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ABSTRACT

Karadal-Ferrena, B., Racial Disparity in Tumor Microenvironment and
Outcomes in Residual Breast Cancer after Neoadjuvant Chemotherapy,
Hacettepe University Graduate School of Health Sciences Basic Oncology
Department of Tumor Biology and Immunology Doctor of Philosophy Thesis,
Ankara, 2023. Black patients with residual estrogen receptor-positive (ER+) breast
cancer after neoadjuvant chemotherapy (NAC) have inferior survival compared to
white women resulting racial disparity in breast cancer survival. Differences in the
tumor microenvironment (TME) might be one of the mechanisms behind the racial
disparity in outcome. The hypothesis of this thesis study is “Racial disparity in Distant
Recurrence-Free Survival (DRFS) in patients with residual ER+/ Human Epidermal
Growth Factor Receptor 2 negative (HER2-) disease is due to enhanced pro-metastatic
components (macrophage, microvasculature, cancer stem cell, and Tumor
Microenvironment of Metastasis (TMEM) doorway density) in the tumor
microenvironment post-NAC”. We stained 183 invasive ductal carcinoma tissue
samples (96 Black women, 87 white women) for TMEM doorways (Pan-Mena
expressing tumor cell, CD68 macrophages, and CD31 endothelial cells) and SOX9
expressing cancer stem cells (CSCs). TMEM doorway score and macrophage density
were more in Black patients in the entire cohort and in the ER+/HER2- disease. TMEM
doorway was an independent prognostic factor overall. There was no racial disparity
in microvascular density and CSCs. In conclusion, high-TMEM doorway score was
an independent prognostic factor of worse survival in patients with residual cancer
post-NAC. Racial disparity in outcome might be due to an increased pro-metastatic
response to chemotherapy in Black relative to white patients with residual ER+/HER2-

disease.

Keywords: Breast Cancer, Metastasis, Neoadjuvant Chemotherapy, Cancer
Recurrence, Tumor Microenvironment

Supporting Institutions: Albert Einstein College of Medicine
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OZET

Karadal-Ferrena, B., Neoadjuvan Kemoterapi Sonrasi Rezidii Meme Kanserinde
Tiimor Mikrogevresi Ve Niikssiiz Sag Kalimindaki Irksal Farkhililar, Hacettepe
Universitesi Saghk Bilimleri Enstitiisii Temel Onkoloji Anabilim Dah Tiimér
Biyolojisi ve Immiinolojisi Doktora Tezi, Ankara, 2023. Neoadjuvan
kemoterapiden (NAK) sonra rezidi 0strojen reseptoru pozitif (Estrogen Receptor,ER+)
meme kanseri olan Siyahi kadinlar, Beyaz kadinlara kiyasla daha diisiik sagkalima
sahiptir ve meme kanseri sonuglarinda irksal esitsizlik gortilmektedir. Irksal sag kalim
esitsizligini agiklayabilecek faktorlerden biri timor mikrogevresindeki degisiklikler
olabilmektedir. Bu tez ¢calismasinin hipotezi, “Rezidii ER+/ Insan Epidermal Biiyiime
Faktori Reseptor 2 negatif (Human Epidermal Growth Factor Receptor 2 negative,
HER2-) meme kanseri olan hastalarda niikssiiz sag kalimdaki (Distant Recurrence-
Free Survival, DRFS) irksal esitsizlik, neoadjuvan kemoterapi sonrasi timor
mikrogevresindeki artmis pro-metastatik bilesenlerden (makrofaj, mikrovaskiilerite,
kanser kok hiicresi ve timor mikrogevresi metastaz (Tumor Microenvironment of
Metastasis, TMEM) kapisindan yogunlugu) kaynaklanmaktadir”. TMEM kapilari
(Pan-Mena eksprese eden timor hicresi, CD68 makrofajlar ve CD31 endotel hiicreleri)
ve SOX9 eksprese eden kanser kok hiicreleri (KKH’ler) i¢in 183 invaziv duktal
karsinom ornegini (96 Siyahi kadin, 87 Beyaz kadin) boyadik. Tim kohortta ve
ER+/HER2- alt tipinde Siyahi hastalarda TMEM kapi1 skoru ve makrofaj yogunlugu
daha ylksekti. TMEM kap1 skoru genel olarak bagimsiz bir prognostik faktordii.
Mikrovaskiiler yogunluk ve KKH’lerde irksal bir farklilik yoktu. Sonug olarak, NAK
sonrast rezidiiel kanserli hastalarda yiiksek TMEM kap1 skoru diisiik sagkalim i¢in
bagimsiz bir prognostik risk faktoriidiir. Irksal farklilik, rezidi ER+/HER2- meme
kanseri olan Beyaz hastalara kiyasla Siyahi hastalarda kemoterapiye daha belirgin bir

pro-metastatik yanittan kaynaklaniyor olabilir.

Anahtar Kelimeler: Meme Kanseri, Metastaz, Neoadjuvan Kemoterapi, Kanser
Nuksetmesi, Tumor Mikrogevresi

Destekleyen Kurumlar: Albert Einstein T1p Fakiiltesi



CONTENTS

CONFIRMATION PAGE

PUBLISHING AND INTELLECTUAL PROPERTY STATEMENT
ETHICAL DECLARATION
ACKNOWLEDGEMENT

ABSTRACT

ABSTRACT IN TURKISH

CONTENTS

ABBREVIATIONS

FIGURES

TABLES

1. INTRODUCTION

2. BACKGROUND

2.1. Breast Cancer Epidemiology

2.2. Breast Cancer Subsets

2.3. Breast Cancer Treatment

2.4. Racial Disparity in Breast Cancer

2.5. Racial Disparity in the Tumor Microenvironment
2.6. Tumor Microenvironment of Metastasis (TMEM) Doorways
2.7. Cancer Stem Cells in Breast Cancer

3. MATERIAL AND METHODS

3.1. Patient Selection and Study Design

3.2. Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining

3.3. Automated Analysis and Quantification of TMEM Doorways
3.4. Macrophage Density and Microvascular Density Analysis

3.5. Analysis of Cancer Stem Cells

3.6. Data Analysis

4. RESULTS

4.1. Patient Demographics and Characteristics

4.2. Racial Disparity in Pro-metastatic TME Markers

4.3. Association between Pro-metastatic TME Parameters and DRFS

il

v

Vi
vii
viil
X
X1
Xiil

XVi

— O 3 W W W W



5. DISCUSSION 40
6. CONCLUSION AND RECOMMENDATION 45
7. REFERENCES 47
8. SUPPLEMENTARY DOCUMENTS

SUPPLEMENT-1-2: Ethics Committee Approval for Thesis Study
SUPPLEMENT-3-4: Thesis Study Originality Report (Turnitin Report)
9.CV



Angl
Ang2
BP

Cl

CSC
CSF-1
CSF-1R
DRFS
EMT
ER

ER+/HER2-

FFPE
G-CSF
HER?2
HR

IF

IHC
IL-6
IL-8
IQR
MDSC
Mena
MenalNV
NAC
NF-xB
NSABP
NYPOG

ABBREVIATIONS

Angiopoietin-1

Angiopoietin-2

Black Patients

Confidence Interval

Cancer Stem Cell

Colony-Stimulating Factor
CSF1-Receptor

Distant Recurrence Free Survival
Epithelial-to-Mesenchymal Transition
Estrogen Receptor

Estrogen Receptor Positive — Human Epidermal Growth
Factor Receptor 2 Negative

Formalin Fixed Paraffin Embedded
Granulocyte Colony Stimulating Factor
Human Epidermal Growth Factor Receptor 2
Hazard Ratio

Immunofluorescence

Immunohistochemistry

Interleukin-6

Interleukin-8

Interquartile Range

Myeloid-Derived Suppressor Cell
Mammalian-enabled, Actin Regulatory Protein
Invasive isoform of Mena protein

Neoadjuvant Chemotherapy

Nuclear Factor Kappa B

National Surgical Adjuvant Breast and Bowel Project

New York Pathology Oncology Group

Xi



ROI
SD

SOX9
TAILORX
TGF-p

TIE
Domains

TILs
TME
TMEM
TMEM-MRI
TN
TNBC
Tregs
VEGF-A
WP

yPN

yPT

Xii

Region of Interest

Standard Deviation

SRY-Box 9

The Trial Assigning Individualized Options for Treatment
Transforming Growth Factor-f3

Tyrosine Kinase with Immunoglobin and EGF Homology

Tumor-Infiltrating Lymphocytes

Tumor Microenvironment

Tumor Microenvironment of Metastasis
TMEM-Magnetic Resonance Imaging

Triple Negative

Triple Negative Breast Cancer

Regulatory T cells

Vascular Endothelial Growth Factor-A

White Patients

Lymph Node Status after Neoadjuvant Chemotherapy

Tumor Stage after Neoadjuvant Chemotherapy



Figure
2.1

2.2

2.3

24

4.1
4.2

FIGURES
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United States 2010-2015. This figure is adapted from
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Tumor MicroEnvironment of Metastasis (TMEM)
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Macrophage, and Endothelial Cell. BioRender.com was
used to make this figure.

Proposed Model of TMEM Doorway Function. A)
Endothelial cells secrete Angiopoietin 2 (Ang2) which in
turn activates the tyrosine kinase receptor TIE2 in
perivascular macrophages. B) Colony stimulating factor-1
(CSF-1) secreted by tumor cell at TMEM doorway binds to
its receptor (CSF-1R) on macrophages. C) These
interactions increase Vascular Endothelial Growth Factor-
A (VEGF-A) secretion, thereby stimulating transient and
local vascular opening event at the TMEM doorway.
Invasive cancer cells with high MenalNV and low
Menalla expression disseminate from the primary tumor
via transient vascular opening events around TMEM
doorways. BioRender.com was used to make this figure.

Study Design.

Representative images for TMEM Doorway triple IHC and
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TMEM doorway score (p=0.004); B) macrophage density
(p=0.0002); C) cancer stem cells (p=0.0002); and D)
microvascular density (p=0.44). N=91 in ER+/HER2-
disease, N=59 in TNBC. ER+: estrogen receptor positive,
TNBC: triple negative breast cancer. ns: not statistically
significant, p>0.05, *: p=< 0.05, **: p< 0.01, ***: p<
0.001.

Racial disparity is observed in TMEM doorways and
macrophages overall, and in ER+/HER2- disease, but not
in TNBC. A-C) TMEM doorway score by race in all
subtypes (A, p=0.002), in ER+/HER2- disease (B, p=0.02),
and TNBC (C, p=0.74). D-F) Macrophage density by race
in all subtypes (D, p=0.002), in ER+/HER2- disease (E,
p=0.02), and TNBC (F, p=0.31). G-lI) Microvascular
density by race in all subtypes (G, p=0.06), in ER+/HER2-
disease (H, p=0.09), and TNBC (I, p=0.97). J-L) Cancer
stem cell percentage in all subtypes (J, p=0.09), in
ER+/HER2- disease (K, p=0.09), and TNBC (L, p=0.73).
Patient numbers: BP (N=96), WP (N=87) in all subtypes;
BP (N=41), WP (N=50) in ER+/HER2- disease; BP (N=37),
WP (N=22) in TNBC. BP: Black patients, WP: White
patients, ER+: estrogen receptor positive, TNBC: triple
negative breast cancer. ns: not statistically significant,
p>0.05, *: p=< 0.05, **: p < 0.01.

Correlation among pro-metastatic tumor markets in the
entire cohort. The distribution of each marker can be seen
in diagonally placed curve graphs.

Patients with high-TMEM doorway score have inferior
DRFS in the entire cohort and trended towards in
ER+/HER2- disease. A-C) DRFS in Black vs White
patients in all subtypes (A, p=0.21), ER+/HER2- subtype
(B, p=0.15), and TN subtype (C, p=0.6). D-F) Patients with
high- vs mid/low-TMEM doorway score and in all
subtypes (D, p=0.008), ER+/HER2- subtype (E, p=0.08),
and TN subtype (F, p=0.77).

Multivariate Cox regression model in all subtypes (A) and
in ER+/HER2- subtype (B). N=175 in all subtypes and
N=86 in ER+/HER2- disease, patients with unknown status
are excluded. BP: Black patients, WP: White patients, BCT:
breast conserving therapy, ER+: estrogen receptor positive,
TNBC: triple negative breast cancer, HR: Hazard Ratio, CI:
Confidence Interval.
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Pro-metastatic tumor markers and DRFS were not
associated in all subtypes, ER+/HER2- subtype, and TN
subtype. A-C) DRFS in high- vs mid/low-macrophage
density in all subtypes (A, p=0.23), ER+/HER2- subtype
(B, p=0.42), and TN subtype (C, p=0.37). D-F) DRFS in
high- vs mid/low-microvascular density in all subtypes (D,
p=0.82), ER+/HER2- subtype (E, p=0.26), and TN subtype
(F, p=0.06). G-I) DRFS in high- vs mid/low- SOX9 density
in all subtypes (G, p=0.83), ER+/HER2- subtype (H,
p=0.25), and TN subtype (I, p=0.47). DRFS: Distant
Recurrence Free Survival, ER+: Estrogen Receptor
positive, TN: Triple Negative.

Black patients have higher TMEM doorway score and
macrophage density compared to White patients in residual
ER+/HER2- breast cancer after NAC. Racial disparity in
outcome may be due to a more pronounced pro-metastatic
tumor microenvironment (increased TMEM doorway
density) in Black, compared to White, patients with
residual ER+/HER2- breast cancer. BioRender.com was
used to make this figure.
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1. INTRODUCTION

Breast cancer is responsible for a significant proportion of cancer-related
deaths, with the majority of deaths caused by distant metastases (1,2). Black patients
have higher death rates by 40% than white patients (3). Mortality rates declined by 40%
in the past thirty years, however the gap between Black patients and white patients
remained similar (3,4). Randomized clinical trials showed that Black women have
higher recurrence risk in patients who treated with adjuvant chemotherapy, especially
in estrogen receptor positive/human epidermal growth factor receptor 2 negative
(ER+/HER2-) disease (5-9). Additionally, Black patients have worse survival in

residual ER+ breast cancer after neoadjuvant chemotherapy (NAC) (10).

Racial disparity in outcome might be related to differences in the tumor
microenvironment (TME). Specifically, black patients found to have higher levels of
regulatory T cells (Tregs), macrophages, microvascular density, adipocytes, and
inflammatory cytokines in their TME when compared to white patients (11).
Understanding the underlying factors that contribute to racial disparities in TME could
provide important insights into how to overcome these disparities and improve
outcomes for all patients with breast cancer. Such insights help scientists for the
development of targeted treatments or personalized treatment approaches that take into

account the unique characteristics of each patient's TME.

NAC, which is administered prior to surgery of the cancer, has been found to
induce a reparative response in the TME, resulting in angiogenic TIE2+ (TIE: tyrosine
kinase with immunoglobin and EGF homology domains) monocyte migration into the
tumor (12,13). NAC increases the formation and density of portals for cancer cell
intravasation called “Tumor Microenvironment of Metastasis (TMEM) doorways”
These doorways provide a direct route for cancer cells to enter the bloodstream and

spread to other organs, leading to metastasis (14,15).

TMEM doorways are complex structures consisting of direct and tight
interaction of three different cell types: Mena (mammalian-enabled, actin regulatory
protein) positive cancer cell, a vascular-adjacent TIE2 high macrophage, and an

endothelial cell (16-21). These structures provide a direct route for cancer cells to enter



the bloodstream, then initiate metastatic spread. According to three case-control
studies, the TMEM doorway score has been found to be a reliable predictor of the
increased metastasis risk in patients with ER+/HER2- disease (16,17,22). Further
characterization of the TME has revealed that TMEM doorways serve as
microanatomical niches for cancer stem cells (CSCs). Interaction between cancer cells
and macrophages induces CSC phenotype around TMEM doorways (23). Increased
density of CSCs is important because these cells have the potential to drive both
primary tumor and metastatic growth (24). Understanding the complex interactions
between TMEM doorways, CSCs, and the TME is crucial for developing effective

treatment strategies for breast carcinoma patients.

The focus of this study is to examine the potential racial disparities that exist
in breast carcinoma outcomes among patients with residual ER+/HER2- disease. The
study hypothesis posits that Black patients may experience a more enhanced pro-
metastatic response compared to white patients, which may contribute to the observed
racial disparities. In order to test this hypothesis, a retrospective, multi-institutional
case-control study was conducted, 96 tissue samples from Black patients and 87 tissue
samples from white patients were analyzed with the investigation of several pro-
metastatic markers such as TMEM doorway score, macrophage density, microvascular
density, and CSCs in residual ER+/HER2- breast carcinoma.

The research objectives of the study are twofold. Firstly, the study aimed to
determine whether pro-metastatic changes observed in residual cancer post-NAC were
associated with inferior outcomes. Secondly, the study aimed to investigate whether
racial disparities exist in the pro-metastatic changes observed in residual cancer post-
NAC. The study investigated various markers associated with pro-metastatic response
in order to identify potential underlying contributors of racial disparities in breast
carcinoma outcomes. By conducting a rigorous investigation into the potential racial
disparities that exist in breast cancer outcomes, this study contributes valuable insights
into the underlying factors that contribute to such disparities. Ultimately, the results of
this study could inform the development of more efficient and equitable strategies for

personalized treatments for patients from different racial backgrounds.



1. BACKGROUND
2.1. Breast Cancer Epidemiology

Breast carcinoma has the highest incidence rate among women globally (25).
The risk of breast carcinoma diagnosis for each women is one in eight in their lifetime
(2,3). Age of 50 and above is the majority age group for both diagnosis with average
eighty percent and mortality with average of ninety percent (3). Breast carcinoma
accounts for a significant number of new cases diagnosed per year, with a variety of
clinical presentations. With the advent of more commonly used screening with
mammography, more than half of breast carcinoma are diagnosed on screening
mammogram, and average one-third are diagnosed with palpable breast mass (26).
However, it is vital to note that breast carcinoma can also present with other symptoms
such as a breast asymmetry, nipple inversion, nipple discharge, palpable axillary mass,
breast skin thickening (also known as peau d’orange), and breast skin erythema (27).
These presentations are less common but should not be overlooked, as they can be
indicative of breast cancer. Breast carcinoma diagnosis often involves multiple
different imaging studies, including ultrasound, mammography, and magnetic
resonance imaging, as well as histopathological examination of breast tissue obtained
by biopsy. Early detection of breast carcinoma is critical, as the survival rate is much

higher when the cancer is detected and treated at an early stage (2,3).

The estimated breast cancer incidence in 2023 is 300,590 for both genders, and
297,790 for female breast carcinoma in the United States, and the estimated breast
carcinoma related deaths is 43,700 deaths for both genders, and 43,170 deaths for
female breast cancer (2). In the past decade, the incidence rates have been on the rise,
and this trend is likely due to a combination of multiple factors. One significant
contributor to the increased incidence rates is the widespread and advanced use of
cancer screening methods, particularly mammography. These screening methods have
enabled doctors to detect breast cancer earlier and more accurately, leading to an
increased number of diagnoses (2,3). However, while screening has a crucial role in
early diagnosis, this is not the only factor driving the rise in breast cancer incidence
rates. In the ER+ subset of breast carcinoma patients, several other contributors may

be at play. For instance, studies have shown that the age of pregnancy has been



increasing in the past few decades, and this may be contributing to the rise in breast
cancer rates. Finally, increased rates of obesity may also have a role in increasing
incidence rates. Obesity is a known risk factor for breast cancer. While rates of obesity
increasing worldwide, so too do the rates of breast cancer (3,11). These multiple
factors together have likely effecting the rising number of breast carcinoma diagnoses
observed in recent years, highlighting the need for continued research into breast

cancer prevention, diagnosis, and treatment.

From 1989 to 2017, the United States mortality decreased by 40% driven by
improvements in screening and treatment (3). Metastatic disease causes 90% of breast
cancer related deaths (2,3). Five-year survival of localized breast cancer is 99%,
whereas survival of metastatic (distant) disease is only 30% (2) (Figure 2.1A). There
are 150,000 patients with metastatic breast cancer reported in 2019 (3). Studying and
targeting metastatic disease in breast cancer is crucial when considering incidence
rates and deaths due to metastasis. Triple Negative Breast Cancer (TNBC) has the
worse outcome among breast cancer subtypes with an average of 77% survival rate (3)
(Figure 2.1B). This is due to diagnosis at late stages, early recurrence with metastases,

and dearth of effective targeted therapies (28-30).

B
100__ 99% 100+ 92% 89%
i o
: 80- 83% 77%
S £
= ] ‘:_B’ 60-
> 501 3
e ] S 40
3 3
] 20+
0_: 0-
R P R
® X ,32?’ gli(’ <

Figure 2.1. A) Five-year relative survival of women with breast cancer, United States
2012-2018. This figure is adapted from Siegel et al. CA Cancer J Clin, 2023
(2). B) Five-year relative survival of women with breast cancer by subtype,
United States 2010-2015. This figure is adapted from DeSantis et al. CA
Cancer J Clin, 2019 (3).



2.2. Breast Cancer Subsets

Breast cancer, a prevalent malignancy among women, is a multifaceted disease
characterized by significant heterogeneity. This complexity stems from the fact that it
encompasses diverse subsets that differ in their molecular and histological
characteristics, leading to distinct clinical behaviors and responses to treatment. In
clinical practice, three receptors — ER, HER2, and progesterone receptor (PR) - are
commonly used to classify breast cancer subtypes. These biomarkers are identified
through immunohistochemical staining and help in determining the appropriate

treatment strategy for each subtype (2,3,27).

Among subsets, the most common subtype is the hormone receptor-positive
subset, accounting for an average of eighty percent of all cases. This subset is
characterized with expression of ER and/or PR and the absence of HER2

overexpression, making it a less aggressive subtype (3,31).

In contrast, HER2+ breast carcinoma is characterized by the overexpression of
the HER2 protein. This subset is associated with an high cell growth and proliferation
rate. This subtype is approximately twenty percent of all cases and typically more

aggressive than the hormone receptor-positive subset (3,31).

Another important subtype is TNBC, which lacks the expression of ER, PR,
and HER2 receptors. This feature makes this subset the most difficult subtype to treat,
as it lacks targetable receptors (27). TNBC accounts for an average of ten to fifteen

percent of all breast carcinomas (3,31).
2.3. Breast Cancer Treatment

Breast carcinoma is treated through a combination of various therapies,
including surgery, radiotherapy, chemotherapy, hormone therapy, and targeted
treatment. Chemotherapy can occur either before or after surgery, depending on the
timing of administration. Pre-surgical chemotherapy, also known as neoadjuvant
chemotherapy (NAC), aims to downsize the tumor, enabling less aggresive surgery
and potentially increasing the chance of breast-conserving surgery. On the other hand,
adjuvant chemotherapy is given after surgery for eliminating any remaining tumor

cells and reduce the recurrence risk (3). The selection and sequence of these treatments



are determined based on several factors, including the stage at diagnosis. This is due
to the fact that treatment goals and the likelihood of achieving them differ based on
the stage. For example, early-stage breast carcinoma may be treated with surgery alone,

whereas advanced stages may require a combination of several therapies (27).

Typically, early-stage breast carcinoma patients receive primary surgery,
which may include mastectomy or breast conserving surgery (lumpectomy) of the
breast and resection of local lymph nodes (3,27). Following the completion of surgery,
additional systemic treatment or radiotherapy can be recommended depending on
various tumor features such as grade, size, lymph node involvement, and the ER, PR,
and HER2 expression (3,27). When a patient has higher grade, tumor bigger than two
centimeters, and positive local lymph node, adjuvant chemotherapy is added into the
treatment regimen. Patients with TNBC, even if the tumor is small (more than 0.5
centimeter), are usually treated with adjuvant chemotherapy (3,27,32-34). Patients
with HER2+ tumor that is more than one centimeter are treated with targeted HER2
inhibitors (35).

Locally advanced breast carcinoma is defined as tumor size is typically more
than 5 centimeters or two-three lymph node positivity are found without any distant
organ metastases (36,37). This stage is commonly managed with both surgery and
chemotherapy, which is similar to high-risk early-stage carcinoma. NAC is typically
preferred over adjuvant chemotherapy for early-stage TNBC, HER2+ disease, and
locally advanced breast carcinoma. The main aim in NAC is to downsize the tumor

and early recurrence risk (38—40).

In contrast, the treatment approach for metastatic disease is mainly based on
endocrine and chemotherapy. For hormone receptor positive cancers endocrine
therapy combination with targeted therapy is preferred. Metastatic TNBC is treated
with chemotherapy (41-44). Most widely used endocrine therapy agents are ER
modulator, tamoxifen; aromatase inhibitors letrozole, anastrozole, exemestane which
inhibit conversion of androgens to estrogen (27). The most common chemotherapy
agents are: 1) Taxane groups: docetaxel, paclitaxel which inhibits microtubule

function and disrupts mitosis, 2) Cyclophosphamide: an alkylating agent, inhibits



DNA replication, 3) Doxorubicin: topoisomerase-two inhibitor that interferes with
DNA replication (27).

In addition to chemotherapy and endocrine therapy, targeted therapies are
available for specific mutations in breast cancer. Notably, targeted agents have been
developed for “breast cancer susceptibility gene 1 or 2 (BRCAL1/2)” mutations and the
immune checkpoint molecule “programmed cell death ligand 1 (PD-L1)”. These
targeted therapies aim to specifically address the underlying molecular alterations
associated with these mutations (3,27). For individuals with BRCA1/2 mutations,
targeted agents such as “poly (ADP-ribose) polymerase (PARP)” inhibitors have
shown efficacy in inhibiting the DNA repair process specifically in cancer cells
carrying these mutations (27). This targeted approach can lead to enhanced treatment
response and improved outcomes. Similarly, targeted therapies that target PD-L1, such
as immune checkpoint inhibitors, harness body's immune system and enhance anti-

tumor responses (27).

In conclusion, the management of breast carcinoma is a multidisciplinary
approach that requires a comprehensive evaluation of several factors, such as the stage,
primary tumor characteristics, and individual patient factors. Decisions are made based
on a combination of different options, such as surgery, chemo-, radio-, hormone-
therapy, and targeted therapy, aimed at improving the patient's survival and quality of
life.

2.4. Racial Disparity in Breast Cancer

Breast cancer related deaths declined approximately by 40% in the last three
decades, however death rates decline less in Black race. Black patients have worse

survival and increased distant recurrence compared to white patients (3,45-47).

Black patients are diagnosed younger than white patients (average 60 versus
63 years). Furthermore, these patients are dying younger due to breast cancer (average
63 years versus 70 years) (3). Five-year relative survival of distant disease is 32% for
white patients whereas it is only 21% for Black patients (Figure 2.2). The main factors
contributing to this are: (i) advanced stage at presentation, (ii) limitations in access to

care, (iii) higher TNBC incidence, (iv) dropout from endocrine and chemotherapy, and



(v) more common comorbidities (48-52). Black patients tend to have higher grade
cancer more often than lower grade cancer compared to other race groups, as well as
bigger size tumors (more than 5 centimeter) (3).

ER+/HER2- breast cancer is more common in white patients, whereas TNBC
is more common in Black patients. Especially, higher percentage of TNBC in black

women younger than 50 years might be contributing the racial disparity (3,53).
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Figure 2.2. Five-year relative survival of women with distant metastatic breast cancer,
United States 2012-2018. This figure is adapted from Siegel et al. CA Cancer
J Clin, 2023 (2). WP: White Patients, BP: Black Patients.

Randomized clinical trials have shown that mortality gap remains even after
adjusting for social and demographic factors, especially in ER+/HER2- breast cancer
(5,7,8). There are three randomized adjuvant treatment breast cancer trials that
reported that Black race is related with increased recurrence risk ranging from 1.5 to
1.84 fold (5,7,8) (Table 2.1).



Table 2.1. Randomized adjuvant breast cancer trials

Study/Cohort Number Black Stage Black race and risk of recurrence
E1199 (NCT00004125) 4,817 405 (8.4%) -l A1.58-fold (p=0.002) in ER+/HER2-
Sparano et al. J Natl Cancer Inst., 2012. (5) disease
E5103 (NCT00433511) 2,859 386 (13.5%) 1I-lll  A1.5-fold (p=0.027) in ER+/HER2-
Schneider et al. JCO Precision Oncol., 2017. (7) disease
Montefiore-Einstein cohort 3,890 1,394 I-11 M 1.84-fold (p<0.05) in ER+/HER2-
Kabat et al. J Racial Ethn Health Disparities, (35.8%) disease
2017. (8)

A Increased. This table is adapted from Kim et al. Cancer 2022 (10). No.: total number of patients.

In addition to the adjuvant setting, a recent study including eight National
Surgical Adjuvant Breast and Bowel Project (NSABP) trials showed that there are also
disparities in residual ER+/HER2- breast cancer in neoadjuvant setting (10). These
findings indicate that disparity might be related to other factors, such as the biology of

the host, the biology of cancer, host-tumor interaction, and/or the TME.
2.5. Racial Disparity in the Tumor Microenvironment

Racial disparity seen in breast carcinoma even in randomized clinical trials that
controlled for social factors and access to healthcare suggests that other unknown
factors may be contributing to this disparity. Potential causes may lie with parameters
associated with the biology of the host and/or tumor, including the TME (11). Dynamic
interaction of cancer cells and non-cancer cells can shape the growth, progression, and

dissemination of the tumor (54).

Tumor associated macrophages can harbor two different roles: pro-
tumorigenic roles or anti-tumorigenic roles (55,56). One study showed that Black
patients have overall higher macrophage density in the TME (57), while other showed

specifically high pro-tumorigenic subtype of macrophages in Black patients (58).

Similar to macrophages, neutrophils can harbor pro-tumorigenic or anti-
tumorigenic roles (59). Even though it has been shown that Black race can have high
neutrophils in healthy conditions (60), there is no difference in neutrophil levels among

Black relative to white breast cancer patients (61).

Another cell from myeloid lineage besides macrophages and neutrophils is
myeloid-derived suppressor cells (MDSCs). MDSCs have immunosuppressive

properties and have two subtypes: monocytic and granulocytic (62). One study showed
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that circulating granulocytic-MDSCs in blood increases after adjuvant chemotherapy
and this increase is even more pronounced in Black patients than Caucasian patients
(63).

Tregs cause immunosuppression and inferior survival in breast cancer (64,65).
Percentage of Tregs in TME is higher in Black relative to white patients (61). Although
tumor-infiltrating lymphocytes (TILs) correlate with improved survival and
chemotherapy response (66,67), there is no racial differences reported in TILs between
Black relative to white patients (61).

Vasculature in the tumor is important for growth, progression as well as
dissemination of the tumor cells (68-70). Microvascular density is also associated with
breast cancer outcome (71). Black patients with breast cancer have higher

microvascular density in their TME relative to white patients (58).

Additionally, adipocytes, most common cell type in breast tissue, are also
associated with inferior survival (72,73). Obesity is seen more in Black than white
women (74). Obesity can induce chronic-inflammation and increased chemo-
attractants in the TME (75). Black women have higher adipocyte-associated structure
also known as crown-like structure relative to Caucasian women with breast cancer.
Crown-like structure is composed of dying adipocytes surrounded by macrophages

and correlated with inferior survival in breast cancer (57).

The racial differences in the immune cell composition in turn affects cytokine
profiles in the TME. Healthy Black women have higher interleukin-8 (IL-8),
interleukin-6 (IL-6), granulocyte stimulating factor (G-CSF), and TNF-alpha levels at
the baseline (76,77). Black patients with breast cancer have higher IFN-gamma and

resistin levels compared to white patients (58,78).

Overall, these findings show that Black women have more pro-tumorigenic and
pro-metastatic TME relative to white women. This could be one of the main
contributors in racial disparity among Black and white race. Understanding the
mechanism and the impact of differences in the TME in Black and white race will
guide further studies design new treatment strategies to overcome racial disparity in

clinic.
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2.6. Tumor Microenvironment of Metastasis (TMEM) Doorways

Higher macrophages and microvascular density seen in Black women are
important because these are the components of portals for tumor cell dissemination
called “TMEM doorways”. They are made of three different cells: a tumor cell, an

endothelial cell, and a macrophage (Figure 2.3).

Tumor Cell Macrophage
.Tumor Cell

*Macrophage

@ Endothelial Cell
TMEM Doorway

Endothelial Cell

Figure 2.3. Tumor MicroEnvironment of Metastasis (TMEM) Doorway. Three
different cells in direct and stable physical contact form TMEM doorway:
Tumor cell, Perivascular Macrophage, and Endothelial Cell. BioRender.com
was used to make this figure.

The details of TMEM doorway function have been established using pre-
clinical in vivo and in vitro models, as well as in vivo imaging (15,18,20,79). There is
a stable, tight, and direct contact between the three TMEM doorway cells. The
interaction of the cells results in transient vascular opening events around TMEM
doorways which cancer cells intravasate and metastasize (Figure 2.4). The mechanism
and the pathways are activated from this interaction are well studied in in vivo mouse

mammary tumor models.

One of the components of TMEM doorway is macrophages that are TIE2+.
TIE2 is a receptor tyrosine kinase, and is expressed in macrophages, endothelial cells,
and cancer cells among others. Through its receptors, Angiopoietin-1 (Angl) and
Angiopoietin-2 (Ang2), TIE2 regulates angiogenesis, cell migration, and survival (80).
In context of TMEM doorway, Ang2 secreted by endothelial cell stimulates TIE2
receptors on the TMEM doorway macrophage, which increases vascular endothelial
growth factor-A (VEGF-A) production (Figure 2.4A). Another pathway that increases
VEGF-A secretion around TMEM doorways is CSF-1 (colony-stimulating factor) —
CSF-1R (CSF1-receptor) pathway. CSF-1 is secreted by cancer cells and binds CSF1-
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R on macrophages inducing VEGF-A expression in TIE2+ macrophages at TMEM
doorways (81) (Figure 2.4B). VEGF-A released from the TMEM doorway-bound
macrophage induces dissociation of endothelial cell-cell junctions, leading to localized
vascular permeability around TMEM doorways and cancer cell intravasation at
TMEM doorways (Figure 2.4C).

Cancer cells with high invasive isoform of Mena (Mena-invasive, MenalNV)
disseminate from the primary tumor via TMEM doorways. Mena is an actin regulatory
protein. Mena inhibits capping proteins of actin and causes sustained actin
polymerization and directional movement of the cell which helps tumor cells to
migrate and intravasate. Mena protein has multiple splicing variants, including
Menalla and MenalNV (82). Menalla is related to epithelial phenotype and
associated with anti-metastatic character (82). On the other hand, MenalNV is related
to epithelial-to-mesenchymal transition (EMT). It is an invasive and pro-metastatic
marker (83). It has been shown in several studies that Menalla-low, MenalNV-high
tumor cells migrate towards and intravasate through TMEM doorways (84-86)
(Figure 2.4). Further, MenalNV levels correlate with TMEM doorway score in human

mammary carcinoma (82).
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Figure 2.4. Proposed Model of TMEM Doorway Function. A) Endothelial cells
secrete Angiopoietin 2 (Ang2) which in turn activates the tyrosine kinase
receptor TIE2 in perivascular macrophages. B) Colony stimulating factor-1
(CSF-1) secreted by tumor cell at TMEM doorway binds to its receptor (CSF-
1R) on macrophages. C) These interactions increase Vascular Endothelial
Growth Factor-A (VEGF-A) secretion, thereby stimulating transient and local
vascular opening event at the TMEM doorway. Invasive cancer cells with high
MenalNV and low Menalla expression disseminate from the primary tumor
via transient vascular opening events around TMEM doorways.
BioRender.com was used to make this figure.

The density of TMEM doorways is an independent prognostic indicator of
distant recurrence in ER+/HER2- disease (Table 2.2). Metastatic breast cancer had
higher TMEM doorway score than non-metastatic breast cancer patients (16).
Likewise, in a largerstudy including 518 cases found that TMEM doorway score was
correlated with metastasis in ER+/HER2- breast carcinoma (17). Moreover, another
analysis of trial E2197 (NCT00003519) reported that there was a strong association
between early recurrence in ER+/HER2 disease and TMEM doorway score (22).
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Table 2.2. TMEM doorway case-control studies

Study Number of patients Conclusion of the Study
Patients with metastatic breast
Robinson et al. Clinical Can. Res., 60 cases (30 case-control cancer have higher TMEM doorway
2009. (16) pairs) score than patient with non-

metastatic disease.

TMEM doorway score was
Rohan et al. JNCI, 2014. (17) 518 cases (259 case-control  associated with increased risk of
pairs) metastasis in ER+/HER2- disease.

There was a positive association
Sparano et al. NPJ Breast Cancer, 600 cases (E2197 cohort) between TMEM doorway score and
2017. (22) early recurrence in ER+/HER2-
disease.

Importantly, TMEM doorway function can be inhibited by an orally available,
highly specific, small molecule TIE2 inhibitor (Rebastinib) (87) which was tested in
clinical trials for breast and gynecologic cancers (NCT03717415, NCT03601897) at
Montefiore-Einstein and other sites. In mouse mammary tumor model, Rebastinib
treated mice, compared to the control group, has decreased primary tumor growth,
lower number of metastatic nodules in the lung, less TMEM doorway activity, less

circulating cancer cells, and longer survival (87).

Moreover activity of TMEM-doorways can be monitored via TMEM-
Magnetic Resonance Imaging (TMEM-MRI) (88). TMEM-MRI is based on first-pass
measurement of contrast reagent, gadolinium, and detects TMEM doorway related
vascular opening events. Pilot cohort from the study has shown association between
TMEM-MRI and TMEM doorway score (88). Even though larger cohort studies are
needed, this technique has the potential for real-time assessment of TMEM doorways

in the future.

In the setting of chemotherapy, the number of TMEM doorways, cancer cell
intravasation and metastasis were enhanced in murine mammary carcinoma models
treated with NAC. Moreover, patients with ER+/HER2- disease had increased TMEM
doorway numbers post-NAC (15). Although there is evidence of NAC-induced TMEM
doorway mediated metastasis, the impact of NAC on TMEM doorways in the context

of racial disparity is unknown.
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2.7. Cancer Stem Cells in Breast Cancer

CSCs are rare stem-like cancer cells that are known to exhibit properties of
self-renewal, differentiation which can initiate cancer and tumor progression (24).
With these features CSCs can sustain the primary tumor, initiate metastases, and resist
chemotherapy (24,89).

High circulating CSCs are associated with inferior treatment response, survival,
and progression-free survival (90). Similarly, a meta-analysis showed correlation of
CSCs and inferior survival in breast cancer (91). Some studies have found association
between CSCs and outcome (91-94), but other studies did not (95,96).

CSC phenotype can be modulated by TME. Tumor cell-macrophage
interaction around TMEM doorways induces CSCs phenotype in mouse mammary
carcinoma model (23). TMEM doorway score was positively associated with CSCs
(23). Although the importance and tumor initiation capacity of CSCs are well studied,

CSC density in different racial backgrounds are unknown.

Transcription factor SOX9 (SRY-box 9) is one of the markers for CSCs. SOX9
mediates development of many tissues via regulating multiple downstream signaling
pathways e.g., nuclear factor kB (NF-kB), Notch, Wnt-Beta catenin, Transforming
Growth Factor-B (TGF-B) (97-101). SOX9 positive tumor cells can promote
tumorigenesis and metastasis (101,102). SOX9 is correlated with worse survival in
breast carcinoma as well as hepatocellular carcinoma, ovarian cancer, lung cancer, and
gastric cancer (102,103). Furthermore, SOX9 levels are positively correlated with

TMEM doorway score in human breast cancer samples (23).

In summary, studies extensively suggests that CSCs have a crucial role in
cancer initiation as well as metastasis initiation. They might have a significant impact
on patient survival. Therefore, it is crucial to delve deeper into the study of as a pro-

metastatic tumor marker, particularly in the context of racial disparity.
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3. MATERIALS AND METHODS
3.1 Patient Selection and Study Design

The study is a prospective-retrospective, multi-institutional case-control study.
Patient samples are collected from New York Pathology Oncology Group (NYPOG)
institutions (Montefiore Medical Center; New York University Langone Health;
Memorial Sloan Kettering Cancer Center; New York-Presbyterian/Weill Cornell

Medical Center, https://einsteinmed.edu/research/groups/ny-pathology-oncologyy/).

NYPOG is a group of physicians from pathology and oncology specialties, also basic
research scientist. The collaborative work of this group focuses on the TME role in
cancer initiation, progression, metastasis, and dormancy in patients of all racial
background in the New York, US.

This study was approved by Institutional Review Board of each institution and
performed in accordance with REMARK guidelines (104,105).

A total of 183 patient samples were collected, including 96 tissue samples from
Black patients and 87 tissue samples from white patients (Table 4.1). The inclusion
and exclusion criteria are shown in Figure 4.1. Inclusion criteria are unilateral invasive
ductal breast cancer, age older than eighteen, residual disease after NAC minimum
five millimeter. Exclusion criteria are history of previous cancer, metastatic disease,
and male patients. The race of each patient was self-identified as either Black or white.

For each patient, a Formalin Fixed Paraffin Embedded (FFPE) block was
obtained. Blocks were cut into 5 pum thickness — five sequential slides for further
staining. These slides were used to investigate various tumor markers and their
relationship to outcome, with the aim of improving our understanding of the
mechanisms that underlie racial disparity.

The NAC treatment details were categorized into anthracycline,
cyclophosphamide, taxane drug combinations, or NAC combined with endocrine
therapy, HERZ inhibition, radiation therapy. Treatment regimens were similar between

patients, as outlined in Tables 4.2 and 4.3.


https://einsteinmed.edu/research/groups/ny-pathology-oncology/
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3.2 Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining

One of the sections was stained for TMEM doorway triple IHC staining, as

previously described (17,22). Antibodies used for TMEM doorway triple IHC staining

as follows:

pan-Mena antibody (P/N: 610692, BD Biosciencesthat stain all isoforms of
Mena with Fast Red chromogen (Bond Polymer Refine Red Detection,
Leica Biosystems) for cancer cells,

CD-68 antibody (clone PG-M1; 1:300 dilution; DAKO) with antigen
retrieval using Bond Epitope Retrieval Solution 1 and 3,3’-
Diaminobenzidine (DAB) chromogen for macrophages,

CD-31 antibody (clone JC70A; 1:800 dilution; DAKO) with Bond Epitope

Retrieval Solution 2 and Vector Blue chromogen for endothelial cells.

One of the serial sections for each patient was stained with SOX9 for CSCs
SOX9 (anti-rabbit Millipore 3205915, 1:100 dilution) and DAPI (1:1000 dilution for
nuclei) were used for IF staining of CSCs. Alexa Fluor-546 goat anti-rabbit (H+L)
(Thermofisher, Cat# A11035, 1:200 dilution) was used as secondary antibody for

SOX09. 3D Histech P250 High-Capacity Slide Scanner was used for scanning the slides.

Details of SOX9 staining protocol is:

First Day:

1. Dewaxing the slides

a. Leave the slides in 60 degree Celsius incubator for an hour.

b. Place the slides in a rack, and dewax the slides two times with

xylene, 10 minutes for each time.
c. Perform following washes:
1. 100% ethanol, 2 minutes

95% ethanol, 2 minutes
70% ethanol, 2 minutes
50% ethanol, 2 minutes

Last wash in water

o ok~ 0w

Keep the slides in water
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2. Perform antigen retrieval
a. Prepare 1X pH 9, antigen unmasking solution, tris-based (100X,
vector labs, catalog number H-3301)
b. Place antigen retrieval buffer in a glass jar and microwave to
boiling without the slides.
c. Place the slides into the retrieval solution and put the jar in the
steamer with lid for 20 minutes.
d. Remove the slide from the steamer and cool it down for 30
minutes at room temperature.
3. Wash the slides in phosphate-buffered saline, 5 minutes for three times.
4. Use a hydrophobic pap pen to outline tissue area.
5. Prepare blocking buffer, 10 mL:
I. 8.8 mL tris buffered saline-tween 20 (0.05% tween)
ii. 0.1 gram bovine serum albumin, fraction V
iii. 1 mL normal goat serum, cell signaling catalog number
5425S
6. Block the slides at room temperature for one hour.
7. Add primary antibody (SOX9 anti-rabbit Millipore 3205915, 1:100
dilution in blocking buffer) and incubate the slides at 4 degree solution

over-night.

Second day:

1. Wash the slides in tris buffered saline-tween 20 (0.05% tween) for 5

minutes, three times.
(From second step, protect the slides from the light)

2. Add Alexa Fluor-546 goat anti-rabbit (H+L) as secondary antibody,
Thermofisher, Cat# A11035, 1:200 dilution in blocking buffer) and
incubate the slides for one hour at room temperature.

3. Wash the slides in tris buffered saline-tween 20 (0.05% tween) for 5
minutes, three times.

4. Stain the slides with DAPI for 5 minutes, (1:1000 dilution, diluted in

tris buffered saline-tween 20).
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5. Wash the slides in tris buffered saline-tween 20 (0.05% tween) for 5
minutes, three times.

6. Place the slides in phosphate-buffered saline.

7. Mount the slides with Vectashield hardset antifade mounting medium
(Vector labs catalog number H-1400) and place the cover glass on top.

8. When the slides are dried, store the slides in the dark 4 degree Celsius
fridge.

9. Scan the slides as soon as possible with 3D Histech P250 High-
Capacity Slide Scanner.

3.3 Automated Analysis and Quantification of TMEM Doorways

Ten 20X (660x880 pum?) region of interests (ROIs) were drawn in scanned
slides in Visiopharm image analysis software (Hgrsholm, Denmark). The areas of
tissue fold, necrosis, and inflammation were avoided. Automated analysis of TMEM
doorways were done in all 20X ROlIs as previously described (106). The published
analysis were done in 40X ROIs, which is 4 times of 20X ROIls (22,106,107). To
normalize the data, the sum of the results was divided by 4. High versus mid/low
TMEM doorway scores were separated by highest tertile and lowest 2/3 tertiles,

respectively.
3.4 Macrophage Density and Microvascular Density Analysis

In addition to its primary function of detecting TMEM doorways in tissue
samples, the algorithm used in this study is also capable of identifying areas of CD31
staining (blue) for endothelial cells, CD68 staining (brown) for macrophages within
the same TMEM doorway slides (106).

To perform macrophage and microvascular density analysis, the same ROIs
from TMEM doorway analysis were utilized. The algorithm identified blue areas
within ROIs as the microvascular component and brown areas as the macrophage
component. The areas of macrophage or microvascular staining were divided to area

of each ROI to calculate macrophage density and microvascular density.
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3.5 Analysis of Cancer Stem Cells

The same ROIs from TMEM doorway analysis were also used to analyze CSCs
— specifically, nuclear SOX9 expressing cells in Visiopharm software. To do this, the
ROIs were saved as BMP (bitmap) format and opened via Fiji software (108). To
separate the red channel for SOX9 (CSCs) and blue channel for DAPI (nucleus) the
Trainable Weka Segmentation plugin algorithm on Fiji was used (109). The intensity
of each nuclear SOX9 was measured with an algorithm via separating the red areas on
the image from the surrounding area.

The cut-off value for high nuclear SOX9 cells was determined based on the
value capturing top 5% of SOX9 expressing cells in control slides (three untreated
ER+/HER2- white patient samples). The top 5% high expressing cells was decided to
be a cutoff point for CSC determination based on previous data showing that the
percentage of CSCs in mouse mammary tumor does not exceed 5% of the cancer cell
population (23). The average cut-off value from control slides was set up as high SOX9
expression threshold and applied to all ROIs. For each patient, average of high-nuclear

SOXO9 expressing cell percentage in each ROIs were averaged.
3.6 Data Analysis

GraphPad-Prism v9.1 (Dotmatics, Boston, MA) and SAS 9.4 (SAS Institute
Inc., Cary, NC 2014) used for analyses.

The Fisher’s exact or Chi-squared test for categorical variables, Wilcoxon test
for continuous variables, were used to compare demographic variables in different

groups (Black versus white patients, ER+/HER2- versus TNBC).

The Spearman correlation test used for correlation in TMEM doorway score,
macrophage density, CSCs, microvascular density. DRFS analysis was performed

with Kaplan-Meier curve and log-rank tests.
Cox proportional hazard model was used for multivariate analysis.

The power of the study was designed to have two-sided type-1 error rate of not
more than 5% with 80% power to detect difference of 0.61 standard deviation in each

marker. Based on these criteria N=50 no-distant recurrence, N=25 distant-recurrence
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for each race was enough to match power analysis. Patient numbers N=49 no-distant
recurrence, N=47 distant recurrence in Black patients, N=57 no-distant recurrence,
N=30 distant recurrence in white patients fulfilled this requirement, except 1 patient

missing in no-distant recurrence group in Black patients.

P value <0.05 was statistically significant. P values reported in the analyses are
two-sided.
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4.1 Patient Demographics and Characteristics
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Study design, inclusion criteria, and exclusion criteria are shown in Figure 4.1.

Prospective-Retrospective, Multi-institutional Study:
New York Pathology Oncology Group (NYPOG) Institutions
+ Montefiore Medical Center
« Memorial Sloan Kettering Cancer Center
« New York Presbyterian-Weill Cornell Medical Center
+ New York University-Langone Health Medical Center

Y

Patient Selection:

Inclusion criteria:

+ Unilateral invasive ductal breast cancer diagnosed
between 2004 and 2014

« Age>18

« Treated with neoadjuvant chemotherapy (NAC) followed
by surgical resection

+ Residual disease after NAC = 5mm (pT1b)

Exclusion criteria:

< History of prior cancer

+ Male gender

« Metastatic disease at time of diagnosis

Y

Residual Disease Tissue Processing
(N=183)
+ Sequential sections from formalin-fixed paraffin embedded
(FFPE) tissue blocks for each patient
+ TMEM Doorway Triple IHC Staining
+ panMena: Tumor Cell Marker
« CD31: Endothelial Cell Marker
« CD68: Macrophage Marker
+ Immunofluorescence Staining
+ SOX9: Cancer Stem Cell Marker
«  DAPI: Nuclei

A 4

Race
(Self Identified)

J

'

A 4

Black Patients White Patients
(N=96) (N=87)
A4 v 4 v
No Distant Distant No Distant Distant
Recurrence Recurrence Recurrence Recurrence
(N=49) (N=47) (N=57) (N=30)

Figure 4.1. Study Design



23

We collected residual invasive ductal breast cancer tissue samples from 96
Black patients and 87 white patients (52.5% and 47.5%, respectively) from NYPOG
institutions (Figure 4.1, Table 4.1). Black patients had higher distant recurrence
(p=0.07, 49% in Black relative to 34.5% in white patients), mastectomy over breast
conserving therapy (p=0.04, 69.8% in Black relative to 54% in white patients) (Table
4.1). Tumor grade was higher in Black versus white patients (p=0.002) with 76% Black
versus 52.9% white patients in Grade 3, 22.9% Black versus 32.2 white in Grade 2, 0%
Black versus 6.9 white in Grade 1 (Table 4.1). Although grade was statistically
different, stage was not different between two (p=0.84, 46.9% Black versus 42.5%
white patients in T1, 37.5% Black versus 40.2% white patients in T2, 15.6% Black
versus 17.2% white patients in T3) (Table 4.1).

Age was not different (p=0.69, range [45.8-58.2], mean 51.6 in Black patients
versus range [43.5-61], mean 52.3 in white patients. Time to distant recurrence (p=0.62,
range [26.6-94.3], mean 63.9 in Black versus range [25.8-89.5], mean 59.8 in white

patients) were similar in two groups (Table 4.1).

Lymph node status (p=0.67, 72.9% positive, 27.1% negative in Black patients;
69% positive, 31% negative in white patients) or subtype (p=0.1, 42.7% Black versus
57.5% white patients in ER+/HER2- breast cancer; 38.5% Black versus 25.3% white
patients in TNBC; 18.8% Black versus 17.2% white patients in other subtypes) were

also not statistically significant in the entire cohort (Table 4.1).
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Table 4.1. Patient demographics and characteristics, entire cohort.

Number of Patients (%)

All Patients Black Patients White Patients P Value
N=183 (100) N=96 (52.5) N=87 (47.5) u
Distant Recurrence 0.07
Yes 77 (42.1) 47 (49) 30 (34.5)
No 106 (57.9) 49 (51) 57 (65.5)
Age 0.69
Mean [SD] 51.9[11.5] 51.6[10.3] 52.3[12.7]
Median [IQR] 52 [44,60] 51[45.8,58.2] 52[43.5,61]
Range 28-95 29-78 28-95
Time to Distant Recurrence, Months 0.62
Mean [SD] 61.9[40.4] 63.9 [42.9] 59.8[37.7]
Median [IQR] 62.5[26.1,92.9] 60.7 [26.6, 94.3] 64 [25.8,89.5]
Range 1-160.7 9.4-159.8 1-160.7
Surgery 0.04
Mastectomy 114 (62.3) 67 (69.8) 47 (54)
Breast Conserving Therapy 69 (37.7) 29(30.2) 40 (46)
Tumor Stage (ypT) 0.84
T1 (<2cm) 82 (44.8) 45 (46.9) 37 (42.5)
T2 (2-5 cm) 71(38.8) 36 (37.5) 35 (40.2)
T3 (>5cm) 30(16.4) 15(15.6) 15(17.2)
Lymph Node Status (ypN) 0.67
Paositive 130 (71) 70(72.9) 60 (69)
Negative 53 (29) 26 (27.1) 27 (31)
Grade 0.002
1 6(3.3) 0(0) 6(6.9)
2 50 (27.3) 22 (22.9) 28 (32.2)
3 119 (65) 73(76) 46 (52.9)
Unknown 8(4.4) 1(1) 7(8)
Subtype 0.1
ER+/HER2- 91 (49.7) 41 (42.7) 50 (57.5)
TNBC 59 (32.2) 37(38.5) 22 (25.3)
Other 33(18) 18(18.8) 15(17.2)

SD: standard deviation, IQR: interquartile range, yPT: tumor stage after neoadjuvant chemotherapy,
yPN: lymph node status after neoadjuvant chemotherapy, ER+: estrogen receptor positive, TNBC: triple
negative breast cancer.

Distant recurrence in ER+/HER2- disease was 46.3% in Black and 28% in
white patients, however it was not significant (p=0.11) (Table 4.2). Black patients
were treated with mastectomy over breast conserving therapy (82.9% Black versus 52%
white patients in mastectomy, 17.1% Black versus 48% white patients in breast
conserving therapy, p=0.004) (Table 4.2). Black women also had more positive lymph
nodes (90.2% versus 66%, p=0.01) in ER+/HER2- breast cancer. Additionally, they
had higher grade (p=0.01, 63.4% versus 32% in Grade 3, 36.6% versus 50% in Grade
2, 0% versus 8% in Grade 1) in ER+/HER2- subtype. However, stage was not
statistically significant (p=0.91, 43.9% Black versus 40% white patients in T1, 41.5%
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Black versus 46% white patients in T2, 14.6% Black versus 14% white patients in T3)
(Table 4.2). There was no racial difference between in time to distant recurrence
(p=0.78, range [33-93.4], mean 66.5 in Black versus range [42.2-95.3], mean 67.7 in
white patients) in ER+/HER2- disease (Table 4.2).

Table 4.2. Patient demographics and characteristics in ER+/HER2- breast cancer.

ER+/HER2-
Number of Patients (%)
All Patients Black Patients White Patients P
N=91 (100) N=41 (45.1) N=50 (54.9) Value
Distant Recurrence 0.1
Yes 33(36.3) 19 (46.3) 14 (28)
No 58 (63.7) 22 (53.7) 36 (72)
Age 0.13
Mean [SD] 52[12.4] 496 [11.3] 54[12.9]
Median [IQR] 50 [43.5,61] 49 [42,56] 52 [44,62]
Range 29-95 29-78 31-95
Time to Distant Recurrence, Months 0.78
Mean [SD]
Median [IQR] 67.1[36.9] 66.5[38.2] 67.7 [36.1]
Range 71.5[35.7,94.7] 68.6 [33,93.4] 72.7[42.2,95.3]
1-160.7 12-151 1-160.7
Surgery 0.004
Mastectomy 60 (65.9) 34 (82.9) 26 (52)
BCT 31(34.1) 7(17.1) 24 (48)
Tumor Stage (ypT) 0.91
T1 (<2cm) 38 (41.8) 18 (43.9) 20 (40)
T2 (2-5¢cm) 40 (44) 17 (41.5) 23 (46)
T3 (>5cm) 13(14.3) 6(14.6) 7(14)
Lymph Node Status (ypN) 0.01
Positive
Negative 70 (76.9) 37 (90.2) 33 (66)
21(23.1) 4(9.8) 17 (34)
Grade 0.01
1 4 (4.4) 0(0) 4 (8)
2 40 (44) 15 (36.6) 25 (50)
3 42 (46.2) 26 (63.4) 16 (32)
Unknown 5(5.5) 0(0) 5(10)

SD: standard deviation, IQR: interquartile range, yPT: tumor stage after neoadjuvant chemotherapy,
yPN: lymph node status after neoadjuvant chemotherapy, ER+: estrogen receptor positive, TNBC: triple
negative breast cancer.

In TNBC, distant recurrence status between Black and white patient was
similar (p=1, 54.1% Black versus 54.5% white patient distant recurrence) (Table 4.3).
Time to distant recurrence in Black patient was [16.3-99.7] range, 62.5 mean; in white
patients was [13-63.5] range, 43.6 mean. However, this was not significant (Table 4.3).
Age was similar between Black and white patients (53.4 versus 50.9 mean, p=0.44).
56.8% of Black patient were received mastectomy, 43.2% were received breast

conserving therapy. 68.2% white patients were received mastectomy, 31.8% were
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received breast conserving therapy. Grade and stage were not different between two
patient groups (p=0.4 and p=0.55, respectively) (Table 4.3). Lymph node positivity
was similar between patients (p=0.52, 51.4% positive and 48.6% negative in Black
patients, 63.6% positive and 36.4% negative in white patients) (Table 4.3).

Table 4.3. Patient demographics and characteristics in TNBC.

TNBC
Number of Patients (%)
All Patients Black Patients White Patients P
N=59 (100) N=37 (82.7) N=22 (37.3) Value
Distant Recurrence 1
Yes 32 (54.2) 20 (54.1) 12 (54.5)
No 27 (45.8) 17 (45.9) 10 (45.5)
Age 0.44
Mean [SD] 52.5[9.7] 53.4 [8.3] 50.9[11.8]
Median [IQR] 52 [47,58] 52 [48,58] 53.5[42.5,57]
Range 30-75 33-70 30-75
Time to Distant Recurrence, Months 0.14
Mean [SD] 55.4 [44.5] 62.3 [47.9] 43.6 [36.1]
Median [IQR] 36.6[15.1,95.4] 37.1[16.3,99.7] 31.3[13,63.5]
Range 1.2-158.2 10.6 - 158.2 1.2-113.5
Surgery 0.55
Mastectomy 36 (61) 21 (56.8) 15 (68.2)
BCT 23 (39) 16 (43.2) 7(31.8)
Tumor Stage (ypT) 0.49
T1 (<2cm) 20 (33.9) 14 (37.8) 6 (27.3)
T2 (2-5 cm) 25 (42.4) 16 (43.2) 9 (40.9)
T3 (>5 cm) 14 (23.7) 7(18.9) 7(31.8)
Lymph Node Status (ypN) 0.52
Positive 33 (55.9) 19 (51.4) 14 (63.6)
Negative 26 (44.1) 18 (48.6) 8 (36.4)
Grade 0.4
1 0(0) 0(0) 0(0)
2 6(10.2) 5(13.5) 1(4.5)
3 51 (86.4) 31(83.8) 20 (90.9)
Unknown 2(3.4) 1(2.7) 1(4.5)

SD: standard deviation, IQR: interquartile range, yPT: tumor stage after neoadjuvant chemotherapy,
yPN: lymph node status after neoadjuvant chemotherapy, ER+: estrogen receptor positive, TNBC: triple
negative breast cancer.

Treatments between patients in all cohort, ER+/HER2- breast carcinoma and
TNBC were compared to avoid treatment effect on DRFS (Tables 4.4, 4.5, and 4.6).
Treatments were categorized as NAC treatment regimen details based on the agent
used and NAC combination with other treatments “called as All Treatments”, such as

endocrine treatment, radiation, and HERZ2 inhibition.
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Both NAC and all treatment categories were similar between Black and white
patient in the entire cohort (p=0.33 and p=0.51, respectively) (Table 4.4). Additionally,
NAC and all treatment categories did not show any statistical differences in
ER+/HER2- subset (Table 4.5) and TNBC (Table 4.6).

Table 4.4. Neoadjuvant chemotherapy treatment details, entire cohort.

Number of Patients (%)

All Patients Black Patients White Patients P Value
N=183 (100) N=96 (52.5) N=87 (47.5)
Neoadjuvant Chemotherapy (NAC) 0.33
Taxane-containing 157 (85.8) 80 (83.3) 77 (88.5)
ACT 132 (84.1) 70(87.5) 62 (80.5) 0.12
AT 3(1.9) 2(2.5) 1(1.3)
CT 5(3.2) 0(0) 5(6.5)
T 17 (10.8) 8(10) 9(11.7)
No taxane 12 (6.6) 6 (6.3) 6(6.9)
Unknown? 14(7.7) 10(10.4) 4(4.6)
All Treatments 0.51
NAC 140 (76.5) 72 (75) 68 (78.2)
NAC + Endocrine 2(1.1) 1(1.0) 1(1.1)
NAC + HERZ inhibitor 23(12.6) 12(12.5) 11 (12.6)
NAC + Radiotherapy 4 (2.2) 1(1.0) 3(3.4)
Unknown? 14(7.7) 10(10.4) 4(4.6)

aDetailed neoadjuvant chemotherapy information is not available. A: anthracycline, C:
cyclophosphamide, T: taxane
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Table 4.5. Neoadjuvant chemotherapy treatment details in ER+/HER2 breast cancer.

ER+/HER2-
Number of Patients (%)

All Patients Black Patients White Patients P
N=91 (100) N=41 (45.1) N=50 (54.9) Value
NAC 0.15
Taxane-containing 78 (85.7) 32(78.1) 46 (92)
ACT 66 (84.6) 27 (84.4) 39(84.8) 0.63
AT 2(2.8) 1(3.1) 1(2.2)
CT 2(2.6) 0(0) 2 (4.3)
T 8(10.3) 4(12.5) 4(8.7)
No taxane 5(5.5) 3(7.3) 2(4)
Unknown? 8(8.8) 6 (14.6) 2(4)
All Treatments 0.29
NAC 77 (84.6) 33 (80.5) 44 (88)
NAC + Endocrine 2(2.2) 1(2.4) 1(2)
NAC + HER2 inhibitor 0(0) 0(0) 0(0)
NAC + Radiotherapy 4(4.4) 1(2.4) 3(6)
Unknown? 8 (8.8) 6 (14.6) 2(4)

8Detailed neoadjuvant chemotherapy information is not available. A: anthracycline, C:
cyclophosphamide, T: taxane

Table 4.6. Neoadjuvant chemotherapy treatment details in TNBC.

TNBC
Number of Patients (%)
All Patients Black Patients White Patients P
N=59 (100) N=37 (62.7) N=22 (37.3) Value
NAC 0.38
Taxane-containing 53(89.8) 32 (86.5) 21(95.5)
ACT 50 (94.3) 32 (100) 18 (85.7) 0.09
AT 0(0) 0(0) 0(0)
CT 2(3.8) 0(0) 2(9.5)
T 1(1.9) 0(0) 1(4.8)
No taxane 3(5.1) 2(5.4) 14.5)
Unknown? 3(5.1) 3(8.1) 0(0)
All Treatments 0.17
NAC 56 (94.9) 34 (91.9) 22 (100)
NAC + Endocrine 0(0) 0(0) 0(0)
NAC + HER? inhibitor 0(0) 0(0) 0(0)
NAC + Radiotherapy 0(0) 0(0) 0(0)
Unknown? 3(5.1) 3(8.1) 0(0)

8Detailed neoadjuvant chemotherapy information is not available. A: anthracycline, C:
cyclophosphamide, T: taxane

4.2 Racial Disparity in Pro-metastatic TME Markers
The study aimed to explore the potential differences in TMEM doorway score

and the individual components of the TMEM doorway, including macrophage and

microvascular density, after NAC. In addition, CSCs within the TME were also
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investigated, as recent evidence have suggested that interactions between macrophages
and TMEM doorway-related tumor cells can lead to increased density of CSCs (23).

The figures presented in 4.2 illustrates representative images of TMEM
doorway-high versus TMEM doorway-mid/low, as well as nuclear SOX9-high versus
nuclear SOX9-low (Figures 4.2).

A TMEM Doorway-high
R
B R Ve e D
? ;";‘f‘g:.‘t.: n )")'h ’* s

o

TMEM Doorway

7 ~~ 5

B a0 Y S

-mid/low

c



30

Figure 4.2. Representative images of TMEM Doorway triple IHC and SOX9 IF
staining. A) TMEM Doorway-high and B) TMEM Doorway-mid/low score
representative images. Tumor cells (panMena) are pink, macrophages (CD68)
are brown, and endothelial cells (CD31, vasculature) are blue. TMEM
doorways in automated analysis are seen as blue-dashed circles. C)
Representative images show SOX9-high cells with yellow arrows and SOX9-
low cells with white arrowheads. M: Macrophage, T: Tumor Cell, V:
Vasculature.

First, we investigated differences of TMEM doorway, and related pro-

metastatic tumor markers (CSCs, macrophage, and microvascular density) in most

common breast cancer subtypes: ER+/HER2- and TN breast cancer.

TNBC had higher TMEM doorway score (p=0.004) (Figure 4.3A),
macrophage density (p=0.0002) (Figure 4.3B), and CSCs density (nuclear SOX9nigh
cancer cells, p=0.0002) (Figure 4.3C) than ER+/HER2- disease. Microvascular

density was similar between the two subtypes (p=0.44) (Figure 4.3D).

The TMEM doorway and it’s individual components play crucial role in

facilitating cancer cell entry into vessels and subsequent migration to distant organs,

and thus may be implicated in the early recurrence of TNBC.
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Figure 4.3. Pro-metastatic tumor markers, except microvascular density, are higher in
TNBC than ER+/HER2- disease. A) TMEM doorway score (p=0.004); B)
macrophage density (p=0.0002); C) cancer stem cells (p=0.0002); and D)
microvascular density (p=0.44). N=91 in ER+/HER2- disease, N=59 in TNBC.
ER+: estrogen receptor positive, TNBC: triple negative breast cancer. ns: not
statistically significant, p>0.05, *: p<0.05, **: p<0.01, ***: p< 0.001.
Following the pro-metastatic tumor markers in breast cancer subtypes, we

focused on racial disparity in same pro-metastatic tumor markers. Black patients had

higher TMEM doorway score when all subtypes combined (p=0.002) (Figure 4.4A),
and in ER+/HER2- disease (p=0.02) (Figure 4.4B), but not in TNBC (p=0.74) (Figure
4.4C). Like TMEM doorway score, macrophage density was higher in Black,
compared to white patients, in all subtypes (p=0.002) (Figure 4.4D), and in

ER+/HER2- disease (p=0.02) (Figure 4.4E), but not in TNBC (p=0.31) (Figure 4.4F).

Microvascular density was not different between patients in the entire cohort
(p=0.06), ER+/HER2- disease (p=0.09), and TNBC (p=0.97) (Figure 4.4G-I).
Similarly, CSCs density was not different between patients in the entire cohort
(p=0.09), ER+/HER2- disease (p=0.09), and TNBC (p=0.73) (Figure 4.4J-L)

In summary, these data indicate that black patients with ER+/HER2- subset
have higher TMEM doorway score and macrophage density relative to white patients.
These findings mat offer an explanation for the racial differences in ER+/HER2- subset

survival.

Next, to answer the question of effect of TMEM doorway and other markers
on survival, we analyzed the correlation between these markers and distant recurrence
free survival (DRFS).
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Figure 4.4. Racial disparity is observed in TMEM doorways and macrophages overall,
and in ER+/HER2- disease, but not in TNBC. A-C) TMEM doorway score by
race in all subtypes (A, p=0.002), in ER+/HER2- disease (B, p=0.02), and
TNBC (C, p=0.74). D-F) Macrophage density by race in all subtypes (D,
p=0.002), in ER+/HER2- disease (E, p=0.02), and TNBC (F, p=0.31). G-I)
Microvascular density by race in all subtypes (G, p=0.06), in ER+/HER2-
disease (H, p=0.09), and TNBC (I, p=0.97). J-L) Cancer stem cell percentage
in all subtypes (J, p=0.09), in ER+/HER2- disease (K, p=0.09), and TNBC (L,
p=0.73). Patient numbers: BP (N=96), WP (N=87) in all subtypes; BP (N=41),
WP (N=50) in ER+/HER2- disease; BP (N=37), WP (N=22) in TNBC. BP:
Black Patients, WP: White Patients, ER+: estrogen receptor positive, TNBC:
triple negative breast cancer. ns: not statistically significant, p>0.05, *: p<0.05,
**:p<0.01.

4.3 Association between Pro-metastatic TME Parameters and DRFS

Several previous studies have demonstrated that a high TMEM doorway score
is strongly associated worse survival and increased metastasis in adjuvant treatment
setting. In light of this, we sought to extend this knowledge and examine whether a
high TMEM doorway score, in conjunction with other pro-metastatic marker, is also
linked to inferior DRFS in NAC setting. Our objective was to gain a more
understanding of the TMEM doorway and related pro-metastatic factors’ role in NAC-
induced tumor progression, and whether they might serve as viable prognostic markers

in racial disparity context.

First, we looked at the correlation between TMEM doorway score and pro-
metastatic tumor markers via Spearman correlation analysis. We found that only
TMEM doorway score and macrophage density are positively correlated among other
markers (Spearman Correlation Coefficient: 0.668) (Figure 4.5). Other combinations

Were:

1. TMEM doorway score and CSC (Spearman Correlation Coefficient:
0.112).

2. TMEM doorway score and microvascular density (Spearman
Correlation Coefficient: -0.233). TMEM doorway score and
microvascular density showed negative correlation in this analysis. To
our knowledge, this finding was unexpected and need further

investigation.
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3. Macrophage density and microvascular density (Spearman Correlation
Coefficient: 0.081).
4. Macrophage density and CSCs (Spearman Correlation Coefficient:

0.0.103).
5. Microvascular density and CSCs (Spearman Correlation Coefficient:
0.0.103).
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Figure 4.5. Correlation among pro-metastatic tumor markets in the entire cohort. The
distribution of each marker can be seen in diagonally placed curve graphs.

Next, we investigated DRFS and racial disparity. Even though, there is a
separation, DRFS in Black versus white patients did not show any statistical difference
(p=0.21) (Figure 4.6A). In ER+/HER2- subset, the separation between two race was
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more obvious, although it was not significant (p=0.15) (Figure 4.6B). DRFS in TNBC
was similar between two race (p=0.6) (Figure 4.6A-C).

Following DRFS and racial disparity, we looked at the association between
pro-metastatic tumor markers and DRFS. Patients with high TMEM doorway score in
comparison with mid/low TMEM doorway score had inferior DRFS in all cohort
(p=0.008) (Figure 4.6D). We also observed the separation between high- and mid/low-
TMEM doorway score in ER+/HER2- subtype (p=0.08) (Figure 4.6E). There was no
difference in TNBC (p=0.77) (Figure 4.6F). We asked if treatment status were
different between TMEM doorway-high and TMEM-doorway-mid/low groups that
might be affecting the survival. There was no difference in treatment between high vs
mid/low groups (p=073 in NAC treatment and p=0.83 in all treatments) (Table 4.7).
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Figure 4.6. Patients with high-TMEM doorway score have inferior DRFS in the entire
cohort and trended towards in ER+/HER2- disease. A-C) DRFS in Black vs
white patients in all subtypes (A, p=0.21), ER+/HER2- subtype (B, p=0.15),
and TN subtype (C, p=0.6). D-F) Patients with high- vs mid/low-TMEM
doorway score and in all subtypes (D, p=0.008), ER+/HER2- subtype (E,
p=0.08), and TN subtype (F, p=0.77).
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Table 4.7. Neoadjuvant chemotherapy treatment details, by TMEM doorway score.

Number of Patients (%)

All Patients TMEM Doorway-  TMEM doorway-

- high mid/low P Value
N=183(100) N=61(33.7) N=122 (66.7)
Neoadjuvant Chemotherapy (NAC) 0.73
Taxane-containing 157 (85.8) 51(83.6) 106 (86.9)
ACT 132(84.1) 42 (82.4) 90 (84.9) 0.61
AT 3(1.9) 2(3.9) 1(0.9)
CT 5(3.2) 2(3.9) 3(2.8)
T 17 (10.8) 5(9.8) 12 (11.3)
No taxane 12 (6.6) 4 (6.6) 8 (6.6)
Unknown? 14 (7.7) 6(9.8) 8 (6.6)
All Treatments 0.83
NAC 140 (76.5) 47(77.1) 93 (76.2)
NAC + Endocrine 2(1.1) 1(1.6) 1(0.8)
NAC + HERZ inhibitor 23(12.6) 6(9.8) 17 (13.9)
NAC + Radiotherapy 4(2.2) 1(1.6) 3(2.5)
Unknown? 14(7.7) 6(9.8) 8 (6.6)

8Detailed neoadjuvant chemotherapy information is not available. A: anthracycline, C:
cyclophosphamide, T: taxane

To avoid confounding effect on DRFS, we ran multivariate Cox regression
analysis for the following variates in entire cohort and in ER+/HER2- breast cancer:
TMEM doorway (high versus mid/low), age, race, surgery type (breast conserving

surgery versus mastectomy), tumor stage, lymph node status, grade, and subtype.

Multivariate Cox regression analysis showed that high-TMEM doorway score
was an independent prognostic risk factor (HR 2.02 [95% CI 1.18-3.46], p=0.01).
Other prognostic risk factors were stage (T3 versus T1) (HR 1.97 [95% CI 1.03-3.76],
p=0.04), lymph node status (positive versus negative) (HR 3.88 [95% CI 1.92-7.86],
p=0.0002), grade (3 versus 2) (HR 2.91 [95% CI 1.43-5.92], p=0.003), and subtype
(TNBC versus ER+/HER2-) (HR 1.99 [95% CI 1.1-3.58], p=0.02) (Figure 4.7A).
Race (HR 0.94 [95% C1 0.56-1.6], p=0.83), surgery type (HR 0.93 [95% CI 0.55-1.55],
p=0.77), tumor stage for T2 versus T1 (HR 1.72 [95% CI 0.97-3.05], p=0.06), and
subtype for other versus ER+/HER2- (HR 1.23 [95% CI 0.6-2.53], p=0.58) did not
show any significance. Even though age p value was below 0.05 (HR 0.97 [95% CI
0.94-0.99], p= 0.01), we accepted this result not clinically important with confidence
interval 0.94-0.99 (Figure 4.7A).

Further, high-TMEM score trended towards being an independent prognostic
risk factor in ER+/HER2- subtype (HR 2.38 [95% CI 0.96-5.95], p=0.06) (Figure
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4.7B). Only variates as prognostic risk factor in ER+/HER2- group was grade (3 versus
2) (HR 3.66 [95% CI 1.45-9.27], p=0.006) (Figure 4.7B). Other variates were not
significant.
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Race (BP vs WP)|  @—| 0.94[0.56 - 1.6] 0.83
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Figure 4.7. Multivariate Cox regression model in all subtypes (A) and in ER+/HER2-
subtype (B). N=175 in all subtypes and N=86 in ER+/HER2- disease, patients
with unknown status are excluded. BP: Black Patients, WP: White Patients,
BCT: breast conserving therapy, ER+: estrogen receptor positive, TNBC: triple
negative breast cancer, HR: Hazard Ratio, Cl: Confidence Interval.

Even though, high-TMEM doorway score was associated with inferior DRFS;
we did not observe any association between individual components of the TMEM
doorway (macrophage and microvascular density) and DRFS (Figure 4.8A-F). DRFS
in macrophage density-high versus macrophage density mid/low groups were similar
in all subsets (p=0.23), in ER+/HER2- subset (p=0.42), and in TNBC (p=0.37) (Figure
4.8A-C). DRFS in microvascular density-high versus microvascular density mid/low
groups were similar in all subsets (p=0.82), in ER+/HER2- subset (p=0.26) (Figure
4.8D-E). There was a trend in high-microvascular density and DRFS TN subtype
(p=0.06) (Figure 4.8F). Additionally, there was no association between CSC density
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and DRFS in tall subsets (p=0.83), in ER+/HER2- subset (p=0.25), and in TNBC
(p=0.47) (Figure 4.8G-1).

In summary, these results suggest that direct and stable interaction between
three cells, namely tumor cells, endothelial cells, and macrophages, at the TMEM
doorways is of greater importance for survival than the individual components of the
doorway. It is evident from this finding along with other that TMEM doorways could
be significant determinant of prognosis in clinical settings. However, due to the
relatively smaller number of patients when divided into racial groups, subtypes, and
TMEM doorway-high versus TMEM doorway mid/low status, it was not possible to

run DRFS analysis for each racial group.
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Figure 4.8. Pro-metastatic tumor markers and DRFS were not associated in all
subtypes, ER+/HER2- subtype, and TN subtype. A-C) DRFS in high- vs
mid/low-macrophage density in all subtypes (A, p=0.23), ER+/HER2- subtype
(B, p=0.42), and TN subtype (C, p=0.37). D-F) DRFS in high- vs mid/low-
microvascular density in all subtypes (D, p=0.82), ER+/HER2- subtype (E,
p=0.26), and TN subtype (F, p=0.06). G-1) DRFS in high- vs mid/low- SOX9
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density in all subtypes (G, p=0.83), ER+/HER2- subtype (H, p=0.25), and TN
subtype (I, p=0.47). DRFS: Distant Recurrence Free Survival, ER+: Estrogen
Receptor positive, TN: Triple Negative.
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5. DISCUSSION

In this thesis study, first we explored the differences in pro-metastatic tumor
markers in ER+/HER2- and TN breast cancer. TMEM doorways, macrophages, and
CSCs were higher in TNBC compared to ER+/HER2- breast carcinoma. Then, we
investigated the racial differences in pro-metastatic tumor markers in residual breast

cancer after NAC.

Black patients had higher TMEM doorway score and macrophages compared
to white patients in entire cohort and ER+/HER2- breast cancer, but not in TNBC.
Only high-TMEM doorway density was correlated with inferior survival overall, not
the other components of the TMEM doorway. This doorway is an important prognostic
factor for distant recurrence, not individual components of the pathway (macrophage
density, microvascular density). This study shows that race and breast cancer subtype
are important biologic factors affecting the response to chemotherapy, to a greater
degree in Black patients with residual ER+/HER2- breast carcinoma after NAC
(Figure 5.1).
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Figure 5.1. Black patients have higher TMEM doorway score and macrophage density
compared to white patients in residual ER+/HER2- breast cancer after NAC.
Racial disparity in outcome may be due to a more pronounced pro-metastatic
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tumor microenvironment (increased TMEM doorway density) in Black,
compared to white, patients with residual ER+/HER2- breast cancer.
BioRender.com was used to make this figure.

TN breast cancer has the worse survival when compared to other subtypes
because of lack of targeted therapies, early recurrence, and high relapse rates (3,28—
30). We have found that TN, compared to ER+/HER2- breast cancer, has higher levels
of TMEM doorways, macrophages, and CSCs which may explain early recurrence and
high relapse nature of the disease. However, there was no racial disparity of pro-
metastatic tumor markers or DRFS in this subtype. These findings might be due to the

aggressive nature of TNBC masking biological race differences in TME.

Studies have been found that repair signals in tumor is induced following NAC
which in turn recruits TIE2+ macrophages, one of the components of the TMEM
doorway, into the TME (12,13) resulting in increased TMEM doorway numbers
(14,15). TIE2+ macrophages in TMEM doorways secrets VEGF-A and opens the
vasculature transiently around TMEM doorways (18). Then, MenalNV expressing
invasive tumor cells can intravasate using this transient vascular openings (19,82,110)
and metastasize. Increased TMEM doorway density and MenalNV tumor cell
dissemination might be one the mechanisms for resistance to NAC (111). This
potential resistance mechanism carries clinical importance since TMEM doorway
related vascular opening can be monitored in real time via novel TMEM-MRI
technology (88) and can be targeted via TIE2 inhibitor, Rebastinib (87).

Macrophage density has been shown to be correlated with inferior outcome in
breast carcinoma (112-115). A meta-analysis of 8496 patients with breast carcinoma
indicated that tumor associated macrophages are correlated with inferior outcome
(112). Similarly, high microvascular density was correlated with metastasis and worse
survival in invasive breast carcinoma (116). One study has reported that both
macrophage and microvascular density were higher in Black versus white patients with
breast cancer (58). Even though we have found higher macrophage density in Black
patients, there was no racial disparity in microvascular density and no association
between DRFS for both markers.

There are contrasting reports regarding CSCs and breast carcinoma outcomes.

Some studies showed the correlation between CSCs and inferior outcome (90-94),
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whereas other studies have not found any correlation (95,96). We have not found any
racial disparity in CSCs or correlation between DRFS in this cohort. Additionally,
recent study found induction of CSCs around TMEM doorway mouse mammary
cancer in vivo (23). Further, same study found correlation between CSCs and TMEM
doorway score (23). However, there was no correlation between CSCs and TMEM
doorway score in this study. This discrepancy between studies might be related to the
analysis method of CSCs in patient samples. CSCs were analyzed by flow cytometry
and in-situ hybridization in fine-needle aspirate samples in Sharma et al. (23), whereas
we used IF to analyze CSC density. The fine-needle aspirate samples collected from
patients might have been enriched by invasive cancer cells with high CSC marker
expression because these cells are discohesive and compared to more epithelial
cohesive cells preferentially get collected. This might be one of the reasons for the

discrepancy and needs further investigation.

Several studies showed that the racial disparity is most prominent in patients
with ER+/HER2- disease who received adjuvant chemotherapy, but not in ER- disease
(5,7,8,10). A study including a cohort of 3,890 cases with invasive breast carcinoma
showed that Black women with ER+/HER2- disease had 2 times higher distant
recurrence (8). Similarly, National Cancer Institute sponsored the Trial Assigning
Individualized Options for Treatment (TAILORX) trial which includes only
ER+/HER2- breast cancer found that Black race was associated with inferior survival,
also 1.6 fold increase in distant recurrence (9). Furthermore, Black patients with
ER+/HER2- disease was strongly associated with inferior disease-free survival in
ECOG-ACRIN-5103 clinical trial with 4,994 patient cohort (7). Likewise, in a
randomized study with 4,817 patients showed that Black women with ER+/HER2-
disease had inferior survival (5). Besides breast cancer, Albain et al. showed that racial
disparity in outcome also seen in other hormone-dependent cancers (117). In a study
combined 8 NSABP trials, our group found that in addition to adjuvant chemotherapy,
racial disparity also exists in neoadjuvant setting in residual ER+/HER2-, but not TN
breast cancer (10). In this work, there was a trend towards inferior DRFS in
ER+/HER2- disease, likely due to 10-fold smaller cohort size compared to NSABP
study (10). No racial disparity in DRFS was found in TN disease, consistent with
published studies.
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One of the key strengths of the study lies in the inclusion of patients who have
access to similar clinical care and controlled treatment settings, which to ensure that
our findings are generalizable and applicable to a broader population. Furthermore, the
comparable distribution of key demographic and clinical factors, such as age, time to
distant recurrence, stage, and lymph node status in Black and white patients is a
significant strength, as it helps to minimize the potential for confounding factors that

could skew our results.

To address potential confounding factors, we utilized a multivariate Cox
regression model, which allowed us to more accurately assess the relationship between
markers and the metastasis risk. This approach further enhances the robustness and

reliability of our findings.

However, it is important to mention the limitations. The cohort size when
separated by subtype is relatively small. Additionally, the absence of pre-
chemotherapy samples and matched pre-post chemotherapy samples for individual
patients precluded the study of baseline and fold changes of pro-metastatic tumor
markers and TMEM doorways, which may have provided further insight into the
mechanisms driving the observed associations. Despite these limitations, our study
provides valuable insights into the potential use of TMEM doorways as a metastasis
predictor, also a potential mechanism for racial disparity, highlighting the need for

further research in this area to fully elucidate the underlying mechanisms involved.

Findings of this research provide an important perspective regarding difference
in NAC response in patients with diverse geographic ancestry. Here, we have
demonstrated that racial disparity in survival in residual ER+/HER2- subset (10) may
be related to high-TMEM doorways in Black compared to white women. Furthermore,
our study suggests that in addition to well established prognostic factors (tumor size,
lymph node status), TMEM doorway score could be added as a marker of distant
spread in patients with breast carcinoma. In clinical practice, we can use non-invasive
imaging approaches to measure and follow up TMEM doorway score with TMEM-
MRI activity (88) which can help clinicians to plan the systemic therapy and use

therapeutic agents blocking TMEM doorway activity to slow down the metastatic
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dissemination (87), which might ultimately guide us to overcome racial disparity in

breast carcinoma.
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6. CONCLUSION AND RECOMMENDATION

In primary breast cancer, TMEM doorways serve as portals of entry into the
blood vasculature for systemic cancer cell dissemination. High-TMEM doorway
density is associated with a higher distant recurrence risk in patients with primary

breast cancers that have not previously been treated with chemotherapy.

NAC induces pro-metastatic changes in the tumor microenvironment that
result in a greater TMEM doorway density. Here we demonstrate that TMEM doorway
density score in residual primary breast cancer after NAC is a prognostic biomarker
for distant recurrence, and that residual primary tumors after NAC in Black women
have higher TMEM doorway density score than in white women, suggesting a
previously unrecognized factor that might be contributing to racial disparities in breast

carcinoma outcomes.

Furthermore, future studies could be designed to add inhibitors of TMEM
doorway activity to standard-of-care adjuvant and neoadjuvant clinical trials with a
proportionate number of underrepresented racial minority patients to determine if this

approach would diminish racial disparity in outcome in breast cancer.

As a follow-up on this study, we will focus on one of the limitations of this
thesis study: the absence of tissue samples from pre-NAC and matched tissue samples

before and after NAC from same patient. We will focus on two new questions:

1. Do breast cancers from Black women have higher TMEM doorway
score at baseline (i.e., before the start of chemotherapy) relative to
white women?

2. s there a racial disparity in the fold-change in TMEM doorway score
before NAC versus after NAC?

These two questions are crucial to address limitations of this study to
understand main mechanism: first, whether there are baseline differences in host
biology between racial groups that might be contribute to observed disparities in pro-
metastatic tumor markers second, whether there are differences in response to
chemotherapy in Black patients. Answering these questions will provide important

insights into the underlying factors that contribute to racial disparities in outcome.
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Furthermore, future studies could be designed to add inhibitors of TMEM
doorway activity to standard-of-care adjuvant and neoadjuvant clinical trials with a
proportionate number of underrepresented racial minority patients to determine if this

approach would diminish racial disparity in outcome in breast cancer.
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