.645 | 2786.435 | 1524.565 | 273.355 | 120.425 | 330.675 | 3864.620 | 3979.500 | 116.910 | 346.470 | 2436.750 | 252.110 | 188.260 | 3941.125 | 12746.630 | 427.505 | 2243.185
15 24201.230 | 1989.515 | 7099.425 | 4106.760 | 134.035 35.575 | 8090.570 | 166.680 93.180 | 2837.200 |16348.265| 2612.760 | 853.870 | 11227.145 | 1894.565 | 5445.130 | 7066.335 | 1027.810 | 489.585 | 538.720 | 17274.435 | 8046.425 | 169.390 | 981.930 | 5222.200 | 623.105 | 724.000 [17596.405 | 42547.660 | 1913.710 | 1009.745
16 1308.635 | 625.650 | 1712.530 | 1443.615 | 45.760 | 16.940 | 1484360 | 65.580 | 49.605 | 443.005 | 2700.300 | 1138.950 | 51.305 | 3716.885 | 547.885 | 1433.090 | 1594.945 [ 188.280 | 109.040 | 123.880 | 1449.325 | 1134.105 | 52.620 | 361.205 | 431.955 | 126.625 | 88.950 | 284.985 | 19753.310 | 504.080 | 1203.760
17 5401610 | 779.400 |17365.690( 3133.785 | 135.870 | 45945 |[5984.420 | 29.950 | 96.315 | 749.575 [13121.500| 977.325 | 112.150 | 17503.630 | 498.300 | 1016.380 | 925.000 | 183.255 | 312320 | 338.515 | 2984.145 | 1279.535 | 126.190 | 777.545 [ 1127.290 | 152.740 | 114.390 | 775.250 [190165.195| 797.325 | 1129.080
18 16779.010 | 241.065 | 6098.210 | 1067.215 | 80.190 21.485 | 5083.830 | 80.745 75.375 | 3642.925 | 7565.165 | 2814.410 | 555.480 | 8380.150 | 738.525 | 3767.285 | 1150.845 | 492.605 | 147.160 | 290.260 | 11403.450 [17318.580| 110.680 | 504.370 | 913.495 | 907.865 | 297.090 | 281.490 175.145 533.750 [ 135.820
19 10617.030 | 1489.355 | 8201.840 | 4182.665 | 153.480 | 42.860 |18310.745| 59.745 | 117.205 | 3483.925 [13692.035| 1681.385 | 629.325 | 39190.170 | 1544.615 | 2543.185 | 4753.195 | 1227.995 | 887.160 | 441.255 | 12636.935 | 6457.760 | 157.620 | 1095.640 | 6961.160 | 222.810 | 786.935 | 5451.170 | 9584.190 | 3176.895 | 1103.245
20 3516.845 | 1153375 | 5925.540 | 858.490 | 78.580 | 40.120 | 1832.040 | 125.160 | 118.680 | 438.495 | 8013.790 | 1135255 | 61.740 | 6448.680 | 858.035 | 2690.230 | 563.755 | 207.370 | 112.250 | 233.170 | 2208.790 | 3359.760 | 190.850 | 463.810 | 1013.430 [ 191.125 | 97.095 | 414.095 [120189.145| 219.500 | 959.800
21 26861.605 | 111.310 | 4354.520 | 756.815 | 96.350 | 16.245 | 1557.620 | 280.695 | 54.615 | 560.805 |17096.170| 1551.785 | 1471.730 | 5534.615 | 4616.070 | 6871340 | 269.625 | 564.875 | 96.870 | 464.355 | 601.035 [12629.290| 98.005 | 388.435 | 150.890 | 808.635 | 264.485 | 151450 | 4982.605 | 348.250 | 2155345
22 12807.305 | 2129.030 | 7536.480 | 6691.620 | 135.785 | 22.415 | 9611.250 | 287.935 | 89.260 | 3158.540 | 8622.360 | 2310.460 | 271.960 | 11421.595 | 1814.070 | 4989.590 [10684.860| 1549.590 | 435.035 | 429.100 | 15325.960 | 5179.475 | 733.890 | 797.425 |12647.295| 338.425 | 3241.065 |42358.680| 8471.295 | 3384.935 | 2366.160
23 7442.640 368.940 |36147.320| 3600.240 | 182.105 62.835 |15471.870| 76.250 163.455 | 9832.310 | 7009.910 | 1844.185 | 189.230 | 21113.465 | 683.280 | 2196.490 | 1464.460 [ 492.895 | 402.055 | 1388.165 [127829.855| 1239.370 | 5126.285 | 2532.405 | 937.055 | 1149.155 | 195.355 | 318.215 267.410 937.950 [ 278.055
24 18569.600 | 184.005 | 6605380 | 948.180 | 79.370 | 21.580 | 3436.945 | 831.255 | 72.095 | 378.100 | 7384.410 | 1931.025 | 295.525 | 2373.475 | 1513.360 | 6172.860 | 552.465 | 158.860 | 124.270 | 351425 | 15802.005 | 5214.335 | 123.060 | 397.710 | 250.450 | 835.260 | 121.485 | 225.860 | 60184.975 | 274.060 | 704.375
25 961765 | 218.660 | 2221.625 | 444.900 | 56.040 | 19.935 |[1431.275| 61.115 | 28.890 | 358.595 | 9596.475 | 715.815 | 170.695 | 1199.330 | 1737.405 | 2777.120 | 252.995 | 69.380 | 72.110 | 262.505 | 721.295 |[3388.085 | 36.930 | 162.405 | 476.920 | 677.325 | 39.590 | 776.750 | 12094.805 | 168.850 | 1372.575
26 14382.315 | 212.595 | 2891.215 | 677.120 | 101.235 45975 | 1747.770 | 64.690 119.190 [ 409.560 | 2082.595 | 1657.760 [ 17.950 3615.270 | 307.700 | 1218.270 | 874.120 | 321.785 | 116.415 | 274.920 | 2236.045 | 3474.870 | 74.825 966.540 [ 594.105 | 306.625 | 155.970 | 381.565 | 9437.020 | 205.875 | 249.905
27 11982.890 | 101.000 | 7007.860 | 837.190 | 72.105 13.265 | 2275.475 | 253.450 | 46.005 [ 1151.160 | 9571.670 | 1615.000 | 407.110 | 4457.155 | 1623.740 | 6566.750 | 232.895 | 340.150 | 63.875 | 222.545 | 2225.025 | 4528.715 | 5984.325 | 340.985 | 103.845 | 367.065 | 159.870 | 111.065 | 24590.780 | 221.675 | 734.115
29 5621.860 | 449.275 | 8556.685 | 1139.925 | 65.575 17.380 | 1776.155 | 19.250 | 79.875 | 400.110 |10042.835| 852.625 | 63.130 | 9803.700 | 992.480 | 2519.950 | 413.115 | 132.095 | 85.650 | 230.390 | 12814.115 | 1758.730 | 83.280 | 304.795 | 596.510 | 119.265 | 70.590 | 161415 | 55182.265 | 195.770 [ 1803.330
30 32039.210 | 1123.595 | 7166.000 | 2096.095 [ 122.930 39.425 | 5454.805 | 101.910 75.445 | 3269.795 |12094.375| 1404.505 | 1306.750 | 28485.830 | 2488.620 | 2833.200 | 3210.565 | 808.080 | 767.635 | 433.080 | 13238.010 [11029.645| 81.910 909.260 | 2962.465 [ 391315 | 185.135 | 1371.100 | 456.340 | 1365.250 | 351.675
31 1051.510 | 120.670 | 1933.340 | 377.700 | 74.520 | 24.110 | 1660.780 | 77.580 | 84.630 | 287.900 | 3624.470 | 2023.600 [ 40.250 | 1039.770 | 575.030 | 1757.970 | 291.480 | 262.620 | 86.270 | 382.000 | 18161.450 | 759.390 | 61.720 | 574.580 | 989.090 | 216.090 | 80.320 | 125.900 | 51494.670 | 121.260 | 108.500
33 8917.215 | 4419.210 | 2510.455 | 4284.415 | 143.540 | 32.395 [13491.585| 199.355 | 80.720 | 4151.850 | 7937.145 | 2167.865 | 1196.785 | 14209.455 | 1692.640 | 4962.125 |12597.165| 2487.710 | 1107.880 | 535.545 | 22324.180 [ 6444.295 | 293.215 | 1208.490 [10354.545| 322.010 | 1794.025 [17611.485| 6418.000 | 3401.620 | 954315
34 11158325 | 298.085 | 7812.080 | 2818.570 | 98.375 30.840 | 7158.670 | 156.455 | 132.065 | 4989.140 | 4156.380 | 1236.890 | 577.895 | 4782.110 | 1349.135 | 3162.205 | 752.390 | 1590.845 | 202.815 | 359.745 | 10497.310 | 5716.545 | 705.180 [ 1012.945 [ 1895.535 | 381.310 | 341.215 | 333.925 | 1755.640 | 1112.200 | 540.030
35 6498.190 | 166.320 | 5674.980 | 757.040 | 50.895 11.560 | 2319.255 | 94.850 | 50.080 | 324.460 | 3783.225 | 887.555 | 62.350 | 1817.655 | 879.560 | 2927.775 | 178.475 | 108.745 | 69.090 | 166.200 | 1098.945 | 1388.770 | 113.535 | 301.550 | 261.030 | 92.515 | 54.750 | 125.545 | 13401995 | 108.485 | 536.850
36 | 25430530 | 169.975 | 2953.925 | 1835.415 | 121.655 | 40.330 | 3934.095 | 291.440 | 120.215 | 1158.150 | 4795.225 | 2121.730 | 159.095 | 6586.075 | 2000.455 | 5060.365 | 1283.155 | 522.455 | 180.900 | 429.290 | 4203.185 | 6191.695 [ 137.375 | 602.645 | 1848.405 | 5144.255 | 155.605 | 1595.955 [116257.940| 588.710 | 618.780
37 8418.235 640.340 | 1014.090 | 1273.745 | 85.605 33.860 | 4313.065 | 337.760 46.440 | 1299.370 | 6551.705 | 1835.990 | 155.225 | 16442.440 | 1041.945 | 3059.790 | 1462.130 | 338.840 | 197.505 | 322.910 | 7168.585 | 1783.610 | 92.965 573.650 | 1120.950 | 222.750 | 142.685 | 1391.850 | 6020.480 | 337.315 | 4034.890
38 | 36975.750 | 1492.010 |14488.990| 1207.155 | 121.950 | 34.965 | 2454.540 | 279.340 | 82.785 | 1385.885 [21148.355| 2991.855 | 655.355 | 16794.785 | 2056.520 | 6241.435 | 2423.595 | 549.235 | 592.330 | 572.280 | 30438.030 | 8982.390 | 253.865 | 1028.720 | 650.190 | 605.120 | 272.440 | 699.930 | 61955.570 | 806.795 | 701.565
39 9440.790 89.805 |17001.945| 954.000 48.795 21.845 | 2395445 | 76.040 56.905 775.690 | 8423.040 | 1032.445 | 268.045 | 5192375 | 830.195 | 2456.770 | 316.865 | 222.350 86.060 219.655 | 8037.580 | 2468.075 | 918.675 | 461.400 | 337.430 | 244.930 | 146.140 | 189.795 | 12577.300 | 232.940 | 256.455
40 11224.535 | 862.900 | 2124.585 | 1089.205 | 109.325 | 19.465 | 2628.460 | 177.250 | 78.545 | 1361.405 |19019.590 | 2829.920 | 450.690 | 8184.480 | 1839.530 | 7934.215 | 1449.670 | 476.415 | 199.315 | 410.655 | 11590.560 | 8115.580 | 101.740 | 615.490 | 443.555 | 394.670 | 251.295 | 552.250 | 26310.815 | 303.770 | 457.585
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Cohort B

CaselD | Beta-Catenin | CDSA B7-H3 cpa FoxP3 |ImAbIgG2 CD68 PTEN _[RabbitIgG[ CD14 s6 GZMB_[Ki67(8D5)| B2M  |Histone H]  AKT cp3 VISTA PD1 | p-STAT3 | CD44 STAT3 €D56 PD-L1 cDas P-AKT | cD19 D20 PanCK | CD45RO | Bcl-2
1 26200.285 430.670 | 6987.325 | 2015.145 | 144.750 | 45.980 | 2146.190 | 98.850 63.410 | 1316.395 | 7821.135 | 607.055 | 2081.535 | 8784.280 | 2547.680 | 1374.915 | 1545.540 | 284.320 | 415.005 | 350.300 | 8132.210 | 3213.525 | 150.935 | 582.665 | 2182.680 | 1964.740 [ 193.355 | 493.065 | 1843.775 | 1020.765 | 505.975
2 77482.975 371.395 | 8218.300 | 2683.800 | 137.530 | 37.445 | 2825.665 | 247.780 | 72.200 | 1351.265 | 18290.545 | 1086.225 | 3859.965 | 10726.035 | 3488.300 | 3869.680 | 1336.510 | 340.010 | 393.565 | 427.615 | 8807.185 | 6137.020 | 95.570 | 754.465 | 5502.695 | 2437.740 | 498.205 | 11462.565 | 5136.460 | 1017.570 | 544.430
3 38861.460 2989.260 | 2608.225 | 3517.260 | 251.790 | 86.105 | 5894.840 | 171.905 | 197.875 | 5057.635 | 28464.355 | 3861.295 | 1086.670 | 33445.490 | 1721.235 | 3206.755 | 10928.195 | 1593.435 | 1102.225 | 1088.895 | 59027.730 | 3160.320 | 337.260 | 3368.385 | 3242.705 | 704.435 | 344.885 | 1067.700 | 26170.825 | 1377.160 | 649.190
4 32793.980 | 2382.340 | 14527.860 | 2148.750 | 161.570 | 52.780 | 35716.065 | 375.510 | 148.630 | 18681.415 | 13070.035 | 2702.325 | 382.315 | 65487.465 | 2260.915 | 19358.785 | 4998.390 | 1189.770 | 482.700 | 1115.465 | 61780.170 | 6601.690 | 273.460 | 1587.100 | 2488.030 | 1511.125| 391.245 | 699.480 | 9089.905 | 3581.230 | 899.920
5 29615.690 178.810 | 2738.690 | 759.805 41.265 21.145 | 1050.770 | 188.030 | 38.400 | 1333.440 | 4017.855 | 709.510 | 448.230 | 1478.100 | 881.265 | 850.495 414570 | 123,965 | 89.855 | 177.185 | 2058.950 | 3529.295 | 30.460 [ 310.695 | 206.710 | 740.435 | 214.560 81.325 5599.645 | 144.885 | 281.250
6 14995310 | 196310 | 1352.975 | 1398305 | 97.785 | 31.260 | 888.185 | 218.650 | 105.220 | 4010.350 | 2092.650 | 1151.530 | 113.230 | 4633.300 | 674.930 | 2063.440 | 537.850 | 578.830 | 121.505 | 383.780 | 12224.775| 6702.185 | 212.045 | 717.750 | 140.745 | 201.710 | 202.825 | 279.360 | 919.190 | 128.980 | 375.385
7 5970.905 | 4811.985 | 1059.045 | 2630.030 | 136.860 | 32.010 | 6084.835 | 352.080 | 87.875 | 2191.595 | 19136.515 | 1927.925 | 556.555 | 31313.425 | 1688.395 | 6740.830 | 4743.010 | 2104.740 | 960.350 | 668.375 | 2836.405 | 31211.330 | 186.910 | 2054.395 | 2097.310 | 329.640 | 485.765 | 6222.435 | 963.810 | 1419.590 | 1019.910
8 18898.025 5164.415 | 12637.330 | 8225.530 | 1919.450 | 59.290 | 17126.305 | 326.655 | 247.130 | 10012.485 | 6627.585 | 3449.680 | 268.465 | 36950.825 | 1370.205 | 3431.540 | 18664.730 | 2398.460 | 1510.270 | 945.150 | 46515.570 | 11833.255 | 257.240 | 3095.345 | 19726.330 | 445.530 | 3143.995 | 34437.965 | 4456.615 | 7587.715 | 1649.700
9 8497.905 996.500 | 7424.805 | 1622.680 | 63.725 13.180 | 2627.335 | 85.300 36.500 541.165 | 4478.645 | 971.795 | 361.780 | 8747.525 | 1166.810 | 2038.335 | 5070.370 | 239.430 | 120.385 | 199.390 | 3645.650 | 1713.465 | 82.695 | 498.195 | 4257.010 | 157.325 | 246.960 | 2377.380 | 7492.380 | 938.650 | 853.340
10 26200.140 499.365 | 8040.920 | 1341.865 | 189.275 | 40.595 | 4606.995 | 307.500 | 114.745 | 1678.745 | 14959.895 | 3508.180 | 250.405 | 11948.175 | 1598.410 | 11464.655 | 1443.900 | 1225.165 | 427.690 | 1098.585 | 91209.150 | 11924.365 | 1235.855 | 1211.040 | 868.430 | 2248.665 | 582.985 | 831.340 | 30091.190 | 672.630 | 448.655
11 5619.890 6652.755 | 3896.460 | 4148.500 | 158.245 | 25.130 | 4373.100 | 235.645 | 72.320 | 3566.920 | 10666.150 | 1361.510 | 555.545 | 28890.015 | 2158.415 | 5177.985 | 7894.115 | 1086.915 | 1816.245 | 440.400 | 3209.950 | 14167.630 | 255.445 | 1142.635 | 14700.855 | 380.255 | 1324.730 | 69850.755 | 877.835 | 2259.930 | 3078.325
12 24794.840 1082.630 | 5360.050 | 5023.355 | 106.425 | 32.655 | 7135.630 | 353.080 | 115.380 | 2597.255 | 5163.380 | 2692.190 | 255.050 | 8838.140 | 833.035 | 5222.680 | 6911.010 | 1319.005 | 455.285 | 400.000 | 18793.740 | 3486.340 | 113.000 | 815.065 | 8889.165 | 418.945 | 1353.745 | 13212.760 | 2662.680 | 2418.500 | 653.260
13 2330.440 591.140 | 10426.705 | 1004.820 | 117.400 | 62.690 | 2264.620 | 294.325 | 119.430 [ 501.925 | 9381.315 | 2192.765 | 259.300 | 3826.615 | 1068.760 | 2457.085 | 1459.445 | 259.035 | 138.000 | 358.400 | 3193.605 | 4888.810 | 99.915 | 629.725 | 729.785 | 220.670 | 204.670 | 658.590 | 84449.635 | 609.590 | 3442.050
14 27888.995 | 235.220 | 4111.290 | 765.750 | 162.810 | 77.805 | 10828.030 | 103.935 | 261355 | 1447.670 | 6339.565 | 1088.340 | 280.025 | 9450.865 | 5078.755 | 446.020 | 495.325 | 1212.500 | 206.975 | 1022.450 | 43192.170 | 2329.045 | 195.485 | 2776.555 | 1568.175 | 567.925 | 323.270 | 184.500 | 52102.965 | 4862.870 | 196.675
15 34597.390 | 12137.670 | 8466.270 | 9222.035 | 250.070 | 49.985 | 5859.320 | 492.165 | 143.670 | 3438.210 | 16281.600 | 3698.225 | 487.480 | 32004.400 | 2343.775 | 9520.985 | 27479.785 | 2292.295 | 1070.780 | 863.885 | 25319.460 | 28370.380 | 555.930 | 2109.470 | 36582.370 [ 908.025 | 2015.540 | 55170.340 | 43086.575 | 5262.495 | 3651.650
16 22803.910 305.180 | 4930.570 | 1185.285 | 91.840 16.690 | 2798.040 | 411.810 | 76.690 | 3084.640 | 6960.765 | 3038.670 | 476.640 | 28513.400 | 827.260 | 3197.465 | 753.480 | 451.985 | 93.025 | 452.975 | 17919.710 | 5909.400 | 104.085 | 639.225 | 475.115 | 505.955 | 280.735 | 223.470 | 22319.730 | 471.560 | 489.190
17 11125.220 1261.480 | 4106.005 | 6139.570 | 90.260 35.680 | 4205.220 | 63.330 68.525 | 1027.010 | 4576.650 | 1743.500 | 790.000 | 12043.870 | 590.655 8853.875 | 819.400 | 420.970 | 472.575 | 34275.505 | 2351.125 | 181.630 [ 1497.745 | 5181.985 | 174.350 [ 339.020 | 6727.175 | 1023.000 | 4859.650 [ 505.200
18 18934.935 8255.025 | 7103.930 | 9502.465 | 204.495 | 65.880 | 52437.960 | 197.660 | 174.565 | 1294.525 | 1355.965 | 1638.920 | 253.900 | 30796.615 | 895.065 15137.405 | 1117.660 | 2125.985 | 570.975 | 5289.850 | 1743.935 | 995.060 | 2325.125 | 23331.505 | 325.100 | 888.350 | 19135.700 | 15119.965 | 7675.760 | 1537.350
19 32886.620 1123.005 | 8103.615 | 10772.050 | 124.900 | 50.650 | 45537.770 | 38.440 92.570 | 7552.740 | 2157.180 | 1504.710 | 1019.415 | 12705.530 | 1334.725 2184.270 | 732.465 | 346.225 | 823.845 | 58100.835 | 732.065 | 224.315 | 1760.470 | 2358.895 | 527.660 | 245.580 | 294.345 | 15285.710 | 5101.770 | 707.545
20 5707.080 1929.160 | 4376.830 | 3723.090 | 104.390 | 25.940 | 9546.850 | 215.380 | 92.860 | 2700.700 | 10646.320 | 2231.910 | 704.900 | 17803.090 | 1220.320 | 3319.370 | 3627.700 | 3920.810 | 512.580 | 454.390 | 18875.190 | 6489.000 | 154.110 | 1695.300 | 5970.450 | 227.780 | 2711.450 | 6648.620 | 2845.660 | 1992.310 | 915.980
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Appendix Table D.2 DSP signal to noise ratios values in each cohort for each biomarker

Cohort A

CorelD _|Beta-Catenin CD8A B7-H3 CcD4 FoxP3 MmAb 1gqCD68 PTEN Rabbit IgGCD14 S6 GZMB Ki67 (8D5)|B2M Histone H{AKT CD3 VISTA PD1 p-STAT3 [CD44 STAT3 CD56 PD-L1 CD45 P-AKT CD19 CD20 PanCK CD45RO _|Bcl-2
2| 442.8588 2.7054 |420.3182| 17.5926 | 1.9485 | 0.5972 | 24.1095 | 4.8743 1.6745 | 14.4284 | 135.9855 | 51.3427 | 2.4140 | 83.6705 | 42.8283 | 121.7890| 3.3648 | 4.8392 23452 | 11.1711 | 380.4440 | 189.9007 | 2.9129 | 11.8291 | 7.7785 | 6.5680 19348 | 23860 |1111.2390| 3.5266 | 168.0706
3| 575.4949 4.3577 | 340.4360| 30.5876 | 1.7695 0.5641 | 52.4027 | 1.9867 1.7727 | 14.0053 | 193.2341 89.7125 | 46.0978 | 168.9488 | 55.5644 | 57.4158 | 15.8664 | 6.0785 2.9241 8.5078 | 271.3560 | 76.3787 | 38.0890 | 13.8483 | 12.0262 | 9.0464 4.3423 3.4109 [1625.9342| 8.0510 | 11.5498
4 63.4044 23.7522 | 38.0915 | 36.4584 | 13139 | 0.7080 | 13.8851 | 0.9106 | 1.4124 | 8.9696 | 82.0844 | 11.7319 | 0.3726 | 99.8939 | 17.2739 | 36.8396 | 24.2940 | 3.5190 | 4.9767 | 50120 | 47.9992 | 35.7175 | 2.2471 | 10.1071 | 159.8443| 2.3262 | 8.0098 |443.5152] 315.2361| 8.5938 | 35.7754
5| 425.3429 1.7194 | 274.0164| 18.1516 | 1.5436 0.5431 | 66.2646 | 2.0680 1.8414 | 31.2210 | 89.8482 | 26.9829 | 6.5241 | 76.6022 | 16.1923 | 50.2144 | 5.4143 | 15.7747 | 1.2899 4.7724 | 90.6384 | 53.7712 | 61.1982 | 12.8401 | 4.8222 5.1069 2.8256 1.9952 | 246.0069 [ 3.5471 3.4688
6| 159.4096 4.1002 | 73.7386 | 13.7594 | 1.6048 0.6587 | 19.4418 | 0.9477 1.5183 | 15.1607 | 169.0679 | 23.3351 | 27.6989 | 326.3154 | 43.1718 | 75.6057 | 5.6644 6.6652 2.3098 6.1251 | 168.2090 | 72.2030 | 4.2678 | 10.6114 | 5.6546 | 16.6567 | 1.6449 4.6166 | 286.3150 | 6.0553 | 20.6397
7| 267.4888 5.5481 |359.1837| 45.3803 | 2.0022 | 0.5549 | 256.6346| 5.3165 1.8021 | 54.4272 | 132.3993 | 61.7600 | 5.6972 | 91.6746 | 17.2762 | 75.7426 | 46.1578 | 26.6055 | 5.5612 | 10.5506 | 583.9866 | 74.3753 | 391.2638 | 15.0623 | 70.0279 | 7.0061 | 7.4048 | 4.8058 | 119.4695 | 27.2569 | 27.8372
8| 691.9591 28.0862 | 133.7622 | 83.6325 | 2.6660 0.5466 | 56.0256 | 3.6539 1.8295 | 19.4242 | 400.2089 | 73.1684 | 12.8543 | 170.2334 | 54.0209 | 108.1919 | 154.8776 | 16.4295 | 7.8655 9.7065 | 123.2284 | 301.1339 | 3.4279 | 11.5280 | 173.8200 | 8.9826 6.0501 | 344.5348 | 258.7155 | 38.4208 | 30.1741
9 179.8068 5.1552 | 150.0855| 15.1607 | 1.5829 0.4723 | 29.5021 | 3.3787 2.1174 7.8565 | 281.8647 | 40.7099 | 12.0825 | 147.7299 | 45.6124 | 125.1496 | 6.8659 4.1809 1.4328 4.8236 | 38.8531 | 81.9122 | 1.2430 7.1285 3.7872 6.4809 2.7536 3.1768 | 873.5923 | 3.8283 | 207.7820
10] 93.0937 1147182 | 70.4999 | 297.3341| 3.2550 | 0.5153 | 45.0056 | 3.5952 1.9407 | 26.4672 | 159.7808 | 30.4379 | 4.6340 |243.8153| 65.7387 | 78.4037 | 457.6762 | 14.4260 | 30.9222 | 23.8339 | 216.9492 | 243.8671| 8.1352 | 13.5667 |488.2553 | 20.2355 | 12.8340 | 880.2374 | 195.9215 | 160.7110 | 65.2948
11] 176.8571 7.6771 | 28.8079 | 16.5189 | 1.4792 0.4729 | 38.1213 | 0.6804 2.1145 | 34.8987 | 61.0179 | 39.7015 | 1.3035 | 212.6257 | 10.4504 | 13.7330 | 29.3052 | 9.1837 2.9423 6.5899 | 227.4795 | 29.2918 | 0.8730 | 13.8795 | 33.6280 | 4.0722 6.7536 2.3930 | 377.9699 | 10.1921 | 2.5272
12| 342.0620 4.9329 |121.4366| 11.8891 | 17956 | 0.5974 | 35.2611 | 9.6535 1.6741 | 14.9515 | 225.7525| 63.7893 | 11.3118 | 151.7480| 75.5874 | 167.1656| 10.1048 | 6.4949 | 2.4935 | 7.4339 | 47.8359 | 105.2903 | 2.9328 | 11.0812 | 9.8997 | 8.1344 | 5.2585 | 14.3918 |2471.9136| 5.3312 | 216.4000
13| 94.2163 1.8583 | 193.9092| 20.7386 | 3.8425 0.5958 | 71.6682 [ 0.8962 1.6785 | 11.3588 | 35.1695 | 11.1782 | 0.4759 |208.8811| 3.4821 | 12.5015 | 4.6248 4.0830 4.5041 3.9631 | 88.9846 | 18.5139 | 2.8804 9.0742 9.0135 2.8804 0.4759 3.8425 | 30.1192 | 6.0672 2.2195
14| 531.1338 17.0745 | 168.3575 | 43.9111 | 2.3155 0.5022 | 32.0786 [ 7.0189 1.9913 | 25.6153 | 171.1006 | 45.6552 | 12.7203 | 65.5615 | 56.9062 | 102.8547 | 56.2757 | 10.0903 | 4.4452 | 12.2061 | 142.6533 | 146.8939 | 4.3155 | 12.7891 | 89.9469 | 9.3060 6.9492 | 145.4773 | 470.5118 | 15.7803 | 82.8019
15| 420.3428 34,5552 | 123.3075| 71.3289 | 2.3280 | 0.6179 |140.5223| 2.8950 | 1.6184 | 49.2783 | 283.9474| 45.3801 | 14.8306 | 195.0004 | 32.9060 | 94.5746 | 122.7327| 17.8517 | 85034 | 9.3568 | 300.0337 | 139.7556| 2.9421 | 17.0548 | 90.7026 | 10.8225 | 12.5749 | 305.6259 | 738.9956 | 33.2386 | 17.5379
16| 45.1439 21.5830 | 59.0770 | 49.8003 | 1.5786 0.5844 | 51.2059 | 2.2623 1.7112 | 15.2823 | 93.1521 | 39.2903 | 1.7699 | 128.2212| 18.9004 | 49.4372 | 55.0207 | 6.4951 3.7615 4.2735 | 49.9973 | 39.1232 | 1.8152 | 12.4605 | 14.9011 | 4.3682 3.0685 9.8311 | 681.4287 | 17.3892 | 41.5260
17| 81.2002 11.7164 | 261.0514 | 47.1089 | 2.0425 0.6907 | 89.9614 | 0.4502 1.4479 | 11.2681 | 197.2502 | 14.6917 | 1.6859 | 263.1250| 7.4907 | 15.2788 | 13.9051 | 2.7548 4.6950 5.0888 | 44.8594 | 19.2347 | 1.8970 | 116885 | 16.9461 | 2.2961 17196 | 11.6540 |2858.6760| 11.9859 | 16.9730
18] 416.9510 5.9904 |151.5378| 26.5198 | 1.9927 | 0.5339 |126.3309| 2.0065 1.8730 | 90.5251 | 187.9910| 69.9368 | 13.8034 | 208.2430| 18.3520 | 93.6154 | 28.5980 | 12.2410 | 3.6569 | 7.2128 | 283.3707 | 430.3590| 2.7503 | 12.5334 | 22.6999 | 22.5600 | 7.3826 | 6.9949 4.3523 | 13.2635 | 3.3751
19| 149.7973 21.0135 | 115.7210| 59.0138 | 2.1655 0.6047 | 258.3490 [ 0.8430 1.6537 | 49.1552 | 193.1830| 23.7229 | 8.8792 | 552.9400| 21.7932 | 35.8822 | 67.0635 | 17.3260 | 12.5171 | 6.2257 | 178.2964 | 91.1135 | 2.2239 | 15.4585 | 98.2160 | 3.1437 | 11.1030 | 76.9114 | 135.2248 | 44.8233 | 15.5658
20| 50.9664 16.7148 | 85.8734 | 12.4413 | 1.1388 | 0.5814 | 26.5501 | 1.8138 | 1.7199 | 6.3547 | 116.1365| 16.4522 | 0.8947 | 93.4548 | 12.4347 | 38.9870 | 81700 | 3.0052 16267 | 33791 | 32.0100 | 48.6899 | 2.7658 | 6.7216 | 14.6867 | 2.7698 14071 | 6.0011 |1741.7909| 3.1810 | 13.9095
21] 901.8123 3.7370 | 146.1923 | 25.4082 | 3.2347 0.5454 | 52.2933 | 9.4236 1.8336 | 18.8276 | 573.9618 | 52.0974 | 49.4097 | 185.8111 | 154.9732 | 230.6883 | 9.0520 | 18.9643 | 3.2522 | 15.5896 | 20.1783 | 423.9973| 3.2903 | 13.0407 | 5.0658 | 27.1479 | 8.8794 5.0846 | 167.2787 | 11.6916 | 72.3604
22| 286.3254 47.5975 | 168.4887 | 149.6006 | 3.0357 0.5011 | 214.8731( 6.4372 1.9955 | 70.6136 | 192.7651 | 51.6536 | 6.0801 | 255.3459 | 40.5561 | 111.5494 | 238.8752 | 34.6433 | 9.7258 9.5931 | 342.6335 | 115.7945 | 16.4072 | 17.8276 | 282.7482| 7.5660 | 72.4586 | 946.9883 | 189.3878 | 75.6750 | 52.8989
23] 73.4391 3.6405 |356.6779| 35.5248 | 1.7969 | 0.6200 |152.6662| 0.7524 | 16129 | 97.0187 | 69.1692 | 18.1972 | 1.8672 |208.3337| 6.7422 | 21.6735 | 14.4503 | 4.8636 | 3.9672 | 13.6975 |1261.3406| 12.2293 | 50.5828 | 24.9881 | 9.2462 | 11.3391 | 1.9276 | 3.1399 2.6386 9.2551 | 2.7437
24| 470.7868 4.6650 | 167.4632 | 24.0388 | 2.0122 0.5471 | 87.1353 | 21.0744 | 1.8278 9.5858 | 187.2136 | 48.9564 | 7.4923 | 60.1737 | 38.3675 | 156.4978 | 14.0064 | 4.0275 3.1506 8.9095 | 400.6212 | 132.1967 | 3.1199 | 10.0830 [ 6.3495 | 21.1760 | 3.0800 5.7261 [1525.8428| 6.9481 | 17.8577
25| 40.0763 9.1114 | 92.5740 | 18.5388 | 2.3352 | 0.8307 | 59.6405 | 2.5466 | 1.2038 | 14.9425 | 399.8801| 29.8276 | 7.1128 | 49.9755 | 72.3968 | 115.7212| 10.5422 | 2.8910 | 3.0048 | 10.9384 | 30.0560 |141.1797| 1.5389 | 6.7673 | 19.8730 | 28.2238 | 1.6497 | 32.3668 | 503.9843 | 7.0359 | 57.1945
26| 194.2889 2.8719 | 39.0571 | 9.1471 13676 | 0.6211 | 23.6104 | 0.8739 16101 | 5.5327 | 28.1335 | 22.3945 | 0.2425 | 48.8382 | 4.1567 | 16.4575 | 11.8084 | 4.3470 | 15726 | 3.7139 | 30.2065 | 46.9416 | 1.0108 | 13.0569 | 8.0257 | 4.1422 2.1070 | 5.1545 | 127.4835| 2.7811 | 3.3759
27| 485.0711 4.0885 | 283.6804 | 33.8897 | 2.9188 0.5370 | 92.1119 | 10.2597 | 1.8623 | 46.5993 | 387.4642 | 65.3757 | 16.4799 | 180.4270 | 65.7295 | 265.8241| 9.4277 | 13.7694 | 2.5857 9.0087 | 90.0697 | 183.3238| 242.2473 | 13.8032 | 4.2037 | 14.8589 | 6.4716 4.4959 | 995.4425| 89735 | 29.7172
29| 150.8863 12,0582 | 229.6546 | 30.5947 | 1.7600 | 0.4665 | 47.6706 | 0.5167 21438 | 10.7386 | 269.5417| 22.8838 | 1.6944 |263.1235| 26.6374 | 67.6335 | 11.0877 | 3.5453 | 2.2988 | 6.1835 | 343.9207 | 47.2029 | 2.2352 | 81805 | 16.0099 | 3.2010 1.8946 | 43323 |1481.0482| 5.2543 | 48.3999
30| 587.4633 20.6020 | 131.3941| 38.4335 | 2.2540 0.7229 | 100.0180 | 1.8686 1.3833 | 59.9542 | 221.7596 | 25.7527 | 23.9603 | 522.3093 | 45.6307 | 51.9489 | 58.8681 | 14.8168 | 14.0752 | 7.9409 | 242.7290 | 202.2369 | 1.5019 | 16.6720 | 54.3190 | 7.1751 3.3946 | 25.1402 | 83673 | 25.0329 | 6.4482
31 23.2784 2.6714 | 42.8004 | 8.3615 1.6497 0.5337 | 36.7664 | 1.7175 1.8735 6.3735 | 80.2387 | 44.7985 | 0.8911 | 23.0185 | 12.7300 | 38.9180 | 6.4528 5.8139 1.9098 8.4567 | 402.0590 | 16.8114 | 1.3664 | 12.7201 | 21.8965 | 4.7838 1.7781 2.7872 [1139.9912| 2.6845 2.4020
33| 174.3812 86.4202 | 49.0934 | 83.7842 | 2.8070 | 0.6335 |263.8356| 3.8985 15785 | 81.1918 | 155.2154 | 42.3938 | 23.4038 | 277.8740| 33.1005 | 97.0372 | 246.3447 | 48.6486 | 21.6652 | 10.4729 | 436.5620 | 126.0218 | 5.7340 | 23.6327 | 202.4890| 6.2971 | 35.0832 | 344.4026 | 125.5076 | 66.5206 | 18.6622
34] 174.8429 4.6708 | 122.4096 | 44.1650 | 1.5415 0.4832 | 112.1712 | 2.4515 2.0694 | 78.1762 | 65.1275 | 19.3812 | 9.0552 | 74.9322 | 21.1400 | 49.5495 | 11.7894 | 24.9274 | 3.1780 5.6369 | 164.4853 | 89.5741 | 11.0497 | 15.8721 | 29.7017 | 5.9749 5.3466 5.2324 | 27.5096 | 17.4274 | 8.4619
35| 270.0731 6.9125 |235.8594 | 31.4636 | 2.1153 0.4804 | 96.3912 | 3.9421 2.0814 | 13.4850 | 157.2357 | 36.8879 | 2.5913 | 75.5441 | 36.5556 | 121.6821| 7.4176 4.5196 2.8715 6.9075 | 45.6736 | 57.7191 | 4.7187 | 12.5328 | 10.8487 | 3.8450 2.2755 5.2178 | 557.0041 | 4.5088 | 22.3122
36| 365.2262 24411 | 424235 | 26.3597 | 1.7472 | 0.5792 | 56.5004 | 4.1856 | 17265 | 16.6330 | 68.8677 | 30.4717 | 2.2849 | 94.5874 | 28.7300 | 72.6756 | 18.4283 | 7.5034 | 2.5980 | 6.1653 | 60.3650 | 88.9234 | 1.9729 | 8.6550 | 26.5463 | 73.8804 | 2.2348 | 22.9207 |1669.6644| 8.4549 | 8.8867
37| 212.2909 16.1481 | 25.5733 | 32.1213 | 2.1588 0.8539 | 108.7668 | 8.5176 1.1711 | 32.7675 | 165.2208 | 46.3000 | 3.9145 | 414.6452| 26.2758 | 77.1617 | 36.8720 | 8.5449 4.9807 8.1431 | 180.7773 | 44.9791 | 2.3444 | 14.4663 | 28.2681 | 5.6173 3.5982 | 35.0997 | 151.8244 | 8.5064 | 101.7518
38| 687.2653 27.7319 | 269.3057 | 22.4373 | 2.2667 | 0.6499 | 45.6223 | 5.1921 1.5387 | 25.7593 | 393.0828 | 55.6094 | 12.1810 |312.1633 | 38.2244 | 116.0090| 45.0472 | 10.2086 | 11.0096 | 10.6369 | 565.7492 | 166.9550 | 4.7186 | 19.1207 | 12.0850 | 11.2473 | 5.0638 | 13.0095 |1151.5632| 14.9958 | 13.0399
39| 267.7670 2.5471 | 482.2224| 27.0581 | 1.3840 0.6196 | 67.9415 | 2.1567 1.6140 | 22.0007 | 238.9008 | 29.2830 | 7.6025 | 147.2702 | 23.5466 | 69.6808 | 8.9872 6.3065 2.4409 6.2300 | 227.9681 | 70.0015 | 26.0562 | 13.0866 | 9.5705 6.9469 4.1449 5.3831 | 356.7272 | 6.6068 7.2738
40| 287.0661 22.0686 | 54.3360 | 27.8563 | 2.7960 0.4978 | 67.2225 | 4.5331 2.0088 | 34.8178 | 486.4236| 72.3749 | 11.5263 | 209.3171| 47.0458 | 202.9166 | 37.0751 | 12.1843 | 5.0975 | 10.5025 | 296.4271 | 207.5549| 2.6020 | 15.7411 | 11.3439 | 10.0936 | 6.4268 | 14.1237 | 672.8958 | 7.7689 | 11.7027
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Cohort B

CorelD

Beta-Catenin

CD8A

B7-H3

CD4

FoxP3

MmAD Ig

CD68

PTEN

Rabbit Igq

CcD14

S6

GZMB

Ki67 (8D5)

B2M

Histone H

AKT

CD3

VISTA

PD1

p-STAT3

CD44

STAT3

CD56

PD-L1

CD45

P-AKT

CD19

CD20

PanCK

CD45RO

Bcl-2

485.2244265

7.975929

129.404|

37.32011

2.680743

0.851541]

39.74704

1.830684

1.174341]

24.37939

144.846|

11.24255

38.54964|

162.6832

47.18256

25.46317|

28.62311

5.265554

7.685816

6.487491

150.607

59.51389

2.795288)

10.79085|

40.42283|

36.38662,

3.580899

9.131472

34.14637

18.90438,

9.370563

1490.187002]

7.142834]

158.058

51.61603|

2.645038|

0.720159)

54.34444]

4.765415)

1.388582,

25.98813]

351.7719]

20.89076|

74.23656)

206.2879]

67.08854]

74.42341

25.70435]

6.539223]

7.569217]

8.224082|

169.3837]

118.0299]

1.838045)

14.51021

105.8303)

46.8837|

9.5817]

220.4531]

98.78668|

19.57036

10.47072,

297.720996

22.90098

19.98184

26.94603

1.928985)

0.659658|

45.16088

1.316979

1.515937]

38.74698

218.0679

29.58171

8.325073

256.2288)

13.18653|

24.56723

83.72184

12.20744]

8.444241 |

8.342118

452.2165

24.21148,

2.583778)

25.80549

24.84264

5.396737,

2.642194

8.179742

200.4969

10.55054

4.973501

370.2594875

26.89774

164.0264

24.2604]

1.824201

0.595911|

403.2512

4.239685

1.678103

210.922|

147.5669

30.51052

4.316517|

739.3843)

25.5268|

218.5698

56.43418)

13.43306

5.44991

12.59413

697.5272

74.53619

3.087492

17.91911

28.09103

17.06131]

4.41734)

7.897459

102.6293|

40.43377|

10.16052]

1039.327452]

6.275124]

96.11107|

26.66445|

1.448146

0.742059

36.87552]

6.598689)

1.347602

46.79549)

141.0018]

24.89941]

15.7301,

51.87216|

30.92695]

29.84711]

14.54884)

4.350404]

3.153354]

6.218097|

72.2564

123.8564]

1.068958

10.90347]

7.254242]

25.98469)

7.529728]

2.854004]

196.5129]

5.084567|

9.870135]

261.463947

3.422936

23.59099,

24.38138

1.705017|

0.545061|

15.48673|

3.812465

1.834656|

69.92599

36.48824

20.07852

1.974321)

80.78799]

11.76834]

35.97893

9.378158,

10.0927]

2.118608,

6.691735

213.1558

116.8619,

3.697298

12.51496

2.454084

3.517093

3.536534,

4.871028|

16.02735]

2.248944

6.545356

112.5808842

90.72955

19.9682

49.58898|

2.580483

0.603546|

114.729]

6.638437|

1.656875

41.32233

360.8173

36.35085,

10.4938|

590.4119

31.83454

127.0978,

89.42903

39.68469

18.10731

12.60215

53.48016

588.4869

3.524171

38.73544|

39.54459

6.215333)

9.159056

117.3235

18.17255]

26.76624

19.23031]

156.1215878|

42.6646)

104.4003]

67.95328]

15.85708]

0.48981

141.4849

2.698583

2.041606|

82.71579)

54.75223]

28.49872]

2.21786

305.2605]

11.31963

28.34886|

154.1943)

19.81431]

12.47674]

7.808134]

384.2774|

97.75765)

2.125128,

25.57146|

162.9644

3.680641]

25.97338]

284.5011]

36.81728|

62.68412]

13.62861,

387.4429246

45.43318

338.5173]

73.98246|

2.905398|

0.600913

119.7874

3.889062!

1.664136|

24.6732

204.1938]

44.30681

16.49455

398.8238)]

53.19809]

92.93331]

231.1722]

10.91627

5.488684|

9.09074

166.2152

78.12159]

3.770293|

22.71408]

194.0888|

7.172881]

11.25959]

108.3913

341.5983

42.79564

38.90612]

383.8843912]

7.316695

117.8155

19.661

2.773257|

0.594798|

67.50168

4.505489

1.681243|

24.59697

219.1923,

51.40185

3.668933

175.0646)

23.4199]

167.9801

21.15602

17.95111]

6.266513

16.09646|

1336.396

174.7158,

18.10774|

17.74416

12.72423]

32.94743

8.541895|

12.18079]

440.896

9.855373]

6.573692

131.8263908]

156.0544]

91.3997|

97.31183]

3.711971

0.589477|

102.5803

5.527551

1.696418

83.66964|

250.1971

31.93709]

13.03148]

677.6763]

50.63018]

121.4606

185.1731]

25.49589)

42.60386)

10.33051

75.29616

332.3317,

5.992002]

26.80292|

344.8396|

8.919684]

31.07434

1638.497,

20.59147|

53.01143]

72.20862,

403.9440345

17.63762

87.32302|

81.83776|

1.733818]

0.531997|

116.2498

5.752187

1.879708,

42.31306

84.11898|

43.85969)

4.155136

143.9862]

13.57135

85.08506)

112.5904

21.48851]

7.417255

6.516582]

306.1774

56.79755|

1.840934|

13.2786

144.8174]

6.825224]

22.05448|

215.2551]

43.37893]

39.40089)]

10.64256)

26.93283528|

6.83179]

120.5012

11.61268|

1.356789

0.724507|

26.17216

3.401506

1.380249]

5.800734

108.4196

25.34173

2.996723

44.22409]

12.35163|

28.39647|

16.86677|

2.993661

1.594862

4.14202

36.90841

56.49985)

1.154715]

7.277716

8.434107,

2.550278

2.365366

7.611308,

975.9823

7.045016

39.77968,

195.5751646)

1.649511]

28.83095

5.36992|

1.141726

0.545618|

75.93295

0.728858

1.832786

10.15197

44.45701|

7.632124

1.963711]

66.27541

41.92679

3.127773

3.47353)

8.502812,

1.451439

7.170062

302.8906

16.33273

1.370864|

19.47095

10.99703

3.982647,

2.266972

1.29383|

365.3787

34.1015

1.379209]

408.2633954

143.2295

99.90546

108.8238,

2.950929)

0.589844

69.14238)|

5.807749

1.695365)

40.57229)

192.1296

43.64057,

5.752464

377.665|

27.65751]

112.3515

324.2727|

27.05002]

12.63564]

10.1942

298.78

334.7821]

6.560202]

24.89261

431.687|

10.71507

23.7842]

651.0326|

508.4393]

62.0996|

43.09097,

637.3995919

8.530187

137.816

33.13029

2.56705|

0.466508|

78.20894

11.51064

2.143587,

86.21979

194.5626

84.93487

13.32272

796.9874

23.12302

89.3734)

21.06077,

12.63358

2.600172

12.66125

500.8797|

165.1756

2.909314

17.86719)

13.2801

14.14211]

7.846916|

6.246284|

623.8661

13.18073

13.67351]

224.9943762]

25.51194

83.03908|

124.1655

1.825401

0.721586|

85.04559

1.280774

1.385837|

20.77006

92.55732]

35.26022

15.97681]

243.573)

11.9453|

37.72034]

179.0591]

16.57139]

8.513619

9.557269

693.1814|

47.54871]

3.673251

30.29012

104.7995

3.526022

6.856277|

136.0491

20.68896

98.28066|

10.21707|

176.5665523|

76.97736

66.2435|

88.60962]

1.906897]

0.614325)

488.9792]

1.843162]

1.627803)

12.07133

12.64425]

15.28278)

2.367594|

287.1756|

8.3464|

23.88799]

141.1549)

10.42208

19.82462]

5.32429|

49.32737|

16.26204]

9.278844]

21.68158]

217.5642]

3.031528|

8.283783|
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157.3162]
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10.697|
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25.7101]

34.44957,
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223.2342
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10.33307]
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216.9203

45.47549]

14.36244)

362.7405)
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384.5847

132.2143)
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4.64105)

55.24618)

135.4666|
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