DEVELOPMENT OF TRANSPLANTABLE MOUSE MODELS
TO ASSESS THE ROLE OF PROLACTIN INDUCIBLE
PROTEIN IN BREAST TUMORIGENESIS

By

CHIDALU ARNOLD EDECHI

A thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba

in partial fulfilment of the requirements of the degree of

MASTER OF SCIENCE

Department of Pathology
University of Manitoba

Winnipeg, Manitoba, Canada

Copyright © 2019 by Chidalu Arnold Edechi



ABSTRACT

Breast cancer (BC), a highly heterogenous disease, is the most prevalent cancer in women. The
prolactin inducible protein (PIP) is expressed by over 90% of BCs to varying degrees. Higher PIP
expression levels have been shown to correlate with better prognosis and patient response to
chemotherapy. Previous studies suggest an immunomodulatory role, however, the role of PIP in
BC pathogenesis is unknown. In addition to its role in innate immunity, our laboratory has
previously shown that deficiency of PIP is associated with defective type 1 T-helper (Thl) cell
immune response, which operates as a critical adaptive immune component for antitumor
immunity. Therefore, it was hypothesized that PIP inhibits BC and enhances antitumor immunity.
Here, the role of PIP in BC progression was investigated using syngeneic transplantable BC mouse
models developed from 4T1 and E0771 mouse BC cell lines. PIP was overexpressed in both cell
lines and characterized using a number of in vitro functional assays. Following the transplantation
of these lines in syngeneic mice, the impact of PIP expression on breast tumorigenesis in vivo was
also assessed with specific focus on tumor onset, growth, size, immune response, and metastasis.
In vitro functional assay comparisons revealed no differences in proliferation, migration, and
response to anticancer drugs in both cell lines. However, in vivo studies showed that the expression
of PIP in 4T1 cells delayed tumor onset, reduced tumor growth, and diminished tumor size. These
observations were associated with increased percentages of natural killer cells, dendritic cells and
reduced frequency of CD4"IL4" T cells in the PIP expressing 4T1 tumors. Furthermore, PIP
expression in 4T1 cells resulted in elevated lung metastasis, indicating that PIP may play opposing
roles in BC. Interestingly, these effects however were not observed in the in vivo EO771 mouse
BC model thereby suggesting that PIP may have different effects on different types of BC. These

studies provide initial preclinical experimental data to suggest that PIP is an important regulator



of breast tumor immunity and potentially, metastasis in mouse models, further expanding our

understanding of breast cancer progression.
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I. INTRODUCTION

1. BREAST CANCER

1.1. World and Canadian Statistics

Worldwide, the most frequently occurring cancer in females is breast cancer, and it is the
second most common cancer overall (1). In 2018 alone, 2 million new cases of breast cancer were
documented, representing approximately 1 in 4 cases of cancer in women, with an overall
incidence rate slightly inferior to that of lung cancer (2). In the last 40 years, the rate of breast
cancer occurrence was higher in women above 50 years, while women below 50 years had a

decreased rate of survival (3).

In Canada, breast cancer is the third most common cancer diagnosed overall, constituting
13% of all cancers reported. Similar to world statistics, breast cancer is the most commonly
diagnosed cancer in Canadian women, making up about 25% of all female cancers (4). In 2017,
over 26,000 Canadian women were diagnosed and 5,000 succumbed to the disease (4,5). Despite
these figures, the current overall five-year net survival rate for female breast cancer is relatively
high at 87% (6). However, survival varies considerably by stage ranging from 22% survival for
stage IV to nearly 100% survival for stage I. Breast cancer can often lead to significant economic
burdens on affected women, their families, and society. In accordance with this concept, a US

study has estimated the annual cost of breast cancer care to be $16.5 billion (7).



1.2. Breast Cancer Subtypes

Histologically, breast cancer can be broadly grouped into lobular carcinoma and ductal
carcinoma categories, depending on whether the cancer affects the lobules or ducts of the breast
(8). These two histological subtypes can be further divided into in situ carcinomas (lobular
carcinoma in situ, LCIS, and ductal carcinoma in situ, DCIS) or invasive carcinomas (invasive
lobular carcinoma, ILC, and invasive ductal carcinoma, IDC) (8). In situ carcinomas are pre-
cancerous lesions that have not invaded the surrounding basement membrane, while invasive
breast carcinomas have invaded the basement membrane and spread to surrounding breast tissues
(8). IDCs are the most common type of invasive breast cancer. As well, there exists other rare
forms of breast cancer such as inflammatory breast cancer and Paget disease (9). Inflammatory
breast cancer is a highly aggressive type that can affect the lymphatic system thereby obstructing
the lymphatic drainage, while Paget disease typically affects the nipples (8,9).

Breast cancer is categorized into 5 major intrinsic molecular subtypes based on gene
expression profile studies (10). These subtypes are: luminal A, luminal B, human epidermal
growth factor receptor 2 (HER2) over-expressing, basal-like/triple negative and normal-like
tumors (10,11). However, more recently, a claudin low type has also been identified (12,13).
Furthermore, a recent study conducted in conjunction with the METABRIC (Molecular Taxonomy
of Breast Cancer International Consortium) group has identified at least 10 subtypes based on a
combination of gene expression profiles and copy number aberrations (14).

The most commonly diagnosed breast cancer subtypes (more than 60%) are the luminal
A and the luminal B (15). They are characterized by estrogen and progesterone receptor expression
(ER, PR) but differ in their levels of HER2 and Ki67 (a nuclear protein, which operates as a cellular

proliferation marker) expression (15). Luminal A breast cancers are HER2- and Ki67'"V (16),
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whereas, the luminal B subtype may be HER2+ or HER2-, and Ki67"9" (15,17,18). Compared to
luminal B, patients with luminal A breast cancers have better outcomes as it is usually of low to
moderate grade with low recurrence rate. The luminal B subtype produces a worse prognosis
because its tumors tend to possess mutations in the tumor suppressor gene known as p53. The
expression of HER2 and/or Ki67 in breast cancer has also been reported to contribute to its rapid
growth, resulting in bigger tumors and a higher tumor grade (19).

Accounting for approximately 20% of cases, the HER2+ subtype of breast cancer is
aggressive and has a poor prognosis (20). The expression of HER2 protein has also been reported
to contribute to the number of cancer stem cells (21), inducing angiogenesis, metastasis, and
evading apoptosis. Basal-like tumors which do not express ER, PR and HER2, are characterized
by the expression of cytokeratin and/or epidermal growth factor receptor (EGFR) (22). Triple
negative breast cancers (TNBCs) are another class of tumors that are ER-, PR- and HER2-.
Approximately 70% of TNBC’s are basal-like. TNBC’s constitute nearly 15% of all breast cancer
cases, and at least 6 distinct subtypes with different gene expression profiles have been identified
(23). It is the most aggressive subtype, with high risk and poor prognosis (24,25). Basal-like/triple
negative breast cancer patients typically develop cancer at a younger age. These tumors are large
and spread to distant organs (24). The normal-like subtype has been poorly defined in regard to
the histological literature. However, using microarray studies, it has been shown that normal-like
breast cancers express genes of tissues that are not of epithelial origin such as genes from adipose
tissue (10). The normal-like breast cancer subtype accounts for 6-10% of diagnosed patients, has

a good prognosis and their tumors are usually small in size (15).



1.3. Breast Tumorigenesis, Progression and Metastasis

Both genetic and epigenetic alterations in normal breast cells can result in their
transformation into cancerous cells that are highly proliferative (hyperplasia) (26). These
alterations subsequently lead to the formation of in situ breast carcinomas which are characterized
by the presence of potentially malignant cells that have not yet invaded the basement membrane
(27). In addition to cancer cells, the breast tumors contain stromal cells such as leucocytes,
fibroblasts, and endothelial cells (26). These stromal components exhibit an important role in
modulating breast tumorigenesis, progression, and metastasis. This may occur by a direct
interaction with cancer cells or by the indirect release of bioactive molecules such as cytokines
and growth factors. In situ carcinomas can become invasive when they penetrate the basement
membrane and gain access to the circulatory system in a process known as intravasation. When
they enter the circulation, these cancer cells are then referred to as circulating tumor cells (CTCs)
which have been demonstrated to be good indicators of metastasis and relapse (28). To arrive at
the metastatic site, cancer cells move out of circulation (blood vessel or lymphatics) to distant
organs such as the lungs, brain, bone, and liver. The cells are deposited at these sites, forming
metastatic foci (29). Metastasis accounts for about 90% of breast cancer deaths, as most primary
tumors do not adversely affect patient survival if confined to the breast. The precise mechanisms
of metastasis are still not well understood. However, one hypothesis is that some metastatic cells
may survive at the distant organ, proliferate and induce angiogenesis to enhance their survival

while evading apoptosis and antitumor immune activity (30).



Genetic Alterations (Mutations)
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Fig 1. Proposed stages of breast cancer progression (Rivenbark, 2013)



1.4. Breast Cancer Risk Factors

Several factors can significantly contribute to the risk of breast cancer development.
According to the Centre for Disease Control and Prevention (CDC), being female is a significant
risk factor as the proportion of breast cancer occurrence in males is less than 1%. Other risk factors
are old age, a history of breast cancer occurrence in the family, prior exposure to radiation therapy,
and genetic mutations, especially in the breast cancer (BRCA) genes (31). Environmental and
lifestyle factors are also considered to significantly contribute to breast cancer development. It is
known that breastfeeding has the potential to decrease the risk of breast cancer onset (32). As well,
it has been reported that in postmenopausal women, the administration of certain forms of hormone
replacement therapy can elevate their risk of developing breast cancer (33). According to some
studies, to reduce the risk of breast cancer development, women can engage in physical activity,

limit or avoid alcohol intake, and control their weight (34).

1.5. Breast Cancer Diagnosis, Grading and Staging

Signs of breast cancer include: detection of a mass in the breast, distortion of the breast
architecture or asymmetry and the detection of microcalcifications in the breast by mammography.
This may require further examination using a diagnostic mammogram, core needle biopsy,
ultrasound or magnetic resonance imaging (35). Specimen from core needle biopsies are analyzed
by pathologists to determine the grade of the breast cancer. Grading informs on the degree of
differentiation of the breast cancer cells and how likely they are to grow and spread. It is evaluated
based on glandular formation, morphology of the nucleus and mitotic counts. Each criterion is
given a score from 1-3. These scores are then added and grouped into three classes: grade I (low)

has scores from 1-3; grade Il (intermediate), 6-7; and grade 111 (high), 8-9 and patients with higher



grade tumors often have worse outcomes (36). In addition, breast cancer, like several other types
of carcinomas, are classified into stages, which is a measure of the size of the tumors and the
degree of metastasis. Breast cancer can be staged according to the tumor, node, metastasis (TNM)
system which considers tumor size (T), whether it has spread to lymph nodes within the vicinity
(N) or if it has spread to distant organs (metastasis) (37). Although larger tumor sizes are correlated
with worse prognosis, some smaller tumors may be more aggressive than larger ones. In addition,
occurrence of more lymph node metastasis is associated with more advanced breast cancers. Based
on the TNM system, breast cancer is categorized into stages 0-1V, with subcategories within (38)
and the disease severity increases alongside the stage number. Stage 0 is a breast carcinoma in situ;
stages I-111 are invasive carcinomas with increasing size, degree of spread and severity; and stage

IV is established when the breast cancer has metastasized to distant organs (37).

1.6. Role of Hormones

Almost 70% of breast cancers are considered to be hormone dependent (39). It has been
shown that hormones produced by the ovaries and pituitary glands contribute significantly to the
normal growth and development of the breast and has been implicated as well in breast
tumorigenesis (39). The hormone, estrogen, produced by the ovaries, is important for normal breast
development. It interacts with the estrogen receptor, leading to a series of signalling events that
result in the transcription of a wide array of genes which regulate the cell cycle, DNA replication,
apoptosis and cellular differentiation (40,41). There are two estrogen receptors, ER-a and ER-f.
ER-a was previously thought to be the primary receptor for estrogens until ER-p was discovered
(42,43). They are both members of the steroid/thyroid/retinoid family of receptors and share
similar structure and function (44,45). Furthermore, several ER-f isoforms have been identified,

where ER-B1 is present as the major form. Some studies suggest that higher expression of ER-B1
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is associated with enhanced response to anti-estrogen treatment as well as a more favourable
prognosis (46-48). Estrogens are derived from androgens such as androstenedione and

testosterone through the action of the aromatase enzyme (41).

Progesterone is another important hormone involved in normal breast development as well
as in breast cancer (49) and its receptor is usually expressed along with the estrogen receptor. The
progesterone receptor is often expressed more in the luminal A subtype and is correlated with
better outcome (50). Although it has been reported that pituitary hormones such as prolactin and
growth hormone influence the development of breast cancer, their mechanisms of action are still
poorly understood (39). A recent study (51) reported that higher levels of prolactin in the plasma
is linked to an increase in the risk breast cancer development. As well, it has been shown that there
is an association between prolactin and metastasis to the bone (52). Growth hormone on the other
hand, has been reported to contribute to angiogenesis, cancer stem cell formation and resistance to

chemotherapy in breast cancer (39).

1.7. Breast Cancer Treatment

Common therapies for the management of breast cancer include surgery, radiotherapy, and
systemic therapies such as targeted therapy (including hormonal therapy) and chemotherapy (53).
These therapies may be used alone or in combination. Furthermore, the treatment option(s) is
determined based on the subtype or stage of the breast cancer and can be surgery alone, or in
combination with neoadjuvant and/or adjuvant therapy such as chemotherapy, radiotherapy and
hormone therapy (53). Neoadjuvant therapy refers to therapies administered prior to surgical
procedures. On the other hand, adjuvant therapy is provided after the surgical procedure. Common

surgical interventions against breast cancer include lumpectomy and mastectomy (53). While



lumpectomy refers to the removal of the breast tumor only and nearby tissues, mastectomy

involves the removal of some portion of, or the complete breast(s) affected (53).

A major breakthrough in breast cancer treatment was the development of selective
estrogen receptor modulators (SERMS) such as tamoxifen and fulvestrant, which target the
estrogen receptor (54). Since more than 60% of breast cancer patients have ER+ and PR+ tumors,
this is of tremendous benefit for many breast cancer patients (54). Tamoxifen, an estrogen receptor
antagonist, has a relatively low affinity for the estrogen receptor on its own compared to estradiol
(an estrogen). However, upon consumption, it is metabolised by liver enzymes to the active forms
known as afimoxifene (4-hydroxytamoxifen) and endoxifen (N-desmethyl-4-hydroxytamoxifen),
which have a higher affinity for the estrogen receptor and subsequently control the growth of breast
cancer (55,56). Tamoxifen is currently one of the most commonly available drugs for breast cancer
treatment across the globe. It has saved countless lives, and is on the WHO list of essential
medicines due to its role as the first line of treatment for patients with ER+ breast cancer and even
for prevention (57). There is yet another class of drugs known as aromatase inhibitors which target
the aromatase enzyme (responsible for producing estrogens from androgens) especially in post
menopausal women with breast cancer. Examples of aromatase inhibitors include letrozole,

anastrozole and exemestane.

The monoclonal antibody, trastuzumab, is often used in the treatment of patients with
HER2+ breast tumors (58). Trastuzumab, also known as Herceptin, binds to the HER2 protein
thereby blocking its action and controlling breast cancer growth. To a lesser degree, other targeted
therapies including inhibitors of mechanistic target of rapamycin, mTOR; cyclin dependent kinase,
CDK 4/6; phosphoinositide 3-kinase, PI3K and poly-ADP ribose polymerase, PARP, are used for

treating breast cancer patients (59). For chemotherapy, cyclophosphamide, methotrexate and 5-



fluorouracil (CMF) were used but epirubicin and cyclophosphamide and paclitaxel (EC-paclitaxel)
is the current standard of treatment. These regimens are used alone or in combination with other

modes of treatment (60).

2. MOUSE MODELS USED IN BREAST CANCER RESEARCH

Mouse models are commonly used in preclinical breast cancer research because of the
biological similarities between mice and humans. They are used to address the underlying
mechanisms of breast tumorigenesis, progression and metastasis in vivo. In addition, they are
useful for studying the tumor microenvironment, including tumor-immune system and tumor-
stromal cells interaction, as well as for preclinical testing of anticancer drugs (61). These models

can be grouped into four categories:

2.1. Cell Line Xenograft Models

These mouse models of breast cancer are generated by transplanting human derived breast
cancer cell lines into immunocompromised mice. Cell line xenograft mouse models are commonly
used in breast cancer research for preclinical drug studies (61). In addition, because several
immortalized human breast cancer cell lines are well established and mimic many molecular
subtypes, cell line xenograft models have been extensively used to delineate the mechanisms of
breast cancer progression and metastasis (61). The advantages of using cell line xenograft models
include simplicity, low maintenance cost and ease of deployment for studying breast cancer in the
context of different subtypes (61). However, there are limitations. Firstly, in cell line xenografts,
since an immunodeficient mouse host is used, the effect of the immune system on cancer
development and response to therapy cannot be addressed. Secondly, tumor cells are implanted
into mice by subcutaneous injections and do not accurately model the tumor microenvironment.
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Thirdly, the human derived cell lines are from different species and the tumors formed do not
properly reflect the heterogeneity observed in a clinical human breast cancer setting. Fourthly,
immortalized cell lines used in this model are propagated through multiple passages during which
they would have undergone significant changes that differentiate the daughter clones from parental
cells (62). Altogether, the cell line xenograft model may not adequately mimic the original cancer
biology of the patient, and these limitations of cell line xenograft models are often implicated as a
reason for failure especially when preclinical drug testing and clinical results are incompatible
(63). However, cell line xenografts still play an important role as the advantages outweigh the

liabilities (64).

2.2. Patient-Derived Xenograft (PDX) Models

PDX or patient derived xenograft models are developed from patient-derived tumors that
are surgically implanted into mice. Although the development of PDX models of breast cancer has
been difficult (65), PDX models that mimic several subtypes of breast cancer have been
successfully generated (66). PDX models have several advantages including genetic diversity and
its heterogenous nature which better mimic breast cancer in humans. It is capable of modeling
many subtypes of human breast cancer, stromal components and metastasis (61). Other advantages
include maintenance of the biological properties of the tumor cells because they are directly
implanted unlike immortalized cell lines that go through several passages. Importantly, it has been
observed that it is possible to maintain the characteristics of the patient derived xenografts by
“passaging in mice” for several generations, and they retain clinical responses to several
therapeutic agents, making them suitable for co-clinical studies (61). However, they have several
limitations including: a) use of a severely immunodeficient murine host; b) highly technical and

invasive surgical procedure required for implanting tumors into mice (67); c) differences in
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species between implanted tumors and host; d) long time required to generate these models (68);

e) relatively expensive infrastructure and personnel required for developing this model.

2.3. Genetically Engineered Mouse Models (GEMMs)

These mice represent the most advanced in vivo models used to mimic human cancer. They
are also able to model the series of events that result in cancer formation. Mammary tumors can
be formed in GEMMs by specifically inducing the expression of an oncogene in the mouse breast
epithelium (61). Hence, this model is clinically relevant and demonstrates the pathogenesis and
progression of breast cancer. Another important feature is that the host stromal environment and
immune system are intact. The genetic modifications that control the expression of the oncogene
can be permanent or reversible as well as global or tissue-specific (64). GEMMSs may lack tumor
suppressor genes such as p53 or possess oncogenes such as HER2, as observed in human breast
cancers. In the past several years, a wide variety of oncogenes have been used to generate
transgenic models of specific molecular subtypes of breast cancer (69). As well, in GEMMs, the
tumor develops in the appropriate tissue with the immune system and the appropriate tumor-
stromal interactions present, thus making it a better model. However, the use of GEMMs is limited
by the considerable time, cost, and resources needed to generate and maintain them. In addition,
although there are similarities between mouse and human luminal breast cancer, few GEMMs
which develop breast cancer are ER+. Another important difference is that mouse breast cancers
usually metastasize to the lungs through the blood, whereas human breast cancers can also spread

through the lymphatic system (61).
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2.4. Syngeneic Mouse Models

In order to adequately model cancer immunology, it is important that the cancer is
developed in an immunocompetent host. For breast cancer, this typically involves the implantation
of mouse breast tumors or cell lines into syngeneic mice which possess an intact immune system
(i.e. immunocompetent). Since the cell lines and mouse strains are syngeneic (compatible), there
is no tissue rejection. One important advantage of syngeneic models is that breast cancer biology
can be studied in the presence of a competent immune system. A major drawback is that such
mouse tumor cell lines are limited. In addition, some are not well characterised (61). Two examples

of syngeneic mouse models are the 4T1 and E0771 models (61).

2.4.1. The 4T1 Mouse Breast Cancer Model

2.4.1.1 4T1 Cell Line

Originally isolated from a spontaneous breast tumor (called 410.4) derived from the
MMTV+ BALB/c mouse which was nursed by C3H foster mother (BALB/BfC3H) (70), the 4T1
cell line is 1 of 4 sublines obtained from this 410.4 tumor. 4T1 is a transplantable mouse breast
cancer cell line that can be grown in vitro as well as in BALB/c mice (70,71). It is a highly
aggressive triple negative breast cancer cell line and is capable of spontaneous metastasis to several
distant organs such as the lungs, blood, lymph nodes, liver, bone and brain. 4T1 cells are resistant
to the drug, 6-thioguanine, thus, it is possible to detect micro-metastases in distant organs more

accurately than most other cancer models (72).

2.4.1.2. The 4T1 Model of Breast Cancer
In order to generate the 4T1 transplantable mouse model, the 4T1 cells are injected into the

mouse mammary gland. These implanted cells are very tumorigenic and model stage IV of human
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breast cancer (72). In addition, they are minimally immunogenic therefore the occurrence of
inflammation upon tumor cell injection is restricted. 4T1 mouse breast cancer cells also grow into
a primary tumor that becomes palpable after a few days after implantation. The progression of the
disease may be monitored with relative ease by obtaining measurements of the primary tumor
dimensions using calipers. The primary tumor metastasizes in a similar way to that of human breast
cancer (72). Collectively, these features of the 4T1 mouse model make it suitable for studying

breast cancer.

2.4.2. The E0771 Model of Breast Cancer

2.4.2.1. EQ771 Cell Line
E0771 medullary mammary carcinoma cells were originally isolated from a spontaneous
tumor and are syngeneic to C57BL/6 mice (73). These cells grow readily when injected

subcutaneously and studies indicate that they are estrogen receptor positive (74).

2.4.2.2. The E0771 Mouse Model
The E0771 model mimics early stage human breast cancer. It is also less aggressive and

less metastatic compared to the 4T1 model. It has been shown that this model is poorly
immunogenic and may even be immunosuppressive (74). Mice injected with EQ771 cells
developed tumors which had histological features similar to human medullary breast cancer (74).
These features include recognizable borders, undifferentiated cells and necrotic centers surrounded
by leucocytes. Also, by evaluating the growth rate over the linear portion of the tumor growth
curve, the estimated doubling time for EO771 tumors is 7 days (74). Like the 4T1 model, this model

has been well studied and tumor growth and progression are relatively easy to monitor.
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3. THE IMMUNE SYSTEM

The immune system is made up of many organ systems, cells and the soluble bioactive
molecules they produce, that recognize and defend the host against foreign proteins or antigens
(75). The immune system can be grouped into two main arms: the innate, which is immediate and

non-specific; and the adaptive, which is specific and long lasting (75).

3.1. The Innate Immune System

The innate immune system confers the first line of protection against invading organisms
(76). It can distinguish between “self” and “non-self” via toll-like receptors (TLRs) that can detect
specific pathogen or danger associated molecular patterns (PAMPs or DAMPS) (75). In addition,
the innate immune system exerts its abilities through proteins of the complement system as well
as through cytokines (75). Cytokines modulate different effects depending on which cells secrete
them, where they are secreted, where their receptors are located, and the signaling pathways that
are activated following their binding to the receptor (77). The complement proteins are activated
by three major signaling pathways: the classical, alternative, and lectin pathways. Upon activation,
these proteins mediate several effector functions such as opsonization, recruiting other immune
cells, and killing cells/pathogens by forming a membrane attack complex (MAC) for lysis (78).
Phagocytes and natural killer (NK) cells are important cellular components of the innate immune
system. The phagocytes such as monocytes, neutrophils and macrophages are able to engulf cells
expressing foreign or abnormal self antigens and kill them in a process called phagocytosis (79).
Natural killer cells secrete perforin and granzyme which kill cells that possess an abnormal major
histocompatibility complex (MHC) class | or human leukocyte antigen (HLA) as a result of

pathogens or oncogenic mutations (79). Mast cells, basophils and eosinophils release molecules
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that mediate inflammation such as chemotactic leukotrienes which attract immune cells to the
inflammation or injury site (75). There is yet another class of cells referred to as NKT cells that

have features of NK cells and T cells (79) .

3.2. The Adaptive Immune System

The adaptive immune system has high specificity and leads to the development of
immunological memory (75). This form of immune response is prolonged because upon encounter
with the appropriate antigens, naive B and T lymphocytes need time to differentiate and mature
into plasma cells (antibody producing B cells) or effector T cells respectively (75). T cells can be
classified into af T cells and y& T cells depending on the type of receptor they possess. (80). af
T cells, like CD4" T cells and CD8" T cells, require MHC mediated antigen presentation (80)
whereas y§ T cells are able to recognize “non-self” antigens by pattern recognition (81).
Maturation of naive CD4* T cells into effector cells requires co-stimulation between the T cell
receptor and MHC class Il found on antigen-presenting cells like dendritic cells, B cells and
macrophages (82,83). CD4" T cells are able to differentiate into different effector subsets such as
T helper 1 (Th1), T helper 2 (Th2), T helper 17 (Th17) or regulatory T cells (Tregs). This process
depends on the transcription factors and cytokines that are present (82). These CD4" T cell subsets
produce and secrete immunomodulatory cytokines (82). Unlike CD4* T cells which rely on MHC
class 11, naive CD8" T cells depend on MHC class I in order to mature into effector cytotoxic T
lymphocytes (83). The binding of activated CD8" T cells via their receptors to the MHC class I-
antigen complexes on target cells leads to the release of granzymes and perforin from the CD8" T
cells which Kills the target cells (83). B cells secrete several antibodies which are highly specific
(75) and act through various mechanisms such as neutralization of antigens, induction of

complement proteins and antibody-dependent cell cytotoxicity (ADCC) (84).
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3.3. Regulation of Immunity during Cancer Development

The immune system has been shown to be important during the initiation and progression
of cancer (85). In the initial stages of cancer development, cancerous cells are detected and
eliminated by the innate immune system through a mechanism called immunosurveillance (85).
The abnormal growth of cancer cells can activate neighbouring cells which secrete tissue damage
signals such as IFN-y which in turn activate and recruit NK cells, the primary drivers of
immunosurveillance (85). It has been proposed that these processes control the appearance of
cancers. Furthermore, through cancer immunosurveillance, the host immune system exerts
pressure on a developing tumor, often eradicating cancerous cells before a tumor is established
(86). However, this same immune pressure is believed to influence tumor development and select
for certain mutations thereby creating an immune-evasive cancer.

The interaction between the immune system and cancer cells proceeds in three phases
referred to as the “three Es” of cancer immunoediting. These phases include elimination,
equilibrium and escape (Fig. 2). First, the immune system may initially succeed in destroying all
tumor cells. This is the elimination phase. If this does not occur, it may still be possible to control
tumor growth but not completely eradicate it. This constitutes the equilibrium phase. Finally, in
the escape phase, selection pressure from the immune system can lead to the development of
resistance by some cancer cells such that they “escape” detection and/or elimination by the immune
system, resulting in a failure of immune-mediated cancer control (87). Cancers develop resistance
by expressing reduced levels of MHC 1 and costimulatory molecules. They can produce factors
that supress the immune system which enables them to avoid immune recognition (88).
Paradoxically, these immunosuppressive mechanisms may be required for the mammary glands to

develop and function normally (89,90). However, cancer cells can also utilize these same
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mechanisms to avoid detection by the innate immune system and promote tumorigenesis. Thus,
the tumor microenvironment becomes immunosuppressive and incapable of stimulating a potent
adaptive immune response (91).

The current notion of the opposing roles of immune cells in tumours is that CD8" T cells,
CD4" Thi cells, NK cells, type 1 NK T-cells, M1 macrophages and mature DCs contribute to
tumor elimination. In contrast, immature DCs, CD4" Th2 cells, type 2 NKT cells, CD4" T
regulatory (Tregs) cells, MDSC, alternatively activated (M2) macrophages are pro-tumorigenic
(92-95). Generally, patients who have tumors with a Th2 cytokine profile have worse prognosis

than patients with a Th1 or cytotoxic T lymphocyte (CTL) cytokine profile (96).
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4. IMMUNOTHERAPY

The activation of the immune system for therapeutic benefits, termed immunotherapy, is
effective in treating several cancers especially under experimental conditions. This concept relies
on the fundamental discovery that cancer cells express specific tumor-associated antigens, that
may elicit measurable and occasionally protective humoral and/or cellular immune responses. The
overall concept and key steps in the development of cancer immunotherapeutic strategies are
focused at recruiting the host’s immune cells and tailoring their ability to identify and destroy
tumor cells in an antigen-specific manner.

The ability to stimulate tumor immunogenicity by converting a low tumor-infiltrating
lymphocyte (TIL) tumor to a high TIL tumor is an active area of research in cancer immunology.
Changes in TIL levels and composition have been monitored in mouse models and samples from
patients after chemotherapy (97,98). This increased TIL infiltration is proposed to be stimulated
by immunogenic cell death or apoptosis, which leads to the release of tumour neoantigens thereby
resulting in enhanced antigen uptake and presentation by dendritic cells (99,100). These
observations have led to studies on the development of therapeutic strategies where conventional
anticancer chemotherapies are combined with a class of immunotherapeutic agents called

checkpoint inhibitors (101).

4.1 Types of Immunotherapy

4.1.1. Checkpoint Inhibition

The immune system has evolved to possess several immune suppressive mechanisms such
as immune checkpoints, which protect against autoimmunity by promoting tolerance to self

antigens. Tumors exploit these immunosuppressive mechanisms to weaken antitumor responses
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thereby escaping detection and elimination by the immune system (102). Checkpoint inhibitors are
antibodies that bind to checkpoint molecules leading to their deactivation. Ipilimumab (YervoyR,
Bristol-Myers Squibb, NY, USA) was the first immune checkpoint inhibitor to undergo clinical
trials. Ipilimumab targets a checkpoint molecule known as cytotoxic T lymphocyte associated
protein-4 (CTLA-4) and gained approval for the management of melanoma (103). CTLA-4 is an
inhibitory receptor expressed on T cells which interacts with its ligand, suppresses T cell
activation, and hence immune response (102). In breast cancer, anti-CTLA-4 treatment was used
for the first time to treat advanced ER+ breast cancer patients. In this study, the researchers
combined anti-CTLA-4 immunotherapy with tremelimumab and exemestane and observed an
elevation in the levels of peripheral CD4* and CD8* T cells which express inducible co-stimulatory
molecules (ICOS) thereby suggesting a role for anti-CTLA-4 inhibitors in breast cancer treatment.

Expression of another check-point molecule, programmed death ligand (PD-L1) on breast
tumors cells and stromal cells has been studied in depth using pathological specimens (95). PD-
L1 interacts with its receptor, PD-1, expressed on T cells, and causes inactivation or exhaustion of
the T cells. Many early phase clinical trials using anti-PD1 and anti-PD-L1 monotherapy have

indeed shown therapeutic potential (101).

4.1.2. Combination Therapy

Due to the relatively low response rate for checkpoint blockade monotherapy, it became
necessary to enhance the response by combining treatments that increase immunogenicity with
those that relieve mechanisms of immune escape. Several promising clinical trials are in progress
where conventional anticancer treatments are combined with anti-PD1/PD-L1 checkpoint
blockade (101). Recently, trastuzumab is used with checkpoint blockade to treat HER2+ breast

cancer. Additionally, the administration of T-DM1 (Trastuzumab emtansine) and checkpoint
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blockade was shown to lead to improved therapeutic efficacy in an animal model with primary
resistance to immunotherapy (104). Checkpoint blockade may also have synergistic effects when
combined with kinase inhibitors in targeted treatments. MEK (MAPK/ERK Kinase; MAPK,
Mitogen Activated Protein Kinase; ERK, Extracellular Signal-Regulated Kinases) inhibition has
been shown to reduce immune suppression in animal models of TNBC which exhibit mutations in
the Ras-MAPK pathway (105). Therefore, MEK inhibitors may be combined with anti-PD1/PD-
L1 checkpoint inhibition in patients with TNBC, displaying similar features as the animal model

(101).

4.1.3. Emerging Immunotherapies

4.1.3.1. Adoptive cell transfer

While checkpoint inhibitors are used to re-vitalise exhausted immune responses that already exist,
techniques such as adoptive cell transfer are treatment strategies used for expanding tumour-
specific T cell populations. In a ground-breaking study conducted at the National Institutes of
Health (NIH), a human patient with metastatic breast cancer was screened for cancer specific
mutations (106). The TILs specific for these mutations were isolated, expanded ex vivo, and
adoptively transferred to the patient together with IL-2 and pembrolizumab (a checkpoint
inhibitor). Interestingly, this treatment led to complete and durable disease regression in the patient
with metastatic breast cancer (106). In another study, chimeric antigen receptor (CAR)-T cell
therapy which targets MUCL, a tumor antigen, was shown to be effective against breast cancer in

mouse models (107).
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4.1.3.2. Vaccination

Another emerging immunotherapy is vaccination. Several cancer vaccines have been developed
from different immunogenic sources such as DNA, RNA, viruses, lysates from the tumor and
tumor antigenic peptides. These vaccines may be used in combination with immunoadjuvants like
granulocyte monocyte colony stimulating factor (GM-CSF). Reports from clinical trials with
vaccines targeted against HER2+ breast cancer and other highly expressed antigens like hTERT

(human telomerase reverse transcriptase) have been encouraging (108).

5. BIOMARKERS OF BREAST CANCER

ER, PR, HER2 are major biomarkers of breast cancer and have prognostic, predictive as
well as therapeutic significance (109). ER and PR have played an essential role to select breast
cancer patients who will benefit from endocrine therapy such as tamoxifen (110). HER2 has been
demonstrated to be a prognostic indicator as well as a predictor of response to the anti-HER2
antibody, trastuzumab (109). Ki67 is applied in the determination of prognosis and neoadjuvant
therapy (109). Other biomarkers include cyclin D1, cyclin E, ERpB (109), cytokeratin, mucin 1,
small breast epithelial mucin (SBEM), carcinoembryonic antigen (CEA), mammaglobin and the
prolactin inducible protein (111). Not all these markers are specific to breast cancer alone, thus
there is a need to identify markers that are more breast cancer specific, detect early breast cancer
and determine the best course of treatment. Therefore, with the introduction of high-throughput
technologies, a wide variety of signatures containing multiple genes have been developed which
identify genes that can be targeted in combination with traditional markers such as ER, PR and
HER2. For instance, advances in genomic technologies led to the development of genomic
profiling of breast tumors depending on a set of genes which serve as additional biomarkers for

certain breast tumors. Examples of such tests include Oncotype DX, MammaPrint and genome
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grade index (109) and these tests have been shown to be useful in predicting patient outcome and

choosing appropriate therapies (110).

5.1. The Prolactin Inducible Protein (PIP)

PIP is also a biomarker that has been associated with benign and malignant breast diseases
(112). Previous work done by Shiu and Iwasiow (113) identified PIP as a glycoprotein produced
by T47D, a human breast cancer cell line, in response to prolactin stimulation (114,115). PIP was
also independently identified by Haagensen et al. (116) as gross cystic disease fluid protein 15
(GCDFP-15) which is a highly abundant acidic protein found in the fluid of gross cystic disease
of the breast. It is currently used in the clinic to determine whether a metastatic cancer is of breast

origin (117-119).

5.1.1. PIP in Breast Cancer

PIP expression is very low or undetectable in normal breast but elevated in breast cancer
(114,117,120,121). Furthermore, RT-PCR studies showed that PIP mRNA was detected in 92%
of primary breast tumors which also correlated with PIP detection by immunohistochemistry (122).
The highest amounts of PIP mRNA were found in the luminal A subtype, intermediate amounts
were found in HER2-enriched and normal-like subtypes, and the lowest expression was observed
in basal-like subtype (123,124). PIP expression was found to correlate with low grade breast
cancers (125). Further clinical evidence showed that breast cancer cases with high PIP expression
were characterized by longer overall (125) and disease-free (125-127) survival. Collectively, these
observations suggest that high expression of PIP is associated with good prognosis (122,128-130).

Additionally, recent studies (131) showed that high PIP expression (both at mRNA and
protein levels) is positively correlated with positive response to standard adjuvant chemotherapy
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(doxorubicin and cyclophosphamide) in a cohort of 120 invasive ductal carcinoma (IDC) cases. It
was also reported that PIP expression was highest in ER+ breast cancer and lowest in TNBC (131).
As well, it has been reported that the levels of PIP protein and mRNA reduces as the tumor
becomes more malignant or high grade (131,132), and increased levels of PIP was observed in the
peripheral plasma of breast cancer patients when compared to controls (114,116).

In another recent study, the authors reported that PIP mRNA levels are higher in early stage
breast cancer samples compared to the late stage, and a downregulation of PIP mRNA in normal
breast tissues compared to early stage breast cancer (133). In agreement with previous studies, this
study also showed that PIP expression is lower in TNBCs compared to luminal subtypes (133).
This study further supports the hypothesis that PIP expression is associated with the early stage,
less aggressive breast cancers with better prognosis. Collectively, these studies suggest that PIP
may be protective against breast cancer, especially at the early stages. PIP could also potentially
enhance response to chemotherapy through direct or indirect mechanisms. Therefore, a better
understanding of the precise effects of PIP expression on breast tumorigenesis and its influence on
chemotherapy response is warranted.

Notably, the molecular apocrine subtype of breast cancers, a rare subtype of invasive ductal
carcinoma that frequently shows an upregulation of the androgen receptor, have been shown to
commonly express PIP (134-136). In this subtype of breast cancers, there is a positive feedback
loop between PIP and the androgen receptor (137). It was observed as well that there is a decrease
in PIP expression in the lymph node-positive and large apocrine tumors. As a result, it has been
suggested that the expression of PIP is a temporary feature of these cancers, which is then lost

during tumor growth (135).
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5.1.2. Expression and Regulation

PIP is found in human submandibular/and sublingual saliva where it is called the extra
parotid glycoprotein (138,139) and in human seminal fluid where it is known as glycoprotein 17,
an actin binding protein (140). The PIP gene is 7kb long and has 4 exons (141). PIP is highly
expressed in the lacrimal, salivary and sweat glands (112,142). PIP is a secreted protein and
consequently found in tears, saliva, and sweat (114). PIP has also been found in the blood, fluids
of the ear canal, amniotic fluid and breast milk (114,116,140,143). Cytokines and hormones
regulate the expression of the PIP gene both in normal and pathological conditions of the breast.
Specifically, androgens, prolactin, glucocorticoids, and progesterone upregulate PIP expression
(113). In addition, PIP expression is influenced by IL-4 and IL-13 in breast tumors (144).

Several homologous sequences of human PIP have been identified in other mammalian
species. Pioneering studies by our group identified PIP sequences in other species such as monkey,
dog, cow, rabbit, chicken, and yeast using Southern blot analysis (143). It has also been reported
that the human PIP gene sequence is highly similar to that of other primates such as chimpanzee,
97% (145); gorilla, 94% (145); orangutan, 93% (145); gibbon 90% (145); syndactylus 89% (145);
and the Japanese monkey, 71% (146). Sequence similarities with other mammals are 52% with
cattle (146), 61% with guinea pig (146), 55% with rabbit (146), 38% with rat (147) and 51% with

mouse (148).

5.1.2.1. Mouse Prolactin Inducible Protein (mPIP)

PIP is also expressed in mice where it is known as mouse PIP or mouse submaxillary gland
protein (MSMGP). It has a molecular weight of approximately 17kDa (148,149) and like human
PIP, it is strategically expressed in tissues such as the skin, eye and ears, that serve as a means of

access by pathogens into the body. The locus of the PIP gene is on chromosome 6¢34 and it shares
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a common structure with four other genes including seminal vesicle auto antigen (SVA) and SVAL
(SVA-like) 1-3 (146). As well, mPIP displays high similarity in tissue specific expression with
human PIP (hPIP). Furthermore, both human and mouse PIP function similarly (150), thus
indicating that the mouse model is suitable for studying the role of PIP and may be translatable to

humans.

5.1.3. Function

Several studies suggest that the role of PIP is multifaceted. Our group reported that PIP
can bind in a specific manner to many bacteria in humans and mice, such as bacteria of the genus
Streptococcus, which are found in the mouth (151). The binding promotes bacterial aggregation
thereby potentially inhibiting further proliferation and colonization of the oral cavity (151). In
addition, our group found that PIP is expressed in the mouse submaxillary gland at the early stages
of embryonic development, suggesting that PIP may influence submaxillary gland development
(151).

PIP is an aspartyl protease. It has an aspartate residue at position 22 (Asp22), which shows
homology to the aspartate residue 32 of other aspartyl proteases, such as cathepsin D, pepsin or
renin (152). It was also reported that PIP degrades fibronectin due to its aspartyl proteinase activity,
thereby suggesting that PIP contributes to extracellular matrix degradation and breast cancer pro-
gression. PIP also interacts with several proteins including actin, fibrinogen, B-tubulin, serum
albumin, zinc o2-glycoprotein and Fc fragment of immunoglobulin G (124,138,153-157).
However, in most cases the biological role of such interactions is poorly understood (132).

In addition to the role of PIP in the inhibition of bacteria proliferation, infertility, prostate
tumor progression, breast tumor progression and enamel pellicle formation (138), recent findings

suggest that it is may also modulate innate and adaptive immunity (158).
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5.1.4. The Role of PIP in the Immune System

5.1.4.1 PIP in Innate Immunity

PIP is found in mucosal type tissues, submucosal glands of the bronchi, saliva, apocrine
glands present in the skin, and tears. This suggests that PIP may affect innate and mucosal immune
response (159). In vitro studies have shown that PIP is capable of binding to bacteria (Gemella,
Staphylococcus and Streptococcus) which colonize the oral cavity, skin and ear canal thereby

inhibiting their growth (160).

5.1.4.2. PIP in Adaptive Immunity

Accumulating evidence from several studies suggests that PIP plays a critical role in
adaptive immunity. Firstly, PIP has been reported to interact with the CD4 molecule on T cells.
During T cell activation, CD4 molecules act as coreceptors in the interaction between the T cell
receptor (TCR) and the MHC-I1 molecule (161). CD4 molecules are also the main viral receptors
for HIV-1 (162,163) which facilitates viral entry into CD4" T cells. Furthermore, CD4 interacts
with glycoprotein 120 (gp120), on the HIV-1 envelope and facilitates viral attachment and entry
(164). It has also been shown that when PIP binds to the first domain of the CD4 molecule, it leads
to a change in conformation of CD4 which interrupts the attachment of HIV retrovirus to CD4* T
cells and subsequent events (165). It is known that HIV infection leads to the loss of CD4" T cells
thereby inducing a state of immunosuppression. The interaction between PIP and the CD4
molecule on T cells has been reported to shut the forced apoptotic pathway that would have
occurred on HIV infection (166). This indicates that PIP can contribute to the maintenance of the

host adaptive immune response by inhibiting CD4* T cell apoptosis.
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Secondly, it has been shown that in human seminal plasma, PIP binds with high affinity to
a region of CD4 known as the D1-D2 region (140,165). Therefore, it may be that the
immunosuppressive abilities of the human seminal plasma are due to the interaction of PIP with
CD4. It has also been shown that on exposure to IL-4 and IL-13, PIP mRNA levels are upregulated
in ZR-75 breast cancer cells by 5.5 and 6.0 folds respectively (144). Since PIP binds to positions
on the CD4 molecule which interact with MHC-11 (167), it has been hypothesized that the elevation
in PIP expression due to IL-13 and IL-4 regulates infiltrating CD4" T cell activity, thereby

contributing to innate and adaptive immunity (144).

5.1.4.2.1. The Role of PIP in Type 1 T -Helper Cell Immune Responses

Results from studies using PIP KO mice generated in our laboratory showed that deficiency of PIP
impairs CD4" T helper 1 response (155, 168). Over time, these PIP KO mice showed some
immune-related pathologies such as enlarged submandibular lymph nodes, enlarged thymic
medulla, and cardiac arteritis and peri-arteritis (170). When the immune phenotype was analyzed,
the percentages of CD4" T cells in the spleens of PIP KO mice were significantly decreased when
compared to the wild type controls (169). Furthermore, CD4" T cells obtained from KO mice were
impaired in their ability to proliferate and differentiate into interferon gamma (IFN-y)-producing
type 1 T helper (Thl) cells, suggesting that PIP is important in the Thl differentiation pathway
(169). To further investigate these observations, PIP KO mice and the wild type controls were
infected with Leishmania major, a parasite whose clearance is mediated by the Thl immune
response. Results from these studies showed that the PIP KO mice possessed elevated
susceptibility to infection by Leishmania major. Our group also showed that this susceptibility was
due to deficiencies in innate and adaptive immunity in PIP KO mice. Deficiencies in the immune

response include reduction in IFN-y and nitric oxide (NO) production by cells of the spleens and
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lymph nodes of PIP KO mice (169). Specifically, the production of NO and proinflammatory
cytokines (including tumor necrosis factor-alpha, TNF-a, IL-6 and IL-12) by IFN-y-activated
macrophages obtained from PIP KO mice were reduced. Further investigations showed that this
reduction in proinflammatory cytokines and NO production by PIP KO macrophages was
associated with defects in the intracellular signalling pathways involving MAPKs (mitogen
activated protein kinases) as well as STAT (signal transducers and activators of transcription)
proteins. In addition, an increase in the levels of suppressors of cytokine signalling (SOCS)
proteins was observed in PIP KO mice (171). These SOCS proteins have been reported to
contribute to the suppression of cell-mediated immunity (172). Altogether, these findings show
the importance of PIP in adaptive immunity since the lack of PIP led to the impairment of some

critical components of the adaptive immune response.
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I-12

MACROPHAGE

Fig 3. The role of PIP in Thl immune response. Some steps in the Thl immune response
(indicated by the green arrow) have been shown to be impaired in PIP KO mice. Defects in the
host Thl immune response include (i) impaired polarization of naive T cells to IFN-y-producing
Th1 cells and (ii) impairment of macrophage response to IFN-y. NO, nitric oxide; IFN-y, interferon
gamma; KO, knockout; Thl, T helper, type 1.

Revised from lhedioha et al, 2016
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II.STUDY RATIONALE

Our preliminary studies show that loss of PIP leads to defective Thl activity (169). It has also been
shown that the PIP expression in breast cancer is correlated with better prognosis (131). Since
Th1 response has antitumor activity (87), PIP may be important in antitumor immunity during

breast cancer development and progression

1. HYPOTHESIS

PIP expression inhibits breast tumor progression and enhances antitumor immunity

IV.STUDY OBJECTIVES

To investigate the effect of PIP on breast tumorigenesis, the following objectives were formulated:

1. To generate and characterize PIP expressing mouse breast cancer cell lines (4T1 and E0771) by

lentiviral transduction techniques and conduct numerous functional assays on these cell lines.

2. Generate two transplantable mouse breast cancer models using the 4T1 and E0771 PIP

expressing cell lines.

3. To assess the effect of PIP overexpression on tumor growth and development by evaluating

tumor latency, growth and size, at experimental endpoint compared to control.

4. Assess the antitumor immune response and metastasis using a combination of strategies: flow

cytometry, clonogenic assays and histological analysis.
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V. MATERIALS AND METHODS

1. Cell Lines

The 4T1 cell line was acquired from American Type Culture Collection (ATCC, VA, USA)
while the E0771 cell line was acquired from CH3 Biosystems (NY, USA). Both cell lines were
cultured at 37°C in high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM,; 4.5 g/1 glucose,
Hyclone Laboratories Inc., UT, USA) containing 2 mM glutamine, 10% fetal bovine serum (FBS),
50 ug/ml streptomycin, 50 U/ml penicillin (all obtained from Hyclone Laboratories Inc.) and 10
ug/ml bovine insulin (Sigma-Aldrich Canada, ON, Canada). The cells were passaged every 2-3
days or at 85-100% confluency. For passaging, the cells were harvested as follows: the T25 tissue
culture flask (Thermofisher, NY, USA) was rinsed with 2-3ml 1x phosphate buffered saline (PBS)
and treated with 1ml 0.05% Trypsin-EDTA (Gibco, Grand Island, NY, USA) for 5 minutes to
detach the cells. Four ml of complete DMEM was then added. The cell suspension was pipetted
3-5 times to facilitate cell dispersion. The cells are then passaged by plating in a new T25 flask at
10% confluence.

For freezing, cells were harvested as described above and centrifuged at 700 rpm (IEC
Centra-GP8R, International Equipment Company, MA, USA) for 5 minutes at room temperature.
The cell pellets are then resuspended in freezing media (5% dimethyl sulfoxide, DMSO in
complete DMEM) and aliquoted into cryopreservation vials (1ml/vial). These vials are placed in
a Styrofoam box and kept in the -80°C freezer for at least 3 days before long term storage in liquid

nitrogen tanks.

33



2. Lentiviral Constructs

Lentiviral constructs for PIP and the empty vector controls were designed by Anne
Blanchard in collaboration with Dr Sam Kung of the Lentiviral core facility at the University of
Manitoba. In the vector design, the PIP coding region is flanked by the elongation factor 1 alpha
(EF1a) promoter. Enhanced green fluorescent protein (EGFP) was used as the reporter and is
flanked by the cytomegalovirus (CMV) promoter. A similar vector design without the PIP coding
region was used as the empty vector control. The PIP and empty vector constructs were packaged
into lentiviral particles for transduction/infection of the cell lines by the company Vector Builder

(Chicago, IL, USA).

3. Lentiviral Transduction Optimization

To optimize the conditions for lentiviral transduction, different viral concentrations and
incubation periods were tested. 4T1 or EQO771 cells were cultured in 24 well tissue culture plates
at a concentration of 5x10* cells/well. Following overnight incubation, the media was removed,
then 250ul of complete DMEM containing lentivirus (of different concentrations) and polybrene
was added and incubated at 37°C for 6 hours or overnight. Viral concentration was expressed as
multiplicity of infection (MOI). For the optimization experiments, 1, 5, 10, 20 and 50 MOI were
used. Following incubation, the virus was discarded and replaced with 1ml of fresh complete
DMEM. The cells were then visualised by fluorescence microscopy 48-72 hours later to identify

successfully transduced cells.
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4. Quantification of Transduction Efficiency by Flow Cytometry

Since EGFP was used as the reporter, the cells were analysed by flow cytometry to quantify
GFP expression. The cells were harvested and resuspended in flow cytometry buffer (1x PBS, 1%
FBS and 2mM EDTA) and filtered to break cell clumps. Cells were acquired on flow activated
cell sorter (FACS) Canto Il (BD biosciences, CA, USA), gated on live cells and then GFP

expressing cells.

5. Cell Sorting

Based on the results of the optimization experiments (“Materials and Methods” section 3
above), a lentiviral concentration of 50 MOI and overnight incubation period were chosen for 4T1
cell line, while 50 MOI and 6 hours incubation period were chosen for the E0771 cell line. These
conditions were used both for PIP and empty vector transduction. For sorting, the cells were
harvested, resuspended in flow cytometry buffer as described above, filtered and sorted for GFP

expressing cells using the FACS Aria 11l (BD biosciences, CA, USA).

6. Preparation of Cell Lysates

Cells were grown to confluency in 6 well plates, rinsed with 1x PBS and lysed using 100ul
of radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitor (Roche
Diagnostics, Laval, QC, Canada). The cells were later detached using a cell scraper, transferred to
a 1.5ml tube, sonicated twice for 15secs and thereafter centrifuged for 5mins (13000rpm, 4°C).
The supernatants were then transferred to fresh tubes and the protein concentration in the lysates

was determined using the Bicinchoninic acid (BCA) assay kit (Pierce Biotechnology, Rockford,
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IL, USA) according to manufacturer’s instructions. The lysates were then stored at -20°C until

needed.

7. Western Blot Analysis

To detect PIP in the cell lysates and culture media supernatants, Western blot analysis was
employed. Cell lysates (containing 150ug protein) or supernatants (26ul) were mixed with
reducing agent and loading dye (Life technologies, CA, USA) in accordance with manufacturer’s
instructions. These were spun for a few seconds and heated to 70°C for 10 minutes. 40-50ul was
loaded into each well of the polyacrylamide gel (Life technologies, CA, USA) and allowed to run
at 200 Volts for 22 minutes. The proteins were transferred unto nitrocellulose membrane using the
Pierce Power Blot Cassette (Thermo Scientific, USA) for 7 minutes. After the transfer step, the
gel was stained with Coomasie blue for 1 hour while the nitrocellulose membrane was blocked
with 5% non-fat milk in Tris-buffered saline with 0.1% Tween-20 (TBS-T) for 1 hr. All antibodies
were diluted in blocking solution. The membrane was then incubated in rabbit anti-mouse mPIP
antibody (1:2,500, Alpha diagnostics, TX, USA) on a shaker, overnight at 4°C. Protein bands on
the gel were visualised by staining with Coomasie blue for 1 hour and then removing excess stain
by incubating with a de-staining solution (35ml glacial acetic acid, 50ml methanol, 415ml double
distilled water, ddH20) overnight. Following incubation with the primary antibody, the membrane
was washed with TBST 3 times for 10 minutes on a shaker. The secondary antibody, goat anti-
rabbit antibody, was added (1:10,000, Bio-Rad, ON, Canada) and incubated on a shaker at room
temperature for Lhour. The secondary antibodies were washed off with TBST (10mins, 3 times)
and developed using the enhanced chemiluminescence (ECL) kit (Immobilon, Millipore, MA,
USA). ECL kit utilizes the reaction of the horseradish peroxidase (HRP) conjugated to the

secondary antibody with substrate (consisting of luminal and peroxide solution) to detect antigens
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immobilized onto the nitrocellulose membrane. Signal was acquired using the C-digit blot scanner

(Licor, NE, USA)

8. Cell Counting by Trypan Blue Exclusion

5x10* 4T1 and EQ771 (wild type, empty vector and PIP expressing) were each grown in
triplicates in 12 well plates. Cells were detached using 0.05% trypsin (Hyclone Laboratories Inc.),
mixed with trypan blue (1:1) and counted daily for 4 days using a TC-10 counter (Bio-Rad, ON,

Canada).

9. XTT Assay

XTT cell proliferation assay kit (ATCC, VA, USA) was used to measure cell proliferation
according to manufacturer’s instructions. Briefly, the cells are grown for 24 hours or 4 days, then
the XTT reagents are added to the cell culture and incubated for 2-4 hours after which an orange
coloration was observed. Absorbance was measured at wavelengths of 475nm and 660nm using a

Spectra max 190 (Molecular devices, CA, USA).

10. Wound Healing/Scratch Assay

Cells were seeded in 12 well plates in triplicates and grown until confluency. Using a 20l
pipet tip, a wound was created through the cell monolayer. Images were captured at T=0 and T=6
hours using the 10x objective of the microscope attached to a camera (ScopePhoto 3.0, ScopeTek
DCM130 microscope camera). To obtain images of the same wounded areas at T=0 and at
endpoint, 3 lines perpendicular to the wound were drawn at the bottom of the well with a marker.

Using the lines as reference points, images were captured where the wound and line intersect so
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that the same areas can be photographed later. 3 images were captured per well and analysed using

the Image J program (NIH). Migration area in Pixels was measured and plotted.

11. Trans-well Migration Assay

Corning® Costar ® 8um Tran-swell® plates (Millipore Sigma, Merck, MA USA) was used
for this assay. 100ul of serum free media containing 1x10° cells was seeded in the top
chamber/insert of the trans-well plate. 500l media containing 30% FBS was carefully transferred
to the bottom chamber. The cells were incubated at 37°C for 24 hours. Using Q-tips, the inner part
of the top chamber/insert was gently cleaned to remove cells that had not migrated to the outer part
of the chamber. The inserts were then immersed in methanol to fix the cells. Then the cells were
stained with crystal violet and photographs of at least 5 fields/ insert were taken. The number of
migrated cells was counted and averaged. The number of cells that migrated to the bottom chamber

was also counted.

12. Drug Sensitivity Assays

The effect of PIP expression on the sensitivity of 4T1 and E0771 to drugs was assessed by
the XTT assay. 5x10° cells were grown overnight in 96 well plates and treated with dimethyl
sulfoxide (DMSO, vehicle control), Doxorubicin (0.5uM), Tamoxifen (10uM), Etoposide (50uM)
and Cisplatin (20uM) for 48 hours (all from Sigma-Aldrich Canada). Cell viability was assessed

using the XTT assay as described above. Results were normalized to DMSO control.

13. Mice

Six to eight weeks old BALB/c and C57BL/6 mice obtained from the in-house breeding

colony of the University of Manitoba central animal care services, were used in this study. The
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mice were maintained in specific pathogen-free environment, exposed to normal light-dark cycles,
fed ad-libitum and kept in plastic cages containing wood chip bedding. All experiments were

conducted according to the guidelines of the Canadian Council on Animal Care (CCAC).

14. Implantation of 4T1 Mouse Breast Tumor Cells

Mice were inoculated with 4T1 tumors following established protocols by Pulaski and
Ostrand-Rosenberg (72). 1x10*4T1 EV or 4T1 PIP cells in 100ul PBS were injected orthotopically
into the 4™ mammary fat pad of female BALB/c mice. Ear punches were used to identify the mice
and the baseline weight for each mouse was obtained. Tumor diameter, mouse weight and other
health parameters were monitored and recorded every 2-3 days. The mice were sacrificed at
experimental time points defined by morbidity and loss in weight of more than 10% in the mice

and/or tumor ulceration. Tumor size was measured in two dimensions using digital callipers and

is calculated as follows: Mean tumor diameter (mm)= (D x d) + 2
Tumor volume (mm?)= (D x d?) + 2

D(mm)=largest diameter of the tumor and d(mm) = the tumor diameter perpendicular to D.

15. Implantation of E0771 Mouse Breast Tumor Cells

5x10* EO771 EV or E0771 PIP cells in 100ul PBS were injected orthotopically into the
mammary fat pad of 6-8 weeks old female C57BL/6 mice. Mice were ear-punched for
identification and an early health assessment was conducted for each mouse to obtain the baseline
weight. The tumor diameter, mouse weight and other health parameters were also monitored and
recorded every 2-3 days. Mice were sacrificed at experimental time points. Tumor size was also

calculated as previously described.

39



16. Clonogenic Metastasis Assay

Lung and brain metastases in the 4T1 model were assessed using the clonogenic metastasis
assay as described by Pulaski and Ostrand-Rosenberg (72). The organs were harvested from tumor
bearing mice and healthy mice (negative control), minced with scissors and digested with 2ml
collagenase IV solution (1.5mg/ml, Sigma) for 1 hour (for the lungs) or 2 hours (for the brain).
The digested organs were passed through 40um Falcon cell strainers to obtain single cell
suspensions and washed 3 times in 5 ml complete DMEM. The resulting cells were resuspended
in 10ml complete DMEM, and 6-thioguanine was added to a concentration of 60uM (10ul of
60mM 6-thioguanine was added to 10ml complete DMEM to give 60uM). The cells were then
transferred to a 10mm culture dish and incubated at 37°C for 10-14 days. Since 4T1 cells are
resistant to 6-thioguanine, other cells are eliminated while the 4T1 cells survive. After culturing
for 14 days, the metastatic 4T1 colonies became visible. The colonies in each culture dish were
fixed with 5ml methanol, stained with 5ml 0.3% methylene blue, rinsed with 5ml water and

counted.

17. Haematoxylin and Eosin (H&E) Staining of Lung Tissue

The mouse lungs were fixed for 24 hours in 10% formalin solution and subsequently
embedded in paraffin. Tissue sections were made at the histology services centre, Department of
Human Anatomy and Cell Sciences, University of Manitoba. H&E staining was conducted, and
the slides assessed for metastasis by a pathologist at the Department of Pathology, University of

Manitoba who was blinded to the experimental groups.
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18. India Ink Staining of Lung Tissue

For the 4T1-Balb/c model, lung metastases were assessed by intra-tracheal injection of
India ink (85% PBS, 15% India Ink). Mice were sacrificed and placed on the dorsal side. An
incision was made around the neck to expose the trachea. Then a catheter was inserted into the
trachea and held in place using a thread. India ink was injected into the lungs until the thoracic
cavity became well inflated. The lungs were removed, washed in water to remove excess stain
and transferred to Fekete's solution (30 ml 37% formaldehyde, 5 ml glacial acetic acid, 300 ml
70% ethanol) overnight. The lungs retain the dark blue of the India ink while metastatic tumor

nodules appear white.

19. Tissue Immunophenotyping

At the experimental end points, mice were sacrificed and the breast tumors, spleens and
lymph nodes were collected. Tumors were weighed and then minced in a culture dish using the
curved end of a scissors. The minced tumors were transferred to a 15ml tube containing 2ml of
collagenase 1V solution and 20ul of DNase 1, then incubated in a shaker for 1 hour at 37°C. After
digestion, they were passed through 40um cell strainers and washed two times in complete DMEM

to obtain single cell suspensions. The cells were then counted using a haemocytometer.

Harvested spleens and lymph nodes were filtered with cell strainers to obtain single cell
suspensions, then treated with 2ml ACK (Ammonium chloride-potassium) buffer for lysis of red
blood cells. 5ml DMEM was added to neutralise the ACK, followed by centrifugation. The cells
were resuspended in 5ml DMEM and counted. 1-10million cells were transferred to flow tubes for
staining of surface markers for immune cells. The cells were resuspended in 1ml FACS buffer (2%

FBS in PBS) and washed by centrifugation. Then 100ul of Fc block (anti-mouse CD16/32) was
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added and incubated for 5 minutes. Iml FACS buffer was used to wash the cells. Then the
fluorochrome conjugated antibodies (anti- CD45, CD3, CD4, CD8, NK1.1, DX5, CD11c, F4/80,
live/dead stain) were added and incubated for 15-30minutes on ice. Cells were acquired using a

FACS Canto Il (BD Biosciences, CA, USA).

20. Intracellular Cytokines Staining

Four million splenocytes (whole spleen cells), or one million cells from lymph nodes or
tumours were seeded in 24 well plates in 500ml media/well. Cells were stimulated with a cocktail
containing phorbol myristate acetate (PMA,), ionomycin, and brefeldin A for 4 hours at 37°C.
Cells were stained with antibodies for CD3, CD4 and CD8 following the procedures described
above. The cells were subsequently fixed with 4% Paraformaldehyde for 15 minutes and washed
with FACS buffer, then resuspended in 1ml Saponin buffer (Img/ml) for 15-30minutes to
permeabilise the cells for intracellular cytokines staining. Antibodies against the following
markers CD3, CD4, CD8, IFN-y, IL4, IL10 were added and incubated for 30minutes. Cells were
washed in Iml Saponin buffer, then in 1ml FACS buffer and finally resuspended in 0.5ml FACS

buffer before acquisition using a FACS Canto Il (BD Biosciences, CA, USA).

21. Isolation of Metastatic EO771 Cells from the Lungs

Lungs from tumor bearing mice were harvested, minced and separated into two portions. One
portion was digested with collagenase (1.5mg/ml, 75minutes, 4°C) and filtered using a 40um cell
strainer while the other portion was directly crushed and filtered. The cells were washed twice
with complete DMEM and cultured in T25 flasks for about two weeks. The cells were then

monitored frequently for the presence of metastatic EO771 cells. Cell morphology of metastatic
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cells were assessed by microscopy and compared to parental cancer cells. As well, GFP expression

was assessed by fluorescent microscopy and flow cytometry as previously described.

2.11. Statistical Analysis

Results are shown as mean + SEM. Two-tailed Student’s t-test, ANOVA or Mann Whitney
test was utilised to compare the means from different groups of cells or mice. P<0.05 was

considered significant.
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VI. RESULTS

1. GENERATION OF PIP EXPRESSING 4T1 CELLS

4T1 cells do not express PIP therefore lentiviral transduction was used to generate PIP
expressing 4T1 cells. PIP-encoding lentiviral vectors (Fig. 4A) and the corresponding empty
vector controls (Fig. 4B) possessed the coding region for enhanced green fluorescent protein
(EGFP) which served as the reporter. Preliminary transduction experiments were conducted to
optimize the viral titre/concentration and incubation period, and transduction efficiency was
assessed by measuring the percentage of GFP expressing cells by flow cytometry. Table 1 shows
different viral concentrations and incubation times used to transduce the 4T1 cells. The highest
transduction efficiency was obtained at 50 MOI (multiplicity of infection) and overnight
incubation (Table 1). Transduced cells were sorted by flow cytometry to obtain 4T1 cells with
96% GFP expression (Fig. 5A). The sorted cells were subsequently expanded and stored in liquid

nitrogen for future use as described in “Materials and Methods”.
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Fig. 4. Lentiviral vectors: (A) shows the PIP lentiviral vector with the PIP coding region indicated by the
green arrow. (B) shows the empty vector control. EGFP is indicated by the brown arrow in both vectors.
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Table 1: Percentages of GFP expressing 4T1 cells at different viral concentrations (MOI) as

analysed by flow cytometry

CFP-A

GFP-A

MOI (multiplicity of infection) 20 50 100
Incubation time (hrs) 6 O/N 6 O/N 6
GFP +ve cells (%) 7.3 18.4 11.8 28.1 21.9
Transduced
A Untransduced B Before sorting C After sorting
] GFP +ve 200k GFP +ve 200K
0.14 - 26.0

CFP-A

Fig. 5. Lentiviral transduction and sorting of 4T1 cells. Lentivirus encoding the PIP cDNA-eGFP
construct was incubated with 4T1 cells for 6 hours and overnight (O/N). Contour plots showing the
percentages of GFP expressing 4T1 cells for untransduced cells (A), and transduced cells before (B)

and after sorting (C) by flow cytometry.
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2. DETECTION OF PIP IN 4T1 CELLS FOLLOWING TRANSDUCTION

Western blot analysis was first undertaken in order to detect PIP in the cell lysates of
transduced 4T1 cells. Cell lysates were prepared as outlined in “Materials and Methods”, the
protein concentrations determined by the Bicinchoninic acid (BCA) assay, and Western blot
analysis was performed on protein lysates. The PIP band was identified in the transduced 4T1 but

not in the corresponding empty vector control (Fig. 6A).

Since PIP is a secreted protein, cell culture media was also collected and examined for the
presence of PIP by Western blot analysis. As shown in Fig. 6B, PIP was present in the media from

transduced cells but not in empty vector control.

A: Cell lysate B: Media
471 2 4T1 =2
+ - 3 + - &

17kDa 17kDa
. = PIP . 4 P|P

Fig. 6. Identification of PIP in 4T1 cell lysate and culture media. The PIP (17kDa) band was
identified by Western blot analysis using the rabbit anti-mouse PIP antibody in 4T1 cell lysate (A)
and media (B) as described in “Materials and Methods”. Mouse saliva was used as positive control.
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3. IN VITRO CHARACTERIZATION OF PIP EXPRESSING 4T1 CELLS

3.1 PIP Expression in 4T1 Cells Does Not Affect Their Proliferation

The effect of PIP expression on the proliferation of 4T1 cells was evaluated using two
different approaches. The first approach was cell counting by trypan blue exclusion method. PIP
expressing 4T1 cells and controls were grown for 4 days and counted daily using the Bio-Rad TC-
10 counter as described in “Materials and Methods”. From the results shown in Fig. 7A, the growth
rates and trends were not different in PIP expressing 4T1 and the corresponding empty vector and

wild type controls.

The second approach used is the XTT assay which is a metabolic assay that is an indirect
measure of the proliferation of 4T1 cells. The cells were grown in 96 well plates and XTT assay
performed on day 1 and day 4 (Fig. 7B and 7C). There was no difference in the proliferation rates
in PIP expressing 4T1 cells and the corresponding controls. Altogether, these results show that PIP

expression does not affect the proliferation of 4T1 cells.
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Fig. 7. PIP does not affect the proliferation of 4T1 cells. 4T1 cells were seeded in 12 well plates (5x10*
cells/well) and counted daily for 4 days using the TC-10 counter. Panel A shows the growth curve for wild
type (WT), empty vector (EV) transduced and PIP-expressing 4T1 cells. Panels (B) and (C) show the optical
density (OD) values for 4T1 cells grown for 1 day and 4 days respectively, as assessed by the XTT assay. All

experiments were done in triplicates and the results are representative of 3 different experiments with similar
outcomes. Mean+ SEM
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3.2. PIP Does Not Affect 4T1 Cell Migration

To assess the effect of PIP expression on the migration of 4T1 cells in vitro, two approaches
were undertaken. First, a wound healing/scratch assay was conducted as described in “Materials
and Methods” using PIP expressing 4T1 cells and controls. Images were captured at time Oh and
6h after incubation and the migration area measured using the Image J software. As shown in Fig.
8A and 8B, there was no significant difference in the migration areas of PIP expressing 4T1 cells

when compared to controls following 6h of incubation.

The second approach was the utilization of a trans-well migration assay which measures
the migration of cells in response to a chemotactic agent (FBS, fetal bovine serum) as described in
“Materials and Methods”. Compared to controls, there was no difference in the number of PIP
expressing 4T1 cells that migrated across the trans-well membrane in response to FBS following
an incubation period of 24h (Fig. 8C, 8D). These results showed PIP does not affect the migration

of 4T1 cells in vitro.
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Fig. 8. PIP expression does not affect the migration of 4T1 cells in vitro. Cell migration was assessed by wound
healing and trans-well migration assays. (A) shows representative images of wound areas at time 0 and 6h. (B) is
a graph depicting the migration areas of the 4T1 cells (n=4). Panel C shows representative images of 4T1 from
the trans-well migration assay. Panel D is a graph showing migrated cell count per field (n=3). All experiments
were done in triplicates and repeated at least 3 times. Mean+SEM, ns, not significant; One-way analysis of
variance.
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3.3. PIP Does Not Affect the Response of 4T1 to Anticancer Drugs

To investigate whether PIP affects the sensitivity of 4T1 cells to anticancer drugs in vitro,
the cells were treated with doxorubicin, cisplatin and etoposide for 48h and the viability of the
surviving cells was measured by XTT assay. As well, the cells were treated with tamoxifen, a
selective estrogen receptor modulator (SERM). The results show that after drug treatment, there

was no difference in the viability of surviving cells between PIP expressing 4T1 cells and controls

(Fig. 6).

150 - W 4TI WT
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Fig. 9. PIP does not affect the sensitivity of 4T1 cells to drugs used against breast cancer. The
4T1 cells were cultured and exposed to different drugs for 48h. Cell viability following drug exposure
was measured by XTT assay and normalized to DMSO control. The figure shows the relative cell
viabilities for 4T1 cells following doxorubicin, cisplatin, etoposide as well as tamoxifen treatment.
All experiments were done in triplicates and results are representative of 3 experiments with similar
outcomes. Mean+ SEM
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4. IN VIVO STUDIES ON THE EFFECT OF PIP EXPRESSION ON BREAST
TUMORIGENESIS AND IMMUNE RESPONSE

4.1. PIP Expression in 4T1 Tumor Leads to Delayed Tumor Onset, Growth and Reduced
Tumor Size

To investigate the effect of PIP expression on breast tumorigenesis in vivo, 1x10* PIP
expressing 4T1 cells (4T1 PIP) and controls (4T1 EV) were injected orthotopically into the 4™

mammary fat pad of Balb/c mice. Tumor latency, growth and size were measured.

A delay in the onset of tumor in the PIP group compared to control group was observed.
40% of the mice in PIP group compared to 80% of mice in control group developed palpable tumor
on day 9 post injection (Fig. 10A). In addition, a significant reduction in the growth of the PIP
expressing 4T1 tumors was observed when compared to controls (Fig. 10B). When the mice were
sacrificed, the tumors were weighed and PIP expressing 4T1 tumors were found to be smaller in

size compared to the tumors derived from empty vector controls (Fig. 10C).
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Fig. 10. PIP expression retards 4T1 tumor onset and growth: Tumor latency (A), growth curves (B)
of PIP expressing 4T1 tumors and controls. Tumor growth was monitored and measured every 2-3 days
using electronic calipers. Tumor sizes (C) were weighed at the end of the experiment. Results are
representative of 3 different experiments. Mean = SEM of n=3-5 mice/group. *P<0.05; ***P<0.001; 2-
way ANOVA
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4.2. PIP Expression in 4T1 Tumor Leads to Increase in the Percentages of Natural Killer
and Dendritic Cells

To determine whether the PIP expressing 4T1 tumors impacted immunity by altering
immune cell numbers, the draining lymph nodes and tumors were collected and stained for immune
cell markers by flow cytometry. The results showed no significant differences in the percentages
of CD4", CD8" T cells and macrophages (Fig. 11A, 11B and 11E) in the draining lymph nodes
and tumors from mice injected with PIP expressing 4T1 cells, and controls. However, there was a
significantly higher percentage of natural killer (NK) cells (Fig. 11C) and dendritic cells (Fig. 11D)
in the PIP expressing 4T1 tumors. There was also no difference in the absolute numbers of NK

cells in the PIP expressing 4T1 tumors when compared to controls (Fig. 11F).
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Fig. 11. PIP is associated with increased percentages of natural killer (NK) and dendritic cells in 4T1 breast
tumor: Mice were injected with PIP expressing 4T1 cells and controls, and the of NK cells (A), dendritic cells (B),
macrophages (C), CD4" (D) and CD8* (E) T cells, in draining lymph nodes and tumors were assessed by flow
cytometry as described in “Materials and Methods”. Panel F shows absolute number of NK cells in the tumors.
Results are representative of 3 different experiments. Mean + SEM of n=3-5 mice/ group. *P<0.05; 2-way ANOVA.
Cell markers: DX5- NK cells, CD11c- dendritic cells, F4/80- macrophages, CD4- CD4" T cells, CD8- CD8" T cells.
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4.3. PIP Expression in 4T1 Tumor Leads to Reduced Type 2 T-Helper Response

Cytokines have been reported to modulate the antitumor immune response, playing both
pro-tumorigenic and antitumorigenic roles (173). Therefore, the effect of PIP expression on
cytokine response was investigated. Draining lymph nodes and tumors from mice bearing PIP
expressing 4T1 tumors and control mice (breast tumor lacking PIP expression) were collected and
processed to obtain single cell suspensions. Cells were then stimulated with a cocktail of phorbol
myristate acetate (PMA), ionomycin and brefeldin A. The percentages of IFN-y and IL-4
producing CD4" and CD8* T cells were then assessed by flow cytometry as described in “Materials
and Methods”. There was a significant decrease in IL-4 producing CD4* T cells in PIP expressing
4T1 tumors compared to controls (Fig. 12A), while no differences were observed in IFN-y

producing CD4* or CD8* T cells (Fig 12B and 12C).
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Fig. 12. PIP leads to decreased levels of CD4* IL-4* cells in 4T1 breast tumors: Mice with PIP expressing
4T1 tumors and the empty vector controls were sacrificed and the cytokine response was assessed directly ex vivo
by flow cytometry. Panels A, B and C show the percentages of CD4" IL-4*, CD4" IFN-y*, CD8" IFN-y* T cells
respectively in the draining lymph nodes and tumors. Mean + SEM of 3-5 mice per group. *P<0.05; 2-way
ANOVA
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4.4. PIP Expression in 4T1 Tumors is Associated with Increased Metastasis to the Lungs

The 4T1 mouse breast cancer cells have been reported to metastasize from the breast to
distant organs including the lungs, brain, liver and bone (72). Therefore, the rate at which tumor
cells populate the lungs in mice bearing PIP expressing and control 4T1 tumors was investigated.
Lung metastasis was assessed in the lungs from tumor bearing mice using the clonogenic
metastasis assay as described in “Materials and Methods”. A higher number of metastatic colonies
in the lungs of mice bearing PIP expressing 4T1 tumors was observed when compared to lungs
from control mice (Fig. 13A and 13B). The metastatic index (Fig. 13C), which is defined as the
number of metastatic colonies divided by the tumor size, shows that tumor size was not a factor,
as regardless of tumor size, there was greater lung metastasis in the mice from PIP group compared

to controls.

Histological analysis of the lungs was also conducted. Lung sections derived from mice
bearing PIP expressing 4T1 tumors displayed increased tumor infiltration compared to control
lungs (Fig 13D). Collectively, results from both metastasis assays show that PIP expression in 4T1

tumors was associated with increased lung metastasis.
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Fig. 13. PIP expression in 4T1 tumors led to increased metastasis to the lungs: Lungs were collected from
mice with PIP expressing 4T1 tumors and the empty vector controls. Metastasis was assessed by clonogenic assays
and histology. (A) and (B) are pictorial and graphical representations of the number of metastatic 4T1 colonies from
lungs of PIP and control group mice. (C) shows the metastatic index. (D) shows H&E stained lung sections obtained
from controls and PIP group mice. Results are representative of 3 different experiments. mean = SEM of 3-5 mice

per group. *P<0.05; Mann Whitney test
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5. GENERATION OF PIP EXPRESSING EQ0771 CELLS

In contrast to the 4T1 model which mimics late stage human breast cancer, the EQ771
model mimics early stage human breast cancer thereby enabling us to assess the effect of PIP at

the early stage of breast cancer as well.

EQ771 cells, like the 4T1 cells, do not express PIP. Therefore, lentiviral transduction was
used to generate PIP expressing EO0771 cells. Preliminary transduction experiments were
performed to optimize the viral titre/concentration and incubation period while transduction
efficiency was assessed by measuring the percentage of GFP expressing cells by flow cytometry.
Table 2 shows the different viral concentrations and incubation times tested. The highest
transduction efficiency was obtained at 50 MOI with overnight incubation (Table 2). Transduced
cells were subsequently sorted by flow cytometry (Fig. 14B), expanded and stored in liquid

nitrogen for future use as described in “Materials and Methods”.
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Table 2: Percentages of GFP expressing EQ771 cells at different viral concentrations (MOI)
as analysed by flow cytometry.

MOI (multiplicityof infection) 1 5 10 20 50
GFP +ve cells (%) 0.6 3.0 5.5 11.3 22.7
Transduced
A Untransduced B Before sorting C After sorting

400 =

300 =

0.071%

e — |

98.3%

Count
Count
Count

Fig. 14. Lentiviral transduction and sorting of E0771 cells: Lentivirus encoding the PIP cDNA—eGFP
construct was incubated with EQ771 cells for 6 hours. The cells were subsequently sorted by flow cytometry

Histograms showing the percentages of GFP expressing EQ771 cells for untransduced cells (A), and transduced
cells before (B) and after sorting (C) by flow cytometry.
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6. COFIRMATION OF PIP IN E0771 CELLS FOLLOWING LENTIVIRAL
TRANSDUCTION

To confirm the presence of PIP in the transduced EOQ771 cell line, Western blot analysis was
performed. PIP was clearly apparent in the PIP vector transduced EQ771 cells but not in the
corresponding empty vector control (Fig 15A). Since PIP is a secreted protein, the cell culture
media from transduced EO0771 cells was collected to test for the presence of PIP by Western blot
using the rabbit anti-mouse PIP antibody as described in “Materials and Methods”. PIP was

detected in the media from PIP vector transduced cells but not in media from empty vector control

(Fig 15B).
A: Cell lysate B: Media
© ©
EO771 é EQO771 =
- 4+ & + - &

Fig. 15. Identification of PIP in EO771 cell lysate and culture media: The PIP (17kDa) band
was identified by Western blot analysis using the rabbit anti-mouse PIP antibody in EQ771 cell
lysate (A) and media (B) as described in “Materials and Methods”. Mouse saliva was used as
positive control.
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7. IN VITRO CHARACTERIZATION OF PIP EXPRESSING E0771 CELLS

7.1. PIP Expression in EQ771 Cells Does Not Affect Their Proliferation

The effect of PIP expression on the proliferation of EO771 cells was evaluated using two
different approaches. The first approach was cell counting by trypan blue exclusion method. PIP
expressing EQ771 cells and controls were grown for 4 days and counted daily using the Bio-Rad
TC-10 counter as described in “Materials and Methods”. From the results shown in Fig. 16A, the
growth rates and trends were not different in PIP expressing EO771 when compared to the

corresponding empty vector and wild type controls.

The second approach used is the XTT assay. The E0771 cells were grown in 96 well plates
and XTT assay performed on day 1 and day 4 (Fig. 16B and 16C). There was no difference in the
proliferation rates in PIP expressing EO771 cells and the corresponding controls. Altogether, these

results show that PIP expression does not affect the proliferation of EO771 cells.
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Fig. 16. PIP does not affect the proliferation of EO771 cells. E0771 cells were seeded in 12 well plates
(5x10* cells/well) and counted daily for 4 days using the TC-10 counter. Panel A shows the growth curve
for wild type (WT), empty vector (EV) transduced and PIP expressing E0771 cells. Panels (B) and (C) show
the optical density (OD) values for EQ771 cells grown for 1 day and 4 days respectively, as assessed by the
XTT assay. All experiments were done in triplicates and the results are representative of 3 different
experiments with similar outcomes. Meant SEM
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7.2. PIP Expression Does Not Affect the Migration of EQ771 Cells

To assess the effect of PIP expression on the migration of EQ771 cells, the trans-well migration
assay was conducted. No significant difference in migration rates across the trans-well membrane
was observed between the PIP expressing E0771 cells and controls following 24h incubation (Fig.

17A, 17B).

Cell count/field

EO771 WT EO0771 EV E0771 PIP

Fig. 17. PIP expression does not affect the migration of EQ771 cells: Cell migration was analysed using the
trans-well migration assay. (A) shows representative images of EO771 from the trans-well migration assay. (B)
is a graph showing the migrated cell count per field (n=3). Results are average of 3 different experiments.
Mean=SEM, ns, not significant; One-way analysis of variance.
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7.3. PIP Does Not Affect EO771 Response to Anticancer Drugs

To investigate whether PIP affects the sensitivity of EQ771 cells to anticancer drugs in
vitro, the cells were treated with doxorubicin, cisplatin and etoposide for 48h and the viability of
the surviving cells was measured by XTT assay. As well, the EO771 cells were treated with
tamoxifen. The results show that after drug treatment, there was no difference in the viability of

surviving cells between PIP expressing E0771 cells and controls (Fig. 18).
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Fig. 18. PIP does not affect the sensitivity of EO771 cells to drugs used against breast cancer in vitro.
The EO0771 cells were cultured and exposed to different drugs for 48h. Cell viability following drug
exposure was measured by XTT assay and normalized to DMSO control. The figure shows the relative
cell viabilities for EO771 cells following doxorubicin, cisplatin, etoposide as well as tamoxifen treatment.
All experiments were done in triplicates and results are representative of 3 experiments with similar
outcomes. Mean+ SEM
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8. IN VIVO ASSESSMENT OF THE EFFECT OF PIP EXPRESSION IN EO0771 CELLS

8.1. PIP Expression in EO771 Cells Does Not Affect Tumor Onset, Growth and Size

To assess the effect of PIP expression on breast tumorigenesis in the E0771 model, PIP

expressing E0771 cells (EO771 PIP) and controls (E0771 EV) were injected orthotopically into the

mammary fat pad of C57BL/6 mice. Tumor latency, growth and size were measured.

No obvious delay in the onset of tumor in the PIP group compared to control group was

observed. As well, there was no difference in the tumor growth rates between PIP expressing and

control EO771 tumors (Fig 19A). When mice were sacrificed at day 30 and their tumors weighed,

there was no difference in the weights of the tumors between the two groups (Fig. 19B)
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Fig. 19. PIP expression in EQ771 cells does not affect tumor growth: PIP expressing E0771 cells
and the corresponding empty vector controls were injected orthotopically into the mammary fat pad
of 6-8 weeks old C57BL/6 mice. Tumor growth (A) and size at endpoint (B) were measured. Tumor
growth was measured every 2-3 days using electronic calipers. Results are representative of 2 different
experiments. Mean = SEM of n=3-5 mice/group.
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8.2. PIP Expression in EO771 Tumor Does Not Alter the Immune Phenotype

To investigate whether PIP expression in E0771 tumors alters the immune phenotype, draining
lymph nodes and tumors were collected and stained for immune cell markers by flow cytometry.
There was no difference in the percentages of CD4" and CD8" T cells, natural killer cells, dendritic
cells and macrophages (Fig. 20A, 20B, 20C, 20D and 20E) between the PIP expressing and control
E0771 tumors and their corresponding draining lymph nodes. This shows that PIP expression in

EO0771 tumors does not alter the immune phenotype in the draining lymph nodes and tumors.
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Fig. 20. PIP expression does not alter the immune phenotype in EO771 breast tumors: The frequencies of
CD4* (A) and CD8" (B) T cells, NK cells (C), dendritic cells (D) and macrophages (E) in draining lymph nodes
and tumors were assessed by flow cytometry. Results are representative of 2 experiments. Mean £ SEM of n=3-
5 mice/ group.
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8.3. PIP Expression in EO771 Tumor Does Not Affect Cytokine Response

To assess the effect of PIP expression on cytokine response, spleens, draining lymph nodes and
tumors from mice injected with PIP expressing E0771 cells and controls, were harvested. The
organs were processed to obtain single cell suspensions and subsequently stimulated with a
cocktail of PMA, ionomycin and brefeldin A for 4 hours after which the percentages of IFN-y and
IL-4 producing CD4* and CD8" T cells were analyzed by flow cytometry. There was no difference

in the levels of IFN-y and IL-4 producing CD4* or CD8" T cells (Fig 21).
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Fig. 21. PIP expression in E0771 tumors does not alter the cytokine production: Mice with PIP
expressing EQ771 tumors and the empty vector controls were sacrificed and the cytokine response was
assessed directly ex vivo by flow cytometry. Panels A, B and C show the percentages of CD4" IFN-y*, CD4"*
IL-4%, CD8" IFN-y" T cells respectively, in the spleens, draining lymph nodes and tumors. Mean + SEM of
3-5 mice per group.
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8.4. Effect of PIP Expression in EQ771 on Lung Metastasis

The lung is a prominent site for EO771 metastasis (74). To evaluate the rate at the at which tumor
cells populate the lungs in mice bearing PIP expressing and control EO771 tumors, lung tissues
were collected and subjected to histological analysis. By visual inspection, there appears to be
more metastatic foci in the lungs of mice injected with PIP expressing EO771 cells compared to
the control group. However, only 2 experiments have been conducted and further studies will be
done to assess and accurately quantify the metastatic burden.
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Fig. 22. Effect of PIP expression in EQ771 cells on lung metastasis: Lungs were collected from mice
with PIP expressing E0771 tumors and the empty vector controls. (A) shows H&E stained lung sections
obtained from controls and PIP group mice. Results are representative of 2 different experiments. Mean
+ SEM of 3-5 mice per group.
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9. ISOLATION OF METASTATIC EO0771 CELLS FROM THE LUNGS

Metastatic cells were isolated from the lungs of mice bearing PIP expressing E0771 tumors and
lungs of control mice, as described in “Materials and Methods” (section 21). Cell morphology and
GFP expression in the metastatic cells were assessed by microscopy and compared to wildtype
(WT) EO771 cells. Results showed that the morphology of metastatic cells was similar to WT
E0771 cells (Fig 23A). As well, metastatic cells from the lungs of mice injected with E0771 EV
and EO771 PIP were positive for GFP expression by fluorescent microscopy (Fig. 23B) and flow

cytometry analysis (Fig. 23C).

Together, these data confirm that the cells isolated from the lungs were metastatic E0771 cells and
that digestion of the lungs did not affect the isolation of the metastatic cells. Further studies
including functional assays and microarray analysis, will be conducted using the isolated

metastatic cells to characterize them and delineate the potential role of PIP in lung metastasis.
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Fig 23. Isolation of metastatic EO771 EV and E0771 PIP cells from the lungs of tumor bearing mice: Lungs
were collected from tumor bearing mice, processed into single cell suspensions, cultured in T25 flasks and
monitored regularly. After 2 weeks in culture, isolated cells showed similar morphology (A) to WT E0771
cancer cells as well as GFP expression (B). Flow cytometry analysis shows that the majority of isolated cells
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were positive for GFP (C) and that this was not affected by enzymatic digestion.
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VII. DISCUSSION

The role of PIP in breast cancer is not fully elucidated and current studies by our group
suggest an immune regulatory role for PIP (169,171). Previous work from our laboratory showed
that several components of the type 1 T helper (Th1) immune response were impaired in PIP KO
mice (169). PIP KO mice displayed morphological anomalies in their secondary lymphoid organs
(spleens and lymph nodes) (170). The percentages of CD4* T cells in their spleens was reduced
and the differentiation of naive CD4" T cells into IFN-y producing CD4" T (Th1l) cells was
impaired (169). In addition, macrophages from PIP KO mice produced less proinflammatory
cytokines and nitric oxide (171) and this was associated with decreased phosphorylation of
mitogen activated protein kinase (MAPK), signal transducers and activators of transcription
(STAT) 1 proteins. There was also an increase in the expression of suppressors of cytokine
signalling (SOCS), indicating decreased intracellular IFN-y signalling (171). Altogether, these
findings provide supporting evidence to suggest that PIP is important in adaptive immunity,
specifically with respect to the Thl immune response, which has been shown to be critical for

antitumor immunity (169).

Furthermore, studies (for review, 130) have shown that the expression of PIP is associated
with better prognosis and response to chemotherapy in humans. PIP expression has also been
reported to be of greater abundance in less aggressive luminal breast cancers, and of lowest
presence in highly aggressive triple negative breast cancers (150). PIP levels are low or absent in
normal mammary epithelium, become upregulated at the early stages of breast carcinoma
development, and are subsequently downregulated as the cancer progresses to advanced stages
(114,117,120,121). These observations suggest that PIP may be protective against breast cancer.

They also suggest that PIP may exert its effect by modulating the antitumor immune response.
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The focus of this study was to assess the role of PIP in breast tumorigenesis and immune
response using transplantable mouse models. We sought to investigate whether the association of
PIP expression with better prognosis in breast cancer is due to its immunomodulatory effects. To
address this hypothesis that PIP inhibits breast cancer progression by enhancing antitumor
immunity, | generated syngeneic immunocompetent transplantable mouse models using the 4T1
and EQ771 mouse breast cancer cell lines which mimic different stages of human breast cancer

when transplanted in mice.

1. The Effect of PIP in the 4T1 Mouse Model of Breast Cancer

The 4T1 cell line is a triple negative mouse breast cancer cell line which mimics stage 4
human breast cancer when injected into its syngeneic Balb/c mice and has been extensively used
in preclinical mouse studies (72). However, the 4T1 cell line does not endogenously express PIP;
therefore, the first step was to generate 4T1 cell lines that stably express PIP. Lentiviral
transduction was the strategy of choice because it is known to induce more stable gene expression
by integrating the gene of interest into the genome of the host cell. The presence of PIP was
confirmed by Western blot analysis. Since PIP is a secreted protein, its presence in the cell media
was also assessed and confirmed by Western blot, thereby confirming the successful generation of

PIP expressing 4T1 cells.

Prior to the development of the transplantable mouse models, it was important to first
characterize the effect of PIP expression on the 4T1 cells in vitro to determine whether the PIP
expressing 4T1 cells possess significantly different features compared to the parental cells.
Therefore, the effect of PIP expression on proliferation, migration and response to

chemotherapeutic drugs and tamoxifen was assessed. Cell counting and XTT assays were

75



employed as complementary methods to evaluate the effect of PIP expression on the proliferation
of 4T1 cells. Results from both assays showed comparable rates of proliferation in PIP expressing
and control 4T1 cells (Fig. 4), thereby indicating that PIP does not affect the proliferation of 4T1
cells in vitro. In contrast, some other studies had reported a mitogenic effect of PIP on human
breast cancer cell lines (137,174). Using knockdown approaches, the researchers showed that a
decrease in PIP levels in T47D and MDA MB 453 cells led to a reduction in their growth, which
was restored by addition of recombinant PIP to the media (137,174). The differences in these
observed effects of PIP on proliferation could be attributed to the use of cell lines from different
species (mouse vs human) or the different genetic approaches employed (knock down vs
overexpression). Breast cancer cells, like many other cancer cells, are known to migrate from the
primary tumor location to other parts of the body. Acquisition of the ability to migrate is an
important step in cancer progression. Therefore, the effect of PIP expression on the migratory
ability of 4T1 cells was investigated using wound healing and trans-well migration assays. These
complementary approaches were utilized to strengthen the reliability and validity of the results. It
was observed that PIP expression in 4T1 cells did not affect their ability to migrate at least in vitro.
Some studies had reported that the expression of PIP was associated with better response to
chemotherapy such as doxorubicin and cyclophosphamide in humans (131). Therefore, the effect
of PIP expression on the sensitivity of 4T1 cells to drugs used against breast cancer was assessed.
The drugs tested include doxorubicin, cisplatin and etoposide. Tamoxifen, a selective estrogen
receptor modulator (SERM), was tested as well. There was no difference between the cell
viability/survival of PIP expressing 4T1 cells and controls after treatment with the anticancer
agents thereby suggesting that PIP expression does not directly affect the sensitivity of 4T1 cells

to these drugs at least in vitro. When compared with the human studies (131), our in vitro results
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suggest that PIP may be exerting an indirect influence on the sensitivity of breast cancer cells to
doxorubicin. The disparities observed with the human studies could be attributed to the fact that
the immune system and other stromal components are absent in the in vitro environment used in
our study. In addition, it could also be because the human studies were retrospective, measuring
the correlation between the expression of certain genes in breast cancer and response to

chemotherapy, and not a direct causal effect.

To study the effect of PIP expression on breast tumorigenesis in vivo, PIP expressing 4T1
cells and controls were injected into the 4" mammary fat pads of Balb/c mice. Tumor latency,
growth and size were monitored. We observed a delay in the onset of palpable tumors in mice
injected with PIP expressing 4T1 cells compared to controls and this delay was remarkable on day
9 post-injection, where about 80% of the control group mice had already developed palpable
tumors compared to just 40% in the PIP group mice (Fig. 10A). In support of our hypothesis, this
suggests that PIP delays the formation of tumors in the 4T1 syngeneic mouse model. The tumor
growth was slower in PIP group mice compared to controls and when all mice were sacrificed, the
PIP group mice also had smaller tumors compared to controls (Fig. 10B and 10C). Altogether,

these data suggest that PIP expression in 4T1 tumors delayed tumor growth.

Interestingly, when metastasis to the lungs was assessed using the clonogenic assay, an
increase in lung metastasis in mice injected with PIP expressing 4T1 compared to controls, was
observed. The clonogenic assay data agreed with findings from histological analysis of lung
sections which showed massive infiltration of tumor cells and loss of alveolar spaces in the lungs
of mice bearing PIP expressing 4T1 tumors. The lung metastases did not show clear metastatic
foci, but a diffuse infiltration of the lung tissue. Collectively, these display that PIP expression

increases 4T1 lung metastasis and further implicates PIP as a possible regulator of breast cancer

77



metastasis. The reduced tumor growth observed coupled with increased lung metastasis could
mean that PIP increases the metastatic potential in 4T1 tumors, which is a model of stage IV breast

cancer.

The effect of PIP expression in 4T1 on the distribution of immune cells in the spleens,
lymph nodes and the 4T1 tumors was assessed as PIP has been shown to modulate the immune
system (168-171). Although there were no differences in the percentages of total CD4" and CD8"
T cells (Fig. 11D and 11E), a significant increase in the percentages of natural killer cells and
dendritic cells in the 4T1 tumors expressing PIP was observed (Fig. 11A and 11B). Additionally,
there was no significant difference in the distribution of various immune cells in the spleens and
lymph nodes, suggesting that PIP acts locally on the tumor. Natural killer (NK) cells have been
reported to be directly cytotoxic to cancer cells and studies have shown that they are important for
antitumor immunity. In a recent study, defects in NK cells were associated with increase in the
occurrence of different kinds of cancers including breast carcinomas, underscoring the importance
of NK cells in breast cancer development and immunity (175). Dendritic cells are professional
antigen presenting cells which have also been shown to be critical in antitumor immunity. They
are important modulators of the adaptive immune response and they present antigens to T cells,
thereby facilitating their effector functions. Therefore, importantly, data from this study suggest
that PIP expression enhances the local antitumor immune response by increasing natural killer and
dendritic cells in the tumor. The effect of PIP expression on cytokine response in the 4T1 tumor
microenvironment, spleens and lymph nodes was also investigated. Interestingly, a decrease in the
percentage of IL-4 producing CD4" T cells (type 2 helper T cells, Th2) in the tumor environment

was observed (Fig. 12A), indicating a decrease in the pro-tumorigenic Th2 response. This effect
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was not replicated in the spleens and lymph nodes, suggesting a local effect as observed in the

immunophenotypic analysis.

How PIP can promote metastasis and at the same time play a protective role in breast cancer
is not known. One possible explanation is that PIP may act as a ‘double-edged sword’, enhancing
antitumor immunity while enhancing cancer spread. It is possible that since our transplantable 4T1
model results in an overexpression of PIP, PIP level in these mice may be higher than normal
physiological levels and thus is detrimental. Furthermore, some in vitro studies have suggested
that PIP may be involved with invasiveness and subsequently metastasis and this was linked to the
ability of PIP to degrade fibronectin due to its aspartyl protease activity (174). Fibronectin is a
component of the extracellular matrix and studies have shown that it is important in regulating
tumor cohesion (178) and increase in fibronectin has been linked to reduced metastasis (179). As
a result, if the level of fibronectin is affected, it could lead to loss of integrity of the tumor
architecture resulting in enhanced detachment of cancer cells and subsequently increased
metastasis. It is also possible that PIP enhances factors that facilitate epithelial-mesenchymal
transition (EMT), resulting in the promotion of metastasis. Further experiments comparing the

expression of EMT markers in PIP expressing 4T1 tumors and controls will need to be conducted.

Since 4T1 cells are known to metastasize to the brain (72), the effect of PIP expression on
brain metastasis was also assessed. Efforts to quantify brain metastasis using the clonogenic assay
were however unsuccessful. Indeed, studies by others have shown that metastasis to the brain is
reduced compared to the lungs, and could be because of the distance of the brain from the primary
tumor site and difficulty in crossing the blood-brain barrier (176). In that study, the researchers
were not able to detect brain metastasis on day 14 but were able to do so on day 30 (which was

longer than the period for our study) (176).
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2. The Role of PIP in the E0771 Mouse Model of Breast Cancer

As previously mentioned, it has been reported that the 4T1-Balb/c model mimics late
human breast cancer, however, PIP is thought to be protective in early breast cancer (168). To
investigate whether PIP expression during early stage breast cancer affects tumor development
differentially, we utilized a PIP expressing E0771 transplantable mouse breast cancer model which
mimics early stage human breast cancer. EO771 cells have been reported to be estrogen receptor
positive and are less aggressive compared to the 4T1 cells (74). E0771 cells, like 4T1 cells, do not
express PIP. In vitro characterization showed, as with the 4T1 cells, that there was no difference
in the proliferation rates between PIP expressing E0771 and control cells using cell counting
strategies and XTT assay. In addition, trans-well migration assay was performed to assess the
effect of PIP expression on the ability of EO771 cells to migrate and the results showed that there
was no difference in the migration abilities of PIP expressing EO771 compared to control cells,
suggesting that PIP does not affect EO771 cell migration. The effect of PIP expression on the
sensitivity of EQ771 to anticancer drugs such as doxorubicin, cisplatin, etoposide and tamoxifen
was also evaluated. Similar to the observations with the 4T1 cells, we observed comparable
sensitivities of PIP expressing E0771 cells and control cells to the drugs tested, suggesting that

PIP does not affect their sensitivity to those drugs.

We did not observe any significant differences in the tumor latency or tumor progression.
We also did not observe any significant differences in the distribution of immune cells including
CD4" and CD8" T cells, natural killer cells, dendritic cells and macrophages. As well, when the
cytokine response was assessed, there was no significant difference in the percentages of IFN-y
producing CD4" and CD8" T cells as well as IL-4 producing CD4" T cells. Collectively, these

results suggest that PIP expression does not affect breast tumorigenesis or the immune response in
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the E0771 model. Although there appears to be more metastatic foci in the lungs of mice bearing

PIP expressing E0771 tumors, studies will be conducted to accurately quantify these metastases.

VIll. SUMMARY AND CONCLUSIONS

In this study, the role of PIP in breast tumorigenesis, immune response and metastasis was
assessed using transplantable mouse models. PIP expressing 4T1 mouse breast cancer cell line was
generated by Lentiviral transduction strategies and the presence of PIP was confirmed by Western
blot analysis. Characterization of the PIP expressing 4T1 cells in vitro showed that PIP did not
affect their proliferation, migration and sensitivity to some anticancer agents. In vivo studies
showed that PIP expression in 4T1 cells delayed tumor onset, reduced tumor growth and size
compared to controls. There was increased levels of natural killer and dendritic cells in PIP
expressing 4T1 tumors in addition to decreased type 2 helper response. However, PIP expression
in 4T1 cells was found to be associated with increased metastasis to the lungs. The experiments
were repeated using another mouse model of breast cancer (EO771 model) which mimics the early
stage of the disease in humans. Here, like the 4T1 model, PIP expression did not affect
proliferation, migration and drug sensitivity in vitro. However, there was no effect of PIP on tumor
latency, size and progression. Additionally, there was no significant difference in overall immune
phenotype and cytokine response in mice bearing PIP expressing EQ771 tumors compared to

controls.

The observed differences between the findings in the 4T1 and E0771 models could be
attributed to genotypic and phenotypic differences between the cell lines and mice used. Breast
cancer has been reported to be a highly heterogenous disease with different gene expression

profiles, molecular characteristics as well as disease progression patterns (177). 4T1 is a triple
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negative breast cancer model while the E0771 is of the luminal subtype. Furthermore, the 4T1
model is more aggressive than the EQ771. Whereas 10* 4T1 cells were sufficient to induce a
palpable tumor in Balb/c mice in as little as 7 days, the same number of EO771 cells did not induce
palpable tumors in C57bl/6 mice. In fact, 5x10* Cells were used and tumors became palpable
almost 2 weeks later, demonstrating the differences in aggressiveness between the two mouse
breast cancer models. In addition, since these models represent different stages and subtypes of
human breast cancer, it is possible that the effect of PIP may depend on the stage and/or subtype

of breast cancer involved.

Collectively, these data suggest that PIP inhibits tumor progression and may also be a
regulator of immune response and metastasis in the mouse model of late stage and triple negative

breast cancer but not in the model of early stage and luminal breast cancer.

IX. LIMITATIONS OF THIS STUDY

1. Animportant limitation of this study is that results from mouse models do not always correlate
with findings in humans due to species differences.

2. Another limitation is the use of metastatic cell lines to induce primary breast tumors. A large
number of cells at one time is injected orthotopically into the mammary fat pad to initiate tumor
formation, and the time from injection to end of experiment is only a few weeks. This does not
mimic the natural progression of breast cancer as it is spontaneous and may be initiated by just
a single cell or few cells and take much longer to progress, in addition to all the important

cellular and molecular events that occur during breast tumorigenesis and progression.
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X. SIGNIFICANCE

Our studies provide important preclinical data to show that PIP is an important regulator
of breast tumorigenesis. In addition to data showing that PIP regulates the antitumor immune
response, we have also shown that PIP affects metastasis to the lungs. This could have potential
applications for the management of breast cancer because our observations suggest that PIP may
enhance immune response but if overexpressed, could also enhance metastasis. Thus, it is
important to monitor PIP levels in patients in order to determine the optimal level of expression
which results in enhancement of antitumor immunity only, or at least predominantly. It could also
be that the time of PIP expression plays a role as PIP expression may be beneficial at the initial
stages of breast cancer but become detrimental later. This could have potential therapeutic
implications because if the beneficial or optimal PIP expression level is known, the appropriate
dose of recombinant PIP could be determined and administered to breast cancer patients at the

right time.

XI. FUTURE DIRECTIONS

Metastasis is the major cause of mortality in breast cancer patients and the precise
mechanisms are not fully understood. Interestingly, since we have shown that PIP enhances
metastasis in addition to enhancing antitumor immunity, it becomes important to better understand
the mechanisms involved. To elucidate the mechanism of PIP effect on lung metastasis, one
approach is to assess fibronectin levels in the tumors in order to investigate whether the increased
lung metastasis observed is due to the degradation of fibronectin by PIP. To test this hypothesis,

sections of the mouse tumors from both the PIP group and controls will be made, and fibronectin
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levels measured using immunohistochemistry. If our hypothesis is true, we expect to find lower

fibronectin levels in the PIP expressing tumors compared to controls.

It is also possible that PIP enhances migration in vivo or/and the ability of the 4T1 cells to
home in on the lungs and survive there. To assess this, we will inoculate mice with PIP expressing
and control 4T1 cells and assess for the presence of cancer cells in a distant lymph node (such as
the axillary lymph nodes). If we find similar quantities of cancer cells, then it suggests that PIP
does not affect in vivo migration but may affect the ability of the 4T1 cells to home in on and thrive

in the lungs.

Furthermore, PIP expression may lead to the upregulation of genes that are involved in
epithelial- mesenchymal transition (EMT) and metastasis. To test this hypothesis, we have isolated
metastatic cells from the lungs. We intend to characterize the metastatic cells in vitro and compare
them to the primary cancer cells. We will also conduct mRNA analysis to determine whether genes

related to metastasis and EMT are upregulated or downregulated.

To investigate the contribution of immune cells to the delay in tumor latency and
progression, we will inoculate immune deficient mice with PIP expressing and control tumors. If
we observe comparable tumor progression in both groups, it suggests that PIP may lead to reduced

tumor progression through its effect on the immune response.

Since results from animal models do not always translate to humans, we intend to also
carry out studies on human breast tissues from the Manitoba tumor bank to investigate the
correlation between PIP, breast tumorigenesis and immune activity. Findings from our mouse
studies will be compared to that of the human tissue studies to assess correlation. Finally, to

investigate the role of PIP in a more clinically relevant model which mimic the natural progression
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of human breast cancer, genetically engineered mice which spontaneously develop breast cancer

will be employed.
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