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ABSTRACT 

IMMUNOMODULATION BY SMALL MOLECULES FOR PREVENTION OR 
TREATMENT OF CANCER 

By 

Di Zhang 

Cancer is the second leading cause of deaths worldwide. Lung cancer and breast 

cancer, specifically, are two of the most common cancers in the U.S. except skin cancer. 

With the increasing medical and economic burden of these diseases, developing 

effective cancer prevention and treatment strategies is important and urgent. Cancer is 

characterized by uncontrolled cell proliferation. Targeting the tumor cells directly to 

inhibit their growth and increase cell death has been the major focus of cancer treatment 

since the last century. Cancer is also described as a wound that does not heal. 

Inflammation plays critical roles in cancer development and progression. The immune 

system is a powerful host defense mechanism against infections and diseases including 

cancer. However, tumor cells are able to edit and suppress the immune system to evade 

the immune attack. Targeting immune cells to unleash the power of immune surveillance 

has become a research priority. The recent breakthroughs in cancer immunotherapy 

have revolutionized the landscape of cancer treatment. As immunotherapy becomes the 

first line of therapy in cancer treatment, it is essential to understand how other drugs 

modulate the immune system, so that we can deliver more effective and less toxic 

combinations. In this thesis project, I focused on four therapeutic targets (bromodomain 

proteins, retinoid X receptors, Nrf2 transcription factors, poly (ADP-ribose) polymerase) 

and explored their effects on the immune cells. Small molecules targeting these proteins 

were tested in various preclinical mouse models in the context of either cancer 



prevention or treatment. My studies not only demonstrated enhanced efficacy and 

reduced toxicity with all four classes of compounds but also provided some novel 

insights into the immunomodulatory effects of these clinically relevant signaling 

pathways. This work is highly translational and could have direct impact on human 

patients. 
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1.1 Cancer, “the emperor of all maladies”    

Siddhartha Mukherjee has named cancer “the emperor of all maladies.” Cancer is a 

group of diseases that affect billions of people around the world. An estimated 18.1 

million new cancer cases were diagnosed and 9.6 million deaths were reported 

worldwide from cancer in 2018 alone [1]. In the United States, it is estimated that 

approximately 1.8 million people will be diagnosed with cancer and over 600,000 cancer 

deaths recorded in 2019 [2]. The economic burden of cancer care has been steadily 

increasing. In 2010, $137.4 billion in medical expenditures were spent to care for cancer 

survivors in the United States [3]. As the population ages, cancer will continue to be a 

formidable adversary for human health. 

1.1.1 Hallmarks of cancer 

What is cancer? Although cancer encompasses over 200 diseases, they all share 

some common characteristics, which are classified as the hallmarks of cancer [4, 5]. 

Uncontrolled cell proliferation is a well-known hallmark of cancer. This is driven by 

acquired endogenous growth signals, lack of sensitivity to growth-inhibitory signals, 

evasion of programmed cell death, limitless replicative potential, and sustained 

angiogenesis. Tumor cells are characterized by genomic instability, abundant mutations, 

and the ability to evade immune surveillance. Normal cells only move from a quiescent 

state to a proliferative state after sensing mitogenic growth signals. In contrast, tumor 

cells are able to generate endogenous growth signals, by overexpressing growth factors 

and growth receptors, altering growth receptors structurally to become ligand 

independent, switching the types of extracellular matrix receptors that are expressed, 

and changing the components of downstream cytoplasmic circuitry [6]. In addition, 
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cancer cells can evade anti-proliferative signals by disrupting signaling pathways that 

govern the cell cycle [7].  

Besides promoting the capabilities of proliferation, tumor cells also develop 

mechanisms to prevent cell death. For example, p53, a proapoptotic regulator, is 

mutated in more than 50% of human cancers [8]. The rapid growth of cancer cells 

certainly requires considerable supply of oxygen and nutrients. Angiogenesis and 

metabolism reprogramming, therefore, are crucial during tumor development [9]. 

Furthermore, even if the nutrients and space become limited at the primary site, tumor 

cells are able to survive by metastasizing to distant tissues [10].  

1.1.2 Classification of cancer 

Cancer can be classified into a wide variety of subtypes based on different criteria. In 

terms of organ origin, commonly diagnosed cancers include lung cancer, breast cancer, 

prostate cancer, colorectal cancer, skin cancer, bladder cancer, kidney cancer, 

lymphoma, leukemia, uterine cancer, pancreatic cancer, and thyroid cancer. This project 

will only focus on lung cancer and breast cancer, as they are the most commonly 

diagnosed lethal cancers. Not all tumors are cancerous. Originally, the term “tumor” 

referred to a swelling that could be either benign or malignant [11]. Benign tumors have 

well-defined borders and do not invade into nearby tissues and thus are often treated by 

surgical removal. Malignant tumors, in contrast, vary from well-differentiated to 

anaplastic, and frequently infiltrate local normal tissue or even metastasize to distant 

tissues. Depending on the tissue of origin, there are four main types of malignant 

cancers: carcinomas (epithelium), sarcomas (connective tissue), hematopoietic tumors 

(blood) and neuroectodermal tumors (nervous tissue) [12].  
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1.1.3 Risk factors 

Cancer is caused by both external factors and internal factors. External risk factors 

include smoking [13], chemicals (e.g. asbestos, benzopyrene, vinyl chloride) [14], 

radiation [15], and infectious organisms (e.g. HPV, HBV, HCV) [16]. Internally, inherited 

mutations (e.g. BRCA mutations) [17], hormones [18], and immune system disorders [19] 

all contribute to tumor development. These factors may act together or in sequence as 

“hits” to initiate or promote carcinogenesis. Two hits are usually required to acquire 

phenotypic changes [20]. These risk factors often induce DNA damage either directly or 

indirectly. Failure of DNA repair leaves behind mutations. Beside environmental factors 

and inheritance, mutations in cancer cells can also result from DNA replication errors. In 

fact, DNA replication error-induced mutations are responsible for two-thirds of the 

mutations in human cancers [21]. If exogenous environmental factors are external 

enemies, reducing exposure will be the key to limiting the development of cancer, which 

is called primary prevention. Internal enemies, such as DNA replication errors, however, 

are not easily prevented. Therefore, early detection and secondary prevention (prevent 

the disease from getting worse) become alternative ways to defend against cancer. 

1.1.4 Cancer treatment options 

More treatment strategies for cancer have become available since the last century. 

Surgery, chemotherapy and radiotherapy are traditional treatment options for cancer 

patients. Surgery is most effective at early stages when the tumor is still localized. 

Surgery may also be used to provide comfort or enhance the effectiveness of other 

treatments. Neoadjuvant chemotherapy or radiotherapy can also be applied before 

surgery to shrink the tumor and lower the risk of recurrence. Chemotherapy was first 
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developed in the 1940s. Traditional chemotherapy includes alkylating agents, 

anti-metabolites, tumor antibiotics, topoisomerase inhibitors and microtubule inhibitors 

[22]. Because these cytotoxic agents target rapidly proliferating cells, they also induce 

significant side effects by acting on rapidly proliferating normal cells such as bone 

marrow stem cells, gastrointestinal mucosal cells, hair follicles and ovaries or testes.  

Since 1990s, more targeted therapies have become available. These targeted 

therapies act by interfering in the processes of cell growth, division, or spread that tumor 

cells rely on for survival. Tyrosine kinase inhibitors were the first targeted therapy for 

cancer treatment. Hormone receptor modulators, epigenetic modifiers, proteasome 

inhibitors, angiogenesis inhibitors, apoptosis-inducing drugs, etc., are other targeted 

therapies [23].  

Targeting the immune system to treat cancer is another important strategy in cancer 

treatment. Although this idea can be traced back to the 1950s, the blossoming of 

immunotherapy did not arrive until recently. As immune checkpoint inhibitors were 

approved for multiple cancers, immunotherapy has revolutionized the landscape of 

cancer therapy. Checkpoint inhibitors have become the first-line of treatment for 

advanced non-small cell lung cancer and have demonstrated prolonged survival benefits 

in multiple cancer types [24, 25]. In the era of immunotherapy, it is pivotal to understand 

not only the basic immunology of the cancer microenvironment, but also how other 

existing therapeutic options alter the effectiveness of immunotherapies. Although the 

achievements of immunotherapy observed in clinical trials are undeniable, only a small 

portion of the patients derives benefits. Rational drug combinations provide new 

opportunities to overcome some of these limitations. 
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1.2 Breast cancer  

1.2.1 Statistics 

Breast cancer is the most commonly diagnosed cancer and the second leading 

cause of cancer deaths in women. In 2019, an estimated 268,600 women will be 

diagnosed with breast cancer in the United States [26]. It is usually curable if the cancer 

is localized to the breast, with a 5-year survival rate of 99%. With advances in early 

detection and screening, over 60% breast cancer cases are diagnosed at this early stage. 

With regional spread into the lymph nodes, the average 5-year survival rate is 85%. 

However, if the cancer has spread to a distant tissue, the 5-year survival rate declines to 

only 27% [27]. 

1.2.2 Classification of breast cancer and treatment options 

Breast cancer is a heterogeneous disease with distinct histological, molecular and 

clinical features. Breast cancer can be classified as luminal A, luminal B, HER2+ and 

triple negative subtypes based on the molecular phenotypes [28]. Luminal A is the most 

common subtype of breast cancer and accounts for approximately 40% of breast cancer 

cases. Luminal A subtypes are usually low-grade tumors that express hormone 

receptors (estrogen receptor/progesterone receptor), and are therefore sensitive to 

endocrine therapies. The luminal B subtype, which represents about 20% of breast 

cancers, is estrogen-receptor and/or progesterone-receptor positive, HER2 positive or 

negative, with high levels of Ki67 expression. Luminal B tumors usually grow moderately 

faster than luminal A tumors and their prognosis is also slightly worse. HER2 positive 

breast cancers, as indicated in the name, express the human epidermal growth factor 

receptor 2 (HER2). Although HER2 positive cancers tend to be more aggressive than 
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other types, the prognosis is actually quite good because of the availability of targeted 

therapies such as Trastuzumab, an antibody which specifically targets the HER2 protein 

[29]. Triple negative breast cancers (15-20% of breast cancers) have the worst 

prognosis. Without the expression of either hormone receptor or the HER2 receptor, no 

targeted therapy is available, so chemotherapy remains the most effective option for 

triple negative breast cancer patients. 

1.2.3 Animal models of breast cancer  

Although in vitro assays using cancer cell lines are valuable methods to study cancer, 

it is critical to have in vivo models to study the complex biology of cancer and test new 

compounds for therapeutics. A wide variety of mouse models have been developed to 

study breast cancer. These mouse models mimic different subtypes of breast cancers in 

humans [30]. In general, there are three major ways to develop mammary gland tumors: 

implanting tumor cells directly into the mice (xenograft), genetically modifying the 

animals (GEMM) and carcinogen-induced tumor model (N-Methyl-N-nitrosurea, 

7,12-Dimethylbenzanthracene, 2-Amino-1-methyl-6-phenylimidazo(4,5-b)pyridine, etc.).  

To establish a xenograft model, either tumor cell lines (CDX) or human tumor 

fragments (PDX) are injected ectopically under the skin or orthotopically into a fat pad. 

To model colonization or metastasis, tumor cells can be injected directly into the 

circulation via the tail vein to study the process of extravasation and metastatic 

deposition in distant organs.  

To generate GEMM models of breast cancer, regulatory elements only found in the 

mammary gland are used to drive the expression of gene of interest (e.g. tumor 

suppressor genes or oncogenes) selectively in the mammary gland. The most common 
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mammary-specific gene regulatory elements include the mouse mammary tumor virus 

long terminal repeat (MMTV-LTR) and milk protein gene promoters of the whey acidic 

protein (WAP) or the β-lactoglobulin (BLG) [31]. MMTV-PyMT, MMTV-Neu, 

BRCAfl/fl;MMTV-Cre are typical models representing triple negative, HER2 positive and 

BRCA-deficient breast cancers, respectively. Other GEMM models, such as 

MMTV-cyclin D1, MMTV-Myc, Stat1-/-, have also been developed to study specific 

oncogenes or tumor suppressors [31].  

Both xenograft models and GEMMs have their own advantages and disadvantages 

[30]. For xenograft models, inoculation of tumor cells is technically simple, tumors 

develop quickly, and human cancer cells are used. However, poorly differentiated cancer 

cells are required for tumor formation so that only advanced disease states are modeled. 

Additionally, the requirement to use immunocompromised hosts neglects the effects of 

an intact tumor microenvironment, which is critical in tumor initiation and progression. 

GEMMS maintain an intact immune system and thus a natural tumor microenvironment, 

and provide an opportunity to study both early and late stages of tumor development and 

progression. Nevertheless, GEMMs usually require extensive breeding and genotyping, 

and their genetics often do not fully represent the heterogeneity of human disease. 

Therefore, the selection of a mouse model needs to be carefully considered based on 

the scope of the research and confirmation of the results in more than one model will 

enhance rigor and confidence in the results.   

1.3 Lung cancer 

1.3.1 Statistics 

Lung cancer is the second most commonly diagnosed cancer in both men and 
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women with an estimated 228,150 new cases in 2019 in the U.S. [2] Lung cancer is also 

the leading cause of cancer deaths, by far. More people die of lung cancer than of breast, 

prostate and colon cancers combined. The overall five-year survival rate for lung cancer 

is only 18% and had not improved in the last 30 years until the approval of 

immunotherapies. The survival rate (56%) is much higher when the disease is still 

localized, however, only 16% of lung cancers are diagnosed at an early stage. When the 

tumors spread to other organs, the five-year survival rate is only 5%. Smoking, as the 

main cause of lung cancer, is responsible for 80% of lung cancer cases; radon causes 

10%; the other 10% is attributed to occupational exposures to carcinogens or exposures 

to outdoor air pollution [32]. The incidence of lung cancer in never-smokers is actually 

increasing especially in Asia. These cases of lung cancer in never smokers are usually 

associated with second hand smoke, indoor air pollution, occupational exposures, or 

genetic susceptibilities [33]. 

1.3.2 Classification of lung cancer 

There are two major types of lung cancer: non-small cell lung cancer (NSCLC) and 

small cell lung cancer (SCLC). NSCLC is the most common subtype of lung cancer and 

accounts for 85% of lung cancer cases. NSCLC can be further divided into squamous 

cell carcinoma, adenocarcinoma and large cell carcinoma depending on the origin. 

SCLC accounts for the remaining 15% of lung cancers in the United States. SCLC  

often initiates in the bronchi and spreads to other organs much faster than NSCLC. 

1.3.3 Treatment options for lung cancer  

Besides conventional treatment strategies such as surgery, radiotherapy and 

chemotherapy, several targeted therapies are available for lung cancer depending on 
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their molecular profile. Mutations in Kras (25%) and EGFR (21%) are the most common 

driver mutations in adenocarcinomas followed by mutations in Keap1, ALK, MET, HER2, 

BRAF, ROS1, RET, NTRK1, NRAS, PIK3CA, etc [34]. EGFR inhibitors (e.g. erlotinib, 

afatinib, gefitinib, osimertinib, dacomitinib) can be used alone as first line treatment for 

advanced NSCLCs with mutations in the EGFR gene [35]. Drugs that target the 

abnormal ALK protein include crizotinib, certinib, alectinib, brigatinib, and lorlatinib. 

Some of these drugs have also shown some efficacy in ROS1 altered cancers [36]. 

Other targeted therapies for lung cancer are a BRAF inhibitor (dabrafenib) or a MEK 

inhibitor (trametinib). They can be used in combination to treat metastatic NSCLC with a 

BRAF mutation ((BRAFV600E) [37]. SCLC has a distinct molecular profile compared to 

adenocarcinomas. FGFR1 (20%), PK3CA (12%) and PTEN (10%) are the most 

commonly mutated genes in SCLC. Unlike NSCLC, chemotherapy remains the standard 

treatment strategy for SCLC.  

Recently, a new chapter for lung cancer patients has emerged with the introduction of 

immunotherapy. Positive clinical trials led to the approval of four immune checkpoint 

inhibitors for lung cancer patients. Immunotherapy either alone or in combination with 

conventional treatments significantly improved patient outcomes in the clinic. 

Atezolizumab, durvalumab, nivoluman and pembrolizumab were approved by the FDA 

from 2015 to 2017 as checkpoint inhibitors targeting the PD-1/PD-L1 pathway, which is a 

critical mechanism in promoting self-tolerance and suppressing T cell activities [38, 39]. 

Among them, atezolizuman and pembrolizumab are now first-line therapy for treating 

advanced NSCLC patients. However, problems including low response rate, acquired 

resistance, toxicity, and lack of proper biomarkers for patient selection still limit the 
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benefits of immunotherapy.  

1.3.4 Animal models of lung cancer 

Animal models are essential tools to study disease onset, progression and response 

to treatment. To model lung cancer preclinically, generally three ways can be utilized to 

initiate the development of lung tumors. The first method is the same as other cancer 

types. Lung tumor cells can be injected ectopically under the skin. Orthotopic injection 

into the lung tissue is possible but technically more challenging. Limitations of these 

xenograft models have been discussed above.  

The second strategy is to generate GEMMs, where genetic alterations are expressed 

in a specific cell type within the lung. Tumor induction can be achieved through 

Adeno-Cre virus infection, spontaneous recombination events [40], CCSP-rtTA 

transgene initiation with doxycyclin treatment, etc [41]. A number of mutations found in 

NSCLC have been introduced in mice, such as Kras, p53, Braf, Egfr, Lkb1, Rac1, and 

NfkappaB. These different models with various mutations possess shorter or longer 

latency periods, but all are aggressive with short life spans.  

Third, lung cancer can be induced chemically via exposure to carcinogens including 

cigarette smoke, tar, polycyclic aromatic hydrocarbons, nitrosamines, urethane, vinyl 

carbamate, etc [42]. The susceptibility to carcinogens varies among different mouse 

strains. A/J and SWR mice are the most sensitive strains, while O20 and BALB/c have 

intermediate sensitivity, and C57BL/6 and DBA are almost complete resistant [42]. The 

relatively long latency in carcinogen-induced mouse models provides a window to 

intervene in tumor development for studying cancer prevention and treatment.  
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1.4 Immune system and cancer  

1.4.1 Three phases of cancer immunoediting: surveillance, equilibrium, and escape  

The first phase is immune surveillance. The immune system is a powerful host 

defense system against infections and diseases. It recognizes and eliminates “non-self” 

substances such as bacteria or viruses via a series of immune responses. Additionally, 

unhealthy cells like cancer are also under the surveillance of the immune system. The 

immune surveillance of cancer is supported by the finding of tumor-associated antigens 

in the host and the evidence that tumors can be suppressed by the immune system in 

tumor transplantation models [43]. Furthermore, immunodeficient mice are more 

susceptible to developing tumors induced by chemicals than immunocompetent mice 

[44]. Natural killer (NK) cells, NKT cells, and T cells, and the proteins including 

interferon- γ (IFN-γ) and perforin all play important roles in cancer immune surveillance 

[45, 46], which if lost would increase susceptibility to tumor formation.  

Unfortunately, not all tumors are immunogenic. The second phase is an equilibrium 

state between the immune system and tumor cells. Genetically unstable tumor cells 

continue to evolve and edit the immune system to suppress immune recognition, which 

is called cancer immunoediting. Moreover, under pressure of immune selection, tumor 

cells with a non-immunogenic phenotype are more likely to survive. Tumors that went 

through T-cell mediated selection have better survival in hosts with functional T cells [47]. 

Continuous elimination of tumor cells and selection of resistant tumors reaches an 

equilibrium phase, which may last for years.  

Eventually, tumor cells are able to escape from immune surveillance and grow into a 

detectable tumor. Signal transduction of cytotoxic immune cells is thus altered at this 
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stage. Loss of CD3 or T cell receptor (TCR) chains, apoptosis of T cells, recruitment and 

activation of immunosuppressive populations, and production of immunosuppressive 

cytokines are all known mechanisms that tumors use to evade an immune attack [48].  

 

Figure 1.1 Cancer microenvironment. Immune cells actively interact with cancer cells. 
Different types of immune cells play various roles in promoting or inhibiting tumor 
development and progression. M, macrophages; iDCs, immature dendritic cells; mDCs, 
mature dendritic cells; Tregs, regulatory T cells; MDSCs, myeloid-derived suppressor 
cells; NKs, natural killer cells; TAA, tumor associated antigen; ARG, arginase.  
 

1.4.2 The role of major immune cells in cancer 

1.4.2.1 Macrophages 

Different immune cells play various roles in cancer immunity from tumor initiation to 

metastatic progression (Figure 1.1) [49]. Macrophages are innate immune cells that 
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respond to infections or accumulating damaged cells. Macrophages are plastic cells with 

heterogeneous phenotypes that are determined by the surrounding microenvironment 

[50]. They generally present in two subtypes: M1 macrophages (classically activated) 

and M2 macrophages (alternatively activated). M1 macrophages, polarized by 

lipopolysaccharide (LPS) and/or Th1 cytokines (e.g. IFN-γ, GM-CSF), produce 

pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, IL-12, and IL-23 [50]. M2 

macrophages, polarized by Th2 cytokines (e.g. IL-4 and IL-13), produce 

anti-inflammatory cytokines, such as TGF-β and IL-10 [50]. Tumor-associated 

macrophages (TAMs) have been shown to express an M2-like phenotype. During 

carcinogenesis, M1 macrophages are involved in eliminating immunogenic tumor cells. 

As tumors progress, macrophages polarize to an M2 phenotype, which promotes tumor 

progression and resistance to chemotherapies.  

As critical drivers of tumor-promoting inflammation, TAMs promote tumor growth, 

elicit tumor metastasis, and induce immunosuppression on other anti-tumor effector cells. 

A high infiltration of TAMs is usually correlated with poor prognosis and worse overall 

survival [51]. TAMs promote tumor progression through immune dependent and 

independent mechanisms [52, 53]. TAMs directly secrete epidermal growth factor (EGF) 

to fuel tumor growth [54], secrete proangiogenic factors such as vascular endothelial 

growth factor (VEGFs) to induce angiogenesis [55], and secrete metalloproteinases 

(MMPs) to remodel ECM for metastasis [56]. Besides these non-immune effects, TAMs 

also produce anti-inflammatory cytokines like IL-10 and TGF-β to impair the activity of 

cytotoxic T cells and maturation of dendritic cells (DC) [57, 58]. TAMs can induce direct 

suppression on T cell functions via expressing arginase 1 (ARG1) to exhaust L-arginine, 
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which is needed for the activation of T cells [59]. TAMs can also recruit other 

immunosuppressive populations such as regulatory T cells (Tregs) to suppress 

anticancer immune responses.  

1.4.2.2 Myeloid-derived suppressor cells 

Myeloid-derived suppressor cells (MDSCs) are another major player in 

immunosuppression within the tumor microenvironment [60]. MDSCs are a 

heterogeneous population of immune cells from the myeloid lineage. MDSCs are derived 

from bone marrow hematopoietic precursors and accumulate in pathological conditions 

such as chronic inflammation and cancer [61].  

MDSCs have been well characterized in mice. They express high levels of CD11b, a 

classical myeloid lineage marker, and Gr1, a granulocytic marker [62]. Based on the 

expression level of Ly6G and Ly6C, MDSCs can be further divided into two major 

subtypes: polymorphonuclear MDSC (PMN-MDSC, Ly6G+/Ly6Clo) and monocytic MDSC 

(M-MDSC, Ly6G-/Ly6Chi) [62]. Although MDSCs are relatively less characterized in 

humans, their functions are similar to murine MDSCs. The same two subtypes are 

characterized as Lin−HLA-DR−/loCD11b+CD14−CD15+CD33+ for PMN-MDSCs and 

Lin−HLA-DR-/loCD11b+CD14+CD15− for M-MDSCs [63].  

MDSCs induce immunosuppression via a wide variety of mechanisms: 1. Producing 

nitric oxide and reactive oxygen species, which impair antigen recognition via nitration of 

T cell receptors or induce apoptosis of T cells and NK cells [64]. 2. Depleting L-arginine 

and cysteine, critical nutrients needed for T cell function, to inhibit T cell proliferation [65]. 

3. Secreting immunosuppressive cytokines, including IL-10 and TGF-β [66], or 

up-regulating the expression of the programmed death-ligand 1 (PD-L1) to suppress 
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anti-tumor T cell functions or activate other immunosuppressive populations (e.g. Tregs) 

[67]. 4. Reducing the expression of TCR ζ-chain, which is important in TCR-mediated 

antigen recognition. Besides suppressing anti-cancer immunity, MDSCs also promote 

angiogenesis through secretion of angiogenic factors directly [68] and enhance tumor 

growth by producing growth factors [69], thus greatly contributing to tumor progression. 

1.4.2.3 Dendritic cells 

Dendritic cells (DCs) are known as antigen-presenting cells. They are present in all 

tissues within the body, except the brain parenchyma [70]. The main function of DCs is to 

process and present antigens to T cells. Thus, DCs are critical in the connection 

between innate and adaptive immune system and priming naïve and memory T cells in 

anti-tumor immunity.  

DCs can be classified into three major subtypes and each is independently regulated 

by distinct molecular cues. Classical type 1 DCs express CD8a (lymphoid) or CD103 

(tissue) and they are BATF3- and IRF8-dependent. CD11b+ and CD127a+ DCs with 

IRF4-dependence are classical type 2 DCs. Another population of DCs is plasmacytoid 

DCs, which secrete IFN-α and depend on E2-2 signaling. Type 1 DCs are important to 

differentiate CD4+ T helper type I and CD8+ cytotoxic T cells from their precursors. DCs 

lacking CD8a+ impair tumor rejection mediated by CD4+ and CD8+ T cells in a mouse 

model of fibrosarcoma [71]. CD103+ DCs also play key roles in tumor antigen 

presentation in a melanoma, cervical and breast cancer mouse models [72, 73].  

However, the activity of DCs is greatly hindered in cancer immunity. Chronic 

inflammation and tumor promoting pathways impair the ability of DCs to prime T cells, 

promote the exclusion of T cells from the tumor microenvironment or drive the expansion 
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of Tregs. PGE2, a small molecule produced during inflammation, acts as a mediator that 

impairs the anti-tumor ability of myeloid cells. PGE2 receptor knockout mice have 

inhibited tumor growth, enhanced DC differentiation and increased accumulation of T 

cells [74]. Fewer DCs infiltrate into tumors when PGE2 production is elevated [75]. PGE2 

also activates β-catenin signaling in the TME; β-catenin signaling excludes T cells from 

the tumor. Forced expression of β-catenin decreased infiltration of CD103+ and CD8+ 

DCs and T cell priming [76].  

1.4.2.4 Natural killer cells 

Natural killer cells (NK cells) are the key cytotoxic lymphocytes in the innate immune 

system. NK cells reside mainly in peripheral blood, bone marrow, lymph nodes, and 

spleen, but they can also migrate to infection sites. NK cells respond rapidly to infections 

or tumor formation. Unlike other immune cells, NK cells have the ability to recognize cells 

in the absence of MHC. This is important in cancer immunity because cells without MHC 

I markers that cannot be destroyed by T lymphocytes can be detected by NK cells.  

As a crucial defender in cancer surveillance, NK cells distinguish malignant cells from 

healthy ones via activation of the NK receptor NKG2D. NKG2D receptors recognize a 

wide variety of MHC I molecules on malignant cells. For example, abnormal cell 

proliferation induces the expression of ligand retinoic acid early transcript 1 (RAE1). 

Moreover, DNA damage [77] and RAS pathway activation [78] also up-regulate the 

expression of NKG2D ligands to alert the innate immune system. Besides NKG2D, there 

are many other receptors expressed on NK cells to activate them upon binding to 

tumor-derived ligands [79]. NK cells evoke the tumor killing mainly by the release of 

perforin and granzyme, which trigger apoptotic pathways and eventually eliminate the 
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tumor.  

1.4.2.5 T cells 

T cells, as major components of the adaptive immune system, are key players in 

killing cancer cells. When immunogenic antigens are presented during early tumor 

initiation, naïve T cells are primed in the draining lymph nodes and then activated and 

migrate to the tumor microenvironment. High level of T cell infiltration into the tumors is 

associated with better prognosis in many cancer types, including melanoma [80], lung 

[81], breast [82], ovarian [83], colorectal [84], prostate [85], gastric [86] and renal [87] 

cancer.  

CD8+ T cells, upon priming and activation, differentiate into cytotoxic T cells and 

produce perforin or granzymes to eliminate tumor cells. CD4+ T helper 1 cells (Th1) also 

contribute to the anti-tumor attack by secreting proinflammatory cytokines, including IL-2, 

TNF-α and IFN-γ. These cytokines promote T cell priming and activation, antigen 

presentation, and even anti-tumor activity by macrophages and NK cells.  

Unfortunately, tumors are good at evading immune recognition. Although most 

malignant cells express highly immunogenic antigens and get cleared by the immune 

response at early stages of tumor development, less immunogenic cells are able to 

escape and survive through the process of immune editing. They hijack the mechanisms 

of peripheral tolerance to suppress anti-tumor activities, such as upregulating immune 

checkpoints. CTLA-4 and PD-1 are two major players negatively regulating T cell 

functions. The engagement of CTLA-4 and PD-L1 has been reported in melanoma, lung, 

gastric, breast, and colorectal cancers [49]. Meanwhile, cancer cells recruit regulatory 

CD4+ T cells (Tregs) to further facilitate immune escape. Tregs (CD4+CD25+FOXP3+) 
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are essential for suppressing effector immune cells from priming, activating or killing 

cancer cells. Tregs can do so via either contact-dependent (expression of surface 

molecules including PD-L1, LAG-3, CTLA4, PD1 or CD39/73) or contact-independent 

mechanisms (production of immune-suppressive molecules including IL-2, TGF-β, 

adenosine, galectin-1 and prostaglandin E2) [88]. Infiltration of Tregs is associated with 

poor prognosis in breast cancer patients [89].  

1.4.2.6 B cells 

B cells, mediating humoral immunity, are another type of tumor-infiltrating lymphocyte. 

Accumulating studies suggest that B cells also play important roles in tumor immunology. 

However, unlike T cells, B cells remain understudied. The presence of B cells has been 

reported in melanoma, breast, ovarian and prostate cancer [90-92]. For example, 

tumor-infiltrating B cells represent up to 40% of tumor-infiltrating lymphocyte and about 

25% of tumors in breast cancer [93].  

B cells can modulate tumor immunity through three main mechanisms: antigen 

presentation, cytokine secretion and costimulation signaling. Similar to many other 

immune populations, B cells also have dual roles in cancer progression depending on 

the subtypes and can contribute to either pro- or anti-tumor immune responses. Recent 

evidence supports a tumor-promoting role for B cells as a robust cytotoxic T cell 

response was observed after B cell depletion vs. the restoration of tumor progression 

with adoptive transfer of B cells [94]. In addition, B cells produce IL-10 and TGF-β to 

recruit other immunosuppressive populations or directly repress T cell activation [95, 96]. 

On the other hand, CD11c+ B cells serve as potent antigen-presenting cells in enhancing 

T cell activation [97]. Furthermore, infiltration of CD20+ and CD8+ lymphocytes is 
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associated with better survival in ovarian cancer compared to CD8+ lymphocytes alone 

[98]. Further classification and study of B cells is required before we can understand their 

functions in cancer.  

1.5 Targeting the immune system for cancer treatment  

Rudolf Virchow first described the infiltration of immune cells into tumors in 1863. The 

first attempt at immunotherapy traces back to 1898: Coley’s toxin. With the observations 

that infections after surgery correlate with tumor regression, William B. Coley began to 

treat inoperable cancers by injecting bacteria or bacterial products to stimulate the 

immune system [99]. He successfully treated over 1000 cancer patients. Despite these 

positive results, many doctors did not believe these results. Eventually, regulatory 

agencies stopped the toxins from being used. Since then, no further immunotherapies 

had been approved until a century later (Figure 1.2).  
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Figure 1.2 Targeting the immune system for cancer treatment. A series of strategies 
have been developed to target different immune cells to boost immune recognition and 
response to tumor cells. M, macrophages; iDCs, immature dendritic cells; mDCs, mature 
dendritic cells; Tregs, regulatory T cells; MDSCs, myeloid-derived suppressor cells; NKs, 
natural killer cells; TAA, tumor associated antigen; ARG, arginase; BCG, Bacillus 
Calmette-Guerin; TAM, tumor associated macrophages; ICIs, immune checkpoint 
inhibitors; BiTEs, bispecific T-cell engagers; CAR-T, chimeric antigen receptor T-cell 
therapy; TIL, tumor infiltrating lymphocyte; TCR, T cell receptor. Targets are indicated in 
red. 
 

1.5.1 Current strategies of targeting immune system for cancer treatment 

1.5.1.1 General immune boosters 

Modern immunotherapy started with relatively non-targeted strategies. The goal was 

to activate the immune system to destroy cancer cells. Similar to the idea of Coley’s 

toxins, Bacillus Calmette-Guerin (BCG) has been used to treat non-muscular invasive 
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bladder cancer since 1976. BCG is a bacterium which is similar to the ones responsible 

for the pathogenesis of tuberculosis. Bladder cancer cells internalize BCG and produce 

cytokines and chemokines to activate the immune system, including CD4+ and CD8+ T 

cells, NK cells, macrophages, and dendritic cells. BCG also initiates antigen presentation 

of cancer cells [100].  

1.5.1.2 Cytokine therapies 

Interleukin 2 (IL-2) was the first cytokine approved by the FDA for cancer treatment 

[101]. Recombinant IL-2 is approved to treat metastatic melanoma and advanced kidney 

cancer. IL-2 functions as a growth factor in the immune system by stimulating the 

expansion of T cells and NK cells [102]. Side effects of IL-2 include flu-like symptoms, 

diarrhea, nausea, low blood pressure, etc. Other interleukins, such as IL-7, IL-12 and 

IL-21, are currently under investigation.  

Interferons are another class of cytokines that are used for cancer treatment. There 

are three types of interferons (IFN-α, IFN-β, and IFN-γ) but only IFN-α is being used 

clinically. IFN-α has been approved for the treatment of hairy cell leukemia, chronic 

myelogenous leukemia (CML), cutaneous T-cell lymphoma, follicular non-Hodgkin’s 

lymphoma, kidney cancer and melanoma [103]. Side effects of IFN-α include flu-like 

symptoms, low white blood cell counts, skin rashes and thinning hair. IFN-α elicits 

anti-tumor activity via multiple mechanisms. It promotes the differentiation and activation 

of the host immune system, especially T cells and dendritic cells [104]. Although these 

cytokines are effective as single agents in certain cancers, accumulating studies suggest 

that combination therapy is needed to achieve a sustained response. 
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1.5.1.3 Oncolytic viruses 

Oncolytic virus therapy is a strategy that uses tumor-targeting viruses to treat cancer. 

Some viruses can infect and kill tumor cells without harming normal cells. Talimogene 

laherparepvec (T-VEC), so far, is the only oncolytic virus therapy that has been approved 

to treat melanoma [105]. Although oncolytic viruses have long been thought to target 

tumor cells directly, we now know they also trigger an immune response against the 

cancer. When numerous copies of the virus bursts cancer cells, cellular materials, such 

as tumor antigens, are released and processed to allow the immune system to recognize 

tumors. This is an essential step to enhance the immune response and provides the 

rationale to include oncolytic viruses into the picture of immunotherapy. The combination 

of oncolytic virus therapy and immunotherapy has shown promising results in 

early-phase clinical trials [106].  

1.5.1.4 Antibodies 

Antibodies provide a more targeted approach for cancer treatment. They can bind to 

tumor antigens specifically and initiate an immune response against the target cancer 

cells. The simplest design is a so called “naked” monoclonal antibody. These antibodies 

bind to specific surface proteins expressed on tumor cells to directly disrupt tumor growth. 

At the same time, the back end of these antibodies also recruits immune cells to 

eliminate cancer cells via immune-mediated killing. Rituximab (anti-CD20 antibody) was 

the first FDA approved monoclonal antibody for cancer treatment (lymphoma) [107]. 

Since then, numerous monoclonal antibodies have received FDA approval, including 

trastuzumab (anti-HER2), cetuximab (anti-EGFR), dinutuximab (anti-GD2), and 

bevacizumab (anti-VEGF-α) [108]. These monoclonal antibodies are considered passive 
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immunotherapy because they target tumor cells directly rather than targeting the immune 

cells.  

Bispecific antibodies are more active at stimulating an immune response by engaging 

the binding of tumor cells to immune cells. Bispecific T cell engagers (BiTEs) are 

effective in the clinic. Blinatumomab, a CD3/CD19 bispecific antibody, was approved for 

the treatment of acute lymphoblastic leukemia in 2014 [109]. Anti-CD20/CD3 bispecific 

antibodies have also been developed to treat B cell lymphoma [110]. Other bispecific 

antibodies are under investigation to target different tumor antigens. Notably, many 

tumor antigens are also expressed on normal cells. Avoiding the side effects brought on 

by on-target off-tumor activation is an important area of investigation.  

1.5.1.5 Immune checkpoint inhibitors 

The development of immune checkpoint inhibitors (ICIs) has been a major 

breakthrough for immunotherapy. Tumor cells can evade immunosurveillance through 

various mechanisms, one of which is to activate immune checkpoint pathways to 

suppress anti-tumor immunity. ICIs are designed to block these co-inhibitory signaling 

pathways to unleash the power of immune-mediated killing of cancer cells. Cytotoxic T 

lymphocyte-associated antigen 4 (CTLA4) was first discovered as a negative regulator of 

T cell activation in 1995 [111]. CTLA-4 is expressed on activated T cells and Tregs. 

CTLA-4 is homologous to CD28, the T cell co-stimulatory protein. In contrast to CD28, 

CTLA-4 transmits an inhibitory signal to T cells with a greater binding affinity to 

CD80/CD86 expressed on antigen-presenting cells. The anti-CTLA-4 antibody 

ipilimumab was the first immune checkpoint inhibitor approved for cancer treatment. 

Ipilimumab was initially approved for unresectable or metastatic melanoma in 2011, and 
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approval was then expanded to adjuvant therapy of stage 3 melanoma [112]. Because 

the inhibitory mechanism regulating immune system activation is blocked, the use of 

immune checkpoint inhibitors is often associated with autoimmune-like toxicities. Skin 

rash, colitis, hepatitis, and hypophysitis are common adverse events with anti-CTLA-4 

therapy [113].   

Programmed death-1 (PD-1) is another key player within the immune checkpoint 

pathways. PD-1 is expressed not only on activated T cells, but also on B cells and NK 

cells. PD-1 is phosphorylated upon binding with its ligands PD-L1 and PD-L2, which are 

mainly expressed on tumor cells. Binding leads to the recruitment of a SH2 domain 

containing a tyrosine phosphatase. Thus, activation and proliferation mediators, such as 

PI3K, are dephosphorylated, resulting in a suppression of T cell responses [114]. Tumor 

cells evade immune elimination by expressing PD-L1 on the surface. Over the past five 

years, anti-PD-1 or anti-PD-L1 antibodies have been approved for the treatment of over 

ten cancer types, including melanoma, NSCLC, renal cell carcinoma, urothelial bladder 

cancer, colorectal cancer, etc. Numerous clinical trials are still ongoing to extend the 

application of immune checkpoint inhibitors to more cancer types. Similar to anti-CTLA-4 

treatment, immune-related adverse events also present with anti-PD1/PD-L1 therapy. 

However, the toxicity profile of anti-PD1/PD-L1 agents is slightly different than 

anti-CTLA-4 treatment. Hypothyroidism and pneumonitis are more commonly seen with 

anti-PD-1 therapy [113].   

Additional immune checkpoints have been reported beyond CTLA-4 and PD-1. 

Lymphocyte-activation protein 3 (LAG-3) is expressed on activated T cells, NK cells, B 

cells and dendritic cells. LAG-3 outcompetes the binding of CD4 to major 
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histocompatibility complex-II (MHC-II) on APCs to directly disrupt TCR signaling [115]. T 

cell exhaustion in the tumor microenvironment is associated with upregulation of LAG-3 

and PD-1/PD-L1. Ongoing clinical trials have shown promising survival benefits and 

durable response rates when combining the blockade of LAG-3 and PD-1 [116].  

T cell immunoglobulin and mucin domain-3 (TIM3) is a type-I transmembrane 

glycoprotein. TIM3 is expressed on both tumor and immune cells, including type 1 T 

helper cells, CD8+ T cells, Tregs, etc. TIM3 is involved in immune tolerance and T cell 

exhaustion. Upon binding to its ligands, TIM3 triggers cell death and inhibits the immune 

response. TIM3 blockade enhances tumor antigen-specific T cell proliferation and the 

production of pro-inflammatory cytokines (e.g. TNF, IFN-γ) [117]. The B- and 

T-lymphocyte attenuator (BTLA), T-cell receptor with immunoglobulin and ITIM domain 

(TIGIT), V-domain Ig suppressor of T cell activation (VISTA), and Siglec-15 are other 

immune checkpoint inhibitory targets under investigation [118, 119].  

Instead of blocking inhibitory signaling, activating stimulatory checkpoint pathways is 

another promising immunotherapy strategy. Agonists of stimulatory pathways (e.g. OX40, 

GITR, ICOS, 4-1BB, CD40) and molecules that target TME components (e.g. 

indoleamine 2,3-dioxygenase 1, Toll-like receptor) are under different stages of 

preclinical and clinical development [119]. 

1.5.1.6 Adoptive cell therapy 

Adoptive cell therapy is a more active treatment approach that directly isolates 

immune cells from patients and then re-infuses cells after expansion and activation. This 

approach could potentially overcome the resistance of other immunotherapies due to the 

lack of functional immune killer cells. There are three forms of T-cell based adoptive cell 
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therapies: 1. Tumor-infiltrating lymphocyte (TIL) therapy; 2. Engineered T cell receptor 

(TCR) therapy; 3. Chimeric antigen receptor (CAR) T cell therapy. In contrast to the other 

two strategies, TIL utilizes existing T cells that are already capable of recognizing and 

eliminating cancer cells. TILs are isolated from tumor biopsy samples followed by a 

large-scale expansion in vitro. Expanded cells will then be infused back into the patient 

along with IL-2 as a growth factor. The first proof-of-principle study of TIL in treating 

preclinical tumors was performed by the Rosenberg group [120]. Later clinical trials 

exhibited a consistent objective response rate between 40-70% [121]. However, 

producing useable TIL products that pass the product-release criteria remains a 

challenge, and only 27%- 40% of patients who underwent tumor resection successfully 

received TIL therapy [122]. A TIL protocol developed by the Tran group significantly 

shortens the expansion phase and allows the production of TIL product within 4 weeks 

[122]. Further studies are still needed to optimize the protocol, improve the successful 

delivery rate, identify predictive markers for response, and select proper patients.  

In contrast to TIL, TCR and CAR-T therapies take peripheral blood from patients to 

isolate T cells, and then engineer the T cells in vitro to enable them to recognize specific 

tumor antigens. TCR allows the recognition of antigens inside of tumor cells, but they 

have to be presented via MHC receptors. TCR therapies have been tested in certain 

types of synovial sarcoma and metastatic melanoma, but none have been approved by 

the FDA.  

CAR-T cell therapy is so far the only approved cellular immunotherapy for cancer 

treatment. CAR-T cell therapy equips the patient’s T cells with synthetic receptors that 

can bind to cancer cells independent of MHC presentation. CAR-T cells have evolved 
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through several generations [123]. The first generation of CAR-T contained an 

antibody-based recognition domain fused to a CD3zeta signaling domain. One (e.g. 

CD28 or 4-1BB) or two (e.g. CD28 and 4-1BB) co-stimulatory domains were then 

included to develop the second and third generation of CAR-T cells. Axicabtagene, 

ciloleucel and tisagenlecleucel are two FDA approved CD19-targeting CAR T cell 

immunotherapies for subsets of lymphoma or leukemia.  

Despite success in blood cancers, CAR-T cell therapy in solid tumors is still facing 

major challenges [124]. Solid tumors present more complex and diverse surface proteins, 

making it difficult to find a common target for CARs. In addition, many targets are also 

expressed on normal tissues, causing severe toxicities due to on-target off-tumor effects 

[125]. Tumor-mediated immunosuppression is another hurdle limiting the efficacy of 

CAR-T cells to treat solid tumors. Attempts have been made to address each challenge, 

such as logic-gated tumor antigen recognition, safety switch, or immunostimulatory 

payload secreting CAR-T cells [126]. Further studies need to integrate these separate 

systems into a whole package to unleash the power of CAR-T cells in solid tumors. 

1.5.1.7 Vaccines 

Developing vaccines for cancer treatment has been challenging because of the lack 

of ideal common tumor antigens. The immunosuppressive tumor microenvironment 

further limits the efficacy of cancer vaccines. BCG treatment, as introduced earlier, is 

considered the first approved vaccine for cancer treatment. The other successful 

example is Sipuleucel-T (Provenge) [127]. It was approved in 2010 for treatment of men 

with metastatic prostate cancer. Provenge is an autologous cellular therapy based 

cancer vaccine. Autologous peripheral blood is obtained from each patient, and antigen 
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presenting cells (APCs) are isolated and cultured with a recombinant human protein 

(PAP-GM-CSF). PAP-GM-CSF is composed of an antigen expressed in prostate cancer 

tissue (prostatic acid phosphatase, PAP) and an immune cell activator 

(granulocyte-macrophage colony stimulating factor, GM-CSF). Activated APCs are 

infused back into the patient to facilitate the recognition and clearance of PAP+ prostate 

cancer cells.  

There are several other cancer vaccines being tested in clinical trials targeting a wide 

variety of cancers, including leukemia, myeloma, melanoma, bladder, breast, cervical, 

colorectal, kidney, lung, and pancreatic cancers. MAGE-3, for example, is a tumor 

antigen that is widely expressed on melanoma, non-small cell lung cancer and 

hematologic malignancies. High levels of MAGE-3 in lung adenocarcinoma are 

associated with poor survival [128]. However, anti-MAGE-3 vaccines have not provided 

clinical benefits.  

1.5.2 Challenges and opportunities 

Despite all of these breakthroughs, multiple challenges remain for cancer 

immunotherapy. Only a small portion of patients responds to immunotherapy. Tumors 

become resistant after treatment. Severe toxicities have been reported and are 

sometimes fatal. Predictive biomarkers are still needed to determine who should receive 

which treatment. 

Combination therapy is an effective approach to address these challenges. It requires 

an orchestration among different cell types and signaling pathways to activate anti-tumor 

immunity successfully. Thus, a single agent targeting one step along the process often 

has limited effects. Anti-CTLA-4 antibodies act primarily in the priming phase, while 
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anti-PD-1/PD-L1 antibodies target the effector phase. Nivolumab (anti-PD-1) plus 

ipilimumab (anti-CTLA4) was the first combination immunotherapy approved in the U.S. 

for the treatment of advanced melanoma, advanced renal cell carcinoma and metastatic 

colon cancer. This combination therapy increased the response rate and prolonged 

survival better than each single agent.  

In addition to the combination of immunotherapy agents, accumulating data have 

suggested better efficacy if immunotherapy is combined with chemotherapy, 

radiotherapy, or other targeted drugs. Pembrolizumab combined with a standard 

chemotherapy has been approved as the first line treatment for patients with metastatic 

non-squamous NSCLC. Radiation helps with releasing tumor antigens, upregulating 

chemokines and promoting T cell recruitment. The combination of radiotherapy and 

immunotherapy has shown promising results in both preclinical and clinical studies [129]. 

Many ongoing clinical trials are testing the combination of immune checkpoint inhibitors 

with targeted therapies, such as a BRAF inhibitor, EGFR inhibitor, ALK inhibitor, HER2 

inhibitor, etc. Without doubt, immunotherapy is changing the landscape of cancer 

therapy. It is important to better understand the immunomodulation of existing 

therapeutic agents, so that we can combine therapies in rational way to deliver superior 

care to cancer patients.   

1.6  Targeting the immune system for cancer prevention  

1.6.1 Overview of cancer prevention 

Cancer prevention aims to lower the risk of developing cancer. Considering millions 

of people are diagnosed with cancer every year, effective cancer prevention strategies 

are desperately needed to not only alleviate the physical problems and 
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emotional distress caused by cancer but also reduce the financial burden of treating 

cancer.  

There are three levels of disease prevention: 1. Primary prevention aims to prevent 

the onset of the disease; 2. Secondary prevention includes early diagnosis and prompt 

treatment to prevent disease from progressing to a more severe stage; 3. Tertiary 

prevention aims to improve the treatment and recovery, so that it can limit the lasting 

effects of an ongoing disease.  

Lifestyle modifications are important primary prevention strategies for cancer. 

Accumulating evidence has suggested that better dietary choices [130], eliminating 

tobacco and alcohol use [131], maintaining an active lifestyle and proper body weight 

[132] can reduce cancer risk.  

Besides lifestyle changes, there are also drug interventions for cancer prevention. 

The most well-known example is selective estrogen receptor modulators (SERMs) for 

preventing breast cancer. Tamoxifen and raloxifene have been approved by the FDA to 

prevent breast cancer in high-risk women [133]. Many other chemopreventive agents 

have been tested in either preclinical animal models or clinical trials, such as 

5-α-reductase inhibitors for prostate cancer, metformin for pancreatic and lung cancer, 

and curcumin for colorectal cancer [134].  

Recruiting endogenous immune responses is another prominent strategy to prevent 

cancer (Figure 1.2). Effectively targeting the immune system is of great potential for 

cancer prevention [134]. 
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Figure 1.3 Targeting the immune system for cancer prevention. Chronic 
inflammation and infection from tumor-associated viruses are known risk factors for 
cancer development. Anti-inflammatory agents and cancer vaccines have been 
developed for cancer prevention. Targeting tumor-associated antigens or enhancing the 
innate immune response in general are other possibilities to prevent cancer development. 
M, macrophages; iDCs, immature dendritic cells; mDCs, mature dendritic cells; Tregs, 
regulatory T cells; MDSCs, myeloid-derived suppressor cells; NKs, natural killer cells; 
TAA, tumor associated antigen; ARG, arginase. Targets are indicated in green. 
 

1.6.2 Current strategies of targeting immune system for cancer treatment 

1.6.2.1 Anti-inflammatory agents 

As championed by Harold F. Dvorak, “Cancer is a wound that does not heal” [135]. 

Inflammation is a critical component of wound healing and tumor development and 

progression. Chronic inflammation enhances the risk of developing many types of 

cancers. Up to 20% of human cancers are associated with chronic inflammation induced 

by infections or autoimmunity [136]. Inflammation induces the expression of 

proinflammatory transcription factors (e.g STAT3, NF-κB), which further stimulate the 

production of key cytokines, chemokines and inflammatory enzymes (e.g. COX-2). 
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These cytokines and chemokines recruit the infiltration of various immune cells, and in 

turn produce more inflammatory factors.  

Anti-inflammatory agents have shown promising effects in both preclinical models 

and clinical trials for preventing cancer. Cyclooxygenase (COX)-2 enzymes drive 

tumorigenesis through the production of prostaglandins. Prostaglandins not only 

facilitate cancer cells to inhibit apoptosis and enhance cell migration but also act on 

stromal cells to promote angiogenesis. Nonsteroidal anti-inflammatory drugs 

(NSAIDs) are a family of compounds that inhibit the activity of COX enzymes and thus 

decrease the production of prostaglandins. The rationale for using NSAIDs in cancer 

prevention was based on observations that the use of NSAIDs induced regression of 

rectal polyp formation in patients with Gardener syndrome [137]. Since then, 

accumulating epidemiological data suggest a favorable effect of NSAIDs in cancer 

prevention. A large pooled analysis of observational and randomized trials was 

conducted to explore the effects of daily aspirin use on cancer development and 

dissemination in 2012 [138]. This analysis strongly supported the beneficial effects of 

aspirin in preventing the development of cancer. There are also multiple clinical trials that 

have tested the cancer-preventive effects of aspirin [139, 140]. These trials used 

colorectal adenomas as a surrogate primary end point for cancer. Post-hoc analyses and 

meta-analyses from multiple randomized clinical trials have also been done using 

non-cancer end points [141, 142]. All these studies suggested promising 

chemopreventive effects of aspirin in gastrointestinal cancers (esophageal and 

colorectal adenocarcinomas). In addition to aspirin, other NSAIDs have shown efficacy in 

cancer prevention trials, including Celecoxib (a selective inhibitor of COX2) [143] and 
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sulindac [144]. Unfortunately, the cardiovascular toxicities of COX2 inhibitors limited their 

widespread application in cancer prevention [145]. 

1.6.2.2 Vaccines 

Vaccines are another approach that has been explored for decades in cancer 

prevention and treatment [146]. Because vaccines aims to activate the immune system 

to recognize and attack cancer cells, they have been more successful in cancer 

prevention than treatment. This success is likely attributed to a competent immune 

system that is still capable of producing robust anti-tumor immune responses before 

tumors have developed.  

One strategy for developing cancer vaccines is to prevent the onset of infectious 

factors that are known to initiate tumorigenesis. Hepatitis B virus (HBV) is a major cause 

of hepatocellular carcinoma (HCC). The HBV vaccine reduced the incidence of 

HBV-specific HCC by an estimated 69% worldwide [147]. The Hepatitis C virus (HCV) 

also increases the risk of HCC, but HCV vaccines are still under development. Vaccines 

against human papillomavirus (HPV) have been developed in recent years. HPV 

infection is associated with increased risk of multiple cancers in both females and males, 

including cancers of the cervix, vulva, vagina, penis, anus, and oropharynx. Gardisil 

(targets HPV-6, 11, 16, 18) and Cervarix (targets HPV-16, 18) were approved by the 

FDA in 2006 and 2009, respectively for females between 9-26 years of age [134]. 

Additional efforts are ongoing to target other oncogenic strains of HPV. Besides HBV 

and HPV, several other viruses have been associated with cancer development. These 

include the Epstein-Barr virus (EBV, Burkitt’s lymphoma, Hodgekin’s lymphoma and 

NPC), human T-lymphotropic virus (HTLV, adult T cell leukemia or lymphoma), Kaposi 
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sarcoma herpes virus (KSHV, Kaposi’s sarcoma), and merkel cell polyomavirus (Merkel 

cell skin cancer) [134]. Vaccines against these cancer-associated viruses are under 

various stages of development. 

Another strategy for developing vaccines is to target tumor antigens directly. 

Tumor-specific antigens refer to those proteins that are only expressed in tumor cells 

and germ cells. Tumor-associated antigens (TAAs), in contrast, refer to those antigens 

that are also expressed in normal somatic cells but aberrantly expressed in tumor cells. 

Although the mechanisms of how aberrant proteins become immunogenic have not been 

fully understood, there are at least three possible ways: 1. Form stable mutations; 2. 

Overexpress TAAs; 3. Post-translational modifications of normal self-antigens. Vaccines 

targeting tumor antigens have mainly been tested in preclinical models. One exciting 

preclinical study is the vaccination against MUC1, which is expressed in both 

inflammatory bowel disease (IBD) and colon cancers. Anti-MUC1 vaccine not only 

delayed IBD, but also prevented the progression to colitis-associate colorectal cancer 

(CACC) in a mouse model [148]. Extensive preclinical studies have been focused on 

targeting ERBB2 for preventing breast cancer. Although complete protection has been 

achieved in mouse models, there were only limited responses in clinical setting [149, 

150]. Other tumor antigens that have been explored are the carcinoembryonic antigen 

(CEA) [151], melanoma-associated protein 3 (MAGE3) [152], insulin-like growth factor 

binding protein 2 (IGFBP2) [153], cancer antigen 125 (CA125) [154], BCR-ABL [155], 

etc.  

1.6.2.3 Nonspecific immune response enhancers 

Besides targeting specific antigens, interventions that induce nonspecific 
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immunological responses have had several successes. Imiquimod and the related 

compound resiquimod, which activate toll-like receptors TLR7 and TLR8 in the innate 

immune system, have shown promising anti-tumor activities especially when combined 

with vaccines [156]. Carrageenans bind to TLR4, thus activating the innate immune 

system. They can also activate macrophages and stimulate the production of 

proinflammatory cytokines through the NF-κB and interleukin-8 pathway [157]. A clinical 

trial in high-risk and sexually active women showed that carraguard could effectively 

reduce HPV infection [158].  

Moreover, increasing numbers of studies indicate that chemopreventive agents often 

elicit immunomodulatory effects and restore immunosurveillance. Curcumin, for example, 

inhibits immune suppressors like TGF-β and indoleamin-2,3-dioxygenase (IDO), 

decreases MDSCs, repolarizes macrophages to an M1 phenotype, and activates NK 

cells and T cells [159]. As more information regarding the efficacy and toxicity profiles of 

immune checkpoint inhibitors (anti-PD-1/PD-L1, anti-CTLA4) emerges from clinical trials, 

these agents will likely be further explored in prevention studies. The upregulation of 

PD-1 and CTLA4 in MSI CRCs provides a rationale for using immune checkpoint 

inhibitors in these high-risk patients [160]. In the future, it is critical to identify effective 

combinations of chemopreventive and immunopreventive agents with better efficacy and 

minimal toxicity to improve cancer prevention.  

1.7 Scope of this project 

In this project, I focused on four molecular targets and explored their roles in 

regulating the immune system in cancer prevention or treatment. These four targets are 

the epigenetic regulator bromodomain, nuclear receptor RXR (retinoid X receptor), 



 37 

transcription factor Nrf2, and DNA repair enzyme PARP (Poly (ADP-ribose) polymerase). 

Small molecules targeting these pathways have either been FDA approved or are being 

tested in preclinical or clinical studies. Besides of their effects on tumor cells, it is 

important to understand how these molecules regulate the immune system. It will not 

only expand our knowledge on the role of these signaling pathways in immune cells, but 

also allow us better combine these compounds with immunotherapy drugs as 

immunotherapy is becoming the first line treatment in many cancers. 

1.7.1 Bromodomain inhibitor 

In addition to genetic mutations, epigenetic alterations also greatly contribute to the 

initiation and progression of cancer [161]. A number of epigenetic drugs have been 

developed for cancer treatment. Besides chromatin “writers” (e.g., histone 

acetyltransferases and histone methyltransferases) or “erasers” (e.g., HDACs and lysine 

demethylases), chromatin "readers" have emerged as promising epigenetic targets.  

Bromodomains, containing a conserved binding motif, are the primary readers of 

acetylated lysine residues. Small molecules specifically targeting to the BET 

(bromodomain and extraterminal domain) family (BRD-2, 3, 4, T) of bromodomain 

proteins have been developed [162, 163]. The BET inhibitors have shown promising 

efficacy in various preclinical models and are being tested in clinical trials [162, 164]. 

However, very little is known regarding their chemopreventive potential in cancer. BET 

inhibitors are well known for their antiproliferative effects in cancer cells and for 

downregulating the key onco-protein c-Myc. Our lab has previously reported that I-BET 

762 can inhibit cytokine secretion and decrease the number of tumor-associated 

macrophages and myeloid-derived suppressor cells in a preclinical model of pancreatic 
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cancer [165]. Because of these anti-inflammatory and immunomodulatory effects of the 

bromodomain inhibitors, we hypothesized that I-BET 762 regulates both epithelial cells 

and immune cells, and is efficacious for cancer prevention. In chapter 2, I-BET 762 was 

tested in clinically relevant mouse models of breast and lung cancer. The effects on both 

cancer and immune cells were investigated.  

1.7.2 Retinoid X receptor agonist 

Retinoid X receptors (RXR) belong to the nuclear receptor superfamily and regulate 

the expression of numerous genes through either heterodimerizing with other nuclear 

receptors or forming homodimers. Rexinoids are selective ligands for RXR and play 

important roles in regulating proliferation, differentiation, and apoptosis, which are highly 

relevant to cancer [166]. The rexinoid bexarotene has been approved by the FDA for the 

treatment of cutaneous T-cell lymphoma. However, existing rexinoids have not been 

widely used in the clinic mainly because of limited efficacy and undesired toxicities [167].  

Our lab is dedicated to developing the next generation of rexinoids with better 

efficacy and limited toxicity to unleash the great potential of this class of drugs. To better 

identify new lead compounds, we need to further understand the mechanisms of action 

and develop in vitro assays that can predict in vivo efficacy or toxicities. Interestingly, the 

most potent rexinoid identified to date, LG100268, has very little activity for inhibiting 

cancer cell proliferation in vitro but has profound effects in vivo for both prevention and 

treatment of cancer [168]. In addition, rexinoids are known to regulate cytokine 

expression in myeloid cells [169]. These data led us to hypothesize that rexinoids play 

important roles in modulating the immune system in cancer prevention and treatment. In 

chapter 3, we for the first time investigated the effects of rexinoids on immune cells 
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during lung carcinogenesis and established a new screening paradigm to predict the 

efficacy and toxicities of novel rexinoids.  

1.7.3 Nrf2-Keap1-ARE pathway  

The Nrf2-Keap1-ARE pathway is a master defense mechanism protecting cells 

against oxidative and electrophilic stress. It regulates a number of cellular processes as 

diverse as metabolism, detoxification, redox-balancing, and proliferation [170]. The Nrf2 

pathway possesses a dual role in cancer. In normal cells, transient activation of Nrf2 is 

chemopreventive. Nrf2 activators prevent carcinogenesis in various preclinical models 

[171-175]. However, in tumor cells, the constitutive activation of Nrf2 due to genetic 

alterations is cancer-promoting [170]. Nrf2 inhibitors, therefore, are desired as 

candidates for cancer treatment. This dual role of the Nrf2 pathway focuses on the 

opposite effects on normal epithelial cells vs. tumor cells. However, the effects of Nrf2 on 

immune cells within the tumor microenvironment have not been fully investigated. In 

chapter 4, I characterized the immune signature in Nrf2 WT vs. KO mice during 

carcinogenesis to explore the effects of Nrf2 in immune cells. 

1.7.4 PARP inhibitor  

The PARP inhibitors olaparib and talazoparib have recently been approved for 

treatment of BRCA-deficient breast cancer via the mechanism of inducing synthetic 

lethality [176, 177]. These drugs were the first targeted therapy for patients with BRCA 

mutations. Currently, PARP inhibitors are administered orally in the clinic. However, the 

limited bioavailability of talazoparib requires a higher dose to be administered to achieve 

the desired effect. Talazoparib is the most potent PARP inhibitor, but this potency also 

increases side effects. In chapter 5, I worked with collaborators to develop a novel 
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nanoparticle delivery system for talazoparib to overcome current limitations including 

poor bioavailability and subsequent toxicity. Nano-Talazoparib (NanoTLZ) was tested in 

a clinically relevant BRCA-deficient mouse model and compared directly with free 

Talazoparib (FreeTLZ) at the same dose. In addition, PARP inhibitors have recently 

been reported to upregulate PD-L1 expression [178], suggesting an immunomodulatory 

role in cancer treatment. Hence, we also evaluated the effects of NanoTLZ and FreeTLZ 

on immune populations within the tumor microenvironment in this BRCA-deficient mouse 

model.  
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2.1 Abstract 

 Breast cancer and lung cancer remain the top two leading causes of cancer-related 

deaths in women. Because of limited success in reducing the high mortality of these 

diseases, new drugs and approaches are desperately needed. Cancer prevention is one 

such promising strategy that is effective in both preclinical and clinical studies. I-BET 762 

is a new bromodomain inhibitor that reversibly targets BET (bromodomain and 

extraterminal) proteins and impairs their ability to bind to acetylated lysines on histones, 

thus interrupting downstream transcription. This inhibitor has anti-inflammatory effects 

and induces growth arrest in many cancers and is currently under clinical trials for 

treatment of cancer. However, few studies have investigated the chemopreventive 

effects of bromodomain inhibitors. Here, we found that I-BET 762 significantly delayed 

tumor development in preclinical breast and lung cancer mouse models. This drug not 

only induced growth arrest and downregulated c-Myc, pSTAT3 and pERK protein 

expression in tumor cells in vitro and in vivo but also altered immune populations in 

different organs. These results demonstrate the promising potential of using I-BET 762 

for cancer prevention and suggest the striking effects of I-BET 762 are the result of 

targeting both tumor cells and the tumor microenvironment.  

2.2 Introduction 

Breast cancer and lung cancer are the top two leading causes of cancer deaths in 

women [1]. Even though the survival rates of estrogen receptor-positive (ER+) breast 

cancer have gradually improved, primarily because of the benefits of endocrine therapy, 

the incidence and survival rates for ER-negative (ER−) breast cancer have not noticeably 

shifted over the past 30 years [2]. Lung cancer is responsible for more cancer deaths 
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than breast, prostate, colon and pancreatic cancer combined, and the 5-year survival 

rates for lung cancer remain a disappointing 18% [1]. Therefore, new drugs as well as 

new approaches are greatly needed to reduce both the incidence and mortality of both of 

these diseases.  

Prevention and early intervention in cancer are two underutilized strategies that have 

proven effective in both preclinical and clinical studies [3]. Fisher and colleagues 

reported a 49% reduction in the incidence of breast cancer in women taking tamoxifen 

compared with a placebo [4]. Raloxifene, a second-generation selective ER modulator 

(SERM), reduced the incidence of breast cancer by approximately 80% in early clinical 

trials [5]. Abundant clinical data confirm that antiestrogens or SERMs can prevent ER+ 

breast cancer in women [6-9]. However, tamoxifen can induce rare but serious side 

effects, such as increasing the risk of uterine cancer [10], and there are no approved 

drugs available for the prevention of ER- breast cancer. In contrast to breast cancer, 

drugs have been tested for the prevention of lung cancer in a variety of preclinical 

models, but these efforts have not been successfully translated into the clinic. Because 

smokers are at high risk of developing lung cancer, developing effective drugs with a 

good safety profile for the chemoprevention of lung cancer could greatly reduce the 

overall number of cancer deaths [11].  

In addition to known genetic mutations that drive carcinogenesis, epigenetic events 

are also highly involved in the initiation and progression of cancer [12]. Unlike genetic 

mutations, epigenetic alterations are considered reversible, which makes them an 

appealing therapeutic target. A number of epigenetic drugs have been developed that 

can reverse the aberrations of DNA methylation or histone modifications in cancer. 
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Inhibitors of DNA methylation were the first epigenetic drugs designed for treatment of 

cancer; these nucleoside analogs inhibit DNA methylation by trapping DNA 

methyltransferases [13]. Drugs targeting histone modifications were then developed, and 

the histone deacetylase (HDAC) inhibitor suberoylanilide hydroxamic acid (SAHA) is 

approved by the FDA for the treatment of cutaneous T-cell lymphoma. Some of these 

epigenetic drugs have also been tested for chemoprevention [14]. The HDAC inhibitor 

valproic acid is currently being tested in a clinical trial (NCT02608736) for 

chemoprevention of head and neck squamous cell carcinoma. 

Recently, chromatin “readers” have emerged as promising epigenetic targets. In 

contrast to “writers” (e.g. histone acetyltransferases and histone methyltransferases) or 

“erasers” (e.g. HDACs and lysine demethylases (KDMs)), readers bind to specific 

epigenetically modified sites. Bromodomains, which contain a conserved binding motif, 

are the primary readers of acetylated lysine residues, and over 40 human proteins 

express bromodomains [15]. Importantly, distinct small molecules that are specific to the 

BET (Bromodomain and extraterminal domain) family (BRD-2, 3, 4, T) of bromodomain 

proteins [16, 17] have been developed. The BET inhibitors have shown promising 

efficacy in preclinical models for treating cancers including NUT-midline carcinoma [18], 

hematological malignancies [16, 19], and pancreatic cancer [20], but little is known 

regarding the chemopreventive potential of bromodomain inhibitors in cancer.  

JQ1 was one of the earliest BET inhibitors identified [17], and it blocks neoplastic 

transformation induced by 12-O-tetradecanoylphorbol-13-acetate [21] or visceral 

adipose tissue [22] in mouse skin epidermal JB6 P+ cells and suppresses inflammation in 

many cell types [23, 24]. However, poor bioavailability and a short half-life make JQ1 an 
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impractical candidate for clinical development. In contrast, the bromodomain inhibitor 

I-BET 762 (also known as GSK525762) has good potency and pharmacokinetics 

following oral administration [25]. It is currently being evaluated in clinical trials 

(NCT01587703, NCT01943851, NCT02964507) for the treatment of NUT middle 

carcinoma and other cancers, including breast and lung cancer. In addition to its 

antiproliferative effects in cancer cells, I-BET 762 can inhibit cytokine secretion and 

decrease the number of tumor-associated macrophages and myeloid-derived 

suppressor cells in a preclinical model of pancreatic cancer [23]. Because of the known 

anti-inflammatory and immunomodulatory effects of the bromodomain inhibitors, we 

tested the efficacy of I-BET 762 for the prevention of breast and lung cancer in two 

clinically relevant mouse models (MMTV-PyMT ER- breast cancer model and vinyl 

carbarmate-induced lung carcinogenesis model) and investigated its effects on both 

cancer and immune cells.  

2.3 Materials and Methods 

2.3.1 In vivo experiments 

All animal studies were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committee at Michigan State University (East Lansing, 

MI). For the breast cancer studies, MMTV-PyMT mice were obtained from Dr. Jeffrey 

Pollard (Albert Einstein College of Medicine, Bronx, NY) and were genotyped as 

described [26]. Four-week-old female PyMT mice were randomized into either control 

group fed powdered 5002 rodent chow or I-BET 762 (60 mg/kg diet) mixed into 

powdered diet as described previously [27]; I-BET 762 (purity >95%) was synthesized 

[25] by J-Star Research (South Plainfield, NJ). Mice were palpated for tumors twice a 
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week. For the immune cell infiltration studies, 11-week-old female PyMT mice were 

gavaged (5% DMSO and 10% Tween 20 in saline) with 60 mg I-BET 762 /kg body 

weight daily for one week for a short-term protocol. In a longer-term protocol, 

four-week-old female PyMT mice were fed either powdered control diet or diet containing 

I-BET 762 (60 mg/kg diet) until 13 weeks of age. For both studies, tissues were 

harvested for analysis by flow cytometry and evaluation of biomarkers by Western blot or 

IHC.  

For the lung cancer studies, 8-week old female A/J mice from The Jackson 

Laboratory were injected intraperitoneally with 0.32 mg vinyl carbamate (Toronto 

Research Chemicals) dissolved in saline. One week after injection, the mice were 

randomized into either control group fed AIN-93G semisynthetic diet (BioServ), I-BET 

762 (40-120 mg/kg diet), LG100268 (40 mg/kg diet) or the combination of I-BET 762 and 

LG100268 (40 mg of each drug/kg diet). After 16 weeks on diet, lungs were harvested 

and inflated with PBS. Left lungs were fixed in neutral-buffered formalin (NBF) for 

histopathology. Right lungs were used immediately for flow cytometry (two lobes) or 

were flash frozen (the other two lobes). Samples were coded with random numbers to 

blind the investigators to the identity of the treatment group during analysis. Then tumor 

number, size and histopathology were assessed on two separate sections of the left lung 

by two independent investigators using published criteria [28].  

2.3.2 Flow cytometry 

The same two mammary glands or two lobes of the right lung were harvested from 

each PyMT mouse or A/J mouse, respectively, for flow cytometry. Fresh tissues were 

homogenized and incubated in digestion media containing 300 U/ml collagenase 
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(Sigma), 1 U/ml dispase (Worthington), and 2 U/ml DNAse (EMD Millipore) for 30 

minutes at 37°C. Cells were passed through a 40 µm cell strainer (Falcon) to obtain a 

single-cell suspension and treated with a lysing solution (eBioscience) to eliminate red 

blood cells. Cells were then stained with 5 µg/ml anti-mouse Fc block (BioLegend) and 

two panels of validated antibodies [23] for 30 minutes on ice. Panel 1: CD45-VioGreen (3 

µg/ml, Miltenyi Biotec), Gr-1-PE (3 µg/ml, Miltenyi Biotec), CD11b-FITC (3 µg/ml, 

Miltenyi Biotec). Panel 2: CD45-VioGreen (3 µg/ml, Miltenyi Biotec), CD3-PE (2 µg/ml, 

BioLegend), CD4-FITC (3 µg/ml, Miltenyi Biotec), CD8-PerCP/Cy5.5 (2 µg/ml, 

BioLegend), CD25-PE/Cy7 (2 µg/ml, BD Biosciences). Flow cytometry was performed 

using a LSR II flow cytometer with three laser sources (488 nm, 633 nm, 407 nm) and 

DIVA 6.2 software (BD Biosciences); data were analyzed by FlowJo x.10.0.7r2 software 

(Tree Star).  

2.3.3 IHC 

Upper right mammary glands and left lungs inflated with PBS were fixed in 10% NBF 

for 48 hours for histopathology and IHC. Citrate or EDTA buffer was used for antigen 

retrieval, and hydrogen peroxide was used to quench endogenous peroxidase activity. 

Sections were immunostained with pSTAT3 or pERK (1:50, Cell Signaling Technology) 

and biotinylated anti-rabbit secondary (Cell Signaling Technology), CD45 (1:100, 

BioScience) and anti-rat secondary (Vector), or PCNA (1:100 BioLegend) antibodies and 

biotinylated anti-mouse secondary (Cell Signaling Technology). Signal was detected 

using a DAB kit (Cell Signaling Technology). Sections were counterstained with 

hematoxylin (Vector).  
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2.3.4 Cell culture 

MDA-MB-231 and A549 cells (ATCC) were cultured in DMEM or RPMI 1640, 

respectively, with 10% FBS and 1% penicillin/streptomycin. Primary PyMT tumor cells 

were isolated from female PyMT mice. Mammary tumors were dissected, homogenized 

and digested in DMEM with 10% FBS, 300 U/ml collagenase, 1.0 U/ml dispase and 2 

U/ml DNase for 30 min at 37°C. The cell suspension was passed through a 40-µM cell 

strainer. After centrifugation at 220 x g for 10 minutes, cells were plated in DMEM with 10% 

FBS and 1% penicillin/streptomycin. All experiments were performed within 1 week of 

isolation. VC-1 cells were derived from lung tumors in A/J mice injected with vinyl 

carbamate, using the same protocol [28, 29]. Media and supplements were purchased 

from Corning Cellgro (Mediatech, Manassas, VA). 

2.3.5 Western blotting 

Cells treated with different concentration of I-BET 762 were lysed in RIPA buffer (1 

mol/L Tris-Cl, 5 mol/L NaCl, pH 7.4, 0.5 mol/L EDTA, 25 mmol/L deoxycholic acid, 1% 

Triton-X, 0.1% SDS) with protease inhibitors. Mammary glands or lung tissues were 

homogenized and incubated in EBC buffer (5 mol/L NaCl, 1 mol/L Tris pH 8) with 

protease inhibitors and 10% NP-40 for 30 minutes. The BCA assay (Sigma-Aldrich) was 

performed to determine protein concentrations. Proteins were separated by SDS-PAGE 

and transferred to nitrocellulose membranes. p27KIP1, Cyclin D1, c-Myc, p-Erk 1/2, 

pSTAT3 and vinculin (all from Cell Signaling Technology) primary antibodies were used 

to analyze the corresponding proteins; secondary antibodies were purchased from Cell 

Signaling Technology. ImageJ was used to quantify the immunoblots. Images shown are 

representative of two to three independent experiments. 
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2.3.6 Statistical analysis 

The in vitro experiments were repeated in at least three independent experiments. 

Results were analyzed using the t-test or one-way ANOVA (Prism 6). In vivo data were 

analyzed by one-way ANOVA followed by a Tukey test, or one-way ANOVA on ranks 

and the Dunn test if the data did not fit a normal distribution (SigmaStat 3.5). Results 

were expressed as the mean±SE unless otherwise noted. p< 0.05 was considered 

statistically significant.  

2.4 Results 

2.4.1 The bromodomain inhibitor I-BET 762 delays tumor development in the 

MMTV-PyMT model of breast cancer  

To investigate whether I-BET 762 affects tumor development, we first tested this 

drug in MMTV-PyMT mice. In this ER- breast cancer model, expression of the oncogenic 

PyMT protein is targeted to the mammary epithelium by the MMTV promoter [26]. This 

model mimics several key features of human breast cancer, including disease 

progression from hyperplasia to invasive carcinoma and the early infiltration of 

tumor-associated macrophages [30]. Female PyMT mice were fed control diet or diet 

containing I-BET 762 (60 mg/kg diet, which is approximately 15 mg/kg body weight) 

starting at 4 weeks of age. Treatment with I-BET 762 significantly (p<0.05) delayed the 

development of mammary tumors (Figure 2.1 A). The average time of the first palpable 

tumor increased from 13.1±0.8 weeks in the control group to 16.3±1.0 weeks with the 

I-BET 762 treatment (Figure 2.1 B; p<0.05). I-BET 762 was well tolerated at this dose, 

with no significant differences in weight between groups (average body weight of 
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24.1±1.6 g in control group vs. 24.5±1.8 g in I-BET 762 treated group at 17 weeks of 

age).  

2.4.2 I-BET 762 induces growth arrest and downregulates c-Myc expression in breast 

cancer cells 

Bromodomain inhibitors can inhibit c-Myc and induce growth arrest in many cell 

types [23, 31, 32]. In our studies, I-BET 762 inhibited proliferation of MDA-MB-231, a 

triple negative human breast cancer cell line, with an IC50 of 0.46±0.4 µmol/L in the MTT 

assay. At concentrations as low as 0.25 µmol/L, both I-BET 762 and JQ-1 upregulated 

p27 and downregulated c-Myc protein expression (Figure 2.1 C) in these cells. Next, 

primary cells were isolated from mammary tumors in PyMT mice and treated with I-BET 

762 for 48 hours. In these cells, treatment with I-BET 762 increased protein levels of p27 

and decreased Cyclin D1 (Figure 2.1 D); these changes are hallmarks of G1-phase 

cell-cycle arrest [33]. I-BET 762 does arrest these cells in G1, as confirmed by flow 

cytometry (data now shown). C-Myc protein expression was also decreased by I-BET 

762 (Figure 2.1 D). 
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Figure 2.1. The bromodomain inhibitor I-BET 762 delays tumor development in the 
MMTV-PyMT model of ER- breast cancer. Female PyMT mice were started on either 
control diet or I-BET 762 (60 mg/kg in diet) at 4 weeks old. Mice were palpated twice a 
week for tumors. A. Treatment with I-BET 762 significantly (p<0.05) delayed 
development of the initial tumor compared with the control group. n=13 per group. B. 
Average time (in weeks) of the first tumor appearance. *, p<0.05 vs. control. Results, 
mean±SD. C. MDA-MB-231 cells were treated with different concentrations of JQ1 or 
I-BET 762 for 48 hours. p27 and c-Myc protein expression were detected by Western 
blotting. D. Primary tumor cells were isolated from tumors in PyMT mice. Cells were 
treated with I-BET 762 for 48 hours and lysates were immunoblotted with antibodies 
against Cyclin D1, p27, and c-Myc.  
 

2.4.3 I-BET 762 modulates T-cell populations in the mammary gland and spleen and 

decreases pSTAT3 expression in the mammary gland 

In addition to the antiproliferative role of I-BET 762 on tumor cells, this drug also 

modulates the tumor microenvironment. We and others have shown that bromodomain 

inhibitors suppress the production of proinflammatory molecules by macrophages [34] 

and have anti-inflammatory effects in pancreatic cancer [20, 23]. Because epigenetic 

modulators can have rapid effects on cells, a short-term in vivo study was performed. In 
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the PyMT model, 11-week-old female PyMT mice without palpable tumors were treated 

daily with either vehicle or I-BET 762 (60 mg/kg) by gavage for one week (short 

treatment protocol, Figure 2.2 A). This dose of I-BET 762 altered immune cell 

populations in a model of pancreatic cancer [23]. The time point was selected based on 

previous studies indicating that the highest infiltration of immune cells into the mammary 

gland occurred at 12 to 13 weeks of age in PyMT mice [35]. Both the mammary gland 

and spleen were harvested and analyzed by flow cytometry to obtain an overview of the 

immune cell populations in these tissues. The percentages of CD45+ immune cells, total 

T cells (CD45+, CD3+), CD4 helper T cells (CD45+, CD3+, CD4+) and CD8 cytotoxic T 

cells (CD45+, CD3+, CD8+) and macrophages (CD45+, CD11b+, F4/80+) were analyzed. 

After one week of treatment, the percentages of CD45+ immune cells (Figure 2.2 B), total 

T cells (Figure 2.2 C), and CD4 helper T cells (Figure 2.2 D) were all significantly (p<0.05) 

higher in the spleen of the PyMT mice treated with I-BET 762. There were no significant 

changes in immune cell populations in the mammary glands after this limited treatment 

(data not shown). We then used a longer term treatment protocol (Figure 2.3 A) to 

evaluate the chronic effects of I-BET 762 on immune cell populations. Four-week old 

female PyMT mice were fed with either control diet or diet containing I-BET 762 (60 

mg/kg diet) for 13 weeks. In these experiments, there was a small but significant (p<0.05) 

decrease of CD4 helper T cells in the mammary gland of mice treated with I-BET 762 

(Figure 2.3 B). Activation of CD4 helper T cells was then evaluated by expression of the 

CD25 surface marker. A lower percentage of activated CD4 T cells was detected in 

I-BET 762 treated group (p=0.08, Figure 2.3 C). No other changes in immune cells in the 

mammary gland or the spleen were observed at this time point (data not shown). 
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Figure 2.2. Short-term treatment with I-BET 762 increases CD45+ immune cells 
and T-cell infiltration in the spleen and decreases pSTAT3 expression in the 
mammary gland. A. Diagram of short-term treatment protocol by gavage (n=9/group). 
The immune cell populations in mammary glands or spleen from PyMT mice were 
analyzed by flow cytometry. Percentages of total immune cells (CD45+), total T cells 
(CD45+, CD3+), and Th cells (CD45+, CD3+, CD4+) in the spleen are shown from B to D 
respectively. **, p<0.01; ***, p<0.001. E. Another mammary gland from the same mice  
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Figure 2.2 (cont’d) 
was used to isolate total proteins. Lysates were immunoblotted with anti-pSTAT3 
antibodies. Representative immunoblots are shown on the left and quantification of all 
samples by ImageJ is shown on the right. Results were normalized to vinculin and then 
expressed as fold control. *, p<0.05 vs control. F. Another mammary gland in the mice 
was fixed in formalin and sectioned for IHC. pSTAT3 staining is indicated in brown. 
Representative images are shown in F (x200 magnification). b.i.d., twice daily. 
 

 STAT3 plays a critical role in the crosstalk between cancer and immune cells [36]. As 

a point of convergence of many important oncogenic signaling pathways, STAT3 is 

constitutively activated in cell types. Activation of STAT3 inhibits the activation of 

dendritic cells, CD8+ T cells and natural killer cells and enhances the production of 

immunosuppressive factors, which are associated with poor prognosis [37]. Hence, 

pSTAT3 expression was evaluated in the mammary gland by both Western blotting and 

IHC. Treatment with I-BET 762 significantly (p<0.05) decreased expression of pSTAT3 

in both the short (Figure 2.2 E) and longer-term (Figure 2.3 D) protocols. With short-term 

treatment, decreased pSTAT3 expression (Figure 2.2 F) was mainly observed in 

immune cells surrounding early lesions, whereas pSTAT3 was also greatly decreased 

within tumor cells in the longer term protocol (Figure 2.3 E).  
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Figure 2.3. Long-term treatment with I-BET 762 reduces the infiltration of CD4+ Th 
cells and decreases pSTAT3 expression in the mammary gland. A. Timeline of the 
longer term treatment protocol (n=11/group). The immune cell populations in the 
mammary glands from PyMT mice were analyzed by flow cytometry. B. The percentage 
of Th cells (CD45+, CD3+, CD4+) in the mammary gland is significantly (*, p<0.05) lower  
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Figure 2.3 (cont’d) 
in the group treated with I-BET 762 than controls. C. Percentage of activated T helper 
cells (CD45+, CD3+, CD4+, CD25+) in the mammary gland is also decreased (#, p=0.08 
vs. controls). D. Protein extracts from the mammary gland were used to detect pSTAT3 
expression by Western blotting. Representative immunoblots are shown on the left and 
quantification by ImageJ is shown on the right. Results were normalized to vinculin and 
expressed as fold control. *, p<0.05. E. pSTAT3 expression was confirmed by IHC on 
sections of mammary gland. Positive staining is indicated in brown. Representative 
pictures are shown at x400 magnification. 

  

2.4.4 I-BET 762 prevents lung carcinogenesis in A/J mice challenged with vinyl 

carbamate 

The anti-tumor effect of bromodomain inhibitors is not limited to a single cancer type. 

Besides breast cancer, these compounds have been shown to suppress growth of lung 

cancer cell lines and sensitize these cells to proapoptotic agents [38, 39]. However, the 

efficacy of bromodomain inhibitors for prevention of lung cancer has not been 

investigated. The A/J mouse model is widely used to evaluate chemopreventive agents 

for lung cancer [40, 41]. These mice can develop adenomas spontaneously in the lung, 

but injection of the carcinogen vinyl carbamate can induce invasive lung 

adenocarcinomas [28]. Vinyl carbamate induces Kras mutations [42], which are the most 

frequent mutations found in human lung cancers [43], especially in smokers and 

Caucasian patients [44]. Because urethane and carcinogens found in cigarette smoke 

such as NNK (a nitrosamine ketone derived from nicotine) only induce adenomas, the 

use of vinyl carbamate in A/J mice is more clinically relevant. In this study, female A/J 

mice were injected intraperitoneally with 0.32 mg vinyl carbamate to induce lung 

adenocarcinomas. One week after initiation, the mice were fed control diet or I-BET 762 

in diet for 16 weeks. Then tumor number, size and histopathology were evaluated using 

published criteria [28]. In our first study, two doses of I-BET 762 (60 and 120 mg/kg diet 
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or approximately 15 and 30 mg/kg body weight) were tested (Table 2.1). Strikingly, 

treatment with I-BET 762 significantly (p<0.05) reduced the average number of grossly 

visible tumors on the inflated left lung from 12.4±0.6 tumors in the control group to only 

3.7±0.6 in mice fed the highest concentration of I-BET 762, a reduction of 70%. Although 

the percentage of grossly visible small tumors (< 0.5 mm in diameter) was only 2.5% in 

the control group, 63% of the tumors in the I-BET 762 120 group were small (p<0.05 vs. 

control). Notably, not a single tumor in either group treated with I-BET was larger than 1 

mm in diameter, while nearly 10% of the control tumors had grown to this size. To 

evaluate the histopathology, lungs were sectioned, randomized and the groups blinded. 

Impressively, the high dose of I-BET 762 significantly (p<0.05) reduced the average 

tumor number by 78% (from 3.84±0.25 to 0.86±0.19 per slide), average tumor size by 83% 

(from 0.33±0.03 mm3 to 0.06±0.01 mm3), and average tumor burden by 96% (from 

1.26±0.14 mm3 to 0.05±0.01 mm3). Even with half of this dose (with 60 mg/kg diet), 

I-BET 762 still significantly (p<0.05) reduced the grossly visible tumors on the surface of 

left lung, and no large tumors (> 1mm in diameter) were found. At this lower dose, I-BET 

762 also caused a 64% reduction in tumor size and a nearly 80% decrease in average 

tumor burden (p<0.05 vs. control for both characteristics).  

Histopathology was evaluated based on two criteria (histological and nuclear), as 

published previously [28]. The percentage of high-grade tumor (HH), high for both 

histological and nuclear characteristics, such as fused trabecular architecture, distinct 

nucleoli and conspicuous mitoses, was 51% in the control group but only 5% to 13% in 

mice fed I-BET 762 (p<0.05). The percentage of low-grade tumors (LL) was also 

significantly higher in the treated groups (28%-32%) vs. the control group (2%). These 
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doses were well-tolerated with no observed adverse effects; average body weights at the 

end of the study were 21.7±2.4 g in the controls, 22.5±1.7 g in the I-BET 60 group, and 

20.7±1.5 g in the I-BET 120 group. 

Because impressive efficacy was observed in this first lung experiment, a lower dose 

of I-BET 762 (40 mg/kg diet or approximately 10 mg/kg body weight) was tested, alone 

and in combination with the rexinoid LG100268 (40 mg/kg diet). Rexinoids are selective 

ligands for RXRs (Retinoid X Receptors) with known anti-inflammatory and antitumor 

effects [29, 45]. LG100268 potently suppressed tumor development in this lung cancer 

model [27]. In addition, the combination of I-BET 762 and LG100268 was more effective 

than either drug alone for suppressing inducible nitric oxide synthase in macrophage-like 

cells (data not shown). This in vitro assay correlates well with efficacy in the A/J lung 

carcinogenesis model. The combination of I-BET 762 and LG100268 was therefore 

tested to investigate potential synergistic effects in vivo. Even though the concentration 

of I-BET 762 was reduced to only 40 mg/kg diet, a significant (p<0.05) reduction in tumor 

number (52%), size (60%), and burden (81%) were still observed in the mice (Table 2.2 

and Figure 2.4 A). The efficacy in the combination group was not significantly different 

than I-BET 762 or LG100268 alone; lower doses of both drugs should be evaluated in 

future studies. The I-BET diets were well tolerated with no significant differences in body 

weight (23.6±3.4 g in control group vs. 24.1±2.5 g in the I-BET 762 group after 16 weeks 

on diet). 

2.4.5 I-BET 762 induces growth arrest and downregulation of pSTAT3 and pERK in lung 

cancer in vitro and in vivo 

To elucidate biomarkers of I-BET 762 efficacy in lung cancer, tumor cells were first 
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evaluated. Both A549 (a human non-small cell lung cancer cell line) and VC-1 (primary 

cells isolated from a lung tumor in an A/J mouse) cells were treated with I-BET 762 for 

24-48 hours. With I-BET 762 treatment, protein levels of p27 increased, while Cyclin D1 

and c-Myc expression decreased (Figure 2.4 B and C). Lungs from the mouse model 

were homogenized and immunoblotted. Cyclin D1, pSTAT3, pERK, and PCNA were all 

significantly decreased in the lungs of mice treated with I-BET 762 (Figure 2.4 D). C-Myc 

was expressed at very low levels in lung tissue, and no differences were detected 

between groups (data not shown). Kras mutations induced by vinyl carbamate activate 

downstream targets like ERK, and pERK expression was significantly decreased by 

I-BET 762 in the lung tumors (Figure 2.4 D), as confirmed by IHC (Figure 2.4 E). 

Proliferation in the tumor was also significantly inhibited by I-BET 762 treatment, as 

shown by PCNA staining (Figure 2.4 E).       
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Figure 2.4. I-BET 762 prevents lung carcinogenesis in A/J mice. Female A/J mice 
were initiated with vinyl carbamate. The mice were then randomized and fed control diet 
or IBET 762 (40 mg/kg diet), starting one week after initiation with vinyl carbamate. After 
16 weeks of treatment, lungs were harvested to examine tumor burden. A. 
Representative images of left lungs in each group (x10 magnification). A549 lung cancer 
cells (B) and primary VC-1 cells (C) isolated from lung tumors in A/J mice were treated 
with different concentrations of I-BET 762 for 48 or 24 hours, respectively. Protein 
expression in these cells or lung extracts (D) were analyzed by Western blotting. 
Changes in pERK and PCNA expression in the tumor were confirmed by IHC (E); 
positive staining is indicated in brown. Representative pictures are shown at x400 
magnification, n=5 lungs per group. 
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2.4.6 I-BET 762 increases CD45+ immune cells and decreases macrophages in the lung 

JQ1 has been shown to attenuate the function of immunosuppressive T regulatory 

cells in an NSCLC model [46], indicating the potential immunomodulatory role of 

bromodomain inhibitors. Two lobes of the right lung were freshly homogenized and 

prepared for flow cytometry as described above. The CD45+ immune cell population 

(CD45+/live cells) was significantly (p<0.05) higher and the macrophage (CD45+, 

CD11b+, Gr1-) population lower in the lungs of mice treated with I-BET 762 (Figure 2.5 A 

and B) vs. controls, but there were no significant differences in T-cell populations. The 

changes in CD45+ (Figure 2.5 C) and macrophages (Figure 2.5 D) were confirmed by 

IHC on the lung sections. There was no difference in alveolar macrophages between 

groups as only macrophages near lung tumors were reduced in the group treated with 

I-BET 762.  
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Figure 2.5. I-BET 762 increases the infiltration of CD45+ immune cells and 
decreases the percentage of macrophages in the lungs of A/J mice challenged 
with vinyl carbamate. Two lobes of lung from A/J mice were isolated and processed 
immediately for flow cytometry to detect total immune cells (CD45+, A) and macrophages 
(CD45+, CD11b+ Gr1- in B or F4/80+ in C) in the lung. The changes were confirmed by 
IHC, as shown in C at x400 magnification. *, p<0.05 vs. control, n = 4-8 lungs per group.  
 

2.5 Discussion 

Bromodomains are an attractive target for cancer therapeutics and have been 

intensively studied as treatment in many cancer types [47]. Several studies reported the 

antiproliferative effects of bromodomain inhibitors in breast cancer cell lines and a 
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reduction of tumor mass in xenograft mouse models [48-50]. Arrested tumor growth by 

bromodomain inhibitors has also been shown in preclinical models of lung cancer. These 

drugs also triggered significant tumor regression and prolonged survival in mouse 

models of lung cancer initiated by KRAS mutations [51, 52]. In contrast to these previous 

treatment studies, our study provides direct evidence of effective chemoprevention by 

the potent bromodomain inhibitor I-BET 762 in relevant preclinical models of both breast 

and lung cancer. This bromodomain inhibitor not only significantly induced growth arrest 

and downregulation of oncoproteins and downstream effector proteins like c-Myc, 

pSTAT3 and pERK in tumor cells but also altered various immune populations within the 

tumor microenvironment.  

Although I-BET 762 did not prevent the development of all tumors, but only delayed 

and reduced tumor burden in our models, no drug will be able to completely stop all 

tumor development. The available animal models used to study chemoprevention and 

carcinogenesis are genetically manipulated or challenged with high doses of 

carcinogens and thus develop multiple tumors with a very short latency. In humans, 

tumors are usually not detected until decades after the initiating event, even in smokers, 

and the incidence is not usually as high as in animal studies. However, any drug that 

significantly increases tumor latency or suppresses malignancy is likely to have a 

profoundly positive impact on the quality of life in people [53]. 

Interestingly, I-BET 762 was more effective and potent in the lung cancer model than 

in the breast cancer model. Notably, the lung tumors in A/J mouse model induced by 

vinyl carbamate are Kras dependent, whereas MMTV-PyMT tumors are driven by the 

polyomavirus middle T-antigen, which is not found in human breast cancer. Activating 
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mutations in Ras drive a variety of cancers, including melanomas, gliomas, pancreatic 

cancer and lung cancer [20, 51, 54], which are all sensitive to bromodomain inhibitors. In 

addition, a panel of lung cancer cell lines including NSCLC and small cell lung cancer 

harboring different oncogenic mutations have different susceptibilities to bromodomain 

inhibitors [39], indicating the involvement of the BET protein in different signaling 

pathways. Further studies are needed to better understand the mechanisms of 

bromodomain inhibitors in different cancer populations, and biomarkers need to be 

developed to predict the response in patients.  

The immunomodulatory effects of bromodomain inhibitors for cancer prevention 

need to be emphasized in addition to the more widely studied suppression of oncogenic 

pathways. Inflammation is known to promote the progression of premalignant lesions 

and tumor growth [55]. As suggested by the “seed and soil” hypothesis, an appropriate 

host microenvironment (the soil) is necessary for the growth of tumor cells (the seed) 

[56]. In cancer prevention, when tumors are premalignant or too small to be detected, 

modulation of the stromal microenvironment is extremely important for preventing the 

development of immune tolerance and tumor progression [57, 58]. Notably, 

immunomodulatory activity has been reported for many chemopreventive agents [59], 

and emerging evidence supports the critical role of targeting the microenvironment for 

the efficacy of chemoprevention. Keenan and colleagues have reported that prevention 

of murine pancreatic ductal adenocarcinoma is feasible with Listeria vaccine and 

simultaneous depletion of proinflammatory immune cells [60]. In a recent clinical trial 

targeting MUC1 (Mucin 1, cell surface associated) in patients with premalignant 

colorectal adenomas, nonresponders had a significantly higher percentage of 
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immunosuppressive cells like myeloid-derived suppressor cells [61]. The finding of 

increased CD45+ cells in the lungs of mice treated with I-BET 762 suggests a more 

active immune response that could halt or reverse tumor development, and we are 

designing new experiments to address this question. Although the magnitude of the 

changes in immune cell numbers are small, they are functionally significant as there is a 

decrease in activated Th cells (CD25+), which are immunosuppressive and predict for 

poor survival in cancer patients [62]. In addition, we have previously shown that I-BET 

762 decreases expression of markers of M2 tumor-promoting macrophages toward an 

antitumor M1 phenotype [23]. Bromodomain inhibitors also might be useful if used in 

combination with immunotherapy to enhance the anti-tumor response. JQ-1 has been 

shown to help maintain the function of CD8+ cytotoxic T cells and enhance the 

persistence of T cells in adoptive immunotherapy models [63]. JQ-1 also downregulates 

the expression of PD-L1, and its combination with anti-PD-1 antibodies caused 

synergistic responses in Myc-driven lymphomas [64].  

Despite the promising preclinical data with bromodomain inhibitors, some 

investigators are urging caution with the numerous clinical trials for these drugs and 

suggest that clinical efforts are “running ahead of the science” [65]. Bromodomain 

inhibitors have been shown to reactivate HIV in human cells [66] and inhibit erythroid 

maturation in both erythroid cells lines and primary mouse erythroblasts [67]. In addition, 

BET proteins are required for a variety of cellular activities, and each one regulates 

distinct transcriptional pathways. To understand the toxicity profile of bromodomain 

inhibitors, the role of each BET protein needs to be investigated; synthesis of drugs 

targeting specific BET protein appear to be feasible [68]. Optimized dosing and 
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treatment schedules also need to be further explored.  

In drugs used for prevention, safety must be a top priority. In our studies, effective 

doses of I-BET 762 (40-60 mg/kg diet, approximately 10-15 mg/kg body weight) were 

strikingly 3-5 fold lower than used for treatment of cancer in preclinical models [69, 70]. 

The doses used for prevention were well-tolerated by the mice with no obvious toxicity, 

and it is possible that even lower concentrations could be used, especially if I-BET 762 is 

used in combination with other potent chemopreventive agents that work through 

different mechanisms. Drug combinations, intermittent dosing, and targeting high risk 

individuals are some of the strategies that can be used for effective cancer prevention in 

the clinic [3, 71]. Additional studies are needed to determine what dose, drug 

combinations, and molecular characteristics would be most appropriate for intervention 

or prevention with a safe and effective bromodomain inhibitor. 
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Table 2.1: I-BET 762 reduces lung carcinogenesis in A/J mice 

 

Control I-BET 762 I-BET 762 

  

60 mg/kg diet 120 mg/kg diet 

Inflated lungs: 

   # of mice/group 28 12 11 

# of tumors/group 348 118 41 

# of tumors/lung  

  (% control) 

12.4 ± 0.6  

(100%) 

9.8 ± 0.9 *  

(79%)  

3.7 ± 0.6 **  

(30%) 

# of tumors < 0.5 mm (% of total tumors) 9 (2.5%) 20 (17%) ** 26 (63%) ** 

# of tumors > 1 mm (% of total tumors) 33 (9.5%) 0** 0ǂ  

    Slides: 

   # of slides/group 56 24 22 

Average # of tumors/slide  

  (% control) 

3.84 ± 0.25  

(100%) 

2.25 ± 0.36 * 

(58.6%)  

0.86 ± 0.19 * 

(22.5%)  

Average tumor size, mm3  

  (% control) 

0.33 ± 0.03  

(100%) 

0.12 ± 0.02 * 

(35.9%)  

0.06 ± 0.01 * 

(17.2%)  

Average tumor burden, mm3  

  (% control) 

1.26 ± 0.14  

(100%) 

0.27 ± 0.06 * 

(21%)  

0.05 ± 0.01 *  

(3.9%)  

    Histopathology: 

   Total # LL Grade (% of total tumors) 4 (2%) 15 (28%) ** 6 (32%) ** 

Total # LH/HL Grade (% of total tumors) 102 (47%) 32 (59%) 12 (63%) 

Total # HH Grade (% of total tumors) 109 (51%) 7 (13%) ** 1 (5%) ** 

Note: Female A/J mice were injected i.p. with 0.32 mg vinyl carbamate and were 
randomized into either control group fed AIN-93G diet or treatment groups fed I-BET 762 
in the diet, starting one week after initiation with vinyl carbamate. After 16 weeks of 
treatment, lungs were harvested. The tumor number, size and histopathology were 
assessed in a blinded fashion by two independent investigators. Results are presented 
as mean±SEM. *, p < 0.05 vs. control; **, p < 0.001 vs. control, ǂ, p = 0.078 vs. control.  
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Table 2.2: The combination of I-BET 762 and the rexinoid LG100268 for prevention 
of lung carcinogenesis 

 

Control 

 

IBET 762 

40 mg/kg diet 

LG100268 

40 mg/kg 

diet 

I-BET762+LG268 

40 mg each 

drug/kg diet 

Inflated lungs: 

# of mice/group 24 12 12 12 

# of tumors/group 188 60 62 57 

# of tumors/lung (% control) 

7.8±0.5 

(100%) 

5.0±0.5* 

(63.8%) 

5.2±0.6* 

(66%) 
4.8±0.7* (60.6%) 

 
 

  
 

# of tumors < 0.5 mm (% of 

total tumors) 
5 (2.7%) 7* ( 11.7%) 9** (14.5%) 13** (22.8%) 

# of tumors > 1 mm (% of 

total tumors) 
21 (11.2%) 1* (1.7%) 6 (9.7%) 1 (1.8%) 

 
 

  
 

Slides: 

# of slides/group 48 24 24 24 

# of tumors/group 92 22 39 19 

Average # of tumors/slide  

  (% control) 

1.92±0.25  

(100%) 

0.92±0.15*  

(47.8%) 

1.63±0.32  

(84.8%) 

0.79±2*  

(41.3%) 

Average Tumor Size, mm3  

  (% control) 

0.24±0.09  

(100%) 

0.10±0.02*  

(39.8%) 

0.11±0.02*  

(45.8%) 

0.10±0.03*  

(42.5%) 

Average Tumor Burden, mm3   

(% control) 

0.47±0.19  

(100%) 

0.09±0.02*  

(19.1%) 

0.18±0.04  

(38.8%) 

0.08±0.03*  

(17.5%) 

 
 

  
 

Histopathology: 
 

  
 

Total # LL Grade  4 (4%) 1 (5%) 1 (3%) 3 (16%) 
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Table 2.2 (cont’d) 

(% of total tumors) 

Total # LH/HL Grade (% of 

total tumors) 
53 (58%) 16 (73%) 22 (56%) 12 (63%) 

Total # HH Grade  

(% of total tumors) 
35 (38%) 5 (23%) 16 (41%) 4 (21%) 

Note: The same model was used as Table 1, but a lower concentration of I-BET 762 and 
a potent rexinoid (LG100268) were tested. The tumor number, size and histopathology 
were again assessed in a blinded fashion by two independent investigators. Results are 
shown as mean±SEM. *, p < 0.05 vs. control; **, p < 0.001 vs. control.  
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3.1 Abstract 

Rexinoids, selective ligands for retinoid X receptors (RXRs), have shown promise in 

preventing many types of cancer. However, the limited efficacy and undesirable lipidemic 

side-effects of the only clinically approved rexinoid, bexarotene, drive the search for new 

and better rexinoids. Here we report the evaluation of novel pyrimidinyl (Py) analogs of 

two known chemopreventive rexinoids, bexarotene (Bex) and LG100268 (LG268) in a 

new paradigm. We show that these novel derivatives were more effective agents than 

bexarotene for preventing lung carcinogenesis induced by carcinogen. In addition, these 

new analogs have an improved safety profile. PyBex caused less elevation of plasma 

triglyceride levels than bexarotene, while PyLG268 reduced plasma cholesterol levels 

and hepatomegaly compared to LG100268. Notably, this new paradigm mechanistically 

emphasizes the immunomodulatory and anti-inflammatory activities of rexinoids. We 

reveal new immunomodulatory actions of the above rexinoids, especially their ability to 

diminish the percentage of macrophages and myeloid-derived suppressor cells in the 

lung and to redirect activation of M2 macrophages. The rexinoids also potently inhibit 

critical inflammatory mediators including IL-6, IL-1β, CCL9 and nitric oxide synthase 

(iNOS) induced by lipopolysaccharide. Moreover, in vitro iNOS and SREBP (sterol 

regulatory element-binding protein) induction assays correlate with in vivo efficacy and 

toxicity, respectively. Our results not only report novel pyrimidine derivatives of existing 

rexinoids but also describe a series of biological screening assays that will guide the 

synthesis of additional rexinoids. Further progress in rexinoid synthesis, potency, and 

safety should eventually lead to a clinically acceptable and useful new drug for cancer 

patients.  
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3.2 Introduction  

Rexinoids are selective ligands for retinoid X receptors (RXR), which regulate the 

expression of numerous genes [1]. Even though rexinoids were initially developed for 

metabolic disorders like diabetes [2], their important roles in proliferation, differentiation, 

and apoptosis are highly relevant to cancer [3, 4], making RXRs an attractive cancer 

target. The rexinoid bexarotene, is FDA approved for the treatment of cutaneous T-cell 

lymphoma. This drug has been tested in several clinical trials for lung cancer [5-9], and 

the combination of bexarotene and chemotherapeutic agents significantly improved 

median survival in a subset of patients with advanced non-small-cell lung cancer 

(NSCLC) [8, 10]. Rexinoids are also effective for prevention in a variety of preclinical 

cancer models, including breast cancer (MMTV-neu mouse model, nitrosomethylurea 

NMU rat model), lung cancer (vinyl carbamate induced A/J mouse model, and a 

genetically engineered mouse model of lung cancer), pancreatic cancer (KPC mouse 

model), and other cancers [3, 11-18]. Either as single agents or in combinations with 

other drugs, rexinoids significantly delayed tumor development and reduced tumor 

burden in prevention protocols. 

In spite of their profound effects on many cellular pathways with direct relevance for 

the pathogenesis of human diseases [16], including cancer, diabetes, atherosclerosis 

and Alzheimer’s disease, safe and effective rexinoids have not yet entered routine 

clinical practice, for either prevention or treatment of cancer or any other chronic 

diseases. Bexarotene has limited efficacy as a single agent. Moreover, triglyceride levels 

were elevated [5] and the thyroid axis suppressed in patients treated with this drug [19]. 

More potent and selective RXRs rexinoids have been developed, many with promising in 
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vitro activity [20-24]. LG100268 (LG268) is one of the most potent and selective of these 

newer rexinoids, with a 1,000 fold increase in selectivity for RXR binding compared to 

RAR binding [20], but elevated triglyceride levels and patent issues have prevented 

clinical development of this promising drug [3, 16]. Although the known side effects of 

rexinoids can be tolerated for treatment of cancer, they do not meet the elevated degree 

of safety required for long-term prevention protocols in humans.  

Therefore, there is still a great need to develop new rexinoids with greater potency 

and less toxicity. Here, we present data from both in vitro and in vivo studies of new 

rexinoids, the pyrimidine (Py) derivatives of Bex and LG268. These new rexinoids were 

tested for their ability to prevent lung cancer and reduce side effects in a widely used A/J 

mouse model. When challenged with vinyl carbamate, these mice develop Kras 

mutations and adenocarcinomas, so the model is clinically relevant for evaluating new 

drugs for lung cancer [25]. As there is now abundant evidence that immunomodulatory 

and inflammatory effects play an essential role in carcinogenesis [26], we explored the 

immunomodulatory actions of rexinoids during lung carcinogenesis and their effects on 

macrophage polarization. We also screened 10 new rexinoids for their ability to suppress 

induction of the pro-inflammatory enzyme iNOS, an assay that correlates with 

suppression of carcinogenesis in this lung cancer model. In addition, their activation of 

RXR, as well as SREBP (sterol regulatory element-binding protein), a transcription factor 

involved in triglyceride synthesis, was used in initial screens to evaluate potency and 

toxicity, respectively. Upon validation, this set of in vitro assays will be used to guide the 

synthesis of additional compounds to generate drugs that are more effective and/or less 

toxic than existing rexinoids. 
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3.3 Materials and Methods 

3.3.1 Drugs 

Rexinoids were synthesized at Arizona State University as described [21, 22]. For in 

vitro assays, drugs were dissolved in DMSO to make 10 mmol/L stock concentrations 

and then diluted in the appropriate cell culture media (described below) to generate the 

final working concentrations listed in each figure or figure legend. Controls containing 

equivalent concentrations of DMSO were included in all experiments. For in vivo testing, 

drugs were incorporated in diet (40 mg/kg diet and 80 mg/kg diet) as previously 

described [14]. In brief, rexinoids were dissolved in 50 ml vehicle (1 part ethanol: 3 parts 

Neobee Oil, (Thermo Fisher Scientific), a highly purified coconut oil triglyceride used for 

formulation of drugs given to humans) per kg of diet and then mixed into powdered 

AIN-93M diet (BioServ, Flemington NJ) for 20 minutes using a commercial (KitchenAid) 

food mixer to assure homogeneity of drug in diet. Rexinoids are soluble in this vehicle, 

and providing drugs in diet yields better bioavailability and steady state drug levels than 

giving suspensions of drug as a bolus by gavage. The diets were stored in the cold room 

at 4°C for up to 4 weeks; we have confirmed the stability of multiple rexinoids in diet for 

this length of time by liquid chromatrography-mass spectometry. 

3.3.2 Cell culture 

RAW264.7 macrophage-like cells were purchased from the American Type Culture 

Collection (Manassas, VA) and cultured in DMEM media with 10% FBS and 1% 

penicillin/streptomycin. HepG2 cells were purchased from the American Type Culture 

Collection (Manassas, VA) and cultured in RPMI-1640 media with 10% FBS and 1% 

penicillin/streptomycin. Media and supplements were purchased from Corning Cellgro 
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(Mediatech, Manassas, VA). Bone marrow-derived macrophages (BMDMs) were 

isolated from the femurs of adult C57BL/6 mice as described previously [27]. Femurs 

were dissected out of the mice, and all remaining tissues removed before using scissors 

to cut the proximal and distal ends. The bone marrow was flushed out of the femur with 5 

ml of RPMI using a 25G needle and syringe. All samples from a mouse were combined 

and resuspended in RPMI + 10% FBS and 1% penicillin/streptomycin. 

3.3.3 iNOS (NO) assay 

RAW264.7 cells were plated in 96-well plates (20,000 cells/well) and after overnight 

attachment, cells were treated with various concentrations of rexinoids (0-1000 nmol/L) 

and then stimulated with 1-2 ng/ml LPS (dissolved in saline) for 24 h. NO production was 

measured using the Griess reaction as described [14].  

3.3.4 Cytokine RNA extraction and RT-qPCR analysis 

RAW264.7 cells were treated with 300 nmol/L rexinoid and stimulated with 1 ng/ml 

LPS for 24 h. Bone marrow-derived macrophages (BMDMs) were cultured in RPMI 1640 

media supplemented with 10% FBS and 20 ng/ml M-CSF (BioLegend) for 7 days to 

induce an M2 phenotype [27]. Then BMDMs were treated with 100 nM rexinoids and 

stimulated with 100 ng/ml LPS for 24 hours. Total RNA was isolated with TRIzol 

(Invitrogen, Carlsbad, CA). 2 µg of RNA was used to synthesize cDNA using the 

SuperScript III reverse transcriptase kit (Invitrogen, Carlsbad, CA). Validated IL-6 

(PPM03015A), CCL9 (PPM02957F), IL-1β (PPM03109F), TNF-α (PPM03113G), IL-10 

(PPM03017C) and β-actin (PPM02945B) primers were purchased from Qiagen 

(Valencia, CA). iQ SYBR Green Supermix (Bio-rad Laboratories, Hercules, CA) and the 

ABI 7500 FAST Real-Time PCR system were used to detect gene expression (95°C for 
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10 min followed by 40 cycles of 95°C for 15 s (melt) and 60°C (extend/anneal) for 1 min). 

The recommended protocol supplied by the manufacturer of each kit was followed for all 

experiments. Relative expression was calculated by the delta-delta Ct method [14].  

3.3.5 Prevention of lung carcinogenesis in vivo 

All animal studies were approved by the Institutional Animal Care and Use 

Committee (IACUC) at Michigan State University. Eight-week old female A/J mice 

(Jackson Laboratories, average weight = 20 g) were injected i.p. (16 mg/kg body weight) 

with vinyl carbamate (Toronto Research Chemicals). A 1.6 mg/ml stock solution of vinyl 

carbamate (dissolved in isotonic saline) was prepared, and approximately 200 µl injected 

into each mouse. One week after injection, the mice were randomized into the control 

group fed AIN-93G diet (BioServ, Flemington NJ) mixed with vehicle (1 part ethanol: 3 

parts Neobee oil; 50 ml vehicle/kg diet) or fed rexinoids dissolved in the same vehicle 

and mixed into the diet [14]. After 16 weeks on diet, mice were euthanized and lungs 

were inflated with PBS. The entire left lobe of the lungs was fixed in neutral buffered 

formalin for histopathology. Right lungs were used immediately for flow cytometry (the 

superior and middle lobes) or were flash frozen (the other two lobes: inferior and 

post-caval). The tumor number, size, and histopathology were assessed on two separate 

sections of the left lung by two independent investigators. Sections were step sectioned 

(200 µM apart starting at the medial hilar section) and the slides stained with hematoxylin 

and eosin. The samples were coded with random numbers and then randomized before 

being read, thus blinding the investigators to the treatment group. The histopathology 

classifications were based on published criteria established by a lung pathologist [28]. 
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3.3.6 Flow cytometry 

The same two lobes (superior and middle) of the right lung were harvested from A/J 

mice for flow cytometry. Freshly harvested lung tissue was chopped and incubated in 

digestion media (DMEM media with 10% FBS and 1% penicillin/streptomycin) containing 

collagenase (300 U/ml, Sigma), dispase (1 U/ml, Worthington), and DNAse (2 U/ml, 

Calbiochem) for 30 minutes at 37°C. Cells were then passed through a 40-µm cell 

strainer (BD Falcon). Lysing solution (eBioscience) was used to eliminate red blood cells. 

Single-cell suspensions were stained with 5 µg/ml anti-mouse Fc block (eBioscience) 

and two optimized panels of validated antibodies for 30 min at 4°C. Panel 1: 

CD45-VioGreen (Miltenyi Biotec, clone 30F11�3 µg/mL), Gr-1-PE (Miltenyi Biotec, clone 

RB6-8C5, 3 µg/mL), CD11b-FITC (Miltenyi Biotec, clone M1/70, 3 µg/mL). Panel 2: 

CD45-VioGreen (Miltenyi Biotec, clone 30F11�3 µg/mL), CD4-FITC (Miltenyi Biotec, 

clone GK1.5, 3 µg/mL), CD3-PE (BioLegend, clone 145-2C11, 2 µg/mL), 

CD8-PerCP/Cy5.5 (BioLegend clone 53-6.7, 2 µg/mL). Flow cytometry was performed 

using a LSR II flow cytometer with DIVA 6.2 software (BD) and three laser sources (488, 

633 and 407 nm). Data analysis was done using FlowJo x.10.0.7r2 software (Tree Star). 

3.3.7 IHC 

The entire lungs were inflated with PBS and then the entire left lobe of each lung was 

separated and fixed in 10% NBF for 48 hours. Lungs were then step-sectioned for 

histopathology and immunohistochemistry analysis. Citrate buffer (Vector, Cat. No: 

H3300) was used for antigen retrieval. Slides immersed in the buffer were microwaved to 

the boiling temperature and then kept around 90°C by microwaving another 3-5 seconds 

every 15-20 seconds for a total of 20 minutes. Endogenous peroxidase activity was 
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quenched in 3% hydrogen peroxide for 10 minutes. Sections were immunostained with 

CD45 (1:100, BioScience) and a biotinylated anti-rat secondary antibody (Vector 

Laboratories), or F4/80 (1:50, Invitrogen) antibodies and a biotinylated anti-rat secondary 

antibody (Vector). Signal was amplified by Vectastain ABC (Vector Laboratories) and 

detected using a DAB kit (Cell Signaling Technology). Sections were counterstained with 

hematoxylin (Vector Laboratories). Samples were coded, randomized and blinded as 

described above. Negative controls without primary antibody were also done to assure 

the quality and specificity of the primary antibodies.  

3.3.8 Western blotting 

HepG2 Cells treated with rexinoids were lysed in RIPA buffer (1 mol/L Tris-Cl, 5 

mol/L NaCl, pH 7.4, 0.5 mol/L EDTA, 25 mmol/L deoxycholic acid, 1% Triton-X, 0.1% 

SDS) with protease inhibitors (1 mmol/L PMSF, 2 µg/ml aprotinin and 5 µg/ml leupeptin). 

The BCA assay (Sigma-Aldrich) was used to determine protein concentrations. Proteins 

(20 µg/well) were separated by 10% SDS-PAGE gels and transferred to nitrocellulose 

membranes. SREBP-1c (Active Motif, 1:1000) and vinculin (Cell Signaling Technology, 

1:4000) primary antibodies were used to detect the corresponding proteins. Secondary 

antibodies (anti-rabbit or anti-mouse antibodies conjugated to horseradish peroxidase) 

were purchased from Cell Signaling Technology. Signal was detected using the ECL 

Western blotting substrate [14]. Images shown are representative of 3 independent 

experiments. Protein expression levels were quantified by ImageJ. 

3.3.9 Lipid levels in plasma and liver 

Sections of livers were homogenized in 5% NP-40/ddH2O (50 mg tissue/ 1 ml 

solution), and total triglyceride levels in liver and plasma were evaluated using a 
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Triglyceride Quantification Assay Kit from Abcam. Cholesterol levels in plasma were 

measured using a Cholesterol Quantification Kit from Sigma-Aldrich. The recommended 

protocol supplied by the manufacturer of each kit was followed. 

3.3.10 Screening assays for new rexinoids 

New rexinoids were screened using the iNOS suppression assay described above in 

addition to RXR (EC50) and SREBP activation. For screening, full dose-response curves 

were generated with ligand concentrations ranging from 1x10-9 to 0.3x10-5 mol/L in 

transfected HCT-116 cells (male Homo sapiens colorectal carcinoma epithelium) using 

an RXR mammalian two-hybrid system. Although not lung or liver cancer cells, these 

cells can be transfected with a variety of plasmids and are thus useful for screening. 

HCT-116 cells were plated overnight at 80,000 cells/well in 24 well plates and 

maintained in DMEM/high glucose (Hyclone) enhanced with 10% FBS (Invitrogen), 1 

mmol/L sodium pyruvate (Invitrogen), 100 µg/mL streptomycin and 100 unit/mL penicillin. 

The cells were co-transfected using a human RXR binding domain (BD) vector, a human 

RXR activation domain (AD) vector, a luciferase reporter gene containing BD-binding 

sites and renilla control plasmid. Transfection was achieved via 2 µL/well of Express-IN 

transfection reagent (Thermo Fisher Scientific, Lafayette, CO), which was allowed to 

incubate for 24 h with the cells. The cells were subsequently treated with ethanol vehicle 

(0.1%) or analogs (1.0, 2.5, 5.0, 7.5, 10, 25, 50, 75, 100, 250, 500 nmol/L, 1, 2, 3 µmol/L) 

and incubated for 24 hours. The amount of rexinoid activity at each concentration was 

measured by luciferase output utilizing a dual-luciferase reporter assay system 

according to the manufacturer’s protocol (Promega, Madison, WI) in a Sirus luminometer 

(Berthold Detection System, Pforzheim, Germany). Three independent assays were 
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conducted with triplicate samples for each treatment group. The EC50 values were 

derived from dose-response curves of ligand concentration versus normalized luciferase 

activity.   

 For SREBP-based screening, HCT-116 cells were maintained as above, followed by 

co-transfection of 250 ng of the pBP1c(6500)-Luc reporter gene which contains an LXRE 

in the context of about 6,500 base pairs of flanking DNA from the mouse SREBP-1c 

natural promoter [29] along with 50 ng of CMX-hLXRα, 50 ng of pSG5-hRXRα and 20 ng 

of the Renilla control plasmid. The transfection was initiated with 2 µL/well of Express-IN 

transfection reagent (Thermo Fisher Scientific, Lafayette, CO) used for 

liposome-mediated DNA delivery for 18 hours. The cells were then incubated for 24 

hours post-transfection with ethanol vehicle, 10-7 mol/L T0901317 (LXR ligand), or 10-7 

mol/L bexarotene or analogs. After a 24-hour incubation period, the amount of SREBP 

promoter activity was measured by luciferase output utilizing a dual-luciferase reporter 

assay system according to the manufacturer’s protocol (Promega, Madison, WI) in a 

Sirius luminometer (Berthold Detection System, Pforzheim, Germany). Data were 

expressed as the percentage of T0901317-induced SREPB activation. Three 

independent assays were conducted with triplicate samples for each treatment group. 

3.3.11 Statistical analysis 

The in vitro experiments were performed in triplicate samples of each concentration 

of drug, and independent experiments were repeated at least three times. Results were 

expressed as the mean±SD or mean±SEM as indicated in each specific figure or table. 

For the in vitro and in vivo experiments, results were analyzed using the two-tailed t test 

when only two groups were compared (Figure 3.4 D); when more than two groups were 
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compared, data were analyzed using one-way ANOVA followed by a Tukey test for 

multiple comparisons (to control the type I error) if the data fit a normal distribution; the 

Kruskal-Wallis one-way ANOVA on ranks was used followed by the Dunn test for 

multiple comparisons if the data did not fit a normal distribution (SigmaStat 3.5). For the 

histopathology, McNemar’s Z test was used to compare proportions. p<0.05 was 

considered statistically significant. A Benjamini-Hochberg procedure with false discovery 

rate of 25% was performed for the in vivo study (including tumor number, tumor size, 

tumor burden, liver weight and cholesterol level in the plasma), all the p values with this 

procedure were smaller than the original calculated p value.    

3.4 Results 

3.4.1 PyBex and PyLG268 are more effective than bexarotene for preventing lung 

carcinogenesis in A/J mice 

In an effort to develop more potent and selective rexinoids, pyrimidine derivatives of 

LG268 (PyLG268) and bexarotene (PyBex) were synthesized (Figure 3.1 A). These two 

derivatives were tested in vivo because they were similar in potency to Bex but gave 

higher plasma concentrations at Cmax than Bex and produced differential gene 

expression in Sprague Dawley rats [30]. In the present experiments, A/J mice were 

injected i.p. with vinyl carbamate. As confirmed in our model, vinyl carbamate induced a 

mutation in codon 61 of the Kras gene as well as additional mutations across all of the 

chromosomes.  

One week after initiation, the mice were fed control diet or rexinoids in diet (40-80 

mg/kg diet) for 16 weeks. Tumor number, size, and burden were then evaluated, and 

Table 3.1 summarizes these results. Despite a trend toward lower tumor numbers in the 
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rexinoid-treated mice (Figure 3.1 B and Table 3.1), only high dose LG268 (80 mg/kg diet) 

significantly (p<0.05) reduced the average number of tumors, by 61%. All of the high 

dose (80 mg/kg diet) rexinoid groups significantly (p<0.05) reduced the average size of 

the lung tumors (Table 3.1) by 49-69% (range 0.07 ± 0.01 mm3 to 0.12 ± 0.02 mm3 vs. 

controls 0.24 ± 0.09 mm3).  

The average tumor burden on lung sections was markedly reduced by PyBex and 

PyLG268 by 59% and 53% (40 mg/kg diet doses) compared to the controls (from 0.47 ± 

0.19 mm3 in the control group to 0.19 ± 0.05 mm3 in the group treated with PyBex and 

0.22 ± 0.05 mm3 in the PyLG268-treated group). In contrast, average tumor burden was 

0.35 ± 0.08 mm3 in the group treated with the low dose (40 mg/kg diet) of bexarotene, a 

reduction of only 26%. Again, LG268 was the best rexinoid and reduced average tumor 

burden by 88%, to 0.06 ± 0.02 mm3 vs 0.47 ± 0.19 mm3 in the control group.  

Although the effects on tumor number and size were not changed with the low doses 

of rexinoids, the severity of the lesions was reduced. Notably, the percentage of high 

grade tumors (HH, both histological and nuclear characteristics such as tumefactive 

fused trabecular architecture, distinct nucleoli and conspicuous mitoses, as shown 

Figure 3.1 C) were significantly (p<0.05) higher (Figure 3.1 D) in the mice fed bexarotene 

(63%, 40 mg/kg diet) than in the control group (38%) or in the group treated with PyBex 

(34%, 40 mg/kg diet). While the increase in more advanced tumors (HH) was no longer 

found in the group fed the higher dose (80 mg/kg diet) of bexarotene (40%), the 

percentage of advanced tumors was still higher than any of the other groups (30% 

PyBex, 28% LG268, and 24% PyLG268) (Table 3.1).  
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Figure 3.1: Evaluation of the efficacy and toxicity of rexinoids in preventing lung 
carcinogenesis in A/J mice. A. Structures of rexinoids used in these studies. PyBex 
and PyLG268 are new pyrimidine derivatives of bexarotene (Bex) and LG100268 
(LG268), respectively. B. A/J mice were challenged with vinyl carbamate and then one 
week later, fed control diet or various rexinoids in diet for 16 weeks. Representative 
pictures of left lungs for each rexinoid at the end of the study. 10X magnification. C. 
Representative pictures of histopathology. Classification of tumor pathology was based 
on published histological (first letter) and nuclear (second letter) criteria. L = low; H = 
high. D. Quantitation of histopathology. *, p<0.05 vs. control; #, p<0.05 vs. Bex. Liver 
weights (N=12-24 mice/group; E) and plasma cholesterol levels (N=6 mice/group; F) 
were lower in A/J mice fed PyLG268 compared to LG268. Liver weights at the end of the 
lung prevention study (16 weeks on diet) were normalized to body weight. Results shown 
as mean±SEM. *, p<0.05 vs. control; #, p<0.05 vs. LG268 at the same concentration.  
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3.4.2 Superior lipid profile in A/J mice with PyLG268 and PyBex compared to LG268  

Because of the known lipidemic properties of rexinoids, we measured lipid levels in 

the A/J mice. All the mice were weighed weekly, and the liver was weighed at the end of 

the study. The rexinoids were well-tolerated and did not cause weight loss, as there were 

no significant changes in weight across any of the groups throughout the study. As fatty 

livers and hepatomegaly are commonly seen in mice treated for prolonged periods with 

LG268, we normalized liver weights to body weight and compared groups (Figure 3.1 E). 

All four rexinoids significantly (p<0.05) increased the average liver weight (5.5-9.4%) 

compared to control mice (4.8%). However, the increase in liver weight observed with 

PyLG268 (6.2%) was significantly (p<0.05) reduced compared to LG268 (8.6%). There 

were no significant differences in liver weights between mice fed Bex and PyBex, but 

liver weights in these groups were significantly (p<0.05) lower than LG268. 

In addition, triglyceride levels in the liver and plasma and cholesterol levels in the 

plasma were measured [14]. PyBex (40 mg/kg diet) reduced triglyceride levels (7.17 ± 

0.92 µg/kg tissue) in the liver compared to bexarotene (40 mg/kg diet, 8.2 ± 0.93 µg/kg 

tissue) and plasma (3.6 ± 0.29 mg/ml vs. 4.8 ± 0.24 mg/ml, respectively, p<0.05). In the 

control group, the triglyceride level was 4.75 ± 0.95 µg/kg tissue in the liver and 4.90 ± 

0.65 mg/ml in the plasma. PyLG268 significantly reduced cholesterol levels (Figure 3.1 F) 

in the plasma compared to LG268 (1.6± 0.28 µg/µl vs. 2.5± 0.68 µg/µl, respectively; 

p<0.05). 

3.4.3 LG100268 and PyLG268 induce a favorable immune response in vivo and in vitro 

Most rexinoids, at least as single agents, have limited activity for inhibiting 

proliferation or inducing apoptosis of epithelial cancer cells in vitro. Although we and 
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others have shown significant in vitro reduction of inflammatory cytokines and pathways 

by the rexinoids, the effects of rexinoids on immune cells in vivo in cancer studies have 

not been extensively investigated. Thus, we examined the modulation of immune cells 

by the two best rexinoids here. We harvested the superior and middle lobes of the right 

lung to characterize immune cell populations by flow cytometry. We evaluated levels of 

total immune cell populations (CD45+), macrophages (CD45+, CD11b+, Gr-1-), myeloid 

derived suppressor cells (MDSCs, CD45+, CD11b+, Gr-1+), CD4 Th cells (CD45+, CD3+, 

CD4+) and CD8 cytotoxic T cells (CD45+, CD3+, CD8+), which are all very relevant to the 

pathogenesis and prognosis of lung cancer. MDSCs and tumor-associated 

macrophages are key players in immunosuppression and high infiltration of these cells is 

associated with poor prognosis [31, 32]. CD8 T cells are essential for killing tumor cells 

and for responding to immunotherapies like anti-PD-1/PD-L1 [33]. There was no 

increase of CD8 T cells with either LG268 or PyLG268 treatment. However, PyLG268, 

but not LG268, significantly increased total immune cell (CD45+) infiltration into the lung 

(Figure 3.2 A). PyLG268 also significantly decreased the tumor associated macrophages 

and MDSCs in the lung (Figure 3.2 B and C, respectively). Changes in macrophage and 

MDSC populations were not significantly different in the LG268 groups, except for a 

decrease in macrophages in the high dose group (Figure 3.2 B). The changes in the 

CD45+ populations in lung parenchyma and tumor associated macrophages near tumors 

were confirmed by IHC (Figure 3.2 D).  

 In addition to the immunomodulatory effects of LG268 and PyLG268 on the 

percentage of tumor associated macrophages (TAMs) in the lung, we further 

investigated the effects of these two rexinoids on macrophage polarization in vitro. 
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Macrophages with M1 and M2 phenotypes have opposite effects on lung cancer 

progression [34]. M1 (immuno-stimulatory) macrophages enhance antigen presentation 

and induce cell death of tumor cells, while M2 (immune-suppressive) macrophages 

promote tumor growth and invasion. Skewing the polarization of macrophages from an 

M2 to an M1 phenotype has been a promising strategy for cancer therapy. Here, we 

isolated primary bone marrow derived macrophages (BMDMs) from C57/BL6 wildtype 

mice and skewed them to an M2 phenotype by treating with M-CSF for 7 days. After 

differentiation, we treated the BMDMs with LG268 or PyLG268 and stimulated with LPS 

for 24 hours. Both LG268 and PyLG268 significantly (p<0.05 vs. control) increased the 

production of M1 cytokines (TNFα and IL-1β, Figure 3.2 E) and decreased the 

production of an M2 cytokine (IL-10, Figure 3.2 E). Furthermore, PyLG268 was 

significantly (p<0.05) more potent than LG268 in skewing the polarization of BMDMs. 

These experiments suggest that rexinoids, especially PyLG268, can reprogram the 

differentiation of macrophages from an M2 to an M1 phenotype.   
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Figure 3.2: PyLG268 reduces the percentage of macrophages and myeloid derived  
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Figure 3.2 (cont’d) 
suppressor cells in the lung and redirects the activation of macrophages to an M1 
phenotype. A-C. Two lobes of the right lung from A/J mice injected with vinyl carbamate 
and fed rexinoids in diet for 16 weeks were removed at the end of the study to analyze 
immune populations by flow cytometry. Percentage of CD45+ total immune cells, 
macrophages (CD45+, CD11b+, Gr-1-), and myeloid derived suppressor cells (CD45+, 
CD11b+, Gr-1+) in the lung are shown respectively from A to C. Results shown as 
mean±SEM. N=4-8 mice/group. *, p<0.05 vs. control; #, p<0.05 vs. LG268 40 mg/kg diet 
group. D. IHC staining of CD45 (immune cells) and F4/80 (macrophages) in the lung. E. 
BMDMs were isolated from mice and skewed to an M2 phenotype by treating with 20 
ng/ml M-CSF for 7 days. The differentiated cells were then treated with DMSO or 100 
nmol/L rexinoids and all cells stimulated with 100 ng/ml LPS for 24 hours. The 
expression of cytokines characteristic of M1 (TNFα and IL-1β) and M2 (IL-10) 
phenotypes were detected by real-time PCR. Results were normalized to DMSO controls. 
Results shown as mean±SD. *, p<0.05 vs. control; #, p<0.05 vs. LG268. 
 

3.4.4 Anti-inflammatory properties of rexinoids in vitro correlate with the efficacy in vivo  

Inflammation plays critical roles in tumor development [35]. We have previously 

shown that the rexinoids, LG100268, LG101506, and NRX194204 modulate the 

production of inflammatory cytokines and pathways induced by LPS in RAW264.7 

macrophage-like cells [14, 36]. To characterize the anti-inflammatory effects of new 

pyrimidine rexinoids, we first performed the in vitro iNOS suppression assay [11]. 

RAW264.7 cells were treated with 10 nmol/L or 100 nmol/L rexinoids, challenged with 2 

ng/ml LPS for 24 h, and NO was measured in the media. LG268 remained the most 

potent rexinoid for inhibiting the induction of NO and reducing lung carcinogenesis. 

PyLG268 is comparable in potency to LG268, and is significantly (p<0.05) more potent 

than bexarotene. PyBex is significantly (p<0.05) more potent for inhibiting iNOS than 

bexarotene, the parent compound (Figure 3.3 A). Notably, a correlation between in vitro 

efficacy in the iNOS assay and in vivo efficacy in the lung cancer model is observed with 

other published rexinoids. In previous work from our group, when the same 

concentration of five known rexinoids were directly compared in a separate iNOS assay, 
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the rank order was the same for iNOS suppression and reduction in tumor burden in the 

vinyl carbamate-induced lung cancer model [14, 28]. LG268 was the most effective 

rexinoid in both assays (100 ± 4% iNOS suppression at 10 nmol/L; 69% reduction in 

tumor burden), followed in order of potency by NRX194204 (98 ± 6% iNOS suppression; 

64% reduction in tumor burden), PyLG268 (48 ± 10% iNOS suppression; 53% reduction 

in tumor burden), LG101506 (45 ± 8% iNOS suppression; 50% reduction in tumor 

burden) and bexarotene (31 ± 12% iNOS suppression; 26% reduction in tumor burden). 

Next, the expression of a series of pro-inflammatory cytokines was compared by 

qPCR analysis. Total RNA was isolated from RAW264.7 cells treated with 300 nmol/L 

rexinoid and stimulated with 1 ng/ml LPS. CCL9 is a known downstream target of RXRs 

and plays an important role in leukocyte recruitment [37]; rexinoids suppressed CCL9 

production (Figure 3.3 B) in a similar manner as in the NO assay. LG268, PyLG268 and 

PyBex were significantly (p<0.05) better for reducing CCL9 expression than Bex. IL-6 

and IL-1β are not direct targets of RXR, but all four rexinoids almost completely 

abolished production of mRNA for these cytokines (Figure 3.3 C and D). 
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Figure 3.3: Rexinoids inhibit iNOS and cytokine production in vitro. A. RAW 264.7 
cells were treated with 10-100 nmol/L rexinoids and then stimulated with 2 ng/ml LPS for 
24 hours. Nitric oxide (NO) production was measured by the Griess assay, and results 
were normalized to LPS-stimulated controls. Results shown as mean±SD. *, p<0.05 vs. 
control; #, p<0.05 vs. Bex 10 nmol/L. B-D. RAW cells were treated with 300 nM rexinoids 
and 1 ng/ml LPS for 24 hours, and mRNA level of cytokines were measured by qPCR. 
Results were normalized to LPS-stimulated controls. All experiments were repeated 
independently more than three times. Results shown as mean±SD. *, p<0.05 vs. control; 
#, p<0.05 vs. Bex.  

 

3.4.5 The expression and activity of SREBP vs. in vivo toxicity of rexinoids 

The undesirable toxicities of rexinoids are a consequence of activation of 

heterodimers of RXR with other nuclear receptors, such as LXR, RAR and PPARγ. 

Activation of the LXR-RXR complex is usually associated with elevated plasma 

triglycerides due to the upregulation of SREBP-1c, a master regulator of cellular lipid 

metabolism and homeostasis [38]. Here, we evaluated the predictive value of SREBP 

elevation as a marker of in vivo toxicity in our lung cancer model. HepG2 cells were 
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treated with the four rexinoids, and expression of SREBP mRNA and protein levels were 

detected. LG268 induced the highest levels of SREBP mRNA (Figure 3.4 A) and protein 

(Figure 3.4 B). Consistent with the in vivo results, PyLG268 showed significantly (p<0.05) 

reduced expression of SREBP mRNA compared to LG268, even though the SREBP 

expression was still elevated compared to the control (Figure 3.4 A). Bexarotene and 

PyBex also increased SREBP mRNA expression compared to the control, but neither 

was as promising as PyLG268. In addition to mRNA and protein expression, the effects 

of rexinoids on transcriptional activity of SREBP were measured. A luciferase reporter 

gene containing the LXRE sequence from the mouse SREBP-1c promoter was 

transfected into HCT-116 cells. T0901317 (T0, a LXR ligand) was used as a positive 

control and results were normalized to induction with T0. All four rexinoids induced 

luciferase activity, but again PyLG268 was less lipogenic than LG268 (Figure 3.4 C).  
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Figure 3.4: PyLG268 decreases the expression and activity of SREBP-1c 
compared to LG268. A. HepG2 cells were treated with 300 nmol/L rexinoids for 16 h. 
SREBP mRNA expression was detected by real time PCR, and values were normalized 
to GAPDH and the DMSO control. B and C. HepG2 cells were treated with 300 nmol/L 
rexinoids for 24 hours. Protein levels of SREBP-1c were detected by Western blotting (B) 
and quantified by ImageJ (C). Results were shown as mean±SD. *, p<0.05 vs. control. D. 
HCT-116 cells were transfected with a luciferase reporter gene containing an LXRE from 
the mouse SREBP-1c endogenous promoter. Transfected cells were treated with 10-7 
mol/L T0901317 (LXR ligand and known SREBP activator) or 10-7 mol/L rexinoids. 
Luciferase activity was normalized relative to T0901317 treatment. Results were shown 
as mean±SD. *, p<0.05. 
 
3.4.6 Screening assays for new rexinoids  

With the in vivo and in vitro data supporting the value of the iNOS and SREBP 

assays, we then screened a series of 10 new rexinoids in three in vitro assays. Results 

are summarized in Table 3.2. Several of the new rexinoids inhibited NO secretion in the 

iNOS assay comparably to LG268, previously our most potent rexinoid, and some of 
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them (compounds 6, 8, 12, 13) were even more potent than LG268. RXR activation was 

better than Bex (EC50 = 55 nmol/L) for almost all of the new compounds. Induction of 

SREBP, a transcription factor that induces enzymes of triglyceride synthesis, was used 

as a biomarker of toxicity. SREBP was induced with T0901317, a LXR ligand and known 

SREPB activator, and data expressed as the percentage of T0901317-induced SREPB 

activation. SREBP activation was lower for compounds 12, 11, 7 and 10 compared to 

LG268 and Bex. On the basis of all of the in vitro screening assays listed in Table 3.2, 

compounds 7, 11 and 12 appear to be the most promising new rexinoids, with potentially 

lower toxicity and higher potency. To test our predictions, these compounds will be 

screened in our lung carcinogenesis assay. Once validated, these screening assays will 

be used to guide chemical synthesis and decision making for future in vivo testing.  

3.5 Discussion 

In the current study, two newly synthesized pyrimidine derivatives of bexarotene 

(PyBex) and LG268 (PyLG28) were evaluated in a preclinical lung cancer model. Both 

PyBex and PyLG268 were more efficacious than bexarotene for inhibiting lung 

carcinogenesis, particularly in reducing tumor burden. The reduction in the severity of 

the lesions also suggests that rexinoids can prevent tumor progression. In addition, in 

terms of toxicity, a better toxicity profile was observed with pyrimidine derivatives 

compared to their parent compound, with reduced hepatomegaly and lipids levels 

(triglycerides and cholesterol). This study supplied direct evidence showing the feasibility 

of using synthetic chemistry to produce superior rexinoids than bexarotene, the FDA 

approved rexinoid.  

The lung cancer model we used in this study is highly clinically relevant. A/J mice are 
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widely used to evaluate chemopreventive agents. Although these mice can develop 

spontaneous adenomas in the lung, injection of a variety of carcinogens including 

urethane, vinyl carbamate, benzo(a)pyrene, and 

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) accelerates carcinogenesis 

[39-41]. Vinyl carbamate induces Kras mutations and lung adenocarcinomas in contrast 

to the adenomas induced by urethane and NNK [42]; there are currently no effective 

treatments for tumors driven by Kras mutations. Adenocarcinomas are the most common 

type of lung cancer and Kras mutations are found in 30% of lung adenocarcinomas [43], 

most frequently in smokers and Caucasian patients [44], making the A/J mouse model 

particularly relevant [25]. In addition, treatment with rexinoids was started post-initiation, 

in contrast to evaluation of many chemopreventive agents, which are administered 

before initiation with a carcinogen.  

We have demonstrated immunomodulatory effects of rexinoids that are highly 

relevant in lung carcinogenesis, as increasing evidence supports the importance of the 

immune system in cancer progression [26]. The potent anti-inflammatory effects of 

rexinoids also support the important roles of these drugs on immune cells in the tumor 

microenvironment. PyLG268 decreased macrophage and myeloid derived suppressor 

cells, which is correlated with better clinical outcomes [32, 45]. Although the effects on 

macrophages were observed at both doses, the effect on myeloid-derived suppressor 

cells was only observed in the 40 mg/kg diet group, suggesting a 

concentration-dependent effect or a different mechanism in some immune populations. 

Future studies will address these questions. PyLG268 is also more potent than LG268 in 

skewing the polarization of macrophages from an M2 to an M1 phenotype. Future 
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studies will examine the functional consequences of these changes in immune cells in 

lung carcinogenesis as well as examine newly synthesized rexinoids. The incorporation 

of immunomodulatory and anti-inflammatory assays into the paradigm for evaluating 

new chemopreventive agents should help to further the practical development of new 

drugs for preventing cancer.  

More importantly, we are not only reporting two new rexinoids, we also are 

developing a valuable in vitro screening system to guide our future rexinoid program for 

synthesizing superior rexinoids. On the basis of our years of experience on rexinoid 

development, a correlation between in vitro anti-inflammatory efficacy and in vivo 

chemopreventive efficacy was postulated and tested here. Combined with the activity of 

RXR activation in vitro, inhibition of iNOS may help us better predict the efficacy in vivo. 

Moreover, we also evaluated SREBP-1c expression and activity in vitro to determine if it 

could serve as a biomarker for predicting liver toxicity in vivo. As shown in Table 3.2, we 

have established these in vitro assays in a relatively high throughput way to rank the 

efficacy and toxicity of new rexinoids. Selection of the best compounds across our three 

in vitro screening assays will be tested in vivo in the lung cancer model for both efficacy 

(reduced tumor burden) and safety (reduced liver weight, triglycerides and cholesterol 

levels). If validated with additional compounds, this screening system provides us a more 

effective and efficient way to develop better rexinoids.  

More and more studies support the potential clinical use of rexinoids for both cancer 

prevention and treatment, and RXR remains an attractive therapeutic target. We and 

other groups are making great efforts to push better rexinoids into the clinic. In addition 

to new efforts in synthetic chemistry, other strategies can be pursued. One way is 
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changing the delivery system. Zhang et al. reported that delivery of aerosolized 

bexarotene inhibits lung tumorigenesis without increasing plasma triglyceride and 

cholesterol levels [18], but this approach would be limited to lung cancer and other 

diseases of the lung. Another strategy is to utilize drug combinations to enhance efficacy 

and reduce side effects by using lower doses of complementary drugs. Previous work in 

many laboratories has shown notable effects with the combination of a rexinoid and 

other drugs [3, 16]. Lowering the dosing or using intermittent dosing [46, 47] can help 

balance between efficacy and toxicity. One more possibility is to design new rexinoids 

with appropriate interactions with co-activators and co-repressors, as has been 

successful for synthesis of new SERMs and other ligands targeting the nuclear receptor 

superfamily. With these strategies and better understanding of the mechanisms of 

rexinoids in cancer, there is great potential that the eventual goal of a clinically useful 

rexinoid will be achieved. Evaluation of the significant anti-inflammatory and 

immunomodulatory effects of rexinoids offers a new paradigm for such development. 
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Table 3.1. Rexinoids reduce lung carcinogenesis in A/J mice 
 

Note: Female A/J mice were injected i.p. with 0.32 mg vinyl carbamate. One week later, 
mice were randomized into either control group fed AIN-93G diet or experimental groups 
fed rexinoids in the same diet. After 16 weeks on diet, mice were euthanized. Tumor 
number, size and burden of lung tumors were measured. Values shown are mean±SEM. 
*, p < 0.05 vs. control; ǂ, p = 0.06 or 0.07 vs control; #, p<0.05 vs. Bex 40; n = 12-24 mice 
per group. 
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Table 3.2. Activity of new rexinoids in iNOS, RXR and SREBP assays 
  

Compound 
Structure 

Name or 
Number 

 

iNOS suppression 
(% LPS-stimulated 

control)  
(-/+ SD) 

RXR activation 
(EC50, nM)  

(-/+ SD) 

SREBP 
activation  
(% of TO) 
(-/+ SD) 

Original 
Referen

ce  

 

Bexarotene 24 (3) 55 (6) 71 (2) [48] 

 

LG100268 
 

15 (1) 15 (3) 87 (2) [20] 

 

PyBex 
 

20 (6) 44 (12) 88 (1) [22] 

 

PyLG268 
 

17 (6) 50 (10) 68 (3) [22] 

 

 5 23 (6) 
 

34 (6) 65 (5) [49] 

 

 6 11 (2) 21 (2) 100 (7) [20] 

 

 7 17 (5) 14 (0.8) 62 (5) [50] 

 

 8 9 (5) 14 (1.5) 66 (5) [51] 

 

 9 12 (4) 41 (0.6) 67 (12) [51] 

 

 10 15 (1) 18 (0.4) 63 (6) [51] 

 

 11 19 (7) 8 (0.4) 57 (6) [52] 

 

 12 11 (0) 34 (0.1) 54 (5) [51] 

 

 13 12 (3) 42 (3) 72 (13) [22] 

 

 14 24 (9) 72 (11) 65 (15) [22] 

 

N

CO2H
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Table 3.2 (cont’d) 
Note: To determine suppression of iNOS, RAW 264.7 cells were treated with 100 nM  
rexinoid and then challenged with 1 ng/ml LPS for 24 h. NO production was measured 
using the Griess assay, and results were normalized to the LPS-stimulated control. RXR 
and SREBP activation were evaluated as described in the Materials and Methods. T0 = 
T0901317, a LXR ligand and known SREPB activator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

122 

 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

123 

 

REFERENCES 

 

1. Evans RM, Mangelsdorf DJ. Nuclear Receptors, RXR, and the Big Bang. Cell. 2014; 
157: 255-66. 

2. Mukherjee R, Davies PJ, Crombie DL, Bischoff ED, Cesario RM, Jow L, et al. 
Sensitization of diabetic and obese mice to insulin by retinoid X receptor agonists. 
Nature. 1997; 386: 407-10. 

3. Liby KT, Sporn MB. Rexinoids for prevention and treatment of cancer: opportunities 
and challenges. Curr Top Med Chem. 2017; 17: 721-30. 

4. Miller VA, Benedetti FM, Rigas JR, Verret AL, Pfister DG, Straus D, et al. Initial 
clinical trial of a selective retinoid X receptor ligand, LGD1069. J Clin Oncol. 1997; 15: 
790-5. 

5. Rizvi NA, Marshall JL, Dahut W, Ness E, Truglia JA, Loewen G, et al. A Phase I 
study of LGD1069 in adults with advanced cancer. Clin Cancer Res. 1999; 5: 1658-64. 

6. Dragnev KH, Ma T, Cyrus J, Galimberti F, Memoli V, Busch AM, et al. Bexarotene 
plus erlotinib suppress lung carcinogenesis independent of KRAS mutations in two 
clinical trials and transgenic models. Cancer Prev Res (Phila). 2011; 4: 818-28. 

7. Edelman MJ, Smith R, Hausner P, Doyle LA, Kalra K, Kendall J, et al. Phase II trial 
of the novel retinoid, bexarotene, and gemcitabine plus carboplatin in advanced 
non-small-cell lung cancer. J Clin Oncol. 2005; 23: 5774-8. 

8. Blumenschein GR, Jr., Khuri FR, von Pawel J, Gatzemeier U, Miller WH, Jr., Jotte 
RM, et al. Phase III trial comparing carboplatin, paclitaxel, and bexarotene with 
carboplatin and paclitaxel in chemotherapy-naive patients with advanced or metastatic 
non-small-cell lung cancer: SPIRIT II. J Clin Oncol. 2008; 26: 1879-85. 

9. Liu X RJ, Karakami M, Sanders M, Chandraratna R, Dmitrivsky E, Dragnev K. 
IRX4204 in combination with erlotinib to target distinct pathways in lung cancer cells. J 
Clin Oncol. 2017; 35: abstr e14095. 

10. Ramlau R, Zatloukal P, Jassem J, Schwarzenberger P, Orlov SV, Gottfried M, et al. 
Randomized phase III trial comparing bexarotene (L1069-49)/cisplatin/vinorelbine with 
cisplatin/vinorelbine in chemotherapy-naive patients with advanced or metastatic 
non-small-cell lung cancer: SPIRIT I. J Clin Oncol. 2008; 26: 1886-92. 

11. Liby KT, Yore MM, Sporn MB. Triterpenoids and rexinoids as multifunctional agents 
for the prevention and treatment of cancer. Nat Rev Cancer. 2007; 7: 357-69. 



 
 

124 

12. Brown PH, Subbaramaiah K, Salmon AP, Baker R, Newman RA, Yang P, et al. 
Combination chemoprevention of HER2/neu-induced breast cancer using a 
cyclooxygenase-2 inhibitor and a retinoid X receptor-selective retinoid. Cancer Prev Res 
(Phila). 2008; 1: 208-14. 

13. Wu K, Zhang Y, Xu XC, Hill J, Celestino J, Kim HT, et al. The retinoid X 
receptor-selective retinoid, LGD1069, prevents the development of estrogen 
receptor-negative mammary tumors in transgenic mice. Cancer Res. 2002; 62: 6376-80. 

14. Cao M, Royce DB, Risingsong R, Williams CR, Sporn MB, Liby KT. The Rexinoids 
LG100268 and LG101506 Inhibit Inflammation and Suppress Lung Carcinogenesis in 
A/J Mice. Cancer Prev Res (Phila). 2016; 9: 105-14. 

15. Lubet RA, Clapper ML, McCormick DL, Pereira MA, Chang WC, Steele VE, et al. 
Chemopreventive efficacy of Targretin in rodent models of urinary bladder, 
colon/intestine, head and neck and mammary cancers. Oncol Rep. 2012; 27: 1400-6. 

16. Uray IP, Dmitrovsky E, Brown PH. Retinoids and rexinoids in cancer prevention: 
from laboratory to clinic. Semin Oncol. 2016; 43: 49-64. 

17. Wang Y, Zhang Z, Yao R, Jia D, Wang D, Lubet RA, et al. Prevention of lung cancer 
progression by bexarotene in mouse models. Oncogene. 2006; 25: 1320-9. 

18. Zhang Q, Pan J, Zhang J, Liu P, Chen R, Chen DR, et al. Aerosolized bexarotene 
inhibits lung tumorigenesis without increasing plasma triglyceride and cholesterol levels 
in mice. Cancer Prev Res (Phila). 2011; 4: 270-6. 

19. Sherman SI, Gopal J, Haugen BR, Chiu AC, Whaley K, Nowlakha P, et al. Central 
hypothyroidism associated with retinoid X receptor-selective ligands. N Engl J Med. 1999; 
340: 1075-9. 

20. Boehm MF, Zhang L, Zhi L, McClurg MR, Berger E, Wagoner M, et al. Design and 
synthesis of potent retinoid X receptor selective ligands that induce apoptosis in 
leukemia cells. J Med Chem. 1995; 38: 3146-55. 

21. Wagner CE, Jurutka PW, Marshall PA, Groy TL, van der Vaart A, Ziller JW, et al. 
Modeling, synthesis and biological evaluation of potential retinoid X receptor (RXR) 
selective agonists: novel analogues of 
4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)ethynyl]benzoic acid 
(bexarotene). J Med Chem. 2009; 52: 5950-66. 

22. Jurutka PW, Kaneko I, Yang J, Bhogal JS, Swierski JC, Tabacaru CR, et al. 
Modeling, synthesis, and biological evaluation of potential retinoid X receptor (RXR) 
selective agonists: novel analogues of 
4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)ethynyl]benzoic acid 
(bexarotene) and 
(E)-3-(3-(1,2,3,4-tetrahydro-1,1,4,4,6-pentamethylnaphthalen-7-yl)-4-hydroxypheny 
l)acrylic acid (CD3254). J Med Chem. 2013; 56: 8432-54. 



 
 

125 

23. Vuligonda V, Thacher SM, Chandraratna RA. Enantioselective syntheses of potent 
retinoid X receptor ligands: differential biological activities of individual antipodes. J Med 
Chem. 2001; 44: 2298-303. 

24. Muccio DD, Atigadda VR, Brouillette WJ, Bland KI, Krontiras H, Grubbs CJ. 
Translation of a Tissue-Selective Rexinoid, UAB30, to the Clinic for Breast Cancer 
Prevention. Curr Top Med Chem. 2017; 17: 676-95. 

25. Gorelik E, Herberman RB. Susceptibility of various strains of mice to 
urethan-induced lung tumors and depressed natural killer cell activity. J Natl Cancer Inst. 
1981; 67: 1317-22. 

26. Hollstein PE, Shaw RJ. Inflamed T cells and stroma drive gut tumors. Science. 2018; 
361: 332-3. 

27. Marim FM, Silveira TN, Lima DS, Jr., Zamboni DS. A method for generation of bone 
marrow-derived macrophages from cryopreserved mouse bone marrow cells. PLoS One. 
2010; 5: e15263. 

28. Liby K, Risingsong R, Royce DB, Williams CR, Ma T, Yore MM, et al. Triterpenoids 
CDDO-methyl ester or CDDO-ethyl amide and rexinoids LG100268 or NRX194204 for 
prevention and treatment of lung cancer in mice. Cancer Prev Res (Phila). 2009; 2: 
1050-8. 

29. Repa JJ, Liang G, Ou J, Bashmakov Y, Lobaccaro JM, Shimomura I, et al. 
Regulation of mouse sterol regulatory element-binding protein-1c gene (SREBP-1c) by 
oxysterol receptors, LXRalpha and LXRbeta. Genes Dev. 2000; 14: 2819-30. 

30. Marshall PA, Jurutka PW, Wagner CE, van der Vaart A, Kaneko I, Chavez PI, et al. 
Analysis of differential secondary effects of novel rexinoids: select rexinoid X receptor 
ligands demonstrate differentiated side effect profiles. Pharmacol Res Perspect. 2015; 3: 
e00122. 

31. Iriki T, Ohnishi K, Fujiwara Y, Horlad H, Saito Y, Pan C, et al. The cell-cell interaction 
between tumor-associated macrophages and small cell lung cancer cells is involved in 
tumor progression via STAT3 activation. Lung Cancer. 2017; 106: 22-32. 

32. Fang Z, Wen C, Chen X, Yin R, Zhang C, Wang X, et al. Myeloid-derived suppressor 
cell and macrophage exert distinct angiogenic and immunosuppressive effects in breast 
cancer. Oncotarget. 2017. 

33. Kamphorst AO, Pillai RN, Yang S, Nasti TH, Akondy RS, Wieland A, et al. 
Proliferation of PD-1+ CD8 T cells in peripheral blood after PD-1-targeted therapy in lung 
cancer patients. Proc Natl Acad Sci U S A. 2017. 

34. Yuan A, Hsiao YJ, Chen HY, Chen HW, Ho CC, Chen YY, et al. Opposite Effects of 
M1 and M2 Macrophage Subtypes on Lung Cancer Progression. Sci Rep. 2015; 5: 
14273. 



 
 

126 

35. Grivennikov SI, Greten FR, Karin M. Immunity, inflammation, and cancer. Cell. 2010; 
140: 883-99. 

36. Liby K, Royce DB, Risingsong R, Williams CR, Wood MD, Chandraratna RA, et al. A 
new rexinoid, NRX194204, prevents carcinogenesis in both the lung and mammary 
gland. Clin Cancer Res. 2007; 13: 6237-43. 

37. Nunez V, Alameda D, Rico D, Mota R, Gonzalo P, Cedenilla M, et al. Retinoid X 
receptor alpha controls innate inflammatory responses through the up-regulation of 
chemokine expression. Proc Natl Acad Sci U S A. 2010; 107: 10626-31. 

38. Bedi S, Hostetler HA, Rider SD, Jr. Mutations in Liver X Receptor Alpha That Impair 
Dimerization and Ligand Dependent Transactivation. Nucl Receptor Res. 2017; 4. 

39. Kishi S, Yokohira M, Yamakawa K, Saoo K, Imaida K. Significance of the 
progesterone receptor and epidermal growth factor receptor, but not the estrogen 
receptor, in chemically induced lung carcinogenesis in female A/J mice. Oncol Lett. 2014; 
8: 2379-86. 

40. Yeo CD, Kim JW, Ha JH, Kim SJ, Lee SH, Kim IK, et al. Chemopreventive effect of 
phosphodieasterase-4 inhibition in benzo(a)pyrene-induced murine lung cancer model. 
Exp Lung Res. 2014; 40: 500-6. 

41. Luettich K, Xiang Y, Iskandar A, Sewer A, Martin F, Talikka M, et al. Systems 
toxicology approaches enable mechanistic comparison of spontaneous and cigarette 
smoke-related lung tumor development in the A/J mouse model. Interdiscip Toxicol. 
2014; 7: 73-84. 

42. You M, Candrian U, Maronpot RR, Stoner GD, Anderson MW. Activation of the 
Ki-ras protooncogene in spontaneously occurring and chemically induced lung tumors of 
the strain A mouse. Proc Natl Acad Sci U S A. 1989; 86: 3070-4. 

43. Jackman DM, Miller VA, Cioffredi LA, Yeap BY, Janne PA, Riely GJ, et al. Impact of 
epidermal growth factor receptor and KRAS mutations on clinical outcomes in previously 
untreated non-small cell lung cancer patients: results of an online tumor registry of 
clinical trials. Clin Cancer Res. 2009; 15: 5267-73. 

44. Guibert N, Ilie M, Long E, Hofman V, Bouhlel L, Brest P, et al. KRAS Mutations in 
Lung Adenocarcinoma: Molecular and Epidemiological Characteristics, Methods for 
Detection, and Therapeutic Strategy Perspectives. Curr Mol Med. 2015; 15: 418-32. 

45. Zaynagetdinov R, Sherrill TP, Polosukhin VV, Han W, Ausborn JA, McLoed AG, et al. 
A critical role for macrophages in promotion of urethane-induced lung carcinogenesis. J 
Immunol. 2011; 187: 5703-11. 

46. Wu X, Lippman SM. An intermittent approach for cancer chemoprevention. Nat Rev 
Cancer. 2011; 11: 879-85. 



 
 

127 

47. Rendi MH, Suh N, Lamph WW, Krajewski S, Reed JC, Heyman RA, et al. The 
selective estrogen receptor modulator arzoxifene and the rexinoid LG100268 cooperate 
to promote transforming growth factor beta-dependent apoptosis in breast cancer. 
Cancer Res. 2004; 64: 3566-71. 

48. Boehm MF, Zhang L, Badea BA, White SK, Mais DE, Berger E, et al. Synthesis and 
structure-activity relationships of novel retinoid X receptor-selective retinoids. J Med 
Chem. 1994; 37: 2930-41. 

49. Furmick JK, Kaneko I, Walsh AN, Yang J, Bhogal JS, Gray GM, et al. Modeling, 
synthesis and biological evaluation of potential retinoid X receptor-selective agonists: 
novel halogenated analogues of 
4-[1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)ethynyl]benzoic acid 
(bexarotene). ChemMedChem. 2012; 7: 1551-66. 

50. Nakayama M, Yamada S, Ohsawa F, Ohta Y, Kawata K, Makishima M, et al. 
Discovery of a Potent Retinoid X Receptor Antagonist Structurally Closely Related to 
RXR Agonist NEt-3IB. ACS Med Chem Lett. 2011; 2: 896-900. 

51. Heck MC, Wagner CE, Shahani PH, MacNeill M, Grozic A, Darwaiz T, et al. 
Modeling, Synthesis, and Biological Evaluation of Potential Retinoid X Receptor 
(RXR)-Selective Agonists: Analogues of 
4-[1-(3,5,5,8,8-Pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)ethynyl]benzoic Acid 
(Bexarotene) and 6-(Ethyl(5,5,8,8-tetrahydronaphthalen-2-yl)amino)nicotinic Acid 
(NEt-TMN). J Med Chem. 2016; 59: 8924-40. 

52. Ohta K, Tsuji M, Kawachi E, Fukasawa H, Hashimoto Y, Shudo K, et al. Potent 
retinoid synergists with a diphenylamine skeleton. Biol Pharm Bull. 1998; 21: 544-6. 

 

 
 
 
 
 

 

  



                 128 

 
 
 
 
 
 
 
 

CHAPTER 4 

Identification of an unfavorable immune signature in advanced lung tumors from 
Nrf2-deficient mice 

Reprinted with permission from Antioxidants & Redox Signaling. 2018.29(16):1535-1552 

 Copyright 2018, Mary Ann Liebert, Inc., publishers 

Di Zhang, Jonathan Rennhack, Eran R. Andrechek, Cheryl E. Rockwell, and Karen T. 
Liby 

Author contributions: 
Participated in research design: Zhang, Liby  
Conducted experiments: Zhang 
Performed data analysis: Zhang, Rennhack  
Wrote or contributed to the writing of the manuscript: Zhang, Andrechek, Liby 

 

 
 
 
 
 
 
 
 
 



                 129 

4.1 Abstract 
Aims: Activation of the nuclear factor (erythroid-derived 2)- like 2 (Nrf2) pathway in 

normal cells inhibits carcinogenesis, whereas constitutive activation of Nrf2 in cancer 

cells promotes tumor growth and chemoresistance. However, the effects of Nrf2 

activation in immune cells during lung carcinogenesis are poorly defined and could either 

promote or inhibit cancer growth. Our studies were designed to evaluate tumor burden 

and identify immune cell populations in the lungs of Nrf2 knockout (KO) versus wildtype 

(WT) mice challenged with vinyl carbamate.  

Results: Nrf2 KO mice developed lung tumors earlier than the WT mice and 

exhibited more and larger tumors over time, even at late stages. T cell populations were 

lower in the lungs of Nrf2 KO mice, whereas tumor-promoting macrophages and 

myeloid-derived suppressor cells were elevated in the lungs and spleen, respectively, of 

Nrf2 KO mice relative to WT mice. Moreover, 34 immune response genes were 

significantly upregulated in tumors from Nrf2 KO mice, especially a series of cytokines 

(Cxcl1, Csf1, Ccl9, Cxcl12, etc.) and major histocompatibility complex antigens that 

promote tumor growth.  

Innovation: Our studies discovered a novel immune signature, characterized by the 

infiltration of tumor-promoting immune cells, elevated cytokines, and increased 

expression of immune response genes in the lungs and tumors of Nrf2 KO mice. A 

complementary profile was also found in lung cancer patients, supporting the clinical 

significance of our findings.  

Conclusion: Overall, our results confirmed a protective role for Nrf2 in late-stage 

carcinogenesis and, unexpectedly, suggest that activation of Nrf2 in immune cells may 

be advantageous for preventing or treating lung cancer. 
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4.2 Introduction 

The Nrf2-Keap1-ARE pathway is a master defense mechanism protecting against 

oxidative and electrophilic stress. It helps regulate numerous cellular processes as 

diverse as metabolism, detoxification, redox-balancing, and autophagy [1]. Under basal 

conditions, Nrf2 (nuclear factor (erythroid-derived 2)-like 2) is bound to its internal 

negative regulator Keap1 (Kelch-like ECH-associated protein 1) and targeted to the 

proteasome for degradation [2]. Under stress conditions such as increased reactive 

oxygen species (ROS), Nrf2 is released from Keap1 and translocates to the nucleus to 

initiate transcription of a variety of downstream genes [1]. These target genes encode for 

proteins including (a) phase I/II/III metabolism enzymes that detoxify xenobiotics and 

enhance their elimination [3-5], (b) proteins to maintain cellular redox homeostasis [6], (c) 

enzymes involved in heme, lipid and glucose metabolism [7-9], (d) enzymes that 

regulate NADPH generation and pentose synthesis [10], and (e) proteins involved in 

apoptosis and autophagy [11, 12]. In addition to interaction with Keap1, additional 

mechanisms have been reported to regulate Nrf2 activity, including phosphorylation by 

kinases (PKC, MAPK/ERK/JNK, JUN/MYC), protein-protein interactions (e.g. RXRα), 

and epigenetic modifications (miRNAs, acetylation) [13]. The regulation of the Nrf2 

pathway, therefore, is complex but profoundly important for numerous cellular processes 

[1].  

As a “multi-organ protector” [14], activation of Nrf2 protects against many diseases 

driven by unresolved inflammation including cancer, cardiovascular diseases, and 

neurodegenerative diseases. Recently, the role of Nrf2 in cancer has been the topic of 

numerous interesting studies. Activation of Nrf2 was traditionally considered beneficial 
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for the prevention of cancer. As Nrf2 is the main cellular defense mechanism against 

both endogenous and exogenous insults, Nrf2 deficiency enhances the susceptibility to 

carcinogens [15]. This effect is not limited to certain types of cancer or restricted to 

certain types of insults. Carcinogenesis is consistently exacerbated in Nrf2 knockout (KO) 

vs. wildtype (WT) mice, whether induced by ultraviolet light or chemicals in skin, aflatoxin 

in the liver, polycyclic hydrocarbons in the forestomach, nitrosamines in the bladder, or 

inflammation in the colon [16-20]. Moreover, knockdown of Keap1, which elevates Nrf2 

levels, increases resistance to cancer metastasis [21, 22]. In addition to affecting cancer 

susceptibility, Nrf2 also plays a crucial role in chemoprevention. Many Nrf2 activators, 

including a variety of natural products, can be used to prevent or delay tumor 

development, and these chemopreventive effects are greatly dampened in Nrf2 KO mice 

[18, 23].  

However, increasing numbers of studies suggest a tumor-promoting role for Nrf2 [1]. 

The detoxifying and cytoprotective environment created by activation of the Nrf2 

pathway helps tumor cells eliminate hypoxia and elevate ROS levels, thus promoting 

survival of tumor cells [24]. Gain-of function mutations in the Nfe2l2 gene that encodes 

for Nrf2 and loss-of-function mutations in the Keap1 gene are found in a subset of 

advanced cancers of the lung, liver, esophagus, bladder and other organs, but lung 

cancer has the highest frequency of Nfe2l2 or Keap1 alterations [1]. Epigenetic 

modifications of the Keap1 or Nfe2l2 promoters have also been found. All of these 

genetic and epigenetic alterations result in constitutively high levels of Nrf2 expression 

and activity, which is associated with chemoresistance and poor prognosis [1, 15, 25]. 

More recently, Ngo et al. reported that Nrf2 drives hepatocarcinogenesis [26], and Bauer 
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et al. reported that deletion of Nrf2 reduces lung tumor development induced by urethane 

[27]. Although these studies suggest the role of Nrf2 may be model and context 

dependent, they conclude that inhibiting Nrf2 activity should be beneficial in treating 

advanced cancers.  

The complex tumor-promoting and tumor suppressing dual roles of Nrf2 in cancer 

have generated a great deal of interest, especially regarding the safety of long-term use 

of Nrf2 activators and the need to develop Nrf2 inhibitors for treating cancer. We recently 

reported that two drugs that can activate the Nrf2 pathway have opposite effects in a 

lung carcinogenesis model [28]. Dimethyl fumarate or Tecfidera®, approved by the FDA 

for the treatment of multiple sclerosis, increased the number and pathological grade of 

lung tumors. In contrast, synthetic oleanane triterpenoids [29] currently being tested in 

clinical trials for the treatment of chronic kidney disease, pulmonary hypertension and 

cancer, reduced the number, size and severity of lung tumors [28]. Additional 

experiments are needed to determine if these contradictory results are dependent on 

Nrf2, as both drugs are also potent anti-inflammatory agents that target the immune 

system and other specific protein targets.  

Considering the conflicting reports regarding the role of Nrf2 in lung cancer and the 

importance of immunotherapy for treating lung cancer, understanding the regulation of 

immune cells by Nrf2 during carcinogenesis is necessary. The microenvironment 

regulates tumorigenesis, and a broad-spectrum integrative approach using natural 

products or pharmacological activators could be used to modulate this microenvironment 

for both cancer prevention and treatment [30]. As many Nrf2 modulators have 

anti-inflammatory effects, Nrf2 may be a potential target to modulate the 
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microenvironment. In our current studies, we used a relevant preclinical model to 

investigate the Nrf2 pathway in lung carcinogenesis. The potent carcinogen vinyl 

carbamate induces Kras mutations [31] and lung adenocarcinomas [32]. Kras mutations 

are the most common mutation found in lung cancer, especially in smokers, and 

adenocarcinomas are the most frequent type of lung cancer [33]. Notably, tumors driven 

by Kras mutations have been considered “undruggable” and are resistant to standard 

and targeted chemotherapies [33]. Although carcinogens found in cigarettes can also 

induce lung tumors, the traditional NNK model induces adenomas instead of 

adenocarcinomas [34]. Kras transgenic mice also develop lung cancer [35] but the rapid 

development of tumors and high tumor burden [35, 36] limit their utility for studying 

carcinogenesis and changes in the microenvironment over time. Here, we describe 

changes in tumor burden, immune cell populations, inflammatory cytokines, and immune 

signatures in the lungs of Nrf2 KO vs. WT mice challenged with vinyl carbamate.  

4.3 Materials and Methods 

4.3.1 In vivo lung carcinogenesis studies  

All animal studies were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) at Michigan State University. 

Nrf2-/- mice on a mixed C57Bl/6 and AKR background were generated as previously 

described and received as a generous gift from Dr. Jefferson Chan at the University of 

California San Francisco [37]. These mice were backcrossed onto a BALB/c background 

for eight generations and were found to be 99% congenic (analysis performed by 

Jackson Laboratory, Bar Harbor, ME). Age-matched female Nrf2 KO female mice and 

Nrf2 WT BALB/c mice (JAX) were injected i.p. once a week with 2-4 doses of vinyl 
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carbamate (0.32 mg/mouse/dose, approximately 16 mg/kg/dose), beginning when the 

mice were 6-8 weeks old. The mice were fed AIN-93G diet (BioServ, Flemington NJ) 

throughout the study and were weighed weekly. Age-matched cohorts of Nrf2 WT and 

KO mice (4 mice/group) were harvested from 4 to 8 weeks after initiation with carcinogen 

in the short-term study or 20 to 40 weeks after initiation with the carcinogen in the 

long-term study. Lungs were harvested en bloc, inflated with PBS, and tied off in two 

perpendicular directions. Left lungs were fixed in neutral buffered formalin (NBF) for 

histopathology. Right lungs were not fixed but instead immediately homogenized and 

processed for flow cytometry (two lobes) or were flash frozen and saved at -80°C (the 

other two lobes). Tumor parameters were assessed as previously described [38, 39] and 

include the number, size, and classification of the tumors.  

4.3.2 RNA extraction and RT-qPCR analysis  

Lung tumors were dissected and total RNA was isolated using the RNeasy Mini Kit 

(Qiagen, Valencia, CA). RNA concentrations are determined by NanoDrop, and cDNAs 

were synthesized by TaqMan Reverse Transcription reagents (Life Technologies, 

Carlsbad, CA). Total RNA from lung tissue was isolated with TRIzol (Invitrogen, 

Carlsbad, CA). Two µg RNA was used to synthesize cDNA using SuperScript III reverse 

transcriptase (Invitrogen, Carlsbad, CA). Validated Cxcl1, Ccl9, Csf1 and Cxcl12 primers 

were purchased from Qiagen (Valencia, CA). iQ SYBR Green Supermix (Bio-Rad, 

Berkeley, CA) and the ABI 7500 FAST Real-Time PCR system were used to detect gene 

expression. The delta-delta Ct method was used to calculate relative gene expression 

[40]. Values were normalized to the reference gene actin and expressed as fold 

induction compared with WT samples. 
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4.3.3 ELISA assay 

Lung extracts were homogenized in EBC lysis buffer. Cytokine levels were detected 

in lung homogenates using ELISA kits and the manufacturer’s instructions (R&D 

Systems). 

4.3.4 Flow cytometry 

The same two lobes of the unfixed right lung were harvested from each mouse for 

flow cytometry. Freshly harvested lung tissue and half of the spleen were homogenized 

and incubated in digestion media containing collagenase (300 U/ml, Sigma), dispase (1 

U/ml, Worthington), and DNAse (2 U/ml, Calbiochem) for 30 minutes at 37°C. Cells were 

then passed through a 40 µm cell strainer (BD Falcon). Lysis solution (eBioscience) was 

used to eliminate red blood cells. Single cell suspensions were stained with 5 µg/ml 

anti-mouse Fc block antibody (eBioscience) and two optimized panels of antibodies [41] 

for 30 minutes at 4°C. Panel 1: CD45-VioGreen (Miltenyi, clone: 30F11, 3µg/mL), 

Gr-1-PE (Miltenyi, RB6-8C5, 3µg/mL), CD11b-FITC (Miltenyi, clone:M1/70, 3µg/mL), 

CD19-APC (BioLegend, clone:1D3/CD19, 2µg/mL), B220-PerCP/Cy5.5 (BioLegend, 

clone:RA3-6B2, 2µg/mL) Panel 2: CD4-FITC (Miltenyi, clone:GK1.5, 3µg/mL), CD3-PE 

(BioLegend, clone:145-2C11, 2µg/mL), CD8-PerCP/Cy5.5 (BioLegend, clone:53-6.7, 

2µg/mL). Live cells were determined by propidium iodide staining (BioLegend, 5µg/mL), 

and only live cells were included in the analysis. Flow cytometry was performed using a 

LSR II flow cytometer with DIVA 6.2 software (BD) and three laser sources (488 nm, 633 

nm, 407 nm); data were analyzed by FlowJo x.10.0.7r2 software (Tree Star). 

4.3.5 RNAseq 

Lung tumors were dissected out from the lung tissue and were pooled (3-4 tumors) 
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prior to isolating total RNA using the RNeasy Mini Kit (Qiagen, Valencia, CA). The RNA 

integrity number (RIN) was measured using the Aligent Bioanalyzer at the MSU 

Research Technology Support Facility Genomics Core facility. RNAseq and the 

bioinformatics analysis from two independent pools were performed by Novogene 

(Sacramento, CA). In brief, reads were processed and mapped. Raw data was stored in 

FASTQ format. After the removal of adaptors and low quality reads, reads were mapped 

to the mm10 mouse reference genome using TopHat2 [42]. Reads that mapped to genes 

were counted and normalized to gene length, then reported in FPKM (Fragments Per 

Kilo bases per Million reads) as previously described [43]. Routine identification of 

differentially expressed genes was performed using DESeq2 [44]. Raw and processed 

data were deposited on GEO and can be retrieved through record number GSE99338.  

4.3.6 Over-representation analysis of differentially expressed genes 

Up- and down regulated genes in tumors from NFR2 KO vs. WT mice were 

processed to identify over represented genes using PANTHER analysis as previously 

described [45]. To identify those over-represented genes up regulated with the alteration 

of Keap1 in human adenocarcinomas as identified by cBioPortal, significantly enriched 

genes were queried for over-represented gene ontologies using GATHER [46]. 

4.3.7 Human datasets 

The impact of gene loss in human lung cancer patients was identified using the 

TCGA pan [47], adenocarcinoma [48] and squamous cell [49] lung cancer datasets. 

Figures were created using cbioportal.org [50, 51].  
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4.3.8 Statistical analysis  

The ex vivo experiments were performed in triplicate and were repeated 

independently at least three times. Unless noted otherwise, data are presented as mean 

± SEM. Results were analyzed using the t-test or one-way ANOVA (SigmaStat 3.5). In 

vivo data were analyzed by one-way ANOVA followed by Tukey test, or one-way ANOVA 

on ranks and the Dunn test if the data did not fit a normal distribution (SigmaStat 3.5). A 

p value < 0.05 was considered statistically significant. For RNAseq data, differential 

expression analysis of two conditions/groups was performed using the DESeq2 R 

package [44]. It provides accepted and routinely used statistical analysis for determining 

differential expression in digital gene expression data using a model based on the 

negative binomial distribution. If the readcount of the ith gene in the jth sample is Kij, 

there is: Kij NB(µij,σij2). The resulting p values were adjusted using the Benjamini and 

Hochberg's approach for controlling the false discovery rate.  

4.4 Results 

4.4.1 Lung carcinogenesis exacerbated in Nrf2-/- mice challenged with vinyl carbamate 

To determine the effects of vinyl carbamate on Nrf2 knockout (KO) mice on a BALB/c 

background, female wildtype (WT) and KO mice were injected i.p. with two to four doses 

of vinyl carbamate, using protocols previously used with Nrf2 KO mice [22] or with vinyl 

carbamate [38]. Age-matched cohorts of Nrf2 WT and KO mice (4 mice/group/time point) 

were harvested beginning at 20 weeks after initiation and then every 4 weeks (24, 28, 32 

weeks). More lung tumors were consistently visible over time (20-36 weeks) both (a) in 

Nrf2 KO mice vs. WT mice and (b) in mice injected with vinyl carbamate four times vs. 

two times in both WT and KO mice (average number = 2.7 ± 0.7 tumors with two doses 
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vinyl carbamate vs. 6.6 ± 0.6 tumors with four doses in WT mice, p<0.05; 7.95 ± 0.7 

tumors with two doses vs. 10.9 ± 1.0 tumors with four doses in Nrf2 KO mice, p<0.05). 

Although the number and size of the tumors increased over time in both groups, these 

parameters were consistently higher in the Nrf2 KO mice (Figure 4.1 A). At 20 weeks, 

4-12 tumors were visible on the surface of lungs in Nrf2 KO mice, while almost no visible 

tumors (0-1) were observed at this time in WT mice. By 32 weeks, an average of 6.5 ± 

0.95 tumors per lung were found in the WT mice and 12.25 ± 2.6 tumors were found in 

the Nrf2 KO group. For all time points, the number of grossly visible surface tumors was 

significantly (p<0.05) higher in Nrf2 KO mice compared to WT mice (Figure 4.1 B), in the 

entire lung (unfixed) or in the intact left lung (after formalin fixation but before sectioning).  

After gross evaluation, each left lung was then sectioned and stained with 

hematoxylin and eosin. The average tumor number (Figure 4.1 C) and total tumor 

volume (Figure 4.1 D) per slide were also significantly (p<0.05) higher in the lungs of 

Nrf2 KO mice vs. WT mice. There were no significant differences in tumor histopathology 

between groups as almost all of the tumors were high grade (tumefactive architecture, 

fused trabeculae, and distinct nucleoli and conspicuous mitoses within nuclei) by 20 

weeks after initiation. Representative images demonstrating this histopathology are 

shown in Figure 4.1 E. As expected based on the larger tumor size, the tumors in the 

Nrf2 KO mice proliferate more rapidly than the WT tumors, as the percentage of 

proliferating cell nuclear antigen (PCNA) positive cells is significantly higher in the Nrf2 

KO tumors. 
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Figure 4.1: Nrf2 deficiency promotes lung carcinogenesis. Nrf2 knockout (KO) and  
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Figure 4.1 (cont’d) 
wildtype (WT) mice were injected with vinyl carbamate between 6-8 weeks of age. Lungs 
from age-matched Nrf2 KO and WT mice were harvested over a period of 20-40 weeks 
after initiation with the carcinogen to examine tumor burden. A. Representative images 
of lung sections stained with hematoxylin and eosin; tumors are darkly stained purple 
areas (10X magnification). B. The average number of tumors on the surface of the entire 
lungs or on the left lung after fixation in formalin were counted, n = 31-42 mice per group 
C. Average tumor number (C) and total tumor volume (D) per slide was calculated in 
both Nrf2 WT and KO groups. N=20 mice per group. *, p<0.05. (E) Representative 
images of lung histopathology in WT and KO groups. KO, knockout; WT, wild-type. 
 

4.4.2 Nrf2 deficiency decreases T cell populations during lung carcinogenesis  

Next, we investigated immune cell populations in the lungs and spleens of Nrf2 WT 

and KO mice challenged with vinyl carbamate. The same two lobes of the right lung were 

always collected, and the fresh tissues were processed for flow cytometry using 

optimized antibody panels [41]. To obtain an overview of the immune cell populations in 

the lung, the percentages of CD45+ immune cells as well as total T cells (CD45+, CD3+), 

CD4 helper T cells (CD45+, CD3+, CD4+) and CD8 cytotoxic T cells (CD45+, CD3+, CD8+), 

B cells (CD45+, CD19+, B220+), macrophages (CD45+, CD11b+, Gr-1-), and 

myeloid-derived suppressor cells (MDSCs) (CD45+, CD11b+, Gr-1+) were analyzed. 

Although cohorts of paired, age-matched lungs (four mice/group) were collected 20-36 

weeks after initiation with vinyl carbamate, unless otherwise noted, the changes in the 

Nrf2 KO vs. WT lungs was consistent over time, and Nrf2 KO and WT groups were 

pooled when appropriate.  

As shown in Figure 4.2 A, the percentage of CD45+ immune cells were significantly 

(p<0.05) lower in the lungs of Nrf2 KO mice than in WT mice, primarily because of 

changes in T cell populations. Nrf2 KO mice had a significantly (p<0.05) lower number of 

total T cells (CD45+, CD3+, 20-32 weeks; Figure 4.2 B), CD8 cytotoxic T cells (28-32 
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weeks; Figure 4.2 C) and CD4 helper T cells (24-32 weeks; Figure 4.2 D). CD4 T cells 

play a central role in immunity, but their contribution to antitumor immunity is complex as 

different types of CD4 T cells have diverse functions [52]. CD8 cytotoxic T cells 

recognize tumor cells and are essential for the response to immunotherapies such as 

PD-1/PD-L1 [53].   

The percentage of macrophages was significantly (p<0.05) higher in the lungs of 

Nrf2 KO mice before 24 weeks (Figure 4.2 E), but this difference disappeared at later 

time points. Macrophages play a critical role in promotion of urethane-induced lung 

carcinogenesis [54]. Fewer and smaller lung tumors will develop if macrophages are 

depleted during tumor initiation and early promotion in this model. There was no 

significant difference in B cells between the two groups in the lung (data not shown). In 

the spleen, the only change was a small but significant (p<0.05; 20-40 weeks) increase 

in MDSCs in Nrf2 KO mice (Figure 4.2 F). MDSCs play important roles in 

immunosuppression. High infiltration of these cells is associated with poor prognosis in 

cancer patients [55-57], and the survival and function of MDSCs are regulated by Nrf2 

[58]. All of the changes in immune populations were confirmed by immunohistochemistry 

and representative pictures are shown in Figure 4.2 G. As indicated in the pictures, the 

macrophages and CD8 cytotoxic T cells are located around the periphery of the tumors.  

In addition, the decrease of CD45+ population, CD3+ T cells and CD4+ T cells was 

similar at early time points (4 and 8 weeks after initiation, data not shown), while the 

percentage of CD8+ T cells was significantly (p<0.05) higher in the lungs of Nrf2 KO mice 

compared to WT mice at early time points. There was no significant difference in immune 
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populations between saline injected mice and vinyl carbamate injected mice at these 

time points (data not shown).  

 

 

Figure 4.2: Nrf2-deficiency alters the immune cell populations in the lung and  
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Figure 4.2 (cont’d) 
spleen of mice challenged with vinyl carbamate. The immune cell populations in the 
same two lobes of right lung (A-E) or spleen (F) from Nrf2 KO and Nrf2 WT were 
analyzed by flow cytometry. Percentages of total immune cells (CD45+), total T cells 
(CD45+, CD3+), cytotoxic T cells (CD45+, CD3+, CD8+), T helper cells (CD45+, CD3+, 
CD4+), and macrophages (CD45+, CD11b+, Gr-1-) in the lung (A-E) and myeloid derived 
suppressor cells (CD45+, CD11b+, Gr-1+) in the spleen (F) are shown. *, p<0.05. The 
changes in immune cell populations were confirmed by IHC (G). F4/80 is a macrophage 
marker. 
 
 

 

 

4.4.3 Altered gene signatures in lung tumors from Nrf2 KO vs. WT mice  

To further investigate the differences between Nrf2 WT and KO mice at a molecular 

level, lung tumors were dissected out from the lung tissue and pooled (three to four 
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tumors). Total RNA from two independent samples per group was analyzed by RNA 

sequencing (RNAseq). Significantly (p<0.05) different expression patterns were detected 

for 376 genes in tumors from the lungs of Nrf2 WT vs. KO mice. Slightly more than half 

(197 out of 376) of the altered genes in the Nrf2 KO tumors were upregulated compared 

to WT tumors, and the rest were significantly downregulated (Figure 4.3 A).  

Among the differentially regulated genes, the NFE2L2 (Nrf2 gene) was the most 

significantly downregulated gene in Nrf2 KO tumors, which confirms the deletion of Nrf2. 

Additional confirmation that Nrf2 was deleted was obtained by genotyping the mice and 

analyzing lung extracts by western blotting (data not shown). Differentially regulated 

genes were then processed to identify over-represented genes using PANTHER 

analysis (Figure 4.3 B). As the Nrf2 cytoprotective mechanism was knocked out, the 

“response to stimuli gene set” (GO:0050896) including Sod3 (extracellular superoxide 

dismutase) and Gpx3 (Glutathione peroxidase 3) was downregulated in Nrf2 KO tumors. 

Notably, the “immune system process” (GO:0002376) was the gene set with the most 

significant change between groups. As listed in Table 4.1, a series of cytokines, 

chemokines and peptide antigens in this gene set were significantly upregulated in 

tumors from Nrf2 KO mice. Many of these factors, including Cxcl (1, 3, 12) and Ccl (9, 11, 

17) are important for regulation and chemotaxis of immune cells, especially MDSCs, and 

the activation of M2 macrophages [59, 60] and will be discussed below. Cytokines can 

be released in response to inflammation to inhibit tumor development and progression, 

but alternatively, cancer cells can respond to cytokines that promote growth, inhibit 

apoptosis and facilitate metastasis [61]. In addition to the striking effects on the immune 

system, a metastatic signature also emerged. Genes involved in localization 
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(GO:0051179, Figure 4.3 B) and extracellular matrix (GO:0031012 and GO:0044421, 

Table 4.1), which regulates cell migration and metastasis, were differently expressed in 

these two groups. Overexpression of matrix metalloproteinase (MMP) 12, which is 

upregulated in KO tumors, plays a key role in modulating myelopoiesis, immune 

suppression, and lung tumorigenesis [62]. MMP25, which is elevated in many cancer 

types and promotes tumor invasion and metastasis through activation of MMP2, was 

also upregulated in Nrf2 KO tumors [63]. Notch signaling (Table 4.1) is known to 

crosstalk with the Nrf2 pathway, and aberrant crosstalk between Nrf2 and notch plays an 

important role in lung carcinogenesis [64]. The differential expression of Notch1 in the 

lung of Nrf2 WT vs. KO mice was confirmed by western blotting (data not shown). 

Consistent with the observation of more and larger tumors in Nrf2 KO vs. WT mice, cell 

growth related genes (Igfbp5, Igfbp6, Bmp6) were upregulated and cell death related 

genes (Srcap, Thsd4) downregulated in the Nrf2 KO lung tumors (Table 4.1). P27, an 

indicator of cell cycle arrest, was significantly down-regulated in Nrf2 KO mice vs. Nrf2 

WT mice. Numerous genes involved in metabolic pathways were also significantly over 

represented, including heme transport (GO:0015886), negative regulation of cellular 

amide metabolic process (GO:0034249), and aldonic acid metabolic process 

(GO:0019520). The raw data and processed data are available on Gene Expression 

Omnibus (GEO, GSE99338). 
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Figure 4.3: Nrf2-deficiency alters global transcription in tumors in the lungs of 
mice challenged with vinyl carbamate. A. An unsupervised-hierarchical clustering of 
Nrf2 WT and NRF2 KO tumors by differentially regulated genes shows unique 
transcriptional profile in the two tumor types. The NRF2 KO tumors have a distinct profile 
of upregulated (red) and downregulated (blue) genes which is reversed in the WT tumors. 
B. PANTHER analysis was performed on the upregulated genes (left) and 
downregulated genes (right) with NFR2 deletion. This analysis identified a number of 
significantly overrepresented gene ontologies between the WT and KO tumors, 
especially in the immune system related genes (GO:0002376) (purple). 
 

4.4.4 Cytokines are up regulated in tumors and lungs from Nrf2 KO mice 

Both the flow cytometry data and RNAseq data revealed the important role of Nrf2 on 

the immune system in this lung cancer model. To confirm these results, four cytokines 

listed in Table 4.1 were selected to validate ex vivo: Cxcl1, Cxcl12, Ccl9, and Csf1. 

These cytokines and chemokines are all highly relevant in cancer. Cxcl1 attracts MDSCs 

(CD11b+, Gr1+) into the tumor, which then produce chemokines that enhance tumor 

survival and inhibit CD8 cytotoxic T cells. It also recruits tumor-associated macrophages 

(TAMs) and cancer-associated fibroblasts (CAFs). High Cxcl1 levels are associated with 

higher metastatic potential and poor prognosis [60, 65, 66]. Chemokine Cxcl12, which is 
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the sole ligand of CXCR4, provides an attractive niche for tumor cell migration and 

colonization. It is highly expressed not only in primary lung cancer cells but also in the 

brain, liver, bone marrow, and adrenal glands, which are all common sites for lung 

cancer metastasis [67-70]. Ccl9 is highly induced in myeloid cells by TGF-β signaling 

and is also secreted by premetastatic tumor cells to recruit more myeloid cells, which 

enhances tumor cell survival and metastasis [71]. Csf1 is involved in cancer growth, 

survival, and metastasis. Blockade of CSF1/CSF1R reprograms TAMs to enhance 

antigen presentation, thus improving the therapeutic effects of immunotherapies [59, 

72-74].  

To validate the bioinformatics predictions (Figure 4.4A) of the upregulation of these 

cytokines and chemokines, aliquots of the same RNA samples analyzed by RNAseq 

were used for real-time PCR. All four cytokines were significantly upregulated in Nrf2 KO 

vs. WT tumors (Figure 4.4 B-E, p<0.05). To confirm these changes, total RNA was 

isolated from lung tissue, and real-time PCR was used to evaluate relative gene 

expression of the cytokines. Notably, significant increases in expression of these 

cytokines in Nrf2 KO lungs were still detected (Figure 4.4 F). Cxcl1, Csf1, Cxcl12 (24 

weeks) and Ccl9 (32 weeks) were significantly upregulated in the lungs of Nrf2 KO mice 

(Figure 4.4 F). The expression of Cxcl1 and Cxcl12 protein was detected by ELISA. 

Cxcl1 (24-32 weeks, Figure 4.4 G) and Cxcl12 (32 weeks, Figure 4.4 H) are significantly 

upregulated in the Nrf2 KO lungs compared with those in the WT lungs. 

To further validate the regulation of Nrf2 on cytokine expression and identify which 

cell type is expressing the cytokines, in vitro studies with both tumor cells and immune 

cells were performed. VC1 cells, a primary lung tumor cell line extracted from the vinyl 
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carbamate induced lung cancer model [38], were treated with CDDO-Im (a synthetic 

triterpenoid and potent Nrf2 activator), and the expression of the cytokines were 

detected by real-time PCR. Treatment with the Nrf2 activation significantly (p<0.05) 

decreased mRNA expression of these four cytokines in the lung cancer cells (Figure 4.5 

A). Similarly, in RAW264.7 macrophage-like cells stimulated with LPS, activation of Nrf2 

by CDDO-Im significantly (p<0.05) decreased Csf1 mRNA expression (Figure 4.5 B). 

Cxcl1 and Cxcl12 were expressed at very low levels in RAW264.7 cells, even after 

treatment with LPS or conditioned media from VC1 cells (data not shown), and there was 

no significant change in Ccl9 expression following treatment with CDDO-Im (Figure 4.5 

B). These experiments suggest that Nrf2 regulates cytokines in both tumor cells and 

immune cells and that the expression of different cytokines is cell type dependent.       

  

Figure 4.4: Differential gene expression of cytokines in the tumors and lungs of 
Nrf2 WT vs. KO mice. A. Predicted gene expression levels (FPKM) based on RNAseq 
data of lung tumors from Nrf2 WT and KO mice for Cxcl1, Ccl9, Cxcl12 and Csf1. The 
same tumor RNA analyzed by RNAseq was used to confirm the cytokine gene 
expression using real-time PCR (B-E). *, p<0.05 WT vs KO. In F, lung tissues from mice 
challenged with vinyl carbamate were harvested at three time points, 24-32 weeks after  
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Figure 4.4 (cont’d) 
initiation. Total RNA was extracted from the lung and relative gene expression of Csf1, 
Cxcl1, Cxcl12 and Ccl9 were analyzed by real time PCR. N=4 lungs per group at each 
time point. *, p<0.05 WT vs KO at 24 weeks (Csf1, Cxcl1, Cxcl12) or 32 weeks (Ccl9). 
The production of Cxcl1 (G) and Cxcl12 (H) in the lung was detected by ELISA assay. *, 
p<0.05 WT vs KO at 24-32 weeks with Cxcl1 and 32 weeks with Cxcl12. Data are 
presented as mean ± SEM. 
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Figure 4.4 (cont’d) 
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Figure 4.5: Nrf2 activation decreases cytokine production in both tumor cells and 
immune cells. VC1 (primary mouse lung cancer cells, A) and RAW264.7 (macrophage 
like cells, B) were treated with 300 nM CDDO-Im (a potent Nrf2 activator) for 24 hrs, and 
RAW264.7 cells were stimulated with 1 ng/ml LPS 20 mins after CDDO-Im treatment. 
Total RNA was extracted from the cells, and gene expression of Cxcl1, Csf1, Ccl9 and 
Cxcl12 were detected by real time PCR. *, p<0.05 CDDO-Im treated group vs. DMSO 
control for each cytokine. 
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4.4.5 The regulation of immune response in the mouse model is consistent with data 

from patients with lung adenocarcinomas  

As a striking up-regulation of immune responses was found in lung tumors from Nrf2 

KO mice, we wanted to verify if these results were consistent in human patients. We 

accessed genomic data from lung cancer patients through the TCGA human cancer 

database, and cBioPortal was used to analyze the genetic alterations in Nfe2l2 and 

Keap1 within lung cancer patients. As has been reported [15], Keap1 alterations 

(mutations and deletions) are most frequent in lung adenocarcinoma patients, while 

Nfe2l2 alterations (mutations and amplifications) are more frequent in lung squamous 

carcinoma. Both loss-of-function alterations of Keap1 and gain-of-function alterations of 

Nfe2l2 induce high constitutive Nrf2 activity. Oncoprints of Keap1 genetic alterations in 

lung adenocarcinoma patients [48] (230 samples) and Nfe2l2 genetic alterations in lung 

squamous carcinoma patients [49] (178 samples) are shown in Figure 4.6 A and C, 

respectively. Enrichment of gene ontologies was identified through Bayes factor. As 

shown in Table 4.2, the expression of immune response related gene ontologies 

(GO:0006955, GO:0019882, GO:0006959) was consistently preserved in human tumors. 

Then, gene expression of individual cytokines was analyzed, as cytokines were 

differentially regulated in our mouse model. Cxcl1, 2, 10, 11, 12, 14, Ccl2, 3, 4L1, 13, 22, 

28 and Csf1, 1R, 2RB, 3R were all significantly downregulated in Keap1 altered 

adenocarcinoma patients. Cxcl1, 2, 3, 6, 12, 17, Ccl15, 17, 22, 28, and Csf2, 3R were 

significantly downregulated in Nrf2 altered squamous carcinoma patients. Cxcl1, Cxcl12, 

Csf1, the three cytokines upregulated in Nrf2 KO mice with adenocarcinomas, were 

consistently downregulated in Keap1 loss of function patients (Figure 4.6 B). These 
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results are consistent with the function of Keap1 as a negative regulator of Nrf2, as Nrf2 

would be constitutively active in these samples instead of deleted as in the mouse model. 

Cxcl1 was also downregulated in patients with gain of function Nrf2 amplifications and 

alterations (Figure 4.6 D). In summary, our findings suggest that Nrf2 regulation of 

cytokines in lung cancer can be found in both mice and humans.  

 
 
 

 

 

Figure 4.6: The regulation of immune response by Nrf2 in the mouse model is 
consistent with data in lung cancer patients. A. Oncoprint of Keap1 genetic 
alterations in patients with lung adenocarcinoma [48] (230 samples). Unaltered patients 
are not shown. Alterations of Keap1 are mainly deletions and mutations. B. Individual 
genes (Cxcl12, Cxcl1, Csf1) were downregulated in lung adenocarcinoma patients with 
Keap1 alterations. p<0.05. Results are presented as box plot with maximum, third 
quartile, median, first quartile, and minimum (top to bottom). C. Oncoprint of Nfe2l2 
genetic alterations in lung squamous carcinoma patients [49] (178 samples). Unaltered 
patients are not shown. Alterations of Nfe2l2 are mainly amplifications and mutations. D. 
Cxcl1 was downregulated in lung squamous carcinoma patients with Nrf2 alterations. 
p<0.05. Results are presented as box plot with maximum, third quartile, median, first 
quartile, and minimum (top to bottom). 
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Figure 4.6 (cont’d) 

 

 

 

 

4.5 Discussion 

This study confirmed the importance of Nrf2 as a cytoprotective mechanism for 

reducing tumor development in a relevant model of lung carcinogenesis. Nrf2 KO mice 

were more sensitive to vinyl carbamate-induced lung adenocarcinomas and developed 

more and larger tumors compared to Nrf2 WT mice. More importantly, this study 

provided evidence that Nrf2 regulated the immune cell infiltration that contributes to 

tumorigenesis. Deletion of Nrf2 significantly elevated the production of many cytokines 

and genes involved in antigen presentation and processing. Fewer T cells, including both 

CD8 cytotoxic T cells and CD4 helper T cells, were found in the lung, but higher 

populations of tumor-promoting macrophages and MDSCs were found in the lung and 
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spleen, respectively, in Nrf2 KO mice compared to WT mice with advanced tumors. 

These striking effects of Nrf2 on immune processes are consistent with changes found in 

lung cancer patients, making these findings clinically relevant.  

There are many inconsistent results in the literature regarding the complex role of 

Nrf2 in tumor initiation and development, especially in lung cancer. Our study confirmed 

that Nrf2 deficiency makes mice more susceptible to the carcinogen vinyl carbamate, as 

more and larger tumors were found in the Nrf2 KO mice (Fig. 1). These results are 

consistent with the observation that Nrf2 deficient mice are more sensitive to 

carcinogens [23], as the enzymes that would normally detoxify the carcinogen are 

missing. Satoh et al. reported that Nrf2 prevented initiation of lung carcinogenesis, as 

Nrf2-deficient mice exhibited more tumor nodules than the wild type mice 4-8 weeks after 

urethane injection. However, at later time points (16 weeks after initiation), the number 

and size of the lung tumors in the Nrf2 KO mice were reduced, but the tumors were more 

aggressive in the Nrf2 KO mice than in WT mice [75]. Knockdown of Keap1 in mice, 

which results in constitutive Nrf2 expression, led to resistance to urethane-induced 

carcinogenesis and fewer and smaller surface tumors at an early stage (up to 16 weeks). 

In contrast to the results cited above, Bauer et al. reported that deletion of Nrf2 reduced 

the number of urethane-induced lung tumors, as Nrf2 had pro-survival effects in tumor 

cells and the lack of Nrf2 enhanced apoptosis in the lung [27].  

There are a number of possible reasons for these discrepancies. The studies 

described above used mice on a variety of genetic backgrounds, with different 

carcinogens and protocols for initiating lung carcinogenesis, and with diverse time points 

chosen after initiation for final analysis. Although urethane is commonly used to induce 
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experimental lung cancer, initiation with urethane yields adenomas. In contrast, vinyl 

carbamate, the carcinogen used in our studies, bypasses the first step oxidation of 

urethane, induces invasive adenocarcinomas [38]. The most common mutations in 

NSCLC are in the Kras gene, and Kras mutations are prognostic for a poor outcome [76]. 

Both urethane and vinyl carbamate induce mutations in Kras [31, 77], but lung 

carcinogenesis is more aggressive when induced by vinyl carbamate, as the number, 

size and pathological grade of the tumors [39] increase in a reproducible, 

time-dependent manner. Moreover, vinyl carbamate is much more potent, as only 16 

mg/kg are needed to induce lung carcinogenesis vs. 1 g/kg body for urethane [22].  

In addition to the choice of carcinogen, a variety of mouse strains were used in these 

published studies, including BALB/cCR [27], ICR/CD-1 [75] and BALB/c strains. Mouse 

strains vary in their susceptibility to lung carcinogenesis, likely as a result of their 

response to inflammation [78]. Lungs were also harvested at different time points, and 

Nrf2 has different roles during early vs. late tumor progression [75]. In our studies, 

tumors were not harvested until 20 or more weeks after initiation, during late stage 

carcinogenesis, and thus the tumors were high-grade tumors.  

Our most important finding is that Nrf2 regulates the immune cells and cytokines that 

can contribute to cancer development. Nrf2 has been shown to directly inhibit the 

transcription of pro-inflammatory cytokines [79]. To date, however, only a limited number 

of studies have investigated the effects of Nrf2 on the host immune system during 

carcinogenesis. Satoh et al. has shown that more inflammatory cells infiltrated into lungs 

of Keap1 knockdown mice than in WT Keap1 mice [21, 22], and these changes provided 

a more permissive environment for lung metastasis in the Lewis lung carcinoma model 
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[21]. Moreover, MDSCs, which suppress the activity of cytotoxic CD8 T cells, are 

regulated by Nrf2 [58], and the number and activity of splenic CD8 T cells were markedly 

diminished in tumor-bearing Nrf2 WT mice but not in Nrf2 KO mice [75]. However, in our 

study, we observed a reduced percentage of CD8 T cells in Nrf2 KO lungs compared to 

WT lungs, which is consistent with a higher tumor burden in the Nrf2 KO group. CD8 T 

cells are a major effector of antitumor immunity and are necessary for T cell-based 

immunotherapies against lung cancer. Dysfunctions in CD8+ T-cells in lung tumors are 

associated with a poor clinical response [80]. MDSCs also contribute to tumor growth by 

inhibiting CD8+ cytotoxic T cells (21).  

Tumor associated macrophages are another important immune cell that can drive 

tumor progression [81], as long-term depletion of macrophages markedly reduced lung 

tumorigenesis induced by urethane [54]. The contribution of Nrf2 and other redox 

signaling for macrophage activation and polarization is an emerging area of investigation, 

in both health and disease [82]. Both the abundance and activation state of different cell 

types in the tumor microenvironment influence the balance between tumor promoting 

and tumor suppressing phenotypes. Although we have not yet explored the role of Nrf2 

in macrophage polarization in our lung cancer model, additional studies will address this 

important question. However, the phenotype of increased percentages of macrophages 

and MDSCs and decreased CD8 T cell populations found in our model are associated 

with a poor prognosis in humans and are consistent with an important beneficial 

regulatory role for Nrf2 in cancer immunity. Moreover, the enhanced cytokine production  

in Nrf2 KO mice further confirmed the immune signature in the Nrf2 KO group. Elevated 

production of cytokines in Nrf2 KO tumors likely recruits macrophages and MDSCs, thus 
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promoting survival and growth of the tumor. These cytokines could be secreted by either 

tumor or other cells, including macrophages and fibroblasts [83]. 

The striking immune signatures found in our RNAseq analysis should draw more 

attention to the relatively unexplored function of Nrf2 on the immune system in lung 

carcinogenesis. A series of cytokines and MHC antigen genes are differentially 

expressed between Nrf2 WT and KO tumors, and higher expression levels in Nrf2 KO 

mice are associated with more and larger tumors. Admittedly, our approach did not 

differentiate the source of the immune signatures, but future studies will identify the 

relative contributions of cancer cells vs. immune cells. However, the regulation of 

immune responses by Nrf2 is also found in patients with lung cancer, indicating the 

potential value of Nrf2 status and immune signatures for predicting disease prognosis or 

treatment. With greater availability of sequencing or RNAseq analysis, tumor mutations 

and transcriptional profiles are being studied and are providing useful information. Gene 

signatures can potentially be used as diagnostic or prognostic markers and have been 

used successfully in breast cancer to guide clinical decisions [84]. In lung cancer, 

research into genetic signatures has been focused on early diagnosis of curable tumors, 

the need for new treatment regimens for patients with inoperable tumors, and the 

selection of effective therapies [85]. As diagnostic techniques advancing and 

understanding of biology accumulating, targeting Nrf2 under more circumstances in 

cancer will become more practical.  

Because of the complexity of Nrf2 in cancer, targeting Nrf2 requires a deeper 

understanding of the role of Nrf2 at different stages of cancer (especially between tumor 

initiation and tumor progression) and on different components of the tumor 
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microenvironment (including tumor cells and immune cells). This information is 

especially relevant as there are already several compounds that activate the Nrf2 

pathway that are being evaluated in the clinic. Dimethyl fumarate has been approved for 

relapsing multiple sclerosis. Synthetic triterpenoids are in clinical trials for pulmonary 

diseases, chronic kidney disease, melanoma, etc. Natural compounds including 

sulphoraphane and curcumin are being tested in clinical trials for cancer prevention. In 

contrast, there is still not a specific, potent Nrf2 inhibitor available, even though 

accumulating evidence suggests a tumor-promoting role for Nrf2 in advanced cancers. 

Treating patients appropriately with Nrf2 activators or inhibitors for prevention or 

treatment of cancer will require careful consideration of the genetic status of Nrf2/Keap1 

and knowledge of the tumor stage.  

It is also necessary to better understand the mechanisms of compounds that activate 

Nrf2 because of their potential off-target effects and the complex crosstalk between Nrf2 

and other important pathways in cancer. It is well known that Nrf2 reciprocally interacts 

with HIF-1α, NF-κB, MAPK and phosphatases, and many of these important signaling 

pathways are enriched in redox-active cysteines that can be targeted by natural products 

and other redox sensitive drugs [86, 87]. Some of these proteins, such as HIF-1 and 

NF-κB, also regulate inflammation and immune responses [88, 89], and additional 

studies are needed to elucidate the crosstalk between Nrf2 and these pathways, 

especially regarding the regulation of the immune system in cancer. 

In summary, our study demonstrates a protective role for Nrf2 in lung cancer and 

identifies an immune phenotype in tumors generated using a different model system 

than has been previously reported. Future studies will investigate the effects Nrf2 on 
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different types of immune cells and determine whether Nrf2 status is correlated with the 

response to immunotherapy or other therapies.  
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Table 4.1: Over-represented, differentially regulated genes in lung tumors from 
Nrf2 WT vs. KO mice 
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Table 4.1 (cont’d) 
Note: Total RNA from two independent samples per group were analyzed by RNA 
sequencing (RNAseq). Routine identification of differentially expressed genes was 
performed using DESeq2. 376 genes in tumors were detected with significantly (p<0.05) 
different expression patterns from the lungs of Nrf2 WT vs. KO mice. Cancer relevant 
gene sets are emphasized in this table. 
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Table 4.2. Differentially regulated gene ontologies in lung adenocarcinoma 
patients 

 

Note: Total RNA from two independent samples per group were analyzed by RNA 
sequencing (RNAseq). Routine identification of differentially expressed genes was 
performed using DESeq2. 376 genes in tumors were detected with significantly (p<0.05) 
different expression patterns from the lungs of Nrf2 WT vs. KO mice. Cancer relevant 
gene sets are emphasized in this table. 
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5. 1 Abstract   

Two recently approved PARP inhibitors provide an important new therapeutic 

option for patients with BRCA-mutated metastatic breast cancer. PARP inhibitors 

significantly prolong progression-free survival in patients, but conventional oral delivery 

of PARP inhibitors is hindered by limited bioavailability and off-target toxicities, thus 

compromising the therapeutic benefits and quality of life for patients. Here, we 

developed a new delivery system, in which the PARP inhibitor Talazoparib is 

encapsulated in the bilayer of a nano-liposome, to overcome these limitations.  

Methods: Nano-Talazoparib (NanoTLZ) was characterized both in vitro and in vivo. 

The therapeutic efficacy and toxicity of Nano-Talazoparib (NanoTLZ) were evaluated in 

BRCA-deficient mice. The regulation of NanoTLZ on gene transcription and 

immunomodulation were further investigated in spontaneous BRCA-deficient tumors. 

Results: NanoTLZ significantly (p<0.05) prolonged the overall survival of BRCA-

deficient mice compared to all of the other experimental groups, including saline control, 

empty nanoparticles, and free Talazoparib groups (oral and i.v.). Moreover, NanoTLZ 

was better tolerated than treatment with free Talazoparib, with no significant weight lost 

or alopecia as was observed with the free drug. After 5 doses, NanoTLZ altered the 

expression of over 140 genes and induced DNA damage, cell cycle arrest and inhibition 

of cell proliferation in the tumor. In addition, NanoTLZ favorably modulated immune cell 

populations in vivo and significantly (p<0.05) decreased the percentage of myeloid 

derived suppressor cells in both the tumor and spleen compared to control groups.  

Conclusions: Our results demonstrate that delivering nanoformulated Talazoparib 

not only enhances treatment efficacy but also reduces off-target toxicities in BRCA-
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deficient mice; the same potential is predicted for patients with BRCA-deficient breast 

cancer. 

5.2 Introduction   

Mutations in breast cancer-associated (BRCA) genes are the leading cause of 

hereditary breast cancer. Women with BRCA mutations have up to an 80% lifetime risk 

of developing breast cancer [1]. Furthermore, the majority of BRCA1 mutated tumors 

are basal-like [2], a subtype associated with poor prognosis [3]. BRCA1 functions as an 

important tumor suppressor that acts as a gatekeeper to protect against genomic 

instability [4]. Besides regulating numerous cellular functions [5, 6], including cell cycle, 

apoptosis and transcription, the BRCA1 protein is essential for repairing double-

stranded DNA breaks through the homologous recombination (HR) pathway. Loss of 

function of the BRCA1 gene forces cells to rely on more error-prone mechanisms such 

as non-homologous end joining to repair DNA damage [7]. PARP (poly (ADP-ribose) 

polymerase) is another protein that plays critical roles in DNA repair. PARP1 recognizes 

single-stranded DNA breaks and recruits proteins to assemble and activate DNA base 

excision repair machinery [8]. Single-stranded DNA breaks that cannot be repaired 

because of PARP deficiency will propagate into double-stranded DNA breaks and need 

to be repaired by the BRCA-initiated HR pathway. If the BRCA protein is dysfunctional, 

PARP is necessary for proper DNA repair. Because of the interdependence between 

PARP and BRCA, PARP inhibitors were developed to treat BRCA-deficient cancers by 

inducing synthetic lethality [9, 10]. Synthetic lethality occurs when a perturbation in 

either of two genes does not reduce cell survival, but the simultaneous perturbation of 

both genes results in a loss of cell viability. In the case of a BRCA mutation, PARP 
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inhibitors block the repair of single-strand DNA breaks, which are then converted into 

double-strand breaks during replication. Because the cell cannot proceed through 

homologous recombination, it must rely on error prone pathways which results in 

genomic instability and cell death.     

Before PARP inhibitors were developed, no targeted therapy was available for 

patients with BRCA mutations who developed breast cancer. These tumors do not 

usually express estrogen, progesterone or HER2 receptors, so cytotoxic chemotherapy 

remained the standard of care for these mostly triple negative breast cancer (TNBC) 

patients. In January 2018, Olaparib became the first PARP inhibitor approved by the 

FDA for treating germline BRCA-mutated metastatic breast cancer. In October 2018, 

after the Phase 3 EMBRACA clinical trial showed that Talazoparib significantly 

extended progression-free survival in patients with metastatic breast cancer, 

Talazoparib was approved. This second PARP inhibitor to market was approved for 

treating germline BRCA-mutated, HER2-negative breast cancer, either locally advanced 

or metastatic [11]. Talazoparib is approximately 100 times more potent than Olaparib 

because of its higher capacity to induce “PARP trapping” [12]. Talazoparib not only 

inhibits the catalytic activity of PARP but also traps PARP at the site of DNA damage, 

thus inducing cell death. Notably, in addition to mutations in BRCA1/2 genes, a wide 

range of other mechanisms produce a similar phenotypic trait of HR deficiency, which is 

called “BRCAness” [13]. The loss of HR can be the result of epigenetic silencing of 

BRCA1/2 genes or genetic alterations in other key players such as RAD51, ATR, 

CHK1/2, ATM, FANCD2 and FANCA along the HR pathway [14]. Recent studies 

reported that MYC amplification, p53 mutations, and loss of PTEN all contribute to a 
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BRCA-like behavior [15, 16]. Therefore, PARP inhibitors could potentially impact more 

breast cancer patients beyond populations with BRCA mutations. A diverse collection of 

triple negative breast cancer patient-derived xenografts has confirmed the therapeutic 

activity of PARP inhibitors even in BRCA1/2 wild-type tumors [17]. 

Currently, PARP inhibitors are formulated for daily oral administration based on 

their pharmacokinetic profiles. However, the bioavailability of Talazoparib is only 56% in 

rats, meaning a higher dose must be administered systemically to achieve the desired 

effect [18]. Talazoparib is the most potent PARP inhibitor, but this potency also 

increases side effects such as alopecia, fatigue, anemia, thrombocytopenia, 

neutropenia and decreased appetite [19]. Myelodysplastic syndrome, myelosuppression 

and embryo-fetal toxicity are included as warnings and precautions on the package 

insert. One method to overcome poor bioavailability and subsequent toxicity is the use 

of nanoparticle delivery systems. 

Nanoparticles as drug delivery systems aim to increase bioavailability, minimize 

drug metabolism upon administration, prevent side effects, and increase the amount of 

drug delivered to the desired target [20]. Additionally, nanocarriers take advantage of 

the enhanced permeability and retention effect, in which tumors rapidly generate blood 

vessels that are considered “leaky” allowing for particles to extravasate and accumulate 

in the tumor microenvironment [21]. Liposomes are self-assembled phospholipid 

bilayers that form vesicles and are biologically inert and biocompatible. Due to the 

similar morphology to cell membranes and ability to incorporate both hydrophilic and 

lipophilic compounds, liposomes are thought to be ideal nanocarriers [22]. Although 

liposome efficacy can be limited by uptake into the reticuloendothelial system (RES), 
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polyethylene glycol (PEG) can be fused to the surface to extend the circulation time by 

conferring “stealth” properties to bypass some of the uptake by RES organs [23]. Here, 

we encapsulated Talazoparib in the bilayer of a nano-liposome and evaluated the 

efficacy and toxicity of Nano-Talazoparib (NanoTLZ) compared to free drug in BRCA-

deficient mice.  

5.3 Materials and Methods 

5.3.1 Synthesis of NanoTLZ 

Talazoparib for all experiments was purchased from Selleck Chemicals (Catalog # 

S7048, purity: 99.8%). NanoTLZ was synthesized using 1, 2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 1,2-dioleoyl-3-tri methyl-ammonium-propane (chloride salt) 

(DOTAP), cholesterol, 1,2-distearoyl-sn-glycero-3 phosphoethanolamine-N-

[methoxy(polyethyleneglycol)-2000 (DSPE-PEG2000, Avanti Polar Lipids), and 

Talazoparib. DOTAP was incorporated within the formulation because some literature 

suggests it can enhance the encapsulation of hydrophobic compounds [24, 25]. It also 

imparts a slightly positive surface charge, which allows better cell uptake, as cells more 

readily take up positively charged particles. DPPC, cholesterol, DOTAP and DSPE-

PEG2000, were individually dissolved in a methanol/ethanol mixture at a molar ratio of 

65:29:2:4. 11.17 mM Talazoparib was added in dimethylformamide. Nanoparticles were 

formed via nanoprecipitation using the NanoAssemblr Benchtop. The total flow rate was 

4 ml/min, and the aqueous to organic flow rate was 3:1. Organic solvents were removed 

by evaporation under argon followed by dialysis against phosphate buffered saline (PBS) 

for 30 minutes. The non-encapsulated drug which is insoluble in aqueous media was 

removed via syringe filter [26], and validation of the removal of free drug is shown in 
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Figure S5.1. Encapsulation efficiency was calculated using the formula (Cfinal/Cinitial) 

x100, where Cfinal is the concentration of drug in 1 ml of particles after processing and 

Cinitial is the concentration of drug added to prepare 1 ml of particles. Drug loading was 

calculated using the following formula where Cfinal is the concentration of drug in 1 ml of 

particles after processing and Wfeed is the weight of lipids in the feed to prepare 1 ml of 

formulation: drug loading (%) = Cfinal/Wfeed x 100. Drug release was characterizd 

previously [27]. Vehicle nanoparticles (empty nanoparticles) were prepared following the 

same protocol without the addition of Talazoparib. Cyanine 5 (Cy5) labeled particles 

were synthesized by addition of Cy5 dye in the lipid mixture. 

5.3.2 Characterization of NanoTLZ 

The size and zeta potential of the nanoparticles was measured using a Brookhaven 

90Plus analyzer equipped with ZetaPALS. Nanoparticles were diluted 1:100 in 0.2X 

PBS for all measurements. Stability was assessed by measuring size and zeta potential 

at predetermined times over the course of 2 months. The size was confirmed by 

transmission electron microscopy using a negative stain of 1.0% uranyl acetate. The 

concentration of encapsulated Talazoparib was measured via high performance liquid 

chromatography (HPLC) following nanoparticle lysis with methanol. HPLC was 

performed on an Agilent 1260 Infinity II instrument with a reverse phase C18 Supelco 

column. The mobile phase A consisted of acetonitrile with 0.1% phosphoric acid and the 

mobile phase B consisted of water with 0.1% phosphoric acid. The following gradient 

was applied 10-95% A (0-5.3 min), 95% A (5.3-8.5 min), 95-10% A (8.5-10.0 min), 10% 

A (10-11.5 min). The flow rate was 0.82 ml/minute, and Talazoparib was detected at a 

wavelength of 309 nm at ~4.2 minutes.  
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5.3.3 Cell Culture 

W0069 and W780 cells derived from mammary tumors of BRCA-deficient mice 

were provided by Dr. Chu-Xia Deng (National Institutes of Health, Bethesda, MD) [28] 

and were cultured in DMEM+10% FBS+1% Pen/Strep (Corning Cellgro, Mediatech, 

Manassas, VA). In a dose response assay (Figure 5.1), cells were seeded into 96 well 

plates at 1000 cells per well. The following day cells were exposed to either Talazoparib 

or NanoTLZ at concentrations ranging from 0-100 nM. One week after seeding, cell 

viability was ascertained by the MTS assay to measure the metabolic activity of the cells. 

Data from the dose response experiment were plotted and fit using a variable slope 

four-parameter logistic equation constrained at 100 and 0. In the biomarker assay 

(Figure 5.1 E), cells were seeded in 6 well plates at 150,000 cells per well. The next day, 

cells were treated with Talazoparib or NanoTLZ at 5 and 10 mM. After 48 hrs of 

treatment, cells were harvested and proteins were extracted for western blotting.  

5.3.4 Pharmacokinetics and Pharmacodynamics 

All animal studies were performed in accordance with protocols approved by the 

Institutional Animal Care and Use Committees (IACUC) at Michigan State University 

and Northeastern University. An orthotopic xenograft model of human BRCA-mutated 

breast cancer was established via injection of 5x106 HCC1937 cells (ATCC, Manassas, 

VA; cells were cultured in RPMI1640 with 10% FBS and 1% Pen/Strep) in the mammary 

fat pad of female NCr-nu/nu mice. Mice with tumors ~100 mm3 in size were 

administered a single dose of 1 mg/kg i.v. NanoTLZ. Mice were euthanized at 

designated time points for sample collection. Blood was collected via cardiac puncture 

into K2 EDTA microtainers. Blood was centrifuged at 1600 g for 15 minutes at 4°C. 
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Plasma was separated and frozen at -80°C until processed. Acetonitrile was added to 

precipitate plasma proteins. Samples were centrifuged at 14,000 g for 5 minutes, and 

the supernatant was filtered with a 0.2 mm syringe filter. Each sample was dried 

overnight and reconstituted in 200 µl of 50:50 methanol:water solution for analysis via 

HPLC. HPLC conditions were as detailed above. A standard curve was prepared by 

processing plasma from untreated animals and spiking the samples with known 

amounts of Talazoparib when reconstituting the samples. A two compartment model 

was fit using PKSolver [29]. 

Tumors were collected and snap frozen in liquid nitrogen to stabilize PAR levels. 

Tumors were minced in lysis buffer (1% w/w deoxycholic acid, 1% w/w triton-x, 0.1% 

w/w sodium lauryl sulfate) with protease inhibitors (1 mM PMSF, 1 mM AEBSF•HCL, 

800 nM aprotinin, 50 µM bestatin, 15 µM E-64, 5 mM EDTA, 20 µM leupeptin, and 10 

µM pepstatin A). Total protein content was determined using the BCA assay (Pierce). 

Levels of PAR in the tumor lysates were determined by ELISA using PARP in vivo PD 

Assay II kit (Trevigen) following the manufacturer’s instructions.  

Brca1Co/Co;MMTV-Cre;p53+/- mice bearing tumors (N=4) were injected i.v. with 100 

ml nanoparticles encapsulated with the fluorescent dye Cy5. Mice were imaged using 

an IVIS imaging system (PerkinElmer) 24 hrs after the injection. Auto exposure setting 

was used to acquire the pictures. Major organs were dissected and imaged for 

biodistribution after whole body imaging. 

To evaluate the cellular uptake of nanoparticles, W780 cells were plated in 12-well 

plates. Cells were treated with either 5% empty nanoparticles or 5% nanoparticles 

encapsulated with the fluorescent dye Cy5 for 1-2 hrs. Cells were then fixed with 10% 
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neutral buffered formalin (Sigma-Aldrich) for 15 minutes and mounted with Gold 

Antifade Mountant with DAPI (Invitrogen). Cy5 fluorescence (Green channel) and DAPI 

(UV channel) were detected using a fluorescence microscope (Nikon TE2000-U 

Inverted Microscope).   

5.3.5 In Vivo Treatment Studies 

The therapeutic efficacy of NanoTLZ was assessed in Brca1Co/Co;MMTV-Cre;p53+/- 

mice [30, 31]. Treatment was started when a tumor was 4-5 mm in diameter and ended 

when it reached 10 mm in diameter. Mice with established tumors were randomized into 

five treatment groups: control (saline, i.v. N=5), empty nanoparticles (i.v., N=5), 

NanoTLZ (i.v., 0.33 mg/kg, N=8), free Talazoparib (i.v., 0.33 mg/kg, N=8), and free 

Talazoparib (gavage, 0.33 mg/kg, N=8). NanoTLZ was diluted in saline to the working 

concentration. Free Talazoparib was dissolved in DMSO and diluted in saline (DMSO in 

the final solution was 1%). Treatment was given three times a week (M, W, F). All the 

mice were weighed before each injection. Tumor size was measured using a caliper 

twice a week.  

5.3.6 Western blotting 

W780 and W0069 cells treated with Talazoparib or NanoTLZ were lysed in RIPA 

buffer (1 M Tris-Cl, 5 M NaCl, pH 7.4, 0.5 M EDTA, 25 mM deoxycholic acid, 1% triton-

X, 0.1% SDS) with protease inhibitors (1 mM PMSF, 2 µg/ml aprotinin and 5 µg/ml 

leupeptin). Tumor samples dissected from BRCA-deficient mice were homogenized and 

lysed in EBC buffer (5 mol/L NaCl, 1 mol/L Tris pH 8) with protease inhibitors and 10% 

NP-40. Protein concentrations were determined using the BCA assay (Sigma-Aldrich). 

20 µg of protein were separated by 10% SDS-PAGE gels and transferred to 
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nitrocellulose membranes. gH2AX (Abcam, 1:1000), cleaved-caspase 3 (Cell Signaling, 

1:1000), PARP/cleaved-PARP (Cell Signaling, 1:1000), Cyclin D1 (Cell Signaling, 

1:1000), Cyclin E1 (Cell Signaling, 1:1000), PCNA (Santa Cruz, 1:1000), and vinculin 

(Cell Signaling, 1:4000) primary antibodies were used to detect the corresponding 

proteins. Secondary antibodies (anti-rabbit or anti-mouse linked to HRP) were 

purchased from Cell Signaling. ECL Western blotting substrate (GE Healthcare Life 

Sciences, UK) was used to detect the signal. Images shown are representative of 3 

independent experiments. ImageJ was used to quantify protein expression.  

5.3.7 Immunohistochemistry 

Brca1Co/Co;MMTV-Cre;p53+/- mice were treated with five doses (three times a week) 

of saline, i.v.TLZ or NanoTLZ (N=5/group). Tumor, mammary gland and spleen were 

then harvested and sectioned for histopathology and immunohistochemistry. EDTA 

(Cell Signaling, for CD3) or citrate buffer (Vector, Cat. # H3300, for all the other 

antibodies) was used for antigen retrieval. Endogenous peroxidase activity was 

quenched using hydrogen peroxide (3%) for 10 minutes. Sections were stained with 

CD45 (1:100, BioScience), CD3 (1:40, Biolegend), Gr-1 (1:50, R&D), F4/80 (1:50, 

Invitrogen), Foxp3 (1:25, BioScience), PCNA (1:200, Santa Cruz), or γH2AX (1:100, 

Abcam) antibodies. Anti-rat secondary antibody was purchased from Vector. Anti-

mouse and anti-rabbit secondary antibodies conjugated to HRP were purchased from 

Cell Signaling. Signal was detected using a DAB kit (Cell Signaling). Sections were 

counterstained with hematoxylin (Vector).  
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5.3.8 Flow cytometry 

Brca1Co/Co;MMTV-Cre;p53+/- mice (N=5/group) with established tumors (4-5 mm in 

diameter) were treated for five doses (three times a week) and then tumor, spleen and 

mammary gland were collected and digested for flow cytometry as published previously 

[32]. Panel 1: CD45-VioGreen (Miltenyi, 3 µg/mL), Gr-1-PE (Miltenyi, 3 µg/mL), CD11b-

FITC (Miltenyi, 3 µg/mL), CD19-PerCP/Cy5.5 (BioLegend, 2 µg/mL). Panel 2: CD45-

VioGreen (Miltenyi, 3 µg/mL), CD4-FITC (Miltenyi, 3 µg/mL), CD3-PE (BioLegend, 2 

µg/mL), CD8-APC (BioLegend, 2 µg/mL), CD25-PE/Cy7 (BioLegend, 2 µg/mL).  

5.3.9 RNAseq 

Tumors from Brca1Co/Co;MMTV-Cre;p53+/- mice treated with saline, free Talazoparib 

(i.v.), or NanoTLZ for five doses (three times a week) were harvested. Three samples 

were collected for each group. Total RNA was isolated using the RNeasy Mini Kit 

(Qiagen, Valencia, CA). The RNA integrity number (RIN) was detected using the Aligent 

Bioanalyzer at the MSU Research Technology Support Facility (RTSF) Genomics Core 

facility. RNAseq and the bioinformatics analysis were performed by Novogene 

(Sacramento, CA) as described in a previous publication [32]. Raw data and processed 

data were deposited on Gene Expression Omnibus (GEO) and are accessible through 

GSE125206. 

5.3.10 RT-qPCR analysis  

To validate the RNAseq data, aliquots of RNA samples from the tumor were used 

to run RT-qPCR analysis. RNA concentrations were determined by NanoDrop, and 2 µg 

RNA was used to synthesize cDNA using SuperScript III reverse transcriptase 

(Invitrogen, Carlsbad, CA). Primers were ordered from IDT, except Cxcl12. Validated 
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and optimized primers for Cxcl12 were purchased from Qiagen (Valencia, CA). iQ 

SYBR Green Supermix (Bio-Rad, Berkeley, CA) and the QuantStudio 7 Flex Real-Time 

PCR system were used to detect gene expression. The delta-delta Ct method was used 

to assess relative gene expression [33]. Values were normalized to the reference gene 

GAPDH and expressed as fold change compared to saline control samples. 

5.3.11 Statistical Analysis 

The in vitro experiments were performed in triplicate, and independent experiments 

were repeated at least three times. Results were expressed as mean ± SEM. For the in 

vivo experiments, results were analyzed using one-way ANOVA followed by a Tukey 

test if the data fit a normal distribution; the Kruskal-Wallis one-way ANOVA on ranks 

was used followed by the Dunn test for multiple comparisons if the data did not fit a 

normal distribution (Prism 6). A paired t-test was used to compare body weight before 

and after treatment. The log-rank (Mantel-Cox) test was used to compare survival 

curves. For the growth of tumors, a Chi-Square test was used to compare proportions. 

p<0.05 was considered statistically significant. For the RNAseq analysis, differential 

expression analysis was performed using the DESeq2 R package [34], and padj<0.05 

was considered statistically significant.  

5.4 Results 

5.4.1 Validation of NanoTLZ in vitro and in vivo 

To overcome the limitations of oral delivery, we developed a new formulation of 

Talazoparib. We encapsulated Talazoparib into liposomal nanoparticles with an average 

size of 74.5 ± 11.0 nm (Figure 5.1 A).  The encapsulation efficiency was 83.0±5.9% and 

drug loading was 1.0 ± 0.1%. NanoTLZ is stable in size and zeta potential (15.3 ± 1.6 
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mV) at 4°C for 2 months (Figure 5.1 B-C). To validate the effects of NanoTLZ in vitro, 

BRCA-deficient cancer cell lines (W780 and W0069) were treated with NanoTLZ and 

free Talazoparib. Both W780 and W0069 cell lines were derived from independent 

tumors that developed in BRCA-deficient mice. W780 cells were derived from a tumor 

classified as an adenocarcinoma, while W0069 cells were derived from a fibro-adenoma 

tumor with strong stromal reaction [30]. NanoTLZ was similar in potency to free 

Talazoparib in both cell lines (Figure 5.1 D). Empty nanoparticles (vehicle) had no 

effects on cell viability (Figure S5.2). As reported previously for PARP inhibitors [35], 

NanoTLZ and Talazoparib induced DNA damage and apoptosis, as indicated by an 

increase of γH2AX, cleaved-caspase 3 and cleaved-PARP, respectively, in W780 and 

W0069 cells (Figure 5.1 E).  

To evaluate the pharmacokinetics of NanoTLZ, an orthotopic xenograft model of 

human BRCA-mutated HCC1937 cells was established. Tumor bearing mice were 

dosed with 1 mg/kg NanoTLZ i.v., then blood and tumor samples were collected at 

different time points. The plasma data fits a two-compartment model with a terminal 

half-life of 37.5 hours (Figure 5.2 A). PAR levels, a marker of PARP activity, were 

detected in the tumor samples. The PAR level was significantly (p<0.0001) decreased 

30 mins after injection and remained at lower levels than control tumors up to 72 hours 

post injection (Figure 5.2 B). 
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Figure 5.1. Characterization of Nano-Talazoparib (NanoTLZ). A. Physicochemical 
characterization of NanoTLZ via dynamic light scattering and (inset) transmission 
electron microscopy after staining with 1.0% uranyl acetate illustrates a monodisperse 
formulation with an average diameter of 75 nm. B and C. NanoTLZ is stable in size, 
zeta potential and polydispersity, for up to 2 months in storage at 4°C. D. W780 and 
W0069 cells were treated with NanoTLZ or free Talazoparib (TLZ) for 6 days. Cell 
viability was detected by the MTS assay. E. W780 and W0069 cells were treated with 
NanoTLZ or free Talazoparib (TLZ) for 48 hrs. NanoTLZ and TLZ increased the 
expression of γH2AX, cleaved-caspase 3 (c-caspase 3) and cleaved-PARP in these 
BRCA-deficient breast cancer cells.  
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   To validate the enhanced permeability and retention effects of nanoparticles in 

our Brca1Co/Co;MMTV-Cre;p53+/- model, we encapsulated the fluorescent dye Cy5 into 

nanoparticles using the same method as for Talazoparib and injected them i.v. into 

tumor-bearing BRCA-deficient mice. Mice and major organs were imaged using an IVIS 

system. At 24 hrs after injection, the fluorescent signal was mainly in the tumor, 

suggesting preferential accumulation in the tumor, although signal was also detected in 

the liver (Figure 5.2 C). In addition, the cellular uptake of nanoparticles was assessed in 

W780 cells in vitro. Cells were treated with 5% nanoparticles encapsulated with Cy5, 

and the fluorescent Cy5 signal was detected using a fluorescence microscope. 

Nanoparticles were visible inside of cells within 2 hours (Figure 5.2 D).  

 

 

 

Figure 5.2. Pharmacokinetics and pharmacodynamics of NanoTLZ. A. Mice bearing 
orthotopic BRCA-mutated human HCC1937 xenografts were injected with 1 mg/kg  
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Figure 5.2 (cont’d) 
NanoTalazoparib (i.v.). Plasma drug concentrations were detected via HPLC. A two-
compartment model was fit to the plasma data using PKSolver. B. Tumor PAR levels 
were detected via ELISA. ****, p<0.0001 for all time points compared to control C. 
Brca1Co/Co;MMTV-Cre;p53+/- mice (N=4) were injected with a single dose of Cy5-
encapsulated nanoparticles, and the fluorescent signal was detected using a IVIS 
spectrum imaging system 24 hrs after injection. Major organs were dissected after in 
vivo imaging (left) and biodistribution of nanoparticles in these organs was detected 
(right). Blue arrows point to tumors. Representative images are shown. D. W780 cells 
were treated with 5% empty nanoparticles (vehicle) or Cy5-encapsulated nanoparticles 
for 1-2 hrs. Fluorescent Cy5 signal was detected with a fluorescence microscope. 200x 
magnification.  
 

 

 

5.4.2 Nano-formulation enhances the efficacy of Talazoparib and reduces the toxicity in 

BRCA-deficient mice 

Because of the tumor specificity of nanoparticles, we hypothesized that NanoTLZ 

would enhance the efficacy of Talazoparib and be more tolerable for treating BRCA-

deficient breast cancer. When tumors in Brca1Co/Co;MMTV-Cre;p53+/- mice reached 4 

mm in diameter, they were randomized and enrolled into five experimental groups: 

saline (i.v.), vehicle (empty nanoparticle, i.v.), NanoTLZ (0.33 mg/kg, i.v.), free 

Talazoparib (0.33 mg/kg, i.v.) or free Talazoparib (0.33 mg/kg, oral). Mice were treated 
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three times a week (M, W, F) until a tumor reached 10 mm in diameter. All tumors in the 

saline control group grew exponentially (Figure 5.3 A) and lived an average of only 

11.6±2.7 days once treatment started (Figure 5.3 B). Similarly to the saline treated 

group, empty nanoparticles did not have any therapeutic effect with overall survival in 

this group of 13.6±1.5 days. Drug treatment by all routes significantly (p<0.05) 

prolonged the overall survival (range 52.8-91.1 days) compared to the saline control, 

which validated the effectiveness of Talazoparib in treating BRCA-deficient tumors. 

There was no statistical significance observed between oral free Talazoparib and i.v. 

free Talazoparib in either overall survival (Figure 5.3 B) or progression-free survival 

(Figure 5.3 C). Progression was defined as a 50% increase in tumor volume. However, 

NanoTLZ treatment rapidly induced tumor regression (Figure 5.3 A) and significantly 

(p<0.05) prolonged both overall survival and progression-free survival compared to all of 

the other groups, including the free drug treatment groups (Figure 5.3 B-C). The 

average life span once treatment started was extended from 52.8±6.8 days in the oral 

free Talazoparib group and 61.1±8.3 days in the i.v. free Talazoparib group to 91.1±8.9 

days in the NanoTLZ group. NanoTLZ was able to maintain its effectiveness longer than 

the free Talazoparib treatment. 

Furthermore, NanoTLZ was also more effective than free Talazoparib in inducing 

tumor regression in BRCA-deficient mice. Tumors were classified into three categories: 

active growth (>50% increase in tumor volume), no change (<50% change in tumor 

volume), and regression (>50% decrease in tumor volume). Tumors in the control 

groups (saline and empty nanoparticles) were all actively growing. All of the tumors 

treated with NanoTLZ responded (p<0.05) to the treatment with no active growth (0%) 
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and 69% (9 out of 13) regressed after treatment (Figure 5.3 D). In comparison, 17% (2 

out of 12) of tumors in the i.v. Talazoparib group and 11% (2 out of 19) in the oral 

Talazoparib group did not respond to the treatment and continued to grow (Figure 5.3 

D). The majority of the tumors in these two groups achieved disease stabilization as 

only 33% (4 out of 12) tumors in the i.v. Talazoparib group and 21% (4 out of 19) in the 

oral Talazoparib group regressed (Figure 5.3 D). Notably, among the tumors that 

regressed, 56% (5 out of 9) tumors could no longer be palpated in the NanoTLZ group, 

while only 25% (1 out of 4) of the mice were tumor-free in the i.v. Talazoparib group and 

none (0 out of 4) were tumor-free in the oral Talazoparib group.  
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Figure 5.3. NanoTLZ prolongs overall survival and is more effective in inducing 
tumor regression compared to free Talazoparib in BRCA-deficient mice. 
Brca1Co/Co;MMTV-Cre;p53+/- mice were started on treatment when tumors were 4 mm in 
diameter. The treatments were either control (saline, i.v.), empty nanoparticles (vehicle, 
i.v.), NanoTLZ (i.v., 0.33 mg/kg), free Talazoparib (i.v.TLZ, i.v., 0.33 mg/kg), or free 
Talazoparib (oral TLZ, gavage, 0.33 mg/kg). Treatment was given three times a week. 
Mice were sacrificed when the tumor reached 10 mm in diameter. A. Growth curves of 
individual tumors treated with saline or NanoTLZ. (N= 6 in saline and 9 in NanoTLZ 
groups) B. NanoTLZ significantly prolonged the overall survival of BRCA-deficient mice 
compared to controls, oral TLZ and i.v. TLZ. N=5 in saline and vehicle groups, N=8 in 
NanoTLZ and TLZ treatment groups. Symbols in red: *, p<0.05, **, p<0.0.1, ***, p<0.001 
vs. NanoTLZ. Symbols in black: ***, p<0.001 vs. saline. C. NanoTLZ significantly 
improved the progression free survival of BRCA-deficient mice compared to i.v. TLZ and 
oral TLZ. N=8. **, p<0.0.1, ***, p<0.001 vs. NanoTLZ. D. All tumors were classified into 
three groups: regressing (tumor volume decreased more than 50%), no change (tumor 
volume did not increase or decrease by more than 50%), active growth (tumor  
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Figure 5.3 (cont’d) 
continued to grow and tumor volume increased more than 50%). N=6-19/group. *, 
p<0.05. vs. saline; #, p<0.05 vs. NanoTLZ.  
 

All mice were weighed immediately before each injection. Body weight was 

significantly (p<0.05) decreased in both the i.v. free Talazoparib (from 28.1±1.1 g to 

26.1±0.7 g) and oral Talazoparib (from 31.1±0.9 g to 28.1±0.8 g) treatment groups after 

10 doses (Figure 5.4 A). In contrast, NanoTLZ was better tolerated with no significant 

changes in body weight (from 30.0±1.4g to 28.6±1.1g, Figure 5.4 A). The dynamic 

changes in body weight over time are shown in Figure S5.3. Additionally, alopecia, a 

known side effect of Talazoparib in patients, was observed in both the i.v. Talazoparib 

(2 out of 8) and oral Talazoparib groups (2 out of 8), but no alopecia was observed in 

any of the mice in the NanoTLZ treatment group (0 out of 8). A representative image of 

alopecia is shown in Figure 5.4 B. No liver toxicity was observed after long-term 

treatment of NanoTLZ, based on the normal histology of all of the liver tissues.  

 

Figure 5.4. NanoTLZ is better tolerated than free Talazoparib in BRCA-deficient 
mice. A. Brca1Co/Co;MMTV-Cre;p53+/- mice were treated three times a week and 
weighed prior to each treatment. Initial weight, the weight when the mice were started 
on treatment; final weight, weight after 10 injections of the corresponding treatment. 
Data presented as mean ± SEM. N=5 in saline group and N=8 in the NanoTLZ and 
Talazoparib treatment groups (i.v. TLZ and oral TLZ). *, p<0.05 vs. initial weight. B. 
Representative pictures of alopecia observed in free Talazoparib treatment groups. 
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5.4.3 RNAseq analysis of BRCA-deficient tumors treated with NanoTLZ and i.v. 

Talazoparib 

Talazoparib, as a PARP inhibitor, induces DNA damage and cell death in BRCA-

deficient breast cancer cell lines [35]. However, the global regulation of gene expression 

of Talazoparib vs. NanoTLZ treatment has not been characterized in vivo, especially in 

spontaneous BRCA-deficient mammary gland tumors. Here, we treated 

Brca1Co/Co;MMTV-Cre;p53+/- mice with tumors 4 mm in diameter with 5 doses of i.v. 

Talazoparib or NanoTLZ (0.33 mg/kg/dose, 3 times a week). Total RNA was extracted 

from tumors and processed for RNAseq analysis. After five doses of treatment, i.v. 

Talazoparib significantly (padj<0.05) upregulated 39 genes and downregulated 41 

genes. Cluster analysis indicated a similar expression pattern of NanoTLZ compared to 

Talazoparib (Figure 5.5 A). However, more genes were significantly (padj<0.05) 

regulated by NanoTLZ: 70 genes were upregulated and 78 genes were downregulated. 

The Venn diagram summarizes the number of differentially expressed genes compared 

to the saline group in each treatment group and the overlapping genes found between 

the comparisons (Figure 5.5 B). Raw data and processed data of the RNAseq were 

deposited on Gene Expression Omnibus (GEO, GSE125206). 

Poly-ADP-ribosylation, a protein post-translational modification, regulates a variety 

of cellular processes including restarting stalled replication forks, DNA repair, 

transcription, mitosis and initiating a unique cell death pathway [36]. Not surprisingly, 

many genes involved in transcription, translation, cell cycle and cell death were 

differentially expressed in treatment groups compared to the saline control. Ngfr (Nerve 

growth factor receptor), a known tumor suppressor inhibiting cell growth in breast 
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cancer [37], was upregulated by both NanoTLZ and i.v. Talazoparib. Bcl11a (B cell 

CLL/lymphoma 11A) is overexpressed in triple-negative breast cancer and plays critical 

roles in stem and progenitor cells [38]; it was downregulated by i.v. Talazoparib and 

NanoTLZ. Oncogenes, like Kit and Myb, were also downregulated after treatment with 

i.v. Talazoparib or NanoTLZ, respectively. Downregulation of Eef1a2 (eukaryotic 

translation elongation factor 1 alpha 2) and Top2a (topoisomerase II alpha) is consistent 

with growth arrest after treatment in both the i.v. Talazoparib and NanoTLZ groups. 

Interestingly, a group of myosin related genes were also regulated by Talazoparib 

treatment, including Myl1, Myh1, Myh2, Myh4, Mybpc2 and Mylpf. Myosins play critical 

roles in various processes during tumor development, including cell adhesion, migration, 

and suppression of apoptosis. Accumulating studies suggest that many kinds of 

myosins are involved in the formation and development of cancer [39-41]. In addition, 

some genes that respond to the DNA damage were upregulated in the treatment groups, 

such as Gadd45 and Sod3.  

Notably, NanoTLZ regulated several immune-related genes including cytokines (e.g. 

Cxcl12, IL13ra2) and immunoglobulins (e.g. Igha, Igkc, Ighg2b, Igj), which were not 

affected by i.v. free Talazoparib. Cxcl12 enhances anti-cancer immunity and thus blocks 

both metastasis and primary tumor growth particularly in breast cancer [42]. IL13ra2 

(Interleukin-13 receptor α2 chain) has also been shown to inhibit tumorigenicity of 

breast and pancreatic cancer in animal models [43].  

A panel of genes was further validated by real-time PCR using RNA aliquots from 

the same samples as the RNAseq analysis and additional samples from other mice in 

each group (N=5 mice, Figure 5.5 C). The PCR results confirmed the RNAseq analysis 
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for TNFRSF19, Eef1a2, Kit, Top2a, Sod3, and Cxcl12. Although tumor samples treated 

with empty nanoparticles were not included in the original RNAseq comparison, they 

were analyzed using real-time PCR to evaluate the expression of a few genes that were 

significantly regulated by NanoTLZ. Interestingly, empty nanoparticles significantly 

(p<0.05) upregulated the expression of Cxcl12, suggesting an immune response was 

induced by the nanocarrier (Figure S5.5). However, as expected, genes like Top2a 

were not regulated by empty nanoparticles (Figure S5.5). Because regulation of 

proliferation, cell cycle arrest, and DNA damage were observed at the level of gene 

expression, protein expression of biomarkers in these cellular processes including 

PCNA, CyclinD1, CyclinE1, c-caspase 3, and gH2AX was analyzed by either western 

blotting or immunohistochemistry (Figure 5.5 D-E). PCNA, a biomarker of proliferation, 

was significantly (p<0.05) downregulated with NanoTLZ treatment (quantified in Figure 

S5.6). There was a striking decrease of Cyclin D1 and Cyclin E1 protein expression in 

the NanoTLZ treated tumor lysates, indicating cell cycle arrest. γH2AX was detected on 

tumor sections treated with NanoTLZ (Figure 5.5 E), demonstrating increased DNA 

damage after treatment.  Similar effects on proliferation, cell cycle arrest and DNA 

damage were also observed in the i.v. TLZ group but at a lower magnitude than the 

nanoTLZ group (Figure S5.7 A-B). 
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Figure 5.5. RNAseq analysis of tumors from BRCA-deficient mice treated with 
NanoTLZ or i.v. Talazoparib. When Brca1Co/Co;MMTV-Cre;p53+/- mice developed 
tumors 4 mm in diameter, they were treated with either saline, NanoTLZ (0.33 mg/kg), 
or Talazoparib (i.v. TLZ, 0.33 mg/kg) by i.v. for 5 doses (3 times a week). Total RNA 
was isolated from the tumors and processed for RNAseq analysis. A. Cluster analysis of 
differentially expressed genes in each group. N=3 mice/group. B. Venn diagram of  
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Figure 5.5 (cont’d) 
differentially expressed genes in NanoTLZ and i.v. Talazoparib group. C. Validation of 
gene expression by real-time PCR. Data presented as mean ± SEM. N=5 mice/group. *, 
p<0.05 vs. Saline. D. Protein expression of PCNA, CyclinD1, CyclinE1, cleaved-
caspase (c-caspase) 3 in tumors treated with saline or NanoTLZ. Vinculin was used as 
the loading control. E. Immunohistochemistry of PCNA and γH2AX expression in tumor 
sections, 400x magnification.  
 

5.4.4 NanoTLZ modulates immune cell populations in mammary gland, spleen and 

tumor 

Because NanoTLZ regulated immune-associated genes in the tumor, we then 

examined the effects of NanoTLZ on immune populations within the tumor 

microenvironment. Here, we used our Brca1Co/Co;MMTV-Cre;p53+/- mouse model and 

investigated the effects of saline, empty nanoparticle (vehicle), NanoTLZ and i.v. 

Talazoparib on immune populations. Mice bearing tumors (4 mm in diameter) were 

treated with either saline, empty nanoparticle, NanoTLZ or i.v. Talazoparib for 5 doses 

(0.33 mg/kg, 3 times a week). Fresh tumors, spleens and mammary glands without 

visible tumors were collected and processed for flow cytometry. No significant changes 

in immune populations were observed in empty nanoparticle treated mice compared to 

saline control (Figure 5.6 A-C). Both NanoTLZ and i.v. Talazoparib induced a decrease 

in the percentage of myeloid-derived suppressor cells (MDSCs - CD45+, CD11b+, Gr-1+) 

in the spleen compared to saline group, but it is only statistically significant (p<0.05) in 

the NanoTLZ group (Figure 5.6 A). Interestingly, NanoTLZ significantly (p<0.05) 

increased the total immune cells (CD45+) and total T cells (CD45+, CD3+) in the 

mammary gland (Figure 5.6 A). These changes were not observed with free i.v. 

Talazoparib treatment. Importantly, NanoTLZ also induced a striking and significant 

(p<0.05) decrease of MDSCs, a critical immune-suppressive population, in the tumors, 
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while the change was not significant in the free Talazoparib group (Figure 5.6 C). The 

results detected by flow cytometry were confirmed by immunohistochemistry (Figure 5.6 

D). Although no significant difference was observed in the percentage of CD4+ or CD8+ 

T cells in either the NanoTLZ or i.v. Talazoparib group in tumors, the percentage of 

Foxp3 positive cells around the tumor was significantly (p<0.01) decreased in the 

NanoTLZ group compared to saline controls (Figure 5.6 D and quantified in Figure 

S5.8). The differences in CD45+ cells and T cells in the mammary glands were 

observed at pre-lesion sites where no palpable lesions were detected.  
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Figure 5.6. NanoTLZ modulates immune cell populations in BRCA-deficient mice. 
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Figure 5.6 (cont’d) 

Figure 5.6. NanoTLZ modulates immune cell populations in BRCA-deficient mice. 

Brca1Co/Co;MMTV-Cre;p53+/- mice bearing tumors (4 mm in diameter) were treated with 

5 doses of saline, empty nanoparticle (vehicle), free TLZ (i.v. TLZ) or NanoTLZ, and 

tumor, spleen and mammary gland without visible tumors were collected for flow 

cytometry. The percentage of immune populations with significant changes in spleen, 

mammary gland, or tumor are shown from A to C, respectively. N=5 mice/group. *, 

p<0.05 vs. saline. D. The changes of total immune cells (CD45) and T cells (CD3) in 

mammary gland were confirmed by immunohistochemistry. The changes in myeloid-

derived suppressor cells (MDSCs, Gr-1) in the spleen were also validated using 

immunohistochemistry, 200x magnification. The change of Foxp3 expression around 

the tumor was shown by IHC at 400x magnification.  

 

5.5 Discussion 

To overcome the limitations of oral administration and increase the specific 

targeting of tumors, we encapsulated Talazoparib into nano liposomes. Our studies 

demonstrated that this nano-formulation enhanced the efficacy of Talazoparib with 

prolonged progression free survival and overall survival in BRCA-deficient mice. 

Compared to free Talazoparib, NanoTLZ was more effective with higher percentages of 

tumor regression and complete regression achieved, leading to greater overall survival 

and longer time to disease progression. Moreover, our nano-formulation also reduced 

the toxicity of Talazoparib.  

Although Talazoparib is a more potent drug than Olaparib and thus administered at 

a lower dose, it is also more toxic clinically. 55% of patients receiving Talazoparib 

developed adverse grade 3-4 hematological events, mainly anemia, and 25% of 

patients treated with this PARP inhibitor presented with alopecia. Other common (≥20%) 
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adverse reactions with Talazoparib treatment in patients include fatigue, decreased 

appetite, vomiting, and nausea. Our BRCA-deficient mouse model mimics the toxicity 

observed in human patients after Talazoparib treatment. There was a significant 

(p<0.05) loss of body weight in the free Talazoparib treatment groups, and alopecia also 

was observed in both free Talazoparib groups. NanoTLZ, excitingly, had decreased 

toxicity, evident by the absence of weight loss and alopecia. In addition, worse toxicity 

has also been observed in clinical trials that combine PARP inhibitors with DNA 

damaging agents [44-50]. Severe side effects experienced during trials with PARP 

inhibitors and a number of chemotherapeutics required the dose and exposure of PARP 

inhibitors to be reduced, leading to subtherapeutic doses and ineffective combinations. 

A clinical trial of oral TLZ in combination with carboplatin required all patients to undergo 

treatment delay and dose reduction after cycle one due to adverse toxicity [50]. With our 

new nano-liposome formulation, NanoTLZ, which was better tolerated than free TLZ, 

significantly improved both PFS and OS compared to free TLZ. Future studies will 

investigate if similar efficacy and toxicity results are observed when NanoTLZ is 

combined with chemotherapy.   

Because of the EPR effect, nano-carriers accumulated in the tumor of the BRCA-

deficient mice and greatly improved the specificity of targeting to the tumor. Liposome-

PEG nanocarriers also facilitate cellular uptake. In addition, NanoTLZ induced a striking 

decrease of MDSCs in the tumor, which was not found with free Talazoparib treatment. 

NanoTLZ also increased the infiltration of T cells into the pre-lesion sites in the 

mammary gland of BRCA-deficient mice. Although no significant differences in drug 

levels were detected in tumor lysates 24 hours after treatment with NanoTLZ and i.v. 
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TLZ , the multiple different effects that we describe when comparing NanoTLZ to free 

Talazoparib are important benefits of this novel delivery system. Although the EPR 

effect is model-dependent, the improvements to Talazoparib achieved by using a 

nanoparticle formulation could bring better therapeutic outcomes and improved quality 

of life during treatment for breast cancer patients if similar EPR effects are observed in 

humans.  

With the advance of nanotechnology and its unique properties, nanomedicine has 

emerged as a promising approach in cancer therapeutics. Doxil (liposomal formulation 

of doxorubicin) and Abraxane (albumin-bound nanoparticle of paclitaxel) are two 

successful examples of drug delivery nanoparticles. Doxil, as the first FDA-approved 

nano-drug, has a prolonged circulation time with better effects than other forms of 

doxorubicin hydrochloride and fewer side effects [51]. Abraxane, nab-paclitaxel, was 

designed to overcome the barrier of effective drug delivery with the conventional 

formulation because of the lipophilic nature of taxane. To date, Abraxane has been 

approved for the treatment of metastatic breast cancer, non-small cell lung cancer, and 

pancreatic cancer. By choosing liposomes as the nano-carrier, our study is clinically 

relevant. Liposomes were the first approved drug-delivery vehicles because of their 

biocompatibility and biodegradability. Over ten liposomal formulations have been 

approved for different indications, and numerous other liposomes are being tested in 

clinical trials [22]. Liposomal-based drugs have a series of advantages including greater 

solubility, increased half-life, the ability to overcome drug resistance, and increased 

specificity to the target site. Although a drawback of liposomes is a rapid capture and 
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clearance by the RES, it can be overcome by PEGylation of the liposome, which 

induces steric hindrance.  

Several other groups have made nanoformulated PARP inhibitors. A lipid-based 

injectable nanoformulation of Olaparib was developed to sensitize PTEN/TP53-deficient 

prostate cancer to radiation [52]. Tumor specific proteins can also be conjugated onto 

liposomes to enhance targeted drug delivery. For example, plectin-targeted liposomes 

enhance the therapeutic efficacy of a PARP inhibitor (AZ7379) in the treatment of 

ovarian cancer in animal models [53]. Recently, a solid lipid nanoparticle formulation of 

Talazoparib was reported and has been tested in BRCA1 mutant triple negative breast 

cancer cell lines in vitro. The solid lipid formulated Talazoparib was more effective than 

Talazoparib in inhibiting cell growth in breast cancer cell lines and overcame HR-

mediated resistance in TNBC cells [54] but was not tested in vivo. Here, we developed 

a novel liposome-based nanoformulation for Talazoparib and, to our knowledge, were 

the first to extensively evaluate its effects in a spontaneous and clinically relevant 

mouse model of breast cancer.  

Notably, we also investigated the immunomodulatory effects of Talazoparib and 

compared it to NanoTLZ in this study. In a mouse model of ovarian cancer, Talazoparib 

increased peritoneal CD8+ T cells and NK cells [55]. We, for the first time, have 

characterized immune populations within the tumor microenvironment in a BRCA-

deficient breast cancer model. Brca1Co/Co;MMTV-Cre;p53+/- mice develop tumors at an 

average age of 24-32 weeks and recapitulate BRCA-deficient breast cancer in humans. 

By using this spontaneous tumor model, an intact immune system is present, which 

allows us to study the endogenous tumor microenvironment. Notably, our data showed 
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that Talazoparib decreased the percentage of MDSCs, which is an immuno-suppressive 

population. NanoTLZ was more effective than free Talazoparib in reducing MDSCs in 

the tumor. MDSCs are known to inhibit the host immune response in breast cancer 

patients and limit the effectiveness of immunotherapies [56]. Meanwhile, Foxp3 

expression, a marker of T regulatory cells, another immunosuppressive population, was 

decreased with NanoTLZ treatment. NanoTLZ also had additional effects beyond 

Talazoparib of modulating immune cells at the pre-lesion sites (Figure 5.6), suggesting 

a potential effect on newly developing tumors. RNAseq analysis (Figure 5.5) suggested 

that NanoTLZ, rather than Talazoparib, regulated immune-associated genes, which may 

explain the difference between NanoTLZ and Talazoparib on immune modulation. 

Interestingly, some effects on immune regulation may be induced by the nano-carriers, 

as empty nanoparticles upregulated Cxcl12 expression. Additionally, our preliminary 

data suggests an increased activation of dendritic cells with NanoTLZ treatment 

compared to free TLZ, which will be fully explored in future studies.  

In addition to the immunomodulation of NanoTLZ, PARP inhibitors have recently 

been shown to upregulate PD-L1 expression [57]. Therefore, there is a strong rationale 

for combining NanoTLZ with immunotherapies, such as PD1/PDL-1 immune checkpoint 

inhibitors. With its reduced toxicity, NanoTLZ is also a better compound for combining 

with other anti-cancer agents. In fact, the first positive results of a clinical trial in breast 

cancer patients using the combination of immunotherapy with nanomedicine was 

recently reported. Median progression-free survival was significantly (p<0.05) extended 

from 5.5 months in patients with metastatic TNBC treated with placebo plus nab-

paclitaxel to 7.2 months in patients treated with atezolizumab (anti-PD-L1) plus nab-
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paclitaxel [58]. In the future, we will explore the combination of NanoTLZ and 

immunotherapy (anti-PD1/PDL-1 antibodies) for treating BRCA-deficient breast cancer.  
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6.1 Conclusions 

 This dissertation contributed to science in three aspects: 1. Tested new drugs for 

cancer prevention and treatment; 2. Demonstrated enhanced drug efficacy and reduced 

toxicity via various strategies; 3. Identified novel immunomodulatory effects of 

compounds or targets of interest.  

 As summarized earlier, cancer prevention is as important as cancer treatment. It is 

critical to develop effective and safe chemopreventive agents. In chapters 2 and 3, I 

evaluated the chemopreventive effects of the bromodomain inhibitor I-BET 762 and 

novel RXR agonists, respectively. The bromodomain inhibitor I-BET 762 significantly 

delayed tumor development in an ER- breast cancer model. I-BET 762 was strikingly 

effective for reducing lung tumor burden induced by the carcinogen vinyl carbamate. 

I-BET 762 was well-tolerated in mice without any loss of body weight. More information 

about its toxicity profile will be learned from ongoing clinical trials. Rexinoids also showed 

significant efficacy in reducing tumor burden in the A/J lung carcinogenesis model. 

Notably, I-BET 762 can be combined with rexinoids, so that a lower dose of each can be 

used to further reduce any potential off-target side effects.  

Rexinoids are effective for treating tumors as well. Bexarotene is FDA approved for 

treating cutaneous T-cell lymphoma. LG100268 significantly decreases tumor size and 

number when treating vinyl carbamate-induced lung tumors at a dose of 100 mg/kg diet 

[1]. LG100268 also induces rapid tumor regression when treating HER2+ breast cancer 

in the MMTV-Neu mouse model [2]. Although new rexinoids reported here were only 

tested in a cancer prevention model, we predict that they possess the same efficacy for 

treating tumors if a higher dose is used. 
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Undesired side effects are often a primary obstacle limiting the use of a drug in the 

clinic especially for use in prevention. It is important to broaden the therapeutic window 

by enhancing drug efficacy and/or reducing toxicity. One possible strategy is to increase 

the delivery of drugs specifically to the tumor. We have collaborated with bioengineers to 

develop novel drug delivery platforms. Previously, we reported an intra-tumoral delivery 

system for the PARP inhibitor talazoparib [3]. Talazoparib was formulated into 

poly(lactic-co-glycolic acid) (PLGA) implants and were directly injected into the tumor in 

the mammary gland. This method bypassed the absorption and distribution steps 

required for oral delivery and targeted the drug specifically to tumors. This new 

formulation induced regression of BRCA-deficient tumors, whereas oral delivery at the 

same dose only slowed tumor growth. In chapter 5, we developed and tested another 

delivery system for talazoparib using a bilayer liposomal nanoparticle formulation. This 

novel delivery platform significantly improved therapeutic efficacy and reduced toxicity of 

talazoparib in BRCA-deficient mice.  

Besides improving delivery systems, another strategy to increase the therapeutic 

window is to optimize the compound potency via synthetic chemistry. In chapter 3, we 

collaborated with medicinal chemists and synthesized novel rexinoids. Two new 

rexinoids are more effective than the FDA-approved bexarotene and less toxic than 

LG100268. This study demonstrated the possibility of synthesizing additional rexinoids 

that have sufficient efficacy and limited toxicity.  

The bromodomain inhibitor, rexinoids, and PARP inhibitor all have 

immunomodulatory effects within the tumor microenvironment, although they were 

developed to target tumor cells rather than immune cells. I-BET 762 not only induced 
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growth arrest and downregulated the expression of oncoproteins in tumor cells but also 

altered various immune populations within the tumor microenvironment. Notably, I-BET 

762 had distinct effects on immune cells in different cancer types, indicating the effects 

might be cancer type dependent. Anti-inflammatory effects of rexinoids play important 

roles in preventing tumor development in a lung carcinogenesis model. The ability of 

rexinoids to reduce NO production in vitro directly correlates with in vivo efficacy. 

PyLG268 also decreased the percentage of macrophages and MDSCs in the lung and 

skewed M2 macrophages to an M1 phenotype. It is worth noting that different rexinoids 

exhibit different effects on immune cells. Further studies will investigate whether these 

effects are RXR dependent. The PARP inhibitor talazoparib has been reported to 

upregulate the expression of PD-L1 [4]. NanoTLZ, interestingly, induced further 

immunomodulatory effects not observed with talazoparib, including decreasing the 

percentage of MDSCs in the tumors. Additional studies will determine whether these 

effects are induced by nanoparticles or a higher accumulation of drug in the tumors.  	

6.2 Perspectives – Developing new rexinoids  

The retinoid X nuclear receptor is an attractive target for cancer therapy because it 

regulates many pathways that are relevant in cancer, including proliferation, apoptosis, 

differentiation, etc. As multifunctional agents, rexinoids can prevent and treat cancer in 

multiple preclinical models. Unlike conventional cytotoxic agents or monofunctional 

drugs, these compounds have unique molecular mechanisms. Unfortunately, despite 

great potential, rexinoids have not been widely used in clinic.  

Bexarotene remains the only rexinoid that has been approved by the FDA. Both lack 

of efficacy and undesired toxicity limited the use of bexarotene in patients. Patent issues 
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prevented the further development of more advanced rexinoids, such as LG100268. 

Developing novel rexinoids with new patent protection and greater efficacy will provide 

new opportunities for this class of drug. The new paradigm I established here will 

accelerate the process of identifying promising rexinoids by using a series of predictive 

screening assays.  

New compounds can be ranked based on the results of iNOS suppression and 

SREBP induction assays. Efficacy and toxicity must be balanced, as toxicity cannot be 

completely eliminated for any drug. Among compounds that have similar potency in 

inhibiting NO production, the ones with less induction of SREBP expression will be 

selected for additional study. The vinyl carbamate-induced lung cancer model in A/J 

mice is a very simple and reproducible model for testing new drugs. It provides a flexible 

study design to model both cancer prevention and treatment. We have established a 

method to monitor tumor growth in live animals using ultrasound imaging. With better 

understanding of the mechanisms of rexinoids in cancer, it is likely that rexinoids will 

eventually become clinically useful.  

Interestingly, rexinoids seem to have greater efficacy in cancers that are driven by 

mutations in Kras or other growth factors [5]. Our lab has tested rexinoids in various 

models of breast cancer, lung cancer and pancreatic cancer [6, 7]. In addition to the vinyl 

carbamate induced lung cancer model (Kras mutation), rexinoids are also effective when 

treating tumors in the transgenic KPC model of pancreatic cancer (Kras and p53 

mutations) [7], ER+ NMU model of breast cancer (Hras mutations) [8] and ER- 

MMTV-neu model of breast cancer [6]. In contrast, rexinoids are not effective for 

preventing breast cancer in the ER- PyMT and BRCA-deficient (BRCA-/-;p53-/+) breast 
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cancer models which are not driven by Ras or other growth factor signaling. KRAS is one 

of the most commonly mutated genes in cancer, and it has been considered an 

undruggable target for decades [9]. Although small molecules targeting a specific KRAS 

mutation (G12C) have been developed recently, they are still being evaluated in clinical 

trials [10]. Other KRAS mutations, such as the more common G12D mutation, remain 

undruggable. Developing successful rexinoids could potentially provide a valuable 

therapeutic option to treat KRAS mutant tumors. 

The finding that rexinoids have limited effects on inducing cell death in vitro but have 

striking effects in vivo suggests an immune system dependent cell killing. My study 

suggests rexinoids can reduce immunosuppression within the microenvironment of lung 

cancer. Rexinoids not only decreased the percentage of TAMs and MDSCs but also 

repolarized M2 macrophages to tumor-killing M1 macrophages. In HER2+ breast cancer, 

LG100268 decreased the infiltration of MDSCs and TAMs. LG100268 also increased 

cytotoxic activity of CD8 T cells [2]. These results indicate that rexinoids modulate the 

tumor microenvironment to become more immunoreactive. Further studies need to be 

performed to directly evaluate whether the efficacy of rexinoids is immune 

cell-dependent. If true, the mechanism of how rexinoids induce immune cell-mediated 

killing needs to be investigated.  

6.3 Perspectives – Targeting the Nrf2 pathway in cancer 

The Nrf2 pathway has become an important target in cancer research. 

Conventionally, Nrf2 was considered cancer-preventing. Activation of Nrf2 protects 

against many inflammatory diseases including cancer. Nrf2 serves as the main cellular 

defense mechanism against both endogenous and exogenous insults. Carcinogenesis is 
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exacerbated in Nrf2-knockout (KO) vs wildtype (WT) mice [11-15]. Knockdown of Keap1 

increases resistance to cancer metastasis [16, 17]. Numerous Nrf2 activators, including 

natural products, can be used to prevent or delay tumor development, and these 

chemopreventive effects are greatly dampened in Nrf2 KO mice [13, 18].  

However, accumulating studies suggest that there is also a tumor-promoting role for 

Nrf2. Mutations found in the Nfe2l2 and Keap1 genes promote tumor growth; the 

mutation rate in these genes is up to 30% in lung cancer [19]. Additionally, epigenetic 

modifications of the Keap1 or Nfe2l2 promoters have been found. All of these genetic 

and epigenetic alterations result in constitutively high levels of Nrf2 expression and 

activity, which is associated with chemoresistance and poor prognosis [19-21]. Nrf2 also 

promotes cell proliferation by reprogramming cellular metabolism [22, 23]. This 

tumor-promoting role of Nrf2 in tumor cells raised concerns regarding the long-term 

safety of Nrf2 activators for cancer prevention. Smokers, the patient population with the 

highest risk of developing lung cancer, are more likely to receive intervention by 

chemoprevention. However, it can be dangerous to activate Nrf2 chronically if cells are 

already transformed. On the other hand, the tumor-promoting role of Nrf2 has generated 

substantial interest in developing Nrf2 inhibitors for cancer treatment. Nrf2 inhibitors are 

expected to sensitize tumor cells to chemotherapies when used as an adjuvant therapy. 

A few Nrf2 inhibitors have been reported and provide in vivo proof-of concept [24]. 

In my dissertation research, I investigated the role of the Nrf2 pathway in immune 

cells during lung carcinogenesis. I identified an unfavorable immuno-suppressive 

signature in the tumors and lungs of Nf2 KO mice vs. Nrf2 WT mice [25]. These findings 

raise questions regarding the value of Nrf2 inhibitors for treating tumors in 
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immune-competent mice, which has never been tested. So far, reported Nrf2 inhibitors 

have only been tested in xenograft models established with either A549 cells or H460 

human lung cancer cells; these models lack an intact immune system. It is critical to 

further test Nrf2 inhibitors in syngeneic models, such as the orthotopic Lewis lung 

carcinoma model, so that we can better determine whether we should inhibit this 

pathway for the treatment of lung cancer.  

The effects of targeting Nrf2 pathways using Nrf2 inhibitors may also depend on the 

status of other genes. Targeting co-dependent vulnerabilities or synthetic lethal partners 

is often more effective and provides a promising therapeutic opportunity. Nrf2-mediated 

antioxidant activity can be upregulated by oncogenes, such as Kras, B-Raf, and myc, to 

detoxify the increased ROS [26]. Genetic deletion of Nrf2 impairs tumorigenesis driven 

by Kras [26]. Loss of NRF2 has also been shown to impair EGFR signaling, thus 

inhibiting cell proliferation in pancreatic cancer [27]. In KRAS-mutant lung 

adenocarcinoma patients, KEAP1 mutations often accompany the loss of LKB1. 

LKB1-deficient cells with Nrf2 activation have enhanced cell survival and better 

maintenance of energetic and redox homeostasis in a glutamine-dependent manner. 

They are more sensitive to glutamine inhibitors [28]. Further studies are needed to better 

understand the interactions of the Nrf2 pathway with other cell signaling pathways, so 

that we can determine which patient subpopulations would benefit the most from Nrf2 

inhibitors.  

Despite all these exciting studies, we still do not have a potent and specific Nrf2 

inhibitor available. Unlike Nrf2 activators, a much smaller number of Nrf2 inhibitors have 

been reported. Brusatol, a natural product isolated from Bruceajavanica (L) Merr., has 
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emerged as a promising Nrf2 inhibitor with high potency. However, a mass spectrometry 

study suggested that brusatol regulates a series of fast turnover proteins by inducing a 

global inhibition of protein synthesis rather than being a specific inhibitor of Nrf2 [29]. 

Several other natural compounds were reported with inhibitory effects on Nrf2 activity, 

including ascorbic acid, flavonoids, trigonelline, and ochratoxin A [30-33]. Recently, high 

throughput drug screening has been used to identify novel Nrf2 inhibitors. AEM1 [34], 

IM3829 [35], ML385 [35], halofuginone [36], and clobetasol propionate [37] are all 

reported leads from different screens. Unfortunately, none of these compounds have 

adequate potency and specificity to be further developed for clinical trials. More studies 

need to be done to identify potent and selective Nrf2 inhibitors. To complement genetic 

deletion studies, powerful pharmacological tools will better illustrate the effects of 

inhibiting this important pathway in cancer.  

6.4 Perspectives – Drug combinations 

 Cancer drugs are often more effective when given in combination. The idea is to 

combine drugs that function by different mechanisms. Considering the redundancy of 

compensatory signaling regulations, this approach could enhance the therapeutic 

benefits and potentially prevent drug resistance. Additionally, combinations could also 

potentially reduce side effects because each drug can be given at lower doses rather 

than at the maximum tolerated dose. Even when there is no synergistic or additive effect 

with the combination, combination cancer therapy still demonstrates superiority via 

patient-to-patient variability [38].  

 There are numerous successful strategies of using drug combination to sensitize or 

re-sensitize tumor cells. One example is to combine anti-cancer agents with multidrug 
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transporter blockers to keep drugs inside the cells. Up-regulation of ATP-binding 

cassette (ABC) transporters is a well-known mechanism of inducing chemoresistance 

[39]. Blocking these transporters will allow anticancer drugs to accumulate in tumor cells, 

thus boosting their effects. Another strategy is to target signal rewiring that induces drug 

resistance. Adaptive reprogramming of signaling pathways has been a major cause of 

acquired resistance. For example, EGFR family receptor targeted therapies can induce 

acquired resistance via upregulating other RTKs, including ERBB3, FGFR2, IFG1R, FAK, 

SRC family kinases, etc [40, 41]. Co-inhibition of EGFR and FGFR exhibits enhanced 

activity in lung cancer [42]. This rewiring can also be through epigenetic modifications. 

Patients develop high level of DNA methylation near the gene hMLH1 after 

chemotherapy treatment, and decitabine (a DNA methylation inhibitor) can re-sensitize 

the tumors to cisplatin [43].  

 Besides acquired resistance, many patients are intrinsically resistant to treatment. It 

is estimated that only 12.5% patients with cancer respond to immune checkpoint 

inhibitors [44]. A lot of effort has focused on improving this low response rate by altering 

the tumor microenvironment. Eliciting a potent immune attack to the tumor cells requires 

cooperation along a series of steps, from antigen presentation and immune cell 

infiltration to T cell activation and T cell-mediated killing. Obviously, targeting only one 

step is often not sufficient. Thus, developing effective combinations with other 

therapeutic agents that enhance T cell infiltration and activation or decrease 

immunosuppression becomes a promising strategy to overcome resistance. Many 

studies have reported positive results when combining ICIs with other drugs including 

co-inhibitory receptors, anti-angiogenic molecules, microbiota modifiers, small molecules, 
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and oncolytic viruses [45]. Small molecules, including bromodomain inhibitors, rexinoids 

and PARP inhibitors, could not only arrest the tumor growth, but also prime a favorable 

microenvironment for immunotherapy. In the future, besides elucidating the respective 

combinations of each drug, it is also important to develop predictive ex vivo models to 

quickly evaluate the patient’s likely response. If drug resistance and patient death could 

be substantially delayed, cancer will become manageable like many other chronic 

diseases. 
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