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Abstract 

Breast cancer is the most common cancer in women and 1 in 8 women 
nationally will develop this disease in their lifetime. Preclinical cancer models 
have driven novel therapeutic regimens over the last half century yielding 
progressively improved survival yet 95% of new anticancer drugs will fail in 
clinical trials and greater than 42,000 people will still succumb to this disease 
per year. This research focuses on characterization of triple negative breast 
cancer (TNBC), a clinically difficult form of breast cancer characterized by lack 
of targetable receptors, advanced diagnosis, and increased aggressiveness, 
towards identification of current limitations and future direction for optimized 
preclinical models. 

Transcriptional profiling of 4T1, a murine TNBC cell line, at the bulk 
and single cell level were utilized to culture induced alterations of tumor cells 
cultured in vitro, in vivo, and ex vivo. Flow cytometric analysis was also used 
to validate and further the molecular alterations imparted on cancer cells. 
Furthermore, proteomic and transcriptomic analysis of cancer derived 
exosomes was performed to identify biomarkers of cancer behavior. 

I was able to identify in vitro culturing induced behavioral bias towards 
proliferative behavior while in vivo conditions favored cell signaling and cancer 
progressive biological processes such as a transition from epithelial to 
mesenchymal cell states. Non-cancer stromal cells were also proven to be an 
essential component for clinical cancer behavior recapitulation in vitro. This 
key finding was then followed by examination of heterogenous ex vivo tumor 
cell cultures utilizing numerous culturing techniques finding that retention of 
not only tumor cell populations, but spatial organization and extracellular 
matrix composition retention is optimal for native cancer behavior 
recapitulations. Additionally, TNBC stromal cell effects on chemotherapeutic 
sensitivity were found to play a significant role towards inhibiting tumor 
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growth. IL17A secreted from γδ T cells are capable of increasing cancer cell 
sensitivity to Doxorubicin and increased efficacy of antitumor cytotoxic T cell 
populations. Furthermore, human cancer exosomes derived from cultured cells 
discovered putative biomarkers of cancer subtypes that were validated with 
clinical data sets to identify 2 exosomal miRNA (hsa-mir-375, hsa-mir-138-1) 
and 2 protein biomarkers (FBP1, HLA-A) were found to correlate to breast 
cancer subtype and aggressiveness. 

In summation, the tumor microenvironment is a complex and dynamic 
tissue to recapitulate under in vitro conditions, multiple effects and approaches 
have been identified in this work to serve as a basis for future pre-clinical 
approaches. 
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Chapter 1. Introduction 

According to the World Health Organization, cancer remains a leading 
cause of death before the age of 70 and predicts that the incidence, mortality, 
and financial burden of cancer will continue to increase globally over the next 
decade (1). It is estimated that over 1.8 million new cases of cancer will be 
diagnosed in the United States and the rate of cancer remains high with an 
estimate that ~39.5% of the US population will be diagnosed with some form 
of cancer in their lifetime based on 2015-2017 data. While advances in basic 
cancer research, diagnostics, and therapeutics have decreased the death rates 
on average 1.7% each year over 2009-2018, some cancer types are still on the 
rise, and more than 600,000 people will still succumb to the disease where the 
5-year relative survival rate is still only 67.4% (based on 2010-2016 data) (2). 
Biomedical advances facilitated by cancer research to have significantly 
contributed to reducing mortality of this huge public health burden, yet many 
challenges remain and more thorough characterizations of the dynamic nature 
of cancer biology will undoubtedly aide in the continuing improvement in 
survivability of this disease.   

1.1 Breast cancer  

1.1a Incidence and burden 

Nationally and globally, breast cancer (BC) is the most common cancer 
among women and the second most common amongst all cancers. Since 2008, 
the incidence of BC has increased by 20% and the mortality has increased by 
14%, worldwide (3). In 2018 alone, ~2 million new cases of BC were diagnosed 
worldwide, of which 276,480 were in the United States (2). The incidence of BC 
varies regionally, with higher rates in high-income countries (92 per 100,000 
in North America) than in low-income ones (27 per 100,000 in middle Africa 
and eastern Asia) (4). These patterns reflect heterogeneity in risk factors and 
access to healthcare and preventative measures like routine mammograms 
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(and, therefore, detected breast cancers); but since the highest breast cancer 
incidences occur in North America, Australia, New Zealand and northern and 
western Europe, it could also be attributed to overdiagnosis and 
socioeconomics, where developed countries have new environmental factors 
contributing to BC that may not exist in countries that less industrialized. New 
BC cases are expected in 2020 with an associated cost burden of ~$158 billion 
based on 2018 breast cancer cost estimated at $19.3 billion (5). While numerous 
studies have implicated both genetic and environmental factors driving the 
high incidence and lethality, this global challenge has proven to be a 
heterogenous disease manifesting in different regions of the breast and driven 
by a complex combination of molecular drivers.  

1.1b Origins of breast cancer  

Breast tissue is an apocrine gland that can produce milk in response to 
hormones. It is primarily composed of subcutaneous fat and connective tissue 
surrounding a network of ducts that converge at the nipple. Throughout 
development the breast responds to complex interactions with hormones 
including estrogens, progesterone, and growth hormones mediating major 
developmental events (6,7). Cells residing in breast tissue possess specific 
receptors for these hormones that respond to influxes during puberty while 
lactation is induced during pregnancy. During menopause decreased hormonal 
levels induce glandular tissue atrophy (8).  

While it remains unclear the exact mechanism of BC initiation, current 
evidence suggests that BC develops and evolves in two divergent pathways. 
The first pathway is characterized by mutations on chromosomes 1q, 16q, and 
sometimes the chromosomal region 17q12 (containing ERBB2, encoding 
HER2) and a gene expression signature with most genes associated with the 
hormone receptor phenotype. The second pathway identified is characterized 
by mutations on chromosome 11, region 11q13, and amplification of 17c12 
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region with an expression signature comprised of genes involving cell cycle and 
proliferation (9). 

Once initiated in the normal epithelium of the breast, BC matures into 
progressive stages of disease. First a flat epithelial atypia develops in the 
mammary epithelium followed by atypical ductal hyperplasia characterized as 
a proliferative lesion that have some, but not all, of the architectural and 
cytologic features of low-grade ductal carcinoma in situ (DCIS) (10). This can 
progress into a DCIS as the abnormal accumulation of epithelial cells in the 
duct increases in abundance which can in turn culminate in an invasive ductal 
carcinoma (IDC)(11). DCIS is an early-stage, non-invasive form of BC 
characterized by the retention of cancerous cells in the milk duct and no 
evidence of spread into the surrounding breast tissue. In 2019, 48,100 US 
women were diagnosed with DCIS and surgical resection is considered the 
most effective treatment prescribed therapy at this early stage of the disease. 
If untreated or resected, DCIS tumors can progress into IDC, a more life 
threatening, malignant form of the cancer, where the cancerous cells have 
escaped the wall of the ducts and invaded the surrounding breast tissue. In 
2019, 85% (268,600 patients) of BC cases in the US were diagnosed at this 
stage (2). 

1.2 Breast cancer diagnosis and subtype classification  
1.2a Clinical Diagnosis 

The diagnosis of BC encompasses a combination of physical and 
pathological assessments. A clinical examination is first conducted utilizing a 
bimanual palpation of the breasts and lymph nodes. If unusual masses are 
detected in either tissue, a core needle biopsy is extracted and assessed via 
pathology to identify disease grade and classification based on histological and 
molecular assessment of cellular morphology, immune infiltration and 
identification of specific molecules such as hormone receptors. Mammography 
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using low dose radiation is also utilized to analyze the prevalence of tumors 
throughout the breast tissue. Additionally, potential sites of metastasis are 
also examined to assess the extent of the disease spread beyond the breast 
tissue. This diagnosis includes needle-biopsy of draining lymph nodes, chest X-
ray to search for lung metastasis, in addition to CT scans to examine bone 
density disruption induced by bone metastasis. Based on this initial diagnosis 
BC is then binned into subtypes that will dictate therapeutic options and 
prognosis. 

1.2b HR and HER2 positive breast cancers 

The dysfunction of hormone receptors in breast epithelial cells are 
significant driving factors in most BC patients and clinical classification of BC 
is associated with characterization of the presence or absence of three key 
hormone receptors: estrogen receptor, progesterone receptor, and HER-2. 
Hormone receptors (HRs) encompass estrogen and progesterone receptors. The 
imbalance of these hormones during menstrual cycles triggers enhanced cell 
proliferation in regions of the breast (12). In turn, the proliferative cycling of 
breast cells may cause the accumulation of oncogenic mutations over time. At 
this stage in HR positive BCs, estrogen can stimulate pre-malignant cells 
through its binding to the estrogen receptor (a ligand-activated transcription 
factor) in the nucleus where it can modulate the transcription of genes through 
interaction with estrogen response elements found in the promoter regions of 
target genes (13).  

ERBB2 is amplified in 13–15% of breast cancers, causing an activation 
of the HER2 pathway(14). HER2 is a member of the human epidermal growth 
factor family capable of activating different pathways such as the RAS 
pathway and the phosphoinositide 3-kinase (PI3K)–protein kinase B (AKT)–
mitogen-activated protein kinase (MAPK) pathway. This activation can result 
in increased proliferation, cell survival, metastasis and adhesion in BC (15).  
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Most breast cancer cases are positive for HR. Nationally, the 
predominant subtype of BC is HR positive and negative for HER-2 receptor 
(also referred to as a Luminal tumor) accounting for 68% of BC and 4% are HR 
positive and HER-2 positive. Tumors negative for HR and positive HER-2 
account for 10% of diagnosed BC (or non-luminal). Furthermore, BC tumors 
lacking both HR and HER-2 (TNBC or Basal) account for 10-15% of BC cases 
(16).  

Progression of disease is also a critical measurement in clinical 
evaluation and is based on localization of cancer cells and morphology of the 
tumor. Invasive BC is further subcategorized according to disease progression. 
The American Joint Committee on Cancer has standardized a staging system 
(TNM system) to characterize cancer progression based on size and/or extent 
of the primary tumor [T1 (smallest)-T4 (largest)] in addition to metastatic 
progression first in the draining lymph nodes (N1 (minimal cancer presence) -
(N3 (high incidence of cancer cells)) then in other distant tissues (M1). Most 
cases of invasive BC will have some type of surgical removal of the tumor. 
Depending on the type of BC and how advanced it is other pre and 
postoperative treatment options can also be utilized for invasive BC cases, 
which will be discussed later. 

Genetic profiling tests, such as MammaPrint (17) and Oncotype DX (18), 
that analyze transcriptional levels of genes linked to treatment efficacy and 
prognosis are also available for further molecular characterization of cancer 
genotypes. These genomic characterizations improve personalized treatment 
selection and disease prognosis however this is not a prevalent diagnostic tool 
in a clinical setting. Somatic mutation burden has been analyzed in a research 
setting on BC subtypes as it relates to oncogenic driver mutations. In a study, 
whole genome DNA sequencing performed on 530 tumors revealed that the 
most frequently mutated and/or amplified genes in BC cells are TP53 (41% of 
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tumors), PIK3CA (30%), MYC (20%), PTEN (16%), CCND1 (16%), 
ERBB2 (13%), FGFR1 (11%) and GATA3 (10%) (19). With HR positive tumors 
showing increased frequency of mutations in PIK3CA, CCND1, and GATA3 
relative to HR negative tumors. HR negative tumors show increased 
abundance of oncogenic mutations in TP53, MYC, PTEN, and RB1 driver genes 
(6). The differential preference for oncogenic driver genes provides evidence 
that the genetic drivers of the cancer cells may play a critical role in BC tumor 
phenotype, classification, and prognosis. 

1.2c Triple negative breast cancer (TNBC) 

Globally, TNBC accounts for up to 15% of all breast cancers and~20% of 
invasive breast cancer (20).  Additionally, this subtype of BC has been 
associated with younger diagnosis age, familial history of BC, carrying 
mutations in breast cancer type I susceptibility gene (BRCA1) and is more 
common among specific ethnic groups, such as Latin and African women (21–
24). Moreover, this subtype has been characterized with increased growth 
rates and metastasis, and shorter overall relapse-free survival when compared 
to other breast cancer subtypes (6). Patients with TNBC also present more 
advanced stage disease progression at the time of diagnosis with detectable 
cancer in the lymph nodes and larger primary tumor size. TNBC is also 
characterized by aggressive behavior due to increased correlation to metastatic 
spread to the lung, liver, and central nervous system in addition to early 
relapse. Within 5 years of diagnosis, TNBC patients have the highest morality 
when compared to other BC subtypes (hazard ratio, 3.2; 95% confidence 
interval, 2.3-4.5; P < 0.001) however the long-term prognosis does not show 
significant differences (25).  

The absence of targetable oncogenic driving receptors makes this BC 
subtype especially difficult to treat with targeted therapy and most patients 
are treated with nonspecific chemotherapy. Patients exhibit diverse response 
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rates either to traditional treatments or to new targeted therapies, often 
leading to discrepant times of survival. The diverse response rates observed in 
response to traditional therapies or to new targeted treatments leading to 
varied times of survival in TNBC clinical trials has been widely attributed to 
the heterogeneity of this subtype of BC (26). TNBC is not a unique disease 
possessing wide heterogeneity in histopathological, transcriptomic, and 
genomic levels of characterizations.  

1.3 Tumor microenvironment  

BC is a remarkably heterogeneous disease not only in terms of subtypes 
and oncogenic drivers but in the stromal composition of the tumor 
microenvironment. The majority of BC stromal cells, benign tumor residing 
cells, are comprised of a myriad of immune cells (including lymphocytes, 
macrophages, and myeloid derived suppressor cells), cancer associated 
fibroblasts, and endothelial cells. These cells have multiple functions that can 
both inhibit and encourage cancer progression through dynamic interactions 
with BC cells.  

1.3a Immune component 

Immunogenicity of BC varies by subtype with TNBC and HER2-positive 
having the highest relative abundance and HR positive subtypes having the 
lowest relative abundance of immune infiltrate (27,28). BC tumors can contain 
both innate and adaptive immune components that impart pro- and anti-tumor 
abilities depending on cellular composition and condition of the 
microenvironment (29). The current understanding of immune cells residing 
in BC tumors results in increased CD8+ T cells, CD4+ Th1 cells, natural killer 
(NK) cells, B cells, M1 macrophages, and dendritic cells result in an anti-tumor 
effects. Conversely, CD4+ Th2 cells, regulatory B cells, CD4+ regulatory T cells, 
myeloid-derived suppressor cells, and M2 macrophages contribute to pro-
tumorigenic behavior (30–33). 
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 In early stages of cancer development, malignant cells are detected and 
killed by the innate immune system (Natural Killer T (NKT), NKT, NK, γδ T 
cells, macrophages, and dendritic cells)(34). These early phases of 
carcinogenesis possess largely anti-tumor activity with an abundance of 
cytokines secreted into the tumor microenvironment from activated CD8+ and 
CD4+ T cells (35). However, this immune pressure is also believed to select for 
specific mutations with immune-evasive phenotypes, contributing to the 
development of more aggressive cancer phenotypes (36).  

The failure of immune-mediated cancer control at early stages of the 
disease results in the progression of the tumor. As BC becomes more invasive, 
the cytokine and cellular composition shifts towards a more pro-tumor 
behavior. Malignant cells can induce suppression of the immune response by 
expressing immune checkpoint regulators (CTLA-4 and PD-1) which are 
upregulated by T cells because of chronic exposure to tumor antigens (37). 
Additionally, pro-tumor immunosuppressive cells like T regulatory cells and 
myeloid-derived stromal cells are also recruited into the tumor 
microenvironment and aid in reducing the activity of CD4+ and CD8+ T cells 
(38). Furthermore, reduction in MHC I levels and increased production 
costimulatory molecules that suppress the immune system (IL10, TGF-B, 
CCL2), which enables them to further avoid recognition by the immune system 
(39).  

1.3b Non-immune component 

Non-immune stromal cells are also recruited into the tumor. These cells 
perform multiple functions critical to tumor progression including generation 
of extracellular matrix (ECM), vascularization, and recruitment of immune 
and non-immune stromal cells into the tumor microenvironment (40). Cancer 
associated fibroblasts (CAF) and endothelial cells represent most non-immune 
stromal populations found in the tumor yet other cell types like adipocytes, 
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pericytes, and mesenchymal stem cells also occupy the tumor 
microenvironment and play roles in tumor progression (40–43). 

CAF populations maintain the homeostasis of the ECM through 
secretion and assembly of fibrotic ECM proteins (collagens, fibronectin, lysyl 
oxidase, hyaluronan laminins) for structural integrity of the tumor and 
allowing for adhesion of cancer cells as well as ECM degradation proteins 
(MMPs and transglutaminase) promoting cancer motility (44). Interestingly, 
CAFs adopt an activated state in tumors with upregulation of alpha-smooth 
muscle actin, fibroblast activating protein, and matrix metalloproteinases as 
opposed to fibroblasts found in normal tissues (45).  

Like CAFs, endothelial cells are activated in the tumor 
microenvironment to support tumor growth and invasion. Activated 
endothelial cells have been shown to transition into a more mesenchymal state 
in the presence of cancer derived TGF-beta and adopt a more fibroblast-like 
behavior as exhibited by downregulation of CD31 and upregulation of Fsp1 
(46). Furthermore, endothelial cells aide in metastasis by chaperoning and 
protecting extravasated tumor cells from anoikis in circulation (47). As shown, 
stromal cells in the tumor microenvironment play a major role in progression 
or eradication of tumors. This emphasizes the importance of BC research 
inclusive of the native cellular heterogeneity and may contribute to the 
identification of novel therapeutic targets. 

1.4 Breast cancer therapies  
1.4a HR and HER2 positive breast cancer therapies 

Standard of care treatments for BC is dependent on stage of the disease 
and subtype classification. Early-stage BC is most likely to be treated 
surgically by removal of the tumor regardless of subtype, followed by post-
operative therapy in the form of radiation and/or systemic chemotherapy 
depending. The post-operative treatment usually depends on the tumor 
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subtype and level of progression at the time of diagnosis.  Advanced invasive 
BC poses more complications due to the inoperable state of cancer burden on 
not only the breast but metastasized tissues. BC patients at advanced stages 
of disease are much more difficult to treat but will still be administered 
systemic treatments of radiation and chemotherapeutics. Increased 
monitoring of response to therapy with imaging is also recommended to guide 
personalized treatments for each BC patient. Patients with late-stage invasive 
BC receive therapies aimed at prolonging quality of life as this form of BC is 
treatable but virtually incurable with a median overall survival of 2–3 years 
caused by metastases in nearly all patients (48). 

Standard therapies for HR positive, the predominate subtype of BC, 
regardless of stage, include at least a 5-year treatment with endocrine based 
chemotherapy with tamoxifen, a selective estrogen receptor modulator, acting 
as an agonist to the estrogen receptor activation in cancer cells. HER2 positive 
BC standard of care is an anti-HER2 therapy (trastuzumab and/or 
pertuzumab) with systemic chemotherapy with an anthracycline-taxane 
sequence for 1-year (49,50). Following standard therapeutic regimens, BC will 
be reassessed and addressed on a per case basis to evaluate response to therapy 
and its effects on disease progression.   

More personalized therapeutic options have emerged in the last decade. 
Oncogenic driving pathways, including PIK3CA, mTOR, and AKT, have been 
identified in BC subtypes and offer targetable biological processes (51). 
Current FDA approvals for these treatments are limited to defined subtypes 
in advanced stages however clinical trials are ongoing to evaluate therapeutic 
value for additional BC subtypes (52). Treatment options are rapidly evolving 
with the hope that in the not-too-distant future, more effective targeted 
treatments will come on the market. 
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1.4b Therapeutic options for TNBC   

Due to the lack of targetable receptors driving the disease, TNBC is 
especially challenging to treat with very few effective therapies available. 
TNBC is insensitive to hormone therapy and typical treatments are limited to 
a combination of surgery, radiation, and systemic chemotherapy depending on 
genetic drivers and disease progression status. Late stage TNBC patients are 
faced with very poor prognosis with just a 15% to 20% response rate and a 
median progression-free survival of 4.2 months (53,54). Regardless of BC 
status, systemic non-specific cytotoxic chemotherapy remains the 
recommended therapeutic option with no clinically significant difference in 
efficacy when utilized in a neoadjuvant (prior to surgical intervention) or an 
adjuvant (post-surgery) administration (55). Neoadjuvant administration of 
chemotherapy is preferred as it allows for assessment of treatment efficacy and 
optimization of therapy on the primary tumor in an effort to predict post-
operative treatment response in case of residual disease. 

In TNBC, standard chemotherapeutic therapy is comprised of an 
anthracycline (doxorubicin, daunorubicin, epirubicin) and a taxane (paclitaxel, 
docetaxel) in sequence to avoid excessive toxicity(56). Anthracyclines have 
numerous mechanisms of actions to eradicate BC including inhibition of 
topoisomerase II, DNA intercalation, and generation of reactive oxygen 
species. Taxane based chemotherapies function through stabilization of 
microtubule assemblies thus blocking mitotic progression and chronic 
activation of the spindle assembly checkpoint followed by induction of 
apoptosis (57). This combinatorial therapy does have limitations to specific 
TNBC subtypes. For example, BC containing p53 mutations have shown 
increased resistance to anthracyclines (58) as well as multidrug chemotherapy 
resistance imparted by upregulation of ATP-binding cassette transporters in 
TNBC (59).  
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Despite these standard chemotherapeutic options, TNBC remains a 
difficult to treat BC subtype associated with poor prognosis and as a result 
alternative therapeutic regimens are continuously being explored and utilized 
in TNBC subtypes. For example, the use of docetaxel and cyclophosphamide 
has proven to be an effective therapy for cases where anthracyclines need to be 
avoided. Adding a platinum-based agent (cisplatin, oxaliplatin) to standard 
chemotherapeutics has also shown increased efficacy on TNBC, specifically in 
TNBC patients harboring BRCA1/2 mutations, due to the high prevalence of 
DNA repair pathway defects (60,61). The dependence of TNBC containing 
BRCA mutations on DNA repair function are additionally being exploited 
using poly (ADP-ribose) polymerase (PARP) inhibitors (Olaparib) as a 
promising neoadjuvant (62). Augmentation of dosing scheduling and 
concentration is also an attractive option to increase efficacy of treatment for 
TNBC due its more aggressive and highly proliferative nature however dose 
dense strategies have yet to show consistent advantages for progression free 
survival or long-term outcomes (63). No single therapy has proven universally 
effective for TNBC which may be linked to the disease heterogeneity with 
therapeutic innovation focused on more personalized approaches to identify 
TNBC subtype dependencies and treatment escalation regimens (6).  

1.4c Stromal cell mediated therapy 

In recent years, immunotherapy is transforming the cancer therapeutic 
landscape through exploitation of the recognition and cell-mediated toxicity 
the immune system has for malignant cells. Clinical data has revealed that 
some BC subtypes in advanced metastatic stages with increased inflammatory 
signaling are responsive to programmed cell death-1/programmed death 
ligand-1 (PD-1/PD-L1) antagonists (64). Specifically, prolonged response has 
been observed in TNBC patients treated with atezolizumab (anti-PD-L1) and 
pembrolizumab (anti-PD-1)(65). PD-1/PD-L1 inhibition are leading candidates 
for alterations in stromal populations induction of cancer clearance yet several 
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other therapeutics targeting non-malignant cells are undergoing clinical 
evaluations (66–68) 

1.5 Breast cancer culturing methodologies 

Despite thorough development and analysis of BC and its associated 
therapeutic options, modern understanding of BC is still unable to deconvolute 
the disease heterogeneity resulting retention of high mortality incidence and 
the necessity of chronic observation for disease relapse. Preclinical BC research 
remains an essential tool in combating this global health burden, and the 
ability to culture BC in vitro and in vivo has proven a critical barrier in 
advancing our understanding of this disease. Only ~5% of new cancer drugs 
reach FDA approval due mostly to lack of efficacy in the clinic despite 
promising preclinical results. This failure imparts a large burden financially 
and on the quality of human life of BC patients. Improved BC culturing 
approaches will prove to be an invaluable tool in advancing therapeutics and 
predicting successful clinical outcomes. Here I will review current culturing 
methodologies for BC propagation. 

1.5a In vitro breast cancer approaches 

The challenges and time-consuming nature of in vivo work has 
classically been circumvented and supplemented with in vitro models 
performed using 2-dimensional (2D) culturing in which cancer cells adhere as 
a monolayer to an inert substrate. Conventional in vitro 2D culture of human 
cancer cell lines has been fundamental in the study of cancer biology as well as 
for screening and evaluating therapeutic efficacies of anticancer agents. This 
approach promotes fast growth, ample area to adhere to substrates, and 
uniform access to nutrients and growth factors. Overall, 2D cancer models 
generate highly reproducible results, but lack the complexity of the cellular 
and extracellular matrix associated with solid tumors (3).  
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Techniques and tools have improved by moving from 2D cell culture to 
3-dimensional (3D) culture platforms capable of generating spheroids, 
organoids, or cultures suspended in ECM. The increased complexity in cell-to-
cell contact, necessity for ECM generation, and spatial organization of cells are 
thought to mimic the native tumor environment more accurately. These 
methods encourage cancer cells to more tightly attach to other cancer cells, 
other cell types, and the ECM to form tissue-like structures (69,70). Research 
has also shown that 3D grown cancer cells also display a hypoxic core thus 
facilitating the necessity for angiogenesis for larger 3D cultures (71). The 
resulting decreased external surface area of spheroids and organoids results in 
diffusion gradients of nutrients and drugs through the culture (72). This 
phenomenon is evident in decreased drug efficacy and enhanced cellular 
heterogeneity (73), characteristics usually noted for the resected tumor from 
which these cells originate. Yet these culture methods currently fail to 
incorporate the complex heterogeneous cell composition and transient fluxes 
in nutrients or drugs that occur in vivo. 

The incorporation of the heterogenous cellular composition of tumors is 
a rapidly advancing field in cancer research. Several methodologies have been 
developed to include increased complexity of cancer cultures. The simplest of 
these methods is indirect contact with stromal components by replacing of 
culture media with stromal-preconditioned media containing secreted 
biomolecules. Exposing cancer cells to live stromal cells builds upon this 
premise and allows for the bi-directional dynamic cell-cell communication to 
occur (74). This co-culture technique has been demonstrated with cancer cells 
physically separated using a porous barrier like a transwell insert or in direct 
physical contact in the same culture medium (75). This co-culture approach is 
the basis for numerous culturing technologies with a multitude of 
combinations of cellular compositions and culturing substrates developed 
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specifically for cancer applications (76–78). Even the most complex of cellular 
formulations has limitations on the spatial organization of a tumor. Ex vivo 
organ/organoid cultures have also been implemented to retain the architecture 
of tumor residing cells however increasing complexity also includes the 
necessity for complex fluxes in nutrient accessibility found in vivo (79,80). 
While inclusion of complexity (dimensionality, cellular composition, culturing 
substrate, and media composition) into in vitro models has proven to be an 
improvement upon classic approaches, the need for continued development to 
continue to improve these pre-clinical in vitro platforms remains, and we have 
yet to fully mimic the comprehensive behavior of human tumors, ex vivo . 

1.5b In vivo breast cancer culturing approaches 

 While in vitro pre-clinical models are improving as increased 
complexity is being incorporated into culturing conditions, the most faithful 
surrogates of human disease are still cancer cells derived from live tumor. 
Laboratory mice have classically been utilized for this research with three 
main models (patient derived xenografts, allografts of mouse derived cancer 
cells, and genetically engineered mouse models) routinely utilized in for pre-
clinical tumor modeling. In vivo cultured cancer cells best recapitulate the 
dynamic nature of tumors and complex interactions with non-malignant cells.  

Patient derived xenografts (PDX) have been increasingly used to expand 
our understanding of factors affecting tumor growth, drug response and 
metastasis (9); however, the absence of a complete immune system allows 
human tumors to evolve in a murine-specific manner (81). PDX are generated 
by this direct transfer of human tumors into genetically induced 
immunodeficient mice. The absence of a competent immune system eliminates 
the rejection of foreign cells induced by immunogenicity of the foreign tissue 
(82). Three commonly used mouse lines for PDX include non-obese diabetic 
(NOD)-scid, NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJl (NSG), or NOD.Cg-
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PrkdcscidIl2rgtm1Sug/ShiJic (NOG) mice and function through the inhibition of 
T, B, and NK cell maturation and prevention of cytokine signaling required for 
differentiation and function in many hematopoietic cells (83)-(84). PDXs are 
continuously maintained by passaging from mouse to mouse. PDX models have 
been shown to maintain the patient tumors features such as oncogenic driving 
mutations and drug (85). However, PDX models cannot completely predict 
drug efficacy because they lack stromal contributions and spatial organization 
found in the original tumor microenvironment. In recent years, next 
generation PDX models with transplanted human hematopoietic stem cells 
have been utilized to incorporate a human immune component into growing 
tumors with promising results in recapitulating immunotherapy based anti-
cancer therapies yet this technique is a time, cost, and labor-intensive 
approach (80–82). 

Allograft rodent models follow a similar inoculation of cancer cells into 
host animals yet utilize mouse derived cancer cell lines transplanted into 
immune-competent host animals. This methodology allows for the study of 
tumor interactions with the immune system without the immunogenicity 
induced by foreign human cells (86). Due to a complete complement of stromal 
cells in the TME, allograft models are critical for immune-oncology research 
and considered to be the most native environment for cancer cell culturing. 
However, the allograft approach still poses some limitations including the 
strong selection process for first expanding cell lines in vitro. While it is known 
that these cells maintain their cell type of origin signature and malignant 
phenotypes (87)-(88) the clonal nature of the resulting mouse cancer cell lines 
often lack the heterogenic behavior and therapeutic response observed 
clinically. Furthermore, species specific variability including immune 
responses absent in humans and altered drug metabolism still hinders 
complete clinical recapitulation (89).  
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Genetic engineered mouse models (GEMM) (e.g., MMTV-PyMT(90))are 
an additional well utilized in vivo preclinical model in which transgenic 
constructs are introduced into the mouse genome to promote well-defined 
tumorigenesis. Multiple BC GEMMs have been engineered with spatial/cell 
type specific control of the oncogenic alleles utilizing tissue specific promoter 
regions driving the transgenes which then allows for orthotopic generation of 
tumors without the need for invasive introduction of cancer cells (91,92). 
Temporal control is also often designed to be inducible and/or constitutively 
active mutant alleles (93) with introduction of inducible expression systems 
like tetracycline controlled or estrogen receptor-controlled activation. An 
additional advantage of GEMMs is the ability to introduce targeted oncogenic 
mutations of increased clinical relevance.  As a result, many GEMMs of breast 
cancer have been developed that reflect some of the diversity of genetic lesions 
seen in human BC (94,95). While these models can initiate tumors in the 
correct microenvironment with minimal manipulation, this model is not 
without limitations as well, such as the lack of well-defined transgene 
expression domains which could result in non-specific activation of oncogenic 
drivers in turn producing deleterious results and the similarity to human-like 
tumor behavior in a mouse, even when driven by clinically relevant oncogenes, 
needs to be analyzed for each GEMM. 

1.6 Cell-cell communication via extracellular vesicles 
1.6a Extracellular vesicle biogenesis 

 Cancer cells depend on dynamic signaling to each other and stromal 
cells within the tumor microenvironment as well as throughout the body to 
expand and allow for disease progression. Extracellular vesicle (EV) secretion 
is a method of cellular communication of biomaterials encased in a lipid 
membrane allowing for shuttling of biological compounds typically unstable in 
the extracellular space. EVs are highly heterogenous in content, size, and 
method of generation and segregate into several subtypes.  
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One extracellular vesicle of interest is the exosome. First characterized 
in 1983 as a waste excretion mechanism of cells (96) further studies have 
identified the multitude of roles exosomes have in cellular communication. 
This field has vastly expanded in the last decade due to the technological 
advances like next generation sequencing and enhanced resolution of 
microscopy and biomolecule identification. Exosomes are relatively small EVs 
(30-200nm in diameter, averaging 100nm). A key differentiating factor of 
exosomes from other EVs is that exosomes are not generated directly from the 
cell membrane but from the endocytic pathway. This process initiates from the 
encapsulation of the cell membrane through endocytosis followed by 
generation of multiple vesicles (intraluminal membrane vesicles [ILV]) inside 
the endosome. Multiple proteins have been identified to play a role in 
trafficking of specific biomolecules into these ILVs such as ESCRT proteins 
and CD63 (97). The biological content or cargo capable of encapsulation into 
exosomes can include proteins, DNA, mRNA, small non-coding RNAs, and 
lipids incorporated into the membrane. Additionally, several proteins are also 
required for exosome secretion such as n-SMase2 and RAB proteins. These 
multivesicular bodies are then fused back to the cell membrane thus releasing 
the exosomes into the extracellular space. This unique generation of EVs also 
imparts specific exterior markers that allow for simpler identification in 
relation to EVs blebbed off the cell membrane. Exosomal membranes contain 
increased levels of cholesterol, sphingolipids and phosphatidylserines 
classically found on the inner side of cell membranes (98). Furthermore, 
exosomal protein markers (tetraspanins, and MHC molecules) have also been 
well characterized.  

1.7b Cancer derived exosomes 

The specific intracellular packaging of biomolecules into exosomes and 
identifiable external markers have promoted exosomal research in numerous 
diseases including cancer. In breast cancer, numerous studies have 
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demonstrated that cancer derived exosomes (CDE) affect disease progression 
tumor and cancer cell homeostasis in the local tumor microenvironment 
through a wide range of cell types. The dynamic nature of CDE in breast cancer 
cell has been shown to interact in an autocrine function in signaling to local 
cancer cells; paracrine effecting stromal cells in the tumor microenvironment; 
and endocrine aiding in metastasis to distant tissues (28).   

CDE can aide in tumor progression in the local tumor microenvironment 
through delivery of packaged protein and miRNA. The aggressive MDA-MB-
231 human cell line has been shown to promote malignancy and increase 
aggressive cancer phenotypes (invasion, migration, conversion to EMT 
phenotype) of less aggressive BC or breast epithelial cells in co-cultures and 
these effects were mediated by exosomes (99–101) Additionally, exosome 
production can be induced from cellular stress and in turn emerging evidence 
indicates that therapeutic efficacy is altered via CDE(102). Radiation induced 
CDE has been previously shown to increase tumor burden, decrease survival 
and promote radioresistance (103). Furthermore, systemic chemotherapeutics 
can also induce CDE specific responses by conferring resistance to these drugs 
through several mechanisms including drug export, transport of drug efflux 
pumps and miRNAs exchange among cells (104).  

The local effects of CDEs have also been shown through modulation of 
stromal cells. Endothelial cell recruitment and activation in the tumor are 
prime examples of the stromal effects of CDE. Angiogenesis, the development 
of intratumoral vasculature, is impacted by cell signaling mediated through 
Annexin II and miRNAs packaged in exosomes(105). Previous studies have 
demonstrated that CDE BC patient serum samples are able to increase 
angiogenesis in in vitro and in vivo mouse tumors(106),(107). Additionally, 
CDE can mediate vascular leakiness in endothelial cells to aide cancer cells to 
enter the circulation and enable their metastasis(108). Furthermore, 
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modulation of the tumor microenvironment can be mediated through cancer 
associated fibroblasts which can be stimulated to degrade the extracellular 
matrix through MMP activity induced by CDE therefore promoting BC 
invasive and migratory behaviors involved in disease progression(109). The 
immune component of BC tumors has also been demonstrated to be influenced 
by CDE. Decreased cell cytotoxicity, increased apoptosis, and decreased 
proliferation of natural killer, CD8+ and CD4+ T cells has been directly linked 
to BC exosomal effects (110). Myeloid derived cells are also recipients of CDE. 
Upon delivery into macrophages, pro-inflammatory tumoral responses are 
elicited (stimulation of NF-kB; increased M1 to M2 polarization; secretion of 
IL-6, TNFα GCSF, and CCL2) only through uptake of BC cell lines and not 
from benign cell lines (111)(112).  

The stability and specificity of delivery of CDE is further utilized at 
distant sites outside the primary tumor to distant sites of metastasis where 
they can facilitate fertilization of a pre-metastatic niche for subsequent 
extravasated cancer cells to seed metastatic tumors(113). Studies of CDE and 
metastasis have identified the principles of exosome-mediated pre metastatic 
niche formation which includes recruitment of immune cells, education of 
resident cells, and stromal alterations. An initial description of PMN formation 
demonstrated that BMDCs expressing vascular endothelial growth factor 
receptor 1 (VEGFR1) homed to the lungs before the arrival of cancer cells and 
generated receptive sites for future metastatic cells (114). CDE also mediated 
bone phenotypes (osteolysis or osteoclastic) through activation of EGFR and 
alteration in bone cell development to promote bone tumor growth and 
metastasis (115–117).  

1.7 Significance & statement of work 

The global burden, prevalence, and mortality of BC underlies the 
necessity for improved in vitro pre-clinical models to hasten the development 
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of effective therapeutics. Basic research and technological advances have 
increased our understanding of TNBC biology and yielded vast possibilities for 
novel therapeutic strategies such as immune activation, targeted therapies, 
and combinatorial administration of therapeutics. However, our increased 
understanding also highlighted the complexity of biological processes driving 
cancer progression and other properties of the disease. Tumor heterogeneity is 
a large contributor to this complexity and represents the principal challenge to 
overcome in a preclinical setting. The diversity of stromal cell types with 
genetically diverse cancer cells across tumors with differing molecular 
composition create an immensely dynamic disease that is difficult to generalize 
or treat. This heterogeneity has been shown to contribute to a wide array of 
cancer phenotypes from drug efficacy, growth rates, and metastatic potential 
(118,119) and have been observed clinically through modern imaging (120).  

 

Figure 1. Project Overview. Research presented in this thesis dissect the complexity of TNBC tumors 
highlighting four aspects of tumor biology. 

Despite the promise of existing pre-clinical models, about 95% of new 
drugs fail to receive approval due to lack of efficacy (85). Additionally, 
resistance to chemotherapeutics in local and metastatic breast cancer remain 
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a major challenge (121) yet conventional homogenous culturing techniques fail 
to incorporate tumor stromal components that have been shown to play a role 
in chemoresistance (119,122). Inadequacy of preclinical models fail to 
recapitulate clinical efficacy and outlines the necessity of understanding 
current cancer model limitations as well as the creation of a high throughput 
adaptable in vitro tumor model for preclinical research. This research 
examines multiple facets of tumor biology from cancer cell behavior to stromal 
cell contributions to the cell-cell communication used by cancer cells to alter 
the behavior of all tumor cells (Fig 1).  

Chapter 2 utilizes gene expression analysis of cancer cells in existing 
methodologies to address key deficiencies in existing preclinical tumor models. 
By analyzing across several culturing platforms and utilizing endogenously 
labeled cancer cells coupled with fluorescently activate cell sorting (FACS) 
technology to exclude tumor stromal cells from the bulk RNA analysis, this 
study will be able to produce an unbiased approach to analyze the in vitro and 
in vivo transcriptional profiles of cancer cells cultured in different conditions. 
RNA-seq data across methods with 4T1, a murine TNBC cell line, cells 
illustrate the significant alterations in global gene expression patterns from 
altered culturing (monolayer vs in vivo) or collection methods (sorted cancer 
cell fraction vs whole tumor). In Chapter 3, the altered cancer cell behaviors 
previously identified are further examined in longitudinal studies in co-culture 
with stromal cell heterogeneity. This research highlights the dynamic nature 
of cancer cells in ex vivo conditions.  

The impact of non-malignant, host recruited, stromal cells present in the 
tumor is examined in Chapter 4. This research focuses on the impact that a T 
cell secreted cytokine, IL17a, can have on the tumor response to systemic 
neoadjuvant chemotherapy. This work emphasizes the importance of secreted 
molecules in the tumor microenvironment which is further examined in 
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Chapter 5 where I characterize the generation and cargo of exosomes secreted 
by different BC cell lines. The study of CDE deepens our understanding of 
cancer signaling and provides novel opportunities for biomarkers of aggressive 
BC. The research presented here increases our understanding of BC culturing 
dynamics, stromal cell impacts on tumor biology, and the communication of the 
community of cells residing in the tumor microenvironment. This new 
knowledge will help inform and improve future BC culturing conditions and 
aid the development of new, more personalized and more effective therapeutics 
for the treatment of difficult to treat breast cancers. 
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Chapter 2. Comparative molecular analysis of cancer behavior cultured in 
vitro, in vivo, and ex vivo 

Abstract 

Current preclinical tumor models fail to recapitulate the native cancer 
cell behavior primarily due to the lack of a deeper understanding of effects the 
microenvironment has on cancer cell phenotype. To examine our ability to 
recapitulate the native tumor microenvironment, we performed transcriptomic 
profiling of 4T1 murine mammary carcinoma cells from 2D and 3D cultures, 
subcutaneous or orthotopic allografts as well as ex vivo tumoroids and 
validated at the protein level using flow cytometric analysis and western blots. 
Subsequent analysis of cancer cells undergoing an epithelial-to-mesenchymal 
transition (EMT) were assayed using a flow cytometric panel elucidating 
culture induced EMT hybrid heterogeneity. Altered expression of biological 
processes involved in cell cycle progression, cell signaling, and extracellular 
matrix remodeling were discovered to be affected by culturing technique. 3D 
culture platforms had more in vivo-like transcriptional profiles than 2D 
cultures in relation to biological processes of interest as well as showing 
upregulation of genes enriched in differentiation processes. In vivo tumors had 
more cells undergoing EMT while in vitro cultures had cells residing primarily 
in an epithelial or mesenchymal state. Ex vivo tumoroids incorporated aspects 
of in vivo and in vitro culturing, retaining higher abundance of cells undergoing 
EMT while shifting cancer cell fate towards a more mesenchymal state. 
Cellular heterogeneity surveyed by scRNA-seq revealed that ex vivo 
tumoroids, while rapidly expanding cancer and fibroblast populations, lose a 
significant proportion of endothelial and immune components. This study 
emphasizes the need to improve in vitro culture systems and preserve 
syngeneic-like tumor composition by maintaining similar EMT heterogeneity 
as well as inclusion of stromal subpopulations. 
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Introduction 

Cancer has a major impact on society and poses a significant financial 
burden globally (123). The American Cancer Society predicts that ~1.7 million 
new cases of cancer will be diagnosed this year and ~20% of all deaths will be 
cancer associated. While the overall cancer death rate has dropped steadily 
since 1991, this decline is mostly due to changes in lifestyle (smoking cessation) 
and early detection (breast and colorectal). Cancer remains a challenging 
health burden as the second leading cause of death, in both men and women, 
with death rates continuing to rise for liver, pancreatic, endometrial, and brain 
cancers (124). The past two decades have expanded our understanding of the 
mutational landscape and signal transduction pathways that drive 
tumorigenesis, guiding the development of more effective therapies and 
improving survival outcomes for numerous cancer types (125); however, 
advances have remained slow for patients at later stages of the disease or those 
with highly aggressive cancer subtypes (126). Most significantly, >95% of new 
therapies that exhibit superior performance in animal models fail in the clinic 
due to therapeutic inefficacy or unwarranted toxicity (85). 

 In order to improve future preclinical cancer models, a thorough 
understanding of molecular changes underlying cancer cell behavior in vivo or 
ex vivo is essential (125) however the vast accumulation of gene expression 
data generated from clinical tumor samples are primarily collected via bulk 
tumor RNA sequencing or microarray analysis. These datasets represent the 
transcriptional output of all stromal and malignant cells combined, making it 
difficult to deconvolute deviations accounted solely by cancer cell response 
(127). As a result of this technical challenge, heterogeneity found in a pre-
clinical screening has classically been underrepresented and initial screens are 
typically performed on in vitro cultures of solely cancer cells.  

Conventional in vitro 2-dimensional (2D) culture of human cancer cell lines 
have been fundamental in the study of cancer biology as well as for screening 
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and evaluating therapeutic efficacies of anticancer agents. This approach 
promotes fast growth, ample area for adherence to substrates, and uniform 
access to nutrients and growth factors. Overall, 2D cancer models generate 
highly reproducible results, but lack the cellular complexity and extracellular 
matrix (ECM) associated with solid tumors (125). Three-dimensional (3D) 
cancer cell culture methods that generate spheroids, organoids, or cells 
embedded in various ECM compositions have been shown to display enhanced 
cell-cell interactions   (128,129) yet are only superficially accessible to nutrients 
and diffusible drugs. In general, 3D cultures exhibit enhanced cellular 
heterogeneity and preserve characteristics apparent in the original tumor 
(128). However, these culture methods currently fail to incorporate the 
complex heterogenous cell composition and diffusion of nutrients or drugs that 
occur in vivo.  

Animal models such as patient derived xenografts (PDX) allow for aspects 
of in vivo tumor progression and incorporate components of the physiologically 
relevant microenvironment. In recent years, PDXs have been increasingly used 
to expand our understanding of factors affecting tumor growth, drug response 
and metastasis (129); however, the absence of a complete immune system 
allows human tumors to evolve in a murine-specific manner and these models 
are not useful for testing many immune-based therapies (81). Allograft rodent 
models utilizing mouse derived cancer cell lines or genetic mouse models 
capable of spontaneous generation of tumors represent the most clinically 
relevant cancer models due to the presence of in vivo conditions as well as a 
full repertoire of stromal cell types, including immune cells. Yet less than 8% 
of animal model findings are successfully translated to clinical cancer trials 
(85,130). Additionally, in vivo culturing is hindered by labor and financial 
burdens posed by the lengthy process associated with establishing tumor 
engraftment and generating cohorts for experimentation. 
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Heterogenous ex vivo organoid cultures from primary clinical tumors 
(tumoroids) have gained considerable traction in recent years due to ease of 
culturing and the ability of tumoroids to maintain stromal cellular complexity. 
Tumoroids permit a faster culturing method, amenable to multiplexing a wider 
range of analysis tools in a preclinical setting. Several studies have shown 
promising results of tumoroid cultures mimicking histological morphology and 
drug responses across multiple cancer types (131–135). However, a thorough 
analysis of the shifting stromal cell populations and the resulting effects on 
cancer cell behavior as a product of culturing method have yet to be thoroughly 
investigated. 

In order to understand the relationship and limitations of various culturing 
approaches, we examined the transcriptome of a triple negative mammary 
carcinoma murine cell line, 4T1, in various culturing environments (in vitro, 
in vivo, or ex vivo). 4T1 cells are well suited as they closely mimic human breast 
cancer and can form syngeneic tumors in fully immune competent mice. 
Transcriptional analysis identified distinct molecular profiles corresponding to 
in vitro and in vivo culturing conditions while ex vivo tumoroids exhibited 
molecular characteristics associated with both approaches. Several key 
biological processes [cell cycle progression, ECM remodeling, cell signaling, 
and epithelial-mesenchymal transition (EMT) progression] critical to tumor 
progression also varied across culturing conditions. Tumoroids were found to 
represent the most similar in vitro method to tumors established in syngeneic 
mice. However, despite the high similarity in cancer cell behavior, tumoroid 
composition, as assessed by single cell RNA sequencing (scRNA-seq), displayed 
significant shifts in stromal subpopulations after 5 days of ex vivo culture; 
changes that may play important roles in modulating cancer cell behavior. 
Faithful recapitulation of the transcriptional behavior, EMT heterogeneity, 
and stromal heterogeneity will be critical to understanding key deficiencies in 
existing culturing systems as well as educating future engineered tumor 



 

48 

platforms in fully recreating endogenous tumor architecture and response to 
therapy. 

Materials and Methods  

2D and 3D cell culture.  

The 4T1 cells were acquired from the American Type Culture Collection 
(Manassas, MA, USA), are syngeneic and form tumors in immune-competent 
BALB/c mice.  Monocultures, spheroids and 3D gel culture of 4T1 cells were 
maintained in RPMI Medium 1640 containing 10% FBS with 100,000 U/L of 
penicillin and 100 mg/L of streptomycin at 37°C with 5% CO2. For monolayer 
4T1 RNA collection, 400 cells were seeded into 96 well flat bottom plates. 
Aggregates of 4T1 cells were created by incubating 400 4T1 cells into 
nonadherent U-bottom 96-well plates (Griener, Germany) in 150 µL of 
complete RPMI containing 0.25% (wt/vol) of caboxymethylcellulose (Sigma 
Aldrich) for 4 days. On Day 4 spheroids were cast into hydrogels composed of 
7.5 % (wt/vol) Type A gelatin from porcine skin (Sigma) and 1% (wt/vol) 
fibrinogen (Sigma) with thrombin and transglutaminase as crosslinking 
agents for a final concentration of 100 spheroids/mL of gel solution. 
Unencapsulated spheroids were cultured in 96 nonadherent U-bottom well 
plates. Both spheroids encapsulated in gel and unencapsulated spheroids were 
cultured for an additional 7 days submerged in complete media (Fig.1A). 
Replicates were isolated from cultures from at least two independent 
experiments. For imaging, unencapsulated spheroids and spheroids in gels 
were fixed using 4% paraformaldehyde for 30 minutes, followed by 3 washes in 
PBS for 5 minutes each. Spheroids were stained using phalloidin and DAPI 
and imaged using a Zeiss LSM 700 confocal microscope.  

4T1-BFP generation.  
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4T1 cells were transfected using Lipofectamine 3000 (Invitrogen) with the 
ptagBFP-C plasmid (Evrogen) following manufacturer’s protocol for 48 hours. 
Stable transfected cells were selected with 0.5mg/ml of G418 for 7 days, 
followed by FACS sorting for high BFP expression then an additional sort was 
performed following 7 days of cell expansion in selection media. 4T1-BFP cells 
were then inoculated into BALB/c mice until tumors formed, then tumors were 
resected, dissociated, and then expanded in selection media followed by a final 
sort for BFP expression. Sublines were established and used in subsequent in 
vivo allograft experiments.  

Allograft Generation and Tumor Digests.  

All animal experimental procedures were completed under an approved 
IACUC protocol at LLNL and conforming to the NIH Guide for the care and 
use of laboratory animals. Female mice (6-8 weeks old) NOD.Cg-
PrkdcscidIl2rgtm1Wjl/SzJ (NSG) or BALB/c mice (Jackson Laboratories) were 
injected with 25,000 cells into either mammary fat pad (MFP) or 
subcutaneously (SQ) into the back flank to establish tumors (N=5-10 mice per 
group) in 100µL of 50% PBS and 50% Matrigel (Corning). All experimental 
replicates were generated from at least two independent cohorts. Mice were 
euthanized 19-26 days post injection then tumors were dissected. Terminal 
tumor volume ranged from 70-140mm3. Single cell suspensions of tumor cells 
were prepared by passing the tumor through a syringe without a needle 
followed by a 1h digest with shaking at 37°C in 100 ug/mL DNase I (Roche, 
catalog no. 11284932001), 300 U/mL collagenase/ 100U/mL hyaluronidase 
(STEMCELL Technologies, catalog no. 07912), 0.6 U/mL Dispase II (Roche, 
catalog no. 4942078001) in DMEM/D12 with 10% FBS (Gibco). Digests were 
filtered through a 100 µm cell strainer prior to debris removal (Miltenyi Biotec, 
catalog no. 130-109-398) and resuspended in BD FACS Pre-Sort Buffer (BD, 
catalog no. 563503).  
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Histological Sectioning/Staining.  

Tumors were excised and flash frozen immediately in liquid nitrogen. 
Frozen tumors were embedded in O.C.T. compound (Fisher Healthcare), and 
sectioned into 40 µm slices, which were placed onto Superfrost Plus microscope 
slides (Fisher Scientific) and stored at -80°C until further use. To stain 
sections, slides were warmed to room temperature then immersed in PBS with 
4% formaldehyde for 15 minutes. Sections were then immersed in PBS with 
0.5% Triton-X for one hour. The samples were then stained with phalloidin for 
45 minutes and washed three times with PBS. Sections were mounted using 
Fluoroshield mounting medium containing DAPI (Abcam) then sealed with a 
coverslip.  

Flow Cytometry and Fluorescent Activated Cell Sorting (FACS).  

Dissociation of monolayer and spheroid cultures were accomplished using 
Accutase (Stemcell Technologies) until single cell suspensions were achieved. 
Prior to Accutase treatment, spheroids were released from hydrogels by first 
mincing gels into ~1mm fragments followed by incubation in Collagenase 1 

(Gibco 17100-017, 2mg/ml) in complete media shaking at 37°C for 1-1.5 hours 
or until gel is completely dissolved. Cell Sorting was performed using either a 
FACSMelody (BD Biosciences) or FACSAria Fusion (BD Biosciences) 
instrument. Protein expression was quantified using Biolegend antibodies 
FITC anti-mouse/human CD11b (ITGAM) (101206), APC anti-mouse CD49d 
Antibody (ITGA4) (103621), PE/Cy7 anti-mouse b2-microglobulin (154507), 
FITC anti-mouse CD326 (Ep-CAM) (118207), PE anti-mouse CD51 (104105), 
Fluor® 647 anti-mouse/rat CD61 (104313), PerCP/Cy5.5 anti-mouse CD106 
(105715) were used at a 1:100 dilution prior to analysis on a BD FACSMelody 
cell sorter. Protein expression for in vivo samples was analyzed for 4T1 BFP+ 
populations only.  
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RNA Sequencing and Analysis.  

RLT buffer with b-mercaptoethanol served as the lysis buffer for 
monolayer, unencapsulated spheroids, and in vivo sorted samples. Spheroids 
encapsulated in hydrogel and whole tumor samples were lysed using a bead-
based homogenization (Lysing Matrix A, MP Bio) in Qiazol (Qiagen). Total 
RNA was isolated using RNeasy mini spin columns (Qiagen). Sequencing 
library preparation was performed using Illumina TruSeq RNA Library 
Preparation Kit v2 (Illumina, Catalog no. RS-122-2002) and single end 75 base 
pair sequencing was performed using an Illumina NextSeq 500. Sequencing 
data quality was checked using FastQC software 
[http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc]. Reads were mapped to 
the mouse genome (mm10) using STAR (version 2.6) (136) and read counts per 
gene were determined using “featureCounts” from Rsubread package (version 
1.30.5). Only genes with ≥10 reads in at least 3 samples were selected for 
analysis. Subsequently, a between-sample normalization was performed using 
EDASeq (version 2.16.0) (137). RUVseq (version 1.16.0) was used to estimate 
the factors of unwanted variation (138). Differentially expressed genes were 
identified using edgeR (version 3.22.3), controlling for factors of unwanted 
variation (139). A gene was significantly differentially expressed when its false 
discovery rate adjusted p-value was < 0.05 and fold change was >2. Gene 
ontology (GO) and pathway enrichment analysis was performed using 
ToppGene (140). Heatmaps were generated using heatmap.2 function in 
‘gplots’ R package. Violin plots were generated using ‘ggplot2’ R package. 
Cytoscape was used for network visualization (141,142). 

Western Blot.  

Cell preparations were prepared as previously described. Duplicate 
samples were pooled then lysed in RIPA buffer followed by centrifuging at 
14,000 rcf for 5 mins. The supernatants were collected and analyzed using the 
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Jess automated Western blotting system (ProteinSimple, San Jose, CA). Jess 
reagents (biotinylated molecular weight marker, streptavidin-HRP fluorescent 
standards, sample buffer, DTT, stacking matrix, separation matrix, running 
buffer, wash buffer, matrix removal buffer, fluorescent labeled secondary 
antibodies, antibody diluent, and capillaries) were purchased from the 
manufacturer and used according to the manufacturer’s standard protocol. 
Antibodies were diluted with ProteinSimple antibody diluent at the following 
dilutions: anti Phospho-Cdk1 (Tyr15) (1:12.5, Cell Signaling, Catalog no. 4539), 
anti-Phospho-MCM2 (Ser139) (1:50, Cell Signaling, Catalog no. 12958), 
PE/Cy7 anti-STAT1 Phospho (Ser727) (1:12.5, Biolegend, Catalog no. 686407), 

and b-Tubulin (1:100, Licor,Catalog no. 926-42211). Target protein 
concentration is quantitated using Compass for SW 4.0 software. The 

expression of each target protein is normalized to the expression of b-tubulin. 

Ex vivo tumoroid culture.  

4T1-Thy1.1 cell line was graciously provided as a gift from Dr. Julian Lum 
(143) for ex vivo experiments. 2.5x104 4t1-Thy1.1 cells were injected into the 
MFP of BALB/c mice then cultured to 70-140 mm3, isolated and digested as 
previously described in Allograft Generation and Tumor Digests. Following 
debris removal of tumor digests 10,000 cells were then plated into a well of a 
96-well flat bottom cell culture plate or a nonadherent U-bottom 96-well plates 
(Griener, Germany) in 150 µL of complete RPMI. Following 5 days of culture, 
cells were dissociated with Accutase then either sorted prior to cancer cell RNA 
isolation, analyzed via flow cytometry, or processed for single cell RNA 
sequencing. Cancer cell identification was performed using anti-CD90.1-
VioBlue antibody (Miltenyi Biotec, catalog no. 130-102-637). 

Single cell sequencing and data analysis.  
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Tumor growth, digestion, and isolation of cell suspensions were prepared 
as previously described for tumor digests and tumoroids were dissociated as 
previously described. 2 subsequent washes in sterile PBS + 0.04% non-
acetylated BSA were performed to further remove debris from final 
suspension. Cell pellets were resuspended in PBS with 0.04% non-acetylated 
BSA prior to single cell sequencing preparation using Chromium Single Cell 3ʹ 
GEM, Library & Gel Bead Kit v3 (10X Genomics, Catalog no. 1000075) on a 
10X Genomics Chromium Controller following manufacturers protocol.  

Sequencing data was demultiplexed, quality controlled, and analyzed 
using Cell Ranger (10X Genomics) and Seurat (144). The Cell Ranger Single-
Cell Software Suite was used to perform sample demultiplexing, barcode 
processing, and   single-cell   3′gene   counting. Samples were first 
demultiplexed and then aligned to  the mouse genome (mm10) using 
“cellranger  mkfastq”  with  default parameters. Unique molecular identifier 
(UMI) counts were generated using “cellranger count”. Further analysis was 
performed in R using the  Seurat  package. For in vivo and ex vivo samples, we 
performed an integrated analysis to identify and compare common cell types. 
Cells with fewer than 500 detected genes per cell and genes that were 
expressed by fewer than 5 cells were not included in the analysis. Prior to data 
integration, we performed a log-normalization and also identified the 2,000 
most variable genes in each dataset. Subsequently, integration anchors were 
identified and both datasets were integrated to generate a new integrated 
matrix. The integrated matrix was then scaled to a mean of 0 and variance of 
1 and the dimensionality of the data was reduced by principal component 
analysis (PCA) (30 principle components). Subsequently, a non-linear 
dimensional reduction was performed via uniform manifold approximation and 
projection (UMAP) using the first 20 principle components. Then, we used a a 
graph-based clustering approach to cluster cells. We constructed a K-nearest-
neighbor (KNN) graph based on the euclidean distance in PCA space using the 
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“FindNeighbors” function and applied Louvain algorithm to iteratively group 
cells together by “FindClusters” function (resolution = 0.5).  A total of fourteen 
clusters were identified in the integrated dataset. 

Cell type identification based on high gene expression of the following 
genes relative to all cells: Cancer: Epcam; Proliferating Cancer: Epcam/Mki67; 
Fibroblast: Thy1/Dcn; Myofibroblast: Thy1/Dcn/Acta2; Endothelial: 
Pecam1/Cdh5; Neutrophils: S100a8/Retnlg; Myeloid: Ptprc/CD14; M2-like 
Macrophage: Ptprc/CD14/Mrc1/Cd163; Inflammatory macrophage: 
Ptprc/CD14/Il1b; Proliferating myeloid: Ptprc/CD14/Mki67; T-Cell/NK Cell: 
Ptprc/Thy1/CD3e/Nkg7; B Cell: Ptprc/CD19/CD79a.  

Statistical analyses.  

Statistical analyses were performed using GraphPad Prism. Data is 
presented from at least three biological replicates. One-way ANOVA and post-
hoc Tukey’s Test were used to assess statistically significant differences of 
mean expression values. Results were considered statistically significant for p 
values < 0.05. 

Results 

Cancer cell transcriptome is dictated by culture conditions 

RNA sequencing was performed on 4T1 cells grown in different culture 
modalities to determine molecular phenotypes driven by the culture 
environment (Fig1). In vitro methodologies profiled included conventional 2D 
4T1 monolayer culture on polystyrene tissue culture treated flasks (Fig1c), 
spheroids cultured in non-adherent well plates in culture media for 7 days 
following a 4-day initial spheroid formation (3DM) (Fig1d) or spheroids 
encapsulated in a gelatin-fibrin hydrogel (3DG) (Fig1e) for 7 days post spheroid 
formation. In vivo methodologies required generation of 4T1-BFP+ cells to 
enable the isolation of cancer cells from the heterogenous tumor environment 
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using fluorescently activated cell sorting (FACS) (FigS1). Transcriptional 
profiles of cancer cells isolated from primary tumors of immunodeficient (NSG) 
mice and syngeneic, immune competent (BALB/c) mouse models were analyzed 
in this study. While malignant cells inoculated into the tissue of origin is ideal 
for reproducing native stromal environments, subcutaneous administration of 
tumor cells offers a more technically reproducible and simple approach to 
introducing cancer cells in vivo. Here we comprehensively examine the 
transcriptional effects imparted by localization of primary tumors in both 
orthotopic [mammary fat pad (MFP)] and subcutaneous [back flank (SQ)] sites 
(Fig1b).  

 
Figure Supplemental 1. Purification of 4T1-BFP+ cells from BALB/c and NSG tumors. Dot 
plots of BFP fluorescent intensity of 4T1-BFP+ cells in monolayer culture (A). In vivo gating of 
BFP+ tumor cells from a WT 4T1 BALB/c MFP (B), 4T1-BFP BALB/c MFP (C), or 4T1-BFP 
NSG SQ (D). 
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Conventionally, cancer cells are cultured in a monolayer (2D). For this 
reason, transcriptional profiles of alternate 4T1 culturing conditions were 
referenced to 2D culture to identify differentially expressed genes (DEGs) in 
each platform. The sorted Balb/c derived MFP (SBM) culture represents the 
most clinically relevant, due to its in vivo syngeneic environment and 
orthotopic site of injection. Henceforth, successful recapitulation of native 
cancer cell behavior will be in comparison to SBM samples. Histologically, in 
vivo 4T1-BFP+ tumors had more densely packed cells than 4T1 cells cultured 
in spheroids (Fig1c-g) and labeled 4T1 cells were surrounded by other stromal 
cell types [Fig1g, 4T1 (green); actin (red); DAPI (blue)].  
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Figure 1. Experimental Overview. (A) 4T1 in vitro samples originated from low passage 
number, sub-confluent, monolayer cultured cells seeded at 400 cells/well in 96 wells into 
tissue culture treated flat bottom plates or non-adherent U-bottom plates. Following 4 days 
of culture, monolayer (C) RNA was collected, and spheroids were continued to be cultured 
in wells containing media (D) or cast into a gelatin/fibrin hydrogel (E) for an additional 7 
days prior to RNA isolation. (B) In vivo tumor samples were generated by injection of sub-
confluent, monolayer 4T1-BFP cultures into MFP or SQ locations in NSG or BALB/c mice. 
Tumors were isolated following a 19-26 day growth period yielding tumors ranging from 
70-140mm3. RNA samples were processed from bulk (F) or BFP+ cancer cell populations 
isolated by fluorescently activated cell sorting (FACS) (G). Blue: Nuclear DAPI staining; 
Red: Phalloidin staining actin filaments; green: BFP expression. 

4T1 MFP [whole tumor BALB/c mammary fat pad (TBM)] (Fig1f) and SQ 
[whole tumor BALB/c subcutaneous (TBS)] transcriptional profiles were most 
divergent from 2D cultured cells but showed high similarity to each other 
(Fig2a-c; Table S1). Whole tumor bulk RNA comparisons to 2D cells produced 
the highest number of DEGs, likely due to stromal cellularity (Fig2a). 
However, these genes did not correlate with changes exclusive to 4T1 cells, 
since 4T1-BFP+ sorted from these tumors only shared 1251/2604 (48%) 
upregulated and 336/1385 (24%) down-regulated transcripts (Fig2e).  

 

Figure 2. Transcriptomic variability of cancer cells under different culturing conditions. (A) 

Quantity of differentially expressed genes (DEGs) compared to 2D samples. DEGs were 
defined as greater than 2-fold change and FDR<0.05 (n³4). Cultured condition 
abbreviations: TBM: whole Tumor from BALB/c Mammary fat pad; TBS: whole Tumor from 
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BALB/c Subcutaneous back flank; SBM: Sorted BALB/c Mammary fat pad; SBS: Sorted 
BALB/c Subcutaneous; SNM: Sorted NSG Mammary fat pad; SNS: Sorted NSG 
Subcutaneous; 3DG: 3D spheroids in hydroGel; 3DM: 3D spheroids in Media; 2D: 2D 
monolayer. (B), Similarity matrix based on whole transcriptome similarity of average 
expression values within each condition. Similarity differences calculated using Euclidean 
distance. (C) Heat map and dendrogram of whole transcriptome based of normalized 
logarithmic average expression values within each condition and hierarchal clustering of 
samples based on Euclidean distance. (D) Venn diagrams representing overlapping up- and 
down-regulated DEGs from 4T1 cultured from immunocompetent tumors, immunodeficient 
tumors, spheroids in gel, and spheroids in media compared to monolayer culture. (E) Venn 
diagrams representing overlapping up- and down-regulated DEGs from MFP BALB/c 
whole tumor vs MFP BALB/c sorted 4T1 compared to monolayer culture. 

In vivo sorted BFP+ 4T1 cells from BALB/c MFP (SBM) and SQ (SBS), NSG 
MFP (SNM) and SQ (SNS) tumors clustered most closely with themselves, 
however 3D spheroids induced a greater level of in vivo-like transcriptional 
level (Fig2b, c; Table S2,3). Interestingly, 4T1-BFP+ cells derived from 
orthotopic MFP and SQ tumors were highly similar to each other in both 
immunocompetent and immunodeficient mice with minimal variability in the 
quantity and identity of genes differentially expressed compared to 2D (Table 
S2). MFP and SQ tumors shared 79% and 83% of DEGs in immune -competent 
and -deficient mice, respectively. As expected, immune-deficiency did drive 
unique gene expression changes within 4T1 cells, where only 1993/2604 up-
regulated (75%) and 1017/1385 down-regulated (73%) DEGs were shared by 
4T1-BFP+ cells grown in BALB/c (SBM) and those grown in NSG mice (SNM) 
(Fig2d). Interestingly, 4T1-BFP+ cells in syngeneic mice up-regulate a diverse 
set of genes associated with cellular processes indicative of differentiation and 
interactions with the surrounding microenvironment (Table 1). Furthermore, 
ECM organization, immune response, cell signaling, in addition to polarization 
and migration of cells were functional categories enriched in all in vivo 
conditions (Table 1). Relative to in vivo-derived cancer cells, cells cultured in 
monolayer promoted a set of cellular processes involved in multiple aspects of 
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cellular proliferation (Table 1, FigS2) such as DNA synthesis, RNA processing, 
protein translation, as well as cell cycle progression, suggesting that 2D 
cultured cells encourage proliferation.  

Table 1. Ontologies associated with genes highly expressed in 2D vs cancer cells isolated 
from orthotopic and syngeneic 4T1 mouse tumors. 

Key ontology terms associated with genes highly expressed in 2D compared to 

SBM 

GO ID Term No. of genes 

GO:1901605 alpha-amino acid metabolic process 34 
GO:0007049 cell cycle 197 
GO:0044770 cell cycle phase transition 67 
GO:0051301 cell division 88 
GO:0045333 cellular respiration 26 
GO:0007059 chromosome segregation 60 
GO:0006259 DNA metabolic process 110 
GO:0006281 DNA repair 56 
GO:0006260 DNA replication 54 
GO:0032543 mitochondrial translation 30 
GO:0007005 mitochondrion organization 101 
GO:0034660 ncRNA metabolic process 128 
GO:0000280 nuclear division 88 
GO:0048285 organelle fission 91 

GO:0009126 
purine nucleoside monophosphate 

metabolic process 
32 

GO:0006220 
pyrimidine nucleotide metabolic 

process 
11 

GO:0042254 ribosome biogenesis 97 
GO:0016072 rRNA metabolic process 77 
GO:0006360 transcription by RNA polymerase I 14 
GO:0006412 translation 74 
GO:0006399 tRNA metabolic process 45 

Key ontology terms associated with genes highly expressed in SBM compared to 

2D 

GO ID Term No. of genes 

GO:0001525 angiogenesis 141 
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GO:0001775 cell activation 208 
GO:0007155 cell adhesion 341 
GO:0016477 cell migration 307 
GO:0032963 collagen metabolic process 49 
GO:0060429 epithelium development 243 
GO:0030198 extracellular matrix organization 120 
GO:0006955 immune response 349 
GO:0000165 MAPK cascade 178 
GO:0023056 positive regulation of signaling 321 
GO:0012501 programmed cell death 357 
GO:0045595 regulation of cell differentiation 358 
GO:0042127 regulation of cell proliferation 348 
GO:0034097 response to cytokine 210 
GO:0070848 response to growth factor 154 
GO:0034341 response to interferon-gamma 60 
GO:0070482 response to oxygen levels 83 

GO:1901700 
response to oxygen-containing 

compound 
314 

GO:0048771 tissue remodeling 56 
GO:0001944 vasculature development 191 
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Supplemental Figure 2. Network visualization of enriched pathways. Pathways enriched in 
DEGs from 2D culture vs. orthotopic SBM 4T1 culture (A). Pathways enriched in DEGs from 
orthotopic SBM vs 2D culture of 4T1 culture (B). Cytoscape was used to generate 
visualizations with pathways defined from REACTOME [36,38]. 

Culturing condition affects cancer cell behavior critical to cancer progression  

Cancer requires a successive acquisition and management of critical cell 
behaviors in order to promote disease progression. Here we further examined 
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differential expression of biological processes associated with tumor 
progression to understand the imparted behavioral impact from varying 
culturing conditions. Dysregulation of cell cycle progression is a hallmark of 
cancer initiation and a target for numerous chemotherapeutic treatments 
(145), however alteration in cell metabolism is also required for cancer 
progression and includes extracellular matrix remodeling (70), cell-cell 
communication via secreted cell signaling (146,147), as well as transitioning 
from an epithelial to a mesenchymal cell state also known as EMT (148).  

Genes associated with proliferation and cell division were highly expressed 
in 2D but these transcripts were least abundant in 4T1 cells purified from in 
vivo tumors (Fig3a). This involved 88 genes down-regulated in SBM relative to 
2D that are associated with cell cycle and includes several cyclin transcripts 
(Ccna2, Ccnb1, Ccnd2, Ccne2) (Fig3a, Table S4). Both 3DG and 3DM showed 
modest expression of cell cycle genes, whereas cells sorted from in vivo tumors 
significantly repressed this gene set (Fig3). Genes robustly expressed in 
monolayer also showed enrichment in biological processes that promote growth 
and cell division including DNA synthesis, RNA processing, and ribosomal 
translation. For example, cyclin dependent kinase substrates involved in 
mitotic functions (Ccp110, Npm1, Cdc6, Cdc25a) and DNA replication (Fen1, 
Orc1, Orc2) were significantly upregulated in 2D relative to in vivo. However, 
22 cell cycle-associated genes including cyclin-dependent kinase inhibitor 1 a 
(Cdkn1a), a regulator of cell cycle progression, and members of the ubiquitin-
proteasome system (Ubb, Ubc, Psmb8, Psmb9, Psmb10, Psme1, Psme2) were 
expressed at higher levels in vivo (Fig3a; Table S4). Specifically, 
immunoproteases (Psmb8-10) associated with proliferative human embryonic 
stem cells (149) were amongst the most highly expressed cell cycle genes in 
vivo, suggesting up-regulation of genes associated with stemness, in vivo. Cell 
cycle processes are not only regulated at the transcriptional level but involve 
tightly controlled translational and post-translational regulation. Up-
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regulated levels of phosphorylated Cdk1 (a regulator of progression into 
mitosis) and phosphorylated Mcm2 (a regulator of S-phase progression) were 
observed in monolayer culture. Decreased expression of these cell cycle genes 
was identified in 3D cultured cells and very low expression was found in in vivo 
cultured cells (Fig3c-d). 

 

Figure 3. Cell cycle progression genes are up-regulated in cells cultured in monolayer culture. (A) 
Heat map of differentially expressed cell cycle genes (Table S4) relative to 2D culture depicting 
increased down-regulation as culturing complexity increases (n=4-5). (B) Violin plot depicting 
magnitude of down-regulation and distribution of SBM vs 2D up-regulated cell cycle progression 
genes across other culturing conditions relative to 2D culture. (C) Pseudogel representation of 
protein levels of phosphorylated cell cycle genes (Cdk1 and Mcm2) from 4T1 cells cultured across 
multiple conditions. (D) Quantification of protein levels relative to β-tubulin. 

Structuring and remodeling of the tumor ECM and surrounding tissue is 
an essential facet of tumor initiation, extravasation and intravasation that 
allow the disease to progress (70). 4T1 cells grown in monolayer had low 
expression of core matrix genes including collagens, Eln, Bgn, Dcn, fibulins 
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and fibrillins (Fig4a; Table S5); genes associated with ECM regulation (Fig4b; 
Table S6) and cell matrix adhesion (Fig4e; Table S7). In contrast, these genes 
were robustly expressed in vivo and in 3D culture, which expressed 
significantly higher levels of ECM-associated genes. Although ECM-related 
genes were up-regulated in all in vivo and 3D models, a large number of ECM 
genes showed the highest level of up-regulation in syngeneic mice (SBM), with 
decreased levels in the immune deficient animals (SNM) (Fig4c, d). Expression 
was further decreased under 3D culturing conditions (Fig4c, d). Spheroids 
cultured in hydrogel did encourage moderate up-regulation of both core matrix 
and ECM regulating genes above levels in spheroids cultured in media and 
thus expression levels were more similar to the in vivo conditioned cell 
behavior.  
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Figure 4. Extracellular matrix organization genes are up-regulated in cells cultured in 3D 

and in vivo conditions. Heat maps of differentially core matrix genes (A) (Table S5) and 
ECM regulator genes (B) (Table S6) relative to 2D culture. Expression values represented 
are average of 4-5 replicates. Violin plots depicting magnitude of up-regulation and 
distribution of SBM vs 2D upregulated core matrix genes (C) and ECM regulator genes (D) 
across other culturing conditions relative to 2D culture. Violin plot depicting magnitude of 
up-regulation and distribution of SBM vs 2D upregulated core matrix genes across other 
culturing conditions relative to 2D culture. (E) Heat map of differentially expressed cell 
matrix adhesion genes (Table S7) relative to 2D culture (n=4-5). (F) Histogram of 
representative Itgam abundance of single cancer cells cultured in different methods. Grey 
shaded plots represent unstained controls. (G) mRNA expression levels of Itgam in 4T1 
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cells under differing culturing condition. Expression levels normalized to 2D culture ± 
SEM. (n=4-5). (H) Bar graph of flow cytometric analysis of ITGAM protein expression 
showing up-regulation in 3DG and in vivo conditions. Protein expression values represent 
background (unstained control) subtracted median fluorescent intensity of cancer cells ± 
SEM; (n=4). (** p value<0.001; *** p value<0.0001 relative to SBM). 

ECM regulators highly expressed in vivo included protease gene families 
[matrix metalloproteinases (Mmp1a, Mmp2, Mmp3, Mmp12 and Mmp13), 
cathepsins (Ctsf, Ctsk, Ctso and Ctss), and ADAMTS (Adamts2, Adamts6, 
Adamts12, Adamts14)] as well as ECM crosslinking genes (lysyl oxidases), 
many of which were also up-regulated in 3D cultures compared to 2D, but this 
up-regulation was more modest than in SBM samples (Table S6). Several 
Mmps (Mmp15, Mmp24) however, were found to be downregulated in 3D and 
in vivo tumors, relative to 2D culture. Two integrin genes (Itgam and Itga4) 
found to be differentially regulated were used to validate protein expression 
via flow cytometry. Itgam protein expression increased with culturing 
complexity where 2D cultured cells expressing the lowest amounts, while SBM 
expressed the greatest amount (Fig4f), correlating with transcriptional data 
(Fig4g) with the exception of the 3DM sample where the protein could not be 
detected (Fig4f, 4h). This deviation in Itgam protein levels from transcriptional 
expression suggest subsequent translational regulation. 

Many of the behavioral changes of cancer cells including proliferation, 
motility, as well as immune interaction could be mapped back to activation of 
cell signaling pathways (146). Unsupervised clustering identified several cell-
signaling pathways (RAS, TNF, PI3K-AKT, MAPK, Interferon and 
Interleukins) that were significantly up-regulated under in vivo conditions but 
showed a modest increase in 3D conditions (FigS2a, S3). Specifically, 
interferon alpha and beta (IFNα/β) (Fig5a, Table S8), interferon gamma (IFNγ, 
Table S9) (Fig5b), and signaling by interleukins (Fig5e, Table S10) were 
significantly up-regulated in cancer cells isolated from immune competent 
mice (SBM). This effect was significantly reduced in immunodeficient mice 
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(SNM) and only minimal up-regulation was measured in cancer cells cultured 
in 3D for both IFNα/β (Fig5c) and IFNγ (Fig5d) signaling. Surprisingly, both 
IFNα/β receptor subunits (IFNAR1 and IFNAR2) showed modest up-regulation 
(1.47±SD 0.165 and 1.84±SD 0.93 respectively) across all conditions; however 
significant up-regulation of downstream targets was observed in cancer cells 
isolated only from syngeneic tumors including IRF transcription factors (Irf1, 
Irf2, Irf4, Irf7, Irf8, Irf9) as well as interferon target genes (Ifi27, Ifi35, Ifit1, 
Ifit3, Ifitm1, Ifitm3, Isg15, Isg20).  
 

 
Supplemental Figure 3. Heat maps of key cancer pathways. Heat map of differentially 
signaling genes of Ras (A), tumor necrosis factor alpha (TNFα) (B), phosphoinositide-3 kinase 
(PI3K) (C), and mitogen-activated protein kinases (MAPK) (D) signaling pathways. Expression 
values represented are average of 4-5 replicates. 
 

Signaling to RAS 

SB
MSB
S

SN
M SN
S

3D
G2D

3D
M

TNF signaling

SB
MSB
S

SN
M

SN
S

3D
G2D

3D
M

PI3K-AKT signaling

SB
MSB
S

SN
M SN
S

3D
G2D

3D
M

MAPK family 
signaling cascades

SB
MSB
S

SN
M

SN
S

3D
G2D

3D
M

A B C D



 

68 

 

Figure 5. Cell signaling is highly up-regulated under syngeneic culturing conditions. (A) 

Heat map of differentially interferon alpha/beta signaling genes (Table S8) relative to 2D 
culture (n=4-5). (B) Heat map of differentially interferon gamma signaling genes (Table S9) 
relative to 2D culture (n=4-5). (C) Violin plot depicting magnitude of up-regulation and 
distribution of SBM vs 2D up-regulated interferon alpha/beta signaling genes across other 
culturing conditions relative to 2D culture. (D) Violin plot depicting magnitude of up-
regulation and distribution of SBM vs 2D up-regulated interferon gamma signaling genes 
across other culturing conditions relative to 2D culture. (E) Heat map of differential 
signaling by interleukin genes (Table S10) relative to 2D culture (n=4-5). (F) mRNA 
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expression levels of Stat1 and Stat2 in 4T1 cells under different culturing conditions. 
Expression levels normalized to 2D culture ± SEM (n=4-5). (G) Pseudogel representation of 
protein levels of phosphorylated Stat1 from 4T1 cells cultured across multiple conditions. 
(H) Quantification of p-Stat1 protein levels relative to β-tubulin. (I) mRNA expression 
levels of B2M in 4T1 cells under differing culturing conditions. Expression levels 
normalized to 2D culture ± SEM; n=4-5. (J) Histogram of representative Beta-2-
microglobulin (B2M) abundance of single cancer cells cultured in different methods. Grey 
shaded plots represent unstained controls. (K) Bar graph of flow cytometric analysis of B2M 
protein expression showing up-regulation in BALB/c MFP. Protein expression values 
represent background (unstained control) subtracted median fluorescent intensity of 
cancer cells ± SEM (n=4). (* p value<0.05; *** p value<0.0001 relative to SBM). 

IFNγ pathway genes also showed greatest expression in cancer cells 
cultured under syngeneic conditions with modest up-regulation in 
immunodeficient in vivo conditions and minimal up-regulation in 3D 
conditions, relative to 2D (Fig5b). Although IFNγ receptors were not up-
regulated in SBS and SBM conditions, Beta-2-microglobulin (B2M), a 
downstream target of IFNγ signaling, was 9.03-fold up-regulated in BALB/c 
tumors relative to 2D cultures, a >3.5X increase above all other condition 
(Fig5i), suggesting that cancer cells significantly up-regulate the IFNγ 
pathway under syngeneic conditions. Quantification of protein levels analyzed 
via flow cytometry confirmed that B2M expression was promoted by a fully 
competent immune system, with minimal activation in NSG mice or 3D 
conditions (Fig5j-k). Consistent with interferon signaling, interleukin 
signaling associated genes were only weakly stimulated in 3D cultures, both 
in gel or in media, and underlie the necessity of stromal and immune cell 
signaling for recapitulation of in vivo cancer cell behavior. 

STAT complexes serve as critical transcription factors mediating gene 
expression in response to both IFNα/β and IFNγ signaling (150). 
Transcriptionally, both Stat1 and Stat2 were most highly expressed in 
syngeneic conditions (Fig5f) however phosphorylation leads to translocation of 
STAT complexes into the nucleus where they bind DNA and activate target 
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genes. To examine activation of both these signaling pathways, we quantified 
phosphorylated Stat1 (p-Stat1) levels as a metric of interferon signaling in 4T1 
cells. Consistent with transcriptional levels, a significant increase in pStat1 
levels was observed only in BALB/c derived cancer cells (Fig5h).  

Critical pathways that indicate the transition from epithelial-to-
mesenchymal phenotype (EMT) include suppression of proliferation via cell 
cycle progression, increased ECM remodeling, and stimulation of cell signaling 
(148). Recently, Pastushenko et al identified the existence of multiple cancer 
cell subpopulations associated with different EMT states being classified in 
distinct stages: from epithelial to completely mesenchymal states, passing 
through intermediate hybrid states which were described as early hybrid, 
hybrid, late hybrid, and mesenchymal states (151). To determine the cellular 
EMT states induced by various culturing conditions we first examined the 
expression levels of genes known to be associated with EMT (Fig6a). As 
expected, 4T1 monolayers expressed high levels of epithelial markers Cdh1 
and Esrp and low levels of mesenchymal markers Mmp19 and Vim. In 
addition, 4T1 monolayers expressed low levels of EMT associated transcription 
factors Snai1, Zeb1 and Twist1. In contrast, EMT markers Krt14, Trp63, and 
Grhl2 which have been recently shown to correspond to an early hybrid state 
(152), were significantly up-regulated solely in in vivo conditions. However, 
late hybrid Smad3 and mesenchymal marker Mmp19 were significantly up-
regulated in both 3D and in vivo conditions suggesting that tumors in vivo 
reside in more diverse EMT-hybrid states. Suppression of proliferation via cell 
cycle progression, increased ECM remodeling, and stimulation of cell signaling 
pathways, which are hallmarks of a transition from epithelial-to-mesenchymal 
phenotype (EMT) (148). To determine the cellular EMT states induced by 
various culturing conditions we first examined the expression levels of genes 
known to be associated with EMT (Fig6a) (151). As expected, 4T1 monolayers 
expressed high levels of epithelial markers Cdh1 and Esrp and low levels of 
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mesenchymal markers Mmp19 and Vim. In addition, 4T1 monolayers 
expressed low levels of EMT associated transcription factors Snai1, Zeb1 and 
Twist1. In contrast, EMT markers Krt14, Trp63, and Grhl2 which have been 
recently shown to correspond to an early hybrid state (151), were significantly 
up-regulated solely in in vivo experimental conditions. However, late hybrid 
Smad3 and mesenchymal marker Mmp19 were significantly up-regulated in 
both 3D and in vivo conditions suggesting that tumors in vivo reside in more 
diverse EMT-hybrid states under the culturing conditions described.  

 

Figure 6. 4T1 cells in vivo reside in multiple transitional EMT states. (A) 4T1 log2 expression of 
EMT related genes under different culturing methods relative to 2D culture. Error bars ±SEM. (B) 
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Proportion of cells lacking Epcam expression based on flow cytometric analysis (n=4-7). Error bars 
±SD (C) Distribution of EMT cells across hybrid EMT states induced by culturing method (n=4-7). 
* p<0.05, **p<0.0005, ***p<0.0005, ****p<0.0001 relative to SBM. 

Flow cytometric analysis was utilized to further probe the heterogeneity of 
EMT states induced by 2D and 3D culturing and gated based on previously 
described methods (151). Loss of epithelial phenotype was primarily examined 
through the loss of Epcam expression. Consistent with the transcriptional 
data, monolayers largely maintained epithelial status with only 3.6% of cells 
undergoing EMT. 3D cultured samples increased the frequency of cells 
undergoing EMT however, this increase was not statistically significant from 
monolayer culture. Additionally, there was no difference observed as a result 
of encapsulation into the hydrogel (15.8% in media and 14.6% in gel). In vivo 
conditions induced a significant increase in the abundance of these cells (27.5% 
SNM, 32.1% SBM) with no significant differences between immunodeficient 
and immunocompetent hosts (Fig6b).  

Cells undergoing EMT were further analyzed for the frequency of hybrid 
states based on the presence of cell surface markers CD51, CD61, and CD106. 
Transitional hybrid EMT states were classified into progressively more 
mesenchymal subpopulations as follows: (1) early hybrid EMT (triple negative 
and CD106+), (2) hybrid EMT (CD51+, CD51+/CD106+), (3) late hybrid EMT 
(CD51+/CD61+), and (4) Mesenchymal (CD51+/CD61+/CD106+). In vitro 
culturing promoted a greater abundance of mesenchymal cells than in vivo. 
Additionally, in vivo cultured cells possessed an increased abundance of early 
and hybrid populations relative to in vitro samples. Stromal composition in 
vivo was associated with EMT distribution as shown by the increased 
abundance of early hybrid and decreased abundance in late hybrid EMT cells 
in immunodeficient tumors relative to syngeneic tumors. (Fig6c). 

Ex vivo tumoroids inclusive of stromal cells preserve in vivo behavior.  
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As shown by altered cell signaling processes and EMT distribution at the 
RNA and protein level, the effects of stromal complexity undoubtedly affect 
cancer cell behavior; however in vitro research with cell lines is classically 
performed exclusive of stromal cells. In order to examine the contributions of 
stromal cells in vitro, we created ex vivo tumoroid cultures from tumor cell 
homogenates cultured for 5 days as a monolayer or spheroids prior to FACS 
sorting of cancer cells for transcriptomic analysis (Fig7a). Incorporation of 
stromal components increased 4T1 global transcriptomic similarity to 
syngeneic SBM conditions where ex vivo monolayer (EV2D) and spheroid 
(EV3D) had increased similarity to in vivo cultured compared to any other 4T1 
in vitro method (Fig7b). Interestingly, in silico hierarchal clustering of 4T1 
transcriptomes was capable of differentiating in vitro from in vivo conditions 
(Fig2c) however incorporation of tumoroid cultures aligned EV3D closer to in 
vivo conditions, while the EV2D more similar to the in vitro culturing (SFig 4).  

Examination of ex vivo gene regulation of critical cancer processes 
previously profiled further support global transcriptome analysis that EV3D 
tumoroids best retain in vivo characteristics compared to EV2D or homogenous 
in vitro cultures in cell cycle, ECM, and cell signaling (Fig7c-e). EV2D samples 
had improved in vivo gene expression similarity in ECM and cell signaling 
genes however cell cycle genes reverted to a monolayer-like expression level 
after 5 days of ex vivo culture. The presence of stromal cells in tumoroid 
cultures also maintained high rates of cancer cells EMT diversity (Fig7f) 
regardless of 2D or 3D culture. However, ex vivo culturing rapidly encourage 
EMT cells into a more mesenchymal state and reduced the frequency of cells 
present in transitional EMT states as both tumoroid conditions yielded more 
EMT cells in a mesenchymal state (EV3D: 49%, EV2D: 35%) in similar 
abundance to 4T1 cultured in 3D alone. Late hybrid populations were also 
significantly lower (EV3D: 17%, EV2D: 7%) than in syngeneic tumors. 
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Surprisingly, EV2D maintained a higher rate of early hybrid EMT cells (48%) 
while EV3D frequency was reduced (22.5%) (Fig7g).  

 

Figure 7. Ex vivo tumoroid culture encourages in vivo-like cancer cell behavior. (A) Ex vivo tumoroid 
culture experimental design. (B) Similarity matrix of 4T1 transcriptomic profiles across in vivo, ex 
vivo, and in vitro conditions. (C) Violin plot of magnitude of differential expression of cell cycle DEGs 
of SBM vs 2D across culturing conditions. (D) Violin plot of magnitude of differential expression of 
ECM organization DEGs of SBM vs 2D across culturing conditions. (E) Violin plot of magnitude of 
differential expression of interferon signaling DEGs of SBM vs 2D across culturing conditions. (F) 

Flow cytometric analysis of 4T1 cells undergoing EMT following 5 days of ex vivo culturing. (G) 
Abundance of hybrid EMT states following ex vivo culturing. Tumoroid conditions n=6 from 3 
independent tumors. * p<0.05, **p<0.0005, ***p<0.0005, ****p<0.0001 relative to SBM. 

The inclusion of stromal heterogeneity into tumoroid cultures 
recapitulated aspects of syngeneic cancer cell behavior yet tumoroid cultures 
still evolved features associated with in vitro culturing of 4T1 cells alone. We 
hypothesized that this rapid change may be in part due to loss of specific 
stromal subpopulations. In order to investigate differences in tumor and 
tumoroid composition, scRNA-seq was utilized to compare cellular 
heterogeneity in 3D tumoroid cultures (Fig8a FigS4). Cancer cell populations 
more than doubled over the 5 days of ex vivo culture, increasing the ratio of 
tumor cells from 24.7% in the harvested tumor to 59.7% in the tumoroids 
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(Fig8b). The expansion of cancer cell populations ex vivo was validated via flow 
cytometry and observed in in both 2D and 3D conditions (FigS5). More 
specifically, ex vivo culturing encouraged the expansion of Epcam+/Mki67+ 
cancer cells from 7.4% to 30.1% of the total cells (Fig8c). Fibroblasts comprise 
8.0% of the original tumor and ex vivo culturing expanded this population to 
16.0% of the tumoroid. In particular, the myofibroblast [Thy1+/Dcn+/Acta2+ 
(aSMA)] population which comprise 4.8% of all cells in a tumor increased to 
15.9% of tumoroid cells (Fig8e). In contrast, endothelial cells (0.4%) were 
completely absent from the tumoroid cultures.  

 

Figure 8. Single cell RNA-seq analysis of 4T1 tumor and tumoroid cultures. (A) Merged UMAP 
projection of identified cells from a syngeneic tumor (in vivo) and 5-day ex vivo tumoroid (EV3D) 
cultures. (B) Cell type abundance from original tumor and tumoroids. (C) Abundance of proliferating 
cancer cells (Epcam+/Mki67+) in tumor/tumoroid. (D) Abundance of inflammatory macrophages 
(Ptprc+/CD14+/Il1b+) in tumor/tumoroid. (E) Abundance of myofibroblast (Thy1+/Dcn+/Acta2) n 
tumor/tumoroid. 
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4T1 syngeneic tumors were discovered to have high immune (Ptprc/CD45+) 
infiltration with a high abundance of myeloid derived neutrophils (3.4%) and 
monocytes/macrophages (55.9%) (Fig8a). During ex vivo culture these 
populations were both reduced to 1.2% and 18.1%, respectively. Furthermore, 
the loss in monocyte/macrophage abundance was largely attributed to 
inflammatory macrophages (Ptprc+/CD14+/Il1b+) that were reduced from 
27.9% to 0.3% of the tumor, post ex vivo culturing (Fig8d), while anti-
inflammatory and proliferating myeloid cells maintained comparable ratios in 
tumoroid cultures ~17.0% and ~3.4%, respectively. T-cell/Natural killer 
populations remained in similar proportions (~4%) following ex vivo culture as 
well as endothelial cells comprising ~1% of the cells in both conditions.  Lastly, 
B-cell populations comprised 2.6% of cells in vivo yet decreased ex vivo to 0.3% 
in tumoroids (Fig8a). 

 

Supplemental Figure 4. Dot blot of genes used to identify cell clusters. Intensity of dot indicates 
average cell expression and size of dot represents percent expressed in cluster.  
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Figure S5. Cancer cell expansion in ex vivo culture. Abundance of 4t1-Thy1.1 expressing cells 
in tumor and 5-day ex vivo cultures analyzed via flow cytometry. n=3 ****p<0.0001 

 

Discussion 

Our study demonstrates the importance of culture platform selection in 
pre-clinical and research applications. Comparisons of purified cancer cells 
from different in vitro conditions (2D, 3D in media or hydrogel) and in vivo 
(immune- deficient and -competent mice, orthotopic and subcutaneous) studies 
revealed that cancer cell phenotype is highly influenced by its 
microenvironment. Conventional transcriptomic analysis of whole tumor bulk 
RNA analysis can lead to erroneous interpretations of tumor biology; we found 
that only 39% of transcripts significantly changed in cancer cells purified from 
orthotopic immune-competent tumors (SBM) overlapped with genes 
significantly changed when whole tumor bulk RNA was performed (Fig2e). 
Furthermore, 2402 significantly changed SBM transcripts were distinct from 
TBM significant changes. These results suggest that bulk tumor RNA analysis 
overlooks a vast molecular space that can be potentially interrogated for 
contribution to cancer progression, invasion, metastasis, and response to 
therapy.  

Upon examination of solely cancer cell transcriptional behavior, cellular 
processes prioritized were closely linked to functions promoted by different 
culturing condition. For example, cancer cells grown in monolayers favored 
rapid proliferation, and this behavior was corroborated molecularly by 
significant up-regulation of cell cycle progression genes in addition to metabolic 
processes that synthesize DNA, RNA, and proteins. 2D cultured cells also 
maintained a high level of cellular homogeneity where ~96% of 4T1 cells 
persisted in an epithelial cell state. Carcinomas of different tissue origin, 
including lung and gastric, have been documented to undergo EMT, as 
characterized by a loss in epithelial behaviors like cell polarity and cell-cell 
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adhesion (152) and a decreased proliferation in cells up-regulating EMT genes 
(153).  

Unlike cancer cells cultured in monolayers, cancer cells in 3D down-
regulate proliferative processes, while up-regulating genes involved in ECM 
organization and cell adhesion. Spheroids in gel showed minimal changes in 
gene expression profiles compared to spheroids in media alone, and some of the 
differences were in genes associated with migration and angiogenesis, 
suggesting that cancer cells suspended in hydrogel may experience a more 
hypoxic, nutrient deficient environment. Cancer cells heterogeneity also 
increased under these conditions where more cells lost epithelial landmarks 
and may have differentiated into various EMT state (15%). Recent studies have 
suggested that cancer cell within tumors acquire and maintain a diverse array 
of subpopulations that correspond to transitional hybrid E/M cell states, in vivo 
(151,152,154–156) opposing the classical understanding of EMT as a binary 
process where cancer cells are either epithelial or mesenchymal (157). While 
we did determine that all culturing approaches investigated possessed 
subpopulations of cancer cells in all previously described EMT states, in vitro 
cultures promoted a binary-like distribution where the majority of cells were 
found either in an epithelial or a fully mesenchymal cell state (97% of 2D and 
91% of 3D).   

Unlike cancer cells cultured in vitro, characterization of cancer cells from 
in vivo tumors has revealed a high degree of heterogeneity. Epithelial tumors 
have been shown to exhibit significant plasticity that allowed cancer cells to 
dynamically shift from epithelial to mesenchymal phenotypes and reside in a 
range of transitional states. In 2018, Pastushenko et al. highlighted the 
presence of EMT transition states in a genetic mouse model of squamous cell 
carcinoma, an epithelial malignancy, and through molecular characterization 
developed a cell sorting panel for early and late hybrid states to distinguish 
specific subpopulations actively undergoing EMT. Using the same FACS cell 
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sorting approach developed by Pastushenko et al. our experiments show that 
in vivo tumors initiated by 4T1 cells produced an EMT profile similar to that 
found in 10% of squamous cell carcinoma tumors (151). The main difference 
between in vivo cancer cell heterogeneity and that of in vitro or ex vivo cultures 
was the significant shift towards mesenchymal fate, in vitro, where only ~6% 
of a cancer cells in BALB/c tumor resided in a mesenchymal state, while 28-
48% cancer cells were mesenchymal, in culture. It is important to note that ex 
vivo cultured tumoroids also rapidly transitioned to mesenchymal, expanding 
from 6% in the original tumor, to as much as 48% in the EV3D tumoroid. One 
potential contributor to this rapid shift to mesenchymal state may be the 
depletion of a stromal cell type that normally inhibits epithelial to 
mesenchymal transition. Since neutrophils, endothelial cells and 
inflammatory macrophage populations all seems to rapidly diminish in ex vivo 
cultured tumoroids, these cell types are likely to contribute to this phenotype.  

The deviation of oxygen levels from physiological (~5% in normal tissue 
and <2% in tumors) to in vitro cultures (21%) may also play a critical role in 
recapitulation of in vivo cancer cell and tumoroid behavior (158). Reactive 
oxygen species that result from oxidative stress has been linked to numerous 
cancer types and phases of tumorigenesis resulting in the activation of 
inflammatory signaling (159). The underrepresentation of inflammatory cell 
populations discovered in this study may in turn be a response to a lack of 
oxidative stress imparted by culturing in vitro. Furthermore, cell signaling 
pathways upregulated in cancer cells under in vivo conditions (interferon, 
MAPK, TNF cytokine/interleukin) have previously been implicated in 
upregulation in response to oxidative stress response (159). Future in vitro 
tumor platforms should therefore be cognizant of oxidative stress levels and 
their downstream effects on cellular behavior and tissue dynamics. 

It is important to note that NSG, similar to fully immune competent mice 
also had a low percentage of cancer cells residing in the mesenchymal state, 
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and NSG mice have normal functioning neutrophils. Therefore, a future 
testable hypothesis would be to investigate the role neutrophils may have in 
modulating EMT states. While we clearly find changes in EMT subpopulation 
ratios as culture conditions are changed, future experiments will have to 
validate the role these transition states may play in tumor progression and 
metastasis. Pastushenko et al. suggested that a hybrid EMT phenotype may 
be associated with increased tumor stemness, whereas a fully epithelial or fully 
mesenchymal phenotypes may be associated with loss of stem cell markers and 
tumorigenicity (150). While this may be the case for some tumor subtypes, 
additional experiments will have to conducted where hybrid EMT 
subpopulations would need to be further functionally characterized to 
determine which tumor behavior they promote. 

Direct comparisons of tumors cultured in NSG and BALB/c mice allowed 
us to determine the impact a fully competent immune system has on the 
transcriptional program of cancer cells. A thorough understanding is critical 
for assessing the limitations of characterizing human tumors in PDX mice. As 
anticipated, we found that cancer cells purified from BALB/c tumors expressed 
very high levels of cytokines, growth factors and members of the INFα/β and 
INFγ signaling pathways, hallmarks of an active interaction with the immune 
system. While PDX mice will continue to be invaluable resources for exploring 
therapeutic treatments that are independent of immune function, such as 
chemotherapies and cell cycle checkpoint inhibitors (160), therapies that 
engage the immune system to kill the tumor will require the development of 
ex vivo bioreactor type methodologies that will permit the incorporation of all 
immune components.  

The alterations in cancer cell behavior under differing conditions presented 
in this study underlie the importance of proper culturing conditions pertaining 
to the application. While monolayer culturing yields the most non-native 
behavior of cancer cells, this model still maintains value due to its ease and 
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scalability of culture in applications targeting unaltered cancer driving 
pathways. Moreover, analysis and discovery of potential therapeutics targeting 
stromal interactions, ECM development, or cell signaling may yield erroneous 
results. Increased efforts to mimic the complexity of the native tumor 
microenvironment will be necessary to create useful models used for ex vivo 
therapeutic screening and novel drug development. 3D culturing and inclusion 
of stromal cell types do show increased similarity to in vivo cancer behavior. 
However, improvements upon ex vivo culture conditions that allow all stromal 
components to persist will greatly enhance our ability to conduct pre-clinical 
screens that may more closely recapitulate the biological responses of patients. 

While cancer cell heterogeneity recapitulation will be a necessary method 
of assessing preclinical cancer model efficacy, it is important to note that we 
only surveyed in vitro cultures and in vivo tumors at a single time point. An 
ideal tumor model will be capable of reproducing the dynamics of cancer 
progression as it is likely that these populations will shift as the 
cultures/tumors progress, especially during metastasis. Future longitudinal 
surveys of tumor subpopulations will be required to functionally define the role 
of these EMT states during cancer progression and metastasis. Additionally, 
the location of these EMT subpopulations within the tumor microenvironment 
may be important factors in recapitulating native cancer cell behavior, and a 
thorough understanding of the tumor architecture will inform any future 
bioprinting approaches. Subsequent analysis of spatial organization or co-
localization with fibroblasts, endothelial and immune cells and how 
microarchitecture contributes to EMT state will add further resolution to 
understanding tumor microenvironment effects on cancer cells and be able to 
educate future tumor model approaches to appropriate cellular compositions. 
Importantly, this study demonstrates the need for comparative studies which 
incorporate multiple culture platform types for characterizing preclinical 
cancer model efficacy. 
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For cancer drugs to fulfill their promise in clinical trials we need better 
screening platforms that reliably mimic responses in humans. Towards this 
goal, a better understanding of tumor heterogeneity and phenotypic plasticity 
is needed, as well as of ex vivo conditions that maintain this plasticity post 
resection. Recent in vivo work, in immune competent mice, demonstrated that 
the cancer EMT process is not binary but rather spans a range of intermediate 
states, and postulated that these cancer cellular phenotypes may specifically 
promote cancer progression, metastasis and drug resistance. Here we showed 
for the 1st time that that cancer EMT spectra is modulated by a fully competent 
immune system, such that tumors grown in immune deficient mice had most 
of the cancer cells in early hybrid state, while tumors in BALB/c mice had >50% 
of cancer cells in hybrid and late hybrid states. Most significant however, is 
the result that in vitro and ex vivo conditions rapidly promote a mesenchymal 
state, suggesting that any drug screens conducted on organoids may only 
reflect the phenotype of these cells, which in vivo account for less than 10% of 
all cancer EMT subtypes. Our study also shows for the 1st time that tumors 
cultured ex vivo rapidly become depleted of inflammatory macrophages and 
neutrophils, while the fibroblasts rapidly expand to include primarily the 
myofibroblast subtype.  These results highlight the need to continue to improve 
3D culturing conditions to preserve stromal components and EMT diversity, 
such that future drug screen can identify therapies that will stop cancer in its 
track.    

Supplementary Materials: The following are available online at 
www.mdpi.com/xxx/s1, Supplementary tables are available at 
https://ucmerced.box.com/s/kpv314alyjrlf5kuslt0qs2kvpdlljwj  
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Chapter 3. Ex vivo triple negative breast cancer tumor culturing optimization 
Abstract  

Translation of pre-clinical findings into a clinical setting remains a 
huge hurdle hindering cancer research. Previous research has identified cell 
behavioral biases imparted because of differing preclinical approaches, yet 
recapitulation of the native tumor microenvironment remains elusive. This 
study aims to evaluate the retention of native cancer cell behavioral in a 
longitudinal study across 6 conventional preclinical cancer culturing 
approaches. Specifically, mouse mammary carcinoma (4T1) tumors were 
harvested from syngeneic, orthotopic mice and subsequently cultured using 
various methods over the course of 12 days. Ex vivo cultures were first 
assessed for retention of tumor cellular heterogeneity using endogenous 
Thy1.1 (CD90.1) expression via flow cytometry to distinguish 4T1 cancer cells 
from stromal derived cells. Cancer cells from each culturing technique were 
also evaluated for cellular states related to epithelial to mesenchymal 
transition (EMT) relative to the distribution at time of isolation. Subsequent 
analysis of EMT populations for transitional hybrid states based on CD51, 
CD61, and CD106 expression was conducted using flow cytometric analysis. 
Cancer cell populations were found to rapidly expand ~2 fold by 3 days in 
culture compared to the original tumor population. In vitro culturing was also 
found to promote mesenchymal EMT and discouraged hybrid and late hybrid 
states. Overall tumoroid cultures in media were found to best retain native 
cancer cell behaviors amongst culture conditions evaluated.   
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Introduction 
Pre-clinical tumor models serve as an invaluable tool for basic research and 
translation into clinical practice. Faithful recapitulation of tumor response to 
therapeutic screening ex vivo has potential to vastly improve treatment 
efficacy, identify and validate novel therapeutic targets, and reduce treatment 
time to minimize therapeutic side effects. The utility of pre-clinical tumor 
models and the impact cancer cell culturing conditions have on tumor behavior 
is not a novel concept. This idea can be traced back over 100 years ago when 
Rous et al. observed alterations in mouse tumor growth rates due to changes 
in the host diet (161). Within the last century, steady improvements in tumor 
modeling have resulted from an increased understanding of cancer behavior 
(162).  
 
Furthermore, technological advances have played a pivotal role in 
development of novel therapies resulting improved cancer survival rates 
(85,163,164). Despite the evolution of pre-clinical cancer approaches, there 
remains a disparity when transitioning research successes to the clinic. A 
study examining novel cancer-targeting drugs identified that only 3.4% of 
therapies pass clinical trials and were approved for use in patient care 
underlying the necessity for further improvements in clinically relevant pre-
clinical cancer models for diagnostic and discovery applications (165). 
 
While all cancer cell models and culturing techniques have unique benefits and 
limitations, an optimal pre-clinical culturing system would accurately 
recapitulate the idiosyncrasies of the native tumor in a reliable and 
reproducible fashion. For example, immortalized human cancer cell lines 
grown in vitro have the distinct advantage of reproducibility, species similarity 
and ease of use, however, offer an extremely oversimplified view of the tumor 
landscape by only representing only the cancer cells and not stromal cells that 
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are known to play a critical role (166). Mouse models, on the other hand, such 
as in vivo models of patient-derived xenografts (PDXs) have been employed on 
a multitude of cancer types and evolved into an indispensable tool to retain 
clinically relevant tumor genomic mutations and behavioral traits (167,168) 
 
As demonstrated in Chapter 2, cancer cell behavior is heavily affected by 
culturing environment, spatial organization, and stromal complexity. 
Numerous studies have sought to address specific deficiencies of classical 
cancer culturing approaches with success yet integration of these 
optimizations into more universal protocols has proven more challenging 
(169,170)  
 
Conventional primary cancer cell culturing has largely based culturing 
techniques on encouraging proliferation and attachment of cancer cells in an 
epithelial or stem cell like phenotype in monoculture. One such media 
developed by the Hans Clevers lab, WENR media, contains supplementation 
of standard cell culture media with recombinant Wnt3a and EGF for 
proliferative stimulation and noggin, and R-spondin-1 to retain stem like 
behavior (171–173)  Other media formulations exist for specific cancer 
subtypes based on recapitulation of the native TME (for example added 
estrogen for breast cancer or androgen for prostate cancer) yet these custom 
cocktails of growth factors are designed to support monoculture and not 
retention of native in vivo tumor behavior so would not be ideal in a preclinical 
use of stromal targeted or phenotypic targeted therapies (174). Other 
modifications utilized in next generation tumor culture models contain 
optimization of ECM components, addition of fluidic control of nutrients, and 
spatial organization through bioprinting technologies (175). Additionally, 
adding complexity to these cancer monocultures has shown limited utility due 
to the difficulty in recreating the native tumor complexity and maintenance of 
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the TME heterogeneity. Optimal in vitro tumor models therefor have proven 
to be an elusive goal and remains an outstanding concern for pre-clinical cancer 
models.  
 
Ex vivo  culturing has gained further attention as a possible approach to enable 
a more personalized approach to clinical cancer care. Current approaches 
range in complexity from monolayer and spheroid cultures to retention of 
tumor fragments as organoids or tumoroids (176). Specifically, culturing 
patient derived tumoroids has become an emerging technique that has 
provided promising results in the last decade as an improved pre-clinical model 
capable of replicating clinical response to chemotherapeutic therapies across a 
multitude of cancer types. This technology aims to retain tumor complexity 
and clinical cancer behavior through passage and ex vivo growth of primary 
tumor fragments. Short falls in predictive response have also been reported 
using this technology yet deconvolution of the causes of the alternative 
response rates in vitro remain elusive. 
 
EMT of cancer cells during tumor progression has been implicated in tumor 
initiation, growth, invasion, metastasis, colonization, and resistance to 
therapy. In building a successful in vitro tumor model, it is critical to 
recapitulate in vivo cancer cell heterogeneity inclusive of both cell types and 
transition state present. This study investigates the EMT hybrid states of 
mouse triple negative breast cancer cells during ex vivo culturing across 
multiple platforms. 
 
The cellular composition of tumors is highly variable among patients (177–179) 
Differential cell composition has a large impact on cancer cell behavior via 
modulations of ECM components, cell signaling, and nutrient accessibility and 
in turn creates microenvironments unique to each tumor. In order for in vitro 
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preclinical models to faithfully recapitulate tumor behavior, careful 
optimization of culture conditions is critical. In building a successful in vitro 
tumor model, it is critical to recapitulate in vivo cancer cell heterogeneity 
inclusive of both cell types and the cancer transition states present.  
 
Therefore, research presented in this chapter aims to identify strengths and 
weaknesses of existing methodologies at maintaining in vivo cancer cell 
properties. To accomplish this goal, syngeneic murine mammary carcinoma 
(4T1) cells were utilized as a model of TNBC tumors. Tumors were harvested 
for ex vivo culture utilizing three commonly used culturing techniques (single 
cell suspensions, spheroids, tumoroids) with and without a supplemented 
hydrogel ECM to perform a longitudinal study of culture approach induced 
alterations in cancer abundance and behavior when all tumor populations are 
cultured ex vivo. The findings resulting from this analysis provides the 
framework for future improvements in creation of an optimal ex vivo tumor 
that retains in vivo like behavior for pre-clinical cancer testing. 
 

Materials and Methods 
Cell culturing and allograft generation 
4T1-Thy1.1 cell line was graciously provided as a gift from Dr. Julian Lum 
(143) and was used in allograft and in vitro experiments.  4T1 cells were 
cultured in RPMI Medium 1640 containing 10% FBS with 100,000 U/L of 
penicillin and 100 mg/L of streptomycin at 37 °C with 5% CO2.  Female BALB/c 
mice at 8-10 weeks of age (Jackson Laboratories, Bar Harbor, ME, USA) were 
injected with 1 × 105 4t1-Thy1.1 cells and tumors were collected at 500 mm3. 
Moribund behavior was evaluated regularly throughout the tumor bearing 
period. All animal experimental procedures were completed under an approved 
Institutional Animal Care and Use Committee (IACUC) protocol at Lawrence 
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Livermore National Laboratory (LLNL) and conforming to the National 
Institute of Health (NIH) guide for the care and use of laboratory animals. 
 

Tumor single cell isolation and enrichment 
Single-cell suspensions of tumor cells were prepared by passing the tumor 
through a syringe without a needle. If designated for physical homogenization 
only, isolate was size selected using 70 and 100 uM cell strainers (“tumoroid) 
or further manually dissociated to collect single cells deemed for “single cell 
suspension” groups and plated accordingly. Samples designated for enzymatic 
homogenization were further digested for 1 h with shaking at 37 °C in 100 
µg/mL DNase I (Roche, Basel, Switzerland; catalog no. 11284932001), 300 
U/mL collagenase/100 U/mL hyaluronidase (Stemcell Technologies, 
Vancouver, Canada; catalog no. 07912), 0.6 U/mL Dispase II (Roche, Basel, 
Switzerland; catalog no. 4942078001) in DMEM/D12 with 10% FBS (Gibco, 
Waltham, MA, USA). All digests were filtered through a 100 µm cell strainer 
prior to debris removal per manufacturer’s guidelines (Miltenyi Biotec, 
Bergisch Gladbach, Germany; catalog no. 130-109-398) and resuspended in BD 
FACS Pre-Sort Buffer (BD, Franklin Lakes, NJ, USA; catalog no. 563503). 
 
Ex vivo cell culture  
Following homogenization by either physical or enzymatic methods as 
previously described, 1x104 cells were then plated into each well of a 96-well 
flat bottom cell culture plate (with or without 50% hydrogel) for the “single cell” 
experimental group and into a U-bottom 96-well plate with a hydrophilic, 
biologically inert, and non-degradable ultra-low attachment surface coating 
(Greiner, Germany) in 150 µL of complete RPMI (with our without hydrogel) 
for the “spheroid” experimental group for subsequent analysis. Tumoroids 
were plated onto non-adherent 24-well polystyrene plates at a density of 
approximately 10 tumoroids/well with or without 50% hydrogel in RPMI media 
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for downstream assays, with one replicate representative of 10 spheroids/well. 
Cultures were imaged using brightfield at days 3, 7, 12 of ex vivo growth at 
10x magnification on a Leica DMI6000B microscope.  
 
 
Flow Cytometry and epithelial to mesenchymal transition (EMT) analysis 
Dissociation of monolayer, spheroid and tumoroid cultures were accomplished 
using Accutase (Stemcell Technologies) until single cell suspensions were 
achieved. Prior to Accutase treatment, spheroids and tumoroids were released 
from hydrogels by first mincing gels into ~1mm fragments followed by 
incubation in Collagenase 1 (Gibco 17100-017, 2mg/ml) in complete media 
shaking at 37 o C for 1-1.5 hours or until gel is completely dissolved. Cell 
Sorting was performed using either a FACSMelody (BD Biosciences) or 
FACSAria Fusion (BD Biosciences) instrument. 4T1 cancer cells were 
identified via flow cytometry using endogenous Thy1.1 expression detectable 
by a CD90.2 antibody (Miltenyi Biotec, 130-102-637). Cultures were collected 
for analysis EMT status at days 3, 7 and 12 of ex vivo growth. Protein 
expression of EMT markers was quantified using Biolegend antibodies FITC 
anti-mouse CD326 (Ep-CAM) (118207), PE anti-mouse CD51 (104105), Fluor® 
647 anti-mouse/rat CD61 (104313), PerCP/Cy5.5 anti-mouse CD106 (105715) 
were used at a 1:100 dilution prior to analysis on a BD FACSMelody cell sorter.  

Statistical analyses 

Statistical analyses were performed using GraphPad Prism. Data is presented 
from at least three biological replicates. One-way ANOVA and post-hoc Tukey’s 
Test were used to assess statistically significant differences of mean expression 
values. Results were considered statistically significant for p values < 0.05. 
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Results 
Building upon the flow cytometric based analysis used in Chapter 2 for 
discriminating culture induced cancer phenotypic changes, the work presented 
here will focus on retention of cancer behavior ex vivo inclusive of stromal 
cellular heterogeneity. Findings from Chapter 2 confirmed results from 
numerous published studies, that inclusion of stromal contributions is a clear 
necessity for any pre-clinical model to accurately examine cancer cell behavior 
or drug response. The separation of solely cancer cells from a primary tumor 
from a patient will likely result in incomplete and/or biased enrichment of 
cancer cells. As a result, this work focused on primary tumor ex vivo cultures, 
inclusive of stromal and cancer cell populations. In order to address 
heterogeneity originating from differences in the tumor architecture and ECM 
contributions, tumor fragments (tumoroids; comparable to patient derived 
organoids) will also be examined in this study. Furthermore, cancer cell 
population shifts as determined by EMT status resulting from length of time 
grown in an ex vivo environment was also assessed. 
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Figure 1. 4T1 ex vivo culture comparative analysis experimental overview. Tumor derived cells were 
isolated from 4T1 syngeneic MFP tumors (A). Upon tumor homogenization, ex vivo cultures were grown 
for up to 12 days in differing conditions (Cells, Spheroid, or Tumoroid) and environments (media only or 
hydrogel/media) (B). 

Transgenic 4T1 cells constitutively expressing Thy1.1 were utilized for this 
study to easily denote and separate cancer cells (Thy1.1+) from stromal cells 
(Thy1.1-) in the tumor. 1x105 4T1-Thy1.1 cells were injected into the mammary 
fat pad of 10-week-old BALB/c mice (Fig1A). Upon initiation and subsequent 
growth of tumor to approximately 500mm3, tumors were excised and 
homogenized using both physical and enzymatic dissociation methods. The 
homogenate was then separated into two fractions for downstream ex vivo 
analysis as a tumoroid or as a single cell suspension (Fig 1a). Additionally, 
cancer cells derived from the primary tumor were also analyzed at time of 
digestion prior to any subsequent ex vivo culturing as an initial point of 
reference for cancer cell abundance and EMT state between different tumors.  
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Tumoroids, or fragments of tumor size selected to be 70-100 µm in diameter 
were first analyzed. These fragments retain the cellular composition as well as 
spatial configuration and ECM of the native tumor. The second fraction 
collected was further homogenized down to a single cell suspension for 
culturing as either a monolayer or in spheroid configuration. The effects of 
culturing in a hydrogel (Matrigel) suspension as opposed to solely in cell 
culture media was also examined under the three culturing platforms (Fig 1b). 
Matrigel is a commonly used basement membrane extracellular matrix derived 
from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells resembling the 
extracellular matrix found in many tissues and containing numerous 
components present in tumors (180). 
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Figure 2. Ex vivo culture morphology. Imaging of ex vivo cultures derived from single cell suspensions 
(A-F), as in vitro formed spheroids (G-K) or as tumoroid fragments (L-Q) at an early (3 days post tumor 
excision), middle (7 days post tumor excision), or long timepoint (12 days post tumor excision). Culture 
pictures were collected at 10X magnification. 

Tumor culture morphology in ex vivo conditions 
Culturing time and method were shown to affect the distribution and cellular 
morphology of the tumor cells. The cell suspensions plated onto a cell culture 
treated polystyrene substrate adhered readily after 3 days in ex vivo culture 
with some cells proliferating as noted by clonal clusters of cells observed (Fig 
2d). As the monolayer cultures progressed ex vivo, proliferation continued 
through Day 7 as a sub-confluent layer (Fig 2e) however remained confluent in 
the culturing well with densely packed cell layers throughout by Day 12 of ex 
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vivo culture (Fig 2f). Upon culture of cells suspended in hydrogel, tumor cells 
orient into network-like structures early (Fig 2a) and continue to proliferate 
throughout the depth of the gel through Day 7 of ex vivo culture (Fig 2b). By 
the final late timepoint, small spheroid-like aggregates of cells were observed 
in addition to the network morphology previously observed (Fig 2c). 
 
Spheroid cultures were also derived from single cell tumor suspensions, yet 
tumor cells are initially placed into U-bottom spheroid culturing plates then 
allowed to localize together and form cell to cell adhesions for 72 hours prior to 
either extended culture in the spheroid place in cell culture media or 
embedding into hydrogel resulting in spheroid of approximately 100 µm in 
diameter (Fig 2g). Spheroids suspended in hydrogel resulted in some cell 
attachment to the culturing surface despite the non-adherent surface coating 
by 7 days in culture (Fig 2h) and further proliferation was observed for both 
the spheroid (based on increasing diameter to approximately 350 µm) and the 
attached cells which form a dense confluent layer at the late time point (Fig 
2i). Extended culture in spheroid plates prevented the attachment to the 
culture vessel in both the mid and late time points however satellite cells were 
observed in the gel by day 7 in ex vivo culture which then proliferate into small 
spheroid cultures by the 12-day late timepoint. It is unclear if these cells have 
migrated out of the spheroid or are an artifact of the embedding process into 
the hydrogel. Additionally, spheroids in gel produced larger spheroids than the 
comparable media only conditions at both late timepoints with an increase in 
diameter at day 7 to approximately 150 µm and exceed 500 µm in diameter at 
the terminal timepoint (Fig 3j, 3k). It was also noted that more distinct edges 
of the spheroid cultures were observed upon suspension in hydrogel. This 
phenotype may be related to the pressure induced by the surrounding gel 
consistent with prior cancer spheroid comparisons noting similar phenomena 
and correlated with a more in vivo-like phenotype (181). 
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Tumoroid cultures also suffered from adherence in ex vivo culture with a 
majority of tumoroid derived cells attaching and culturing as a monolayer by 
day 3 (Fig 2O). 3-dimensional clusters of cells were noted early and continued 
throughout the duration of the culture however the adherent cells readily 
proliferated and became confluent in the culture wells by day 7 in culture (Fig 
2p, q).  Tumoroids suspended in hydrogel were able to minimize adherence to 
the culture surface at day 3 of ex vivo culture yet was observed at later 
timepoints (Fig 2l-n). Tumoroids initially size selected for 70-100 µm range 
expanded in the hydrogel environment to approximately 150 µm at the early 
timepoint growing to approximately 250 µm at day 7 and greater than 500 µm 
at the 12-day late timepoint.  
 
Heterogeneous ex vivo culture cancer expansion was increased in hydrogel  
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Figure 3. Cancer cell abundance changes throughout ex vivo culture. Relative cancer cell abundance in 
heterogenous tumor cell cultures under differing ex vivo conditions quantitated via flow cytometric 
analysis utilizing the transgenic Thy1.1 expression system to denote cancer vs stromal cell populations. 
Each culture is normalized to the initial cancer frequency determined at time of dissection. n=6 

4T1 cells expressing transgenic Thy1.1 were isolated and relative abundance 
quantitated to examine the maintenance of proper cancer to stromal cell ratios 
during ex vivo culture using flow cytometry (Fig 3a, b). Cancer cells rapidly 
expand in ex vivo cultures relative to other cell types in cells and tumoroid 
conditions. In single cell and tumoroid cultures, cancer cells were twice the 
concentration compared to tumors by 3 days ex vivo yet do not continue to 
expand in later timepoints. The environmental substrate single cells were 
cultured in did not affect the increase of cancer abundance at the early 
timepoint resulting in 91% more cancer cells relative to the tumor abundance 
in media and a 90% increase in hydrogel. This abundance was reduced in 
subsequent timepoints with decreasing cancer cell abundance of 151% and 
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142% of the initial tumor ratio observed in mid and late timepoints in media, 
respectively. In hydrogel conditions, cell suspensions maintained a high ratio 
of cancer cells at 7 days of ex vivo culture (191%) and decreases by 12 days in 
culture (153%). Comparable to cell suspension cultures, tumoroid cultures also 
showed rapid expansion under ex vivo conditions with cancer cell abundance 
peaking at the early timepoint (188% in media, 218% in hydrogel) with 
declining abundance as cultures mature (176% at day 7 and 113% at day 12 in 
media; 206% at day 7 and 166% at day 12 in hydrogel).  Interestingly the 
hydrogel environment stimulated increased expansion of cancer cells relative 
to media only in both cell and tumoroid suspensions and slightly promoted 
expansion of cancer cells at late timepoints. 
 
Spheroid cultures showed a delayed increase in cancer abundance. During 
initial tumor formation minimal increase (133%) of cancer cells abundance in 
the culture was found at day 3 prior to culturing in media or hydrogel for the 
remainder of the ex vivo culturing. As noted in cell suspension and tumoroid 
cultures, the hydrogel environment stimulated increased abundance of cancer 
cells in the tumor population relative to media only conditions. Increases in 
cancer abundance peaked at 7 days ex vivo in hydrogel (237% initial cancer 
concentrations) then slightly diminished (181%) by 12 days in culture. 
Spheroids in media maintained native cancer abundance in culture better with 
only modest increases at 7 days (164%) and 12 days (157%) in ex vivo culture. 
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Figure 4. Ex vivo effects on cancer cell EMT. 4T1 cells were able to retain comparable rates of cancer 
cells undergoing EMT (Thy1.1+/Epcam-) up to 7 days in ex vivo culture in all culturing conditions and 
12 days in media only conditions. Yet significant increases in EMT cancer cells were observed by day 12 
of culturing in single cell and tumoroid cultures in hydrogel. Each culture is normalized to the initial 
EMT frequency determined at time of dissection. n=6 

Epithelial to mesenchymal transition changes induced by ex vivo cultures. 
As shown in Chapter 2, the epithelial to mesenchymal transition (EMT) is a 
process critical to cancer progression and can be dramatically altered based on 
altered stromal contributions and culturing environment. Loss of EPCAM 
expression was utilized to determine if cancer cells have lost their epithelial 
phenotype and initiated the EMT process. In vivo cultured cancer cells 
significantly upregulate the abundance of cells undergoing EMT relative to in 
vitro culture comprising ~30% of the cancer cell population in tumors (182). 
Upon ex vivo culture with all tumor residing cells, EMT abundance was 
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maintained in cultures in media only across all forms of cell culturing at all 
timepoints (Fig 4a).    Non-significant decrease in tumoroid cultures at the 
middle timepoint and an increase in spheroid cultures at the late 12-day 
timepoint was observed in media conditions. Cultures embedded in hydrogel 
were also able to maintain consistent abundance of 4T1 cells undergoing EMT 
consistently through 7 days of culture (Fig 4b). While spheroid cultures 
continued the stability of cells undergoing EMT ex vivo up to 12 days, cell and 
tumoroid cultures saw a dramatic increase in rate of cancer cells undergoing 
EMT (347% and 349%, respectively). 
 

 
Figure 5 Transitional EMT state shifts during ex vivo culture. Cancer cells undergoing EMT were 
assessed for hybrid EMT states using expression of CD51, CD61, CD106. Transitional hybrid EMT states 
were classified into progressively more mesenchymal subpopulations as follows: early hybrid EMT (triple 
negative and CD106+), hybrid EMT (CD51+, CD51+/CD106+), late hybrid EMT (CD51+/CD61+), and 
Mesenchymal (CD51+/CD61+/CD106+). Each culture is presented as log2 fold change relative to the 
initial subtype frequency determined at time of dissection. n=6 

Characterization of hybrid EMT states was additionally performed on cancer 
cells lacking Epcam expression. Culturing technique appears to be a key 
determinant in EMT population shifts as similar trends in emerging or 
declining hybrid states were observed in each of the three culturing platforms 
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with only minor differences when grown in media or hydrogel. A hydrogel 
extracellular matrix surrounding tumor cells does mitigate EMT state shifts 
in 2D and 3D as shown by the decreased change in EMT states throughout the 
12-week ex vivo culture (Fig 5a, b, d, e). However, tumoroid culture had 
increased differentiation under hydrogel conditions relative to media alone 
(Fig 5c, f).  
 
Mesenchymal populations increase in all conditions but the shift toward fully 
mesenchymal behavior is most robustly during spheroid formation in the first 
3 days of culture. Cell suspensions appear to have a consistent increase in 
mesenchymal abundance over time and tumoroid cultures appear to retain 
mesenchymal state comparable to the tumor for the first 7 days of culture 
before increasing at the late timepoint. While early hybrid states were the most 
unchanged in frequency across all conditions relative to other EMT states. 
Hybrid and late hybrid states showed a slight reduction in abundance in all 
conditions yet increase in late tumoroid cultures was observed to return to 
within 2-fold difference of the initial tumor ratio.  
 

Discussion 
The longitudinal examination of cancer cell behavior in ex vivo culture 
presented here further illustrates the impact the EMT has on cellular 
phenotypes and underlies the importance of optimizations of future tumor 
culturing methodologies. This work has identified that early effects of in vitro 
culturing promote the rapid expansion of cancer cells in mixed cultures within 
3 days of tumor excision however this expansion was slowed after the initial 
expansion over the course of 12 days of ex vivo culture. Despite the increase of 
cancer cell abundance observed ex vivo, the distribution of cancer cells 
undergoing EMT only moderately increased promoting a shift away from 



 

101 

hybrid and late hybrid cell states toward a fully mesenchymal behavior 
throughout the duration of ex vivo culture. 
 
Cancer cell behaviors specific to culturing technique were discovered but the 
previously mentioned trends were generally conserved across culturing 
condition and may represent behaviors induced by in vitro culturing aspects 
(oxygen levels, carbon dioxide levels, serum/media composition, temperature 
variability, etc) standard to all tested conditions rather than the variable 
culturing substrates utilized. EMT subtype shifts were found to be culture 
technique specific as tumor cells cultured from single cell suspensions 
displayed an increasing abundance of mesenchymal cells over the ex vivo 
culture while spheroid cultures rapidly shifted EMT states to mesenchymal 
during early spheroid formation then had minimal shifts in subsequent 
timepoints. Tumoroid culture, specifically when cultured on non-adherent 
culturing vessels in media, was best able to maintain the EMT subtype 
distribution of the primary tumor with minimal shifting populations observed 
up to 7 days in culture.  
 
The effects of embedding tumor derived cells in an ECM hydrogel also were 
found to effect cancer cells ex vivo by slightly promoting increased cancer cell 
abundance in culture when compared to media only and significant increases 
in abundance of EMT cancer cells at the late timepoint in both cell and 
tumoroid conditions. Furthermore, the cell and spheroid conditions in hydrogel 
slightly mitigated the shifts in EMT states ex vivo yet amplified the shifts in 
tumoroid cultures. Based on this analysis, the tumoroid in media condition 
provides the best preservation of cancer cell behavior throughout the 12-day 
ex vivo culturing experiment based on the analysis utilized in this study. In 
this condition, cancer cell abundance does still initially increase however the 
ratio declines to close to initial levels by the late timepoint. This condition also 
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has minimal shift in cells undergoing EMT during ex vivo culture. 
Furthermore, this condition did show a slight reduction in late hybrid 
populations at the 7-day timepoint, but this culturing method was able to best 
resist increasing mesenchymal populations and retain early and late hybrid 
abundances in culture. These findings suggest that maintenance of the native 
spatial orientation of cells and ECM content, retained from incomplete 
digestion of tumor samples, is helpful in maintaining native cancer behavior. 
While cancer cells represent the only malignant cell type in a tumor and the 
target of most therapeutic options, the stromal cells supporting their behavior 
also play a vital role in tumor behavior (183–185). The cellular heterogeneity 
comprising tumors will also need to be characterized to understand how ex vivo 
culture encourages or discourages stromal cell modulation. Data provided in 
this study solely identifies the expanding cancer populations however it 
remains unknown which populations decrease over ex vivo culture. Chapter 2 
provides insight stromal population shifts in spheroid culture at 5 days in 
culture by utilizing single cell RNA sequencing technologies (expansion of 
fibroblasts and reduction in myeloid derived cells) however longitudinal 
analysis comparable to these analyses will identify population shifts over time 
in culture that will require culture condition manipulations to offset.  
 
Further work will focus on further improving tumoroid culture in media. This 
will be accomplished through alterations in media composition 
(supplementation, pre-cultured media, serum content, etc), time point 
optimization to define or prolong clinical relevance, and drug screening 
validation to in vivo response. Additionally, species specific differences in cell 
behavior and cellular sub-types will also need to be examined when 
transferring mouse model-based systems to human samples. Based on 
observations of spheroid culture, optimal size selection of tumoroids should be 
examined since diffusive properties of 3-dimensional cultures have been 
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reported to create a hypoxic and nutrient limited core that may alter the 
tumoroid homeostasis (186). Additionally, potential incorporation of 
complexity like vasculature and modulation in nutrient kinetics comparable to 
that of a human metabolism has been previously demonstrated and may also 
benefit pre-clinical tumoroid cultures as well (186).   
 
Furthermore, validation of clinical response using patient samples will also be 
critical in development of preclinical ex vivo tumor culture models for drug 
discovery or prognostic applications in personalized treatment. Despite the 
complexity involved in development of improved culturing platforms, an 
optimized high-throughput ex vivo system capable of maintaining clinical 
behavior for basic research, translational research, and screening personalized 
therapies will be an invaluable tool for cancer research and human health.  
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Chapter 4. IL-17A increases doxorubicin efficacy in triple negative breast 
cancer 

Abstract 
Triple negative breast cancer is an especially difficult subtype to treat 

due to its lack of targetable receptors and intertumoral heterogeneity. 
Standard of care therapies typically include anthracyclines like doxorubicin 
(DOX) for non-specific neoadjuvant chemotherapy, however resistance to this 
therapy has been observed clinically, yet mechanisms for resistance are not 
fully elucidated. This work utilizes a 4T1 syngeneic mouse model of TNBC that 
presents a differential response to a 7-day DOX treatment regimen. Single-cell 
RNA sequencing identified an increase in T cell abundance in tumors that were 
responsive to DOX treatment compared to resistant tumors that continued 
tumor growth uninhibited and validated through flow cytometric analysis. 
Furthermore, T cells residing in DOX sensitive tumors have increased 
abundance of CD4 T helper cells (514%), γδ T cells (322%), and activated CD8 
T cells (2000%) compared to resistant tumors. Additionally, transcriptional 
profiles of tumor infiltrated T cells revealed decreased exhaustion, increased 
chemokine/cytokine expression, and increased activation and cytotoxic activity 
in T cells in DOX responsive tumors. Furthermore, IL-17A was identified 
(secreted by γδ T cells) to be more abundant in sensitive tumor 
microenvironment. IL-17A was then found to directly increase sensitivity of 
TNBC cells in combination with DOX treatment with possible indirect effects 
through mechanisms of chronic T cell activation and cytokine response that 
may prove to be responsible for the exhausted T cell phenotype observed. 
Increased presence of IL-17A abundance in DOX sensitive TNBC tumors has 
a direct effect on cancer cell responsiveness and chronic stimulation of tumor 
infiltrated T cells leading to increased chemotherapeutic efficacy. The 
identification of IL17A as a synergistic cytokine to chemosensitivity in TNBC 
may offer an avenue to combat chemoresistance in breast cancer and 
potentially other cancer type.   
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Introduction 

Due to the late stage of diagnosis, aggressiveness, and lack of targetable 
receptors driving the disease, TNBC is especially challenging to treat with very 
few effective therapies available. TNBC is insensitive to hormone therapy and 
typical treatments are limited to a combination of surgery, radiation, and 
systemic chemotherapy depending on genetic drivers and disease progression 
status. Late stage TNBC patients are faced with very poor prognosis with just 
a 15% to 20% response rate and a median progression-free survival of 4.2 
months (53,54). Regardless of BC status, systemic non-specific cytotoxic 
chemotherapy remains the recommended therapeutic option with no clinically 
significant difference in efficacy when utilized in a neoadjuvant (prior to 
surgical intervention) or an adjuvant (post-surgery) administration (55). 
Neoadjuvant administration of chemotherapy is preferred as it allows for 
assessment of treatment efficacy and optimization of therapy on the primary 
tumor in an effort to predict post-operative treatment response in case of 
residual disease. 

In TNBC, standard chemotherapeutic therapy is comprised of an 
anthracycline (doxorubicin, daunorubicin, epirubicin) and a taxane (paclitaxel, 
docetaxel) in sequence to avoid excessive toxicity (56). Anthracyclines have 
numerous mechanisms of actions to eradicate BC including inhibition of 
topoisomerase II, DNA intercalation, and generation of reactive oxygen species 
(187). Taxane based chemotherapies function through stabilization of 
microtubule assemblies thus blocking mitotic progression and chronic 
activation of the spindle assembly checkpoint followed by induction of 
apoptosis (57). This combinatorial therapy does have limitations to specific 
TNBC subtypes. For example, BC containing p53 mutations have shown 
increased resistance to anthracyclines (58) as well as multidrug chemotherapy 
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resistance imparted by upregulation of ATP-binding cassette transporters in 
TNBC (59).  

Despite these standard chemotherapeutic options, TNBC remains a 
difficult to treat BC subtype associated with poor prognosis and as a result 
alternative therapeutic regiments are continuously being explored and utilized 
in TNBC subtypes. For example, the use of docetaxel and cyclophosphamide 
has proven to be an effective therapy for cases where anthracyclines need to be 
avoided. Adding a platinum-based agent (cisplatin, oxaliplatin) to standard 
chemotherapeutics has also shown increased efficacy on TNBC due to the high 
prevalence of DNA repair pathway defects (60,61). The dependence of TNBC 
containing BRCA mutations on DNA repair function are additionally being 
exploited using poly (ADP-ribose) polymerase (PARP) inhibitors (Olaparib) as 
a promising neoadjuvant (62). Augmentation of dosing scheduling and 
concentration is also an attractive option to increase efficacy of treatment for 
TNBC due its more aggressive and highly proliferative nature however dose 
dense strategies have yet to show consistent advantages for progression free 
survival or long-term outcomes (63). No single therapy has proven universally 
effective for TNBC which may be linked to the disease heterogeneity with 
therapeutic innovation focused on more personalized approaches to identify 
TNBC subtype dependencies and treatment escalation regiments (6).  

In addition to cancer heterogeneity complicating efficacy, the lack of 
cellular specificity from the standard of care anthracycline adjuvant therapy 
presents a myriad of non-cancer cell responses that can result in systemic side 
effects in addition to both pro and anti-tumor effects. The most well 
characterized systemic effect induced by doxorubicin (DOX) treatment is 
induction of cardiomyopathy in which heart cells interact with DOX to induce 
acute cardiotoxicity in approximately 11% (187). Systemic inflammation is 
another side effect of DOX treatment which has been linked to the systemic 
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release of endotoxin driven by upregulated TLR4 response in macrophages 
(188).  

Previous studies have demonstrated non-cancer effects of DOX therapy 
on stromal cells in the tumor microenvironment (TME) as well resulted in 
modulation of tumor response. For example, neutrophil exposure to 
anthracycline drugs results in the suppression of extracellular traps of DNA-
protein complexes which may affect the cytotoxic and inflammatory response 
in tumors in response to DOX (189). Additionally, regulation of neutrophil 
phenotypes (specifically down regulation of CD133 and CD309 via co-
administration of berberine) has been shown to increase cancer cell sensitivity 
to DOX (berberine).  Other myeloid lineages have also been implicated in 
altering chemotherapeutic efficacy specifically in myeloid derived suppressor 
cells (MDSCs) where DOX activates the proliferation of MDSC and antitumor 
activity (190). In the TME, macrophages will decrease the localized response 
of doxorubicin due to the uptake of drug away from cancer cells yet can 
potentiate the anti-cancer effects of DOX through activation and release of 
active DOX into cancer cells (191). This stromal response has additional 
promise as stromal modulating treatment in combination with alternative 
anticancer therapies. In fact, the immunomodulatory effects of DOX treatment 
increases adoptive T-cell transfer therapy in BC when administered before 
immunotherapy (192).  In urinary cancer patients treated with DOX, CD86 
expression is upregulated in B cells that then enhance CD4+ T cell anti-cancer 
activity (193). 

IL-17 is a proinflammatory cytokine that has previously been linked to 
numerous tumor behaviors. Its secretion is limited to T helper 17 cells and 
innate lymphocytes (γδ T cells, natural killer (NK) cells and innate lymphoid 
cells) (194) yet the receptor is broadly expressed across numerous cell types. In 
multiple types of cancer, IL-17 has been implicated in tumor progression and 
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associated with poor prognosis in breast cancer (195) however previous studies 
have identified both pro and anti-tumor function in the TME. Chronic IL-17 
expression leads to a protumor microenvironment through modulation of 
stromal cell types that increase angiogenesis and antitumor immunity (195). 
Upon exposure to chemotherapeutic administration, IL-17 has been implicated 
to improve efficacy. Decreased efficacy of anthracyclines and oxaliplatin was 
observed in mouse fibrosarcoma allografts into IL-17A knockout mice. This 
phenotype was rescued upon adoptive transfer of γδ T cells capable of IL-17 
production (196). In breast adenocarcinomas a similar correlation was 
observed in which optimal DOX therapeutic efficacy was found to require IL-
17 in mice (197). Correlation with increased efficacy was also observed in 
gastric cancer patients (198).  IL-17’s proinflammatory role in combination 
with chemotherapy has been implied to aide in recruitment of antitumor 
cytotoxic T cells however specific mechanisms of action remain unknown (196). 

This study aimed to examine the altered stromal composition and 
behavior of cells residing in the TNBC TME to determine molecular and 
cellular drivers of DOX treatment response. To properly recapitulate clinical 
relevance, 4T1 murine syngeneic tumors in the mammary fat pad of BALB/c 
mice were utilized in this work. This allograft model was discovered to possess 
a range of responses to a 7-day dosing regimen with DOX. Further examination 
of sensitive versus resistant tumors correlates inhibition of tumor growth 
during treatment with an increase in the absolute number of T cells in the 
TME. T cell subtypes increased in cytokine secretion and decreased exhaustion 
were found to be more abundant in DOX sensitive tumors as well. Specifically, 
γδ IL-17+ CD8 T cells were identified as differentially abundant in 
chemoresponsive tumors and may induce effects on numerous cell types in the 
TME. In vitro analysis of IL-17’s effect directly on cancer cells showed anti-
tumor effects by increasing tumor responsiveness to DOX upon co-
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administration with recombinant IL-17A. In response to IL-17A and DOX, 4T1 
cells increased cytokine signaling and cell cycle disfunction while decreasing 
DOX induced stimulation of immune response genes which may contribute T 
cell exhaustion.  

 

Materials and Methods 

Cell culturing and allograft generation 

4T1-Thy1.1 cell line was graciously provided as a gift from Dr. Julian 
Lum (143) and was used in allograft and in vitro experiments.  4T1 cells were 
cultured in RPMI Medium 1640 containing 10% FBS with 100,000 U/L of 
penicillin and 100 mg/L of streptomycin at 37 °C with 5% CO2.  Female mice 
(8-10 weeks old) NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) or BALB/c mice 
(Jackson Laboratories, Bar Harbor, ME, USA) were injected 1 × 105 4t1-Thy1.1 
cells and tumors were established to 70–140 mm3 prior to intravenous 
Doxorubicin (Sigma Aldrich, St. Louis, MO, USA) administration. Doxorubicin 
was introduced via intravenous (IV) tail vein injection at 5mg/kg for 3 doses 3-
days apart. All mice were weighed, and tumor measurements collected using 
manual palpation and caliper measurements prior and during the 
chemotherapeutic regimen until the terminal timepoint 2 days following the 
final DOX injection. Tumor volume calculations were determined using the 
following formula: volume= length x (width)*2 x ½ (199). Moribund behavior 
was evaluated regularly throughout the tumor bearing period. All animal 
experimental procedures were completed under an approved Institutional 
Animal Care and Use Committee (IACUC) protocol at Lawrence Livermore 
National Laboratory (LLNL) and conforming to the National Institute of 
Health (NIH) guide for the care and use of laboratory animals. 
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Tumor Single cell isolation and enrichment 

Single-cell suspensions of tumor cells were prepared by passing the 
tumor through a syringe without a needle followed by a 1 h digest with shaking 
at 37 °C in 100 µg/mL DNase I (Roche, Basel, Switzerland; Cat # 11284932001), 
300 U/mL collagenase/100 U/mL hyaluronidase (Stemcell Technologies, 
Vancouver, Canada; Cat # 07912), 0.6 U/mL Dispase II (Roche, Basel, 
Switzerland; Cat # 4942078001) in DMEM/D12 with 1% FBS (Gibco, Waltham, 
MA, USA). Red blood cell lysis was then performed using ACK Lysing Buffer 
(Gibco, Waltham, MA, USA) per manufacturers recommendation. Digests were 
next filtered through a 100 µm cell strainer prior to debris removal (Miltenyi 
Biotec, Bergisch Gladbach, Germany; Cat # 130-109-398) and resuspended in 
BD FACS Pre-Sort Buffer (BD, Franklin Lakes, NJ, USA; Cat # 563503). 
Single-cell sequencing and data analysis 

Tumor growth, digestion, and isolation of cell suspensions were prepared 
as previously described for tumor digests and tumoroids were dissociated as 
previously described. Then, 2 subsequent washes in sterile PBS + 0.04% non-
acetylated BSA were performed to further remove debris from final 
suspension. Immune and cancer cell depletions were performed for T cell 
specific reactions using Pan T Cell Isolation Kit II, mouse (Miltenyi Biotec, 
Bergisch Gladbach, Germany; Cat # 130-095-130) in combination with CD90.1 
MicroBeads, mouse and rat (Miltenyi Biotec, Bergisch Gladbach, Germany; 
catalog no. 130-121-273) per manufacturers protocols prior to were cell 
depletion using LS columns (Miltenyi Biotec, Bergisch Gladbach, Germany; 
Cat # 130-042-401). Sequenced T cell populations were derived from 3 
independent syngeneic 4T1 tumors in BALB/c mice as previously described 
pooled into a single sequencing population. Cell pellets were resuspended in 
PBS with 0.04% non-acetylated BSA prior to single-cell sequencing 
preparation using Chromium Single-cell 3ʹ GEM, Library & Gel Bead Kit v3 
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(10× Genomics, Pleasanton CA, USA Cat # 1000075) on a 10× Genomics 
Chromium Controller following manufacturers protocol. 

Sequencing data was demultiplexed, quality controlled, and analyzed 
using Cell Ranger (10× Genomics, Pleasanton CA, USA) and Seurat (144). 
Data analysis, expression values, and representative plots were generated 
using Loupe Cell Browser (10× Genomics) and Seurat (153). The Cell Ranger 
Single-Cell Software Suite was used to perform sample demultiplexing, 
barcode processing, and single-cell 3′gene counting. Samples were first 
demultiplexed and then aligned to the mouse genome (mm10) using “cellranger 
mkfastq” with default parameters. Unique molecular identifier counts were 
generated using “cellranger count”. Further analysis was performed using 
Loupe (10X Genomics, Pleasanton CA, USA).  
Flow cytometry  

Cell preparations for tumor cells was derived from cell suspensions as 
previously described then resuspended in FACS buffer (PBS with 2% FBS). 
Bone marrow preparations were performed from isolated femurs. Femoral 
epiphyses were removed from the bone then the marrow cavity is flushed with 
a 28-gauge needles with 2 mL of PBS. The bone marrow derived cell 
suspensions are then centrifuged at 500G for 10 minutes followed by red blood 
cell lysis then resuspended in FACS buffer as previously described prior to 
cytometric analysis. Splenocytes were prepared from isolated spleens that 
were forced through a 40-um cell strainer. Cells were washed with PBS and 
pelleted by centrifugation at 500g for 10 min. Red blood cell lysis was then 
performed and resuspended in FACS buffer as previously described prior to 
cytometric analysis. 

Cell suspensions were stained with the following antibodies for 30 minutes 
on ice prior to cell staining: BioLegend (San Diego, CA, USA): CD45 (1:100; Cat 
# 103116, 157613), CD3ε (1:50; Cat # 100312), CD4 (1:100; Cat # 100414, 



 

112 

100406), CD8b (1:100, Cat# 126622, 126609), CD279 (PD-1) (1:100, Cat # 
135213), IL-17A  (1:100, Cat # 506922), TCR γ/δ (1:100, Cat # 118107; Miltenyi 
Biotec (Miltenyi Biotec, Bergisch Gladbach, Germany): CD90.1 (1:10, Cat # 
130-102-637). Viability dyes Zombie Violet™ Fixable Viability Kit (BioLegend, 
San Diego, CA, USA), Zombie Aqua™ Fixable Viability Kit (BioLegend, San 
Diego, CA, USA), or eBioscience Fixable Viability Dye eFluor506 (Invitrogen, 
Waltham, MA, USA) were utilized to discriminate live/dead cells. Following 
staining, cell populations were washed 2 times with FACS buffer prior to 20-
minute fixation using Cytofix Buffer (BD Biosciences, San Jose, CA; USA) then 
resuspension in FACS buffer for analysis.  

For cytokine detection, tumor derived cells were cultured in RPMI 
supplemented with 10% FBS, 50ng/ml PMA Sigma, St. Louis, MO, USA, Cat# 
P-8139, 1ug/ml Ionomycin (Sigma, St. Louis, MO, USA, Cat# I-0634), and 
GolgiPlug (BD Biosciences, San Jose, CA; USA) at 37°C with 5% CO2 for 4 
hours followed by extracellular staining then fixation as described previously. 
Intracellular staining was accomplished using Intracellular Staining 
Permeabilization Wash Buffer (BioLegend, San Diego, CA, USA) for 
permeabilization, staining buffe, and subsequent washes followed by 
resuspension in FACS buffer for downstream analysis. Flow cytometric 
analysis was performed using FACSMelody (BD Biosciences, San Jose, CA; 
USA), BD LSR II (BD Biosciences, San Jose, CA; USA), FACSAria Fusion (BD 
Biosciences, San Jose, CA; USA) instrument. 

Immunofluorescent staining   

Tumor samples were collected at the day of harvest, snap frozen in liquid 
nitrogen and stored at -80oC. Frozen tumors were embedded in O.C.T. 
compound (Fisher Healthcare, Waltham, MA, USA) and sectioned at 10 µm 
slices. Slices were then placed onto Superfrost Plus microscope slides (Fisher 
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Scientific, Waltham, MA, USA) and stored at -80oC until the staining was done. 
To stain sections, slides were warmed to room temperature and then sections 
were immersed in PBS with 4% formaldehyde for 15 minutes. Slides were then 
immersed in PBS with 0.1% Tween 20 and 10% goat serum for one hour at 
room temperature. Primary antibody IL-17-A (Abcam, Cambridge, MA, USA, 
ab79056, (1:250)) was incubated overnight at 40C. Samples slides were then 
incubated at room temperature for 1 hour with the secondary antibody goat 
anti rabbit (Thermo Fisher Scientific, Waltham, MA, USA; A-11037 (1:1000)). 
Negative control slides were incubated with secondary antibody-only. Stained 
slides were mounted with Prolong Gold with DAPI (Molecular Probes, Eugene, 
OR, USA). Slides were imaged using a Leica DM5000 microscope. ImagePro 
Plus V7.0 Software and a QIClick CCD camera (QImaging, Surrey, BC, 
Canada) were used for imaging and photo editing. 
Western blot 

Tumor samples lysed in RadioImmunoPrecipitation Assay (RIPA) buffer 
followed by centrifuging at 14,000 rcf for 5 min. The supernatants were 
collected and analyzed using the Jess automated Western blotting system 
(ProteinSimple, San Jose, CA, USA). Jess reagents (biotinylated molecular 
weight marker, streptavidin-HRP fluorescent standards, sample buffer, DTT, 
stacking matrix, separation matrix, running buffer, wash buffer, matrix 
removal buffer, fluorescent labeled secondary antibodies, antibody diluent, and 
capillaries) were purchased from the manufacturer and used according to the 
manufacturer’s standard protocol. Antibodies were diluted with ProteinSimple 
antibody diluent at the following dilutions: anti IL-17-A (1:50, Abcam, 
Cambridge, MA, USA, ab79056, and GAPDH (1:100, Licor, Catalog no. 926-
42216). Target protein concentration is quantitated using Compass for SW 4.0 
software (https://www.proteinsimple.com/compass/downloads/). The 
expression of each target protein is normalized to the expression of GAPDH. 
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Ex vivo culturing and in vitro doxorubicin and IL-17A administration. 

Single cell suspensions were from primary syngeneic tumors were 
performed as previously described. CD90.1 MicroBeads, mouse and rat 
(Miltenyi Biotec, Bergisch Gladbach, Germany; catalog no. 130-121-273) were 
used for cell isolation using LS columns. Subsequent elution of cells of the cell 
isolation columns were then ex vivo 4T1 cultured overnight. Cancer cell 
populations from 3 syngeneic tumors derived from unique mice were utilized 
for ex vivo 4T1 DOX response experiments for each tumor phenotype.   

Doxorubicin (200ng/ml, Sigma Aldrich, St. Louis, MO, USA)) and/or 
Recombinant Mouse IL-17A Protein (25ng/mL, R&D Systems, Minneapolis, 
MN, USA) was administered for 48 hours prior to cell quantitation using Cell 
Titer-Glo 2.0 (Promega, Madison, WI) according to manufacturer’s protocols 
then read for luminescent signal on a Modulus II Microplate Multimode 
Reader. Raw reads were first background (media without cells) subtracted 
then normalized to untreated cells for cell quantitation. 3 independent 
experiments were performed for in vitro DOX viability assays.  

Bulk RNA sequencing and analysis 

4T1-Thy1.1 cells were cultured to 25% confluency in a 12 well culture 
plate Total RNA was isolated using RNeasy mini spin columns (Qiagen). 
Sequencing library preparation was performed using QuantSeq 3’ mRNA-Seq 
Library Prep Kit FWD for Illumina (Vienna, Austria; catalog no. 015.96) 
according to manufacturer’s protocols. and single end 75 base pair sequencing 
was performed using an Illumina NextSeq 500. Sequencing data quality was 
checked using FastQC software 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were 
mapped to the mouse genome (mm10) using STAR (version 2.6) (136)and read 
counts per gene were determined using “featureCounts” from Rsubread 
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package (version 1.30.5; 
https://bioconductor.org/packages/release/bioc/html/Rsubread.html). Only 
genes with ≥10 reads in at least 3 samples were selected for analysis. 
Subsequently, a between-sample normalization was performed using EDASeq 
(version 2.16.0) (137). RUVseq (version 1.16.0) was used to estimate the factors 
of unwanted variation (138). Differentially expressed genes were identified 
using edgeR (version 3.22.3), controlling for factors of unwanted variation 
(139). A gene was significantly differentially expressed when its false discovery 
rate adjusted p-value was <0.05 and fold change was >2. Gene set enrichment 
analysis was performed using GenePattern with Reactome pathway ontologies 
(200). 
Statistical analyses 

Statistical analyses were performed using GraphPad Prism. Data is 
presented from at least three biological replicates. One-way ANOVA and post-
hoc Tukey’s Test or Student’s t-test were used to assess statistically significant 
differences of mean expression values. Results were considered statistically 
significant for p values < 0.05. IC50 curves were generated using a nonlinear 
regression curve fit analysis.  

 

Results 

TNBC tumors exhibit a range of responses in mouse allografts driven by 
stromal complexity. 

In order to faithfully recapitulate the TNBC microenvironment, 
syngeneic allografts with 4T1 cells injected into the mammary fat pad of 
BALB/c mice were utilized for this study. Upon reaching approximately 
100mm3 in volume, tumor bearing mice were given a clinically comparable 
doxorubicin treatment regimen with three doses administered over the course 
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of 7 days. Tumor growth rates were collected throughout the chemotherapeutic 
treatment via caliper-based measurements of palpable tumors. Two days 
following the final dose, tumors were measured and isolated for downstream 
analysis (Fig1a).  

 

 
Figure 1. Syngeneic 4T1 tumors differentially respond to doxorubicin treatment. A) Doxorubicin treated 
BALB/c 4T1 mammary fat pad tumor experimental design. B) Syngeneic tumor growth rates of tumors 
in response to doxorubicin. Relative tumor volume was normalized to initial volume and calculated from 
caliper measurements throughout DOX treatment. C) Relative terminal tumor volume at Day 8 post 
DOX initiation from saline injected controls or DOX treated tumors in immunocompetent BALB/c mice 
binned into resistant or sensitive populations. n=10-16. D)  Relative terminal tumor volume at Day 8 
post DOX initiation from saline injected controls or DOX treated tumors in immunodeficient NSG mice. 
n=3-9. **** p < 0.0001 
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In control tumors, growth continues without chemotherapeutic 
administration resulting in a terminal tumor volume increase to 399% of the 
initial recorded size on day 8 post injection (Fig1c). Interestingly, 4T1 TNBC 
tumors exhibit a diverse response to doxorubicin treatment (Fig1b). DOX 
treated tumors can be classified as resistant or sensitive tumors based on 
relative growth rates throughout the chemotherapeutic treatment. Sensitive 
tumors showed a consistent inhibition of growth throughout the 
chemotherapeutic regimen yielding tumors that were significantly smaller 
(142% terminal tumor volume) than control tumors. Conversely resistant 
tumors continued to grow comparable to untreated tumors (438% terminal 
tumor volume) and were also significantly different than the sensitive cohort. 
This polarized response to DOX treatment failed to be recapitulated in 
immunocompromised (NSG) mice; these mice lack mature B, natural killer 
(NK), and T cells in addition to functionally defective dendritic cells and 
macrophages (201,202). All NSG-DOX dosed tumors exhibiting a drug 
response to chemotherapeutic that resembled drug resistant DOX response in 
Balb/c mice, where no significant differences in growth rates were observed 
between treated and undosed control tumors (Fig1d). The lack of sensitivity to 
DOX in mice lacking functional immune cells suggests that the stromal 
complexity is an important facet of tumor chemosensitivity.   
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Figure 2. Single cell sequencing of tumors following doxorubicin administration. A) t-SNE projection 
representing all tumor cells following doxorubicin treatment. Colors depict cells derived from tumors of 
different treatment/response. B) T cell (Ptprc (CD45)+ CD3d+) relative abundance derived from single 
cell RNAseq data. C-E) Feature plots of identifying immune clusters. F) Flow cytometric quantification 
of T cell (CD3ε+) abundance in syngeneic 4T1 tumors. G)  Flow cytometric quantification of cytotoxic T 
cell (CD8+CD3ε+) abundance in syngeneic 4T1 tumors. H) Flow cytometric quantification of immune 
(Ptprc (CD45)+) abundance in syngeneic 4T1 tumors.  I) Flow cytometric quantification of immune (Ptprc 
(CD45)+) abundance in bone marrow of tumor bearing mice. J) Flow cytometric quantification of immune 
(Ptprc (CD45)+) abundance in spleens of tumor bearing mice.   

Increased abundance of tumor infiltrating T-cells in doxorubicin sensitive 
tumors. 

Single cell RNA sequencing was performed on representative tumors 
from each category to further investigate alterations in the abundance of the 
stromal cells. Unsupervised hierarchical clustering of cell types based on 
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transcriptional profiles identifies cancer, T cell, myeloid derived suppressor 
cells (MDSC), and myeloid populations as represented in a tSNE projection 
(Fig2a, 2c-2e). Specifically, the number of T/NK cells were found to be 
increased in sensitive tumors relative to untreated and drug-sensitive tumors 
(Fig2b). Single cell RNA-seq data was further validated using flow cytometric 
analysis (Fig 2f). Sensitive tumors were comprised of 16.55% CD3e+ T cells in 
the primary tumors which is significantly increased relative to saline injected 
sham control tumors (10.29%) or tumors unresponsive to treatment (11.33%). 
We also observed an increase in the number of CD8+ T cells within the tumor 
T cell population of drug resistant primary tumors, compared to the drug-
sensitive tumors (58.1%, 47.8% respectively).  

Responsiveness to doxorubicin did not induce tumor infiltration of all 
immune populations. In fact, DOX treatment induces a decreased abundance 
in total tumor infiltrating lymphocytes regardless of tumor response. 
Significant increases in CD45+ immune cells were observed in saline treated 
tumors (30.0% of tumor cells) compared to both sensitive and resistant tumors 
(16.85%, 15.92% respectively) (Fig2h). Furthermore, the increase in 
lymphocyte abundance was exclusive to the TME as both the bone marrow (Fig 
2i) and spleen (Fig 2j) were found to be largely unchanged with a slight 
increase in abundance only observed in the bone marrow in mice bearing 
resistant tumors compared to control tumor bearing mice.  

Altered T cell composition in chemoresistant tumors. 

While T cell abundance was confirmed, the functionality and behavior 
of these infiltrated lymphocytes was further examined using targeted single 
cell RNA-sequencing focused on tumor residing T cell populations.  5,065 Ptprc 
(CD45) and CD3e expressing T cells were identified from pooled resistant and 
sensitive tumors. In silico dimensional reduction of the transcriptional profiles 
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of each cell produced 10 clusters of cells denoting different subtypes of T-cell 
as visualized in a tSNE plot (Fig 3a, Sfig 1). Cluster identification was 
performed using published gene markers of T cell subtypes (Fig3c). No single 
population was uniquely identified in sensitive or resistant tumors however, 
biases toward specific subtypes were discovered depending on chemosensitivity 
(Fig3b).  

 
Figure 3 Single cell sequencing of tumor infiltrating T cells. A) t-SNE projection of tumor infiltrated T-
cells. 10 populations identified via transcriptional profiles are denoted by color. B) t-SNE projection with 
colors denoting tumor response to DOX. C) Heat map showing relative gene expression for genes of 
interest per cell in each cell cluster. E) Distribution of T cell subtypes in sensitive and resistant tumors. 
F) Relative abundance of  T cells in sensitive and resistant tumors. 

Naïve T cells expressing genes associated with immature T cells and 
quiescence (Klf2, Klf3, Sell (CD62L), Lef1(203,204)) were found to be relatively 
unchanged (<2 fold change in relative abundance in relation to all T cells) 
between sensitive or resistant tumors (Fig3c, 3e). Proliferating T cell were a 
population characterized by expression of Mki67 (Ki-67) and cell cycle 

Effector 
CD8-1

Effector 
CD8-2

Tissue Resident 
Memory CD8

γδ

Treg

CD4

Activated 
Effector CD8

Naïve/NK

Proliferating
CD8

IFN CD8

A B

FE
C

Row min Row max

!"
Prolif

IFN CD8
TRM

Act Eff
Eff CD8-1
Eff CD8-2

Treg
CD4

Naive
Sensitive Resistant

0

5

10

15

20

%
 T

um
or

 C
el

ls
Sensitive Resistant

0

20

40

60

80

100

 %
 T

 c
el

ls

Eff CD8-1 Eff CD8-2 Prolif IFN CD8 Treg

γδNaïve CD4 TRM Act Eff CD8



 

121 

progression genes (Top2a, Ccna2). Interferon stimulated CD8 T cells 
expressing high levels of Jak/Stat signaling pathway activation genes (i.e., 
Stat1, Stat2) and interferon response genes (Ifit1, Ifit2, Ifit3) were also 
identified as a consistent population regardless of tumor DOX response.  

CD8 T cells were more abundant in resistant (85.2% of T cells) than in 
sensitive tumors (64.1%). Tumor infiltrated CD8 T cells were further 
subclassified into 5 subtypes. 2 subtypes, Effector CD8-1 and Effector CD8-2, 
expressing classical cytotoxic T cell markers (Ifng, Gzma, Gzmb, Prf1), were 
highly abundant in resistant tumors comprising 61.1% of all tumor infiltrating 
T cells compared to only 16.8% of sensitive tumor T cells.  

 

 
Supplemental Figure 1. Feature plots denoting T cell gene expression. t-SNE plots denoting cellular 
expression of A) Ptprc (CD45 expression), B) CD3ε, C) CD4, and D) CD8b1 in tumor infiltrated T cell 
poulations. 

Sensitive tumors had higher numbers of CD4 T helper cells, regulatory T cells 
(Tregs), γδ T cells, and CD8 tissue resident memory T cells than resistant 
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tumors. CD4 T cell populations expressing CD4 and several cytokines (IL4, 
IL5, IL13) increased by 350% from 3.8% in resistant tumors to 13.3% in 
sensitive tumors. Tregs, denoted by increased expression of Foxp3, Ctla4, and 
Tnfrsf4 (CD134), represented 4.5% of sensitive tumor T cells compared to half 
as many (2.1%) in the resistant populations. γδ T cells expressing gamma and 
delta T cell receptors (Tcrg-C1 and Trdv4) in addition to TNFa and IL-17A 
were a minor population of T cells yet accounted for a 475% increase in 
abundance in sensitive tumors (Resistant: 0.8%; Sensitive 3.0%). Cxcr3+ tissue 
resident memory T cells and activated effector CD8 T cells, denoted by 
increased levels of activation and cytotoxic genes (Ifng, Czmb, Gzmk, Prf1) 
were the predominant CD8 subtype in sensitive tumors comprising 34.5% of 
sensitive T cells.   

Upon normalization to total tumor cells based on previous cytometric analysis 
of T cell abundances, increases in naïve, Treg, tissue resident memory CD8, 
CD4, γδ, and activated effector T cell abundances were amplified. Specifically, 
γδ T cells were increased 694% and activated effector T cells increased by 
2053% in abundance in sensitive vs resistant tumors (Fig3f).  

 



 

123 

 
Figure 4. T cell behavior in response to doxorubicin sensitivity. A) Violin plots denoting expression of 
Pdcd1 per T cell in sensitive or resistant tumors. B) Percentage of tumor residing T cells expressing Pdcd1 
as quantified in single cell RNA sequencing data. C) Pdcd1+ T cells quantified from tumor infiltrated T 
cells following doxorubicin treatment using flow cytometric analysis. D) Single cell expression levels of T 
cell exhaustion marker genes segregated by cell type depicted as violin plots. E) Fold upregulation of 
chemokine and cytokine genes in sensitive vs resistant T cell populations inferred from single cell RNA 
sequencing data. F-H) Activation gene markers (CD69) and cytotoxic genes (Prf1, Gzmb) associated with 
T cell activity expression in sensitive or resistant tumors depicted as violin plots. I-J) Dimeric 
transcription factors comprising the AP-1 transcription factor indicative of T cell activation expression 
segregated by cell types identified in single cell transcriptomic data.  

T cells populations from doxorubicin sensitive tumors are less exhausted and 
release higher cytokine levels than resistant tumors. 

Because the increased numbers of T cell subsets in chemosensitive 
tumors may not necessarily translate into an increase in activation, further 
analysis of the single cell transcriptomic data was performed to examine 
critical T-cell behavior in the TME. Chronic antigen stimulation is a well-
documented phenomenon in tumors activation resulting in an exhausted 
phenotype characteristic of decreased effector function, proliferation, and 
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cytokine production and can be identified through over expression of Pdcd1 
(PD-1) (205,206). T cells from DOX resistant tumors expressed higher levels of 
Pdcd1 per cell with a median normalized expression 14.4% greater than the 
sensitive tumors (Fig4a). Additionally, a 10% increase in the frequency of 
Pdcd1+ exhausted T cells was observed in the resistant tumors (Resistant: 58%, 
Sensitive: 48%). Increased expression of other exhaustion related genes Tox 
and Lag3 were also found in T cells from Dox resistant tumors (207). 
Cytometric analysis of tumor infiltrated T cells identified decreased PD-1+ T 
cells compared to the single-cell transcriptional data however a significant 
increase in abundance was confirmed in resistant tumors (Fig4c). Pdcd1, 
CD27, and Lag3 have previously been utilized as exhaustion markers (208). 
Elevated expression of exhaustion markers was observed in activated effector 
CD8, effector CD8-1, effector CD8-2, CD4, and proliferating cell populations 
(Fig4d). Of particular importance is the exhaustion of Effector 1 and 2 
populations as these populations comprise most T cells in resistant tumors.  

As expected for less exhaustion, chemokine and cytokine genes were 
found to be elevated in sensitive tumors (Fig4e). CD4, γδ, and activated effector 
CD8 cells were the primary populations responsible for cytokine production 
and correlate to overrepresented T cell subtypes in sensitive tumors. 
Furthermore, T cells from sensitive tumors exhibit increased mean and median 
expression of CD69, an activation marker (209) (Fig 4f). Effector proteins 
associated with cytoxic activity, Gzmb and Prf1, were also found to be 
increased in the sensitive T cell population (Fig4g, 4h). Additionally, 
expression levels of Jun and Fos, transcription factors critical to T cell 
activation (210), were elevated in the cytokine producing CD4 and γδ 
populations. 
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Figure 5. Increased γδ IL-17+ T cells in the doxorubicin sensitive tumor microenvironment. A) IL17a 
expression is restricted to γδ T cells. B) Ratio of IL17+ cells in sensitive and resistant tumors extrapolated 
from single cell RNA sequencing data. C-D) Representative immunohistochemistry images of 4T1 tumor 
sections from sensitive and resistant tumors following doxorubicin therapy. E) Protein abundance 
quantification in tumors normalized to GAPDH expression. n=3 F-G) Representative flow cytometry plots 
identifying γδ IL-17+ T cells in T cell populations. H) Quantitation of IL17+ T cells from DOX sensitive 
and resistant tumors. I) Quantitation of γδ IL17+ T cells from DOX sensitive and resistant tumors. n=4. 
J) Distribution of γδ IL17+ T cells identifying expanded CD8 and double positive (CD4+CD8+) cells in 
sensitive tumors. n=4. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 

Sensitive tumors contain increased CD8 γδ IL-17+ T cells in the tumor 
microenvironment. 

Due to the increased cytokine production and activation of cytokine 
secreting T cell populations in tumors responsive to chemotherapeutic 
treatment, we next sought to further examine the impact of cytokines on cancer 
cells. Specifically, IL-17A expressing T cells were found to be more abundant 
in DOX sensitive than in resistant tumors. IL-17A is a proinflammatory 
cytokine with known pro and anti-tumor effects (211–214). Further 
transcriptional characterization of IL-17A expressing T cells revealed that they 
are not derived from αβ CD4 T cells but from γδ IL-17+ T cells (Fig5a). This T-
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cell sub-population comprised 1.32% of all T cells in sensitive tumors and 
0.26% of all T-cells in resistant tumors (Fig5b). While this population only 
represents a minor portion of the tumor infiltrating lymphocytes, single cell 
RNA-seq on syngeneic 4T1 tumors revealed that IL-17 is uniquely expressed 
and secreted from these specialized T cells into the tumor microenvironment 
yet numerous cell types in the tumor microenvironment can bind this cytokine 
by expressing its receptor (IL-17ra) underlying the potential impact of IL-17A 
in the tumor microenvironment (Sfig 2). Furthermore, despite the minimal 
quantity of cells, histological analysis of representative sensitive and resistant 
tumors confirmed detectable levels of IL-17A throughout the tumor with 
increased abundance in DOX-sensitive tumors (Fig 5c, 5d). Additional protein 
quantification was performed via Western Blot analysis further confirmed the 
increased abundance from homogenized tumor samples with sensitive tumors 
possessing 257% more IL-17A than resistant tumors (Fig5e). 

 

Supplemental Figure 2. tSNE projection of 4T1 syngeneic tumor cells. A) IL-17A expression restricted to 
IL-17+ T cells (arrowhead). B) IL-17 receptor (IL-17ra) is widely expressed across several cell types.  

Flow cytometry analysis of tumor infiltrating T cells confirmed a 
significantly higher number of IL-17A expressing T cells in sensitive tumors 
compared to resistant tumors (1.83%, 0.85% respectively, p-value=0.0016) (Fig 
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5f-5h) with γδ T cells constituting the majority of the IL-17 expressing cells 
(1.36%, 0.51% respectively) regardless of tumor chemotherapeutic response 
(Fig5I). Interestingly, CD8+ T cells were identified as the most abundant and 
significantly increased population in sensitive tumors (p<0.0001). CD4+CD8+ 
double positive T cells population were also found to be significantly increased 
in chemosensitive tumors relative to resistant (p=0.0218) while double 
negative and CD4 T cells were not found to be significantly altered in 
abundance (Fig5j).  

 

 

Figure 6. IL-17A co-administration with doxorubicin directly affects chemotherapeutic efficacy in cancer 

cells. A) Ex vivo doxorubicin sensitivity from 4T1-Thy1.1 cells isolated from primary tumors or from in 
vitro culture. n=12 from three tumor from independent mice. B) IC50 values extrapolated from dose 
response curves with error bars represent 95% CI. C) Relative viability of 4T1-thy1.1 cells cultured in 
the presence of DOX and/or IL-17A for 48 hours. n=9-11 

IL-17A increases doxorubicin sensitivity of TNBC cells. 

Cancer cells are among the numerous cell types expressing the IL-17 
receptor (Sfig 1). In turn, the role of IL-17A on chemotherapeutic response 
directly on 4T1 TNBC cells was investigated through utilization of in vitro 
methodologies. Cancer resistance evolution driven by genomic mutations has 
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been thoroughly reported as a long-term mechanism for alternative response 
to chemotherapeutic (215–217) however we hypothesize that due to the short 
duration of treatment and clonal nature of the 4T1-Thy1.1 cell line that this 
evolution is an unlikely cause of the differential responses observed in DOX 
treated tumors. Ex vivo cytotoxicity assays on isolated 4T1 cells derived from 
DOX treated tumors were performed to examine intrinsic alterations in 
chemotherapeutic response conferred from the in vivo manipulations. An IC50 
curve was generated from 4T1 cells derived from the parental cell line, saline 
injected control, DOX sensitive, or DOX resistant tumors were administered a 
range of DOX dosages for 48 hours in culture to generate an IC50 values for 
each subline. Interestingly, control tumors yielded a significantly decreased 
IC50 value (15.89ng/mL) compared to in vitro (24.50ng/mL) or DOX treated 
(Resistant: 44.32ng/mL; Sensitive: 32.67ng/mL) tumor 4T1 cells (Fig 6a, 6b). 
In vivo DOX treatment, regardless of response, increased cancer cell resistance 
above the parental controls. Only resistant sublines were significantly more 
resistant to DOX than the original line however resistant and sensitive 
sublines were not found to be significantly different thus suggesting the tumor 
behavior is not largely driven by a cancer resistance evolution.  

Due to the lack of genomic mutations driving the differential DOX 
response, contributions of IL-17A to DOX chemosensitivity with treatment was 
next analyzed to evaluate alternate mechanisms driving tumor response. The 
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inhibitory effects of DOX were significantly enhanced with inclusion of IL-17A 
to the culture media (Fig6c).  

 

Figure 7. Transcriptomic analysis of 4T1 cells in response to doxorubicin and IL-17A. A) Venn 
diagrams depicting overlapping differentially expressed genes from 4T1 cells exposed to DOX 
+/- IL-17A for 48 hours. B) Normalized gene expression of CD274 (PD-L1) across in vitro 
conditions. C) GSEA analysis of enriched Reactome pathways in common to DOX treated cells 
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regardless of IL-17A. C) Upregulated pathways with differential enrichment. D) 
Downregulated pathways with differential enrichment. n=3-4 

IL-17A mitigates PD-L1 induces cytokine signaling, cell cycle dysregulation, 
and mitigates interferon activation in TNBC cells. 

Bulk RNA sequencing was performed on 4T1 cells exposed to doxorubicin 
or doxorubicin co-administered with IL-17A. Doxorubicin alone upregulated 
890 genes and downregulated 794 genes while the addition of IL-17A to 
doxorubicin treatment yielded 1327 upregulated genes and 914 genes relative 
to untreated controls. 540 upregulated and 472 downregulated genes that were 
consistent across doxorubicin treatments regardless of IL-17 inclusion (Fig6a). 
PD-1 ligand (CD274, PD-L1) was upregulated upon doxorubicin treatment 
consistent to prior studies (218). The addition of recombinant IL-17A to the 
culture media during DOX exposure abrogated the CD274 upregulation. 
Expression levels were found to be significantly different relative to DOX only 
treatment but not control cells. IL-17A was not found to significantly alter 
CD274 gene expression levels when administered alone when compared to 
control or combinatorial conditions (Fig7b).  

In line with prior studies, gene set enrichment analysis of the 
transcriptional profiles identified that doxorubicin elicits enrichment in genes 
associated with cellular stress response pathways (ATF4, EIF2AK1, NFKB, 
ATR, P53) (219–221) while downregulating proliferative pathways (BMP, 
MET) (222,223) regardless of IL-17A coadministration. Cell to cell signaling 
(Braf and Notch) and glycolysis (224) were also found to consistently 
downregulated in response to doxorubicin with or without IL-17A presence 
(Fig6c). Furthermore, differential normalized enrichment scores for specific 
biological processes were discovered to be affected by the coadministration of 
IL-17A with doxorubicin. Specifically, cell cycle disfunction in progression from 
G1 to S phase in the cell cycle were also found to be highly upregulated in IL-
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17A coadministration and increased immune recruiting cytokine (IL4, 10, and 
13) signaling was also promoted. IL-17A mitigated pathways of immune 
activation that are upregulated because of DOX treatment including inhibition 
of MHC1 antigen presentation, IL2 signaling, and interferon a/b signaling 
were mitigated because of (Fig6d). Consistent with previous studies (3–5), 
mitogen-activated protein kinase (MAPK) activation was found to be increased 
in 4T1 cells treated with IL-17 and doxorubicin relative to doxorubicin alone 
(Fig6e). 

 

Figure 8. Summary schematic. 

 

Discussion 

This study demonstrated the importance of stromal composition to 
chemotherapeutic efficacy (Fig 8). Single cell transcriptomics and flow 
cytometric analysis identified increased T cell abundance correlated with 
tumors sensitive to DOX treatment relative to resistant tumors. Upon deeper 
transcriptomic characterization of tumor infiltrated T cell populations 
alterations in the activity, behavior, and subtypes of T cells were found to also 
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be strongly correlated to chemotherapeutic response. Furthermore, IL-17A 
secreted by T cells was found to play a direct role on cancer cell sensitivity to 
DOX however transcriptional alterations in the as a result of IL-17A in cancer 
cells also likely contribute to signaling cascades inducing T cell exhaustion and 
T cell recruitment and activation. 

Despite the overall increase in T cells in sensitive tumors, the TME of 
resistant tumors possess an increased effector CD8 abundance however these 
T cells exhibit increased exhaustion gene expression (Pdcd1, Cd27, Lag3) 
linked to decreased effector function and failure to eliminate cancer cells (208). 
This cellular state manifests from the chronic stimulation of antigen in tumors. 
Interestingly, cells exposed to doxorubicin alone induced increased several 
processes contributing to this phenotype such as antigen presentation, 
interferon signaling, and increased CD274 (PD-L1) expression. The 
upregulation of these processes was significantly mitigated upon 
coadministration of IL-17A suggesting anti-exhaustion inducing effects 
derived from cancer cells. The increased cytotoxic gene expression 
(upregulated Prf1 and Gzmb) in T cells found in chemosensitive tumors further 
substantiates the increased anti-cancer activity of IL-17A+ DOX sensitive 
tumors.  

In addition to increased activity of cytotoxic effector T cells in DOX 
sensitive, elevated chemokine and cytokine secretion was inferred from the 
increased abundance of CD4 T helper cell and γδ T cell populations. 
Chemokines (Ccl3, Ccl4, Ccl5, Cxcl9) have demonstrated roles in increasing T 
cell infiltration into the TME (225,226). Furthermore, CC chemokines have 
also been correlated to improved prognosis in breast cancer patients (226).  
These potent chemotactic molecules may contribute to the increased 
infiltration of T cells into the DOX sensitive TME increasing the furthering the 
anti-cancer effects through increased quantity of active T cells. Single cell 
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RNA-seq further identified increases in Il-4, IL-5, IL-10, Il-13, IL-17A, and Il-
21 transcripts. These cytokines have a wide range of demonstrated functions 
in the TME (227). Specifically, IL-4 and IL-13 have demonstrated induction of 
cancer apoptosis as well as anti-inflammatory and innate immune activation 
functions (228,229).  IL-10 also shares immunosuppressive function in addition 
to proven roles in antiangiogenic function in tumors and a correlation with 
improved prognosis in breast cancer (230–232). These functions suggest that 
the sensitive TME may be stimulated for increased anti-cancer function while 
modulating the infiltration from pro-tumor stromal cell populations. Despite 
the anti-tumor functions described previously, cytokine function in the context 
of DOX treatment will require further studies to fully elucidate the effects 
these cytokines have in the TME. 

Interestingly IL-21 has demonstrated roles in stimulation of IL-17 
production which was also found to be upregulated in sensitive tumors (208). 
Surprisingly, the IL-17A production was largely identified to be secreted from 
γδ not Th17 T cells in 4T1 tumors. Specifically, sensitive tumors expand the γδ 
CD8+IL-17A+ T cell population resulting in an increased IL-17a levels. This 
potent cytokine has potentially wide-spanning effects on numerous cell types 
found in a tumor and has a direct effect on increasing DOX efficacy in cancer 
cells. The presence of IL-17A has been examined in multiple cancer types and 
has arisen as an attractive biomarker of cancer (233,234). Studies on the 
impact of IL-17A in the TME have yielded both pro and antitumor functions. 
This phenomenon may be driven by the unique TME compositions found in 
different cancer types. IL-17 in developing tumors was found to have a negative 
correlation with survival, enhanced tumor development, or poor prognosis in 
numerous tumor types including breast cancer, head and neck, ovarian, 
prostate and colorectal cancer (233–236)) yet anti-tumor benefits have also 
been identified in and esophageal squamous cell carcinoma (237,238). 
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Contrasting anti and protumor effects have also been reported within the same 
tumor type as seen in melanoma (239,240) and lung cancer (241,242) 
suggesting that TME heterogeneity independent of tissue of origin may also 
play a contributing role in IL-17 response. This study observed no observable 
alterations in proliferation when 4T1 TNBC cells was exposed to IL-17 alone. 
IL-17A increased anti-cancer phenotypes observed in vitro only upon 
coadministration with DOX suggesting an alternate function in the presence 
of chemotherapeutics. The increased tumor responsiveness to 
chemotherapeutics in the presence of IL-17 has been previously reported in a 
range of cancer types (196–198,243). The data provided here supports the 
benefit of IL-17 in the TME upon anthracycline administration in syngeneic 
TNBC tumors and functionally characterizes this correlation to direct and 
indirect effects on cancer elimination. 

The findings presented here suggest possible therapeutic benefits to IL-
17A coadministration or stimulation in conjunction with anthracycline 
treatment regimens. Several outstanding concerns will need to be addressed 
prior to clinical implementation due to the pleiotropic pro and anti-tumor 
effects noted previously. Furthermore, the long-term effects of the presence of 
these IL-17A producing cells in TNBC following DOX treatment will require to 
further analysis for establishment of therapeutic efficacy as numerous studies 
have identified IL-17 protumor effects in development and progression of 
cancers which may outweigh the benefits during chemotherapeutic 
administration.  

The source of γδ IL-17a+ T cell populations was not identified in this 
study. Future therapeutic avenues utilizing γδ IL-17A+ T cells will require 
identification of differentiation or recruitment into the TME.  Recruitment 
appears to be a viable therapeutic option as intratumoral adoptive cell transfer 
of γδ T cells during doxorubicin administration has been demonstrated to 
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rescue the efficacy of chemotherapeutics in IL-17A knockout mice. However, 
subpopulations of γδ T cells may need to be selected for as T cells lacking IL-
17A were unable to recover the sensitive phenotype (196). Additionally, the 
molecular cues triggering the presence of these beneficial T cells within the 
course of doxorubicin treatment will allow for more therapeutic targets. The 
merits of recombinant IL-17a coadministration DOX may also provide 
therapeutic benefits yet bioavailability, targeting, and stability of this 
molecule will need to be optimized to evaluate utility. Overall, this data 
strongly supports the contribution of IL-17A directly on cancer cells and in 
generating a TME with increased T cell infiltration and cytotoxic activity upon 
exposure to DOX in TNBC. 
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Chapter 5. Comparative molecular characterization of breast cancer 
exosomes of differing aggressiveness and subtype 

Abstract 

Cancer derived exosomes represent an enticing analyte to examine cancer 
behavior in a non-invasive, non-destructive fashion with applications in 
clinical diagnostics and pre-clinical research. Exosomes from three human 
breast epithelial MCF10A or breast cancer cell lines MCF7 a weakly 
aggressive, ER+, luminal BC; MDA-MB-231 a highly aggressive TNBC were 
isolated from cell culture media and analyzed for size, quantity, and protein 
and transcriptional cargo after 2 days in culture. Size and quantity of 
extracellular vesicles identified that MCF7 cells produced less heterogenous 
vesicles of smaller diameter, yet increased quantity compared to other cell 
lines. Transcriptional characterization of exosomal cargo was performed using 
small RNA sequencing technology identifying numerous coding and non-coding 
RNA species present in exosomes. Despite remarkably conserved distribution 
of RNA subtypes across all cell lines, unique profiles of small RNAs were 
observed in gene abundance identifying that exosomal content from BC cell 
lines share greater similarity to each other as opposed to normal epithelia. 
Further analysis of miRNA cargo showed comparable similarity across cell 
lines and functional enrichment analysis performed on differential pools of 
miRNAs predicts numerous cancer progressing biological functions could be 
potentially impacted by exosomal miRNA. Proteomic analysis identified that 
MCF7 exosomes had the most unique protein profile with increased protein 
abundance observed relative to other cell lines examined. The utility of this 
type of analysis in a clinical setting was validated as 4 putative biomarkers 
(hsa-mir-375, hsa-mir-138-1, FBP1, HLA-A) generated from this survey 
matched clinical tumor data. This work provides a valuable proof of concept 
that cancer cell lines of different subtype and behaviors can be discriminated 
preclinically and has demonstrated translatability to clinical significance.  
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Introduction  

Breast cancer (BC) is a frequent cancer in women, with an estimated 1.7 
million diagnosed worldwide every year (124). Therapeutic approaches, such 
as surgery, chemotherapy, radiation, hormone therapy, and targeted therapy, 
have reduced the mortality rates associated with BC; however, therapeutic 
failures remain common and BC persists as a major cause of cancer-associated 
death in vulnerable individuals (244). Regular screening and mammograms 
have vastly improved early detection increasing progression free survival in 
recent decades (245,246) however these screening approaches are largely based 
on results from trials conducted over 20 years ago (247). Since the advent of 
these screening techniques, the understanding of breast cancer oncogenic 
drivers and the underlying mechanisms fueling its malignant nature have 
vastly improved and underscore the inherent intertumor heterogeneity of this 
disease. Therefore, the further subdivision of cancer subtypes and 
identification of individual tumor behavior are critical to advance the precision 
of cancer prognosis, diagnosis, and therapy (248). 

Intercellular communication is fundamental to many biological 
processes from embryonic development to wound healing to cancer, and 
research has shown that cell-to-cell transfer of extracellular vesicles (EVs) is a 
critical biological mechanism by which cells exchange information [4]. EVs 
include all membrane-bound particles released by cells; the current 
distinguishing criteria for diverse EV populations (e.g., exosomes, 
microvesicles, apoptotic bodies) are based on size, density, and subcellular 
origin [4, 5]. EVs carry molecules, such as proteins, DNA, and RNAs, that can 
change cellular behavior or function when taken up by recipient cells [6]. Many 
cell types, including tumors, secrete EVs into their microenvironment. 
Exosomes are a subtype of EVs of particular interest as these are produced via 
the endocytic pathway with specific cargo (biologically active molecules 
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contained within exosomes) as opposed to other EV species which bud directly 
from the plasma membrane and contain non-specific macromolecules from the 
cytoplasm which may not necessarily correlate with their function (249). 
Furthermore, the lipid bilayer membrane of exosomes safely packages 
molecular cargo, such as RNA and proteins, that would otherwise be subject to 
proteolysis, RNases, and other degrading enzymes (250) Exosomes are small 
in size (30–150 nm), and have been shown to be highly stable, and can be 
isolated and analyzed following freeze/thaw with retention in biological 
activity (251). 

Because cancer cells release EVs into their microenvironment and EVs 
travel through body fluids to distant sites, cancer-derived exosomes (CDE) 
have been extensively studied to determine their role in promoting metastasis, 
drug resistance, escape from immune system recognition and other processes 
involved in disease progression (252,253). In fact, it is now established that in 
some cases, specific cancer-derived exosomes correlate with cancer-associated 
biological properties and functions (254–256). Not only can EVs influence the 
fate of another cell and govern a variety of disease properties, but the specific 
type of cargo packaged in EVs can dictate the molecular response of the 
recipient cell (257). Exosomes derived from human breast cancer cell lines have 
been previously surveyed and some microRNAs (miRNA) and protein 
biomarkers have been identified to relate to metastatic potential (258).  

EVs also have shown great potential as diagnostic and therapeutic tools 
for cancer. Given that these EVs have been found in a wide range of biofluids 
including blood serum, urine, cerebrospinal fluid, breast milk, bile, semen, 
saliva, and sputum; all contain thousands to billions of exosomes per microliter 
of sample; therefore, they have potential to be further studied and used for 
non-invasive diagnostics of disease (259). As such, CDEs have been shown to 
be informative cell-free vesicles representative of their cell of origin and have 
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been used as cell-free biomarkers. Biomarkers from exosomal cargo of protein-
coding or non-protein coding origin correlate with clinical disease progression 
and have previously indicated success as a non-invasive metrics of tumor 
status. Additionally, preclinical findings focused on CDE in cancer have been 
successfully translated into clinical relevance with numerous studies 
correlating in vitro and animal studies to clinical impacts (260–262). 

In this study, I isolated and characterized exosomes derived from three 
different breast cancer cell lines: MCF-10a (normal epithelia), MCF-7 (weakly 
metastatic, breast cancer of luminal origin) and MDA-MB-231 (highly 
metastatic, TNBC). Using RNA sequencing and mass spectrometry I identified 
a panel of proteomic and RNA-based biomarkers found in CDEs that may be 
indicative of disease subtype and metastatic character. These findings were 
also correlated to publicly available clinical data providing a valuable proof of 
concept that cancer behaviors and discrimination of subtype in vitro has 
clinical significance and may provide a non-destructive analyte in a preclinical 
setting.  

 
Methods 

Cell culture and exosome isolation 

Human breast cancer cell lines MDA-MB-231, MCF-7, and MCF-10a 
(ATCC, Manassas, VA, USA) were cultured as subconfluent monolayers in 
DMEM/F12 media (Gibco, Waltham, MA, USA) supplemented with 10% FBS 
(Gibco, Waltham, MA, USA) and 1% penicillin/streptomycin (Gibco, Waltham, 
MA, USA) on standard tissue culture dishes coated in a humidified incubator 
at 37°C and 5%CO2.  Exosomes were isolated from ~2.0x107 sub-confluent cells 
cultured in serum-free media for 48 hours using ExoQuick-TC kits (Systems 
Biosciences, Palo Alto, CA), per manufacturer guidelines. Briefly, 10 mL of 
exosome enriched media was centrifuged at 3,000g for 15 min. This was 
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followed by the addition of 5 mL of isolation reagent, vortexing for 5 min, and 
overnight incubation at 4 °C. After 12 h of incubation, the sample was 
centrifuged at 1,500g on a Sigma 13190 refrigerated centrifuge for 30 min. The 
supernatant was discarded, and the pellet was resuspended in 250 µL of 
resuspension buffer. 3 biological replicates were collected for each cell line.  

Nanoparticle Tracking Analysis 

NTA was recorded on a NanoSight LM10 (Malvern Panalytical, 
Wesborough, MA, USA) instrument with illumination at 488 nm. Following 
dilution of purified EVs (1:1000) in triple-filtered PBS, samples were 
introduced by perfusion pump. For a typical experiment, three 60 s videos were 
recorded, with 30 s of sample flow between replicates. Concentration was 
confirmed to be in the acceptable range for NTA analysis (3–20 × 108 
particles/mL), or else diluted/concentrated appropriately and re-analyzed. 

Exosomal RNA sequencing and data analysis.   

Small RNA sequencing libraries were constructed using the NEB Next 
small RNA library kit according to the manufacturer’s protocol then sequenced 
on an Illumina Nextseq550 instrument. Read quality from RNA-seq raw data 
was first assessed using FastQC (263). Sequence data was aligned to the 
human genome (hg19) using TopHat2 and STAR (264).  Subsequently, gene-
wise readcounts were calculated using ‘featureCounts’ from Rsubread package.  
Then, the count data was normalized using TMM normalization method, and 
differentially expressed genes were identified using ‘limma’ (265) and ‘voom’ 
(266).  Genes that were >2 fold up- or down-regulated with an FDR corrected 
p-value<0.05 were considered significantly differentially expressed.   

Protein Isolation  
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Purified exosomes were resuspended in 50% RIPA buffer v/v 
(ThermoFisher Scientific) and protein concentration was measured by BCA 
assay (Thermo Scientific, USA).   All protein samples were subjected to clean-
up / reduction / alkylation / tryptic proteolysis by using suspension-trap 
(ProtiFi, Inc.) devices.  S-Trap is a powerful Filter-Aided Sample Preparation 
method that consists in trapping acid aggregated proteins in a quartz filter 
prior to enzymatic proteolysis.  Proteins were resuspended in 50 µL SDS 
solubilization buffer consisting of 5% SDS, 50 mM TEAB, pH 7.55.  Disulfide 
bonds were reduced with dithiothreitol and alkylated (in the dark) with 
iodoacetamide in 50mM TEAB buffer.  Digestion constituted of a first addition 
of trypsin 1:100 enzyme: protein (wt/wt) for 4 hours at 37 °C, followed by a 
boost addition of trypsin using same wt/wt ratios for overnight digestion at 37 
°C.  To stop the digestion, the reaction mixture was acidified with 1% 
trifluoroacetic acid.  The eluted tryptic peptides were dried in a vacuum 
centrifuge and re-constituted in water with 2% acetonitrile.  

Liquid chromatography tandem mass spectrometry 

Peptides were directly loaded onto an Ionopticks (Parkville, Victoria, 
Australia) 75 um x 25 cm 1.6um C18 Aurora column with Captive Spray 
emitter.  Peptides were separated using a Bruker nanoElute UHPLC at 400 
nl/min. Solvent A composition was 0.1% formic acid in water, Solvent B was 
0.1% formic acid in acetonitrile. Gradient conditions were 0 to 60 min (2%B to 
14%B), 60 min to 90 min (14% to 24%B), 90 to 100 min (24% to 34%B), 100 to 
110 min (34% to 95%B), 110 to 120 (95%). Eluting peptides were then further 
separated using TIMS (trapped ion mobility spectrometry) on a Bruker 
timsTOF Pro mass spectrometer. Mass spectrometry data was acquired using 
the dda PASEF method (267) The acquisition scheme used was 100 ms 
accumulation, 100 ms PASEF ramp (at 100% duty cycle) with up to 10 PASEF 
MS/MS scans per topN acquisition cycle. The capillary voltage was set at 
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1700V, Capillary gas temp 200C. The target value was set at 20,000 a.u. with 
the intensity threshold set at 500 a.u. The m/z range surveyed was between 
100 to 1700. Precursor ions for PASEF-MS/MS were selected in real time from 
a TIMS-MS survey scan using a non-linear PASEF scheduling algorithm. The 
polygon filter (200 to 1700 m/z) was designed to cover ions within a specific m/z 
and ion mobility plane to select multiply charged peptide features rather than 
singly charged background ions. The quadrupole isolation width was set to 2 
Th for m/z < 700 and 3 Th for m/z 800.            

Mass spectrometry data analysis  

Mass spectrometry raw files were processed with MSFragger, v3.1 
(www.nesvilab.org).  For all searches, a protein sequence database of reviewed 
Homo sapiens proteins (accessed 07/05/2020 from UniProt) was used. Decoy 
sequences were generated and appended to the original database for 
MSFragger. A maximum of two missing cleavages were allowed, the required 
minimum peptide sequence length was 7 amino acids, and the peptide mass 
was limited to a maximum of 4600 Da. Carbamidomethylation of cysteine 
residues was set as a fixed modification, and methionine oxidation and 
acetylation of protein N termini as variable modifications. The initial 
maximum mass tolerances were 70 ppm for precursor ions and 35 ppm for 
fragment ions. A reversed sequence library was generated/used to control the 
false discovery rate (FDR) at less than 1% for peptide spectrum matches and 
protein group identifications. Decoy database hits, proteins identified as 
potential contaminants, and proteins identified exclusively by one site 
modification were excluded from further analysis. Label-free protein 
quantification was performed with the IonQuant algorithm (268). All other 
MsFragger parameters were kept at their default values.  

Analysis software and statistical analysis 
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Heat maps were generated using Morpheus (Broad Institute) 
https://software.broadinstitute.org/morpheus. mirna functional enrichment 
analysis was performed using TAM 2.0 (269). Clinical data shown here are in 
whole based upon data generated by the The Cancer Genome Atlas (TCGA) 
Research Network: https://www.cancer.gov/tcga. Statistical analyses were 
performed using GraphPad Prism. Data is presented from three biological 
replicates per cell line. Abundances of biomolecules of at least 2-fold difference 
with p values <0.05 to be significantly different. One-way ANOVA and post-
hoc Tukey’s Test were used to assess statistically significant differences of 
mean expression values. Results were considered statistically significant for p 
values < 0.05. 
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Results 

Characterization of breast cancer exosomes of varying metastatic potential and 
breast cancer subtype.  

 

 
Figure 1. Characterization of breast cancer exosomes with varying metastatic potential. A) Experimental 
design. Breast cancer (BC) cell lines [MCF-10a MCF-7 and MDA-MB-231 (triple-)] were grown to 
confluency, placed in serum-free media for 48 hours, supernatants were collected, EVs were isolated and 
processed for downstream analysis. B-D) NanoSight Tracking Analysis was performed, and distribution 
of isolated vesicles was determined along with E) quantification of vesicle concentration and F) average 
vesicle size (nm). G) Protein abundance of conventional exosomal markers. Error bars represent standard 
deviation. n=3/cell line 

To compare exosomes representative of breast cancer subtypes and 
varying behaviors, exosomes were isolated from MCF-10a, MCF-7 and MDA-
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MB-231 cells (Fig 1A). Both MCF-10a and MDA-MB-231 vesicles exhibited a 
range of particle sizes from 100-1000nm in size, but the majority of particles 
were ~400 nm in size (Fig 1B, D). MCF-7 exosomes displayed a different range 
of vesicle sizes ranging from 50-400nm (Fig 1C). Additionally, the total 
exosomal output and particles yielded from 2.0x107 cells per replicate varied 
across cell lines. MCF-7 cells produced the greatest number of exosomal 
particles, 2.88x1010 particles per mL of media (Fig 1E) while MCF-10a and 
MDA-MB-231 yielded on average 1.33x1010 and 1.18x1010 particles/mL, 
respectively. In general, MCF-10a and MDA-MB-231 cells generated EVs of 
similar sizes, averaging 357 nm and 338 nm in diameter, respectively; while 
MCF-7 generated smaller vesicles, averaging 191 nm in diameter (Fig 1F). 
Common exosomal protein biomarkers (270) were surveyed and confirming the 
presence of CDE in EV populations (Fig1G) yet significant deviations in 
abundance across cell lines was observed in 2 of the 6 (Catherin heavy chain 
1, CD9 antigen) exosomal markers examined. Additionally, 2 well-utilized 
exosomal markers characterized for high enrichment in exosomes (CD9, CD81) 
were not found at significant levels across all cell lines (271) 

RNA exosomal cargo varies between cancer cells of varying breast cancer 
subtypes. 

Small RNA sequencing, RNA size selection of 20-150bp in length, was 
utilized to identify small non-coding RNAs differentially abundant in isolated 
CDEs. Despite size selection and a lack of fragmentation within the sequencing 
preparation, CDEs primarily packaged protein-coding RNA (Fig 2a-c) at 
comparable abundance (67-70% of all aligned reads). The composition of non-
coding (lincRNA, rRNA, snoRNA, etc) transcripts was also surprisingly highly 
conserved across cell lines. Of the non-coding transcripts, 33%, 35% and 37% 
corresponded to pseudogenes (nonfunctional segments that resemble 
functional genes) in MCF10a, MDA-MB-231 and MCF7 exosomes, respectively 
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(Fig 2D-F). The most abundant type of non-coding RNA was long intergenic 
non-coding RNAs (lincRNAs), representing 20% of MCF10a, 20% MDA-MB-
231 CDE, 18% of MCF7 total RNA species. Antisense transcripts are single 
stranded RNAs that prevent transcription of their complementary protein 
coding gene and function as regulators of mRNA turnover (272). These were 
the next most abundant subclass of RNA exosomal cargo, representing 17%, 
16% and 14% of MCF10a, MDA-MB-231 and MCF7 exosomal RNAs, 
respectively. Ribosomal RNA (rRNA) and small nucleolar RNA (snoRNA) 
consistently represented 4% and 2% of exosomal genetic content across all 
three breast cancer cell types. Small nuclear, snRNAs, represented 3% in both 
MCF-10a and MDA-MB-231 exosomes and 5% of MCF7 exosomal small RNA 
content. Lastly, microRNAs (miRNAs), an important class of non-coding RNAs 
were found in each of the three types of BC exosomes analyzed at various 
abundances: 3% in MCF10a and MDA-MB-231 and 2% in MCF7.  

While the composition of RNA subtypes in CDE were remarkably 
conserved, the genes expressed were found to be cell line dependent. Unbiased 
hierarchical clustering of all genes identified from each cell line resulted in a 
segregation of cancer (MCF7 and MDA-MB-231) from normal epithelia 
(MCF10a) (Fig 2g). Furthermore, when compared back to MCF10a exosomal 
RNA profiles, differentially abundant genes were identified (Fig 2h, i) 
identifying cell type specific exosomal RNA cargo. MCF7 produced exosomes 
with a more unique RNA profile with 87% of the increased abundant genes 
unique to this cell line as opposed to 50% of differentially increased genes 
unique to MDA-MB-231 CDEs. Genes found to be decreased in CDEs were also 
consistent with this finding as 58% and 24% of decreasing genes compared to 
MCF10a cells were found to be unique in MCF7 or MDA-MB-231, respectively.  
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Figure 2. RNA sequencing (exoRNA sequencing) of breast cancer exosomes. A-C) Distribution of protein 
coding to non-coding genes identified in exosomes isolated from each breast cancer cell line: A) MCF-10a, 
B) MCF-7 and C) MDA-MB-231. D-F) smRNA subtype distribution: long intergenic non-coding RNAs 
(lincRNA), microRNAs (miRNA), antisense genes, small nucleolar RNAs (snoRNA), small nuclear RNAs 
(snRNA), miscellaneous RNA (miscRNA), ribosomal RNA (rRNA) and other non-coding regions of low 
abundance. Quantity of genes G) upregulated and (H) downregulated in exoMCF7 and exoMDA relative 
to exoMCF10a. 

Cancer derived exosomal miRNAs identify unique functional characteristics 
associated with cancer behavior. 

MiRNA’s represent a well-studied non-coding RNA species with 
numerous studies identifying functional significance in cancer behavior and 
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progression (273). Therefore, characterization of miRNAs was further 
examined in order to identify if exosomal cargo can serve to distinguish cancer 
types and behaviors. 235 miRNA genes were identified in the exosomal cargo 
of the cell lines examined with 180 (76.6%) of those differentially abundant in 
CDE relative to MCF10a. A majority of miRNAs were enriched in MCF10a 
exosomes relative to cancer cell lines (88% of differentially abundant genes) 
while minimal upregulation of genes (12%) was observed in CDE relative to 
those derived from MCF10a cell line (Fig 3a, 3b). Unbiased hierarchical 
clustering of all miRNAs across cell lines also confirmed an increased 
similarity between cancer cell lines relative to normal epithelial MCF10a as 
well as an increased abundance in a majority of miRNA genes relative to the 
cancer cell lines (Fig 3d). Enrichment of these miRNA populations of interest 
were analyzed across functional associations of the miRNA based on 
publication history identifying biological functions potentially altered as a 
result of the miRNAs identified (Table1-4). Numerous of the biological 
functions identified play an integral role in tumor biology and cancer 
progression such as inflammation, angiogenesis, cell death, epithelial to 
mesenchymal transition (EMT), and differentiation thus implicating possible 
downstream effects of miRNA in the behavior of cancer. Of note was the lack 
of enrichment in any biological function in MDA-MB-231 enriched exosomal 
miRNA. Upon miRNA comparison of both CDE cell lines, 56 miRNAs were 
found to be enriched in MCF7 exosomal populations while 45 miRNA’s were 
increased in MDA-MB-231 (Fig 3c). Enrichment of biological functions 
previously identified to be altered by these genes were also found to be cancer 
related behaviors (Table 5, 6).  



 

149 

 
Figure 3. CDE miRNA cargo analysis. A, B) Venn diagrams representing convergence of differentially 
abundant exosomal miRNAs in MCF7 and MDA-MB-231 cells relative to MCF10a. C) Quantitation of 
differentially abundant miRNA genes identified when comparing MCF7 vs MDA-MB-231. D) Heat map 
of all miRNA expression across all replicates and hierarchal clustering based on miRNA abundance 
profiles.  

Table 1. miRNA functional associations decreased in cancer vs MCF10a exosomes. 
Biological Function Count Percent Fold P-value Bonferroni FDR 

Inflammation 26 23% 4.44 9.16E-12 6.37E-09 1.02E-09 
Apoptosis 25 24% 4.51 1.74E-11 1.21E-08 1.63E-09 
Immune Response 21 23% 4.36 1.95E-09 1.35E-06 1.24E-07 
Cell Motility 10 48% 9.10 2.09E-08 1.45E-05 1.09E-06 
DNA Damage Response 8 50% 9.55 3.81E-07 2.65E-04 1.54E-05 
Cell Cycle 17 20% 3.91 4.75E-07 3.30E-04 1.87E-05 
Angiogenesis 14 22% 4.12 2.95E-06 2.05E-03 8.88E-05 
Regulation of Stem Cell 15 19% 3.63 6.76E-06 4.70E-03 1.77E-04 
Chemosensitivity Of Tumor 
Cells 

5 63% 11.94 1.75E-05 1.21E-02 3.74E-04 

Cell Proliferation 14 18% 3.34 3.80E-05 2.64E-02 7.58E-04 
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Table 2. miRNA functional associations increased in MCF7 vs MCF10a exosomes. 
Biological Function Count Percent Fold P-value Bonferroni FDR 

Carbohydrate Metabolism 3 33% 28.21 1.14E-04 2.98E-02 1.35E-02 
Epithelial-to-
Mesenchymal Transition 

5 6% 5.10 2.22E-03 5.79E-01 1.16E-01 

Cell Adhesion 2 25% 21.15 3.57E-03 9.32E-01 1.67E-01 
       

Table 3. miRNA functional associations decreased in MCF7 vs MCF10a exosomes. 
Biological Function Count Percent Fold P-value Bonferroni FDR 

Inflammation 8 7% 6.68 8.21E-06 2.77E-03 2.08E-03 
Response to Hypoxia 3 25% 23.38 2.15E-04 7.24E-02 3.47E-02 
Apoptosis 6 6% 5.29 5.61E-04 1.89E-01 6.65E-02 

 

Table 4. miRNA functional associations decreased in MDA-MB-231 vs MCF10a exosomes. 
Biological Function Count Percent Fold P-value Bonferroni FDR 

Inflammation 7 6% 5.55 1.28E-04 4.30E-02 6.51E-03 
Tumor Suppressor 
MiRNAs 

5 8% 6.83 5.68E-04 1.90E-01 2.40E-02 

DNA Damage Repair 3 16% 14.03 1.05E-03 3.53E-01 3.99E-02 
T-helper 17 Cell 
Differentiation 

3 16% 14.03 1.05E-03 3.53E-01 3.99E-02 

Cell Death 5 6% 5.70 1.32E-03 4.43E-01 4.70E-02 

 

Table 5. miRNA functional associations increased in MDA-MB-231 vs MCF7 exosomes. 
Biological Function Count Percent Fold P-value Bonferroni FDR 

Apoptosis 13 12% 6.05 4.27E-08 1.93E-05 1.26E-05 
Inflammation 13 12% 5.73 8.44E-08 3.82E-05 2.14E-05 
Cell Cycle 8 10% 4.76 1.68E-04 7.58E-02 1.30E-02 
Erythrocyte 
Differentiation 

3 33% 16.45 5.91E-04 2.67E-01 2.38E-02 

Cell Motility 4 19% 9.40 6.65E-04 3.01E-01 2.46E-02 
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Table 6. miRNA functional associations increased in MCF7 vs MDA-MB-231 exosomes 
Biological Function Count Percent Fold P-value Bonferroni FDR 

Regulation of Stem Cell 12 15% 5.29 1.01E-06 5.32E-04 4.97E-05 
Inflammation 14 13% 4.36 1.26E-06 6.64E-04 5.72E-05 
Epithelial-to-Mesenchymal 
Transition 

11 13% 4.62 1.23E-05 6.50E-03 4.45E-04 

Immune Response 11 12% 4.17 3.37E-05 1.78E-02 9.81E-04 
Cell Cycle 10 12% 4.20 7.63E-05 4.04E-02 2.09E-03 
Tumor Suppressor 
MiRNAs 

8 12% 4.29 3.78E-04 2.00E-01 7.82E-03 

Cell Adhesion 3 38% 13.07 1.13E-03 5.97E-01 1.82E-02 

Putative small RNA biomarkers of cancer aggressive behavior. 

Other RNA species, representing coding, antisense, intronic, lncRNA, 
pseudogene, rRNA and snoRNA, may also represent biologically active 
molecules that denote cancer cellular behavior. Furthermore, MDA-MB-231 
cells have been characterized as a highly invasive/metastatic form of BC, 
MCF7 is a less aggressive cancer type, and MCF10a is non-tumorigenic and 
considered a model of normal mammary epithelial cells (274). Based on this 
decreasing aggressive phenotype described amongst cell lines tested, small 
RNAs of other origins were probed for putative biomarkers of aggressive 
behavior. 15 genes were identified as genes that have correlative with 
increases in invasive behavior, from a basal level of expression represented in 
MCF10a with increasing abundance in MCF7 exosomes and greater 
abundance in MDA-MB-231 (Fig 4a). The identified genes were all found to be 
significantly different (p<0.05) across cell lines. Conversely, 10 biomarker 
genes associated decreasing abundance in correlation with aggressive cancer 
behavior were also identified (Fig 4b).  
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Figure 4. Exosome-derived candidate biomarkers associated with metastatic disease and normal 
epithelia. A) Candidate biomarkers with statistically significant increases in gene expression between 
exosomes from each cell line, representative of increased invasive/metastatic character. Candidates were 
only selected based on a statistically significant (p-value<0.05) FC<1.5 (fold change) between gene 
expression of MCF-10a and MCF-7 and also between MCF-7 and MDA-MB-231. Gene expression is 
normalized as a percentage of maximum expression in MDA-MB-231 exosomes, representative of 
advanced disease. B) Candidate biomarkers associated with improved disease status. Similarly, 
biomarkers were selected based on statistically significant decreases (FC>1.5, p-value<0.05) between 
MCF-10a and MCF-7 exosomes; and additionally, between MCF-7 and MDA-MB-231 exosomes to denote 
candidate biomarkers associated with cancer invasiveness.  

 

Proteomic analysis of CDEs identifies alternative relationship between cell 
lines. 
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Exosomal proteomic characterization was also performed on CDEs using 
mass spectrometry. Unbiased hierarchical clustering was performed 
identifying MCF10a and MDA-MB-231 exosomal populations with increased 
relatedness relative to MCF7 (Fig5a). Examination of differentially abundant 
proteins further confirm this finding as 419 proteins were found to be 
significantly increased in MCF7 exosomes while only 16 were observed 
different when MDA-MB-231 exosomal proteins were compared to MCF10a. 
On the other hand, significantly decreased proteins were found to be more 
abundant in MDA-MB-231 cells (139 proteins) than MCF7 (88 genes) relative 
to MCF10a (Fig5b). Interestingly, this pattern of abundance indicates an 
overall decrease in protein abundance in MDA-MB-231 exosomes and an 
increase in MCF7 relative to MCF10a. Upon comparison of overlapping 
differentially abundant proteins, CDEs from MDA-MB-231 and MCF7 were 
found to have opposing effects on 49 proteins in which one cancer cell line 
increased and the other cancer cell line decreased exosomal protein abundance 
relative to normal epithelial (MCF10a) exosomes. 



 

154 

 
Figure 5. Exosomal protein cargo in CDEs. A) Heat map depicting relative protein abundance of all 
identified proteins in CDEs. B) Shared and unique proteins enriched in breast cancer exosomes (MCF-7 
and MDA-MB-231) compared to non-cancerous epithelial cells (MCF10a). 

Clinical relevance of in vitro isolated CDEs 
CDE have been hypothesized to present cell specific biomolecules in a stable 
and secreted form amenable to non-invasive surveillance in clinical settings 
(275). The relevance of these pre-clinical, in vitro findings was next examined 
for utility in relation to clinical data obtained from breast cancer patients using 
publicly available datasets within The Cancer Genome Atlas (TCGA) (276) 
Segregation of molecular subtype of BC (MCF10a:Normal; MCF7:Luminal; 
MDA-MB-231:TNBC) based on transcriptional data generated from in vitro 
cultured exosomes was confirmed with clinical data from BC patients in 2 
miRNAs (hsa-mir-375, has-mir-138-1) (Fig 6a. 6b). Additionally, 2 putative 
protein biomarkers (FBP1, HLA-A) were also found to match subtype specific 
abundance patterns identified in BC exosomes with high significance (Fig 6c, 
6d).    
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Figure 6. Breast cancer exosomal contents correlate to clinical data. Box and Whisker plots of predicted 
A&B) miRNA and C&D) protein biomarkers identified in this study of in vitro cultured BC cell lines 
mimics clinical data in correlation to BC subtypes based on data obtained from The Cancer Genome Atlas 
(TCGA). Line represents median expression and box depicts upper and lower quartile values. **** 
p≤0.001 

Discussion 

In this study, I identified unique properties of EVs derived from 
different types of breast cancer cells (normal, luminal, and triple negative 
origin). Of note, I observed differences in EV particle heterogeneity and 
generation rate across cell lines. MCF7a cells were found to generate increased 
abundance of smaller extracellular vesicles while MDA-MB-231 and MCF10a 
shared common characteristics of size and quantity of extracellular vesicles. 
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The relatedness of the triple negative MDA-MB-231 cell lines with the normal 
epithelial MCF10a cell line was also observed upon examination of the protein 
content within the CDEs. Surprisingly, 6 conventional exosomal protein 
makers showed variability in abundance across cell lines examined. As a result 
of this data careful consideration of exosomal marker selection should be 
examined prior to use of these markers as normalization, quantitation, or 
enrichment technologies.  

Yet upon examination of the transcriptional cargo contained in the 
CDEs, grater similarity was observed between the two cancer cell lines as 
opposed to the MCF10a cells. Sequencing of small RNA exosomal cargo 
identified an abundance of RNA aligning to coding regions of the genome. Due 
to the size selection process prior to sequencing (25-150 base pairs) these RNA 
species aligning to coding regions could represent fragments of mRNA that 
were loaded as a whole or piece of mRNA into exosome or debris in preparation. 
Further analysis will be required to decipher the origin and significance of 
these RNA fragments. Interestingly, comparable distribution of smRNA 
species across cell types was observed in all cell lines tested however the 
contents were found to be distinct across breast cancer subtype.  

Previously unexplored transcript types such as pseudogenes, snoRNAs 
etc. are surfacing in recent findings as potential new biomarker candidates. 
For example, survey of lung cancer snoRNAs has suggested that these non-
coding RNAs contain both tumor suppressor and tumor promoting properties 
(277). While our research focused primarily on miRNAs and protein 
biomarkers, investigation of pseudogenes noted here correlating with breast 
cancer subtype and metastatic potential are further avenues for validation of 
clinical significance. This study of breast cancer exosomes found pseudogene 
transcripts to comprise the majority of non-protein coding genes (33, 35 and 
37%) via RNA-sequencing. While previously thought to be redundant and non-
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functional, growing evidence reveals that these regions can also not only 
provide valuable diagnostics of disease but serve as prognostic markers of 
human cancers as well (278). The full extent to which these gene signatures as 
well as correlation with disease progression has yet to validated. Future 
analysis of these differentially abundant genes will focus on validation to 
clinical tumor and circulating levels from publicly available databases however 
this analyte is not conventionally collected from clinical samples so pre-clinical 
studies may be necessary to further this research.            

The miRNA cargo within CDEs identified unique profiles specific to the 
BC cell lines. This species of non-coding RNAs offers an enticing biomarker as 
the effects of miRNAs in cancer behavior has been well-studied and functional 
enrichment data is available further allowing predicted function (269,279–
281). Functional enrichment performed on miRNAs from CDE in this work 
highlighted several potential activated/inhibited pathways which warrant 
future therapeutic or diagnostic investigation. Numerous predictive tools for 
miRNA targeting to homologous genes are also publicly available and 
represent an additional established methodology utilized in miRNA research 
(282,283). 

The data generated using basic in vitro culturing techniques was 
validated with clinical data identifying 4 potential biomarkers (2 miRNA and 
2 protein) of BC subtype. It was noted that not all putative biomarkers 
matched clinical profiles and may represent an exosomal specific differential 
abundance, non-physiological response, or sampling issues. Despite 
preliminary promise as a useful analyte in a preclinical setting, increased rigor 
throughout the exosomal analysis pipeline will add robustness to the impact 
and understanding of this approach. Specific areas of improvement for futures 
studies should focus on increasing the breadth of cell lines tested to 
accommodate for intertumor heterogeneity; increased clinical data associated 
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with tested samples for further resolution of cancer behaviors from CDEs; 
longitudinal studies to examine the shifts in exosomal characteristics over the 
course of disease progression; and increased complexity in preclinical culturing 
methods to increase clinical impact and to ensure recapitulation of native 
exosomal packaging/secretion.  

The survey of CDE and the biological material cargo encapsulated 
within displays the utility in analysis of these secreted vesicles as well as its 
translatability from pre-clinical discovery to clinical significance. In 
conjunction with data described in previous chapters, future studies will work 
on discrimination of CDE cargo in ex vivo cultures that can serve diagnostic or 
prognostic roles. A non-disruptive analyte can serve as a proxy for cancer 
behavior that can be easily measured from culture media and thus may serve 
as a valuable metric for preclinical tumor models in longitudinal studies in 
which retention of native tumor behavior is critical for clinical relevance. 
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Chapter 6. Conclusion 
Despite breast cancer research driving new advances in therapeutic 

targets and treatments, triple negative breast cancer remains a difficult to 
treat disease complicated by lack of targetable receptors, its propensity for 
aggressiveness, and increased relapse rates. Additionally, the heterogeneity in 
oncogenic drivers of TNBC induces further difficulty in effective anti-tumor 
therapies. The utility of pre-clinical models of TNBC has historically been 
limited by the incomplete recapitulation of the in vivo TME. The work 
presented in this thesis provides insight into behavioral biases imparted by 
conventional pre-clinical cancer culturing as well as highlighting the dynamic 
interplay between cancer cells and stromal cell types occupying the primary 
TME (Fig 1). 

 
Figure 1. Summary of project findings. 

A thorough characterization of TNBC 4T1 cells upon differing culture 
conditions was performed utilizing RNA sequencing technologies and featured 
in Chapter 2. 4T1 represents an ideal model for TNBC as it is a murine derived 
TNBC cell line capable of engraftment into fully immune competent animals 
providing the opportunity to investigate stromal contributions in line with 
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clinical samples. Additionally, 4T1 cells mimic human metastatic disease 
(284). My initial hypothesis was that increasing complexity would induce 
cancer cell behavior more like that of the syngeneic in vivo environment. This 
was proven to be broadly correct however each culturing approach promoted 
unique gene expression profiles and cellular behaviors suggesting that the 
cancer cells are rapidly influenced by cues they receive from their 
surroundings. Monolayer culture was found to prioritize biological processes 
critical to proliferation; the expression profiles of these cancer cells highlight 
that these cells are primarily using cellular resources to rapidly expand 
without engaging in many other types of cellular behaviors. 3-dimensional 
culture of cancer cell alone introduced more cellular surfaces for cell-cell 
attachment and established nutrient gradients throughout the spheroids. This 
culture configuration allowed the cells to synthesize more ECM, and this was 
quantifiable as a significant increase in many ECM transcripts. It also 
promoted the expression of genes associated with several differentiation 
pathways, such as response to hypoxia, cell adhesion, and regulation of cell 
proliferation; these transcripts were not detected at significant levels in the 2-
dimensional cultures.  

In general, when similarity matrix analysis was conducted, all the in 
vitro conditions were found to be more similar to each other than to all the in 
vivo conditions examined. Utilizing immunocompromised mice for in vivo 
tumor growth provided insight into the behavior of cancer cells in the absence 
of immune infiltration or cellular stresses induced by immune cell types such 
as T-cells that normally function to infiltrate tumors and kill cancer cells, 
however these mice had other stromal support cells such as fibroblasts and 
endothelial cells. These tumors were therefore highly informative for assessing 
the contribution of non-immune stromal components to tumor growth, drug 
response and other types of cellular morphogenic chances such as EMT. 
Tumors cultured in these mice did show a significant change in transcripts 
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associated with rapid proliferation, suggesting that these cancer cells grow 
slower than in vitro. Their transcriptional profiles also suggested that they had 
a more dynamic interaction with the TME to actively contribute to ECM 
synthesis. While fibroblasts were originally described by others as the main 
cell type in the TME to secrete ECM molecules (285), we have found that other 
cell types in the TME, including cancer cells also expressed robust levels of 
fibronectin and select collogens in tumors.  

The inclusion of a complete immune system provided by growing 4T1 
cells orthotopically in BALB/c mice resulted in a transcriptional profile 
enriched in cell signaling relative to all other in vivo and in vitro conditions. 
These cancer cells exhibited a further increase in the ECM and cell signaling 
programs in cancer cells. These differential processes were found to be facets 
of an EMT critical to cancer progression. One particular phenotype I aimed to 
characterize in greater detail in my studies, is how different culture conditions 
and different cellular components influence the EMT state of cancer cells.  
Others have previously shown that in skin squamous cell carcinoma tumors, 
there are 6 transitional EMT states and most of cancer cells tend to reside in 
early hybrid states in tumor bearing mice with full immune complement, which 
would be the state most similar to that of human patients (151).  

However, that is not the case for cancer cells cultured in vitro, these cells 
are more likely to retain epithelial nature and not undergo EMT. As I increased 
the complexity in vitro, and introduced into the 4T1 cultures additional cell 
types, I observed that the 4T1 started to rapidly transition away from 
epithelial cell states that dominate 2D culturing conditions. However, cancer 
cells undergoing EMT in vitro were more likely to rapidly shift to a fully 
mesenchymal state (as defined by high expression of CD51, CD61, and CD106 
markers). This was in sharp contrast with the states present in in vivo tumors 
where only a minority of tumor cells were in the mesenchymal state and most 
of the cancer cells favored the early intermediate hybrid states. The inclusion 
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of a full immune component in the TME favored late and hybrid states while 
NSG tumors lacking immune cells favored an early hybrid state. What became 
clear was that preserving cancer cells in these intermediate hybrid states in 
vitro would be most challenging and we have yet to determine what are the 
most critical cellular and molecular components derived from the stroma that 
are required to recapitulate the in vivo phenotype. The union of in vitro and in 
vivo methodologies via ex vivo culturing was also analyzed and remarkably 
showed artifacts of both culturing approaches with maintenance of high levels 
of EMT cells similar to in vivo yet these cells also promoted increased shift to 
a fully mesenchymal state similar to in vitro culturing, reemphasizing the 
challenge we still need to overcome.  

To continue the quest of finding the most critical cellular and molecular 
TME components that would permit human tumors dissected from patients to 
be cultured ex vivo in conditions that preserve their original phenotype, in 
Chapter 3 I set out to study ex vivo cultures longitudinally with the goal of 
dissecting the in vivo complexity to identify the most essential activities that 
are necessary and sufficient to preserve primary tumors in culture in the most 
‘in vivo’ state. In this study, I analyzed the effects of time and spatial 
organization on cancer cells. Tumors were harvested and processed. The 
dissociated single cell suspensions were next cultures in monolayer and 
spheroids, in media or in hydrogel. The smaller tumor aggregates or tumoroids 
were also cultured in media or in hydrogel. Longitudinal studies of these 6 
different culturing approaches [(1) monolayer in media; (2) monolayer in gel; 
(3) spheroid in media, (4) spheroid in gel; (5) tumoroid in media or (6) tumoroid 
in gel were carried out for 12 days, and cancer cells were assayed at 3-day, 7-
day and 12-day time points. I hypothesized that the ECM suspended tumoroid 
cultures would retain and preserve most of the original tumor cellular 
heterogeneity, tumor ECM components, and tumor architecture and this 
condition would best retain the native cancer cell behavior, over time. 
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Surprisingly tumoroids cultured in media and not those in hydrogel preserved 
characteristics most closely to the primary tumors and represented the most 
optimal culturing condition over the course of a 12-day ex vivo culture. In sharp 
contrast with 2D conditions where cancer cells expand at a very rapid rate in 
vitro, the tumor growth was blunted under this condition and the stability of 
EMT heterogeneity was best maintained under this condition. The insights 
featured in this work further the understanding of ex vivo tumor culture 
impact through evaluation of cancer cell behavior and heterogeneity. In turn, 
future studies will focus on further environmental alterations (media 
composition, tumoroid size, extended culturing time, etc.) to improve the 
cancer cell and stromal cell retention in ex vivo culture for pre-clinical research 
and/or personalized screenings in vitro.  

Previously discussed chapters focused solely on the cancer cell behavior, 
yet a wide range of cell types exist in tumors including immune and non-
immune components critical to tumor biology and chemotherapeutic response. 
Chapter 4 focused on determining the contribution stromal cells can, in a fully 
immune competent host, have on treatment of TNBC to inform future 
therapeutic approaches. Following the observation that 4T1 derived TNBC 
tumors have a polarized response to treatment with anthracycline based 
chemotherapeutics such as doxorubicin (DOX), in Chapter 4 we applied single 
cell RNA-sequencing to determine what cell types vary in responders relative 
to non-responders. Special emphasis was given to identifying alterations in T 
cell populations, since subtypes of these cells are known to be highly involved 
in killing tumor cells (286). A minor yet significant T cell subtype CD8 γδ IL17+ 
was found to play a critical role in secretion of IL17a. IL17a was proven to be 
a potent cytokine in the TME that can increase the efficacy of the current 
standard of care treatment with anthracycline chemotherapeutics. The 
mechanism of action was further characterized through the TNBC cells where 
coadministration of IL17 and DOX was found to increase toxicity in vitro while 
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also discouraging chronic antigen exposure and exhaustion marker expression 
leading to a higher population of exhausted, functionally inactive T cell 
populations in tumors resistant to DOX treatment. 

An additional facet of tumor dynamics examined focused on the cell-cell 
communication of a tumor in Chapter 5 where extracellular vesicle, specifically 
exosomes, characterization and cargo identification were shown to correlate to 
BC cancer subtypes and aggressiveness. By surveying of the transcriptomic 
and proteomic analysis of the cargo, I was able to identify putative biomarkers 
of BC subtype and metastatic potential. The exosomal cargo identified in this 
work may serve as a biomarker secreted into biofluids enabling a non-invasive 
liquid biopsy technology development or serve as a real-time readout in pre-
clinical models to assess cancer status and prognosis. Furthermore, the 
variability identified in protein and small non-coding RNA cargo serves as 
valuable proof of concept for future work discriminating BC subtypes and 
behaviors from CDE secreted into culture media.  

The molecular and cellular heterogeneity in TNBC tumors identified in 
this work illustrate the underlying difficulty in attaining effective outcomes 
from use of standardized cancer treatments. The growing field of personalized 
medicine offers an alternative approach fueled by targeted therapies catered 
to each patient’s specific tumors. Identifying the optimal combination of 
therapies that are going to be most effective in eradicating an individualized 
cancers while having the least adverse effects remains a goal for future cancer 
care. Current strategies depend heavily on characterization of primary tumors 
from biopsy samples. Numerous studies have identified therapeutic efficacy 
strengths and deficiencies based on personal patient factors (age, sex, race, 
lifestyle, etc), oncogenic driving mutations in addition to other “omics” datasets 
(proteomic, metabolomic, transcriptomic, pharmacogenomic) (287–289).  This 
data has been utilized to generate treatment selection algorithms promising 
predictions of increased antitumor efficacy (290,291). Nonetheless the 
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bottleneck to this methodology remains confirmation of the prognostic value of 
these methods in a clinically relevant and high-throughput preclinical tumor 
model. As shown in this research, conventional culturing methodologies do 
impart tumor phenotypes critical to identification of effective therapies. In 
vitro TME conditions will require careful considerations to retain native tumor 
behavior and composition while also promoting non-disruptive assay metrics. 

The integration of these findings into improved preclinical models 
inclusive of the native stromal complexity will continue to remain a goal for 
future research until cancer will be eradicated, or significant drops in mortality 
will be achieved. In summation, work presented here lays the foundation for 
improvements in pre-clinical models of TNBC. Through identification of cancer 
cell behavior under conventional culturing approaches I was able to focus 
subsequent efforts on ex vivo culturing methodologies in turn identifying a 
leading method for ex vivo retention of the native cancer cell behavior observed 
in syngeneic tumors comparable to clinical specimens. The importance of 
retention of in vivo complexity in a pre-clinical setting was identified in 
syngeneic 4T1 tumors where T cell populations inducing a pro-inflammatory 

Figure 2. FFuture pre-clinical TNBC model. Utilization of findings from this work can be 
integrated into a preclinical model capable of recapitulating stromal induced response of 
cancer cells with an exosomal cargo serving as biomarker analyte. 
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cytokine was proven an influential molecule contributing to chemotherapeutic 
response and may serve as a prime example for demonstration of a complex in 
vitro tumor model capable of recapitulating this diverse tumor response. 
Finally, improved metrics integrated into future preclinical may provide 
additional insights into tumor behavior previously unattainable with current 
technologies. Here I present exosomal cargo as a novel metric for incorporation 
into future assays for pre-clinical TNBC models. Despite the complexities and 
challenges discovered in this work, the promise of decreased health burden and 
novel therapeutic discovery from TNBC through improving research and pre-
clinical screening utilizing research presented here will be the driving force for 
future studies.   
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