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resulting primary lesions were surgically excised (B) and differences in tumor weight (n=5 mice 
per group) were analyzed via a paired T-test, resulting in the indicated P value. (D) These mice 
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ABSTRACT 

Breast cancer (BC) is one of the deadliest forms of cancers with high incidence and 

mortality rates, especially in women. Encouragingly, targeted therapies have improved the overall 

survival and quality of life in patients with various subtypes of BC. Unfortunately, these first-line 

therapies often fail due to inherent as well as acquired resistance of cancer cells. Treatment-

evading cancer cells can exhibit systemic dormancy in patients over a long period of time without 

manifesting any symptoms. In a suitable environment, these undetected disseminated tumor cells 

can relapse in the form of metastasis. Therefore, it is essential to understand the mechanisms of 

BC recurrence and to develop durable therapeutic interventions to improve patient’s survival. In 

this dissertation work, we studied fibroblast growth factor receptors (FGFR), as therapeutic targets 

to treat the recurrence of drug-resistant and immune-dormant BC metastasis.  

 

The HER2 subtype of BC is characterized by the overexpression of human epidermal 

growth factor receptor 2 (HER2), which drives elevated downstream signaling promoting 

tumorigenesis. Trastuzumab emtansine (T-DM1) is an antibody-drug conjugate in which an anti-

HER2 antibody targets HER2 overexpressing tumor cells and delivers a highly potent microtubule 

inhibitor. Using novel models of minimal residual disease (MRD) following T-DM1 treatments, 

we found that epithelial to mesenchymal transition is a critical process for cells to persist the T-

DM1 treatments. The upregulation of FGFR1 may facilitate insensitivity to T-DM1. Our data also 

showed that FGFR1 overexpression in HER2+ tumors leads to a higher incidence of recurrence, 

and these recurrent tumors show sensitivity towards covalent inhibition of FGFR. 

 

In addition to drug-induced MRD in the primary tumor sites, disseminated tumor cells 

(DTCs) can demonstrate dormant phenotype via maintaining an equilibrium with immune-

mediated tumor clearance. Factors affecting such equilibrium may contribute to the recurrence of 

breast cancers metastasis. We show that such immune-mediated dormancy can be modeled with 

the 4T07 tumors. These tumors display immune-exclusion phenotypes in metastatic pulmonary 

organs. The inhibition of FGFR modulates the immune cell compositions of pulmonary organs 

favoring anti-tumor immunity. However, inhibition of FGFR may also affect T cell receptor 

downstream signaling, resulting in the inhibition of cytolytic T cell’s function. Finally, we report 
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that combination therapy using the FGFR kinase inhibitor and an immune checkpoint blockade 

showed effective targeting of metastatic 4T07 tumors. 

 

FGFR signaling as a therapeutic target in various tumors has been an active focus of cancer 

research. In this dissertation work, we have expanded our understanding of the role of FGFR in 

the recurrence of drug-resistant breast cancers as well as in the maintenance of an immune evasive 

microenvironment promoting pulmonary growth of tumors. Moreover, we presented evidence that 

it is possible to repurpose FGFR targeted therapy alone or in combination with checkpoint 

blockades to target recurrent metastatic BCs. In the future, our novel models of minimal residual 

diseases and systemic immune dormancy may act as valuable biological tools to expand our 

understanding of the minimal residual disease and dormant tumor cells. 
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 INTRODUCTION 

Cancer, rightfully considered to be the emperors of all maladies, is the disease of our times 

to beat. To current days, cancer causes significant health and financial burden to people all over 

the world. The development of durable therapeutic interventions is hindered by the complexity of 

cancerous diseases (Dagogo-Jack and Shaw, 2018; Fisher et al., 2013). Inherently different 

mechanisms are at play in the initiation, development, and maintenance of various forms of cancers. 

Additionally, the limitations in experimental models pose significant scientific challenges to 

understand the critical steps of cancer progression.  

1.1 Cancer dormancy 

Evolution is the fundamental characteristic of neoplastic cells (Yates and Campbell, 2012; 

Yates et al., 2017). Transformed cells have to undergo continuous phenotypic changes and 

selection events that enable them to survive and fit at different stages of metastatic progressions. 

Early dissemination of cells, even before the clinical detection of the disease, is a well-established 

phenomenon of cancers (Aslakson and Miller, 1992; Rhim et al., 2012; Röcken, 2010). These 

disseminated tumors often evolve to a slowly growing dormant state known as cancer dormancy 

(Figure 1.1). Additionally, these dormant cells are resistant to various therapies and can remain in 

such a state for an extended period of time (Ebinger et al., 2016; Quesnel, 2013). 
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Figure 1.1  Cancer Dormancy and minimal residual disease. Cancer cells exit primary tumor sites 
even before the clinical detection of the local tumors. These disseminated tumors can maintain a 
dormant state and survive for months, years, or even decades. With the detection of the disease, 
patients undergo surgeries and therapeutic treatments leading to clinical remission. However, 

disseminated cells remain undetected and survive therapeutic treatments. Usually, there are three 
types of dormancy such as a) cellular dormancy b) vasculature mediated dormancy and c) 

immune-surveillance mediated dormancy. Various external stimuli and internal physiological 
factors can liberate these cells from dormancy and make them proliferative, ultimately results in 

the disease recurrence. Eventually, patients suffer from both local recurrences as well as 
systemic metastatic diseases. 
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The phase of minimal residual disease is defined when cancer cells exist in a clinically 

undetected and dormant state after treatments or surgeries. Inter and intracellular signaling 

pathways and external factors that influence the maintenance of such dormancy have been active 

fields of research. Usually, the maintenance of  dormancy is categorized into three different means 

such as a) cellular dormancy b) angiogenic dormancy, and b) immune surveillance-mediated 

dormancy (Aguirre-Ghiso, 2007).  

 

 From a therapeutic standpoint, understanding the biology of dormancy inducer, 

maintenance and recurrence could be very exciting. Such knowledge would enable us to develop 

novel therapeutics to drive actively growing tumors towards dormancy, prevent or delay their 

recurrence, and even induce cell death in the state of dormancy. In this dissertation work, we 

studied the recurrence of minimal residual disease and immune-dormant breast cancer cells. 

1.2 Breast cancer 

Breast cancer (BC) shows the highest incidence in women worldwide and causes significant 

mortalities (DeSantis et al., 2014). Traditional classifications of BC have been used for patient’s 

prognosis and choice of therapeutics. These classifications of BC relied on various 

pathohistological features such as tumor grade, size, and node status, and immunohistochemistry 

for estrogen receptor alpha (ER-α), progesterone receptor (PR) and human epidermal growth factor 

receptor 2 (Her2) receptor (Ali et al., 2017). More recently, cDNA microarray-based gene 

expression analyses enabled molecular subtyping of breast cancers (Hu et al., 2006; Perou et al., 

2000; Sørlie et al., 2001; Sotiriou et al., 2003) . Molecular subtyping such as  PAM50 with several 

others MammaPrint and OncotypeDX are currently being used clinically for stratifications of 

patients and the treatment decisions (Parker et al., 2009)(Brandão et al., 2019)(McVeigh and Kerin, 

2017).  

 

The HER2 subtype of breast cancer (BC) accounts for about 20% of all BC patients(Ali et 

al., 2017). This subtype is defined by the overexpression of human epidermal growth factor 

receptor 2 (HER2), which drives elevated downstream signaling inducing tumorigenesis. 

Overexpression of HER2 leads to self-dimerization of the surface receptors that can initiate 

downstream signaling in a ligand-independent manner (Moasser, 2007). Aberrant activation of 
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HER2 downstream signaling cascades promotes cancer proliferation, migration, invasion, and 

metastasis (Johnson et al., 2010; Prior et al.). As a result, there have been significant research 

efforts in inhibiting HER2 driven tumorigenic signaling that lead to the emergence of successful 

kinase inhibitors and monoclonal antibody therapies.  

 

Oncogenic addiction of tumors to HER2 signaling for their growth makes them susceptible 

to those small molecule inhibitors. Several kinase inhibitors, such as Lapatinib and Neratinib, can 

inhibit HER2 and other members of ErbB family receptors (Di Leo et al., 2008; Geyer et al., 2006). 

These drugs have shown significant efficacies in combination with chemotherapies to treat Her2-

amplified advanced BC. In addition to kinase inhibitors, several monoclonal antibodies have also 

been developed targeting the extracellular domain of the kinase receptor. Monoclonal antibodies 

such as Trastuzumab and Pertuzumab can selectively bind to Her2 overexpressing cells and induce 

cytotoxicity by inhibiting Her2 signaling (Miller et al., 2014; Nahta, 2012). These drugs have 

shown significant clinical benefits and have been granted FDA approval for the treatment of 

metastatic Her2-amplified BC patients (Perez et al., 2014). 

1.3 Trastuzumab-emtansine (T-DM1) 

T-DM1 is an antibody-drug conjugate (ADC) where HER2 targeting antibody trastuzumab 

is conjugated with a potent cytotoxic moiety, DM1, via nonreducible thioether linkage. 

Mechanistically, humanized monoclonal antibody Trastuzumab selectively binds with HER2-

expressing cancer cells triggering receptor-mediated endocytosis of the drug. Following 

internalization, the linker undergoes proteolytic degradation in the lysosome releasing the DM1 

drug. Upon the release of the DM1 in the cytoplasm, it can negatively affect they microtubule 

assembly/disassembly dynamics ultimately results in a mitotic arrest, apoptosis, and mitotic 

catastrophe (Barok et al., 2014a)(Barok et al., 2011)(Lewis Phillips et al., 2008). 

 

 Clinical trials with patient cohorts such as EMILIA, TH3RESA have established T-DM1 

as a standard treatment for patients stratified as Her2+ BC subtype (2013)(Welslau et al., 

2014)(Amiri-Kordestani et al., 2014). T-DM1 are being used both as first-line treatments for 

patients that progressed early to the adjuvant therapy and as second or further line treatments for 

patients with metastasis. EMILIA study reported 9.6 months of median progression-free survival 
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(PFS), whereas TH3RESA reported 6.2 months. The reported overall survivals for EMILIA and 

TH3RESA were 30.9 and 22.7 months, respectively. A more recent clinical study, KAMILLIA, 

observed similar PFS of 6.9 months for patients with advanced breast cancer (Montemurro et al., 

2019). KAMILLIA trials also reported a comparable overall survival of 27.2 months. All of these 

studies supported the continued use of T-DM1 in patients with advanced Her2-positive breast 

cancer (Hardy-Werbin et al., 2019).  

  

Despite such encouraging responses of  T-DM1 in HER2-positive breast cancer, clinical data 

also indicate that patients eventually progress (Barok et al., 2014a). Additionally, a subset of 

HER2-positive patients can be non-responsive to the drug. Thus, understanding the molecular 

mechanisms of such inherent and acquired resistance towards T-DM1 may lead to the development 

of novel therapies. 

1.4 Fibroblast growth factor receptors (FGFR) 

Fibroblast growth factor receptors are the group of four receptor tyrosine kinases (FGFR1-

4) involved in crucial physiological processes in developmental and adult cells (Dai et al., 2019). 

Genomic amplifications and aberrant transcriptional activation of FGFR and their downstream 

signaling have been implicated in various diseases. Different external stimuli and subsequent 

activation of various transcription factors such as E2F-1, SP1, Sp3 can drive the expression of 

distinct members of FGFR (Kanai et al., 2009; Tashiro et al., 2003)(McEwen and Ornitz, 1998). 

Additionally, the transcription factor Twist can induce FGFR upregulations during the process of 

EMT (Brown et al., 2016a). Such over activations are critical to sustaining tumorigenesis in 

various cancers (Helsten et al., 2014). Additional to such transcriptional deregulations, analyses of 

large set of patient’s tumors revealed that FGFR signaling can also be activated via genomic 

amplifications, chromosomal translocation, and activating mutations (Ciriello et al., 2015)(Helsten 

et al., 2014)(Patani et al., 2016).  
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Figure 1.2  Different therapeutic options for targeting FGFR signaling. Various options are 
available to target FGFR in different types of cancer. Current approaches to targets FGFR 

include selective and non-selective tyrosine kinase inhibitors and the monoclonal antibodies to 
block receptor function and sequester ligands. Different competitive and covalent inhibitors are 

also being developed that bind to the ATP-binding sites of the intracellular kinase domains of the 
receptors and prevent initiation of phosphorylation cascade of the FGFR signaling. Antibody 
therapies like FPA144, GP369, and MRGR18775 target the external domains of the kinase 
receptors. Additionally, Various engineered IgG are also being pursued to traps ligands that 

sequester the available ligands of the receptors and subsequent downregulation of the signaling. 
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FGFR signaling pathway heavily dependent on its interactions with membrane co-

receptors. Hepran sulfate proteoglycans(HSPGs), N-cadherin, b3-integrin, neural cell adhesion 

molecule(NCAM), and neuropilin-1 are some of the co-receptors FGFR are found to be interacting 

with leading to various downstream regulations of FGFR (Fernig et al., 2000; Rahmoune et al., 

1998)(Hazan et al., 2000; Williams et al., 2001)(Brown et al., 2016a; Mori et al., 2015)(Francavilla 

et al., 2009). Close associations of such receptors dictate the specificity and affinity of these 

receptors for various growth factor ligands. Interestingly, alternative splicing events of the 20 

exons of the FGFR also give rise to different splice variants of these receptors with differential 

binding preferences for growth factor ligands (Ali et al., 2017). Additionally, cellular localization 

of FGFR can also influence different physiological events of the cells in the context of disease 

(Fang et al., 2005; Lee et al., 2013; Stachowiak and Stachowiak, 2016). 

 

In breast cancer, FGFR1 is the most frequently amplified member of the FGFR family. 

FGFR1 is found to be involved in the acquisition of resistance to HER2 targeted and endocrine 

therapies in HER2-positive and luminal B subtype of BC, respectively (Turner et al., 2010)(Azuma 

et al., 2011)(Brown et al., 2016b). FGFR1 is also reported to influence multidrug efflux pumps 

and confer resistance to chemotherapies (Patel et al., 2013). All of these studies underscored the 

importance of FGFR signaling as a therapeutic target, and that led to the ongoing development of 

various therapies that are summarized in figure 1.2. Understanding the roles of FGFR in breast 

cancer progression and the acquisition of drug resistance have been the major focus of the scientific 

research so far. However, the influence of FGFR as a secondary driver pathway in the context of 

disease recurrence remains to be poorly understood. Additionally, studying off-tumor effects of 

FGFR inhibition is also necessary to achieve combination therapies to increase the overall survival 

of the patients.  

1.5 Epithelial to mesenchymal transition (EMT) 

Tumor cells are inherently heterogeneous with distinct metastatic potential (Marusyk and 

Polyak, 2010). A conserved physiological process known as epithelial to mesenchymal transition 

(EMT) contributes to such heterogenicity by bringing transcriptional and epigenetic changes to the 

cancers (Meacham and Morrison, 2013). This process is essential for cellular differentiation during 

development as well as in wound healing in adult life (Nakaya and Sheng, 2013). Unfortunately, 
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cancer cells can exploit these processes to evolve as tumors with more stemness, migratory, 

invasive, and drug-resistant potential. When the EMT program is activated, the cancer cells can 

undergo dedifferentiation, lose their polarity and cell-cell junctions coupled with upregulation of 

various mesenchymal markers (figure 1.3) (Rhim et al., 2012; Singh and Settleman, 2010a). 

Unsurprisingly, EMT plays critical roles in various cancers such as pancreatic cancer, 

hepatocellular carcinoma, squamous cell carcinoma, urothelial carcinoma, renal cancer, colorectal 

cancer, cervical cancer, melanoma, prostate cancer, ovarian cancer and breast cancer (Heerboth et 

al., 2015). 

 

In Breast cancer, EMT has been found to influence various aspects of the disease. Cells that 

have undergone EMT are found to be resistant to chemotherapy and targeted therapies (Singh and 

Settleman, 2010a). EMT-related transcription factors have also been found to regulate gene 

signatures that promote distant metastasis (Heerboth et al., 2015). However, how EMT plays a role 

in the recurrence of minimal residual diseases is yet to be fully elucidated. Additionally, it is of 

great importance to continue research on the importance of determining the underlying 

mechanisms by which EMT drives metastasis in cancers. Continuous improvements in our 

understanding of how EMT facilitates metastasis, resistance to drugs, and recurrence of the 

dormant disease would be of great importance.
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Figure 1.3  Epithelial to mesenchymal transition. Growth factors, cytokines, and even different 
therapies can trigger EMT processes. The EMT program is orchestrated via upregulation of 

master regulators and subsequent modulation of transcription factors that result in several critical 
gene expression changes. Along the process, epithelial cells lose the expression of epithelial 
markers such as E-cadherin, EPCAM, claudins, cytokeratin, and upregulate the expression of 

mesenchymal markers such as vimentin, N-cadherin, fibronectin, and various MMPs. As a result 
of such drastic changes in gene expression, polarized epithelial cells lose their cell polarity, and 

adhesion rendered them with more migratory and invasive potentials.
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1.6 Tumor immune microenvironment 

Neoplastic cells are rapidly dividing and congregate as cell masses of heterogenous 

phenotypes. These heterogeneous tumor masses have unique metabolic needs and require special 

structural supports in three-dimensional space. As a result, these tumors are surrounded and 

infiltrated by different types of host cells, creating a specialized environment (Wang et al., 2017). 

Various secreted growth and chemokine factors, as well as matrix proteins, are integral parts of 

this environment. Such a specialized complex structure, also known as the tumor 

microenvironment, is the place for a vibrant relationship orchestrated by different cellular and 

extracellular components (Balkwill et al., 2012). Tumor-infiltrating immune cells are the integral 

components of the tumor microenvironment; and composition of which is known as tumor immune 

microenvironments (TIME) (Binnewies et al., 2018) (figure 1.4).  

 

TIMEs are composed of cytolytic lymphocytes, myeloid-derived suppressors cells 

(MDSCs), tumor-associated macrophages (TAM), various neutrophils, NKT cells, and B cells. 

Spatial distribution, overall compositions, and functional states of various immune cell populations 

contribute to the functional outcome of immunity against tumors (Keren et al., 2018)(Research, 

2018). T cells, B cells, NKT cells, NK cells, and γd T cells are the major components of immune 

surveillance program specifically recognizes and eliminates cancer cells (Swann and Smyth, 2007). 

On the other hand, MDSCs, TAMs, a regulatory subset of T cells (Tregs) repress such cancer 

eliminating immune surveillance programs (Blomberg et al., 2018). Additionally, TAMs, CD11b+ 

myeloid cells and neutrophils are found to promote early disseminations of cancer cells and the 

formation of premetastatic niches in metastatic organs (Lee and Naora, 2019)(Liu and Cao, 

2016)(Lin et al., 2019)(Wang et al., 2019b). 
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Figure 1.4  The tumor microenvironment is a complex structure with vibrant cellular 
interactions. Cancer cells in the tumor lesions are surrounded by stromal fibroblasts, endothelial 
cells of blood vasculatures, and different types of immune cells. These multicellular structures 

are constantly interacting in paracrine and autocrine manners via various secreted growth factors, 
chemokines, and matrix proteins. Different types of immune cells play distinct roles leading to 

both metastasis promotion and cancer clearance. 
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The success and failures of immune checkpoint therapies such as aPD1, aPD-L1, and a-

CTLA-4, etc. that are designed to maintain and potentiate immune surveillance, depends on the 

composition and phenotypes TIME (Binnewies et al., 2018). Solid tumors are classified as ‘cold 

tumors’ or ‘non-inflamed’ tumors when the TIMEs are less infiltrated with T lymphocytes (Trujillo 

et al., 2018). There is a major gap in our understanding of the cellular intrinsic signaling events 

that are necessary to maintain such T lymphocyte’s exclusion within tumor microenvironments. 

Additionally, the development of therapeutic interventions to change the composition of TIME by 

converting them more inflamed with T lymphocytes is also very desirable. 
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 FIBROBLAST GROWTH FACTOR RECEPTOR 
FACILITATES RECURRENCE OF MINIMAL RESIDUAL DISEASE 

FOLLOWING TRASTUZUMAB EMTANSINE THERAPY 

2.1 Disclaimer 

The material in this chapter has been submitted for publications as a manuscript.  

2.2 Introduction 

Human epidermal growth factor receptor 2 (HER2) is a member of the ErbB family of 

receptor tyrosine kinases. HER2-amplified breast cancers respond to treatment with the HER2-

targeted monoclonal antibodies pertuzumab and trastuzumab at a high rate but acquired resistance 

to these therapies remains a major clinical problem for patients with this breast cancer subtype. 

Trastuzumab-emtansine (T-DM1) is an antibody-drug conjugate (ADC) that provides a 

mechanism to deliver a potent microtubule-targeting cytotoxin to HER2 overexpressing cells. 

Initial enthusiasm for T-DM1 based on dramatic preclinical results has been diminished by the 

inability of T-DM1 to improve patient outcomes as compared to the current standard of care 

therapy, unconjugated trastuzumab in combination with a taxane. These clinical data suggest that 

uncharacterized drivers of resistance are at play (Barok et al., 2014b). An underlying mechanism 

of resistance to all ErbB-targeting compounds is the downregulation of ErbB receptors during the 

processes of invasion and metastasis. Indeed, clinical findings demonstrate discordance in HER2 

expression when metastases are compared to the corresponding primary tumor from the same 

patient (Choong et al., 2007; Niikura et al., 2011).  

 

Epithelial-mesenchymal transition (EMT) is a normal physiological process whereby 

polarized epithelial cells transition into motile, apolar fibroblastoid-like cells to facilitate several 

developmental events and to promote wound repair in response to damaged tissues (Wendt et al., 

2012). In contrast, initiation of pathological EMT engenders the acquisition of invasive, metastatic 

and drug resistant phenotypes to developing and progressing carcinomas (Wendt et al., 

2010)(Wendt et al., 2011a, 2013a). Physiologic and pathologic EMT can be induced by cytokines 

such as TGF-b and HGF (Kalluri and Weinberg, 2009). More recent findings demonstrate that 
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EMT can be initiated by treatment with kinase inhibitors and that this transition to a mesenchymal 

state facilitates tumor cell persistence in the sustained presence of these molecular-targeted 

compounds (Sharma et al., 2010). In contrast to kinase inhibition, very little is known about the 

mechanisms by which EMT may facilitate resistance to antibody and ADC therapies.  

 

Induction of EMT increases the expression of fibroblast growth factor receptor 1 (FGFR1) 

(Warzecha et al., 2010; Wendt et al., 2014a). FGFR1 can also undergo gene amplification and 

translocation, and elevated expression of FGFR1 is associated with decreased clinical outcomes 

of breast cancer patients (Madden et al., 2013)(Elbauomy Elsheikh et al., 2007; Turner et al., 2010). 

Work from our lab and others suggest that upregulation of FGFR and FGF ligands can serve as 

resistance mechanisms for tumor cells that were originally sensitive to ErbB and endocrine-

targeted therapies (Brown et al., 2016b; Hanker et al., 2017; Mao et al., 2019; Raoof et al., 2019; 

Turner et al., 2010). In addition to enhanced expression of the receptor, our recent studies 

demonstrate that the processes involved in EMT work en masse to support FGFR signaling through 

diminution of E-cadherin and enhanced interaction with integrins (Brown et al., 2016c). Several 

different Type I, ATP-competitive kinase inhibitors against FGFR have been developed, and we 

and others have demonstrated their in vivo efficacy in delaying the growth of metastatic breast 

cancers (Wendt et al., 2014a)(Dey et al., 2010; Sharpe et al., 2011). Based on the potential of 

FGFR as a clinical target for cancer therapy we recently developed FIIN4, a highly specific and 

extremely potent covalent kinase inhibitor of FGFR, capable of in vivo tumor inhibition upon oral 

administration in rodent models (Brown et al., 2016c, 2016b).  

 

In the current study, we address the hypothesis that FGFR can act as a driver of resistance 

to T-DM1. The use of in vivo and in vitro models demonstrate that unlike ErbB-targeted kinase 

inhibitors, EMT cannot overtly elicit resistance to T-DM1. Instead, induction of EMT and 

upregulation of FGFR1 induce a cell population with reduced trastuzumab binding. This minimal 

residual disease (MRD) is able to persist in the presence of T-DM1 and eventually reemerge as 

recurrent tumors that lack HER2 expression. In this recurrent setting, FGFR acts as a major driver 

of tumor growth, which can be effectively targeted with FIIN4. Overall, our studies strongly 

suggested that combined therapeutics targeting HER2 and FGFR will delay tumor recurrence and 

prolong response times of patients with HER2+ breast cancer. 
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2.3 Methods and materials 

2.3.1 Cell cultures and reagents 

Bioluminescent, HER2-transformed HMLE cells (HME2) were constructed as previously 

described [20]. These cells are cultured in DMEM containing 10% FBS. HME2 and BT474 cells 

stably overexpressing FGFR1 were also previously described [20]. Trastuzumab and trastuzumab 

emtansine (T-DM1) were obtained from Genentech Biotechnology Company through the material 

transfer agreement program. Where indicated HME2 cells were treated with TGF-�1 (5 ng/ml) 

every three days for a period of 4 weeks to induce EMT. These EMT-induced HME2 cells were 

further treated with T-DM1 (250 ng/ml) every three days until resistant colonies emerged, these 

cells were pooled and cultured as the TDM1R population. Cells were validated for lack of 

mycoplasma contamination using the IDEXX Impact III testing on July 24th, 2018.   

2.3.2 Xenograft studies and drug treatments 

HME2 cells (2x106) expressing firefly luciferase were injected into the duct of the 4th 

mammary fat pad of female NRG mice. When tumors reached a size of 200 mm3, mice were 

treated with the indicated concentrations of T-DM1 via tail vein injection. Presence of tumor tissue 

was visualized by bioluminescence imaging following I.P. administration of luciferin (Gold Bio). 

Where indicated viable pieces of HME2 tumor tissue were directly transplanted into the exposed 

fat pad of recipient NRG mice. Similarly, pieces of human derived HCI-012 PDX (Huntsman 

Preclinical Research Resource) were engrafted onto the exposed mammary fat pad of female NRG 

mice. Tumor bearing mice were treated with T-DM1 as indicated followed by FIIN4 (25 

mg/kg/q.o.d) resuspended in DMSO and then further diluted in a solution 0.5% carboxymethyl 

cellulose and 0.25% Tween-80 to a final concentration of 10% DMSO, for administration to 

animals via oral gavage. Mammary tumor sizes were measured using digital calipers and the 

following equation was used to approximate tumor volume (V=(length2)*(width)*(0.5)). All 

animal experiments were conducted under IACUC approval from Purdue University.  
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2.3.3 Cell Biological assays 

For ex-vivo 3D culture, viable human PDX tissues were dissected as above but instead of 

transfer onto recipient animals, pieces were further mechanically dissected and treated with 

trypsin-EDTA. These cells were shaken several times and incubated at 37°C. Cells were then 

filtered through a 50 µM filter and plated onto a 50 �l bed of growth factor reduced cultrex 

(Trevigen) in a white walled 96 well plate. These cultures were allowed to grow for 20 days in the 

presence or absence of the indicated kinase inhibitors (1 µM). Two-dimensional cell growth dose 

response assays were conducted in white walled 96 well plates. Cells (5000 cell/well) were plated 

in the presence of the indicated concentrations of T-DM1 or kinase inhibitors and cultured for 96 

hours. In both cases cell viability was determined by Cell Titer Glo assay (Promega).  

2.3.4 Immuno-assays 

For immunoblot assays, lysates were generated using a modified RIPA buffer containing 

50mM Tris pH 7.4, 150 mM NaCl, 0.25% Sodium deoxycholate, 0.1% SDS, 1.0% NP-40, 

containing protease inhibitor cocktail (Sigma), 10 mM Sodium Orthovanadate, 40 mM �-

glycerolphosphate, and 20 mM Sodium Fluoride. Following SDS PAGE and transfer, PVDF 

membranes were probed with antibodies specific for FGFR1 (9740), HER2 (4290; Cell signaling 

technologies), E-cadherin (610182), N-cadherin (610920), Vimentin (550513; BD biosciences), 

or �-Tubulin (E7-s; Developmental Studies Hybridoma Bank). For immunocytochemistry, 

formalin fixed paraffin embedded tissue sections were deparaffinized and stained with antibodies 

specific for HER2 (4290), FGFR1 (HPA056402; Sigma), Ki67 (550609; BD biosciences) or were 

processed using the TUNEL Assay Kit (ab206386). Additionally, cells were trypsinized and 

incubated with antibodies specific for FITC conjugated CD44 (338804) and PerCP conjugated 

CD24 (311113; Biolegend) or trastuzumab conjugated with Alexafluor 647 according to the 

manufacturer’s instructions (A20181; Thermo Scientific). Following antibody staining these cells 

were washed and analyzed by flow cytometry.  

2.3.5 Kinomic analyses 

Lysates from HME2 cell conditions indicated above, were analyzed on tyrosine chip (PTK) 

and serine-threonine chip (STK) arrays using 15ug (PTK) or 2ug (STK) of input material as per 
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standard protocol in the UAB Kinome Core as previously described [24,25]  Three replicates of 

chip-paired samples were used and phosphorylation data was collected over multiple computer 

controlled kinetic pumping cycles, and exposure times (0,10,20,50,100,200ms) for each of the 

phosphorylatable substrates. Slopes of exposure values were calculated, log2 transformed and used 

for comparison. Raw image analysis was conducted using Evolve2, with comparative analysis 

done in BioNavigator v6.2 (PamGene, The Netherlands).  

2.3.6 Statistical analyses 

Data from the Long-HER study were obtained from GSE44272. Expression values of 

FGFR1-4 were obtained from Affymetrix probes, 11747417_x_at, 11740159_x_at, 

11717969_a_at, 11762799_a_at, respectively. Expression values were normalized to the average 

probe value for the entire group and differences between the long term responders (Long-HER) 

and control (Poor response) groups were compared via an 2-sided, unpaired T-test. 2-way ANOVA 

or 2-sided T-tests were used where the data met the assumptions of these tests and the variance 

was similar between the two groups being compared. No exclusion criteria were utilized in these 

studies. A Log-rank test was performed to calculate statistically significant differences in disease-

free survival of HME2-GFP and HME2-FGFR1 tumor–bearing mice. P values for all experiments 

are indicated, values of less than 0.05 were considered significant. 

2.4 Results 

2.4.1 HER2 is diminished following recurrence of T-DM1 resistant minimal residual 
disease 

Human mammary epithelial (HMLE) cells can be transformed by overexpression of wild 

type HER2 (Brown et al., 2016b; Mani et al., 2008). Additionally, HER2 overexpression allows 

for these cells to be cultured outside of the defined growth factor rich mammary gland media 

required for HMLE culture. In addition to antibiotic selection, this change from a defined media 

to FBS-containing media prevents the growth of non-HER2 expressing cells, driving a uniform 

HER2+ culture that is highly sensitive to inhibition of HER2 (Brown et al., 2016b). Engraftment 

of these HER2-transformed HMLE cells (HME2) onto the mammary fat pad results in robust 

formation of highly differentiated, nonmetastatic, secretory tumors that demonstrate robust HER2+ 
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expression consistent with that of HER2+ patient tumors (Shinde et al., 2019). Here, we engrafted 

the HME2 cells onto the mammary fat pad and upon formation of orthotopic tumors mice received 

four intravenous injections of T-DM1 administered once a week for four weeks (Figure 2.1A,2.1B). 

This treatment protocol led to robust regression of these tumors to a point which they were no 

longer palpable and therefore immeasurable by digital calipers (Figure 2.1A). However, these 

HME2 cells were constructed to stably express firefly luciferase and MRD was still detectable via 

bioluminescent imaging (Fig. 2.1B). Cessation of T-DM1 treatment led to recurrence of mammary 

fat pad tumors in 3 of 5 mice over approximately a 150-day period (Figure 2.1A). Importantly, 

these recurrent tumors were nonresponsive to additional rounds of T-DM1 (Figure 2.1A). 

Histological assessment of the recurrent tumors clearly demonstrated reduced levels of HER2 as 

compared to the untreated HME2 tumors (Figure 2.1C). Overall these data demonstrate that even 

cells specifically transformed by HER2 overexpression are capable of establishing drug persistent 

MRD in response to T-DM1 and recurring in a HER2-independent manner.  

2.4.2 In vitro establishment of T-DM1 resistant cells requires prior induction of epithelial-
mesenchymal transition  

Attempts to subculture the T-DM1 recurrent HME2 tumors were unsuccessful, suggesting 

that these cells had evolved mechanisms of tumor growth that were not present under in vitro 

culture conditions. Therefore, we sought to establish a T-DM1 resistant cell line via prolonged in 

vitro ADC treatment. However, progressive treatment of HME2 cells with T-DM1 over extended 

periods of time failed to yield a spontaneously resistant population (Figure 2.2A). We recently 

demonstrated that induction of EMT in the HME2 model is sufficient to facilitate immediate 

resistance to the ErbB kinase inhibitors, lapatinib and afatinib (Brown et al., 2016b). In contrast, 

induction of EMT via pretreatment with TGF-b1 did not induce immediate resistance to T-DM1 

(Figure 2.2A; 2 weeks). Consistent with the inhibition of microtubules being the mechanism of 

emtansine, treatment of parental and TGF-b1 pretreated HME2 cells with T-DM1 prevented cell 

division leading to the formation of non-dividing groups of cells and large senescent cells (Figure  

2.2A, 2.2B). Importantly, only those cells that had undergone EMT via pretreatment with TGF-b 

were capable of giving rise to extremely mesenchymal daughter cells that were capable of 

replicating in the continued presence of T-DM1 (Figure 2.2A, 2.2B). This in vitro-derived T-DM1 

resistant (TDM1R) cell population continued to thrive in culture and maintained their 
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mesenchymal phenotype and resistance to T-DM1 even after several passages in the absence of 

the drug (Figure 2.2C). To gain insight into the mechanisms by which induction of EMT facilitates 

acquisition of resistance to T-DM1 we fluorescently labeled trastuzumab and utilized flow 

cytometry to quantify changes in drug binding. Consistent with their complete eradication upon 

T-DM1 treatment, the HME2 parental cells presented as a single population of trastuzumab+ cells 

(Figure 2.2A, 2.2D). In contrast, induction of EMT with TGF-b clearly produced a distinct 

population of cells that were resistant to trastuzumab binding, giving rise to a more uniform 

reduction in trastuzumab binding in the TDM1R cell population (Figure 2.2D). These findings 

suggest that prior induction of cytokine-mediated EMT contributes to diminished trastuzumab 

binding and is required for acquisition of resistance to T-DM1.  

2.4.3 FGFR1 is sufficient to reduce T-DM1 binding and efficacy 

Our previous studies establish that following TGF-b1 treatment, the purely mesenchymal 

HME2 culture will asynchronously recover producing a heterogenous population of both epithelial 

and mesenchymal cells (Brown et al., 2016b). These morphologically distinct populations can also 

be readily visualized via flow cytometric analyses for CD44 and CD24 (Figure 2.3A and 2.3B). 

Consistent with the stable mesenchymal morphology of the TDM1R cells they presented as a 

single population with high levels of CD44, but lacked the diminished expression of CD24 

characteristic of TGF-b-induced EMT (Figure 2.3A and 2.3B)(Mani et al., 2008). Other markers 

of EMT were enhanced upon acquisition of T-DM1 resistance, including loss of E-cadherin and 

potentiated gains in N-cadherin and vimentin (Figure 2.3C). Consistent with the diminished 

trastuzumab binding observed in figure 2, we also observed HER2 expression to be decreased in 

whole cell lysates from TDM1R cells (Fig. 2.3C). To elucidate a mechanistic characterization of 

potential mediators of T-DM1 resistance we compared the TDM1R cells to their T-DM1 sensitive, 

post-TGFb HME2, counterparts using kinomic profiling on the PamStation-12 platform. Lysates 

from TDM1R cells had an increased ability to phosphorylate peptides from FKBP12-rapamycin 

associated protein (FRAP), a result consistent with enhanced PI3 kinase-mTOR signaling. This 

finding is supported by the Long-HER study, which compared global gene expression of HER2+ 

patients that experienced a long-term response to trastuzumab with those whose disease progressed 

within the first year of initiating trastuzumab (Gámez-Pozo et al., 2014).  
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Looking upstream to receptors potentially responsible for these events, we observed the 

autophosphorylation sites of several other ErbB receptors, VEGFRs and FGFR to be increased in 

the TDM1R lysates. Upon further investigation into the potential of these receptors in facilitating 

resistance to T-DM1 we found that the expression level of FGFR1 induced by TGF-b was further 

enhanced upon acquisition of T-DM1 resistance (Figure 2.3C). Directed analysis of the Long-HER 

dataset indicated that enhanced expression of FGFR1 and FGFR2 are significantly associated with 

a poor clinical response to trastuzumab (Figure 2.3D). To elucidate if FGFR1 is sufficient to 

provide resistance to T-DM1 we constructed HME2 cells to specifically overexpress FGFR1 in 

the absence of other EMT-associated factors (Figure 2.3C; (Brown et al., 2016b)). Using this 

approach we found that overexpression of FGFR1, when in the presence of exogenous ligand, was 

sufficient to significantly reduce the dose response to T-DM1 (Figure 2.3E). Unlike the TDM1R 

cell line, we did not detect an appreciable decrease in HER2 expression upon directed 

overexpression of FGFR1 (Figure 2.3C). However, FGFR1 overexpression, in the absence of other 

EMT-associated events, was sufficient to cause a significant reduction in trastuzumab binding as 

determined by flow cytometry (Figure 2.3F).  

2.4.4 FGFR1 increases tumor recurrence following T-DM1-induced minimal residual 
disease 

We next sought to evaluate the impact of FGFR1 expression on HME2 tumor growth and 

response to T-DM1. Overexpression of FGFR1 promoted a significant increase in growth rate of 

HME2 tumors upon mammary fat pad engraftment, leading to differential TDM1 treatment 

initiation times for matched tumor sizes (Figure 2.4A). Irrespective of FGFR1 expression, the 

liquid filled masses characteristic of large HME2 tumors quickly became necrotic after a single 

dose of TDM1 (Figure 2.4B). However, following this initial rapid reduction in tumor size, only 

the FGFR1 overexpressing tumors maintained a more solid mass which required two additional 

rounds of T-DM1 treatment to achieve complete tumor regression (Figure 2.4B). As we observed 

in Figure 2.1 the MRD associated with these nonpalpable lesions could still be detected by 

bioluminescence (Figure 2.4B). Following achievement of T-DM1-induced MRD, none of the 

control tumors progressed within the 40 day post-treatment observation period (Figure 2.4C). In 

contrast, over 50% of the FGFR1 overexpressing tumors underwent disease progression during 

this same post-treatment time frame (Figure 2.4C). In contrast to the marked loss of HER2 



 
 

38 

expression in the spontaneously resistant HME2 lesions noted in figure 2.1, the FGFR1 

overexpressing recurrent tumors were capable of maintaining heterogeneous HER2 expression 

(Figure 2.4C). Taken together, these data strongly suggest that enhanced expression of FGFR1 

inhibits T-DM1 binding, facilitating therapeutic persistence of HER2+ cells and post-treatment 

tumor recurrence.  

2.4.5 T-DM1 resistant cells are sensitive to covalent inhibition of FGFR 

Given the changes in ErbB kinase signaling observed in the TDM1R cells and the ability 

of FGFR overexpression to facilitate recurrence following ADC therapy we next sought to evaluate 

the ability of specific kinase inhibitors to target TDM1R cells as compared to their T-DM1 

sensitive counterparts. Lapatinib is a clinically used kinase inhibitor that targets both EGFR and 

HER2, and we recently developed FIIN4, a covalent kinase inhibitor that targets FGFR1-4 (Brown 

et al., 2016c). Treatment of the HME2 parental cells with lapatinib led a robust inhibition of HER2 

phosphorylation and downstream blockade of ERK1/2 phosphorylation (Figure 2.5A). Consistent 

with the reduced expression of total HER2, phosphorylated levels of HER2 were undetectable in 

the TDM1R cells and ERK1/2 phosphorylation was minimally inhibited by lapatinib (Figure 2.5A). 

In contrast, treatment of the HME2 parental cells with FIIN4 had no effect on HER2 or ERK1/2 

phosphorylation, but FIIN4 markedly diminished ERK1/2 phosphorylation in the TDM1R cells 

(Figure 2.5A). Importantly, TDM1R cells also demonstrated robust resistance to lapatinib, even 

thought they had never been exposed to this compound previously (Figure 2.5B). Similarly, 

TDM1R cells were also resistant to afatinib, a more potent second-generation covalent kinase 

inhibitor capable of targeting EGFR, HER2, and ErbB4 (Figure 2.5C;(Hirsh, 2015)). In contrast, 

HME2 cells that had previously been selected for resistance to lapatinib (LAPR) maintained 

expression of HER2 and were similarly sensitive to T-DM1 as compared to the HME2 parental 

cells (Figure 2.5D;(Brown et al., 2016b)). Finally, TDM1R cells were significantly more sensitive 

to FIIN4 as compared to the HME2 parental cells (Figure 2.5E). Taken together these data indicate 

that resistance to HER2-targeted ADC therapy predicates acquisition of resistance to ErbB-

targeted kinase inhibitors but the reverse is not true. Importantly, these drug resistant populations 

become increasingly sensitive to covalent inhibition of FGFR.  
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2.4.6 T-DM1 resistant tumors respond to systemic inhibition of FGFR 

We next sought to validate our in vitro findings by evaluating the efficacy of FGFR 

inhibition in the treatment of tumors that had acquired in vivo resistance to T-DM1. To do this we 

treated HME2 tumor bearing mice with T-DM1 and prior to complete MRD, sections of the tumors 

were directly passaged onto additional mice. This process was repeated twice until we obtained a 

cohort of mice with growing tumors that did not respond to T-DM1 (Figure 2.6A). Similar to what 

was observed in tumors that were recovered following induction of MRD and in our in vitro 

TDM1R cells, these serially passaged in vivo-derived T-DM1 resistant tumors also demonstrated 

a diminution in HER2 expression and modulated markers of EMT, including enhanced FGFR1, as 

compared to untreated HME2 tumors (Figure 2.6A). Importantly, treatment with FIIN4 was 

capable of significantly inhibiting the growth of these T-DM1-resistant tumors (Figure 2.6B-2.6D). 

This inhibition of tumor growth was consistent with induction of apoptosis and decreased 

proliferation as visualized by TUNEL and Ki67 staining in tumors from FIIN4 treated mice as 

compared to untreated controls (Figure 2.6E). 

 

Next, we utilized a patient-derived xenograft (PDX) that was isolated from a pleural effusion 

of a patient originally diagnosed with a HER2+ primary tumor (Figure 2.7A). This patient’s disease 

progressed while on trastuzumab therapy (Figure 2.7A). Consistent with this clinical failure of 

trastuzumab, these PDX tumors displayed non-plasma membrane staining for HER2 and mice 

bearing these PDX tumors failed to respond to T-DM1 treatment (Figure 2.7B, 2.7C). These PDX 

tumors also demonstrated readily detectable staining for FGFR1 (Figure 2.7C). Clinically, 

lapatinib is indicated as a second line therapy in HER2+ patients that do not respond to trastuzumab. 

Treatment with lapatinib did blunt the 3D invasive phenotype of the HCI-012 PDX when cultured 

under 3D ex-vivo conditions. However, consistent with our data from figure 5, the overall growth 

of these T-DM1-resistant PDX ex-vivo cultures was not inhibited by lapatinib treatment (Figure 

2.7D). In contrast, treatment of these ex-vivo cultures or tumor bearing mice with FIIN4, the 

covalent FGFR inhibitor, led to significant inhibition of tumor growth (Figure 2.7B, 2.7D). 

Consistent with our previous studies, FIIN4 also demonstrated enhanced potency as compared to 

an identical concentration of its ATP competitive structural analogue, BGJ-398 (Figure 2.7D). 

Taken together these data indicate that T-DM1 resistant tumors can be effectively targeted via 

covalent inhibition of FGFR kinase activity.  
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2.5 Figures 

 

 

Figure 2.1  HER2 is diminished following recurrence of T-DM1 resistant minimal residual 
disease. A Mice were inoculated with HME2 cells (2x106 cells/mouse) via the mammary fat pad 
and tumors were allowed to form for a period of 14 days. At this point mice were split into two 

cohorts (5 mice/group) and left untreated (no drug) or were treated with T-DM1 (9 mg/kg) at the 
indicated time points (arrows). Following complete regression of palpable tumors T-DM1 

treatment was stopped. Recurrent tumors (3 mice) were again treated with T-DM1 (arrows). B 
Representative bioluminescent images of tumor bearing mice before T-DM1 treatment (1o 

tumor), following T-DM1 treatment (MRD), and upon tumor recurrence. C 
Immunohistochemistry for HER2 expression in control and recurrent, T-DM1 resistant HME2 

tumors. 
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Figure 2.2  In vitro establishment of T-DM1 resistant cells requires prior induction of epithelial-
mesenchymal transition. A HME2 cells were left untreated (parental) or were stimulated with 

TGF-b1 and allowed to recover (Post-TGF-b) as described in the materials and methods. These 
two cell populations were subsequently treated with T-DM1 (250 ng/ml) every three days for a 
period of 5 weeks. Representative wells were stained with crystal violet at the indicated time 

points to visualize viable cells. B Brightfield microscopy of crystal violet stained HME2 parental 
and post-TGF-b cells following 3 weeks of continuous T-DM1 treatment. C The T-DM1 

resistant (TDM1R) cells that survived 5 weeks of treatment were further expanded and cultured 
for a period of 4 weeks in the absence of T-DM1. These cells along with passage-matched 

parental HME2 cells were subjected 96 hour treatments with the indicated concentrations of T-
DM1 and assayed for cell viability. Data are the mean ±SE of three independent experiments 

resulting in the indicated P value. D Parental, post-TGF-b, and TDM1R HME2 cells were 
stained with Alexafluor 647-labeled trastuzumab and antibody binding was quantified by flow 
cytometry. The percentage of cells in each quadrant with reference to forward scatter (FSC) is 

indicated. Also shown is the mean, ±SD, percentages of low trastuzumab binding 
(TrastuzumabLow) cells of three independent experiments resulting in the indicated P values. 
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Figure 2.3  FGFR1 is sufficient to reduce T-DM1 efficacy. A Brightfield microscopy of HME2 
parental, post-TGF-b, and T-DM1 resistant (TDM1R) cells. B The cells described in panel A 

were analyzed by flow cytometry for cell surface expression of CD24 and CD44. The percentage 
of cells in each quadrant is indicated. C Whole cell lysates from HME2 parental, Post-TGF-b, T-

DM1 resistant (TDM1R), and HME2 cells constructed to stably express FGFR1 or GFP as a 
control were analyzed by immunoblot for expression of FGFR1, HER2, E-cadherin (Ecad), N-
cadherin (Ncad), vimentin, and b-tubulin (b-Tub) served as a loading control. Data in panels B 
and C are representative of at least three separate analyses. D Expression values for FGFR1-4 

were analyzed in the Long-HER data set. Data are the relative expression of individual patients 
that demonstrated long-term (Long-HER) or short-term (Poor-response) response to trastuzumab 

treatment, resulting in the indicated P values. E HME2 cells expressing FGFR1 or GFP as a 
control were treated with the indicated concentrations of T-DM1 for 96 hours at which point cell 
viability was quantified. Data are normalized to the untreated control cells and are the mean ±SE 

of three independent experiments resulting in the indicated P value. F HME2 cells expressing 
FGFR1 or GFP as a control were incubated with Alexafluor 647-labeled trastuzumab and 

antibody binding was quantified by flow cytometry. Data are the mean fluorescence intensities, 
normalized to total HER2 levels as determined by immunoblot, ±SD for three independent 

experiments resulting in the indicated P value. 
  



 
 

43 

Figure 2.3 continued 
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Figure 2.4  FGFR1 increases tumor recurrence following T-DM1-induced minimal residual 
disease. A Time line demarking the primary tumor growth period for HME2 cells constructed to 
express FGFR1 or GFP as a control. Cells were engrafted onto the mammary fat pad of female 
NRG mice (2x106 cells/mouse; n=5 mice per group). Tumor growth was monitored via digital 

caliper measurements at the indicated time points. T-DM1 treatment was initiated in each group 
when tumors reached an average of 1000 mm3, horizontal line. Representative bioluminescent 
images for each group are shown at the indicated time points. Days are in reference to tumor 
engraftment (Day 0). B Time line demarking the T-DM1 treatment periods for each group. T-
DM1 was administered via I.V. injections (9 mg/kg) at day 0 for HME2-GFP tumors and days 

0,7 and 14 for HME2-FGFR1 tumors (arrows). Tumor regression was monitored via digital 
caliper measurements at the indicated time points. Representative bioluminescent images for 

each group are shown at the indicated time points. Days are in reference to initiation of T-DM1 
treatment (Day 0) for each group. C Time line demarking the post-treatment observation period 

for each group. Once tumors regressed to a non-palpable state of minimal residual disease 
(MRD) mice were left untreated and monitored for tumor recurrence via digital caliper 

measurements. Representative bioluminescent images for each group are shown at the indicated 
time points. Days are in reference to achievement of MRD (Day 0) for each group. A 

representative HER2 IHC is shown for the recurrent tumors. Survival data in panel C were 
analyzed via a log rank test where tumor recurrence of >50 mm3 was set as a criteria for disease 
progression. Data in panel A are the mean ±SD of five mice per group resulting in the indicated 
P value. In panel B tumor size for each mouse is plotted individually. Data in panels A and B 

were analyzed via a two-way ANOVA. 
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Figure 2.4 continued 
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Figure 2.5  T-DM1 resistant cells are sensitive to covalent inhibition of FGFR. A HME2 parental 
and T-DM1 resistant (TDM1R) cells were treated with the indicated concentrations of lapatinib 

or FIIN4 for 2 hours. Cell lysates were subsequently assayed by immunoblot for phosphorylation 
of ERK1/2 and HER2, b-tubulin (b-Tub) served as a loading control. Data in panel A are 

representative of at least two independent experiments. B HME2 parental cells (parental) and 
TDM1R cells were plated in the presence of the indicated concentrations of lapatinib for 96 

hours at which point cell viability was determined. C HME2 parental and TDM1R cells were 
plated in the presence of the indicated concentrations of afatinib for 96 hours at which point cell 
viability was determined. D HME2 parental and lapatinib resistant (LAPR) cells were plated in 
the presence of the indicated concentrations of T-DM1 for 96 hours at which point cell viability 

was determined. E HME2 parental and TDM1R cells were plated in the presence of the indicated 
concentrations of FIIN4 for 96 hours at which point cell viability was determined. Data in panels 

B-E are the mean ±SE of at least three independent experiments resulting in the indicated P 
values. 
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Figure 2.5 continued 
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Figure 2.6  T-DM1 resistant tumors respond to systemic inhibition of FGFR. A Schematic 
representation of the in vivo derivation of T-DM1 resistant HME2 tumors. HME2 parental cells 
(2x106) were engrafted onto the mammary fat pad of an NSG mouse. This mouse was treated 

with T-DM1 until tumor regression was observed. Sections of the remaining tumor were directly 
transferred onto recipient mice. This was repeated twice until transferred tumors that no longer 
responded to T-DM1 therapy were identified. At this point sections of a T-DM1 resistant tumor 

were assessed by IHC for FGFR1 expression as compared to the originally engrafted HME2 
tumors. Representative FGFR1 IHC staining is shown. B Bioluminescent imaging of mice 

bearing the T-DM1 resistant tumors described in panel A. These mice were left untreated (No 
Drug) or were treated with FIIN4 (100 mg/kg/q.o.d.). C Bioluminescent quantification of control 

and FIIN4-treated animals bearing T-DM1 resistant tumors. Data are normalized to the tumor 
luminescence values at the initiation of FIIN4 treatment (day 0). D Tumor size as determined by 
digital caliper measurements at the indicated time points during FIIN4 treatment. For panels C 

and D data are the mean ±SE of five mice per group resulting in the indicated P-values. E 
Representative Ki67 and TUNEL staining of P3, T-DM1 resistant tumors from untreated and 

FIIN4 treated groups. Also shown are the mean ±SD of TUNEL and Ki67 positive cells per high 
powered field (HPF), n=5, resulting in the indicated P values. 
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Figure 2.7  Trastuzumab-resistant patient derived xenografts are sensitive to covalent inhibition 
of FGFR. A Schematic representation of the expansion protocol of HCI-012. Tumor bearing 

mice were split into two cohorts consisting of an untreated group and a group that was initially 
treated with T-DM1 (5 mg/kg) and then switched to FIIN4 (25 mg/kg/p.o.d). B PDX tumor 

bearing mice were treated as described in panel A and tumor size was measured by digital caliper 
measurements at the indicated time points. Closed arrows indicate T-DM1 treatments, open 
arrow indicates initiation of FIIN4 treatment. Data are the mean ±SE of 5 mice per group 

resulting in the indicated p-value. C Representative histological sections of untreated HCI-012 
tumors stained with antibodies for HER2 and FGFR1. D Ex-vivo HCI-012 tumor cells were 
grown for 20 days under 3D culture conditions in the presence or absence of the indicated 

compounds. Representative images are shown and cell viability was quantified by cell titer glow. 
Data are mean ±SD of triplicate wells treated with the indicated compounds. 
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2.6 Conclusion 

The Her2 subtype of breast cancer (BC) accounts for about 20% of all BC patients(Kümler 

et al., 2014). This subtype is defined by the overexpression of human epidermal growth factor 

receptor 2 (Her2) which drives elevated downstream signaling promoting tumorigenesis. 

Overexpression of Her2 leads to self-dimerization of the surface receptors that can initiate 

downstream signaling in a ligand independent manner. Trastuzumab-DM1 (T-DM1) is an antibody 

drug conjugate in which an anti-Her2 antibody targets Her2 overexpressing tumor cells and 

delivers emtansine, a high potent inhibitor of microtubule formation(Boyraz et al., 2013; Junttila 

et al., 2011b). Metastatic BC patients who have progressed on Trastuzumab show improved overall 

survival with T-DM1 treatment. However, there is an unmet medical need in a group of patients 

where their initial response is followed by disease recurrence due to the development of acquired 

resistance. Here, we presented data showing FGFR as a potential therapeutic target for such 

recurrent tumors.  

 

In this study, we established minimal residual disease following T-DM1 treatment of 

HMLE-Her2 xenografts. Upon removal of the drug, tumors relapsed in a few weeks that were no 

longer responsive to T-DM1. In addition, immunohistochemistry staining revealed that these T-

DM1 drug persistent tumors lost their Her2 expression. Interestingly, continuous treatment of 

HMLE-ErbB2 cell line with T-DM1 failed to show any acquired resistance in vitro. However, 

induction of epithelial-mesenchymal transition (EMT) via pretreatment with TGF-β facilitated 

acquisition of drug resistance to T-DM1. Similar to our in vivo resistant model, these in vitro 

resistant cells showed diminution in Her2 expression. Flow cytometry analysis suggested that 

TGF-β treatment may promote a heterogeneous expression of Her2 in HMLE-E2 cell line, which 

helps the selection of a low Her2 expressing TDM1 resistant population. To uncover a targetable 

tyrosine kinase pathway in the resistant cell line, we performed cell viability assay in the presence 

various inhibitors. While the resistant cells were not sensitive to the broad spectrum ErbB 

inhibitors Lapatinib and Afatinib; they showed a dramatic response to a covalent FGFR inhibitor, 

FIIN-4. Previously, we have reported that FGFR signaling is important in EMT-driven drug 

persistent cells(Brown et al., 2016d).  To complement these inhibitor studies, we have found that 

ectopic overexpression of FGFR1 in HMLE-ErbB2 and the Her2 amplified BT474 cell line was 

sufficient to increase survival in the presence of T-DM1. Mechanistically, overexpressed FGFR1 
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receptors perturbed the trastuzumab binding to ErbB2 receptors (Figure 2). Overexpression of 

FGFR1 is sufficient to increase tumor growth and drive T-DM1 resistance in in vivo mouse 

xenograft as well. Moreover, we observed rapid recurrence of tumors after clearance of primary 

tumors with T-DM1 in FGFR1 overexpressing HMLE-ErbB2 cells. In line with these observations, 

we found that a patient derived xenograft (PDX) from a Her2+ BC patient who had been 

progressed on trastuzumab, were responsive to FIIN-4 while showing limited response to T-DM1 

(Figure 3).  

 

Overall, Our studies present covalent inhibition of FGFR as a potential approach for 

targeting T-DM1 resistance tumors. We developed FIIN4 as the first-in-class covalent inhibitor of 

FGFR, and an additional covalent FGFR inhibitor, TAS-120, is currently in phase 2 clinical trials 

in patients with advanced solid tumors (NCT02052778)(Brown et al., 2016c). These studies and 

the studies herein demonstrate the enhanced efficacy of covalent kinase inhibition of FGFR as 

compared to first generation ATP competitive inhibitors. This may be a result of the structural 

stabilization of the inactivate confirmation that results upon covalent engagement of FGFR (Tan 

et al., 2014). However, erdafitinib, an extremely potent competitive inhibitor of FGFR has recently 

been FDA approved. Therefore, clinical investigation of sequential and/or direct combinations of 

FGFR inhibitors with T-DM1 in the HER2+ setting is possible and clearly warranted. 
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 THE SYSTEMICALLY DORMANT PHENOTYPE OF 
4T07 BREAST CANCER CELLS IS MEDIATED BY THE IMMUNE 

SYSTEM 

3.1 Disclaimer 

The material in this chapter has been prepared for submission to a journal for publication as 

a manuscript.  

3.2 Introduction 

During the stage of minimal residual diseases cancer cells remain dormant within the tumor 

microenvironment for an extended period of time. The tumor microenvironment consists of tumor 

cells and tumor-associated stromal and immune cells(Wang et al., 2017). The intricate 

relationships among different cell types in both primary and metastatic microenvironment greatly 

influence the outcome of the disease (Binnewies et al., 2018). Predictably, cancer cells maintain 

unique relationships with surrounding immune cells during the state of dormancy. Indeed, various 

experimental and clinical studies reported that immune systems play important roles in the 

maintenance of cancer cells dormancy(Dahlke et al., 2014)(Valente et al., 2012). Previous studies 

proposed that humoral immune response drives cancer dormancy in a spontaneous model of BCL1 

mouse lymphoma. CD8+ T lymphocytes are found to be critical for the maintenance of dormancy 

in this model (Rabinovsky et al., 2007). Both CD8+ and CD4+ T lymphocytes are found to be 

important in conserving the dormancy phenotype of a metastatic fibrosarcoma mouse 

model(Romero et al., 2014a). Additionally, experimental and clinical data showed that memory T 

lymphocytes play a role in cancer cells dormancy in the bone marrow (Feuerer et al., 2001; Mahnke 

et al., 2005; Müller et al., 1998). These studies establish that cancer dormancy is the result of an 

active immune surveillance program. On the other hand, disseminated dormant cells evolved to 

display immune evasion via overexpression of checkpoint ligands such as B7H1 or B7.1, to 

inactivate anti-tumor responses that result in the breakage of immune dormancy in a model of 

dormant acute myeloid leukemia (Saudemont and Quesnel, 2004).  
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In addition to adaptive immune cells, members of innate immunity also can display direct 

and indirect influence on cancer dormancy. Natural killer(NK) cells are found to be highly 

associated with the dormant sarcomas in mice(Wu et al., 2013). Moreover, NK cells are also 

implicated in metastatic latency (Nair and Malladi, 2019). Myeloid-derived suppressor cells 

(MDSCs) can also influence the latency period of dormant cancers via affecting the tumor 

suppressor gene(Pten) and tumor angiogenesis (Di Mitri et al., 2014; Murdoch et al., 2008; 

Safarzadeh et al., 2018).  

 

In addition to targeting primary tumors and overt metastasis, targeting dormant cancer cells 

is an exciting therapeutic option(Romero et al., 2014b)(Wang et al., 2019a). Awakening of 

dormant metastasis due to immunosuppressive treatments or external factors is a potential threat 

for patients with suspecting immune-mediated latent tumors.  As a result, it is essential to expand 

our understanding of the immune-mediated dormancy in the relevant cancer models. In this chapter, 

we presented an immune-mediated dormant breast cancer model following surgical removal of the 

primary tumor. Metastatic recurrence of these disseminated dormant cells with the weakening of 

the immune systems made this model a valuable tool to study novel therapies. 

3.3 Methods and materials 

3.3.1 Animal studies  

All the mouse xenograft studies were conducted according to the IACUC approval from 

Purdue University. Female BALB/c and Nude(Nu/J) mice of 5-6 weeks old were purchased from 

Jackson Laboratories. The procedures for tumors implantations and treatment administrations for 

all of the animal experiments are detailed in the respective figures. 

3.3.2 Cell Line and reagents 

The 4T07 cells were acquired from the Fred Miller (Wayne State University) lab. DMEM 

media with 10% FBS and penicillin/streptomycin(Life technologies) supplementations were used 

to culture and expand these breast cancer cells. The bioluminescent 4T07 cells were developed via 

stable expression of firefly luciferase gene as described previously(Wendt and Schiemann, 2009; 

Wendt et al., 2013a). 
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3.3.3 Statistics  

Statistically significant differences were calculated via conducting a log-rank test. Relevant 

statistical analyses and the p values are described in the respective figures. 

3.4 Results 

3.4.1 4T07 cells are metastatic in immunodeficient mice.  

In our efforts to develop immune-directed approaches to be used in combination with 

FIIN4, we first sought to better characterize the role of the immune system in regulating the 

metastatic potential of the 4T07 cells. Therefore, we established orthotropic primary tumors in the 

mammary fat pad of immunodeficient NU/NU and immunocompetent BALB/c mice (Figure 3.1A). 

The 4T07 cells formed primary tumors in both groups of mice, however the growth rate was 

significantly slower in BALB/c mice as compared to NU/NU animals (Figure 3.1A-3.1C). 

Bioluminescent tracking of metastasis following primary tumor removal demonstrated that 4T07 

cells can disseminate and form macroscopic metastases in NU/NU mice but not in BALB/c (Figure 

3.1D-3.1E). These data suggest that the previously reported systemically dormant phenotype of 

the 4T07 cells is dependent on adaptive immune function .  

3.4.2 Primary tumor exposure prevents systemic tumor growth 

To further explore the immunogenicity of the 4T07 tumor model we conducted primary 

tumor immunization experiments (Figure 3.2A). Here, control non-luminescent 4T07 cells were 

engrafted onto the mammary fat pad and these primary tumors were removed 14 days later (Figure 

3.2B). Following this primary tumor exposure and a prolonged period of recovery firefly luciferase 

expressing 4T07 cells were delivered via the tail vein to the primary tumor exposed and age 

matched primary tumor naïve littermates (Figure 3.2C). Bioluminescent imaging demonstrated 

pulmonary tumor growth typical of the 4T07 model in the control animals (Figure 3.2C-3.2E). In 

contrast, animals that were exposed to primary tumors failed to form pulmonary tumors (Fig. 3.2C-

3.2E). These findings suggest that orthotopic, 4T07 tumors elicit a systemic immune response 

capable of preventing cellular outgrowth even if they are delivered directly to an alternate organ 

system (Aslakson et al., 1991).  
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3.4.3 CD8+ cells depletion promotes pulmonary outgrowth of systemically dormant 4T07 
cells 

Our previous studies strongly indicate that immune function is required for regulation of 

4T07 systemic dormancy. To more specifically characterize the role of the adaptive immune 

system in regulating 4T07 dormancy, orthotopic or pulmonary tumors were grown in BALB/c for 

14 days. The resultant tumors were subsequently analyzed for the presence of CD8+ immune cells 

present in the tumors versus the spleens of tumor bearing mice (Figure 3.3A-3.3C). These analyses 

demonstrated that while either route of tumor cell engraftment similarly resulted in a systemic 

immune response, CD8+ cells were more restricted from 4T07 pulmonary lesions established via 

tail vein injection as compared to orthotopic mammary fat pad tumor (Figure 3.3A-3.3C). To 

establish the role of CD8+ immune cells in mediating the systemically dormant 4T07 phenotype, 

these cells were engrafted onto the mammary fat pad of BALB/c mice and allowed to develop and 

disseminate for a period of four weeks (Figure 3.3D). Following surgical removal of the primary 

tumor mice were treated with either an aCD8 depleting antibody or with and isotype control IgG 

(Figure 3.3D). Bioluminescent imaging clearly indicated that mice depleted for CD8+ cells 

demonstrated significantly more frequent incidence of metastasis compared to those that received 

control IgG (Figure 3.3E, 3.3F). These findings clearly demonstrate that restricted infiltration of 

CD8+ immune cells is critical for the metastatic progression of the 4T07 tumor model.  
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3.5 Figures 

 

Figure 3.1  4T07 cells are metastatic in immunodeficient mice. (A) Both 
immunodeficient(NU/NU) and immunocompetent(BALB/c) mice (n=5 mice per group) were 
engrafted with 4T07 cells (1x106) via the mammary fat pad. Engraftment and primary tumor 
growth were monitored by bioluminescence at the indicated time points. (B and C) Fourteen 

days after engraftment the resulting primary lesions were surgically excised (B) and differences 
in tumor weight (n=5 mice per group) were analyzed via a paired T-test, resulting in the 

indicated P value. (D) These mice were subsequently monitored for pulmonary metastasis via 
bioluminescence imaging. The mean (±SE) bioluminescent values from each group taken at the 

indicated time points resulting in the indicated p values. (E) Bioluminescent images of 
representative mice from each group at the indicated timepoints. 
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Figure 3.2  Primary tumor exposure prevents systemic tumor growth A) Schematic timeline of 
primary and systemic tumor engraftments. One group of mice (n=5) were engrafted with wild 

type 4T07 cells on the mammary fat pad. The primary tumors were grown for 14 days, surgically 
excised and mice were allowed to recover. These mice and primary tumor naïve littermates were 
subsequently challenged with firefly luciferase expressing 4T07 cells via the lateral tail vein and 
pulmonary tumor growth was quantified by bioluminescence. All time points are in reference to 
primary tumor engraftment (D0). (B) Excised wild type 4T07 primary tumors, 14 days after fat 

pad engraftment. (C) Bioluminescent images of three representative mice from the primary 
tumor naïve group and the group exposed to primary tumor formation. Images were taken 

immediately after tail vein injection (D41) to demonstrate equal pulmonary tumor cell challenge 
and 12 days later (D53). (D) The mean (±SE) bioluminescent values from each group taken at 

the indicated time points (n=5 mice per group) resulting in the indicated P value. Data are 
normalized to the challenge values obtained immediately following tail vein injection. (E) 

Survival analysis of primary tumor naïve mice and those exposed to primary tumor formation 
following pulmonary tumor challenge (n=5 mice per group). 
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Figure 3.2 continued 
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Figure 3.3   Systemically-dormant 4T07 cells can undergo metastatic outgrowth upon depletion 
of CD8+ cells. (A-C) ) Two groups of BALB/c mice were engrafted with 4T07 cells (5x105) 

either via the fat pad or the tail vein. Mice were sacrificed at Day 14 and tissues were collected 
for flow cytometric analysis. In panels A and B, dot plots showing ancestry of the gated 

CD11b+CD8+ cells in the indicated tissues. In panel C, the presence of CD8+CD11b+ cells was 
quantified as a percent of CD8+ cells in the indicated tissues (n=4 mice per group). (D) 

Schematic timeline detailing timing in which BALB/c mice (n=16 mice) were engrafted with 
4T07 cells (1X105) via the mammary fat pad. The primary tumors were grown for 4 weeks, 
surgically excised and mice were subsequently treated with either IgG or �CD8 antibodies 

(200�g) via intraperitoneal injections once every three days for the length of the experiment 
(n=8 mice per group). (E) Metastasis free survival analysis of IgG control mice (blue line) and 

CD8 depleted mice (red line) in days following the primary tumor removal (n=8 mice per group). 
The indicated p-value was calculated using a log rank test. (F) Bioluminescent images of 

representative mice at the 23 days after primary tumor removal. 
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Figure 3.3 continued 
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3.6 Conclusion 

Dissemination of tumor cells occurs years before the detection and treatment of primary 

tumors. These disseminated can be held dormant by a number of mechanisms including the 

establishment of a balance with the immune system (Romero et al., 2014b). Here we report that 

the systemically dormant phenotype of the BALB/c mouse model 4T07 is dependent on the 

function CD8+ immune cells (Aslakson et al., 1991). Direct delivery of the 4T07 cells into the 

lungs is capable of overcoming this immune response via physical exclusion of CD8+ lymphocytes. 

 

Previous studies have characterized the 4T07 tumor model as a highly immunogenic tumor 

model capable of dissemination but not macrometastatic outgrowth (Aslakson et al., 1991). Our 

findings expand upon these conclusions by clearly demonstrating that CD8+ cells are required for 

maintenance of 4T07 systemic tumor dormancy following surgical resection of the primary tumor. 

These data establish the 4T07 cells as a true model of immune-mediated tumor dormancy. This 

opens up opportunities for the use of this post-surgical system for the study of various dietary and 

other environmental influences on metastatic tumor relapse. 
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 PHARMACOLOGICAL INHIBITION OF FGFR 
MODULATES THE METASTATIC IMMUNE MICROENVIRONMENT 

AND PROMOTES RESPONSE TO CHECKPOINT BLOCKADE 

4.1 Disclaimer 

The material in this chapter has been prepared for submission to a journal for publication as 

a manuscript.  

4.2 Introduction 

Immune checkpoint blockade therapy is approved for the treatment of metastatic breast 

cancer, but the clinical benefits of these treatments are limited in comparison to other cancer types 

(Li et al., 2016). A major rate-limiting aspect of antibody-based immuno-checkpoint-blockade 

(ICB) therapies such as aPD-L1 is that breast cancer metastases are poorly infiltrated with 

inflammatory lymphocytes (Binnewies et al., 2018)(Garber, 2019). Indeed, recent studies indicate 

that as compared to matched primary mammary tumors, breast cancer metastases have decreased 

immune cell infiltration (Dieci et al., 2018; Zhu et al., 2019a). The drivers of these immune cold 

phenotypes in metastatic disease remain to be definitively determined. Therefore, there is clear 

clinical need to develop therapeutic interventions capable of altering the composition of the 

metastatic immune microenvironment to enhance the success of ICB therapies.  

 

Fibroblast growth factor receptors (FGFR) are a family of receptor tyrosine kinases who’s 

aberrant functions facilitate cancer cell proliferation, migration, and resistance to currently used 

therapeutics (Helsten et al., 2014; Porta et al., 2017). Recent studies have identified overexpression 

and activation of FGFR1 as a marker of epithelial-mesenchymal transition (EMT) and metastasis 

(Brown et al., 2016a; Wendt et al., 2014b). Additional, FGFR1 is genomically amplified in 13% 

of primary breast cancers and the FGFR1 locus can also become amplified de novo in metastatic 

tumors as compared to the primary tumor from which they were derived (Curtis et al., 2012; Yates 

et al., 2017). Several different selective and non-selective inhibitors of FGFR kinase activity 

demonstrate efficacy against in vitro cell lines as well as in pre-clinical mouse models (Ali et al., 

2017). Recent studies have begun to demonstrate the impact of systemic inhibition of FGFR on 
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various aspects of the primary tumor microenvironment such as angiogenesis and infiltration by 

various immune cells (Holmström et al., 2018; Yu et al., 2017)(Palakurthi et al., 2019; Ye et al., 

2014a). For instance, FGFR-mediated mTOR signaling drives expression of G-CSF leading to 

enhanced recruitment of myeloid-derived suppressor cells MDSCs (Welte et al., 2016).  

 

However, It’s not well understood how systemic inhibition of FGFR signaling during the 

treatment of pulmonary metastasis may change the immune landscape and potentiate a response 

to immunotherapy. Here we sought to address the hypothesis that modulation of the metastatic 

immune microenvironment via inhibition of FGFR would enhance the efficacy of immune 

checkpoint blockade. 

4.3 Methods and materials 

4.3.1 Animal studies and drug dosing 

All mouse experiments were performed in accordance with the IACUC approval from 

Purdue University. Five to 6 week old female BALB/c and athymic Nude(NU/J) mice were 

purchased from Jackson Laboratories. Female NRG(NOD-Rag1null IL2rgnull, NOD rag gamma) were 

purchased from Biological Evaluation Shared Resource facility at Purdue University. Methods 

used for cancer cell engraftments and drug dosing are described in the respective figure legends 

for all animal experiments.  

4.3.2 Cell lines and reagents 

The 4T1, 4T07 and D2.A1 cell lines were obtained from the lab of Fred Miller (Wayne 

State University). These cells were cultured in DMEM media supplemented with 10% FBS and 

penicillin/streptomycin (Life Technologies). Stable expression of firefly luciferase was established 

via stable transfection under Zeocin selection as previously described (Wendt and Schiemann, 

2009; Wendt et al., 2013a). Jurkat (clone e6-1) cells were obtained from Kazemian lab at Purdue 

University. The Jurkat cells were cultured in RPMI 1640 media supplemented with 10% FBS and 

penicillin/streptomycin. Depletion of FGFR1 in the D2.A1 cells was achieved via stable shRNA 

expression as described previously (Wendt et al., 2014a). All cell lines were subjected to tests for 
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mycoplasma contamination. The development and synthesis of FIIN4, the covalent FGFR inhibitor, 

were described previously (Brown et al., 2016c). 

4.3.3 Flow cytometry 

Single-cell suspensions were prepared from isolated lung tumors and spleens. Briefly, 

collected tumor bearing lung tissues were minced and digested for 1 hour at 37°C in HBSS media 

containing collagenase type II. Isolated spleens were mechanically disrupted by grinding. Samples 

were treated with ACK buffer to lyse red blood cells before being filtered with 70µm sterile cell 

strainers. To characterize the immune microenvironment, the resultant single-cell suspensions 

were incubated with TruStain (FcR blocker) and Zombie violet (live/dead stain)(Biolegend). After 

that, they were stained with CD45-PerCP, CD11b-PE/Cy7, CD8-PacificBlue, ly6C-FITC, ly6G-

APC/Cy7, F4/80-BV 605, and PD-L1-PE (Biolegend). A BD Fortessa LSR flow cytometry cell 

analyzer was used to perform the experiments and the resulting data were analyzed using Flowjo 

software. 

4.3.4 Immunoassays 

Immunoblot assays were performed on cell lysates prepared by lysing the samples with 

modified RIPA lysis buffer containing 50 mM Tris, 150mM NaCl, 0.25% Sodium Deoxycholate, 

1.0% NP40 and 0.1% SDS supplemented with protease inhibitor cocktails (Sigma), 10 mM 

Sodium Orthovanadate, 40 mM b-glycerolphosphate, and 20 mM Sodium Fluoride. For 

immunohistochemistry, formalin fixed and paraffin embedded tissue sections were deparaffinized, 

rehydrated and boiled on 10mM sodium citrate buffer (pH 6.0) to retrieved antigens. These 

processed sections were stained with antibodies specific for CD4, CD8, and CXCL16 (Cell 

Signaling). Staining was detected using the appropriate biotinylated secondary antibodies in 

combination with an ABC and DAB reagents (Vector). Sections were counter stained with 

hematoxylin. At least two people who were blinded in regards to the experimental groups counted 

the positively stained cells in the multiple fields of the stained sections.  
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4.3.5 mRNA expression analyses 

4T1 cells treated with either 500nM FIIN4 or DMSO for 24 hours and total RNA was 

isolated using an RNeasyPlus Kit (Qiagen). cDNA libraries were synthesized using iScriptcDNA 

Synthesis System (Bio-Rad). Semiquantitative real-time PCR was performed using iQ SYBR 

Green (Bio-Rad) as previously reported (Wendt et al., 2011b). The unique primers used for 

CXCL16 were Forward: 5'-CTCTGCAGGTTTGCAGCTCT-3' and Reverse: 5'-

CACTGATGGAGACGAGCCTG-3' 

4.3.6 T-cell signaling and immune cell killing assays  

Jurkat cells (1x104) were pretreated with indicated doses of FIIN4 for 2 hours in 24-well 

plates. Next, these cells were washed with sterile PBS twice and incubated with 5µg/ml anti-CD3 

(Biolegend, LEAF) for the indicated amounts of time. Following incubation, cells were isolated 

via centrifugation and lysed as described above. Following SDS PAGE and transfer, the PVDF 

membranes were probed with the indicated antibodies (Cell Signaling Technologies). For tumor 

cell killing assays 4T07 cells (5x104) were incubated for 6 hours in the presence of spleenocytes 

(5x105) derived from 4T07 tumor bearing mice. Following this incubation the supernatants were 

collected, mixed with luciferin and assayed for luminescence as a measure of tumor cell lysis. 

4.3.7 Statistics  

Bonferroni-corrected threshold (significance level 0.05) was used to compare the survival 

of multiple groups in the combination studies. A log-rank study was performed to identify 

statistically significant differences between the DMSO and FIIN4 treated group in figure S1 and 

S2 . All the performed statistical analyses and associated P values are indicated in the respective 

figure legends. 
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4.4 Results 

4.4.1 Inhibition of metastatic tumor growth by FGFR targeted agents is enhanced by the 
immune system. 

We recently reported that pulmonary growth of the 4T1 model of metastatic breast cancer 

can be inhibited by pharmacological inhibition of FGFR following via tail vein injection of cells 

(Brown et al., 2016c). Delivery of the related 4T07 cell model similarly results in robust pulmonary 

tumor formation within three weeks of tumor cell inoculation (Wendt et al., 2013b). To further 

investigate the ability of FIIN4 to inhibit pulmonary tumor growth, we treated animals bearing 

pulmonary 4T07 cells tumors with FIIN4 (Figure 4.1). As shown in figure 1 both immunodeficient 

NRG mice and syngeneic BALB/c mice were injected with 4T07cells and drug treatment was 

initiated 48 hours later (Figure 4.1a). A seven day treatment course with FIIN4 significantly 

delayed pulmonary tumor outgrowth in NRG mice, but this same treatment actually led to transient 

regression of tumor cell presence in BALB/c animals (Figure 4.1B-C). Moreover, upon cessation 

of FIIN4 treatment, BALB/c mice experienced a significant survival benefit whereas the NRG 

mice did not (Figure 4.1D).  

4.4.2 Inhibition of FGFR increases CD8+ cell  in pulmonary tumors 

Given the importance of the adaptive immune system on both 4T07 metastasis and 

response to FGFR inhibition we next sought to utilize this model system to further characterize 

the impact of FGFR on immune function (Palakurthi et al., 2019; Welte et al., 2016; Ye et al., 

2014b). To this end, mice bearing pulmonary 4T07 tumors mice were split into four separate 

cohorts and treated with increasing doses of FIIN4 (Figure 4.2A). Consistent with our data in figure 

one, FIIN4 treatment led to a dose-dependent inhibition of pulmonary tumor growth (Figure 4.2A 

and 4.2B). Histological examination of these pulmonary tumors demonstrated that the 4T07 

pulmonary tumors that form following tail vein engraftment are nearly devoid of CD8+ cytolytic 

lymphocytes (Fig. 4.2A). In contrast, systemic administration of FIIN4 produced a dose-dependent 

increase in the number of CD8+ cells present in these pulmonary lesions (Fig. 4.2C). In attempts 

to identify a mechanism of FIIN4-mediated recruitment of CD8+ cells we examined the dataset 

GSE52452. These gene expression data were derived from urothelial carcinoma cells treated with 

an alternative FGFR inhibitor, PD173074 ([CSL STYLE ERROR: reference with no printed 
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form.]). Examination of this dataset for differential expression of T-cell recruitment molecules 

revealed a significant increases in expression of the chemokine CXCL16 upon inhibition of FGFR 

(Figure 4.2D; (Matsumura et al., 2008)). Consistent with these findings, CXCL16 mRNA was 

increased upon treatment with FIIN4, and IHC analyses of 4T07 pulmonary lesions demonstrated 

a marked increase in CXCL16 staining upon administration of FIIN4 (Figure 4.2E and 4.2F). 

Importantly, these drug-induced immune phenotypes could be recapitulated genetically as shRNA-

mediated depletion of FGFR1 in tumor cells also led to increased presence of CD8+ cells in 

pulmonary tumors (Fig. 4.2G; (Wendt et al., 2014a)). 

4.4.3 FIIN4 treatment modulates immune suppressive populations in pulmonary tumors 

In addition to exclusion of CD8+ lymphocytes, FGFR also contributes to an immune 

suppressive microenvironment via recruitment of myeloid-derived suppressor cells (MDSCs) and 

tumor associated macrophages (Welte et al., 2016). As a result, we sought to define how FIIN4 

treatment affects these immune regulatory cells in pulmonary 4T07 tumors. Flow cytometry 

analyses of isolated spleen and lung tissues from pulmonary tumor bearing BALB/c mice revealed 

that systemic administration of FIIN4 reduced the number of MDSCs in pulmonary tumors (Figure 

4.3A and 4.3B). In contrast, FIIN4 did not change the number of macrophages in the tumor bearing 

lung tissue (Figure 4.3C and 4.3D). Further characterization of the MDSCs that remained after 

FIIN4 treatment revealed enhanced expression of the immunosuppressive molecule programmed 

death ligand 1 (PD-L1) (Figure 4.3E and 4.3F). Taken together, these data suggest that FGFR 

signaling actively contributes to an immunosuppressive microenvironment in pulmonary 

metastases via simultaneous exclusion of CD8+ lymphocytes and recruitment of MDSCs. 

4.4.4 Combination of FIIN4 and immune-checkpoint-blockade therapy 

To translate the observations above we initiated combination therapy approaches using both 

FIIN4 and checkpoint blockade antibodies. Initially, addition of PD-1 or PD-L1 blocking 

antibodies failed to show any improvement in FIIN4-mediated survival of mice bearing either 

4T07 pulmonary tumors (Figure 4.4A). Previous studies have found that FGFR can participate T 

cell receptor (TCR) signaling and in the activation of a T cell response (Byrd et al., 2003a). 

Therefore, we hypothesized that pharmacological inhibition of FGFR signaling may actually be 
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inhibiting the antitumor activity of cytolytic lymphocytes. To test this hypothesis we cocultured 

spleenocytes from 4T07 primary tumor bearing mice with 4T07 cells and assayed for tumor cell 

lysis (Figure 4.4B). As predicted, the spleenocytes from in vivo primed, tumor bearing animals 

efficiently killed the 4T07 cells (Figure 4.4B). However, this immune-mediated killing was 

nullified in the presence of FIIN4 (Figure 4.4B). To further investigate the inhibition of T-cell 

function by FIIN4 we stimulated Jurkat cells in vitro with aCD3 antibodies in the presence or 

absence of FIIN4 and assayed for differential phosphorylation of downstream signaling molecules. 

This approach clearly indicated that FIIN4 potently inhibits TCR proximal signaling events 

(Figure 4.4C). Given these inhibitory effects of FIIN4 on T-cell function we reasoned that 

sequential combination of FIIN4 and aPD-L1 would first abrogate the immunosuppressive 

microenvironment followed by enhanced T-cell activity via checkpoint blockade. Indeed, 

sequential dosing of FIIN4 followed by aPD-L1 significantly limited pulmonary tumor growth 

and increased overall survival as compared to either monotherapy (Figure 4.4D,4.4E). 
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4.5 Figures 

 

Figure 4.1  Immune competent mice demonstrate prolonged antitumor effects following systemic 
inhibition of FGFR. (A) Timeline of the engraftment and treatment approaches. Firefly 

luciferase-expressing 4T07 cells (5x105) were injected into the lateral tail vein of both BALB/c 
and NRG mice (n=10 mice each group) and cells were allowed to seed for two days. These mice 
were then treated with either DMSO or FIIN4 (100 mg/kg/po/qd) for 7days. (B) The mean (±SE) 
pulmonary radiance values from each group was taken at the indicated time points (n=5 mice per 
group). Data are normalized to the load values obtained immediately following tail vein injection 

and were analyzed using a 2-way ANOVA. (C) Representative bioluminescent images of both 
BALB/c and NRG mice at Day 10 post tumor engraftment. (D) Survival analysis of indicated 

groups mice after stopping the treatment (n=5 mice per group). These data were analyzed using a 
log rank test. 
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Figure 4.2  FIIN4 treatment leads to an elevated level of CD8+ cells in pulmonary tumors. (A, B 
and C) 4T07 cells (5x105) were delivered to the lungs of BALB/c mice (n=20) via tail vein 
injection, and the mice were allowed to recover for two days. Mice were administered either 

DMSO or FIIN4 (25, 50 and 100 mg/kg/day) via oral gavage for 7 days. (n=5 mice per group). 
Following this treatment, mice were sacrificed and lungs were collected and fixed in 

paraformaldehyde for downstream histological analysis. (A) Representative images of 
pulmonary histological sections of each treatment group stained with H&E, or antibodies 

specific for CD8 or CD4. (B) Bioluminescent images of each group treatment group 10 days 
after pulmonary engraftment. (C) The mean (±SD) of CD8 and CD4 positive cells per high 

powered field (HPF), n=5. (D) Differential CXCL16 expression levels were obtained from the 
dataset GSE52452 in which MGHU3 were treated with the FGFR inhibitor PD173074. (E) RT-
PCR analysis for CXCL16 obtained from 4T1 cells treated with 500 nM FIIN4 for 24 hours. (F) 
IHC analysis for CXCL16 in the control and FIIN4 treated (100 mg/kg/day) pulmonary tumors 
as described in panel A. (G) IHC analysis for CD8+ cells in control D2.A1 pulmonary tumors 

expressing a scrambled shRNA (shscram) and those depleted for FGFR1 expression (shFGFR1). 
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Figure 4.2 continued 
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Figure 4.3  FIIN4 treatment modulates pulmonary immune populations in 4T07 tumor-bearing 
mice. Multicolor flow cytometry analyses were performed to measure the changes in various 
immune cell populations in the spleen and lungs of BALB/c mice bearing 4T07 pulmonary 
tumors following 7 days of systemic administration of FIIN4 (100 mg/kg,po,qd). (A and B) 
Representative dot plots and replicated quantification of myeloid-derived suppressor cells 

(MDSCs) identified as CD11b+Ly6chiLy6Glow populations and quantified as a frequency of 
live events in isolated lung and spleen tissues of each group. (C and D) Representative dot plots 
and replicated quantification of macrophages identified as CD11b+Ly6clowF4/80+ populations 
and quantified as a frequency of live events in the isolated lung and spleen tissues of each group 

(E and F) Representative dot plots and replicated quantification of PD-L1 positive MDSCs 
identified as CD11b+Ly6chiLy6GlowPD-L1+ populations in the isolated pulmonary tumors. 

Data presented here are from three mice and are representative of two independent experiments. 
  



 
 

73 

Figure 4.3 continued 
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Figure 4.4  Sequential combination of FIIN4 and immune-checkpoint-blockade enhanced 
survival of pulmonary tumor-bearing mice. (A) Survival analysis of BALB/c mice bearing 

pulmonary 4T07 tumors with indicated therapies (n=5 mice per groups). The combination group 
of mice received both FIIN4 (100mg/kg/day for seven days via oral gavage) and aPD-L1 (four 

doses of 200 �g once every three days via intraperitoneal injections) simultaneously. The 14 day 
FIIN4 treatment is indicated by the solid black line and each aPD-L1 administration is denoted 
by an arrowhead (B) 4T07 cells were cocultured in vitro with spleenocytes from 4T07 tumor 

bearing mice in the presence or absence of FIIN4 and tumor cell lysis was quantified as 
described in the materials and methods. (C) Jurkat T-cells pretreated with either DMSO or 1µM 

FIIN4 overnight were stimulated with aCD3 antibody for the indicated time points, and cell 
lysates were collected and assayed via immunoblot for phosphorylation of p-Lck, p-PLCg1, p-

SLP76, p-ZAP70(Y319), p-LAT, and b-tubulin (b-Tub) as a loading control. Data in panel C are 
representative of at least two independent experiments. (D) Survival analyses of BALB/c mice 
bearing pulmonary 4T07 tumors treated with indicated therapies (n=10 mice per group). As in 
panel A, FIIN4 treatment duration (100 mg/kg/day) is indicated by the solid line and aPD-L1 

doses (200 �g) are indicated by the arrowheads. Survival data were analyzed by a log rank test. 
(E) Bioluminescent images of the different treatment groups described in panel D at Day 17 post 

tail vein injections. 
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4.6 Conclusion 

Immunotherapies are promising therapeutic avenues in various types of cancers(Li et al., 

2016). Despite recent clinical trials showing durable response of different immunotherapies in 

many patients, a significant number remain unresponsive. The immunosuppressive nature of the 

tumor immune microenvironment (TIME) in different cancers presents grounds for such 

contrasting efficacies(Binnewies et al., 2018). Solid tumors, for instance in Breast cancer, are 

infiltrated with a low number of inflammatory lymphocytes, thus, contributing to a limited 

sensitivity to antibody-based immuno-checkpoint-blockade (ICB) therapies such as anti-PDL1 

(aPDL1)(Binnewies et al., 2018)(Garber, 2019). Here, we presented systemic inhibition of FGFR 

as a potential therapeutic strategy to alter the composition of TIME that favors the activity of 

aPDL1 to prolong the survival of mice with pulmonary tumors.  

 

Using this 4T07 cancer model, we found that FIIN4, the covalent inhibitor of FGFR, has 

greater efficacy in mice with competent immune systems, implicating its immunomodulatory 

functions. Importantly, pharmacological inhibition of FGFR markedly increases number of CD8+ 

T lymphocytes within pulmonary tumors via induction of the T cell chemoattractant CXCL16. 

Besides, FIIN4 treatments decrease the number of immune-suppressive myeloid-derived 

suppressor cells (MDSCs) but elevate the level of PD-L1 expression while macrophages remain 

unchanged. These data suggest the combination of FGFR inhibition and PD-L1 targeting as an 

effective anti-metastatic therapy. However, we demonstrate that pharmacological inhibition of 

FGFR can interfere with T cell receptor signaling, inhibit T cell-mediated killing of tumor cells, 

and prevent a therapeutic benefit upon direct combination of FIIN4 with anti-PD-L1 checkpoint 

blockade. To overcome this, we were able to optimize a sequential dosing strategy consisting of 

FGFR inhibition followed by anti-PD-L1. This sequential combination approach significantly 

improves the overall survival of mice with pulmonary tumors as compared single treatment 

therapies. Collectively, our results indicate that in addition to direct inhibition of tumor cell growth, 

systemic targeting of FGFR signaling can sensitize metastatic tumors to aPD-L1 immune 

checkpoint therapy by changing the immune microenvironment. 
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Additionally, we demonstrate that upon tail vein injection of 4T07 cells, the resulting 

pulmonary tumors demonstrate an immune exclusion phenotype. These findings nicely 

recapitulate patient data in which metastases are less infiltrated with immune cells as compared to 

matched primary tumors (Zhu et al., 2019b). These data point to the importance of the tumor 

microenvironment in dictating response to kinase inhibitors as well as immunotherapy. In contrast 

to the 4T07 cells the highly metastatic 4T1 model contains a high number of T-cells in both the 

primary tumor and the resulting metastases. This raises the interesting question of whether 

metastases that manifest quickly following primary tumor interventions evolve more active modes 

of immune suppression, where metastases that only emerge following prolonged periods of 

remission rely on immune exclusion to maintain tumor cell survival and outgrowth. 

 

Overall, in this chapter, we presented evidence that systemic FGFR inhibition transform the 

composition of immune microenvironment within metastatic niche which allow a combination 

therapy with aPD-L1 to prolong patient’s survival.  We also reported novel mechanistic links 

between FGFR signaling and T lymphocyte’s migration and function in cancer. Further analysis 

of the mechanism of FGFR mediated chemokine expression and subsequent lymphocyte 

recruitment will be critical to develop novel small molecule immune modulators . 
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 DISCUSSION AND FUTURE DIRECTIONS 

At the onset of this dissertation work, we set out to develop novel biological models with 

the goal of understanding the mechanism of disease recurrence in breast cancers. Disease 

recurrence in cancer can occur as local, regional, and distant metastasis (Holleczek et al., 2019). 

Different factors affect the risk of disease recurrence such as the age of the patients, tumor size, 

time of tumor detection, lymph node involvement, type of cancers (Mannell, 2017). Various 

cellular signaling events are also implicated in the disease recurrence (Ahmad, 2013). To date,  

toxic hormonal chemo and radiation therapies are common approaches to target these relapsed 

diseases. As a result, continuous research is vital to identify targetable pathways to inhibit recurrent 

tumors. Here, with our novel in vivo and in vitro models, we established fibroblast growth factor 

receptors (FGFR) as molecular targets to treat recurrent tumors. In the future, continual efforts in 

improving the experimental models for better recapitulation of various aspects of disease 

recurrence will be key to unlock novel therapeutics against breast cancer recurrence.  

5.1 Recurrence of minimal residual disease 

Treatment of HMLE-HER2 xenografts with antibody-drug conjugates T-DM1 established 

drug-induced minimal residual diseases (MRDs). Upon removal of drugs, these MRDs exhibited 

disease recurrence with the acquisition of new cellular phenotypes. Analyses of relapsed tumors 

from MRDs revealed that the T-DM1 drug persistent tumors significantly lost Her2 expression. 

These observations have important implications on the choice of drug treatment sequences in the 

HER2+ subtype of breast cancer. We reported that upon the acquisition of lapatinib resistance, 

HER2 can still be expressed in the cancer cells and be targeted with T-DM1. However, the 

development of T-DM1 resistance comes with Her2 downregulations, which eventually makes 

them inherently resistant to other Her2 kinase inhibitors. As a result, our results recommend that a 

better sequence of Her2 targeted therapies for this subset of patients would consist of kinase 

inhibitors as first-line treatments followed by Her2 targeted antibodies and T-DM1. Similar to our 

findings of Her2 discordance, recent studies with doxycycline inducible 
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Figure 5.1  Minimal residual disease post T-DM1 treatment. (A) HER2 driven tumors exhibit the 
loss of Her2 expression following prolong treatments of T-DM1 followed by the activation of 
FGFR signaling. The induction of EMT helps the selection of cancer cell types that exhibits a 

switch of growth-promoting pathways. (B) Schematic presentation of various stages of HER2+ 
xenografts. Initially, HER2+ cells are sensitive to T-DM1 treatments that result in the 

development of minimal residual diseases (MRD) when the diseases are below the threshold for 
detection. While in the state of MRD, these cancer cells acquire new growth-promoting 

pathways FGFR while downregulating Her2 driven signaling. These tumors, when they relapse 
out of MRD, show little sensitivity towards T-DM1 but can be targeted with FGFR inhibitors. 
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HER2 expression tumor models, showed that recurrent tumors can evolved via loss of 

HER2 expression and grow using alternative signaling pathways (Abravanel et al., 2015; Mabe et 

al., 2018). Additional studies also reported similar downregulation of target receptors following 

antibody treatments (Duman et al., 2012). More complete analysis of the molecular and signaling 

mechanism of such active HER2 downregulation or loss of expression post T-DM1 treatments are 

necessary. Understanding such mechanisms may lead to the development of combination therapies 

to significantly delay the recurrence of the disease. 

  

Our in vitro models suggest that cytokine-induced EMT programs facilitate the selection 

of a small subset of the population that exhibits diminished Her2 expression along with high level 

expression of FGFR1. These data are consistent with previous observations of Inducible activation 

of the FGFR following the initiation of EMT programs (Brown et al., 2016b; Raoof et al., 2019). 

With the downregulation of the Her2 growth pathway, the drug persisted cells need alternative 

signaling pathways for growing as relapsed tumors. Indeed, we found that elevated expression of 

FGFR1 inhibits T-DM1 mediated cell growth arrest, at least partially, via interfering with the 

antibody binding of Her2 and may drive tumor regrowth in these Her2 discordant tumors. As a 

result, our data suggest that FGFR1 can act as a major driver of tumor recurrence following the 

onset of HER2 discordance and acquisition of resistance to T-DM1 and other ErbB-targeted 

therapies. EMT has been liked with the development of resistance to various targeted therapies 

(Singh and Settleman, 2010b). EMT driven FGFR1 upregulations and development of T-DM1 

persistent MRDs presents a functional and targetable link between EMT and the acquisition of 

drug resistance. However, the mechanisms of FGFR1 upregulation during EMT need to be fully 

elucidated in the future. Also, the role of EMT-driven FGFR1 upregulations in the acquisition of 

T-DM1 resistance need to be established in other HER2+ BC cells and xenograft models. FGFR 

signaling is capable of acting as a bypass pathway during the acquisition of resistance to ErbB 

kinase inhibitors. However, our current data suggest that enhanced FGFR1 expression also plays 

a more active role in manifesting T-DM1 resistance by disrupting trastuzumab’s ability to bind to 

HER2. In the future, the exact mechanisms by which FGFR prevents trastuzumab binding need to 

be explored.  
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Our xenografts studies suggest that, in the recurrent setting, FGFR acts as a major driver of 

tumor growth, which can be effectively targeted with FIIN4. Overall, our studies strongly 

suggested that combined therapeutics targeting HER2 and FGFR will delay tumor recurrence and 

prolong response times of patients with HER2+ breast cancer. In the future, these combination 

approaches need to be validated in the relevant preclinical models. Due to the origin of the T-DM1, 

all of our preclinical studies were performed using human cancer cell lines and PDXs in mice with 

compromised immune systems. Similar studies using mouse tumors lines in preclinical mice model 

with competent immune systems will define the role of immune systems in the recurrence of 

minimal residual diseases. 

5.2 Recurrence of immune mediated dormant tumors 

In addition to drug-induced dormant MRDs, as described in the previous chapter, cancer 

cells also demonstrate immune-mediated dormancy. As cancer initiates and progresses to develop 

metastatic growth in distant sites, it has to overcome body’s various defense mechanisms 

continually. With high mutational rates, cancer cells can present numerous neoantigens that can 

be identified by the adaptive immune system (Castle et al., 2019). Systemically disseminated 

tumor cells (DTCs) are similarly susceptible to immune-mediated clearance as they leave immune-

suppressive tumor microenvironments (Mohme et al., 2017). Among other mechanisms, these 

DTCs can survive in a dormant state for an extended period of time by maintaining an equilibrium 

of its proliferation and the immune-cells mediated growth inhibition (figure 5.2.A) (Romero et al., 

2014b).  

Here, we established 4T07 tumors as a model of immune-mediated dormancy. Previously, 

it has been reported that highly immunogenic 4T07 tumors can disseminate systemically from 

primary tumors but unable to form macrometastatic lesions (Aslakson et al., 1991). While 

comparing the metastatic progression of 4T07 tumors in mice with differential immune capabilities, 

we found that 4T07 tumors maintain their ability to form macrometastasis in mice with impaired 

immune systems. These observations suggested an active inhibition of 4T07 DTCs growth in the 

lungs via adaptive immune systems.   
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Figure 5.2  Model of 4T07 immune-mediated dormancy. (A) Immune dormancy is defined as a 
state of equilibrium between tumor cell’s growth rate and cell-death due to  clearance by immune 
cell activity. Any events that may compromise the immune system can shift the balance favoring 
the recurrence of metastatic tumors. (B) Systemically disseminated 4T07 cells are immunogenic 
and susceptible to the adaptive immune system. Following the depletion of CD8+ T cells, these 

disseminated micrometastasis of 4T07 tumors break their dormancy and give rise to overt 
macrometastatic growth. 
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Moreover, we find that the systemic immune response developed with the implantation of 4T07 

cells in mouse fat pad provides protection of pulmonary tumors growth delivered via tail-vein 

injection. These observations further indicated that the growth of 4T07s in the pulmonary regions 

are susceptible to systemically educated immune-mediated defense. Supporting this hypothesis, 

we found that 4T07 tumors, when delivered to the lungs, demonstrate immune exclusion 

phenotypes allowing them to manifest macrometastasis. Additionally, we found that dormant 

4T07s are capable of forming macrometastasis in the lung with the depletion of cytolytic T 

lymphocytes (figure 5.2.B). These observations strongly underscored the importance of CD8+ 

cells for the maintenance of the equilibrium that results in 4T07’s systemic dormant phenotype.  

 

Overall, in this chapter, we presented 4T07 as a model to study the recurrence of immune 

susceptible dormant tumors. We envision this model to be used as a powerful tool to study external 

interventions on disease relapse by modulating anti-tumor immunity. In the future, an in-depth 

analysis of immunity against 4T07 tumors will enrich the model. Identification of the specific 

subset of CD8+ T lymphocytes and subsequent characterization of tumor antigen-specific T cell’s 

receptors will refine our understanding of 4T07 tumors immunogenicity. Additionally, the role of 

other leukocytes such as NK cells, macrophages, and neutrophils, etc. in the maintenance of 

4T07’s dormancy also needs to be explored. All of this knowledge will be important to bolster the 

model of immune-mediated dormancy.  

5.3 A combination therapy to target metastatic tumors 

FGFR has recently been established as a key modulator of the immune microenvironment 

in several primary cancers (Palakurthi et al., 2019; Welte et al., 2016; Ye et al., 2014b). Recent 

studies have begun to identify important mechanisms by which kinase inhibitors, originally 

designed to have on tumor effects, can influence immune cell recruitment and or function (Goel et 

al., 2017). There is still a major gap in our understanding of how FGFR signaling may influence 

the metastatic microenvironment, particularly the pulmonary region, a common site of breast 

cancer metastasis (Jin et al., 2018). Our presented systemically dormant immune-excluded 4T07 

tumors equipped us with an excellent opportunity to explore the immune modulation of the 

pulmonary metastatic niche following the inhibition of FGFR signaling. 
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Using the aforementioned 4T07 pulmonary tumor models, we found that mice with a functional 

immune system exhibit better survival with the systemic inhibition of FGFR. These data clearly 

implied the influence of FGFR signaling on the composition of tumor surrounding immune 

microenvironments in the pulmonary region (figure 5.3). Subsequently, our data showed that 

FGFR inhibition leads to an increase of CD8+ T lymphocytes numbers within the metastasis niche 

in a dose-dependent manner. Further analysis of the changes in CD8+ T lymphocytes phenotypes 

and their expression profiles with the systemic FGFR inhibition are necessary to better characterize 

the extent of FGFR influence on tumor-infiltrating cytolytic T lymphocytes. Since FIIN4 has 

shown potential off-target inhibitions of various kinases, the specificity of FGFR inhibition 

mediated CD8+ T lymphocytes recruitment remains to be determined (Brown et al., 2016c). While 

genetic knockdown of FGFR1 in metastatic D2A1 models showed a direct relationship of FGFR1 

and CD8+ T lymphocytes recruitments, further experiments on other tumor models with different 

genetic backgrounds are needed to strengthen these observations.  

 

While the exact mechanism of FGFR mediated CD8+ T lymphocytes recruitments are yet 

to be delineated in detail, our data suggest that the upregulation of CXCL16 chemokines following 

FGFR inhibition may be partially responsible. The sources of CXCL16 ligands in the metastatic 

niche are also needed to be determined. High levels of expression for CXCL16 are found in the 

pulmonary region of the body (Day et al., 2009; Zuo et al., 2019)(Allaoui et al., 2016). As a result, 

the effects of FGFR inhibition on the differential expression of CXCL16 in the cancer-associated 

lung fibroblasts need to be explored. Additionally, genetic knockdown of CXCL16 in cancer cells 

with FIIN4 treatments are required for establishing of FGFR–CXCL16 axis as one of the active 

pathways that can influence CTL recruitments in metastatic nodules. The expression of CXCL16 

in cancers has been found to inhibit tumor growths via helping recruitments of tumor-targeting 

immune cells (Hojo et al., 2007)(Kee et al., 2014). As a result, targeted delivery of recombinant 

CXCL16 within the metastatic region can be explored as a therapeutic option to treat pulmonary 

metastasis. Along with the CXCL16 expression, other chemokines may also be altered with the 

FGFR inhibition. Analysis of changes in the panel of mouse chemokines may provide a more 

detailed listing of potential effects of FIIN4. 
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Figure 5.3  Compositions of tumor immune microenvironment of 4T07 pulmonary metastatic 
niche with FGFR inhibition. 4T07 tumors can develop macrometastasis in the pulmonary region 

when delivered via tail vein injections. 4T07 metastatic niche is characterized as immune-
exclusive phenotype with few cytolytic T lymphocytes presence. Systemic inhibition of FGFR 
can bring significant changes in the composition of different immune cell populations favoring 

tumor clearance. An increase in the number of CD8+ T lymphocytes and a decrease in the 
MDSCs number are two major changes with FGFR inhibition. There is an elevated expression of 
PD-L1 on MDSCs within these proinflammatory environments as well. Such changes in immune 

cell populations and their phenotypes opened up an excellent opportunity for combination 
therapies with FGFR kinase inhibitor and immune checkpoint blockade therapies.
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KinomeScan profiling for FIIN4 does suggest potential off-target inhibition of LCK, a 

critical mediator of TCR signaling (Brown et al., 2016c). However, other studies suggest that 

FGFR can interact with the TCR and participates in TCR-mediated signaling events (Byrd et al., 

2003b). Indeed, our data shows that FGFR inhibition can actively inhibit cancer cell killings in 

vitro. Additionally, we find that FIIN4 treatment may inhibit TCR proximal signaling (figure 5.4). 

Further experiments are required to determine how FIIN4 treatments ultimately affect the effector 

functions of activated primary T lymphocytes and its production of IL2, INF-g , perforins, and 

granzymes. Screening of other small molecules inhibitors of FGFR will be necessary to determine 

if such effects are specific to FIIN4 only. Additionally, the activation of FGFR signaling on 

primary T lymphocytes via FGFR specific ligand may also strengthen the functional relationship 

of T cell receptors and FGFR signaling. 

 

Eradifitinib is a competitive inhibitor and the only FGFR-targeted small molecule currently 

approved by the FDA. However, there are numerous other competitive and covalent FGFR-

targeted molecules in various stages of clinical trials being tested (NCT03473756, NCT04024436). 

Our studies herein indicate that in addition to toxicity and on-target potency and specificity, the 

selection of these molecules should include analysis of interference with T-cell function.  

 

Finally, we devised sequential dosing approaches with FIIN4 and aPD-L1 ICB to facilitate 

the efficacy of checkpoint blockade in the immune-excluded 4T07 pulmonary tumors. The concept 

of combining kinase inhibitors with immune checkpoint blockade is clearly not without precedent. 

Recent studies have begun to identify important mechanisms by which kinase inhibitors, originally 

designed to have on tumor effects, can influence immune cell recruitment and or function (Goel et 

al., 2017). While some of these mechanisms can be readily targeted in direct combination with 

checkpoint blockade, our study is likely reflective of a common occurrence in that either on or off-

target kinase inhibition can block T-cell function, thus negating the antitumor activity of 

checkpoint blockade. These results point to the importance of a complete understanding of the 

systemic effects of small molecules before they can effectively be combined with checkpoint 

blockade or other immune therapies.  
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Figure 5.4  FIIN4 affects T lymphocytes signaling and its effector functions. FGFR inhibition 
with covalent FIIN4 molecule downregulates the TCR signaling cascade and subsequently 

affects the T-lymphocyte mediated cancer cell killings. More experiments are needed to establish 
if FIIN4 can modulate the secretion of effector molecules by activated T-lymphocytes. 
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5.4 Summary 

In this dissertation work, we established FGFR signaling as an essential pathway that 

expedites the recurrence of the T-DM1 resistant tumors in Her2+ subtype of breast cancer. We 

also found that systemic FGFR inhibition changes the immune landscape of the metastatic tumors 

that can be exploited by combination therapy with aPD-L1 to increase patient’s survival with 

highly aggressive immune-dormant breast cancer tumors. Additionally, we suggested novel 

mechanistic insights into the relationship between FGFR signaling and T cell functions in cancer. 
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APPENDIX A. FGF2/CAR T CELLS 

Background 

The adaptive immune system consists of specialized B and T lymphocytes, which provide 

highly specific immunity against foreign pathogens (Alberts, 2008). They can recognize self vs. 

non-self-antigens, which leads to the generation of the tailored immune response to inhibit 

pathogens and pathogen-infected cells (Alberts, 2008). Besides, they create immunological 

memories via memory B cells and memory T cells so that robust response can be generated in 

future encounters with the same antigen(Kurtz, 2004). These ‘immunological memories’ are the 

basis of antibody-mediated therapies like vaccination and more recently developed immune cell-

based therapeutics like chimeric antigen receptor expressing T cells (CAR-T cells).  

 

CAR-T cells are genetically modified T cells that are reengineered to target an antigen of 

interest in tumor cells (Srivastava and Riddell, 2015). Antigen recognition by CAR-T cells is 

mediated via an extracellular domain, which is either a single-chain antibody or a ligand for a 

receptor antigen. This extracellular receptor domain is tethered to intracellular signaling domains. 

Recognition of a tumor-specific antigen leads to the activation of CAR-T cells and a robust 

subsequent T cell-mediated immune response. CAR-T cell therapies have recently gained 

enormous research interest as a way to target tumor-associated antigens (Brower, 2015). For 

example, CD19/CAR-T, where patient-derived primary T cells are engineered to express receptors 

for CD19, a B-cell specific antigen,  have shown tremendous success in clinical trials against 

chemoresistant B-cell lymphomas (Kochenderfer and Rosenberg, 2013; Kochenderfer et al., 2012). 

This success with B-cell malignancies inspired researchers to develop CAR-T therapies to treat 

solid tumors. Initial successes have already been reported in various cancers (Louis et al., 2011; 

Robbins et al., 2011). Here our goal is to establish a novel CAR-T cell to treat BC metastasis. 

  

In the previous chapters of this dissertation work, we have established FGFR as an emerging target 

to target to inhibit breast cancer recurrence and metastasis. Here in this chapter, we attempted to 

develop a cellular CAR T cell therapy to target FGFR1 in metastatic settings (Figure 1). 
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Figure A.1. A Schematic representation of FGFR1 targeting FGF2/CAR and the control 
CD19/CAR. The third generation FGF2/CAR contains an FGF2 ligand, which is a high-affinity 
ligand for FGFR1 iiic. This ligand is followed by the receptor hinge region ‘CD8a hinge’ and the 
CD28 transmembrane domain (CD28 TM). For efficient proliferation, activity, and persistence, 
these CAR contains T cell’s intracellular signaling domains such as CD28, 4-1BB, and CD3 zeta. 
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Results 

 

 
 

Figure A.2. Construction of FGF2/CAR. A. Schematics of FGF2/CAR design. Left-part 
fragments contains CD8a leader sequence, FGF2 ligand domain, and CD8a hinge region. Right 

part contains CD28TM and other intracellular domains such as CD28, 4-1BB, and CD3 zeta 
domain B. PCR amplifications of different domains of the CAR construct. C. Constructions of 
the left and the right parts of the CAR were done via overlapping extension PCR(OEPCR) and 

agarose gel electrophoresis confirmation via band size. D. Full-length FGF2/CAR was also 
constructed via suing both left and right parts, and the correct fragments were identified via 

agarose gel electrophoresis. 
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Discussion 

Here we presented a work in progress towards the goal of developing a ligand-based FGFR1 

targeting therapy. We have designed and engineered third-generation CARs that target the specific 

splice variant of FGFR1 that is relevant to breast cancer metastasis. In the future, we need to 

perform the following experiments to validate this novel therapy:  

 

i) We will transduce of isolated mouse primary T cells with the FGF2/CARs and verify 

the expression of FGF2/CAR on the T cell’s surface.  

ii) We will use FGFR1 amplified BC cell lines in vitro to measure FGF2 mediated T-cell 

activation and cell death by ELISA and flow cytometry assays. 

iii) We also plan to expand our tests in in situ EMT-driven metastatic BC mouse models 

where we will test the FGF2 mediated inhibition of metastasis in vivo. 

 

Successful completion of the current proposal will be a step forward towards developing durable 

cancer therapeutics against metastatic BC. Finally, we foresee that our proposed FGF2/CAR-T 

cell therapy has great potential to be translated from pre-clinical mouse models into clinical trials 

with metastatic BC patients. 
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