
ABSTRACT 

SATISH KUMAR REDDY NOONEPALLE 
Modulation of indoleamine 2, 3-dioxygenase 1 expression by activated T
cells in breast cancer is controlled by epigenetic mechanisms 
(Under the direction ofHUIDONG SHI) 

Tumor infiltrating lymphocytes (TILs) secrete cytokines that modulate immune 

responses at the tumor microenvironment. Tumor suppressor activity of interferon 

gamma (IFNy) cytokine also activates expression of immune suppressive factors such as 

IDO and PD-L1 in tumor cells. However, there is still much to learn about how tumor 

cells counter the immune cells at the gene expression level. In this study, RNA-seq 

analysis of breast cancer cells after in-vitro co-culture with anti-CD3/CD28 activated 

human T -cells revealed that the IFNy induced immune response gene signature is 

common to both triple negative breast cancer (TNBC) MDA-MB-231 and estrogen 

receptor positive (ER+) MCF7 cells. However, IDOl expression was differentially 

upregulated with significantly higher expression in MDA-MB-231 compared to MCF7 

cells. Analysis of the TCGA breast invasive carcinoma dataset revealed subtype specific 

mRNA expression and IDOl promoter DNA methylation. We observed that IDOl 

mRNA expression and promoter methylation followed inverse correlation. TNBC/Basal 

subtype was hypomethylated at the IDOl promoter with higher mRNA expression 

compared to the ER+ subtype that was hypermethylated with relatively lower IDOl 

mR.NA expression. The IDOl promoter methylation was confirmed by pyrosequencing 

analysis of a panel of breast cancer cell lines and patient tumors. IFNy treatment of 

MDA-MB-231 and MCF7 breast cancer cells revealed no difference in terms of upstream 

signaling and IDOl mRNA stability. Treatment with demethylating agent, 5-aza-



deoxycytidine, synergistically up-regulated IDOl mRNA expression in ER+ MCF7 cells 

highlighting that CpG methylation controls !DO 1 gene expression. We also found a 

positive correlation between !DO I and CDBA expression and better relapse free survival 

in TNBC/basal subtype patients suggesting that !DO 1 expression is driven by intrinsic 

immune surveillance of TILs. These findings provide evidence that !DO 1 promoter 

methylation regulates anti-immune responses by tumor cells towards TILs and it could be 

used as a predictive biomarker for IDO inhibitor-based immunotherapy of breast cancer. 
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I. INTRODUCTION 

A. STATEMENT OF PROBLEM 

The cancer immunoediting paradigm suggests that tumor infiltrating lymphocytes 

(TIL) along with other immune cells play a major role in modulating immune 

surveillance at the tumor site (Swann and Smyth 2007). In breast cancer, infiltration of 

the primary tumor site by CD8 ... T-cells is a positive prognostic factor (Denkert and others 

201 Oa; Loi and others 2013; Mahmoud and others 2011 ). The leukocyte composition of 

TILs in breast cancer is predominantly activated CD8+ cytotoxic T-lymphocytes (CTLs) 

with high expression of activation markers such as CD69 and co-stimulatory CD28 

receptor when compared to peripheral T-cells (Ruffell and others 2012). Based on 

cytokines secreted by CD8+ T-cells, type 1 CD8+ T-cells (Tel) that are the main source 

of interferon gamma (IFNy) suppressed tumor growth in a murine TCR transgenic and 

breast tumor model (Dobrzanski and others 2006). IFNy is known to prevent carcinogen 

induced as well as spontaneous epithelial tumors (Shankaran and others 2001a). 

Moreover, tumors that elicit potent CTL infiltration respond better to chemotherapy with 

a favorable prognosis (Ali and others 20 14b ). TNBC tumors are intrinsically more 

immunogenic than other subtypes (Denkert 2014b). Gene expression profiling studies 

identified an interferon regulated gene cluster called the immune response (IR) module in 

ER negative (ER-) and basal breast tumors (Desmedt and others 2008; Hu and others 
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2006; Lehmann and others 2011; Teschendorff and others 2007). Together these studies 

indicate an active immune surveillance mediated by TILs at the tumor site. 

Tumor cells respond back to presence of TILs by developing counter mechanisms 

to escape from the immune surveillance. Spranger et.al using a melanoma mouse model 

showed that up-regulation of immunosuppressive factors such as IDO, PD-Ll and T

regulatory cell recruitment in tumor microenvironment relied on the presence of CTLs 

suggesting that the immunosuppressive pathways are intrinsically driven by active 

immune system (Spranger and others 2013). Co-culture of MDA-MB-231 breast cancer 

cells with activated T -cells revealed that IFNy is primarily responsible for IDO 

expression; however Th2 cytokines negatively regulated IFNy induced IDO expression 

highlighting the importance of cytokine balance at the tumor site (Godin-Ethier and 

others 2009). The IDO expression and kynurenine, a metabolite of functional IDO 

enzyme correlate in the basal breast cancer (Tang and others 2014). Moreover, PD-Ll is 

highly expressed in the TNBC (Mittendorf and others 2014). Peschke et al., reported that 

even at an early stage, breast tumors induced differentiation and immune senescence of 

CD8+ T-cells with loss of CD28 and up-regulation of PD-1 in breast cancer patients 

compared to normal individuals (Peschke and others 2012) suggesting that tumor cells 

can efficiently counteract the immune system. Together, these studies indicate that 

immune escape mechanisms developed by tumor cells are consequences of active 

immune surveillance. 

Studies so far have provided better insights into tumor suppressor function of 

TILs but we currently lack definitive understanding of how tumor cells counter immune 

cells at the gene expression level. Expression of !DO I by breast cancer cells is one such 
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possible mechanism by which breast cancer cells can suppress the TIL mediated active 

immune surveillance. In our preliminary analysis of !DO I gene expression in the TCGA 

breast invasive carcinoma dataset, we observed a subtype specific expression of IDOl 

mRNA with TNBC having the highest expression compared to other subtypes. Since, 

TNBC is highly infiltrated with TILs compared to other breast cancer subtypes, we 

hypothesized that IDOl expression in breast cancer may be driven by active 

immune surveillance of TILs. To test this hypothesis, we outlined the following specific 

atm: 

Specific aim 1: To perform RNA-seq based transcriptome analysis and understand gene 

expression changes in breast cancer subtypes after in-vitro co-culture of breast cancer 

cells with human activated T-cells. 

Upon further analysis of 450K methylation array data from the TCGA breast 

invasive carcinoma, we observed a subtype specific CpG methylation located in IDOl 

promoter. Promoter methylation and IDOl mRNA expression had an inverse correlation 

and it was very subtype specific. Therefore, we hypothesized that the IDOl mRNA 

expression in breast cancer subtypes may be regulated by epigenetic mechanisms 

such as DNA methylation. To test the hypothesis, we outlined the following specific 

aim: 

Specific aim 2: To investigate the role of IDOl promoter methylation in regulating IDOl 

gene expression between breast cancer subtypes. 
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B. REVIEW OF LITERATURE 

Breast cancer 

Among the women in USA alone, it is estimated that 231 ,840 new cases of breast 

invasive carcinoma will be diagnosed and there will be 40,730 breast cancer related 

deaths. It is also estimated that 60,290 new cases of female breast carcinoma in situ will 

be diagnosed in 2015. Among them, 83% of cases will be ductal carcinoma in situ 

(DCIS) and 12% will be lobular carcinoma in situ (LCIS) (American Cancer Society, 

Cancer Facts & Figures 20 15). The term carcinoma in situ refers to cells that have not yet 

invaded the neighboring tissue but look very similar to carcinoma invasive cells in terms 

of morphology. On the other hand, breast invasive carcinoma cells have already invaded 

the surrounding tissue. Carcinoma in situ cells significantly differ from carcinoma 

invasive cells in terms of molecular changes. When the breast cancer is classified based 

on molecular differences at gene expression levels; it revealed 4 major intrinsic subtypes. 

These subtypes include Luminal A, Luminal B, HER2, Basal, and normal breast like 

group (Cancer Genome Atlas 2012; Perou and others 2000). Luminal subtypes A & Bare 

characterized by estrogen receptor expression (ER positive or ER+), slow growing low

grade tumors and better prognosis compared to other type of breast cancers. This group 

of patients benefit from the hormone therapy. HER2 subtype has HER2 gene 

amplification with aggressively growing high-grade tumors and worse prognosis. HER2 
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subtype tumors are managed using HER2 targeted therapies such as trastuzumab and 

lapatinib (de Azambuja and others 2014). Basal subtype breast cancers are characterized 

by lack of expression of all three receptors - estrogen, progesterone and HER2 receptors; 

hence the name triple negative breast cancers (TNBC) according to clinical classification. 

Most of the basal subtype tumors have BRCAl gene mutations (Cancer Genome Atlas 

2012; Lee and others 2011), young age at diagnosis (Anders and others 2011), 

aggressively growing high-grade tumors with increased risk for metastasis (Dent and 

others 2007), poor clinical outcome and prevalent with African . American ethnicity 

(Carey and others 2006; Lund and others 2009; O'Brien and others 2010). The TNBC 

represents 15%-20% of newly diagnosed breast cancer cases. Due to the lack of receptor 

expression, they do not benefit from hormonal therapies like Luminal subtype or targeted 

therapies like HER2 subtype. Consequently, the standard treatment method for TNBC is 

chemotherapy, which is an aggressive treatment method with significant side effects. 

Therefore, identification of new therapeutic targets is essential to treat the TNBC. 

Gene expression profiling of TNBC 

The gene expressiOn profiling of TNBC tumors revealed that TNBC is a 

heterogeneous disease consisting majorly Basal like breast cancers along with other 

subtypes like claudin-low, HER2 enriched, Luminal B and normal like (ASCO Post, 

December 15, 2012, Volume 3, Issue 18). Immunohistochemistry (IHC) markers such as 

Basal cytokeratins (CK5/6, 14 and 17), epidermal growth factor receptor (EGFR) and C

kit identified that all basal subtype tumors are TNBC (Nielsen and others 2004), 

suggesting that TNBC may be used synonymous to Basal subtype (Kreike and others 
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2007; Rakha and others 2007). In an attempt to validate the utility of molecular 

classification of breast cancers based on intrinsic gene sets and the clinical implications; 

training set with microarray data from 105 breast tumors, 9 normal breast and 26 sample 

pairs was used to derive an intrinsic gene list of 1300 genes along with the proliferative 

gene signature that was previously absent in gene expression profiling studies (Hu and 

others 2006). This list was used as a survival predictor on a test dataset containing 

microarray data from three independent studies with 311 breast tumors and 4 normal 

breast samples. Analysis using training and test datasets revealed that in addition to 

previously known five intrinsic subtypes; a new cluster characterized by interferon (IFN)

regulated genes was identified. The IFN-cluster included the ST A Tl transcription factor 

that modulates interferon responses. In another study where genes co-expressed related to 

a specific biological process in breast cancer were defined into gene expression modules; 

only the STATl immune response module showed a significant association with clinical 

outcome in the ER-/HER2- Basal like group (Desmedt and others 2008). In a large study 

that included gene expression profiles of 3,247 primary breast cancer patients obtained 

from 21 publicly available databases used as training and validation datasets ; 7 subsets of 

TNBC were identified which is an indicative of heterogeneity in TNBC. Seven subsets 

identified were basal-like 1, basal-like 2, immunomodulatory (IM), mesenchymal, 

mesenchymal stem-like, luminal androgen receptor and unstable subtypes (Lehmann and 

others 2011). Among 7 subtypes, the 1M subtype was similar to the IFN inducible gene 

cluster identified in other studies and it was enriched with gene ontologies related to 

immune cell regulation, cytokine signaling, antigen presentation and core immune 

response signal transduction involving IFNGR/JAK/STAT, TNF and NFkB pathways. 
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Analysis of microdissected tumor samples in the IM subtype suggests that IM gene 

expression pattern is an intrinsic feature of TNBC rather than due to immune cell 

infiltration of the primary tumor site. Taken together, at the gene expression level these 

studies provide insights into active immune surveillance at tumor microenvironment in 

TNBC/Basal subtype. 

Tumor immune surveillance 

The term cancer immune surveillance is defined as an immunological protection 

offered by the host immune system by defending against development of cancer resulting 

from the process of immune recognition of either stress ligands or antigens expressed by 

malignantly transformed cells (Dunn and others 2006). Even though the concept of host 

tumor immune surveillance has been known for over a century, first introduced by 

Ehrlich in 1909, only recently has it been validated due to advancements in immunology, 

molecular biology as well as availability of highly specific targeting monoclonal 

antibodies (mAb) and murine transgenic models. Despite of having an active host 

immune surveillance, tumors still persist and develop progressively. Therefore, the tumor 

immune surveillance failed to explain this phenomenon. This lead to a new concept 

called cancer immunoediting. The cancer immunoediting hypothesis suggests that active 

immune surveillance by host immune system can either suppress tumor growth and 

proliferation or facilitate tumor growth by altering the tumor immunogenicity or by 

acquiring mechanisms that suppress the host immune system (Dunn and others 2002). 

Therefore, the process of cancer immunoediting is explained as three different phases: 1. 

Elimination 2. Equilibrium 3. Escape (Dunn and others 2004). An elimination phase is 
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similar to the immune surveillance where host immune system actively eliminates 

malignantly transformed tumor cells. Some cancer cells that escape immune surveillance 

will remain quiescent and enter into a transient state of equilibrium where they acquire 

new mutations or change gene expression patterns thereby modulating the presentation of 

tumor antigens or stress signals. Eventually, when the host immune system fails to 

completely eliminate the tumor cells; they escape, continue to evolve and develop into 

progressively growing tumors (Swann and Smyth 2007). 

Cancer immunoediting 

Renewed interest in the tumor immunology was due to some early studies that 

demonstrated IFNy as a key component of tumor immune surveillance (Gansbacher and 

others 1990; Giovarelli and others 1986). Neutralizing host IFNy with specific mAb 

demonstrated that the IFNy was responsible for rejection of fibrosarcoma tumor cells 

followed by lipopolysaccharide (LPS) stimulation in mice. On opposing lines, the growth 

of IFNy insensitive sarcoma cells that were overexpressing dominant negative IFNG 

receptor A was not affected confirming that IFNy plays an important role in elimination 

of tumors (Dighe and others 1994). Further, IFNy insensitive mice deficient for IFNG 

receptor A and STA T1 were highly predisposed to developing genetic and carcinogen

induced tumors compared to wild type mice (Kaplan and others 1998). An experimental 

evidence to the concept of cancer immunoediting was first conceived when carcinogen 

induced tumors from lymphocyte deficient mice (RAG2+) and wild type mice were 

transplanted into nai've syngeneic immunocompetent mice. After transplantation, 40% of 
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the tumors from RAG2_,_ mice were rejected when compared to no tumors rejected from 

the wild type mice. This suggests that tumors developed in lymphocyte deficient mice 

were more immunogenic than tumors developed in intact immune system where 

lymphocytes and IFNy signaling co-operate to define the immunogenicity of tumors 

(Shankaran and others 200lb). This observation forms the basis for tumor immune 

escape by immunoediting. Further, it was observed that lymphocyte deficient mice 

developed both carcinogen induced and spontaneous epithelial tumors compared to wild 

type mice. In summary, the above study highlights the collaboration between IFNy and 

lymphocytes in the context of tumor immunology. 

Tumors elicit immune responses 

Antigens recognized by T lymphocytes can come from various sources such as: 

tumor specific shared antigens; differentiation antigens; antigens expressed by individual 

tumors; overexpressed or ubiquitously expressed antigens (Boon and van der Bruggen 

1996; Coulie and others 2014). Immune responses depend on the ability these antigens to 

induce specific T -cell responses at the tumor microenvironment. Presentation of the 

tumor antigens is crucial for an effective immune response since lymphocytes play an 

important role in tumor rejection. Activation of lymphocytes by antigens involves 

binding of the antigenic peptide and major histocompatibility complex (MHC) molecules 

on antigen-presenting cells (APC). APCs loaded with antigens interact with T-cell 

surface receptor (TCR) on T lymphocytes (Fowlkes and Pardoll 1989). The TCR is made 

of two a and 0 proteins linked by disulfide bonds. Each of these proteins consists of 



10 

variable and constant portions, where composition of the variable portion is different 

between two T -cell clones thereby providing necessary diversity for recognition of 

various antigen peptides. TCR diversity arises due to series of DNA rearrangements by 

VDJ recombination of genes that encode for a and p proteins during an early 

development of T -cells in thymus. The a and p proteins result from non-covalent 

association of three integral membrane proteins y, o and E together referred as the CD3 

complex (Adkins and others 1987; Clevers and others 1988; Mombaerts and others 

1992). Other accessory molecules called CD4 and CD8 are engaged in binding of the 

TCR with antigen presenting MHC molecules that leads to activation ofT-cells (Littman 

1987). The CD8+ T-cells bind with MHC class I molecules that present antigens made 

within the APCs such as viral glycoproteins, whereas the CD4+ T -cells bind with MHC 

class II molecules that present peptides of degraded antigens (Germain 1986; Rosenstein 

and others 1989). An early study demonstrated effectiveness of the CD8+ T-cells in 

tumor rejection compared to CD4+ T-cells. In-vivo administration of anti-Lyt-2.2 and 

anti-L3T4 mAbs eliminates functional CD8+ and CD4+ T-cells respectively. The CD8+ 

T -cells were able to reject all five types of leukemias in B6 mice. Administration of Anti

Lyt-2.2 mAb blocked rejection all tumors suggesting that the CD8+ T-cells are essential 

for tumor rejection. However, the CD4+ T -cells were able to reject only one form of 

tumor and did not affect other four tumors, which was validated by administering anti

L3T4 mAbs. Rejection ofUV induced sarcomas in CB6F1 mice needed a synergy of both 

CD8+ and CD4+ T -cells (Udono and others 1989). Therefore, CD8+ T -cells are critical 

for anti-tumor immunity. 
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Tumor infiltrating lymphocytes (TILs) 

Analysis of the tumor microenvironment in solid tumors displayed an increased 

presence ofT-lymphocytes called tumor-infiltrating lymphocytes (TILs). Considering 

that T-lymphocytes are responsible for tumor rejection, presence of TILs in the tumor 

microenvironment is considered as a good prognostic factor. Presence of the CD8+ 

cytotoxic T-lymphocytes (CTLs) is usually associated with a survival benefit. 

Immunohistochemistry of solid tumor biopsies revealed presence of TILs in melanoma 

(Azimi and others 2012), breast cancer (Kreike and others 2007; Mahmoud and others 

2011), ovarian cancer (Zhang and others 2003), colorectal cancer (Pages and others 

2005), gastrointestinal stromal tumors (Rusakiewicz and others 2013) and renal cell 

carcinoma (Nakano and others 2001 ). The T -lymphocyte population constitutes of CD8+ 

and CD4+ immune cells. While CDS+ CTLs can effectively kill tumor cells through 

IFNy; the CD4+ T helper type 1 lymphocytes (Thl) secrete cytokines that play important 

role in sustaining and augmenting the activity of CTLs. The T helper type 2 (Th2) 

lymphocytes stimulate humoral immunity. Therefore, Th2 activation is considered less 

effective than Thl activation in the context of anti-tumor immunity. Another set ofT

lymphocytes called T regulatory cells (Tregs) are CD4+ and CD25+. Tregs are naturally 

occurring immune suppressor cells that help to maintain homeostasis by controlling auto 

reactive T-cells (Shevach 2002). Even though Tregs are important in maintaining self

tolerance, their presence at the tumor microenvironment dampens CTL responses. Hence, 

in anti-tumor immunity perspective, Tregs are a negative prognostic factor (Nishikawa 
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and Sakaguchi 2010). Expression of the transcription factor FOXP3 is a biomarker for 

CD4+ CD25+ Tregs (Roncador and others 2005). The ratio of effectors/suppressors 

(CD8+/CD4+) is often used as an index to measure benefit of TILs presence at the 

primary tumor site. 

TILs in breast cancer 

Since an early study on immunopathology of breast cancer (Black 1977), there 

has been tremendous progress in tumor immunology. IHC was primarily used to assess 

TILs in the tumor site. In an early study to determine predictive value of TILs in the 

breast cancer, especially in patients with node negative but rapidly proliferating tumors; 

TILs correlated positively with relapse free survival (RFS) and overall survival (OS) 

indicating benefit of TILs in the breast cancer (Aaltomaa and others 1992). Numerous 

studies since then have demonstrated an advantage of TIL's presence in the breast cancer 

(Baker and others 2011; Denkert and others 2010b; Loi and others 2013; Mahmoud and 

others 2011). Recently, the leukocyte composition ofTILs in breast cancer determined by 

flow cytometry consists of predominantly activated CTLs with very high expression of 

activation markers CD69, HLA-DR, co-stimulatory CD28 receptor, and loss of naive T

cell markers such as CD45RA, and CCR 7 when compared to peripheral T -cells (Ruffell 

and others 2012). These results are in agreement with an early study using flow 

cytometry analysis of TILs from 31 breast cancer tumors that revealed higher incidence 

of CD8+ T-cells compared to CD4+ T-cells (effectors/suppressors) at the tumor site 

when compared to peripheral blood T-cells. They also exhibit high expression of HLA-
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DR and activation markers such as CD25 and transferrin (Whitford and others 1990) 

suggesting that TILs in breast cancer display an activated phenotype at the primary tumor 

site. 

TILs are classified as intratumoral TILs when present in direct contact with tumor 

cells and stromal TILs when they were not in direct contact with tumor cells but present 

at the periphery of tumor cells. In a large-scale study consisting of 12,439 breast cancer 

patients, absolute number of intratumoral and stromal TILs were evaluated by IHC and 

reported that in patients withER- tumors, presence of CD8+ T-cells in tumor and stroma 

was associated with a reduced risk for mortality due to breast cancer (Ali and others 

2014a). In ER+ and HER2+ patients there was a survival benefit associated with the 

intratumoral CD8+ T-cells but not as much when compared to patients withER- tumors. 

Further, ER- patients with CD8+ tumors benefited from anthracycline neoadjuvant 

therapy compared to ER- patients with CD8- tumors. This may be due to death of tumor 

cells by chemotherapy potentially increased the repertoire of presentable antigens that 

can invoke strong immune responses and recruit CD8+ CTLs to the primary tumor site. 

When breast tumor biopsies were counted for T-cell infiltrates, high number of CD8+, 

CD4+ and FOXP3+ T-cells were present in tumor biopsies of breast invasive cancer 

patients. (Ladoire and others 2008). In contrast, there were few CD8+ and CD4+ T-cells 

present in the normal breast, and FOXP3+ cells were completely absent. After 

neoadjuvant chemotherapy, the number ofCD8+ and CD4+ T-cells remained unchanged 

but FOXP3 cell number decreased dramatically suggesting a positive role of 

chemotherapy on the local antitumor immunity. High CD8+ T-cells before and after 

chemotherapy were associated with pathological complete response (pCR). Initial 
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FOXP3+ T -cell infiltration was not predictive of pCR but after chemotherapy; patients 

with pCR had significantly lower number of FOXP3+ T -cells. Furthermore, high number 

of FOXP3+ Tregs was associated with high risk for relapse in DCIS patients. Tumors 

infiltrated with high number of Tregs are associated with negative clinical outcomes such 

as high-grade tumors, lymph node involvement and in ER- patients (Bates and others 

2006). Therefore, composition of TILs at primary tumor site is critical to determine the 

clinical outcome. In summary, tumors with high CD8+ T -cell infiltrates have a positive 

clinical outcome compared to tumors with high CD4+ FOXP3+ T -cell infiltrates. 

Prospects of immunotherapy of breast cancer 

Treatment modalities that include chemotherapy have shown to improve clinical 

response by apoptotic tumor cell death (Demaria and others 200 1) and significant 

increase in serum levels of Thl cytokines such as IFNy, IL-2, GM-CSF as well as Th2 

cytokine IL-6 (Tsavaris and others 2002) where both effects can instigate a strong 

immune response. Increasing evidence points towards immunotherapy as an ideal 

treatment strategy for breast cancer (Emens and others 2005; Hudis 2003; Zhou and 

Zhong 2004). Among the breast cancer subtypes, ER- tumors (TNBC) are intrinsically 

more immunogenic (Denkert 2014a). Though breast cancers have massive immune cell 

infiltrates due to an immune response, it is often insufficient to prevent the tumors from 

growing progressively. Breast tumors develop counter reactive mechanisms to suppress 

immune cells. IHC of breast invasive carcinoma and normal breast sections revealed that 

Fas ligand (FasL) was strongly expressed by breast carcinomas compared to the normal 
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breast (Gutierrez and others 1999). FasL expression correlated with presence of high 

number of CD3+ and Fas+ apoptotic T -cells in the tumor microenvironment compared to 

surrounding normal breast tissue. Engaging FasL with Fas expressing activated T-cells 

will induce apoptosis of immune cells (Alderson and others 1995). Therefore, expression 

of FasL by breast cancer cells can dampen active immune response. 

Another immune checkpoint molecule PD-Ll (B7-Hl) is highly expressed in the 

breast cancer cells particularly in TNBC (Soliman and others 2014). When PD-Ll 

engages with PD-1 expressed on the activated T -cells, it causes suppression of IL-2 

production by decreasing phosphorylation of ZAP70 and PKC8 (Sheppard and others 

2004). Under normal physiology this mechanism acts as checkpoint regulator to prevent 

excessive adoptive immunity and autoimmunity (Mozaffarian and others 2008). 

However, tumor cells take advantage of this regulatory mechanism to escape from the 

host immune surveillance by suppressing the T -cells. In the breast cancer, expression of 

PD-L 1 is associated with ER negative and high-grade tumors infiltrated with Tregs 

(Ghebeh and others 2006). It was shown that increased cell surface expression of PD-Ll 

in breast cancer was partly due to loss of PTEN (Mittendorf and others 2014) and 

mutations in PIK3CA that were frequently detected in the breast cancer (Gonzalez

Angulo and others 2011 ). Clinical trails are currently evaluating the efficacy of mAb that 

targets PD-Ll in cancer treatment (Ibrahim and others 2015). 

Like cell surface glycoproteins, another target for cancer immunotherapy is 

cytotoxic T lymphocyte antigen-4 (CTLA-4), a homologue to CD28. CTLA-4 expression 

is highest after 48-72 hours of T -cell activation. Interaction between CD28 and B7 

ligands on APCs stimulates T-cells (Allison 1994), interaction of CTLA-4 with B7 
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ligands is inhibitory toT-cells by down regulating the production ofiL-2 and causing cell 

cycle arrest at 01-S phase transition (Krummel and Allison 1996; Walunas and others 

1996) Therefore, CD28 and CTLA-4 have opposite effects on T -cells (Krummel and 

Allison 1995). Interestingly, taking the immunotherapy point of view, administering 

monovalent fab fragments of antibodies against the CTLA-4 effectively blocked 

interaction with B7 ligands and enhanced T-cell proliferation whereas cross-linking of 

whole anti-CTLA-4 antibodies suppressed anti-CD3/CD28 activation of murine T-cells 

(Krummel and Allison 1995). In another study using SM1 mammary murine carcinoma 

model, administering anti-CTLA-4 mAbs in combination with GM-CSF vaccine caused 

regression of mammary tumors that were previously refractory to single agent treatments 

(Hurwitz and others 1998). These studies suggest that blocking CTLA-4 alone may not 

be an effective approach. So, combination of these immune checkpoint inhibitors or in 

combination with neoadjuvants may be an effective treatment strategy for breast cancer 

immunotherapy. 

Role of IDO expression in breast cancer 

Like immune checkpoint regulators, indoleamine 2, 3, dioxygenase 1 (IDO) 

enzyme is another immune suppressive factor that can modulate the T-cell activity. IDO 

is a heme containing single chain oxidoreductase enzyme that catalyzes cleavage of the 

pyrrole ring of L-tryptophan amino acid to kynurenine metabolites. IDO was first 

described for its role in preventing allogenic rejection of fetus through tryptophan 

catabolism (Munn and others 1998). Excessive IDO activity leads a severe depletion of 
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essential amino acid tryptophan in the local microenvironment. This tryptophan 

starvation leads to an impairment of antigen activated T -cell proliferation (Munn and 

others 1999) and causes proliferative arrest through activation of GCN2 stress response 

kinase (Munn and others 2005). Tryptophan metabolites are toxic to T -cells and they 

induced apoptosis in murine Thl cells but not in Th2 cells (Fallarino and others 2002). In 

addition to tryptophan starvation, tryptophan metabolites from IDO activity can induce T

regulatory CD4+ CD25+ CD69- CTLA-4+ FOXP3+ immune suppressive phenotype 

from nai've T-cells (Fallarino and others 2006). All these studies clearly demonstrate an 

immunosuppressive effect by IDO activity on T -cells. 

The role of IDO in cancer was established when IDO expression was detected in 

24 out of25 different cancer types by IHC. In the same study, when pre-immunized mice 

were transplanted with IDO expressing immunogenic mouse tumor cells, the mice failed 

to reject the tumors because failure to accumulate antigen specific T-cells at tumors site 

was the primary reason. This effect was however reversed by pharmacological 

intervention of IDO activity with !-methyl tryptophan (lMT) (Uyttenhove and others 

2003). Using MMTV-Neu breast cancer mouse model, treatment with the IDO inhibitor 

lMT in conjunction with chemotherapy drugs effectively reduced the tumor burden but 

those tumors were earlier refractive to single agent therapy. These preliminary studies 

provide direct evidence for effectiveness of IDO inhibitors as treatment strategy for 

breast cancer (Muller and others 2005). 

IDO expression by tumors is usually associated with negative clinical outcomes 

such as advanced tumor stage, lymph node metastasis, reduced survival, decreased 

infiltration of CD8 T -cells , increased presence of FOXP3+ CD4+ T -cells in various 
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cancer types (Godin-Ethier and others 2011). In the breast cancer, IDO expression was 

detected in less frequently occurring medullary breast cancers (Jacquemier and others 

2012b). Analysis of 47 sentinel lymph nodes having varying degree of metastasis in 

breast cancer patients and 10 normal controls revealed that patients with node positive 

disease were FOXP3+ and IDO+ (Mansfield and others 2009). Similar correlation was 

observed in another study regarding IDO, FOXP3 expression and lymph node metastasis 

(Yu and others 2011). 

Gene expression profiling of the TNBC revealed that it is a very heterogeneous 

disease with 7 different subtypes identified (Lehmann and others 20 11 ). When !DO I 

mRNA expression was evaluated in all 7 TNBC subtypes; IM subtype had the highest 

expression (Isla Larrain and others 2014) suggesting the role of active immune system in 

modulating !DO I gene expression. !DO 1 is a classical IFNy response gene. Pathways 

analysis indicated that IM subtype was enriched for immune cell signaling, cytokine 

signaling, antigen processing and presentation and core immune signal transduction 

pathways such as JAK/STAT, NFkB and TNF indicating that IDOl gene expression 

might be driven by active immune surveillance (Lehmann and others 2011). Prospective 

gene expression analysis of 481 TIL predominant breast tumor samples consisting of 

HER2+ and TNBC cases revealed that immune response genes such as CXCL9, CCL5, 

CD8A, CD80, CXCL13, IGKC, CD21 were positively correlated to immune suppressive 

factors such as IDOl, PD-1 , PD-Ll, CTLA4, FOXP3 (Denkert and others 2015). These 

studies provide critical insight into !DO I expressiOn m breast cancer and !DO 1 

expression is positively associated with the presence of TILs in the tumor 

microenvironment. 
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Transcriptional regulation of IDOl gene expression 

!DO protein is encoded by the IDOl (also called INDO) gene and it is an IFNy 

response gene (Yasui and others 1986). Induction of the IDOl gene expression is 

mediated through IFNy, IFNGRl and IFNGR2, two subunits of interferon gamma 

receptor (IFNGR) that lack inherent kinase activity. As shown in the Fig 1, biologically 

active IFNy is a non-covalent homodimer formed by association of two IFNy molecules 

in anti-parallel manner. IFNy binding results in oligomerization and activation of down 

stream kinases. The Janus tyrosine kinase l(JAKl) binding site on IFNGRl is LPKS 

located between 266-269 amino acids and the ST A Tl binding site is YDKPH located 

between 440-444 amino acid residues. The JAK2 binding site on IFNGR2 is located 

between 263-267 and 270-274 amino acids. Upon IFNy binding, JAKl and JAK2 

associated with IFNGRs are in close proximity of each to cause trans-phosphorylation at 

the cytoplasmic domains of IFNGRl. IFNGR2 is not phosphorylated in this process. 

Tyrosine (Y) phosphorylation of IFNGRl on residue 440 (Y 440) by JAKl provides a 

docking site for the SH2 domain of STATl. After docking to Y440 ofiFNGRl , STATl 

is phosphorylated at the C-terminus on tyrosine Y701 by JAK2. This causes homo

dimerization of STATl in an anti-parallel manner and dissociate from receptor complex. 

The STA Tl homo-dimer now translocates to the nucleus and binds to GAS DNA 

elements of IFNy response genes such as !DO I (Gough and others 2008; Schroder and 

others 2004). 

In the !DO 1 gene promoter, a sequence of 67bp consists of one interferon 

stimulated response element (ISRE) and two palindromic interferon-gamma activated 
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sequence (GAS) DNA regulatory elements upstream of IDOl gene. In response to IFNy, 

two regulatory transcription factors, IRFl and STATl, bind to these cis-DNA regulatory 

elements. One of the factors (IRF 1) did not appear immediately at 14bp ISRE DNA 

element as it required de novo protein synthesis and reacted with IRFI antibodies. 

However, the other factor (STATI) responded immediately to IFNy and its DNA binding 

at 9bp GAS element was blocked by anti-p91 antibodies (Chon and others 1995). 

Deletion mutants and reporter plasmids, established that cooperation between 

transcription factors IRFl and STATI is essential for the IDOl gene transcription (Chon 

and others 1996). Another ISRE element just upstream of the first exon was later 

identified and it was demonstrated that both ISRE elements are required for full 

transcriptional potential of !DO 1 gene (Kanan and Taylor 1996). Schematic 

representation of the IDO I promoter with regulatory elements is shown in the Fig. 2. In 

ST ATl a mutant 3B6A cell line, IFNy treatment did not induce IDO expression but 

overexpression of IRFl from plasmid DNA restored IDO protein expression suggesting 

that STATl is the master transcription factor to regulate IFNy induced gene expression. 

Other transcription factors such as NFkB, PKR, IRF 1 were also able to induce IDO 

expression in the presence of type I interferons to a certain degree (Du and others 2000). 

In Hela cells, treatment with IFNy alone induced IDO expression and enzymatic activity. 

Treatment with other cytokines such as TNFa and IL-Ia alone did not induce IDO 

expression but in combination with IFNy at sub maximal concentrations were able to 

induce IDO expression in Hela cells. LPS alone or in combination with IFNy did not 

induce IDO activity (Babcock and Carlin 2000). Using Bini knockout mice, it was 

demonstrated that loss of Bini, a MYC-interacting protein resulted in the activation of 
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Stat1 and NFkB dependent IDOl gene expression and escape from T-cell mediated anti

tumor immune surveillance indicating potential intersection of MYC in regulating the 

IDOl gene expression (Muller and others 2005). 

Kinetics of transcription factor recruitment in response to IFNy treatment at the 

CIITA gene was studied (Morris and others 2002). Similar to IDOl, the CIITA is an IFNy 

response gene. ChiP assays demonstrated that within 30 minutes of addition of IFNy, 

STATl was recruited to promoter IV (PIV) of CIITA gene along with modest increase in 

acetylation of histone H3 and H4 proteins. However, CIITA mRNA was expressed only 

after 120 minutes of addition of IFNy, which required de novo IRF 1 protein synthesis and 

binding at PIV of CIITA gene suggesting that both IRFl and STAT1 are required for 

transcription ofiFNy response genes (Morris and others 2002). We can speculate similar 

transcriptional regulation at IDOl gene promoter. Suppressors of cytokine signaling 

(SOCS) proteins, Protein inhibitors of activated STA Ts (PIAS) and SH2-containing 

phosphatase (SHP-1) negatively regulate transcriptional activity of STATs (Hilton 1999) 

and therefore can regulate !DO I expression as well. 
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Figure 1: JAK/STAT pathway activation by IFNy. 
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Activation of JAK/STAT pathway after IFNy binding to IFNGR causes subsequent 

phosphorylation (Y701) and translocation of STAT! homodimer. In the nucleus, 

phosphorylation at S727 of STA Tl bestows full transcriptional factor activity to STAT! 

after binding at GAS elements of promoter DNA that leads to expression of IFNy 

response genes such as IRFl and IDOl. For IDOl gene expression, second wave of 

transcription is mediated by IRFl transcription factor after binding at ISRE elements of 

!DO 1 promoter. 
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Figure 2: Schematic representation of the IDOl gene promoter 

The IDOl gene promoter is shown representing GAS and ISRE cis-regulatory DNA 

binding elements. CpG sites are shown as beacons at indicated locations. CpG site 6 

shown in red color was the probe (cg10262052) used in TCGA 450K methylation array. 

STATl binding peak is shown as green bar identified from ENCODE in Hela cells after 

IFNy treatment. 
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Epigenetic regulation of IFNy responses 

DNA methylation is a well-studied epigenetic modification. DNA methylation is 

regulated by three highly conserved proteins; DNA methyltransferase 1 (DNMTl ), 

DNMT3A and DNMT3B. Together these enzymes establish and maintain DNA 

methylation of genome. The DNMT1 unerringly replicates methylation pattern on the 

nascent DNA strand from hemi-methylated parental DNA strand during mitosis whereas; 

DNMT3A and DNMT3B function as de novo methyltransferases that are critical in 

normal development and diseases (Okano and others 1999). IFNy is a critical cytokine 

secreted by immune cells that helps to eliminate viral infected cells, pathogen infected 

cells and tumor cells. IFNy responses are mediated through signal transduction with 

participation of five key proteins that include IFNGR1 and IFNGR2 two subunits of 

interferon gamma receptor, JAK1, JAK2 and STAT! (O'Shea and others 2015). 

Interferon gamma receptors are ubiquitously expressed on all cell types for the exception 

of mature erythrocytes and display distinct species specificity of ligand (Farrar and 

Schreiber 1993). The effect ofiFNy on cells is manifested in the form of gene expression 

changes. These target genes are often deregulated by epigenetic mechanisms, especially 

DNA methylation throwing the signaling pathway into disarray. In CD8+ T-cells, the 

expression of IFNy itself was regulated by DNA methylation (Fitzpatrick and others 

1998). 

Hypermethylation of IFNy response genes can render them unresponsive to IFNy 

mediated signal transduction. IRF8 is one such tumor suppressor gene affected by 

promoter DNA hypermethylation. IRF8 gene expression was silenced by DNA 
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methylation in several cancer types including breast cancer and its expression was 

restored after demethylating IRF8 promoter by pharmacological and genetic intervention 

using 5-azaDC, TSA and knockout of DNMTs respectively (Lee and others 2008). 

Studies have reported that hypermethylation of IRF8 promoter induces metastasis and 

resistance to apoptosis in solid tumors (Yang and others 2007) and loss of its expression 

was reported in colon cancer (McGough and others 2008). CIITA is another IFNy 

response gene and it is a master regulator of MHC class II gene expression. Promoter 

DNA methylation affected CIITA gene expression in response to IFNy (Morris and others 

2002). SOCS proteins, negative regulators of ST ATs that are inducible by interferons, 

have been shown to be suppressed by DNA methylation in breast cancer (Evans and 

others 2007). This causes constitutive activation of STAT proteins and over expression of 

IFNy target genes. Loss of SOCS-3 expression due to SOCS-3 promoter 

hypermethylation in hepatocellular carcinoma resulted in IL-6 induced proliferative 

advantage mediated though STAT3 signaling (Niwa and others 2005). Similar loss of 

SOCS-1 and SHP I due to promoter hypermethylation was observed in multiple myeloma 

leading to activation of JAK/STAT pathway (Chim and others 2004). Methylome 

analysis of MCF7 derived CD44+/CD24low putative cancer stem cells revealed 

hypomethylation of specific set of genes and it correlated with over expression of those 

genes that are involved in JAK/STAT pathway (Hemandez-Vargas and others 2011). 

Epigenetics deregulation of key components and IFNy response genes seems to be 

common phenomenon in different cancer types. 
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II. MATERIALS AND METHODS 

Primary breast tumor samples and cell culture 

Primary breast tumors and normal breast tissue samples were obtained from the 

University of Texas Health Science Center at San Antonio and Department of Pathology 

at Georgia Regents University in compliance with the Institutional Review Boards at 

respective institutions. The breast cancer cell lines BT474, MCF-7, T47D, ZR-751 , 

MDA-MB-231, SUM159 and BT549 were cultured in RPMI 1640 culture medium 

(HyClone Laboratories) supplemented with I 0% fetal bovine serum, 1% penicillin and 

streptomycin at 37°C in a 5% C02 and 95% air incubator. Breast cancer cell line BT474-

PTEN-LLT was established and cultured as described previously (Korkaya and others 

2012). 

Co-culture of breast cancer cells with PBMCs 

Blood samples from healthy donors were purchased from a local blood bank. 

PBMCs were isolated using Ficoll-Paque separating solution. Antibodies used in the T

cell activation assays are LEAF™ purified anti-human CD3 Clone:OKT3 (Cat# 317304) 

from Biolegend, and purified NAILE Mouse Anti-human CD28 Clone CD28.2 (Cat# 

555725) from BD Biosciences. Isotype control antibodies used are purified NA/LE 

Mouse IgG 2a, k (Cat# 554645) from BD Biosciences. The wells of 24-well plate were 

either coated with lj.lg of anti-CD3 or isotype control antibodies in 200j.!L ?fPBS for no 

less than 2 hours at room temperature. Excess antibody was rinsed with fresh PBS and 
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PBMCs with RPM! complete medium were added to the wells. A total of 3 million 

PBMCs per well were either activated with anti-CD3 and anti-CD28 antibodies or treated 

with isotype control antibodies for 48 hours in 1 ml of RPM! 1640 media supplemented 

with 10% FBS in a 24-well plate at 37°C in a 5% C02 and 95% air incubator. Anti-CD28 

was added to wells coated with anti-CD3 at a final concentration of 21J.g/mL. PBMCs or 

conditioned-media from PBMC cultures or combination of both were transferred into 

24mm 0.4Jlm Coming Transwell Insert (Coming) and placed into a 6-well plate culturing 

MDA-MB-231 or MCF-7 cells. The breast cancer cells were grown in 6-well plates up to 

70% confluence before initiating the co-culture experiments. The co-culture with breast 

cancer cells as shown in Fig. 3 lasted for 24 hours and breast cancer cells were harvested 

as protein lysates for immunoblot analysis or for total RNA isolation for RNA-seq 

analysis. 
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Co-culture 

Figure 3: Indirect co-culture system of immune cells and breast cancer cells 

PBMCs after activation or without activation with anti-CD3/CD28 antibodies or isotype 

control antibodies respectively for 48 hours were co-cultured in a 0.4!-!m-transwell insert 

(Corning) that allows indirect interaction through secreted cytokines rather than physical 

interaction with breast cancer cells. Breast cancer cells were cultured in the bottom of a 

six-well plate. 
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Cytokine array 

Cytokines secreted from activated T -cells were analyzed usmg Ray Biotech 

Human cytokine array C1000 (RayBiotech, Inc. Norcross, GA) following manufacturer' s 

instructions. The cytokine array can probe for 120 different cytokines that are distributed 

as duplicates between two membranes labeled C6 and C7 as shown in Figure 4. T -cell 

activation assays were setup 2 days before performing cytokine array following 

previously mentioned protocol. PBMCs from 2 different donors were used in this assay 

that are identified as SC-14 and SC-15. To begin, C6 and C7 membranes were blocked 

with blocking buffer for 30 minutes at room temperature followed by incubation with 

lmL of PBMC supernatant from activation assay on each membrane for overnight at 

4°C. After performing two washes followed by incubation with biotinylated antibody 

cocktail and streptavidin-HRP concentrate for 2 hours at room temperature, the signal 

was developed as instructed on to film and spot intensities were determined using Image 

J software (Schneider and others 2012). The spot intensities of detected cytokines on each 

membrane were normalized to positive controls for comparisons between different 

membranes. Fold changes were calculated with respect to isotype-treated PBMCs. 
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AC . ;)tO ki ne array C6 

C6 A B c 0 E F G H I J K L M N 

1 POS POS NEG NEG BLANk ANG BDNF BLC BMP4 BMP6 CCL23 CNTF EGF Eotaxln1 

2 POS POS NEG NEG BLANk ANG BDNF BLC BMP4 BMP6 CCL23 CNTF EGF Eotaxln1 

3 Eotaxin2 Eotaxin3 FGF.(; FGF-7 Flt--1 Lig Fractalkl GCP-2 GDNF GMCSF 1-.109 IFNy IGFBP1 IGFBP2 IGFBP4 

4 Eotaxln2 Eotaxln3 FGF.(; FGF-7 Flt-3 Llg Fractalkl GCP-2 GDNF GMCSF 1-309 IFNy IGFBP1 IGFBP2 IGFBP4 

5 IGF-1 IL-10 IL-13 IL-15 IL-16 IL-1 alph IL-1 beta IL-1ra IL-2 IL-3 IL-4 IL-5 IL.(; IL-7 

6 IGF-1 IL-10 IL-13 IL-15 IL-16 IL-1 alph IL-1 beta IL-1ra IL-2 IL--l IL-4 IL-5 IL.(; IL-7 

7 Leptln UGHT MCP-1 MCP-2 MCP-3 MCP-4 M-CSF MDC MIG MIP-1 de MIP--lal NAP-2 NT-3 PARC 

8 Leptln UGHT MCP-1 MCP-2 MCP--1 MCP-4 M-CSF MDC MIG MIP-1 de MIP-3 al NAP-2 NT-3 PARC 

9 PDGF B RANTES SCF SDF-1 al TARC TGFb1 TGFb 3 TNF alph TNF beta BLANK BLANK BLANK BLANK POS 

10 PDGF B RANTES SCF SDF-1 al TARC TGFb 1 TGFb3 TNF alph TNF beta BLANK BLANK BLANK BLANK POS 

BCtki . -} 0 ne array C7 

C7 A B c 0 E F G H I J K L M N 

1 POS POS NEG NEG BLANK Acrp30 AgRP ANGPT2 AREG Ax I bFGF b-NGF BTC CCL28 

2 POS POS NEG NEG BLANK Acrp30 AgRP ANGPT2 AREG Ax I bFGF b-NGF BTC CCL28 

3 CTACK Otk EGFR ENA-78 Fas FGF-4 FGF-9 G-CSF GrTR Llg GrTR GRO GROalp HCC-4 HGF 

4 CTACK Dlk EGFR ENA-78 Faa FGF-4 FGF-9 G-CSF GrTR Llg GrTR GRO GROalp HCC-4 HGF 

5 ICAM·1 ICAM-3 IGFBP 3 IGFBP6 IGF-1 sR IL-1 R4 IL-1 R1 IL-11 IL-12 p4CI IL-12 p7 IL-17 IL-2 Ral IL.(;R IL-3 

6 ICAM-1 ICAM-3 IGFBP 3 IGFBP6 IGF·1 sR IL-1 R4 IL-1 R1 IL-11 IL-12 p4(l IL-12 p7 IL-17 IL·2 Ral IL.(;R IL-3 

7 1-TAC XCL1 MIF MIP-1 al MIP-1 be MIP·3 be MSP alp NT-4 OPG OSM PLGF sgp130 sTNFRII aTNFRI 

8 1-TAC XCL1 MIF MIP-1 al MIP-1 be MIP-3 be MSPalp NT-4 OPG OSM PLGF sgp130 sTNFRII sTNFRI 

9 TECK TIMP-1 TIMP-2 THPO TRAILR TRAILR uPAR VEGF VEGF-0 BLANK BLANK BLANK BLANK POS 

10 TECK TIMP-1 TIMP-2 THPO TRAILR TRAILR uPAR VEGF VEGF·D BLANK BLANK BLANK BLANK POS 

Figure. 4: Cytokines probed in T-cell activation assay using C-1000 cytokine array 

Membranes C6 and C7 showing 120 different cytokines probed together in duplicates. 

Positive controls (POS) present on top left corner or bottom right corner were used for 

normalization. 
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Total RNA extraction and quantitative PCR 

Total RNA extracted from the breast cancer cell lines with Qiazol (Qiagen) was 

subjected to reverse transcription using High Capacity eDNA Reverse Transcription kit 

(Applied Biosystems) with random hexamers and oligo dT primer mix. Quantitative PCR 

(qPCR) was set up using Power SYBR Green Master Mix (Invitrogen Life Technologies) 

and qPCR was performed on CFX96 ClOOO Real-Time thermal cycler (Bio-Rad). ACTIN 

or 18S were used as housekeeping genes wherever required. Primer sequences for qPCR 

are listed in Table. 1. 

T bl 1 L" t f a e : IS o pnmers use dt ftti or quan 1 a ve rea If PCR I me . 

Primer Sequence 

IDOl-For 5 '-CGCCTIGCACGTCTAGTTCT -3' 

IDOl-Rev 5 '-TTGGCAGTAAGGAACAGCAAT -3' 

ACTIN-For 5 ' -ATTGGCAA TGAGCGGTTC-3' 

ACTIN-Rev 5'-TGAAGGTAGTTTCGTGGATGC-3 ' 

STATl-For 5' -CTAGTGGAGTGGAAGCGGAG-3' 

STATI-Rev 5' -CACCACAAACGAGCTCTGAA-3' 

IRFI-For 5'-GATGAGGATGAGGAAGGGAA-3' 

IRFl-Rev 5'-TTCTGGCTCCTCCTI ACAGC-3' 

18S-For 5 '-GCTTAATTTGACTCAACACGGGA-3' 

18S-Rev 5' -AGCTATCAA TCTGTCAATCCTGTC-3' 

PD-L2-For 5 '-CTCGTTCCACA T ACCTCAAGTCC-3' 

PD-L2-Rev 5 '-CTGGAACCTTT AGGATGTGAGTG-3' 

PD-Ll-For 5 '-TGCCGACT ACAAGCGAA TT ACTG-3' 

PD-Ll-Rev 5' -CTGCTTGTCCAGATGACTTCGG-3' 
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Primer Sequence 

IFNGRI-For 5' -AGTGCTT AGCCTGGTATTCATCTG-3' 

IFNGRl -Rev 5 ' -GGCTGGT ATGACGTGATGAGTG-3' 

BCL3-For 5 '-AACCTGCCT ACACCCCT AT AC-3' 

BCL3-Rev 5 '-CACCACAGCAATA TGGAGAGG-3' 

lL-6-For 5 ' -ACTCACCTCTTCAGAACGAA TTG-3' 

IL-6-Rev 5 ' -CCATCTTTGGAAGGTTCAGGTTG-3 ' 

IL-lB-For 5 '-ATGATGGCTTATT ACAGTGGCAA-3' 

IL-lB-Rev 5' -GTCGGAGATTCGTAGCTGGA-3' 

GBP5-For 5' -CTGTCTGCCATT ACGCAACCTG-3' 

GBP5-Rev 5 '-GTGTGAGACTGCACCGT AGA TG-3' 

CXCL9-For 5 '-CTGTTCCTGCATCAGCACCAAC-3' 

CXCL9-Rev 5 '-TGAACTCCA TTCTTCAGTGT AGCA-3' 
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RNA-seq library construction and data analysis 

Libraries for stranded mRNA sequencing were prepared using KAPA Stranded 

mRNA-Seq Kit Illumina platform (Kapa Biosystems, Wilmington, MA) following 

manufacturer' s instructions (Version 2.14). Briefly, 1.5ug of total RNA was depleted of 

ribosomal RNA using supplied mRNA capture magnetic beads. Eluted mRNA was 

fragmented to size of 300-400bp by incubating at 85°C for 6 minutes followed by 1st 

strand and 2"d strand eDNA synthesis. From here on, AMPure XP beads (Beckman 

Coulter, Brea, CA, USA) were used for subsequent cleanup wherever required. Double 

strand eDNA was marked by A-tailing followed by ligation with 5uL of Illumina 

barcoded adapters. The libraries of different indexes were pooled for multiplexing and 

analyzed by Bioanalyzer. A final I OnM of pooled libraries were sequenced for 30 to 60 

million 50bp paired-end reads on Illumina Hi-seq 2500 platform (Illumina, San Diego, 

CA, USA). 

TopHat 2.0.8b (Trapnell and others 2009) was used for mapping sequence reads 

to the human genome (hg19). BedTools 2.16.2 (Quinlan and Hall 2010) and 

bedGraphToBigWig generated stranded binary wiggle files after in-house scripts split 

reads mapped to each strand. FeatureCounts 1.4.6 (Liao and others 2013) computed the 

number of reads mapped to each gene and transcript, followed by DESeq 1. 10.1 (Anders 

and Huber 201 0) for differential expression analysis. In-house scripts and R 

Bioconductor 2.15.1 (Gentleman and others 2004) were used to compare TCGA data and 

generate heatmaps and venn diagrams. 
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Flow cytometry 

Cell surface PD-Ll expression on breast cancer cells after co-culture with 

activated/isotype-treated PBMCs was determined by flow cytometry. Antibodies used for 

analysis are Anti-human CD274 PE (B7-Hl) Clone: MIHl (Cat#l2-5983-42) and Mouse 

IgG2b, K Isotype control PE (Cat# 12-4732-41) purchased from eBioscience. The breast 

cancer cells were incubated for overnight with conditi9ned medium after activation of 

PMBCs with anti-CD3/CD28 or isotype control antibodies for 48 hours. The breast . 

cancer cells were harvested with trypsin and washed with PBS. The cells were 

resuspended in staining buffer containing PBS pH 7.4, 2% fetal bovine serum and 0.09% 

Sodium Azide (BD Pharmingen Cat# 554656). The cells were blocked with staining 

buffer for 10 minutes at 4°C followed by centrifugation and resuspend in lOOj..LL of 

staining buffer with 5j..LL of anti-PD-Ll-PE antibody or isotype control antibody and 

incubated at 4°C for 30 minutes. The cells were washed and resuspend in 500uL of 

staining buffer and analyzed using LSRII flow cytometer. Analysis was performed using 

FlowJo software (Version 10). 

Immunoblot analysis 

The following antibodies were obtained from Santa Cruz Biotechnology Inc.: 

STAT! (Cat# SC-346), STAT3 (Cat# SC-482), IRFl (Cat# SC-497), ISGF-3y (Cat# 

SC-496), P-Actin (Cat# SC-47778). The following antibodies were obtained from Cell 

Signaling Technology: IDOl (Cat# 12006S), pSTATl-Y701 (Cat # 7649S), pSTATl 

S727 (Cat# 8826S) and NFkB-p65 (Cat# 8242). Goat anti-rabbit IgG (H+L) Dylight 800 

secondary antibody (Cat # 35571) and Goat anti-mouse IgG (H+L) Dylight 680 
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secondary antibody (Cat # 35518) were obtained from Thermo Scientific. IFNy was 

purchased from Peprotech (Rocky Hill, NJ). 

Briefly, cells were harvested and lysed in 1X RIPA buffer (Pierce, Rockford, IL) 

supplemented with protease and phosphatase inhibitor cocktails (Roche). A total of 50ug 

of protein was analyzed on 10% SDS-PAGE acrylamide-bisacrylamide gel and 

transferred on to Immobilon-FL PVDF membrane (Millipore, Bedford, MA). The 

membranes were imrnunoblotted with respective primary antibodies at 1:1000 dilution in 

5% non-fat dry milk and Dylight secondary antibodies were used at 1:10,000 dilution in 

5% non-fat dry milk (Thermo Scientific, Rockford, IL). Fluorescent signal was detected 

using Odyssey Infrared Imaging system (LI-COR Biosciences, Lincoln, NE). Actin was 

used as loading control. 

IDO enzymatic assay 

MDA-MB-231 and MCF7 cells were cultured in RPMI complete medium with or 

without IFNy treatment for 12 hours. Media was replaced with synthetic RPMI medium 

supplemented with tryptophan and aliquots were collected at indicated time points. IDO 

enzymatic assay was performed as described previously using HPLC (Laich and others 

2002). 

IDO protein stability studies 

MDA-MB-231 cells were pre-treated with IFNy for 12hrs to induce IDO protein 

expression, followed by subsequently withdrawn of IFNy and replaced with fresh media 

containing 50J.!g/mL of cycloheximide (CHX) or 5).!M of proteasome inhibitor (MG 132) 

or both agents, respectively. Cells were harvested at indicated time points and IDO 

protein level was analyzed by imrnunoblot analysis. MCF7 cells were treated in similar 
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way with MG 132 only and analyzed for IDO expression. IDO band intensities were 

quantified using Image Quant software. 

Chromatin immunoprecipitation (ChiP) assay 

MDA-MB-231 and MCF7 breast cancer cells were treated with IFNy for 

indicated time points or treated with vehicle control alone. ChiP was performed with 

antibody against RNA polymerase II (8WG16) (Abeam, ab817). Cells were cross-linked 

with 1% formaldehyde for 1 0 minutes at room temperature and quenched with 0 .125M 

glycine for 5 minutes to stop cross-linking. Cells were lysed by freezing at -80°C and 

thawing on ice in hypotonic cell lysis buffer containing protease inhibitors for 15min 

followed by centrifugation to pellet the nuclei. SDS-Nuclear lysis buffer was added to the 

nuclei pellet along with protease inhibitor and incubated on ice for 30 minutes with 

frequent vortexing to lyse the nuclei. Sonication was performed with Bioruptor 

(Diagenode) using settings at high power with 30sec ON/OFF for 45 cycles to obtain 

200-SOObp DNA fragments. Diluted chromatin was incubated with 5 Jlg of RNA 

polymerase II antibody with rotation for overnight at 4'C. Protein NG magnetic beads 

were blocked with 2% BSA and incubated with chromatin-antibody complexes for 2hr. 

Subsequent washes were performed for 5min at 4'C with low salt buffer, high salt buffer, 

LiCl wash buffers and finally two washes with TE buffer. After eluting the DNA from 

magnetic beads, crosslinking reversal and phenol-chloroform extractions were performed. 

Quantitative RT-PCR analysis was performed to determine fold enrichment compared to 

1% input DNA. Primers used for qPCR analysis are listed in Table. 2. 
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Table. 2: Primers used for qPCR analysis in ChiP assay. 

Primer Sequence 

IDO 1-Prox-For 5 '-GT ACAT A TGATGCACAGAGATGC-3' 

IDO 1-Prox-Rev 5 '-G TGCCCCTCAGTGTCTGAAGA -3' 

IDOl-Dist-For 5' -GTAGAGAATAGCGCGAGAGC-3' 

IDO 1-Dist-Rev 5' -AACCAAGTTGCCCGTTCCTC-3' 

ID01-lntron9-For 5' - CCCACTCTGACCTCACTCTG-3' 

IDO l-Intron9-Rev 5' -AGGACAAACTCACGGACTGA-3' 

GAPDH-For 5'-TACTAGCGGTTTTACGGGCG-3' 

GAPDH-Rev 5'- TCGAACAGGAGGAGCAGAGAGCGA-3' 

Intergenic-For 5' -GGTGCTCCTGGAAGCTGGGC-3 ' 

Intergenic-Rev 5' -AAGGCAGCTGGCGTGAGGC-3 ' 
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Bisulfite pyrosequencing analysis 

Genomic DNA isolated from breast cancer cell lines using AllPrep DNA/RNA kit 

(Qiagen) was sodium bisulfite converted using EZ DNA Methylation Gold Kit (Zymo 

Research). Pyrosequencing analysis was performed as described previously (Pei and 

others 2012). Briefly described here, three pairs of primers to cover the CpG sites near 

ISRE close to TSS, cMyc binding site and upstream ISRE elements of IDOl promoter 

were designed using MethPrimer (http://www.urogene.org/methprimer/). The primer 

sequences are listed in Table. 3. PCR was performed using Ampli Taq Gold (Applied 

Biosystem, Foster City, CA) using the following PCR conditions: initial denaturation at 

95 oc for 1 Omin; denaturation at 95°C for 30 seconds, annealing at 55°C for 30 seconds, 

extension at 72°C for 30 seconds for a total of 45 cycles and final extension at 72°C for 5 

minutes. Then, PCR amplicons were sequenced by PyroQ-CpG on PyroMark III using 

four sequencing primers mentioned in the Table. 4. The percentage methylation of CpG 

sites was clustered into a heat map using Partek Genomic Suite 6.6 (Partek Inc., St. 

Louis, MO). 
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Table. 3: List of primers used to generate PCR amplicons for pyrosequencing 

analysis. 

Primer Sequence 

Upstream- ISRE Froward : 5'-TTTGTAAAATGATAGGTTGAAGAAAA-3' 

Reverse : /5Biosg/-AAACCAAATTACCCRTTCCTC-3' 

cMyc Froward: 5' - TGAGAAGGGTAAATGTTATTATTGGA-3 ' 

Reverse: /5Biosg/-TCCTTTTAAACTTCCACAATTCTTT-3 ' 

TSS- ISRE Froward: 5'-AAATTGTGGTTATTGGTTGTGGT-3' 

Reverse: /5Biosg/-CAAAACAAAACCCACTTCTTCA-3' 

Table. 4: Sequencing primers used for pyrosequencing. 

Primer Sequence 

Upsteam - ISRE-1 5' -AGTTATAATTTAGTA-3' 

Upstream- ISRE-2 5'-ATAAGTTGATGATAA-3 ' 

cMyc 5' -ATTTTAGAGTTATTG-3' 

TSS - ISRE 5' -GAGGAGTAGA IT ATA-3' 
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5-Aza-2'-deoxycytidine (5-AzadC) Treatment 

MCF7 cells were plated at 30% confluency in a six-well plate. Cells were treated 

with either DMSO or 211M of 5-Aza-2'deoxycytidine (5-AzadC) every the other day for 4 

days. After day 4, MCF7 cells were stimulated with IFNy for overnight. On day 5, cells 

were harvested for total RNA extraction followed by RT-PCR to assess IDOl mRNA 

levels. 

Luciferase reporter assay 

A 1357bp DNA fragment from first exon and extending upstream containing 

ISRE and GAS elements in the IDOl promoter was amplified from genomic DNA by 

PCR and cloned into pGL2 basic luciferase reporter plasmid (Promega) using Xhol and 

Hindiii restriction sites. The cloning primers are listed in Table. 4. The reporter plasmid 

construct was transformed into dam-Idem- chemically competent E. coli (NEB C2925I). 

Plasmid DNA was isolated with Qiagen Maxiprep (Qiagen, Valencia, CA) to avoid any 

background DNA methylation in bacteria. Reporter plasmid DNA was treated with or 

without Sssl methylase (NEB, Ipswich, MA) following manufacturer's protocol. 

Methylated or unmethylated plasmid DNA was subjected to phenol/chloroform/isoamyl 

alcohol (25 :24:1) extraction. Breast cancer cells were co-transfected with lug of 

methylated or unmethylated reporter plasmid DNA, respectively, and SOng of renilla 

luciferase plasmid DNA (1 :20 ratio) using Lipofectamine 2000 (Invitrogen Life 

Technologies , Carlsbad, CA). Following transfection, breast cancer cells were treated 

with or without IFNy (lOOng/mL) for overnight to induce luciferase expression. Reporter 

assay was performed using Dual-Luciferase Reporter Assay System (Promega, Cat# 

El910). Luminescence was measured in relative light units (RLUs) using Sirius 
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luminometer SIRIUS luminometer (Berthold Detection System GmbH, Pforzheim, 

Germany) and ftrefly luciferase activity was normalized to renilla luciferase activity. 3 '

UTR of IDOl gene was amplified from HCT1166 genomic DNA. The 669bp 3'-UTR 

was cloned into pMIR plasmid using Xhol and Xbal cloning sites. Reporter assay was 

performed as mentioned above. Primer sequence used for amplification of !DO 1 

promoter and IDOl 3-UTR are reported in Table. 5. 

Data mining and statistical analysis 

TCGA Methylation 450K array and RNA-seq datasets were downloaded from the 

UCSC Cancer Genome Browser (https://genome-cancer.ucsc.edu) and statistical analysis 

was carried out using Prism software (GraphPad Software, Inc.). We investigated the 

microarray gene expression data and clinical features of 603 breast cancer patients 

obtained from the Gene Expression Omnibus (GEO) database (GSE18229 and 

GSE21653). Relapse-free survival (RFS) rate was computed using the Kaplan-Meier 

method inR. 
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Table. 5: List of primers used for construction of pGL2 and pMIR reporter 

plasmids. 

Primer Sequence 

Promoter-For 5 '-CCGCTCGAGCAGAA TCA TCATCTAAAACG-3' 

Promoter-Rev 5 '-CCCAAGCTTCTTA T AA TAGTTGCTGC-3' 

3' -UTR - For 5' -GCT AGCCTCGAGTGTAACCCAACAAGAG-3' 

3' -UTR-Rev 5 ' -GTCGACTCTAGAGCAGTTTATAGTAGGTC-3' 
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III. RESULTS 

Studies using IHC staining of immune cell markers have so far shown that breast 

cancer causes recruitment of TILs to the tumor site. Gene expression profiling studies of 

primary breast tumors have also revealed activation of immune response gene signature 

in a subgroup of breast cancer. To understand the impacts of cytokines and chemokines 

secreted by activated T -cells on breast cancer cells of different molecular subtypes such 

as ER+ and TNBC, we performed contact-independent co-culture experiments with T

cell fraction of PBMCs that were activated using immobilized anti-CD3 and soluble anti

CD28 antibodies. We chose to use co-culture system in this study, as it is a controlled 

variable system to mimic the tumor microenvironment where immune cells can interact 

with breast cancer cells through cytokines to modulate local immune responses. Similar 

co-culture system was used elsewhere to understand the interaction between breast cancer 

cells and macrophages (Hollmen and others 2015). 
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Activation ofT -cell fraction of PBMCs induced Thl/Tcl cytokines secretion. 

Earlier it was shown that activation of resting T-cells using beads coated with 

anti-CD3/CD28 antibodies stimulated proliferation and increased secretion of cytokines 

such as IFNy, TNFa, IL-2 and GM-CSF (Thompson and others 1989). Further, it was 

demonstrated that using anti-CD3 antibody immobilized on the surface and soluble anti

CD28 antibodies to activate T-cells induced a Thl phenotype rather than Th2 cytokine 

profile (Levine and others 1997). To determine the cytokine profile of activated T-cells, 

we used human C-1000 cytokine array system (RayBiotech) and analyzed about 120 

different cytokines distributed between two membranes C6 and C7 (Fig. 4). We 

performed cytokine array analysis using PBMCs from two different healthy donors 

identified as SC-14 and SC-15. Differentially secreted cytokines are shown in red boxes 

in Fig. 5 and Fig. 6 for SC-14 and SC-15 respectively. After activating the T-cell fraction 

of PBMCs with anti-CD3/CD28 antibodies or treatment with isotype control antibodies 

for 48 hours, the cytokine array revealed that activation ofT-cells increased secretion of 

IFNy, TNFa, TNF~, GM-CSF, RANTES, IL-lp, IL-2, IL-5, IL-6, IL-10, IL-13, MCP-2 

and MCP-3 cytokines into media when compared to the isotype control antibody treated 

PBMCs (Fig. 7) therefore validating successful activation ofT -cells. Hereafter, activated 

PBMCs will be referred as activated T -cells since anti-CD3/CD28 antibody treatment 

activates only the T-cell fraction. CD8+ T-cells secrete both Te-l and Tc-2 cytokines. 

IFNy and tumor necrosis factors are Te-l cytokine profile whereas IL-6 and IL-l 0 are 

Tc-2 phenotype. Both Te-l and Tc-2 CD8+ T-cells secrete GM-CSF and IL-2. IL-2 

secretion indicates activation status ofT -cells. Also, IL-2 keeps sustained activation and 
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proliferation of activated T -cells. Among CD4+ T -cells, IFNy is a Th-1 cytokine whereas 

IL-6 and IL-l 0 are Th-2 cytokines (Mosmann and others 1997). 

We observed that C6 membrane cytokines were differentially secreted between 

activated T -cells and isotype treated T -cells. But, there was only modest difference in C7 

membrane cytokine profile from both donors. SC-15 showed modest increase in secretion 

of few cytokines such as ICAM-1 , IL-6R, P-NGF, MIG, sTNF RII, MIP-la., I-309 and 

ENA-78 that were about 2-3 fold increase between activated and isotype treated T-cells 

suggesting that there may be slight variability in cytokine profiles between different 

donors. These results indicate that we were able successfully activate T -cells and also 

determined the composition of cytokines responsible for gene expression changes when 

co-cultured with breast cancer cells. 
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Figure. 5: Cytokine arrays showing activated T-cell cytokine profile of SC-14 
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Cytokines that are differentially secreted between isotype-treated and anti-CD3/CD28 

treated T-cells are shown in red colored boxes. Each cytokine is probed in duplicates on 

C6 and C7 membranes. The top four spots are positive controls that are used to normalize 

the signal intensities of respective membranes. 
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Figure. 6: Cytokine arrays showing activated T-cell cytokine profile of SC-15. 
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Cytokines that are differentially secreted between isotype-treated and anti-CD3/CD28 

treated T-cells are shown in red colored boxes. Each cytokine is probed in duplicates on 

C6 and C7 membranes. The top four spots are positive controls that are used to normalize 

the signal intensities of respective membranes. 
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Figure. 7: Anti-CD3/CD28 treatment induces Thl/Tc-1 cytokine secretion from 

activated T -cells. 

Cytokines that are differentially secreted by activated T -cells are normalized to isotype 
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treated T -cells. The cytokine profiles of two healthy donors SC-14 and SC-15 shown are 

almost identical. 
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Co-culture with activated T -cells induce immune response gene signature in breast 

cancer cells. 

To understand how immune cells modulate gene expression changes in breast 

cancer cells of different molecular backgrounds, we opted for transcriptome analysis of 

breast cancer cells after co-culture through RNA-sequencing. MDA-MB-231 

(TNBC/Basal) and MCF7 (ER+) breast cancer cell lines were co-cultured with cytokine 

enriched, conditioned-medium from T -cell activation assays or with isotype

treated/activated T-cells alone or combination of both. Gene expression analysis of RNA

seq data using the same cutoff value revealed that co-culture with activated T -cells up 

regulated 1607 genes in MCF7 and 725 genes in MDA-MB-231 cells when compared to 

co-cultures with isotype-treated T -cells. This suggests that MCF7 cells are more 

responsive to immune cells than MDA-MB-231 cells. In common, there were 376 genes 

that were up regulated in both the cell lines (Fig. 8A). When we performed unsupervised 

hierarchical cluster analysis of gene expression data, MCF7 and MDA-MB-231 gene 

expression profiles clearly separated based on activation status of co-culhtred T -cells 

(Fig. 8B). Furthermore, Database for Annotation, Visualization and Integrated Discovery 

(DAVID) analysis demonstrated that majority of genes up-regulated in both cell lines 

were involved in immune signaling and enriched with IRF transcription factors binding 

sites in their promoters (Fig. 8C). Genes such as CXCL9, CXCLJO, CXCLJJ, GBP5, 

IRFJ, PSMB9, and PD-L2 are known IFNy-inducible genes. This is in agreement with the 

cytokine array data in which we demonstrated that IFNy is one of Thl/Tcl cytokines 

secreted by activated T -cells. It was previously shown that chemokines such as CCL2, 

CCL3, CCL4, CCL5, CXCL9, and CXCLIO expressed by certain melanoma tumors were 
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preferentially enriched forT-cells infiltrates (Harlin and others 2009). An IHC study on 

CXCLlO in breast cancer indicated a positive correlation between CXCLlO expression 

and peritumoral CD4+ and CD8+ T-cells (Mulligan and others 2013). These results 

indicate that IFNy secreted by TILs can induce gene expression changes in breast cancer 

cells such as paracrine secretion of CXCR3 receptor ligands, CXCL9, CXCLI 0 and 

CXCLll that function as TILs recruiting factors at the tumor site (Groom and Luster 

2011). From the above studies, we conclude that co-culture system is a good model for 

studying the role on TILs in breast cancer. 
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Figure. 8: Gene expression analysis of RNA-seq data from co-culture studies. 

(A) Venn diagram showing MCF7 is more responsive than MDA-MB-231 when co-

cultured with activated T-cells. Between MDA-MB-231 and MCF7 cells 376 genes were 

commonly up regulated. (B) Heat map after unsupervised hierarchical cluster analysis of 

commonly up regulated genes separated MDA-MB-231 and MCF7 cells based on co-

cultured T -cell activation status. (C) List of top transcription factor binding sites based 

on p-values. 
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Activated T -cells induced gene signature correlates with immune cell-specific gene 

signature in primary breast tumor samples. 

To understand the clinical significance of gene expression signatures in breast 

cancer cells after co-culture with activated T -cells, we analyzed commonly up regulated 

376 genes using RNA-seq expression data of breast invasive carcinoma from TCGA. We 

were able to obtain expression data for 308 (out of 376) genes. Also, we obtained 

expression profiles of previously defined CTL, B cell and T cell gene signatures (Iglesia 

and others 2014) from the same dataset. After performing unsupervised hierarchal cluster 

analysis of 274 breast cancer patients, we observed a positive association between CTL, 

B cell and T cell gene signatures (Fig. 9) and the expression profile of the 308-gene 

signature. Especially, Basal subtype patients were separated into two distinct groups with 

one group expressing the 308-gene signature at higher levels compared to the other 

group. Based on expression profiles we speculate that the group expressing the 308-gene 

signature at higher levels is immune reactive and responded to the presence of TILs 

whereas the low expression group is immune non-reactive group. It is possible that 

tumors of immune non-reactive group did not elicit an immune response. These results 

suggest a subset of breast cancer is associated with activation of immune response gene 

signature. 
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Figure. 9: A subset of primary breast tumors express the 308-gene signature that 

correlated with gene signature specifically expressed in immune cells. 

Expression of 308 genes commonly up regulated in MDA-MB-231 and MCF7 cell lines 

after co-culture with PBMCs were clustered with cytotoxic T cells (CTL), B cell and T 

cell gene signatures by hierarchical clustering analysis. Expression data for 308 genes 

was obtained from TCGA. The Basal subtype tumors were separated into two groups 
~ 

based on immune gene signatures. 
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Immune surveillance through IFNy induces suppressive factors. 

Using a melanoma mouse model, it was demonstrated that immunosuppressive 

factors such as IDO protein expression, up regulation of cell surface PD-L 1 expression 

and recruitment of FOXP3+ Tregs in the tumor microenvironment were consequences of 

CD8+ T -cell immune surveillance proving that immunosuppressive factors follow rather 

than precede CTL infiltration at the tumor site (Spranger and others 2013). In our RNA

seq data analysis, we observed that many IFNy response genes are induced in the co

culture experiment including immunosuppressive factors, IDOl and PD-LJ. 

Interestingly, these genes were expressed at basal levels in MDA-MB-231 cells but 

absent in MCF7 cells. Validation by qRT-PCR showed increase in mRNA expression of 

PD-Ll and IDOl along with other IFNy inducible genes such as CXCL9 and GBP5 (Fig. 

lOA) suggesting activation of the IR module through JAK/STAT signaling. We also 

validated the expression of IFNy responsive transcription factors IRF 1 and STAT 1 as well 

as interferon gamma receptor 1 (IFNGRJ) in both breast cancer cell lines. As expected 

co-culture with activated T-cells up regulated expression of IRFJ, STATJ, IFNGRJ, IL-6 

and IL-l (3. Proto-oncogene BCL3 expression was up regulated in MCF7 compared to 

MDA-MB-231. BCL3 is a member of IkappaB family and regulates transcription of 

NFkB target genes. It is reported that IL-6 can induce BCL3 expression through STA T3 

transcription factor (Brocke-Heidrich and others 2006). Up regulation ofiFNy responsive 

genes confirms activation of signaling through JAK/STAT pathway. 

Flow cytometric analysis of PD-Ll revealed that MDA-MB-231 cells have 

constitutive PD-Ll protein expression when compared to MCF7 cells. However, PD-Ll 

expression was up regulated in both breast cancer cell lines after co-culture with activated 
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T-cells when compared to isotype-treated T-cells (Fig. lOB). In summary, RNA-seq 

analysis of breast cancer cells after co-culture with activated T -cells indicated activation 

of immune response gene signature along with expression of immunosuppressive factors 

such as IDOl and PD-Ll. These results in breast cancer are in agreement with previous 

observations reported in melanoma suggesting that IDO and PD-Ll expression are due to 

IFNy secreted by activated T-cells. 
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Figure. 10: Activated T -cells induce expression of immunosuppressive factors such 

as IDOl and PD-Ll. 

(A) Validation of RNA-seq gene expression by qRT-PCR. IDOl, PD-Ll and PD-L2 are 

immunosuppressive factors that are over expressed along with IFNy responsive genes 

such as GBP5 and CXCL9. STATJ, IRFI transcription factors are also up regulated with 

activated T -cell co-culture. (B) PD-Ll cell surface expression by flow cytometry after co-

culture with isotype or anti-CD3/CD28 activated PBMCs (SC-15). MCF7 cells lack basal 

PD-Ll expression, but PD-L1 expression increases after co-culture with activated T-cells. 

MDA-MB-231 cells express PD-Ll and its expression slightly increases after co-culture 

with activated T -cells. 
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Activated T -cells induce differential IDO expression in breast cancer cells. 

Increased mRNA expression of PD-Ll resulted in increased cell surface 

expression of PD-L 1 protein after co-culture with activated T -cells. On similar lines, we 

wanted to confirm if increased !DO I mRNA expression caused increased IDO protein 

expression in both breast cancer cell lines. Expression tracks from RNA-seq data 

revealed that MDA-MB-23 I breast cancer cells have basal !DO I mRNA expression 

when compared to MCF7 cells that did not express IDOl mRNA when co-cultured with 

isotype-treated T-cells. However, when co-cultured with anti-CD3/CD28 activated T

cells, both breast cancer cells up regulated IDOl mRNA but at varying magnitudes. The 

IDOl mRNA was at least 100 fold higher in MDA-MB-231 cells than MCF7 breast 

cancer cells (Fig. llA). No IDOl alternative splicing variants were observed in RNA-seq 

analysis. 

To determine if increase in IDOl mRNA expressiOn was translated to IDO 

protein, we performed immunoblot analysis. The irnmunoblot analysis on cell lysates of 

MDA-MB-231 and MCF7 cells from co-culture system exhibited hyperphosphorylation 

of STAT! at Y701, and significant up-regulation of STAT! and IRFl proteins only when 

co-cultured with activated T -cells suggesting an activation of JAK/STAT pathway (Fig. 

11 B). However, co-culture with isotype-treated T -cells did not elicit similar response 

confirming that Thl/Tcl cytokines secreted by activated T-cells were responsible for 

activating JAK/STAT signaling in breast cancer cells . Interestingly, activated 

STATl/IRFl pathway induced IDO protein expression only in MDA-MB-231 cells, but 

not in MCF7 cells even though both cell lines up regulated IDOl mRNA albeit at 

different levels as shown by RNA-seq and qRT-PCR. This is contrasting to PD-Ll, 
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where PD-Ll protein expression followed the pattern of mRNA expression. These results 

suggest that molecular background of breast cancer can influence expression of 

immunosuppressive factors such as IDO where Basal breast cancers readily express IDO 

and PD-Ll proteins. Correlation studies reported that ER- and high grade breast cancers 

have high infiltration of CD4+ FOXp3+ Tregs that are immunosuppressive in function 

(Abo-Elenein and others 2008; Kim and others 2014). Therefore, Basal like breast 

cancers readily induce immunosuppressive factors such as IDO, PD-Ll and Tregs but 

these suppressive factors follow rather than preceding activated T -cell infiltration at the 

tumor site. 
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Figure. 11: Activated T-cells induce differential IDO protein expression in breast 

cancer cell lines. 

(A) IDOl mRNA expression tracks after performing RNA-seq analysis on breast cancer 

cell lines from co-culture studies. MDA-MB-231 cells have basal IDOl mRNA 

expression in contrast to MCF7 cells that do not express IDOl mRNA in the absence of 

activated T-cells (B) Immunoblot analysis of MDA-MB-231 and MCF7 cells after co-

culture with activated or isotype-treated T -cells. Even though mRNA tracks show !DO 1 

mRNA is up regulated with activated T-cell co-culture, IDO protein is not expressed. 

MDA-MB-231 cells express IDO protein only when co-cultured with activated T-cells. 
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Activated T -cells induce IDO expression in breast cancer cells primarily through 

IFNy. 

It is very well established that interferons, particularly IFNy, strongly induces 

IDO expression in epithelial cells (Wemer-Felmayer and others 1989). Since the 

supernatant from activated T -cells was a mixture of cytokines, we wanted to determine 

which cytokines are responsible for IDO expression in breast cancer cells. We treated 

breast cancer cells with IFNy, TNFa, TGF~ and IL-6 alone or in combination with IFNy. 

Similar to the observation in co-culture with activated T -cells, IFNy induced IDO 

expression only in MDA-MB-231 cells but not in MCF7 cells (Fig. 12A and Fig. 12B). 

Combination of IFNy and TNFa slightly enhanced IDO expression in MDA-MB-23 1 

cells, where TGF~ abrogated IFNy induced IDO expression. IL-6 did not have any effect 

on IFNy induced IDO expression. TNFa, TGF~ and IL-6 alone did not induce IDO 

expression in both the cell lines. This observation is in line with previous studies where 

IFNy and TNFa synergistically induced IDO expression (Babcock and Carlin 2000; 

Robinson and others 2005) where as TGF~ suppressed IFNy induced IDO expression 

(Yuan and others 1998). The IFNy induced JAK/ST AT pathway activation was identical 

to co-culture immunoblots with hyperphosphorylation of STAT1-Y701 and increased 

STATl expression. The STAT1-Y701 phosphorylation was followed by 

hyperphosphorylation at S727 indicating complete activation of transcription factor with 

IFNy treatment. Unlike Y701, there was basal phosphorylation at S727 of STATI 

indicating that it may be phosphorylated by cytoplasmic kinases. IFNy treatments alone 

or in combination with other cytokines increased IRFl expression in both cell lines. 

NFkB did not alter significantly with cytokines treatment even though NFkB was among 
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top transcription factors in GSEA and DAVID analysis of RNA-seq data (Fig. 8C). 

STAT3, like NFkB did not vary much in both cell lines after treatment with cytokines. In 

conclusion, only triple negative MDA-MB-231 breast cancer cells expressed IDO protein 

in response to IFNy and it is the primary cytokine to induce IDO expression in breast 

cancer cells. 
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Figure. 12: Among the secreted cytokines from T-cell activation assays, only IFNy 

induced IDO protein expression in MDA-MB-231 cells. 

Immunoblot analysis of MDA-MB-231 and MCF7 cells after treatment with IFNy 

(I OOng/mL), TNFa (lng/mL), TGFB (lng/rnL) and IL-6 (5ng/mL) alone or in 

combination with IFNy overnight. IFNy, TNFcx, TGFI3 and IL-6 were previously reported 

to induce IDO protein expression in epithelial cells. (A) When MDA-MB-231 cells were 

treated with the above-mentioned cytokines, only IFNy induced IDO protein expression. 

(B) Similar analysis with MCF7 cells did not detect IDO protein. 
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IDOl mRNA expression is upregulated in primary TNBC samples and IDO enzyme 

can only be induced in TNBC cell lines by IFNy. 

Gene expression profiling studies have classified breast cancer into Basal-like, 

Luminal A (LumA), Luminal B (LumB), HER2 and Normal-like intrinsic subtypes 

(Cancer Genome Atlas 2012; Perou 2010). About 75% ofTNBC cases have "Basal-like" 

gene expression profiles (Perou 2010). From the TCGA breast cancer dataset, we found 

that IDOl mRNA expression is significantly higher in ER- tumors compared to ER+ 

tumors (Fig. 13A). When we further analyzed IDOl mRNA expression in breast cancer 

patients based on molecular subtypes, it revealed that Basal subtype tumors highly 

expressed IDOl mRNA when compared to other subtypes and normal breast tissue (Fig. 

13B), which is consistent with a pervious report based on microarray analysis of 262 

tumors (Jacquemier and others 2012a). Semi quantitative-PeR analysis of IDOl mRNA 

in 10 breast cancer cell lines that include three ER+ (MCF-7, T-470, ZR-75-1), two 

HER2+ (BT-474, SK-BR-3), five TNBC cell lines (HS578T, MDA-MB-231 , SUM159, 

MOA-MB-468, BT20) and one immortalized breast epithelial cell line (MCFlOA) 

revealed that IDOl mRNA was not detectable in any ER+ and HER2+ cell lines, but 

amplified in 3 out of 5 TNBC cell lines (Fig. 13C). The immunoblot analysis revealed 

that none of these cell lines constitutively expressed IDO protein (Fig. 130). Analysis of 

the JAK/STA T pathway molecules showed that STAT I was expressed in most of the cell 

lines, but lack activation signal Y701 phosphorylation. We observed that IRFl was 

expressed in ER + cell lines and IRF9 was expressed in ER- cell lines. ST A T3 expression 

did show any specific pattern based on ER status. These results indicate that !DO 1 
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mRNA expression is specific to BasaVTNBC breast cancer but IDO protein expression 

was absent largely due to inactive JAK/STAT pathway. 
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Figure. 13: The IDOl gene is differentially expressed in breast cancer. 

(A) Gene expression data from the TCGA for breast invasive carcinoma indicated that 

ER- tumors have relatively higher IDOl mRNA expression compared to ER+ tumors. (B) 

Similar analysis based on molecular subtypes indicated Basal subtype has highest IDOl 

mRNA expression. (C) Semi quantitative PCR analysis for IDOl mRNA expression 

without IFNy treatment in a panel of breast cancer cell lines show that 3 out of 5 TNBC 

cell lines express IDOl mRNA. ACTIN was used as a loading control. (D) Immunoblot 

analysis on a panel of breast cancer cell lines suggests that IDO protein is not expressed 

constitutively even though TNBC cell lines express IDOl mRNA. pSTATl-Y701, an 

activation signal of JAK/STAT pathway is not detected. 
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IFNy induces enzymatically active IDO protein expression in TNBC subtype. 

Despite of having detectable !DO 1 mRNA in 3 out of 5 TNBC cell lines, the 

immunoblot analysis failed to detect IDO protein. However, when treated with a mixture 

of cytokines, IFNy induced IDO protein expression only in MDA-MB-231 cells but not 

in MCF7 cells (Fig. 12A). We tested more cel11ines to determine whether IFNy induced 

IDO protein expression was specific to TNBC subtype. When treated with IFNy, IDO 

protein was readily induced in TNBC cell lines (MDA-MB-231 , SUM159 and BT549), 

but not in ER+ cell lines (MCF7, T47D and ZR-75-1) (Fig. 14) confirming that IDO 

protein expression is specific to basal subtype. This correlates well with mRNA 

expression profile where the TNBC subtype had higher IDOl mRNA expression relative 

to other subtypes. 

To determine if the IFNy-induced IDO protein is enzymatically active, we 

performed HPLC analysis for tryptophan degradation and kynurenine accumulation in the 

culture media, which is represented as kynurenine to tryptophan (KIT) ratio . MDA-MB-

231 cells expressed enzymatically active IDO protein after overnight IFNy treatment as 

demonstrated by a time dependent increase in KIT ratio (Fig. 15A and Fig. 15C). 

Although tryptophan concentration slightly decreased with MCF7 cells, there was no 

corresponding kynurenine accumulation. We speculate that tryptophan was consumed for 

normal cell metabolism rather than catabolized by IDO in MCF7 cells (Fig. 15B and Fig. 

15D). Taken together these results suggest that higher IDOl mRNA expression in TNBC 

cell lines translates into enzymatically active IDO protein only when induced with IFNy, 

whereas ER+ cells do not express IDO protein even after stimulation with IFNy. 
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Figure. 14: IFNy induced IDO expression in TNBC cell lines but not in ER+ cell 

lines 

IFNy treatment of ER+ and ER-/TNBC cell lines for overnight induced IDO protein 

expression in ER-/TNBC cell lines but not in ER+ cell lines. Actin protein was used as a 

loading control. pSTAT 1-Y701 is phosphorylated in both subtypes with IFNy treatment 

suggesting activation of JAK/STAT pathway and increase in expression ofiRFl protein 

was observed after IFNy treatment. 
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Figure. 15: IDO enzymatic assay in MCF7 and MDA-MB-231 cells. 
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(A) IFNy treatment induced enzymatically active IDO protein expression causing 

tryptophan catabolism and kynurenine accumulation over time in MDA-MB-231 cells but 

not in (B) MCF7 cells. (C, D) KIT ratio of IDO enzymatic activity in MDA-MB-231 and 

MCF7 cells respectively. 
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IFNy-induced IDO expression is mediated by JAK/STATl!IRFl signaling pathway. 

IFNy-induced IDO expression is mediated through IFNGRl/JAK/STA T pathway 

(Mellor and Munn 2004). So, we investigated STATl!IRFl pathway activity in MDA

MB-231 and MCF7 cells (Fig. 16A-B, respectively). By conducting a time course 

analysis, we observed that STA T1 was phosphorylated at Y70 1 within minutes of 

addition of IFNy followed by significant up-regulation of IRF1 expression by 90 minutes 

through de novo protein synthesis. Although IRFl protein was expressed early on and 

remained constant throughout, the IDO protein expression was not observed until 12 

hours post IFNy treatment in MDA-MB-231 cells (Fig. 16A). In MCF7 cells, the IRF1 

protein expression followed a similar pattern as seen in MDA-MB-231 cells, however 

MCF7 cells did not express IDO protein (Fig. 16B). STAT1 and IRF9 protein expression 

gradually increased with time in both cell lines. These results suggest that !DO 1 gene 

expression is not limited due to availability of transcription factors but other factors such 

as higher order chromatin remodeling or epigenetic regulation may play an important 

role. 

In addition, pre-treatment of MDA-MB-231 and MCF7 cells with ruxolitinib, a 

JAK kinase inhibitor, followed by an overnight exposure to IFNy significantly reduced 

IRF1 expression in both cell lines. Ruxolitinib treatment completely blocked IFNy 

induced IDO expression in MDA-MB-231 cells (Fig. 16C). Similar results were observed 

with two other TNBC cell lines (SUM159 and BT549) and ER+ cell lines (T47D and ZR-

75-1), respectively (Fig. 17 A). With ruxolitinib treatment, we saw a modest decrease in 

Y70 1 phosphorylation and significant decrease in at S727 phosphorylation. STA Tl -Y70 1 

and S727 bands from Fig. 17C were quantified and represented in Fig. 16D. This 
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indicates that ruxolitinib was able to block the JAK kinase mediated STAT1-Y70 1 

phosphorylation preventing nuclear translocation of STA T1 homo-dimer and 

subsequently S727 phosphorylation in the nucleus. 

Though ruxolitinib pre-treatment abrogated IDO expression in MDA-MB-231 

cells, it did not significantly decrease Y70 1 phosphorylation of STA T1 after IFNy 

treatment. To determine if !DO 1 gene expression is mediated through STA T1, we 

performed siRNA-mediated knockdown of STATI. Knocking down STATl yielded 

results similar to ruxolitinib treatment such that IFNy-induced IDO protein expression in 

MDA-MB-231 cells was abrogated (Fig. 17B), thereby confirming that ST ATl is the 

primary transcription factor that regulates IDOl gene transcription in response to IFNy. 



A MDA-MB-231 B MCF7 

c c c c c c c 
c ·= ·= ·= ·= ·e c c ·e E ... .. c c ·e ·e ·e ·e ·e .. .. ·e ·e E E E E .. .s::. ... .s::. ·e ·e .. .s::. ... .s::. 

0 II) 0 0 
0 .s::. .s::. 

II) 0 II) 0 0 
0 .s::. .s::. 

II) "' "' co ~ N "' co v 
0 II) .... M v CD "' .... CD .... .... "' 0 II) .... M v CD "' .... CD .... .... "' 

~ :t;f. ,_, -11--1 r=::J 100 

I 1!:::;=;:=--~=~1!:~1 1 =~~==~=§IE3 pSTAT1-Y701 

1-----------~ ~----··- Wiiiil STAT1 
l=::-:----·····~--11-__ - - - - -~B IRF1 
b - - - - :_ ___ e;j~ I- - --------II--IIRF9 
i'" uuuWI~ 1-•uuwuuuuij~ ACTIN 

C D 
MOA-MB-231 MCF7 

++ ·++IFNy 
• • + • .. + RuxoUtJnlb 

100 

~~===~ I pSTAT1-Y701 
........,.,.--:-:--:c:------' 

---- I pSTAT1-S727 

l------j sTAT1 

I - - ;;;; I IRF1 
1------j ACTIN 

OIFNy •IFNy+Ruxo 

pSTAT1·Y701 pSTAT1-S727 

Figure. 16: IFNy induced IDOl gene expression is mediated through STATl. 
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(A, B) Immunoblot analysis ofMDA-MB-231 and MCF7 celllysates respectively, after a 

time course treatment with IFNy (lOOng/mL) and probed for indicated proteins. Only 

MDA-MB-231 cells expressed the IDO protein with IFNy treatment. (C) JAK specific 

inhibitor, ruxolitinib (500nM) effectively blocked IFNy induced 8TAT1 mediated IDO 

and IRFl protein expression in MDA-MB-231 cells . (D) Densitometry analysis of 

p8TAT1-Y701 and p8TAT1-8727 bands for MDA-MB-23 1 cells after IFNy and 

ruxolitinib treatments . Treatment with ruxolitinib resulted in reduced phosphorylation of 

STATl at Y701 and 8727. 
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(A) Pre- treatment of TNBC cell lines SUM159 and BT549, ER+ cell lines T47D and 

ZR-75-1 with ruxolitinib (500nM) for 15 minutes followed by an overnight treatment 

with IFNy. JAK inhibitor, ruxolitinib abrogated STAT! mediated IDO protein expression 

in both cell lines as shown by the immunoblot analysis . IFNy treated MDA-MB-231 cell 

lysate was loaded as a positive control for IDO protein expression. (B) Knock down of 

STAT! using two different STAT! targeting siRNAs effectively blocked IFNy mediated 

IDO protein expression in MDA-MB-231 cells . 
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Stability of IDOl mRNA in breast cancer cells 

Since IDO protein expression can be regulated post-transcriptionally, we 

investigated the IDOl mRNA stability. Towards this aspect, we treated MDA-MB-231 

and MCF7 breast cancer cells with IFNy for 4 hours to induce the !DO 1 gene 
' 

transcription followed by IFNy withdrawal and replacing with culture medium containing 

actinomycin-D, an inhibitor of RNA transcription. As expected IDOl mRNA expression 

was higher in MDA-MB-231 cells compared to MCF7 cells. Assessing mRNA stability 

by qRT-PCR revealed that IDOl mRNA was very stable with no obvious difference 

between the two breast cancer cell lines (Fig. 18A). The relative abundance of IDOl 

mRNA was calculated relative to 18S ribosomal RNA whose expression is not affected 

by actinomycin-D treatments. Since IDOl is an IRF1 inducible gene, the mRNA stability 

of IRF 1 transcription factors can influence gene expression. Hence, we investigated the 

stability of IRFl mRNA. We observed no difference in terms ofmRNA stability between 

the two cell lines. However, IRFl mRNA had relatively shorter half-life compared to the 

lDO 1 mRNA. Shorter half-life of lRF 1 mRNA prevents sustained transcription of target 

genes like IDOl. Since mRNA stability can also be affected by microRNAs binding on 

the regulatory elements of 3'-UTR (Bushati and Cohen 2007), we cloned the 3'-UTR 

region of IDOl gene into pMIR-Glo plasmid. When reporter plasmid cloned with IDOl 

3 '-UTR was transiently co-transfected into MDA-MB-231 and MCF7 breast cancer cells, 

the firefly luciferase activity was about 30% lower when compared to control pMIR 

plasmid suggesting an existence of regulatory mechanism influenced by 3 '-UTR (Fig. 

18B). The firefly luciferase activity was normalized to renilla luciferase activity. 

However, similar levels of reporter activity was observed suggesting no difference in 
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terms of 3 '-UTR regulation of the IDOl mRNA stability between ER+ MCF7 and TNBC 

MDA-MB-231 cell lines. Further analysis is required to exactly determine which 

microRNAs regulate IDOl mRNA. So far, our results indicate that mRNA stability is not 

a factor responsible for differential IDOl expression between ER+ and TNBC subtypes 

of breast cancer. 
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(A) MCF7 and MDA-MB-231 breast cancer cell lines were stimulated with IFNy 

(l OOng/mL) for 4 hours followed by treatment with transcription inhibitor actinomycin-D 

(l )lg/mL). Total RNA was collected at indicated time points and assessed for mRNA 

stability of IDOl and IRFl mRNA relative to 18S ribosomal RNA. (B) Dual reporter 

assays were performed with IDOl 3'-UTR cloned into pMIR (Promega) firefly reporter 

plasmid transiently which was co-transfected with renilla luciferase plasmids into MCF7 

and MDA-MB-231 breast cancer cells. 
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Proteasome mediated degradation of IDO protein. 

In a recent study, STAT1 inhibitor fludarabine was reported to induce proteasome 

mediated degradation of IDO protein in breast cancer and melanoma cells upon treatment 

with IFNy or supernatant from activated T-cells (Hanafi and others 2014). Towards 

assessing the role of proteasome mediated degradation of IDO and protein stability 

contributing to differential expression ofiDO protein between MCF7 and MDA-MB-23 1 

breast cancer cell lines, we treated MDA-MB-231 cells with protein translation inhibitor 

cycloheximide (CHX) after 12 hours of IFNy exposure and subsequent withdrawal. We 

observed a steady decrease in the detectable IDO protein with time by immunoblot 

analysis suggesting protein degradation (Fig. 19A). On the other hand, treatment with 

MG 132, a proteasome inhibitor resulted in a gradual accumulation of IDO protein over 

time suggesting that protein degradation was mediated by proteasome. Treatment with 

both CHX and MG 132 resulted in steady state levels of lDO protein. Similarly, in the 

absence of CHX or MG 132 treatment and after IFNy withdrawal, we observed steady 

state levels of IDO protein as opposed to decrease in the IDO protein with time. We 

speculate that this may be due to sustained activity of STATIIIRFI transcription factors 

even after cytokine withdrawal. This also explains why IDO protein was accumulated 

with MG132 treatment. Fig. 19B is the densitometric analysis of Fig. 19A immunoblots. 

Upon similar treatment of MCF7 cells with MG 132, we did not observe any expression 

of IDO protein suggesting that relatively low mRNA expressed upon IFNy treatment did 

not translate to IDO protein (Fig. 19C). We did not perform CHX treatments with MCF7 

cells since they lack IDO protein expression with IFNy treatment. These results suggest 
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that IDO protein stability does not contribute to differential expression of IDO protein 

upon IFNy treatment between MDA-MB-231 and MCF7 cells. 
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(A) IFNy (IOOng/mL) treatment for 12 hours induced IDO protein expression in MDA-

MB-231 breast cancer cells. Treatments were performed with protein translation inhibitor 

cycloheximide (CHX) (501J.g/mL) and proteasome inhibitor (MG 132) (51J.M) after 

withdrawal of IFNy. Immunoblot analysis was performed on cell lysates collected at 

indicated time post IFNy treatment. (B) Densitometric analysis of IDO bands in panel 

(A). (C) MCF7 breast cancer cells were treated with MG132 post 12 hours of IFNy 

treatment and cell lysates were collected for immunoblot at indicated time points . Actin 

was used as loading control. 



IDOl promoter is hypomethylated in the TNBC subtype compared to other 

molecular subtypes of breast cancer. 
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Since the upstream signaling pathway and maJor transcription factors are 

functional in both ER+ and TNBC cell lines, we hypothesized that DNA methylation 

status of IDOl promoter may be the key determinant of IFNy-induced IDO expression. 

The !DO I promoter is relatively CpG poor with just 11 CpG sites between + 104 to -

1200bp (Fig. 2). However, CpG sites 2, 9, 10 and 11 are in close proximity to the cis

regulatory DNA elements GAS (STATl) and ISRE (IRF1) transcription factor binding 

sites in the IDOl promoter. Interestingly, analysis of ENCODE ChiP-seq data revealed a 

ST A Tl binding peak ( -7 43 to -1217bp) that overlaps with CpG sites 6 to 11 providing an 

indication that methylation of these critical CpG sites may regulate recruitment of STAT! 

and IRFl transcription factors, which eventually regulate IDOl gene transcription. 

We first analyzed the IDOl promoter methylation status in primary breast cancer 

samples using the TCGA 450K methylation array data. Among three probes for the IDOl 

gene in 450K-methylation array, only probe cg10262052 was present within the IDOl 

promoter and it is designated as CpG site 6 on the IDOl promoter map (Fig. 2). When we 

analyzed the methylation status of probe cg10262052 based on ER status, ER+ tumors 

were clearly hypermethylated compared to ER- tumors (Fig. 20A). Further analysis based 

on PAM 50 molecular subtypes revealed that basal tumors were hypomethylated whereas 

other subtypes were hypermethylated compared to the normal breast tissue (Fig. 20B). 

Thus, based on these results and integration of RNA-seq data from the TCGA, an inverse 

correlation appears to exist between IDOl methylation (probe cg10262052) and mRNA 

expression in breast cancer subtypes (Fig. 20C). 
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Extending methylation analysis to other CpG sites in the !DO I promoter, we 

designed quantitative bisulfite pyrosequencing assays. A heat map representing the 

methylation levels of critical CpG sites in proximity of !DO I transcription factor binding 

sites was generated using bisulfite pyrosequencing data in a panel of breast cancer cell 

lines (Fig. 20D). Based on pyrosequencing results, three TNBC cell lines (MDA-MB-

231, HS578T and SUM159) were hypomethylated at all 8 CpG sites analyzed. On the 

other hand, ER+ (MCF-7, T-47D and ZR-75-1) and HER2+ (SK-BR-3 and BT-474) cell 

lines were relatively hypermethylated. Normal breast epithelial cell line MCF10A, was 

hypomethylated at 5 out of 8 CpG sites analyzed. In our preliminary analysis, MCFl OA 

was readily inducible to express IDOl mRNA as well as protein with IFNy treatment 

(data not shown). We extrapolated our promoter methylation analysis to primary breast 

tumor samples to confirm that the above observation is not specific to MCF7 and MDA

MB-231 cell lines. As shown in the methylation heat map (Fig. 20E), !DO I promoter was 

significantly hypomethylated in TNBC tumors when compared to ER+ breast tumors, 

while normal tissues displays an intermediate to hypermethylation suggesting a role of 

promoter DNA methylation in IDOl transcriptional regulation. 
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(A, B) Methylation status of probe cgl 0262052 (CpG 6) at !DO 1 promoter obtained from 

the TCGA 450K-methylation array based on ER status and molecular subtype 

respectively. (C) Inverse correlation observed between IDOl promoter methylation and 

mRNA expression in breast cancer subtypes (data obtained from TCGA). (D, E) Heat 

maps showing percentage methylation of indicated CpG sites on the IDOl promoter 

determined by pyrosequencing in breast cancer cell lines and primary tumors 

respectively. 
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DNA methylation regulates the IDOl promoter activity. 

Korkaya et al. reported that PTEN-depleted BT474 cell line (BT474-PTENLTT) 

exhibits a loss of epithelial markers and expresses mesenchymal markers compared to the 

parental cell line upon long-term treatment with Trastuzumab (Korkaya and others 2012). 

Moreover, loss of PTEN is reported in at least 25% - 30% of breast cancers and it is 

associated with Basal like breast cancers (Lopez-Knowles and others 2010). When we 

analyzed the IDOl promoter methylation status of BT474-PTENLTT and its parental 

BT474 cell lines, we found that BT474-PTEN-L TT is significantly hypomethylated at 

analyzed CpG sites compared to the parental cell line as shown in Fig. 21A. This 

hypomethylation corresponded with IFNy-inducible IDO protein expression as shown by 

immunoblot analysis below the heat map. When we analyzed the methylation status of 

IDOl promoter in normal immortalized breast cancer cell line MCFlOA and its isogenic 

cell lines that were knockdown for p53 and PTEN, we observed that double knockdown 

of p53 and PTEN induced complete demethylation of indicated CpG sites as shown in the 

Fig 21B. These results are in agreement with the BT474 and its isogenic BT474-PTEN

LTT cell line, where BT474 is reported as p53 mutated (Wasielewski and others 2006). 

Transient treatment with IFNy did not alter the IDOl promoter methylation in BT474. 

However, IDOl promoter methylation is dynamic and it can be reversible under ideal 

conditions as in this case loss ofPTEN and p53. 
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Figure. 21: IDOl promoter methylation dictates IDOl gene expression. 

(A) The intensity plot ofpercentage methylation in BT474 parental and its isogenic LTT 

cell lines before and after IFNy treatment. Immunoblot of IDO protein is shown at the 

bottom of intensity plot where hypomethylated BT474-PTEN-L IT cells express IDO 

protein with IFNy treatment. (B) Percentage methylation of IDO promoter in MCFI OA 

and its isogenic cell lines with knockdown of p53, PTEN or both. Double knockdown 

MCFlOA cells show complete loss of methylation at analyzed CpG sites compared to the 

parental cell line. 



Demethylation of IDOl promoter synergistically enhances IDOl gene expression 

with IFNy treatment. 
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To understand how the IDOl gene is differentially expressed between MDA

MB-231 and MCF7 breast cancer cell lines, we performed a time course treatment with 

IFNy (50ng/ml). Total RNA was extracted at indicated time points and IDOl mRNA 

expression was calculated relative to ACTIN expression by qRT-PCR. When treated with 

IFNy, IDOl mRNA levels were increased over time in both cell lines. However, IDOl 

mRNA expression was at least 430 fold higher in MDA-MB-231 cells than in MCF7 

cells at 24hrs (Fig. 22A-B). To determine whether the IDOl gene expression is directly 

regulated by methylation, we first investigated if 5-azadC, a demethylating agent can 

reverse the epigenetic silencing of IDOl. When MCF7 cells were treated with 2J.lM of 5-

azadC for 4 days, the basal expression of IDOl mRNA increased by 7 fold but it was still 

less when compared to IFNy induced IDOl expression (Fig. 22C). Combination ofiFNy 

and 5-azaDC treatments increased !DO 1 mRNA to 45 fold compared to no treatments 

indicating the synergistic effect of !DO 1 promoter demethylation and IFNy induction. 

To further confirm the role of promoter methylation in regulating IDOl gene 

expression, we transfected either unmethylated or fully methylated pGL2-IDOl reporter 

plasmids harboring the promoter region of IDOl gene into MCF-7 and MDA-MB-23 1 

cells followed by an overnight treatment with IFNy. As shown in Fig. 22D, the luciferase 

activity of unmethylated reporter plasmid was two-fold higher than the fully methylated 

reporter plasmid under both basal and IFNy-stimulated conditions for MCF7 and MDA

MB-231 cells, further confirming the role of CpG methylation in regulating !DO 1 
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promoter activity. Cumulative data from these experiments suggest that CpG methylation 

of the !DO I promoter regulates !DO I gene expression. 
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Figure. 22: IDOl promoter methylation regulates IDOl gene expression. 

(A, B) Analysis of IDOl mRNA expression relative to ACTIN measured by qRT-PCR 

after IFNy (50ng/mL) time course treatment of MCF7 and MDA-MB-231 cell lines 

respectively. (C) The synergistic effect of promoter demethylation with 5-azaDC (2~) 

and IFNy treatment in inducing IDOl gene expression. (D) Luciferase reporter activity 

measured in MDA-MB-231 and MCF7 cells transfected with the methylated or 

unmethylated pGL2-IDOl promoter luciferase reporter plasmid after treatment with or 

without IFNy. 
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IFNy treatment induces loading of RNA polymerase II on the IDOl gene promoter. 

Pyrosequencing analysis revealed that MDA-MB-231 cells are hypomethylated 

and MCF7 cells are hypermethylated at the IDOl promoter. Therefore, we hypothesized 

that differential expression of IDOl mRNA between MDA-MB-231 and MCF breast 

cancer cells may be due to the difference in transcriptional activity of the !DO I promoter 

between these two cell lines. We performed the chromatin immunoprecipitation (ChiP) 

assay to measure RNA polymerase II (RNA Pol II) loading to the !DO I promoter with 

and without IFNy treatment. Three regions of the IDOl gene were probed by quantitative 

ChiP-PCR for RNA Pol II occupancy: (1) IDOl-Distal - This region includes distal 

ISRE and GAS regulatory elements. (2) IDOl-Proximal - This region includes the 

proximal ISRE regulatory element, transcription start site (TSS) and the 5' end of first 

exon. (3) IDOl-Intron 9 - This region is towards the 3' end of IDOl gene that includes 

DNA sequence from intron 9. 

After treatment of MDA-MB-231 cells with IFNy (lOOng/mL) for 4 hours 

followed by the ChiP assay, we observed an overall increase in the presence of RNA Pol 

II at the IDOl gene compared to no-IFNy treatment. An increased presence of RNA Pol 

II at different regions of the IDOl gene indicates that RNA Pol II recruitment at IDOl 

promoter is induced by IFNy treatment (Fig. 23A). As expected higher Pol II recruitment 

was observed at the TSS of MDA-MB-231 cells, which is located in the IDO !-proximal 

region when compared to the other two probed regions of !DO I. 

Similar treatment of MCF7 cells with IFNy for 4 hours did not result in an 

enrichment of RNA Pol II at IDOl promoter. Therefore, we performed a time course 

treatment to determine when maximum RNA Pol II occupancy can be detected at the 



88 

!DO 1 promoter. After a time course treatment, there was slight enrichment of Pol II after 

8 hours of IFNy treatment compared to no-IFNy treatment in MCF7 cells. As shown in 

the Fig. 23B, enrichment of RNA Pol II at 4 hours after IFNy treatment in MDA-MB-231 

cells is significantly higher than RNA Pol II loading in MCF7 cells at a similar time 

point, even when compared to the highest Pol II enrichment at 8 hours in MCF7 cells 

after IFNy treatment. The GAPDH promoter was used as a positive control and intergenic 

region with no RNA Pol II binding was used as a negative control (Figs. 23C-D). These 

results suggest that differential promoter methylation between MDA-MB-231 cells and 

MCF7 cells may result in differential recruitment of RNA Pol II at the !DO 1 promoter 

after IFNy stimulation. Therefore, overall results so far indicate that epigenetic regulation 

plays an important role in controlling the !DO 1 gene expression. 
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Figure. 23: IFNy treatment induces RNA Pol II loading at the IDOl promoter. 
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(A) MDA-MB-231 breast cancer cells were treated with IFNy for 4 hours or untreated 

with IFNy. ChiP for RNA Pol II indicated a significant enrichment at three different 

regions of the IDOl gene when compared to no treatment with IFNy. (B) MCF7 breast 

cancer cells were treated with IFNy for 4, 8 and 12 hours or untreated with IFNy. The 

ChiP assay for RNA Pol II indicated a slight enrichment at three different regions of the 

!DO 1 gene after 8 hours of IFNy treatment when compared to no treatment with IFNy. 

(C) The intergenic region having no predicted RNA Pol II binding was used as a negative 

control to determine the specificity of RNA Pol II immunoprecipitation. (D) The GAPDH 

promoter was used as a positive control for RNA Pol II immunoprecipitation. 
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High IDOl expression is associated with positive RFS in TNBC. 

CD8+ T -cells are predominant immune cells amongst the IlLs in Basal breast 

cancers and our co-culture experiments demonstrated that activated T -cells induced !DO I 

gene expression and enzymatically active IDO protein through IFNy in TNBC cells . As 

show in the Fig. 9, the 308-gene signature induced by activated T-cells is correlated with 

immune cell specific gene expression signatures including the CTL gene signature. 

Further analysis of RNA-seq data from TNBC patients in the TCGA dataset indicates that 

CD8A expression strongly correlated with !DO I mRNA expression in Basal/TNBC 

subtype patients (r=0.8, p<O.OOOl). In addition, we obtained a list of 96 genes having a 

correlation coefficient of 0.5 and above with CD8A expression from the 308 gene set 

(Fig. 9) using TCGA gene expression data. The expression profile of 96 genes displayed 

a stronger association with the CTL gene signature when analyzed in Basal subtype 

patients that separated as two distinct groups with one group expressing the gene 

signature at significantly higher levels as discussed before (Fig. 24A). As expected the 

96-gene signature included IDOl, CXCL9, CXCLJO, CXCLll, GBP5, PD-L2, and IRFJ 

etc that are IFNy response genes. Further analysis of !DO I and CD8A expression in the 

Basal subtype of patients revealed a significant positive correlation (Fig. 24B) confirming 

that !DO I expression in BasaVTNBC is due to the presence of CD8+ T -cells in the tumor 

microenvironment. 

Based on the positive association between CD8A and !DO I gene expression, we 

performed RFS survival analysis using !DO I and CD8A expression from two published 

microarray data sets (GSE18229 and GSE21653) for breast cancer patients in general, 

ER+ and TNBC patients (Figs. 25A-F respectively). Interestingly, high IDOl expression 
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positively affected RFS in TNBC patients (log-rank test: p-value = 0.0003); which also 

holds true for CD8A expression (log-rank test: p-value = 0.0005). This observation was 

further validated in a large dataset using the Kaplan-Meier plotter (http://kmplot.com/) 

(Figs. 26A-B). However, higher IDOl expression in ER+ patients is negatively 

associated with RFS and this observation was not validated in ER+ patients by Kaplan

Meier plotter (Fig. S6). To explain the positive association between IDOl expression and 

RFS, we speculate that Thl/Tcl cytokine milieu created by TILs may be the reason for 

high !DO 1 mRNA expression in the TNBC since TNBC tumors are highly immunogenic. 

This also underscores the positive correlation observed between IDOl expression and 

CD8A expression (Fig. 24B). In summary, though IDO is an immunosuppressive factor, 

higher !DO 1 mRNA expression is a prognostic marker associated with a favorable 

outcome in the TNBC, as it is an indicator of active immune surveillance by CTLs. 
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Figure. 24: CD8A expression is positively correlated to IDOl expression in Basal 

subtype of breast cancer patients. 

(A) Positive correlation between IDOl and CD8A mRNA expression in 67 Basal subtype 

of breast cancer patients.(B) The expression profile of 96 gene set in Basal subtype 

patients having correlation to CD8A (0.5 and above) obtained from the TCGA breast 

invasive carcinoma dataset. !DO 1 is shown in red color. 
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Figure. 25: IDOl and CD8A expression correlate in TNBC suggesting that TILs 

induce IDOl gene expression in tumor cells. 

Relapse free survival (RFS) analysis of all breast cancer patients, ER + and TNBC 

patients with high and low expression of IDOl (A-C) and (D-F) CD8A, respectively. 

High IDOl and CD8A expression in TNBC are associated with better RFS. 
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Figure. 26: Survival analysis of patients with high IDOl expression is an indicative 

of active immune surveillance by TILs. 

A and B, Survival analysis performed with breast cancer dataset using the Kaplan Meier 

plotter shows that TNBC patients with high IDOl expression have better survival which 

is an indicative of CTL infiltration in the tumor microenvironment and inducing !DO 1 

gene expression. CD8A and IDOl gene expression have a positive correlation. 
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IV. DISCUSSION 

Tumor-infiltrating lymphocytes (TILs) serve as indicators of immune response in 

controlling tumor progression. Among the TILs, CD8+ CTLs are primarily responsible 

for killing cancer cells. Immunohistochemistry analysis ofbreast tumor samples revealed 

a positive impact of CD8+ TILs on breast cancer prognosis (Mahmoud and others 2011 ). 

A similar study by Liu et al. also demonstrated that the Basal subtype of breast tumors 

contain high TILs and proved as a favorable prognostic indicator (Liu and others 2012). 

In this study, using an in-vitro co-culture system with activated T-cells, we showed that 

cytokines secreted by activated human T-cells induced significant changes in gene 

expression profiles of MDA-MB-231 and MCF7 cells. By analyzing the TCGA data for 

the 308 gene set that was up regulated in both breast cancer cell lines after co-culture 

with activated T-cells, we found that expression profiles of these genes correlated with 

expression profiles of T -cells, B-cells and CD8+ CTL cells in Basal breast cancer 

samples. These results provide in-vitro evidence that expression of IFNy responsive 

genes in breast tumors are primarily due to recruitment of tumor antigen activated T-cells 

to tumor sites. The 96 gene set whose expression positively correlated with CD8A 

expression included classic IFNy responsive genes such as IDOl, CXCL9, CXCLJO, 

CXCLJJ, GBP5, IRFI, PSMB9, PD-Ll, and PD-L2. This gene signature represents the 

Basal Immune Activated (BILA) subgroup of TNBC patients based on a comprehensive 

genomic analysis of TNBC patients (Burstein and others 2014). Furthermore, the mRNA 



96 

expression of IDOl, CXCL9, CXCLJ3, PD-Ll, and CD8A in tumor samples predicted a 

therapeutic response to neoadjuvant carboplatin chemotherapy in a large clinical trial 

(Denkert and others 2014). In a murine breast cancer model, CXCL9 and CXCLlO 

secretion by tumor cells increased recruitment of natural killer cells and CTLs that 

resulted in diminished tumor growth and metastasis (Bronger and others 2012). In a study 

by Peng et. al., adoptive CD8+ T-cells in combination with anti PD-1 antibody treatment .. 
reported increased IFN-y levels and IFN-y inducible chemokine CXCL10 at the tumor 

site, therefore recruiting chemokine dependent effector CD8+ T -cells to the primary 

tumor site (Peng and others 20 12). 

Evading antitumor immunity is a hallmark for development and progression of 

cancer (Hanahan and Weinberg 2011). One such mechanism used by tumors to escape 

from the host immune system is by activating IDO. Previous studies have demonstrated 

that IDOl mRNA expression is higher in Basal-like breast carcinoma (Jacquemier and 

others 2012a). TCGA RNA-seq data analysis confirmed that IDOl is indeed increasingly 

expressed in ER- tumors than in ER+ tumors, notably in Basal-like breast tumors 

compared to other intrinsic subtypes (Fig. S1A and Fig.IA). Within the same TCGA 

cohort, differential/DOl expression was associated with its promoter methylation status 

based on the 450K-methylation array data analysis. We further demonstrated an inverse 

correlation between !DO I promoter methylation and gene expression using a panel of 

breast cancer cell lines. Most importantly, we showed that only cells with 

hypomethylated promoter such as MDA-MB-231 express enzymatically active IDO 

enzyme upon IFNy stimulation. Since methylation patterns observed in breast cancer cell 

lines was recapitulated in primary breast tumor samples (Fig. 3C), it is very likely that 
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IDOl promoter methylation can predict the inducibility of IDO protein by IFNy in-vivo. 

Using a reporter assay and demethylation experiments, we confirmed the role of CpG 

promoter methylation in regulating !DO 1 gene transcription. However, other epigenetic 

mechanisms such as histone modifications may also regulate !DO 1 gene expression. 

Up-regulation of immunosuppressive factors seems to be an intrinsic feature of 

the TNBC subtype. In addition to IDO, another immune checkpoint blocker PD-Ll is up 

regulated in TNBC tumors and cell lines (Mittendorf and others 2014), which was also 

observed in our study. What we found was interesting that IDOl promoter was 

differentially methylated between BT474 and its isogenic BT474-PTEN"LTT cell line. 

Promoter hypermethylaton observed in BT474 cells was completely lost and IFNy 

inducibility of IDO was restored in BT474-L IT cells. Even though the molecular 

mechanism that drives this phenotype is currently unclear; results indicate that !DO 1 

promoter methylation is dynamic and it can undergo demethylation under appropriate 

conditions. PTEN loss has also been reported to contribute to up regulation of PD-Ll 

expression in TNBC tumors (Mittendorf and others 2014), which could play a similar 

role here. However, demethylation could also be due to a complete cellular reprograming 

since BT474-PTEN"LTT cells display loss of epithelial markers and expresses 

mesenchymal markers compared to the parental line. 

!DO 1 is a classic IFNy inducible gene. IRF 1 like !DO 1 is also an IFNy responsive 

gene and it requires STATl for gene expression. IFNy treatment induced de novo protein 

synthesis ofiRFl that triggered a second wave of IDOl gene transcription by binding to 

ISRE elements in addition to STATl binding at GAS DNA elements of the IDOl 

promoter. Using time course experiments we demonstrated that 
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IFNGRl/JAK/STATliiRFl signaling cascade is functional in bothER+ and TNBC cell 

lines. However, there is a time lag in IDO protein synthesis compared to rapid expression 

of IRFI. Thus, STATl together with IRFl may be required to efficiently drive 

transcription of the IDOl gene in response to IFNy. However, siRNA knockdown of 

STA T1 or blocking STA Tl activation with JAKl/2 inhibitor, ruxolitinib abrogated IFNy

mediated IDO induction suggesting that ST A T1 is the primary transcription factor that 

drives IDOl expression. The IDO protein is also regulated by mRNA (Yuan and others 

1998) and protein stability (Orabona and others 2008) upon IFNy stimulation. However, 

we found that the stability of IDOl mRNA is similar between MCF7 and MDA-MB-231 

cell lines. In fact, IDOl mRNA was more stable than IRFl. A previous report in dendritic 

cells has demonstrated that SOCS3 was responsible for proteasome-mediated degradation 

of the IDO protein (Orabona and others 2008). However, treatment of MCF7 cells with 

proteasome inhibitor MG 132 failed to induce IFNy-induced IDO induction suggesting 

that protein stability might not be the reason for lack of IDO expression in MCF7 cells. 

Although we cannot completely rule out other mechanisms, so far promoter methylation 

status seems to be the most distinct difference between MCF7 and MDA-MB-231 cells 

representing ER+ and TNBC subtypes, respectively. Several CpG sites in the IDOl 

promoter are located in close proximity to STATl binding GAS sites and overlap with 

the STATl ChiP-seq peak observed in IFNy treated Hela-S3 cells (Fig. 3A). We 

speculate that these methylated CpG sites may recruit methyl-binding proteins or other 

repressor complexes to obstruct STATl mediated IDOl gene transcription and thereby 

control its promoter activity. 
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Our co-culture assays demonstrate that paracrine secretion ofiFNy from activated 

T-cells can induce over expression of IDO protein in the breast cancer cells. Over 

expressed IDO protein may function as a tumor-associated antigen to stimulate an 

immune response. T-cell reactivity against IDO protein was detected within PBMCs of 

breast cancer, melanoma and renal cell carcinoma patients but not in healthy individuals 

(Sorensen and others 2009). Accordingly in our survival analysis, high IDOl mRNA 

expression was associated with positive RFS in TNBC patients. Taken together, we 

speculate that high IDO expression by the TNBC may trigger an immune response and 

function as a positive feedback mechanism causing increased infiltration of CTLs that 

secrete IFNy at the tumor site. Although an immunohistochemistry study of IDO 

expression in breast cancer patients have yielded somewhat confusing results with regard 

to the expression ofiDO protein and its prognostic value (Soliman and others 2013), a 

metabolic profiling study has observed higher levels of kynurenine, in ER- tumors than in 

ER+ tumors (Tang and others 2014). Blocking the IDO activity in Basal!fNBC breast 

cancer treatment would lead to better survival rates in patients with ER- status, 

particularly patients with a preexisting T cell-inflamed tumor microenvironment 

(Spranger and others 2013). It should be noted that continued presence and progressive 

growth of primary tumors despite having an active immune response by immune system 

indicates an immunosuppressive milieu in the TNBC tumor microenvironment. IDO 

expression by tumor cells can potentially shift the balance towards an immune 

suppression and treatment with small molecules such as IDO inhibitors can re-establish 

the pro-immune response and aid in tumor rejection. Schematic representation of IDOl 

promoter methylation modulating local immune responses is summarized in Fig. 27. We 
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predict that IDOl promoter hypomethylation is a molecular feature of the TNBC that 

represents T cell-inflamed tumor phenotype, and this subclass of breast cancers could 

greatly benefit from IDO inhibitor-based immunotherapy. 
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Figure. 27: IDOl promoter methylation status determines IDOl gene expression in 

breast cancer. 

Above is a schematic representation showing !DO I promoter methylation modulating 

local immune responses at the tumor microenvironment. Tumor cells with 

hypermethylated IDOl promoter do not express IDO protein whereas tumor cells with 

hypomethylated !DO I promoter express IDO protein and shifts the balance towards 

immune escape mechanisms. 



102 

V.SUMMARY 

With recent advancements establishing the effectiveness of immunotherapy to 

treat cancers, IDO has gained prominence in terms of tumor biology due to its 

suppressive effect on the host immune system. In the breast cancer, particularly TNBC is 

reported as immunogenic with prominent infiltration of lymphocytes compared to other 

subtypes. Despite of TIL presence, TNBC tumors progressively grow by evading active 

immune surveillance through immune suppressive mechanisms. We speculate that IDO 

expressiOn by the breast cancer cells is one such anti-immune mechanism. Gene 

expressiOn analysis of the TCGA breast invasive carcmoma data revealed that 

TNBC/Basal subtype has the highest !DO 1 mRNA expression compared to other 

subtypes. This observation coupled with the fact that !DO 1 is an IFNy inducible gene and 

TILs secrete IFNy as part of an active immunity against tumors lead us to hypothesize 

that TILs drive !DO 1 gene expression in the TNBC. 

After co-culture of anti-CD3/CD28 activated T-cells with MCF7 (Luminal) and 

MDA-MB-231 (Basal) breast cancer cells; we observed activation of an immune 

response gene signature along with immune suppressive genes such as PD-Ll and IDOl. 

Up regulated PD-Ll mRNA resulted in increased cell surface PD-Ll protein expression 

in both cell lines, but IDOl did not follow similar expression profile. Activated T-cells 

and IFNy treatment studies up regulated !DO 1 mRNA and IDO protein expression in 

MDA-MB-231 cells. In MCF7 cells, IDOl mRNA was modestly up regulated compared 
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to MDA-MB-231 cells but IDO protein expression was not detected. IFNy treatment of 

several other cell lines belonging to both molecular subtypes confirmed our observation 

that IFNy induced IDO protein expression is specific to the TNBC subtype. Furthermore, 

TCGA data analysis revealed a positive correlation between CD8A and !DO I mRNA 

expression in the Basal patients confirming our observations with breast cancer cell lines. 

Analysis of IDOl promoter methylation status using the 450K-methylation array 

data indicated hypomethylation of BasaVTNBC tumors compared to other subtypes. This 

inverse correlation between promoter methylation and gene expression lead us to 

hypothesize that DNA methylation regulates IDOl gene expression. To test this 

hypothesis, we comprehensively investigated IDOl mRNA stability, IDO protein 

degradation mediated by proteasome, RNA Pol II recruitment to !DO 1 promoter and 

differences in the JAK/ST AT signaling pathway to determine if any of these factors 

caused differential IDOl mRNA expression between MCF7 and MDA-MB-231 breast 

cancer cells. Compelling evidence from these experiments indicated no differences in a 

subtype specific manner. Pyrosequencing analysis of critical CpG sites at the !DO I 

promoter in a panel of breast cancer cell lines and primary breast tumors from patients 

revealed that the TNBC subtype was hypomethylated compared to ER+ subtype. These 

results were in agreement with the TCGA 450K methylation array data analysis. To 

further confirm the role of CpG methylation, treatment of MCF7 cells with demethylating 

agent 5-azadC caused a synergistic effect with IFNy in inducing !DO 1 gene expression. 

Reporter assays performed with methylated !DO 1 promoter exhibited significantly lower 

activity under both basal and IFNy treatment conditions. Taken together, these results 
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point towards the role of promoter CpG methylation as a critical parameter to determine 

!DO 1 gene expression. 

RFS analysis of !DO 1 expression in breast cancer patients revealed somewhat 

surprising results indicating that high !DO 1 expression provides a survival benefit to 

TNBC group of patients. Since !DO 1 and CD8A expression are positively correlated in 

the TNBC; similar to IDOl, high CD8A expression in the TNBC indicated positive RFS. 

These results were validated using different dataset. To explain RFS in TNBC group, we 

reason that !DO 1 gene expression was a consequence of an active immune surveillance 

that follows rather than preceding the T -cell infiltration. A report indicated that IDO 

protein might function as tumor antigen eliciting T -cell immune response in breast cancer 

patients. An IDO inhibitor therapy in TNBC patients with T-cell inflamed tumors may be 

ideal where inhibiting the IDO enzyme activity mitigates the suppressive effects on 

immune cells while IDO protein itself may function as tumor antigen to recruit more 

TILs, thereby resulting in a pro-immune microenvironment. Results from this dissertation 

have a direct translational impact on the development of immunotherapeutic treatment 

strategies for difficult to treat TNBC. Also, IDOl promoter methylation status has the 

potential to be used as a biomarker for predicting expression of immune suppressive IDO 

in breast cancer. 
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