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Abstract 

Triple negative breast cancer (TNBC) is an aggressive subtype of breast cancer 

that is defined by the markers that it lacks. Specifically, TNBC does not express estrogen 

(ER) receptors, progesterone (PR) receptors, and does not have overexpressed HER2 

receptors. TNBC is associated with poor prognosis and metastasis. Wnt/-catenin 

signaling promotes many cancer processes such as maintenance of cancer stem cells, the 

epithelial-mesenchymal transition (EMT), and more recently escape from immune 

surveillance. Wnt signaling is active in TNBC, contributing to high rates of relapse and 

resistance to immune therapy. Based on molecular mechanisms of Wnt signaling, we 

designed a combinatorial therapy (termed CHA1) comprised of epigallocatechin-gallate 

(EGCG) and decitabine (DAC) to inhibit Wnt signaling. As predicted, CHA1 was 

effective at inhibiting Wnt signaling and growth in TNBC human xenograft and TNBC 

syngeneic models. However, upon investigation of the CHA1 mechanism, we also 

discovered that CHA1 reversed tumor EMT, increased tumor antigen presentation, 

activated interferon signaling, including induction of viral mimicry, JAK phosphorylation 

of STAT3, and upregulation of interferon-stimulated genes. In addition, CHA1 elevated 

tumor PD-L1 expression and induced a gene signature characteristic of T-cell 

inflammation. These broad tumor responses were fully dependent on the combination of 

the two compounds, as either of them alone was less effective than in combination. 

Furthermore, we observed alterations in tumor-infiltrating immune cells such as 

decreased Treg cells, as well as increased infiltration of IFN-secreting Ki67+CD8+ T 

cells, macrophages and NK cell activation including perforin and granzyme B expression. 

Finally, CHA1 in combination with anti-PD-L1 was significantly more effective at 
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inhibiting tumor growth and prolonged tumor-bearing mouse survival. These results 

demonstrate that CHA1, by inhibiting Wnt signaling, broadly reprograms tumors and 

alters the immune landscape. A clinical application of our findings is an opportunity to 

enhance susceptibility to immunotherapies and open up new treatment options for 

patients with breast and other cancers. 
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1.1. Breast Cancer 

1.1.1. Classifications of Breast Cancer 

Breast cancer is a pathological disease originated from breast tissue [1]. 

According to the global cancer project (GLOBOCAN 2020), breast cancer is the most 

commonly diagnosed cancer in the world exceeding lung cancer [2]. 2.3 million new 

breast cancer cases were estimated worldwide [2]. Thus, it is the most common cancer 

and the first leading cause of cancer death among women [2]. The risk factors associated 

with the incidence of breast cancer include alcohol intake, obesity, age at menarche, and 

age at menopause [3]. A common clinical presentation of breast cancer is a palpable 

breast mass detected upon on self-breast examination [3], but patients may suffer from 

other symptoms such as local pain or nipple discharge [3]. In addition, some symptoms 

associated with metastasis include fever, weight loss, night sweats, or bone pain [3]. 

Early and definitive diagnosis of breast cancer is important [1]. Radiological examination 

and imaging such as mammography, magnetic resonance imaging (MRI) and ultrasound 

in addition to clinical and immunohistopathological examinations play essential role in 

detecting breast cancer [1]. Furthermore, the tumor node metastasis (TNM) classification 

is used to identify the stage of the disease. Breast cancer can be classified according to 

some molecular biomarker, such as estrogen receptor-positive (ER+), progesterone 

receptor-positive (PR+), human epidermal growth factor receptor-2-positive (HER2+), 

epidermal growth factor receptor-positive (EGFR+), cytokeratin5/6-positive (CK5/6+), 

vascular endothelial growth factor (VEGF+), and ki67+ [1, 4]. According to the 2013 St. 

Gallen International Breast Cancer Conference, breast cancers can be molecularly 

classified into the following subtypes: luminal A (ER/PR+, HER2-, Ki-67 low), HER2 
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negative luminal B (ER +, HER2-, and either Ki-67 high or PR low),  HER2 positive 

luminal B-like (ER +, HER2-, any Ki-67, and any PR), HER2 enriched (ER-, PR-, 

HER2+), basal-like TNBC (ER-, PR-, HER2-), and other subtypes [5, 6]. Figure.1.1 

represents the current molecular and histological characteristic of breast cancer subtypes 

[7]. 

  

Figure 1.1. Molecular and Histological Characterization of Breast Cancer Subtypes. 

Reprinted with permission from: Harbeck, N., et al., Breast cancer. Nature Reviews 

Disease Primers, 2019. 5(1): p. 66. 

 

1.1.2. Triple-Negative Breast Cancer (TNBC) 

Triple negative breast cancer (TNBC) represents 15-20% of all breast cancer 

cases [3, 4, 8]. TNBC is often diagnosed in premenopausal young women under 40 years 

old, but can appear in older women [3, 4, 8]. The incidence of TNBC is higher in some 
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populations, for example, premenopausal African American and Hispanic patients [4, 8]. 

Several risk factors linked with TNBC such as the earlier age at menarche and the age at 

first pregnancy, and/or obesity, but there are no defined patterns for TNBC onset [4, 9]. 

TNBC is an aggressive type of breast cancer that is defined by what it is not [1, 7]. 

Specifically, TNBC does not express estrogen receptors, progesterone receptors, and does 

not have overexpressed HER2 receptors [1, 3, 7]. In 2011, Lehmann et al. classified 

TNBC based on genomic expression profile (GEP) assays into 7 molecular subtypes: 

basal cell-like type 1 (BL1), basal cell Like type 2 (BL2), immunomodulatory subtype 

(IM), mesenchymal subtype (M), mesenchymal stem cell-like subtype (MSL), luminal 

androgen receptor subtype (LAR), and unstable [10]. The gene expression profiles and 

the resident signal transduction pathways are differ amongst the TNBC subtypes [3] as 

shown in Figure.1.2.  

 

Figure 1.2. Molecular Classification of Triple-Negative Breast Cancer subtypes. 

Reprinted with permission from: Li, C.-J., et al., Pathogenesis and Potential Therapeutic 

Targets for Triple-Negative Breast Cancer. Cancers, 2021. 13(12): p. 2978. 

In 2016, Lehmann et al reclassified TNBC into four tumor-specific subtypes 

(BL1, BL2, M, and LAR) [11]. Furthermore, in 2019, Kim et al. added new TNBC 

subtypes for neutrophil-enriched subtype (NES) and macrophage-enriched subtype 
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(MES). This new classification also outlined differences in the efficacy and response to 

immune checkpoint inhibitors (ICIs) [12], providing a new useful information to guide 

the treatment of TNBC patients. Hence, the molecular subtypes and molecular 

classification of TNBC are important tools that can be used as prognostic and predictive 

measurements to determine the best treatment modality for TNBC patients with either 

conventional chemotherapy or targeted and immunotherapy therapies that currently in 

clinical trials [3]. 

Unfortunately, many TNBC patients suffer from poor prognosis and relapse [13]. 

Also, breast cancer metastasis is a common complication, with sites in the bone, lung, 

liver, and brain. Brain metastasis has increased dramatically with the improved 

management of non-brain metastases [13]. Fatal brain metastases account for up to 50% 

of metastases related death [14]. Breast cancer is commonly accompanied by brain 

metastases [15]. The frequency of developing brain metastases (BM) in TNBC patients is 

up to 46% with a median overall survival of 5 months when diagnosed [16]. Since most 

of cancer therapies do not cross the blood brain barrier, the treatment strategies for brain 

metastases include radiotherapy, neurosurgery, stereotactic radiosurgery, selected 

chemotherapy, and growth factor inhibitors [14, 17]. The successfulness of the treatments 

depends on many factors: patient’s age, the present of extracranial disease, number of 

brain metastases, individual responsiveness to treatment, and intracranial relapse. Median 

overall survivals for patients who received these types of treatments range from weeks to 

months [14, 17]. The development of a new treatment of brain cancer and brain 

metastases is challenging since patients with brain metastases are often not included in 

clinical trials. In addition, there are few reliable and practical animal pre-clinical model 



 6 

for human brain metastases [14, 17]. Hence, there is an urgent medical need for 

development of relevant pre-clinical models for TNBC-associated brain metastases 

(TNBC-BM) and understanding its molecular mechanisms and creating therapeutic 

strategies to improve patient outcome and quality of life.  

1.2. Wnt/β-Catenin Pathway  

1.2.1. Canonical Wnt/β-Catenin Pathway  

 

Figure 1.3. The Canonical Wnt/β-catenin Signaling Pathway. Reprinted with 

permission from: Luo, J., et al., Wnt signaling and human diseases: what are the 

therapeutic implications? Laboratory Investigation, 2007. 87(2): p. 97-103. 

Aberrant activation of Wnt/β-catenin signaling plays an essential in regulation of 

cell proliferation, survival, and differentiation as well as embryonic development. Wnt/β-

catenin signaling also plays a critical role in stem cell maintenance and thus the 

development of many cancers including colorectal, prostate, liver, and breast cancers [18, 
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19]. The Canonical Wnt/β-Catenin Pathway is represented in Figure 1.3. Cytosolic β-

catenin serves as a downstream effector protein of the canonical Wnt signaling pathway 

in Wnt-stimulated cells. Regulation of Wnt pathway involves proteolysis of the β-catenin 

by the β-catenin destruction complex that consists of adenomatous polyposis coli (APC), 

AXIN and glycogen synthase kinase 3β (GSK-3β) [20]. Upon Wnt ligand binding, 

frizzled receptors (FZDs) trigger dissociation of the β-catenin destruction complex 

resulting in nuclear accumulation of β-catenin, which interacts with LEF/TCF 

transcription factors, resulting in activation of transcription of Wnt target genes such as 

Cyclin D1 and c-MYC [20]. 

Embryonic stem cells (ESCs) which are generated from the inner cell mass of a 

blastocyst possess the ability to differentiate into all cell types. The Wnt/β-catenin 

pathway plays essential role in the self-renewal of these ESCs through suppression of the 

repressor activity of endogenously expressed TCF-3. It has been reported that mutations 

in the components of canonical Wnt/β-catenin pathway such as APC or GSK3-β can lead 

to inability of ESCs to differentiate normally [21]. 

Wnt/β-catenin signaling has been attributed to the differentiation of adult stem 

cells [22]. Canonical Wnt/β-catenin signaling has important role in regulating the cell fate 

of mesenchymal stromal cells (MSCs) which are derived from the stroma of bone 

marrow, adipose tissue, or placental tissue, and they can differentiate into multiple cell 

types [21]. 

Wnt/β-catenin signaling plays essential roles in mammary gland stem cell 

maintenance at different stages of development [22]. It has been reported that the 

formation of mammary gland placodes during embryogenesis is accelerated by Wnt3a. 
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Furthermore, alveolar development during early pregnancy requires Wnt4 [22]. In 

addition, it has been shown that Wnt3a in transplantation assays has the ability to induce 

clonal expansion of mammary stem cells for several generations and maintains their 

ability to generate functional glands [22]. It has been reported that tumorigenic potential 

is greater in mammary stem cells that have high levels of Wnt/β-catenin signaling than 

stem cells with low Wnt/β-catenin signaling [23].  

Cancer stem cells (CSCs) are defined as a population of cancer cells responsible 

for initiating and propagating neoplastic disease and have stem-like properties [24]. 

These cells have a roles in development of breast cancer and resulting metastases [25]. 

Since CSC possess self-renewal properties, these cells can differentiate into daughter 

cells that form the bulk of tumor cells, yet the cancer stem cells remain as a minority cell 

population with self-replicating potential [25]. 

The CSC theory states the tumor growth was fueled by small population of CSCs 

hidden in cancers. This could explain that inevitable recurrence of tumors after initially 

eradicated by chemotherapy and/or radiation therapy, the phenomenon of tumor 

dormancy, and metastasis. CSCs have been identified in many cancer types, including 

leukemia, breast cancer, colorectal cancer, and brain cancer [26]. 

The presence of CSCs in breast cancer can provide important explanation of the 

failure of current oncologic treatments in preventing tumor progression, metastasis, and 

recurrence [27]. CSCs are difficult to eliminate and are resistant to chemotherapy and 

they also plays a role in breast cancer recurrence [28]. In TNBC patient-derived xenograft 

(PDX) models, a resistant subpopulation of CD49f-positive cells that also known as 
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integrin α6, a marker of stem cells, was identified in tumors that were initially sensitive to 

docetaxel, leading to metastasis and progression [29]. 

A cross talk between several signaling pathways, including the Wnt signaling 

pathway, could be a possible mechanism for CSCs to evade chemotherapy [25]. 

Furthermore, it has been reported that CSCs have the ability to efficiently seed new 

tumors upon inoculation into a recipient host mouse, and are the responsible for effective 

colonization of distant tissues [24, 28]. Hyperstimulation of Wnt signaling is a possible 

mechanism of CSC self-renewal and metastases. Therefore, an essential aspect of cancer 

research is to target this pathway since it is linked to cancer fatalities [30]. 

Epithelial to Mesenchymal transition (EMT) plays a role in the transition of 

human epithelial mammary cells to breast CSCs [30]. The acquisition of EMT in the 

epithelium of an organ could be the first steps on the development of tumorigenesis [31]. 

Thus, the link between EMT and CSCs provides a correlation between CSCs and the 

metastatic potential of cancer [31]. It has been shown that there is an association between 

an increase in EMT markers and the aggressiveness of metastatic disease, which may be 

explained by increasing stemness of tumor-initiating CSCs and intrinsic resistance to 

standard therapies [31].  

EMT activation plays a pivotal role in the development of malignant phenotype 

by epithelial cancer cells [32]. Epithelial cells that acquire mesenchymal phenotype enter 

subsequent steps of the invasion-metastasis cascade [32, 33]. Furthermore, there is a 

positive link between loss of E-cadherin and acquisition of EMT [34]. Also, there is an 

association between Wnt and E-cadherin [35]. -catenin serves as a component of the 

cadherin complex [35]. Activation of Wnt signaling by translocation of β-catenin into the 
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nucleus is negatively correlated with E-cadherin expression [32, 36]. Therefore, cancer 

cells with hyperactive Wnt signaling passage through an EMT [32, 36].  

Leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5), an “orphan” 

receptor belonging to the G protein-coupled receptor (GPCR) family, is a stem cell 

marker in the small intestine, colon, stomach, hair follicle, kidney nephrons, and 

mammary gland [26, 37]. LGR5 expressing stem cells are major drivers of cancer 

progression in the intestine and colon, and LGR5 is overexpressed in other cancers, 

including breast cancer [27]. LGR5 plays important role in modulating canonical Wnt 

signaling pathway through binding to its ligand R-spondin (RSPO) [37]. LGR5 can 

potentiate the Wnt/β-catenin signaling pathway, resulting in activation of cancer stem cell 

proliferation and self-renewal [37]. Accumulating evidence reported that LGR5 can 

promote cancer cell mobility, tumor formation, and EMT in breast cancer cells via 

activation of Wnt/β-catenin signaling [27, 37]. The presence of LGR5 facilitates breast 

cancer cell tumorigenicity, promotes cell migration and tumor metastasis, and is required 

for the maintenance of breast CSCs [27]. 

Several strategies have been proposed to interfere with CSCs, some of which are 

currently in clinical trials. One of the strategies is targeting RSPO3 that encodes ligands 

for LGR5 receptor. Fusions affecting RSPO3 occurs in up to 10% of colorectal cancers, 

resulting in sustain high levels of Wnt signaling [38]. An anti-RSPO3 antibody 

demonstrated promising therapeutic responses in preclinical models of colorectal cancer 

by reduce stemness and induce differentiation [39]. Rosmantuzumab, an anti-RSPO3 

antibody, has been evaluated in phase 1 clinical trial (NCT02482441). The study was 
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completed on August 11, 2020 (NCT02482441). Thus far, no results have been published 

[40]. 

1.2.2. Wnt/β-Catenin Pathway in TNBC 

Development of a treatment for TNBC and its associated metastases requires 

identifying of functional molecular targets. Genomic and transcriptomic data for TNBC 

and metastases have identified the Wnt signaling pathway as potential therapeutic targets 

[41-43]. Mutations in APC, AXIN, or β-catenin, are rare in TNBC in contrast to other 

types of cancer such as colorectal cancer, however, overexpression of β-catenin is 

prevalent [44, 45]. Several studies suggested that loss of expression of negative Wnt 

pathway regulators such as secreted Frizzled-related protein 1 (sFRP1), which competes 

with FZD receptors for ligand binding may be the cause of deregulation of this pathway 

in TNBC [46-48]. Constitutive activation of Wnt signaling has been linked to breast 

cancer cells growth as well as to recurrence of the disease and an elevated level of β-

catenin has been associated with poor prognosis [49, 50]. Furthermore, the risk of brain 

and lung metastases was significantly increased with activation of Wnt pathway in TNBC 

patients [51]. Various lines of evidences suggested that Wnt signaling is linked to 

angiogenesis, which plays important role in proliferation and metastatic spread of cancer 

cells [52, 53]. Two separate in vitro studies in TNBC cell lines MDA-MB-231 and BT-

549 concluded that inhibition of Wnt pathway leads to inhibition of cell proliferation and 

migration, and induction of apoptosis [45, 54]. It has been found that blockade of Wnt 

signaling reduced tumor growth and metastasis in murine breast cancer xenograft model 

and TNBC cells MDA-MB-231 xenograft model [48, 55, 56]. Furthermore, one of the 

established models for breast cancer tumorigenesis study was transgenic mice that had 
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Wnt overexpression [57]. Hence, Wnt signaling pathway presents an attractive 

therapeutic target in TNBC. 

1.3. Interferons (IFN)  

1.3.1. Interferon Signaling Pathways 

 

Figure 1.4. Interferon Signaling Pathways. Reprinted with permission from: Parker, 

B.S., J. Rautela, and P.J. Hertzog, Antitumour actions of interferons: implications for 

cancer therapy. Nature Reviews Cancer, 2016. 16(3): p. 131-144. 

 

Interferons (IFNs) are pleiotropic cytokines that play essential roles in activating 

immune responses to protect against diseases [58]. In addition, IFNs are also involved in 

the development and treatment of cancer [58]. There are three major types of IFNs: Type 

I IFN, Type II IFN, and Type III IFNs. The type I IFNs are composed of a family of 17 
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proteins (13 sub-types of IFNα, IFNβ, IFNε, IFNκ, and IFNω) that bind to their receptors: 

the IFNα/β receptor 1 (IFNAR1) and IFNα/β receptor 2 (IFNAR2) subunits [58]. The 

type II IFN, IFNγ, binds to IFNγ receptor 1 (IFNGR1) and IFNγ receptor 2 (IFNGR2) 

subunits. The type III IFNs include IFNλ1, IFNλ2 and IFNλ3 (also known as interleukin-

29 (IL-29), IL-28A and IL-28B, respectively) and IFNλ4, that bind the IFNλ receptor 1 

(IFNLR1) and IL-10 receptor subunit-β (IL-10Rβ) heterodimeric receptor [58]. Type I 

and type III IFNs are induced through pattern recognition receptor (PRR) pathways; in 

contrast, type II IFN is mainly activated by mitogens or cytokines such as IL-12 and IL-

18, which are expressed by immune cell types, particularly T cell and natural killer (NK) 

cell [58]. 

Figure 1.4. represents IFNs signaling pathways. IFNS bind to their receptors after 

they are released in response to danger-associated molecular patterns (DAMPs) in the 

case of type I IFNs and type III IFNs and to cytokines in case of type III IFNs [58]. IFN 

signaling pathways are mediated through Janus kinase (JAK). JAK phosphorylates signal 

transducers and activators of transcription (STATs) factors [58]. After phosphorylation, 

STATs can homodimerize and heterodimerize to form transcriptional activator 

complexes that translocate to the nucleus, where they bind to specific elements in the 

promoters of IFN-stimulated genes (ISGs) [58]. For example, the transcriptional activator 

complex for type I IFN is IFN gene stimulated 3 (ISGF3) complex, composed of STAT1, 

STAT2, and IRF9, that binds to IFN-sensitive response element (ISRE) and for type II 

IFNγ is STAT1 and STAT3 dimer that binds to gamma activated sequence (GAS) 

elements [58]. Type I IFNs have the ability to activate homodimerization and 

heterodimerization of all members of the STAT family, including STAT1, STAT3, 
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STAT4, STAT5, and STAT6- often cellular-context dependent, resulting in the induction 

of the transcription of a different set of genes in comparison with ISGF3 [58]. Type II 

IFNγ can activate homodimers and heterodimers of STAT1 and STAT3, considered the 

two major STATs induced by IFNγ [58]. In addition to induction of its distinct ISGs, 

IFNγ can induce some ISGs that are also activated by type I IFNs. Generally, the 

pathways induced by type III IFN are similar to the ones that are activated by type I IFN 

[58]. It has been reported that the unphosphorylated STATs proteins activated by IFN 

signaling possess the transcriptional ability to prolong the duration of IFN signaling and 

can induce the transcription of specific ISGs involved in the chemosensitivity and 

radiosensitivity of tumor cells [58, 59]. Furthermore, type I IFNs can activate non-STAT 

pathways such as MAPK activation, insulin receptor substrate (IRS), and CRK-like 

(CRKL) activation, resulting in the expression of additional ISGs [60].  

IFNs signaling has been involved in regulating carcinogenesis via direct or 

indirect ways [58]. Type I IFNs can be secreted by most cell types in the body in 

response to an array of different stimuli. Plasmacytoid dendritic cells (pDCs) are 

considered the major IFNα-producing cells because of their high basal expression of IFN 

regulatory factor 7 (IRF7) [58]. The promoter of IFNB1 (which encodes IFNβ) consists 

of nuclear factor-κB (NF-κB) and activating protein 1 (AP1) as well as IRF binding sites, 

indicating it is important to understand the cellular sources and the different 

circumstances of IFNβ secretions. Physiological expression of IFNβ can be stimulated in 

myeloid cells via colony-stimulating factor-1 (CSF-1) and in osteoclasts via receptor 

activator of NF-κB ligand (RANKL) [58]. In addition, it has been reported that IFNβ can 

suppress the proliferation of the cells that produce it in an autocrine manner [58]. In the 
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context of tumors, type I IFN can be produced by infiltrating innate immune cells and 

lymphocytes, as well as the tumor cells themselves, indicating IFN-mediate antitumor 

immune responses via tumor-intrinsic or extrinsic mechanisms. Although the functions of 

IFNα and IFNβ have been well understood and characterized, the functions of other types 

I IFNs such as IFNε and IFNκ  are less well studied and their expression seems to be 

tissue or disease specific [58]. The expression of type II IFNγ are primarily restricted to T 

cells and NK cells [58]. Regardless of their cellular sources of secretion, all IFNs have 

the potential ability to act directly on tumor cells and produce a direct antitumor effect or 

act on immune cells and exert indirect antitumor effects [58]. 

The ISGs often encode effector proteins that play important role in IFNs-related 

effects, including antiviral, antitumor, and immunoregulatory effects [58]. There are 

many overlaps between IFNs signaling pathways and thus explain their shared properties. 

IFN pathway is tightly regulated. The regulation of IFN signaling is through positive and 

negative feed-forward and feedback loops [58]. For example, IFN can suppress its own 

signaling by induction of several inhibitors such as the suppressor of cytokine signaling 

(SOCS) proteins, which function to ensure that the strength and duration of IFN response 

are effective yet limited and to prevent any toxic consequences of excessive signaling 

[61]. 

1.3.2. Anti-tumor Effects of IFNα/β and IFNγ 

IFNα/β and IFNγ are involved in regulating the induction of the expression of 

several genes that can have direct effects on tumor cell growth, proliferation, 

differentiation, survival, migration [58]. It has been demonstrated that crude type I IFN 

preparations treatment of human breast cancer cell lines resulted in a direct anti-
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proliferative effect that was contributed to the IFN-induced prolongation of all phases of 

the cell cycle [62]. Furthermore, treatment of prostate cancer cell lines with IFNα 

activated the expression of endogenous inhibitors of cyclin-dependent kinases, such as 

p21 [63]. In addition to the anti-proliferative effects, IFNs can induce apoptosis in cancer 

cell lines of various origins [58]. IFNs play an essential role in regulating the major 

apoptotic pathways: the extrinsic or death receptor-mediated pathway and the intrinsic or 

mitochondrial pathway [58]. The extrinsic pathway involves the ligation of cell-surface 

death receptors (DRs) to stimulate the initiator caspase 8, while the intrinsic pathway 

requires the release of apoptotic factors like cytochrome c from the mitochondria to 

stimulate other cytoplasmic caspases [58]. It has been demonstrated that type I IFN and 

the Toll-like receptor 3 (TLR3) agonist poly(I:C) induced apoptosis response in breast 

tumor cell lines by upregulation of the DR ligand, TNF-related apoptosis-inducing ligand 

(TRAIL) [64]. Furthermore, there are several ISGs such as FAS, FAS ligand (FASLG), 

protein kinase R (PKR), and 2′-5′-oligoadenylate synthetases (OASs) that are involved in 

the IFN-mediated apoptotic response [58]. 

IFNα/β and IFNγ play important role during cancer initiation and progression 

[58]. It has been reported that treatment with neutralizing IFNα- IFNβ polyclonal 

antiserum resulted in accelerated tumor growth and progression after transplantation of a 

series of mouse cancer cell lines, including multiple myeloma cell lines [65]. 

Furthermore, it has been demonstrated that Ifnb1- knockout mice developed more 

aggressive tumors in a Lewis lung carcinoma (LLC) allograft model [66]. In addition, it 

has been shown that Ifngr1-knockout mice have shorter survival compared to wild-type 

(WT) mice [67]. It has been reported that there was loss or reduced in the expression of 
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the IFNα/β and IFNγ pathways components in many cancers, including breast cancer 

(reduced IRF5 expression), melanoma (reduced expression of STAT1, STAT2, and 

IRF9), and chronic myeloid leukemia (reduced expression of STAT1) [58].  

IFNα/β and IFNγ play important roles in the suppression of metastasis. It has been 

reported that one of the mechanisms of tumor escape during metastasis is through 

suppression of IFN signaling [58]. In the mouse model of mammary tumor metastasis, it 

has been shown that IRF7 and more than 200 predicted IRF7 target genes were expressed 

in tumor cells derived from primary tumors; however, this IRF7 signature was lost in 

bone-metastases [68]. In addition, restoration of IRF7 expression in highly metastatic 

tumor cells resulted in the suppression of their ability to develop bone metastasis. 

Furthermore, systemic IFNα therapy resulted in the suppression of the development of 

bone metastases and improved metastasis-free survival in the same animal model of 

breast cancer metastasis [68]. A similar finding was observed in humans [58]. It has been 

shown that loss of the IRF7-associated gene signature in primary tumors is associated 

with an increased risk of bone metastasis. It has been demonstrated that the levels of 

IFNα/β produced by leukocytes derived from patients with breast cancer were less than 

those from healthy patients [58]. In addition, normal levels of IFN production were 

restored after removing the primary tumor, indicating the ability of the tumor cells to 

suppress IFN production [58]. 

Taken together, these data support that IFNα/β and IFNγ signaling play a critical 

role in the antitumor immune response and defective in such signaling promotes an 

immunosuppressed environment, resulting in tumor development and metastatic 

dissemination. 
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1.3.3. The Immunomodulatory Effects of IFNα/β and IFNγ 

In addition to the anti-tumor effects of IFNα/β and IFNγ, they also exert extrinsic 

effects on tumors by regulating different processes involved in tumorigeneses such as 

angiogenesis and immunity [58]. The immune system plays a critical role in restraining 

the process of cancer initiation and metastases development [58]. Both IFNα/β and IFNγ 

play important roles in promoting anti-tumor immunity, as shown in Figure 1.5. IFNα/β 

and IFNγ activation can promote the activity of immune effector cells such as cytotoxic T 

cells, T helper (Th) cells, natural killer (NK) cells, and dendritic cells (DCs), as well as 

suppressed the activity of immune-suppressive cells such as regulatory T (Treg) cells and 

myeloid-derived suppressor cells (MDSCs) and the conversion of tumor-associated 

macrophages (TAMs) [58]. IFNγ can suppress monocyte differentiation into M2-

polarized macrophages, monocyte‐derived TAMs, and can induce the switch of TAMs 

from M2 into M1-polarized macrophages, leading to the suppression of VEGF secretion 

in vitro and in vivo and thus inhibit angiogenesis [69]. 

One of the important mechanisms of IFNα/β and IFNγ mediated regulation of 

cancer immunity is the regulation of antigens presentation on tumor cells and antigen 

presentation by major histocompatibility complexes (MHCs) as well as ligands for 

receptors of immune checkpoints such as PD-L1 [58]. Another mechanism associated 

with the immunomodulatory effects of IFNα/β and IFNγ is their ability to induce the 

release of secondary mediators such as chemokines, cytokines, and interleukins such as 

IL-15, IFN-induced cytokine, that involved in the expansion and maintenance of the 

lymphocyte population after IFN exposure [58]. In addition, the optimal effector function 

of NK cells requires IFNα/β [58]. Moreover, IFNγ stimulation can induce several signals 
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in T cells that are required for effective T cell function. However, the loss of IFNγ 

signaling pathways in T cells can dampen T cell responses and promote tumor growth 

[69]. 

 

Figure 1.5. Immunomodulatory Effects of IFNα/β and IFNγ. Reprinted with 

permission from: Parker, B.S., J. Rautela, and P.J. Hertzog, Antitumour actions of 

interferons: implications for cancer therapy. Nature Reviews Cancer, 2016. 16(3): p. 

131-144. 

 

Several studies have demonstrated the clinical significance of IFNγ expression in 

human cancer. It has been found that treatment with anti-PD‐L1 (durvalumab) in patients 

with metastasized NSCLC and urothelial cancer has been associated with upregulation of 

IFNγ gene signature (IFNγ, PD-L1, LAG3, and CXCL9) that is positively correlated with 

improved patient outcomes, increased overall response rates, and prolonged median 

progression‐free survival [70]. This response was independent of PD-L1 expression, 

indicating that IFNγ gene signature may stratify patients with improved responses to anti‐

PD‐L1. Furthermore, it has been demonstrated that treatment with an anti-PD‐1 inhibitor 

in NSCLC patients and melanoma patients resulted in increased IFNγ protein expression 



 20 

and significantly longer progression‐free survival, suggesting that IFNγ could be used as 

a predictive biomarker for immune checkpoint blockade efficacy [71]. 

1.3.4. Viral Mimicry 

Cancer has been considered a genetic disease, however, aberrant epigenetic 

modifications have also been implicated in tumorigenesis including tumor initiation and 

progression [72]. Recently, epigenetic therapies including DNA methyltransferases 

inhibitors (DNMTis), such as decitabine, have converged with cancer immunotherapy 

approaches due to a phenomenon known as viral mimicry [72]. Viral mimicry is a 

cellular state of active antiviral response that is mediated by reactivate the expression of 

endogenous retroviruses [72]. It has been reported that stimulation of viral mimicry by 

DNMTi can reactivate the transcription of human endogenous retroviruses (HERVs), 

resulting in IFN signaling activation  [73, 74]. Human endogenous retroviruses (HERVs) 

are retrotransposons (a type of transposable element (TE)) that comprise 8.5% of the 

human genome [75, 76]. HERVs are inherited genetic germline elements derived from 

ancient germline infections by exogenous retroviruses throughout the evolution of the 

human genome. Both the intact HERVs and exogenous retroviruses shared some 

similarities [76]. For example, their lengths are approximately 7 kilobases, and they 

include 3-4 genes and 2 LTRs, which are putative promoters of HERVs [76]. The 

majority of HERVs are non-infectious due to evolutionarily acquired disruption or 

silencing mutations [75]. The main mechanism for silencing HERVs expression is by 

cytosine methylation via DNA methyltransferase (DNMT), particularly within the LTR 

regions [75, 76]. 
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Figure 1.6. The Induction of Viral Mimicry Response after DNMTi. Reprinted with 

permission from: Janin, M. and M. Esteller, Epigenetic Awakening of Viral Mimicry in 

Cancer. Cancer Discovery, 2020. 10(9): p. 1258-1260. 

 

Several studies have demonstrated that using DNMTi such as decitabine can 

reactivate the expression of HERVs in cancer cells and induce viral mimicry status that 

triggers an immune response via induction of viral defense genes [73, 74], as shown in 

Figure 1.6. Activation of HERVs can lead to the formation of a double-stranded RNA 

(dsRNA) [75, 77]. Once dsRNA is formed, it can be sensed by the dsRNA pattern 

recognition receptors (PRRs) such as RIG-1 (DDX58), LGP2 (DHX58), and MDA5 

(IFIH1). This result in initiating the signaling cascades mediated through the aggregation 

of mitochondrial antiviral-signaling protein (MAVS) and the downstream activation of 

interferon regulatory factor 3 (IRF3) and IRF7, resulting in activation of IFN signaling 

[75]. Activated IFN signaling can stimulate anti-tumor immunity through intrinsic tumor 
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effects, including anti-proliferative and apoptotic effects and via the extrinsic effects on 

cytotoxic lymphocyte populations that lead to an increase in the infiltration of effector 

immune cells into the tumor microenvironment (TME) [75]. Consistent with stimulation 

of IFN signaling, it has been demonstrated that upregulation of HERVs in vivo was 

associated with increased infiltration of cytotoxic and helper T cells in the TME [78]. 

Furthermore, HERV expression may also promote an adaptive immune response by 

producing and presenting ERV-derived tumor-associated antigens [79]. Induction of 

HERVs can produce epitopes that can be detected by MHC-I at the surface of tumor 

cells, which can increase the recognition of tumor cells by the immune system, resulting 

in activation of cytotoxic T cell function [80]. Increased immunogenicity plays a critical 

role in overcoming resistance to immune checkpoint inhibitors in the treatment of solid 

tumors [75]. It has been reported that induction of HERVs viral mimicry after treatment 

with DNMTi can potentiate the anti-tumor effects of immune checkpoint inhibitors in 

melanoma mouse models [73, 74]. 

1.4. Antigen Presentation 

1.4.1. Major Histocompatibility Complex Class-I (MHC-I) and Major 

Histocompatibility Complex Class-II (MHC-II) 

Antigen presentation by major histocompatibility complex (MHC) class I and 

major histocompatibility complex class II play an essential in the adaptive immune 

system [81]. Both classes are involved in presenting antigenic peptides on the cell surface 

for recognition by T cells [81]. Effective anti-tumor T cells immune response could 

eradicate tumor cells [81].  MHC-class I (MHC-I) and MHC-class II (MHC-II) molecules 

are important for antigen presentation. The main function of MHC-I, which are 



 23 

constitutively expressed by all nucleated cells including cancer cells, is to present 

endogenously derived peptide antigens to CD8+ cytotoxic T cells [82]. On the other hand, 

the function of MHC-II, which are primarily expressed by professional antigen presenting 

cells (pAPC) such as dendritic cells (DC), B cells, and macrophages, is to present 

exogenously derived peptide antigens to CD4+ helper T cells [82]. Cross-presentation can 

occur between the two pathways. MHC-I can present peptides of exogenous origin, while 

MHC-II molecules can present peptides of endogenous proteins that degraded in the 

endocytic pathway [82]. Both MHC-I and MHC-II expressions are induced by IFNγ [58].  

 

Figure 1.7. MHC-I Antigen Presentation Pathway. Reprinted with permission from: 

Neefjes, J., et al., Towards a systems understanding of MHC class I and MHC class II 

antigen presentation. Nature Reviews Immunology, 2011. 11(12): p. 823-836.  

  

In humans, MHC class I heavy chains are encoded by three polymorphic genes 

(HLA-A, HLA-B, and HLA-C) [82]. MHC-I antigen presentation pathway is represented 
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in Figure 1.7. The first step of MHC-I intracellular antigenic peptides presentation 

involves proteasome-mediated degradation of endogenous proteins [82]. After generating 

the degraded peptides, the resulting peptides are transported via transporter associated 

with antigen presentation (TAP) into the endoplasmic reticulum (ER). In the ER, the 

peptides are loaded onto the fully assembled MHC-I heterodimer, consisting of a 

polymorphic heavy chain and a nonpolymorphic light chain known as β2-microglobulin 

(β2M). When the peptides bind to MHC-I, the fully assembled peptide-MHC-I complexes 

are released from the ER and transported via the Golgi to the cell membrane for antigen 

presentation to cytotoxic CD8+ T cells [82]. 

 

Figure 1.8. MHC-II Antigen Presentation Pathway. Reprinted with permission from: 

Neefjes, J., et al., Towards a systems understanding of MHC class I and MHC class II 

antigen presentation. Nature Reviews Immunology, 2011. 11(12): p. 823-836. 

 

In humans, MHC-II molecules are encoded by three genes: HLA-DR, HLA-DQ, 

and HLA-DP, and all three are polymorphic [82]. Figure 1.8 represents the MHC-II 
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presentation pathway. The first step in MHC-II antigen presentation involves the 

assembly of MHC class II α- and β-chains in the endoplasmic reticulum (ER) that are 

associated with the invariant chain (CD74, Ii) [82]. The resulting complex consisting of Ii 

and MHC-II is translocated either directly and/or via the plasma membrane through the 

Golgi to a late endosomal compartment known as the MHC class II compartment (MIIC). 

In the MIIC, resident proteases digest endocytosed exogenous-proteins and Ii, leaving the 

class II-associated Ii peptide (CLIP) fragment of Ii in the peptide-binding groove of the 

MHC-II heterodimer. The CLIP exchange for an antigenic peptide derived from a protein 

degraded in the endosomal pathway is facilitated with the help of the chaperone HLA-

DM. As a result, MHC-II molecules are transported to the cell membrane for antigenic 

peptides presentation to CD4+ T helper cells [82]. 

1.4.2. Cancer-Testis Antigens (CTAs) 

The development of successful immunotherapy for tumors requires identifying 

tumors antigen that can be used as targets for treatment, including cancer vaccines and T-

cell therapy [83]. The expression of tumor antigen on the surface of tumor cells increases 

the immune recognition of tumor cells, resulting in T cell activation. Tumor antigens can 

be categorized into tumor-specific antigens (TSAs), expressed only in tumor cells, that 

can be derived from somatic mutations, internal deletions, and/or chromosomal 

translocations as well as tumor-associated antigens (TAAs), expressed in tumor tissues 

and some normal tissues, including cancer/testis antigens (CTAs) such as NY-ESO-1 and 

MAGE-A, and overexpressed antigens such as HER2 [83]. 

Cancer/testis antigens (CTAs) are TAAs that consist of approximately 250 genes, 

and their expressions are restricted to the tumor and immune-privileged sites such as the 
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testis, the placenta, and during fetal development [83, 84]. One of the important 

characteristics of CTAs is that they are not expressed in normal healthy tissues. Since the 

testis/placenta lacks the expression of MHC alleles, the immune system will not 

recognize CTAs as self-proteins [83, 84].  

Certain types of cancers can express CTAs. Based on the frequency of CTAs 

expression, cancer can be classified into “CT-rich” tumors such as melanoma, ovarian 

cancer, and lung cancer; “CT-poor” tumors such as RCC, colorectal cancer, and 

lymphoma/leukemia; and “CT-intermediate” tumors such as breast cancer and prostate 

cancer [85, 86]. 

CTAs can be classified into two types: CT-X encoded on the X chromosome, 

such as MAGE-A and NY-ESO-1, and non-CT-X [83]. The first CT-X antigen identified 

in melanoma is MAGE-A [83]. In addition, NY-ESO-1 is another CT-X antigen 

identified in esophageal squamous carcinoma [83]. CT-X antigens are highly 

immunogenic and can elicit potent integrated natural humoral and cellular responses [83, 

84]. In 2009, the National Cancer Institute conducted a pilot project to prioritize and 

score the potential for immunotherapy application of 75 tumor antigens. MAGE-A and 

NY-ESO-1 were among the promising potential target antigens for immunotherapy and 

ranked 8 and 10, respectively [87]. Therefore, CT-Xs are of potential interest as targets 

for immunotherapy. One of the advantages of targeting CTAs is activating a long-term 

response against CTA-expressing cancer cells with minimal side effects on normal tissue 

[83, 84]. 

CTAs are important source of antigens on the tumor cell surface, and they are 

targets for cancer vaccine and T-cell therapy, including CAR-T [83, 84]. However, the 
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expression of many CTAs such as MAGE-A and NY-ESO-1 is epigenetically silenced by 

DNA methylation [76]. Therefore, the use of DNMTi such as decitabine (DAC) 

reactivates their expression [76]. It has been It has been proposed that DAC can be used 

as a collaborative agent in tumor immunotherapy protocols [88]. Previous studies have 

found that DAC treatment results in the upregulation of CTAs on tumors cells including 

colorectal cancer and acute myeloid leukemia [89, 90]. It has been demonstrated that the 

upregulation of CTAs was specific to the tumors, which is important for clinical 

application [83]. 

1.4.3. The Significance of Antigen Presentation for Cancer Immunotherapy 

Immunotherapy, including immune checkpoint inhibitors, has been associated 

with clinical benefits and improved survival of many cancer patients, including those 

with metastatic disease [91]. A proper antigen presentation of tumor antigens by MHC is 

essential for the ICI efficacy. A critical step of antigen presentation is mediated by MHC: 

T-cell receptor (TCR) interactions, resulting in activation of cytotoxic CD8+ T-cells 

and/or CD4+ T helper cells [91]. Thus, several strategies have been tried to enhance ICI 

efficacy through upregulation of tumor-specific antigen expression, enhance antigen 

presentation, and stimulate T cell functions. All these factors act together to promote 

immune recognition of cancer cells and enhance anti-tumor immunity against tumor 

antigens [91, 92]. It has been reported that there was a positive correlation between 

infiltration of CD8+ and CD4+ T cell, which is a good prognostic marker, and MHC 

expression [93, 94]. Furthermore, tumor regression in a patient with regressing melanoma 

lesions was correlated with the induction of MHC and interferon-stimulated genes, 

indicating an increase in antigen presentation of tumor cells [94]. Moreover, there were 
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similarities between the histological and molecular signature of tumor rejection mediated 

by CD8+ cytotoxic T cells and the signature found in allograft rejection and graft versus 

host disease, indicating an activation of an immune system [94, 95]. 

Despite the success of ICIs, several patients do not respond to the treatment. In 

addition, many patients develop resistance to ICIs [91]. One of the resistance mechanisms 

to ICIs is mediated by alterations in the MHC-I antigen presentation pathway, such as 

downregulation of MHC-I molecules and loss of 2M expression [92, 96]. It has been 

demonstrated that loss of 2M expression can result in impaired antigen presentation to 

cytotoxic CD8+ T cells due to the loss of MHC-I expression on the cell surface [92, 96]. 

Defective MHC-I antigen presentation can result in decreased immune recognition of 

tumor cells and, therefore, impair eradication of the tumor cells by cytotoxic CD8+ T 

cells. It has been reported that infiltration of a high number of cytotoxic CD8+ T cells is 

associated with MHC-I expression on tumor cells [92, 96]. Furthermore, it has been 

found that low expression of MHC-I in certain cancers, such as breast cancer, is 

correlated with infiltration of fewer cytotoxic CD8+ T cells compared to MHC-I high 

cancers [92, 97]. In addition, loss of MHC-I is positively correlated with poor prognosis 

and worse clinical outcomes in many cancers, including melanoma, glioblastoma, 

colorectal, bladder, uterine, cervical, head/neck, and breast cancers [92]. One of the 

proposed strategies to restore MHC-I expressions is by using DNMTis such as DAC 

since their expression can be regulated by DNA methylation [92, 96]. 

Although cytotoxic CD8+ T cells are considered the main effector immune cells 

for successful ICIs treatment, CD4+ T helper cells also play essential roles for an 

effective response to ICI by supporting CD8+ T-cell activation and production of memory 
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T cells [91, 98]. One important function of T helper 1 (Th1) CD4+ cells is the secretion of 

IFNγ and other activating cytokines [91]. In contrast to CD8+ T cells, CD4+ T cells can 

recognize a wider range of antigens [91, 99]. One of the reasons for this difference might 

be the greater repertoire of MHC-II restricted antigens and thus could be important for 

tumors that express fewer numbers of neoantigens [91]. In addition, cytotoxic CD8+ T 

cells requires CD4+  T helper cells helps in order to generate an effective and long-lasting 

response [91, 98]. It has been demonstrated that co-stimulation of both CD8+ cytotoxic T 

cells and CD4+ T cells is required for anti-PD-1 therapy responsiveness in several murine 

models [98].  

It has been reported that several human cancers can express MHC-II and related 

pathway components, such as melanoma, breast cancer, colorectal cancer, ovarian cancer, 

prostate cancer, classic Hodgkin lymphoma, glioma, and non-small cell lung cancer [91, 

100-103]. Furthermore, it has been found that there is a strong association between 

tumor-specific MHC-II (tsMHC-II) expression and favorable patient outcomes in several 

studies in multiple cancer types [91, 100-103]. For example, there was a positive 

correlation between tsMHC-II expression and prolonged patient survival in melanoma 

and classic Hodgkin lymphoma patients who received anti-PD-1/anti-PD-L1 [91, 100, 

101]. In addition, it has been shown that upregulation of tsMHC-II expression in TNBC 

patients with lymph node metastases following adjuvant radiotherapy and/or 

chemotherapy was positively associated with improved patient outcome [102]. 

Furthermore, there was a strong association between improved PFS and the mRNA levels 

of 13 genes of MHC-II pathway including CIITA, CD74, HLA-DPA1, HLA-DPB1, 

HLA-DPB2, HLA-DQA1, HLA-DRB1, HLA-DRB5, and HLA-DRB6 as well as CIITA 
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or CD74 alone in TNBC patients [103]. Furthermore, the expression of tsMHC-II has 

been shown to be linked to the presence of a higher number of both CD4+ and CD8+ 

tumor-infiltrating lymphocytes (TILs), loss of lymphovascular invasion, the presence of a 

higher number of tertiary lymphoid structures, increased expression of IFNγ-stimulated 

gene including PD-L1 and upregulation of IFNγ, IL2, and IL12 mRNA which are Th1 

cytokines [91, 102]. Importantly, tsMHC-II could be a predictive clinical biomarker of a 

T cell-inflamed tumor since MHC-II expression is upregulated by IFNγ [91]. 

1.5. Tumor Microenvironment (TME) 

1.5.1. Characteristics of Hot tumors and Cold Tumors 

Several evidence indicated that cellular and acellular components in tumor 

microenvironment (TME) can reprogram the process of carcinogenesis including tumor 

initiation, growth, invasion, metastasis, and response to therapies, particularly immune 

check point inhibitors [104]. Cancer research and treatment have switched from a cancer-

centric model to a TME-centric one [104]. Converting cold TME into hot one is one of 

the approaches to enhance the response to cancer immunotherapy including immune 

check points inhibitors [104]. The tumor microenvironment (TME), which is the 

environment surrounding the tumor cells, is the ecosystem that consists of immune cells, 

the extracellular matrix, blood vessels, and other cells, like fibroblasts [105]. Tumor cells 

can interact with their microenvironment through complex signaling networks and, 

therefore, can influence TME, positively or negatively [105, 106]. This interaction can 

affect tumor progression and determine whether the primary tumor is eradicated, 

metastasizes, or establishes dormant micro-metastases [105, 106]. Furthermore, TME 

plays a crucial role in shaping the therapeutic responses and resistance to immune 
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checkpoint inhibitors (ICIs) [106]. The presence of hot TME is essential to determining 

the responsiveness to ICIs [106]. Therefore, it is important to understand the mechanisms 

responsible for the existence of hot and cold tumors. 

 

Figure 1.9. The Biological and Immunological Characteristics of Hot and Cold 

Tumors. Reprinted with permission from: Nagarsheth, N., M.S. Wicha, and W. Zou, 

Chemokines in the cancer microenvironment and their relevance in cancer 

immunotherapy. Nat Rev Immunol, 2017. 17(9): p. 559-572. 

 

The biological and immunological characteristics of hot (inflamed) tumors and 

cold (non-inflamed) tumors are shown in Figure 1.9. In contrast to cold tumors, hot 

tumors have been associated with favorable responses to ICIs [106]. Hot tumors are 

characterized by increased infiltration of effector immune cells that exert antitumor 

effects such as cytotoxic CD8+ T cells, CD4+ T helper 1 (Th1) cells, polyfunctional Th17 

cells, and natural killer (NK) cells [106, 107]. Cytotoxic CD8+ T cells, Th1 cells, and NK 

cells can secrete IFNγ [58, 106]. IFNγ enhances antigen presentation via stimulation of 

MHC and immunoproteasome expression [58, 106]. Furthermore, IFNγ can suppress 

tumor cell growth by inducing the expression of several interferon-stimulated genes 
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(ISGs) that exert anti-proliferative and apoptotic effects. Moreover, IFNγ can induce the 

expression of PD-L1 [58, 106]. Furthermore, hot tumors infiltrate with high numbers of 

functional antigen-presenting cells (APCs) such as macrophages and dendritic cells that 

play an important role in activating the effector immune cells, thereby promoting tumor 

regression [107]. In addition, hot tumors exhibit several biomarkers include cytokines 

and chemokines release, high expression of T-cell associated factors such as perforin and 

granzyme B, and upregulation of PD-L1 [106, 107]. Also, hot tumors have low β-catenin 

levels and high numbers of epithelial cells [107]. 

In contrast to hot tumors, cold tumors are characterized by infiltration of immune 

suppressor cells such as myeloid-derived suppressor cells (MDSCs) and regulatory T 

(Treg) cells [107]. These cells exert pro-tumor effects and suppress antitumor immune 

responses and enhance and maintain cancer stemness and angiogenesis, resulting in 

cancer progression [107]. In addition, cold tumors are poorly infiltrated with cytotoxic 

CD8+ T cells [106, 107]. One of the main characteristics of cold tumors is 

hyperactivation of the Wnt/β-catenin signaling pathway [106, 107]. Several studies have 

reported that high levels of β-catenin were negatively correlated with cytotoxic CD8+ T 

cells infiltration and hot inflamed tumors [108-112]. For example, in melanoma, active 

tumor β-catenin signaling resulted in limiting the recruitment of CD103+ dendritic cell 

(DC) and activation of cytotoxic CD8+ T cell through downregulation of CCL4 

expression [112]. In addition, high levels of tumor β-catenin can promote cancer 

stemness [107]. Furthermore, the expression of several genes associated with hot 

inflamed tumors including Th1-associated chemokines such as CXCL9 and CXCL10, 
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MHC molecules, and PD-L1 are repressed in cold tumors. The expression of these genes 

are epigenetically silenced by DNA methyltransferase (DNMT) [107].  

One of the strategies to convert cold tumors into hot tumors and improve the 

responsiveness to ICIs is using DNMT inhibitors such as decitabine [106, 107]. In 

addition, Wnt/β-catenin inhibition could be another promising target [107]. Converting 

cold tumors into hot by epigenetic reprogramming and the suppression of Wnt/β-catenin 

signaling can result in promoting the infiltration of effector immune cells that exert 

antitumor effects such as cytotoxic CD8+ T cells, Th1 cells, NK cells, and functional 

APCs, leading to tumor regression [107]. 

1.6. Cancer Immunotherapy 

1.6.1. Immune Checkpoint Inhibitors (ICIs) 

Cancer immunotherapy is a type of cancer treatment that can directly or indirectly 

target the immune system to trigger anti-tumor immune response [113]. Several 

approaches have been used to stimulate and enhance the immune system functions to 

fight the cancer cells. Examples of cancer immunotherapy include the use of specific 

drugs such as monoclonal antibodies (e.g. immune checkpoint inhibitors (ICIs)) that 

target specific proteins on the surface of cancer cells or immune cells, and other therapies 

like cytokines, oncolytic virus therapies, cancer vaccines or cell-based therapies (e.g. 

adoptive T cell transfer and chimeric antigen receptor T cell therapies) [113].   

One of the fundamental pillars of cancer treatment is immune checkpoint 

inhibitors (ICIs) [113, 114]. ICIs can induce an anti-tumor immune response by inhibiting 

immune checkpoints. In normal physiological conditions, the main function of immune 

checkpoints, e.g. CTLA-4 and PD-1 pathways, is to downregulate T cell responses, 
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providing a protection of the body from damaging immune responses, such as 

autoimmune disease [113]. However, one of the mechanisms that tumors use to evade the 

immune system is through the stimulation of immune checkpoints and therefore, 

suppression the T cell response [113]. Thus, targeting these immune checkpoint pathways 

are one of the approaches to induce an anti-tumor immune response and convey potential 

therapeutic benefits in cancer patients [113, 114]. 

 

Figure 1.10. Mechanism of Actions of ICIs. Reprinted with permission from: Wright, 

J.J., A.C. Powers, and D.B. Johnson, Endocrine toxicities of immune checkpoint 

inhibitors. Nature Reviews Endocrinology, 2021. 17(7): p. 389-399. 

 

The mechanism of actions of ICIs are represented in Figure 1.10. The two main 

pathways targeted by ICIs are CTLA-4 and PD-1/PD-L1 [113-115]. The activation of T-

cells requires two distinct signals: first, the binding of a T cell receptor (TCR) on naïve T 

cells with the antigenic peptide presented on the surface of antigen-presenting cell 

(APCs) via MHC; and second, a co-stimulatory signal that is mediated through the 

binding of CD80 (B7-1) or CD86 (B7-2) on the APC with CD28 on the T cells [113-

115]. During the early stages of T cell activation, the CTLA-4 is overexpressed on the T 
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cell surface. Both CTLA4 and CD28 share similar structure. However, CTLA-4 competes 

with CD28 and has higher affinity than CD28 for binding to CD80 and CD86, thereby 

blocking sustained T cell activation [113-115]. Pharmacological inhibition of CTLA-4 

with ICIs can permit CD28-CD80 or CD28-CD86 and thereby facilitate T cell activation 

[113-115]. On the other hand, the checkpoint PD-1, which is a receptor on T cells, is 

upregulated during the late stages of T cell activation [113-115]. The interaction between 

PD-1 on T cells and its ligand PD-L1, that can be expressed on tumor cells and APCs, 

activated a cascade of T cell inhibitory processes known as T cell exhaustion [113-115]. 

This interaction is important to limit autoimmune reactions in physiological conditions. 

However, cancer cells utilize this process to evade from immune system by upregulating 

PD-L1 expression. Pharmacological targeting of either PD-1 or PD-L1 by ICIs can 

prevent PD-1-PD-L1 interaction, leading to impede T cell exhaustion, permit T cell 

activation and survival, and promote anti-tumor T cell activity [113-115]. 

ICIs that are approved by FDA: CTLA-4 inhibitor (Ipilimumab), PD-1 inhibitors 

(nivolumab, pembrolizumab and cemiplimab) and PD-L1 inhibitors (atezolizumab, 

avelumab and durvalumab) [113, 114]. ICIs have been approved by FDA either as 

monotherapy or in combination with other treatments such as targeted therapy or 

chemotherapy in 17 different types of cancer including cancers of the skin, kidney, lung, 

head and neck, bladder, breast, etc. [114]. The response rates are variable and ranged 

from 15–25% in most solid tumors including lung cancer to 40–60% in mismatch repair-

deficient cancers and skin cancers, including melanoma to 80–90% in Hodgkin 

lymphoma [114]. Sometimes, the responses can be durable and can lead to a cure of the 

cancer [114]. Furthermore, ICIs show clinical benefits in metastatic patients and 
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approximately 50% of all patients with metastatic cancer can be eligible for ICIs 

treatment [114]. 

One of the key challenges of using ICIs is their uncontrolled effects on the 

immune system that can lead to development of immune-related adverse events (irAEs) 

[113, 114]. In 2018, there was nearly 13,000 cases reported of irAEs [113]. ICIs-related 

irAEs account for more than two-thirds of reported cases of cancer immunotherapy-

related irAEs [113]. Furthermore, 60% of reported cases are associated with the use of 

anti-CTLA-4 (ipilimumab), and anti-PD-1 (nivolumab and pembrolizumab) [113]. 

IrAEs result from non-specific upregulation of the immune system and 

excessive activation of immunity against normal organs [113]. IrAEs are different than 

the adverse effects associated with standard chemotherapy. IrAEs can affect any organ 

system [113]. The median onset of irAEs has been reported within 2-16 weeks of ICI 

initiation, depending on the organ system involved [113]. However, irAEs can occur 

within a few days of ICI initiation, and up to one year after completion of treatment 

[113]. Dermatological toxicity is the most common early irAEs, occur between 1 and 12 

weeks after treatment initiation, for anti-CTLA-4 and anti-PD-1 [113]. It has been 

reported that the most common irAEs associated with anti-CTLA-4, ipilimumab, are 

dermatological, gastrointestinal and renal toxicities, anti-PD-1, pembrolizumab, are 

arthralgia, pneumonitis and hepatic toxicities, anti-PD-1, nivolumab, are endocrine 

toxicities, and anti-PD-L1, atezolizumab, are hypothyroidism [113]. Consistent with the 

difference in the mechanism of action between anti-CTLA-4 and anti-PD-1/anti-PD-L1, 

irAEs related to anti-CTLA-4 or anti-PD-1/anti-PD-L1 can be distinguished. Generally, 
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irAEs associated with anti-PD-1/anti-PD-L1 are more tolerated than the ones associated 

with anti-CTLA-4 [113]. 

Management of irAEs is crucial to improve patients’ quality of life and long-term 

outcomes [113]. The first-line treatment of irAEs for patients require a systemic therapy 

is glucocorticoids with an exception for the endocrine system toxicities [113]. In 

severe/refractory cases, other treatment options include immunosuppressants such as 

mycophenolate-containing immunosuppressants, cyclosporine and tacrolimus, 

intravenous immunoglobulin, plasma exchange, and monoclonal antibodies such as 

infliximab (TNF inhibitor) could be considered depending on the affected organ system 

[113]. These therapeutic suggestions are considered based on recommendations collected 

from different resources: official guidelines, data from some retrospective studies, and 

isolated published cases [113]. 

1.6.2. Immune Checkpoint Inhibitors in TNBC 

The treatment landscape of TNBC has changed with the approval of ICIs, anti-

PD-L1 and anti-PD-1. In March 2019, initial results from the phase III IMpassion130 

(NCT02425891), a multicenter, international, double-blinded, placebo-controlled, and 

randomized trial, led to FDA granted accelerated approval of atezolizumab in 

combination with chemotherapy, nab-paclitaxel, for the treatment of metastatic TNBC or 

TNBC patients with unresectable locally advanced disease [116]. The approval was for 

subgroup of patients whose tumors were PD-L1 positive (PD-L1 positive patients were 

selected based on the FDA-approved test (VENTANA PD-L1 (SP142) Assay) and were 

defined as PD-L1 positive staining in tumor-infiltrating immune cells of any intensity 

covering ≥ 1% of the tumor area). 902 TNBC patients with unresectable locally advanced 
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or metastatic disease and who previously untreated with chemotherapy for metastatic 

cancer were enrolled into the IMpassion130 trial [116]. The patients were randomized in 

a 1:1 ratio (451 in each arm). The study group received atezolizumab at 840 mg IV on 

days 1 and 15 in combination with 100 mg/m2 IV on days 1, 8, and 15 of a 28-day cycle. 

The control group received nab-paclitaxel with placebo [116]. The primary endpoints 

were progression-free survival (PFS) in the intent to treat (ITT) population and the PD-

L1 positive subgroup as well as overall survival (OS) in the ITT population [116]. The 

OS was supposed to be tested in PD-L1 positive subgroup if it was significant in the ITT 

population. The trial was successful to meet its PFS primary endpoint in the ITT 

population and the PD-L1 positive subgroup. In the ITT population, the median PFS was 

7.2 months and 5.5 months for the study group (atezolizumab + nab-paclitaxel) and for 

control group (placebo + nab-paclitaxel), respectively (hazard ratio (HR) for progression 

or death, 0.80; 95% confidence interval (CI), 0.69-0.92; P=0.002). In the PD-L1 positive 

subgroup, the median progression-free survival was 7.5 months for the study group and 

5.0 months for the control group (HR, 0.62, 95% CI, 0.49-0.78; P<0.001) [116]. The 

study did not meet its OS primary endpoint. In the ITT population, the median OS was 

21.3 months for the study group and 17.6 months for the control group (HR, 0.84; 95% 

CI, 0.69-1.02; P=0.08) [116]. In the PD-L1 positive subgroup, the median OS was 25.0 

months and 15.5 months for the study group and for control group, respectively (HR, 

0.62; 95% CI, 0.45-0.86) [116].     

In September 2020, the final OS analysis was presented at the European Society 

for Medical Oncology (ESMO) Virtual Congress [117]. The data demonstrated that there 

were no statistical significance differences in OS between the two arms of the trial in the 
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ITT population. However, in the PD-L1 positive subgroup, patients who received 

atezolizumab + nab-paclitaxel had a prolonged OS of 7.5 months compared to the group 

who received placebo + nab-paclitaxel (25.4 months vs 17.9 months, respectively) [117].  

According to the prespecified testing hierarchy of the trial, the statistical significance in 

OS between the study group and control group was not formally tested in the PD-L1 

positive subgroup [116, 117]. 

In August 2021, Roche (the company who made atezolizumab) decided to 

voluntarily withdraw atezolizumab’s accelerated approval with nab-paclitaxel for 

metastatic TNBC indication in the U.S. According to Roche’s announcement, the 

decision was made after consultation with the FDA, build on the FDA’s assessment of 

the current metastatic TNBC treatment landscape and in agreement with the requirements 

of the accelerated approval program [118]. 

In November 2020, anti-PD-1, pembrolizumab, in combination with 

chemotherapy (nab-paclitaxel, or paclitaxel, or gemcitabine plus carboplatin) was the 

second ICIs received FDA accelerated approval to be used in TNBC with locally 

recurrent unresectable or metastatic disease who had not been previously treated with 

chemotherapy in the metastatic setting [119]. The approval was for PD-L1 positive 

patients (combined positive score (CPS) ≥10). PD-L1 status was determined by an FDA 

approved test, the PD-L1 IHC 22C3 pharmDx (Dako North America, Inc.). The 

accelerated approval was based on the initial results of the phase III KEYNOTE-355 trial 

(NCT02819518), which was a multicenter, double-blind, randomized, placebo-controlled, 

that enrolled 847 patients [119]. The patients were randomized in a 2:1 ratio: 566 patients 

in the study group arm, pembrolizumab + chemotherapy, and 281 patients in the control 
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group arm, placebo + chemotherapy [119]. Importantly, this trial evaluated the efficacy 

of ICIs with non-taxane drugs and enrolled patients with more challenging refractory 

metastatic TNBC like those with short disease-free interval (6 months). The 

randomization was based on the type of chemotherapy partner (taxane or 

gemcitabine/carboplatin), PD-L1 status (CPS ≥1 vs <1), and prior neoadjuvant therapy 

with same-class chemotherapy [119]. The study group received 200 mg of 

pembrolizumab every 3 weeks in combination with one of three chemotherapy drugs: 

nab-paclitaxel 100 mg/m2 on days 1, 8, and 15, every 28 days; paclitaxel 90 mg/m2 on 

days 1, 8, and 15, every 28 days; or gemcitabine 1000 mg/m2 plus carboplatin AUC 2 on 

days 1 and 8, every 21 days [119]. The co-primary endpoints were PFS and OS in the 

PD-L1 positive group with CPS ≥10, PD-L1-positive group with CPS ≥ 1, and ITT 

populations [119]. The study met its PFS endpoint in patients with PD-L1–positive 

tumors (CPS ≥10) [119]. In patients with CPS ≥10, median PFS in the study group was 

9.7 months and 5.6 months in the control group (HR for progression or death, 0.65; 95% 

CI, 0.49-0.86; one-sided P=0.0012) [119]. In the group with CPS ≥ 1, median PFS was 

7.6 months and 5.6 months for study group and control group, respectively (HR, 0.74; 

95% CI, 0.61-0.90) [119]. The result in this group did not meet the boundary for 

statistical significance. In the ITT population, median PFS was 7.5 in the study group 

compared to 5.6 months in the control group (HR, 0.82; 95% CI, 0.69-0.97) [119]. 

In July 2021, pembrolizumab, in combination with chemotherapy (nab-paclitaxel, 

or paclitaxel, or gemcitabine plus carboplatin) received regular FDA approval to treat 

TNBC with locally recurrent unresectable or metastatic disease whose tumors are PD-L1 

positive (CPS ≥10). The study met its OS primary endpoint in PD-L1 positive patients. 
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(CPS ≥10). The final result was presented at the European Society for Medical Oncology 

(ESMO) Annual Meeting 2021 [120]. In PD-L1 positive patients (CPS ≥10), the median 

OS was 23.0 months with the study group compared to 16.1 months for control group 

(HR, 0.73; 95% CI, 0.55-0.95; P=0.0093) [120]. 

In July 2021, the results of phase III KEYNOTE-522 trial (NCT03036488) led to 

FDA accelerated approval of anti-PD-1, pembrolizumab, in combination with 

chemotherapy as neoadjuvant treatment, followed by surgery and then continued as a 

single agent as adjuvant treatment for high-risk, early-stage TNBC [121]. 1174 newly 

diagnosed high-risk early-stage TNBC patients who did not previously treated were 

enrolled into KEYNOTE-522, a randomized, multicenter, double-blind, placebo-

controlled trial [121]. The patients were randomized in a 2:1 ratio to either study group or 

control group regardless of PD-L1 status. The study group, pembrolizumab + 

chemotherapy, received neoadjuvant treatment of pembrolizumab (200 mg every 3 

weeks) plus paclitaxel (weekly) and carboplatin (weekly or every 3 weeks) for four 

cycles, followed by pembrolizumab (200 mg every 3 weeks) plus cyclophosphamide and 

either doxorubicin or epirubicin (every 3 weeks) for four cycles before surgery [121]. 

Adjuvant treatment with nine cycles of pembrolizumab (every 3 weeks; n=784) was 

continued after surgery [121]. The control group received placebo with chemotherapy. 

The study met the dual primary endpoints: the pathological complete response (pCR) rate 

and event free survival (EFS) [121]. The pCR rate was 64.8% and 51.2% for the study 

group and control group, respectively [121]. There was 13.6% improvement in the study 

group (P=0.00055). After a median follow-up of 39 months, there was 37% reduction in 

EFS in the study group compared to control group (HR, 0.63; 95% CI, 0.48-0.82; P= 
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0.00031). The 3-year event-free survival rate was 84.5% and 76.8% for the study group 

and control group, respectively, reported during an ESMO Virtual Plenary presentation 

[122]. 

1.7. CHA1 Combinational Therapy 

1.7.1. Epigallacatechin-3-gallate (EGCG) 

Cancer chemoprevention approaches including the use of naturally occurring 

phytochemicals are aimed at preventing, delaying, or suppressing the process of 

carcinogenesis [123, 124]. Among natural compounds, green tea has been extensively 

studied worldwide in a variety of diseases and the resulting data demonstrated that green 

tea has beneficial effects on human health such as anti-cancer, anti-obesity, anti-diabetic, 

anti-cardiovascular, anti-infectious and anti-neurodegenerative effects [125]. Green tea 

leaves contain four main types of catechins: epigallocatechin-3-gallate (EGCG) that 

represents approximately 59% of the total catechins, epigallocatechin (EGC) (19%), 

epicatechin-3-gallate (ECG) (13.6%), and epicatechin (EC) (6.4%) [123, 124]. Figure 

1.11 represented the chemical structures of green tea catechins. 

EGCG is an active ingredient of green tea and is responsible for green tea’s 

biological effects [125]. It has been shown that EGCG was effective in inhibition the 

growth of several types of cancer, including lung, skin, liver, and breast cancer [126, 

127]. Antioxidant effect and the ability to scavenge reactive oxygen species (ROS), 

which facilitate oxidative DNA damage, mutagenesis, and tumor promotion, is one of the 

mechanisms by which EGCG exert its anti-cancer effects [125]. ROS can promote cancer 

cell growth, invasion, and metastases by activation of NF-κB which results in facilitating 

the expression of inflammatory genes such as cyclooxygenase (COX), nitric oxide (NO), 
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and tumor necrosis factor-α (TNF-α) [125]. Therefore, EGCG by scavenging ROS can 

inhibit NF-κB and suppress the expression of COX, NO and TNF-α, leading to anti-

cancer effects [125]. 

 

Figure 1.11. Chemical Structures of Green Tea Catechins. Reprinted with permission 

from: Namal Senanayake, S.P.J., Green tea extract: Chemistry, antioxidant properties 

and food applications – A review. Journal of Functional Foods, 2013. 5(4): p. 1529-

1541. 

 

In addition to antioxidant effect, EGCG can have pro-oxidant activity which is 

important for the induction of apoptosis and inhibition of cell growth of cancer cells 

[125]. Production of ROS by EGCG can activate AMPK, through induction of 

Ca
2+

/calmodulin-dependent protein kinase (CaMKK) and/or liver kinase B1 (LKB1), 

which in turn resulted in suppression of mechanistic target of rapamycin kinase (mTOR), 

leading to anti-cancer effects [125]. It is not clear by which mechanism EGCG can act as 

an antioxidant or a pro-oxidant [125]. Several factors can contribute to EGCG’s activity 

include cell types considered, cellular concentrations, and the co-presence of other 

antioxidants [125]. It has been reported that either the antioxidant or pro-oxidant 

activities of EGCG are involved in various mechanisms of EGCG’s anti-cancer effects 

[125]. 
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One important anti-cancer effect of EGCG is the induction of apoptosis [123, 125, 

127]. Several studies have demonstrated EGCG’s apoptotic effect and its mechanism of 

action [123, 125, 127]. ROS can activate gene expression of anti-apoptotic B-cell 

lymphoma-2 (Bcl-2) via activation of NF-κB [125]. Therefore, EGCG can downregulate 

Bcl-2 via quenching of ROS, resulting in apoptotic cell death of cancer cells [125]. 

Furthermore, EGCG can induce apoptosis via upregulation of apoptosis regulator Bcl-2 

associated X (Bax) and activation of caspase-9, caspase-3, and caspase-8 [125]. It has 

been shown that treatment of breast cancer MCF-7 cells with EGCG induced apoptosis 

via stimulation of caspase-9, caspase-3, and poly (ADP-ribose) polymerase-1 cleavage 

[128].  

Anti-angiogenesis effect of EGCG has been reported in several studies [123, 125, 

127]. Treatment of gastric cancer SGC7901 cells under hypoxia induced by cobalt 

chloride with EGCG downregulated the protein expression of hypoxia-inducible factors-1 

(HIF-1) and vascular endothelial growth factor (VEGF) proteins [129]. In E0771 

syngeneic breast cancer model and in E0771 cultured cells, EGCG treatment resulted in 

decreased VEGF expression [130]. Furthermore, EGCG treatment of TNBC Hs578T 

cells resulted in inhibition of VEGF expression, suggesting the suppressive role of EGCG 

in TNBC cell migration [131]. 

The inhibitory effect of EGCG on Wnt/β-catenin has been reported [132]. 

Treatment of MDA-MB-231 TNBC human cell lines with EGCG resulted in suppressing 

the growth of MDA-MB-231 cells by downregulating the protein expression of β-catenin, 

cyclin D1, and phosphorylated Akt (p-AKT) [132]. In addition, the suppressive effect of 

EGCG on β-catenin expression was potentiated when MDA-MB-231 cells were pre-
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treated with inhibitors of phosphoinositide 3-kinases (PI3Ks) (LY294002 or wortmannin) 

[132]. Taken together, these data suggest that EGCG could retard the growth of MDA-

MB-231 TNBC human cell lines by inactivating the β-catenin signaling pathway. 

One important mechanism linked to EGCG’s anti-cancer effects is epigenetic 

modification [125]. The ability of such compounds to inhibit DNA methyltransferase 

(DNMT) and histone deacetylase (HDAC) makes them potential anti-cancer drugs [125]. 

It has been reported that EGCG treatment of human cervical carcinoma HeLa cells 

resulted in reduced the proliferation of HeLa cells and expression of DNMT1 [133]. 

Furthermore, it has been demonstrated that treatment of HeLa cells with EGCG caused 

inhibition of the expression of DNMT3B and HDAC1 in a time-dependent manner [134].  

Notwithstanding encouraging pre-clinical outcomes of EGCG, its applicability to 

humans was with limited success [123, 127]. The data obtained from in vivo studies and 

human epidemiological studies on different types of cancers were inconsistent and in 

some cases were contradictory [127]. Moreover, EGCG showed poor bioavailability and 

poor stability which highlights the differences between in vitro and in vivo conditions, 

indicating a limitation for the use of EGCG in human populations [123, 127]. One of the 

strategies to overcome this issue and to improve EGCG’s stability and bioavailability was 

based on the use of nanoparticles (NPs) in which EGCG is encapsulated [123, 127]. 

1.7.2. Decitabine (DAC) 

Abnormal epigenetic modifications play critical role in tumorigenesis 

development [135]. DNA methylation of the cytosine-phosphate-guanine (CpG) 

dinucleotide islands in the promoter regions of tumor suppressors genes is a major driver 

of tumorigenesis in many cancers including TNBC [135, 136]. DNA methylation 
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involves the transfer of a methyl group from S-adenosyl-l-methionine to C-5 position of 

cytosine, mostly within CpG dinucleotide [135, 137]. DNA methyltransferases (DNMTs) 

include DNMT1, DNMT3A, and DNMT3B catalyze this reaction [135, 137]. DNMT1 is 

responsible to maintain the methylation pattern from the parental DNA that is copied 

onto the newly synthesized DNA strand during DNA replication. DNMT3A and 

DNMT3B catalyze de novo DNA methylation of previously unmethylated DNA [135, 

137]. 

Decitabine (DAC), which acts as DNMTi, is an FDA-approved drug for treatment 

of myelodysplastic syndromes (MDS) [138]. In addition, it has an off-label use in acute 

myeloid leukemia (AML) [138]. Despite the successful use of DAC in hematological 

tumors, it does not work as monotherapy in solid tumor [139]. It has been suggested that 

DAC can be used to sensitize the tumors to ICIs response in solid tumors [139]. 

The mechanism of action of DAC is shown in Figure 1.11. DAC has different 

mechanism of action at low dose compared to high dose [135, 140]. At low dose, DAC 

inhibits DNMT and reactivates the expression of methylated-silence genes that are 

associated with induction of cell differentiation, apoptosis, and senescence, and anti-

proliferation. In contrast, at high dose, DAC causes cytotoxicity [135, 140].   

After cellular uptake of DAC by the nucleoside transport system, it is converted 

by deoxycytidine kinase and by other kinases to its active triphosphate form which is then 

incorporated into DNA by DNA polymerase [137]. Incorporation of low dose of DAC 

triphosphate causes formation of a covalent complex between DAC-DNA and DNMT at 

CpG methylation sites and traps the enzymes on DNA, leading to depletion of the DNMT 

pool and inhibition of DNMT function [135, 140]. On the other hand, incorporation of a 
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high dose of DAC triphosphate can induce DNA damage, and inhibit DNA synthesis, 

resulting in cell cycle arrest and cell death [135, 140]. 

 

Figure 1.12. Mechanism of Actions of Decitabine. Reprinted with permission from: 

Oki, Y., E. Aoki, and J.-P.J. Issa, Decitabine-Bedside to bench. Critical Reviews in 

Oncology/Hematology, 2007. 61(2): p. 140-152. 

One of the important effects of DAC is reactivation of the expression of tumor 

suppressor genes such as P53, P15, P16 and BRCA1 [135, 137]. Furthermore, DAC can 

reinduce the expression of genes involved in apoptotic pathway such as XAF1, and 

TRAIL receptor-1, which are involved in interferon-induced apoptosis, and APAF1, a 

downstream element of the p53 apoptotic pathway [135].  

It has been reported that DAC can induce the expression of several genes that play 

central role in immune system regulation such as MHC, IFNγ, and PD-L1 [135, 141]. In 
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addition, DAC can upregulate the expression of CTAs that can trigger cellular and 

humoral immune responses and increase the immune system recognition of tumor cells 

[76, 135]. Taken together, these DAC’s expression-restoring properties suggest that DAC 

could sensitize the tumor to ICIs.  

1.7.3. CHA1 Treatment 

The Yee lab has identified HMG-box transcription factor 1 (HBP1) as a Wnt 

repressor and has shown that the expression of HBP1 was deleted, mutated or decreased 

in TNBC [142]. HBP1 inhibits Wnt/β-catenin signaling by binding to the LEF/TCF 

complex and prevents its function as a transcriptional activator [143]. In addition, the Yee 

lab has found that there was a reduction or loss of HBP1 in clinical invasive breast cancer 

samples [142]. It also has been found that HBP1, by suppressing Wnt/β-catenin signaling, 

inhibits tumorigenesis of mammary gland cells [56]. The survival rate for patients with 

invasive breast cancer was reduced by 30% when the disease is accompanied by 

reduction or loss of HBP1 [56]. Hence, targeting HBP1 to inhibit Wnt/β-catenin signaling 

could be one potential candidate for anti-TNBC therapy. 

The Yee lab has been exploring CHA1 which is a combinatorial drug approach to 

suppress Wnt signaling, using epigallocatechin-3-gallate (EGCG), the active ingredient 

of green tea, and Decitabine (DAC). Several epidemiological studies have reported that 

green tea consumption is associated with reduced breast cancer incidence and relapse 

[144-146]. Furthermore, EGCG has been studied in a large number of clinical trials for 

various types of cancers but has yielded controversial results [146, 147]. Mechanistically, 

the Yee’s lab demonstrated that EGCG inhibits Wnt signaling in vitro through post-

transcriptional stabilization of HBP1 mRNA [56]. In addition, EGCG can suppress DNA 
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methyltransferase (DNMT) activity and reactivate the expression of methylation-silenced 

genes in cancer cells [148]. From a mechanistic perspective, our work subsequently 

demonstrated that DNMT1 is a transcriptional target of HBP1 repression [149]. 

DAC is approved by FDA for the treatment of myelodysplastic syndromes and it 

is used in the treatment of acute myeloid leukemia [138]. It acts epigenetically to restore 

silenced genes through inhibition of DNMT [140]. Among the methylated genes that are 

regulated by DNMT and DNA methylation is the Wnt inhibitor sFRP1 [150, 151]. 

Impairing DNA methylation would be predicted to increase the expression of the sFRP1. 

Taken together, these studies suggested that the combination of the DNMT 

inhibitor DAC and EGCG that induces HBP1 mRNA stabilization resulting in 

transcriptional downregulation of DNMT1 could have a more significant effect on 

DNMT1 function and thus DNA methylation. Thus, CHA1 combinational treatment 

could potentially restore the expression of Wnt inhibitors, HBP1 and sFRP1, indicating 

augmenting Wnt signaling inhibition could be achieved. The overall rationale for the 

combinatorial therapy is outlined in Figure 3.1. 

One of special characteristic of EGCG is its ability to cross the blood brain barrier 

(BBB) [152]. Furthermore, it is distributed almost equally between brain and mammary 

gland [153]. Like EGCG, DAC can cross the BBB [154]. Thus, a combination therapy of 

CHA1 could be beneficial for TNBC patients with brain metastases since both drugs 

cross the BBB. 

1.8. Hypothesis and Study Objectives 

Triple-negative breast cancer (TNBC) is the most aggressive type of breast 

cancer, which is ER negative, PR negative, and does not have overexpressed HER-2 [1, 
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3, 7]. Since TNBC lack expression of common target markers, its treatment is 

challenging and is limited to chemotherapy, radiation, and surgery [155]. Therefore, 

finding a therapeutic target to manage TNBC becomes of great interest. Hyperactivation 

of the Wnt signaling pathway, which contributes to poor prognosis and metastasis, is a 

common feature of TNBC [34-36]. So, Wnt signaling is a potential therapeutic target to 

manage TNBC. 

Preliminary data from the Yee lab indicated that CHA1 in combination inhibited 

tumor growth in TNBC human xenograft mouse model, while individually they had 

almost no effect. The mechanism relies on increasing HBP1 and sFRP1 expression levels 

as the Yee lab showed that tumors with knockdown of HBP1 and sFRP1 did not respond 

to CHA1. In addition, CHA1 treatment resulted in reduction of brain metastasis. 

Mechanistically, the Yee lab had shown that CHA1 biochemically suppressed the Wnt 

signaling pathway. Furthermore, transcriptomic and bioinformatic analysis using RNA-

seq data from CHA1-treated tumors suggested a broad activation of cell-cycle inhibition, 

activation of apoptosis and other tumor-inhibitory pathways.  

Treatment of TNBC with immune checkpoint inhibitors has recently gained 

significant attention after FDA approval of ICI, anti-PD-1 in combination with 

chemotherapy (nab-paclitaxel, or paclitaxel, or gemcitabine plus carboplatin) for PD-L1 

positive patients (combined positive score (CPS) ≥10) [119]. Unfortunately, not all 

TNBC patients can be treated with anti-PD-1. In addition, the indication of anti-PD-L1, 

atezolizumab, in combination with nab-paclitaxel in TNBC was withdrawn after it failed 

to meet OS endpoint between the two arms of the trial in the ITT population [116, 118]. 

Therefore, there is only one option available for TNBC patients. One of the strategies that 
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used to enhance ICIs responsiveness is combining ICIs with a collaborative agents [139]. 

There is unmet need to identify and investigate the ideal collaborative agents. 

The hypothesis of the study was that CHA1 increased the susceptibility of 

immune system to recognize the tumors and converted cold tumors into hot tumors. In 

addition, CHA1 could be a collaborative agent to improve the response to ICIs. 

The first aim of the study was to investigate the immune therapeutic effects of 

CHA1. Upregulation of Wnt/β-catenin pathway and downregulation of IFN pathway 

have been associated with the development of resistance to ICIs [108]. Unbiased analysis 

of RNA-seq data from CHA1 treated tumors using Ingenuity Pathway Analysis (IPA) 

was used to identify the potential target molecular pathways. Activation of antigen 

presenting pathways was one of the most upregulated in the IPA analysis. Thus, I both 

proposed and completed multiple molecular tests to investigate how CHA1 changed the 

tumor microenvironment in TNBC human xenograft and TNBC syngeneic models. I 

showed that CHA1 treatment resulted in suppressing Wnt/β-catenin pathway and in 

increasing tumor immunogenicity via upregulation of cancer testis antigen, re-activation 

of antigen presentation, and induction of IFN signaling activity. I also found that CHA1 

upregulated PD-L1 expression and induced T-cell inflamed gene signature beyond PD-

L1. All this support that CHA1 could turn cold tumors into hot tumors, suggesting CHA1 

could be a potential collaborative agent with ICIs. 

The second aim of the study was to evaluate the efficacy of CHA1 in combination 

with immune check point inhibitors (ICIs). I investigated whether CHA1 sensitized the 

tumor to the ICIs. I showed that combination of CHA1 with anti-PD-L1 significantly 

suppressed TNBC tumor growth in a syngeneic mouse model. 
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Chapter 2: Materials and Methods 
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2.1. Cell Lines 

Human cell lines: The IS13 cell lines, a derivative of MDA-MB-231 cell lines 

that express both luciferase and GFP, a gift from Dr. Gail Sonenshein, were used for the 

TNBC human xenograft experiment.  

Mouse Cell Lines: 4-T1 cell lines, purchased from ATCC, were used for the 

TNBC syngeneic model.  

2.2. Mutant Cell Construction in Human Cell Lines 

Lentivirus knockdowns: LM1 cells, derivative of MDA-MB-231 cell lines, were 

transfected with lentiviral particles. Three shRNA constructs targeting HBP1, sFRP1 and 

pLKO control were used. The lentiviral transduction protocol from Sigma-Aldrich was 

used for viral transfection. 8 μg/ml of hexadimethrine bromide was added for enhancing 

transduction. Cells were selected with 1 to 2 μg/ml of puromycin. Knockdown of HBP1 

and sFRP1 were confirmed with real time PCR by comparing the gene knockdown 

constructs to control.  

2.3. Treatment Regimen for in vitro Study 

DAC and EGCG were dissolved in PBS and ethanol with PBS, respectively. Cells 

were treated with 1μM of DAC + 10μM of EGCG (combination treatment), 1μM of 

DAC, 10μM of EGCG, and no treatment. Treatment was conducted for 96 hours All cells 

were maintained in the normal the media that contained Dulbecco's Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), antibiotics, and 

anti-trypsin during treatment. Media and drugs were replaced every 24 hours (four times 

during the 96-hour treatment period). 
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2.4. Animals 

Six- to eight-week-old female NOD/SCID mice and Balb/c mice were purchased 

from Jackson Laboratory. Mice were housed in a sterile environment and maintained by 

DLAM (Division of Laboratory Animal Medicine) personnel in accordance with 

guidelines established by the Institutional Laboratory Animal Care and Use Committee 

(IACUC) at Tufts University-Tufts Medical Center. 

2.5. Cells Preparation for Animal Surgery 

Cells were cultured in the normal growth media (DMEM supplemented with 10% 

FBS, penicillin (100 units/ml), streptomycin (0.1 mg/ml), and 10 mM L-glutamine) and 

allowed to grow to no more than 85% confluence. To harvest cells, cells were initially 

trypsinized with 0.05% trypsin and subsequently washed with PBS. The cells were then 

re-suspended in serum-free, antibiotic-free Dulbecco’s Modified Eagle Medium. To 

determine cell concentration for accurate inoculation into xenograft models, cells were 

stained with 0.4% trypan blue solution (Sigma) and counted using a hemocytometer. A 

1:1 volume ratio of Matrigel (BD Biosciences) was used to set the cells for 

implantation/inoculation into the mammary fat pad of each individual mouse. 

2.6. Animal Surgery 

All animal surgeries were carried out in a procedure room under a sterile 

environment following guidelines for animal surgery establishment by Tufts Medical 

Center’s Division of Laboratory Animal Medicine. Animals were initially anesthetized in 

an isoflurane chamber. During surgery, mice were administrated a steady flow of 

isoflurane through a nose conical. Surgery: area around the 4th mammary fat pad was 

prepared by shaving hair and sterilizing with iodine and alcohol. Care was taken to locate 
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the 4th mammary fat pad and an incision was made according to expose the area for 

implantation of cancer cells. Connective tissues were released to fully access the area for 

the inoculation of cells. A total volume of 30 μl or 35 μl containing 3 x 105 – 5 x 105 cells 

suspended in a 1:1 ratio of serum-free, antibiotic-free media and Matrigel was injected 

into the mammary fat pad using a Hamilton Syringe. Following inoculation of cells, the 

incision was repaired using wound clips. The animals were allowed to recover from 

anesthesia under close monitoring. Buprenorphine was used as an analgesic (0.06 mg/kg). 

Animals were monitored for three days post-surgery for proper healing and any post-

operative complication. 

2.7. Treatment Plan for in-vivo Study  

When tumors reached approximately 0.125 cc, treatments were initiated. Both 

EGCG (Sigma) and DAC (Sigma) were dissolved in sterile PBS. A 28-gauge 

insulin syringe was used for intraperitoneal injection (i.p). All treatments continued for 

the indicated time unless tumor size exceeded that allowed by IACUC guidelines or if the 

animal’s health appeared to be deteriorating. Treatment plan was carried out in human 

xenograft model with MDA-MB-231 tumors, HBP1 knockdown MBA-MB-231 tumors 

and sFRP1 knockdown MBA-MB-231 tumors as well as in syngeneic model with 4-T1 

tumors. 

CHA1 QOD treatment protocol in TNBC human xenograft and TNBC syngeneic 

models: mice were randomly assigned to either control or experimental groups with at 

least five mice in each group. Mice in the CHA1 experimental group were injected i.p. on 

alternating days with either 16.5 mg/kg EGCG or 0.5 mg/kg DAC. Control mice were 

injected i.p. with 100 µL of saline each day. 
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EGCG QOD monotherapy in TNBC human xenograft: mice were injected i.p. on 

alternating days with 16.5 mg/kg of EGCG. 

DAC QOD monotherapy in TNBC human xenograft: mice were injected i.p. on 

alternating days with 0.5 mg/kg of DAC. 

CHA1 QD treatment in TNBC syngeneic models: mice were randomly assigned to 

either control or experimental groups with at least five mice in each group. 16.5 mg/kg of 

EGCG and 0.5 mg/kg of DAC were administrated concomitantly via i.p. injections 

during cycle 1 and cycle 2. The duration of each cycle was 5 days. There was 5 days 

recovery period between the cycles. 

CHA1 + ICIs treatment in TNBC syngeneic models: mice were randomly 

assigned to either control or experimental groups with at least eight mice in each group. 

CHA1 QD treatment protocol was followed. Mice in ICIs treatment group and CHA1+ 

ICIs group received two doses of either anti-PD-L1 antibody (clone 10F.9G2, Bio X 

cell), anti-PD-1 antibody (clone RMP1-14, Bio X Cell), or anti-CTLA-4 antibody (clone 

9H10, Bio X Cell). The doses were two days apart and administrated during the recovery 

period between the cycles of CHA1 treatment. The first dose of ICIs (100 g/mouse) was 

administrated via i.p. injections on the first day of the recovery period and the second 

dose was administrated via i.p. injections on the fourth day of the recovery period. 

2.8. Monitoring of Tumor Growth: Caliper Measurements 

After cells implantation, animals were palpated for evidence of tumor. Once a 

measurable tumor was noted, caliper measurements were taken every other day. The two 

longest dimensions of the tumor were used to calculate tumor volume (the formula width² 

x length was used to determine tumor volume). 
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2.9. Bioluminescence Imaging for Quantitative in vivo Luminescence 

Bioluminescence imaging quantitative in vivo luminescence was accomplished 

using the IVIS Imaging System (Xenogen). MDA-MB-231 cells used contain a luciferase 

gene construct that enabled visualization of live cells upon administration of luciferin 

(0.1mg/mouse). Animals were anesthetized in an isoflurane chamber after i.p. injection of 

luciferin and remained so through a nose conical during the entire imaging procedure. 

Acquisition time was 60 seconds when tumors were small and signal strengths were low. 

As tumor size increased, acquisition time was reduced to 30 seconds to avoid saturation. 

Analysis was performed using Living Image software (Xenogen). Measurements were 

collected as photon flux (measured in photons/s/cm2/steradian) within a defined region of 

interest. Background flux was also measured in order to normalize data. 

2.10. Termination of in-vivo Study 

All animals were carefully monitored to ensure that tumor size is within limits 

established by IACUC and the animals were in good health. There were two instances 

where animals were sacrificed before the entirety of the experiment: tumor sizes 

exceeded 1 cm³ limit and evidence that animal’s health was deteriorating. After 

termination of animal, an autopsy was performed to look for any evidence of metastases 

and abnormalities. Suspected tissues were harvested for analysis. The primary tumor was 

harvested from each mouse and fixed with formalin. Fixed tissues were preserved in 70% 

ethanol. A small, unfixed sample from each mouse was stored at -80˚C for further 

analysis. 
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2.11. Immunohistochemistry and Immunofluorescence 

Immunostainings of MHC-I and MHC-II of human xenograft tumor samples were 

performed by Tufts University Core Facility (Boston, MA). Immunostainings of Ki67, β-

catenin, PD-L1, CD8, F4/80, FOXP3 of syngeneic tumor samples were performed by 

iHisto (Salem, MA). Cell membrane immunostaining for control and treated tumors was 

assessed by three investigators in a blinded fashion. The Allred scoring method was used 

as previously described for assessing the membrane proportion and staining intensity in 

scale between 0 to 8 [156]. The score was calculated from the sum of a proportion score 

(0-5 scale reflecting the percentage of cells with any stain) and a staining intensity score 

(0-3 scale reflecting the intensity of staining among the positive cells) [156]. A score 

between 0 and 2 indicates negative staining and a score between 3 and 8 indicates 

positive result [156]. Immunofluorescence staining of Ki67 and CD8 of syngeneic tumor 

samples was performed by iHisto (Salem, MA). 

2.12. Total RNA Extraction and cDNA Synthesis 

For in vitro experiment: cells were harvested for total RNA extraction after 

completion of treatments. For in vivo experiment: a small sample of tumor tissue was 

used for total RNA isolation. RNA extraction was performed using RNeasy Plus Mini Kit 

(Qiagen) and was eluted with RNase-free water. Nanodrop spectrophotometer (Thermo 

Scientific) was used to measure RNA concentration by measuring absorbance at 260nm. 

After determining RNA concentration, 500 μg of RNA was used to synthesize cDNA 

using iScript cDNA Synthesis Kit (Bio-Rad). 
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2.13. SYBR Green Real-time RT-PCR 

cDNA synthesized from cells and animal tumors tissues was used for real-time 

PCR performed on iCycler (Bio-Rad) using a 2x SYBR Green master mixture (Bio-Rad) 

in a 20 μl reaction. All quantizations were normalized to endogenous 18 S RNA control. 

The relative quantitative value for each target gene compared with the calibrator for the 

target was expressed as comparative Ct (2-(ΔCt-Cc)) method (Ct and Cc are the mean 

threshold cycle differences after normalizing to 18 S). Real-time RT-PCR experiments 

were performed in triplicates. Primer sequences were presented in Table 2.1 and Table 

2.2. Human primers for HLA-DRB1 and VCAM1 were purchased from Bio-Rad. 

Table 2.1. Human Primer Sequences 

 
Forward Reverse 

18s GCCCGAAGCGTTTACTTTG CTTAATCATGGCCTCAGTTC

C 

AXIN2 GTGTGAGGTCCACGGAAACT GAATCATCCGTCAGCGCATC 

CD74 CAGCGCGACCTTATCTCCAA GGTACAGGAAGTAGGCGGT

G 

CTLA-4 TAATTGATCCAGAACCGTGCC CTCTGTTGGGGGCATTTTCA

C 

DDX58 CTGGACCCTACCTACATCCTG GGCATCCAAAAAGCCACGG 

DHX58 GGGCCTCCAAACTCGATGG TTCTGGGGTGACATGATGCA

C 

ERV3-1 AGCCGGAGCTTCTGGTGTAG  AGTGGGTCCTGGCGTCTTA 

FASL TGGAAATAAACTGCACCCGG

AC 

CTCTTTGCACTTGGTGTTGCT

GG 

HBP1 GGCGACGGGTTTGTC AGAG TGCCAGATTGGGTAGGATCA

C 

HLA-B CTAGCAGTTGTGGTCATCGGA

G 

GGAGGCGTGAAGAAATCCTG 

HLA-DRB5 AGCATGGTGTGTCTGAAGC CCCGTTGAAGAAATGACACT

CA 

ICAM1 CTATAAAGGATCACGCGCCC GGCAGGATGACTTTTGAGGG 

IFI27 TTCTTTGGGTCTGGCTCAAGT GCCACAACTCCTCCAATCAC

A 

IFIH1  

(MDA-5) 

GGAGTCAAAGCCCACCATCT GGTGACGAGACCATAACGG

A 
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IFIT1 AAGCAGGACCCACAAGAATG

T 

GGCATTTCATCGTCATCAAT

GG 

IFIT3 GAACATGCTCAAGCAGA CAGTTGTGTCCACCCTTCCT 

IFTI2 AACAAAAAGGAACCAGAGGC

CA 

TAGTTGCCGTAGGCTGCTCT

C 

ISG20 GAAGCACGACTTCCAGGCAC TCTTCCACCGAGCTGTGTCC 

MAGE-A3 CCCTGAGCAACGAGCGAC GACTCTGGTCAGGGCAACAG 

MAGE-A6 CCCTGAGCAACGAGCGA ACTCTGGTCAGGGCAACAG 

NY-ESO-1 TGTCCGGCAACATACTGACT AAAAACACGGGCAGAAAGC

AC 

OAS1 TCCGTGAAGTTTGAGGTCCAG AGGTTTATAGCCGCCAGTCA 

OAS2 GCTCAGAAGCTGGGTTGGTTT GGATGTCACGTTGGCTTCTC

T 

OAS3 CGTCAAACCCAAGCCACAAG TTCCACAACCCCTGTAGGCA 

OASL GAAGGAAGAGGTGCTAGACG

C 

GAAACAGCTCAGAAACGCC

AC 

PD-L1 TATGCCTTGGTGTAGCACTGA CCGATGAACCCCTAAACCAC

A  

PD-L2 GAACCCAGGACCCATCCAAC CCCAAGACCACAGGTTCAGA 

PSMB9 GGGGCGTTGTGATGGGTTC GCAGCCAAAACAAGTGGAG

GT 

sFRP1 CTGATAACTGGTTGCTGTGTC CATCCATGTCCTGTGTATCTG

C 

 

Table 2.2. Mouse Primer Sequences 

 
Forward Reverse 

Axin2 GACAGTAGCGTAGATGGAG

TCC  

CGGCTTTCCAGCTCCAGTTT 

2m TCGCTTCAGTCGTCAGCAT GCAGTTCAGTATGTTCGGCT 

Ccl4 TCTCTCCTCTTGCTCGTGGC  ATCTGTCTGCCTCTTTTGGTCA 

Ccl5 TGCTGCTTTGCCTACCTCTC TTGAACCCACTTCTTCTCTGGG 

Cd4 TGGGGAAGGAAGGGGAATC

A  

AACCATCAAACTGCGAAGGC  

Cd8a CGGATTGGACTTCGCCTGT TGCAAACACGCTTTCGGCT 

Ctla-4 TCCAAGGACTGAGAGCTGT

T 

GGGCATTTTCACATAGACCCC 

Cxcl10 TGAGAGACATCCCGAGCCA

A 

CCCTATGGCCCTCATTCTCAC 

Cxcl9 CTCGGACTTCACTCCAACA

CA 

GTAGTGGATCGTGCCTCGG 

Fasl TGAGTTCACCAACCAAAGC

CT 

TCACTCCAGAGATCAGAGCGG 

Gzmb TGTGTGCTATGTGGCTGGTT CCCGAAAGGAAGCACGTTTG 
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H2Aa TGGAGGTGAAGACGACATT

GA 

AGCTATGTTTTGCAGTCCACC 

H2Ab1 CCTGTGCCTTAGAGATGGC

T 

GTTGGTGAAGTAGCACTCGC 

H2d1 AAGTGGGAGCAGAGTGGTG ATGTCAGCAGGGTAGAAGCC 

H2k1 ATCGCCCTGAACGAAGACC CACATGGGCCTTTGGGGAA 

Hbp1 GGAAGACTTTGCTAGAGCC

G 

CAGTGAGCAAGCCATCTTCT 

Ido1 GCTTTGCTCTACCACATCCA

C 

 TGTCCTCTCAGTCCGTCCG 

Ifi27 TGGAGAGAGCTGGGGAAAT

CG 

AAAACGCCATGAGGACCAGT 

Ifit1 GCTACCACCTTTACAGCAA

CC 

CCTTTCAGGTGCCTCACGTA 

Ifit3 CTCAGCCCACACCCAGCTTT

T 

GTTGCACACCCTGTCTTCCATA 

Ifng ATGAACGCTACACACTGCA

TC 

CCATCCTTTTGCCAGTTCCTC 

Lag3 CTGTCACGTTGGCGGTCATC GGACAGATTGTTCAGGGGACG 

Mage-a3 AAGAGAGTGCTCAGGCCCA

A 

TGCCACACAGGGAGAGTAGG 

MuERV-L TGGTGGTCGAGATGGAGGT

TA 

CCGTGAATGGTGGTTTTAGCA 

Oas1a TGTACGAGGTTCAGCATGA

GAG 

GGCTTGCTGGAAGTATTAACAT

GA 

Oas1b TCTGCTTTATGGGGCTTCGG TCGACTCCCATACTCCCAGG 

Oas1g TTGAGGTCCAGAGTTCATG

GTG 

CAGATGAGGATGGTGTAGATT

AAGG 

Oas3 TGGGTCACAAGTCTGCCTTC ACTTGAGTCAGGAAGTGGCG 

Oasl1 AGACCTGGGAGACCATCAC

T 

TTTGACCAACCGAAGGAGGC 

Oasl2 GAAGAACCTCCTCCGGTTG

G 

CACGGCTACGAACCCTTCAT 

Pd-1 GGAGACTGCTACTGAAGGC

G 

GTGAAGGTGGCATTTGCTCC 

Pd-l1 GGACTACAAGCGAATCACG

C 

TTCTCTTCCCACTCACGGGT 

Pd-l2 TCGGTGTGATTGGCTTCCAG TCTTTAGGGGCTGTCACGGT 

Prf1 CCCACTCCAAGGTAGCCAA

T 

GAGCTGTTAAAGTTGCGGGG 

Psmb10 GAATGCGTCCTTGGAACAC

G 

GGGGCGATGAAGTGGATCTT 

Sfrp1 ACTGGCCCGAGATGCTCAA

A 

CATCCTCAGTGCAAACTCGCT 
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Stat1 CTGTCATCCCGCAGAGAGA

A 

CTGCTGAAGCTCGAACCACT 

Tigit TGAGCCAGTTTCAGTTGGA

GG 

TATCTATCGTGCCTGCTGTGG 

 

2.14. Protein Extraction 

Cell and tumor lysates were lysed for 30 minutes at 4°C with RIPA buffer 

(Thermo Scientific) that mixed with protease and phosphatase inhibitor cocktail (100X) 

(Thermo Scientific HaltTM kit) and 0.5 M EDTA (Thermo Scientific) (1:100 dilution). 

The lysate was centrifuged for 10 minutes at 14,000 rpm at 4°C. The supernatant was 

kept and frozen at -80°C. Protein concentration measurement was done following 

Thermo Scientific Quant-iTTM Assay. Protein concentration was measured with QubitTM 

fluorometer (Thermo Scientific). 

2.15. Western Blotting 

Table 2.3. Primary Antibodies used for western blotting 

Reagent Source 

β-actin Sigma-Aldrich 

β-catenin Millipore 

E-cadherin Cell signaling 

pSTAT-3Y705 Cell signaling 

STAT-3 Cell signaling 

 

30 g protein extracts were separated on 7.5% gradient polyacrylamide gel (Mini-

PROTEAN TGX gel, Bio-Rad) by electrophoresis (SDS-PAGE). Then, proteins were 

transferred to PVDF membrane (Bio-Rad), washed with PBST (1xPBS, 0.1% Tween) 

and blocked with 5% BSA solution for at least one hour at 4°C. Once the membrane is 

done blocking, primary antibodies were incubated overnight at 4°C. The list of primary 

antibodies used was presented in Table 2.3. The western blot results were developed with 
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SuperSignal West Femto Chemiluminescent substrate (Thermo Scientific) and 

quantitated by the Chemidoc MP Imaging System (Bio-Rad). 

2.16. RNA Sequencing 

RNA from treated and control tumors was sequenced at the Tufts University 

Medical Campus core facilities (Boston, MA). RNA from three CHA1 treated tumors and 

three saline treated tumors were submitted and 25-28 million reads were analyzed for 

each sample. The data were analyzed using IPA (QIAGEN Inc., 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis). GSEA 

analysis was done using Molecular Signatures Database (MSigDB) [157]. REACTOME 

gene set was used for the analysis.  

2.17. The Cancer Genome Atlas (TCGA) Analysis 

The data were generated using the cBioPortal for Cancer Genomics 

(http://www.cbioportal.org) [158, 159]. Data were obtained from the following breast 

cancer dataset: “METABRIC, Nature 2012 & Nat Commun 2016 (n=2509)” [160-162], 

“TCGA, PanCancer Atlas (n=1084)“ and “TCGA, Cell 2015 (n=818)” [163]. mRNA 

expression relative to all samples with z-score threshold of 1.3 was used to extract the 

data. 

2.18. Statistical analysis 

All experiments were performed in triplicate. Student’s unpaired t-test was used 

for comparison between two groups. One-way ANOVA with Tukey’s post-hoc test was 

used for multiple comparison. The Manne-Whitney U-test was used to compare between 

tumor volumes and tumor weights. Kaplan-Meier survival curve with the hazard ratio 

(HR), 95% confidence intervals (CIs) and log-rank p-value was used for survival 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
http://www.cbioportal.org/
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analysis. A p-value less than 0.05 was considered statistically significant. All analyses 

were performed by GraphPad Prism 9. Linear regression analysis was performed using 

Pearson r values. 
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Chapter 3: Results 
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3.1. EGCG and DAC combination (CHA1) Suppressed Wnt signaling in-vitro 

As outlined, we hypothesized that potent Wnt signaling inhibition could be 

achieved by combining EGCG induction of HBP1, a transcriptional inhibitor of DNMT1 

[149], with inhibition of DNMT1 using decitabine (DAC). Further, the gene for sFRP1 is 

silenced by DNA methylation, which is coordinated by the DNMT1 and other family 

members [150, 151]. Thus, the combination may potentially increase at least two Wnt 

inhibitors, HBP1 and sFRP1. The hypothetical model for the combination function is 

shown in Figure 3.1. We treated cultured human TNBC cells (MDA-MB-231) using 

concentrations we or others have used previously (up to 1µM DAC, up to 10 µM EGCG) 

individually or in combination [164, 165]. These concentrations can be achievable in 

mice and at attainable clinical range in humans blood levels as previously reported [164-

178]. As shown in Figures 3.2A and 3.2B, EGCG treatment increased HBP1 mRNA as 

we had previously shown [56] as well as sFRP1 mRNA as hypothesized, while the 

combination was best at increasing both inhibitors. Further, nuclear -catenin was ablated 

by EGCG and DAC in combination, demonstrating repression of Wnt signaling (Fig. 

3.2C). Additional in vitro tests all supported the proposed mechanism, including analysis 

of HBP1 or sFRP1 knockdown cells, which demonstrated lack of combinatorial treatment 

function (Figures 3.2D, 3.2E). Knockdown of HBP1 lowered both basal and induced 

sFRP1 response to the combination, demonstrating HBP1 dependence to treatment. 

Unsurprisingly, sFRP1 knockdown completely blunted activation of sFRP1 by the drug 

combination. These initial tests of the combination treatment, which we now refer to as 

CHA1, provided sufficient confirmation of Wnt signaling inhibition that we proceeded 

with in vivo testing using drug doses attainable in clinical practice.  
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Figure 3.2. The Mechanistic Rationale of CHA1 Treatment (EGCG+DAC) to 

Suppress Wnt Signaling. A-C) CHA1 suppressed Wnt signaling in TNBC cells MDA-

MB-231 cells. CHA1 upregulated the expression of Wnt inhibitors A) HBP1 and B) 

sFRP1 at higher levels compared to monotherapy. The gene expression of Wnt inhibitors 

HBP1 and sFRP1 was measured by qRT-PCR in MDA-MB-231 treated with 10 µM 

EGCG or 1 µM DAC or both. C-E) CHA1 treatment requires HBP1 for complete 

efficacy. C) CHA1 was able to decrease the protein expression of nuclear β-catenin in 

control MDA-MB-231 cells but not in HBP1 KD MDA-MB-231 cells. EGCG or DAC 

monotherapy had no effect. The protein expression of cytoplasmic and nuclear β-catenin 

was measured by western blot in control TNBC cells MDA-MB-231 and in HBP1 KD 

TNBC cells MDA-MB-231 treated with 10 µM EGCG or 1 µM DAC or both. D-E) 

CHA1 was not able to upregulate sFRP1 gene in HBP1 KD and in sFRP1 KD MDA-MB-

231. D) The basal and induced sFRP1 mRNA expressions were decreased in HBP1 KD 

Figure 3.1. The Proposed Mechanism of 

Action of CHA1 Treatment. CHA1 (EGCG 

and DAC) is a combinatorial drug approach to 

inhibit Wnt signaling. EGCG exert its action to 

inhibit Wnt by post-transcriptional 

stabilization of mRNA of a Wnt inhibitor 

HBP1. DNMT1 is a transcriptional target of 

HBP1 repression. DAC is a DNMT inhibitor 

that acts epigenetically to reactivate Wnt 

inhibitors HBP1 and sFRP1, therefore, 

downregulation of Wnt signaling. 
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MDA-MB-231 after CHA1 treatment compared to control cell lines. E) The sFRP1 gene 

expression was completely abolished after CHA1 treatment in sFRP1 KD MDA-MB-231 

compared to the expression in the control cells. Gene expression of Wnt inhibitors sFRP1 

was measured by qRT-PCR in control TNBC cells MDA-MB-231 (PLKO-A), in HBP1 

KD, and in sFRP1 KD TNBC cells MDA-MB-231 treated with 10 µM EGCG or 1 µM 

DAC or both. All experiments were done in triplicate in three independent experiments. 

Data were represented as mean ± SEM.  

 

3.2. CHA1 Treatment Suppressed Tumor Growth, Metastases, and Wnt 

Signaling in TNBC Human Xenograft and TNBC Syngeneic Models 

We first assessed the efficacy of CHA1 in an immune compromised human 

TNBC xenograft model, which lacks an adaptive immune system. Treatment groups 

received saline, EGCG (16.5 mg/kg), DAC (0.5 mg/kg) or both compounds (CHA1) at 

achievable blood levels of either compound three times per week on alternating days 

(QOD) (Figure 3.3A) [166-178]. As shown in Figure 3.3B, CHA1 inhibited tumor growth 

in the human TNBC xenograft model, while the individual compounds had much less 

effect. Other dose combinations of EGCG and DAC in this delivery schedule were less 

effective (data not shown). Expression of either HBP1 or sFRP1 was required for CHA1 

efficacy as tumors with knockdown of sFRP1 and HBP1 did not respond or had reduced 

response to CHA1 (Figure 3.3D, 3.3E). Because EGCG and DAC cross the blood brain 

barrier, we found that CHA1 treatment resulted in reduction of brain metastases (Figure 

3.3F).  

CHA1 in the same alternating day modality also inhibited tumor growth in an 

immune competent syngeneic model using mouse 4T1 TNBC cell lines (Figure 3.4B). In 

addition, CHA1 QOD treatment decreased cell proliferation in syngeneic model (Figure 

3.4C, 3.4D). Lastly, we altered the delivery modality to better reflect clinical use of DAC, 

treating tumors in the immunocompetent 4T1 model with both DAC and EGCG together 
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for five-day straight (QD), followed by a five-day recovery period before another CHA1 

cycle (Figure 3.4E). This multi-cycle treatment modality was also effective at 

suppressing tumor growth (Figure 3.4 F, 3.4G). 
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Figure 3.3. CHA1 Reduced Tumor Growth and Brain Metastases in TNBC Human 

Xenograft. A) Human xenograft model: MDA-MB-231 human TNBC cells were 

implanted orthotopically into NOD/SCID mice to study tumor intrinsic response. B) 

CHA1 QOD treatment suppressed tumor growth in TNBC Human xenograft while 

monotherapy had no effect on tumor growth (n=5-6). The study was a combination of 

two different studies. C) Bioluminescence imaging of CHA1 QOD treated TNBC human 

xenograft mice demonstrated reduction in the primary tumor size prone to metastasis 

compared to the untreated group. Implanted MDA-MB-231 cell tumors were grown for 

approximately 3 weeks. At the end of the experiment, mice were anesthetized with 

isofluorane and injected i.p. with 90 μl of luciferin. D-E) CHA1 treatment required HBP1 

and sFRP1 in TNBC xenograft model. The growth inhibitory effect of CHA1 was 

abolished in HBP1 and sFRP1 KD TNBC xenograft model. Control (plko), sFRP1 KD 

MDA-MB231 cells, and HBP1 KD MDA-MB231 cells were implanted orthotopically 

into NOD-SCID mice. At least 5 mice were treated with CHA1, EGCG or DAC for the 

indicated time. Tumors were measured with calipers. F) CHA1 decreased brain 

metastases in TNBC xenograft model. The brain metastases were assessed in control and 

CHA1 treatment mice. The IS13 brain-metastasizing variant of MDA-MB-231 cells that 

orthotopically implanted and tagged with GFP were treated with CHA1 or saline for 2 

weeks. GFP-labeled metastatic foci were counted on dissected brain. B, D&E) Tumor 

volume was measured with calipers. Tumors were weighted at the end of the experiment. 

Box and whiskers plot was used to represent tumor weight and brain metastases data. The 

median represented the mid-point of the data and was shown by the horizontal line that 

divided the box into two quartiles. 75% of the data were below the upper quartile value. 

25% of the data were below the lower quartile value. The error bars represented the upper 

and lower whiskers which showed the values outside the middle 50% (i.e. the lower 25% 

of values and the upper 25% of values). Mann-Whitney U-test was used for tumor 

volume and tumor weight comparison. * P < 0.05, ** P < 0.05, *** P < 0.005, **** P < 

0.001. 
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Figure 3.4. CHA1 Suppressed Tumor Growth in TNBC Syngeneic Mouse Model. A) 

Syngeneic mouse model: 4-T1 TNBC cells were implanted into Balb/c mice to study 

CHA1 response in immunocompetent mice. The CHA1 QOD treatment regimen: EGCG 

(16.5 mg/kg) or DAC (0.5 mg/kg) was administrated 3 times per week on alternating 

days for up to up to 2 weeks in syngeneic model. B) CHA1 QOD treatment suppressed 

tumor growth in syngeneic mouse model (n=4). C-D) CHA1 QOD treatment reduced cell 

proliferation in 4-T1 Syngeneic mouse model. C) H&E staining showed decreased the 

tumor density after CHA1 QOD treatment. D) IHC of Ki67 after saline and CHA1 QOD 

treatment demonstrated decreased in cell proliferation in CHA1 group. Sections of saline 

and CHA1 treated tumors were stained with anti-ki67 antibody. Representative 

immunostaining section with quantification of the percentage of Ki67 positive cells in 

untreated and CHA1 treated tumors (n= 3 mice/ group). E) CHA1 QD treatment timeline 

in 4-T1 syngeneic model: EGCG (16.5 mg/kg) and DAC (0.5 mg/kg) was co-

administrated for two cycles. Each cycle was 5 days with 5 days recovery period. F-G) 

CHA1 QD treatment decreased tumor volume and tumor weight after cycle 1(n=15-23) 

and cycle 2 (n=15-23). The results were the combinations of 3 different studies. (B, 

F&G) Tumor volume was measured with calipers. Tumors were weighted at the end of 

the experiment. Box and whiskers plot was used to represent tumor weight and brain 

metastases data. The median represented the mid-point of the data and was shown by the 

horizontal line that divided the box into two quartiles. 75% of the data were below the 

upper quartile value. 25% of the data were below the lower quartile value. The error bars 

represented the upper and lower whiskers which showed the values outside the middle 

50% (i.e. the lower 25% of values and the upper 25% of values). Mann-Whitney U-test 

was used for tumor volume and tumor weight comparison. * P < 0.05, ** P < 0.05, *** P 

< 0.005, **** P < 0.001. 
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CHA1 effectively suppressed Wnt signaling in tumors, recapitulating results in 

cultured cells. mRNA levels of both sFRP1 and HBP1 in each tumor model with different 

CHA1 treatment modality was significantly increased (Figure 3.5A-3.5D). Similarly, 

there was a decrease in β-catenin protein level in each TNBC mouse model treated with 

CHA1 compared to untreated group (Figure 3.5E-3.5G). The western blot result was 

confirmed by immune-histochemical (IHC) staining of tumors, which showed a 

significant reduction in β-catenin-expressing cells after CHA1 treatment in human and 

mouse TNBC tumors (Figure 3.5H, 3.5I). We confirmed the requirement for both 

components of CHA1 to maximally inhibit Wnt signaling by analyzing mRNA levels of 

Wnt target gene AXIN2. CHA1 treatment significantly decreased AXIN2 gene 

expression compared to saline in TNBC tumors in both the immune compromised and 

immune competent xenograft models (Figure 3.5J, 3.5K). In the human xenograft model, 

EGCG had no effect on AXIN2 mRNA levels, while DAC treatment resulted in a 

surprising increased in AXIN2 mRNA levels (Figure 3.5L). These results demonstrated 

that the CHA1 combination treatment in vivo could inhibit both growth and Wnt 

signaling in TNBC tumors.  
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Figure 3.5. CHA1 Treatment Inhibited Wnt Signaling in TNBC Human Xenograft 

and TNBC Syngeneic Mouse Model. A-C) mRNA levels of Wnt inhibitors HBP1 and 

sFRP1 were upregulated after CHA1 QOD treatment in TNBC human xenograft and 

TNBC syngeneic mouse model and CHA1 QD treatment in TNBC syngeneic mouse 

model. The gene expression of HBP1 and sFRP1 was measured by qRT-PCR in untreated 

and CHA1 treated tumors (human xenograft QOD, n=5-6 mice, syngeneic QOD, n=5-6, 

syngeneic QD cycle 1, n= 4, syngeneic QD cycle 2, n=6-7). D) The expression of sFRP1 

was induced after CHA1, EGCG, and DAC QOD treatment in TNBC human xenograft 

(n= 5-6 mice/group). The gene expression of HBP1 was upregulated after CHA1 and 

DAC QOD treatment in TNBC human xenograft (n= 5-6 mice/group). E-G) The protein 

levels of β-catenin were decreased after CHA1 QOD treatment in TNBC human 

xenograft and TNBC syngeneic mouse model and CHA1 QD treatment in TNBC 

syngeneic mouse model. Representative western blot (left) with quantification (right) of 

saline and CHA1 treatment tumors (n=4 mice/ group). H) IHC of β-catenin after saline 

and CHA1 QOD treatment in TNBC human xenograft. I) IHC of β-catenin after saline 

and CHA1 QOD treatment in TNBC syngeneic model demonstrated strong membrane 

staining of β-catenin and increased number of β-catenin positive cells (Average Allred 

score = 8) in untreated tumors compared to CHA1 treated tumors (Average Allred score 

= 5). Sections of tumors were stained with anti-β-catenin antibody. Representative 

immunostaining section with quantification of the percentage of β-catenin positive cells 

after saline tumors and CHA1 treatment (n= 3 mice/ group). J-K) The gene expression of 

Wnt target genes AXIN2 was downregulated after CHA1 QOD treatment in TNBC 

human xenograft and TNBC syngeneic mouse model. AXIN2 gene expression was tested 

by qRT-PCR after saline and CHA1 treatment (human xenograft QOD, n=6 mice, 

syngeneic QOD, n=5). L) CHA1 decreased mRNA levels of Wnt target genes AXIN2 

while EGCG or DAC QOD treatment had no effect (n= 5-6 mice/group). Unpaired two-
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tailed t-test was used for the comparison between two groups. Adjusted one-way 

ANOVA was used for multiple comparison. * P < 0.05, ** P < 0.05, *** P < 0.005, **** 

P < 0.001. qRT-PCR experiments were done in triplicates in three independent 

experiments. Western blots quantifications were the combination of two different 

experiments (n=4/experiment). Data were represented as mean ± SEM. 

 

3.3. Unbiased Bioinformatic Analysis Revealed CHA1 Treatment Re-programed 

Multiple Pathways Including Tumor Evasion and Epithelial-Mesenchymal 

Transition (EMT) 

We sought mechanistic insight into the tumor-intrinsic consequences of CHA1-

inhibition of Wnt signaling, hypothesizing that CHA1 may in effect re-program tumor 

cell functions to reduce immune evasion. Therefore, we probed the human tumor-mouse 

xenograft, which is uncomplicated by the mouse adaptive immune system, using an 

unbiased RNA-seq and bioinformatics approach. Figure 3.6A displayed the top 20 

canonical pathways significantly affected by CHA1 treatment using Ingenuity Pathway 

Analysis (IPA). As predicted from the results of Figures 3.1-3.5, Wnt signaling was 

downregulated. Expression of multiple Wnt targets identified in the RNA-seq was 

significantly inhibited (Figure 3.6B), supporting our prior analysis of Wnt inhibition in 

Figure 3.5. 

Intriguingly, the tumor-intrinsic analysis revealed that multiple pathways involved 

in immune surveillance were activated. Overlapping gene sets included antigen 

presentation, autoimmune thyroid disease signaling, graft-vs-host disease signaling, Th1 

and Th2 activation and allograft rejection signaling. As shown in Table 3.1-3.6, the core 

set consisted of MHC class I and class II antigen presentation genes. MHC-I and MHC-II 

are also IFN-stimulated genes. Because evidence supports crosstalk between Wnt and 

IFN signaling [179-181], we used a second unbiased analysis of the RNA-seq dataset 
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(Gene Set Enrichment Analysis, GSEA) to refine the molecular pathways that are altered 

upon CHA1 treatment. As shown in Figure 3.6C, the top-ranked pathways include, 

cytokine signaling in immune system, interferon signaling, interferon signaling, 

interferon signaling, and adaptive immune system. Other tumor-altering mechanisms 

potentially regulated by CHA1 treatment include broad inhibition of cell-cycle, inhibition 

of cellular movement, activation of apoptosis and other tumor-inhibitory pathways 

(Figure 3.6D). In addition, IPA analysis demonstrated that there was inhibition of 

Epithelial-Mesenchymal Transition (EMT) after CHA1 treatment. This was confirmed by 

increased E-cadherin protein levels after CHA1 QOD treatment in TNBC human 

xenograft and syngeneic models (Figure 3.6E, 3.6F). 
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Figure 3.6. Bioinformatic Analysis Indicated a Broad Activation of Immune-related 

Pathways and Downregulation of Wnt Pathway after CHA1 Treatment in TNBC 

Human Xenograft Model. Saline and CHA1 treated tumors were subjected to RNA Seq. 

A) The data was analyzed by IPA. The top 20 canonical pathways significantly altered 

after CHA1 treatment were depicted. There was a broad activation of immune system 

related signaling pathway e.g., antigen presentation, autoimmune thyroid disease 

signaling, graft-vs-host disease signaling, Th1 and Th2 activation and allograft rejection 

signaling. Antigen presentation pathway was activated that indicated upregulation of the 

genes involved in anti-tumor immune response. Also, Wnt signaling was downregulated. 

B) Volcano plot indicated inhibition of Wnt/β-catenin signaling pathway after CHA1 

treatment. The Wnt target gene set was extracted from IPA after analysis of CHA1 RNA-

seq (n=83). 48 out of 83 genes were downregulated after CHA1 treatment. 17 out of 48 

genes were downregulated with p < 0.05 after CHA1.The cut-off for significant values 

for downregulation of gene expression was log2 fold change < 1 and p-value < 0.05. C) 

GSEA analysis identifying the REACTOME gene sets of CHA1 treated tumors indicated 

activation of IFNγ and IFNα/β. D) Changes in biological function after CHA1 treatment. 

CHA1 reduced cell growth and proliferation and cellular movement (blue), as well as 

increased of cell death (orange). E-F) Reverse EMT after CHA1. E-cadherin protein 

expression was elevated after CHA1 QOD treatment in TNBC human xenograft and 

TNBC syngeneic mouse model. Representative western blot (left) with quantification 

(right) of saline and CHA1 treatment tumors (n=4 mice/ group). G) IHC of E-cadherin 

demonstrated induced E-cadherin protein after CHA1 QOD treatment in TNBC human 

xenograft. Representative immunostaining section of E-cadherin after saline and CHA1 

QOD treatment in human xenograft. Unpaired two-tailed t-test was used for the 

comparison between two groups. * P < 0.05, ** P < 0.05, *** P < 0.005, **** P < 0.001. 

Western blots quantifications were the combination of two different experiments 

(n=4/experiment). Data were represented as mean ± SEM. 
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3.3.1. Table 3.1-3.7:  Immune Related Pathways Altered after CHA1 Treatment in 

TNBC Human Xenograft Model  

The tables were retrieved from IPA. The cut-off for significant values for 

downregulation of gene expression was log2 fold change ≤1 and p-value < 0.05. The cut-

off for significant values for upregulation of gene expression was log2 fold change ≥1 

and p-value < 0.05 [182, 183].  

Table 3.1. Antigen Presentation Pathway 

Gene ID Log2 Fold Change P-value 

CD74 1.646 5.00E-05 

HLA-B 0.72 5.00E-05 

HLA-DMA 0.894 0.0161 

HLA-DMB 1.616 0.01965 

HLA-DPA1 1.527 0.00875 

HLA-DRA 1.204 0.00865 

HLA-DRB1 1.31 0.01205 

HLA-DRB5 1.699 0.0725 

HLA-F -2.036 0.0036 

HLA-G -3.024 5.00E-05 

PSMB9 1.457 5.00E-05 

 

Table 3.2. Autoimmune Thyroid Disease Signaling 

 

Gene ID Log2 Fold Change P-value 

HLA-B 0.72 5.00E-05 

HLA-DMA 0.894 0.0161 

HLA-DMB 1.616 0.0197 

HLA-DPA1 1.527 0.00875 

HLA-DRA 1.204 0.00865 

HLA-DRB1 1.31 0.012 

HLA-DRB5 1.699 0.0725 

HLA-F -2.036 0.0036 

HLA-G -3.024 5.00E-05 

LAT 1.362 0.0011 

TGFB3 -1.143 0.0014 

TNFRSF11B 0.892 0.0179 

TNFRSF1B 0.964 0.0261 
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Table 3.3. Graft-versus-Host Disease Signaling 

 

Gene ID Log2 Fold Change P-value 

FASLG 3.6177 0.01905 

HLA-B 0.72 5.00E-05 

HLA-DMA 0.894 0.0161 

HLA-DMB 1.616 0.01965 

HLA-DRA 1.204 0.00865 

HLA-DRB1 1.31 0.01205 

HLA-DRB5 1.699 0.0725 

HLA-F -2.036 0.0036 

HLA-G -3.024 5.00E-05 

PRF1 3.68202 0.0038 

 

Table 3.4. Allograft Rejection Signaling 

 

Gene ID Log2 Fold Change P-value 

FASLG 3.6177 0.01905 

HLA-B 0.72 5.00E-05 

HLA-DMA 0.894 0.0161 

HLA-DMB 1.616 0.01965 

HLA-DPA1 1.527 0.00875 

HLA-DRA 1.204 0.00865 

HLA-DRB1 1.31 0.01205 

HLA-DRB5 1.699 0.0725 

HLA-F -2.036 0.0036 

HLA-G -3.024 5.00E-05 

PRF1 3.68202 0.0038 

 

Table 3.5. Th1 Pathway 

 

Gene ID Log2 Fold Change P-value 

APH1B 0.728 0.0049 

DLL1 -5.148 0.00355 

GATA3 -1.767 5.00E-05 

HLA-B 0.72 5.00E-05 

HLA-DMA 0.894 0.0161 

HLA-DMB 1.616 0.0197 

HLA-DPA1 1.527 0.00875 

HLA-DRA 1.204 0.00865 

HLA-DRB1 1.31 0.012 

HLA-DRB5 1.699 0.0725 

ICAM1 1.331 0.0013 

ICOSLG 1.551 0.00745 
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NFATC2 -1.1 0.0394 

NOTCH3 1.329 0.00105 

 

Table 3.6. Th2 Pathway. 

 

Gene ID Log2 Fold Change P-value 

APH1B 0.728 0.0049 

BHLHE41 -0.905 0.0007 

DLL1 -5.148 0.00355 

GATA3 -1.767 5.00E-05 

HLA-B 0.72 5.00E-05 

HLA-DMA 0.894 0.0161 

HLA-DMB 1.616 0.0197 

HLA-DPA1 1.527 0.00875 

HLA-DRA 1.204 0.00865 

HLA-DRB1 1.31 0.012 

HLA-DRB5 1.699 0.0725 

ICAM1 1.331 0.0013 

ICOSLG 1.551 0.00745 

JAG2 -1.323 0.00545 

MAF -0.923 0.021 

NFATC2 -1.1 0.0394 

NOTCH3 1.329 0.00105 

S1PR1 -2.063 0.00045 

SPI1 -0.89 0.0336 

 

Table 3.7. Th1 and Th2 Activation Pathway 

 

Gene ID Log2 Fold Change P-value 

APH1B 0.728 0.0049 

BHLHE41 -0.905 0.0007 

DLL1 -5.148 0.00355 

FGFR2 -4.486 5.00E-05 

GATA3 -1.767 5.00E-05 

HLA-B 0.72 5.00E-05 

HLA-DMA 0.894 0.0161 

HLA-DMB 1.616 0.0197 

HLA-DPA1 1.527 0.00875 

HLA-DRA 1.204 0.00865 

HLA-DRB1 1.31 0.012 

HLA-DRB5 1.699 0.0725 

ICAM1 1.331 0.0013 

ICOSLG 1.551 0.00745 

JAG2 -1.323 0.00545 
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MAF -0.923 0.021 

NFATC2 -1.1 0.0394 

NOTCH3 1.329 0.00105 

S1PR1 -2.063 0.00045 

SPI1 -0.89 0.0336 

 

3.4. CHA1 Treatment Activated Antigen Presentation 

The bioinformatic analysis highlighted the induction of antigen presentation in 

CHA1-treated tumors, in particular the HLA genes comprising the major 

histocompatibility complexes (MHC) (IPA data, Figure 3.6A). MHC-I and MHC-II 

components are required for proper antigen presentation. Confirming the bioinformatic 

results, IHC staining revealed that CHA1 treatment increased MHC-I and MHC-II 

proteins in human xenograft (Figure 3.7A, 3.7B). Similarly, MHC-I and MHC-II genes 

expression were upregulated after CHA1 treatment in both TNBC human xenograft and 

TNBC syngeneic models (Figure 3.7C-3.7E). The effect of CHA1 or the individual CHA 

components on the induction of the expression of MHC-I and MHC-II genes was tested 

in TNBC human xenograft (Figure 3.7F). The data demonstrated that CHA1 significantly 

upregulated the expression of MHC-II genes. However, DAC or EGCG monotherapy had 

no effect on MHC-II gene expression (Figure 3.7F). The finding that CHA1-induced 

MHC-I and MHC-II expression as well as the number of cells with MHC expression 

suggested that CHA1 treatment re-activated antigen presentation. Also, the induction of 

MHC-II after CHA1 in human xenograft indicated that CHA1 induced tumor-specific 

MHC-II (tsMHC-II) and enhanced tumor recognition by the immune system [184]. It has 

been reported that tsMHC-II correlated with favorable response to ICIs in humans and 

with tumor rejection in murine models [100, 185-188]. Our data also showed 

upregulation of the expression of CD74, MHC class II invariant chain (li), after CHA1 in 
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human xenograft model. CD74 has an important role in proper folding and trafficking of 

MHC class II complex, leading to CD4+ Th cells activation [189]. Furthermore, our data 

showed that the expression of PSMB9 and Psmb10 was significantly elevated after 

CHA1 in human xenograft and syngeneic models, respectively. Both PSMB9 and 

Psmb10 are subunits of immunoproteasome that plays important role in processing 

internal antigen and loading it into to MHC-I complex, and, therefore, activation of CD8+ 

cytotoxic T-cells [190]. 

In addition to reinduction of the expression of antigen presentation machinery, we 

observed induction of the expression of cancer testis antigens (CTAs). CTAs such as NY-

ESO-1 and MAGE-A family are tumor-associated antigens that represent a class of 

antigens that may increase immune recognition of cancers as a result of their restricted 

expression in normal adult tissue [191, 192]. CHA1 upregulated the expression of CTAs 

NY-ESO-1, MAGE-A3 and MAGE-A6 in human xenograft and Mage-a3 in syngeneic 

model (Figure 3.7G-3.7I). A more detailed analysis of CTAs MAGE-A3, MAGE-A6 and 

NY-ESO-1 with each component (EGCG or DAC monotherapy) compared to CHA1 in 

human xenograft (Figure 3.7J) was performed. The data showed that EGCG had a 

negligible effect on CTAs expression, while DAC treatment induced CTAs expression, 

consistent with previous work [191]. However, the CHA1 treatment resulted in what 

appeared to be a synergistic response, even compared to the substantial DAC response. 

These data are consistent with the bioinformatic analysis and supported the hypothesis 

that CHA1 treatment may result in an increase in tumor immunogenicity. 
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Figure 3.7. CHA1 Treatment Induced Antigen Presentations in TNBC Human 

Xenograft and TNBC Syngeneic Mouse Model. A-B) IHC of MHC-I and MHC-II after 

CHA1 QOD treatment in TNBC human xenograft. There was a weak staining of MHC-I 

and MHC-II in saline group (Average Allred score =4-5) and strong MHC-I and MHC-II 

staining in CHA1 treated group (Average Allred score = 8). Sections of tumors were 

stained with pan anti-MHC-I antibody and with anti-MHC-II antibody. Representative 

immunostaining section of MHC-I and MHC-II with quantification of the percentage of 

MHC-I and MHC-II positive cells in saline tumors and CHA1 treated tumors (n= 3 mice/ 

group). C) CHA1 QOD treatment in TNBC human xenograft upregulated the gene 

expression of MHC-I (HLA-B), MHC-II (HLA-DRB1 and HLA-DRB5), 

immunoproteasome subunit PSMB9, and the invariant chain (Ii) CD74. D-E) CHA1 

QOD treatment and CHA1 QD treatment in TNBC syngeneic model elevated the gene 

expression of MHC-I (2m, H2d1 and H2k1) and MHC-II (H2Aa and H2Ab). CHA1 QD 

treatment increased the expression of immunoproteasome subunit Psmb10. F) In TNBC 

human xenograft model, CHA1 QOD and DAC QOD treatment induced the gene 

expression of HLA-B (MHC-I) while EGCG QOD treatment had no effect. CHA1 QOD 

treatment induced the gene expression of HLA-DRB5 and HLA-DRB1 (MHC-II) while 

DAC or EGCG QOD treatment had no effect. G-I) CHA1 QOD treatment in TNBC 

human xenograft and TNBC syngeneic model and CHA1 QD treatment in TNBC 

syngeneic model upregulated the gene expression of CTAs. J) In TNBC human xenograft 

model, CHA1 QOD and DAC QOD treatment elevated CTAs gene expression while 

EGCG QOD treatment had no effect. C-J) The gene expression was measured by qRT-

PCR in saline, EGCG, DAC and CHA1 treated tumors (human xenograft QOD, n=4-6 

mice, syngeneic QOD, n=6, syngeneic QD cycle 1, n=3-4, syngeneic QD cycle 2, n=4-6).  

Unpaired two-tailed t-test was used for the comparison between two groups. Adjusted 

one-way ANOVA was used for multiple comparison. * P < 0.05, ** P < 0.05, *** P < 

0.005, **** P < 0.001. qRT-PCR experiments were done in triplicates in three 

independent experiments. Data were represented as mean ± SEM. 



 87 

3.5. CHA1 Treatment Stimulated IFN Signaling Pathway 

CHA1 stimulation of IFN signaling was initially confirmed by pSTAT3Y705 

western blot in untreated and CHA1-treated tumors in TNBC human xenograft and 

TNBC syngeneic models (Figure 3.8A, 3.8B). The requirement for both components of 

CHA1 for maximal pSTAT3Y705 was demonstrated in tumors treated with CHA1, or DAC 

or EGCG monotherapy (Figure 3.8C). Next, we examined the expression of selected 

IFN-stimulated genes (ISGs) derived from the overlap between our RNA-seq of CHA1-

treated human xenograft mice and the IFNɑ/β and IFNγ GSEA REACTOME dataset. 

There were 18 genes overlap between our RNA-seq and IFNɑ/β GSEA REACTOME 

dataset and 19 genes overlap between our RNA-seq and IFNγ GSEA REACTOME 

dataset (Figure 3.8D). In order to verify the stimulation of each pathway after CHA1 

treatment, hypergeometric probability test was conducted, indicating we required to 

confirm the induction of at least 8 genes in such pathway after CHA1 treatment. Our data 

showed a significant induction in the transcription of ISGs after CHA1 in TNBC human 

xenograft and TNBC syngeneic models (Figure 3.8E-3.8G). According to GSEA 

REACTOME dataset, the HLA-B, OAS1, OAS2, OAS3, and OASL were genes that 

overlap between the IFNɑ/β and IFNγ pathways. IFIT1, IFIT2, IFIT3, ISG20, and IFI27 

were IFNɑ/β-specific target genes while HLA-DRB1, HLA-DRB5, ICAM-1, VCAM1 

were IFNγ-specific target genes. Analysis in TNBC human xenograft model indicated 

that CHA1 treatment was required for upregulation of IFNα/β and IFNγ stimulated genes. 

DAC monotherapy induced the expression of some IFNα/β and IFNγ stimulated genes, 

however, the gene expression stimulated by CHA1 treatment was higher. EGCG 

monotherapy had no effect on ISGs except OAS1 (Figure 3.8H). The strength of 
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interferon signaling was highly correlated with ISG expression as shown by plotting 

pSTAT3Y703 levels against OAS1, OAS2, OAS3, OASL, IFIT1, IFIT2 and IFIT3 mRNA 

level, with r2 values between 0.6 and 0.8 (Figure 3.8I). One possible mechanism of 

interferon induction is through viral mimicry. Previous work has shown that DNMT 

inhibition can induce the expression of endogenous retroviruses (ERVs), elevating the 

level of dsRNA and activating dsRNA pattern recognition receptors such as RIG-1 

(DDX58), LGP2 (DHX58), and MDA5 (IFIH1) [193]. Indeed, CHA1 upregulated the 

expression of endogenous retrovirus (ERV3-1) in TNBC human xenograft and induced 

murine endogenous retrovirus like-1 (muERVL-1) in TNBC syngeneic model (Figure 

3.8J-3.8L). In addition, CHA1 treatment activated gene expression of dsRNA pattern 

recognition receptors in TNBC human xenograft model (Figure 3.8J).  
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Figure 3.8. CHA1 Treatment Activated IFNα/β and IFNγ Pathways in TNBC 

Human Xenograft and TNBC Syngeneic Mouse Model. A-B) CHA1 QOD treatment 

tumors in TNBC human xenograft and TNBC syngeneic model increased the protein 

expression of pSTAT3Y705. Representative western blot (left) with quantification (right) 

of saline and CHA1 treatment tumors (n=4 mice/ group). C) In TNBC human xenograft, 

CHA1 QOD treatment upregulated pSTAT3Y705 protein levels while EGCG or DAC 

QOD treatment had no induction effect. Representative western blot (left) with 

quantification (right) of saline, EGCG, DAC and CHA1 treatment tumors (n=4 mice/ 

group). D) The overlapping genes between CHA1-RNAseq and REACTOME IFNɑ/β 

and FNγ gene sets. A hypergeometric probability test indicated that at least 8 genes in 

each interferon pathway was required to validate activation of such pathway. E-G) CHA1 

QOD treatment in TNBC human xenograft and TNBC syngeneic model and CHA1 QD 

treatment in TNBC syngeneic model upregulated the gene expression of ISGs. The gene 

expression was measured by qRT-PCR in saline and CHA1 treated tumors (human 

xenograft QOD, n=4-6 mice, syngeneic QOD, n=5-6, syngeneic QD cycle 1, n=3-4, 

syngeneic QD cycle 2, n=4-6). H) In TNBC human xenograft, CHA1 QOD treatment 

induced ISGs. DAC QOD also increased the expression of ISGs except IFIT1 and IFIT3, 

however, the fold change in the gene expression was higher after CHA1 treatment. 

EGCG QOD had no effect on ISGs. The gene expression was tested after saline, EGCG, 

DAC and CHA1 treatment (n= 4-6 mice/group). I) In TNBC human xenograft, STAT3 
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phosphorylation status (Figure 3.8A) was positively correlated with mRNA levels of 

IFIT1, IFIT2, IFIT3, OAS1, OAS2, OAS3, and OASL (Figure 3.8E) after CHA1 QOD 

treatment. r2 value was calculated using GraphPad Prism. J-L) CHA1 QOD treatment 

tumors in TNBC human xenograft and TNBC syngeneic model and CHA1 QD treatment 

in TNBC syngeneic model induced viral mimicry status. The gene expression of ERV3-1 

and dsRNA PRRs was tested in saline and CHA1 QOD treatment in human xenograft 

(n=4-6). The gene expression of muERVL-1 was tested after CHA1 QOD (n=5) and 

CHA1 QD cycle 2 (n=4-6) treatment in TNBC syngeneic model. Unpaired two-tailed t-

test was used for the comparison between two groups. Adjusted one-way ANOVA was 

used for multiple comparison. * P < 0.05, ** P < 0.05, *** P < 0.005, **** P < 0.001. 

qRT-PCR experiments were done in triplicates in three independent experiments. 

Western blots quantifications were the combination of two different experiments 

(n=4/experiment).  Data were represented as mean ± SEM. 
  

3.6. CHA1 Treatment of TNBC in an Immune Competent Environment: A 

Heightened Immune Response 

For the most successful ICIs treatments, the tumor often has a combination of 

conditions that promote treatment success and include the changes we observe in Figures 

3.2-3.8 [107, 194, 195]. Tumors infiltrated with high numbers of CD8+ T-cells, NK cells 

and macrophages, termed “hot” tumors, are the most responsive to ICIs treatment. In 

contrast, tumors infiltrated with immune-suppressive cells such as Treg cells, absent the 

“hot” components, are often less responsive. As demonstrated in Figures 3.2-3.8, in mice 

both with and without an adaptive immune system, CHA1 treatment resulted in 

significant changes that may promote the “hot” tumor state, including suppression of Wnt 

signaling, activation of antigen presentation machinery, induction of CTAs, stimulation 

of IFN signaling. Together, this was, sufficient to dramatically reduce tumor growth. 

Therefore, we sought to test if CHA1-treated tumors in mice with a full immune system 

acquired some or all of the “hot” state characteristics. 

Extending the mechanism of CHA1 function to the tumor immune environment 

(TME), we first examined infiltration of T-cells by staining for CD8+ T-cells in CHA1-
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treated and untreated tumors. As shown in Figure 3.9A, the number of CD8+ T-cells 

infiltrated into TME was significantly higher after CHA1 treatment. Moreover, CHA1 

treatment increased the percentage of Ki67+ CD8+ T-cells in TME, indicating that CHA1 

treatment increased recruitment of active IFN-secreting cytotoxic T cells into  

(Figure 3.9B) [196]. To assess the immune cells in the tumor microenvironment, 

macrophages were stained using F480 as a marker. As shown in Figure 3.9C, CHA1 

treatment increased infiltration of F480+ cells. Finally, we examined the effect of CHA1 

treatment in Treg cells infiltration. As shown in Figure 3.9F, Foxp3 staining declined 

dramatically after CHA1 treatment. Furthermore, CHA1 upregulated the gene expression 

of mouse Prf-1 and Gzmb in human xenograft that lacks T-cells, indicating NK cell 

functionality [197] (Figure 3.9G). These results were consistent with the activation of 

antigen presentation, and IFN signaling, suggesting that the TME was dramatically 

altered following CHA1 treatment.
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Figure 3.9. CHA1 Treatment Increased Infiltration of IFN-secreting Cytotoxic T-

cells and Macrophages and Decreased Infiltration of Immune-suppressor Treg Cells 

into Tumor Microenvironment in TNBC Syngeneic Mouse Model. A) IHC of CD8+ 

T-cells indicated increased the percentage of CD8+ cytotoxic T-cells after CHA1 QOD in 

TNBC syngeneic model. Different sections of treated and untreated tumors were stained 

with anti-CD8 antibody. Representative immunostaining section with quantification of 

the percentage of CD8+ T-cells in untreated tumors and treated tumors (n= 5 mice/group). 

B) Immunofluorescent of co-staining of Ki67+CD8+T-cells indicated increased the 

percentage of active IFNγ-secreting Ki67+CD8+ cytotoxic T-cells after CHA1 QOD in 

TNBC syngeneic model. Different sections of different treated and untreated tumors were 

stained with anti-CD8 and anti-Ki67 antibody. Representative immunofluorescence 

staining section of Ki67+ CD8+ T-cells, CD8+ T-cells and Ki67+ tumor cells with 

quantification in untreated and treated tumors (n= 4 mice/group). C) IHC of F480+ cells 

indicated increased the percentage of F480+ macrophages after CHA1 QOD in TNBC 

syngeneic model. Different sections of different treated and untreated tumors were 

stained with anti-F480 antibody. Representative immunostaining section with 

quantification of the percentage of F480+ cells in control tumors and treated tumors (n= 5 

mice/group). D-E) IHC of D) CD8+ T-cells and E) F480+ macrophages revealed the 

presence of lymphoid structure after CHA1 QOD in TNBC syngeneic model. F) IHC of 

Foxp3+ T-cells indicated decreased the percentage of Foxp3+ Treg after CHA1 QOD in 

TNBC syngeneic model. Different sections of different treated and untreated tumors were 

stained with anti-Foxp3 antibody. Representative immunostaining section with 

quantification of the percentage of Foxp3+ T-cells in untreated and treated tumors (n= 4 

mice/group). G) CHA1 QOD treatment in TNBC human xenograft induced the gene 

expression of mouse Prf-1 and Gzmb, suggesting activation of NK cells. The gene 

expression was measured by qRT-PCR in saline and CHA1 treated tumors (n=4-5).   

Unpaired two-tailed t-test was used for the comparison between two groups. * P < 0.05, 

** P < 0.05, *** P < 0.005, **** P < 0.001. qRT-PCR experiment was done in triplicates 

in three independent experiments. Data were represented as mean ± SEM. 

 
We further defined how CHA1 might alter the tumor T cell population by 

examining its effect on PD-1 and PD-L1 expression. The PD-L1-PD-1 interaction is 

thought to be a mechanism protecting against autoimmunity by inhibiting 

proinflammatory CD8+ T-cells [198]. Further, elevation of PD-L1 is one characteristic of 
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hot tumors, which are more successfully treated with ICIs therapy [199]. Consistent with 

the elevation of CD8+ T-cells in CHA1-treated tumors, the expression of PD-1, a marker 

of T-cell exhaustion, declined significantly following CHA1 treatment in syngeneic 

model (Figure 3.10B, 3-10C) [200].  

Another influence on the tumor immune environment is the expression of PD-L1 

and PD-L2 ligands on antigen-presenting cells, non-lymphoid tissues and tumor cells 

[201]. The expression of PD-L1 and PD-L2 mRNA was tested in control and CHA1-

treated tumors in human and syngeneic models (Figure 3.10A-3-10C). After CHA1 

treatment, the gene expression of PD-L1 was increased, while there was no significant 

change in the expression of PD-L2. The induction of PD-L1 in TNBC human xenograft 

tumors after CHA1 indicated tumor-intrinsic change mediated by CHA1 (Figure 3.10A). 

The induction effect of CHA1 was also more significant than using each drug 

individually (Figure 3.10D). CHA1-upregulated PD-L1 expression was also examined by 

staining, confirming an increase in PD-L1 positive cells in the CHA1-treated group in 

human and syngeneic models (Figure 3.10E, 3.10F). Staining of PD-L1 in different tumor 

sections after EGCG, DAC and CHA1 treatment in TNBC human xenograft both 

recapitulated the observation CHA1 induced PD-L1, but also demonstrated again the 

synergy of combining both drugs (Figure 3.10E). Furthermore, the level of STAT3 

phosphorylation was positively correlated with mRNA levels of PD-L1 in our human 

xenograft (Figure 3.10G), indicating IFN regulation of PD-L1 expression as previously 

reported [108, 202].  

The second immune checkpoint pathway that is targeted to enhance antitumor 

immunity is cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4). CTLA-4 can be 
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expressed by CD8+ T-cells, CD4+ T-cells, and Treg [201]. CTLA-4 expression was tested 

in saline and in CHA1 treated tumors. The expression profile was not altered after 

treatment in human xenograft model (Figure 3.10A). This result was expected since our 

human xenograft model lacked T-cells. However, the syngeneic mouse model showed 

that CHA1 treatment decreased the transcription of CTLA-4, which is one of markers of 

T-cell exhaustion (Figure 3.10B, 3.10C) [200]. Exhausted T-cells become 

hyporesponsive and they lack their effector function (loss of IFN-γ production) [203]. 

One of the strategies to enhance T-cell response is targeting PD-1 pathway or co-

inhibitory receptor such as CTLA-4 [203]. Together, the downregulation of T-cells 

exhaustion markers, PD-1 and CTLA-4 and the increase in IFN-secreting Ki67+ CD8+ 

T-cells suggested that CHA1 promotes cytotoxic T-cells activation and enhances their 

function which is important for ICIs efficacy. 

Recent evidence suggested that upregulation of PD-L1 expression was not the 

only biomarker to the response into ICIs. It has been claimed that the response to ICIs 

arises in the tumor with high expression of dendritic cell and CD8+ T cell-associated 

genes, which is called T cell ”inflamed” phenotype (Figure 3.10H) [204, 205]. In addition 

to PD-L1 induction, CHA1 was effective in induction of T-cell inflamed gene signature 

in syngeneic model (Figure 3.10I, 3.10J). In addition, CHA1 upregulated Psmb10, which 

is one of T-cell inflamed gene signature, in syngeneic mouse model (Figure 3.7E). 

Furthermore, our data demonstrated that CHA1 upregulated HLA-DRB1 (Figure 3.7C) 

which is MHC-II gene that linked to T-cell inflamed signature, in human xenograft, 

indicating CHA1 manipulated the tumor cells themselves to express genes indicative of 

T-cells activation. Thus, CHA1 increased the chance of successful response to ICIs. In 
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addition, there was a positive correlation between PD-L1 and CHA1 T-cell inflamed 

genes in our syngeneic and human xenograft model (Figure 3.10K, 3.10L). We also 

showed that PD-L1 expression was positively correlated with CHA1 T-cell inflamed 

genes in an invasive breast cancer patient dataset retrieved from TCGA (Figure 3.10M). 

Thus, CHA1 was effective in induction of gene signature rather than PD-L1 to increase 

the chance of successful response of ICIs. 
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Figure 3.10. CHA1 Induced PD-L1 Expression and T-cell Inflamed Signature in 

TNBC Human Xenograft and TNBC Syngeneic Model. A) CHA1 QOD treatment in 

human xenograft increased the gene expression of PD-L1 and did not change the gene 

expression of PD-L2 and CTLA-4. B-C) CHA1 QOD and CHA1 QD treatment in TNBC 

syngeneic model induced the gene expression of Pd-l1, did not change the gene 

expression of pd-l2 and decreased the gene expression of Pd-1 and Ctla-4. The gene 

expression was measured by qRT-PCR in saline and CHA1 treated tumors (human 

xenograft QOD, n=4-6 mice, syngeneic QOD, n=5-6, syngeneic QD cycle 1, n=3-4, 

syngeneic QD cycle 2, n=5-7). D) CHA1 QOD treatment in TNBC human xenograft 

elevated the gene expression of PD-L1. DAC QOD treatment also induced the expression 

of PD-L1; however, the PD-L1-induction level was higher after CHA1 treatment (n=4-5). 

E) IHC of PDL-1+ cells demonstrated increased the protein levels of PD-L1 after CHA1 

QOD treatment in TNBC human xenograft. Different sections of different control, 

K 
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EGCG, DAC, and CHA1 treated tumors were stained with anti-PD-L1 antibody. 

Representative immunostaining section with quantification of the percentage of PD-L1+ 

cells in control tumors and treated tumors (n= 4 mice/group). F) IHC of PD-L1+ cells 

revealed increased the protein levels of PD-L1 after CHA1 QOD treatment in TNBC 

syngeneic mouse. Different sections of different treated and untreated tumors were 

stained with anti-PDL-1 antibody. Representative immunostaining section with 

quantification of the percentage of PDL-1+ cells in control tumors and treated tumors (n= 

4 mice/group). G) STAT3 phosphorylation status (Figure 3.8A) was positively correlated 

with mRNA levels of PD-L1(Figure 3.10A) after CHA1 QOD treatment in TNBC human 

xenograft tumors. r2 value was calculated using GraphPad Prism. H) Overlapping genes 

between the published T-cell inflamed signature associated with anti-PD-1/anti-PD-L1 

response and CHA1 gene signature. There were 17 genes overlapped between the two 

signatures (hypergeometric p-value = 7.7 e-46). I-J) CHA1 QOD and CHA1 QD 

treatment upregulated the expression of T-cell inflamed gene signature in TNBC 

syngeneic mouse model. The gene expression was tested after CHA1 QOD (n=5) and 

CHA1 QD cycle 2 (n=5-7) treatment in TNBC syngeneic model. K) Pd-l1 mRNA levels 

were positively correlated with mRNA levels of Ifng, Cd8a, Ccl5, Tigit, Lag3, Ido1, and 

Psmb10 after CHA1 QD treatment in TNBC syngeneic mouse model. Figure 3.7E, 

Figure 3.10A, Figure 3.10J, and Figure 3.12I was used to generate the data. r2 value was 

calculated using GraphPad Prism. L) PD-L1 mRNA level (Figure 3.10A) was positively 

correlated with mRNA level of HLA-DRB1 (Figure 3.7C) after CHA1 QOD treated 

TNBC human xenograft tumors. M) The co-expression data was obtained from 

cBioPortal for Cancer Genomics “TCGA, Cell 2015 ” [163] (refer to materials and 

methods). PD-L1 expression was positively correlated with CHA1 T-cell inflamed gene 

including LAG3 and IDO1 in invasive breast cancer patients. r2 value was calculated 

using GraphPad Prism. Linear regression analysis was performed using Pearson r values. 

Unpaired two-tailed t-test was used for the comparison between two groups. Adjusted 

one-way ANOVA was used for multiple comparison. * P < 0.05, ** P < 0.05, *** P < 

0.005, **** P < 0.001. qRT-PCR experiments were done in triplicate in three 

independent experiments. Data were represented as mean ± SEM. 

 

3.7. CHA1 Gene Signature Predicted Better Prognosis 

 

We further investigated the CHA1 gene signature in the METABRIC invasive 

breast cancer patient dataset. To achieve this, the patient dataset was classified into two 

groups based on mRNA expression of CHA1 T-cell inflamed gene signature: patients 

with high expression of PD-L1, CD8A, CCL5, TIGIT, LAG3 IDO1, and GZMB profile 

and patients with low/no alteration of PD-L1, CD8A, CCL5, TIGIT, LAG3, IDO1, and 

GZMB expression profile. We found that invasive breast cancer and TNBC patients with 

CHA1 T-cell inflamed gene signature-enriched had better prognosis and prolonged 
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survival (Figure 3.11A, 3.11B). Furthermore, analysis of TCGA and METBRIC invasive 

breast cancer patients’ dataset demonstrated that CHA1 gene signature including PD-L1, 

TIGIT, HLA-B, HLA-DRB1, OAS2, IFI27 and HBP1 could predict favorable outcome in 

invasive breast cancer patients (Figure 3.11C-3.11I). 
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Figure 3.11. CHA1 Gene Signature Associated with Improved Prognosis in Invasive 

Breast Cancer Patients and TNBC Patients. A-B) Invasive breast cancer patients and 

TNBC patients with high expression of CHA1 T-cell inflamed gene signature include 

PD-L1, CD8A, CCL5, TIGIT, LAG3, IDO1, and GZMB had a prolonged relapse free 

survival. C-I) Invasive breast cancer patients with high expression of CHA1 gene 

signature include PD-L1, TIGIT, HLA-B, HLA-DRB1, OAS2, IFI27 and HBP1 had a 

prolonged survival. cBioPortal for Cancer Genomics was used to extract the data. The 

survival data for (A, B, I) was obtained from “METABRIC, Nature 2012 & Nat Commun 

2016 (n=2509)”  [160-162], for (D, F) was obtained from “TCGA, PanCancer Atlas 

(n=1084)“ and for (C, E, G-I) was obtained from “TCGA, Cell 2015 (n=818)” [163]. 

mRNA expression relative to all samples with z-score threshold of 1.3 was used to 

extract the data. Kaplan-Meier survival curve with the hazard ratio (HR), 95% confidence 

intervals (CIs) and log-rank P-value was used for survival analysis. 

  

3.8. CHA1 Collaborated with Immune Checkpoint Inhibitor Anti-PD-L1 in 

TNBC Syngeneic Mouse Model 

The substantial data demonstrating CHA1 reprogramed both the tumor and the 

TME further suggested that CHA1 could be used in combination with ICIs. The 4T1 
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immune competent TNBC model is unfortunately limited in the number of ICIs drugs 

that can be used. As previously shown, 4T1 tumors had a significant and deleterious 

effect on the hematopoietic system resulting in splenomegaly and granulocytosis [206]. 

In addition, it has been reported that repeated dose of anti-PD-L1/anti-PD-1 in 4T-1 

tumor-bearing-Balb/c mice caused hypersensitivity reaction [206, 207]. However, and 

even with that limitation, CHA1 worked synergistically with anti-PD-L1 in reducing both 

tumor volume and tumor weight (Figure 3.12B). In addition, CHA1+ anti-PD-L1 tumor 

displayed a sign of necrosis (Figure 3.12D). Interestingly, CHA1 did not work with anti-

PD-1 or anti-CTLA-4 (Figure 3.12E, 3.12F). Again, we could not administer more than 2 

doses due the limitation of the 4T-1.  

We then asked how the addition of CHA1 to anti-PD-L1 could affect the TME. IF 

staining of Ki67+CD8+ T-cells was performed (Figure 3.12G). CHA1 and CHA1+ anti-

PD-L1 significantly increased Ki67+ CD8+ cytotoxic T-cells, indicating activation of the 

proliferation of IFNγ-secreting T-cell. In addition, IHC staining of PD-L1 was performed 

(Figure 3.12H). CHA1 and CHA1+ anti-PD-L1 significantly increased PD-L1 positive 

cells. To further analyze the mechanistic interaction between CHA1 and anti-PD-L1 at 

the molecular level, the expression of several genes associated with T-cell inflamed TME 

(Pd-l1, Ifng, Cd8a, Cd4, Ccl4, Ccl5, Cxcl9, Cxcl10 and Tigit), Wnt inhibitors (sFrp1 and 

Hbp1), MHC-I (2m, H2d) , MHC-II (H2Aa, H2Ab1), and ISGs (Oas3, Ifit3) was 

examined in the 4 treatment groups: control, anti-PD-L1, CHA1, CHA1 + anti-PD-L1 

(Figure 3.12I-3.12L). The effect was dominated by CHA1. CHA1, and CHA1+ anti-PD-

L1 significantly induced the expression of these genes, suggesting that addition of CHA1 

into anti-PD-L1 enhanced the responsiveness to anti-PD-L1 through activation of CHA1 
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gene signature associated with intra-tumor and T-cell immune response and inhibition of 

Wnt signaling. In addition, our data also showed that CHA1+ anti-PD-L1 associated with 

prolonged survival compared to saline and anti-PD-L1 group in our TNBC syngeneic 

mouse model (Figure 3.12M). 
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Figure 3.12. CHA1 Enhanced the Response to Anti-PD-L1 but not to Anti-PD-1 or 

Anti-CTLA-4 in TNBC Syngeneic Mouse Model. A) Study design of CHA1 treatment 

in combination with ICIs. The CHA QD treatment timeline was followed as in figure 

3.4E. The 4-T1 cells were implanted orthotopically into Balb/c mice. Mice were treated 

with saline, ICIs, CHA1, CHA1+ICIs for the indicated time. Tumor volume was 

measured with calipers. Tumors were weighted at the end of the experiment. Anti-PD-L1 

or anti-PD-1 or anti-CTLA-4 (100 µg/mouse) was administrated on day 12 and day 15 

during recovery period. B) CHA1 sensitized the tumors to anti-PD-L1. CHA1 treatment 

with anti-PD-L1 suppressed the tumor growth and reduced the tumor weight (n=15-23). 

C) H&E staining of saline, anti-PD-L1, CHA1, and CHA1+ anti-PD-L1. D) Picture of 

tumors dissected at the end of the experiment of the 4 treatment groups: saline, anti-PD-

L1, CHA1, and CHA1+ anti-PD-L1. Tumor treated with CHA1+ anti-PD-L1 had a 

necrotic area. E-F) CHA1 did not work with E) anti-PD-1 and F) anti-CTLA-4 

(n=5mice/group). G) Immunofluorescent of co-staining of Ki67+ CD8+T-cells showed 

that CHA1 and CHA1 + anti-PD-L1 treatment increased the percentage of infiltration of 

actively proliferating IFNγ-secreting cytotoxic CD8+ T-cells. Different sections of 

different treated and untreated tumors were stained with anti-CD8 and anti-Ki67 

antibody. Representative Immunofluorescence staining section with quantification of the 

percentage of Ki67+ CD8+ T-cells, CD8+ T-cells and Ki67+ tumor cells in untreated 

tumors and treated tumors (n= 3 mice/group). H) IHC of PD-L1+ cells in showed that 

anti-PD-L1, CHA1 and CHA1+ anti-PD-L1 treatment increased the expression of PD-L1. 

Different sections of different treated and untreated tumors were stained with anti-PD-L1 

antibody. Representative immunostaining section with quantification of the percentage of 

PD-L1+ cells in untreated tumors and treated tumors (n= 3 mice/group). I-L) The 
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combination of CHA1 and anti-PD-L1 enhanced the immune response to anti-PD-L1 

through I) upregulation of CHA1 T- cell inflamed genes, J) induction of the gene 

expression of Wnt inhibitors (sFrp1 and Hbp1), K) increase the gene expression of MHC-

I (2m, H2d), MHC-II (H2Aa, H2Ab1), and L) upregulation of ISGs (Oas3, Ifit3). The 

gene expression was tested by qRT-PCR after saline, anti-PD-L1, CHA1, CHA1+ anti-

PD-L1 treatment (n= 5-8 mice/group). M) CHA1+ anti-PD-L1 prolonged the survival of 

4T1- tumor-bearing mice compared to control (P<0.0001, HR=2.8, 95%CI=1.4-5.6) and 

anti-PD-L1 (P=0.02, HR=1.8, 95%CI=0.9-3.6). At least 12 mice were treated with saline, 

anti-PD-L1, CHA1, and CHA1+ anti-PD-L1 for the indicated time following Figure 

3.12A regimen. The results were combination of two different studies. Mann-Whitney U-

test was used for tumor volume and tumor weight comparison. Adjusted one-way 

ANOVA was used for multiple comparison. Kaplan-Meier survival curve with the hazard 

ratio (HR), 95% confidence intervals (CIs) and log-rank P-value was used for survival 

analysis (refer to materials and methods). * P < 0.05, ** P < 0.05, *** P < 0.005, **** P 

< 0.001. qRT-PCR experiments were done in triplicates in three independent 

experiments. Data were represented as mean ± SEM. 
 

3.9. Graphical Summary of CHA1 functions 

 

 
 

Figure 3.13. CHA1 Gene Signature. CHA1 can convert cold tumors into hot tumors by 

altering key signaling pathways and cellular processes and reprogramed a tumor cell to 

have antigen presentation properties, upregulate PD-L1, increase effector immune cells 

infiltration, decrease immune suppressor cells infiltration, and induce T-cell inflamed 

signature. Thus, CHA1 could be an ideal collaborative agent to enhance immune 

checkpoint inhibitors (ICIs) response. CHA1 suppressed Wnt/-catenin pathway, which 

is a tumor intrinsic factor that play important role to determine the response into ICIs, by 
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induction of Wnt inhibitor including HBP1 and sFRP1. CHA1 also activated IFN/ and 

IFN pathways, that correlated with successful ICIs treatment, and upregulated interferon 

stimulated genes (ISGs). One possible mechanism was through activation of viral 

mimicry. Also, CHA1 induced CTAs on tumor cells that can result in increased immune 

recognition of tumor cells and therefore, activation of T-cells to secrete IFN. In addition, 

CHA1 increased the infiltration of activated cytotoxic IFN-secreting Ki67+ CD8+ T-

cells. The production of IFNγ by activated cytotoxic T-cells, and other cells such as T-

helper cells and natural killer (NK) cells resulted in stimulation of key downstream 

signaling molecules. IFNγ can upregulate the expression of MHC-I, MHC-II and other 

components of the immunoproteasome and antigen-presenting machinery. Activation of 

antigen presentation is important for T-cells activation, resulting in tumor cells 

elimination. Thus, antigen presenting cells (APCs) such as dendritic cells (DC), 

macrophages and tumor cells can present the antigen to cytotoxic CD8+ T-cells via MHC-

I or to T-helper cells via MHC-II. One important effect of CHA1 was induction of 

antigen machinery in APCs including tumor cells. Furthermore, CHA1 induced the 

expression of chemokines such as CCL4, CCL5, CXCL9, and CXCL10 that function to 

recruit additional cytotoxic CD8+ T cells. Moreover, CHA1 upregulated perforin (PRF1), 

and granzymes (GZMB). Active CD8+ T cells and NK cells can secrete PRF1 and GZMB 

which play important role in apoptosis. Furthermore, CHA1 upregulated the expression 

of T-cell inflamed signature. One of the functions of IFN-γ is induction of a host of 

checkpoints, such as PD-L1, on the surface of macrophages, DCs and tumor cells. In 

addition to upregulation of PD-L1, other checkpoint molecules including TIGIT, LAG3, 

and IDO1 can also be homeostatically upregulated by T cell activation and IFN-γ 

signaling in order to restrain the antitumor immune response. In addition, CHA1 

downregulated T-cell exhaustion markers including PD-1 and CTLA-4 which is a Wnt 

target gene and decreased the infiltration of immune suppressor FOXP3+Treg. Overall, 

CHA1 function through an array of effector molecules to induce a T-cell inflamed tumor 

microenvironment (TME) that crucial for ICIs effectiveness. 
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Chapter 4: Discussion 
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4.1. Discussion 

While immune check point inhibitors (ICIs) are game-changing treatments that 

activate the local immune environment to destroy tumors, they work on tumor types that 

express machinery to engage the resident immune system, termed “hot” tumors. 

However, the vast majority (>75%) of tumors respond poorly to ICIs and are termed 

“cold” for immune system engagement [107, 208]. An important challenge is discovering 

strategies to convert tumors from “cold” to “hot”’ i.e., to engage the local immune 

environment, increasing tumor responsiveness to ICIs. Triple negative breast cancer 

(TNBC) is one of the cancers that has limited treatment options and uneven ICI efficacy 

[107, 208-212].  

One of the biochemical mechanisms associated with cold tumors and resistance to 

ICIs is elevated Wnt signaling. As discussed previously, it has been difficult to inhibit 

Wnt signaling therapeutically, with few compounds having been tested in clinical trials.  

In this study, we elaborate a new therapeutic strategy for inhibiting Wnt signaling, 

altering the tumor microenvironment, and improving immunotherapy for TNBC and 

possibly other cancers. Our goal was to thoughtfully consider strategies and minimize the 

side-effects for the patient. The compound combination elaborated here (EGCG and 

DAC) have well known safety profiles and no effects on tumors when used 

independently, but when used together (CHA1) have far greater effects, which appear to 

be the sum of the treatment’s impact on multiple pathways. The initial design of CHA1 

treatment was to inhibit Wnt signaling as a means of inhibiting tumor growth, which  
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which was successful in our work here. Intriguingly, the unbiased analysis of our RNA-

seq from the human xenograft model, while further confirming the inhibition of Wnt 

signaling, also revealed greater functionality for CHA1 action. 

It has been reported that aberrant epigenetic alterations play important role in 

breast cancer development and progression [213]. Previous work demonstrated that there 

was a negative correlation between histone lysine specific demethylase 1 (LSD1) 

expression and the expression of chemokines such as CCL5, CXCL9 and CXCL9 that 

increased recruitment of CD8+ T cell and PD-L1 [213]. High number of T-cell infiltration 

into tumor sites is critical for ICIs efficacy [108-110]. They suggested that the resistance 

to anti-PD-1was contributed to silence the gene expression of effector T cell chemokines. 

Their work showed that LSD1 inhibitor enhanced CD8+ T cell trafficking into TME by 

reinduction of these chemokines [213]. In addition, the combination of anti-PD-1 with 

LSD1 inhibitor suppressed the tumor growth and enhanced the response to anti-PD-1 in 

mice bearing TNBC xenograft tumors [213]. This raises the question of whether 

combining ICIs with other approaches to target epigenetic modifications could augment 

the response to ICIs.  

It has been demonstrated that the expression of Th1-associated chemokines such 

as CXCL9 and CXCL10, MHC molecules, and PD-L1 are epigenetically silenced by 

DNMT [107]. One of the mechanistic function of CHA1 is suppression of DNMT1 [135, 

140, 149]. As consequences of CHA1-epigenetic modification, careful analyses of CHA1 

for tumor-intrinsic and overall function demonstrated a far broader alteration of the tumor 

and its microenvironment. CHA1 treatment resulted in activation of immune-related 

pathways, including stimulation of the IFN pathway via viral mimicry, induction of 



 113 

antigen presentation machinery including MHC-I and MHC-II and upregulation of a T-

cell inflamed gene signature including increased the expression of PD-L1 and 

chemokines such as CCL4, CCL5, CXCL9, and CXCL10 that recruits more CD8+ T cells 

to tumor sites. Concomitantly, CHA1 treatment increased tumor infiltration of active 

IFN-secreting Ki67+ CD8+ T-cells, F480+ macrophages and decreased infiltration of 

FOXP3+ Treg. The tumor reprogramming by CHA1 combinational therapy suggested 

that it may act synergistically with ICIs and indeed, CHA1 in conjunction with anti-PD-

L1 was significantly suppressed tumor growth compared to CHA1.  

Many TNBC tumors have a common phenotype of hyperactive Wnt signaling 

[214]. Activation of Wnt signaling has been linked to breast cancer cell growth and to 

recurrence of the disease [41, 42]. β-catenin levels are elevated by Wnt signaling, which 

is thought to contribute to the poor prognosis of patients with TNC [215]. The data from 

both human xenograft and syngeneic model revealed that CHA1 reduced -catenin 

protein levels and AXIN2, a Wnt target gene. As predicted, we showed significant 

induction of HBP1 and sFRP1 in both TNBC human xenograft and syngeneic model in 

both QOD and QD cycles regimens. The data from human xenograft suggested that both 

drugs were required to inhibit Wnt target gene AXIN2. Several studies reported EGCG 

suppressed Wnt signaling in colon cancer cells, lung cancer stem cells and breast cancer 

cells [56, 216, 217]. However, previous work showed that DAC monotherapy was not 

able to downregulate Wnt target genes in AML cell lines and mouse model [218].  

Wnt signaling has been linked to resistance to ICIs in melanoma [108]. High Wnt 

signaling resulted in decreased T-cell infiltration into tumor sites which is critical for ICI 

efficacy [108-110]. The second reason for failure of ICI therapy in melanoma was a 
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dysfunctional JAK/STAT/IFN pathway [108]. Furthermore, mutations in the interferon 

receptor pathway was linked to resistance to anti-CTLA-4 or anti-PD-1 in metastatic 

melanoma patients [219]. Activation of IFN signaling resulted in promoting innate and 

adaptive immune response [58]. In addition, active IFN signaling was required for proper 

anti-tumor immune response and ICIs efficacy, and for activation of tumor antigen 

presentation [108]. In addition, IFN activation induced PD-L1 expression [108]. It has 

been reported that PD-L1 was regulated by JAK/STATs/IFN pathway [202]. GSEA 

analysis of the RNA-seq indicated activation of IFNα/β and IFNγ pathways after CHA1. 

Our data showed that CHA1 increased phosphorylation status of STAT3 in both human 

and syngeneic models, indicating stimulation of IFNα/β and IFNγ pathways [58]. 

Looking at downstream targets, CHA1 treatment markedly increased the expression of 

IFN stimulated genes (ISGs).  

We investigated the possible source of IFN stimulation, and a major possibility 

was induction of viral mimicry via alteration of the epigenome. Several reports from 

studies of DNMTi suggested that part of its efficacy lies in the hypomethylation of ERVs 

[220]. Previous work reported that DNMT is enhanced the efficacy of anti-CTLA4 in 

melanoma by triggering IFN response via viral mimicry [220]. Therefore, we examined 

whether CHA1 induced human ERVs and muERVL-1. Indeed, human ERVs and 

muERVL-1 were induced by CHA1. 

Immune recognition of cancer plays a critical role in cancer immunotherapy [91, 

92]. Thus, a critical aspect for successful cancer immunotherapy treatment relies on 

development of strategies to increase expression of tumor specific antigen expression, 

enhance T cells function, and upregulate MHC molecules [91, 92]. All these factors act 
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together to facilitate tumor cell recognition by immune system and promote an immune 

response against tumor antigens [91, 92]. Numerous types of immunogenic tumor 

antigens have been identified including cancer testis antigens (CTAs) [221]. The 

expression of CTAs (e.g., MAGE and NY-ESO-1) are restricted to solid tumors and to 

immune-privileged sites such as the testis, the placenta, and during fetal development 

[221]. Malignant cells evade immune recognition by epigenetic modifications and other 

changes of some key immune stimulatory molecules. The expression of CTAs, MHC-I 

and MHC-II are exclusively regulated by DNA methylation [191, 222-224]. In cancer, 

the transcription of these genes is often silenced by hypermethylation. Demethylating 

agents such as DAC can reactivate these methylation-silenced genes [191, 222-224]. Our 

data showed that CHA1 induced MHCI, MHCII, and CTAs in human xenograft and 

syngeneic models. The upregulation of MHC-I and MHC-II in human xenograft revealed 

that CHA1 manipulated the tumor cells to become antigen presenting cells (APCs), 

indicating enhance tumor visibility by immune system. In addition, CHA1 upregulated 

β2-microglobulin (β2M) expression which is a component of MHC-I. One of ICIs- 

resistance mechanism is mediated by downregulation of the MHC-I antigen presentation 

pathway, such as MHC-I molecules and 2M expression [92, 96]. Several studies 

reported that downregulation of 2M expression can lead to the loss of MHC-I expression 

on the cell surface, resulting in impaired antigen presentation to cytotoxic CD8+ T cells 

[92, 96]. Therefore, the lack of functional MHC-I antigen presentation can lead to 

decrease immune recognition of tumor cells and impair eradication of the tumor cells by 

cytotoxic CD8+ T cells. Furthermore, our data demonstrated that CHA1 induced MHC-II 

in tumor cells, indicating upregulation of tsMHC-II. In addition, several studies found 
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that there was a positive correlation between tsMHC-II expression and improved patient 

outcomes in different types of cancer, including TNBC [91, 100-103]. It has been 

demonstrated that upregulation of tsMHC-II expression was positively correlated with 

improved progression-free (PFS) and overall survival (OS) in melanoma and classic 

Hodgkin lymphoma patients who received anti-PD-1/anti-PD-L1 [91, 100, 101]. In 

addition, it has been reported that tsMHC-II expression with lymph node metastases 

following adjuvant radiotherapy and/or chemotherapy was positively correlated with 

improved disease-free survival (DFS) in TNBC patients [102]. Moreover, there was a 

significant correlation between improved PFS and the expression of several genes of 

MHC-II pathway including CIITA, CD74, HLA-DPA1, HLA-DPB1, HLA-DPB2, HLA-

DQA1, HLA-DRB1, HLA-DRB5, and HLA-DRB6 as well as CIITA or CD74 alone in 

TNBC patients [103]. Furthermore, it has been reported that the induction of tsMHC-II 

expression was associated with the infiltration of CD4+ T helper and CD8+ cytotoxic T 

cell, absence of lymphovascular invasion, increased formation of tertiary lymphoid 

structures, stimulation of IFNγ-stimulated gene including PD-L1 and upregulation of 

IFNγ, IL2, and IL12 expression which are Th1 cytokines [91, 102]. Importantly, tsMHC-

II could be used as a prognostic clinical biomarker of T-cell inflamed tumor since MHC-

II expression is upregulated by IFNγ [91]. Also, our data from TCGA showed that high 

expression of HLA-B (MHC-I) and HLA-DRB1 (MHC-II) was associated with increased 

survival in patients with invasive breast carcinoma. 

Our work showed that CHA1 induced the expression of CTAs. CTAs are one 

important sources of antigens on the tumor cell surface. Since CTAs are highly 

immunogenic and can elicit potent integrated natural humoral and cellular responses, they 
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are targets for cancer vaccine and adoptive T cell immunotherapy, including CAR-T [83, 

84]. Importantly, the induction of CTAs was tumor-specific which is important for future 

clinical application [83]. 

Multiple factors play important roles in determine the responsiveness to 

immunotherapy. Some factors derived from tumor cells or from within the tumor micro- 

or macro-environment, including neoantigen load, diversity of the immune infiltrate, 

expression of immune checkpoints, and the enrichment of prognostic immune gene 

signatures. Turning cold non-inflamed tumor into hot inflamed tumor is critical for 

successful ICIs therapy. An effective response to ICIs has been correlated with inflamed 

tumor that is characterized by infiltration of T cells, the presence of IFNγ in tumor 

microenvironment and the expression of PD-L1 [194]. Conversely, there is a lack of 

therapeutic efficacy response to ICIs in non-inflamed tumor [195]. One approach to 

achieve a durable clinical response in patient with cold tumor is the use of collaborative 

agents to create immunogenic tumor microenvironment [199].  

Treatment of TNBC with ICIs has recently gained significant attention. Despite 

the fact that breast tumors, in general, are considered not highly immunogenic  tumor, 

TNBC is considered the more immunogenic hot subtype [225]. It has been reported 

TNBC has a higher level of lymphocyte infiltration, suggesting that TNBC patients may 

benefit from immunotherapy [225]. However, objective response rates (ORR) of ICIs as 

monotherapy in metastatic TNBC was variable and did not exceed 24% [226]. A recent 

study classified TNBC based on spatial immune cell contextures in relation to patient 

prognosis and response to anti-PD-1 as well as pathways of T cell evasion into excluded, 

ignored and inflamed [227]. The inflamed phenotype showed a favorable response to 
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ICIs. The other two types (ignored and excluded) was resistance to ICIs [227]. The 

ignored phenotype was characterized by low densities of CD8+ T cells and activation of 

Wnt with up regulation of Wnt target genes as well as activation of the PPARγ pathway 

[227]. Intrinsic Wnt/-catenin pathway has also been linked to disfavor T cells inflamed 

microenvironment in melanoma [109]. Furthermore, it has been shown that Wnt pathway 

can create T cell exclusion in bladder cancer and melanoma [112, 228]. One of the 

mechanism of cDC1 recruitment failure in melanoma was associated with Wnt activation 

[112]. It has been reported that suppression of Wnt/-catenin pathway can lead to 

infiltration of CD8+ T cells and increase in IFNγ associated gene targets in syngeneic 

mouse models of B16F10 melanoma, 4T1 mammary carcinoma, Neuro2A 

neuroblastoma, and Renca (renal adenocarcinoma) [194]. Furthermore, the response rate 

was increased with subsequent combination with ICIs [194]. Hence, CHA1 by inhibiting 

Wnt could convert excluded phenotype into inflamed one, therefore, enhance ICIs 

response in ignored TNBC. 

In March 2019, anti-PD-L1 received accelerated approval to be used in recurrent 

or unresectable PD-L1 positive metastatic TNBC [116]. However, Roche (the company 

who made anti-PD-L1) voluntarily withdrew the indication of TNBC in 2021 [118]. In 

November 2020, FDA granted accelerated approval to anti-PD-1 in metastatic TNBC 

who locally recurrent or unresectable disease and whose tumors expressed PD-L1. The 

status of PD-L1 expression determined the patient eligibility for ICIs treatment, 

indicating that PD-L1 expression is critical for treatment efficacy. PD-L1 is a surrogate 

biomarker used in clinical trials to predict the effectiveness of ICIs [204]. One of the 

important findings in our study is the induction of PD-L1 in human xenograft and 
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syngeneic mouse models. Our results showed increase the gene expression of PD-L1 as 

well as the protein levels which validated by immunostaining. The result from human 

xenograft indicated upregulation of PD-L1 in tumor cells. 

Recent evidence suggested that upregulation of PD-L1 expression was not the 

only biomarker to the response into ICIs. Several clinical trials reported that T-cell 

inflamed gene signature was associated with increased the response with ICIs [204]. Our 

data showed that in addition to PD-L1, CHA1 induced the expression of T-cell inflamed 

signature. It has been reported that this gene signature was associated with prolonged 

patient survival [204]. This was consistent with our data in invasive and TNBC patients 

as we showed that CHA1 T-cell inflamed gene signature was associated with improved 

patient outcome. In addition, our data from TCGA indicated CHA1 ISGs signature such 

as IFIT2 and OAS2 was associated with increased survival in patients with invasive 

breast carcinoma. 

It is well established that the response to ICIs is mainly dependent on the density 

of pre-existing tumor-infiltrating CD8+ T cells [203]. T-cells exhaustion characterized by 

lack of T-cells response and progression loss of  their effector function (loss of IFN-γ 

production) [203]. One of the reasons of the progressive loss of T cell function in cancer 

is the induction and maintenance of T cell hyporesponsiveness by the special 

immunosuppressive TME [203]. In hot tumors, the failure of ICIs therapy is due mainly 

T-cells dysfunction. However, in cold tumors, lack of pre-existing immune response 

results from low immunogenicity and failed T cell priming [203]. Together, these imply 

the rationality of combination immune-activating therapy with ICIs. One of the important 

findings in our work was downregulation of PD-1 and CTLA-4 expression after CHA1 
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treatment, which are markers of T-cell exhaustion [200]. One possible explanation of 

reduction in mRNA levels of CTLA-4 was the suppressive function of CHA1 on Wnt 

signaling since CTLA-4 is a Wnt target gene [229].  

Our finding demonstrated that CHA1 treatment could sensitize tumor cells to ICIs 

by creating immunogenic hot TME via inhibition of Wnt/β-catenin and changing the 

immune response within the tumor and within TME. CHA1 treatment reprogramed tumor 

cells by boosting host immune responses through enhancement of antigen presentation, 

activation of IFN response, induction of PD-L1 and T-cell inflamed signature, repression 

of T-cells exhaustion markers and increase the intra-tumoral infiltration of effector 

immune cells, particularly IFN-secreting CD8+Ki67+ T cells. Thus, CHA1 could be an 

ideal combination with ICIs. Our data indicated that CHA1 enhanced the anti-tumor 

response of anti-PDL-1 and the addition of CHA1 into anti-PD-L1 increased the survival 

rate in our TNBC syngeneic model. 

The result of the study could offer a new hope of TNBC patients, especially those 

whose disease does not respond to ICIs. In addition, CHA1 could be a promising 

collaborative agent to improve ICIs in ICIs refractory cancer such as melanoma and 

colorectal cancer.  

4.2. Summary of Thesis Results 

TNBC is an aggressive type of breast cancer that does not express ER or PR and 

does not have overexpressed HER2 [1, 3, 7]. Brain metastasis is the most common 

complication of TNBC [13]. Wnt signaling pathway was identified as a potentially 

therapeutic target of TNBC [34-36]. Activated Wnt signaling is associated with resistance 

to ICIs in many cancers [108]. Here, we approached inhibition of Wnt signaling as a 
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tumor treatment by using our novel drug combination, CHA1, which is a combination of 

an active ingredient of green tea EGCG and a DNMT1i DAC, to reactivate multiple Wnt 

inhibitors. The effect of CHA1 was tested in TNBC human xenograft model and in 

TNBC syngeneic model. This approach was successful at inducing HBP1 and sFRP1 and 

inhibiting TNBC tumor growth. Inhibition of Wnt signaling was required for the efficacy 

of the drug combination as knockdown of sFRP1 or HBP1 was sufficient to abrogate 

tumor growth inhibition. We also observed elevated antigen presentation machinery 

including MHC-I and MHC-II expression and increased IFN signaling as well as 

induction of viral mimicry. Concomitant with these changes, we observed the drug 

combination altered the tumor microenvironment, resulting in increased tumor infiltration 

of IFN−secreting Ki67+CD8+ T-cells and macrophages as well as decreased in FOXP-3+ 

Treg infiltration. Furthermore, CHA1 downregulated PD-1 and CTLA-4, markers of T-

cell exhaustion. CHA1 also upregulated PD-L1 which is a biomarker of ICIs respond. In 

addition, CHA1 was effective in induction of T-cell inflamed gene signature beyond PD-

L1. All the mechanistic targets identified required the combination of both drugs for 

maximum function. Either drug alone was either ineffective or only partially effective. 

Our finding suggests that CHA1 could re-program the tumor from “cold” i.e. 

immunologically silent, into a “hot” tumor with significant immune cell infiltration, 

indicating that CHA1 could be a good candidate as collaborative agent with ICIs. Our 

work in TNBC syngeneic model demonstrated that CHA1 sensitized TNBC tumors to 

anti-PD-L1 response and CHA1+ anti-PD-L1 treatment associated with higher survival 

rate compared to control and anti-PD-L1. Finally, analysis of TCGA and METABRIC 
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dataset indicated that the CHA1 gene signature was positively correlated with improved 

patient outcome.  

4.3. Study Limitations 

One of the big limitations of the study is the cell lines, 4-T1, that used for TNBC 

syngeneic model. 4T-1 murine mammary carcinoma is widely used as a TNBC syngeneic 

model, although there are some drawbacks of this model. It has been reported that 4T-1 

tumor-bearing mice developed leukemoid reactions. The characteristics of leukemoid 

reaction include bone marrow hyperplasia, granulocytosis, and splenomegaly due 

granulocytic hyperplasia. Furthermore, it has been shown that 4T-1 tumor-bearing mice 

expressed high levels of myeloid colony-stimulating factors G-CSF and GM-CSF which 

could be contributed to this paraneoplastic syndrome [206]. We noticed similar effect in 

our 4T-1 syngeneic model. Control and anti-PD-L1 treated 4T-1 tumors had a 

splenomegaly. On the other hand, CHA1 and CHA1+ anti-PD-L1 groups did not have 

any spleen enlargement. 

The second limitation of 4-T1 model is that we could not administer more than 2 

doses of anti-PD-L1. We lost more than 60 % of the mice after the third doe of anti-PD-

L1. It has been reported that repeated administration of anti-PD-L1 and anti-PD-1 

resulted in fatal hypersensitivity reaction in 4T-1 tumor-bearing mice, however, this 

reaction was not observed in non-tumor bearing mice or Renca and B16-tumor bearing 

mice, suggesting this hypersensitivity reaction is specific to 4T-1 tumor-bearing mice 

[207]. The highly myeloproliferative properties of 4T-1 model suggested the existence of 

a primed TME for hypersensitivity reactions [206]. One of the reasons of fatal 

hypersensitivity reactions is an accumulation of neutrophils within the lungs and 
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accumulation of IgG1 antibodies in serum. Furthermore, administration of neutrophil 

depletion (anti-Gr-1) resulted in improved survival of anti-PD-1 treated mice. In addition, 

treatment with ganetespib, an inhibitor of the molecular chaperone heat shock protein 90 

(HSP90), that used to suppress the migration of neutrophils into lungs protected the mice 

and prevented the accumulation of neutrophils and IgG1 after anti-PD-1 treatment, 

suggesting the role of neutrophils in development the hypersensitivity reaction [207].  

The study limitations prevented us from conducting a well-design survival study 

due to the death of the mice before they reached tumor endpoint. However, we were able 

to study the effectiveness of CHA1 in combination with anti-PD-L1. Alternatively, EMT-

6 TNBC syngeneic model could be used. Both 4T-1 and EMT-6 are mouse TNBC cell 

lines that can be orthotopically implanted into Balb/c mice. EMT-6 is less aggressive and 

less invasive compared to 4T-1. Importantly, the hypersensitivity reaction that occurred 

after repeated administration of anti-PD-1/anti-PD-L1 has not been reported with EMT-6 

tumor bearing mice [207]. Moreover, future study of the effect of CHA1 in different 

mouse models such as melanoma and colorectal syngeneic mouse model could be another 

alternative.  

4.4. Future Directions 

4.4.1. Clinical Translation of CHA1 and CHA1 + anti-PD-L1 for TNBC Patients 

Our works demonstrated that CHA1 had anti-tumor effect in TNBC human 

xenograft and in TNBC syngeneic model. In addition, CHA1 sensitized the tumor to anti-

tumor effect of anti-PD-L1. CHA1 could be a promising therapeutic option to improve 

anti-PD-L1 response in TNBC patients. The next step is to translate CHA1+anti-PD-L1 

into a Phase I clinical trial. EGCG, in a dose equivalent of 4-8 cups per day, has been 
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widely studied in human clinical trials with no appreciable side effects have been 

reported [56]. It has been reported that the side effects associated with single oral 

administration of EGCG (200, 400, 600, and 800 mg) into healthy individual were well 

tolerated [169]. Some participants experienced mild headaches and fatigue [169]. 

However, liver toxicity has been reported with high dose of EGCG at 800 mg twice a day 

for 6 months [230]. Normal liver function has been restored after EGCG discontinuation 

[231]. DAC is FDA-approved, and its side effects are well-documented which include 

neutropenia, nausea, and myelosuppression [232]. DAC side effects are manageable with 

careful monitoring of patients’ complete blood and platelet counts [232]. 

The doses we used for either EGCG or DAC in our study are attainable in human 

with manageable side effects [166-178]. In our TNBC syngeneic model, we configured 

the dosing schedule of CHA1 to conform with the FDA approved regimen of DAC (20 

mg/m2 by continuous I.V. infusion over 1 hour daily for 5 days). The treatment cycle can 

be repeated every 4 weeks or after hematological recovery (absolute neutrophil count (ANC) at 

least 1,000/μL and platelets at least 50,000/μL). The minimum duration of treatment is 4 cycles. 

[232]. Our dosing regimen did not cause any undesirable side effects. The clinical 

translational applications of CHA1 will start with conducting Phase I clinical trials of 

CHA1. The study will be an EGCG dose escalation study with a fixed DAC dose (20 

mg/m2 I.V. infusion daily for 5 days, FDA approved dose). The first primary endpoints 

will be to determine the maximum tolerated dose (MTD), that can be in combination with 

anti-PD-L1, as well as dose-limiting toxicity (DLTs). After we determine the MTD of 

CHA1, anti-PD-L1, atezolizumab, at the dose of 800 mg IV infusion on days 1 and 8 of a 

28-day cycle will be added to the regimen (NCT02425891). The second primary endpoint 

will be to determine the safety and tolerability of CHA1+ anti-PD-L1. Liver function 



 125 

tests, complete blood and platelet counts will be monitored during and after treatment 

protocol. In addition, irAEs of anti-PD-L1 will be monitored. PK parameters will also be 

determined. The plasma and the cerebrospinal fluids (CSF) of CHA1 will be measured.  

The secondary end point is to assess the efficacy and clinical benefits such as complete 

(CR) or partial (PR) remission, progression-free survival (PFS), and overall survival 

(OS). In addition, PD-L1 levels in tumor biopsy can be used as a surrogate biomarker for 

treatment efficacy. 

4.4.2. Clinical Translation of CHA1 and CHA1 + anti-PD-L1 for TNBC Patients 

with Brain Metastasis  

One of the common locations for cancer metastases is the brain, with up to 46% 

of TNBC patients developing brain metastases [16]. 50% of metastases related death are 

due brain metastases [14]. Since the treatments for brain metastases must be able to cross 

the blood-brain barrier (BBB), their treatment options are limited, leading to a median 

survival rate of up to 5 months once diagnosed [16]. The development of treatments of 

brain metastases are challenging since patients with brain metastases are commonly 

excluded from clinical trials, therefore, the treatment options are restricted to surgery or 

whole brain radiation therapy (WBRT) [233]. Both DAC and EGCG can cross the BBB 

[153, 234, 235], making CHA1 treatment a promising not only for TNBC patients but 

also for TNBC patients with brain metastases. In addition, our data showed that CHA1 

reduced brain and overall metastases in TNBC human xenograft. Moreover, previous 

work in the lab demonstrated that CHA1 decreased the numbers of seizures in chronic 

seizure mouse model. 
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Part of clinical translational of CHA1 + anti-PD-L1 is to include TNBC patients 

with brain metastases in Phase I clinical trials. The reduction in the metastases can be 

assessed by contrast-enhanced magnetic resonance imaging (MRI) [233]. In addition, 

circulating tumor cells (CTCs) can be used to determine clinical efficacy (refer to section 

4.4.5). 

4.4.3. Pharmacokinetic Study of CHA1 

The PK profile of EGCG and DAC have been widely studied [166-178]. 

However, the PK of CHA1 has not been characterized. It is important to conduct PK 

study of CHA1 in the preclinical model. The aim of this experiment is to inform us the 

effective concentrations and accurate dosing recommendations for human patients and 

therefore, reduce side effects associated with the treatment. Tumor-bearing mice will 

receive a single dose of either DAC or EGCG, or CHA1 as we intend to administer in 

patients (QD cycles regimen). Then, blood samples will be collected at different time 

points. The plasma levels will be determined by HPLC. Cmax, AUC, t1/2, and other 

pharmacokinetic parameters will be determined. In addition, the level of CHA1 in 

cerebrospinal fluid will be measured since both drugs cross the BBB [153, 234, 235]. 

After we conduct the PK study in preclinical model, the next step is to study PK profile 

of CHA1 in Phase I clinical trial. 

4.4.4. Development of Oral Formulation Works Synergistically with ICIs 

Hypomethylating agents (HMAs) such as decitabine (DAC) and azacytidine 

(AZA) have been approved by FDA as parental therapies for treatment of 

myelodysplastic syndromes (MDS) [138]. In addition, HMAs were also used for acute 

myeloid leukemia (AML) and chronic myelomonocytic leukemia (CMML) [138]. 
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Development of oral formulation of HMAs has gained a significant interest to 

minimize the burden of parenteral therapies and to improve patient-adherence. One of the 

challenges to the development of HMAs oral analogs is to overcome the rapid 

metabolism of agents by the enzyme cytidine deaminase (CDA), which is expressed in 

the GI tract and in the liver and is involved in first-pass metabolism [236]. In July 2020, 

FDA approved an oral DAC in combination with cedazuridine, CDA inhibitor (CDAi) 

[138]. Furthermore, in September 2020, FDA approved an oral AZA as a maintenance 

treatment for AML [138]. Both DAC and AZA are incorporated into DNA and inhibit 

DNMT, resulting in hypomethylation and reactivation of silenced genes such as tumor 

suppressor genes and genes involved in cell cycle control like p16, p15, and p57 [135]. 

The main difference in their mechanism of action is that 80-90% of the AZA is 

incorporated into RNA, leading to defect in the processing of tRNA and rRNAs and 

inhibition of protein synthesis [135, 237]. There were no direct randomized clinical trials 

performed to compare between DAC and AZA in term of clinical efficacy and safety. 

Several indirect systemic reviews and network meta-analysis was conducted to compare 

the parental formulations of the two agents [238, 239]. The conclusion from these 

retrospective studies demonstrated that both drugs improved the overall response rate 

(ORR) and the overall survival (OS) compared to conventional care regimens (CCR). 

Furthermore, AZA treatment was associated with higher rate of complete remission with 

incomplete blood count recovery (CRi) compared to CCR [239]. Indirect head-to-head 

comparisons showed that DAC was superior to AZA in term of complete remission (CR) 

[239]. In addition, patients who received DAC experienced higher rate of hematological 

adverse effects compared to AZA [239]. Moreover, indirect comparison showed that 
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AZA improved overall survival compared to DAC [238]. However, these indirect 

comparisons cannot provide a reliable answer to confirm the superiority of either agents. 

In addition to low certainty of the evidence, there are many limitations of these indirect 

comparison include the limited number of included trials, heterogeneity between the 

different studies, and network consistency [239]. Further direct head-to-head randomized 

clinical trials are required, particularly a clinical study to compare between the oral 

formulations of the two agents. In the meantime, the selections of either drugs should be 

based on patient’s preferences, the severity of the disease, the availability and the cost of 

the drugs. 

HMAs did not work in solid tumors [139]. Despite their effectiveness in MDS and 

AML patients, HMAs monotherapy treatment is associated with unsatisfied outcomes 

including low rate of complete remission [240, 241]. Several approaches have been used 

to potentiate HMAs effects by combining with investigational drugs, however, have 

failed in clinical trials, except for combinations with the BCL2 inhibitor venetoclax 

[241]. Our approach was to combine EGCG (DNMTi and HDACi) and DAC (DNMTi) 

that both have known well tolerated adverse events. We showed that the combination of 

both EGCG and DAC was required to inhibit tumor growth in our TNBC human 

xenograft. We also showed that CHA1 eradicated tumor cells in 4T-1 TNBC syngeneic 

model. Previous work reported that DAC at dose similar to our dose did not suppress the 

tumor growth of 4T-1 TNBC syngeneic model [242]. In addition, EGCG at higher dose 

than we used had no effect on the tumor growth of 4T-1 TNBC syngeneic model [243]. 

In addition to suppression tumor growth, our data showed that both drugs are needed for 
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maximum inhibition of Wnt pathway, re-induction of antigen presentation, particularly 

MHC-II, stimulation of JAK/STAT/IFN pathway, and upregulation of PD-L1 expression.  

One of the approaches to enhance the response to ICIs in solid tumors is the use 

of collaborative agents such as HMAs [139]. In our study, we demonstrated that CHA1, a 

combination of EGCG and DAC, sensitized the tumor to anti-PD-L1 response in TNBC 

syngeneic model. The FDA approval of oral AZA and oral DAC + cedazuridine (CDAi) 

gave the potential to ease of administration and convenience associated with oral agents. I 

would like to study the efficacy of AZA or DAC + CDAi as substitute of DAC in 

combination with EGCG in TNBC syngeneic model. I also would like to study the effect 

of the new combination with ICIs. If the study demonstrates successful results, it will 

open a new hope for TNBC. In addition, the fact that combination drugs can administrate 

orally will reduce the infusion burden, decrease regimen complexity, and improve patient 

adherence.  

4.4.5. Study The Effect of CHA1 and CHA1 + anti-PD-L1 on Circulating Tumor 

Cells 

Circulating tumor cells (CTCs), that are derived from the primary tumors and are 

escaped into the blood circulation, are important source of metastasis [244]. CTCs 

detection is an emerging clinical test to identify early and rare metastatic events and 

metastatic progression [244]. CTCs are considered as a liquid biopsy that can be detected 

in the peripheral blood of cancer patients [244]. It is also useful to monitor patient 

prognosis and treatment response [245, 246]. It has been reported that the detection of 

CTCs in cancer patients was inversely correlated with disease progression and treatment 

outcome [246]. In addition, the presence of CTCs in breast cancer has been associated 



 130 

with poor prognosis [247]. Therefore, CTCs can be used as a surrogate prognostic 

biomarker to measure the clinical response. CellSearch® is the only FDA-approved 

clinical test for enumeration of CTCs [244]. It is a semi-automated qualitative 

immunomagnetic-capture immunofluorescent detection image analysis test. CTCs can be 

identified using epithelial markers (EpCAM and cytokeratins (CK) 8, 18, and/or 19 that 

are expressed by CTCs) and leukocyte marker (CD45) [244]. CTCs are EpCAM+ / 

CK+/CD45− [244]. 

I would like to study the effect of CHA1 and CHA1+anti-PD-L1 on CTCs using 

the MDA-MB-231 TNBC human xenograft pre-clinical model. I will examine whether 

CHA1, and CHA1 + anti-PD-L1 treatment decreases metastasis by reducing CTCs. CTCs 

isolation via fluorescence-activated cell sorting analysis (FACS) will be used [248]. 

Peripheral blood will be collected from control mice and CHA1, and CHA1+anti-PD-L 

treated mice in EDTA tubes. CTC levels will be sorted based on EpCAM/CK/CD45 

status. One sample will be left unstained and used as a negative control. This experiment, 

if successful, would suggest that measuring CTCs levels in patients could be a predictive 

biomarker for treatment efficacy and could be applied to Phase I clinical trial to evaluate 

the efficacy of CHA1 and CHA1 + anti-PD-L1, particularly for TNBC patients with brain 

metastasis.  

4.4.6. Single Cell RNA-sequencing of CHA1 and CHA1 + anti-PD-L1 

Unlike next-generation sequencing (NGS) which is used to study tumor 

heterogenicity and to assess any biological changes evolved in tumor cells after 

treatment, Single-cell RNA sequencing (scRNA-seq) can be applied to study the gene 

expression of bulk tumors at single-cell resolution [249]. scRNA-seq is a powerful 
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technology that can provide a detailed landscape about entire tumor ecosystem and the 

mechanism of intra-tumoral and inter-tumoral signaling interactions [250]. One of the 

advantages of scRNA-seq that it can provide a clear insight into TME at single-cell levels 

and classify immune cell populations in the TME as well as identify the functional status 

of immune cells [249]. Immune system displays heterogenicity and scRNA-seq reveals 

there are different kinds of tumor-infiltrating immune cells into TME including innate 

immune cells like dendritic cells (DCs), immature dendritic cells (iDCs), activated 

dendritic cells (aDCs), eosinophils and neutrophils, mast cells, macrophages, natural 

killer cells (NK) and adaptive immune cells like CD4+ T helper cells like Th1 and Th2, 

CD4+ FOXP3+ regulatory T cells (Treg), CD8 + cytotoxic T cells, and effector memory T 

cells (Tem), etc [249, 251, 252].  It has been reported that tumors infiltrated with CD8+ 

cytotoxic T-cells has a favorable response to ICIs and better prognosis, while tumors 

infiltrated with Treg became irresponsive to ICIs [253]. scRNA-seq can also provide an 

analysis of immune-related gene signature [249]. scRNA-seq can be used to discover the 

mechanism of drug resistance mediated by specific immune cells [249]. This is important 

to understand why some patients are not sensitive to anti-CTLA-4 and anti-PD-1/PD-L1 

treatment [249]. scRNA-seq analysis of ICIs-sensitive and ICIs-resistance glioblastoma 

patients who received anti-PD-1 therapy revealed that ICIs-resistance samples were 

enriched with a specific group of CD73hi macrophages which resulted in immune 

suppression TME and disfavor T cell infiltration [254]. Furthermore, scRNA-seq analysis 

of 11 breast cancer patients demonstrated that there was high infiltration of T 

lymphocytes, B lymphocytes, and macrophages. Furthermore, the T cells exhibited an 
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exhausted phenotype and macrophages were polarized into M2, indicating 

immunosuppressive of TME [255].   

I would like to perform scRNA-seq for the 4 treatments groups: saline, anti-PD-

L1, CHA1, CHA1 + anti-PD-L1. I would like to examine the effect of CHA1 on the 

immune cell subtypes and determine the functional and the activity status of the immune 

cells. I also want to identify the significant TME-related alterations mediated by CHA1 

that resulted in improvement of the anti-tumor activity of anti-PD-L1. I also would like to 

conduct scRNA-seq for the 4 treatment groups in metastatic tumors to see whether there 

is any difference on immune cell subtypes, functions, and activity and to see whether 

TME shapes differently in the metastatic tumors. This unbiases analysis will provide a 

detailed picture of TME landscape after CHA1 and CHA1 + anti-PD-L1 and it will tell us 

how CHA1 mediated inflamed hot TME and how the treatment reprograms TME in the 

primary tumor and metastatic tumors. It will also identify which immune cell is critically 

important to CHA1 function.   

4.4.7. Epigenetic Mapping of Breast Cancer and Breast Cancer Metastasis after 

CHA1 and CHA1 + anti-PD-L1 

Aberrant epigenetic modifications play an important role in tumorigenesis via 

silencing of tumor suppressor genes or induction of oncogenes [256]. Epigenetic 

modifications are involved in regulation of different biological responses of cancer cells 

such as proliferation, apoptosis, senescence, and metastasis [257]. Epigenetic 

modifications can also regulate cancer cells functions and oncogenic transformation 

[258]. Epigenetic modifications include DNA methylation, histone modification, 

chromatin remodeling and the effects of noncoding RNA [257]. Generally, methylation 
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of DNA CpG islands, hypoacetylation and/or hypermethylation of histones caused gene 

repression [257].  

DNA methylation involved a transfer of a methyl group to the cytosine of DNA 

CpG islands by DNA methyltransferases (DNMTs), resulting in silencing of the gene 

[257]. The gene expression of methylated gene can be reactivated by demethylation 

[257]. Abnormal DNA methylations are common in cancer cells [257]. It has been 

reported that the expression of key tumor suppressor genes such as p16, P53 and BRCA1 

are repressed by DNA methylation [259, 260]. 

Histone modification is a form of epigenetic modification that is mediated by 

histone acetyltransferases (HATs), histone deacetylases (HDACs), histone 

methyltransferases (HMTs) and histone demethylases (HDMs) [257]. It has been reported 

that HDACs can cause silencing of tumor suppressor genes via hypoacetylation of their 

promoters [257]. Furthermore, treatment with HDAC inhibitor was effective to reverse 

hypoacetylation of the promoter of p21 and restore its expression, resulting in an 

antitumor effect [261]. HMTs also plays a major role in regulating the gene expression. 

Methylation at H3K9, H3K27, and H4K20 resulted in repression of gene expression 

while methylation of H3K4, H3K36, and H3K79 was associated with induction of gene 

expression [262]. 

It is important to study the effect of epigenetic related noncoding RNAs 

(ncRNAs) such as microRNAs (miRNAs) [257]. miRNAs play a significant role in 

regulation of mRNA translation [257]. The regions where miRNAs target located are 

frequently carcinogenic-associated regions [263]. miRNAs can be classified into tumor-

promoting oncogenic miRNAs like miR-155, miR-21, and miR-17-92 that are induced 
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and tumor-suppressing miRNAs like miR-15-16 that are repressed during carcinogenesis 

[264]. Recent study showed that circulating miRNAs can be detected in the peripheral 

blood and can be used as predictive biomarkers for cancer  [265]. 

Alterations in epigenetic landscape has been linked to the etiology of breast 

cancer and breast cancer metastasis [266]. The breast cancer initiation and the process of 

metastatic progression not only induced by mutations of tumor-suppressor genes or 

oncogenes but also induced by epigenetic modifications [266]. It has been showed that 

BRCA1 mRNA expression was inactivated by hypermethylation. Furthermore, a meta-

analysis revealed that hypermethylation of BRCA1 has been positively correlated with 

the risk of development of highly aggressive breast cancer and metastases [267]. EMT, 

which also plays a critical role in breast cancer metastases, is epigenetically regulated 

[266, 268]. It has been reported that the promoter of epithelial transmembrane protein E-

cadherin was methylated in TNBC, resulting in its repression. Hypermethylation of E-

cadherin has been associated with metastatic progression [269]. Moreover, suppression of 

the mRNA expression of the genes involved in stem cell properties has been detected in 

the samples of TNBC primary tumors and it has been associated with clinically 

aggressive TNBC phenotype [270]. Furthermore, it has been found that HDAC1 has been 

associated with breast cancer cells growth and migration [271]. In addition, 

overexpression of HDAC1 and HDAC7 in breast cancer cells plays a critical role in 

maintain CSC phenotype [272]. Furthermore, HDAC8 overexpression has been linked to 

clinicopathological features of TNBC, indicating its diagnostic role [273]. Several 

miRNAs like  miRNA-22 and miRNA-10b have been contributed to the development of 

drug resistance in breast cancer [274, 275]. 
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In our study, we used CHA1, which is a combination of EGCG and decitabine. 

Decitabine is an epigenetic drug that works by inhibition of DNMT, resulting in 

reactivating the gene expression [257]. In addition, EGCG has been found to stabilize the 

mRNA of HBP1, which is a transcriptional repressor of DNMT [56, 149]. HBP1 is a 

direct target of miR-155 [276]. It has been reported that miR‐155 oncogenic function in 

colorectal cancer is contributed to its repression of HBP1 expression [276]. Furthermore, 

in addition to DAC, EGCG can inhibit DNMT activity and restored the expression of 

methylation-silenced genes [148]. In addition, EGCG has been shown to have HDAC 

inhibition activity [277]. I would like to study the effect of CHA1 on the methylation of 

the entire genome by using whole-genome bisulfite sequencing (WGBS). I also would 

like to study the effect of CHA1 on histone modification by conducting chromatin 

immunoprecipitation-deep sequencing (ChIP-Seq). Furthermore, I would like to study the 

effect of CHA1 on miRNAs by microRNA-sequencing (miRNA-sequencing). The study 

will be performed on untreated and CHA1-treated TNBC tumors. I also would like to 

perform this experiment on metastatic tumors dissected from untreated and CHA1 treated 

mice. I want to discover which CHA1-induced epigenetic modifications have a 

significant role in the disease progression. I would like to identify which tumor-

suppressor genes and/or oncogene are epigenetically regulated by CHA1 and are 

involved in initiation and progression of the tumors and metastases development. I also 

would like to see which histone modifications are altered after CHA1 treatment. In 

addition, I would like to examine miRNAs expression and modifications after CHA1. 

Furthermore, I would like to learn how the epigenetic modifications induced by CHA1 

contributed to the reduction in metastases. I will compare CHA1-induced epigenetic 
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signature of primary tumors and CHA1-induced epigenetic signature of metastatic tumors 

with epigenetic signature of untreated tumors and untreated metastases. I want to find if 

there are any differences between CHA1-treated primary tumors, CHA1-treated 

metastases, and untreated ones in term of epigenetic alterations, particularly, the 

alterations in Wnt, EMT and CSCs formation. Moreover, it has been reported that TME 

is epigenetically regulated [139]. I would like to discover the epigenic modifications 

induced by CHA1 that reprogrammed the TME in CHA1-treated tumors and CHA1-

treated metastases and how these modifications altered the metastases progression. 

Lastly, I would like to perform the same epigenetic mapping study in primary tumor and 

metastatic tumors after anti-PD-L1 and CHA1 + anti-PD-L1. 

This epigenetic mapping study will provide a precise answer about the exact 

mechanism of CHA1 as an epigenetic drug. In addition, this study can identify potential 

biomarkers that can be used for diagnosis and monitor disease progression. Furthermore, 

the study can detect important epigenetic driver of metastases that can be used as an early 

biomarker to identify metastatic events. Finally, this study can help to identify a 

pharmacological target that can be applied for future research. 

4.4.8. Study The Effect of Targeting EMT in Combination with CHA1 

The use of ICIs in solid tumor is a hopeful therapeutic option for many patients. 

Despite the initial success and remarkable results, most patients developed resistance to 

ICIs. Molecular characterization of ICIs-refractory cancers indicates that resistant cancers 

showed acquisition of epithelial-mesenchymal transition (EMT) and upregulation of Wnt 

signaling [49, 50, 278]. Tumors of TNBC patients display properties of EMT and Wnt 

activation which results in occurrence of cancer-stem cells like properties [30, 278]. 
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Furthermore, Wnt signaling activation is inversely correlated with the epithelial 

transmembrane protein E-cadherin, indicating upregulation of Wnt in cancer cells result 

in EMT [32, 36]. Several studies demonstrated that aberrant activation of intrinsic Wnt/-

catenin pathway can mediate T-cell exclusion TME in bladder cancer and melanoma 

[112, 228]. In addition, it has also been reported that Wnt/-catenin pathway creates non-

T-cells inflamed (cold) TME in melanoma [109]. It has been reported that EMT drives 

tumor cells growth and metastasis not only by alterations of cancer cell properties, but 

also by alteration of TME landscape [279]. Activation of EMT status in cancer cells is 

associated with immune suppression TME. Epithelial tumor cells showed high infiltration 

of CD8+ cytotoxic T-cells which is characterization of hot TME, indicating that epithelial 

tumor cells more responsive to ICIs [278]. On the other hand, mesenchymal tumor cells 

displayed immune suppression cold TME and infiltration of immune suppressive cells 

(Treg) [278]. The pathway behind development of this suppressive effect involved PD-L1 

regulation via EMT regulators (the transcription factor Zinc finger E-box-binding 

homeobox 1 (ZEB1) and miR200 family) [280]. Furthermore, EMT has been associated 

with increased infiltration of tumor-associated macrophages (TAMs) into TME via 

induction of CCL2, therefore, development of ICIs resistance [281, 282]. Furthermore, 

EMT has been linked to switch the status of cancer cells from epithelial neutrophil-

enriched to mesenchymal M2 macrophage-enriched [278]. 

It has been reported that EMT is epigenetically regulated [268]. Lysine-specific 

demethylase 1 (LSD1) plays important role in EMT regulation [283]. EMT is 

characterized by transcriptional silencing of E-cadherin mediated by EMT-inducing 

transcription factors (EMT-TFs) including Snail, Slug and ZEB1 [33, 284, 285]. LSD1 
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that is recruited by Snail represses E-cadherin in breast cancer. In addition, LSD1 has 

been implicated in regulation of EMT, induction of CSCs-like properties, tumor growth 

and drug-resistance in breast cancer mouse model [283]. Moreover, the combination of 

pharmacological inhibitor of LSD1, pargyline, with chemotherapy in pre-clinical breast 

cancer mouse model resulted in reduced the tumor growth, suppressed the mesenchymal 

phenotypes, and increased infiltration of M1 macrophage into TME [283]. It has been 

reported that the combination of LSD1 inhibitors with anti-PD-1 in TNBC xenograft 

model resulted in increased the efficacy of anti-PD-1, suppressed the tumor growth and 

metastases as well as increased infiltration of cytotoxic CD8+ T cell into TME [213]. 

Targeting multiple pathways in cancer is an effective tool to eradicate cancer cells 

and overcome drugs resistance. Several studies demonstrated that EMT and Wnt play a 

significant role in mediating ICIs resistance and creating cold tumor TME [49, 50, 109, 

112, 228, 278, 279]. Previous works showed that LSD1 inhibitor abrogated EMT 

signature and mediated hot TME [213, 283]. In addition, it has been reported that 

silencing of the promoter of epithelial marker gene E-cadherin, CDH1, through DNMTs. 

Furthermore, DNA methylation is involved in regulation the expression of EMT-

transcription factors including TWIST1/2, ZEB1/2, and SNAI1/2 [286].  

Our work demonstrated that CHA1 downregulated Wnt signaling and 

reprogramed the TME to exhibit hot status. Furthermore, both CHA1 and LSD1 inhibitor 

act epigenetically. However, CHA1 targets DNA methylation while LSD1 inhibitor 

targets histone modification [257]. I would like to examine whether the addition of LSD1 

inhibitor augments the tumor inhibitory activity of CHA1. The study will be performed in 

EMT6-tumor bearing TNBC syngeneic mouse model to avoid the limitations of 4T-1 
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syngeneic model [206, 207]. I will evaluate the effect of the new combination on tumor 

growth. Our work showed that CHA1 induced the protein expression of E-cadherin. The 

expression of several markers of EMT such as E-cadherin, Snail, vimentin, and ZEB1 

will be tested. Also, the effect on Wnt signaling will be examined. Since both Wnt and 

EMT involved in formation of CSCs, the expression of stem-cell marker will be tested. In 

addition, I will look at the effect of the combination drugs on metastases. I would like to 

study the effect of CHA1 + LSD1 inhibitor on TME landscape. Our work showed that 

CHA1 was effective in combination with anti-PD-L1, however, CHA1 did not work with 

anti-PD-1 or anti-CTLA-4. Previous study showed that LSD1 inhibitor enhanced the anti-

tumor activity of anti-PD-1 [213]. So, I would like to study the effect of CHA1 + LSD1 

inhibitor in combination with anti-PD-L1, anti-PD-1 and anti-CTLA-4, and examine 

whether the new treatment combination sensitizes the tumors to the ICIs and improves 

the survival. If the result of the study is promising, the new combination treatment could 

be a potential therapeutic option for TNBC patients and particularly for ICIs-refractory 

TNBC patients. 

4.4.9. Study The Effect of CHA1 in ICIs-non-responding Tumors 

Melanoma responds poorly to chemotherapy. However, in 2011, anti-CTLA-4, 

ipilimumab, was the first FDA-approved immune checkpoint inhibitor for patients with 

metastatic melanoma [287]. Furthermore, in 2014, anti-PD-1, pembrolizumab and 

nivolumab, were also approved for advanced melanoma [287]. Unfortunately, despite the 

significant improvement in the clinical outcome after treatment with ICIs in metastatic 

melanoma, the majority of patients did not respond to ICIs [111]. In ICIs-responding 

patients, infiltrating of CD8+ cytotoxic T cells, a characteristic of T cell-inflamed TME, is 
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essential for ICIs response and it can be used to predict the response to ICI 

[111]. Aberrant activation of Wnt signaling is one of the mechanism that mediates 

resistance to ICIs in melanoma [108-111]. Stimulation of Wnt signaling has been 

associated with decreased T-cell infiltration into TME [108-111]. It has been reported 

that the combination of RNAi-mediated β-catenin inhibition with ICIs sensitized non-

inflamed tumors and increased the response to ICIs in syngeneic mouse models of 

B16F10 melanoma, 4T1 mammary carcinoma, Neuro2A neuroblastoma, and renca renal 

adenocarcinoma [194]. 

Another tumor that poorly responds to ICIs is colorectal cancer [111]. It has been 

reported that activation of the Wnt/β-catenin signaling pathway was positively correlated 

with the absence of T-cell infiltration in colorectal cancer patients [288]. Furthermore, 

immunohistochemical analysis of 155 colorectal cancer tissues revealed that there was a 

significant reduction of CD8+ T-cell infiltration in the tumors that highly expressed β-

catenin [288]. This finding highlighted that Wnt/β-catenin signaling pathway could be the 

driver of colorectal cancer resistance to ICIs. 

Targeting Wnt/β-catenin signaling could be a potential strategy to prime ICI-

nonresponding melanoma and colorectal cancer to ICIs. Since CHA1 demonstrated 

inhibitory effect on Wnt and improved the response to anti-PD-L1 in TNBC syngeneic 

model, I would like to study the effect of CHA1 in melanoma and colorectal syngeneic 

mouse model and examine whether CHA1 sensitize these tumors to ICIs. If CHA1 

promotes the anti-tumor effect of ICIs in melanoma and colorectal cancer, it will open a 

new hope for ICIs-refractory patients. 
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4.4.10. Study The Effect of CHA1 in Combination with Anti-angiogenesis 

Cancer cells can promote immune suppression in TME, leading to restrain the 

efficacy of ICI. One of the resistance mechanisms to ICIs is mediated by angiogenesis 

[289]. Angiogenesis results in formation of malfunctional tumor vessels that serves as 

physical barrier for infiltration of effector immune cells into TME [289]. Several studies 

reported that combination of anti-angiogenesis and ICIs is an effective strategy to 

normalize aberrant vascular-immune crosstalk and potentiate ICI efficacy [289]. 

Therefore, FDA granted approval for the combination of anti-angiogenesis with ICIs in 

patients with kidney, liver, lung, or uterine cancer [289].  

The growth of tumor cells requires sufficient oxygen and nutrients supply from 

the blood vessels. However, tumor cells grow rapidly and exceed their blood supply from 

the existing vasculature, leading to development of hypoxia in TME [289]. Hypoxia 

promotes immunosuppressive mechanisms in TME by activation of the angiogenic 

master switch, hypoxia-inducible factor-1 (HIF-1), and upregulation of vascular 

endothelial growth factor (VEGF) in tumors [289]. VEGF functions as a powerful 

immunosuppressive factor in innate and adaptive anti-tumor immunity. VEGF is the 

major driver of tumor angiogenesis by promoting the proliferation and survival of 

endothelial cells (ECs) and the formation of malformed and malfunctional neovessels 

within the tumor [289]. Tumor endothelial cells display immunosuppressive 

characteristics, such as upregulation of PD-L1 expression, resulting in inactivation of T-

cells. In addition, VEGF suppresses the maturation of dendritic cell (DC), which in turn 

interferes with T cell priming by impaired antigen presentation. Furthermore, VEGF 

promotes polarizing tumor-associated macrophages (TAMs) to immunosuppressive M2-
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like phenotype. Moreover, VEGF increase infiltration of immune suppressor Treg cells 

into TME [289]. 

Wnt components are expressed in endothelial cells and implicated in many 

aspects of angiogenesis involving upregulation of VEGF and its blockade reduced 

microvessel density and VEGF [52, 53]. In addition, several studies reported that aberrant 

Wnt signaling activation has been associated with resistance to ICIs and reduced the 

numbers of T-cell infiltration into TME [108-110]. Furthermore, epigenetic modifications 

including DNA methylation regulate the expression of key genes critical for angiogenesis 

promotion such as VEGF, its receptors (VEGFR1/Flt1, VEGFR2/KDR and 

VEGFR3/Flt4) and endothelial nitric oxide synthase (eNOS) [290]. These genes play 

essential role not only in regulation of endothelial cells, but also in supporting the growth 

of different types of solid tumors and leukemias, resulting in the growth of the cancer 

cells. 

Targeting multiple pathways in cancer could be a viable strategy to overcome 

ICIs resistance. The use of axitinib which is VEGFR1, 2, and 3 inhibitor [289] in 

combination of CHA1 that suppresses Wnt signaling and acts epigenetically by DNMT 

inhibition could be a potential therapeutic to augment ICIs response and overcome the 

resistance. So, I would like to study the effect of combination of axitinib with CHA1 in in 

EMT6-tumor bearing TNBC syngeneic mouse model to avoid the limitations of 4T-1 

syngeneic model [206, 207]. In addition, the effect of the new combination will be 

evaluated on tumor growth. The protein and gene expression of VEGF will be tested. 

Furthermore, the effect of CHA1 + axitinib on TME landscape will be tested. Our work 

showed that CHA1 sensitized the tumor to anti-PD-L1, however, CHA1 did not work 
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with anti-PD-1 or anti-CTLA-4. So, I would like to study the effect of CHA1 + axitinib 

in combination with anti-PD-L1, anti-PD-1 and anti-CTLA-4, and examine whether the 

new treatment combination improves the response to the ICIs and prolongs the survival. 

The result of this study could provide a promising therapeutic option for TNBC patient 

and particularly for ICIs-refractory TNBC patients. 

4.4.11. Study The Effect of CHA1 in Combination with Adoptive T Cell 

Immunotherapy 

The expression of cancer testis antigens (CTAs), NY-ESO-1, MAGE-A3, and 

MAGE-A6, were significantly elevated after CHA1 treatment. The induction of CTAs 

after CHA1 was due to DNMT inhibition since CTAs expressions were epigenetically 

regulated [76]. Induction of CTAs, which are highly immunogenic, could promote T cells 

infiltration and facilitate tumor lysis by cytotoxic T lymphocytes (CTLs) [191]. Eliciting 

CTLs response to target a tumor specific antigen is a critical component in successful 

immunotherapy [191]. Since CTAs have restricted expression in adult somatic tissues and 

immunogenic nature, these CTAs could be potential targets of cancer vaccine therapy and 

adoptive T cell immunotherapy including chimeric antigen receptor T cells (CAR T) and 

engineered T cell receptor (TCR) therapy [84]. 

NY-ESO-1 is the most promising CTA for immune-based therapy since its tumor 

expression is associated with the induction of an immune response in a wide range of 

cancer types [84, 291]. NY-ESO-1 has been reported to induce humoral immune 

responses. Serum NY-ESO-1 autoantibodies were detected in patients with esophageal, 

colorectal, lung, breast, prostate, gastric, and hepatocellular cancer [292]. In addition, 

humoral and cellular responses against NY-ESO-1 were detected in a metastatic 
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melanoma patient with a high-titer antibody response [293]. HLA-A2, MHC-1, restricted 

epitopes in NY-ESO-1 that can be recognized by CD8+ cytotoxic T cells were identified 

[293]. Furthermore, HLA-DRB1*0401 and HLA-DP4, MHC-II, restricted epitopes in 

NY-ESO-1 which can be recognized by CD4+ T cells were detected [294, 295]. 

It has been demonstrated that the combination of NY-ESO-1 vaccine with DAC 

as an addition to the second-line chemotherapy doxorubicin can result in induction of 

humoral and CD8+ T cell responses against NY-ESO-1in  patients with relapsed epithelial 

ovarian cancer [296]. Furthermore, the study reported stable disease in 50% of patients 

(5/10). 

The clinical trials of NY-ESO-1 cancer vaccines have proven induction of both 

humoral and cellular responses after vaccination; however, the clinical benefit of this 

approach was limited since few complete responses have been obtained [291]. Therefore, 

the focus has changed toward the development of engineered T cells against NY-ESO-1. 

Adoptive T cell therapy with HLA-A2 restricted NY-ESO-1transduced CD8+ T cells was 

evaluated in treatment-refractory melanoma and synovial cell sarcoma patients [297]. 

The study reported improved the clinical response rates and overall survival [297].  

Several clinical trials are currently ongoing to study the safety and efficacy of 

NY-ESO-1 specific or multi-tumor-associated antigen (TAA) TCR-transduced T cells in 

a range of advanced solid tumors (NCT03047811, NCT02457650, NCT02869217, 

NCT02366546) including breast cancer (NCT03093350) [291]. Moreover, the safety and 

efficacy of NY-ESO-1 or multi TAA transduced T cell therapy in combination with other 

modalities including the demethylating agent DAC and AZA (NCT03017131, 

NCT01333046) are currently under investigation [291]. It has been demonstrated that 
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pretreatment with DAC upregulated NY-ESO-1 followed by engineered TCR therapy 

resulted in an efficient trafficking of NY-ESO-1-specific T cells towards tumor cells 

leading to prolonged survival in mice [298]. 

Several challenges have been associated with adoptive T cell immunotherapy. 

One of the limitations is the cost of the treatment [299]. Cytokine release syndrome 

(CRS) is a common side effect [83, 300]. It is characterized by the release of number of 

inflammatory cytokines such as IL-6, TNF-α, and IFNγ by activated T cells leading to 

high fever, hypotension, and hypoxia. CRS can potentially result in organ failure and 

death in most severe cases. This toxicity is short-lived since highly activated T cells have 

short survival in vivo and currently best addressed by supportive care [300]. 

Taken together, I would like to study the effect of combining CHA1 with NY-

ESO-1 specific or multi-TAA (MAGE-A3, MAGE-A6, NY-ESO-1) TCR therapy in 

humanized murine model of TNBC. The humoral and cellular response will be tested. 

The tumor growth will be monitored. This study could provide a hope for TNBC patients 

whose cancers refractory to ICIs and chemotherapy as well as TNBC patient with 

recurrent disease that no-responding to treatment since they have no treatment options. 
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