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ABSTRACT 

EUNMI LEE 

Immune regulation of tumor cell plasticity: A promising molecular target in breast cancer 

metastasis 

(Under the direction of HASAN KORKAYA) 

 

It is widely accepted that phenotypic plasticity of malignant cells is required during 

metastatic cascade. However, the specific mechanism of how the tumor 

microenvironment regulates tumor cell plasticity in metastasis is under intense 

investigation. We demonstrate here that monocytic and granulocytic subsets of myeloid-

derived suppressor cells (MDSC), hereafter called mMDSCs and gMDSCs, infiltrate in 

the primary tumor and distant organs with different time kinetics and regulate 

spatiotemporal tumor plasticity. Using co-culture experiments and mouse transcriptome 

analyses in syngeneic mouse models, we provide evidence that tumor-infiltrating 

mMDSCs facilitate dissemination from the primary site by inducing the EMT/CSC 

phenotype. In contrast, pulmonary gMDSC infiltrates support metastatic growth by 

reverting the EMT/CSC phenotype and promoting tumor cell proliferation. We also 

observe that lung-derived gMDSCs isolated from tumor-bearing mice enhance metastatic 

growth of already disseminated tumor cells. Our ongoing studies reveal that calprotectin 

(S100A8 and S100A9 heterotetramer) is an important regulator of gMDSCs, which play 

a critical role in promoting breast cancer metastasis by inducing MET-like CSCs as well 

as suppressing anti-tumor immunity within the pre-metastatic niche. Furthermore, we 

develop a novel gMDSC-targeting compound that potentially binds to calprotectin and 



 

 

validate its therapeutic utility in a preclinical breast cancer model. Our goal for this study 

is to elucidate the molecular co-evolution of tumor and immune cells in cancer 

development and to identify molecular targets to provide alternative therapeutic options 

for women with metastatic disease. 

 

KEY WORDS: (Breast cancer, Metastasis, EMT, MET, CSC, Myeloid-derived 

suppressor cell, Calprotectin, Immunosuppression, Pro-metastatic niche) 
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I. INTRODUCTION 

A. Statement of the Problem  

 Breast cancer is the most common cancer diagnosed in women worldwide. Despite 

recent advances in early detection and emerging therapeutics, metastatic breast cancer is 

still incurable and remains the leading cause of cancer-related death. S. Paget`s “seed and 

soil” hypothesis for metastasis (1), has been largely confirmed by modern science and 

suggests that some organs “soil” are more conducive than others for disseminated tumor 

cells (DTCs) “seed” to grow. Thus the “seed and soil” hypothesis was a conceptual 

milestone that determined the direction of cancer research until today (2, 3). Advanced 

studies in recent decades reframed this concept that successful metastasis requires that 

developing malignant cells eliminate anti-tumor responses, a small subset of 

(disseminating) cells -“seed”- undergo an epithelial-mesenchymal-transition (EMT) 

leading to a cancer stem cell (CSC) phenotype and remotely generate a supportive 

microenvironment -“soil”- in distant tissues. It is also accepted that successful 

colonization in distant organs requires disseminated tumors to revert back to epithelial 

phenotype via a mesenchymal-epithelial-transition (MET) (4, 5). Although some 

molecular mechanisms and stromal contributors have been identified, tumor 

microenvironmental cues and molecular crosstalk that regulate these dynamic phenotypic 

switches in the primary site and in distant organs are poorly elucidated. 

Early experimental cancer models suggested that certain aggressively growing tumors 

attenuate anti-tumor immune responses of the host, thereby creating a tumor-permissive 
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systemic environment. Moreover, the tumor microenvironment polarizes infiltrating 

immune cells from a tumor-reactive state to a tumo-promoting state and these tumor-

educated cells influence most steps of the metastatic cascade (6, 7). Studies in tumor-

bearing mice as well as in cancer patients suggest that accumulation of immature 

myeloid-derived suppressor cells (MDSCs), a heterogeneous population with potent 

immune-suppressive activity, may play a role in tumor progression (8, 9).  

 Based on these previous observations, we hypothesized that accumulation of MDSCs 

may play a fundamental role in regulating spatiotemporal tumor plasticity in addition to 

suppressing anti-tumor responses during the metastatic cascade. Our goal for this study is 

to elucidate the molecular co-evolution of tumor and immune cells in cancer development 

and progression to improve therapeutic options and lifespan in patients with metastatic 

disease. To test this hypothesis, we proposed to investigate the following specific aims; 

 

Specific Aim 1: Test the hypothesis that two subsets (monocytic and granulocytic) of 

myeloid-derived suppressor cells (MDSCs) display distinct molecular properties and 

regulate tumor cell plasticity (EMT-MET) during the metastatic cascade. 

1) Investigating the molecular basis of the induction and infiltration of MDSC subsets by 

metastatic murine breast tumors in syngeneic mouse model.  

2) Determining how monocytic MDSCs regulate tumor plasticity, specifically the 

induction of the EMT/CSC phenotype. 

3) Determining the molecular mechanisms by which granulocytic MDSCs induce the 

proliferative MET phenotype. 
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Specific Aim 2: Investigating the biochemical and functional characterization of 

granulocytic MDSCs and exploring their therapeutic utility.  

1) Investigating the biochemical and functional mechanisms by which the S100A8/A9 

heterotetramer (Calprotectin) induces suppressive gMDSCs and plays a role in 

establishing metastatic niches. 

2) Development of novel gMDSC-targeting compounds by a computational screen 

against the crystal structure of the calprotectin and testing of the efficacy of these novel 

compounds using in vitro gMDSC differentiation assays and in syngeneic mouse models. 

 

B. Review of Related Literature 

1. Breast cancer 

Breast cancer is the most common cancer diagnosed in women and ranks as the second 

leading causes of cancer-related death (10, 11). Molecular analyses based on gene 

expression have demonstrated that breast cancer is a heterogeneous disease composed of 

five major biological subtypes; luminal A, luminal B, HER2-enriched, triple 

negative/basal-like and normal-like. Each of these subtypes are associated with markedly 

distinct histological features, disease progression, therapeutic responses, and clinical 

outcomes (12). Metastatic breast cancer, also referred to as stage IV or advanced breast 

cancer, is a breast cancer that has spread to distant sites beyond the axillary lymph nodes. 

Breast cancer can spread anywhere in the body but primarily metastasizes to the bone, 

lung, liver and brain in addition to regional lymph nodes (13). However, breast cancer 
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subtypes may exhibit an organ preference for distant metastasis; while luminal breast 

cancer show a higher propensity for bone, HER2 and TNBC subtypes metastasize to all 

four sites (14). Metastatic breast cancer usually arises months or years after the initial 

treatment for early or locally advanced breast cancer. However, some patients, about 6 % 

of those diagnosed in the U.S., have metastatic breast cancer at the time of diagnosis 

which is called de novo metastatic breast cancer (15, 16). Treatment options for women 

with metastatic breast cancer are individualized and depend on tumor subtype, locations 

of the tumor and metastatic sites. Although surgery and/or radiation may be offered for 

some patients, systemic therapies are the most common treatment options for patients 

with metastatic breast cancer. Systemic therapy of metastatic breast cancer includes 

chemotherapy, hormone therapy and targeted therapy. These agents may be employed 

alone or in combination based on the breast cancer subtype and stage (17). Hormone or 

endocrine therapy is the preferred option for hormone receptor (HR) positive metastatic 

breast cancer combined with chemotherapy (18). Although tamoxifen has been 

extensively used in the treatment of HR-positive breast cancer, aromatase inhibitors are 

becoming the first line therapy for postmenopausal women due to increased benefits and 

reduced toxicities over tamoxifen (19, 20). In addition, hormone positive- and HER2-

negative breast cancer patients also show a good response to CDK4,6 inhibitors (17). 

HER2-positive breast cancer is considered treatable due to the HER2 receptor 

representing an optimal target for antibody-mediated therapy (21). Trastuzumab is a 

humanized monoclonal antibody against the extracellular domain of the HER2 receptor 

and has been shown to significantly improve overall survival (OS) in combination with 

chemotherapy (22). Pertuzumab is a monoclonal antibody directed against the 
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HER2/HER3 heterodimer via binding to the HER2 receptor, which has recently been 

approved as a first-line treatment of HER2-positive breast cancer in combination with 

docetaxel and trastuzumab (23). However, patients with metastatic basal/TNBC subtype 

do not have a molecularly targeted therapy and are treated with chemotherapies. 

Chemotherapeutic agents in the treatment of metastatic breast cancer include taxanes 

(paclitaxel/docetaxel/nab-paclitaxel), anthracyclines (epirubicin/doxorubicin/ (pegylated) 

liposomal doxorubicin), platinum compounds (carboplatin/cisplatin), vinorelbine, 

capecitabine, eribulin, and gemcitabine (17). Mono-chemotherapy is usually applied but 

selective poly-chemotherapy has been shown to increase response rates and even prolong 

progression-free survival (PFS) (24). Large cohorts of recent clinical studies have firmly 

established that increased levels of tumor-infiltrating lymphocytes (TILs) in TNBC and 

HER2+ subtypes predicted better clinical outcome compared to the luminal subtype (25). 

These observations led to the hypothesis that women with TNBC or HER2+ subtypes 

may benefit from checkpoint blockade. However, early results from these trials using 

checkpoint inhibitors alone or in combination with chemotherapy has shown very little 

promise in these breast cancer patients (26, 27), despite the remarkable long-lasting 

responses in other hard to treat malignancies such as non-small cell lung and melanoma. 

Although the outcomes fall short of the expectation, it has suggested that the 

combinations of checkpoint blockade with therapeutics that target immunosuppression 

may potentiate its efficacy. Therefore, further research is required to develop alternative 

approaches that will improve the effectiveness of checkpoint blockades in breast cancer 

patients. 
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2. Tumor plasticity (EMT/MET) during metastatic cascade 

Tumor metastasis remains the primary cause of cancer-associated deaths. It has been 

well-established that metastasis is a multistep process by which tumor cells disseminate 

from their primary site and colonize secondary organs where they establish metastases.  

Despite the fact that large primary tumors may be shedding thousands if not millions of 

cells into the vasculature every day, very few metastases eventually develop, suggesting 

that metastasis is, overall, an inefficient process (28). 

To metastasize successfully, cancer cells must complete several complex steps; local 

invasion, intravasation into the vascular system, survival while in transit through the 

circulation, extravasation, initial seeding and colonization in the target tissues. Many of 

these processes are required dynamic transitions between two cellular states; epithelial 

and mesenchymal phenotypes (28, 29). 

Epithelial and mesenchymal cell types have been recognized by their unique cell 

morphology and structural organization in tissues. Epithelial cells form polarized sheets 

or layers of cells that are connected laterally via several types of cellular junctions, 

including adherent junctions, desmosomes, and tight junctions. In contrast, mesenchymal 

cells embed themselves inside the extracellular matrix (ECM) and rarely establish tight 

contact with neighboring cells. During specific embryonic morphogenesis processes, 

such as mesoderm formation and neural crest development, epithelial cells can exhibit 

enormous plasticity and transit into a mesenchymal state by activating the epithelial–

mesenchymal transition (EMT) program. These cells lose their epithelial junctions and 

gain the ability to migrate and invade during developmental morphogenesis (30). 

Although epithelial cells convert into the mesenchymal state, entering the EMT program 
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is not necessarily an irreversible commitment. Consistent with the notion, recent studies 

indicate more dynamic phenotypic transitions, and this was demonstrated by a reverse 

process called mesenchymal–epithelial transition (MET) which may be utilized during 

both developmental processes and cancer progression (31). 

In the last couple of decades, there has been overwhelming evidence for the importance 

of EMT programs in tumor metastasis. In order to disseminate from the primary site, 

epithelial tumor cells need to undergo EMT and acquire distinct functional properties 

such as the motility, invasiveness and ability to degrade the basement membrane and 

extracellular matrix (ECM). Induction of an EMT phenotype is mostly characterized by 

the loss of E-cadherin expression and cell polarity (32). A partial loss of E-cadherin is 

associated with tumor progression and poor prognosis in various human tumors (33, 34). 

In addition, recent studies in cancer patients and mouse tumor models have identified the 

presence of EMT molecular markers, such as Twist1, Zeb2 and Vimentin in circulating 

tumor cells (CTCs). One of the mechanisms is that EMT can prevent single tumor cells 

from detachment-induced anoikis while in circulation (35, 36).  

Although the EMT of tumor cells has been well-established for cancer cell dissemination 

from the primary site, it has been debated whether the process is absolutely required in 

clinical settings. It has also been debated whether the reversal of EMT in secondary sites 

is an essential step in the metastatic cascade (37, 38). Despite overwhelming evidence in 

mouse studies, the EMT process in human cancer remains poorly investigated due to 

ethical limitations.  It has also proven to be difficult to identify EMT in clinical samples 

because tumor cells share similar morphological and molecular features with surrounding 

stromal fibroblasts and mesenchymal cells. Moreover, distant metastases generally 
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display an epithelial phenotype and lack mesenchymal markers, while primary tumors 

and CTCs exhibit EMT phenotype and express its markers. Collectively these 

observations may provide compelling evidence for dynamic tumor plasticity during 

tumor progression. In the last decade, the concept of a dynamic and reversible EMT 

phenotype in metastatic cascade has been proposed, describing that tumor cells activate 

EMT to disseminate, while upon arriving at distant sites, DTCs revert back to epithelial 

phenotype via MET to colonize and establish metastatic tumors (39, 40). Preliminary 

evidence for MET has been reported in different types of cancer, such as colon, breast, 

bladder and prostate (41). Colonization of DTCs at distant sites requires the reversal of 

EMT to an epithelial phenotype via MET program which can then promote cell 

proliferation. This notion has been corroborated by independent studies suggesting that 

the loss of EMT activators, such as Twist1 or Prrx1 was essential for activating MET, 

promoting cell proliferation and forming macrometastasis. (40, 42). While relatively little 

is known about the role of MET when compared to the extensive studies of EMT in 

tumor metastasis, MET activation is emerging as a crucial and possibly rate-limiting step 

in the metastatic cascade, particularly survival and colonization of DTCs in distant 

organs. Collectively, a dynamic transition between epithelial and mesenchymal 

phenotypes is required for metastatic competence, suggesting aggressive cancer cells 

must have sufficient plasticity between these cell types (4, 40, 43). 
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3. Tumor microenvironment and pre-metastatic niche 

Solid tumors, including breast cancer, are composed of heterogeneous populations of 

neoplastic cells surrounded by an array of stromal cells consisting of fibroblasts, 

mesenchymal cells and immune cells, which are collectively known as the tumor 

microenvironment (TME)(44, 45).  Since cancer progression relies heavily on the TME, 

tumor cells establish an early interaction with their microenvironment within the primary 

tumor which leads to establishment of a pre-metastatic niche.  This cross-communication 

determines tumor initiation, progression and disease outcome.  

It has been well-established that the majority of early tumor infiltrates are the cells of the 

immune system. At the primary site, tumor cells are subject to elimination pressures by 

the immune system. Immunogenic tumor cells are being exposed and recognized by 

cytotoxic immune cells, leading to tumor growth suppression. However, these immune 

cells later become educated by the tumor to acquire pro-tumorigenic functions. For 

example, tumor-associated macrophages (TAMs) support tumor growth, angiogenesis 

and invasion by secreting pro-tumorigenic proteases, cytokines, angiogenic factors and 

growth hormones. Cancer-associated fibroblast (CAFs) become activated by tumor-

derived factors, secrete ECM proteins and basement membrane components, regulate 

differentiation, modulate immune responses and contribute to deregulation of tissue 

homeostasis. CAFs are also a key source of VEGF, which supports angiogenesis during 

tumor growth. Furthermore, tumor cells have developed strategies to overcome anti-

tumor immune responses through the recruitment of immunosuppressive cells. Myeloid-

derived suppressor cells (MDSCs) and regulatory T cells (Treg) infiltrate the growing 

tumors to disrupt immune surveillance through multiple mechanisms, including 
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disruption of antigen presentation by dendritic cells (DCs), inhibition of T and B cell 

proliferation and suppression of natural killer cell (NK cell) cytotoxicity (7, 46).  

In addition to the local recruitment of immune cells, primary tumors secrete various 

systemic factors that induce the polarization of suppressive or pro-tumorigenic immune 

cells in the bone marrow and mobilize them to distant organs, establishing a “pre-

metastatic niche” for incoming circulating cancer cells. The term metastatic niche was 

first proposed by Stephen Paget in 1889 as the “seed and soil” hypothesis. It describes a 

conducive microenvironment or niche that is required for disseminating tumor cells to 

colonize at secondary sites (1, 46, 47).  It has been shown that BM-derived VEGFR1+ 

cells accumulate at pre-metastatic sites, express the fibronectin receptor VLA4 and 

increase fibronectin, which serves as a docking site for other myeloid cells and 

circulating tumor cells (47, 48). Metastasis-associated macrophages (MAMs) promote 

extravasation and metastatic growth by secreting vascular endothelial growth factor 

(VEGF). Tumor-associated neutrophils (TANs) are also known to be involved in 

metastatic outgrowths by producing neutrophil extracellular traps (NETs). MDSCs are 

localized and establish an immunosuppressive environment that is permissive for tumor 

colonization (7, 46). Furthermore, a recent study showed that CD11b+GR1+ MDSCs 

recruited to the lungs secrete versican to induce MET (Mesenchymal to epithelial 

transition) and proliferation of tumor cells (49).   

The tumor microenvironment (TME) has also emerged as an important determinant of 

tumor behavior and clinical outcome. Interactions between malignant cells and stroma 

have been shown to regulate overall disease initiation, progression and patient prognosis.  

Molecular profiling of stromal cells from different human tumor specimens has yielded 
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information of prognostic value. Moreover, many studies have shown that the 

microenvironment is capable of normalizing tumor cells, suggesting that re-education of 

stromal cells, rather than targeted ablation per se, may be an effective strategy for treating 

cancer (44, 46). 

 

4. Myeloid-derived suppressor cells 

Cells originating from myeloid precursors are the most abundant within the 

hematopoietic system. Under normal physiological conditions, common myeloid 

progenitors differentiate into progeny of multiple lineages of mature functional cells such 

as neutrophils, erythrocytes, monocytes and macrophages (50). However, the 

differentiation pattern of myeloid precursors may be different under pathological 

conditions such as infection and malignancy.    

Emerging evidence now indicates that some tumors induce the accumulation of immature 

myeloid cells with potent immunosuppressive function during tumor progression.  

Myeloid-derived suppressor cells, also known as MDSCs, were identified more than 20 

years ago in cancer patients but their functional importance in the immune system as well 

as within the tumor microenvironment has recently been recognized (9, 51).   

MDSCs are a heterogeneous population of immature myeloid cells. Murine MDSCs are 

well characterized by co-expression of the cell surface markers, CD11b and Gr-1, 

however, functionally distinct subsets within this population have been identified; Ly6G-

Ly6ChiCD11b+ monocytic MDSCs and Ly6G+Ly6CintCD11b+ granulocytic or 

polymorphonuclear MDSCs. In human, the phenotype of MDSCs is CD11b+ HLA-DR-
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CD33+: monocytic MDSCs are defined as CD14+CD11b+HLA-DRlow/– and granulocytic 

as CD11b+ HLA-DR-CD14– CD15+ (9, 52). 

The well-demonstrated function of MDSCs is to suppress anti-tumor immune responses 

and therefore, MDSCs can be a significant impediment to cancer immunotherapy.  

MDSCs suppress antitumor immunity through diverse mechanisms. They suppress T cell 

activation by the production of arginase and ROS, the nitration of the TCR (T cell 

receptor) and cysteine deprivation. Additionally, monocytic MDSCs produce nitric oxide 

through expression of inducible nitric oxide synthase, and granulocytic MDSCs produce 

high levels of reactive oxygen species and peroxynitrites. Both peroxynitrites and nitric 

oxide impair DNA damage repair and protein synthesis and consequently lead to reduced 

T cell proliferation. MDSCs impair innate immune responses by decreasing macrophage-

derived IL12 production and by suppressing natural killer cell activity via inducing the 

secretion of TGFβ and IL-1β cytokines. Antigen presentation is diminished by the 

expansion of MDSCs at the expense of dendritic cells (DC), which in turn suppresses the 

ability of DC to activate T cells. MDSCs also have the ability to dampen the immune 

response by triggering the activation and expansion of immune suppressive regulatory T 

cells or M2 macrophages (9, 53, 54). 

It has become clear that MDSCs exhibit immune-independent functions during tumor 

progression by promoting angiogenesis and tumor invasion. They produce multiple 

matrix metalloproteinases (MMPs) and chemokines to induce matrix degradation and 

create a pre-metastatic environment. Angiogenic factors such as VEGF and basic 

fibroblast growth factor (bFGF) produced by MDSCs promote tumor neovasculization 

via paracrine actions on endothelial cells (54, 55). Studies demonstrate that MDSCs play 
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an array of important functions in the formation of a pre-metastatic niche where they also 

suppress anti-tumor immune responses. 

 

5. S100A8/S100A9 heteroteramer (Calprotectin) 

S100A8 and S100A9 proteins are members of the calcium-binding S100 family and also 

known as migration inhibitory factor-related protein (MRP) 8 and 14, respectively. 

Dysregulation of S100A8 and S100A9 is associated with a wide range of human diseases, 

including cancer, acute and chronic inflammation, autoimmunity and neurodegenerative 

diseases.  

In human, the S100 protein family is composed of 21 members that exhibit a high degree 

of structural similarity, but they are not functionally interchangeable and participate in a 

wide range of biological processes such as proliferation, migration, inflammation and 

differentiation (55).  The structure and function of the S100 proteins are regulated by 

Ca2+ binding, which allows them to act as Ca2+ sensors that can translate intracellular 

fluctuations into a cellular response (56, 57).  

All S100 proteins, including S100A8 and S100A9, share conserved structural motifs of 

two EF (Helix-Loop-Helix) hand Ca2+-binding domains connected by a variable hinge 

region that often confers biological activity. The binding of Ca2+ to the EF-hand triggers 

conformational changes allowing interactions with other proteins. S100A8 and S100A9 

are able to form heterodimers, and these dimers assemble in a Ca2+ and Zn2+ -dependent 

manner into heterotetrameric complexes. Calprotectin, a heterotetrameric complex of 
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S100A8/A9, is highly stabilized and exhibits additional functional properties distinct 

from the individual proteins (56, 58).  

Of the S100 family, S100A8 and S100A9, as well as their heterotetrameric complex, 

have emerged as potent biomarkers of inflammatory disorders. S100A8 and S100A9 are 

constitutively expressed in the early myeloid lineage, with reductions during myeloid cell 

differentiation and maturation, but low protein levels are maintained in circulating 

monocytes and neutrophils but not in resting tissue macrophages (59). Under stress 

conditions, such as infection and inflammation, S100A8 and S100A9 proteins are 

induced by a variety of mediators and form homodimers and heterodimers in the cytosol 

(60). When released in the extracellular space, S100A8 and S100A9 are chemotactic for 

macrophages and neutrophils, which is required for microbial clearance. Release of 

S100A8 and S100A9 proteins by activated phagocytes then recruit more phagocytes to 

the infection site (61, 62). S100A8 and S100A9 proteins are damage-associated 

molecules that initiate inflammatory responses by binding to and activating damage-

associated molecular pattern (DAMP) sensing receptors such as TLR4 and the receptor 

for advanced glycation end products (RAGE) on innate immune cells (63). The binding 

of S100A8 and S100A9 to TLR4 or RAGE on innate immune cells triggers signaling 

cascades that include MAP kinases and NF-κB transcription factors that drive the 

expressions of proinflammatory cytokines and chemokines (64, 65). However, other 

studies suggest that S100A8 and S100A9 play an anti-inflammatory role during infection 

and inflammation. For example, S100A8/A9 heterodimers induce an anti-inflammatory 

effect by reducing acute inflammation and liver injury during LPS-induced endotoxemia 

(66). Extracellular S100A8 and S100A9 complexes also exert direct antimicrobial 
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activity to confer resistance to bacterial invasion (61). Furthermore, S100A8 and S100A9 

may function as ROS scavengers to reduce inflammation-dependent oxidative damage 

(67). 

S100A8 and S100A9 proteins play critical roles in tumor progression and their levels are 

highly elevated in different types of cancer, such as gastric, colon, pancreatic, bladder, 

ovarian, thyroid, breast, skin and prostate cancers. Their expression is abundant in both 

malignant cells and infiltrating immune cells (55, 56). The high levels of S100A8 and 

S100A9 observed in tumor tissues are partially due to the recruitment of S100A8/A9-

expressing myeloid-derived suppressor cells (MDSCs) to the tumor stroma. A recent 

study showed that tumor-derived factors promote upregulation of S100A9 in myeloid 

precursors, which inhibits the differentiation of dendritic cells and causes the 

accumulation of MDSCs (68). In addition, S100A8/A9 heterodimers bind to RAGE on 

MDSCs, inducing an autocrine feedback loop that sustains MDSC recruitment and 

immune suppression within tumor microenvironments (69). S100A8 and S100A9 

proteins also interact with tumor cells through RAGE and TLR4, activating MAPK and 

NF-κB signaling pathways to promote tumor cell growth and invasion (70, 71). 

Importantly, some studies reported that S100A8 and S100A9 play a pivotal role in the 

formation of pre-metastatic niches. Primary tumor-secreted TNFα, TGFβ and VEGFA 

proteins promote the expression of S100A8 and S100A9 in pre-metastatic lung 

endothelium and lung-associated myeloid cells (72). Furthermore, extracellular S100A8 

and S100A9 induce the expression of serum amyloid A3 (SAA3), which recruits CD11b+ 

myeloid cells to the pre-metastatic niche in the lungs (73). S100A8 and S100A9 also 

mediate chemo-resistance in breast cancer cells. This study showed that stromal cell-
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derived TNFα after chemotherapy induces the expression and secretion of CXCL1 and 

CXCL2 by tumor cells, resulting in the recruitment of CD11b+GR1+ myeloid cells and 

the release of S100A8 and S100A9 within the tumor microenvironment. Subsequent 

activation of the pro-survival ERK1/2 and ribosomal protein S6 kinase β1 (S6K1) 

pathways facilitates the expansion of chemo-resistant breast cancer cells (74). 

Some therapeutic strategies aimed at inhibiting S100A8 and S100A9 or their activities 

are currently under development for cancer and inflammatory diseases. For example, 

Paquinimod and Tasquinimod are quinolone-3-carboxamide derivatives that block the 

interaction of S100A9 with RAGE and TLR4. Paquinimod exerts anti-inflammatory 

effects in mouse inflammatory disease models. In addition, tasquinimod is being tested in 

patients with metastatic castration-resistant prostate cancer; a possible mechanism of 

action may be the inhibition of MDSC recruitment and suppression of angiogenesis (55, 

75). 
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6. Therapeutic utility of myeloid-derived suppressor cells 

Due to the fact that emerging studies implicate MDSCs in multiple critical steps in tumor 

progression, there are several different therapeutic strategies to target these cells, which 

can broadly be placed into four categories: (a) inhibition of MDSCs expansion, (b) 

deactivation of MDSCs, (c) differentiation of MDSCs into mature myeloid cells and (d) 

elimination of MDSCs (9, 56). 

(1) Inhibition of MDSC expansion 

MDSC expansion and infiltration may be regulated by several tumor-derived factors (9).   

SCF (Stem cell factor) has been implicated in MDSC expansion in tumor-bearing mice. 

Inhibition of SCF-mediated signaling by blocking the interaction with its receptor, KIT, 

decreased MDSC expansion and tumor angiogenesis (57). VEGF, another tumor-derived 

factor that is involved in MDSC expansion, may also be a useful target. In a mouse 

metastatic renal carcinoma model, neutralization of VEGF by bevacizumab, an anti-

VEGF-A mAb, decreased the CD11b + VEGFR1+ population of MDSCs in peripheral 

blood. Clinical studies confirmed that bevacizumab in combination with FOLFOX 

(leucovorin, fluorouracil, and oxaliplatin) chemotherapy decreases granulocytic MDSC 

number in patients with metastatic colorectal cancer (58). In contrast, a phase I clinical 

trial of a VEGF-trap (a fusion protein that binds all forms of VEGF and placental growth 

factor) in patients with refractory solid tumors demonstrated no effect on peripheral blood 

levels of MDSCs (59).  

MDSC differentiation and expansion also depend on signaling pathways, among which 

the STAT3 and COX2/PEG2 feedback loop is well characterized (60). Administration of 

Cucurbitacin B (CuB), a selective inhibitor of the JAK2/STAT3 pathway, to patients with 
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advanced lung cancers decreased peripheral blood levels of immature myeloid cells and 

increased the levels of mature myeloid cells compared with baseline (61). The dietary 

COX2 inhibitor, celecoxib prevented the expansion of both MDSC subsets and reduced 

PGE2 levels in tumor-bearing mice (62). 

(2) Deactivation of MDSCs 

The primary immune suppressive mechanism of MDSCs is by secretion of factors such 

as arginase, induced nitric oxide synthase (iNOS) and ROS. Therefore, the second 

approach is designed to inhibit MDSCs by targeting these suppressive factors (56). 

Cyclooxygenase 2 (COX2) is required for the production of prostaglandin E2, which has 

been shown to induce the upregulation of arginase 1 by MDSCs. Inhibition of COX2 

decreased the expression of arginase 1 in MDSCs, which improved anti-tumor T-cell 

responses (9, 63). Phosphodiesterase 5 (PDE5) inhibitors were also found to suppress the 

expression of arginase 1 and iNOS in MDSCs. Consistent with these studies, it has also 

been demonstrated that inhibitors of PDE5, sildenafil, limited MDSC suppressive 

activities by suppressing arginase1 and iNOS in tumor-bearing mice (64). 

Drugs that can modulate oxidative stress have proven to be beneficial in controlling 

MDSC-mediated immune suppression in tumor-bearing mice. One such drug is 

Nitroaspirin, which was developed by coupling a NO-releasing moiety to the 

conventional non-steroidal anti-inflammatory drug, aspirin to inhibit the production of 

ROS. Administration of Nitroaspirin restored antitumor immune responses by increasing 

the number of tumor-antigen-specific T cells in tumor-bearing mice (65).  
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(3) Differentiation of MDSCs into mature myeloid cells 

Immune suppressive MDSCs are the result of incomplete differentiation which places 

them into an immature state, thus forcing them to resume differentiation to mature 

myeloid cells can diminish their suppressive functions (58). All-trans retinoic acid 

(ATRA) is a metabolite of vitamin A with agonistic activity towards nuclear receptors 

that are retinoid–activated transcriptional regulators such as RARα and RARβ. These 

factors activate target genes that lead to maturation of early myeloid cells into their fully 

differentiated progenies (66). It was demonstrated that MDSCs isolated from the 

peripheral blood of patients with advanced renal cell carcinoma could be induced in vitro 

by ATRA treatment to express differentiation markers such as HLA-DR (67). Adoptive 

transfer experiments in tumor-bearing animals shows that ATRA induces differentiation 

of MDSCs into DCs, granulocytes and monocytes with concomitant improvement of 

CTL-mediated immune responses (68). Vitamin D3 may be another compound that has 

the potential to decrease MDSCs in patients. In vitro studies show that vitamin D3 

decreases the levels of MDSCs by inducing their maturation, leading to improved anti-

tumor activity(69).  

(4) Elimination of MDSCs 

MDSCs can be directly eliminated by using certain chemotherapeutic drugs, including 

paclitaxel, doxorubicin, trabectedin, gemcitabine, docetaxel, and 5-fluorouracil (5-FU) 

(58). Gemcitabine and 5-FU have been shown to specifically reduce the number of 

MDSCs in the spleens of animals engrafted with tumors, while selectively preserving 

CD4+ T cells, CD8+ T cells, NK cells, macrophages, and B cells (70, 71). Gemcitabine is 

currently being tested in multiple clinical trials for its ability to enhance immunotherapies 
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in patients with non-small cell lung cancer, pancreatic ductal adenocarcinoma, and 

muscle invasive urothelial cancer (58). 

It has been demonstrated that murine MDSCs are sensitive to a TRAIL receptor 2 

(TRAIL-R2) agonist. In a clinical trial with 16 patients with advanced solid tumors, DS-

8273a, a new agonistic TRAIL-R2 antibody, showed selective depletion of MDSCs 

without affects on mature myeloid cells or lymphoid cells (72). 

Newly engineered peptibodies consisting of an MDSC-binding peptide conjugated to 

antibody Fc fragments have been shown to deplete both mMDSCs and gMDSCs in 

tumor-bearing mice and to decrease tumor growth. Interestingly, peptibody targets are 

shown to be the S100A8 and S100A9 proteins expressed on the surface of MDSCs (73). 

Collectively, recent attempts at developing therapeutics against MDSCs have shown 

promise in terms of efficacy in preclinical studies and early clinical settings. Therefore, 

these studies combined with our own preliminary work provide a compelling scientific 

rationale to pursue the research described in my thesis.    
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II. MATERIALS AND METHODS 

 

Cell line and culture conditions 

4T1, 67NR and EMT6 cell lines were purchased from American Type Culture Collection 

(ATCC). All cell lines were analyzed for mycoplasma contamination using MycoAlert 

Mycoplasma Detection Kit (Lonza). AT-3 cell line was a generous gift from Dr. Kebin 

Liu (Georgia Cancer Center). All cell lines were maintained in RPMI supplemented with 

10% fetal bovine serum, and 1% antibiotic/antimycotic solution at 37 °C in a 5% CO2 

incubator. 

 

Experimental mouse model 

All mouse procedures were conducted in accordance with an institutional protocol and 

were approved by the Institutional Animal Care and Use Committee (IACUC) of Augusta 

University.  BALB/c female mice were purchased from Charles River at NCI. Luciferase 

expressing 4T1 or EMT6 murine breast cancer cells (50,000 cells per mice) were 

orthotopically implanted into the fat pads of 5-week-old BALB/c mice. Tumor cells (in 

50% Matrigel) were surgically implanted into the mammary fat pads of anesthetized mice 

(Ketamine/Xylazine) by an L-shaped incision (1x1cm) between the abdominal midline 

and the 4th and 5th nipples. Once the skin flap was opened by moist cotton Q-tips and the 

mammary fat pads exposed, cells were injected into the fat pads by an insulin syringe in a 

maximum volume of 50µl. Skin flaps were closed and sutured. Animals were observed 

until they woke up and were provided an analgesic (Carprofen 4-5mg/kg) subcutaneously 
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in case of pain. Sutures were removed after 7-10 days. For the spontaneous metastasis 

model, tumors were resected by an incision on the midline of the skin over the mammary 

fat pad. Once opened, the supplying vasculature was cauterized and the whole mammary 

fat pad with the tumor carefully excised. Mice were imaged the day after the resection of 

primary tumor and animals with residual luciferase signals were removed from the study. 

In these animals, MDSCs were subsequently injected via the tail vein. For the in vivo 

lung metastasis model, 4T1-luc cells were mixed with MDSCs and injected into the tail 

vein. At least five animals per experimental condition were used. For MDSC depletion 

studies, tumor cells were either othotopically implanted or injected via tail vein into the 

mice (five per group). One group of mice was treated with isotype control antibody and 

the other group with anti- Ly6G antibody (Bio X Cell) at 200ug three times a week for 

the first 2 weeks and reduced to 100ug. These mice were imaged utilizing the Ami-X 

System imaging systems. 

 

Flow cytometry analysis and co-culture experiments 

To analyze MDSCs, we sacrified tumor-bearing mice at week 1-3 time points and single-

cell suspensions were prepared from bone marrow, spleen, lung and primary tumor 

tissue. Bone marrow cells were obtained by flushing bones with PBS using a 28G 1/2 

syringe. Tumor and lung tissues were dissociated and digested with collagenase (Stem 

Cell Technologies) for 1hr at 37 °C. Red blood cells were lysed using ACK lysis buffer 

(Gibco).  These cells were labelled with fluorescence-conjugated Ly6C (#128015-

dilution 1/400), Ly6G (#127605-dilution 1/100) and CD11b (#101208-Dilution 1/200) 
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antibodies (Biolegend) and analyzed on a FACS Canto flow cytometer (BD Biosciences).  

For co-culture experiments, we first isolated single cells from tumor-bearing mice and 

sorted MDSCs. Single-cell suspensions were prepared from bone marrow, lung and 

tumor tissue and these cells were labelled with fluorescence-conjugated Ly6C, Ly6G and 

CD11b antibodies and sorted with a FACS Aria cell sorter (BD Biosciences). Tumor cells 

were cultured either alone (control) or with carboxyfluorescein diacetate succinimidyl 

ester (CFSE, Molecular probes) labelled MDSCs in 10% FBS RPMI media unless 

otherwise indicated for 24–48 h at a ratio of 1:1. After incubation, FITC-negative tumor 

cells were isolated with a FACS Aria cell sorter for the following experiments. Culture 

supernatants were collected for cytokine analysis. Sterile coverslips were placed in dishes 

for immunofluorescence staining. CFSE (Invitrogen) staining was performed according 

to the manufacturer’s instructions. Briefly, cells were washed twice in PBS, re-suspended 

in 2% FBS+PBS solution (1X106 cells per ml) containing CFSE at a final concentration 

of 0.5 uM, and incubated for 10 min in 37 °C water bath. Subsequently, cells were 

washed three times with PBS and re-suspended in complete medium at a concentration of 

1X106 per ml. 

 

In vitro T cell suppression assay 

Splenocytes from naïve BALB/c mice were labelled with 1uM CFSE and placed in 

triplicate into U-bottom 96-well plates (1x105) with or without the presence of 1ug/ml 

anti-CD3 Ab (#553057, BD Biosciences) and 5ug/ml anti-CD28 Ab (#557393, BD 
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Biosciences). CFSE-labelled Splenocytes were co-cultured with purified MDSCs for 72 h 

and the CFSE dilution of CD4+T cell fractions was analyzed by flow cytometry. 

 

Western blotting 

Cells were lysed in RIPA buffer (Sigma). 50ug of protein samples in Laemmli buffer 

were boiled for 10min, and subjected to SDS–PAGE. The proteins were transferred onto 

PVDF membrane (Bio Rad Laboratories) using semi dry Trans-Blot (Bio Rad 

Laboratories). Blots were first incubated in blocking buffer containing either 3% milk or 

3% BSA for 1 h at room temperature and then with the respective primary antibodies 

diluted in TBST (containing 0.1% Tween20 and 3% BSA) overnight at 4 °C. 

Subsequently, blots were washed and incubated with appropriate secondary antibodies 

(Santa Cruz) in TBST and detected using SuperSignal West Pico Chemiluminescent 

Substrate (Thermo). Antibodies to pSTAT3 (#9145), pSTAT1 (#8062), pNFkB (#3033), 

pErk1/2 (#9101), Erk1/2 (#9102) were purchased from Cell Signaling Technology and 

were used at 1:1,000 dilution. The antibodies to actin and vimentin were purchased from 

Santa Cruz Biotechnology.  

 

RNA analysis 

Total RNA was extracted using RNeasy Mini kits (Qiagen) and 500 ng of RNA was used 

to make cDNA using iScript cDNA synthesis kits (Bio Rad). For RT–PCR analyses, 

KiCqStart SYBR Green predesigned primers (Sigma) were used for the following genes: 

Vimentin (F—50-GCCTGCAGGATGAGAT TCAGAATA-30, R—50-
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AACCAGAGGGAGTGAATCCAGATTA-30), Twist (F—50-

CGGGTCATGGCTAACGTG-30, R—50-CAGCTTGCCATCTTGGAGTC-30), 

Il6 (F—50-AAGAAATGATGGATGCTACC-30, R—50-GAGTTTCTGTATCTCTCTG 

AAG-30), Il1a (F—50-CATAACCCATGATCTGGAAG-30, R—50-ATTCATGACAA 

ACTTCTGCC-30), Nos2 (F—50-CATCAACCAGTATTATGGCTC-30, R—50-TTT 

CCTTTGTTACAGCTTCC-30), Tgfb1 (F—50-CCCTATATTTGGAGCCTGGA-30, 

R—50-CTTGCGACCCACGTAGTAGA-30), Tgfb2 (F—50-GAGATTTGCAGGTATT 

GATGG-30, R—50-CAACAACATTAGCAGGAGATG-30), S100a8 (F—50-ATACAA 

GGAAATCACCATGC-30, R-ATATTCTGCACAAACTGAGG), S100a9 (F—50-

CTTTAGCCTTGAGCAAGAAG-30, R—50-TCCTTCCTAGAGTATTGATGG-30), 

Mmp8 (F—50-AACTATGGATTCCCAAGGAG-30, R—50-

CTTTGATTGTCATATCTCCAGC-30), Ccl3 (F—50-

CGGAAGATTCCACGCCAATTC-30, R—50-GGTGAGGAACGTGTCCTGAAG-30), 

and Pcna(F—50-CTGAGGTACCTGAACTTTTTC-30, R—50-

TATACTCTACAACAAGGGGC-30). The relative expression mRNA level was 

normalized against the internal control GAPDH (F—50-

AAGGTCATCCCAGAGCTGAA-30, R—50-CTGCTTCACCACCTTCTTGA-30) or 

ACTB (F—50-GATGTATGAAGGCTTTGGTC-30, R—50-

TGTGCACTTTTATTGGTCTC-30) gene (ΔCt=Ct (target gene)-Ct (internal control 

gene)). The relative fold change was measured by 2- ΔΔCt formula compared to the 

control cells. Means and differences of the means with 95% confidence intervals were 

obtained using GraphPad Prism (GraphPad Software Inc.). Two-tailed Student’s t-test 



 

 

26 

 

was used for unpaired analysis comparing average expression between conditions. P 

values<0.05 were considered statistically significant. 

 

Gene expression analysis 

 The RNA extracts were first quantified by a Nanodrop 2000 spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA). The quality of RNA samples was determined by the 

ratios of A260/A280 (close to 2) and A260/A230 (close to 2). Prequalified RNAs were 

further tested using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, 

CA), and samples with RIN47 were selected for microarray analysis using the Affymetrix 

MTA 1.0 (Affymetrix). The labelling, hybridization, scanning and data extraction of 

microarray analysis were performed according to the recommended Affymetrix 

protocols. Briefly, the fluorescence signals of the microarray were scanned and saved as 

DAT image files. The AGCC software (Affymetrix GeneChip Command Console) 

transformed DAT files into CEL files where image signals were changed into digital 

signals, which recorded the fluorescence density of probes. Next, we used Affymetrix 

Expression Console software to pretreat CEL files through Robust Multichip Analysis 

(RMA) algorithm, including background correction, probeset signal integration, and 

quantile normalization. After pretreatment, the obtained Chp files were analyzed by 

Affymetrix Transcriptome Analysis Console software to detect differentially expressed 

genes. 
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Invasion assays  

Tumor cells (5x104), after co-culture with MDSCs, were seeded into the top chamber of 

transwell inserts coated with Matrigel (BD). The inserts were placed in a 24-well plate 

containing culture media (RPMI) with 5% FBS. After 16-18hr incubation, invaded cells 

were fixed with methanol, stained with crystal violet and counted. Experiments were 

performed in triplicates and repeated twice. 

 

Tumor sphere assay 

Tumor cells after co-culture with MDSCs, were plated on 6-well ultralow attachment 

plates (Corning Inc.) at a density of 1x105 cells per well and grown for 7–10 days. 

Subsequent cultures after dissociation of primary spheres were plated on new plates at a 

density of 1x104 cells per well. Tumor sphere cultures were grown in a serum-free 

mammary epithelium basal medium. The number of spheres was counted using light 

microscopy.  

 

Immunostaining 

For immunohistochemistry, paraffin-embedded sections were de-paraffinized in xylene 

and rehydrated in graded alcohol. Antigen retrieval was done by incubating the sections 

in citrate buffer pH 6 (Invitrogen) by either boiling for 10 min or in the microwave. 

Staining was performed using peroxidase HistostainPlus Kit (Invitrogen) according to the 

manufacturer’s protocol. For fluorescent staining, cells were fixed with 4% 

paraformaldehyde for 10 min and permeabilized with 0.1% Triton X-100. Cells were 
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incubated with primary antibodies at room temperature for an hour or at 4 °C overnight. 

After washing, fluorescence-conjugated secondary antibodies were incubated for 1hr at 

room temperature. The nuclei were stained with DAPI/Antifade (Invitrogen) and 

coverslipped. Sections were examined with a fluorescent microscope (Leica). The 

following primary antibodies were used: Ly6C (#ab15627, dilution 1/100, Abcam), Ly6G 

(#MAB1037, dilution 1/100, R&D biosystem), Ki67 (#12202, dilution 1/100, Cell 

Signaling), Vimentin (#550513, dilution 1/100, BD Biosciences), CD14 (#10073-H08H, 

dilution 1/100, Sino biological). The secondary antibodies were purchased from 

Invitrogen.  

 

Cytokine antibody array 

Mouse Cytokine Array C1000 (RayBiotech) was used for cytokine detection. Cells were 

plated at equal numbers and cultured for 48 h. Conditioned media were collected and 

processed according to the manufacturer’s recommendation. The membranes were 

blocked by incubating with the blocking buffer at room temperature for 30 min and 

incubated with the sample at 4 °C overnight. Membranes were washed 3 times with Wash 

Buffer I and 2 times with Wash Buffer II at room temperature for 5min per wash and 

incubated with biotin-conjugated antibodies at room temperature for 2 h. Finally, the 

membranes were washed and incubated with horseradish peroxidase-conjugated 

streptavidin at room temperature for 2 h and with detection buffer for 2min. We used a 

luminescence detector (LAS-1000, Fujifilm) for detection, and the data were digitized 

and subjected to image analysis (ImageJ). The relative protein concentrations were 



 

 

29 

 

measured by subtracting the background staining and normalizing to the positive controls 

on the same membrane. 

 

ELISA 

Murine blood samples were drawn through the tail vein and collected in EDTA 

anticoagulant tubes. Plasma was separated from whole blood by centrifugation at 1000g 

at 4°C for 15 mins. Human plasma samples from breast cancer patients were provided 

from the Georgia Cancer Center Repository laboratory. Mouse and human calprotectin 

ELISA assay was performed to quantify the levels of calprotectin in plasma as described 

in the manufacturer`s protocol (MyBioSource). Briefly, anti-calprotectin antibody pre-

coated plates were washed with washing buffers. Standards or samples were added and 

incubated for 90 mins at 37°C.  The plates were then washed and incubated with Biotin-

labeled antibody for 60 mins at 37°C. Following incubation, the plates were washed and 

HRP-Streptavidin Conjugate working solution added. After three times washes, a TMB 

substrate was added and developed for 15 min at 37°C. The absorbance at 450 nm was 

measured using a microplate reader immediately after adding the stop solution. 

  

In vitro MDSC generation and drug screening 

Tibias and femurs from BALB/c were removed using sterile tools and bone marrow 

(BM) cells were flushed with RPMI culture media. Red blood cells (RBCs) were lysed 

with ammonium chloride. To obtain BM-derived MDSCs, 1x106 bone marrow cells were 

plated into 6 well plates in RPMI medium supplemented with different combinations of 
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GM-CSF (20 ng/ml), S100A8 (500 ng/ml), S100A9 (500 ng/ml) and Calprotectin (500 

ng/ml) cytokines. Cells were maintained at 37°C in a 5% CO2-humidified atmosphere for 

5 days. To perform in vitro screening of 40 compounds (from NCI chemical library), 

which were pre-identified by computational screening against the crystal structure of 

calprotein, bone marrow cells from naive mice were plated into 12 well plates in RPMI 

medium supplemented with different combinations of GM-CSF (20 ng/ml), G-CSF (50 

ng/ml) and compounds (5uM) for 4 days. These cells were labelled with fluorescence-

conjugated Ly6C, Ly6G, CD11b, MHCII and CD11c antibodies (Biolegend) and 

analyzed on a FACS Canto flow cytometer (BD Biosciences).   

 

In vivo treatment of Calprotectin-targeting drugs 

Luciferase-expressing 4T1 murine breast cancer cells (50,000 cells per mice) were 

orthotopically implanted into the fat pads of 5-week-old female BALB/c mice. Tumors 

were allowed to grow for 10 days before randomization and treatment. 

Cyclophosphamide (CTX) was given at 50 mg/kg dose i.p. once per week and NSC-

60785 (#10) was given at 10mg/kg dose, oral gavage, every day. Treatments were 4 

weeks long, and mice were imaged utilizing the Caliper IVIS imaging systems. 

 

Statistical Analyses 

All statistical analysis was performed using GraphPad Prism (GraphPad Software Inc.). 

Two-tailed Student’s t-test or ANOVA was used and P values less than 0.05 were 

considered statistically significant.  The sample size of animal experiments was 
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calculated by the experiment’s statistical power analysis (74). The differences in tumor 

growth and metastasis between invasive and non-invasive tumors and between the active 

treatments and control animals by 5 weeks are expected to be quite large, as treatment 

will commence directly after xenograft implantation in an early setting. From reported 

experiments and our pilot studies with metastatic tumor versus non-metastatic tumor 

implanted mice, the difference in tumor growth and spontaneous metastasis expressed in 

radiance (photons/sec/cm2/sr) is 4 fold. If we estimate the standard deviation across 

animals to be 2/3 of the treatment group mean, with 5 animals per group the experiment 

will have at least 80% power to detect the tumor growth differences at a 5-week time 

point, using a two-side statistical test with at most 5% type 1 error.  
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III. RESULTS 

Molecular and functional characterization of murine breast cancer cells. 

To investigate the role of the immune system in the metastatic process, we utilized a 

syngeneic mouse model. A syngeneic mouse model is an immunocompetent wild type 

mouse, typically an inbred strain, for engraftment of tumor cells from the same strain. It 

provides an effective approach for studying immune-based targeted therapies as well as 

mechanisms of cross-communication between tumor and host immune system. 

In this study, we utilized murine breast cancer cells, EMT6 and 4T1 that are developed in 

the same strain of mice (BALB/c). Murine 4T1 cells form highly aggressive and less 

immunogenic tumors which resemble advanced breast cancer classified as the TNBC 

subtype in humans (75). When 4T1 primary tumors are palpable, cells have already 

spontaneously spread to distant sites in this mouse model. However, EMT6 has been 

shown to be less aggressive and fails to establish spontaneous distant metastasis.  

We first examined the tumorigenic and metastatic ability of EMT6 and 4T1 tumors by 

ortotophic implantation of 50,000 cells into the mammary fat pads of immunocompetent 

BALB/c mice. Although EMT6 and 4T1 cells produced similar sized primary tumors 

within 8 weeks (Figure 1A), mice with 4T1 tumors showed pulmonary infiltrates as early 

as 1 week post implantation and developed spontaneous metastases by 5 weeks (Figure. 

1B). We also found that 4T1 tumor-bearing mice displayed enlarged spleens compared to 

EMT6 tumor-bearing mice (Figure 1C, D). Our laboratory has previously demonstrated 

that the aggressive human basal/triple-negative breast cancer (TNBC) subtype produces 

higher levels of inflammatory cytokines compared to other subtypes (76). To determine 
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the levels of inflammatory cytokines in murine breast tumor cells, we utilized a cytokine 

antibody array to measure the level of cytokines secreted by non-metastatic murine 

67NR, EMT6 and metastatic 4T1 breast tumor cells. 4T1 tumor cells secreted higher 

levels of inflammatory cytokines (IL6, KC/IL8, RANTES, CXCL5, IL1α and CXCL16), 

as well as growth factors (G-CSF and GM-CSF), compared to 67NR and EMT6 cells 

(Figure 2A, B).  We also performed mouse transcriptome analyses comparing the gene 

expression profiles of 4T1 and EMT6 cells and their corresponding tumor xenografts 

grown in BALB/c mice. The results showed that there were 781 differentially expressed 

genes between 4T1 and EMT6 xenografts (Figure 3A). We listed the genes that are 

distinctly up-regulated in 4T1 tumors and most of them are implicated in the metastatic 

process (Figure 3B). 
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Figure 1: In vivo validation of luciferase-expressing 4T1 and EMT6 murine tumors 

in BALB/c mice. (A) Luciferase-expressing 4T1 and EMT6 murine mammary tumor 

cells generate same sized primary tumors in syngeneic BALB/c mice. (B-D) 4T1 tumor-

bearing mice develop spontaneous pulmonary metastasis and show early pulmonary 

infiltration and enlarged spleens compared to the EMT6 tumor-bearing animals. Results 

are presented as mean±SD **P<0.001. 
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Figure 2: 4T1 tumor cells produce higher levels of inflammatory cytokines 

compared to non-metastatic EMT6 or 67NR cells as assessed by cytokine antibody 

array. Conditioned media of EMT6, 67NR and 4T1 cells were collected after 48hrs of 

culture and we performed a cytokine antibody array (Raybiotech). The dot-blot results 

(Figure 2A) were digitized and subjected to image analysis (ImageJ) for quantification of 

cytokine expression. Results are presented as mean±SD *P <0.05, **P<0.001. 
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Figure 3: Mouse transcriptome analyses of 4T1 and EMT6 reveal 781 differentially 

expressed genes. Mouse transcriptome analyses were performed between 4T1 and EMT6 

primary tumors grown in orthotopic mammary fat pads of BALB/c mice. (A) There were 

781 genes that were differentially expressed between 4T1 and EMT6 tumors. (B) The list 

of the genes which are significantly up-regulated in 4T1 tumors. 
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Systemic expansion and tissue infiltration of MDSCs in 4T1 tumor-bearing mice. 

It has become clearer that malignant cells disseminate during the early stages of tumor 

progression and a particular subset of immune cells preferentially infiltrate at the primary 

site to activate this process. Among these immune cells, myeloid-derived suppressor cells 

(MDSCs) have been identified in most cancer patients and animal models due to their 

immune suppressive functions. MDSCs are a heterogeneous population with two main 

subsets; monocytic MDSC (mMDSC) and granulocytic MDSC (gMDSC) (8, 9). The 

induction and tissue infiltration of MDSCs in mouse mammary tumor models, as well as 

in the clinical settings of breast cancer, have been previously reported (77, 78). However, 

current data lacked the characterization of the MDSC subsets and their cross-

communication with tumor cells during tumor progression. 

We therefore investigated the proportion of MDSC subsets in EMT6 and 4T1 tumor-

bearing mice and found a significant accumulation of both mMDSCs (CD11b+Ly6cHi) 

and gMDSCs (CD11b+Ly6cInt.) in bone marrow (BM), spleen, lung and primary tumors 

of 4T1 tumor-bearing mice compared to EMT6-tumor bearing mice. In particular, we 

demonstrated that mMDSCs infiltrated as early as week 1 in primary tumors and 

gMDSCs were gradually increased after 2 weeks. Moreover, the percentage of pulmonary 

gMDSC infiltrates was increased in 4T1 tumor-bearing mice at week 3 (Figure 4). We 

also verified our results using the AT-3 tumor model in the C57BL/6J mouse strain, 

demonstrating a similar induction and infiltration of MDSC subsets in BM, spleen, 

primary tumor and lungs with different time kinetics due to differences in the rate of 

tumor growth (Figure 5).  In order to determine whether these MDSC subsets derived 
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from the BM or the tumor show immune suppression, we performed in vitro T cell 

suppression assays in the presence or absence of the BM- or tumor-derived MDSC 

subsets from 4T1 tumor-bearing mice. Tumor-derived mMDSCs showed a higher level of 

T cell suppression in vitro (Figure 6A), which may be due to significantly higher levels of 

nitric oxide synthase2 (NOS2) and arginase 1 (Figure 6B, C). 
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Figure 4: Metastatic 4T1 tumor-induced expansion and tissue infiltration of MDSC 

subsets in BALB/c mice. (A) 4T1 tumor highly induced a systemic expansion and an 

infiltration of mMDSCs and gMDSCs in bone marrow (BM), spleen, lung and primary 

tumor compared to the less invasive EMT6 tumor. (c) A representative flow cytometry 

plot of MDSC subsets is shown. Results are presented as mean±SD *P <0.05, **P<0.001, 

**P<0.0001. 
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Figure 5 : AT-3 tumor-induced expansion and tissue infiltration of MDSC subsets in 

C56BL/6J mice. (A) AT-3 tumor induced a systemic expansion and an infiltration of 

mMDSCs and gMDSCs in bone marrow (BM), spleen, lung and primary tumor compared 

to naïve mice. Results are presented as mean±SD *P <0.05, **P<0.001, **P<0.0001. 
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Figure 6 : 4T1 primary tumor-derived mMDSCs suppress CD4 T cell proliferation 

in vitro. (A) CFSE-labeled splenic CD4 T cells were co-cultured with MDSC subsets and 

the proliferation measured after 72hrs by flow cytometry analysis. (B) Expression of 

NOS2 and Arg1 in MDSCs from 4T1 tumor-bearing mice was verified by qPCR.  Results 

are presented as mean±SD *P <0.05, **P<0.001, **P<0.0001.  
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Monocytic MDSCs induce epithelial-mesenchymal transition (EMT) in tumor cells.  

To investigate whether MDSCs directly enhance tumor progression, we isolated both 

monocytic and granulocytic MDSCs from primary tumors, lung and bone marrow of 

tumor-bearing mice and co-cultured them with non-metastatic EMT6 cell. As shown in 

bright-field images, mMDSCs but not gMDSCs showed a very strong affinity towards 

the tumor cells and induced EMT phenotype with elongated-spindle shaped morphology 

(Figure 7A). To further investigate, we performed immunofluorescence staining (IF) of 

vimentin, an established EMT marker, in EMT6 tumor cells after co-culture with 

mMDSCs or gMDSCs and showed that mMDSCs induced higher expression of vimentin 

in tumor cells. In contrast, the gMDSCs suppressed vimentin expression (Figure 7B-C). 

We evaluated the expression of EMT markers, vimentin, twist and related cytokines, 

TGFB and IL6 by qPCR. Expectedly, mMDSCs derived from 4T1 tumor-bearing mice 

(labeled in red) significantly increased the expression of these markers in EMT6 tumor 

cells (Figure 8A). We next performed Boyden Chamber invasion assays and found that 

invasion of EMT6 cells was significantly enhanced when they were co-cultured with 

mMDSCs while there was a modest suppression (not statistically significant) with 

gMDSCs (Figure 9A-B). 
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Figure 7: Monocytic MDSCs show a strong affinity towards tumor cells and induce 

an EMT phenotype. (A) Bright field (BF) images of co-cultures of EMT6 tumor cells 

(black arrow) with mMDSCs (white) or gMDSCs (red).  An elongated shaped 

morphology was induced in tumor cells by mMDSCs which also showed a strong affinity 

for tumor cells. (B-C) Immunofluorescence staining showed increased expression of 

vimentin, an EMT marker, in tumor cells after co-culture with mMDSCs. Results are 

presented as mean±SD, *P <0.05, **P<0.001. 
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Figure 8: 4T1 tumor-derived mMDSCs highly induce the expression of EMT 

markers and related cytokines. (A) qPCR results confirmed that mMDSCs from 4T1 

tumor-bearing mice significantly up-regulated vimentin, twist1, TGFβ and IL6 in EMT6 

tumor cells compared with MDSCs from EMT6 tumor-bearing mice. Results are 

presented as mean±SD, **P<0.001, ***P<0.0001. 

 

 

Figure 9: mMDSCs from 4T1 mice induce tumor cell invasion. (A) Boyden Chamber 

assay results showed that the invasion of EMT6 cells was significantly enhanced by 

mMDSCs. Results are presented as mean±SD of two independent experiments. *P <0.05, 

**P<0.001. 
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Monocytic MDSCs promote a cancer stem cell phenotype in tumor cells.   

Weinberg and colleagues demonstrated that the induction of EMT generates cells with 

cancer stem cell (CSC) phenotype (79). We next reasoned whether induction of EMT by 

mMDSCs also results in expansion of the CSC population. We used CD24 and CD29 

murine mammary stem cell markers as previously described (80). Although EMT6 cells 

contained a small subset (>1%) of CSC population, they showed a 2-3 fold expansion of 

the CSC population when co-cultured with mMDSCs from 4T1 tumor-bearing mice 

(Figure 10A-B). Expansion of the CSC population by mMDSCs was confirmed using the 

tumor sphere assay (81). It showed that mMDSCs increased the sphere forming ability of 

EMT6 cells while gMDSCs failed to do so (Figure 9C-D).   
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Figure 10: Monocytic MDSCs promote a cancer stem cell phenotype. (A-B) EMT6 

cells after co-culture with mMDSCs but not gMDSCs from 4T1 tumor-bearing mice 

displayed an increased CD24+CD29+ CSC population as assessed by flow cytometry 

analysis. (C) To perform the tumor sphere assay, we seeded EMT6 cells in low-

attachment plates after co-culture with MDSCs and showed that the number of spheres 

was higher in EMT6 cells co-cultured with mMDSCs compared to control. Results are 

presented as mean±SD, of two independent experiments. **P<0.001. 
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Granulocytic MDSCs promote tumor cell proliferation. 

We next examined the effect of MDSC subsets on tumor cell growth under in vitro co-

culture conditions. Due to the fact that there was a significant infiltration of gMDSCs in 

lungs 3 weeks post-implantation, we reasoned that lung-infiltrating gMDSCs may 

support metastatic growth. In order to test this hypothesis, EMT6 tumor cells were co-

cultured with mMDSC or gMDSCs from bone marrow (BM), tumor or lung of 4T1 

tumor-bearing mice. Immunofluorescence staining showed that tumor or lung-derived 

gMDSCs significantly increased the expression of Ki67, a cell proliferation marker, in 

tumor cells; in contrast, BM-derived mMDSCs and gMDSCs failed to do so (Figure 11A-

B). Lung-derived gMDSCs also enhanced the expression of EpCAM, an epithelial cell 

marker, in tumor cells in co-culture experiments (Figure 11C). 
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Figure 11: Pulmonary gMDSCs enhance tumor cell growth and the expression of 

EpCAM.  (A-B) Immunofluorescent staining using Ki67 antibody showed that tumor 

cell proliferation was enhanced when cells were co-cultured with lung- or tumor-derived 

gMDSCs compared to BM-derived MDSCs under serum-free culture condition. (C) 

qPCR results showed an upregulation of EpCAM expression in tumor cells by lung-

derived gMDSCs. Results are presented as mean±SD, *P <0.05, **P<0.001, 

***P<0.0001. 
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Mouse gene expression analyses reveal that MDSC subsets regulate a distinct gene 

expression signature in tumor cells.   

To determine molecular mechanisms of MDSC-mediated tumor progression, we 

performed mouse transcriptome analyses on MDSC subsets and EMT6 tumor cells after 

co-culture with MDSCs in vitro. It revealed that mMDSC and gMDSC subsets displayed 

distinct gene expression profiles, with over 1,000 differentially expressed genes (Figure 

12A).  Furthermore, we found more than 750 genes which were differently regulated in 

tumor cells by mMDSCs or gMDSCs upon co-culture (Figure 12B). Upregulation of 

genes including IL1, IL6, NOS2, TGFB1 and vimentin in tumor cells by mMDSC 

confirmed that mMDSCs induced a EMT phenotype, whereas we found a distinct 

upregulation of S100A8, S100A9, MMP8, WFDC21, CCL3, LYZ1, FPR1 and TGFB2 in 

tumor cell by gMDSCs (Figure 12C). Coincidently, a majority of these genes were also 

distinctly upregulated in metastatic 4T1 tumors compared to EMT6 tumors (Figure 3B).  

These distinct genes induced by mMDSCs or gMDSCs in tumor cells were verified by  

qPCR analyses (Figure 13A-B). We also independently validated the results from mouse 

transcriptome analyses by co-culturing EMT6 cells with MDSCs from AT-3 tumor-

bearing mouse. Our qPCR analyses confirmed the enhanced expression of the same set of 

genes that was upregulated in tumor cells in response to co-culture with mMDSCs or 

gMDSCs derived from AT-3 tumor-bearing animals (Figure 13C-D).  
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Figure 12: Mouse transcriptome analyses show distinct gene expression profiles 

induced by MDSC subsets.  (A) Gene expression analyses of MDSC subsets from 4T1 

tumor-bearing mice revealed a distinct gene expression profile between mMDSCs and 

gMDSCs with over 1,000 differentially expressed genes. (B) The two subsets of MDSCs 

induced distinct gene signatures in tumor cells. (TC: Tumor cell) (C) We listed top genes 

that are significantly up-regulated by mMDSCs (Red) or gMDSCs (Blue). 
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Figure 13: qPCR validation of genes that are induced by MDSC subsets in tumor 

cells. (A,C) qPCR results confirmed that mMDSCs from 4T1 tumor-bearing mice (A) 

and AT-3 tumor-bearing mice (C) significantly up-regulated IL6, IL1A, NOS2, TGFB1 

and vimentin in EMT6 tumor cells (B,D) while gMDSCs up-regulated S100A9, S100A8, 

MMP8, CCL3, TGFB2 and PCNA in tumor cells. Results are presented as mean±SD 

*P<0.05, **P<0.001, ***P<0.0001.  
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NOS2 production by mMDSCs induces the EMT/CSC phenotype. 

Our gene expression analysis revealed that mMDSCs derived from 4T1 tumor-bearing 

mice displayed an elevated expression of NOS2. We therefore sought to determine 

whether elevated NOS2 levels induce the EMT/CSC phenotype in tumor cells. Treatment 

of EMT6 cells with the NO donor, DPTA, induced the expression of the cytokines; IL1A, 

IL6, TGFB1 and vimentin in a dose-dependent manner (Figure 14A). In contrast, the 

NOS2 inhibitor, 1400W, decreased the expression of these genes induced by mMDSCs 

(Figure 14B). Expectedly, NOS2 activation by DPTA induced pStat1 and pStat3 

signaling pathways and protein levels of vimentin and twist1, while the NOS2 inhibitor, 

1,400W suppressed the activation of the latter pathways and the expression of EMT 

markers (Figure 14C).  To assess the functional consequences of NOS2-mediated 

induction of EMT-related genes, we performed in vitro tumor invasion assays in the 

presence and absence of DPTA or 1400W. Treatment of tumor cells with DPTA resulted 

in increased tumor cell invasion; however, blockade of NOS2 suppressed mMDSC-

mediated tumor cell invasion (Figure 14D). Consistently, NOS2 activation also expanded 

the CSC population, while NOS2 blockade moderately reduced the mMDSC-induced 

CSC population (Figure 14E). Together, these data suggest that mMDSCs may exert their 

effects on tumor cells via inducing NOS2 production. 
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Figure 14: NOS2 induces the /CSC phenotype in tumor cells. (A) Analysis by qPCR 

assay showed that treatment with DPTA, NO donor, increased the expression of IL6, 

IL1A, TGFB1 and vimentin in a dose-dependent manner. (B) Inhibition of NOS2 by 

1,400W partially reduced the mMDSC-induced expression of IL6, IL1A, TGFB1 and 

vimentin. (C) NOS2-dependent pStat1 and pStat3 activation and expression of EMT 

markers were observed by western blotting analysis. (D) Treatment with DPTA promoted 

in vitro tumor cell invasion. In contrast, mMDSC-induced tumor cell invasion was 

suppressed by the NOS2 inhibitor, 1440W (E) NOS2 activation in tumor cells by DPTA 

increased the CSC population as assessed by flow cytometry analysis, while NOS2 

inhibitor decreased the CSC expansion. Results are presented as mean±SD, *P<0.05, 

**P<0.001. 

 



 

 

54 

 

In situ detection of MDSC subsets in primary tumors and in lung metastatic lesions. 

To provide in situ evidence for the localization of MDSC subsets, we prepared formalin- 

fixed paraffin-embedded (FFPE) sections of tumor (at week 2) and lung (at week 5) from 

4T1 tumor-bearing mice. Ly6C and Ly6G antibodies were used to identify mMDSCs and 

gMDSCs, respectively, with vimentin antibody as an EMT marker and Ki67 for 

proliferating cells. We moderately detected Ly6G positive cells in the tumor at week 2 

and Ly6C positive cells in lung metastatic lesions at week 5. However, there was 

infiltration of mMDSCs around the invasive edge of the primary tumors at week 2 as 

determined by Ly6C staining (Figure 15A) and gMDSCs infiltration in and around the 

metastatic lesions at week 5 (Figure 15B). As demonstrated, vimentin expression in 

primary tumor was restricted to the invasive edge where we detected a higher mMDSC 

infiltration (Figure 15A). In the metastatic lesions of lung, however, the majority of 

tumor cells were proliferating as assessed by Ki67 staining and these co-localized with 

gMDSCs (Figure 15B). Human mMDSCs are characterized by surface CD11b and CD14 

expression (82). To provide evidence of mMDSC infiltration in human breast cancer 

samples, we performed immunohistochemical staining of 11 primary human tumor 

tissues with CD14 antibody. There were a higher number of CD14-positive cells detected 

in metastatic tumors compared to indolent tumors (Figure 16A-B). 
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Figure 15: Infiltration of mMDSCs at the invasive tumor front and gMDSCs in lung 

metastatic lesions. (A) Immunofluorescence staining indicated that primary 4T1 tumors 

at 2 weeks showed enhanced vimentin expression at the tumor invasive front where the 

infiltration of Ly6C-positive mMDSCs was detected. (TC, tumor center; TE, tumor edge; 

Strom, stroma) (B) Infiltration of gMDSCs was detected in the metastatic lesions of mice 

at 5 week. (Met, metastasis; Inft, infiltrates).  

 

 

Figure 16: IHC staining shows that a higher number of CD14-positive cells were 

detected in metastatic human breast tumors (A) compared to the indolent tumors (B). 
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The differential effects of MDSC subsets on signaling pathways.  

The observed phenotypic changes in tumor cells upon co-culture with MDSC subsets 

suggested that these cells may activate specific signaling pathways. To examine the 

pathways that are activated by MDSC subsets, western blotting was performed using 

tumor cell extracts after overnight co-culture with mMDSCs or gMDSCs derived from 

4T1 or AT-3 tumor-bearing mice (Figure 17A-B). Results revealed that mMDSCs 

induced a strong upregulation of pStat1, pStat3 and pNF-kB as well as enhanced 

expression of vimentin and twist1 in tumor cells. In contrast, gMDSCs showed enhanced 

ERK1/2 activation while showing no effect on pStat1 and pStat3 activation. Thus, the 

results supported the gene expression analyses showing that MDSC subsets have 

differential effects on tumor cells. 
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Figure 17:  Western blot analyses of signaling pathway in tumor cells upon co-

culture with MDSC subsets. EMT6 tumor cells, when co-cultured with mMDSCs from 

4T1 (A) or AT-3 (B) tumor-bearing mice, exhibited elevated expression of pStat1 and 

pStat3, vimentin and twist1, while upon co-culture with gMDSCs enhanced ERK1/2 

activation. 
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A murine gene expression signature predicts poor survival in human malignancies. 

It is widely accepted that an EMT gene signature does not predict poor survival (4) and 

the ability of tumors to undergo dynamic EMT–MET transition can be a defining 

characteristic of metastatic cancers. In this study, we demonstrated that lung infiltrating 

gMDSCs from metastatic 4T1 tumor-bearing mice were able to induce MET-related 

genes and cell proliferation (Figure 11) and also induced a distinct set of genes: S100A9, 

MMP8, S100A8, WFDC21, LYZ2, FPR1, CCL3 and TGFB2 (Figure 12), which were 

also distinctly upregulated in 4T1 xenografts compared to EMT6 (Figure 3). Therefore, 

we reasoned that these genes may be specific for metastatic/aggressive behavior. 

WFDC21 and Lyz2 are novel mouse genes; however, they are not identified in the human 

genome yet. We called remaining six genes (S100A9, MMP8, S100A8, FPR1, CCL3 and 

TGFB2) as ‘metastatic gene signature’. We then tested the prognostic utility of the 

‘metastatic gene signature’ in human samples using the TCGA data set. (TCGA, Cell 

2015) (83, 84). It showed that this metastatic gene signature predicted poor survival in 

breast cancer patients (Figure 18A) and also correlated with enriched expression of 

PCNA, a proliferation marker (Figure 18A). Moreover, the metastatic gene signature 

correlated with higher expression of proliferation cluster genes as previously reported 

(85). 38 out of 40 genes were upregulated in patients with this metastatic signature 

(Figure 18B). Although PCNA expression alone predicted poor survival in breast cancer 

patients, combining PCNA together with the metastatic gene signature improved the poor 

survival prediction in the same cancer patients (Figure 18A). This metastatic gene 

signature identified in our mouse model-based studies was able to predict poor patient 
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survival in 9 other solid tumors; brain lower-grade glioma, colorectal adenocarcinoma, 

renal cell carcinoma, cutaneous melanoma, endometrial carcinoma, ovarian serous 

adenocarcinoma, prostate adenocarcinoma and hepatocellular carcinoma (Figure 19).  

 

 

Figure 18:  The mouse metastatic gene signature correlates with proliferation 

cluster genes. (A) TCGA (2015, Cell) data set (971 patients) shows overexpression 

and/or amplification of corresponding human genes; S100A8, S100A9, MMP8, CCL3, 

FPR1 and TGFB2 predicted poor survival in breast cancer patients. Tumors with high 

expression/amplification of these genes were also enriched in the expression of PCNA as 

well as (B) the proliferation cluster genes. PCNA overexpression alone predicts poor 

survival; however, survival prediction improves by several multitudes when combined 

with this expression. P values (Log-rank test) are indicated in the figure. 
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Figure 19: The mouse metastatic gene signature predicts poor survival in human 

malignancies. (A) Overexpression/amplification of the metastatic gene signature also 

predicted poor survival in a majority of solid tumors that are indicated in the figure. P 

values (Log-rank test) are indicated in the figure. 
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Lung-derived gMDSCs support the growth of tail vein injected tumor cells and 

results in shorter survival of animals.  

Although our studies implicated pulmonary infiltration of gMDSCs as a critical step in 

metastatic colonization and tumor growth, we wanted to determine the direct role of 

MDSC subsets in pulmonary metastasis. To do so, we intravenously injected luciferase-

expressing 4T1 cells either alone or in combination with lung-derived mMDSCs or 

gMDSCs. In vivo bioluminescence imaging results showed that there was an enhanced 

pulmonary metastasis and shortened survival when 4T1-luci cells were injected with 

gMDSCs compared to the 4T1-luci alone or in combination with mMDSCs (Figure 20A-

B), confirming our hypothesis that gMDSCs promote the growth of disseminated cells in 

the lungs. In addition, we set up experiments to deplete the gMDSCs in this model to 

further confirm the functional role of gMDSCs. We utilized anti-Ly6G antibody to 

deplete gMDSCs. We injected 4T1-luci cells into BALB/c mice via tail vein and after 5 

days we started the treatment either with isotype or anti-Ly6G antibodies. Control mice 

that were treated with isotype antibody showed lung metastasis and a significant 

accumulation of gMDSCs in the lungs; however, the majority of anti- Ly6G antibody-

treated mice failed to show lung metastasis and suppressed the accumulation of gMDSCs 

(Figure 21A-D).  
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Figure 20 : Animals injected with lung-derived gMDSCs show enhanced metastatic 

growth and shortened survival.  Flow cytometry sorted tumor-derived mMDSCs 

(100,000) or lung-derived gMDSCs (100,000) from 4T1 tumor-bearing mice were co-

injected with the 4T1-luci cells into the tail vein (20,000 per mouse) and MDSC injection 

was repeated 1 week later. These mice were imaged utilizing the Ami X imaging system.  

(A-B) Tumor-bearing mice injected with lung-derived gMDSCs showed enhanced 

metastatic growth and shortened survival compared to the control or mMDSC co-injected 

group.  
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Figure 21 : Depletion of gMDSCs by anti-Ly6G antibody in 4T1 tumor-bearing mice 

suppresses pulmonary metastasis.  Metastatic 4T1-luci cells (50,000 per mice) were 

injected into BALB/c mice via tail vein. (A) Control mice were treated 3 times a week 

with isotype antibody and developed lung metastasis. (B-C) In contrast, anti-Ly6g 

antibody-treated group mice (200ug per mouse, 3 times a week) showed suppression of 

metastasis and (D) gMDSCs infiltration in the lung.  Results are presented as mean±SD 

*P<0.05, ***P<0.0001. 
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Lung-derived gMDSCs promote the growth of disseminated tumor cells.  

Using the experimental metastasis model via tail-vein injection of tumor cells, we 

provided compelling evidence that gMDSCs are required for pulmonary metastasis. We 

next set out to determine whether gMDSCs support the growth of already disseminated 

tumor cells. We developed a mouse model where orthotopically implanted tumors were 

resected at 1 week post-implantation. Despite the presence of disseminated tumor cells in 

regional lymph nodes and lungs, there was no metastatic growth for up to 12 weeks of 

follow-up (Figure 22A-B). In contrast, the majority of mice developed metastasis when 

the primary tumors were resected at 2 weeks post-implantation (Figure 22C). 

Interestingly, these results provided further evidence that infiltration of gMDSCs in the 

secondary organs may be required for successful metastasis because coincidently, the 

expansion and infiltration of gMDSCs in lungs occur at 2 weeks post-implantation 

(Figure 4A). Moreover, this model may offer utility for investigation of disseminated 

tumor cells in the absence of primary tumors as shown in the experimental outline 

(Figure 22D). We utilized this model to evaluate the functional role of gMDSCs. We first 

implanted 4T1-luci cells and resected the tumors at 1 week post-implantation. One 

control group was not treated after resection, second group was injected twice with 4T1 

tumor-derived mMDSCs and the third group was injected twice with lung-derived 

gMDSCs. Animals were monitored by bioluminescence imaging. Control and mMDSC-

injected mice were followed for metastatic growth for 11 weeks without any detectable 

metastasis (Figure 22E). In contrast, 3 out of 4 mice injected with lung-derived gMDSCs 

developed metastasis as well as primary tumor relapses at 6 weeks post-resection (Figure 
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22E). These results indicate that lung infiltration of gMDSCs promotes the metastatic 

colonization of disseminated tumor cells. 

 

Figure 22: Lung-derived gMDSCs induce metastatic growth of disseminated tumor cells. 

(A-C) We developed a mouse model that shows no metastatic growth when 4T1 primary tumors 

were resected at 1 week post-implantation (B) Pan-keratin IHC staining results showed the 

existence of disseminated tumor cells in regional lymph nodes and lungs from 4T1 tumor-bearing 

mice at week 1. (C) All mice developed metastasis when primary tumors were resected at week 2. 

(D) Illustration of the experimental design. (E) 4T1 tumors were resected after 1 week post 

implantation and mice were injected (IV) with mMDSCs or gMDSCs (250,000 cells).  These 

mice were followed for metastatic growth by in vivo bioluminescence imaging (BLI).  
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S100A8 and S100A9 genes are highly upregulated in metastatic breast cancer. 

Our studies provided substantial evidence that infiltration of gMDSCs in lungs is a 

critical step in development of pulmonary metastasis. Although we showed that depletion 

of gMDSCs using anti-Ly6G antibody suppressed lung metastasis and the accumulation 

of gMDSCs (Figure 21), it is important to note that antibody-mediated depletion provides 

a transient elimination of gMDSCs for a proof of concept. This approach does not 

completely block gMDSC induction in the tumor-bearing host. It is therefore imperative 

to develop therapeutic approaches that will inhibit tumor-induced gMDSCs. Our mouse 

transcriptome analyses revealed that gMDSCs from 4T1 tumor-bearing mice highly 

induced the expression of S100A8 and S100A9 in tumor cells under in vitro culture 

conditions (Figure 12) and they are also the most highly expressed genes in the metastatic 

4T1 primary tumor (Figure 3). We therefore sought to determine molecular mechanisms 

and functional properties of S100A8 and S100A9 in gMDSC induction and its role in the 

metastatic process.  

We first examined the expression of S100A8 and S100A9 in murine breast tumor cells. 

The 4T1 tumor cell line and its xenograft in a syngeneic mouse model showed much 

higher expression compared with the non-metastatic EMT6 tumor cell line and 

xenografts (Figure 23A). We also measured S100A8 and S100A9 levels in paired 

primary and metastatic breast cancer patient samples and confirmed higher expression of 

both genes in metastatic tumors than their matched primary tumors (Figure 23B). 

Interestingly, the triple-negative breast cancer (TNBC) subtype also expressed high levels 
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of S100A8 and S100A9 genes compared to other subtypes, suggesting that these proteins 

may play a role in the aggressive-clinical course of TNBC.  

 

 

Figure 23 : The expression of S100A8 and S100A9 genes is significantly higher in 

metastatic breast tumors. (A) qPCR results showed that the expression of both S100A8 

and S100A9 is much higher in metastatic murine 4T1 tumor cells and its primary tumor 

xenografts, compared with non-metastatic EMT6 cells. (B) Similarly, up-regulation of 

S100A9 and S100A8 is observed in metastatic breast cancer patient tissue samples 

compared to matched primary tumors. Results are presented as mean±SD. **P<0.001, 

***P<0.0001. 
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A heterotetrameric S100A8/A9 complex, known as Calprotectin, induces immune-

suppressive myeloid-derived suppressor cells in vitro.  

Under cellular stress conditions, such as cancer, S100A8 and S100A9 proteins are 

induced by a variety of mediators and form heterodimers or heterotetramers in a Ca2+-

dependent manner (Figure 24). Recent studies suggest that calprotectin may have 

additional properties or may function independently, compared to either subunit alone 

based on the crystal structure and molecular characterization (86, 87). 

Since S100A8 and S100A9 have been reported to be involved in the chemotaxis of 

myeloid-derived suppressor cells (MDSCs) in pre-metastatic lungs (88), we first 

examined the role of S100A8, S100A9 and calprotectin in immune suppression. Bone 

marrow (BM) cells isolated from naïve mice were cultured with recombinant GMCSF 

and S100A8, S100A9 or calprotectin proteins for 5 days to induce MDSCs in vitro. Our 

data showed that calprotectin-treated BM cells display fewer dendritic cells (DCs) and 

more of an MDSC phenotype, compared with control, S100A8 or S100A9-treated cells 

(Figure 25A-B). In order to determine whether these cells are immune suppressive, we 

performed in vitro T cell suppression assays. Calprotectin-treated BM cells highly 

suppressed T cell proliferation in vitro, suggesting that calprotectin efficiently induced 

suppressive MDSC differentiation compared to that induced by S100A9 which showed a 

modest suppressive activity, while S100A8-induced MDSCs had no suppressive activity 

(Figure 26A-B). 
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Figure 24 : The crystal structure of calprotectin. The (S100A8/S100A9)2 

heterotetramer: S100A8, green; S100A9, pink; Ca ions are shown as light blue spheres, 

CA501, canonical Ca2+ binding site; CA502, non-canonical Ca2+ binding site (87). 
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Figure 25 : In vitro MDSC induction assay shows that calprotectin efficiently 

induces suppressive MDSC differentiation. Bone marrow (BM) cells isolated from 

naïve mice were cultured with recombinant GMCSF and S100A8, S100A9 or 

calprotectin (CALP) proteins for 5 days. (A) Representative flow cytometry plots of the 

DC (MHCII+CD11C+) and MDSC (Ly6C+Ly6G+CD11b+) populations in each group 

are shown. (B) Quantitative graphs showed that calprotectin-treated BM cells display a 

less dendritic cell (DC) and higher MDSC phenotype. Results are presented as mean±SD, 

*P<0.05, **P<0.001 
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Figure 26 : Calprotectin-treated BM cells efficiently suppress CD4+T cell 

proliferation in vitro. Splenocytes from naïve mice were labeled with CFSE (a green 

fluorescent dye) and co-cultured with protein-stimulated BM cells for 3 day. T cell 

proliferation was evaluated by flow cytometry. (A-B) CFSE (FITC) dilution 

demonstrated that the proliferation of T cells was inhibited by S100A9 and calprotectin-

treated BM cells. Results are presented as mean±SD, *P<0.05, ***P<0.0001 
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Calprotectin induces a proliferative MET/CSC phenotype in tumor cells. 

Although myeloid progenitors, particularly granulocytes are the primary source of 

S100A8 and S100A9 proteins, these proteins have been implicated to act on tumor cells 

in a paracrine fashion. Studies have reported that these proteins interact with tumor cells, 

activating MAPK and NF-κB signaling pathways to promote tumor cell growth and 

invasion (89, 90). These results are consistent with our data showing that lung-infiltrating 

gMDSCs enhance metastatic growth (Figure 20). We therefore examined the effect of 

S100A8, S100A9 and calprotectin on tumor cell growth by treating EMT6 tumor cells 

with recombinant proteins in vitro. Immunofluorescence staining showed that all three 

recombinant proteins increased the expression of Ki67, a cell proliferation marker, in 

tumor cells; however, calprotectin treatment further increased cell proliferation, 

compared to other groups (Figure 27A-B).   

There is substantial evidence that CSCs play a major role in tumor metastasis and 

treatment resistance across a wide spectrum of cancers (91, 92). Furthermore, CSCs 

display phenotypic plasticity allowing them to transition between EMT and MET like 

states (93). It has been proposed that CSC plasticity may be important in metastatic 

colonization. We therefore hypothesized that calprotectin may induce the reversal of the 

EMT/CSC phenotype (which is not proliferative) to the more proliferative MET/CSC 

phenotype in distant organs to support colonization. To test this hypothesis, we 

performed flow cytometry analysis to examine the CSC phenotypic transition between 

EMT and MET states using CD24 and CD29 murine mammary stem cell markers. EMT6 

cells displayed a small subset (>1%) of a CSC population but when treated with 
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recombinant calprotectin, there was an expansion of the CSC population up to 20% 

(Figure 28A-B). We also examined the expression of Ki67 in either a whole cell 

population or a CSC subset and observed a higher number of Ki67-positive cells within 

the CSC subset (Figure 28E) as well as the whole population (Figure 28C-D) in 

calprotectin-treated EMT6 cells. Biochemical analysis supported the aforementioned 

results and showed that calprotectin highly increased the expression of PCNA, EpCAM 

and MMP8 in tumor cells (Figure 29A). However, S100A8 alone significantly increased 

vimentin and twist 1, a mesenchymal marker, while these were not affected by S100A9 

or calprotectin treatment (Figure 29A). Calprotectin treatment also activated cell 

proliferation signaling pathways by enhancing pERK1/2 and pStat3 expression in tumor 

cells (Figure 29B). These results suggest that calprotectin may play a fundamental role in 

generating the metastatic niche, which in turn promotes MET/CSCs and subsequent 

metastatic tumor growth at distant sites. 
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Figure 27: Calprotectin enhances tumor cell growth.  (A-B) EMT6 cells were cultured 

with recombinant S100A8, S100A9 and calprotectin proteins in 1% FBS culture media 

for 48hrs. Ki67 immunofluorescent staining results indicated that calprotectin-treated 

cells showed the highest number of Ki67-positive cells, compared with other groups. 

Results are presented as mean±SD, *P <0.05, **P<0.001, ***P<0.0001. 
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Figure 28: Calprotectin promotes a proliferative cancer stem cell phenotype. (A-B) 

EMT6 cells were treated with calprotectin for 72hrs. Flow cytometry analysis showed 

increased a CD24+CD29+ CSC population in tumor cells. (C-E) For intracellular flow 

cytometry staining, calprotectin-treated EMT6 cells were stained with CD24 and CD29, 

fixed, permeabilized and stained with a Ki67 antibody. A representative plot and graph 

showed a higher number of Ki67-positive cells in a whole population (C-D) and CSC 

subset (E).  Results are presented as mean±SD, **P<0.001, ***P<0.0001. 
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Figure 29: Calprotectin upregulates the expression of PCNA and EpCAM and 

activates a cell proliferation signaling pathway. (A) qPCR results showed that the 

expression of PCAN, EpCAM and MMP8 is higher in calprotectin-treated EMT6 cells 

(B) Activation of ERK1/2 and Stat3 is observed in tumor cells by calprotectin. Results 

are presented as mean±SD. **P<0.001, ***P<0.0001. 

 

 

 

 

 

 

 

 



 

 

77 

 

Calprotectin promotes primary tumor growth and spontaneous metastasis in non-

metastatic EMT6 tumor-bearing mice.  

Our in vitro results suggested that calprotectin plays important roles in promotion of 

proliferative MET/CSCs as well as induction of immune suppressive gMDSCs. To 

further validate these in mouse models, we performed the following in vivo studies by 

treating recombinant S100A9 or calprotectin in non-metastatic EMT6 tumor-bearing 

mice. Calprotectin-treated mice showed enhanced primary tumor growth and spontaneous 

metastasis to lungs when compared to the recombinant S100A9 or control (saline) treated 

mice (Figure 30A). Furthermore, in vitro T cell suppression assay confirmed that 

gMDSCs isolated from calprotectin-treated mice showed higher suppressive activities to 

T cell proliferation, compared to gMDSCs from S100A9-treated mice (Figure 30B). 
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Figure 30: Calprotectin promotes primary tumor growth and metastasis in EMT6 

tumor-bearing mice by inducing suppressive gMDSC accumulation. Mice were 

treated with PBS (CTRL), S100A9 or Calprotectin (100ng/mice, 3 times a week) via tail 

vein before and after the implantation of EMT6-luci tumors. (A) In vivo luminescence 

imaging showed that calprotectin treatment enhanced primary tumor growth and 

spontaneous metastasis to lungs. (B) In vitro T cell suppression assay showed that 

gMDSCs isolated from calprotectin-treated mice highly suppressed T cell proliferation, 

compared to gMDSCs from S100A9-treated mice. Results are presented as mean±SD, 

*P<0.05, **P<0.001, ***P<0.0001 
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Blood calprotectin levels are elevated in mice and humans with metastatic tumors. 

Our gene expression analysis showed that gMDSCs from metastatic 4T1 tumors display 

significant upregulation of S100A8 and S100A9 genes (>200 and >900 fold respectively) 

compared to granulocytes from naïve mice (Figure 12A). Therefore, we speculated that 

circulating calprotectin levels would be elevated in metastatic tumor-bearing animals. 

Blood were collected from naïve, EMT6 and 4T1 tumor-bearing mice every weeks. We 

isolated plasma and evaluated the levels of calprotectin utilizing ELISA assay. Metastatic 

4T1 tumor-bearing mice showed a gradual and significant upregulation of plasma 

calprotectin levels compared to the mice with EMT6 tumors (Figure 31A). Furthermore, 

we also analyzed a limited number of serum samples from breast cancer patients and 

confirmed that circulating calprotectin levels are elevated in metastatic breast cancer 

patients compared to patients with indolent tumors (Figure 31B). These findings suggest 

that calprotectin may have utility as a predictive biomarker in patients with metastatic 

breast cancer.  
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Figure 31 : Blood calprotectin levels are elevated in mice and humans with 

metastatic tumors. (A) Blood was collected from EMT6 or 4T1 tumor-bearing mice at 

week 1, 3 and 4, and ELISA assays were utilized to detect plasma calprotectin levels. 

Metastatic 4T1 tumor-beating mice showed higher levels of calprotectin, compared to 

EMT6 and control mice. (B) Retrospective analyses of blood samples from breast cancer 

patients also showed elevated levels of calprotectin in patients with metastatic tumors. 

Results are presented as mean±SD, *P<0.05, **P<0.001, ***P<0.0001 
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Computational screens of the NCI chemical library against the crystal structure of 

calprotectin identify 40 lead compounds that may potentially bind to calprotectin 

and suppress gMDSC differentiation. 

Our in vitro and in vivo results provided compelling evidence for the idea that 

calprotectin-mediated immune suppressive gMDSCs are critical players in generation of 

a permissive pro-metastatic niche. We therefore believe that calprotectin may be an 

attractive molecular target in metastatic breast cancer.  A compound inhibiting S100A9, 

called Tasquinimod has been tested in preclinical settings in castration-resistant prostate 

cancer (94). However, calprotectin functions independently of either subunit alone based 

on the crystal structure and molecular characterization (86, 87). We hypothesized that 

targeting calprotectin may be more effective than tasquinimod which only targets 

S100A9 and has no effect on calprotectin. We performed computational screens of the 

NCI chemical library against the crystal structure of calprotectin and identified 40 lead 

compounds. We carried out in vitro screening by culturing bone marrow cells in G-CSF-

supplemented culture media with or without each compound (Figure 32A). G-CSF is 

granulocyte colony-stimulating factor and has been demonstrated to induce suppressive 

MDSC accumulation in in vitro and mouse models (95, 96). We identified three 

compounds #4, #10 and #27 that effectively inhibited gMDSC induction while number of 

Cmpds #13, #14 and #15 induced the accumulation of gMDSCs. 
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Figure 32: In vitro drug screening of lead NCI compounds identified by 

computational screen. (A) Treatment of recombinant G-CSF in naïve mice bone marrow 

cells resulted in Ly6C+Ly6G+CD11b+ gMDSC induction in vitro (Black bar). Using this 

assay, we screened 40 lead NCI compounds by culturing cells in G-CSF-supplemented 

culture media with or without each compound. We identified three compounds #4, #10 

and #27 that effectively inhibited gMDSC accumulation (Red bars) while number of 

Cmpds #13, #14 and #15 induced gMDSCs (Green bars).  
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Potential gMDSC-inhibiting compounds suppress calprotectin-mediated 

immunosuppression and tumor cell growth.  

We next utilized these compounds (#4, #10 and #27) to examine their effect in 

calprotectin-mediated immune suppressive activity. Bone marrow (BM) cells isolated 

from naïve mice were cultured with GM-CSF and calprotectin-supplemented culture 

media with or without each compound for 5 days to induce MDSC differentiation in 

vitro. We collected the cells and performed in vitro T cell suppression assays. 

Calprotectin-treated BM cells highly suppressed T cell proliferation in vitro; however all 

three compounds effectively reversed T cell suppression induced by calprotectin (Figure 

33A). We next tested compound #10 to determine whether it suppresses tumor cell 

growth in vitro. EMT6 cells were treated with S100A8, S100A9 and calprotectin alone or 

in combination with #10 and stained with Ki67 antibody for immunofluorescence 

analysis. Calprotectin increased the expression of Ki67 in tumor cells; however 

compound #10 significantly suppressed cell proliferation induced by calprotectin (Figure 

34A-B) 

 

 

 

 

 

 

 



 

 

84 

 

 

 

Figure 33 : Calprotectin-targeting compounds efficiently reverse calprotectin-

mediated T cell suppression under in vitro culture conditions. Splenocytes from naïve 

mice were labeled with CFSE (a green fluorescent dye) and co-cultured with calprotectin 

and each compound-treated BM cells for 3 days (1:1 or 1:0.3 ratios). T cell proliferation 

was evaluated by flow cytometry. (A) The retention of CFSE (FITC) dye in cells 

demonstrated that the proliferation of T cells was inhibited by calprotectin-treated BM 

cells but all three compounds effectively reversed T cell suppression.   

T: splenocytes, BM: bone marrow cells. Results are presented as mean±SD. *P<0.05, 

**P<0.001, ***P<0.0001 
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Figure 34 : Compound #10 efficiently suppresses calprotectin-mediated tumor cell 

proliferation.  (A-B) EMT6 cells were cultured with recombinant S100A8, S100A9 or 

calprotectin alone and calprotectin plus compound #10 in 1% FBS culture media for 

48hrs. Ki67 immunofluorescent staining showed that calprotectin increased the 

expression of Ki67 in tumor cells; however, compound #10 significantly suppressed cell 

proliferation induced by calprotectin. Results are presented as mean± SD.  

*P <0.05, **P<0.001. 
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Potential gMDSC-inhibiting compound #10 significantly suppresses tumor cell 

growth and pulmonary metastasis in 4T1 tumor-bearing mice. 

We next wanted to examine the therapeutic utility of compound #10 alone or in 

combination with chemotherapeutic agent (cyclophosphamide) in syngeneic murine 

breast tumor model. Luciferase-expressing 4T1 tumors were orthotopically implanted in 

immunocompetent BALB/c mice and once the tumors were established, we treated the 

animals with drug #10, or chemotherapy (cyclophosphamide-CTX) alone or in 

combination with both CTX and drug #10. Although treatment of drug #10 and CTX 

alone inhibited primary tumor growth, the combination with #10 and CTX showed the 

greatest inhibition of tumor growth (Figure 35A-B). Furthermore, compared with CTRL 

or CTX alone, injection of #10 alone and CTX plus #10 resulted in suppression of lung 

metastasis (Figure 35C). We also examined the effect of treatment in terms of gMDSC 

infiltration. The combination of #10 and CTX significantly reduced gMDSC infiltration 

in both primary tumors and lungs, compared with single treatments (Figure 35D-E). Our 

results indicated that calprotectin-targeting compound may suppress tumor growth and 

metastasis via reducing the infiltration of gMDSCs in the lungs as well as primary 

tumors. 

 

 

 

 



 

 

87 

 

 

 

Figure 35 : Compound #10 suppresses tumor cell growth and pulmonary metastasis 

in 4T1 tumor-bearing mice. Luciferase-expressing 4T1 tumor cells (50,000 cells) were 

orthotopically implanted in immunocompetent BALB/c mice. Once tumors were 

established (10-14 days post-implantation), animals were randomly divided and treated 

with drug #10 or chemotherapy (Cyclophosphamide-CTX) alone or CTX plus #10. (A-B) 

Treatment with #10 and CTX in tumor-bearing mice reduced tumor growth. (C) Ex-vivo 

imaging of the lungs showed that #10 and CTX plus #10 suppressed lung metastasis. (D-

E) Flow cytometry analysis showed that combination treatment of CTX and #10 

effectively reduced the infiltration of gMDSCs in the primary tumor and lung of 4T1 

tumor-bearing mice.  Results are presented as mean±SD, *P <0.05, **P<0.001. 
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Figure 36 : Accumulation of myeloid derived suppressor cells (MDSCs), an immune-

suppressive cell population, plays a fundamental role in regulating spatiotemporal 

tumor plasticity during metastatic cascade. Tumor-infiltrating mMDSCs induce 

EMT/CSC in primary tumors facilitating tumor invasion and motility. On the other hand, 

gMDSC infiltration at metastatic sites induces CSCs to revert back to a MET phenotype, 

which in turn promotes tumor cell proliferation supporting metastatic outgrowth. 

Furthermore, we determine the role of calprotectin as an important regulator of gMDSCs 

and suggest that calprotectin-mediated gMDSCs promote breast cancer metastasis by 

inducing MET-like CSCs, while suppressing anti-tumor immunity within the pre-

metastatic niche. 
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IV. DISCUSSION 

1. Spatiotemporal regulation of tumor plasticity by MDSC subsets. 

In recent years, we have made substantial advances in the understanding of the metastatic 

process. Accordingly, successful colonization in distant organs requires disseminated 

tumor cells with an EMT phenotype to revert back to the epithelial phenotype via MET. 

Despite conceptual advances, microenvironmental cues and molecular crosstalk that 

regulate these dynamic phenotypic switches between EMT and MET in the primary site 

and distant organs are poorly elucidated.  

Myeloid-derived suppressor cells (MDSCs) are identified in most cancer patients and 

experimental animal models due to their potent immune suppressive activity. However, 

emerging studies demonstrate that MDSCs not only inhibit anti-tumor immunity but also 

directly promote tumor metastasis by participating in the formation of pre-metastatic 

niches, angiogenesis and invasion (8, 9). MDSCs are a heterogeneous population of 

immature myeloid cells that include phenotypically distinct subsets, monocytic 

(mMDSC) and granulocytic (gMDSC), both of which have been shown to display 

immune-suppressive activities via distinct mechanisms (76). Although the majority of 

studies do not distinguish between these two subsets, recent studies indicate that MDSCs 

may have varying roles depending on the microenvironment from which they are derived 

(111). In line with this notion, we provide evidence that monocytic and granulocytic 

subsets not only have distinct molecular properties but also have opposing effects on 

tumor cells.  
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To investigate the function of immune cells in breast cancer development, we utilized 

murine breast cancer cells, EMT6 and 4T1 in syngeneic mouse model (BALB/c). 4T1 

cells form highly aggressive and less immunogenic tumors which resemble advanced 

breast cancer in humans and represents TNBC subtype (94). However, EMT6 is less 

aggressive and does not show spontaneous overt metastasis. Our mouse transcriptome 

analyses revealed a distinct gene expression signature between 4T1 and EMT6 tumors. A 

cytokine antibody array also determined higher levels of inflammatory cytokines and 

growth factors secreted by 4T1 tumor cells. We first showed that 4T1 tumors induced a 

systemic accumulation of both mMDSCs and gMDSC in bone marrow (BM), spleen, 

lung and primary tumor of tumor-bearing animals. In particular, mMDSCs infiltrated as 

early as week 1 into primary tumors. In contrast, there were higher levels of gMDSC 

infiltrates in the lungs at week 3. The mouse transcriptome and qPCR analyses following 

the co-culture of tumor cells and MDSCs provided a better understanding of the cross-

communication. A strong affinity of mMDSCs for tumor cells resulted in induction of the 

EMT/CSC phenotype by upregulation of an EMT gene expression signature while 

gMDSCs induced upregulation of factors that correlated with a proliferation signature. 

Interestingly, a number of EMT/CSC-related factors, such as IL1A, IL6, NOS2 and 

TGFB1, were highly expressed in BM or tumor-derived mMDSCs and also further 

enhanced the expression of these genes in tumor cells upon co-culture. Activation of both 

Stat1 and Stat3 signaling pathways in tumor cells by mMDSCs may account for the 

induction of the EMT/CSC phenotype as assessed by strong upregulation of EMT-related 

proteins such as vimentin, CK14 and twist1. Furthermore, mMDSCs were detected in situ 



 

 

91 

 

at the invasive edge of the tumors where strong vimentin expression was observed. 

Metastatic human breast cancer samples compared to the indolent tumors also showed 

higher infiltration of CD14-positive (human mMDSC marker) cells. Altogether these data 

provide strong evidence that tumor-infiltrating mMDSCs induce an EMT/CSC phenotype 

in primary tumors to facilitate dissemination.  

Morphological evidence of EMT and its requirement for metastasis has been well 

established in preclinical and clinical studies (112, 113). However, recent studies have 

argued that an EMT signature alone in breast cancer patients does not predict recurrence 

and disease-free survival (4, 114). Although dissemination via EMT is a limiting 

necessary step in metastatic process, it does not guarantee successful colonization and 

outgrowth in secondary organs (45). Furthermore, recent studies suggest that early 

disseminated tumor cells may seed later metastasis at distant sites (34). In line with this 

notion, we provide evidence that massive pulmonary gMDSC infiltrates around 3 weeks 

post implantation may revert disseminated tumor cells back to an epithelial phenotype via 

MET and promote metastatic growth. Our mouse transcriptome analysis of in vitro co-

cultures and samples from syngeneic mouse models identified a ‘metastatic gene 

signature’ that correlated with enriched expression of PCNA and previously reported 

proliferation cluster genes. Importantly, this signature predicts poor survival in patients 

with breast cancer. Furthermore, we showed that the metastatic gene signature also 

predicts poor survival in nine solid tumors when respective TCGA data were analyzed. 

The fate of disseminated cells has been an area of intense investigation due to its clinical 

significance (115). In our studies, we observed that total resection of primary 4T1 tumors 
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one-week post implantation eliminates secondary metastatic growth despite the presence 

of disseminated tumor cells in regional lymph nodes and lungs. We therefore called this a 

‘tumor dormancy model’. However, all animals develop metastatic growth when primary 

tumors were resected two weeks post implantation. These data provide further evidence 

that pulmonary metastasis requires infiltration of gMDSCs that begins after 2 weeks post 

implantation and thus resection of primary tumor at 1 week in the absence of gMDSC 

infiltrates results in tumor dormancy. We utilized the tumor dormancy model and 

demonstrated that adaptive transfer of lung-derived gMDSCs via tail vein injections 

supported the growth of already disseminated tumor cells. The requirement for gMDSCs 

in pulmonary metastasis was further validated by depleting gMDSCs using anti-Ly6G 

antibody. In conclusion, we have provided convincing evidence for the spatiotemporal 

regulation of tumor plasticity by MDSC subsets in the primary site and distant organs 

using murine breast tumors in syngeneic mouse models. Early infiltration of mMDSCs at 

the primary tumor invasive front promotes tumor dissemination by inducing an 

EMT/CSC phenotype. In contrast, infiltration of gMDSCs into distant sites supports 

tumor growth by reverting the EMT/CSC phenotype and enhancing proliferation. 

Furthermore, our studies provide a compelling evidence for a functional role of gMDSCs 

in supporting the growth of already disseminated tumor cells suggesting the therapeutic 

utility in targeting these cells to eliminate metastasis.  
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2. The functions of calprotectin in inducing suppressive gMDSCs and 

generating a metastatic niche. 

Our mouse transcriptome analyses revealed that gMDSCs from 4T1 tumor-bearing mice 

induced the up-regulation of S100A8 and S100A9 in tumor cells under in vitro culture 

conditions. Consistent with this, S100A8 and S100A9 are the most highly expressed 

genes in metastatic 4T1 xenografts compared to non-invasive EMT6 tumors. 

Interestingly, the triple negative breast cancer (TNBC) subtype also expressed higher 

levels of S100A8 and S100A9 genes compared to other subtypes suggesting that these 

proteins may play a role in metastatic breast cancers. However, recent studies suggested 

that calprotectin, a heterotetrameric complex of S100A8 and S100A9, may have 

additional properties compared to the individual proteins (56). Moreover, elevated serum 

calprotectin levels but not individual protein components are correlated with the 

progression of disease in a number of malignancies (116-119). Therefore, we sought to 

investigate the function of calprotectin in gMDSC induction and the metastatic process.  

S100A8 and S100A9 have been reported to be involved in the chemotaxis of myeloid-

derived suppressor cells (MDSCs) in pre-metastatic lungs (55). We first examined the 

role of S100A8, S100A9 and calprotectin in immune suppression. In vitro gMDSC 

induction and T cell suppression assays showed that calprotectin efficiently induces 

suppressive gMDSC differentiation. 

Recent studies highlight the importance of CSC plasticity and immune evasion during the 

metastatic process (120).  Furthermore, CSCs display phenotypic plasticity allowing them 

to transition between EMT- and MET-like states (107). Our earlier studies showed that 
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tumor-induced MDSC subsets regulate cancer stem cell (CSC) plasticity during the 

metastatic process. We thus extended our studies to examine whether calprotectin induces 

a proliferative MET/CSC phenotype in tumor cells. Immunofluorescence staining and 

flow cytometry analyses provided evidence that calprotectin significantly enhanced cell 

proliferation and the expansion of the proliferative CSC population. Increased expression 

of PCNA, EpCAM and MMP8 as well as activation of ERK1/2 and Stat3 in tumor cells 

also supported the hypothesis that calprotectin may promote MET/CSCs and subsequent 

tumor growth and metastasis. Our in vivo studies confirmed that calprotectin enhanced 

primary tumor growth and spontaneous metastasis to lungs in EMT6 tumor-bearing mice. 

We also observed that circulating calprotectin levels were elevated in metastatic 4T1 

tumor-bearing mice and metastatic breast cancer patients.  

Understanding the molecular mechanisms underlying the co-evolution of tumor and 

immune cells at metastatic sites will facilitate the identification of therapeutic targets to 

inhibit the metastatic process. Our studies determined that calprotectin-mediated gMDSC 

induction resulted in the generation of a permissive pro-metastatic niche which is also 

immunosuppressive. We therefore sought to develop a novel gMDSC-targeting 

compound that potentially binds to calprotectin. Utilizing in vitro MDSC induction 

assays, we screened 40 lead compounds and identified three hit compounds #4, #10 and 

#27 that effectively inhibited gMDSC accumulation. We validated that the compounds 

reversed calprotectin-mediated immune suppression as well as tumor cell proliferation 

using in vitro assays. Treatment of 4T1 tumor-bearing mice with compound #10 resulted 

in a significant reduction of tumor cell growth and pulmonary metastasis. Furthermore, a 
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combination of #10 and a chemotherapeutic drug (CTX) showed synergistic effects on 

both tumor growth and metastasis by reducing the infiltration of gMDSCs, suggesting the 

potential therapeutic utility of #10. Together our studies warrant further validation of 

these compounds in preclinical and clinical settings by investigating their detailed 

mechanism of action and target specificity. 

Collectively, calprotectin regulates the induction and infiltration of gMDSCs in distant 

organs to promote metastatic growth by inducing MET-like CSCs as well as suppressing 

anti-tumor immunity. Therefore, calprotectin might be an attractive therapeutic target in 

metastatic breast cancer.   
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V. SUMMARY 

1. Induction and tissue infiltration of MDSC subsets by metastatic 

murine breast tumor in syngeneic mouse model. 

We demonstrated a systemic expansion and infiltration of MDSC subsets in the bone 

marrow, spleen, lung and primary tumor from metastatic 4T1 tumor-bearing mice. We 

showed that mMDSCs and gMDSCs infiltrate in the primary tumor and distant organs 

respectively with different time kinetics. Furthermore, mouse transcriptome analysis 

revealed a different gene expression signature between the two subsets, indicating their 

distinct molecular properties and effects on tumor cells during tumor progression. 

2. Monocytic-MDSCs localize at the invasive front of the primary tumor 

and induce EMT/CSC.  

We determined that mMDSCs exhibited a strong affinity towards tumor cells inducing an 

EMT/CSC phenotype via the upregulation of EMT markers and related cytokines. We 

also observed that mMDSC-mediated expression of NOS2 is partially responsible for the 

induction of EMT/CSC phenotype. Furthermore, mMDSCs were detected in situ at the 

invasive edge of the tumors where strong vimentin expression was observed. 

Collectively, mMDSCs infiltrate in the primary tumor site at early time points and 

promote tumor cell dissemination by inducing an EMT/CSC phenotype. 

3. Pulmonary gMDSC infiltrates support metastatic growth by reverting 

the EMT/CSC phenotype and promoting tumor cell proliferation. 

We found that pulmonary gMDSC infiltration was elevated at week 3 in 4T1 tumor-

bearing mice, preceding the detection of metastatic lesions in the lungs. Our in vitro 
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studies showed that gMDSCs effectively enhanced tumor cell proliferation and increased 

the expression of EpCAM, a MET marker.  In addition, we identified a ‘metastatic gene 

signature’ which are highly upregulated in tumor cells by gMDSCs in vitro as well as in 

metastatic 4T1 tumor xenografts. This signature predicts poor survival in a majority of 

human solid tumors including breast cancer. Adoptive transfer of lung-derived gMDSCs 

in mice further supported that gMDSCs promote the growth of disseminated tumor cells.  

4. Calprotectin is an important regulator of gMDSCs and promotes 

metastasis by inducing MET/CSC and suppressing anti-tumor 

immunity. 

In order to develop therapeutic approaches that inhibit tumor-induced gMDSCs, we 

determined the function of calprotectin (S100A8/S100A9 heterotetramer) in the 

metastatic process. We observed higher expression of calprotectin in murine and human 

metastatic breast tumors and also detected elevated levels of blood calprotectin. 

Calprotectin effectively induced immune-suppressive gMDSCs and proliferative 

MET/CSC subsets and promoted tumor cell growth. Treatment of calprotectin in tumor-

bearing mice resulted in the enhanced primary tumor growth and lung metastasis. 

Furthermore, we identified novel gMDSC targeting compounds, and our in vitro and in 

vivo studies indicate that these compounds may suppress tumor growth and metastasis via 

reducing suppressive gMDSC induction. 
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