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Triple-negative breast cancer (TNBC) is an aggressive subtype of breast cancer. Patients
with TNBC have a high rate of metastasis and mortality due to the lack of targeted therapies and
resistance to chemotherapy. The aim of this research was to develop reliable models of metastatic
TNBC to investigate targetable proteins and pathways. The 22251 and T11 murine tumor lines,
which are highly analogous to human basal-like and claudin-low TNBC subtypes, were serial
passaged heterotopically and orthotopically in syngeneic mice to generate lines that would
consistently metastasize to the lung. Immunochemical and transcriptomic methods were used to
define the immune microenvironment of the primary and metastatic tumors and to compare tumors
with variable metastatic potential. Both resulting 2225L.M and T11 tumor lines displayed an
immunosuppressive tumor microenvironment characterized by high myeloid-to-lymphocyte ratio
(CD11b":CD3") and elevated expression of protumor cytokines compared to control tissues.
Subsequent analysis of T11 primary and metastatic claudin-low breast tumors employed a
discovery-based proteomic approach that detected significant differential galectin-1 expression
compared to normal control tissues. Label-free quantitation, Western immunoblot, and ELISA
confirmed galectin-1 identity and elevated expression in primary and metastatic tumors compared
to normal control tissues. Mass spectrometry spatial mapping and immunohistochemistry revealed
high localization of galectin-1 in T11 metastatic lung foci. Transcriptomic analysis of mouse and

human breast cancer subtypes showed significant and differential galectin-1 expression in claudin-



low primary tumors compared to other breast cancer subtypes. Galectin-1 is an N-
acetyllactosamine (LacNAc)-binding protein that promotes anti-inflammatory actions and has a
wide range of reported intracellular and extracellular activities, but its role in breast cancer has not
been well studied. We next evaluated galectin-1 effects on CD11b" myeloid cells, based on their
high proportion in T11 tumors, using in vitro, ex vivo, and in vivo models. The CD11b" murine
macrophage cell line RAW 264.7 was susceptible to galectin-1-induced apoptosis in vitro in a
dose-dependent, carbohydrate-specific manner. However, ex vivo assays with murine CD11b"
peritoneal exudate cells showed no effect on apoptosis. In vivo systemic administration of
galectin-1 allosteric inhibitor OTX008 in T11-tumor-bearing mice slowed tumor growth but did
not affect the percentage of infiltrating myeloid populations. Fluorescence microscopy evaluation
of overall tumor apoptosis and CD3" and CD11b" cell apoptosis in primary tumors at sacrifice
showed no statistical difference between the OTX008 treatment and the vehicle control groups.
These findings suggest that galectin-1 does not affect CD3" or CD11b" immune cell infiltration or
apoptosis in claudin-low primary tumors. Larger in vivo studies and analysis of different drug
regimens, smaller tumors and metastatic models are indicated. Future studies focusing on
alternative actions of galectin-1 in claudin-low breast cancer, including its potential effects on
tumor proliferation and angiogenesis, should be conducted to explore its viability as a therapeutic

target.
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CHAPTER 1: INTRODUCTION
1.1 Triple Negative Breast Cancer
1.1.1 Clinical and Pathological Characteristics

A hallmark of triple-negative breast cancer (TNBC) is the absence or reduced expression
of the commonly targeted estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2), which limits therapeutic options. TNBC patients have
a shorter overall survival (OS) and are at a higher risk of recurrence within five years of diagnosis,
3, with metastases 2—3 times more often in the lung and brain** compared to non-TNBC subtypes.
TNBC accounts for 10-20% of invasive breast cancers and is more commonly diagnosed in young,
premenopausal African American and Hispanic women compared to Caucasian women.” > High
histological grade, high mitotic index, low differentiation, and high neovascularization caused by
overexpression of vascular endothelial growth factor (VEGF) are primary pathological TNBC
characteristics.’
1.1.2 Diagnosis and Standard of Care

Breast cancer subtypes (Table 1) are determined by immunohistochemical (IHC) staining
for ER, PR, and HER2 or gene amplification by fluorescence in situ hybridization.® The majority
of patients with TNBC present with high-grade disease. Medical guidelines (e.g., American
Society of Clinical Oncology or National Comprehensive Cancer Network) recommend
neoadjuvant therapy for those with locoregional disease to reduce tumor size and prevent tumor
spread. Chemotherapy drugs such as anthracycline, alkylators, and taxanes are commonly used.
However, they are highly toxic and act non-specifically by preventing deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA) synthesis, crosslinking DNA to promote strand breaks or

inhibiting cell division.” Unfortunately, TNBC can still reoccur even with radiation and



chemotherapy, resulting in a lower 5-year survival rate compared to hormone receptor-positive
breast cancers (75% vs. 90%, respectively).® Therefore, there is an urgent need for more specific

and less toxic therapies.

Table 1: Intrinsic Subtypes of Human Breast Cancer

Estrogen | Progesterone | Human epidermal 3-Year
Subtype receptor receptor growth factor 2 Survival Rate'
Luminal A + + - 96%
Luminal B + + + 93%
HER2 - - + 90%
Triple-negative - - - 83%

1.1.3  Molecular Subtypes of Triple Negative Breast Cancer

In recent years, utilizing transcriptional profiles to categorize breast cancer subtypes has
become widely accepted for determining a patient's prognosis and potential benefit from therapy.
These methods offer more comprehensive and reliable strategies for evaluating patient prognosis
and developing therapies than standard pathology-based assessments. OncotypeDx is among the
earliest and most commonly adopted approaches, used to accurately predict the likelihood of early-
stage breast cancer recurrence which incorporates a panel of 21 genes and a risk reoccurrence
algorithm.” However, early transcriptional profiling methods, like OncotypeDx, only focused on
ER-positive breast cancers.! In the early 2000s, Perou and his team developed an alternative
method using a 550-gene signature to predict prognosis and optimize treatment, which classified
breast tumors into five intrinsic subtypes (Table 1). This method was later refined to only 50
genes, was approved by the FDA in 2013, and is commercially marketed as Prosigna known as
PAMS50."

Transcriptional profiling has further emphasized that TNBC encompasses a minority of
breast cancers but is vastly heterogeneous on a molecular and biological level.'!"!*

Transcriptomics of human breast cancers has identified several subtypes of TNBC: basal-like type

I and II, immunomodulatory, luminal androgen receptor, mesenchymal, and mesenchymal stem-



cell-like." Approximately 75-80% of Basal-like type I and II tumors are triple negative for ER,
PR, and HER2, while 50% of TNBC tumors are subtyped basal-like. Therefore, these terms have
historically been used interchangeably.!® The characteristics of these six TNBC subtypes
described by Lehmann ef al. are consistent with data published by other groups.!!"'* The biological
diversity within TNBC highlights the complexity of the disease.

1.1.4 Introduction to Claudin-low Breast Cancer

Claudin-low breast cancer (CLBC) was first described by Perou et al. in 2007. It was
characterized by low expression of tight-junction proteins, claudin-3, -4, and -7, and cell-cell
adhesion protein, E-cadherin.!” CLBC is frequently referred to as a sixth intrinsic subtype;
however, tumors must first be classified as one of the other five intrinsic subtypes (basal-like,
HER2-enriched, luminal A, luminal B, and normal-like) by PAM50.!® Following, the genetic
expression values from the tumor are correlated to two centroids, one for tumors with the claudin-
low gene expression features and the other for all other breast cancers, to determine if the tumor
is CLBC. Tumors with a stronger correlation to the claudin-low centroid are deemed claudin-low,
overwriting the PAMS50 subtype. Thus, CLBC is classified as independent of the underlying
intrinsic subtype.'®2° Most CLBC are reported as basal-like or normal-like and are commonly
histologically triple negative. Therefore, these patients receive the same non-specific standard of
care radiation and chemotherapy as other TNBC patients.

Due to their mesenchymal features, CLBC profoundly overlaps with the TNBC
mesenchymal and mesenchymal-like subtypes characterized by Lehmann et al.!> Furthermore,
they are enriched in immune response genes (e.g., CD79b, CD14, and VAV 1), and have primitive
cancer stem cell-like properties designated by expression of cell-cell adhesion glycoproteins,

CD44"CD24 1% 1517 The subtype also has low genomic instability, mutational burden, and



proliferation levels, with a high degree of immune and stromal cell infiltration, contributing to the
diverse intratumoral heterogeneity and complex microenvironment.

Approximately 7-14% of breast cancer patients have the claudin-low phenotype.* 6 18.20.
2 Moreover, about 25-39% of TNBC are claudin-low.!%??> Both human and animal studies have
demonstrated that CLBC is more resistant to chemotherapy and has a worse prognosis compared
to other TNBC subtypes.?* ?*>2* Similar to TNBC, most CLBC recurrences happen within five
years of the initial diagnosis.?’

CLBC has been studied in various transcriptomic studies but remains the least understood
subtype in literature. This lack of knowledge creates significant gaps in understanding tumor

biology.?%’

To classify CLBC, tumor samples undergo RNA isolation and transcriptional
analysis which presents significant challenges in clinical sample collection. Ideally, patient
samples would be immediately frozen or stored in an RNA stabilization reagent. However, clinical
samples are not always handled this way, which may result in low-quality RNA for downstream
analysis. Additionally, the claudin-low classifier algorithm requires comparing the tumor sample
to other breast cancer samples, which limits sample availability for processing.'®??> Furthermore,
CLBC patient samples for research are scarce. Thus, alternative models are vital for investigating
how the unique features of CLBC may be targeted therapeutically.
1.1.5 Mouse Models of Claudin-low Breast Cancer

Studying claudin-low cell lines in vitro can provide insights for understanding specific
properties of tumor cells. However, it is limited in understanding the biological intricacies of a
tumor microenvironment due to its homogeneous nature. The tumor microenvironment consists

of various components such as extracellular matrix, endothelial cells, and immune cells, which

add cellular heterogeneity that is not accurately reflected in vitro. In vivo studies using mouse



models are preferred to investigate mechanisms within a complex system. Unfortunately, there
are limited in vivo mouse models for CLBC, but the ones available provide a powerful alternative
for studying complex claudin-low tumor biology.

Patient-derived xenograft (PDX) models are translational tools that effectively bypass
many in vitro model limitations by engrafting human tumors into immunocompromised mice to
investigate tumors' genomic and biological diversity.?® However, mouse cells and other
extracellular matrix (ECM) components may invade the patient's tumor over time, leading to the
loss of the original human features. PDX models help examine tumor mutations or response to
therapy,?? but this model has a considerable disadvantage in studying the immune response to
CLBC. To overcome this limitation, humanized PDX models have been developed in recent years.
These models are created by irradiating immunocompromised mice and injecting them with human
CD34" hematopoietic stem cells (HSC). Over several months, HSCs differentiate into a competent
human immune system, which allows for the grafting of patient-derived tumors into the mice.
Humanized PDX models are primarily used to investigate the efficacy of immunotherapies and
mechanisms of drug resistance.?” However, there is currently no established humanized PDX
model for CLBC. This may be because PDX models take several months to develop and require
specific claudin-low patient samples, which are limited.

Under certain conditions, such as when mice are exposed to chemicals or radiation, normal
mice may spontaneously develop breast tumors with diverse molecular subtypes.?® Spontaneous
breast cancer of various molecular subtypes, including claudin-low, can also happen in transgenic
mouse models that overexpress Myc, Akt, COX2, or T-antigen or lack the tumor suppressor
protein, p53.'® Although it’s difficult to predict which tumor phenotype will develop. To

overcome this, claudin-low mouse tumors can be transplanted into mice with a matching genetic



background.!®2® This syngeneic model simulates the biology of human claudin-low breast cancer
within a competent immune system.

Our lab acquired a transplantable, claudin-low tumor line from North Carolina University at
Chapel Hill and Baylor Medical College, known as T11. This tumor line was derived from a
transgenic model optimized to develop TNBC at a high frequency with a short latency period. To
establish this model, a p53 null mouse was backcrossed onto the mammary tumor-prone BALB/c
background. Then, mammary glands from 6-week-old p53 null mice were transplanted into 3-
week-old normal BALB/c mice to produce only breast tumors.'®3® Herschkowitz et al. conducted
microarray analysis on mammary tumors isolated from this model and showed that the
transcriptional profiles mimicked human breast tumors. The T11 tumor line was identified as a

murine equivalent to human claudin-low breast cancer,'® 3!

which has primitive cancer stem cell-
like properties, high immune infiltration, and low expression of claudin-3, -4, and -7 and E-
cadherin.> The T11 tumor line has an aggressive phenotype and responds to combinatorial
therapies in a similar manner as human CLBC.?*3! Although there is no single murine model that
can mimic all features of human breast cancer, the transplantable T11 model is a highly analogous
model for studying the biology of CLBC within an immunocompetent environment.
1.2 Immunology in the Tumor Microenvironment
1.2.1 Role of the Microenvironment in Tumor Progression

The tumor microenvironment (TME) influences many aspects of tumor progression, such
as proliferation, angiogenesis, tumor cell apoptosis inhibition, and host immune function

dysregulation.®® It is a dynamic environment that unfolds over time, the progression of the tumor,

and appears to vary among cancer types. Immune cells within the TME play a crucial role in



promoting or inhibiting tumor growth. These cells are of particular interest in TNBC and CLBC
due to their impact on prognosis and chemotherapy response.’* %>

An immunosuppressive TME is conducive to tumor cell growth and metastasis, the process
by which cancer cells can colonize distant organs, such as the brain, liver, bone, or lungs, through
intravasation into circulation or lymphatics. The highly complex TME contributes significantly to
developing highly metastatic tumor cells.>® For successful metastatic dissemination, cancer cells
must home to secondary sites primed by primary tumor signals. These sites are known as the pre-
metastatic or metastatic niches.’’ The metastatic microenvironment varies across tissues.
Therefore, the interactions between tumor cells and the metastatic niche are critical for tumor cells
to survive and grow. Unfortunately, metastatic tumor cells are often resist to treatment, which
leads to metastasis, causing approximately 90% of cancer-related deaths.*® Research has invested
a great deal of effort and resources into discovering how the TME works to protect and spread
cancer cells, but it remains a complex and elusive subject. To better understand these complex
mechanisms, we must first understand the different types of cells present within the TME and their
roles.
1.2.2 Infiltrating Immune Cells in Breast Cancer

In breast cancer, tumor-infiltrating lymphocytes (TILs) are a type of mononuclear immune
cell that mainly consists of T cells..*>** TILs include CD4" T helper cells, T regulatory cells
(Treg) commonly defined as CD4"CD25FoxP3", and effector cells like natural killer cells (NKC)
and CD8+ T cells.*! TIL levels tend to be higher in highly proliferating tumors, such as TNBC
and CLBC.** % A higher number of CD8" effector TILs are correlated with better clinical
outcomes and a better response to treatments, especially in patients with TNBC. Conversely,

patients with a high infiltration Treg have significantly worse outcomes.***¢ CLBCs are enriched



with Treg compared to other breast cancer subtypes, contributing to the poor prognosis of these

patients and their unresponsiveness to therapies.*’

Depletion of Treg has shown significant
reductions in primary and metastatic tumor growth in murine breast cancer models. Treg can
suppress many immune cells as key mediators of peripheral tolerance, preventing undesirable
immune responses.*® Elevated Treg levels in breast cancer patients are linked with an invasive
phenotype, diminished disease-free (DFS), and OS.** Thus, TILs have been suggested as a
useful prognostic marker for determining patient outcomes and response to therapy.

TIL regulation is maintained by a balance between co-stimulatory and co-inhibitory signals
called immune checkpoints that control immune reactions and restrict the intensity of the immune
response.”> One of the most extensively studied immune checkpoint inhibitors is programmed
death-1 (PD1), which binds to its ligands PD-L1 and PDL2 to impede T-cell function.?-’
Unfortunately, tumor cells, including those found in CLBC, hijack this pathway by expressing PD-
L1 on their surface to suppress the effector T cell response. This leads to an immunosuppressive
TME and is associated with a worse prognosis.>> %3 Since 2001, several immunotherapies, such
as Pembrolizumab (anti-PD1) and atezolizumab (anti-PD-L1), have been developed to target this
pathway.®*  However, aggressive breast cancers with high Treg infiltration and an
immunosuppressive TME, such as CLBC, are particularly resistant to these therapies.*” %7 One
possible explanation for the phenomenon is that PD-L1 in CLBC is hyper-glycosylated, which
may prevent targeted anti-PD1 antibodies from being effective.®*7® In such cases, a strategic
therapeutic option for anti-PD-1/PD-L1 resistant tumors may be a combination therapy targeting
PD-L1 glycosylation.

While there is abundant evidence for the role of T cells in tumor immunity and cancer

progression, the exact role of B cells is not well-defined. B cells are primarily responsible for



internalizing foreign antigens through receptor-mediated endocytosis. They then load them onto
major histocompatibility complex class II (MHCII) cell surface molecules presented to CD4" T
cells. MHCII engagement with T cell receptors typically occurs in the spleen or lymph nodes, and
this interaction stimulates B cells to differentiate into memory B cells or plasma cells. In the TME,
B cells can act directly on tumor cells to induce cell death or regulate the effects of T cell responses
through antigen presentation. Despite evidence that suggests B cells represent an important
fraction of infiltrating immune cells,”"* 7 the data is inconclusive on whether these cells have any
prognostic value in breast cancer.*" 73-76

Along with lymphocytes, myeloid cells play a pivotal role in the TME and breast cancer
progression. Myeloid cells are the most prevalent immune cells that infiltrate tumors and are
highly adaptable hematopoietic cells with diverse gene expression profiles and functions.””””’
Although they are classified by lineage, phenotype, and location, myeloid cells have a high degree
of plasticity, allowing them to respond rapidly to environmental signals. Tumor cells can thwart
anti-tumor activities by releasing systemic, soluble factors that increase myelopoiesis and
reprogram myeloid cells to become immunosuppressive and pro-tumorigenic.’® Pro-tumor
myeloid cells have a significant role in the initiation, progression, and metastasis of tumors and

are associated with worse DFS and OS of breast cancer patients.5!"



1.2.3 Types of Tumor-Infiltrating Myeloid Cells

Dendritic cells (DCs) are specialized myeloid-derived cells that activate the adaptive
immune response by presenting antigens to T cells. They are a target for immunotherapies because
they are a significant source of anti-inflammatory cytokines and immune checkpoint molecules.®
Like other immune cells, DCs can be useful prognostic indicators. The different subtypes of breast
cancer have varying genetic signatures of DCs, with luminal breast cancer enriched with DC
pathways in wound healing and ECM pathways. In contrast, DCs in TNBC have a high expression
for interferon pathways. The differences between the DC profiles of these two breast cancer
subtypes may be linked to patient outcomes.®> Likewise, immature DCs infiltrating tumors are
linked to poor prognosis in early-stage breast cancer, while conventional dendritic cells can predict
TNBC survival. 886

Cancer growth leads to the expansion of a diverse group of myeloid cells, including tumor-
associated macrophages and neutrophils, which exhibit a high degree of plasticity and are located
within the primary tumor. While immature myeloid cells called myeloid-derived suppressor cells
(MDSCs) are found primarily in tumor-bearing mice and cancer patients' circulation and secondary
lymphoid organs.

There are two types of tumor-associated macrophages or neutrophils (TAMs or TANS):
M/N1-like and M/N2-like. M/N1-like cells are considered classically activated and express many
pro-inflammatory genes. They are efficient antigen-presenting cells that display anti-tumor
functions. On the other hand, M/N2-like cells are alternatively activated through type 2 cytokines
and express high levels of anti-inflammatory genes. Their function is to promote tumor growth.
Although the primary function of TAN is not fully understood, TANs and TAMs likely work

together within the TME to suppress and promote tumor progression.
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Like TAMs and TANs, there are two groups of MDSCs: monocytic and
polymorphonuclear (M-MDSC and PMN-MDSC/G-MDSC, respectively). Phenotypically and
morphologically, M-MDSC are most like monocytes, while PMN-MDSC are comparable to
neutrophils.?” Although PMN-MDSC and TAN are considered separate cell types, they express
the same markers (Table 2), making it difficult to differentiate between them.® Most researchers
refer to TANs when discussing both MDSC and M2-like TAM/TAN aid in tumor growth and
progression (pro-tumor) and share commonalities in secretion of immunoregulatory mediators,
which are like those involved in wound repair, such as arginase, interleukin 10 (IL-10), granulocyte
colony-stimulating factor (G-CSF), monocyte chemoattractant protein-1 (MCP-1), keratinocyte
chemoattractant (KC), and VEGF.#° Additionally, all subsets have been shown to play critical
roles in sustaining cancer progression through increased angiogenesis, stroma disposition, tumor
cell intravasation, extravasation, upregulation of factors involved in tissue remodeling, and
suppression of the tumoricidal immune response.®® °1:2 When MDSC localize to primary tumors,
they can differentiate into either pro- or anti-tumor TAM/TAN and are known to have more potent
immunosuppressive activity compared to circulating MDSC. Both TAM/TAN and MDSC are

observed within metastatic tissues.”?

Table 2: Flow Cytometric Panel for Murine Myeloid Cells in Cancer

CD45 | TIA/IE? | CD68 | CD11b | CD11c | F4/80 | Ly6C | Ly6G | CD206

G-MDSC" + - - + - Lo/- I + i
M-MDSC + - - + - Lo/- + - -
M1-like TAM + Lo/+ - + - - -
M2-like TAM + + + Lo/~+ - + - - +
TAN" + - - + - Lo/- + + -
CD11b* Dendritic Cell | + + ++ + + + - - -+
Ly6C- Monocytes + - + + - + - - -
Ly6C+ Monocytes + - - ++ - ++ - -
Alveolar Macrophage | + + -+ + + ++ + - ++
Table References®” 9496
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*G-MDSC, N1-like, and N2-like TAN cannot be differentiated by markers alone. Differences are determined by
morphology, inflammatory, and immunosuppressive properties.®

1.2.4 Role of Myeloid Cells in Tumor Progression
A high frequency of circulating or infiltrating myeloid cells in TNBC is associated with

poor prognosis.”’ 10!

Myeloid cells are also associated with increased angiogenesis and higher
histopathological grade in cancer patients.!!% Using murine breast cancer models, studies
demonstrate that myeloid cells aid in tumor cell seeding and growth at metastatic sites.'%
Moreover, inhibition of myeloid cells improves responses to radiation therapy in murine tumor
models.!%

In murine breast cancer models, tumor-infiltrating MDSC are responsible for colonizing
breast cancer cells in the lung. MDSC appear to be located in hypoxic areas preferentially,
producing higher levels of pro-inflammatory molecules and reduced expression of anti-

inflammatory factors.!%’

MDSC have also been shown to suppress T-cell function through
STAT3-dependent induction of indoleamine 2,3-dioxygenase (IDO), a tryptophan-metabolizing
enzyme involved in tumor immune tolerance.!®® It is apparent from these studies that MDSC
prevent anti-tumor immunity in breast cancer and, therefore, play a significant role in its
advancement.

In human breast cancer patients, circulating MDSC levels correlate strongly with clinical
stage, metastatic burden, pathologic complete response (pCR) to therapy, and OS.!? Specifically,
high frequencies of M-MDSC are associated with an increased rate of recurrence and metastasis
and lower OS. In metastatic breast cancer patients, levels of circulating MDSC increase following
chemotherapy likely due to the bone marrow recovering following depletion from

chemotherapy.!!% ! It is widely accepted that higher levels of MDSC are associated with worse

outcomes; however, the subclassification and percent of MDSC varies greatly among breast cancer
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subtypes. This is most likely due to several influential factors in the TME and the heterogeneity
among breast cancer subtypes.!!?

Similarly, the phenotype of TAM present in TME may determine the activity of breast
cancer cells. For example, M2-like TAM signal tumor progression, whereas M1-like promote

3" In humans, TAM accumulate in normal tissue

dormancy of metastatic breast cancer cells.
surrounding breast cancer mesenchymal stem cells and interact with the TME by secreting
interleukin-6 (IL-6), a pro-inflammatory cytokine that promotes tumor stroma inflammation and
is associated with poor prognosis and lower OS.!'* 15 Additionally, TAM have been shown to
produce matrix-degrading enzymes, such as matrix metalloproteinase-2 (MMP-2), potentially
facilitating tumor cell dissemination and spread.''® TAM cytokines play a critical role in mediating
angiogenesis and invasion of cancer cells.'!” M2-like TAM that secrete Chitinase-3-like protein
1 have been shown to promote metastasis of breast cancer cells both in vitro and in vivo.!'® High
expression of MCP-1 on both macrophages and tumor cells in primary breast cancer has been
shown to correlate significantly with intensive TAM accumulation, high expression of VEGF, and
early relapse.!'” Annexin 1 has been shown to regulate the polarization of TAM and interactions
with other cell types. In annexin-deficient mice, M1-like TAM are elevated in TME, and there is
reduced tumor growth and enhanced survival.'?® Several studies have reported a correlation
between TAM phenotype, location, and density in determining the survival of breast cancer
patients, particularly in TNBC. '°-12! In breast cancer patients, higher TAM density in primary
tumors and TAM expression of macrophage colony-stimulating factor (M-CSF or CSF1) and its
receptor (CSF1R) correlate to poor prognosis.'?*-1?’

G-MDSC and TAN have the same morphology and phenotype as bone-marrow-derived

neutrophils. In a healthy immune system, neutrophils are the most abundant leukocyte in the
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blood. As part of the innate immune system, they aim to eliminate foreign microorganisms through
phagocytosis. However, in tumorigenesis, they appear to serve a dual role in that they can either
promote or inhibit tumor progression, depending on TME signals. TAN have been found to
polarize in response to stimulatory or inhibitory factors, rendering them pro-tumorigenic or anti-

metastatic.'?® 12

TAN can promote tumor growth by producing elements that stimulate
vasculature, enabling angiogenesis.'*° Alternately, in a murine breast cancer model, the primary
tumor is shown to activate neutrophils and prevent metastatic seeding in the lung.'? In patients,
the neutrophil-to-lymphocyte is a good indicator of tumor-related inflammation. Studies from
human breast patients demonstrate that a higher NLR is associated with a reduced DFS and OS, a
particularly prognostic finding.!3!-134
1.2.5 Current Myeloid-Targeted Therapies for the Treatment of Breast Cancer

Immunotherapies have shown remarkable therapeutic outcomes; however, responses vary
significantly due to immunosuppressive tumor microenvironments. The leading theory of
immunotherapy is dependent on immune system plasticity and the ability of immune cells to be
stimulated toward a potent anti-tumorigenic response. As described in the previous section,
myeloid cells have effective immunosuppressive mechanisms that promote tumor growth,
establish niches at distant sites, and contribute to therapeutic resistance. Thus, myeloid cells have
become a primary target for cancer therapy, and in the last few years, multiple therapeutic
strategies targeting these cells have been developed.

Myeloid cells are targeted by several mechanisms, such as depletion, blocking recruitment
and trafficking, or inhibiting immunosuppressive pathways. Depletion of myeloid cells has

conflicting results in tumor-bearing mouse studies, is systemic and not selective, and alters

patients’ ability to fight foreign pathogens.'*>> A more strategic approach to myeloid cell reduction
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is to target abundant chemokine receptors, such as CXCR2, which promotes macrophage
migration and causes T-cell anergy through ligand binding.'*¢'*! The downside to this approach
is that chemokine receptors are not present on all myeloid cells, nor is their expression limited to
only myeloid cells. Reparixin, a non-competitive allosteric inhibitor of CXCR2, is currently in
Phase 2 clinical trials as a combination therapy for metastatic breast cancer (NCT02370238).142 A
third approach is to temper MDSC immunosuppression, allowing T-cell activity to be re-
established. This method involves targeting inflammatory mediators, such as Prostaglandin E2
(PGE2), cyclooxygenase 2 (COX2), or arginase 1.'4*1% Since COX2 is upstream of PGE2, COX2
inhibitors, such as celecoxib, have been shown to reduce MDSC recruitment and improve
cytotoxic T cell frequency in the TME and at metastatic sites in breast cancer models.!?* 146
Additionally, sildenafil or tadalafil, phosphodiesterase-5 (PDE-5) inhibitors that directly target
ARG] function, have been shown to thwart MDSC immunosuppressive mechanisms.!*’"'** The
most novel approach for targeting MDSC pro-tumorigenic activities is epigenetic reprogramming.
Histone deacetylases (HDAC) remove acetyl groups from histones to regulate gene expression. !>
In mouse models of breast cancer, Entinostat, a class I histone deacetylase inhibitor (HDAC),
neutralizes MDSC function. It is currently used in a clinical trial for TNBC (NCT02708680) and
metastatic breast cancer (NCT02115282 and NCT02453620).15!"153  The most potent myeloid-
targeting anti-tumor strategy is reprogramming tumor-promoting myeloid cells to tumor
suppressing, enhancing therapeutic efficacy, and alleviating therapeutic resistance.'> Class I
phosphoinositide 3-kinases (PI3K) drive metabolic and transcriptional pathways in inflammation

and cancer and are primarily expressed by myeloid cells.!®> 13 [PI-549 (MARIO-3), a PI3K

inhibitor in a phase 2 clinical trial as a combinational therapy for patients with TNBC
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(NCTO03961698), has been shown to reduce immune suppression and restore T cell cytotoxicity.!>”

159

New evidence is emerging about the importance of extracellular glycosylation on cancer-
associated myeloid cells. In the TME, UDP-GIcNAc is elevated and serves as a donor for classical
GlcNAc transferases to build extracellular glycoproteins. Adding a B-GIcNAc to asparagine
residues on the cell surface or secreted proteins initiates N-glycosylation. N-linked glycans are
composed of a conserved pentasaccharide core (Manal-6(Manal-3)Manf1-4GIcNAcpI1-
4GlcNAcP1-Asn) decorated with different carbohydrate motifs.!®® Most growth factor receptors
and molecules expressed on the cell surface that are important for macrophage function are N-
glycosylated, including integrins (e.g., CD11b, CD18)!%!, TNFa receptor (TNFR)'®2, and
CD206.' In a study to investigate the role of glycosylation in macrophage polarization, bone
marrow-derived macrophages were treated with Tunicamycin, an inhibitor of GIcNAc phospho-
transferase that catalyzes the transfer of N-acetylglucosamine-1-phosphate from UDP-N-
acetylglucosamine to dolichol phosphate in the first step of N-linked glycosylation, then stimulated
for polarization to an M1 or M2 phenotype. Results showed that expression of M2 activation
markers, such as CD206, an endocytic receptor that recognizes ligands with high-mannose
expression, are suppressed by N-glycosylation inhibition but have minimal effect on M1
polarization.'®> ¢ Thus, protein glycosylation on myeloid cells could potentially provide an
alternate pathway for re-programming myeloid cells to an anti-tumor phenotype.

Many drugs impact the quantity, function, and differentiation of myeloid cells and have
shown improved outcomes in mice and humans. Targeting myeloid cells in cancer patients can

enhance the efficacy of current therapies and may establish a novel approach to improve the long-
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term survival of cancer patients. Additionally, the role of glycosylation on macrophage functions
during tumorigenesis may be a new field that could provide novel targets for cancer therapies.

1.3 Galectin-1

1.3.1 Galectin Family

Galectins (formerly S-type lectins) are a family of fifteen glycan-binding proteins. They
are found throughout eukaryotes, and galectin homologs are phylogenetically preserved in
nematodes, sponges, and fungi.!®> This family of lectins shares carbohydrate binding specificity
for B-galactosides, molecules in which galactose is covalently bonded to another carbohydrate
functional group.!®® Beta (B) indicates the relative stereochemistry of the anomeric stereocenter
furthest from the first carbon in the cyclic saccharide, which occurs when the two carbons have
different stereochemistry. Lactose, a disaccharide composed of galactose and glucose, is a
common and recognizable example of a B-galactoside.

Galectins are expressed in the cytosol or nucleus of a cell or can be secreted into the ECM
or circulation.'®”'% The mechanism for galectin secretion is unknown because it lacks a classical
secretion sequence!’’, however, this process is thought to occur by exosomes fusing with the cell
membrane where galectins accumulate.!”" 172 The key carbohydrate-binding role for Gal-1 occurs
extracellularly. Glycoproteins and glycolipids on the extracellular membrane often contain -

galactosides. %

Therefore, even though galectins are not synthesized as membrane-bound
proteins, they can associate with membranes by binding to glycoproteins or glycolipids on the cell
surface and regulate signaling pathways.

Galectins are categorized into three subgroups based on their structure: prototype (galectin-

1,-2,-5,-7,-10,-11,-13-,-14, and -15), tandem-repeat (galectin-4, -6, -8, -9 and -12) and chimeric

(galectin-3).!73 All galectins have a conserved carbohydrate-recognition domain (CRD) where
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glycoconjugates bind, and some are capable of lectin-protein interactions. Galectins have the
capacity to bind various ligands, specifically recognizing diverse carbohydrate motifs presents on
glycoproteins. The inherent multivalence enables galectins to facilitate the clustering of cell
surface glycoproteins, cross-link receptors, and influence downstream processes such as cell
signaling, cell cycle proliferation, apoptosis, and pre-mRNA splicing. However, the galectin-
binding partner determines the binding interaction's specific downstream effect.!”* Galectins have
been extensively characterized functionally and have been reported to play a role in various
diseases, including cancer. Seven galectins reportedly play a role in murine and human cancers,
galectin-1, -2, -3, -4, -7, -8, and -9. A few studies have reported, poorer outcomes associated with
breast primary tumors that overexpress Galectin-1 and -7; additionally, in one study, serum from
breast cancer patients contained higher levels of Galectin -2, -3, -4, and -8 compared to healthy
controls.!”>'"7 Galectins have many functions in tumor development and progression, such as
apoptosis, metastasis, and angiogenesis. In addition, the role of galectins in immune regulation is
another reason to focus on galectin biology. Galectin-3 is the most studied member of the galectin
family involved in cancer. There are several ongoing Phase 1-2 clinical trials targeting galectin-3
in cancer. Due to their multivalence, galectin inhibition is potentially a therapeutic target for breast
cancer.'”® The proposed roles of galectin-1 in cancer are summarized in Table 3. Most reports are
from in vitro human or mouse cell lines or in vivo data using mouse models. There are few

investigations in breast cancer and none that have specifically examined the claudin-low subtype.
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Table 3: Galectin-1 Proposed Roles in Cancer

Cancer Type

Proposed Gal-1 Role

Experimental Models

Reported Gal-1 Activity

Breast cancer

Promotes tumor
inflammation and avoids
immune destruction
Induces angiogenesis

e [nvitro assays with human
peripheral CD14* and CD4" cells
from healthy donors!”

e [nvitro proliferation assay using T
cells isolated from mouse draining
lymph nodes'®?

e Invivo Gal-1 knockdown in 4T1
basal-like syngeneic murine mouse
model!%

e [nvivo Gal-1 knockdown or
inhibition with thiodigalactoside
(TDG) in 4T1 basal-like syngeneic
murine mouse model'!

e [nvivo Gal-1 knockdown or
inhibition with TDG in 4T1 basal-
like syngeneic murine mouse
model'8?

e Increases frequency of CD14"CD16" cells with
increased expression of CD163, CD209, and MHC
class II and lower CD1a expression'”’

e Increases cytokine expression of IL-10, G-CSF, and
IL-6 and decreases IL-8 in dendritic cells!”

e Enhances ability of CD14"CD16" cells to increase
regulatory T cells and induce IL-6 and IL-10 secretion
in T cells!”

e IL-10 expression in CD11¢" cells'”

® Directly binds to myosin Ila and increases activation
in tolerogenic dendritic cells!”

e Increases suppressive activity of CD4*CD25 cells'®

e Increases CD4"CD25"Foxp3™ T cells in spleen,
tumor-draining lymph nodes, primary tumors, and
lungs'®

e Increases production of IL-5, IL-10, and IL-10/IFN-g
ratio in spleens and tumor-draining lymph nodes'®

e Promotes tumor growth!8!

e Reduces the number of tumor infiltrating CD4* and
CD8" T cells in primary tumors'8!

e  Promotes angiogenesis!®!

e Reduces the number of metastases in the lung!%?

e  Reduces the frequency of CD4" and CD8" T cells in
lung metastases'®?

e  Co-localizes with CD44"CD326" cells in
immunofluorescence assay and binds to both CD44
and CD326 in immunoprecipitation'®?

Prostate cancer

Inhibits T-cell
transendothelial migration

e [nvitro migration and adhesion
assays using immortal human T cell
lines!®?

e Increases cell surface expression and extracellular
matrix deposition of Gal-1'33

e Decreases the number of T cells that migrate across an
endothelial cell barrier or through extracellular
matrix'83

e Increases cell death in T cells

e  Causes CD43 clustering on the surface of T cells
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Cancer Type

Proposed Gal-1 Role

Experimental Models

Reported Gal-1 Activity

Pancreatic cancer

e Induces angiogenesis

e  Promotes tumor
inflammation and avoids
immune destruction

e  Enabling replicative
immortality

e [nvitro assays with human
pancreatic stellate cells (knockout)
and human pancreatic cancer cell
line (knockdown)'3

e Invivo Gal-1 knockout in tumor
cells in syngeneic and xenograft
transplant mouse models or
genetically engineered mouse
m0d61185—187

e Decreases CD4"and CD8" T cells in primary tumor'®

e Increases CD11b*Grl* cell in primary tumor!'8>

e Increases NFkB/p65 nuclei translocation'®*

e Gal-1 expression correlates with SDF-1 expression in
tumor cells!'®*

Increases angiogenesis'®’

e Decreases T cell and neutrophil infiltration in
spontaneously developing ductal tumors'®’

e Loss of Gal-1 decreased occurrence of spontaneously
developing ductal tumors'®’

e Low Gal-1 expression correlates with high MMP7 and
low EGFR and Pdx1'3¢

Neuroblastoma e Promotes tumor e [nvitro assays with murine e Decreases splenic and intratumoral CD4" T cells'®?
inflammation and avoids neuroblastic cell line'®® e Increases CD4" T cell expression of CD62L and
immune destruction e Invivo Gal-1 knockout in reduced CD43 and INFy!'88

e Induces angiogenesis spontaneous neuroblastic mouse e Increases angiogenesis!®
model'*® e Reduces migration of CD4" cells!'®®

Melanoma e Avoids immune e  [nvitro knockdown in mouse e Induces apoptosis of splenic T cells from mice and
destruction melanoma cell line!® peripheral phytohemagglutinin activated T cells from

healthy patients'®®

Lymphoma e  Promotes tumor e [nvitro RNAi-mediated inhibition of | ® Decreases T cell viability, the secretion of Th2

inflammation and avoids
immune destruction

Gal-1 and co-culture of activated T
cells with human lymphoma cells'®

cytokines, and the expansion of CD4*CD25"igh
FOXP3" Treg cells in primary tumor'*°

e Gal-1 overexpression controlled through AP-1-
dependent enhancer'*

Lung cancer

e  Promotes tumor
inflammation and avoids
immune destruction

e  Sustains proliferative
signaling

e [nvitro co-culture human normal
lung fibroblasts with lung cancer!!

e Invivo Gal-1 knockdown in tumor
cells in syngeneic transplant mouse
mode] 191 192

e  Alters monocyte-derived dendritic cell phenotypic
expression of surface markers'”! 193

e Reduces production of anti-tumor cytokines and
increased pro-tumor cytokines'!

e  Reduces naive CD4" T cell proliferation'*

e Increases production of IL-10 in CD11c¢" dendritic
cells™!

e Increases tumor migration (in vitro) and growth rate
(in vivo)'**

e High Gal-1 expression correlates with components of
the arachidonic acid pathway in inflammation, COX-2
and PGE2'%*
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Cancer Type

Proposed Gal-1 Role

Experimental Models

Reported Gal-1 Activity

TGFp1-induced COX-2 expression is Gal-1-
depenedent!®*

Gal-1 directly binds to Ras!'**

Increases apoptosis of CD4" and CD8" T cells
Increases angiogenesis'??

192

Head and neck e  Promotes tumor e [nvitro transendothelial migration e Decreases CD4" and CD8" T cells in primary tumor'®
cancer inflammation and avoids assay!®® e Activates endothelial cells to suppress T cell
immune destruction e Invivo Gal-1 knockout in murine migration'®’
tumor cells in immunocompetent e  Positive correlation between Activates JAK/STAT
mouse'* pathway'%
e  @Gal-1 expression in tumors correlates with PD-1 and
Tim-3 expression on T cells'®
Glioma e  Promotes tumor e Invitro Gal-1 knockdown inmouse | ¢ Reduces NK cell mediated apoptosis of tumor cells'*®

inflammation and avoids
immune destruction

glioma cell line!”®

e [nvivo Gal-1 knockout in tumor
cells in syngeneic and xenograft
transplant mouse models'?% 17

Reduces infiltration of granzyme B* NK cells'*
Increases infiltration of CD11b"¢"F4/80",
CD11bMietLy6CHigh and CD11bMiELy6GHigh cells in
primary tumors!®’

Increases INFy production from CD8" T cells
High Gal-1 expression correlates with expression
levels of CCL2 and VEGF"’

Gal-1 knockout improves outcomes after dendritic
cell vaccination'®’

197

Colorectal cancer

e Enabling replicative
immortality

e [nvitro Gal-1 knockdown in tumor
cell lines, scratch, and transwell
invasion assays'*®

HIF-1a significantly increases galectin-1 mRNA and
protein expression'%
Mediates migration in hypoxic conditions'*®




1.3.2  Galectin-1 Structure and Functions

Human LGALS1, located on chromosome 22q12-q13.1 or mouse Lgals! on chromosome
15 in the E-region, encodes for a 14.5 kDa prototype member of the galectin family of B-
galactoside binding proteins, galectin-1 (Gal-1). LGALSI is highly conserved between mice and
humans, with 58% homology and 88% shared protein sequence.!*® 2% The tertiary structure of
Gal-1 protein consists of 135 amino acids arranged into two anti-parallel beta sheets, one five-
stranded (F1-F5) and the other six-stranded (S1-S6). It contains one CRD comprising eight highly
conserved amino acids (His44, Asn46, Arg48, Val59, Asn61, Trp68, Glu71, and Arg73) located
on S3-S6. The CRD forms a negatively charged channel with high affinity for repeating N-
acetyllactosamine (LacNAc) residues composed of either -1, 3- or B-1, 4-linkages between
galactose and N-acetylglucosamine (GalB1-3-NAcGlc or Galp1-4-NAcGlc).2°!2% The addition
of LacNAc residues to proteins and lipids involves a series of enzymatic steps primarily taking
place in the Golgi apparatus. The majority of mammalian poly-LacNAc is synthesized by the
alternating action of B-1,3-N-acetylglucosaminyltransferase 2 and B-1,4-galactosyltransferases.
The process is initiated by B-1,4-N-acetylgalactosaminyltransferase, which conjugates activated
galactose in a B-1,4 bond to the outer arm of N-acetylglucosamine in type 2 N-glycans and forms
the LacNAc unit. Subsequently, other glycosyltransferases catalyze the addition of galactose, N-
acetylglucosamine, and other sugar residues to elongate the glycan chain. Additionally, the
backbone can be branched by an N-acetylglucosamine at the 6-position of the galactose units by
the enzyme B-1,6-N-acetylglucosaminiltransferase; thereby increasing the affinity of Gal-1 for its
ligand®** Gal-1 can non-covalently dimerize with each monomer's N- and C-termini at the
connection site and the CRD on opposing sides. This arrangement reduces steric hindrance at the

lectin binding site and is necessary to enhance galectin-1-LacNAc complexes.?’!?** Gal-1 cross-
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linking capability contributes to the organization of cell surface receptors and can control their
segregation, internalization, and signaling.?%’

The Gal-1 monomer to dimer ratio reaches equilibrium at 7 puM; therefore, at low
concentrations, dimers will dissociate.??6?*” The monomeric and dimeric conformations can bind
to LacNAc; however, the avidity between LacNAc and Gal-1 increases when Gal-1 is dimerized
and poly-LacNAc residues are branched.?’”- 2% For example, the dissociation constant (Kd) of
monomeric Gal-1 with a single LacNAc motif is approximately 81£12 uM as determined by
isothermal titration calorimetry (ITC), but dimerized Gal-1 binds to CD45, a glycoprotein with
poly-branched LacNAc residues, with a Kd of 2.3 nM.?!"-2!2 Modifications to LacNAc residues
such as sialylation, fucosylation, and sulfation also affect the binding affinity of Gal-1. For
example, a-2,6-sialation on terminal galactose residues prevents Gal-1 binding, while 3-O-
sulfation enhances LacNAc recognition.!”® 2!3 Gal-1 is susceptible to post-translational
modifications as well. Once Gal-1 is synthesized it may remain inside the cell to control
intracellular processes, or it can be released to the extracellular space through a nonconventional
pathway that is unknown.?®> Post-translational modifications to Gal-1, such as, phosphorylation,
acetylation, or sumoylation, influence the intracellular location of Gal-1.2'* Since Gal-1 lacks a
traditional secretion sequence and does not pass through the standard ER/Golgi pathway, it is not
susceptible to N-glycosylation. Also, Gal-1 has six cysteine residues that can be oxidized.
Intramolecular disulfide linkages (Cys2-Cys130, Cys16-Cys88, and Cys42-Cys60) change the
protein conformation significantly, preventing Gal-1 homodimer formation and inhibiting lectin

215, 216 This modification may control the ability of Gal-1 to have lectin-protein

binding.
interactions. Intracellular activity of Gal-1 is independent of its lectin-binding activity, while its

extracellular activity is lectin-dependent.?!”
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1.3.3 Galectin-1 in Immune Regulation

One of the significant roles of Gal-1 is to regulate the differentiation, activation, and
function of immune cells in both the innate and adaptive immune systems. Gal-1 promotes anti-
inflammatory pathways and contributes to resolving acute inflammation. With the ability to
associate with many different cell surface proteins, Gal-1 can control innate and adaptive immune
responses through macrophage polarization, neutrophil migration, alteration of the dendritic cell
profile, and T cell viability and function.?%> 28

The effect of Gal-1 on T cells has been extensively studied. It was first reported in 1995
that Gal-1 induces apoptosis in activated T cells.?!® Later research determined that Gal-1 binding
to several different surface glycoproteins, such as CD7, CD43, and CD45, causes receptor
clustering and cross-linking followed by apoptotic signaling through an undefined pathway.!'%%-220-
222 Alternate apoptotic pathways have also been proposed, such as induction of the transcription
factor, activation protein-1 (AP-1)?%3, phosphorylation of T cell receptor { chain®** 2%, or CD95
and caspase-mediated cell death signaling.??® In primary tumors and at metastatic sites, there is a
strong correlation between elevated Gal-1 expression and reduced infiltrating T cells, 80 182, 183, 187,
189,192,197 Tn TNBC, two studies describe this observation using the basal-like 4T1 murine model.
Ito and Ralph reported 4T1 cells containing a Gal-1 shRNA lentivirus (4T1-G1KD) injected
intravenously into syngeneic Balb/c mice through the tail vein (non-spontaneous metastasis)
resulted in augmented tumoricidal T cell populations (CD3*CD4" and CD3*CD8") in peripheral
blood, reduction in the overall number of tumor cells and increased the percentage of TUNEL"

apoptotic tumor cells in the lungs compared to controls. This observation was confirmed by

inhibiting Gal-1 in 4T1 wild-type tumors with thiodigalactoside (TDG), a competitive inhibitor of
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galectin-1, -3, -8, -9, suggesting that Gal-1 regulates metastasis by reducing tumoricidal T cell
populations at metastatic sites.!'®?

Though the exact signaling pathway remains undefined, it is evident that Gal-1 induced T
cell apoptosis depends on the specific glycosylation patterns on the T cell surface. Researchers
have inhibited Gal-1 binding to T-cell glycoproteins using enzymes that modify glycan
structure.??”- 228 Interestingly, one study showed that Th2 cells are resistant to Gal-1 binding,
although they show similar expression of known Gal-1 binding proteins, such as CD7, CD43 and
CD45. Researchers found this was most likely due to sialic acid capping on the LacNAc residue,
as demonstrated by high expression of the sialyltransferase enzyme, ST6Gal-1.2?° Thus, Gal-1
may be important for regulating T cell subsets by differential expression of glycoproteins on the
cell surface.

Treg have been shown to differentiate in the presence of Gal-1. In one study, when
activated T cells were cultured in the presence of Gal-1, the percentage of Treg, defined by
CD4"CD25 FoxP3™" expression, increased and produced higher amounts of Th2 cytokines, such as
IL-4, IL-5,1L-10, and IL-13.'° This is consistent with studies showing that LgalsI” mice produce
higher quantities of INF-y and IL-17 compared to wild-type mice.’”” In the orthotopic 4T1
transplantable model, Gal-1 knockdown results in decreased tumor growth, metastasis, and
frequency of Treg cells (CD4"CD25"FoxP3™) in the spleen, draining lymph nodes, primary tumor,
and lungs, as well as reduced Treg immunosuppression against tumoricidal CD4"CD25" cells.!®?

Although several studies report the effect of Gal-1 on T cells, less is known about its effect
on B cells. In one study, secreted Gal-1 in bone marrow stromal cells increased B cell
differentiation and proliferation, suggesting it is required for B cell development.?*° Stromal cells

surrounding pre-B cells were shown to secrete Gal-1, which is bound to the B cell receptor (BCR)
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to influence the activation state.”*' In a study using Lgals” mice, IL-10 and Tim-1 glycoprotein
expression were reduced on Gal-1- depleted B cells compared to wild-type, suggesting Gal-1 is

responsible for B cell regulatory function.?*?

Besides binding glycans, Gal-1 is a pre-B cell
receptor (pre-BCR) ligand that induces clustering, the first step of B cell differentiation.?** In the
TME, this may lead to more robust antigen presentation by lowering the B cell activation threshold.
Evidence suggests that exogenous Gal-1 binds tightly to mature B cells, increasing overall
immunoglobulin production.?** The transition of activated B cells toward memory B cells or
plasma cells is also controlled by Gal-1, possibly contributing to poorer outcomes in patients with
high plasma cell tumor infiltration.?3 23

In DC, exogenous Gal-1 regulates migration and tolerance. Bone marrow mesenchymal
stem cells produce Gal-1, which upregulates the expression of costimulatory molecules on the
surface of DC, such as CD80, CD83, CD86, and MHCII, thereby preventing antigen presentation
and promoting immune tolerance.>*’ In vitro, Gal-1 is produced by spermatozoic nurse cells that
promote the differentiation of tolerogenic DC.?*® Accordingly, Gal-1-deficient DC are more
immunogenic than normal DC in mice and favor polarization toward pro-inflammatory T cell
profiles thwarting Treg responses.?>* 2% In other studies, Gal-1 has been shown to promote DC
maturation and migration and inhibit tissue infiltration of immunogenic DC while allowing in

tolerogenic DC.20% 241, 242

Combined these effects provide evidence of a suppressive, anti-
inflammatory function of Gal-1 on DC.
Exogenous Gal-1 induces inflammatory stimuli to inhibit activation, chemotaxis, and

extravasation of neutrophils.?** 2%

Gal-1 has a dual capacity to both attract or prevent the
trafficking of neutrophils to sites of inflammation, such as the TME.?*® In Gal-1 knockout mice,

neutrophil trafficking is significantly enhanced.?* Likewise, in the presence of exogenous Gal-1,
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neutrophil recruitment is inhibited.>** However, in vitro, Gal-1 has been shown to promote the
directional migration of human peripheral blood neutrophils at low concentrations, while at high
concentrations, it causes random chemokinetic movement. Though, this phenomenon was only
observed in the absence of additional inflammatory signals.?*>**’ Moreover, Gal-1 promotes cell
surface phosphatidylserine exposure on activated neutrophils, favoring phagocytic removal of
viable neutrophils.?*®2* This data is further supported by recent findings, which showed that
following peak inflammation, Gal-1 administration induced neutrophil apoptosis and clearance,
thereby resolving inflammation.”° In vitro, under acute experimental inflammation, Gal-1 can
exert anti-inflammatory activity through inhibition of IL-8 or TNFa-induced chemotaxis.?*> 246
Similarly, Lgals” mice display significant increases in the pro-inflammatory cytokine, IL-6, and
VEGF, with a trend toward elevated anti-inflammatory chemokines, CCL2, CCL3, and CXCLI
and the pro-inflammatory cytokine TNF-0.2°° These cytokines and chemokines are expressed by
immune cells, suggesting that Gal-1 may regulate the production of inflammatory molecules or
differentiation into pro-inflammatory or anti-inflammatory cells. Additionally, the stage of
activation may affect neutrophil response to exogenous Gal-1. In a recent study, naive, primed,
and activated neutrophils were treated with Gal-1 to determine the effect on ROS production. Gal-
1 did not induce ROS production in naive or primed neutrophils; however, it did elicit
concentration-dependent ROS in activated neutrophils. Interestingly, exogenous Gal-1 induced
ROS production in Lgals!” neutrophils more effectively than in normal, wild-type neutrophils,
suggesting that endogenous Gal-1 may control the effects of exogenous lectin exposure.”>! ROS
is known to cause chronic inflammation and DNA damage that can result in carcinogenesis and
tumor progression. Based on this data, Gal-1 in the TME may limit neutrophil recruitment, induce

neutrophil apoptosis and phagocytosis, and increase ROS to aid in tumor progression.
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In monocytes and macrophages, Gal-1 promotes an anti-inflammatory phenotype.
Exogenous Gal-1 reduces pro-inflammatory cytokine production from murine macrophages and
shifts macrophages toward an M2-like profile by inhibiting I[FNy-induced MHCII expression and
MHCII-dependent antigen presentation.>>> 23 Additionally, macrophages treated with Gal-1 have
been shown to induce 12/15-lipoxygenase expression, an enzyme involved in the metabolism of

polyunsaturated fatty acids during the resolution of inflammation.?>*

Macrophages increase
secretion of TNFa in the presence of Gal-1. Moreover, iNOS, an enzyme responsible for
catalyzing the production of nitric oxide (NO) from L-arginine, is elevated in macrophages in
response to Gal-1 binding following nerve injury.?>>?” By controlling L-arginine metabolism,
either by reducing NO levels or favoring the arginase pathway, Gal-1 promotes the differentiation
of macrophages into an M2-like phenotype.>*8

Furthermore, Gal-1 was found to stimulate the chemotaxis of cultured monocytes via the
p44/42 MAP kinase pathway.?>® However, in an alternate in vitro study, Gal-1 inhibited monocyte
migration and induced apoptosis but did not affect macrophages.?®® There were two confounding
factors in these studies: the concentration of Gal-1 used to induce cell migration and the source of
monocytes. The combined data suggests that lower concentrations of Gal-1 may induce cell
migration, while higher doses induce apoptosis. This is consistent with neutrophil experiments
that show the effects of Gal-1 are concentration-dependent. In addition, the study that observed
the migration of monocytes used cells isolated from healthy patients, whereas the other study used
monocytes isolated from patients with inflammatory bowel disease. It is well-known that Gal-1 is
elevated in inflammatory conditions; therefore, these monocytes may have been desensitized to

Gal-1 stimulation. Altogether, the data suggests Gal-1 contributes to an M2-like and promigratory

macrophage or monocyte phenotype in a protein-glycan-dependent manner.
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Oxidized Gal-1 also impacts monocyte and macrophage function. Using cultured activated
rat peritoneal macrophages, oxidized Gal-1-induced macrophages were shown to stimulate axonal
growth and repair.?!” In a follow-up study, oxidized Gal-1 inhibited IFNy-induced NO and iNOS

expression in RAW 264.7 macrophages.?¢!

Similarly, incubating lipopolysaccharides (LPS)-
activated rat peritoneal macrophages with oxidized Gal-1 reduced RNA expression of pro-
inflammatory markers, including IL-1f, IL-6, and iNOS, compared to activated macrophages not
treated with oxidized Gal-1.%2 Therefore, when macrophages are in an activated state the
configuration of Gal-1 may have opposing effects on their production of pro-inflammatory
markers.

The mechanisms underlying the role of Gal-1 in the immune system remain poorly
understood. This is partly due to the vast number of molecules on cell surfaces that express B-
galactosides and LacNAc residues. Known Gal-1-binding partners on the surface of leukocytes
include CD45, CD7, CD43, CD2, CD3, CD4, CD107, glycosaminoglycans, integrins, GM1
ganglioside, glycoprotein 90K/MAC-2BP, BCR, and complement receptor 3 (CD11b and
CD18).21%- 263 CD45 is highly glycosylated with complex sugars and has ubiquitous expression
across all immune cells. CD7, CD3, and CD4 on T cells have been shown to bind to Gal-1 and
induce T cell apoptosis. CD43 is also present on neutrophils and is a likely Gal-1 binding partner
for the regulation of neutrophil function. Gal-1-BCR pairing activates B cells. Gal-1 has been
shown to co-precipitate with complement receptor 3 on monocytes and macrophages, though the
downstream effects of this interaction are unknown.

Gal-1-regulated functions on immune cells are dependent on the glycosylation status of

key cell surface receptors. Glycosylation patterns modulate cellular responses by generating or

masking ligands for lectins to control intermolecular interactions and intracellular signaling
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pathways.??”> 2% Furthermore, glycosylation patterns are known to differ widely between cell

265, 266

lineages and differentiation stages. To add to the complexity of these systems, Gal-1

concentrations and the relative distribution of oxidized, monomeric, or dimeric forms may
significantly affect how the lectin interacts with different cell surface glycol-proteins or lipids.2¢’
Likewise, other galectins or immune regulatory signals may work in concert to balance and
regulate the inflammatory response. Also, it should not be overlooked that all immune cells are
capable of synthesizing and secreting Gal-1, especially in an activated state, which may contribute
to the regulation of cellular function both through protein-glycan or protein-protein interactions.?%
However, evidence suggests that protein-carbohydrate interactions may serve a critical function in
immune system management, and Gal-1 may have a dual role in tolerance and immunogenicity,
depending on its source (i.e., endogenous, or exogenous), relative concentration, or the prevalence
of immunosuppressive versus inflammatory signals in the local microenvironment.
1.3.4 Functions of Galectin-1 in the Tumor Microenvironment

In the TME, Gal-1 uses many mechanisms to promote pro-tumor activity. One prominent
feature of Gal-1 is its ability to promote cancer growth through angiogenic activity. Tumor
angiogenesis is the formation of new blood vessels caused by tumor cell-secreted factors, such as
VEGF. New blood vessels are required to provide and supply oxygen and nutrients to sustain
continued tumor growth. In the TME, blood vessels are relatively immature and express low levels
of adhesion molecules (e.g., ICAM-1, VCAM-1, and E-selectin), preventing the recruitment and
activation of effector cells. The structural abnormality of the blood vessels causes atypical blood
flow and high vascular permeability, increasing the probability of metastatic dissemination.2%%- 26

In the TME, Gal-1 is expressed by endothelial cells, stromal cells, immune cells, and tumor

cells.?’”® Gal-1 can bind endothelial cells or the cell matrix using its cross-linking capabilities to
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form cell-cell or cell-ECM interactions and aid in creating new blood vessels. Through Gal-1
cross-linking capabilities, it interacts with vascular endothelial cells highly decorated with N-
glycans. Likewise, the ECM in tumor stroma contains high levels of fibrous glycoproteins (e.g.,
laminin and fibronectin) that are well-known for Gal-1 binding.!3> 2712”3 Gal-1 can also bind
neuropilin, which is a highly glycosylated transmembrane co-receptor for VEGFR.2’#27> The Gal-
I-neuropilin-1 interaction on vascular endothelial cells promotes VEGFR2 phosphorylation and
endothelial cell migration and adhesion.?”
One study has shown that hypoxia-induced colorectal cancer cells produce high levels of
Gal-1, which correlates with hypoxia-inducible factor 1-alpha (HIF-1a) expression. Under
hypoxic conditions, reactive oxygen species (ROS) and HIF-1a are upregulated. ROS causes
stabilization of the HIF-1 complex, which binds to hypoxia-response elements of the gene
promoter for transactivation and promotes the expression of other pro-tumorigenic proteins, such
as glucose transporter-1 (GLUT-1) and VEGF.?’%2"7 Hypoxia responsive elements are located
upstream of the transcriptional start site of LGALSI and are essential for HIF-1a controlled Gal-1
expression.!”® This pathway plays a vital role in tumor progression, metastasis, angiogenesis,
metabolic switching to aerobic glycolysis (i.e., Warburg effect), and therapy resistance.?’8-2%
Additionally, knocking down Gal-1 expression reduces hypoxia and migration of cancer cells in
Vitro.198:281
Gal-1 may also regulate effects in the TME through carbohydrate-independent
mechanisms. Gal-1 improved DNA repair and proliferation in cervical cancer when interacting
with H-Ras (p21), a small G protein that regulates cell division. Before activation, H-Ras is

equally distributed between lipid raft and non-raft domains in the plasma membrane, where it

initiates intracellular signaling.?®?> Gal-1 appears to form a lattice network, resulting in a non-raft
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microdomain necessary for H-Ras-induced activation of the Phosphoinositide-3-kinase (PI3K) cell

growth pathway.?%3

Evidence suggests that the Gal-1-H-Ras interaction occurs within the
hydrophobic pocket of Gal-1, independent of the CRD. This domain can bind the farnesyl group
on H-Ras and stabilize the translocation of the H-Ras-GTP complex onto the Gal-1
microdomains.?®*28¢ Intracellular binding of reduced galectin-1 to H-Ras promotes Ras membrane
anchorage, requiring Ras signal transduction to occur and regulate cell growth and
transformation.?®* 286287 Since hypoxia induces radioresistance and increases Gal-1 expression,
the interaction between Gal-1 and H-Ras may play a significant role in tumor hypoxia-facilitated
radiotherapy resistance by stimulating H-Ras signaling and DNA repair.

1.3.5 Summary of Galectin-1 in Breast Cancer Progression and Metastasis

As described in previous sections, Gal-1 has been shown to have many roles in cancer
progression, such as tumor proliferation, transformation, invasion, metastasis, and angiogenesis.>’*
Gal-1 is overexpressed in breast cancer, and even more specifically TNBC,80 182. 288, 289 apnq
expression may be further increased under hypoxic conditions and after radiotherapy.?**?°? In
breast cancer specimens stained for Gal-1 by IHC, there is a significant correlation between Gal-
1 expression in cancer-associated stromal cells and tumor invasiveness, T stage, TNM stage, and
axillary lymph node metastasis.'*

Circulating Gal-1 levels are reportedly higher in breast cancer patients than healthy
controls.'® Patient serum samples have shown contradictory results demonstrating that circulating
Gal-1 concentrations were lower in breast cancer patients than in healthy individuals.!”> However,
Gal-1 is known to activate platelets to induce P-selectin and membrane glycoprotein complexes,

leading to platelet aggregation.!®23 Gal-1 on circulating cancer cells may bind to these molecules

and form platelet-cancer complexes. The aggregated cell clusters can arrest within capillaries in
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secondary organs and then develop into macrometastases. Additionally, this may explain why
Gal-1 is found in high concentrations in plasma but not serum; plasma samples would contain Gal-
1-bound platelet aggregates while these compounds are absent from sera.

Specific mechanisms for how overexpressed Gal-1 may regulate breast cancer progression
are lacking. Murine studies have shown that the knockdown of Gal-1 in breast cancer significantly
reduces the potential of tumor cells to metastasize to the lung. Additionally, this study showed a
decreased frequency and low immunosuppressive function in Treg cells compared to wild-type
tumor cells.!®® Other murine studies have suggested that Gal-1 promotes tumor growth through
its effect on effector T cell apoptosis.'®* 12 Another study showed tolerogenic DC populations
were higher in breast cancer patients compared to healthy donors, and conditioned medium
containing recombinant Gal-1 (rGal-1) or Gal-1 secreted from cultured MDA-MB-231 claudin-
low cell line induced tolerogenic DC differentiation. Furthermore, the murine 4T1 breast cancer
cell line enhanced IL-10 expression in DC compared to the 4T1 Gal-1 knockdown cell line.
Myosin Ila, a motor protein involved in cytokinesis, cell migration, and adhesion, was identified
as the primary binding partner for Gal-1 after caveolin-dependent endocytosis.>’* These studies
are consistent with studies investigating the effects of Gal-1 on immune cell function. Gal-1
promotes an immunosuppressive TME that facilitates breast cancer cell immune escape and
metastasis.

Alternatively, Gal-1 may promote breast cancer metastasis by stimulating the upregulation
and secretion of enzymes that degrade the ECM.?*> Gal-1 binding to glycosylated breast cancer
markers, such as CD44 and CD326, promotes the attachment of tumor cells to the ECM and
endothelial cells.!®? This is consistent with previous studies showing that Gal-1 promotes the

adhesion of cancer cells to the ECM.2!%273:29 Altogether, Gal-1 may promote attachment of breast
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cancer cells to the ECM, then upregulate ECM degradation enzymes to facilitate metastatic
dissemination.

Gal-1 binds to the a5B1 fibronectin receptor on the surface of T-47D breast cancer cells to
stop cell proliferation through inhibition of the Ras-MEK-ERK signaling cascade, which
ultimately prevents cell cycle progression and growth.?”” Nevertheless, knockdown of galectin-1
expression in TNBC cell lines, MDA-MB-231 and Hs578T, reduced cell proliferation, migration,
invasion, and chemotherapy resistance by reducing Gal-1-integrin B1 interactions. Furthermore,
Gal-1 ablation inhibited ERK/signal transducer/STAT3 signaling and suppressed survivin

2% Integrins are

expression, a protein inhibiting apoptosis and regulating the cell cycle.
heterodimeric transmembrane receptors that are essential for epithelial cell proliferation.
Additionally, integrins regulate growth in immune cells and initiate signal transduction cascades
that modulate cell growth.?”> 2®  These studies indicate that Gal-1 modulates cell cycle
proliferation through integrin interactions. However, the downstream effects of these interactions
may be controlled by the specific breast cancer subtype being studied. T-47D breast cancer cells
are hormone receptors positive, while MDA-MB-231 and Hs578T are triple negative, and even
more specifically, claudin-low. From these studies, Gal-1 appears to halt cell proliferation in
hormone receptor-positive breast cancer; however, in claudin-low TNBC breast cancer cell lines,
Gal-1 promotes cell proliferation, cancer progression, and chemotherapy resistance, possibly
contributing to worse OS in patients with this breast cancer subtype.

Other proteins that have been identified in breast cancer as Gal-1 binding partners are:
Sushi domain containing 2 (SUSD2)?*°, Galectin-3 binding protein (Gal-3BP)**, and forkhead

box P3 (FOXP3).3"" SUSD2, a transmembrane protein on breast cancer cells involved in

angiogenesis, was identified with high confidence by mass spectrometry and co-
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immunoprecipitation to have protein-protein interactions with Gal-1.2%3%2 Localization of Gal-1
on the surface of SK-BR-3 (HER2 subtype) and MDA-MB-231 (claudin-low subtype) breast
cancer cells were dependent on the presence of SUSD2. When Susd2 was knocked down by RNA
interference in TNBC syngeneic mouse models (4T1 and 66CL4), tumor growth slowed, and
survival increased compared to wild-type Susd2-expressing tumors. Additionally, TIL were
higher in Susd2-expressing mice.?”” Gal-1 was identified as a binding partner for SUSD2, but the
specific pathway regulating Gal-1-SUSD2 function in breast cancer progression was never
addressed. However, more recent studies have suggested that SUSD2 is cleaved in the
endoplasmic reticulum by an unidentified serine protease at the glycine-aspartic acid-proline-
histidine amino acid sequence. Generation of a non-cleavable SUSD2-mutant demonstrated that
SUSD?2 cleavage with both the N- and C-terminus intact were required for SUSD2 and Gal-1
plasma membrane localization.’® Additionally, SUSD2 has been shown to promote TAM
recruitment by increasing levels of CCL2/MCP-1 in TNBC breast cancer cell lines.*”> Thus,
SUSD2-promoted surface presentation of Gal-1 may contribute to many Gal-1-controlled tumor
immune evasion, progression, and metastasis mechanisms.

Gal-3BP is a large hyperglycosylated protein that acts as a ligand for several galectins
through carbohydrate-dependent binding. Using liquid chromatography-mass spectrometry, the
human claudin-low cell line, MDA-MB-231, showed no surface galectin-3, but surface expression
of Gal-1 was shown to interact with Gal-3BP to form large oligomers and cell aggregates. Whereas
hormone-receptor-positive MCF breast cancer cells had a lower level of homotypic cell
aggregation, most likely due to reduced levels of LacNAc expression, which would cause lower
Gal-1 affinity at the cell surface.*®® This study demonstrates the importance of glycolytic

structures in the role of breast cancer metastasis. Galectins bind specifically to unique
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carbohydrate structures, whereby they can generate downstream signaling pathways to control
tumor progression. This study shows that claudin-low tumors may have a more aggressive cancer
phenotype due to specific terminal LacNAc structures that bind Gal-1 with high affinity.

Gal-1 has been shown to bind to FOXP3 intracellularly. Previous studies showed that
reduced nuclear FOXP3 protein expression was significantly associated with tumor progression in
breast cancer patients. In this study, breast tissues expressed higher levels of nuclear Gal-1 than
adjacent normal mammary tissue. Additionally, there was no statistical significance between the
expression of nuclear Gal-1 and breast carcinoma characteristics, such as age, clinical stage, or
hormone receptor status. For Gal-1 to bind to FOXP3, it must contain the carboxyl-terminal
forkhead (FKH) domain required for FOXP3 nuclear localization and DNA binding, which results
in the dysregulation of several oncogenes.>’! This data may be consistent with the previous study,
which showed reduced FOXP3 expression in breast cancer, as it may be more challenging to detect
the protein by standard biochemical methods when bound to Gal-1. The Gal-1-FOXP3 interaction
may also shuttle Gal-1 to the nucleus, acting on other nuclear factors to regulate gene expression
and pre-mRNA splicing.

1.3.6 Inhibitors of Galectin-1 Function

Methods for targeting Gal-1 include neutralizing monoclonal antibodies, glycoamine, and
synthetic peptides. Many of these approaches have been tested in pre-clinical models, and few are
used in clinical trials. Currently, there are no FDA-approved Gal-1-targeted therapies.

Most drug discovery efforts to date focus on preventing Gal-1 from binding galactosides.
Many of these inhibitors are synthetically modified mono- or di-saccharides containing galactose,
such as galactosides, lactosides, or similar molecules, such as TDG. Each saccharide is unique in

its affinity, stability, or selectivity. For example, the monosaccharide galactose has a weaker
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affinity for Gal-1 (Kd 10 mM) compared to the disaccharide, lactose (Kd 190 uM) or the
oligosaccharide, TDG (Kd 24 pM).2%3% Monosaccharide inhibitors have better bioavailability
and uptake but have a lower Gal-1 selectivity and affinity. When the C1 hydroxyl of galactose is
modified with an aromatic moiety, the affinity towards Gal-1 increases by up to 10-40-fold,*%-3"7
however, this increase still does not reach the same affinity as a disaccharide, such as lactose.
Even though lactose has a higher affinity over monosaccharides, it is efficiently catalyzed in vivo
into its monosaccharides by the enzyme a-galactosidase and requires at least 10 mM
concentrations before it can effectively inhibit Gal-1.3%

Perhaps the most successful saccharide-based Gal-1 inhibitors are based on the molecular
structure of TDG.>*® TDG has approximately an 8-fold higher affinity to Gal-1 compared to
lactose.>*® In vitro and in vivo, TDG has been shown to positively affect the pro-inflammatory
TME through Gal-1 inhibition by regulating immunosuppression and angiogenesis.'*> However,
it is not selective towards a specific galectin; therefore, the effects cannot be exclusively attributed
to the inhibition of Gal-1.3%31° To increase the affinity between TGD and Gal-1, derivatives with
two aromatic amide substitutes have been developed.’®® 3% Like the parental TDG, Gal-1 is not
the primary intended target of these derivatives; however, galectin-1 inhibition has been
reported. 305 309 311

Currently, the only non-carbohydrate inhibitors for Gal-1 are peptides and peptide mimics.
The most well-known Gal-1 peptide inhibitor is Anginex, a small 33-amino acid B-peptide that
affects angiogenesis by diminishing the affinity of Gal-1 towards glycoproteins.?!%3!* One cellular
target of Anginex is Gal-1, which is known to induce cell-cell attachment in endothelial cells.>'*
Anginex has been shown to block micro-vessel formation in vivo without affecting major blood

vessels.>!> Additionally, one study suggested that Anginex was able to decrease membrane-bound
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H-Ras and downstream pathways significantly (Raf/MEK/ERK) in vascular endothelial cells.?'®

However, Anginex is not selective for Gal-1 and reportedly binds to Gal-2, -7, -8, and -9.

After the success of Anginex, peptide topomimetics were developed based on the
calix[4]arene-based backbone, which contains hydrophobic and hydrophilic faces similar to those
found in the B-sheet of Anginex. One of the most effective Gal-1 inhibitors, OTX008 (also known
as PTX008, 0118, PTX009, and compound 1097), works as an allosteric inhibitor by binding the
beta-sheet on the opposite side of the CRD.?!” This changes the conformation of Gal-1 and
prevents it from binding to carbohydrate ligands.?!® The affinity of OTX-008 affinity for Gal-1 is
approximately 50 uM, and it has been shown to be a potent angiogenesis inhibitor in ovarian and
melanoma mouse models when used as a monotherapy.’'*  When combined with
chemotherapeutics in vitro and in vivo, OTX008 has demonstrated synergistic anti-angiogenic
effects.®!® 319 It has been registered in a phase I clinical trial for solid tumors (NCT01724320).32°

However, before Gal-1-based therapeutics can be effective, we must better understand the
mechanisms of Gal-1 function in TME and metastasis. Other galectin functions and signaling
pathways may also complicate Gal-1 signaling pathways, and understanding galectin-specificity
for ligands under varying degrees of microenvironmental influence is imperative for determining
the best approach for targeting galectin-glycan. Protein-protein interactions of Gal-1 may play a
role in ligand association and maybe another pathway for therapeutic intervention. While there
are multiple regulatory functions of Gal-1, more research is needed to determine how to best utilize

its broad therapeutic potential.
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1.4 Dissertation Synopsis
1.4.1 Research Hypothesis and Synopsis of Experiments

This research aimed to identify differentially expressed proteins in claudin-low breast
cancer to gain insight into pathways and mechanisms that could lead to biomarkers or targets for
intervention. Two murine transplantable triple-negative breast cancer (TNBC) tumors, denoted as
2225L and T11, were obtained for experimentation due to their analogous gene expression profiles
mirroring those observed in human TNBC subtypes. Both tumor types were serial passaged
heterotopically and orthotopically in syngeneic mice to generate lines that would consistently
metastasize to the lung. The reliably metastatic variant of 22251 was termed 2225LM. In initial
studies described in Chapter 3, biochemical, immunophenotyping, and RNA sequencing were used
to characterize 2225LM and T11 reliably metastatic tumors and to compare tumors with variable
metastatic potential. Both resulting 2225LM and TI1 tumor lines displayed an
immunosuppressive tumor microenvironment characterized by high myeloid-to-lymphocyte ratio
(CD11b":CD3") and elevated expression of protumor cytokines compared to control tissues. The
purpose of characterizing these tumors was to create reliable metastatic TNBC models in
immunocompetent mice that could be utilized for translational research.

After initial characterization studies, proteomic analyses focusing on claudin-low T11
primary and metastatic tumors were conducted.. A pioneering discovery-based proteomic
approach employing nano-liquid chromatography-tandem mass spectrometry (Nano-LC-MS/MS)
and matrix-assisted laser desorption ionization imaging mass spectrometry (MALDI/IMS) was
implemented to identify differentially expressed proteins in claudin-low breast cancer (CLBC).
LC-MS/MS revealed galectin-1 (Gal-1) as a differentially overexpressed protein in claudin-low

breast cancer compared to normal tissue. Label-free quantitation, Western immunoblot, and
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ELISA techniques were used on T11 primary and metastatic tumors to validate this finding.
Spatial distribution analyses utilizing MALDI/IMS and immunohistochemistry were performed
on T11 metastatic tumors in the lungs. Additionally, immunohistochemistry of human breast
cancer intrinsic subtypes showed intermediate to high-intensity Gal-1 staining in claudin-low
primary tumors. [n silico gene expression analysis using previously published microarray data
and RNA sequencing analysis conducted by our lab on mouse and human breast cancer subtypes
showed that Gal-1 levels were highest in the claudin-low subtype. Our lab was the first to
demonstrate and subsequently validate that the carbohydrate-binding protein, Gal-1, was
differentially expressed in mouse T11 claudin-low tumors compared to normal tissue, and in
mouse and human claudin-low tumors compared to other breast cancer subtypes. . This work was
presented at multiple extramural meetings and resulted in a publication by K. Balestrieri ef al. in
Biochim. Biophys. Acta, 2020.3%!

Galectin-1 1s an N-acetyllactosamine (LacNAc)-binding protein that promotes anti-
inflammatory actions and has a wide range of reported intracellular and extracellular activities, but
its role in breast cancer has not been well studied. Inhibiting Gal-1 may target multiple pathways
that aid in tumor progression, which could lead to improved strategies for cancer therapy. Previous
studies in other labs have shown that exogenous Gal-1 can induce an M2-like cytokine profile in
murine CD11b" macrophages and cause apoptosis in CD11b* monocytes. We conducted in vitro,
ex vivo, and in vivo aimed to unravel Gal-1's impact on tumor-infiltrating immune cells,
particularly CD11b" myeloid lineage cells.

Initial in vitro experiments using RAW 264.7 macrophages demonstrated that Gal-1
induced apoptosis in a dose-dependent, carbohydrate-specific manner. However, ex vivo

experiments using thioglycolate-induced peritoneal exudate cells yielded discrepant results. To
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reconcile these findings and garner a more physiologically relevant understanding, we transitioned
to an in vivo orthotopic T11 CLBC model.

To resolve the discrepant in vitro and ex vivo apoptosis findings and to further investigate
the effects of Gal-1 on CD11b" myeloid lineage cells and claudin low breast cancer (CLBC), we
moved to an in vivo orthotopic T11 CLBC model. The transition to in vivo experiments was guided
by the need for more physiologically relevant conditions to comprehensively evaluate the
apoptotic effects of Gal-1 on CD11b" myeloid cells in the tumor microenvironment. In vivo
systemic administration of galectin-1 allosteric inhibitor OTX008 in T11-tumor-bearing mice
slowed tumor growth but did not affect the percentage of infiltrating myeloid populations.
Fluorescence microscopy evaluation of overall tumor apoptosis and CD3" and CDI11b" cell
apoptosis in primary tumors at sacrifice showed no statistical difference between the OTX008
treatment and the vehicle control groups. These findings suggest that galectin-1 does not affect
CD3" or CD11b" immune cell infiltration or apoptosis in claudin-low primary tumors. Larger in
vivo studies and analysis of different drug regimens, smaller tumors and metastatic models are
indicated.

Our research was not only the first to demonstrate the identification of Gal-1 as a highly
differential protein in claudin-low breast cancer compared to normal tissue and other breast cancer
subtypes but also laid the groundwork for future studies investigating actions of Gal-1 in this
subtype. Future experiments should focus on exploring its potential effects on tumor proliferation
and angiogenesis, positioning Gal-1 as a promising candidate for therapeutic targeting in claudin-

low breast cancer.
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1.4.2 Significance

Claudin-low breast cancer is an aggressive breast cancer subtype that does not have
targetable markers for treatment. The primary course of treatment is chemotherapy, which is non-
specific and highly toxic. Developing new therapies that can improve patient outcomes is
imperative. We were the first to demonstrate that the carbohydrate-binding protein, Gal-1, was
differentially expressed in mouse T11 claudin-low tumors compared to normal tissue, and in
mouse and human claudin-low tumors compared to other breast cancer subtypes. Gal-1 is a
multifunctional protein with many roles in the progression of cancer. Understanding how Gal-1
regulates claudin-low breast cancer progression could elucidate novel mechanisms or pathways

that could be used as a claudin-low-specific therapy.
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2.2  Animal Care

2.2.1 Generation of an LDEV-free T11 Murine Claudin-low Tumor

The original T11 tumor was received from two sources: Dr. Jason Herschkowitz and Dr.
Jeffrey Rosen (Baylor College of Medicine) and David Darr and Dr. Charles Perou (University of
North Carolina at Chapel Hill). When tested for mouse pathogens by PCR (Charles River).
Tumors from both sources were found to be infected with murine Lactate Dehydrogenase
Elevating Virus (LDEV). To generate T11 tumors free of LDEV, virally infected mouse tumors
were serially passaged in nude rats using a protocol adapted from several publications.??* 323
Female RNU nude rats (Charles River, strain #316) were housed in isolator cages in a specific
pathogen-free room. Tumors [2x2 mm fragments] were implanted into the subcutaneous flank of
6—14-week-old rats within a biosafety cabinet. Tumors were resected between 13-26 days post-
implant when they reached approximately 4 cm in diameter. A 10 mm® fragment of the resected
tumor was subsequently passage into naive nude rats for an additional two passages. Residual
tumor tissue from each source and at each passage was placed in 50% freezing media (Dulbecco's
Modified Eagle Medium (DMEM), 30% Fetal Bovine Serum (FBS), 20% dimethylsulfoxide
(DMSO)) and frozen in liquid nitrogen for long-term storage. Tumors were analyzed for the
single-strand LDEV RNA by PCR at Charles River Labs. LDEV-free T11 tumors were passaged
into the subcutaneous (sc) flank or mammary fat pad of female, syngeneic, Balb/c mice. This work

was carried out by Matt Britt, Keith Pittman, and Dr. Kathryn Verbanac. All procedures involving

animals were performed using ECU IACUC-approved protocols.
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Figure 1 Removal of Lactate dehydrogenase elevating virus (LDEV) from murine T11 transplantable tumor
model by serial passaging into athymic nude rats

The murine T11 transplantable tumor model is representative of claudin-low breast cancer. When tested for mouse
pathogens before implantation, T11 was positive for LDEV, a murine virus that infects macrophages. To eliminate
LDEV, T11 tumors were serially passaged twice into athymic nude rats. The resulting LDEV-free T11 tumors were
tested for LDEV by PCR and were virus-free. The LDEV-free T11 tumor was passaged into syngeneic Balb/c mice
for in vivo studies. In initial studies (passages 1-5), mice developed metastatic lung lesions 96% (24/25) of the time
after serial resection of the subcutaneous primary tumors. Dr. Kathyrn Verbanac, Dr. Karen Oppelt, Keith Pittman,
and Matthew Britt designed and executed these experiments.

2.2.2  Invivo Studies with T11 Claudin-low Tumor Model

T11 dissociated tumor cells (5x10° cells/mouse), or 2x2 mm?> tumor fragments were
implanted into a mammary fat pad (mfp) of female (6-8-week-old) Balb/c mice (Charles River,
strain #028) through a midline abdominal incision. When tumors became palpable (5-9 days post-
implant), tumor growth was measured using digital calipers, and the volume was calculated as
(width x width x length)/2. Primary tumors were surgically resected when they reached a volume
of approximately 500 mm3 to promote the growth of seeded metastases. Before surgery, mice
were anesthetized with 1-4 % isoflurane in oxygen and were administered buprenorphine (0.1
mg/kg via subcutaneous injection) before and after surgery to minimize pain. After tumor
inoculation and subsequent tumor removal until euthanasia, mice were monitored daily for clinical

signs of discomfort, including body weight loss and lethargy. Mice were sacrificed approximately
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30 days post-tumor resection by isoflurane asphyxiation. All procedures involving animals were

performed using ECU IACUC-approved protocols.

2.2.3 Intraperitoneal Treatment with Allosteric Galectin-1 Inhibitor OTX008

T11 cells (5x10° cells/mouse in 100 pL 1:1 DMEM: Matrigel; Corning, 354234) were
injected into the mammary fat pad of 8 weeks old, female Balb/c mice through a small midline
incision using a 25-gauge sterile syringe. After tumors were palpable, volumes were measured
with calipers daily. On day 7, when the average tumor size had reached approximately 100 mm3,
OTXO008 (Caymen Chem, 23130, 10 mg/kg) or sterile PBS was intraperitoneally injected using a
22-gauge sterile syringe. Mouse body weight was monitored, and injections were repeated every
three days until day 14 and 15 post-tumor injections when the average tumor size reached
approximately 1000 mm?>. Harvested tumors were cut into three pieces for subsequent flow
cytometry and fluorescent microscopy analysis. Tumor growth curves were analyzed using a two-
way ANOVA with post-hoc Sidak’s test and linear regression to compare the slope of two lines.
Potential outliers were determined using three methods, interquartile range, ROUT, and Grubbs’
outlier analysis.
2.2.4 Peritoneal Macrophage Isolation by Thioglycolate-injection

Male or female 5-36-week-old mice (Balb/c, CD-1, or C57BL/6) were injected
intraperitoneally with 0.5 mL of warmed, sterile 4% thioglycolate medium (Sigma) as
described.??***” Mice were euthanized four days post-injection by isoflurane overdose and cervical
dislocation. Peritoneal exudate cells (PEC) were collected by injecting 5 mL cold PBS into the
abdomen, massaging the abdomen for two minutes, and aspirating the solution. The collected
solution was centrifuged 325 x g to pellet cells. After resuspension in DMEM or PBS, the number

and viability of cells were determined by Trypan blue exclusion and a hemacytometer.
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2.2.5 Human Tissue Samples

All procedures performed in studies involving human participants were in accordance with
the ethical standards of the institutional committee (University & Medical Center Institutional
Review Board, 13-001654) and with the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. FFPE blocks of normal breast and breast cancer samples were
obtained from an IRB-approved retrospective translational study (UMCIRB 13-001654) of breast
cancer patients who received standard-of-care treatment at our center from 2000-2010. Samples
from both IRB protocols were used for immunohistochemical staining for galectin-1. All human
research studies were approved by the University and Medical Center Institutional Review Board

(UMCIRB) and samples were obtained with authorized access under approved protocols.
2.3 Cell Culture

2.3.1 TI11 Cell Culture

To adapt to tissue culture, an LDEV-free primary T11 tumor resected from a syngeneic
Balb/c mouse was digested with DNase/collagenase II and passed through a 70 pm nylon filter to
obtain a single cell suspension. Cells were maintained in RPMI with 10% FBS and 1% Penicillin-
Streptomycin for the initial passage and 5% FBS without antibiotic for subsequent passages in a
humidified incubator at 37°C, 5% CO2. Cells were passaged in culture 8-10 times before
experimental use. For low serum and serum-free conditions, T11 cells were maintained in RPMI
with 1% FBS or Mouse EpiCult-B Basal Medium with EpiCult-B Proliferation Supplement for up
to three passages. Adherent cells were detached using 0.5 mM EDTA solution when cells reached

80-90% confluence and counted using a hemocytometer. Cell viability was determined by Trypan

blue.
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2.3.2 RAW 264.7 Cell Culture

RAW 264.7 cells were obtained from ATCC (TIB-71). Upon receipt, cells were thawed
by gentile agitation in a 37°C water bath. Cells were washed in DMEM and centrifuged 325 x g
for 5 minutes to pellet cells. Cells were resuspended in DMEM with 20% FBS and 1% Penicillin-
Streptomycin for the initial passage and 10% FBS for subsequent passages in a humidified
incubator at 37°C, 5% CO?. Media was replaced every 2-3 days as needed. Adherent cells were
detached using 0.5 mM EDTA solution when cells reached 80-90% confluence and counted using
a hemocytometer. Cell viability was determined by Trypan blue. Cells were passaged in culture
five times before experimental use.
2.4 Flow Cytometric Analysis
2.4.1 Sample Preparation for the Detection of Infiltrating Immune Cells in Primary Tumor and

Metastatic Lung by Flow Cytometric Analysis

Primary tumors or lungs were placed in I mL DNase Collagenase type II and chopped into
small pieces using a scalpel blade. Samples were placed in a 50 mL conical tube, and an additional
2 mL DNase Collagenase type II was added to the sample. Samples were placed on a shaker at
room temperature for 1 hour. The digested tissue was strained through a 70 um filter into a new
centrifuge tube, washed with PBS, and centrifuged at 325 x g at 10°C for 10 minutes. Excess
supernatant was removed from the sample, and 100-1000 puL of AKC Lysis Buffer was added for
1 minute at room temperature to remove red blood cells. Cells were washed in PBS, 0.2% BSA,
0.05% azide, centrifuged at 325 x g at 10°C for 10 minutes, and counted by hemocytometer with
Trypan blue to determine viability. Cells were resuspended at 2x10° cells/10 pL for antibody

labeling.
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Table 4: Antibodies used in flow cytometry

Antibody target |Fluorophore Clone Isotype |Host Manufacturer Catalog #
Mouse CD3e APC 145-2C11 IgGl1 Rat BD Pharmingen  |553066
Mouse CD3e APC 145-2C11 IgGl Hamster BioLegend 100312
Mouse CD8a FITC 53-6.7 IgG2a  |Rat BD Pharmingen  |553030
Mouse CD11b PE-Cy7 M1/70 IgG2b  |Rat Life Technologies |A15848
Mouse CD11b APC M1/70 IgG2b  |Rat eBioscience 17-0112-83
Mouse CD29 PE-Cy7 HMbl-1 IgG2b  |Hamster abCam Ab95622
Mouse CD45 PerCP-Cy5.5 30-F11 IgG2b  |Rat BD Pharmingen  |550994
Mouse CD68 APC FA-11 IgG2a  |Rat BioLegend 137008
Mouse F4/80 APC-eFluor 780 |BM8 IgG2a  |Rat ThermoFisher 47-4801-80
Mouse F4/80 PE-Cy5 BMS IgG2a  |Rat BioLegend 123112
Mouse F4/80 SuperBright 780 |BMS8 IgG2a  |Rat eBiosciences 78-4801-80
NBP1-
Mouse Galectin-1 |Alexa Fluor 647 |RMO0081-9J26 [IgG2b |Rat R&D Systems 21721AF647
Mouse Ly6C APC-Cy7 HK1.4 IgG2c¢  |Rat BioLegend 128026
551467 and
Mouse Ly6G PE 1A8 IgG2a |Rat BD Pharmingen  [551461
Mouse MHCII Alexa Fluor 488 |M5/114.15.2 |[IgG2b |Rat BioLegend 107616
Mouse Vimentin |Alexa Fluor 647 |EPR3776 IgG Rabbit AbCam Ab194719
Alexa Fluor 647 |EPR25A IgG Rabbit AbCam Ab199093
Alexa Fluor 647 [141945 IgG2b  |Rat R&D Systems ICO13R
Alexa Fluor 647 |RTK4530 IgG2b  |Rat BioLegend 400626
APC Al110-1 I1gG1 Rat BD Pharmingen  |553974
APC RTK2758 IgG2a |Rat BioLegend 400512
APC aB149/10H5 |IgG2b  |Rat eBioscience 17-0431-82
APC-eFluor 780 |eBM2a IgG2a |Rat eBioscience 47-4321-80
APC-Cy7 RTK4174 IgG2¢  |Rat BioLegend 400719
FITC R35-95 IgG2b  |Rat BD Pharmingen  [553929
PE R35-95 IgG2a |Rat BD Pharmingen  [557076
PE-Cy5 RTK2758 IgG2a |Rat BioLegend 400510
PE-Cy7 RTK4530 IgG2b  |Rat BioLegend 400617
PE-Cy7 eBi0299Arm |IgG2b  |Hamster eBiosciences 25-4888-81
PerCP-Cy5.5 A95-1 IgG2b  |Rat BD Pharmingen  [550764
Super Bright 780 |eBM2a IgG2a |Rat eBiosciences 78-4724-82

2.4.2 Flow Cytometric Analysis of Cell Surface and Intracellular Proteins

Cells prepared from mouse tissues or cell culture were treated with CD16/32 FcR blocker

(BD Pharmingen, 553141) in staining buffer (PBS with 0.2% BSA, 0.05% Azide). Fluorophore-

conjugated antibodies (Table 4) were added to 1-2x10° cells/10 pL staining buffer in round bottom

culture tubes, and samples were incubated in the dark at 4°C for 30 minutes. For intracellular

protein detection, such as galectin-1 and Vimentin, cells were fixed in 1% paraformaldehyde in

PBS, followed by permeabilization with 0.1% Saponin in PBS for 15 minutes at room temperature.

After washing with staining buffer, cells were incubated with fluorophore-conjugated antibodies
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for 30 minutes on ice in the dark. Cells were washed with PBS 0.5% Azide to remove excess
antibodies and were resuspended in 200 pL 1% paraformaldehyde while vortexing. Data was
acquired using BD LSRII and analyzed using FACSDiva, FlowJo, or FCSExpress software, as

indicated in the results. Table 2 defines cell populations based on protein expression.

2.4.3 Flow Cytometric Analysis for the Detection of Apoptotic Cells after Treatment with

Recombinant Galectin-1

Alexa Fluor® 488 annexin V/Dead Cell Apoptosis Kit with Alexa® Fluor 488 annexin V
and PI for Flow Cytometry (Invitrogen, V13241) was used according to the manufacturer’s
protocol. Briefly, cells prepared from cell culture or peritoneal cell exudate were washed in PBS
and centrifuged at 320 x g at 4°C for 10 minutes. Cells were counted and resuspended in annexin-
binding buffer (50 mM HEPES, 700 mM NaCl, 12.5 mM CaCl2, pH 7.4) at 2x10° cells/50 uL in
round bottom culture tubes. Cells were treated with 50 pL of 15 pg/mL Concanavalin A with or
without 4-100 mM lactose or mannose in annexin-binding buffer, 1.8-30 ug/mL recombinant
galectin-1 with or without 4-100 mM sucrose, lactose, mannose, N-acetyllactosamine (LacNAc),
or N-acetylglucosamine (GIcNAc) for 15 minutes at room temperature. In select experiments,
where noted, to rule out potential lipopolysaccharide (LPS) contamination, samples were also
treated with 0.1 ug/mL polymyxin B or CD16/32 FcR blocker followed by rat anti-mouse CD14
(M14-21; BioLegend, 150102) in staining buffer (PBS with 0.2% BSA, 0.05% Azide). Annexin
V-Alexa Fluor 488 and 100 pg/mL propidium iodide (PI) were added to each sample, and samples
were incubated at room temperature for 5-30 minutes. After incubation, 200 pL annexin-binding
buffer was added to each sample. Samples were placed on ice, and data was acquired immediately

using BD LSRII. FCSExpress software was used for data analysis.
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2.44 Datura stramonium lectin (DSL)-labeling to determine N-acetyllactosamine

(LacNAc)expression

Cells prepared from cell culture were washed with PBS, 1% BSA, and centrifuged at 320
x g at 10°C for 10 minutes. Cells were counted and resuspended in PBS at 1x10%/10 uL. Viability
was determined by Trypan blue. Fluorescein-labeled Datura stramonium lectin (DSL-FITC,
Vector, # FL-1181) was added to 2x10° cells in round bottom culture tubes at a final concentration
of 0.02 uM with or without 4-8 mM chitobiose or LacNAc. Samples were incubated in the dark
at room temperature for 15 minutes. Cells were washed in PBS, 0.2% BSA, 0.05% Azide,
centrifuged at 320 x g at 4°C for 10 minutes, and cells were resuspended in 200 pL. PBS, 0.2%
BSA, 0.05% Azide for immediate acquisition on immediately using BD LSRII. FCSExpress
software was used for data analysis.
2.5 Multiplex Immunobead Assay

Flash frozen primary tumor, metastatic lungs, and control mammary fat pad and lungs were
homogenized by polytron 0.05% Tween-20/Tris-HCI lysis buffer containing protease inhibitor
cocktail (Sigma-Aldrich, P2714). After centrifugation at 4°C (12,000 x g, 10 minutes), the
bicinchoninic acid (BCA) assay determined protein concentrations on supernatants. MILLIPLEX
MAP Mouse Cytokine/Chemokine Immunology Multiplex Assay (Sigma, MCYPMX32-MAGQG)
was used according to the manufacturer’s instructions. Briefly, sample concentrations were
adjusted to 1 mg/mL total protein in lysis buffer and combined in a 1:1 ratio of sample to assay
buffer solution. Samples (25 nuL) were loaded into a white 96-well plate, and then 25 pLL magnetic
Multiplex beads were added to each well. The plate was sealed, wrapped in aluminum foil, and
placed on a shaker at 300 RPM at 4°C overnight. The next day, the plate was placed on a magnet

to wash twice with 200 uL wash buffer. Detection antibodies (25 uL) were added to each well.
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O0The plate was sealed, wrapped in aluminum foil, and placed on a shaker at 300 RPM, room
temperature, for 1 hour. After incubation, Streptavidin-Phycoerythrin (25 pL) was added to each
well, the plate was sealed, wrapped in aluminum foil, and returned to the shaker at room
temperature for an additional 30 minutes. The plate was washed twice on a magnet with wash
buffer, and 150 uL of drive fluid was added to each well. Data was collected with MagPix and
analyzed with the median fluorescent intensity (MFI) using a 5-parameter logistic curve-fitting
method in XPONENT software. The assay included analytes for G-CSF, eotaxin, GM-CSF, IFNy,
IL-1a, IL-1B, IL-2, IL-4, IL-3, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), LIF, IL-13,
LIX, IL-15, IL-17, IP-10, KC, MCP-1, MIP-1a, MIP-18, M-CSF, MIP-2, MIG, RANTES, VEGF,
and TNFa.
2.6 RNA Sequencing of Mouse Lungs and Primary Tumors
2.6.1 RNA Isolation

Flash-frozen murine primary tumors were homogenized by polytron in 1 mL TRIzol
reagent per 50 mg of tissue. Homogenized samples were incubated for 5 min in a 25°C water bath,
then added 0.2 mL chloroform/1 mL of TRIzol reagent. Samples were mixed vigorously and
centrifuged at 12,000 x g for 15 minutes at 4°C. The upper colorless, aqueous phase was removed,
and then RNA was precipitated by adding equal volume isopropanol and incubating overnight at
-20°C. The following day, samples were centrifuged at 12,000 x g for 10 min at 4°C, the
supernatant was removed, and the RNA pellet was washed once with 75% ethanol. The pellet was
air-dried and dissolved in RNase-free water. Nanodrop and Qubit determined RNA concentration.
2.6.2 RNA Sequencing of Mouse Primary Tumor and Lung Tissue

Samples with an RNA Integrity Number (RIN) >6.0 were sent to Novogene for RNA

sequencing (RNA-Seq). RNA expression was normalized by the DEseq method implemented in
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the DEseq2 R package; then, expression levels were extracted. Novogene performed downstream
analysis using programs, including STAR, HTseq, Cufflink, and Novogene’s wrapped scripts.
Alignments were parsed using the Tophat program, and differential expressions were determined
through DESeq2/edgeR. GO and KEGG enrichment were implemented by the ClusterProfiler.
Gene fusion and the difference of alternative splicing events were detected by Star-fusion and
rMATS software. For comparison of Lgalsl expression between the basal-like and claudin-low
tumors, a student t-test was performed using Prism software (GraphPad). A p-value of 0.05 or less
was considered significant.
2.6.3 RNA Sequencing of Human Primary Tumors

Data for RNA sequencing of human tumors was provided by Kevin Gardner from an IRB-
approved retrospective translational study (UMCIRB 13-001654). Tissue cores were extracted
from a subset of deceased patients (n=143). RNA expression was normalized using the DEseq
normalization method implemented in the DEseq2 R package. RNA sequencing data was analyzed
for breast cancer intrinsic subtypes and for published claudin-low signatures. Normalized data
was mined for LGALS1 expression levels. Prism software (GraphPad) was used for analysis.
One-way ANOVA Dunn’s post hoc tests were used for multiple comparisons to compare
expression to the claudin-low subtype. Nonparametric analysis was conducted using the Kruskal—
Wallis test. P values of 0.05 or less were considered significant. All human research studies were
approved by the University and Medical Center Institutional Review Board (UMCIRB) and
samples were obtained with authorized access under approved protocols.
2.6.4 Data Mining from Published Microarray Data for Mouse and Human Tumor Samples

Mouse primary tumor microarray data from accession number GSE27101 for platform

GPL4134 and human primary tumor microarray data from accession number GSE18229 for
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platforms GPL885, GPL887, GPL1390, GPL1708, GPL5325, GPL6607, and GPL7504 were
downloaded from the NIH GEO database repository. Data was mined for LGALS1 (Gal-1)
expression levels using the field LOG RAT2N MEAN, which is the log2 ratio of
(CH2IN_MEAN - CH2BN MEDIAN) over (CH1 _MEAN - CHI BKD MEDIAN) where
CH2IN_MEAN and CH2BN_ MEDIAN are global-normalized intensities.

2.7 Mass spectrometry

2.7.1 Sample Preparation for Nano-Liquid Chromatography Mass Spectrometry (Nano-LC-

MS/MS) and Matrix-Assisted Laser Desorption lonization Mass Spectrometry Imaging

(MALDI-IMS)

A recombinant carrier-free mouse galectin-1 standard (rGal-1; R&D Systems, 1245-
GA/CF) was diluted (0.5-250 ng/mL) in Optima grade water (Thermo Fisher Scientific, W6-4) to
determine the lowest detection limit. Optima grade water, acetonitrile (ACN) (Thermo Fisher
Scientific, A955-4), and formic acid (Thermo Fisher Scientific, A117-50) were used for standard
preparation and as nano-LC-MS/MS mobile phases. For nano-LC-MS/MS, the rGal-1 standard
was trypsin-digested (Promega, V5111) at a 1:50 protein concentration to trypsin weight: weight
as described in section 2.4. For MALDI sample slides, 2 pL of trypsin digest was pipetted on an
ITO-conductive slide (Delta Technologies Limited, CG-811N-S1159) with 1:1, 10 mg/mL
sinapinic acid (SA) dissolved in 60:40 ACN: water, containing 0.07% trifluoroacetic acid (TFA)
(Thermo Fisher Scientific, A116-10X1AMP). The trypsinized rGal-1 standard was analyzed using
MALDI/TOF MS in positive ionization reflectron mode.

2.7.2 Nano-LC-MS/MS Sample Preparation
Cultured tumor cells and tissues were sonicated or polytron homogenized in 300-500 pL

of 0.05% Tween-20/Tris-HCI lysis buffer containing protease inhibitor cocktail (Sigma-Aldrich,
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P2714) followed by centrifugation for 10 minutes at 12,000 x g. Supernatants were collected for
further processing. Samples with high albumin signals were re-analyzed following albumin
precipitation as described.??® The precipitation protocol was modified for tissue lysate, where 50
pL of the sample was mixed with 500 pL of 1% trichloroacetic acid: isopropanol (volume:
volume). Precipitated pellets were resuspended in 50 pL of lysis buffer. In-solution digestion of

d** with the following modifications. Protein concentrations

proteins was conducted as describe
were estimated spectrophotometrically (Nanodrop 1000) before and after precipitation. All
samples were diluted 1:2.5 volume: volume in 6 M urea/50 mM Tris-HCI, pH 8.0. Dithiothreitol
and iodoacetamide were added per the referenced protocol. 1 mM CaCl2/50 mM Tris-HCI, pH
7.6 was used in a 1:1 ratio volume: volume with 6 M urea/50 mM Tris-HCI, pH 8.0. Trypsin was
added at recommended ratios of 1:20-1:100 trypsin weight: protein weight and incubated at 37°C
for 17 hours. Trypsin concentrations and digestion times were optimized for each sample type.
The trypsin reaction was stopped by adding 0.1% formic acid.
2.7.3 Nano-LC-MS/MS Data Acquisition

Recombinant carrier-free mouse galectin-1 (rGal-1; R&D Systems, 1245-GA/CF) was
serial diluted (0.5-250 ng/mL) in water. Standards, cell, and tissue lysates were analyzed with an
Eksigent 425 nanoLC/AB Sciex 5600+ Triple time-of-flight mass spectrometer (nano-LC-
MS/MS). The samples were injected with a trap and elute method. The peptides were eluted using
a gradient of up to 80% ACN with 0.1% formic acid. Samples were injected at 5 or 10 puL (1-2.5
ug protein) on a ChromXP C18CL column, 150 x 0.3 mm and 3 pum particle size, maintained at
25°C with a nano-flow rate of 300 nLL/min. Both MS and MS/MS data were collected in positive

ionization mode. The instrument settings were 100 V for the declustering potential, 10 for the

collision energy, 10 for the source gas, 25 for the curtain gas, 2.8 kV on the ion spray, and 150°C
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for the interface heater temperature. The MS parameters included scanning from 400 to 1500 Da
with an accumulation time of 0.250 sec for 90 min. The MS/MS data were collected using an
independent data acquisition (IDA) method. The IDA settings included selecting the top twenty
masses within 400-1250 Da with a charge state of either +2, +3, or +4 and exceeded 150 counts/sec
signal intensity. Mass calibration was conducted every five samples using a PepCal mix.
2.7.4 Nano-LC-MS/MS Data Analysis

Protein identifications for nano-LC/MS and LC/MS/MS data were conducted using
Protein-Pilot v4.5 (Sciex) software. Samples were batched according to tissue type (i.e., mammary
fat pad, tumor, control lung, metastatic lung) for 5 and 10 pL injections before and after albumin
precipitation. For protein identification, the UniProt protein database containing 862,507 proteins
for Mus musculus species was searched using the Paragon algorithm within Protein-Pilot. The
bias correction option was executed. Global false discovery rate (FDR) and local FDR are reported
to indicate the level of confidence in identified proteins. A decoy database search strategy was
used to estimate the FDR, defined as the percentage of decoy proteins identified relative to the
total proteins identified, with a threshold of 0.05 for local and 0.01 (corresponding to 95% and
99% confidence, respectively) for global protein identifications. All protein identifications

obtained for each tissue were uploaded to the Reactome Knowledgebase (https://reactome.org) 18

for pathway analysis of Mus musculus using the UniProt protein accession numbers.
2.7.5 MALDI-IMS Sample Preparation

Flash-frozen primary tumor (n=3) and metastatic and control lung tissues (n=4 and n=3,
respectively) were mounted to a cryostat chuck with HPLC-grade water in a dry ice container to
freeze and fuse the tissue in place for sectioning. Tissue sections (10 um) were thaw-mounted

onto ITO-conductive microscope slides and maintained at -80°C until analysis. Slides were
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sequentially washed in 70%, 90%, and 95% ethanol diluted in water for approximately 30 seconds
each and then placed into a vacuum desiccator for 20-30 minutes. For trypsin digestion, a 0.025%
trypsin solution prepared in a total volume of 460 uL with 20 puL, 1 pg/ul sequencing-grade
trypsin, 330 pL 100 mM sodium bicarbonate containing 0.01% ammonium hydroxide, 40 pL
acetonitrile, and 70 pL acetic acid. The solution was incubated at 30°C for 10 minutes to activate
before application on the tissue using an HTXImaging TM-sprayer. Trypsin solution was
deposited on the slide at 60 pL/min flow rate, 10 psi N2 gas pressure, 30°C nozzle temperature,
600 mm/min velocity, 2 mm track spacing, and two passes in a crisscross pattern. After trypsin
application, the more porous lung samples were incubated at 37 °C for 30 minutes, 1 hour, and 2
hours. In contrast, denser primary tumor samples were incubated at 37°C for 2 and 4 hours to
determine optimal trypsin application time. Spectra were analyzed using FlexAnalysis to assess
the range of spectral peaks. All samples reported herein were trypsinized at the optimal digestion
time (2 hours for lung tissue and 4 hours for tumor tissue). TM sprayer was used to apply SA
matrix (10 mg/mL in 70:30 ACN: water with 0.3% TFA) to stop the trypsin reaction under the
following conditions: 0.06 mL/min solvent flow rate, 10 psi N2 gas pressure, 30 °C nozzle
temperature, 750 mm/min velocity, 2 mm spacing and 12 passes in a crisscross pattern.
2.7.6 MALDI-IMS Data Analysis

MALDI/IMS data was processed using SCiLS, FlexImaging (Bruker), and FlexAnalysis
(Bruker) software. Images were normalized using TIC. Regions of metastases were determined
by standard hematoxylin and eosin (H&E) staining of tissue sections used for MALDI/IMS after
removing the SA matrix and/or by staining adjacent serial sections. Gal-1 peptides were
determined by both MS-Bridge of theoretical Gal-1 trypsin-digest and normalized spectra from

rGal-1 standard or tissue sections. Bridged Gal-1 peptides were searched using the mascot search
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engine (Matrix Science Limited) and analyzed using BLAST (NCBI) to determine uniqueness.
The parameters used to search the Uniprot database included two missed cleavages, Mus musculus
taxonomy, no variable modifications, average mass, and a peptide tolerance of 1.0 Da.
2.8 SDS Page and Western Immunoblot
2.8.1 Galectin-1 Expression in Cultured Cells and Tissue Samples

Flash-frozen tissues were homogenized by polytron in 0.05% Triton-X /phosphate-
buffered saline containing protease inhibitor cocktail (Sigma-Aldrich, P2714) at pH 7.0. After
centrifugation at 4°C (12,000 x g, 10 minutes), the BCA assay determined protein concentrations
on supernatants. SDS-PAGE was performed using NuPAGE™ 4-12% Bis-Tris Protein Gels. All
samples (0.04 ug rGal-1 standard and 2-8 pg tissue lysate) were heated at 95°C for 5 minutes
before electrophoresis. After SDS-PAGE, samples were transferred to a nitrocellulose membrane.
We used a reversible total protein stain consistent with the currently recommended methodology
to control for protein loading.>***32 Membranes were stained with MemCode™ Reversible Protein
Stain Kit (Thermo Scientific) per the manufacturer’s protocol to visualize and quantify total
protein. After scanning, de-staining, and blocking with 0.05% Tween 20/3% BSA/Tris Buftered
Saline overnight at 4°C, membranes were incubated for 1 hour at room temperature with rabbit
anti-galectin-1 (Abcam, ab138513, clone EPR3206). Protein bands were visualized after a 30-
minute incubation with an alkaline phosphatase-conjugated anti-rabbit secondary antibody
(Sigma, A9919) and developed with the BCIP/NBT Liquid Substrate System (Sigma). Both
protein-stained membranes and Western immunoblots were scanned using the BioRad
ChemiDoc™ Imaging System and analyzed with BioRad Image Lab™ Version 6.0 software. The

Gal-1 signal intensity (Adjusted Total Band) was divided by the loading control intensity
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(Memcode™ total protein; Adjusted Total Lane) to normalize Western blot signal intensity
between samples.
2.8.2 Detection of recombinant galectin-1 protein aggregates

Recombinant carrier-free mouse galectin-1 (2-3.6 pg total protein; R&D Systems, 1245-
GA/CF). Samples (10 pL) were applied to a 12-14% polyacrylamide separating gels (recipes in
Table 5) and electrophoresed in 1X SDS-PAGE running buffer (25 mM Tris, 192 mM glycine) at
125 V for 3.5 hours. GelCode™ Blue Stain Reagent (ThermoFisher, 24590) was used to analyze
the protein purity of the recombinant Gal-1 per the manufacturer’s instructions. Gels were scanned

using the BioRad ChemiDoc™ Imaging System.

Table 5: SDS-PAGE Solution Recipes

Stacking | 12% separating | 14% separating
gel (mL) | gel (mL) gel (mL)
Distilled water 1.13 1.14 0.44
Gel buffer (0.5 M Tris-HC], pH 8.8) 3.20 4.86 4.86
Acrylamide/bis-acrylamide solution (29:1) | 0.670 4.00 4.70
20% ammonium persulfate 0.050 0.050 0.050
N, N, N’, N’-tetramethylethylenediamine 0.005 0.005 0.005

2.9 Immunohistochemistry of Mouse and Human Tumors

Murine T11 primary tumors (n=2), lungs with T11 metastatic lesions (n=2), naive mouse
mammary fat pads (n=2), and lung tissues (n=2) were stained for Gal-1 protein expression by
immunohistochemistry. Human breast tumors of varied intrinsic subtypes were also stained for
Gal-1 protein expression by immunohistochemistry (n=4-6 tumors of each subtype). FFPE blocks
were available for 4 of the eight human tumors classified as claudin-low. Both mouse and human
FFPE tissue sections (5 um) were deparaffinized and incubated in 3% hydrogen peroxide for 10
minutes to quench endogenous peroxidase. After three washes in PBS, non-specific binding sites
were blocked (0.5% BSA/0.5% casein/PBS, pH 7.6 or Protein Block from Anti-Rabbit HRP DAB

Detection System (Spring Bioscience). Sections were incubated with the primary rabbit anti-
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galectin-1 antibody (Abcam, ab138513, clone EPR3206) diluted in a blocking solution at 4°C
overnight. Negative controls were set with unlabeled control IgG isolated from normal rabbit
serum (Abcam, EPR25A). The Anti-Rabbit HRP DAB Detection System (Spring Bioscience) was
used for protein detection following the manufacturer’s protocol. Sections were counter-stained
with Mayer’s hematoxylin, dehydrated, mounted with Permount, and scanned using an Aperio
slide scanner. For human specimens, a pathologist evaluated slides for Gal-1 staining by blinded
review.
2.10 ELISA for the quantification of galectin-1 expression in primary, metastatic tumors, and
serum

Flash-frozen tissues were homogenized by polytron in 0.05% Triton-X /phosphate-
buffered saline containing protease inhibitor cocktail (Sigma-Aldrich, P2714) at pH 7.0. After
centrifugation at 4°C (12,000 x g, 10 minutes), the BCA assay determined protein concentrations
on supernatants. Mouse Galectin-1 DuoSet ELISA kit (R&D Systems, DY 1245) was used to
quantify Gal-1 in the primary tumor, mammary fat pad, metastatic and normal tissue, and serum
according to the manufacturer’s protocol. Gal-1 levels were normalized to tissue weight
(mammary fat pad tumor) or total protein concentration (tumor and lung tissues). Whole blood
was collected through submandibular bleed into 500 puL conical test tubes and left at room
temperature for 30 minutes to allow for clotting. Blood samples were centrifuged at 4°C and 1,500
x g for 10 minutes to remove the clot. The top serum layer was isolated by pipette, placed in a
new conical tube, and stored at -80°C until testing. Serum samples were slowly thawed and diluted

1:20 in the reagent diluent provided in the kit.
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2.11 Caspase 3/7 Glo Assays for the detection of caspase-dependent apoptosis in macrophages

RAW 264.7 and peritoneal exudate cells (10,000 cells/50 phL DMEM,10% FBS/ well) were
plated into a 96-well white-walled plate. Cells were treated with 1-2 uM recombinant galectin-1
(R&D Systems, 1245-GA/CF), 5 uM camptothecin (positive control) or DMSO vehicle (negative
control) for 15 min-4 hr. before testing caspase 3/7 activity using the Caspase-Glo 3/7 Assay
(Promega, G8090) according to the manufacturer’s instructions.
2.12 Fluorescent microscopy for the detection of apoptotic immune cells in T11 claudin-low

primary tumors treated in vivo with or without galectin-1 inhibitor, OTX008

Harvested tumors were washed in PBS, fixed in formaldehyde, and embedded in paraffin.
Tissue sections (5 pm) were cut using a microtome, deparaffinized, and boiled in citrate buffer,
pH 6.0 for antigen retrieval before terminal deoxynucleotide transferase-dUTP nick end (TUNEL)
and antibody labeling. TUNEL labeling was performed using Click-iT Plus TUNEL Assay Kit
Alexa Fluor 597 (Invitrogen, C10618) according to the manufacturer’s instructions and included
a DNase I-treated (Thermo Fisher, 18068015) positive control and negative control lacking
EdUTP. Protein blocking and antibody labeling were performed before the TUNEL enzyme
reaction on sections co-stained with anti-CD3 labeled slides and after the enzyme reaction on
sections co-stained for anti-CD11b. Tissue sections were blocked with 0.5% Sodium Casienate,
0.5% BSA, and 0.1% Azide for 30 minutes at room temperature. After blocking, CD3 Rabbit
Anti-Mouse Monoclonal Antibody (Abcam ab16669, 1.3 pg/mL), CDI11b rabbit anti-mouse
monoclonal antibody (Abcam ab133357, 2.7 ug/mL), or an equal concentration of isotype-
matched IgG (Abcam ab172730) was added to the slide and incubated overnight at 4°C in the dark.
Slides were washed with 0.1% Triton X-100 in PBS followed by PBS alone before adding goat

anti-rabbit IgG secondary Alexa Fluor 488 (Abcam, ab150077, 4.0 ug/mL) and incubating for 1
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hour at room temperature in the dark. All antibodies were diluted in PBS with 3% BSA. Slides
were washed with PBS, counterstained with DAPI (1 mg/mL) for 15 minutes in the dark, then
cover slipped with ProLong™ Gold Antifade Mountant with DAPI (Thermo Fisher, P36941) or
VECTASHIELD® Vibrance™ Antifade Mounting Medium with DAPI (Vector Labs, H-1800).
Images were collected on blue (DAPI, 385 or 510 nm), green (CD3/CD11b, 470 or 488 nm), and
red (TUNNEL, 567 or 580 nm) channels using a Zeiss Cell Discoverer 7 or a Zeiss LSM 700 Laser
Scanning Fluorescence Inverted Confocal Compound Light Microscope. As described below, data
was analyzed with Zeiss Blue and Fuji ImagelJ software.

Seven random areas were selected on each tumor section for confocal microscopy imaging
as z-stacked images at 20x. Images were converted to the maximum projected image (mpi). The
total CD3", CD11b", CD3"TUNEL", and CD11b"TUNEL" cells were manually counted using
Zeiss Blue software. The percent apoptotic CD3" or CD11b" cells were quantitated by dividing
the number of CD3*TUNEL" or CD11b"TUNEL" cells by the total number of CD3" or CD11b"
cells, respectively, and multiplying by 100. CDI1b* cells were also counted using the
colocalization plugin in Fuji ImageJ. Images were converted to 8-bit for automated quantitation,
and thresholds were set for each channel. CDI11b" and DAPI channels were analyzed for
colocalization at a 10% ratio to determine the total CD11b" cells. The CD11b"-DAPI colocalized
image, and the TUNEL channel were analyzed for colocalization at a 10% ratio to determine the
number of apoptotic cells. The percentage of apoptotic CD11b cells was determined by
(CD11b*TUNEL")/(CD11b%)*100.

Overall apoptosis in a section was analyzed in sections labeled with anti-CD3 and TUNEL.
Images were collected on seven randomly selected areas on confocal microscopy and across the

entire tissue section on Cell Discoverer 7. Image files were converted to TIFF and analyzed in
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Fuji Image J. The total fluorescence in the TUNEL and DAPI channels were collected

independently. Total apoptosis in a section was calculated as (CD3 Channel)/(DAPI Channel).
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CHAPTER 3: CHARACTERIZATION OF RELIABLY METASTATIC MURINE CLAUDIN-LOW CELL LINE
3.1 Rationale

The objective of this research was to leverage murine models of triple-negative breast cancer
(TNBC) to pinpoint proteins and pathways with potential as therapeutic targets. To carry out these
studies, triple-negative mouse tumors, 2225L and T11, were obtained from investigators at UNC-
Chapel Hills and Baylor College of Medicine. These tumor lines were chosen based on their gene
expression profiles, which were analogous to the human TNBC subtypes, basal-like and claudin-
low.!® However, when these tumor lines were first received, they could not be used for in vivo
metastatic breast cancer research. When implanted into syngeneic mice, the original basal-like
2225L tumor line did not frequently nor reliably metastasize. To overcome this issue, 22251 was
serial passaged in syngeneic mice at East Carolina University (ECU) with the final variant,
2225LM, consistently generating metastatic lesions in the lung. When examining the original T11
tumor line for viral pathogens, an infection with lactate dehydrogenase elevating virus (LDEV)
was detected. LDEV is a murine RNA virus that infects macrophages. LDEV was eliminated by
passing T11 primary tumors in athymic nude rats. This protocol was successful because the murine
macrophages died off in the nude rat and LDEV in not able to infect rat macrophages.
Subsequently, LDEV-free T11 tumors were implanted tumors into syngeneic mice to give rise to
consistent T11 lung metastases. Serial passaging of primary tumors in vivo has several known
factors that can contribute to differences in gene expression between passages, such as genetic
instability, selective pressure by the host immune response, clonal evolution, and adaptive growth
conditions based on how the tumor is passaged. Therefore, it was critical to characterize both
tumor lines and compare their gene expression with the original tumors to ensure subtype stability

and evaluate potential pathways for therapeutic targets.



This chapter describes the development of two reliably metastatic murine models of TNBC
and subsequent characterization of the immune microenvironment in primary tumors and
metastatic lungs by quantification of infiltrating CD3* and CD11b" immune cells and cytokine/
chemokines. Additionally, gene expression profiles from both the 2225LM and T11 lineages were
compared to the respective source tumors. These characterized tumors were used for subsequent
research studies.

3.2 Reliably Metastatic Basal-like and Claudin-low Murine Tumor Models

The 22251 murine tumor line was procured from Baylor College of Medicine to study
metastasis in a syngeneic basal-like TNBC model with analogous gene expression to human basal-
like TNBC.!® Upon receipt, 2225L tumors were tested and cleared of mouse viral pathogens.
Tumor fragments (1x1 mm?®) or cell suspensions in media (5x10° cells from a digested whole
tumor) were initially implanted into the mammary fat pad of syngeneic Balb/c female mice
(passages 1-3). Tumors were resected when they reached an average size of 1109 (£676) mm?
(between 14-33 days post-implant or injection). These initial passages did not result in subsequent
lung or liver metastases (on average of 28 (£17) and a maximum of 70 days post-tumor resection).
Additionally, resectioning primary tumors from the mammary fat pad resulted in a high recurrence
rate at the resection site and mortality rate. To improve outcomes, digested primary tumors
suspended in media (5x10° cells) were injected subcutaneously. Initially, in passages 4-6, tumors
were removed at an average size of 804 (£306) mm?® (2345 days post-tumor injections). The
smaller tumor size allowed for more complete tumor resection and less recurrence at the resection
site. Mice from these passages developed lung metastases 42% (8/19) of the time on average 43
(£20) days (range 1-71 days) post-tumor resection. One mouse was found dead after one-day post-

tumor resection with several metastatic lung lesions, indicating that the mouse had progressive
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disease at the time of surgery. However, in most cases, tumor resection was required to allow
seeded metastases to develop in the lung. To generate a highly metastatic variant, selective
passaging of primary or metastatic tumor digests (5x10°-1x10° cells) or 1x1 mm? primary tumor
fragments that resulted in high rates of metastatic disease were used for passages 6-11.

The final tumor variant, 2225LM, was chosen at passage 11 to establish a frozen tumor bank
due to its high rate of metastatic lung disease (18/21; 86%) on 21 (1) days post-tumor resection.
These primary tumors were resected at an average volume of 775 (£260) mm? on day 19 (+4) post-
implantation. In subsequent experiments, the 2225LM variant was transplanted onto the
subcutaneous flank of syngeneic mice using banked 1x1 mm? tumor fragments. Resected primary
tumors and metastatic lungs were used to investigate infiltrating CD3" and CD11b" immune cells
and cytokine profiles. These mice maintained a high rate of lung metastases (85%) an average of
23 (x14) days post-tumor resection when tumors were removed at an average volume of 726
(£250) mm?® 20 (£5) days post-tumor implant.

In addition to the 2225L basal-like tumor line, the murine claudin-low tumor line, T11, was
received from Baylor College of Medicine. The tumor was sent to Charles River Laboratories for
mouse pathogen testing by polymerase chain reaction (PCR) and subsequently tested positive for
LDEV. This murine single-stranded RNA virus infects and kills mouse macrophages.*** Likewise,
the University of North Carolina—Chapel Hill donated a banked T11 primary tumor from their
institutions, which also tested positive for LDEV. To generate a reliable tumor model for future
in vivo claudin-low breast cancer studies, virally infected T11 mouse tumors from both institutions
were serially passaged into athymic nude rats three times (Britt, Pittman, and Verbanac,
unpublished results). Due to the virus’s specificity for mouse macrophages, the LDEV will not

infect or replicate within rat macrophages. All tumors after passages 1, 2, and 3 were analyzed for
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single-strand LDEV RNA by PCR at Charles River Laboratories and were found to be LDEV-free
(Figure 1).3%*

In initial mouse studies (passages 1-5) using LDEV-free T11 tumors, after implanting a 1-
4 mm?® tumor fragment into the subcutaneous flank followed by resection 24 (£6) days post-tumor
implant at an average volume of 706 (£202) mm?, mice developed metastatic lung lesions 85%
(22/26) of the time. Metastatic tumors from passage 4 were frozen and banked for future in vivo
T11 experiments.

For a more clinically relevant T11 model, frozen tumor fragments 4 mm? were thawed and
implanted into the mammary fat pad of syngeneic Balb/c mice. Primary tumors were removed
when they reached an average volume of 506 (£300) mm3 by 14 (£8) days after implantation to
reduce recurrence at the surgical site. This approach led to a recurrence rate of <5% in all
subsequent in vivo experiments. Despite the smaller tumor size at removal, mice with mammary
fat pad tumors developed metastatic lung disease in approximately 82% (18/22) of cases at 30+4
days post-tumor removal.

Additionally, to evaluate alternative implantation methods that may provide more
consistent tumor growth and metastases, we conducted a comparative study using three mammary
fat pad implantation methods: 4 mm? tumor fragment, 5x10° cultured T11 cells in media, or 5x10°
cultured T11 cells in 50% Matrigel plus 50% media (n=7 in each group). Tumor size, days post-
tumor injection or implant, and days from tumor resection to euthanasia were comparable across
all three groups (Table 6). The most successful transplantation method was 5x10° T11 cells in
50% Matrigel:50% media, which resulted in a metastatic rate of 86% (6/7), compared to 67% (5/6;
1/6 recurred) for the 4 mm? tumor fragment or 43% (3/7) for T11 cells in media alone. This method

provides a more reliable procedure for T11 tumor transplantation with consistent outcomes that
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result in high rates of metastases. Before this comparative investigation, various experiments
examined immune cells and cytokine expression in primary and metastatic tumors and proteomic
and genomic assessments. Consequently, a blend of orthotopic and subcutaneous tumor
transplantation methods were used in these experiments. However, the outcomes from these
investigations remained consistent irrespective of the implantation process. In all other
experiments, T11 cultured cells were orthotopically transplanted using a 50: Matrigel:50% media

suspension.

Table 6 Comparative study evaluating T11 transplantation methods into the mammary
fat of syngeneic mice

Days Post- Days Post- Volume

Implant to Removal to (mm’) at Metastatic
Method Removal Euthanasia Removal Rate (%)
5x10° cultured cells
in media: Matrigel 15 (£1) 26 (x10) 496 (£61) 86 (6/7)
5x10° cultured cells
in media 13 (£2) 30 (+4) 480 (£80) 43 (3/7)
2x2 mm tumor
fragment 14 (£2) 28 (£12) 528 (£53) 67 (5/6)

Values for days and volume are expressed as the average ( + standard
deviation). The rate of metastases is defined as the percentage (n/total n)

3.3 Infiltrating CD3" and CD11b" Immune Cells in 2225LM and T11 Primary Tumors and

Metastatic Lungs

Immune cells expressing CD11b and CD3 markers can indicate the immune response against
cancer. In tumors, CD11b is expressed on monocytes, circulating macrophages, tumor-associated
macrophages (TAM), mononuclear-myeloid-derived suppressor cells (M-MDSC), granulocytic-
myeloid-derived suppressor cells (G-MDSC; also known as polymorphonuclear-myeloid-derived
suppressor cells (PMN-MDSC)), neutrophils, and some subtypes of dendritic cells. CDI11b-
expressing cells can promote anti-tumor responses but can also promote tumor growth and
metastases. Two CD11b" subsets known to promote tumor progression are M-MDSC and G-

MDSC. In mice, M-MDSC express Ly6C in addition to CD11b, and G-MDSC express CD11b,
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Ly6C, and Ly6G. These two MDSC populations can be distinguished from one another by the
absence or presence of Ly6G; M-MDSC are CDI11b'Ly6C'Ly6G~ and G-MDSC are
CD11b"'Ly6C'Ly6G™.

CD3 is a T-cell marker. T cells selectively recognize and destroy tumor cells. T cells
expressing CD4 are known as T Helper cells and can activate other immune cells to respond to
tumor cells. CD3*CD8" T cells are cytotoxic T cells that can directly kill tumor cells. Measuring
the presence of MDSC and T cells can provide valuable information about the immune response
in the TME and the potential effectiveness of different therapeutic approaches.

The experiments discussed in this section aimed to determine the composition of CD11b"
and CD3" cells in primary tumors and lungs with visible metastatic lesions. Flow cytometric
analysis was used to conduct these studies, and IHC confirmed findings in primary tumors.

The first set of experiments aimed to quantify CD11b" and CD3" immune cells within the
basal-like and claudin-low TNBC subtypes. Using 2225LM and T11 orthotopic or subcutaneous
primary tumors of comparable weights (1.2 (+0.3) and 1.1 (£0.2) grams, respectively), tumors
were digested and labeled with flow cytometry suitable, primary fluorescent antibodies for CD11b,
Ly6C, and Ly6G or CD3, CD4, and CDS in separate tubes (Table 4). Analysis showed that
CD11b" cells comprised a significant proportion of the infiltrating immune cells, while CD3" cells
were a minor component in both tumor types (n=6 and n=10, respectively). When gating on live
cells, 54 (£11)% were CD11b" while 3 (£5)% were CD3" in the 2225LM tumor line, and 24 (+3)%
were CD11b" while 6 (£5)% cells were CD3" in the T11 tumor line (Figure 2a-b). However, the
2225LM line had a 4.5-fold higher ratio of CD11b" cells to CD3" cells than the T11 line. Gating
on live cells, CD3" populations were further classified into CD3"CD4" T-helper and CD3*CD8"

cytotoxic T cells. Of the live cell population within 2225LM and T11 primary tumors, CD3"CD4"
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T-helper were 2 (+4)% and 4 (+£3)%, respectively, and CD3"CD8" cytotoxic T cells comprised 1
(£1)% and 1 (£1)%, respectively. CDI11b" cells included CD11b*Ly6C*Ly6G — monocytic and
CDI11b"Ly6C* 'Ly6G" granulocytic populations. When gating on live cells in the 2225LM line,
only 4 (£3)% were classified as CDI1b'Ly6C'Ly6G— monocytic and 11 (£6)% were
CD11b'Ly6C'Ly6G* granulocytic; while in the T11 tumor line, 4 (£1)% were classified as
CD11b"'Ly6C*"Ly6G— monocytic and 2 (+1)% were CD11b"Ly6CLy6G" granulocytic. In both
tumor types, the CD11b"Ly6C ' Ly6G— monocytic and CD11b"Ly6CLy6G* granulocytic subsets
did not comprise the majority of CD11b" cells. Many unidentified CD11b" cells are likely TAM;
smaller portions of the CD11b" subset may also include CD11b" dendritic cells or F4/80"
macrophages. Furthermore, while these markers are commonly used to identify MDSC
populations in murine tumors, they are not conclusively M-MDSC or G-MDSC based on their
phenotypic expression of CD11b'Ly6C 'Ly6G— and CDI11b'Ly6C Ly6G", respectively. For
example, CD11b'Ly6C'Ly6G— is a phenotype shared with monocytes. It is possible to
differentiate monocytes from M-MDSC by staining for F4/80 in addition to CD11b, Ly6C, and
Ly6G. However, F4/80 was not used in these early experiments. It was added in later experiments
to evaluate further tumor-infiltrating immune cells in T11 primary tumors. Likewise,
CDI11b"Ly6C* Ly6G" is the phenotype for G-MDSC, neutrophils, and TAN. Unfortunately, there
are no additional surface markers that segregate these cells. Functional assays are required to
identify and confirm the specific cell type for CD11b"Ly6C Ly6G— and CD11b"Ly6C Ly6G*
cells. Due to the low numbers of CD11b"Ly6C"'Ly6G— and CD11b"Ly6C'Ly6G" cells in
2225LM and T11 primary tumors, functional assays were not performed.

FFPE primary 2225LM (subcutaneous) and T11 (subcutaneous and orthotopic) tumors were

cut into 5 um sections and stained with anti-CD11b, CD3, or CD4 to confirm flow cytometry
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findings. The results confirmed flow cytometry findings of a high proportion of CD11b" cells and
low percentages of CD3" and CD4" cells in both tumor lines. (Figure 2¢). Data from anti-CD4
IHC staining is data not shown.

Next, flow cytometry was used to determine the composition of CD11b" and CD3" cells in
lungs with visible metastatic lesions originating from 2225LM or T11 resected primary tumors,
compared to naive control lungs. Control mice were age-matched and housed under the same
conditions as tumor-bearing mice. Lungs from both metastatic and control mice were bifurcated
into two halves. Lung halves that contained visible metastatic lesions or were from a non-tumor-
bearing mouse were digested into a single-cell suspension, labeled with an antibody cocktail
containing anti-CD45, CDI11b, Ly6C, Ly6G, CD3, CD4, and CDS, and analyzed by flow
cytometry (Table 4). To focus on immune cell subsets and exclude other cell types, such as lung
epithelial and tumor cells, all live cells were first gated by positive CD45 expression. Consistent
with primary tumors, CD11b" cells comprised a large portion of the lung-infiltrating immune cells
(45 (£0.8)% and 47 (£16)% for 2225LM and T11, respectively). In contrast, CD3" cells were a
minor component in lungs with 2225LM or T11 metastases (13% (£10%) and 5% (+4%),
respectively; Figure 3a-b). The average percentage of CD11b" cells in normal lungs was more
significant than in 2225LM or T11 metastatic lungs, although this did not reach statistical
significance. However, 2225LM macrometastatic lungs showed a considerable elevation in
CD3"CDS8" cell infiltration compared to control lungs (p=0.04), and the overall CD3" population
was significantly lower in T11 macrometastatic lungs compared to control lungs (p=0.007).
Comparative analysis between the normal lung and T11 metastatic lung showed significantly
lower portions of CD3"CD4" T-helper (p=0.02) and CD3*CD8" cytotoxic T cells (0.006) in the

metastatic lung.
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e 2: Identification of infiltrating immune cell subsets by flow cytometry in primary 2225LM and T11
tumors
b* cells comprised most tumor immune cells, and CD3" cells were a minor component in both 2225LM and T11
primary tumors. (a.) Single-cell suspensions from whole tumor digests were labeled for CD11b (APC), Ly6C (PerpCP-
), and Ly6G (PE) or CD3 (APC), CD4 (FITC), and CD8 (PE) in separate tubes and analyzed by flow cytometry.
Images show the grating strategy and are representative of 2225LM (n=6) and T11 (n=10) primary tumors. All
percentages are based on the total number of live cells. (b.) Bar charts summarize data 2225L.M (n=6) and T11 (n=10)
ry tumors. After gating on live cells, CD11b"cells were 54 (£11)% and 24 (+3)%, respectively. CD3" cells
comprised a smaller component of 2225LM and T11 primary tumors at 3 (+5) % and 6% (+5%) of total live cells,
respectively. CD3" cells were further classified into CD3"CD4" T-helper and CD3"CD8" cytotoxic T cells.
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CD3*CD4" were 2 (+4)% in 2225LM primary tumors and 4 (+3)% of live cells in T11. CD11b" cells were subtyped
into CD11b"Ly6CLy6G~ monocytic and CD11b"Ly6C*Ly6G™ granulocytic cells. In 2225LM these subsets
comprised 4 (£3)% and 11 (£6)%, respectively. T11 showed lower infiltration of CD11b*Ly6C " Ly6G— monocytic (1
(#0.1)%) and CDI11b'Ly6C'Ly6G* granulocytic (1£0.3)%) cells. (c.) Representative images from
immunohistochemical staining with anti-CD3 (n=2 for each tumor type) or anti-CD11b (n=3 for 2225LM and n=4 for
T11). Sections from each tumor type were also stained for anti-CD4 (n=2 for each tumor type) and showed low
positivity (data not shown). This data confirms flow cytometry findings of low infiltrating CD3* cells and high
infiltration of CD11b* cells in 2225LM and T11 primary tumors.
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Figure 3 Identification of infiltrating immune cell subsets by flow cytometry in 2225LM and T11 metastatic

lungs

(a.) Lungs were bifurcated into two halves; one half was digested into single-cell suspension and labeled with a
cocktail of antibodies that included CD45 (PerCP-Cy5), CD11b (PE-Cy7), Ly6C (APC-Cy7), and Ly6G (PE), CD3
(APC), CD4 (PE-Cy5), and CD8 (FITC) and analyzed by flow cytometry. Images showing the gating strategy are
representative of lung tissue digests from age-matched, naive, non-tumor-bearing control mice (n=6) and mice with
2225LM (n=4) or T11 (n=6) visible lung metastases after primary tumor resection. All percentages are based on the
total number of live CD45™ cells. (b.) Bar charts summarize data from metastatic lungs (2225LM, n=4 and T11, n=6)
and control lung (n=6). Both normal and metastatic lungs contained a high proportion of CD11b"* cells and a lower
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portion of CD3" cells. CD11b" cells were further classified into CD11b"Ly6C"Ly6G— and CD11b"Ly6C*'Ly6G*
subsets. There was no difference in the CD11b" populations when comparing 2225LM or T11 metastatic lungs to
control. CD3" cells were analyzed for co-expression of CD4 or CD8. The overall average of CD3" cells was higher
in 2225LM metastatic lungs (13 (+4)%) compared to contemporary controls (11 (£3)%), but it did not reach statistical
significance. There was a significantly higher percentage of CD3*CD8" cells in lungs with 2225L.M metastases
compared to controls (p=0.007 by Student’s T-test) and no difference in CD3*CD4" cells between the two groups.
Lungs with T11 metastases had significantly lower CD3" cells compared to control lungs (p=0.007 by Student’s T-
test). CD3*CD4* and CD3"CD8" populations were also significantly lower in T11 lung metastases compared to
control lungs (p=0.02 and 0.006 by Student’s T-test, respectively)

3.4 Cytokine Expression in 2225L.M and T11 Tumors and Metastatic Lungs

To further investigate immune responses in the microenvironment of 2225LM and T11
primary tumors and metastatic lungs, supernatants from homogenized tissue samples were
measured by multiplex immunology assay using the Milliplex platform. Of 32 analytes tested,
when comparing 2225LM or TI11 primary tumor to control mammary fat pad, nine
chemokines/cytokines showed increased expression, and six had decreased levels. (Figure 4a, b
and Table 7). Compared to normal mammary fat pad (n=4), both 2225IL.M (n=14) and T11
primary tumors (n=7) displayed significantly higher expression of IL-6 (p=0.01 and 0.001,
respectively), IP-10 (p=0.04 and <0.0001, respectively), MCP-1/CCL2 (p=0.002 and <0.0001,
respectively), and VEGF (p=0.001 and 0.05, respectively), and significantly lower expression of
IL-La (p<0.0001 and p=0.0003, respectively) and LIX (p=0.001 and 0.003, respectively). Elevated
expression of IL-6, IP-10, MCP-1/CCL2, and VEGF in 2225L.M and T11 primary tumors indicate
an inflammatory, pro-tumor microenvironment with suppression of immune responses due to
lower expression levels of IL-1a and LIX.

2225LM primary tumors had increased expression of eotaxin (p=0.01), KC (p=0.02), and
MIP-2 (p=0.02) and decreased expression of IL-2 (p=0.001), IL-9 (p=0.002), and IL-12 (p70)
(p=0.001) compared to control mammary fat pad. TI11 primary tumors showed increased
expression of IL-12 (p40) (p=0.02) and M-CSF (p=0.03) and decreased expression in IL-1f

(p=0.02) compared to mammary fat pad. Several of the detected cytokines are consistent with a
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large infiltration of M-MDSC and G-MDSC or monocytes and granulocytes, such as eotaxin, KC,
MIP-2, MCP-1, and MIP-2. Decreased levels of IL-2, IL-9, and IL-1B suggest lower CD3" T cells
in primary tumor compared to control. Significant changes in expression were also observed for
GM-CSF, IL-10, LIF, MIP-1B, RANTES, and TNF-a. However, there was high variability in
expression levels among the tested samples. Several samples across all three groups (2225LM and
T11 tumors and mammary fat pad) had expression levels below assay detectable limits. When
samples exhibited values below detectable limits for a particular analyte, the lowest detectable
limit for that analyte was used to conduct statistical analysis (Student’s T-test) for comparing the
primary tumor (2225LM or T11) to the control mammary fat pad. Overall, the differences in
cytokine expression levels between the two tumors and the control mammary fat pad indicate a
significant presence of innate immune cells, such as monocytes and granulocytes, in both 2225LM
and T11 primary tumors.

Next, to determine potential cytokine activity that might contribute to metastatic seeding
or disease progression within the metastatic microenvironment, analyte expression levels from
lung tissues containing 2225LM or T11 metastases were compared to lungs from age-matched
naive, non-tumor-bearing mice. Results showed that 11 of 32 analytes tested had increased
expression in either 2225LM or T11 metastatic lungs compared to control lungs. No cytokines
had decreased expression in metastatic lungs compared to controls. G-CSF (p=0.002), eotaxin
(p=0.002), IL-6 (p=0.01), LIF (p=0.001), IL-10 (p=0.01), MCP-1 (0.001), M-CSF (0.01), MIG
(p=0.03) were elevated in 2225LM metastatic lungs compared to control lung tissue. These
cytokines are indicative of a high pro-tumor response. They contribute to the progression of
tumors by recruiting tumor-promoting innate immune cells, such as eosinophils, neutrophils, and

macrophages. Compared to control lungs, T11 metastatic lungs showed increased expression of
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G-CSF (p=0.02). IP-10 (p=0.02), and MCP-1 (p=0.04). G-CSF and MCP-1 support a pro-tumor
microenvironment enriched with granulocytes, neutrophils, monocytes, and macrophages. 1P-10
is a T cell chemoattractant expressed by T cells, NK cells, macrophages, fibroblasts, endothelial
cells, and cancer cells.

Overall, the cytokine expression profiles in both primary tumors and metastatic lungs
suggest an immunosuppressive and tumor-promoting microenvironment characterized by the
recruitment of various immune cells that can contribute to disease progression and metastasis. The
observed high variability in expression levels among samples indicates the complexity of the

immune response and potential limitations in the assay sensitivity.
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Figure 4 Differential cytokine levels measured by multiplex immunoassay in 2225L.M and T11 primary tumors
and metastatic lungs compared to control tissues
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Multiplex analysis shows high expression of pro-tumor cytokines from tumor (left) and lung-containing metastatic
lesions (right) compared to control tissues (mean and standard deviation are plotted). The graphs display the cytokines
that were significantly different from control tissues. See Table 7: Comparison of cytokines measured by multiplex
immunoassay in 2225L and T11 primary tumors, metastatic lungs, and control tissue for a list of p-values
based on Student’s T-test. Overall, although samples showed high variability results indicate an immunosuppressive
and tumor-promoting microenvironment in both 2225LM and T11 primary and metastatic tumors.
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Table 7: Comparison of cytokines measured by multiplex immunoassay in 2225L and T11 primary tumors, metastatic lungs, and control tissues

Chemokine/ 2225LM p- T11 Tumor p- Ctl Lung 2225LM met p- T11 met lung p-
Cytokine Ctl MFP (n=4) Tumor (n=14) value* (n=7) value* |(n=14) lung (n=8) value* (n=8) value*
G-CSF 175.52+118.16 | 177.07+134.77 | 0.98 65.59+64.90 0.07 2.62+0.57* 268.94+240.80 | 0.002 | 10.72+10.96* | 0.02
Eotaxin 19.36+4.99 110.53+59.80 | 0.01 27.76+14.08 0.29 49.90+33.15* 149.08+93.74 | 0.002 | 46.14+23.76 0.78
GM-CSF 4.56+0.00° 6.95+2.24* 0.05 6.68+3.48° 0.26 5.14+1.04° 8.87+5.55* 0.03 5.95+1.16° 0.13
INF-y 4.53+1.53 5.21+£2.31° 0.60 4.49+1.39* 0.97 27.04+38.07* 2.6840.58° 0.14 2.88+0.45* 0.11
IL-1a 80.09+20.97 23.33+6.40 <0.0001 | 28.23+9.93 0.0003 ]188.09+214.96 | 60.00+40.80 0.17 111.28483.16 | 0.35
IL-1p 14.01+4.59 10.97+£7.30° 0.45 7.19+3.63* 0.02 20.70+20.67 21.81£15.03 0.90 12.40+5.15% 0.32
IL-2 21.82+2.72 9.16+6.12* 0.001 13.1549.44* 0.12 25.44+32.822 21.50+£21.92* 10.78 16.67£15.97* 10.49
IL-3 2.92+0.00° 3.88+0.74° ND 3.67+0.80° ND 2.314+0.85* 1.96+0.81° 0.36 2.12+0.88* 0.61
IL-4 0.81+0.00° 4.18+2.61° ND 3.43+2.80° ND 1.61+1.192 1.814+0.95% 0.70 1.64+0.89° 0.94
IL-5 3.01+0.00° 4.97+1.61° ND 4.60+1.70° ND 2.944+0.17* 7.16+4.62* 0.01 3.234+0.61° 0.15
IL-6 4.14+0.95 26.04+14.08 0.01 23.54+8.05 0.001 8.02+8.07° 19.37+10.05 0.01 13.22+15.13* |0.34
IL-7 3.20+0.00° 4.55+1.04° ND 4.10+1.122 0.15 3.474+0.55* 4.60+1.88* 0.06 3.09+0.46* 0.14
IL-9 345.06£56.50 | 178.07+84.88 |0.002 | 243.17+130.50 0.17 361.31+358.65 1 235.95+184.62 | 0.40 191.35+132.02 | 0.22
IL-10 3.14+0.00° 7.41+3.94* 0.05 7.7244.11 0.06 5.7045.34* 7.8346.53* 0.45 3.594+0.80° 0.32
IL-12 (p40) 15.27+7.08 13.79+6.97 0.71 38.78+14.92 0.02 21.34+25.01* 18.18+16.18* 1 0.77 19.03+11.82* | 0.81
IL-12 (p70) ' 10.14+4.42 5.51+1.00* 0.001 7.4642.02° 0.19 3.824+0.99* 3.26+0.93* 0.21 3.49+1.25° 0.50
LIF 2.68+0.00° 13.97+4.65 0.0002 | 24.58+16.97 0.03 2.57+.0.26* 12.48+13.27*  0.01 3.37+1.93% 0.15
IL-13 12.11+0.00° 19.27+5.54° ND 16.88+5.95* 0.15 9.204+4.50° 6.09+5.64° 0.19 6.75+5.74° 0.28
IL-15 16.00+0.00° 43.08£20.95* |ND 37.07£22.52* |ND 41.35+35.30° 56.57£37.95* |ND 51.50£37.95* |ND
LIX 16.03+6.32 7.47+£2.21* 0.001 6.63+0.90* 0.003 ]6.41+0.59° 8.60+3.96* 0.08 6.48+2.10° 0.92
IL-17 2.8240.00° 4.86+1.58° ND 4.41£1.69° ND 15.20+18.62? 6.62+6.75° 0.26 7.1945.76° 0.25
IP-10 10.35+2.51 24.59+12.18 0.04 89.76+11.01 <0.0001 ] 25.18+20.36* 66.14+38.35 0.01 72.02+61.71 0.02
KC 12.85+£2.96 70.96+43.65 0.02 173.12+153.16 |0.07 39.05+33.50° 136.59+80.82  0.001 80.90+110.2 0.20
MCP-1 5.44+0.00° 236.87+117.92 | 0.001 135.41+27.82 | <0.0001 | 8.21+4.34* 119.67+97.16 | 0.001 18.58+14.83* | 0.04
MIP-1a 46.09+3.64 29.07£19.24* 1 0.10 36.86+12.66 0.20 45.73+49.27 32.19+22.79 0.50 32.89+£21.81* | 0.50
MIP-1 6.04+0.00° 7.15+0.91* 0.03 9.68+2.55* 0.02 6.60+0.72° 9.71+3.96* 0.02 7.74£2.612 0.17
M-CSF 3.26+0.02° 5.94+2.622 0.06 7.09+3.00 0.03 3.68+1.00° 6.65+3.97* 0.01 4.71+1.99* 0.14
MIP-2 19.22+4.79* 32.81+9.63* 0.02 159.30+230.89 | 0.27 24.02+9.39° 21.48+8.82° 0.56 18.18+7.17* 0.20
MIG 63.56+14.82 152.02+103.80 | 0.12 52.44+9.40 0.18 94.58+65.43% 200.69+146.72 | 0.03 85.68+79.12 0.79
RANTES 2.86+0.00° 4.74+1.46" 0.04 5.59+1.63* 0.01 8.19+6.95° 7.94+7.56° 0.94 7.094+4.36° 0.69
VEGF 5.18+1.78 34.62+14.74 0.001 183.28+158.26 | 0.05 16.34+10.407 22.12+14.34 0.30 37.33+47.13 0.12
TNFo. 2.74+0.00° 5.94+1.65* 0.002 |4.46+1.83° 0.10 3.49+1.04° 4.37+1.19* 0.10 3.79+1.12° ND

Concentrations are expressed as pg/mL (+ standard deviation)

2For samples below detection limits, the lowest detectable concentration for each analyte was used to complete statistical analysis.

b All samples were below detectable limits. Statistical analysis was not performed when all samples in both groups were below detectable limits (ND).
* p-value is based on a T-test comparing tumor or macrometastatic lung tissue to the control mammary fat pad or lungs, respectively.
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3.5 Gene expression analysis of the 22251 murine model of basal-like TNBC

As described in section 3.1, 2225LM tumors were serially passaged to develop a syngeneic
basal-like TNBC murine tumor model that frequently and reliably metastasized to the lung. Serial
passaging of primary tumors in vivo has several known factors contributing to observed differences
in gene expression between passages, such as genetic instability, selective pressure by the host
immune response, clonal evolution, and adaptive growth conditions. To determine if gene
expression changes occurred during in vivo serial passaging of 2225L, RNA sequencing analysis
was conducted on the original 2225L received from Baylor (n=1), early passages of 2225L tumors
(passage 5-9; n=4) and the reliably metastatic variant, designated 2225LM (passage 11; n=5).

RNA of sufficient quantity, concentration, and quality for RNA-Seq analysis was isolated
from all samples. The samples had a mean RNA concentration of 1.5+1.1 ug/uL (0.040-2.804
pug/ul), and the mean RNA integrity number (RIN) value was 8.8+0.8 (7.2-9.4). Libraries were
prepared, and RNA was sequenced by Novogene using the Illumina high-throughput sequencing
platform. An average of 90.5+25.5 million clean reads were obtained, and most reads (>93%)
reached Phred-like quality scores (Q-scores) at the Q30 level with a base error rate <0.03%. After
alignment using Tophat, an average of 87.6+1.5% (86-91%) uniquely aligned reads were mapped
to the mouse reference genome. Read counts were normalized using the method fragments per
kilobase of transcript per million mapped reads (FPKM), which normalizes read counts based on

gene length and the total number of mapped reads.
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Figure 5 2225LM variants-maintained expression of basal-like subtype identifying genes

Normalized RNA-Seq expression levels of subtype identifying genes for 2225L previously described by Herschkowtiz
et al.*? Genes for each identifying subtype are listed on the left side of the graph. They are grouped according to the
associated breast cancer subtype. Normalized gene expression levels are graphed in the heatmap by individual tumor
and grouped according to the original tumor, early passages (5-9), and final variant (passage 11). The basal epithelial
expression pattern, including K5, was highly expressed in all 22251 and 2225LM tested tumors.
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Using FPKM normalized counts from Novogene RNASeq analysis, genes that were
previously described as being characteristic of the 2225L basal-like tumor line*? were graphed in
a heatmap to compare expression levels of characteristic genes in the original 22251, early
passages of 2225L (passage 5-9) and the final 2225LM variant (passage 11) (Figure 5). These
characteristic genes were found to have similar expression levels across all tumors tested. This
indicates that both the 22251 and 2225L.M variant contains a gene expression profile consistent
with a murine basal-like tumor line.

Next, differential gene expression analysis was performed on normalized read counts from
the original tumor received from Baylor, early passages of 22251, and the 2225LM metastatic
variant using DESeq2. Results showed 12,763 shared genes among the three groups (Figure 6).
Each group had unique genes from the other two; the original 22251 had 492 individual genes,
2225L early passages contained 139 unique genes, and the 2225L.M variant had 175 unique genes.

The unique genes from each group were uploaded to Reactome (www.reactome.org) to determine

the characteristics of differentially expressed genes.

Original 2225L
(13495) = |

492 [ %Y
112763

Q100389 |/

RO 139
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Figure 6 Number of genes expressed in each 2225L tumor subgroup
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Venn diagram of the number of differentially genes expressed by passage subgroup. Comparisons were made from
the original tumor (n=1), early 2225L passages (n=4), and the final 2225LM variant (n=5). The number in
parentheses is the total number of genes identified for each tumor group. Each group had unique genes from the
other two; the original 22251 had 492 unique genes, 2225L contained 139 unique genes, and the 2225LM variant
had 175 unique genes.

In the original 2225L, the pathway with the highest entity ratio (i.e., the total number of
identified entities divided by the total number of entities in the pathway) was the “metabolism of
proteins.” In the early 22251 passages and the final 2225LM variant, the pathway with the highest
entity ratio was “metabolism” (0.24 for both). A significant number of genes in the 2225L early
passages and 2225LM variant were associated with the immune system. Genes unique to the
2225L early passage and 2225LM variant groups within the metabolism and immune system
pathways are listed in Table 8. Interestingly, RNASeq analysis showed that IL1a, IL6, and MIP23
are expressed uniquely in 2225L early passages and not in the 2225L original tumor or the 2225L.M
final variant. However, as described in section 3.3, previous multiplex data showed that IL1a,
IL6, and MIP-2 were expressed at the protein level in primary 2225LM tumors; IL6 and MIP-2
were significantly higher in 2225LM primary tumors compared to control mammary fad pad

tissues, and IL-1a was reduced considerably (see Figure 4 and Table 7). The reason for the

differences in cytokine detection at the RNA and protein levels may be attributed to several
biological and technical factors, such as the rate of translation, post-translation regulation of
proteins, low levels of cytokine expression, and assay sensitivity. Additionally, the time between
tumor implantation and resection, the tumor size, and the tissue processing time could influence
the cytokine levels detected in each assay. As the average primary tumor volume (7494271 and
7754260 mm?, respectively) and days between primary tumor implant and resection (21+5 and
19+4) were comparable between the tumors in the 2225L early passages and 2225LM variant
groups, the size and timing of tumor removal are less likely to be contributing variables compared

to other biological or technical factors, such as the rate of translation or assay sensitivity. Since
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cytokines are often produced in limited quantities to activate a specific cellular response, RNA
levels of these cytokines may be too low to detect by RNA sequencing. At the same time, the
multiplex assay was designed with high sensitivity and specificity for low levels of cytokines.
IL1a, IL6, and MIP-2 proteins are present in the 2225LM variant primary tumor, but RNA levels

for these cytokines are below detection limits for RNA sequencing.

Table 8 Genes in metabolism and immune system pathways unique to 2225L early passages and the 2225L.M
variant

Sample Group Pathway Gene ID Gene Name
2225L early passages (5-9) Metabolism Cox6a2 Cytochrome ¢ oxidase subunit Via
polypeptide 2
Upp2 Uridine phosphorylase 2
Agpat9 1-acylglycerol-3-phosphate O-
acyltransferase 9
Dpep2 Dipeptidase 2
Gng8 Guanine nucleotide-binding protein
(G _protein) gamma §
Lalba Lactalbumin alpha
Ankrdl Ankyrin repeat domain 1 (cardiac muscle)
Aspa Aspartoacylase (aminoacylase) 3
Bcatl Branched-chain aminotransferase 1 cytosolic
Tshb Thyroid stimulating hormone beta subunit
2225L early passages (5-9) Immune Ighgl immunoglobulin heavy constant gamma 1
System (G1m marker)
111 Interleukin 11
Cd79b CD79b antigen
Tslp Thymic stromal lymphopoietin
Trac Epidermal growth factor-containing fibulin-
like extracellular matrix protein 2
Trbel T cell receptor beta constant region 1
Ppbp Pro-platelet basic protein
Glycam1 Glycosylation-dependent  cell ~ adhesion
molecule 1
Illa Interleukin 1 alpha
Myh2 Myosin heavy polypeptide 2 skeletal muscle
adult
IL6 Interleukin 6
Igke Immunoglobulin kappa constant
Sell Selectin lymphocyte
Rsad2 Radical S-adenosyl methionine domain
containing 2
11r2 Interleukin 1 receptor type 11
Serpinbla | Serine (or cysteine) peptidase inhibitor clade
B member la
Cish Cytokine inducible SH2-containing protein
Klhl41 Kelch-like 41
Cxcl3 Chemokine (C-X-C motif) ligand 3 (also
known as MIP-23)
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2225LM variant (passage 11) Metabolism Sultlel Sulfotransferase family 1E member 1
Sle35d2 Solute carrier family 35 member D2
Elovl4 Elongation of very long chain fatty acids
(FEN1/Elo2 SUR4/Elo3 yeast)-like 4
Pip Prolactin induced protein
Pipox Pipecolic acid oxidase
Bripl BRCAI1 interacting protein C-terminal
helicase 1
2225LM variant (passage 11) Immune Mb21d1 Mab-21 domain containing 1
System Cstb Cystatin EM
Cd3001b CD300 antigen-like family member B
Krtl Keratin 10
Padi2 Peptidyl arginine deiminase type 11
Tir8 Toll-like receptor 8
C2 Complement component 2 (within H-2S)

Differential expression analysis comparing the original 22251 tumor to the 2225L.M
variant was conducted on normalized read counts using DESeq2. The resulting p-values were
adjusted using Benjamini and Hochberg’s approach for controlling the False Discovery Rate
(FDR), and genes with an adjusted p-value (padj) <0.05 were considered differentially expressed.
The padj and an absolute fold change of 1.0 were set as the threshold for significant differential
expression. There were 534 genes with upregulated expression compared to the original 22251
and 562 downregulated genes. These genes were analyzed for enrichment by Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) to determine the functional significance
of the differentially expressed genes. Gene length bias was corrected and GO and KEGG terms
with padj < 0.05 were significantly enriched by differentially expressed genes.

In the 2225LM variant compared to the original 2225L tumor, “positive regulation of
cellular component movement” (n=42 genes; padj <0.0001), “positive regulation of cell motility”
(n=40 genes; padj <0.0001), and “positive regulation of cell migration” (n=39 genes; padj
<0.0001) were the top three GO terms that were significantly overexpressed (Figure 7a).
Leukocyte (n=29; padj <0.0001), myeloid leukocyte (n=21 genes; padj <0.0001), and granulocyte
(n=18; padj <0.0001) migration were also significantly upregulated in 2225LM compared to the

original 2225L. Among the 2225LM upregulated cytokines identified in these pathways were
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VEGF, CXCLI1 (KC), and CCL2 (MCP-1). This data was consistent with multiplex chemokine
analysis, which showed increased levels of these proteins in 2225LM primary tumors compared

to the control mammary fat pad (refer to Figure 4 and Table 7 for multiplex cytokine values). On

the other hand, GO terms for “transmembrane transporter complex™ (n=26 genes; padj <0.0001),
“transporter complex” (n=26; padj <0.0001), “ion channel complex” (n=24 genes; padj <0.0001)

were significantly downregulated in 2225L.M compared to the original 2225L tumor (Figure 7b).
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Figure 7 GO and KEGG enrichment analysis of differentially expressed genes in 2225LM verses the original
2225L murine primary tumors.

Bar graph of the top ten significantly (padj < 0.05) enriched GO terms using (a) upregulated or (b) downregulated
differentially expressed genes in the 2225LM variant compared to the 2225L original tumor. Bar graph of the top ten
significantly (padj< 0.05) enriched KEGG terms using (c) upregulated or (d) downregulated differentially expressed
genes in the 2225LM variant compared to the 2225L original tumor. In all graphs, the y-axis shows the enriched GO
or KEGG terms with the number of identified genes in parenthesis. The x-axis shows the -logio of the p-value adjusted
by Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR). Padj >0.05 was considered
significant. GO or KEGG pathways that were significantly enriched are indicated with an asterisk.

KEGG enrichment analysis was also used to determine the functional significance of the
differentially expressed genes. Genes were differentially expressed with a padj of <0.05 and an
absolute fold change of 1. This analysis showed that “protein processing in endoplasmic
reticulum” (n=16 genes; padj=0.0004), “focal adhesion” (n=17 genes; padj=0.0008), and “steroid

biosynthesis” (n=5; padj=0.0008)) were upregulated in 2225L.M variant compared to the original
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2225L received from Baylor (Figure 7c¢). “Chemokine signaling pathway” (n=15; p=0.01) was
also significantly enriched and identified CXCL1 (KC) and CCL2 (MCP-1) as chemokines
differentially expressed 2225LM and 2225L original tumor. This data supports findings in the GO
differential enrichment and multiplex immunoassay analyses. There was only one significantly
downregulated pathway by KEGG enrichment analysis in the 2225LM variant compared to the
original tumor, “dilated cardiomyopathy” (n=10; p=0.02) (Figure 7d). Other pathways were
identified, but they did not reach statistical significance.

Next, the computational model, seq-ImmuCC, was used to analyze further potential
differences in infiltrating immune cell composition between the original 2225L and the 2225L.M
variant tumors. The model was developed by Chen ef al. to infer the relative proportions of 10
major immune cell types in mouse tissues from RNA-Seq data sets.>*®> Normalized RNASeq
transcriptional data from the 2225L original tumor (n=1), early passages of 2225L (passage 5-9;
n=4), and the 2225LM metastatic variant (passage 11; n=5) were uploaded to the seq-ImmuCC
server (http://218.4.234.74:3200/immune/).  Results from individual tumors showed high
variability in the immune signatures observed in all tumors (Figure 8a). The original tumor (22%)
and early passages of 2225L (17 (+14)%) showed higher proportions of infiltrating macrophages
compared to the 2225L.M metastatic variant (1 (£2)%). Early 2225L passages had the highest
proportion of infiltrating CD8 T cells (33 (+19)%) compared to the original 2225L (12%) and the
2225LM variant (9 (£12)%), which may have contributed to the observed low rate of metastases
in early tumor passages. The highest percentage of dendritic cells was observed in the 22251L.M
variant (31 (+15)% compared to 19% and 2 (+3)% in the original and early passages, respectively).
Recall from section 3.2, flow cytometry analysis showed that in 2225LM primary tumors, 54

(£11)% of live cells were CD11b* and 3 (+5)% were CD3". Even when considering other immune
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cells that are CD11b", such as monocytes and neutrophils, the percentage is much lower than
observations from flow cytometry experiments. Conversely, when considering immune cells that
could potentially express CD3, the combined populations of computed CD4 and CD8 T cells
surpass what was anticipated based on flow cytometry data. While the flow cytometry experiments
were analyzed based on all cells, including epithelial, endothelial, and tumor cells, ImmuCC
outputs specify the percentage of total immune cells. If flow cytometry data were to be gated
specifically on immune cells using a pan-immune cell marker such as CD45, the percentages for
CDI11b* and CD3" cells would likely be proportionally higher. One reason for this observation is
differences in assay sensitivity. RNA transcription data can be less sensitive than traditional
protein and immune cell detection assays due to low transcription levels of immune-specific genes.
Also, post-transcriptional or translational modifications can affect the stability or activity of
characterizing RNA or proteins. The half-lives of RNA and protein differ, and their levels of
expression are influenced by various factors in cell activation, the tumor microenvironment, and
alternative signaling pathways; therefore, protein levels detected by antibody-based assays (e.g.,
multiplex assays, flow cytometry, and IHC) may not correlate directly with gene expression. This
could be why there are significant differences among tumors in the cell populations calculated

from the RNA transcriptome.
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Figure 8 Immune cell composition of 2225L and 2225LM primary tumors using RNA Sequencing
transcriptome

(a) Stacked bar plot showing the cellular compositions of the immune microenvironment in the original 22251
tumor received from Baylor, early passages of 2225L (passage 5-9; n=4) that were less reliably metastatic, and
2225LM variant (passage 11-12; n=5) that reliably metastasized to the lung. Analysis was conducted from mouse
RNA-seq data collected on primary tumors. It was computed using the seq-ImmuCC tool to determine each tumor
group's relative proportions of immune cells. Results showed high variability among all tumors analyzed. (b)
Tumors were grouped by original, early, and variant types, and each cell type's average percentage was compared
across all groups in a heatmap. The results indicate a high infiltration of Cytotoxic T cells in the early 22251
passages, and the 2225LM passages had the highest infiltration of dendritic cells. These changes in the immune
microenvironment within the primary tumor may influence the reliability of lung metastases.

3.6 Gene expression analysis of the LDEV-free T11 murine model of claudin-low breast cancer

As described in section 3.1, tumors received from both institutions (Baylor and UNC) tested
positive for a murine single-stranded RNA virus that infects and kills mouse macrophages, lactate
dehydrogenase elevating virus (LDEV).>** Subsequently, virally infected T11 mouse tumors were
serially passaged into athymic nude rats to eliminate the virus (Britt, Pittman, and Verbanac,
unpublished results); however, LDEV cannot replicate within rat macrophages due to its
specificity for mouse macrophages. To assess any potential changes in gene expression due to
LDEYV infection, RNA was isolated from the original T11 tumors received from Baylor and UNC

(n=1 each), tumors passaged into nude rats (n=4, one from each institution from passages 1 and
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3), and LDEV-free tumors passaged into mice (n=7). Isolated RNA was sent to Novogene for
gene expression analysis.

All samples were successfully processed and had sufficient RNA for RNA-Seq transcript
quantification. The samples had a mean RNA concentration of 2.4+1.4 pg/uL (0.367-5.836
ug/ul), and the mean RIN value was 9.1+0.5 (7.8-10.0). An average of 93.3+13.9 million clean
reads were obtained, and most reads (>94%) reached Phred-like quality scores (Q-scores) at the
Q30 level with a base error rate <0.03%. After alignment using Tophat, an average of 90+7% (74-

96%) uniquely aligned reads were mapped to the mouse reference genome.
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Figure 9 Intrinsic gene set analysis of T11 LDEV-infected and LDEV-free tumors passaged in nude rats and
mice.

Normalized RNA-Seq expression levels of subtype-identifying genes previously described by Herschkowitz et al.>?
Genes are listed on the left side of the heatmap. They are grouped by the intrinsic subtype identified by
Herschkowitz. et al. Mouse numbers or descriptors are listed at the top of the heatmap. They are grouped according
to how they were passaged (original tumor received from Baylor or UNC or passaged in rats or mice) and the LEDV
infection as noted above the tumor number. All T11 tumors tested show low expression of claudin-3, -4, -7, and E-
cadherin (indicated by the black arrows). Low or absent expressions of these four genes are characteristic of claudin-
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low tumors. Results showed that genes with reduced or elevated expression in the original primary tumors
maintained similar expression levels in the LDEV-free tumor. Tumors in nude rats showed reduced gene expression
levels in Col4a2 and Lgmn. The original T11 tumor received from Baylor showed low levels of Ccn2 expression.
Still, after serial passaging in nude rats and mice, expression levels were comparable to the original tumor received
from UNC.

Differential gene expression analysis was performed on FMPK normalized read counts
from the original LDEV-infected tumors, which were passaged into nude rats, and LDEV-free
tumors passed into mice using DESeq2. Genes previously described as characteristic of the murine
tumor subtypes®? were graphed in a heatmap to compare expression levels of intrinsic genes. Gene
expression patterns for all tested T11 tumors were consistent with previous reports for T11 claudin-
low tumor lines, which are known for low expression cell-cell adhesion protein, E-cadherin, and
tight junction proteins, claudins 3, 4, and 7 (Figure 9).' %21 However, there were a few intrinsic
genes that showed different expression patterns between tumor groups. For example, tumors
passaged in nude rats showed reduced gene expression levels in collagen a2 IV chain (Col4a2),
one of the six subunits of collagen IV, a major structural component of basement membranes
(normalized count range 0.09-8.8 compared to 29.1-74.1 for all other tumors tested) and legumain
(Lgmn), a cysteine protease that assists in extracellular matrix degradation (normalized count
range 34.8-43.8 compared to 143.2-230.4 for all other tumors tested). Collagen is produced by
fibroblasts, which infiltrate the tumor to support extracellular matrix deposition. Tumors
implanted into the rats would have infiltration of rat fibroblasts in the primary tumor. It is possible
that fibroblasts from the nude rat do not produce Col4a2 or Lgmn at the same levels as the normal
syngeneic Balb/c mouse host. When comparing the original T11 tumor received from Baylor to
all other T11 tumors tested, Cyclin D2 (Ccnd2), a D-type cyclin that regulates the G1-S transition
of cell division, was another gene with differential expression (normalized read count=1.7
compared to range 9.3-43.6 in all other tumors tested). Tumors from nude rats and syngeneic mice

showed expression levels comparable to the original tumor received from UNC. Reduced
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expression of Cend?2 in the original tumor from Baylor may be due to the size or timing of tumor
resection. Tumor growth is dependent on the rate of cell division. If the tumor growth had slowed
at the time of tumor resection, cell division and the transition of tumor cells from G1 to the S phase
would also be reduced, resulting in lower expression of CCnd2. Despite these minor differences
between individual tumors, tumors within each group share a high level of like gene expression,;
therefore, tumors were clustered according to their source (i.e., original tumors (n=2), LDEV-free
tumors passaged in rats (n=4), and LDEV-free tumors passaged in mice (n=7)) and were
considered biological replicates.

To evaluate the potential effect of LDEV-infection on tumor biology, differential
expression analysis was conducted on the original tumors (LDEV-infected; n=2, one from each
institution) and the LDEV-free tumors passaged in mice (n=7) using DESeq2. Results showed
that 12,171 genes were shared between LDEV-infected and LDEV-free tumors (Figure 10a).
However, each group contained a unique set of genes not expressed in the other tumors. LDEV-
infected tumors exhibited 452 individual genes, while LDEV-free tumors had 473 genes not
expressed in LDEV-infected tumors. To discern variations in upregulated and downregulated
genes between these two tumor types, the p-values resulting from DESeq?2 analysis were subjected
to adjustment using the Benjamini and Hochberg method to control the False Discovery Rate
(FDR). Genes with an adjusted p-value (padj) <0.05 were deemed to be differentially expressed.
The padj and an absolute fold change of 1.0 were set as the threshold for significant differential
expression. The data was graphed in a volcano plot comparing LDEV-free tumors (n=7) to the
original tumors containing LDEV (n=2) (Figure 10b). LDEV-free tumors had 495 upregulated
and 794 downregulated genes compared to LDEV-infected tumors. The top 3 most differentially

expressed genes were Zinc Finger DHHC-Type Palmitoyltransferase 15 (Zdhhc15), Insulin-like
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growth factor 2 mRNA-binding protein 3 (Igf2bp3), and cat eye syndrome chromosome region
candidate 2 (Cecr2). All 3 of these genes were upregulated in LDEV-free tumors compared to the

original LDEV-infected tumors.

a. Venn Diagram b. Volcano Plot
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Figure 10 Differentially expressed genes between the original LDEV-infected tumors and LDEV-free tumors
passages in syngeneic mice

(a) Venn diagram of the number of differential genes expressed between the original tumors received from donating
institutions that were infected with LDEV (n=2) and tumors that were cleared of LDEV and subsequently passaged
into syngeneic, immunocompetent mice (n=7). The number in parentheses is the total number of genes identified for
each tumor group. Both groups shared 12,168 like genes but expressed 452 and 473 unique genes in the LDEV-
infected and LDEV-free tumors, respectively. (b) A volcano plot of the differentially expressed genes for LDEV-
infected and LDEV-free tumors. DESeq2 was used to conduct differential expression analysis on the two tumor
groups. The resulting p-values were adjusted using Benjamini and Hochberg’s approach for controlling the False
Discovery Rate (FDR), and genes with an adjusted p-value (padj) <0.05 were considered differentially expressed.
The padj and an absolute fold change of 1 were set as the threshold for significant differential expression (gray line).
The red dots indicate downregulated genes, and the green dots indicate upregulated genes. As shown on the volcano
plot in parenthesis, 794 upregulated genes and 495 downregulated genes were identified. The top 3 most
differentially expressed genes are noted on the volcano plot: Zinc Finger DHHC-Type Palmitoyltransferase 15
(Zdhhc15), Insulin-like growth factor 2 mRNA-binding protein 3 (Igfnbp3), and Cecr2 Histone Acetyl-Lysine
Reader. All three genes were upregulated in LDEV-free tumors compared to the original LDEV-infected tumors.
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The highest differential expression was Zdhhc15, one of 23 in a family of S-acyltransferase
enzymes that share a conserved zinc finger DHHC (Asp-His-His-Cys) cysteine-rich domain.
These enzymes catalyze S-palmitoylation, the transfer of palmitic acid (C16:0) or other long-chain
saturated fatty acids to internal cysteine residues of proteins on the cytoplasmic face of cellular
membranes through unstable thioester linkages, leading to alterations in their physiological
properties. This dynamic and reversible process has significant implications for the accumulation,
secretion, localization, stability, and function of proteins in cells by modulating their membrane

affinity 3%

Emerging evidence suggests that palmitoylation of proteins is involved in
carcinogenesis, tumor cell growth, survival, and treatment resistance.**’ Significant upregulation
of Zdhhcl5 in LDEV-free tumors compared to LDEV-infected tumors may contribute to the
consistent and reliable lung metastases observed after virus removal.

Igf2bp3 had the second highest differential expression with significant upregulation in
LDEV-free tumors compared to LDEV-infected tumors. It is one of three insulin-like growth
factor-2 mRNA-binding proteins that bind RNA to influence various protein functions, such as
localization, stability, and embryonic development. Igf2bp3 is largely absent from adult tissues
but is present in reproductive organs developing fetal tissues and is highly expressed in many
aggressive cancers.>>® 3% Several publications have investigated the role of Igf2bp3 in TNBC.
These studies have demonstrated Igf2bp3 plays a role in cell proliferation through the EGFR-AKT
axis using the in vitro human TNBC claudin-low cell line, MDA-MB-231.34° Additionally, in
other in vitro and in vivo TNBC models, studies have shown Igf2bp3 plays a role in the regulation
of the epithelial to mesenchymal transition, metastasis, and chemoresistance.*% 34342 Two small

retrospective studies using human tumor samples correlated tumor characteristics with Igf2bp3

IHC staining. These studies showed a significant association with higher tumor grade and stage
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and a basal-like TNBC phenotype.®*3* One of the human retrospective studies also demonstrated
a significant correlation between high levels of Igf2bp3 and disease-free and overall survival.>**
In addition to the previously investigated roles of Igf2bp3, a recent study conducted using in vitro
and in vivo TNBC models showed Igf2bp3 is involved in the immune escape of TNBC cells.
Results from this study demonstrated that the gene coding for N6-adenosine-methyltransferase
(Mettl3), an enzyme involved in the post-transcriptional methylation of mRNA internal adenosine
residues, increased PD-L1 mRNA stability and was dependent on Igf2bp3 expression. As
previously discussed in section 1.2.2, high tumor PD-L1 expression suppresses T-cell activation
and aids in tumor immune escape. Therefore, this data indicates that the knockdown of Igf2bp3
can enhance T cell-mediated anti-tumor immunity by downregulating PD-L1 expression in
TNBC.*%3% These combined data suggest that tumors expressing higher levels of Igf2bp3 have
a more aggressive phenotype and support the observation that LDEV-free tumors have reliable
progressive disease.

The third most significant differentially expressed protein between LDEV-free and LDEV-
infected tumors was Cecr2, an epigenetic factor with a bromodomain that recognizes acetylated
lysine residues. There are few reports about the role of Cecr2 in cancers; however, one recent
study described Cecr2 regulation of breast cancer metastasis and macrophage-promoted immune
suppression through NF-kB signalling.* Using matched pairs of human primary and distant
metastatic breast tumors, gene expression analysis revealed that Cecr2 was highly expressed in
breast cancer metastases, and correlated with M2 macrophage abundance and worse metastasis-
free survival. In an immunocompetent, syngeneic basal-like TNBC (4T1) mouse model, Cecr2
was required for breast cancer metastasis. NF-kB was shown to recruit Cecr2 to increase

chromatin accessibility and activate the expression of target genes, such as VEGFA, CSF-1 (M-
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CSF), and CXCLI1 (KC). Inhibition of Cecr2 bromodomain impeded NF-kB-promoted immune
suppression by macrophages and inhibited breast cancer metastasis. Though limited, this
information further supports our data, suggesting that removing LDEV from murine T11 tumors
improved its ability to metastasize to the lung reliably and consistently.

For a deeper exploration into the pathways associated with the variations in gene
expression, an analysis was conducted on 794 upregulated and 495 downregulated genes in LDEV-
free tumors compared to LDEV-infected tumors. This analysis aimed to identify enrichment
patterns using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases. Gene length bias was corrected and GO and KEGG terms with an adjusted p-value of
<0.05 were considered significantly enriched by differentially expressed genes. There were 602
GO terms and 17 KEGG pathways that were significantly upregulated in LDEV-free T11 primary
tumors compared to the original T11 (Figure 11a, ¢). The most significant upregulated GO term
was “cell-cell junction” (n=53; padj <0.0001), while “focal adhesion” was the most significant
KEGG pathway upregulated in LDEV-free tumors (n=29; padj <0.0001). Nine genes were shared
among these two enrichment terms: alpha actinl (Actnl), alpha-actin 4 (Actn4), cyclin D1
(Cendl), Integrin alpha-5 (ItgaS), Laminin Subunit Alpha 1 (Lamal), Serine/threonine-protein
kinase (Pak4), protein phosphatase 1, catalytic subunit, alpha isoform (Ppplca), talin 2 (TIn2),
Zyxin (Zyx). Upregulation of these genes suggests the LDEV-free tumor has a higher rate of cell
proliferation that is likely to play a role in increased cell growth and higher rates of lung metastases.
Additionally, of the 602 upregulated GO terms, 25 are associated with regulating immune
response, and 27 are related to angiogenesis or blood vessel formation (data not shown).
“Angiogenesis” was the most significant GO term related to angiogenic pathways (n=42; padj

<0.0001), and among the immune response-related GO terms, “myeloid leukocyte migration” was
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the most significant (n=21; 0.0002). These upregulated pathways are critical to tumor growth and

metastases and support the premise that T11 tumors have more aggressive disease progression

without LDEV.
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Figure 11 GO and KEGG enrichment analysis of differentially expressed genes in the LDEV-free tumor
compared to the original LDEV-infected primary tumors.

Bar graph of the top ten significantly (padj < 0.05) enriched GO terms using (a) upregulated or (b) downregulated
differentially expressed genes in the LDEV-free compared to the LDEV-infected original T11 tumors. Bar graph of
the top five significantly (padj< 0.05) enriched KEGG terms using (c) upregulated or (d) downregulated differentially
expressed genes in the 2225LM variant compared to the 2225L original tumor. In all graphs, the y-axis shows the
enriched GO or KEGG terms with the number of identified genes in parenthesis. The x-axis shows the -logio of the p-
value adjusted by Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR). Padj >0.05
was considered significant. GO or KEGG pathways that were significantly enriched are indicated with an asterisk.
There were 602 GO terms and 17 KEGG pathways that were significantly upregulated in LDEV-free T11 primary
tumors compared to the original T11, and106 GO terms and 9 KEGG pathways were significantly downregulated.

Downregulated genes also play a critical role in cellular processes and signaling pathways
related to tumor progression. In the analysis of LDEV-free compared to LDEV-infected tumors,
106 GO terms and 9 KEGG pathways were significantly downregulated (padj<0.05) (Figure 11b,
d). The cytosolic ribosome GO term exhibited the most noteworthy downregulation (n=23;
padj<0.0001), and the corresponding KEGG pathway was ribosome (n=22; padj<0.0001). As
indicated by the descriptions, both analyses showed a significant decrease in 22 ribosomal proteins,

implying that tumors infected with LDEV experienced substantial disturbances in ribosome
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assembly, changes in cellular metabolism, and diminished protein production. These modified
mechanisms would predictably influence tumor cell growth and progression.

Interestingly, within the 106 GO terms showing significant downregulation, 65 terms were linked
to immune response mechanisms. As indicated in Table 9, several immune pathways are
downregulated that are enriched with genes, such as CD40, CD83, CD84, and toll-like receptor 9
(TLRY), suggesting a strong downregulation of antigen presentation in LDEV-free tumors. After
clearing the LDEV infection from T11 primary tumors, the presentation of viral antigens to T cells
would expectedly decline. This decrease in the immunostimulatory tumor microenvironment
would likely reduce the activation of tumor-specific T cells, thereby dampening the anti-tumor
immune response. As a result, the tumor would gain the opportunity to evade immune
surveillance, leading to a more aggressive tumor phenotype.

The most significant GO term among the 65 immune regulation terms was “regulation of
leukocyte activation” (n=29; padj=0.0007). As indicated in Table 9, several leukocyte-affected
pathways are enriched with genes, such as CD40, CD83, CD84, and toll-like receptor 9 (TLRY),
suggesting a strong downregulation of antigen presentation in LDEV-free tumors. After clearing
the LDEV infection from T11 primary tumors, the presentation of viral antigens to T cells would
expectedly decline. This would reduce the activation of tumor-specific T cells, thereby dampening
the anti-tumor immune response. As a result, the tumor would gain the opportunity to evade

immune surveillance, leading to a more aggressive tumor phenotype.

Table 9 Significantly downregulated GO term associated with immune responses in LDEV-free primary
tumors compared to the original T11 primary tumors infected with LDEV

GO Term n | padj

regulation of leukocyte activation 29 1 0.0007
regulation of lymphocyte proliferation 18 | 0.0011
regulation of mononuclear cell proliferation 18 | 0.0011
regulation of leukocyte proliferation 18 | 0.0013
leukocyte mediated immunity 21 1 0.0014
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lymphocyte proliferation 20 | 0.0029
positive regulation of leukocyte activation 19 | 0.0029
regulation of lymphocyte activation 23 | 0.0029
regulation of chemotaxis 15 | 0.0029
positive regulation of the immune effector process 15 ] 0.0035
leukocyte proliferation 20 | 0.0035
cytokine receptor activity 10 | 0.0042
myeloid cell activation is involved in the immune response 0.0060
antigen processing and presentation of peptide antigen via MHC class 11 0.0060
regulation of antigen processing and presentation 0.0060
regulation of leukocyte-mediated immunity 14 | 0.0068
myeloid leukocyte-mediated immunity 9 1 0.0086
positive regulation of lymphocyte activation 16 | 0.0086
regulation of leukocyte cell-cell adhesion 18 | 0.0105
leukocyte cell-cell adhesion 19 | 0.0111
positive regulation of immune response 24 1 0.0116
myeloid leukocyte activation 13 1 0.0116
regulation of the immune effector process 19 | 0.0116
negative regulation of the immune system process 22 1 0.0131
positive regulation of lymphocyte proliferation 11 ] 0.0137
regulation of T cell activation 17 1 0.0137
positive regulation of leukocyte cell-cell adhesion 13 1 0.0146
negative regulation of leukocyte activation 12 1 0.0162
positive regulation of leukocyte proliferation 11 | 0.0168
regulation of T cell proliferation 12 1 0.0168
T cell activation 23 1 0.0169
leukocyte activation is involved in the immune response 15 1 0.0172
leukocyte chemotaxis 13 1 0.0175
cell activation involved in immune response 151 0.0186
leukocyte migration 17 1 0.0191
positive regulation of B cell proliferation 6| 0.0191
negative regulation of mononuclear cell proliferation 81 0.0191
negative regulation of lymphocyte proliferation 0.0191
T cell proliferation 13 ] 0.0191
phagocytosis, engulfment 61 0.0191
positive regulation of the production of molecular mediator of immune

response 81 0.0191
adaptive immune response 19 1 0.0191
positive regulation of cell migration 22 1 0.0191
negative regulation of cell adhesion 15 ] 0.0191
positive regulation of T cell activation 12 | 0.0191
granulocyte activation 510.0191
positive regulation of neutrophil chemotaxis 510.0191
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positive regulation of cellular component movement 231 0.0191
regulation of leukocyte degranulation 6 ] 0.0201
negative regulation of leukocyte proliferation 8 1 0.0207
myeloid leukocyte migration 12 | 0.0207
regulation of B cell proliferation 7 10.0214
leukocyte degranulation 7 | 0.0225
production of molecular mediator of immune response 12 | 0.0225
negative regulation of T-cell activation 9 | 0.0225
positive regulation of granulocyte chemotaxis 510.0225
negative regulation of cell activation 12 ] 0.0229
T cell migration 6 | 0.0245
negative regulation of T cell proliferation 7 10.0253
regulation of myeloid leukocyte-mediated immunity 6 | 0.0263
positive regulation of chemotaxis 10 | 0.0263
negative regulation of lymphocyte activation 10 | 0.0327
negative regulation of leukocyte cell-cell adhesion 9 10.0338
regulation of neutrophil chemotaxis 510.0339
positive regulation of neutrophil migration 510.0339

n is the number of significantly downregulated genes identified in the GO term. Genes were
considered significantly differential when the adjusted p-value was <0.05 and the absolute
fold change was 1.0.

padj is the p-value adjusted using Benjamini and Hochberg’s approach for controlling the
False Discovery Rate (FDR)

To further elucidate the immune changes between LDEV-free and LDEV-infected T11
primary tumors, the seq-ImmuCC computational model was used to infer the relative proportions
of 10 major immune cell subsets in mouse tissues from the RNA-Seq data.’**> To estimate the
relative immune cell compositions in each of the primary tumor groups, the normalized RNASeq
transcriptional data was uploaded to the seq-ImmuCC server (http://wap-lab.org:3200/immune/)
The percentage of each immune cell type was plotted by the individual tumor in a bar graph to
depict the high variability among all tumors analyzed (Figure 12a). The T11 tumor from UNC
showed the highest macrophage composition among the tumors, with 80% of total immune cells,
in contrast to 18% in the Baylor T11 tumor, and a range of 13-44% (average 32+10%) in tumors
passaged in mice after the removal of LDEV. Primary tumors that were passaged in mice were

categorized into two groups: those containing LDEV infections (n=2, one original T11 tumor from

102



each institution) and tumors that were eliminated of LDEV and then passaged into mice (n=7). To
assess differences in immune composition between these two tumor groups, the average relative
immune cell compositions for each group were depicted in a heatmap (Figure 12b). Tumors with
LDEYV infection exhibited a more significant average proportion of antigen-presenting cells (i.e.,
dendritic cells and macrophages) than tumors without LDEV. Conversely, tumors free of LDEV
demonstrated a more significant average T cell infiltration than those with LDEV infection. It is
worth noting that the extrapolated percentages in the ImmuCC results are based on tumor gene
expression. They may not directly correlate with protein or immune assays due to variations in
transcription rates, translation, post-translational modifications, and protein regulation. The two
original tumors also showed significant variability in their extrapolated immune cell compositions.
Notably, the makeup of immune cells within the tumor microenvironment doesn't automatically
indicate a particular immune response. Understanding the intricate immune cell interactions in the
TME requires deeper exploration. Further analysis is needed to confirm the differences between

the two tumor groups' immune cell composition differences and mechanisms.
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Figure 12 Immune cell composition of LDEV-infected and LDEV-free T11 primary tumeors from
immunocompetent, syngeneic mice using the RNASeq transcriptome

(a) Stacked bar plot showing RNA-seq seq-ImmuCC calculated cellular compositions of the immune
microenvironment in LDEV-infected (n=2) and LDEV-free (n=7) murine primary tumors harvested from
immunocompetent, syngeneic mice. (b) Heat map displaying the mean percent of each immune cell type for each
tumor group. Results showed high variability among all tumors analyzed. The original T11 tumor from UNC had a
macrophage composition of 80% compared to 18% total macrophages in the Baylor T11 and a range of 13-44%
(average 32+10%) in tumors passaged in mice after LDEV removal. LDEV-infected tumors had a higher mean
percentage of antigen-presenting cells (i.e., dendritic cells and macrophages) than LDEV-free tumors.

3.7 Gene expression analysis of T11 claudin-low breast cancer lung metastases

The next series of evaluations was conducted to unveil relevant pathways and mechanisms
governing the mechanisms of CLBC metastasis. LDEV-free primary tumors were resected from
syngeneic, immunocompetent, female Balb/c mice when they reached an average of 678+202
mm?. Mice were sutured and housed for an additional 23+7 days post-resection (n=3 total),
euthanized, and lungs were evaluated for visible metastatic lesions. Two of the three mice had
small identifiable lesions, and one had extensive metastases covering much of the lung surface
area. Naive lung tissue (n=2) from contemporary, age-matched mice was used as the control. The

age of all mice at the time of euthanasia was approximately 10-11 weeks.
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All samples were successfully processed and had sufficient RNA for RNA-Seq transcript
quantification. The samples had a mean RNA concentration of 0.278+0.329 ng/uL (0.057-0.930
pg/ul), and the mean RIN value was 8.6+1.6 (6.0-10.0). An average of 75.2+11.2 million clean
reads were obtained, and most reads (>94%) reached Phred-like quality scores (Q-scores) at the
Q30 level with a base error rate <0.02%. After alignment using Tophat, an average of 92+1% (92-
93%) uniquely aligned reads were mapped to the mouse reference genome.

Using DESeq_2, differential expression analysis was conducted on FMPK-normalized read
counts to compare normal lungs (n=2) to lungs containing T11 metastatic lesions (n=3). The
resultant p-values were adjusted using the Benjamini and Hochberg method for False Discovery
Rate (FDR) control. Genes with an adjusted p-value (padj) <0.05 were deemed to be differentially
expressed, with the criteria of padj and an absolute fold change of 1.0 served as the benchmarks
for determining significant differential expression.

Upon comparing the gene profiles of both normal and metastatic lungs, the results revealed
a common set of 12,462 genes shared by both groups (Figure 13a). Within normal lungs, 1,936
were unique, whereas lungs with T11 metastases featured 789 distinct genes. Analyzing
differential gene expression in lung tissues showed 6,414 upregulated genes and 7,676
downregulated genes in T11 metastatic lungs compared to control (Figure 13b). This assessment
identified four upregulated genes with the most pronounced and significant differential expression
in T11 metastatic lungs: cyclin-dependent kinase inhibitor 2a (Cdkn2a), Myc proto-oncogene
(Myc), S100 calcium-binding protein a4 (S100a4), and cellular retinoic acid binding protein 2
(Crabp2). Altered expression of these genes within metastatic lung tissues indicates they play a

crucial role in the metastasis of CLBC.
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Figure 13 Differentially expressed genes between lungs with T11 claudin-low breast cancer metastases and
control lungs.

(a) Venn diagram of the number of differential genes expressed between the control lungs (n=2) and lungs with T11
metastases (n=3). The number in parentheses is the total number of genes identified for each tumor group. Both
groups shared 12,462 like genes but expressed 1,936 and 789 unique genes in control and T11 metastatic lungs,
respectively. (b) A volcano plot of the differentially expressed genes for control and metastatic lungs. DESeq2 was
used to conduct differential expression analysis on the two tumor groups. The resulting p-values were adjusted using
Benjamini and Hochberg’s approach for controlling the False Discovery Rate (FDR), and genes with an adjusted p-
value (padj) <0.05 were considered differentially expressed. The padj and an absolute fold change of 1.0 were set as
the threshold for significant differential expression (gray line). The red dots indicate downregulated genes, and the
green dots indicate upregulated genes. As indicated on the volcano plot in parenthesis, there were 6,414 upregulated
and 7,676 downregulated differentially expressed genes identified. The top 4 most differential genes are noted on
the volcano plot: Cyclin-Dependent Kinase Inhibitor 2A (Cdkn2a), Myc proto-oncogene (Myc), S100 Calcium
Binding Protein A4 (S100a4), and Cellular Retinoic Acid Binding Protein 2 (Crabp2). All 4 of these genes were
upregulated in metastatic lungs compared to the control.

Cdkn2a exhibited the most notable differential expression in T11 metastatic lungs
compared to the control. Cdkn2a encodes the p16 protein, a key regulator of cell cycle progression
that functions as a tumor suppressor by impeding unchecked cell growth through interactions with
cyclin-dependent kinases.**’” Ideally, the upregulation of Cdkn2a should enhance pl6 activity,
inhibiting cyclin-dependent kinases and subsequent slowdown of cell cycle progression. This
attenuation of cell cycle progression should restrain unrestricted cell growth, potentially resulting
in a less aggressive tumor phenotype. However, the tumor and metastatic microenvironments are

dynamic and complex. Despite the upregulation of Cdkn2a, T11 tumor cells do not appear to have
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reduced tumor growth. Therefore, mechanisms might have been developed to evade Cdkn2a cell
cycle regulation, inhibiting tumor growth less effectively.

Following Cdkn2a, Myc was the second-highest gene with differential expression between
T11 metastatic and control lungs. Myc is a widely recognized cell proliferation and differentiation
driver, frequently implicated in cancer development and stem cells. Previous studies have shown
that Myc is amplified in TNBC and the claudin-low subtype.!® The genetic changes seen in T11
lung metastases, which result in elevated Myc expression, correspond with genetic findings
previously documented in human and mouse primary claudin-low breast tumors, including T11.

S100a4 ranked as the third most significantly differentially expressed gene. The S100A4
gene-encoded protein has been identified as having the ability to regulate cell cycle progression,
modulate intercellular adhesion, and enhance the invasive and metastatic characteristics of cancer
cells while also having the potential to bind and inactivate the p53 suppressor protein, which
governs both the G1-S transition and the transition of cells from the S phase to mitosis (G2-M).**
Recent studies in TNBC human and mouse models have demonstrated a positive correlation
between the inhibition of S100a4 and the rate of metastases.>*" 3>

Lastly, Crabp2 is an integral component of retinoic acid signaling, a pathway with diverse
effects on cell differentiation and proliferation. Abnormal expression of Crabp2 has been observed
in various tumor types, acting as both a tumor suppressor and promoter.’®! Within TNBC,
emerging data suggest that Crabp2 exerts a significant influence on regulating invasion and
metastasis, correlating with a poorer prognosis.®** 3> The presence of these four upregulated genes
in metastatic lungs highlights their potential relevance in driving the aggressive phenotype of

CLBC.
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For a more in-depth exploration of the pathways associated with T11 CLBC metastases,
the set of 6,414 upregulated genes and 7,676 downregulated genes in T11 metastatic lungs
compared to control underwent analysis for enrichment using GO and KEGG. Normalization for
gene length bias was applied and GO and KEGG terms with an adjusted p-value of <0.05 were
considered significantly enriched by differentially expressed genes. Results showed that 1,232
GO terms and 30 KEGG pathways were significantly upregulated. Downregulated genes were
enhanced considerably in 1,380 GO terms and 48 KEGG pathways when comparing metastatic
lungs to controls (data not shown). The most significant upregulated GO term and KEGG pathway
were “ribonucleoprotein complex biogenesis” (n=277; padj<0.0001) and “ribosome” (n=85;
padj<0.0001), respectively. The most significantly downregulated GO term and KEGG pathway
were “side of membrane” (n=168; padj<0.0001) and “cell adhesion molecules (CAMs)” (n=59;
padj<0.0001), respectively. Interestingly, the GO term “angiogenesis” (n=148; padj<0.0001)
came in second for the most significant downregulated, suggesting that there was less angiogenesis
occurring in the metastatic compared to control lungs. Overall, the GO terms and KEGG pathways
suggest substantial increases in protein production, metabolic activity, matrix remodeling, and a
decrease in angiogenesis, immune responses, and cell adhesion. Follow-up experiments should
focus on genes involved in these pathways to hone in on potential TNBC therapies.

Using the RNA-Seq datasets from T11 metastatic and control lungs, the seq-ImmuCC
computational model was applied to analyze potential changes in immune cell subsets.>*> To
estimate these tissues' relative immune cell compositions, the normalized RNASeq transcriptional
data was uploaded to the seq-ImmuCC server (http://wap-lab.org:3200/immune/). The percent
compositions were graphed in a bar chart by individual lung samples and were grouped for

comparison in a heat map (Figure 14). Results showed high variability among the samples, with
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macrophage cell derivation showing the lowest variability within each group. A low number of
samples for analysis likely contributed to these observations. Despite this limitation, the data
suggested that there was a substantial increase in the percentage of infiltrating macrophages and
CDS8 T cells in metastatic lungs compared to the control (32+11% vs. 1+0.3% and 19+29% vs.
6+9%, respectively). Alternatively, B cells and CD4 T cells were lower in metastatic versus
control lungs (13+13% vs. 244+4% and 4+5% vs. 21+26%, respectively). Derivation results from
seq-ImmuCC did not align with previous flow cytometry results showing that T11 metastatic lungs
had 47 (£16)% CD11b"and 5% (+4%) CD3" cells, while control lungs contained 53% (+8%)
CDI11b" and 11 (£3)% CD3" cells. As previously discussed with primary tumors in sections 3.4
and 3.5, there are many reasons why these two assays would yield different results. When
considering all analyses conducted on T11 primary tumors and metastatic lungs, it is apparent that
a complex and dynamic series of immune responses are occurring that are helping to drive tumor
progression. Future experiments will continue to focus on pathways and mechanisms that are

helping to drive tumor progression.
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Figure 14 Immune cell composition derived from the RNA-Seq transcriptome of normal lungs and lungs with

T11 metastatic lesions
(a) Stacked bar plot showing RNA-seq seq-ImmuCC calculated cellular compositions of the immune
microenvironment in normal control lung from contemporary, age-matched mice (n=2) and lungs with T11 metastatic
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lesions (n=3)(b) Heat map displaying the mean percent of each immune cell type for each group. Results showed high
variability among all tissues analyzed. Data suggested that there is a substantial increase in the percentage of
infiltrating macrophages and CD8 T cells in metastatic lungs compared to the control (32+11% vs. 1+0.3% and
194£29% vs. 6£9%, respectively). B cells and CD4 T cells were lower in metastatic versus control lungs (13+13% vs.
24+4% and 4+5% vs. 21£26%, respectively)

3.8 Summary and Discussion
The evasion of immune surveillance is an accepted hallmark of tumor progression, and
treatment strategies for targeting immune-suppressive pathways have led to enhanced survival in

breast cancer patients.3>33%

In TNBC, normal immune cells are suppressed, and immune-
suppressing cells, such as TAMS and MDSC, are heavily recruited into the TME. TAMS and
MDSC inhibit the activity of T cells and induce T cell apoptosis, which allows tumors to progress.
Since 2011, when the first immune checkpoint inhibitor was FDA-approved, drug discovery for
cancer treatments has focused on overcoming tumor mechanisms for immune cell evasion.
However, while these inhibitors are effective with chemotherapy for TNBC, response to this
combination therapy is inconsistent and unpredictable across this tumor subtype.*** The overall
aim of this research was to identify proteins that could be targeted in TNBC by using a reliably
metastatic murine model. We used two murine models of TNBC to begin our investigation but
focused on the TNBC subtype of CLBC. In this chapter, two murine models of TNBC, 2225L
(basal-like) and T11 (claudin-low), were developed and characterized. These models were
generated with the goal of providing clinically relevant, immunocompetent, and syngeneic murine
tumor models for studying TNBC therapeutic targets.

Reliably metastatic murine tumor models for basal-like (2225L) and CLBC (T11) were
characterized in the first part of this dissertation. The 2225L and T11 tumor lines were suitable
for immunocompetent Balb/c mice and were syngeneic to the host. When the 22251 was received

from the donating institution and transplanted into mice, it was not reliably metastatic. However,

our lab produced a highly metastatic variant (2225LM) through serial passaging in syngeneic
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hosts. The T11 tumor line could not be immediately transplanted into mice because it was positive
for LDEV, a virus that infects macrophages. The LDEV infection was successfully removed by
serial transplantation into nude rats. The mice developed consistent lung metastases when the
clean tumor line was implanted into the syngeneic host's mammary fat pad or subcutaneous flank.
Genomic testing was conducted on the original and subsequent passaged tumors for both tumor
lines. The original and passaged tumors' genomic profiles were comparable in their tumor subtype-
defining gene profiles. Similarly, the gene expression profile of T11 tumor cells derived from
transplanted tumors was consistent with claudin-low primary tumors. In the T11 tumor lines, the
findings of lung metastases were significant because other labs reported they were unable to
achieve metastases using this model up to 90 days post-tumor implant with or without resection.?’

This suggests macrophage function may be necessary in tumor metastasis for CLBC.

RNA sequencing analysis performed on the original 2225L tumor, early passages of
22251, and the 2225LM metastatic variant showed characteristic gene expression profiles
consistent with murine basal-like tumor lines were observed, despite the potential for genetic
instability and clonal evolution with serial passaged tumors. Differential gene expression analysis
revealed significant shifts non-intrinsic basal-like genes, with hundreds of unique genes within
each group. Enrichment analysis identified vital pathways and functions affected by these
changes, including cellular movement, migration, metabolism, and immunological pathways.
Computational modeling further explored immune cell proportions and demonstrated variability
in immune signatures across tumor samples. The genes and potential pathways identified through
this analysis should be further investigated to better understand their role in basal-like tumor

progression, which will be further discussed in Chapter 6.
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Next, RNA sequencing analysis was used to assess the impact of LDEV infection on gene
expression patterns in murine T11 tumors. Tumors sourced from Baylor and UNC and tumors
propagated in nude rats and syngeneic mice were analyzed for alterations in gene expression
following the removal of LDEV. Overall, LDEV-free tumors maintained consistent characteristics
of T11 claudin-low tumor lines based on their expression of intrinsic claudin-low genes. A deeper
analysis compared LDEV-free tumors to the original LDEV-infected tumors. Results showed
significant differential expression of numerous genes. Notably, three highly upregulated genes
were identified in LDEV-free tumors: Zinc Finger DHHC-Type Palmitoyltransferase 15
(Zdhhc15), Insulin-like growth factor 2 mRNA-binding protein 3 (Igf2bp3), and cat eye syndrome
chromosome region candidate 2 (Cecr2). These genes are known to affect tumor growth, survival,
metastasis, and immune response regulation. Enrichment analysis showed upregulated pathways
in LDEV-free tumors associated with cell-cell junctions, focal adhesion, angiogenesis, and
immune response regulation. Conversely, downregulated pathways were linked to ribosome
assembly, immune response regulation, and antigen presentation. The immune cell composition
within the tumor microenvironment showed variations, with LDEV-free tumors having more
infiltrating T cells than infected tumors. These pathways and mechanisms will be further discussed
in Chapter 6 and should be considered for future investigations for identifying targetable proteins
and pathways for CLBC.

Differential expression analysis highlighted significant alterations, with 6,414 upregulated
and 7,676 downregulated genes in metastatic lungs compared to controls. Four key upregulated
genes were identified in metastatic lungs: Cdkn2a, Myc, S100a4, and Crabp2. These genes are
implicated in the regulation, proliferation, invasion, and metastatic processes in CLBC.

Enrichment analyses uncovered pathways associated with increased protein production, metabolic
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activity, matrix remodeling and decreased angiogenesis, immune responses, and cell adhesion in
metastatic lungs. The seq-ImmuCC model was applied to estimate changes in immune cell
subsets. The data indicated variations in immune cell compositions, with increased infiltrating
macrophages and CD8 T cells and decreased B cells and CD4 T cells in metastatic lungs compared
to controls. These findings underscore the complex and dynamic immune responses contributing
to tumor progression in CLBC.

Herschkowitz et al. first characterized tumor lines 2225L and TI11 in 2011 using DNA
microarray data to evaluate mouse models of TNBC. The publication described the 2225L tumor
line as having high basal cytokeratins expression and epidermal growth factor receptor (EGFR)
overexpression and the T11 tumor line as having low expression of tight junction and cell-cell
adhesion genes. The T11 tumors also expressed mesenchymal features and showed low expression
of luminal genes, inconsistent basal gene expression, and expression of lymphocyte and
endothelial cell markers, like human CLBC.2! Compared to other TNBC murine tumors, T11
tumors have a high percentage of the stem cell markers CD29 and CD24 (70— 85% vs. 14% max).*
Consistent with the original lines evaluated by Herschkowitz et al. using DNA microarray, our
RNA sequencing results showed that 2225L.M had analogous keratin -5, -6, -17, and EGFR
expression levels. Similarly, the LDEV-infected and LDEV-free T11 tumors were alike, with low
expression of tight junction and cell-cell adhesion proteins, claudin -3, -4, -7, occludin, and E-
cadherin, as well as high expression of mesenchymal markers such as vimentin and snail, and stem

cell markers, CD29 and CD24.'6:32

To understand the immune cell profiles of the T11 and 2225LM tumors, immune cells were
evaluated for their expression of CD3" and CD11b" using flow cytometry. CD3™ cells were further

subclassified into CD3"CD4"and CD3"CD8". CD3"CD4" are T helper cells that help to coordinate
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the immune response by stimulating other immune cells. At the same time, CD3"CD8" are known
as cytotoxic T cells because they directly kill cells through cell-regulated cytotoxicity. Both T cell
subsets correlate with improved responses to therapy and better outcomes. CD11b" cells were
classified into CDI11b'Ly6C'Ly6G™ and CDI11b"Ly6C'Ly6G". CDI11b"'Ly6C'Ly6G™ are
monocyte precursor cells for macrophages and dendritic cells. CDI11b"Ly6CLy6G* are
considered neutrophils. Cells with CD11b"Ly6C Ly6G™ expression could be monocytes or M-
MDSC, and G-MDSC and TAN share expression of CD11b"Ly6C Ly6G™. These definitions were
first proposed by Gabrilovich et al. in 2008 to identify MDSC subsets, which play a significant
role in regulating the tumor immune response in the TME and have been widely accepted as
important MDSC markers by the larger cancer community.***3* For the purposes of the research
presented in this dissertation, these markers were used to determine the primary types of infiltrating
T cells (T helper and cytotoxic T cells) and MDSC (myeloid or granulocytic) present in 2225L.M

and T11 tumors.

Flow cytometry showed that CD11b" cells were the predominant immune cell type in 2225L.M
and T11 primary tumors compared to CD3" cells. Previous evaluations of human claudin-low
tumors by Prat et al. indicate that CLBC have genes suggestive of high lymphoid infiltration.'®
However, Singh et al. showed that TAM highly infiltrate the murine T11 tumor line compared to
basal-like or luminal-like murine tumor lines (2225L and 2208L, respectively).’*®® For this
analysis, they used the marker F4/80, expressed on macrophages, such as TAMS, and has a low
expression on both M-MDSC and G-MDSC. This marker alone does not differentiate TAMS from
dendritic cells or monocytes expressing various levels of F4/80. TAMS markers, such as CD68
and CD206, were not considered in our characterization of T11 or 2225LM, as our focus was on

MDSC and T cells. However, flow cytometry results showed that 2225LM tumors had a

114



significantly higher infiltration of CD11b" cells compared with T11. CD11b is a standard surface
marker for all myeloid lineages. Based on what has previously been published on T11 and 2225L,
it is expected that there would be a higher CD11b" population in the T11 tumor line compared to
2225LM. However, other cell types that could be considered among the CD11b population are
MDSC, neutrophils, monocytes, and some populations of dendritic cells. All these cell types are
expected to be present in the TME and could be present at various levels throughout the tumor and
may change with tumor progression. The definition of key markers used to define immune cell
populations is critical to the analytical results. It is also important to note that niches can form
throughout the tumor. Different proportions of immune cells may be present in distinct areas of
the tumor, aiding in cell growth or death within that region. To obtain the most information from
each sample, tumors were dissected into tumor chunks, and only a portion of the tumors were used
for flow cytometry analysis. Additionally, this experiment evaluated the protein expression of
markers on the cell surface. In contrast, Singh et al. used gene expression profiles of the two tumor
lines to assess the presence of immune cells. All these considerations could explain the differences

observed between this data and Singh et al. when comparing the two tumor lines.

To better understand our results compared to Singh et al., normalized RNASeq data were
uploaded to seq ImmuCC to determine the relative proportions of infiltrating immune cells in
parental lines and the variants established by our lab. Compared to 2225L tumors, the 2225L.M
variant had a reduction in the proportion of macrophages and CD8 T cells and an increase in the
proportion of dendritic cells. The gene profile of T11 tumors showed a significant proportion of
immune cells were identified as macrophages. Since seq-ImmuCC does not subdivide the
macrophage population from this data, it cannot be concluded that these are TAMS. However,

when comparing the relative proportions of immune cells between 22251, 2225LM, and T11, T11
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had the highest proportion of macrophages. Despite using different analytical methods for
evaluating the transcriptome data, these results are consistent with the transcriptome immune
profile results comparing T11 and 2225L reported by Singh et al.*®® Overall, the immune profile
and flow cytometry data from 2225LM and T11 suggest that the immune response within the TME
is enriched to promote tumor growth through the action of immune-suppressing myeloid cells.
TAMS and MDSC are suppressive to CD3" cells, which may explain why there are significantly
fewer CD3" cells in T11 and 2225LM tumors compared to CD11b" cells. Likewise, the

transcriptome data suggests that T11 may have a more suppressive TME than 2225L.M.

A multiplex cytokine assay provided insight into cytokines that may regulate the immune
response in the TME of 2225LM and T11 tumors and may regulate tumor seeding at metastatic
sites. This data showed elevated levels of pro-inflammatory cytokines, such as MCP-1 and KC,
which are involved in myeloid cell recruitment and further supported the flow cytometry and
genomic evaluations of the types of infiltrating immune cells. However, this data was highly
variable and limited to the specific cytokines assayed. To further expand on this exploratory
approach for identifying potential key protein regulators of CLBC progression, we deployed two
mass spectrometry techniques, nano-liquid chromatography-tandem mass spectrometry (nano-LC-
MS/MS) and matrix-assisted laser desorption ionization imaging mass spectrometry (MALDI-

IMS). From this point on, the CLBC T11 tumor line was the primary focus of our investigations.

This study provides insights into the intricate mechanisms driving CLBC metastasis and
identifies critical genes and pathways contributing to the aggressive phenotype and metastatic
potential of CLBC. Further research is warranted to elucidate the underlying mechanisms driving
these observed changes and to explore potential therapeutic implications. Expansion on these key

pathways for future areas of research in CLBC will be discussed in Chapter 6.
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CHAPTER 4: PROTEOMIC IDENTIFICATION OF TUMOR AND METASTASIS-ASSOCIATED GALECTIN-
1 IN MURINE CLAUDIN-LOW BREAST CANCER
4.1 Rationale

TNBC claudin-low tumors are clinically aggressive and exhibit high rates of metastasis and
recurrence. Additionally, these tumors are chemoresistant and lack targeted therapies, which
results in poor patient prognosis. In this chapter, two proteomic approaches, nano-LC/MS/MS and
MALDVIMS, were used to examine primary orthotopic and metastatic CLBC using murine T11
syngeneic, transplantable tumors in immunocompetent Balb/c female mice. Nano-LC/MS/MS
was chosen for its ability to improve detection limits and provide accurate peptide masses over
traditional protein detection methods. MALDI/IMS integrated spatial mapping of mass spectra
with histological methods to visualize peptide and protein distribution in tissue samples.

This research aimed to use discovery-based proteomic approaches to identify proteins
associated with CLBC to gain insight into pathways and mechanisms that could lead to targets for
intervention. Most of the findings presented in this chapter were published in Biochim Biophys
Acta Gen Subj, 1865, Balestrieri et al., Proteomic identification of tumor- and metastasis-
associated galectin-1 in claudin-low breast cancer, Page 129784, Copyright Elsevier (2021) by our
group. !

4.2  Proteomic profile of T11 claudin-low TNBC

The overall study approach and workflow, including proteomics, validation studies, and data
analysis, are depicted in Figure 15. Proteomic profiling of murine claudin-low tumors and control
tissues was first conducted by nano-LC-MS/MS methodology (Figure 15a). The local and global
Protein Pilot False Discovery Report (FDR) of the number of proteins and peptides identified in

T11 cultures, primary and metastatic tumor samples, and control tissues are summarized in Table



10. Accession numbers for all proteins identified with >90% confidence were used to generate a
Venn diagram (Figure 17a) to reveal the number of differentially expressed proteins. Regions
outlined in bold highlight two protein groups: 1) 19 proteins shared by cultured T11 cells, T11
primary tumors, and T11 metastatic tumors (but not identified in control mammary fat pad or lung),

and 2) 170 proteins unique to metastatic T11 tumors.
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matrix deposition

Figure 15 Proteomics Approach, Validation Studies, and Data Analysis Workflow

(a) Nano-LC-MS/MS Proteins extracted from T11 tumor, metastatic lung, control breast, and lung tissues were trypsin
digested and analyzed by nano-LC-MS/MS, as described in the Methods. Protein Pilot software was used to identify
proteins in each sample. Intensity-based label-free quantitation of proteins from normal and metastatic lung tissues
identified Gal-1 as a differentially expressed protein in claudin-low tumors. Western immunoblot and ELISA
confirmed Gal-1 identification. (b) MALDI imaging MS frozen T11 metastatic and control lung sections were trypsin-
digested on ITO-slides. A rGal-1 standard was spotted on the slide with the samples as a positive control. Spectra
from tissue sections and rGal-1 standard were aligned, and Gal-1 peptides overlaid onto tissue sections to qualitatively
assess their spatial localization. The most intense peptides appeared in the tumor region of metastatic lung sections.
Immunohistochemistry confirmed Gal-1 spatial distribution.

Table 10: Summary of proteins and peptides detected after nano-LC/MS analysis of T11 tumor tissues and
controls

# Proteins # Peptides
Sample Description ¢ 5% local FDR | 1%  global | 5% local | 1%  global
a FDR FDR FDR
T11 claudin-low cultures 113 114 431 460
Primary tumors ° (n=3) 187 191 877 936
Metastatic lung (n=2) 66 84 1003 1004
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Control lung (n=3) | 88 101 1384 1390

2 FDR = False Discovery Rate
® Includes untreated samples and samples treated to deplete albumin and globin
¢ Mammary fat pad tissue (not shown) had significant lipid interference, resulting in only six proteins
identified (n=2).
We first focused on the 19 identified proteins shared by claudin-low T11-containing

samples (T11 cultures, primary tumor, and metastatic tissue) but not identified in control mammary
fat pads or control lung tissues. Table 11 summarizes the nine resulting T11 parent protein
identifications after accounting for variant and isoform redundancies. The STRING database
analysis determined that seven of the nine proteins are related through protein-protein binding or
co-expression (Figure 17b). Furthermore, three of the nine proteins identified in T11-containing
samples are reported to have a role in cancer metastasis: heat shock cognate (Hspa8), myosin-9
(Myh9), and galectin-1 (Lgals1).274 361- 362 Galectin-1 shares a reported direct relationship with
protein disulfide-isomerase A6 (Pdia6).>¢?

We also compared the 170 proteins only detected in metastatic tumors with the 638 proteins
only expressed by primary tumors. The 63 proteins explicitly found in metastatic lungs were
uploaded to the STRING Database to determine potential relationships. The identified
relationships are depicted in Figure 16. T11 lung metastases had a higher percentage of proteins
involved in pathways of the immune system, and most of these proteins had roles in innate
immunity and/or neutrophil degranulation. After removing variant and isoform redundancies, the

proteins found only in metastatic lung tissues were reduced to 61 unique protein identities.***
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Figure 16 Protein interactions identified only in T11 metastases

After removing protein redundancies, 63 proteins found specifically in metastatic lungs were uploaded to the STRING
Database to determine potential relationships. The gray lines indicate a solid possible relationship between the two
proteins. The red spheres highlight proteins of the immune system pathway, which was significantly elevated in
metastatic lungs compared to primary tumors; most of these proteins were involved in innate immunity. CD47,
S100al1, Ager/RAGE, and Kif5b have been previously reported as playing a role in metastasis.
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Table 11: Nano-LC/MS identification of shared proteins in claudin-low T11 tumor-containing samples, but not detected in control tissue™”

Cultured T11 Cells Primary T11 Tumors Metastatic Lung
Unique Percent Unique Percent Unique Percent
Gene ID  Protein ID peptides Rank ¢ Coverage peptides Rank® Coverage peptides Rank* Coverage
Lgalsl Galectin-1 15 13/119 88 26 21/240 72 8 36/130 47
Heat shock cognate
Hspa8 71 kDa protein 14 6/119 29 24 4/240 35 14 11/130 27
Myh9 Myosin-9 1 75/119 3 12 22/240 7 8 34/130 7
Actb beta-actin 17 59/119 52 36 2/240 70 49 112/130 78
Eukaryotic elongation
Eef2 factor 2 10 11/119 20 22 5/240 25 7 40/130 11
Tuba3a Tubulin alpha chain 6 21/119 23 9 123/240 25 14 113/130 45
Heterogeneous nuclear
Hnrnpab  ribonucleoprotein A/B 3 40/119 16 3 63/240 10 1 80/130 3
Protein disulfide-
Pdia6 isomerase A6 2 46/119 10 2 77/240 6 1 69/130 3
Glucose-6-phosphate
Gpi isomerase 1 115/119 5 5 59/240 11 1 63/130 5

* All proteins listed were identified with >95% confidence except for Glucose-6-phosphate isomerase in cultured T11 cells and beta-actin and tubulin
alpha chain in the metastatic lung, which were identified with >90% confidence.

®Of the 19 T11-specific proteins, 10 were redundant variants or isoforms of heterogenous nuclear ribonuclear protein A/B, protein disulfide isomerase

A6, and tubulin alpha chain, which resulted in nine unique proteins not identified in control tissues.

¢Rank of the specified protein relative to other proteins detected in the ProteinPilot Report.
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Figure 17 Proteins identified in claudin-low T11 cells, primary tumors, metastatic lung, and control tissues

(a) Venn diagram of proteins (ungrouped) identified by nano-LC-MS/MS with >95% confidence. Bold outlines
indicate unique and overlapping protein groups of particular interest: the proteins found in all T11 samples but not in
control tissues and the proteins found only in T11 lung metastases (b) After accounting for variant and isoform
redundancies, there were nine proteins with common to T11 cells and tumors but not identified in control tissues, as
detailed in Table 11. Gene identifications were uploaded into the STRING Database to determine potential
relationships. The gray lines indicate a strong potential relationship between two proteins. Galectin-1 (Lgalsl) shares
a reported direct relationship (dark thick line) with protein disulfide-isomerase A6 (Pdia6). (c) Intensity-based label-
free quantitation was used to determine differential protein expression between metastatic and control lungs (p<0.05),
as described in Methods. The black arrows designate the highly expressed and differentially expressed proteins of
interest shared by primary T11 tumors, metastases, and cultures (also shown in Table 11 and Figure 17b). (d) Nano-
LC-MS/MS-identified consistent Galectin-1 tryptic peptides (underlined sequences) from digests of primary and
metastatic T11 tumors were mapped within the Gal-1 primary structure (¢) Consistent Galectin-1 tryptic peptides
(highlighted in teal) were mapped to the Gal-1 quaternary structure (Gal-1 homodimer). The 3D image was
reconstructed using the human Gal-1 sequence using Pymol (The PyMOL Molecular Graphics System, Version 2.0,
Schrédinger, LLC), and the N-acetyllactosamine disaccharide is included to map its binding sites. The Gal-1 protein
is highly conserved between mice and humans with ~98% conserved and ~89% identical sequences.

We next used intensity-based label-free quantitation methodology (LFQ) to quantitate

differential protein expression and enable assessment of the statistical significance of protein fold
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changes between normal and metastatic lung tissues.>®®> Figure 17¢ displays the log2 fold change
of proteins significantly (p < 0.05) different between control and metastatic lungs. None of the
proteins we had found to be solely associated with metastatic tumors were significantly
differentially expressed by LFQ. However, three of the nine proteins identified as highly and
differentially expressed in all three categories of T11 claudin-low tumors (compared to normal
tissue) were found to be significantly increased by LFQ (see arrows, Figure 17¢). Both B-actin
and heterogeneous nuclear ribonucleoprotein A/B have been extensively studied; they serve
housekeeping functions, are ubiquitously expressed in normal tissue, and upregulated in
proliferating cells, including cancers. Notably, LFQ also documented a significant (4.5 log2) fold
increase in the differential expression of galectin-1 in lung metastases. For the remainder of this
study, we focused on validating the identification, expression, and tissue distribution of galectin-
1 (Gal-1), an N-acetyllactosamine-binding protein. Gal-1 is a multifunctional protein
overexpressed in other cancers and has been implicated in pathways associated with cancer
progression. However, to our knowledge, Gal-1 overexpression has not been investigated in
claudin-low breast cancer, which is in dire need of targeted therapies.
4.3  Galectin-1 peptides identified in murine claudin-low TNBC

Galectin-1 exhibited the highest sequence coverage and high abundance rank order among
nano-LC-MS/MS-identified proteins shared by T11 claudin-low tumors but not normal tissue
(Protein Pilot FDR report at >95% confidence, Table 11). Gal-1 was below detection limits (17.2
pmol, as described in Methods) in both control mammary and control lung tissue from naive age-
matched healthy mice. This detection limit was determined by diluting rGal-1 in water, as
described in Methods, rather than a matrix representing the peptide complexity in cell and tissue

lysates. Gal-1 placed in the top 9% of identified proteins in T11 primary tumors (by abundance
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rank order), with 26 distinct peptides covering 72% of the protein. Likewise, Gal-1 was ranked
within the top 11% of identified proteins in T11 tumor cultures and the top 28% of identified
proteins in metastatic lung tissues. Protein coverage for T11 cultures was 88% and 47% for
metastatic lungs, with 15 and 8 distinct Gal-1 peptides identified, respectively. No other members
of the galectin family were identified within tissue homogenates.

Nano-LC-MS/MS consistently identified four Gal-1 tryptic peptides in T11 cell cultures,
T11 tumors, and metastatic lung tissue (underlined within the 135-amino acid Gal-1 sequence in
Figure 17d). The reconstructed 3D image of a Gal-1 homodimer showing the location of the
tryptic peptides consistently identified by nano-LC-MS/MS (highlighted in teal) is presented in
Figure 17e. Despite the presence of two lysine residues within the C-terminal beta-strand (gray
arrowhead), they are not consistently cleaved; this strand is at the interface of dimer formation,
and thus trypsin access may be blocked by steric hindrance. The N-acetyllactosamine disaccharide
is included in the image to map its binding sites; the location on the protein periphery demonstrates
the potential of the Gal-1 homodimer to crosslink glycoproteins and form multivalent complexes.
4.4 Validation of differentially expressed galectin-1

Western immunoblot analysis for Gal-1 was conducted on cell and tissue lysates to verify
the identity and differential expression of Gal-1. After protein fractionation by SDS-PAGE and
membrane transfer, specific antibodies detected Gal-1 expression at varying levels in all samples
(Figure 18a). The immunoblots revealed a ~14 kDa protein that co-migrated with the rGal-1
standard and is consistent with the mass of monomeric Gal-1. As expected from nano-LC-MS/MS
peak intensities, Gal-1 expression was highest in cultured T11 cells and primary tumors. It is
important to note that the metastatic lung lysate analyzed in the example shown was from a lung

containing only three metastatic lesions (each <3 mm in diameter). Western blot image intensities
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were quantitated and compared after normalization for the total protein analyzed in each sample
(using a reversible total protein stain as described). On quantitative image analysis, compared to
control lung tissue, Gal-1 expression was significantly higher in the metastatic lung (p < 0.01;
Figure 18b). ELISA was also conducted on tumor, metastatic lung, and control tissues to
quantitate Gal-1 expression (Figure 18c). After normalization for tissue or protein mass, both
tumor and metastatic lung had significantly higher Gal-1 levels compared to mammary fat pad (p
<0.004) or normal lung (p < 0.005). ELISA results are consistent with the nano-LC-MS/MS and
Western immunoblot data and further support the identification of Gal-1 as an overexpressed
protein in claudin-low tumors.

The Gal-1 concentration in metastatic lung tissues was also correlated with the total volume
of the visible metastatic lesions in each lung sample (Figure 19a). After sacrifice, tumor volumes
were measured by caliper and calculated for the volume of an ellipse. Caliper could not measure
one lung sample because of the high tumor burden (i.e., massive mets). This sample was included
in the initial Pearson’s correlation coefficient test to evaluate the concentration of Gal-1 and the
volume of the tumor burden. Results showed a significant positive correlation between these two
variables (r = 0.95, p=0.013). Pearson’s analysis was also run without the massive met sample,
which showed a positive correlation between the Gal-1 concentration and measurable tumor
volume (r=0.97, p=0.034).

To evaluate circulating levels of Gal-1, whole blood was collected from tumor-burden mice
(n=8) and contemporary age-matched controls (n=9) by submandibular bleeding before
euthanasia. The serums were thawed on ice, observed for hemolysis, and diluted 1:20 in reagent

diluent before Gal-1 ELISA quantification. Analysis by student’s T-test showed that serum

125



galectin-1 was significantly reduced in mice with macrometastases compared to serum galectin-1

concentrations from non-tumor-bearing mice (p=0.05). (Figure 19b)
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Figure 18 Confirmation and Quantification of Gal-1 by Western Immunoblot and ELISA

(a) Representative Western immunoblot. Protein lysates of T11 tumor samples and control tissues were fractionated
by SDS PAGE on the same gel, transferred to nitrocellulose membranes, and incubated with an anti-Gal-1 antibody.
To improve detection sensitivity, the section of the membrane with control and metastatic lung tissue was incubated
with a 10-fold greater concentration of secondary antibody (right panel) than used for the blot with lysates from T11
tumor cultures and primary T11 tumor (left panel). (b) Quantitative image analysis of five Gal-1 immunoblots in
control and metastatic lung tissue after normalization for total protein loading using a reversible total protein stain as
described in the Methods. (c) Galectin-1 ELISA results from tissue lysates (Left) after normalization of primary tumors
and control mammary fat pad to tissue weight; (Right) after normalization of metastatic and control lungs to total

protein. A student’s t-test was used to determine statistical significance between samples; error bars represent standard
deviation.
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Figure 19 Galectin-1 expression is dependent on the level of tumor burden, but galectin-1 serum levels are
significantly reduced in metastatic mice compared to controls.

(a) Galectin-1 ELISA results from lung tissue lysates containing visible metastatic lesions after normalization to total
protein. Data were correlated to the caliper-measured volume of the metastatic lesions. Pearson’s correlation
coefficient test was used to analyze the Gal-1 concentration against the tumor burden with (n=5) and without (n=4)
the sample that contained massive mets. The caliper measured metastatic lesions ranged from 0.5-37.3 mm?. Both
analyses showed a positive correlation between Gal-1 concentration and tumor burden. (r=0.95, p=0.013 and r=0.97,
p=0.034, respectively). (b) Whole blood samples were collected from mice at their endpoint via submandibular
puncture and processed for serum collection. The serum was diluted 1:20 and quantified by ELISA. Student T-test
shows that serum galectin-1 is significantly reduced in mice with macrometastases compared to serum galectin-1
concentrations in normal mice (p=0.05).

4.5 Spatial mapping of galectin-1 expression within claudin-low metastatic tumors

To further understand the tissue distribution of Gal-1 expression at metastatic sites, we
used MALDI/IMS facilitated spatial peptide mapping (Figure 15b). Representative average mass
spectra for Gal-1 tryptic peptides are highlighted in Figure 20a for rGal-1 standard, primary T11
tumor, and lung tissue with and without metastases. The identified Gal-1 peptides and m/z ratio
are listed in the table next to the spectra. A Mascot database search for the identified masses of
the Gal-1 peptides in all rGal-1 standard concentrations and all samples analyzed returned Gal-1
as the top protein with scores greater than >106, indicating high confidence in identifying Gal-1.
The identified Gal-1 peptides were uploaded to FlexImaging™ to map their expression in a normal
control lung sample and a lung with a macrometastatic lesion (Figure 20b). Although Gal-1 was

detected in all tissue sections by this method, focal areas of metastases within the lung
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demonstrated increased intensity in 8 Gal-1 peptides compared to adjacent normal tissue and the
control lung. In these samples, the most intense peptide signals were found at the edges of the

metastatic foci compared to adjacent normal lung tissue.
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Figure 20 MALDI/IMS mass spectra of Gal-1 tryptic peptides

(a) Representative average mass spectra of Gal-1 peptides from the rGal-1 analytical standard and tissue samples. Vertical lines demarcate the m/z values
corresponding to the Gal-1 peptides in the adjacent table. Relative abundance was greatest in primary tumors, as shown by normalized intensity (b) Spatial
distribution of MALDI/IMS-detected Gal-1 peptides across control and metastatic lung tissue. The extracted chemical ion tissue images of 5 different Gal-1 tryptic
peptides (5 different masses) and a final composite image of 8 Gal-1 peptides. The location of metastasis within the lung tissue section is noted on the scanned
image (lower panel, red arrow). Images were generated in FlexImaging™ and are representative of two independent experiments.



Serial sections of murine tissue were stained using immunohistochemistry (IHC) to verify
the spatial distribution of Gal-1. Primary T11 tumors and metastatic lung lesions exhibited intense
staining for Gal-1 (Figure 21, right panels), further supporting nano-LC-MS/MS, Western blot,
and MALDI/IMS findings. Gal-1 was detected in the cell nucleus, cytoplasm, membrane, and
interstitial spaces, consistent with other reports.?®> 2> To investigate Gal-1 expression at the
protein level in molecularly classified human tumors, we also performed immunohistochemistry
on human breast tumors and control mammary tissue. Figure 22 shows representative tumor
sections: the most intense staining was observed in claudin-low tumors. The surgically resected
claudin-low breast tumors (n=4) displayed intermediate to high Gal-1 staining in both stroma and
tumor cells. Gal-1 staining of other breast cancer subtypes ranged from low to high, with most
tumors showing intensity within both the tumor and stroma. These data indicate that both murine
and human claudin-low tumors have increased expression of the Gal-1 protein.

4.6 Galectin-1 gene expression in claudin-low tumors compared to other breast cancer subtypes

Genomic analysis compared Gal-1 RNA expression in claudin-low tumors to other breast
cancer subtypes. We first analyzed published mouse and human microarray data to compare
LGALSI (Gal-1) gene expression at the mRNA level in claudin-low tumors to other breast cancer
subtypes. Our murine gene expression data source comes from a study that showed that murine
tumors segregate into intrinsic subtypes like human tumors.>? These data include the T11 tumor
used in our study as well as two claudin-low murine tumor lines, 2151R and 2247R (Figure 23a).
To evaluate LGALS1 expression in tumors, we extracted data from the first publication to
molecularly characterize human claudin-low tumors compared to other breast cancer subtypes
(Figure 23b).!* In both species, the claudin-low subtype had the highest LGALS1 expression

levels compared to normal breast or other breast cancer subtypes. Finally, we sought to
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corroborate these findings based on data generated by our lab. We analyzed RNA-Seq data from
two murine mouse models, 2225L (basal-like) and T11 (claudin-low), and from 143 tumor samples
obtained from patients treated at our center (Figure 23c-d). In both species and using published
microarray and RNA-Seq data, the claudin-low subtype had the highest LGALS1 expression

compared to normal breast or other breast cancer subtypes.
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Figure 21 Immunohistochemistry analysis of Gal-1 expression in mouse tissues

Images from serial sections of control mammary fat pad (top left), T11 primary tumor (top right), control lung (bottom
left), and metastatic lung (bottom right) stained with anti-Gal-1 IgG, isotype control IgG or H&E. Images are
representative from two independent experiments.
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Figure 22 Immunohistochemical analysis of Gal-1 expression in human breast tissue
Representative images of normal breast tissue and breast tumors of different molecular subtypes. Serial sections within
each tissue were stained with H&E, anti-Gal-1 IgG, or isotype control IgG. Images are representative of multiple

independent experiments and 28 specimens. Samples were blinded and reviewed by a pathologist.
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Figure 23 Analysis of tumor microarray data set for differential expression of Gal-1 in breast cancer subtypes
(a) Mouse data analyzed from NIH GEO Accession Number GSE2710. The data includes the T11 tumor and two
other claudin-low murine tumor lines, 2247R and 2151R. (b) Human data was analyzed from NIH GEO Accession
Number GSE18229. For both data sets, the mean expression of the gene) is plotted for each subtype, together with the
upper or lower 95% confidence interval (whiskers above or below the bars, respectively). Statistical analysis was
performed by comparing all subtypes to claudin-low using the Kruskal-Wallis test with Dunn’s post-hoc analysis (*p
<0.05, **p <0.01, ***p <0.001). (c) Mouse basal-like (2225L) and claudin-low (T11) tumors were analyzed by RNA
sequencing. Data were normalized by the DEseq method, and LGALSI levels were plotted in a bar graph. A student
t-test was performed to compare expression between the two subtypes, ***p < 0.0001. (d) DEseq normalized human
RNA-Seq data was mined for LGALS1 expression. Data were plotted in a bar graph, and statistical analysis was

performed by comparing all subtypes to claudin-low using the Kruskal-Wallis test with Dunn’s post-hoc analysis (*p
<0.05, **p <0.01, ***p <0.001).

4.7  Summary and Discussion

Nano-LC/MS/MS identified Gal-1 as an overexpressed protein in murine T11 CLBC.
MALDVUIMS, overlaying Gal-1 peptides in metastatic T11 lung samples, showed significant
differential Gal-1 expression in the metastatic lesions than in normal adjacent tissue. Gal-1
overexpression in primary and metastatic tumors was validated by Western immunoblot, ELISA,
IHC, and gene expression analysis in T11. These findings were extended to translational studies
investigating Gal-1 expression in human tissue samples by IHC and transcriptome analysis. This
was the first publication to use these proteomic approaches to identify and subsequently validate

Gal-1 overexpression in claudin-low tumors.
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Proteomic research approaches, such as nano-LC-MS/MS and MALDI/IMS, have enabled the
identification of promising diagnostic and prognostic biomarkers in various diseases, including

cancer.366 367

Nano-LC-MS/MS utilizes low-flow chromatography separation combined with
nano-electrospray ionization to improve detection limits and provide accurate peptide masses to
enhance protein identification.’®*7 MALDI/IMS integrates spatial distribution maps of mass
spectra with histopathological methods, which can be used to identify the distribution of proteins

and peptides within tissues,*’!

and is particularly useful to capture heterogeneity both within
primary tumors and within distant tissues with varying metastatic burdens. Several studies have
employed electrospray ionization and MALDI techniques to measure treatment responses and to
identify potential biomarkers in primary tumors and sera from TNBC patients.?’>’* Balestrieri et
al. 2021 was the first use of MALDI/IMS to determine the spatial distribution of tumor- and

1

metastasis-associated proteins in claudin-low breast cancer.’?! Since this original publication,

these results have been referenced in two review articles on MALDI/IMS.37> 376

When compared to normal tissue from healthy control mice, Gal-1, an N-acetyllactosamine
binding protein, was documented by mass spectrometry as overexpressed in claudin-low primary
tumors and lung metastases, with the highest protein coverage of all identified T11 metastasis-
associated proteins and a high abundance rank order. Label-free quantitation, Western
immunoblot, and ELISA confirmed galectin-1 identity and significant differential expression in
claudin-low orthotopic, and metastatic tumors compared to normal tissue. Immunohistochemistry
and gene expression analysis confirmed that, compared to other breast cancer subtypes and normal
breast tissue, Gal-1 is highly expressed in both murine and human claudin-low breast tumors. In

addition to Gal-1, galectin-3 was identified in cultured T11 cells (although with a lower protein
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coverage of 11.9%), but galectin-3 was not detected in any of the tumor tissue lysates by either

nano-LC-MS/MS or MALDI/IMS. No other members of the Galectin family were identified.

Gal-1 was first identified by Teichberg et al. in 1975 when it was isolated from an electric eel
and has been the most studied galectin since its discovery.?”” In 1988, dimeric Gal-1 was shown
to bind to N-acetyllactosamine residues preferentially,?’® then in 1993, was found to bind with a
higher affinity to poly-N-acetyllactosamine sequences.>”® Since these original findings, additional
studies have sought to understand further how Gal-1 protein interacts with different LacNAc
constructs on glycoproteins and glycolipids.!”% 203207 380-382 1¢ ig well-known that Gal-1 has both
monomeric and dimeric conformations that are dependent on concentration and oxidation state.
Both forms can bind to LacNAc; however, the avidity increases when Gal-1 is dimerized and poly-

207, 210 Interactions with cell surface

LacNAc residues are in a branched conformation.
glycoconjugates can result in the formation of multivalent complexes or lattices which can control
a variety of biological processes and cell functions, in both normal and pathological conditions,

including cancer.?%3 203

Gal-1 is overexpressed in many cancers and has been implicated in pathways associated with
cancer progression. As early as 1981, it was speculated that a galactoside-specific lectin on the
surface of tumor cells could regulate metastasis through the interaction of tumor cells with
endothelial or immune system cells.*® In recent years, tumor-secreted Gal-1 has been shown to
be involved in tumor cell immune escape, indicating that Gal-1 is a critical molecular target in
cancer and could be a potential therapeutic target for cancer treatment. Evidence from several in
vitro studies and in vivo mouse models have indicated that Gal-1 promotes tumor proliferation,
invasion, metastasis, angiogenesis, and immune evasion in various cancers, including breast

180-182, 291, 294, 385, 386

cancer. 2°>2™ Gal-1 is known to be a highly expressed protein in murine and
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human 2% 292387 TNBC; however, these studies did not molecularly subtype tumors or classify
tumors as claudin-low and Gal-1 expression in claudin-low tumors may be a dominant contributor
to these observations.!®® Three studies have examined the effect of Gal-1 inhibition on metastasis
in the 4T1 basal-like murine model and have shown that knockdown of Gal-1 in tumor cells
reduced the number of metastatic lesions in the lung and increased the percentage of tumoricidal

180, 182, 386

T cell populations at metastatic sites, supporting the premise that Gal-1 is an important

mediator of metastasis in TNBC.

Published studies of Gal-1 function in claudin-low breast cancers are limited to several in vitro
studies of tumor cell migration, invasion, and drug resistance using the human cancer cell line
MDA-MB-231.2%2% The nano-LC-MS/MS findings reported herein were consistent with two
other studies that used mass spectrometry-based discovery approaches and reported
overexpression of Gal-1 in the human claudin-low cell line, MDA-MB-231, and in a highly
metastatic MDA-MB-231 variant.>®” 3¢ In contrast to our study, these investigations used cell
cultures, not primary or metastatic tumors, and additional methods did not confirm Gal-1 identity
and overexpression. Using a direct proteomic approach without pre-fractionation of tryptic
peptides, we consistently identified Gal-1 protein with high confidence in cultured tumor cells,
primary tumors, and metastatic lungs. An alternative and more common approach for nano-LC-
MS/MS analysis of complex samples employs fractionation of the peptide mixture before mass
spectrometry analysis, which would allow for more in-depth analysis and is thus better suited for

identifying less abundant proteins.

IHC analysis verified Gal-1 overexpression at the protein level in mouse and human claudin-
low tumors compared to other breast cancer subtypes and control tissues. Expression was found

throughout the tumor and stroma and was high in both the nucleus and cytoplasm. The biological
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activity of Gal-1 differs depending on its intracellular, membrane-bound, and extracellular
locations, as well as its subcellular localization. It has been proposed that Gal-1 may bind to
LacNAc-decorated proteins on cell surfaces to regulate adherence to the extracellular matrix,
whereas cytoplasmic Gal-1 may bind to Hras, causing cell transformation. One limitation of ITHC
studies with human breast tumors is that they are hampered by the limited availability of
molecularly subtyped tumors with tissue blocks. They are further restricted when focusing on the
claudin-low cancer subset. In the human tumor samples reported herein, Gal-1 expression was
evident and varied across all subtypes, but the most intense staining was observed in claudin-low
tumors. Future studies using larger sample sizes and H-scores could be used to quantify staining
in subcellular compartments. They would provide further perspective into the activity of Gal-1 in

claudin-low tumors.

In addition to evaluating Gal-1 at the protein level, in silico analysis of primary tumor
microarray data sets were used to confirm Gal-1 overexpression at the mRNA level in the claudin-
low subtype compared to other breast cancer subtypes and to normal mammary tissue in both mice
and humans. For this analysis, individual studies of published microarray data were used. Our lab
conducted RNA sequencing analysis on mouse and human tumors using Illumina platforms to
confirm findings from in silico analysis. Consistent with published microarray data, RNA results
from our lab showed similar trends in Gal-1 RNA levels among breast cancer subtypes. The
number of breast cancer samples available to our lab was limited. More extensive data sets from
multiple sources would increase the power of this analysis and would likely further delineate

differences in Gal-1 expression between breast cancer molecular subtypes.

Specific mechanisms for how overexpression of Gal-1 may contribute to breast cancer

progression are lacking, and no studies have been conducted specifically on the mechanisms of
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Gal-1 in CLBC. In one report, the intensity of Gal-1 expression by immunohistochemical staining
of breast cancer specimens correlated with tumor invasiveness and progression. 2> 2% These
investigators did not correlate Gal-1 staining with hormone receptor status; there were few TNBC
patients in this study. In more recent studies, TNBC samples exhibited diverse
immunohistochemical staining patterns, highlighting the heterogeneity of Gal-1 expression within
this subtype. 8028292 In a recent in silico, retrospective analysis of Gal-1 mRNA expression,
high expression of LGALS1 was a significant prognostic factor for poor survival in TNBC.?*’
Since the publication by Balestrieri et al. in 2021 showing that Gal-1 has a significantly higher
elevation in CLBC, one lab collaborated the findings of elevated LGALSI using next-generation
sequencing in cancer stem cell populations isolated from MDA-MB-231 claudin-low

xenografts.>®

Murine studies using the 4T1 basal-like murine model have shown that knockdown of Gal-
1 in tumor cells reduced the number of metastatic lesions in the lung and increased the percentage

of tumoricidal T cell populations at metastatic sites,!3% 182 386

One study showed decreased
frequency and low immunosuppressive function in Treg cells in Gal-1 knockdown tumor cells
compared to wild-type tumor cells.!®® Other murine TNBC studies have suggested that Gal-1
promotes tumor growth through its effect on effector T cell apoptosis.'®> 12 In breast cancer
patients, tolerogenic DC populations were demonstrated to be higher in patient serum samples
compared to healthy donors, and conditioned medium containing recombinant Gal-1 or Gal-1
secreted from cultured MDA-MB-231 claudin-low cell line induced tolerogenic DC
differentiation. Furthermore, the murine 4T1 breast cancer cell line enhanced IL-10 expression in

DC compared to the 4T1 Gal-1 knockdown cell line.?** These studies suggest that Gal-1 may

contribute to the progression of CLBC by regulating the immune response.
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CHAPTER 5: IN VITRO AND IN VIVO INVESTIGATIONS OF GALECTIN -1 EFFECTS ON CD11b*
MYELOID CELLS AND CLAUDIN LOW BREAST CANCER
5.1 Rationale

Chapter 3 described developing a reliable, metastatic model for claudin-low breast cancer
using the T11 tumor line. We showed that T11 tumors have a high infiltration of CD11b" cells
and a protumor cytokine profile. We know in breast cancer that macrophages aid in immune
escape and can assist tumor cells to intravasate into circulation and extravasate at metastatic

SitGS.lOS’ 390, 391

Additionally, in Chapter 4, we have shown that T11 claudin-low tumors have
significantly higher differential Gal-1 expression compared to normal tissue and other breast
cancer subtypes. Based on our findings and reports in the literature, in this chapter we report our
studies to investigate Gal-1 effects on myeloid cells.

Research has shown that Gal-1 has an impact on macrophages in relation to several
diseases. Gal-1 seems to encourage an anti-inflammatory state in monocytes and macrophages.
When introduced exogenously, Gal-1 reduces the production of pro-inflammatory cytokines in
murine macrophages and prompts a shift towards an M2-like profile by blocking IFNy-induced
MHCII expression and MHCII-dependent antigen presentation.?> 2> Macrophages treated with
Gal-1 also induce 12/15-lipoxygenase expression, which is an enzyme involved in the metabolism

of polyunsaturated fatty acids during the resolution of inflammation.?>*

Gal-1 promotes the
differentiation of macrophages into an M2-like phenotype by controlling L-arginine metabolism,
either by reducing NO levels or favoring the arginase pathway.>*® However, in an alternate in vitro
study, Gal-1 inhibited monocyte migration and induced apoptosis, but did not impact

macrophages.?®® These findings indicate that Gal-1 may influence macrophages to have an M2-

like phenotype, potentially promoting tumor growth and progression.



To assess whether galectin-1 had an effect on CD11b" myeloid cells, we used the in vitro
macrophage cell line RAW 264.7. This model is widely used for evaluating macrophage biology
and immune responses. Cultured RAW 264.7 cells were treated with recombinant Gal-1 (rGal-1)
in the presence or absence of a competing disaccharide or a monosaccharide that lacks Gal-1
specificity, after which agglutination and apoptosis were assayed. Since RAW 264.7 cells are
isolated from a tumor, are transformed, and cultured, they may not accurately represent the
biological activity and phenotype of in vivo macrophages. Therefore, we assayed for apoptosis in
an alternative macrophage model using peritoneal macrophages. We obtained these macrophages
by injecting thioglycolate into the peritoneum of normal Balb/c mice to induce a localized
inflammatory response in the peritoneal cavity. We then collected peritoneal exudate cells and
tested them ex vivo in the presence and absence of exogenous rGal-1 for Annexin V and PI by flow
cytometry. The results from these experiments are discussed in this chapter.

Next, to assess if targeting Gal-1 would have an impact on CLBC growth, we used a Gal-
1 allosteric inhibitor, OTX008, to block Gal-1 binding to its ligands in vivo. Both control and
treated primary tumors were assayed to determine the effect of Gal-1 inhibition on tumor growth,
tumor cell apoptosis, infiltration of CD3* and CD11b" cells, and the level of apoptosis in these
immune cells.

Three studies conducted by other labs have examined the effect of Gal-1 inhibition on
metastasis in the 4T1 basal-like murine model and have shown that knockdown of Gal-1 in tumor
cells reduced the number of metastatic lesions in the lung and increased the percentage of
tumoricidal T cell populations at metastatic sites.'5 8238 One study showed decreased frequency
and low immunosuppressive function in Treg cells in Gal-1 knockdown tumor cells compared to

wild-type tumor cells.'® Other murine TNBC studies have suggested that Gal-1 promotes tumor
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growth through its effect on effector T cell apoptosis.'®> > Since a couple of reports in breast and
other cancer types have showed Gal-1 can reduce the number of T cells in primary tumors and
induce T cell apoptosis, we also evaluated the effect of Gal-1 inhibition on the infiltration and
apoptosis of CD3" cells in addition to CD11b" myeloid cells. Although research from others has
shown Gal-1 has pro-tumor effects on cancer cells in other types of cancers, including the
inhibition of immune cells and the induction of apoptosis in activated T cells, its protumor effects
have yet to be explored in CLBC.

Here we investigate the effects of a Gal-1 allosteric inhibitor, OTX008, in an in vivo setting
for insights into the role of Gal-1 in CLBC. Based on our findings and those of others, studies
were designed to determine if systemic treatment with a Gal-1 inhibitor would 1) inhibit CLBC
tumor development and growth and 2) induce apoptosis in CD8" T cells (the predominant CD3"
cell type) or macrophages (the predominant CD11b" cell type) in the T11 mouse model of CLBC.

OTXO008 is a peptide topomimetics of the B-peptide mimic, Anginex, which has been
shown to inhibit angiogenesis by diminishing affinity of galectins toward their carbohydrate
ligands. While Anginex cross-reacts with other known galectins, OTX008 is specific for Gal-1
and has been shown to have a binding affinity of 50 um. OTXO008 prevents Gal-1 glycoprotein
interactions by acting as an allosteric inhibitor by binding the beta-sheet on the opposite side of
the carbohydrate-recognition domain.*!”-*!® The half-life of OTX008 is approximately 31.4 hours.
When intravenously administered to tumor-bearing nude mice, the maximum systemic
concentration was 1.76 uM at 0.5 hours after administration. Intratumor concentrations were
calculated as 2.3 uM after repeated intravenous administration of Smg/kg every other day for 21
days.’'” As a monotherapy, OTX008 was found to be a potent inhibitor of angiogenesis in ovarian

and melanoma mouse models.’!* In combination with chemotherapeutics in vitro and in vivo,
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OTXO008 has shown synergistic effects slowing tumor growth and reducing angiogenesis.*!'® 31

OTXO008 has been registered with the FDA in a Phase I clinical trial for human solid tumors
(NCT01724320).3%

Other researchers have conducted in vivo mouse studies using OTX008 to explore the
effects of Gal-1 inhibition on tumor biology. However, various methods of administration have
been employed. For instance, in one study, ovarian tumors (MA148 cells) were allowed to grow
to 100 mm? before OTX008 was administered subcutaneously via an implanted osmotic minipump
at 10 mg/kg daily.>'® In in vivo experiments involving human ovarian cancer (A2780-1A9 cells)
and glioblastoma (U87-MG cells) injected subcutaneously, athymic mice received intraperitoneal
or intravenous doses of 5 mg/kg OTX008 every other day to three times per week starting when
tumors became palpable.’!'*? Meanwhile, in a xenograft mouse model of human head and neck
cancer (SQ20B), mice were injected intraperitoneally with 10 mg/kg OTX008 daily when tumors
reached approximately 100 mm?>.3%* These studies served as references for the design of the mouse
study outlined in this chapter.

Our laboratory has discovered that T11 tumors differentially express Gal-1 which is higher
than normal tissue and other breast cancer subtypes in mice. Additionally, we and others have
observed that CD11b" cells heavily infiltrate T11 tumors. As a result, we chose to use this model
to investigate the impact of inhibiting Gal-1 on tumor cell growth, the frequency of CD11b" cell
subsets in the tumor, and apoptosis of infiltrating CD3* and CD11b" cells. Additionally, we aimed

to quantify overall tumor.
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5.2 Carbohydrate-dependent apoptosis of recombinant mouse galectin-1-treated RAW 267.7
murine macrophage line

From the studies conducted in Chapter 4 and publications from other labs, we know that
many types of cells express Gal-1. Before testing whether exogenous Gal-1 binds to RAW 264.7
cells, we first needed to determine endogenous intracellular and membrane-associated Gal-1
expression levels in RAW 264.7 cells. Cultured RAW 264.7 macrophages and T11 tumor cells
(as a positive control) were harvested and assayed on the same day once they reached >80%
confluence. Viable cells were counted using Trypan blue, then 1-2 x 10° cells were labeled with
anti-mouse galectin-1-AF647 or an isotype-matched control. For intracellular protein detection,
cells were fixed in 1% paraformaldehyde in PBS, followed by Saponin permeabilization before
labeling with anti-galectin-1. Data was collected on a BDSRII flow cytometer and analyzed using
FSC Express software.

As expected, based on our proteomic and Western blot analysis (Chapter 4, Figure 18),

most cultured T11 cells (89-92%) displayed high intracellular galectin-1 (mean fluorescent
intensity (MFI1)=387-617; Figure 24a, ¢). Furthermore, T11 cells expressed membrane-associated
Gal-1 (58-78% Gal-1" cells, MFI=56-100), indicating that secreted galectin-1 binds to LacNAc
residues on the surface of the tumor cells (Figure 24b, d). In comparison, the majority (71-76%)
of RAW 264.7 cells also had intracellular expression of Gal-1, but the MFI was significantly lower
than that of cultured T11 cells (Figure 24a, e). Similarly, a minor shift was observed in membrane-
associated Gal-1 expression on RAW 264.7 (11-17%) compared to the isotype-matched control

antibody, but the MFI was very low (MFI=10-12), indicating that the observed shift may not reflect

a positive signal (Figure 24b, f).
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For these initial experiments, T11 cells were grown in complete media containing 5% FBS
which is known to contain Gal-1 protein. To confirm that the observed Gal-1 surface expression
was not related to the presence of FBS in the media, T11 cells were cultured in RPMI with low
(1%) FBS or mouse EpiCult-B basal media with proliferation supplement (serum-free) for three
passages. T11 cells grown using serum-free, 1%, and 5% FBS were assayed by flow cytometry
for intracellular and membrane-associated expression of Gal-1. Overall, the average percentage
of Gal-1" cells with intracellular and membrane-associated staining in both 1% FBS and serum-

free media was comparable to cells grown in the presence of 5% FBS (Figure 25a-b).

Additionally, cell yield and viability by Trypan blue were assessed for all media conditions to
determine if different serum concentrations affected cell growth or viability. Cells grown in
serum-free media had slower growth (1.2e%+5.1¢° cells) at 5-day harvest compared to cells grown
in the presence of 1% or 5% FBS (3.5¢+1.1e° and 3.7e%+1.3¢° cells, respectively), the cell viability

as determined by Trypan blue was >80% across all groups.

a. Intracellular h. Membrane-associated c. T1lIntracellular d. T11 Memhbrane-associated
100 100 1 138
T8 80 18 ® O %0 101
go e oo = =
£z 5 s 1% 8 i
Uy 40 O 40 MFI=4T1 MFI=85
£a g Fa g o o
a 1] - o u r r T .
RAW 2647 TI1 RAW 264.T T11 T 1 1 18 «10° 10 L H
Alexa Fluor 647 Alexa Fluor 547
e. RAW 264, 7 Intracellular f. RAW 264.7 Membrane-associated
- OO, 130 135
g | £ T .
8 g oo T 8§ O 600: i
E + 5001 o ﬂ 500 0 ! 101
g 24004 § Zano- E =
E 8 3004 25 3 7% o ] & 1%
c & o g J004 & MRA=T& o MA=10
8 £ 200 £ 2 200 0 -
=~ 100 2=, - \
£ = 100 i b
o o._.-ﬂ._ﬁL ] — . . 0 Ry
RAW Z84.T T RAW 264.7 T11 w' 10 10 1w 1o 0 w
Alexa Fluor 647 Alexa Fluor 847

Figure 24 Endogenous expression of Galectin-1 in Cultured T11 and RAW 264.7 cells

Flow cytometry analysis was conducted on cultured RAW 264.7 macrophages and T11 claudin-low tumor cells to
determine the intracellular (RAW 264.7 cells n=2; T11 cells n=3) and membrane-associated (RAW 264.7 cells n=3;
T11 cells n=4) expression of Gal-1. Cells were harvested at >80% confluence on the same day. Cells were counted
by Trypan blue, then 1-2 x10° were placed in a culture tube and stained with an anti-mouse galectin-1-Alexa Flour
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647. Isotype control was used to determine non-specific-binding and set positive gates. For intracellularly stained
cells, cells were fixed in 1% paraformaldehyde in PBS, followed by Saponin permeabilization prior to staining. Bar
graphs summarize data from two to four independent experiments conducted to determine endogenous (a) intra- and
(b) extra-cellular galectin-1 expression in cultured T11 tumor cells and RAW 264.7 macrophages. Representative
histograms of galectin-1 intracellular and membrane-associated staining of (c, d) T11 and (e, f) RAW 264.7 cells. The
red line represents positive galectin-1-AF647 staining, and the black line represents the isotype matched control. T11
cells display high expression of galectin-1 intracellularly and on the membrane-associated surface, indicating that
galectin-1 is expressed by T11 cells and secreted galectin-1 binds to LacNAc residues on the cell surface. RAW 264.7
macrophages show intracellular expression of galectin-1 but has minimal to no galectin-1 detected on the cell surface.
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Figure 25 Fetal calf serum supplemented media does not affect the detection of galectin-1 in T11 tumor cell

cultures.

For initial experiments to assess the intracellular and membrane-associated expression of Gal-1 in T11 tumor cells,
cultured cells were growth in 5% FBS which contains Gal-1. To determine if the Gal-1 expression observed in these
samples was from the Gal-1 in the FBS, T11 tumor cells were cultured in reduced serum and serum-free media, then
stained with anti-mouse galectin-1-AlexaFlour 647 (AF647) or a matched isotype control and assayed by flow
cytometry. (a) Bar graphs representing three independent experiments show (a, ¢) intracellular and (b, d) membrane-
associated endogenous galectin-1 expression is not affected by the presence of fetal calf serum in complete media. (e,
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f, g, h) Representative histograms show the shift in AF647 intensity when labeled with anti-mouse galectin-1 (red
line) compared to isotype control (black line) in media supplemented with 5%, 1%, and serum-free, respectively.

5.3 Recombinant galectin-1-induced apoptosis of RAW 264.7 macrophages is caspase 3/7-
independent

One of the common functions of galectin-1 is its ability to form complexes that crosslink
glycosylated ligands to form a dynamic lattice structure. Galectin-1 crosslinking can regulate the
selection, activation and arrest of T cells, receptor kinase signaling and the functionality of
membrane receptors, including cadherins and integrins.'®” In the initial studies described herein,
we used the CD11b" murine macrophage cell line RAW 264.7 to determine the level of Gal-1
agglutination in CD11b" RAW 264.7 cells in vitro. In the first set of experiments, RAW 264.7
cells were treated with serial dilutions (0-1.0 uM) of recombinant murine Gal-1 (rGal-1) in the
presence or absence of lactose or mannose for over a time course of 0-15 minutes and were imaged
on a Zeiss Cell Discoverer 7 microscope. For reference, physiological Gal-1 serum concentrations

in normal Balb/c female mice were on average 0.28 uM (Chapter 4, Figure 19). Gal-1

specifically recognizes and binds to the lactose disaccharide; thus, lactose was expected to inhibit
specific binding and subsequent activity of the rGal-1 protein. Gal-1 does not bind the
monosaccharide mannose which serves as a negative control sugar. In method development
assays, we found that mouse red blood cells (positive control) hemagglutinated at a concentration
of 1.0 uM rGal-1 after a 15-minute incubation period. However, no cell agglutination was
observed in RAW 264.7 cells treated with the same rGal-1 concentrations and timepoints (data not
shown).

In an alternative flow cytometric method for evaluating agglutination, RAW 264.7 cells
were treated with serial dilutions (0-1.0 uM) of rGal-1. The rGal-1 dilutions were incubated with

2 mM lactose or mannose for at a minimum of 30-minutes at room temperature prior to adding to
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2x10° RAW 264.7 cells. Cells were incubated with rGal-1 with or without lactose or mannose at
room temperature for 15 minutes, then cells were assayed by flow cytometry to determine the
percentage of doublet cells. While there was no change in the percentage of doublet cells (data
not shown), we observed a significant decrease in cell viability based on forward and side scatter
(Figure 26a-b). These experiments demonstrated that Gal-1 induced cell death in RAW 264.7
cells in a carbohydrate-dependent manner. Viability was significantly reduced in cells treated with
Gal-1 alone or Gal-1 with 1-2 mM mannose, but this effect was blocked when treated with Gal-1
plus 1-2 mM lactose.

Follow-up flow cytometry experiments were conducted using annexin V as a marker for
apoptosis and propidium iodide as an indicator for cell membrane leakage. In normal live cells,
phosphatidyl serine (PS) is located on the cytoplasmic surface of the cell membrane. However, in
apoptotic cells, PS is translocated from the inner to the outer leaflet of the plasma membrane, thus
exposing PS to the external cellular environment. The human anticoagulant, annexin V, is a
calcium-dependent phospholipid-binding protein that has a high affinity for PS. Red-fluorescent
propidium iodide (PI) is a nucleic acid binding dye. PI is impermeant to live cells and early
apoptotic cells but stains necrotic, dead cells by binding tightly to nucleic acids. It is expected that
early apoptotic cells will not be positive for PI staining (red fluorescence) but will be positive for
annexin V-Alexa Fluor 488 (AF488; green fluorescence). Late apoptotic cells will stain positively
for PI, when the plasma membrane becomes more permeable; therefore, late apoptotic cells will
be double positive for AF488 and PI. Likewise, live cells will be negative for any fluorescence.
Flow cytometry experiments using annexin v-AF488 and PI showed that Gal-1 treatment increased

the percentage of Annexin V'PI" RAW 264.7 cells in a concentration-dependent manner (Figure
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26¢). This effect could be blocked with lactose, but mannose was not protective against Gal-1-
induced apoptosis.

The recombinant mouse Gal-1 protein purchased for these experiments was made using an
Escherichia coli (E. coli) expression system. When considering the apoptotic assays' results on
RAW 264.7 cells, this elicits two potential concerns. The first concern is that the rGal-1 may have
formed protein aggregates, which could reduce cell viability when added to the RAW 264.7 cells,
as this has been reported for other recombinant eukaryotic proteins in bacterial expression systems.
To assay for protein aggregation, rGal-1 protein was run on a native SDS-Gel and stained with
Coomassie blue for visualization. In three independent assays with recombinant protein masses
of 1-3 pug and concentrations of 6.9-20.7 uM, rGal-1 presented predominantly as a dimer at 29
kDa, consistent with other reports.>** Larger aggregates were not detected (Figure 27a). This
data suggests that the rGal-1 protein was not aggregating. Therefore, it is unlikely that the
apoptosis observed in cultured RAW 264.7 cells after incubation with rGal-1 is a reaction to rGal-

1 protein aggregates.
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Figure 26 Galectin-1 reduces viability of RAW 264.7 macrophages through carbohydrate-dependent ligand
binding

Cultured RAW 264.7 cells were harvested, aliquoted in culture tubes at a cell density of 2x10° per 50 pL, then
incubated with serial dilutions of 0.1-1.0 uM rGal-1 with 1-2 mM lactose, sugar with a high affinity for rGal-1, or,
mannose, sugar with no rGal-1 affinity, for 15 minutes at room temperature. Sugars were preincubated with rGal-1
for a minimum of 30 minutes at room temperature prior to adding to the cells. (a) Bar graphs summarizing forward-
side scatter viability from five independent experiments. The viability of RAW 264.7 macrophages is reduced after
treatment with 1.0 pM recombinant galectin-1. This effect is blocked when cells are treated with the same
concentration of galectin-1 plus 1.0 mM lactose. Mannose is not protective against galectin-1-induced apoptosis.
*E*E p < 0.0001, ** p < 0.01 compared to untreated, T p < 0.0001 compared to galectin-1-treated, # p < 0.0001
compared to 1.0 uM galectin-1 plus 1 mM lactose (b.) Representative dot plots displaying a shift in cell viability
determined by forward-side scatter gating. (c.) Representative dot plots of Annexin V-AF488 and propidium iodide
(P]) staining. Data demonstrates that galectin-1-induced cell death is concentration and carbohydrate-dependent.
After 15 minutes of incubation with 1.0 uM recombinant galectin-1, RAW 264.7 macrophages are in the late stage of
apoptosis, indicated by double positive staining with Annexin V-AF488 and PI. Lactose is protective against rGal-1-
induced apoptosis, while mannose does not inhibit apoptosis.
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It was also possible that E. coli. byproducts caused the observed rGal-1-induced apoptosis.
E. coli. are gram-negative bacteria with a high concentration of lipopolysaccharides in their cell
wall. These endotoxins will elicit an inflammatory response in macrophages, which can activate
apoptotic pathways. To assess endotoxin activity in the recombinant protein, we used two separate
methods for inhibiting endotoxins: polymyxin B, an antibiotic that scavenges and neutralizes
endotoxin and is used to treat infections with gram-negative bacteria, and anti-CD14, an antibody
that blocks the cell surface receptor for lipopolysaccharides. In 2-3 separate experiments using 83
or 831 uM polymyxin B to block endotoxin activity, cells were treated with 1.0 uM rGal-1 and
stained for Annexin V and PI analysis by flow cytometry. Polymyxin B did not affect apoptosis
(the percentage of Annexin'PI" cells; Figure 27b). Likewise, after blocking the LPS receptor with
anti-CD14, treating with rGal-1, and staining for Annexin V and PI, there was no change in the
percentage of AnnexinPI" cells compared to the isotype control (Figure 27¢). Together, this data
indicates that Gal-1-induced apoptosis is independent of potential endotoxin contamination in

recombinant E. coli-produced Gal-1.
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Figure 27 Galectin-1 induced apoptosis is not attributed to protein aggregation or endotoxin contamination in
recombinant protein

(a) Representative native PAGE of E. coli recombinant galectin-1 (rGal-1). rGal-1 is present predominantly as a
dimer at 29 kDa. Larger aggregates were not detected in 3 independent tests using 1-3 pg recombinant protein. (b.)
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Polymyxin B does not reduce the percentage of galectin-1 induced AnnexinV'PI" RAW 264.7 macrophages in 2-3
independent experiments with 83 or 831 uM polymyxin B. (c.) Representative dot plots from two independent
experiments of Annexin V and propidium iodide (PI) staining after blocking LPS co-receptor with anti-CD14.
Combined, these experiments indicate that the observed galectin-1-induced apoptosis is independent of protein
aggregation and potential endotoxin contamination in recombinant E. coli-produced galectin-1.

Finally, as an alternative to using rGal-1, RAW 264.7 cells were treated with conditioned
media from T11 tumor cells, which we have shown express intracellular Gal-1, secrete and display

surface expression of Gal-1. (Section 5.1, Figure 24) There was no difference in apoptotic activity

between cells treated with media or with media containing lactose (inhibitor) or sucrose (negative
control). Consistent, significant apoptosis was previously observed in RAW 264.7 cells at
concentrations of 1 uM rGal-1, with lesser effects observed at concentrations as low as 0.1 uM
(Figure 26). Media concentrations of Gal-1 were determined to be 2 nM on average (range 0.6-
3.3 nM) by ELISA (data not shown). RAW 264.7 cells were treated with 70 nM r Gal-1, which
did not induce apoptosis, and 1.0 uM as a positive control which did cause apoptosis (data not
shown). This experiment was only conducted one time. However, previous experiments used
concentrations as low as 100 nM, which showed an increase in apoptosis compared to controls,
but this effect was reduced compared to higher concentrations. The most consistent apoptosis of
RAW 264.7 cells was observed in concentrations greater than 0.4 uM (435 nM). Thus, the media
concentrations of Gal-1 (range 0.6-3.3 nM) were insufficient to induce apoptotic activity in RAW

264.7 cells.

5.4 Recombinant galectin-1 induces apoptosis in RAW 264.7 macrophages by a caspase-
independent pathway

Caspases (cysteine-aspartic proteases, cysteine aspartases, or cysteine-dependent

aspartate-directed proteases) are a family of cysteine proteases that act in concert in a cascade

triggered by apoptotic signaling. Caspases are inactive proenzymes that undergo proteolytic
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processing by upstream caspases (caspase-8, -9). Caspase-3 is activated during the early stages of
apoptosis and proteolytically cleaves caspase-7 to propagate the caspase signaling cascade. To
assess the effect of exogenous Gal-1 on the activity of caspase-3 and -7 in CD1b" cells in vitro,
RAW 264.7 cells were treated with 1 uM rGal-1 for various time ranging from 5 min-4 hr. As a
positive control, cells were treated with 5 uM camptothecin for 4 hr. Caspase activity was
evaluated with cell-based homogenous Caspase Glo Assay in media with 10% FBS. The results
showed that the positive control worked, but RAW 264.7 cells treated with rGal-1 at all-time points
were negative for caspase-3 and -7 activity (Figure 28). These data suggested that the apoptosis

observed in RAW 264.7 cells treated with rGal-1 is not dependent on a caspase pathway.
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Figure 28 Recombinant galectin-1-induced apoptosis of RAW 264.7 cells is caspase 3/7-independent

RAW 264.7 were seeded at 1600 cells per well in 200 pL DMEM/10% FBS in a 96-well white wall plate and placed
in incubator at 37°C, 5% CO2 48 hours prior to assaying. After 48 hours, the plate was removed from the incubator
and the media was replaced with 100 pL of fresh media. Cells were treated with 1.0 uM rGal-1 for 5 min to 4 hr. 5
UM camptothecin was used as a positive control at treatment time of 4 hr. (a) rGal-1 failed to activate caspases 3/7 in
RAW 264.7 cells following the treatment with 1.0 uM rGal-1 for 15 min-4 hr. (b) To ensure the window of caspase
activity was not missed, RAW 264.7 cells were treated with 1.0 uM rGal-1 for 5-15 min. rGal-1 failed to activate
caspases 3/7 at all-time points assayed, indicating that RAW 264.7 cell rGal-1-induced apoptosis acts through a
caspase-independent pathway. Each time course assay was conducted independently one time.
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5.5 Differences in LacNAc expression on myeloid cells

We next assessed the apoptotic effect of rGal-1 in myeloid cells from peritoneal exudate
rather than a cell line. Mice were injected intraperitoneally with 2 mL thioglycolate, which is
known to elicit an ascitic fluid exudate rich in macrophages and neutrophils. Peritoneal exudate
cells (PEC) were removed by injecting PBS into the abdomen 4 days post-thioglycolate
inoculation. Before analyzing the effects of rGal-1 on PEC, the cells were stained with myeloid
markers for CD11b, MHCII, F4/80, Ly6C, CD68, and Ly6G to determine the composition by flow
cytometry. PEC consisted of 62+15% CD11b", 32+15% MHCII", 26+16% F4/80", 26:16%
Ly6C"*, 45+25% CD68", and 5+4% Ly6G". To further enrich CD11b"F4/80" cells (macrophages),
PEC were plated in complete media for 2-3 hours prior to assaying for apoptosis. After rinsing
cells thoroughly with PBS, attached cells were gently scraped off the plate and assessed for post-
plate enrichment by flow cytometry. Cells were gated on the forward and side scatter to exclude
cell debris and dead cells. All other cells were considered live cells and were gated for each
myeloid cell marker. Plating PEC reduced the average cell viability and did not significantly
enrich the cell populations for CD11b" or F4/80" cells (Figure 29a-b). Therefore, the intact PEC
preparation was used to assess the effect of rGal-1 on apoptosis. In three independent experiments,
no significant increase in Annexin V' or Annexin V'PI" cells were observed in PEC treated with
rGal-1 compared to untreated cells (Figure 29¢). Although the average Annexin V positive cells
were lower in untreated cells compared to cell treated with 1.0 pM rGal-1. We speculated that
this may be attributed to lower levels of LacNAc expression on the surface of PEC compared to
RAW 264.7 cells, where significant apoptosis was consistently observed. To evaluate LacNAc
surface expression, a heterodimer plant-derived lectin with high affinity for (B-1,4) -linked

LacNAc (Gal-GleNAc) residues known as Datura stramonium lectin (DSL) conjugated to FITC
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was used to stain RAW 264.7 cells and PEC. Results from one experiment showed that PEC
expressed significant cell surface LacNAc residues, however with lower density (lower MFI DSL-

FITC staining) than RAW 264.7 cells (Figure 29d).

o
1
e

0O Pre-plating O Pre-platin: 0O Untreated
a 5] pgst?pmi% | | 1.Ur M rGal-1
2B 0.79 o 100.0.08 0.01
100 H - 0.41 Q
% s 100 H
W 80 3 b
o = 2
<z 60 2 =
. 40 r g
£ <
o 20 = &
3 o
0 a
o ) R
&d&\oe ?99 °b °
?Q
ﬁ@“ ¥
. V\ P
Counting Method Myeloid Markers Cell Staining
d DSL-FITC Staining

. Backgating Selected based on FCS-SSC

CD11b+F480-
1941%

CD11b-PE-Cy7

CD11b+F4/B0+
3002%

—" T T e T T 1
—10" 1.0‘ ].0'- LD; o 655 1311 1966 262.1
F480-PE-CyS FSC-A(x 1000)

= RAW 264.7 Cells
== CD11b+F480-Cells
= CD11b+F480+ Cells

Figure 29 Galectin-1 induced apoptosis is not significant in peritoneal exudate cells which may be attributed
to lower LacNAc expression compared to RAW 264.7 cells

Peritoneal exudate cells (PEC) were isolated from thioglycolate-treated Balb/c mice. Cells were counted by Trypan
blue and AQUA Live /Dead stain before and after staining for myeloid cell markers. (a) Bar graph of the percent of
live cells as determined by Trypan blue or AQUA Live/Dead stain before and after plating PEC in temperature and
humidity-controlled incubator for 48 hours prior to staining for myeloid cell markers. Data is a summary of three
independent experiments. Statistical analysis was conducted using a Two-way ANOVA with a post-hoc Sidak’s
multiple comparisons test. The light gray bars indicate pre-plated cell viability and dark gray bars represent cell
viability post-48-hour plating. (b) Bar graphs show the average percentage from three independent experiments of
each myeloid cell marker after gating on live cells by forward and side scatter. Light gray bars represent the average
percent of live cells before plating PEC for 48-hours, while the dark gray bars represent the percentage of live cells
after plating. Two-way ANOVA with a post-hoc Fisher’s test showed that MHCII" cells were significantly enriched
post-plating (p=0.01), but there was not a significant increase in any other PEC population. (c) Whole PEC exudate
cells were treated with 1.0 uM rGal-1 or PBS vehicle and stained with Annexin V-AF488 and PI to determine the
apoptotic effect of rGal-1 on these cells. PECs treated with rGal-1 have a higher mean of Annexin V* cells but it
was not statistically significant in a two-way ANOVA with a post-hoc Fisher’s test (p=0.35). There was no change
in the percent of Annexin VPI" cells between the untreated and 1.0 uM rGal-1 treated PEC. (d) To determine
differences in LacNAc residues among CD11b* macrophages, cells were labeled with DSL-FITC. PEC populations
were identified based on forward and side scatter. High and low forward and side scatter populations were selected
and backgated on cells that were positive for CD11b-PE-Cy7 and F480-PE-CyS5. The selected populations were
graphed in a histogram and compared to DSL-FITC expression levels on RAW 264.7 cells. The gray line represents
isotype control for RAW 264.7 cells, the black line is the isotype control for PEC, the red line shows DSL-FITC
positivity on RAW 264.7 cells; while the green and blue lines show CD11b"F4/80 ~ and CD11b*F4/80* PEC,
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respectively. This suggests that the low observance of apoptosis in PEC may be attributed to lower LacNAc
expression compared to RAW 264.7 cells.

To resolve the discrepant in vitro and ex vivo apoptosis findings and to further investigate
the effects of Gal-1 on CD11b" myeloid lineage cells and CLBC, we moved to an in vivo orthotopic
T11 CLBC model. The transition to in vivo experiments was guided by the need for more
physiologically relevant conditions to comprehensively evaluate the apoptotic effects of Gal-1 on
CD11b" myeloid cells in the tumor microenvironment. Gal-1 was inhibited in vivo through
intraperitoneal injection of a phenol-linked Anginex peptide topomimetic, OTX008, when all
tumors reached an average tumor volume of 100 mm? at 7 days post-tumor implant. Refer to the
publication by Dings et al. 2012 for a representative image of OTX008 binding to Gal-1 when
lactose is bound in the carbohydrate binding region.>*> Based on our findings and those of others,
this in vivo study was designed to determine if systemic treatment with a Gal-1 inhibitor would 1)
reduce CLBC tumor growth and 2) induce apoptosis in tumor cells, T cells (the predominant CD3"
cell type) or macrophages (the predominant CD11b" cell type) in the T11 mouse model of CLBC.
This shift to an in vivo model using murine T11 CLBC allowed for the exploration of Gal-1
inhibition with OTX008 and its effects on tumor growth, tumor cell apoptosis, and apoptosis of
immune cells to obtain a more comprehensive understanding of Gal-1 functions in a physiological
context.

5.6  Invivo galectin-1 inhibition with OTX008 slows tumor growth

To begin our in vivo study to explore the effects of Gal-1 inhibition on tumor growth, we
implanted cultured T11 tumor cells into the mammary fat pad of syngeneic, Balb/c female mice.
Eight-week-old T11 tumor-bearing Balb/c female mice were randomly assigned to groups that

received either 10 mg/kg OTX008 (treatment) or sterile PBS (control) every three days until
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euthanasia on day 14 or 15 post-tumor implant (10 per group). Two mice in the treatment group
and one mouse in the control group had palpable tumors growing deep below the skin (15%; 3/20),
making it difficult to initially measure the tumor by calipers. These mice did not receive an
injection on day seven but received injections on days 10 and 13 post-tumor implant. One mouse
in the PBS group did not have primary tumor growth and did not receive any treatment (5%; 1/20).
All four mice were excluded from the overall analysis of primary tumor growth. Tumors were
removed by day 15 post-tumor implant due to advanced tumor burden in control mice. All mice
appeared bright, alert, and responsive throughout the study. Mouse body condition and calculated
body weight indicate no apparent toxicity from OTX008 administration (Figure 30a-c). Neither
the primary tumor nor overall body weight (with the primary tumor) significantly differed between

the two groups. The average tumor and body weight were lower for OTX008-treated mice than

for PBS-treated mice.
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Figure 30 Galectin-1 inhibition does not significantly reduce tumor or body weight.

(a) Tumor weight, (b) body weight before (day 4) and after (day of sacrifice, 14 or 15) OTX008 or PBS
administrations, and (c) the ratio of tumor to body weight were analyzed by Student’s T-test (n=8 per group). OTX008-
treated mice had a lower average tumor weight and tumor-to-body weight ratio than PBS-treated mice, but these
differences were not statistically significant. Initial body weights (Pre) were collected four days post-tumor injection,
and final body weights were collected just before euthanasia on day 14 or 15, depending on the sacrifice date. Tumors
were removed 15 days post-tumor implant due to advanced tumor burden in the control group (PBS). All body weights
were collected with the primary tumor burden. The control group had a lower starting weight on day 4 (Pre) than
OTX008-treated mice, but there was no difference between the two groups post-treatment (days 14-15). Body weight
data suggests that there was no apparent toxicity from OTX008 treatment.
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The control group started with lower mean body weight (17.6 vs. 18.2 g) before injections,
but both groups had an equivalent average body weight by the end of the study (both averages
were 18.9 g). There was higher variability in the control group than in the treatment group in
tumor, body weight, and tumor growth. Cell yield by Trypan blue staining assessed the number
of cells per gram of tumor as another measure of comparison, but there was no significant
difference between the two groups (data not shown). Tumor measurements from OTX008-treated
mice compared to control showed a considerable difference in growth over treatment. In
comparison to the mice who received sterile PBS (n=8), the mice who were given at least two
doses of OTX008 (n=8) showed a smaller average tumor size after 12 days of tumor implantation

(Figure 31a, ¢, and d). The results of the two-way ANOVA revealed that the treatment effect

was significant in the OTX008-treated mice compared to the control group (p= 0.05). Further, the
post-hoc Sidak’s test indicated a considerable decrease in the average tumor volume on day 14
post-tumor implant in the OTX008-treatment group (p=0.003). Additionally, a linear regression
analysis on both groups was performed, and the slope of the best-fitting regression lines was
compared to determine statistical significance. It was found that from days 6-15, the slope of the
linear regression line for the OTX008 treatment is significantly lower compared to the PBS-treated
group (p=0.0003). (Figure 31b) If the three largest tumors in the PBS-treated group are removed
from the dataset, the data loses statistical significance by both ANOVA and linear regression.
However, these three tumors in the PBS treated group were not determined as outliers using

interquartile range, ROUT, nor Grubbs’ outlier analysis.

158



a. Average Tumor Volume b. Linear Regression Tumor Volume

nE 300015 Control &= 3000-
£ = OTX008 E -
'] — o
20004 1
§¢”E,§ s 2 2000 . ¥
© = N G
% & 1000 % 1000- D. "
g 2 e ¥
£ £ ¥
(= ) RN == il L —
6 ;r 8 9 10 11 12 13 14 6 Z 8 91;)11 121?1415
Days Post Tumor Injection Days Post Tumor Injection
¢. Tumor Volume PBS-treated d. Tumor Volume OTX008-treated
°'3g 3000- "‘g 3000- —
E stios| £ v 1106
2 2000- + T110| 2 9900- v LA
E o T114 £ + T
3 o T115| 3 A TNz
e ‘TR 3 s
::1000- = T120 21000- * 1118
S s Lzl o x T119
g _'_-' e T122 g * T123
= 0 NS = | T T T T T 1 = 0 4 T T T T 1
6 7 8 9 10 11 12 13 14 15 6 '4' 8 9 1f0 11 12 1? 14 15
) 4 i
Days Post Tumor Injection Days Post Tumor Injection

Figure 31 Galectin-1 inhibition with OTX008 slows tumor growth

T11 tumor-bearing mice were injected with 10 mg/kg OTX008 (n=8) or PBS (n=8) every three days beginning 7 days
post-tumor injection. Black arrows indicate injection days. Initially, ten mice were randomized to each group, but
three mice (n=2 OTX008 and n=1 PBS) had delayed treatment due to inaccurate estimation of tumor volume (i.e.,
these tumors were too deep to measure externally in vivo by calipers). These three mice were excluded from the overall
analysis of tumor growth but are shown on the graphs displaying tumor growth curves for the individual mice (T114,
T119, T123). One mouse from the PBS group did not have primary tumor growth. This mouse was excluded from all
analyses. (a) Average tumor volume + standard error of the mean was plotted from 6 days post-tumor injection when
most tumors were palpable to the day of sacrifice, 14- or 15-days post-implant. Separation between the two treatment
groups begins on day 12. OTXO008 significantly reduces tumor growth at day 14 post-tumor injection compared to the
PBS-treated cohort (p=0.003 by a 2-way ANOVA (p=0.05) with a post-hoc Sidak’s multiple comparison test. (b)
Linear regression analysis of PBS- and OTX008-treated mice. The linear regression lines of best fit are shown as
dotted (PBS, R?>=0.52) and solid (OTX008, R?>=0.54) black lines. The slopes significantly differed from day 6 to day
15 (p=0.0003). (c) Tumor growth curve for each mouse (n=9) in the PBS-treatment group. T114 (gray symbol and
dotted line) did not receive an injection on day 7 (asterisk) and was not included in the overall tumor growth analysis
due to deep tumor growth. (¢) Tumor growth curve for each mouse (n=10) in the OTX008 treatment group. T119 nor
T123 (gray symbol and dotted line) did not receive an injection on day 7 (asterisk) and were not included in the overall
analysis due to deep tumor growth. Dr. Kathryn Verbanac and Moses McDaniel conducted the drug injections and
blinded tumor volume assessments.
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5.7 Evaluation of infiltrating myeloid subsets after treatment with OTX008

The impact of Gal-1 inhibition on CD11b" cell infiltration in the tumor microenvironment
was assessed using tumors removed from euthanized mice 14 or 15 days after tumor injection.
The tumors were weighed and cut into 2-3 pieces for flow cytometry and fluorescent microscopy
analysis. The weights of each tumor section used for flow cytometry were recorded and graphed
(PBS control n=9 and OTX008 treatment n=8, Figure 32a). The tumor segments used for flow
cytometry were placed in a digestion buffer on a shaker at room temperature for one hour, then
strained through a 70 um nylon filter to obtain a single-cell suspension. After lysing red blood
cells, the remaining cells were manually counted using a hemocytometer and Trypan blue viability
dye. Cell quantification and viability counts were compared for each tumor to ensure that cell
viability did not contribute to any observations (Figure 32b-c). Before staining for flow
cytometric analysis, both groups had an average live cell count of 3x107 (£2x107) cells and
viability >80%. Cells were resuspended in staining buffer, incubated with CD16/32 FcR blocker,
and then labeled with an antibody cocktail containing anti-.CD11b, Ly6C, Ly6G, F4/80, and CD68
to determine the frequency of CD11b" subsets (cell types associated with these markers are defined
in Table in Figure 33). It is important to note that the expression of immune markers can differ
depending on the tumor microenvironment and stage of tumor development. These markers were
chosen based on previously published studies showing their expression on CD11b" subsets. To
determine the percentage of each CD11b" subpopulation, cells were first gated on AQUA viability
die to select viable cells. Doublet cells were then excluded by plotting forward scatter height
versus area. Cellular debris was removed by gating on forward and side scatter, and then
subpopulations were determined by gating on their respective markers. Isotype controls were used

to determine where to set gates for specific antibody binding. As determined by AQUA staining
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and flow cytometric analysis, the average viability for each group was 75.3 (£7.6)% for control
and 75.6 (£4.3)% for OTXO008 treated mice. Tumors consisted of the following CDI11b"
populations in PBS- and OTX008-treated mice, averages and standard deviations are reported
respectively: CD11b"CD68 F4/80"Ly6C Ly6G" (G-MDSC/ TAN) 2.6 (+1.0)% and 2.8 (+0.8)%,
CDIIb"CD68 F4/80'Ly6C 'Ly6G~ (Ly6C" monocytes) 11.3 (+3.5)% and 11.2 (£3.3)%,
CD11b"CD68 F4/80 Ly6C'Ly6G—~ (M-MDSC) 5.5 (£2.5)% and 6.3 (£2.99%, and
CD11b"CD68Me"F4/80Ly6C Ly6G— (CD68Me" TAM) 52.9 (£7.3)% and 54.7 (£7.6)%,
CDI11b"CD68“F4/80 " Ly6CLy6G— (CD68XY TAM) 41.6 (£6.9)% and 40.2 (£6.6)%
(Figure 33a). The results indicate that there was no notable difference in the CD11b" subsets of
mice that were treated with PBS and those that were treated with OTX008. Two separate
populations of CD11b+CD68+F4/80—Ly6C+Ly6G— cells were detected. One population
showed low levels of CD11b and CD68 expression, while the other showed high levels of CD11b
and CD68. Based on the literature, some TAMs may exhibit low CD11b and CD68 expression,
while others may have higher expression levels. While CD11b and CD68 are commonly expressed
on TAM, the expression levels can vary depending on the specific microenvironment and
activation state. They may be influenced by tumor type, stage, and location factors. The specific
roles and functions of TAM with low CD11b and CD68 expression are not well-defined and

require further investigation.
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Figure 32 Tumor-derived Cells: Cell Count and Viability for Flow Cytometric Assessment following in vivo
treatment with OTX008 or PBS

Cells were isolated from a portion of each tumor by collagenase digestion. There were no observable differences
between PBS- and OTX008-treated tumors when comparing (a) tumor weight of each section used for analysis, (b)
cell yield after tumor digestion: live cell counts by Trypan blue, and (c) overall percent cell viability after tumor
digestion. Trypan blue was used to determine cell viability before staining with antibodies for flow cytometry, and
AQUA was used in flow cytometry to evaluate viability after staining. Cell counts include all cells isolated from the
tumor after digestion, including tumor, immune, and epithelial cells.

Since Gal-1 is known to bind LacNAc residues on cell surface proteins, we sought to
understand the level of LacNAc expression on each of the CD11b" subsets within the tumor
microenvironment with and without in vivo Gal-1-inhibition with OTX008. A plant-derived lectin
with a known affinity for LacNAc, DSL, was used to measure LacNAc expression on CD11b"
cells. Cells stained with the antibody cocktail were also incubated with DSL-FITC, and the median
fluorescent intensity (MFI) was calculated for each gated population of interest (n=4 in each
group). Treatment with OTX008 did not influence LacNAc expression in any of the CDI11b
subsets. CD11b"CD68ME"F4/80"Ly6C Ly6G~ (CD68Me" TAM) had the highest LacNAc
expression, and CD11b"CD68 F4/80"Ly6C Ly6G" (G-MDSC/ TAN) had the second highest
abundance of LacNAc residues (Figure 33b). CD11b"CD68 F4/80 Ly6C'Ly6G  (M-MDSC)
have the lowest LacNAc expression among the CD11b subsets.

Results from Chapter 3 showed that treating the CD11b" RAW264.7 immortal macrophage
cell line in vitro with exogenous mouse recombinant Gal-1 changed the forward scatter side scatter

pattern and induced carbohydrate-specific, caspase-independent apoptosis. Based on these
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observations, we examined the cells isolated from primary tumors treated with PBS or OTX008.
We analyzed the flow cytometry for a change in forward and side scatter (Figure 34), as an
indication of cells undergoing apoptosis. There was no change in the percentage of doublet cells

(data not shown) or the low or high forward scatter percentage in all live or CD11b" cells.

b. CD11b* subsets in T11 tumors
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Figure 33 Flow cytometric analysis of infiltrating myeloid cells in tumors treated with OTX008 or PBS
Single-cell suspension from digested tumors were labeled with (a) anti-CD11b, CD68, F4/80, Ly6C, and Ly6G to
determine CD11b* subsets present in T11 primary tumors (n= 9 (PBS) and 8 (OTX008)). After selecting for live
cells, cells were selected for positive CD11b expression. Double positive CD11b and Ly6C cells were further gated
for expression of F4/80 and Lyc6G, while cells that were CD11b positive and Ly6C negative were further gated by
F4/80 and CD68. The table below the representative flow diagrams defines cell types by their expression of the
selected markers. (b) Bar graph represents DSL-FITC (n=4 each) staining to test for cell surface LacNAc expression.
No differences were observed in the percentage of infiltrating CD11b" cell subtypes with and without Gal-1 inhibition
with OTX008. CD68Hie" TAM were the most abundant tumor CD11b" cell type and expressed the highest LacNAc
residues level. G-MDSC/ TAN had the lowest percentages of CD11b" cells and expressed the second highest level of
LacNAc residues.
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Figure 34 OTXO008 Gal-1 inhibition did not change the forward and side scatter pattern in cells isolated from
primary tumors

Single-cell suspension from digested tumors were evaluated for a change in forward and side scatter. Cells were
gated to remove dead cells by positive AQUA stain and doublet cells by plotting forward scatter height versus area
(data not shown). Forward and side scatter was evaluated on PBS (n=9) and OTX008 (n=8) treated tumors to
determine a shift in forward scatter based on treatment with OTX008 or PBS. Based on RAW 264.7 cell data, we
would expect more cells in the high forward scatter gate when treated with a Gal-1 inhibitor compared to tumors
treated with PBS. (a) Representative images of all live cells from PBS and OTX008 treated tumors analyzed for
forward and side scatter. Cells were gated by low and high forward scatter. (b) Bar graph of the low and high
forward scatter in all live cells. The gray and white bars represent the average of cells with high forward scatter, and
the two bars with diagonal stripes show the percentage of cells with low forward scatter. Two-way ANOVA with
post-hoc Tukey’s analysis showed no significant difference between either low or high forward scatter in PBS
compared to OTXO008 treated tumors (p=1.0). (c.) Representative images of CD11b" cells from PBS and OTX008
treated tumors analyzed for forward and side scatter. Cells were gated by low and high forward scatter. (d.) Bar
graph of the low and high forward scatter in all CD11b* cells. The gray and white bars represent the average of cells
with high forward scatter, and the two bars with diagonal stripes show the percentage of cells with low forward
scatter. Two-way ANOVA with post-hoc Tukey’s analysis showed no significant difference between either low or
high forward scatter in PBS compared to OTX008 treated tumors (p=0.97).

5.8 Fluorescent microscopy analysis of intratumoral apoptosis in OTX-008-treat tumors
Tumors removed from mice were cut into 2-3 pieces to be processed for downstream

assays. These assays aimed to assess the impact of OTX008 Gal-1 inhibition on CD3" and CD11b"

164



cell tumor infiltration and apoptosis and overall tumor apoptosis. One of two or three tumor pieces
was placed in formalin and embedded in paraffin for fluorescent microscopy experiments. FFPE
tumors were sectioned into 5 um. Three sections throughout the tumor were selected for staining.
Samples were deparaftinized, antigens were unmasked, and sections were stained with anti-CD3-
AF488 or CD11b-AF488, TUNEL-AF594, and DAPI. Overall tumor apoptosis was assessed by
two fluorescent microscopy instruments, confocal microscopy and Zeiss Cell Discoverer 7
microscope. In both methods, the fluorescent intensity of TUNEL-AF594 (red) and DAPI (blue)
were collected and calculated by determining the ratio of TUNEL: DAPI MFI across the selected
region of interest (ROI). Using confocal microscopy, seven ROIs were chosen in each tumor
section, and total fluorescence was collected across the ROI (Figure 35a-b). The average MFI
was calculated across the entire tumor by averaging all ROI collected and within each section by
averaging MFI from all ROI within a tumor section. Likewise, using Cell Discoverer 7, the entire
tissue section was imaged and selected as the ROI for analysis (Figure 35¢). Results showed that
the mean for the OTX008-treated mice was lower compared to control mice in all analyses for
total tumor apoptosis, but these figures did not reach statistical significance by Student’s T-test.
This indicates that the slower tumor growth in the OTX008-treated mice could not be conclusively

attributed to an increase in apoptosis of tumor cells due to Gal-1 inhibition.
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Figure 35 Gal-1 inhibition did not significantly decrease overall tumor apoptosis

Tumor sections were stained for TUNEL and DAPI, and data was collected by confocal microscopy to evaluate overall
tumor apoptosis. The results were calculated by averaging the MFI for TUNEL-AF594 (red) and DAPI (blue) across
seven ROI within 2-3 tumor sections per tumor and graphed by tumor (a) and by section (b). Images of whole tumor
sections were collected on a Zeiss Cell Discoverer 7 microscope. The ratio of TUNEL to DAPI was calculated across
the entire tissue section and graphed in (c) by section. In all analyses, OTX008-treated tumors had lower TUNEL.:
DAPI ratios, but these results were not statistically significant by the Student’s T-test. Dr. Elizabeth Ables advised on
the overall approach and TUNEL assay and acquired confocal images and data. Cindy Kukoly and Amanda Petritsch
acquired the fluorescent images and data on the Cell Discoverer 7 and advised on the data acquisition and analysis.

To analyze the effects of Gal-1-induced apoptosis on infiltrating CD3" and CD11b" cells,
FFPE tumor sections were deparaffinized, and antigens were unmasked, then sections were stained
with anti-CD3-AF488 or anti-CD11b-AF488, TUNEL-AF594, and DAPI. Images of three
selected ROI were collected using confocal microscopy. Positive cell counts were performed by
automated colocalization analysis in Fiji or by manually counting using Zeiss-Blue software.
Samples stained for CD3 cells were analyzed by manual cell counting alone because the low
number of CD3 cells caused software errors when attempting to use automated counts. Results

showed no significant difference in the number of CD3" or CD3"TUNEL" cells between samples

treated with PBS or OTXO008 (Figure 36a-c). There was a high degree of variability in the number
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of CD3" cells identified within each tumor. CD3-positive cells were scarce throughout tumors
from both treatment groups.

The same analysis was collected for samples stained with CD11b and TUNEL. Both
manual and automated counts were performed on these sections. A significantly larger number of
CD11b cells were identified throughout all tumor sections compared to CD3, which is expected
based on previous characterization analyses conducted and described in Chapter 3. Automatic
counts were performed in Fiji software, but the quality control of automated counts resulted in low
confidence in identifying double and triple-positive cells (data not shown). Neither the manual
nor automated counts were able to detect a significant difference in the target cell populations from
either treatment group. Manual counts for CD11b" cells and the percentage of CD11b"TUNEL"
cells are shown in Figure 37a-d. Representative images from confocal microscopy analysis of

CDI11b'TUNEL" stained tumor samples are shown in Figure 37e.
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Figure 36 Apoptosis of CD3" cells in tumors treated with OTX008 or PBS

Four FFPE tumors from each treatment group were sectioned into 5 um sections, and 3-4 sections from each tumor were stained with anti-CD3 (green), TUNEL
(red), and DAPI (blue). Seven ROI within each tumor section were imaged on a confocal microscope at 20X. CD3"DAPI* and CD3*TUNEL"DAPI" were manually
counted in each ROI. The average CD3"DAPI" cells for all ROI collected in 3-4 sections are graphed in (a) by tumor, and the average of double positive cells
within each tissue section is graphed in (c). The average percentage of apoptotic CD3™ cells was calculated by dividing the CD3+TUNEL+DAPI+ by the total
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CD3"DAPI" cells and multiplying by 100. The average percentage of positive apoptotic CD3* cells in each ROI from 3-4 tissue sections is graphed by tumor in (b)
and the average percentage across ROI within each tissue section is graphed in (d). Each tumor is represented by a different symbol to show the variability of CD3
quantitation and CD3 apoptosis among tissue sections from the same tumor. Treatment groups were analyzed for statistical significance by a Student’s T-test. The
mean of the OTX008 group was lower compared to controls in all analyses, but these findings were not significant. (e) Representative confocal microscopy ROI
images from tumor sections in each treatment group. These images show zoomed-in regions within the ROI that display the variability of CD3 staining.
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Figure 37 Apoptosis of CD11b* cells in tumors treated with OTX008 or PBS

Four FFPE tumors from each treatment group were sectioned into 5 um sections, and three sections from each tumor were stained with anti-CD11b-AF488 (green),
TUNEL-AF594 (red), and DAPI (blue). Seven ROI within each tumor section were imaged on confocal microscopy at 20X. CD11b'DAPI* and
CDI11b"TUNEL"DAPI" were manually counted in each ROI. The average CD11b"DAPI" cells for all ROI collected in 2-4 sections are graphed in (a) by tumor and
the average of double positive cells within each tissue section is graphed in (b). The average percentage of apoptotic CD11b" cells was calculated by dividing the
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CDI11b"TUNEL*DAPI" by the total number of CD11b"DAPI* cells and multiplying by 100. The average percentage of positive cells in each ROI from 2-4 tissue
sections is graphed by tumor in (c) and the average percentage across ROI within each tissue section is graphed in (d). Each tumor is represented by a different
symbol to show the variability of CD11b quantitation and CD11b apoptosis among tissue sections from the same tumor. Treatment groups were analyzed for
statistical significance by a Student’s T-test. The mean of the OTX008 group was comparably equal to controls in all analyses except when comparing the percentage
of apoptotic CD11b" cells by tumor. The mean was lower in the OTX008 group compared to the control in this analysis. However, the results did not reach
statistical significance (e) Representative confocal microscopy ROI images from tumor sections in each treatment group. One zoomed area within each ROI from
each treatment group is an example of double-positive (CDIIb"DAPI") cells, and one area contains triple-positive cells (CDIIb"TUNEL DAPTY).



5.9 Summary and Discussion

Our investigation into the effect of Gal-1 on macrophages began with determining whether
Gal-1 crosslinks CD11b" cells through agglutination using an in vitro model of murine CD11b"
cells, the RAW 264.7 cell line. These immortal macrophage cells, isolated from an Abelson
murine leukemia virus-induced tumor, are commonly used to assess in vitro macrophage responses
to stimuli. RAW 264.7 cells were co-incubated with recombinant mouse Gal-1 (rGal-1) in the
presence or absence of lactose, an inhibitor, or mannose, a sugar not expected to block Gal-1
binding. Cells were analyzed by flow cytometry for agglutinated doublet cells (data not shown).
The results showed no increase in doublet cells but there was a decrease in forward and side scatter
in RAW 264.7 cells treated with rGal-1 compared to cells treated with rGal-1 plus lactose. These
findings prompted us to assay rGal-1-treated RAW 264.7 cells for apoptotic markers, Annexin V

and propidium iodide (PI), by flow cytometry.

When RAW 264.7 cells were incubated with recombinant Gal-1 in the presence and absence
of lactose or mannose and stained with annexin-v, a Ca**-dependent phospholipid-binding protein
that has a high affinity for phosphatidyl serine and propidium iodide, which binds tightly to nucleic
acids when cells are in late-stage apoptosis or are necrotic. When cells are double positive for
annexin-v and propidium iodine, the results indicate that the cells are in late-stage apoptosis. This
result was observed in all assays with concentrations ranging from and at time points as early as 5
minutes. A series of qualifying assays determined that the apoptosis observed was not due to
macrophage-expressed Gal-1, cell agglutination, recombinant Gal-1 protein aggregation, or
endotoxin contamination. Isolated PEC were used as an alternative ex vivo model for determining
the apoptotic effect of Gal-1 on macrophages. From three independent experiments, results did

not show that exogenous recombinant Gal-1 could induce apoptosis in these cells. Knowing that
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glycosylation moieties are influenced by various environmental factors,**® an experiment using a
plant lectin with high affinity for (B-1,4) -linked LacNAc (Gal-GlcNAc) was conducted to
determine the level of Gal-1 ligands on the surface of RAW 264.7 cells and PEC. The results
suggested that RAW 264.7 cells had higher expression of LacNAc on their cell surface than
CDI11b'F4/80— and CD11b*F4/80" cells. The higher expression of LacNAc on RAW 264.7 cells

may be one explanation for observing apoptosis in these cells but not in PEC.

Previous studies on Gal-1-induced apoptosis in macrophages are limited, and no studies have
evaluated the apoptosis of RAW 264.7 or PEC treated with Gal-1. One study assessed the effect
of exogenous Gal-1 on monocytes isolated from the peripheral blood of human patients and
macrophages isolated from surgical specimens of patients with Crohn’s disease or ulcerative
colitis. This study treated samples with 1.0 uM recombinant Gal-1 for 24 hours before staining
with annexin-v and propidium iodine. Results revealed that Gal-1 induced apoptosis in monocytes
but failed to induce cell death in macrophages.?® This would suggest that monocytes have more
Gal-1 ligands on their cell surface than macrophages. Differences in glycoprotein or glycolipid
expression were not evaluated in this study. However, comparative differences in glycoconjugate
expression have been evaluated in microglia, resident macrophages of the central nervous system,
in M1 and M2-like polarized states. After inducing microglia polarization using IL-4 (M2-like)
or INFy' (M1-like), cells were treated with exogenous Gal-1. Results showed that Gal-1 binding
was significantly higher in cells that were polarized towards the M1 phenotype compared to
unpolarized and M2-polarized microglia. Further evaluation was conducted using different plant
lectins to determine glycoconjugate specificity. Compared to M2-like microglia, M1-like
microglia had higher expression of terminal B-galactoses, which are the structures required for

glycan elongation, LacNAc incorporation, and Gal-1 binding.>*” These data suggest that different
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polarization states change the glycan structures present on macrophages, which could be one
explanation for observing differences in DSL-binding and Gal-1-induced apoptosis in the RAW

264.7 and PEC macrophage models.

The observed apoptotic effect of Gal-1 on RAW 264.7 cells could be caspase-dependent or
caspase-independent programmed cell death. Caspases are a family of cysteine proteases that act
in concert in a cascade triggered by apoptotic signaling. They are inactive proenzymes that
undergo proteolytic processing by upstream caspases (caspase-8 and-9). Caspase-3 is activated
during the early stages of apoptosis and proteolytically cleaves caspase-7 to propagate the caspase
signaling cascade. To determine if the observed apoptosis of RAW 264.7 cells treated with
exogenous Gal-1 was caspase-dependent, cells treated over 5 minutes to 4 hours were assayed for
caspase -3 and -7 presence. At the time points assessed, caspase-3 and -7 were not detected in
Gal-1-treated cell populations. This data suggested that the late-stage apoptosis observed in RAW
264.7 cells treated with recombinant Gal-1 was not caspase-dependent. However, this evaluation
is limited to early and mid-stage markers of apoptosis. The observation of double-positive staining
for annexin v and propidium iodine after a short incubation period with Gal-1 indicates that the
macrophages are undergoing an alternative programmed cell death pathway, such as necroptosis.
Necroptosis allows cells to undergo necrosis in a programmed fashion. It is most studied in the
innate immune system as a means for cells to subvert the spreading of pathogens by facilitating
cellular suicide. Like necrosis, cells undergoing necroptosis rupture and leak their contents into
the intracellular space. This signaling pathway begins by engaging the TNF receptor on the cell
surface. The most reliable method for confirming necroptosis is measuring the downstream

phosphorylation status of the kinase domain protein, MLKL, by antibody-based assays, such as
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Western immunoblot, IHC, or flow cytometry. Future studies evaluating the effect of Gal-1 on

macrophages, mainly using the RAW 264.7 model, should include an evaluation of necroptosis.

Our early studies focused on discovery-based approaches for identifying a targetable pathway
for CLBC and led to identifying Gal-1 overexpression at the protein and RNA level in both murine
and human claudin-low tumors. Flow cytometry apoptosis experiments assaying Annexin V and
PI demonstrated that treatment of RAW 264.7 cells with recombinant galectin-1 led to dose- and
carbohydrate-dependent apoptosis. To conduct studies on the effect of T11 tumor-derived
galectin-1 on CD11b" cells, we tested the concentration of galectin-1 in cultured T11 media by
ELISA. However, the concentration of tumor-expressed Gal-1 in the cultured media did not
appear to be sufficient to induce rGal-1-induced apoptosis. One publication on Gal-1-induced
immune cell apoptosis, secreted Gal-1 bound to the cell surface or extracellular matrix had a more
substantial effect than soluble Gal-1. Gal-1 on Matrigel was found to kill T cells at ten-fold less
concentration compared to soluble Gal-1.>® The Gal-1 concentration from whole tumor lysate

were estimated to be 1.4 nM (Chapter 4, Figure 18), which is 71-fold lower than the lowest dose

range tested in vitro on RAW 264.7 cells (Chapter 5, Figure 26) Collectively, these findings

suggest that Gal-1 is not at a high enough concentration within primary tumors to induce CD11b"
cell apoptosis.

To determine if Gal-1 could be a suitable target for CLBC therapy, an in vivo study was
conducted using an allosteric Gal-1 inhibitor known as OTX008. OTXO008 is a topomimetic of
galectin-1-targeting peptide Anginex, a potent angiogenic inhibitor developed in 2001.3"
OTXO008 1s more chemically stable, more resistant to hydrolysis, and has higher Gal-1 specificity
than Thiodigalactoside (TDG) and Anginex. TDG has previously been used in TNBC in vivo

murine studies but has cross-reactivity with galectins-3, -8, and -9, and Anginex can interact with
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Gal-2, -7, -8 and 9 but at a lower specificity compared to Gal-1.!81-313 OTX008 is specific for Gal-
1 with no known cross-reactivity with other galectins. It prevents Gal-1 from interacting with its

ligands by binding to dimerized Gal-1 at a site more distant from the CRD.>!8

OTXO008 or PBS was administered to tumor-bearing mice through an intraperitoneal injection
every three days once the average tumor size for all mice reached approximately 100 mm?>. This
experimental design was based on previous in vivo experiments using OTX008 to treat various
cancers.?’*3%%3% Tumor volume was measured daily, and body weight was measured on injection
days. The OTX008 treatment group showed a significant decrease in tumor growth compared to
PBS-treated mice 12 days after tumor injection and after two injections. Overall body weight and

condition were not significantly different between the two groups, suggesting no apparent toxicity.

This study was the first to use OTX008 as an inhibitor of Gal-1 in breast cancer. One previous
4T1 basal-like mouse model study used TGD to inhibit Gal-1. This study showed a decrease in
tumor growth at nine days post-tumor injection after just one administration of TDG.!8! Due to
the lack of specificity of TDG for Gal-1, it is unclear from this data whether the decrease in tumor
size results from Gal-1, another form of galectin, or a combined effect from inhibiting multiple
galectins. This study also used direct intertumoral injections of TDG at 40-120 mg/kg to achieve

these results.

OTXO008 efficacy was evaluated in several cancer cell lines in vitro and in vivo using a murine
ovarian carcinoma model. In these studies, epithelial-derived ovarian cancers were shown to be
more sensitive to OTX008 than cells of mesenchymal origin.***> This could be due to the
significantly higher expression of Gal-1 in mesenchymal cancers compared to other cancers and

0

breast cancer subtypes.*”® To achieve more significant tumor growth reduction, CLBC may

require a higher dose or more frequent injections than we used in this study design. High Gal-1
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expressing CLBC may require alternative injection methods, such as intratumoral injection, to
achieve a higher inhibitor concentration at the target site. Most of the studies that have previously
used OTX008 in murine models used an intraperitoneal injection method at doses of 5-10 mg/kg.
In human ovarian cancer (MA148) and murine melanoma (B16), injections were given daily, while
human ovarian carcinoma (A2780-1A9 and SQ20B) received injections only three times per
week.2"*393:39 Given that these tumors arise from different source tissues, their biological activity
will differ significantly from the T11 CLBC model. Therefore, leveraging this data for the
development or enhancement of a protocol to inhibit Gal-1 in the T11 CLBC model poses a
considerable challenge. In vivo growth inhibition hinges on numerous variables, encompassing
the drug's capacity for absorption into the bloodstream and the tumor, its permeability within the
tumor, tumor metabolism, the extent of tumor vascularization, and the composition of the tumor
extracellular matrix. Achieving systemic concentrations that surmount these physiological

barriers is imperative to optimizing the protocol.

Additionally, there are no reports of Gal-1 protein concentrations in the cell lines MA148,
A2780-1A9 or SQ20B to compare with our Gal-1 ELISA or Western blot data from T11 primary
tumors. While one study presented Gal-1 Western blot data for the murine B16 melanoma cultured
cell line, the relative Gal-1 concentrations were calculated as a ratio of Gal-1 to B-actin rather than
using the relative concentration based on Gal-1 band intensity and total protein concentration.
Astorgues-Xerri et al. showed differential RNA fold changes determined by comparing Gal-1
expression levels to the housekeeping gene, TBP, in several in vitro cell lines, including A2780-
1A9 and SQ20B. However, as OTX008 targets the translated protein rather than the RNA, these
expression levels fail to provide insight into the amount of OTX008 needed to inhibit Gal-1 protein

effectively.*?

177



Intratumoral injection is not the ideal method for administering anti-tumor therapy as it could
lead to ulceration of the tumors at the injection site and is unlikely to be reproducible in a clinical
setting. Daily intraperitoneal or systemic intravenous injections would be preferred to maintain a
higher concentration of OTX008 and a more substantial level of inhibition. Additionally,
injections were started in the protocol used for our in vivo experiment when the average tumor size
for all mice was approximately 100 mm?®. Tumor growth varies among mice. On the first day of
injection, the average tumor size was comparable between the two treatment groups (167.3+91.6
mm?> PBS and 183.5+121.3 mm?® OTX008) with the largest tumors in the OTX008 group; however,
measurable tumors ranged from 14.0-429.4 mm? across both groups. Additionally, if the three
largest tumors in the control group are removed from the overall dataset, the OTX008 and PBS
treated mice are not significantly different by 2-way ANOV A nor by testing the slope of the lines
by linear regression. However, these three tumors in the PBS treated group were not determined
as outliers using interquartile range, ROUT, nor Grubbs’ outlier analysis. The biological
variability in tumor growth is consistent with previous studies using this transplant method.
Several factors may contribute to the biological variability in tumor growth. The likely explanation
for the observed disparity in tumor growth is that variations in syringe loading or leakage from the

tumor injection site result in an unequal implantation of viable tumor cells across mice.

While there is not enough power in this dataset to conduct a subanalysis evaluating the growth
rate differences, beginning treatment when the tumors are smaller than 100 mm? would likely show
a more prominent difference in growth rate between the two groups. Due to the high variability
in tumor growth, a larger sample size would also show more substantial group differences in the
treatment effect. A post-hoc power analysis was conducted using a z-based model. The

calculation was conducted using the sample size, mean and standard deviation from each group on
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day 14 of the in vivo study. The effect size was determined using a one-tailed test assuming an
alpha (a, type I error probability) of 0.05 and a sigma (o, population variance) value of 1. Results
showed the study was powered at 47.3% with an a=0.05, indicating that this study did not have
high statistical power, which may result in a Type I error with a false conclusion that OTX008 has
a significant treatment effect. Future studies will require a minimum of 30 mice per group to

achieve 80% power at a significance criterion of a=0.05.

Mice from our in vivo study were euthanized 14-15 days post-tumor injection after three
treatments. Tumor tissue was collected to test the hypothesis that the presence of Gal-1 results in
quantitative differences in the types of CD11b" myeloid-derived cells in CLBC. Flow cytometry
analysis determined the percentage of each infiltrating myeloid cell type defined in Figure 33.
There was no significant difference in the percentage of the populations between PBS- and
OTX008-treated mice. M-MDSC were approximately 6.3+2.9% (PBS) and 5.542.5% (OTX008)
of the total CD11b" cells. In this assay, F4/80 was added to delineate M-MDSC from monocytes
compared to previous flow cytometry analysis on T11 tumors, which only used Ly6C and Ly6G
to differentiate M-MDSC from G-MDSC. Despite this difference, the percentage of M-MDSC
and neutrophils detected in this experiment was comparable to the previous analysis. TAM were
the largest population of infiltrating myeloid cells with an average of 52.9+7.3% (PBS) and
54.7+7.6% (OTX008). Neutrophils were the lowest population of infiltrating CD11b" myeloid
cells, with an average of 2.6+1.0% (PBS) and 2.8+0.9% (OTX0008). Publications on the effect
of exogenous Gal-1 on neutrophils are limited, and there have been no publications on this subject
in cancer. Under inflammatory conditions, exogenous Gal-1 has been shown to inhibit activation,
chemotaxis, and extravasation of neutrophils and promote phosphatidylserine exposure, promoting

apoptosis and phagocytic removal of neutrophils.?** 2424 There was no significant change in the
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level of LacNAc ligands, as determined by DSL-binding when comparing PBS- to OTX008-
treated tumors. TAM expressed had the highest MFI, while M-MDSC displayed the lowest.
Monocytes displayed a significantly higher MFI than macrophages, consistent with previous
findings that show exogenous Gal-1 can interact with monocytes but has a lower affinity to

macrophages.%

To determine if OTX008 inhibition would make a quantitative difference in the number of
CDI11b" or CD3" cells in vivo, T11 tumors treated with OTX008 or PBS were sectioned and stained
with TUNEL and anti-CD11b or anti-CD3. TUNEL assays identify apoptotic cells by detecting
fragmented DNA within a cell. Two different fluorescent microscopy data collection methods
were utilized to obtain the most information from each sample. Overall, TUNEL MFI data was
collected using the CD7 Cell Discoverer, which provided an overall tissue image that could be
used to determine the TUNEL" MFI signal across the entire tumor section. Confocal microscopy
evaluated the number of CD3" and CD11b" cells and the percentage of each apoptotic immune
cell type. Neither analysis detected a statistical difference in the number of infiltrating CD3" or
CD11b" cells or the amount of detectable apoptosis in PBS- or OTX008-treated tumors. There are
two reports of Gal-1 knockdown or inhibition in the TNBC 4T1 model. Both studies were reported
from the same laboratory and show a significant increase in the percentage of T cells after Gal-1
knockdown or inhibition. Using thiodigalactoside to competitively inhibit Gal-1 binding to its
carbohydrate ligands, Ito et al. showed that Gal-1 inhibition increased CD8" infiltration into
primary tumors, reduced lung metastases, and increased TUNEL" apoptotic cancer cells and CD3™
T cells in lung metastases.!8"" 182 Likewise, using a 4T1 Gal-1 knockdown model, CD3" cell
infiltration into the primary tumor and at metastatic sites was increased in mice implanted with

Gal-1 knockdown tumors compared to vector controls.!®? Our discrepant findings may be due to
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differences in the tumor models and methodologies (e.g., basal-like tumors versus CLBC,
metastatic tumors versus primary tumor, primary tumor size at start of treatment, or intratumoral

versus intraperitoneal injection method, or method of Gal-1 inhibition.)

Despite our data being contradictory to the two previous reports showing an increase in the
percentage of T cells after Gal-1 knockdown or inhibition, our data is reliable. To determine
overall apoptosis in tumor sections, we used two different florescent microscopes to collect data
on the tissue sections, Cell Discoverer 7 and Confocal, and evaluated the average MFI at the tumor
(n=4) and section level (n=2-8 per tumor). The data was highly variable, but the distribution of
the data in both treatment groups is similar. The variability in samples from immunofluorescence
is due to the nature of the technique. The tumor sections are a snapshot of the tumor in a 5 um
section. The differences observed across sections are due to differences in cell types and densities
and the spatial distribution throughout the tumor, which is largely unpredictable and can be
affected by tumor stage and size. For confocal, data was collected on a high enough number of
sections and analyzed regions of interest that give us enough evidence to conclude that Gal-1 in
the in vivo tumor microenvironment is not causing apoptosis of CD3" or CD11b" positive cells.
Similarly, in the flow data, we did not observe a difference in the percentage of infiltrating CD11b"
cells. The flow data has less variability compared to the confocal data because it is a larger area
of the tumor that is dissociated into single-cell suspensions. This reduces the influence of tissue
heterogeneity because we are no longer observing the cells within the spatial distribution of the
tumor. None of the data described herein was compromised. In the florescent microscopy
experiments, DNase-treated samples were used as positive controls for TUNEL staining.
Likewise, isotype-matched controls were used for antibody staining controls. In the flow data,

samples were appropriately compensated using single-stained tumor cells, and isotype-matched
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controls were used to help determine levels of non-specific staining in the samples. There were no
unexpected observations in the flow dot plots or histograms. Samples were kept on ice throughout
the staining process and assayed immediately after staining. Additionally, the overall percentage
of infiltrating CD11b" cells was comparable to the percentages obtained in flow analysis for T11

cells discussed in Chapter 3.

The effect of Gal-1 expression on myeloid subtypes in breast cancer has not previously been
evaluated. While OTX008 inhibition suggests inhibiting Gal-1 may decrease tumor growth, it
does not appear to affect the immune cell response in the TME. This is the first study evaluating
the impact of Gal-1 inhibition in CLBC. However, there have been only two studies in cancer to
determine the effect of tumor-derived Gal-1 on myeloid cells; both were conducted in
glioblastoma. Verschuere et al. showed that the silencing of glioma-derived Gal-1 significantly
decreased the number of brain-infiltrating macrophages and MDSC in a mouse glioma model. In
another glioblastoma study, Chen et al. showed that the knockdown of LGALS1 inhibited the
immunosuppressive microenvironment by down-regulating M2 macrophages and MDSC cells and
by decreasing immunosuppressive cytokines such as CCL2, VEGFA, and TGF-B.*°! The TME is
unique to the tumor type and subtype, as we observed in the early characterization studies of
2225L.M and T11. While this data does not show any changes in the infiltrating immune cells after
Gal-1 inhibition, it should not prevent future studies from evaluating this further with alternative,
possibly more effective Gal-1 inhibitors. Alternatively, future studies should consider the effect
of Gal-1 inhibition on angiogenesis. One study in the 4T1 model of TNBC showed a significant
decrease in angiogenesis when Gal-1 was inhibited. A reduction in angiogenesis would slow

tumor cell growth and could be an alternative explanation for this study's observed slowed tumor
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growth. Additional Gal-1 pathways to consider for future experiments in CLBC are discussed in

Chapter 6.

183



CHAPTER 6: DISCUSSION AND FUTURE DIRECTIONS

Triple negative claudin-low breast cancer (CLBC) is a subtype of breast cancer that lacks
expression of estrogen, progesterone, and human epidermal growth factor 2 receptors. Since it
does not express these receptors, it is not responsive to therapies targeting these receptors.
Therefore, the standard of care involves toxic chemotherapies. CLBC is frequently accompanied
by increased invasiveness and a poor prognosis; therefore, patients have a shorter overall survival
and are at a higher risk of recurrence compared to other breast cancer subtypes. Approximately 7-
14% of breast cancer patients have the claudin-low phenotype.>*?** CLBC has low mutational
burden and low level of genomic instability compared to the other subtypes.**? Additionally, there
is a greater variation in the mutational burden, degree of copy number aberration, and no specific

3 (Claudin-low tumors can be

genomic aberrations accurately delineate claudin-low tumors.*°
BRCA-deficient, but these tumors display lower expression of epithelial-to-mesenchymal

transition features and align strongly with the basal-like phenotype.***

A comprehensive understanding of CLBC progression and metastasis requires models for
investigating potential targets for therapy. In this work, we developed a reliably metastatic model
of CLBC using the murine T11 claudin-low tumor (see Chapter 3). When transplanted into a
syngeneic mouse with an intact immune system, T11 gene expression mirrors human claudin-low
gene profiles. Through RNA sequencing analysis, we showed that the tumors maintained
expression of intrinsic claudin-low genes with demonstrated low expression of tight junction
proteins, claudins -3, -4, -7, and cell-cell adhesion protein, E-cadherin, despite serial passaging in
nude rats and syngeneic mice. Additionally, the tumors had high expression of markers indicative
of stem-cell like properties and the epithelial-to-mesenchymal transition, such as Vimentin and

Snail. To identify potential targets for therapy, we conducted differential expression analysis on



RNASeq data from three lung samples that contained metastatic lesions compared to two normal
control lungs. Volcano plots four differentially expressed genes with the highest statistical
significance and fold change that could be of interest in future studies investigating CLBC. The
most differentially upregulated proteins were cyclin-dependent kinase inhibitor 2a (Cdkn2a), Myc
proto-oncogene (Myc), S100 calcium-binding protein a4 (S100a4), and cellular retinoic acid
binding protein 2 (Crabp2). All these proteins have been reported as having roles in other types
of cancer. Cdkn2a encodes the p16 protein, a key regulator of cell cycle progression that functions
as a tumor suppressor by impeding unchecked cell growth through interactions with cyclin-
dependent kinases.>*’ Ideally, the upregulation of Cdkn2a should enhance p16 activity, inhibiting
cyclin-dependent kinases and subsequent slowdown of cell cycle progression. This attenuation of
cell cycle progression should restrain unrestricted cell growth, potentially resulting in a less
aggressive tumor phenotype. Despite the upregulation of Cdkn2a, T11 tumor cells do not appear
to have reduced tumor growth. Therefore, mechanisms might have been developed to evade
Cdkn2a cell cycle regulation, inhibiting tumor growth less effectively.

Myc is a widely recognized cell proliferation and differentiation driver, frequently
implicated in cancer development and stem cells. Previous studies have shown that Myc is

amplified in TNBC and the claudin-low subtype.'®

The genetic changes seen in T11 lung
metastases, which result in elevated Myc expression, correspond with genetic findings previously
documented in human and mouse primary claudin-low breast tumors, including T11.

The S100A4 gene-encoded protein has been identified as having the ability to regulate cell
cycle progression, modulate intercellular adhesion, and enhance the invasive and metastatic

characteristics of cancer cells while also having the potential to bind and inactivate the p53

suppressor protein, which governs both the G1-S transition and the transition of cells from the S
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phase to mitosis (G2-M).>*® Recent studies in TNBC human and mouse models have demonstrated
a positive correlation between the inhibition of S100a4 and the rate of metastases.*** 3% Crabp2
is an integral component of retinoic acid signaling, a pathway with diverse effects on cell
differentiation and proliferation. Abnormal expression of Crabp2 has been observed in various
tumor types, acting as both a tumor suppressor and promoter.*>! Within TNBC, emerging data
suggest that Crabp2 exerts a significant influence on regulating invasion and metastasis,
correlating with a poorer prognosis.>* 332
The presence of these four upregulated genes in metastatic lungs highlights their potential
relevance in driving the aggressive phenotype of CLBC and should be further investigated to better
understand their role in driving CLBC metastatic progression. Our analysis included two normal
control lungs and three lungs with metastatic lesions. In the lung samples with metastases, two
samples contained one to two small metastases while the third sample was covered in metastatic
lesions. The lung tissue with large, widespread metastases had a significantly higher number of
tumor cells compared to the samples with only one or two small lesions. This significantly impacts
the differential expression analysis due to the variability in the amount of tumor present in the
sample. A more comprehensive differential expression analysis should be conducted with more
samples with similar levels of tumor burden. It would also be of interest to analyze lungs from
different time points before and after tumor resection to provide additional insights to how the
metastatic site changes throughout tumor progression.
Chapter 4 describes our subsequent discovery-based proteomic approach to identifying
targetable proteins or pathways in CLBC. We found that compared to normal tissue from healthy
control mice, Gal-1, an N-acetyllactosamine binding protein, was highly differentially expressed

in claudin-low primary tumors and lung metastases. Label-free quantitation, Western immunoblot,
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and ELISA confirmed galectin-1 identity and significant differential expression in claudin-low
orthotopic and metastatic tumors compared to normal tissue. Immunohistochemistry and gene
expression analysis confirmed that, compared to other breast cancer subtypes and normal breast
tissue, Gal-1 is highly expressed in both murine and human claudin-low breast tumors. We were
the first to report overexpression of Gal-1 RNA and protein in primary and metastatic claudin-low

tumors.>?!

Gal-1 is overexpressed in other cancers and has been implicated in pathways associated with
cancer progression (refer to Chapter 1, Table 3). As early as 1981, it was speculated that a
galactoside-specific lectin on the surface of tumor cells could regulate metastasis through the
interaction of tumor cells with endothelial or immune system cells.>®* In recent years, in a few
isolated studies, tumor-secreted Gal-1 has been shown to potentially be involved in tumor cell
immune escape.*®> Our data and other reports suggest that Gal-1 could be a critical molecular
target in cancer and a potential therapeutic target for cancer treatment. As part of this study, we
conducted STRING analysis to determined protein-protein binding or co-expression between the
nine unique proteins present in tumors but not control tissues (Figure 17b). Three of the nine
proteins are reported to have a role in cancer metastasis: heat shock cognate (Hspa8), myosin-9
(Myh9), and Gal-1 (Lgals1).2™ 361362 Seven proteins identified with differential expression in
tumor samples contain the acceptor sequence required for N-linked glycosylation, except Pdai6,
and all contain potential O-linked glycosylation sites, they could theoretically be ligands for Gal-
1. However, there are no reports in the literature that these proteins have LacNAc residues, nor
that Gal-1 interacts with or binds to these proteins. Perhaps most interestingly, Gal-1 shares a
reported direct relationship with protein disulfide-isomerase A6 (Pdia6). Though, no reports

discuss the specific interactions between Gal-1 and Pdia6; it is likely that their interaction is related
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to the enzymatic function of Pdia6, which catalyzes the rearrangement of disulfide bonds to aid in
protein folding, prevent protein aggregation and regulate protein redox states. Since Gal-1 has
multivalent functions dependent on its oxidation state,!%287-406.407 pdja6 may serve as a chaperone
for Gal-1 or as a regulator of Gal-1 function. Further examination of these proteins and their

interrelationships with Gal-1 in claudin-low tumors may help elucidate Gal-1 function.

Gal-1 was found to be differentially expressed in both proteomic and genomic analyses of
lungs with T11 metastases compared to normal control tissue. Normalized RNASeq read counts
of Lgalsl had counts of 1525 in normal controls (n=2) and 53,764 (n=3) in lungs with T11
metastases, a 5 logz fold increase with a p-value <0.0001. Lgals] was not the most differentially
expressed gene in these samples, but it was within the top 113 differentially upregulated genes.
Similarly, our published proteomic data showed high levels of Gal-1 protein expression in lung
samples with T11 metastases compared to normal lungs. Gal-1 exhibited the highest sequence
coverage and high abundance rank order among nano-LC-MS/MS-identified proteins shared by
CLBC but not normal tissue and placed in the top 9% of identified proteins in T11 by abundance
rank order. Notably, label-free quantitation documented a significant 4.5 log2 fold increase in the

differential expression of Gal-1 in lung metastases.

Review articles have summarized the evidence from a small number of in vitro studies and in
vivo mouse models of various cancers have suggested that Gal-1 promotes tumor proliferation,
invasion, metastasis, angiogenesis, and immune evasion.?’>>’* While the mechanism of action for
Gal-1 remains unclear, the notable overexpression of Gal-1 in cancer progression suggests it plays
a significant role in cancer-related processes. Three studies have examined the effect of Gal-1
inhibition on metastasis in the 4T1 basal-like murine model and have shown that knockdown of

Gal-1 in tumor cells reduced the number of metastatic lesions in the lung and increased the
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percentage of tumoricidal T cell populations at metastatic sites,!3% 182 38

supporting the premise
that Gal-1 is an important mediator of metastasis in TNBC. Prior to our work, there were no

reports showing overexpression of Gal-1 RNA and protein in primary or metastatic CLBC or

investigations of Gal-1 inhibition in CLBC.

As previously discussed, in characterization studies of the T11 tumor line, we found that
macrophages were a significant component of the TME. The prevalence of the type of
immunosuppressive mechanism depends on the type of macrophages or MDSCs present in the
TME and the stage and site of the suppression. MDSCs are heterogeneous due to the presence of
various immature myeloid-derived cell subsets and immunosuppressive independent of their
diverse phenotypes, while TAMs possess a greater capacity for functional and phenotypic
adaptation and assume pro- or anti- tumor activities dependent on the tumor microenvironment.
Both MDSCs and pro-tumor TAMs aid in tumor growth and progression and share commonalities
in secretion of immunoregulatory mediators, which are like those involved in wound repair, such
as arginase, IL-10, G-CSF, MCP-1, KC, and VEGF.®**" Gal-1 has been shown to influence
monocyte and macrophage function in other types of diseases and MDSC activity in many types
of cancer.**® 4% However, the effect of tumor-expressed Gal-1 on CD11b" myeloid-derived cells

in breast cancer has not been investigated.

To evaluate Gal-1 as a potential target for therapy and the potential effect of Gal-1 on CD11b"
myeloid cells, we conducted an in vivo study with the Gal-1 OTX008 inhibitor. OTXO008 is a
topomimetic of galectin-1-targeting peptide Anginex, a potent angiogenic inhibitor developed in
2001.3'2 OTXO008 is more chemically stable, more resistant to hydrolysis, and has higher Gal-1
specificity than Thiodigalactoside (TDG) and Anginex. TDG has previously been used in TNBC

in vivo murine studies but has cross-reactivity with galectins-3, -8, and -9, and Anginex can interact
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with Gal-2, -7, -8 and 9 but at a lower specificity compared to Gal-1.'%1:313 OTX008 is specific
for Gal-1 with no known cross-reactivity with other galectins. It prevents Gal-1 from interacting
with its ligands by binding to dimerized Gal-1 at a site more distant from the CRD as compared to

Anginex.*!®

Our results on tumor growth showed a statistically significant decrease in tumor volume at day
14 post-tumor implant in the OTX008-treated group compared to vehicle control. Although not
identified as outliers by three separate methods (interquartile range, ROUT, and Grubbs’), three of
the eight mice in the vehicle control group had high volume tumors that significantly contributed
to these results. If these three mice were removed from the dataset, the statistical differences in
tumor volume and the rate of tumor growth (slopes) between the test and control groups would be
lost. The differences in biological response may have been due to technical variations in the tumor
cell injection process (e.g., variability in syringe loading or leakage from the injection site) that
can contribute to the different biological responses in syngeneic littermates. Larger numbers of
mice in both groups would help address this concern and are needed to validate these initial

findings.

The use of field standard caliper measurements and calculations for tumor volume is most
frequently used in murine tumor growth studies. These measurements were conducted by blinded
personnel, but this type of assessment remains susceptible to bias. Upon weighing the tumors after
sacrifice and resection, there were no differences in tumor weight between the two groups, but this
method is also susceptible to bias and technical limitations. The tumor weights may be affected
by factors such as the extent of necrosis, the types of infiltrating cells, dissection accuracy,
precision, and the handling of tissues during dissection. Scale accuracy and environmental

conditions, such as temperature and humidity, can also contribute to variations. To minimize
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technical variations in the dissection for these experiments, measures were taken to ensure
consistency. Dissections were conducted over two consecutive days at the same time of day,
utilizing the same calibrated scale. Furthermore, the removal of tumors was performed by a single
operator, and a separate operator was responsible for weighing the tumors. More robust techniques
are available for tumor in vivo tumor volume assessments, such as bioluminescence imaging or

small animal MRI, and should be utilized in future studies for more accurate tumor measurements.

Our in vivo studies focuses on OTX008, which acts as a non-competitive Gal-1 allosteric
inhibitor and prevents carbohydrate binding. It has been suggested that it may inactive Gal-1 via
oxidation, leading to a major conformational change and proteasomal degradation.>** While there
are no published reports on the association or dissociation measurements for OTX008 to Gal-1,
we can speculate on the molar ratios of OTX008 to Gal-1 that are required to inhibit Gal-1-
carbohydrate interactions. Protein-protein interactions are known to exhibit high affinity,
particularly when they are involved in critical cellular processes, such as enzyme substrate
interactions, signal transduction pathways, or the formation of protein complexes. Likewise,
certain lectins, such as Gal-1, have high affinity and specificity for their target carbohydrate. As
previously mentioned in Chapter 1, Section 1.3.2, avidity between LacNAc and Gal-1 increases
when Gal-1 is dimerized and poly-LacNAc residues are branched. 2°7- 2!® For example, the
dissociation constant (Kd) of monomeric Gal-1 with a single LacNAc motif is approximately
81£12 uM as determined by isothermal titration calorimetry (ITC), but dimerized Gal-1 binds to
CD45, a glycoprotein with poly-branched LacNAc residues, with a Kd of 2.3 nM.?!"- 212 For
comparison, the ITC determined Kd of PD-1 to PD-L1 is reported as 3.90+0.07 uM*'° which is
higher than the Kd for monomeric Gal-1 to a single LacNAc motif but lower than dimerized Gal-

1 binding to CD45. It is important to note that the Kd for an interaction can vary based on
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experimental conditions, techniques, and specific reagents used. Likewise, biological conditions
within a localized environment in vivo will influence binding affinities for proteins to their ligands.
Therefore, the results from these studies should not be directly compared, and rather, this
information should be used to generate hypotheses about the interactions between Gal-1 and

LacNAc then subsequently tested.

Similarly, insights extracted from a laboratory report detailing the OTX008 to Gal-1 molar
ratios to prevent Gal-1 interactions on the surfaces of target cells, including CD4" and CD8" T
cells, and CD31" endothelial cells, provide a valuable reference for the design and understanding
of in vivo Gal-1 inhibition. Specifically, the molar ratio 0of200:1 (20 pM OTX008 to 0.1 uM Gal-
1) was identified as necessary to reduce Gal-1 binding to CD4" or CD8" T cells by 80%. For CD31"
endothelial cells, a 200:1 molar ratio decreased binding by 50% and by increasing the ratio to
1000:1 (100 uM OTXO008 to 0.1 uM Gal-1) further improved the percentage of unbound ligand to
70%.3%> While this experimental data aids in the design and interpretation of study outcomes, it’s
essential to recognize the limitations inherent in its in vitro nature, preventing direct extrapolation

to in vivo studies.

Based on ELISA data from whole primary tumors lysates (Chapter 4, Figure 18), where the

average concentration of Gal-1 was measured at 17.8 ng Gal-1/mg tissue and considering an
average tumor weight of 940 mg from OTXO008-treated tumors, we calculated that each tumor
contains approximately 1.2 nmol of Gal-1 (using the molecular weight of 14,000 g/mol). With a
drug administration volume of 10 mg/kg in an average 18.5-gram mouse; each mouse received
approximately 197 nmol OTXO008 (with a molecular weight of 937.18 g/mol). Consequently, the
molar ratio of OTX008 to Gal-1 in our study was 164:1. This ratio closely aligns with the in vitro

molar ratio determined by Dings et al. (200:1), which was effective in preventing Gal-1 from
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binding to 70% of T cells and 50% endothelial cells. This suggests that we employed a molar ratio

significant enough to impede Gal-1 interactions with its ligand.**

However, as previously
discussed in this chapter, in vitro concentrations cannot be directly correlated to in vivo dosing. In
vivo calculations of OTX008 to Gal-1 molar ratios are theoretical because we did not directly
evaluate tumor concentrations of OTX008. Nano-LC-MS/MS analysis on trypsin-digested tumor
lysates after OTX008 administration should be included in these studies to provide precise
determination of the OTX008 concentration in primary tumors and systemic blood. Flash frozen
tumors collected as part of the in vivo study reported herein could be used to conduct these
analyses. This information could help guide future in vivo experiments and would allow for more

robust data acquisition and hypothesis testing to determine the roles of Gal-1 in CLBC, such as

evaluating the effect of Gal-1 inhibition on metastatic disease.

Off-target effects have not been reported by others. Although the off-target effects of OTX008
on ligand binding and cell viability have not been determined, it is assumed that the primary action
of OTX008 is on Gal-1 since a dose-dependent response is observed in studies conducted by Dings
et al.315:317:318.395 \When higher concentrations of Gal-1 are present, more OTXO008 is required to
observe similar inhibitory effects on surface binding, agglutination, and cell proliferation. In one
study evaluating the effect of OTX008 on cell viability using an in vitro model of oral squamous
cell carcinoma, dose ranges of 55-186 pg/mL (59-198 uM) were required to reach IC50. Results
showed that the observed decrease in viability was dose and time dependent and resulted in an
upregulation of FOS. The authors hypothesized that the observed tumor cell apoptosis occurred
through early induction of MAPK pathway; however, the study provided no evidence of Gal-1
binding.*'' Another study showed higher Gal-1 expression levels correlated with mesenchymal

markers, such as Vimentin, and low RNA levels of epithelial markers, such as E-cadherin.**?
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These markers are consistent with the CLBC phenotype, which is characterized by low expression
of tight-junction proteins, claudin-3, -4, and -7, and cell-cell adhesion protein, E-cadherin.!” Our
RNASeq data confirmed expression of these markers in the murine claudin-low T11 tumors, as
well as high expression of Vimentin. One study evaluated the effect of Gal-1 inhibition with
OTXO008 on mesenchymal phenotypes by using two pairs of in vitro epithelial to mesenchymal
models, COLO205-S/ COLO205-R (human colorectal cancer) and MCF7/ MCF7-shWISP (human
luminal A breast cancer). Results showed OTX008 had more potent antiproliferative effects on
the epithelial models compared to their mesenchymal counterparts, both mesenchymal cells lines
requiring >300 uM OTXO008 to reduce cell proliferation by 50%.2’* This suggests that OTX008
may not be a potent enough inhibitor for the high expression levels of Gal-1 observed in the
claudin-low T11 mouse model. However, it is difficult to correlate these in vifro concentrations
to in vivo dosing. In addition, OTX008 in our studies was injected systemically (i.p.) and most
certainly would bind to Gal-1 protein encountered prior to reaching the tumor, thus reducing the

actual molar ratio within the primary tumor.

Existing in vitro studies by other laboratories indicate that Gal-1 induced apoptosis in immune
cells requires higher concentrations than those anticipated under physiological conditions,
typically ranging from 1 to 30 uM.?"® Our own in vitro apoptotic studies on the immortal
macrophage cell line RAW 264.7, conducted with Gal-1 concentrations ranging from 0.1-1 puM,
revealed concentration-dependent, carbohydrate-specific apoptosis at all dilutions. However,
when RAW 264.7 cells were cultured in T11 cell conditioned media (with lower concentration
ranging from 0.6-3.3 nM), in vitro apoptosis was not observed. Given the inability to observe
apoptosis in non-transformed PEC, we transitioned to an in vivo model to assess the effects of Gal-

1 inhibition on tumor and immune cells. Despite administering OTX008 concentrations similar to
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other published in vivo studies in different tumor models, we did not observe alterations in immune

cell infiltration or apoptosis.

While a few studies have reported changes in immune cell numbers in primary tumors and
metastases following Gal-1 inhibition, these low numbers might be attributed to alternative
mechanisms, such as a lack of proliferation or migration into the tumor.!3% 182188 [°s important to
acknowledge that we did not evaluate the effect of Gal-1 on immune cell function. Future
investigations should consider these alternative mechanisms for immune cell regulation in the
tumor microenvironment, such as immune cell migration, immune suppressive activity, and
proliferation. Additionally, studies on the impact of Gal-1 on immune cell phenotypes should be
thoroughly explored. Analyzing cytokine production and conducting ex vivo functional assays for
immune cell migration and immune suppressive activity across a range of Gal-1 concentration in
the nM range and at various time points is advisable. Therefore, at this juncture, the potential
influence of Gal-1 on immune cell activity should still be considered a plausible mechanism of
Gal-1 activity in CLBC, and further exploration is warranted in future in vivo studies.
Additionally, future studies should include a minimum of 30 mice per group to achieve 80% power
at a significant criterion of 0=0.05 in addition to increasing the dosage and/or dose frequency for

OTXO008 administration.

OTXO008 (also known as Calixarene-0118) has been in phase 1 clinical trials to treat solid
tumors;**> however, the last update on this study was in 2013.3! The data presented in 2013
reported that 22 patients with solid tumors (50% colorectal carcinoma) received a daily
subcutaneous injection of OTX008 from March 2012-March 2013, six patients received 65 mg,
seven patients were dosed with 120-130 mg with 2/7 experience a dose limiting toxicity; therefore,

an additional 9 patients were enrolled at 65 mg dose. The stage of disease was not reported.
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Additionally, it is unknown from the data reported if all patients had primary tumor resection, but
it is assumed that tumors were removed as part of the standard of care prior to administration of
first-line therapy. The most common adverse events were transient and reversible neurological
events, which were more common and frequent at the higher dose range. Unfortunately, the
primary outcome of objective response was not obtained.*!? This suggests that OTX008 may not
be a potent enough inhibitor of Gal-1 to observe improved clinical outcomes. However, there is
not sufficient detail in the reported data to draw conclusions. For example, if all patients had stage
IV disease, the metastatic burden may have been too high for this dose escalation regimen to be
effective. Local injection site tolerance of subcutaneous administration was poor; therefore,
alternative administration methods could be explored, such as limb profusion, and may result in
improved outcomes and drug tolerance. It is still anticipated that high-affinity Gal-1-specific
inhibitors would benefit cancer research and may introduce treatment options for certain types of

cancer, especially those expressing high Gal-1.

There are other therapeutic approaches that have been explored in mouse models to target Gal-
1. Several studies report that anti-Gal-1 monoclonal antibodies (mAb) could provide therapeutic
benefits. These studies have shown decreased tumorigenesis in mouse models of Kaposi’s
sarcoma, oral squamous carcinoma, and prostate cancer.?’® 41> 414 Antibodies are expensive to
produce and would require stratified dosing depending on the amount of Gal-1 the tumor produces.
As an alternative, one recent study showed success when vaccinating mice against Gal-1 proteins
in a B16 melanoma mouse model. Gal-1 vaccination suppressed tumor growth, inhibited
angiogenesis, increased infiltration of CD8" T cells and M 1-type macrophages (defined by CD11¢
positivity), and decreased infiltration of M2-type TAMS (defined by CD206-positivity).*'> One

downside to this study was that the mice were vaccinated before tumor implantation. While tumor
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growth was suppressed, the mice still developed tumors, suggesting that Gal-1 vaccination must
be combined with another therapy. In the clinical setting, the level of potential benefit for
vaccination against Gal-1 would not be known until after the patient has developed a tumor and
the tumor has been tested for Gal-1 expression. However, Gal-1 vaccination after primary tumor
resection may have an improved benefit over peptide inhibitors and mAbs because the patient’s
immune system would be activated to target Gal-1 for destruction and prevent the downstream

effects of Gal-1 tumor-promoting activities.

Targeting the enzymes that regulate LacNAc addition to the carbohydrate sidechains of
glycoproteins may also provide therapeutic benefit. The addition of LacNAc residues onto
proteins is outlined in chapter 1, section 1.3.2. It is well known that increased Golgi expression of
B-1,6-N-acetylglucosaminiltranserfase V (Mgat5) increases during carcinogenesis, resulting in
branched, complex N-glycans on the surface of glycoproteins. This increase in enzyme production
leads to an increase in the number of high affinity Gal-1 ligands.*'® Additionally, the secreted
form of Mgat5 is also known to promote angiogenesis. Although Mgat5 is known to be critical in
tumor development, the specific mechanisms are not fully understood.*!® In one murine breast
cancer study, silencing Mgat5 was shown to decrease tumor progression and stimulate an anti-
tumor immune response , similar to the effects observed when Gal-1 was inhibited in a 4T1 murine

model of breast cancer.*'’> 418

Additionally, the small molecule peracetylated 4-fluoro-
glucosamine has been shown to reduce the biosynthesis of LacNAc by reducing UDP-GlcNAc
synthesis, which has the downstream effect of increased anti-tumor immune cell activity and
reduced tumor growth in melanoma and lymphoma in mouse models.*!” These data suggest that

either the targeting the LacNAc ligand or direct targeting of Gal-1 could be suitable pathways for

intervention.
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Interestingly, in a panel of cell lines, Gal-1 expression was shown to positively correlate with
mesenchymal markers, such as vimentin, and negatively correlate with epithelial markers, like E-
cadherin.*®® This is consistent with the EMT markers and stemlike characteristics of CLBC. In
our mouse and human RNA datasets, we observed tumors with high Gal-1 expression also had
high expression of vimentin and low expression of E-cadherin based on the intrinsic claudin-low

gene profile.’*?

A few studies have shown a decrease in angiogenesis by inhibiting Gal-1, either through knock
down in primary tumors or by pharmaceutical intervention. One of these studies was conducted
using the murine 4T1 basal-like breast cancer model, as previously described in the introduction.
In our study, we did not evaluate the effect of Gal-1 inhibition on angiogenesis, although it is
warranted in future studies. As discussed in the Chapter 1 (Introduction), others have reported that
overexpression of VEGF is a characteristic of TNBC and high expression of Gal-1 correlates with
expression levels of Gal-1 and CCL2. We reported in Chapter 3 that VEGF and CCL2 has
significantly higher expression in 2225LM and T11 tumors compared to normal tissue. OTX008
is a derivative of the potent angiogenic inhibitor, Anginex. Anginex inhibits the formation of new
blood vessels, but does not affect pre-existing blood vessels, lending to its ability to specifically
target tumors.’'> In one study, Anginex was reported to significantly decrease membrane-bound
H-Ras, but not K- or N-Ras with a specific reduction in Raf/Mek/Erk signaling activation in
vascular endothelial cells.?!'® Interestingly, another study showed that Ras signals were found to
be highly expressed in CLBC, suggesting a potential correlation between Ras and Gal-1
expression.*”®> Gal-1 has previously been reported in one study to directly bind with H-Ras at the
cell membrane to stabilize the interaction between H-Ras and GTP. It has been proposed that this

interaction alters the orientation of the H-Ras globular domain and promote the lateral segregation
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of H-Ras to initiate MAPK signaling. Overexpression of Gal-1 enhances this signaling cascade.**

The downstream effect of constituently active H-Ras is promotion of epithelial-mesenchymal
transformation, which causes breast epithelial cells to become malignant. This transition is linked

to increased expression of ZEB1, which is another intrinsic gene of the claudin-low phenotype.*?!

Our findings support further investigations focusing on the function, role, and significance of
Gal-1 overexpression in claudin-low tumor progression. Our publication was the first to employ
advanced proteomic approaches for the identification and subsequent validation of Gal-1
overexpression in claudin-low tumors. The implications of our findings suggest a compelling
prospect for the use of Gal-1 inhibitors to treat this aggressive tumor subtype. Understanding the
pharmacokinetics and biodistribution of OTX008 in the tumor and throughout the body would be
critical to evaluate the continued potential of this specific drug. New studies should also focus on
finding improved inhibitors for tumors expressing the highest levels of Gal-1. Furthermore,
follow-up studies need to reassess the impact of Gal-1 inhibition on infiltrating immune cell
populations, specifically probing into how Gal-1 influences immune cell phenotype and functional
activity. Exploring the role of Gal-1 in angiogenesis also warrants attention. Innovative
techniques like multiplex immunohistochemistry can provide spatial insights into the cellular
localization of Gal-1 and its interactions with distinct cell types. In essence, our research advocates
for a robust and comprehensive exploration of Gal-1 inhibition as a pivotal avenue for advancing

therapeutic strategies against claudin-low tumors.
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