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ABSTRACT 

 

RAZIYE PIRANLIOGLU 

Primary Tumor-Induced Immunity Is Suppressed By Surgery-Induced Inflammation 

In The Presence Of Residual Tumor Cells 

(Under the direction of Dr. HASAN KORKAYA) 

 

       It is widely thought that tumor cells disseminate from a primary site into the 

circulation during the early stages of tumor development. However, the fate of these 

early disseminated tumor cells (DTCs) has been elusive. By utilizing the murine 

mammary tumors, 4T1 and EMT6, in a syngeneic mouse model, we show that both 

tumors disseminate into secondary organs but only 4T1 tumors are able to generate 

metastasis. In contrast, EMT6 primary tumors induce an anti-tumor response that leads 

to elimination of DTCs. This anti-tumor immunity is CD8+ T cell-dependent and 

provides long-term immunity. Furthermore, the mice are free of DTCs within a couple 

of days when primary tumors are completely resected and they reject subsequently 

injected tumors, whereas mice with residual tumors following surgery show enhanced 

local recurrence and outgrowth of DTCs at metastatic sites; this effect may be explained 

by elevated levels of granulocyte colony-stimulating factor (G-CSF). This increase is 

accompanied by an accumulation of immature myeloid-derived suppressor cells 

(MDSCs) in the spleen and lungs, the main target organ for metastasis. Moreover, the 

infiltration of a granulocytic subset of MDSCs (gMDSCs) leads to a decrease in a subset 

of T cells that have a role in long-term immunity. Our goal for this study is to elucidate 

how immune components of distant organs affect the fate of DTCs and the role of 

surgery induced-inflammation in generating a pre-metastatic niche. Our studies may 

also provide a molecular explanation of improved overall survival in breast cancer 

patients following complete resection of primary tumors with negative margins. 



 

 

KEY WORDS: (Breast cancer, Disseminated tumor cells, Anti-tumor immunity, CD8+ 

T cells, Surgery-induced inflammation, G-CSF, Myeloid-derived suppressor cell) 
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I. INTRODUCTION 

A.   Statement of the problem  

         Breast cancer is the most commonly diagnosed cancer among women and despite 

recent advances in early detection and improved treatment options, it is still the second 

leading cause of death. The majority of cancer-related deaths are known to occur due 

to metastasis (Cummings et al., 2014). The classical model of metastasis suggests that 

tumor cell dissemination occurs in the late stages of tumor development; however, 

evidence from preclinical and clinical studies demonstrates that tumor cells begin to 

disseminate during the initial phase of tumor development (Eyles et al., 2010; Hosseini 

et al., 2016; Pantel & Alix-Panabieres, 2014) Although the early dissemination of tumor 

cells has been appreciated in recent years, the fate of these early disseminated cells and 

the immunological microenvironment affecting their ability to form clinically 

significant metastasis has been poorly elucidated. 

         During the past decade, several studies have demonstrated that the immune 

system has a crucial role in preventing cancer initiation but very few of those have 

focused on its role in distant organs. The immune components of the host tissues might 

have an important role in determining the fate of disseminated tumor cells (DTCs). It 

may either lead to the eradication of the DTCs or generation of a permissive 

microenvironment that was recently termed the “pre-metastatic niche”, which supports 

the growth of DTCs while suppressing anti-tumor immune responses and thus leads to 

metastatic colonization. Due to selective pressure mediated by T cells, DTCs may 

exhibit a reduced proliferation index, termed as dormancy, for varying periods of time 

depending on the tissue (Eyles et al., 2010).  
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In addition to HER2-driven mouse mammary tumor models, in hormone-positive breast 

cancer and syngeneic transplantation models, metastatic colonization of tumor cells has 

been shown to be inhibited by anti-tumor immune responses, supporting the role of the 

immune system on tumor dormancy (Hosseini et al., 2016; Xiao et al., 2013; X. H. 

Zhang, Giuliano, Trivedi, Schiff, & Osborne, 2013). Despite some reports suggesting 

the elimination of DTCs, the molecular mechanisms by which this destruction occurs 

and the characterization of T lymphocytes in these processes are not well investigated.  

         Consistent with Paget’s “seed and soil” hypothesis, the term “pre-metastatic 

niche” has recently been introduced to describe the tumor-induced permissive 

microenvironment, the “soil” in distant organs (Bubnov, Polivka, Zubor, Konieczka, & 

Golubnitschaja, 2017; Paget, 1989; Peinado et al., 2017; Ursini-Siegel & Siegel, 2016). 

Accordingly, some tumor cells, the “seed” successfully prime the target organs to create 

a metastatic site, the “soil” prior to metastatic spread (Peinado et al., 2017). The tumor 

microenvironment that polarizes infiltrating immune cells from a tumor-reactive state 

to a tumor-promoting state impact the fate of DTCs (Kitamura, Qian, & Pollard, 2015).  

However, studies on the fate of DTCs following the removal of primary tumors have 

been conflicting. Retrospective clinical studies suggest that complete resection of 

primary tumors significantly improves survival in breast cancer patients (Rao et al., 

2008; Rapiti et al., 2006). In contrast, studies performed in mouse models have 

demonstrated that surgical removal of primary tumors accelerates the growth of DTCs 

at metastatic sites (Y. Zhang, Zhang, Hoffman, & Zhao, 2015). A systemic 

inflammatory response to surgery was suggested to be one possible mechanism for 

promoting distant outgrowths (Krall et al., 2018). Based on these previous observations, 

we hypothesized that dissemination of tumor cells observed in the early stage of tumor 

progression and the immune component of host organs may play a fundamental role in 
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determining the fate of DTCs. Modulation of the immune compartment of host organs 

by a systemic inflammatory response induced by surgery may affect the outcome by 

promoting the suppression of anti-tumor responses. Our goal for this study was to 

elucidate the molecular mechanism of DTC immune surveillance and the role of 

surgery-induced inflammation in the outgrowth of DTCs which will help us to find a 

therapeutic option to increase the lifespan of cancer patients. To test this hypothesis, 

we proposed to investigate the following specific aims: 

Specific Aim 1: Determine the fate of disseminated tumor cells (DTCs) in 

metastatic versus non-metastatic tumor models. 

1) Investigating the dissemination potential of non-metastatic tumors into distant 

organs. 

2) Determining the main effector cells that target DTCs in this model and examining 

how they exert their function, via a cytolytic or a cytostatic function.  

3) Evaluating the significance of the immune activation gene signature expressed in 

effector CD8+ T cells for the survival of breast cancer patients. 

Specific Aim 2: Investigate the potential role of surgery in the metastatic 

outgrowth of DTCs. 

1) Examining the role of surgery in reversing concomitant immunity observed at 

secondary organs in the presence of residual tumors. 

2) Investigating functional mechanisms of surgery-induced inflammation in the 

establishment of metastatic niches. 
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B.   Review of Related Literature 

1.    Breast Cancer 

         Cancer is the second leading cause of death worldwide and responsible for an 

estimated 9.6 million deaths in 2018(Bray et al., 2018). The first evidence of cancer 

was documented with the palaeopathological examination of a skeleton found in Amara 

West of modern Sudan. The remains of a skeleton were defined to belong to a young-

adult man who lived in 1200 BC (Binder, Roberts, Spencer, Antoine, & Cartwright, 

2014). However, the term cancer (as karkinos/carcinoma) was first used by the Greek 

physician Hippocrates around the year 400 BC (Sudhakar, 2009).  

       To date, there are more than 100 different types of cancers that have been 

identified. Of these, breast cancer is the most commonly diagnosed cancer globally and 

the second leading cause of cancer-related death among women. In the United States, 

approximately 250,000 women are diagnosed with breast cancer annually and more 

than 40,000 of them die each year from this disease (C. S. Kim & Algan, 2019). With 

the advent of high-throughput platforms that allow global gene expression analyses, 

breast cancer has been defined as a heterogeneous disease with four different 

histological/intrinsic subtypes: luminal A, luminal B, HER2-enriched and triple-

negative (TNBC)/basal-like breast cancer (Prat & Perou). Each of these subtypes 

exhibits different clinical implications, including pathological features, dissemination 

pattern to target organs and responsiveness to treatment (Table 1) (Weigelt, Peterse, & 

van't Veer, 2005).  
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Molecular 

Subtypes 

IHC Panel Target organ Treatment for local 

cancer 

Median PFS 

(Months) 

Luminal A ER+, PR+, 

HER2+, 

Ki67low 

Bone Hormonal therapy 

Aromatase inhibitors 

16.9 

Luminal B ER+, PR+, 

HER2+/-, 

Ki67 low 

Bone Hormonal therapy 

Targeted therapy 

11 

Her2-enriched ER-, PR-, 

HER2+ 

Bone, Liver, 

Lung 

Targeted therapy 

Chemotherapy 

4.7[W. M. Hanna, 

Slodkowska, Lu, 

Nafisi, & Nofech-

Mozes, 2017; Singh 

et al., 2016] 

Basal-like/ Triple 

negative 

ER-, PR-, 

HER2-, 

CK5-

EGFR+/- 

Brain, Bone, 

Liver, Lungs 

Chemotherapy 4.1 [Perou, 2011; 

Hammond, 

2010] 

      

Table 1. Molecular subtypes of breast cancer                          

     The majority of cancer-related deaths occur due to an organ failure resulting from 

the metastatic colonization of tumor cells. Therefore, the metastatic process has been 

the most important area of cancer research. In order to form metastases, tumor cells 

must successfully complete each step of the metastatic cascade, including intravasation 

traveling through the circulation or lymphatics, extravasation and colonization in target 

organs (Massague & Obenauf, 2016; Pantel & Brakenhoff, 2004; Woelfle et al., 2003). 

In 1889, Stephen Paget proposed the “seed and soil” hypothesis to explain tumor 

metastasis (Fidler, 2003). More than a century later, with technological advances and 

improved understanding provided by over a century of work, his hypothesis has been 
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confirmed in pre-clinical mouse studies and clinical samples (Hanahan & Weinberg, 

2011). 

       Metastasis is indeed an inefficient process due to the fact that only a few tumor 

cells can survive through these steps and even fewer cells can colonize in secondary 

organs. The majority of the cells either undergo apoptotic cell death due to losing cell-

cell contact (anoikis) or a harsh environment or are eliminated by the immune system 

(Luzzi et al., 1998; Z. Su, Yang, Xu, Chen, & Yu, 2015).  

2.    The fate of disseminated tumor cells (DTCs) 

       The colonization of disseminated tumor cells in the host organs is the most 

challenging step in the metastatic cascade. Although dissemination occurs at the single-

cell level or via a cluster of cells in the early stage of tumor progression, in some cases 

before the primary tumor is diagnosed, the fate of DTCs, namely the “seed”, is 

determined by the interaction of these cells with the “soil” of the secondary organ 

(Engel et al., 2003; Husemann et al., 2008; M. Y. Kim et al., 2009; Schmidt-Kittler et 

al., 2003). The cellular and molecular landscape of target organs are shaped by the 

cross-communication of neoplastic cells with stromal and immune cells within the 

tumor microenvironment. This reiterative cross-communication creates a systemic 

response that leads to infiltration of innate and adaptive arms of the immune system 

into metastatic sites to determine the fate of DTCs (Blomberg, Spagnuolo, & de Visser, 

2018). For the precise fate of DTCs, three possible mechanisms have been proposed: 1. 

DTCs are eliminated by the innate and adaptive immune surveillance (Figure 1A). 2. 

DTCs remain dormant as a solitary or micro-metastasis via immunoediting (Figure 1B). 

3. DTCs evade immune responses and establish secondary tumors (Figure 1C).  
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Figure 1. The fate of disseminated tumor cells in distant organs may be determined by the immune 

system.  

  

Tumor cells, upon arrival in secondary organs, may be subjected to one of three different outcomes by 

the immune system: A. Elimination by NK and T cells, B. entry into a quiescent state due to immune 

equilibrium modulated by cytotoxic T lymphocytes (CTLs) or C. colonization  partly promoted by the 

immunosuppressive cells, which are attracted to the pre-metastatic niche by inflammatory mediators. 



8 
 

2.1.    Eradication of DTCs; immunosurveillance 

 

      The elimination step is the best-described phase of immunosurveillance, and this 

process is mainly mediated by cytotoxic T lymphocytes which expand upon recognition 

of tumor neo-antigens (Schreiber, Old, & Smyth, 2011). The role of T cells in the 

detection and elimination of tumors was first reported by Boon and colleagues (Boon, 

Cerottini, Van den Eynde, van der Bruggen, & Van Pel, 1994).  Although effective 

eradication depends on the specific characteristics of the tumor, several clinical studies, 

particularly in breast cancer, reported that while infiltration of T lymphocytes within 

the tumor correlates with improved patient survival, recruitment of these cells at the 

tumor edge correlated with poor patient survival (Galon et al., 2006; Mahmoud et al., 

2011; L. Zhang et al., 2003). Therefore, these clinical studies, when combined with the 

findings from mouse models, strongly suggest that direct access of cytotoxic T 

lymphocytes is one of the crucial steps in anti-tumor immunity.                                                                      

       Apart from their role in attenuating tumor growth, the infiltration of T cells into the 

primary tumor has been shown to negatively correlate with the dissemination of tumor 

cells, signifying the role of the adaptive immune system in early stages of metastatic 

invasion (Pages et al., 2005). The role of CD8+ T cells in controlling metastatic spread 

was further confirmed in a preclinical study (Lengagne et al., 2008). This team 

demonstrated that MT-ret/AAD mice develop a melanoma-specific CD8+ T cell 

response as the primary tumor grows. Interestingly, depletion of CD8+ T cells leads to 

increased visceral metastasis while no effect is observed on the primary cutaneous 

tumors (Lengagne et al., 2008). Additional pre-clinical studies revealed that tumor-

specific CD8+ T cell-dependent immune responses, which are induced by toll-like 

receptor7 (TLR7) agonist, suppress late-stage metastatic tumor growth in the lungs 

(Hosoya et al., 2018). 
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       As a crucial part of the immune system in the recognition and elimination of tumor 

cells, cytotoxic CD8+ T cells (CTLs) must receive three signals to be activated and exert 

their effector function. The first signal is an antigen-specific signal mediated through 

T-cell receptor (TCR) engagement with the major histocompatibility complex (MHC) 

found on antigen-presenting cells (APC) (Kalergis et al., 2001). Immunostimulatory 

antigens can be an overexpressed protein or mutated tumor neo-antigens. The second 

signal is the engagement of co-stimulatory molecules, predominantly CD28 on T cells 

with both B7.1 (CD80) and B7.2 (CD86) molecules presented by mainly dendritic cells 

(DC). The last signal is the release of an inflammatory cytokine, which is required for 

optimal differentiation, proliferation and effector function (Haring, Badovinac, & 

Harty, 2006; Jenkins & Johnson, 1993; Lenschow, Walunas, & Bluestone, 1996). The 

effector CD8+ T cells that are recruited to inflamed organs via ligation of chemokine 

receptor and adhesion molecules, exert killing functions through secretion of cytotoxic 

granules, including perforin, granzyme A (Gzm A), Gzm B and effector cytokines, such 

as TNFα and IFN-γ. The proliferation and effector function of CD8+ T cells can be 

stimulated by inflammatory cytokines, such as IL-1, IL-2, IL-6, IL-12, IL-15, and type 

I interferons (IFNα/β) and IFN-γ (M. Gately, Wolitzky, & Quinn, 1992; M. K. Gately 

et al., 1994; Mehrotra, Wu, Crim, Mostowski, & Siegel, 1993; Renauld, Vink, & 

Vansnick, 1989). Following clonal expansion and contraction, the majority of antigen-

experienced effector T cells die. Only a small fraction of them (less than 5%) survive 

to differentiate into long-lived memory cells that protect the host from recurrence or 

relapse of the same tumor (Curtsinger, Lins, & Mescher, 1998; Kaech & Cui, 2012; 

Reading et al., 2018; Sprent & Tough, 2001). These memory CD8+ T cells persist for 

weeks to months in the circulation and mucosal organs after elimination of the initial 

stimulus. Re-encountering the antigen presented on target cells induces the robust 
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proliferative responses of memory T cells. Compared to naïve cells, memory CD8+ T 

cells are more sensitive to TCR-mediated stimulation and secrete cytokines as well as 

cytolytic effectors more rapidly (Obar & Lefrancois, 2010; Youngblood et al., 2017). 

Increased TCR reactivity and cytokine sensitivity of memory T cells are attributed to 

increased expression of adhesion molecules and up-regulation of the surface molecule 

IL-2Rβ (CD122), a common subunit of IL-2 and IL-15 receptor signaling (Berard & 

Tough, 2002). Both IL-2 and IL-15 are crucial for the maintenance of persistent, high-

avidity memory CD8+ T cells response (Waldmann, 2006). In contrast to their naïve 

counterparts, memory CD8+ T cells do not require CD28-mediated co-stimulation to 

initiate proliferative recall responses (Zimmermann, Prevost-Blondel, Blaser, & 

Pircher, 1999). Despite the ongoing debate about their origin, studies have revealed that 

memory T lymphocytes consist of two distinct populations characterized by distinct 

homing capacity and effector function, central memory (TCM) and effector memory T 

cells (TEM). TCM cells up-regulate the expression of CD44, a transmembrane 

glycoprotein and CD62L protein, an adhesion molecule which keeps them in lymphoid 

organs. In contrast, TEM cells are known to express high levels of CD44 and lose the 

expression of CD62L resulting in their mobilization from lymphoid organs and 

migration to the site of inflammation (Kaech, Hemby, Kersh, & Ahmed, 2002). 

Although additional markers, such as CD27, killer cell lectin-like receptor G1 

(KLRG1), and chemokine (C-X-C motif) receptor 3 (CXCR3), have been used to 

further distinguish these two populations, expression of Ly6C, a 

glycosylphosphatidylinositol (GPI)-anchored glycoprotein, has been shown to be 

common in both subsets (DeLong et al., 2018). Due to high expression in activated 

effector and memory T cells (90% of them) compared to naïve cells (CD62L+ CD44-), 

Ly6C is defined as a marker of activation and memory function of  lymphocytes (T. L. 
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Walunas, D. S. Bruce, L. Dustin, D. Y. Loh, & J. A. Bluestone, 1995). Regardless of 

CD62L and CD44 expression, the majority of antigen-experienced CD122+ CD8+ T 

cells are shown to be positive for Ly6C, suggesting that the proliferation of these cells 

can be stimulated by IL-2 and IL-15 in the absence of TCR engagement (Marshall et 

al., 2011; T L Walunas, D S Bruce, L Dustin, D Y Loh, & J A Bluestone, 1995; Wherry 

et al., 2003). This unique property makes them a crucial player in protective immunity. 

Cytokines play a significant role in the expression of Ly6C in T lymphocytes. Based 

on the published literature, IL-27, type I IFN, IL-12 and IFN-γ are potent inducers of 

Ly6C in a STAT1-dependent, but not STAT3-dependent manner. In contrast, TGF-β 

antagonizes Ly6C expression. IL-27 and IFN-γ alone significantly up-regulate its 

expression on T cells, and TCR stimulation further enhances the cytokine-mediated 

induction (DeLong et al., 2018). Additionally, IFN-γ production positively correlates 

with Ly6C expression after antigenic stimulation of CD8+ T cells in vivo (T L Walunas 

et al., 1995). Taken together, Ly6C+ CD8+ T cells represent antigen-experienced T cells 

with high levels of target lysis potential and IFN-γ production. Apart from T cells, Ly6C 

is expressed by monocytes, neutrophils, DCs, a subset of macrophages, myeloid derived 

suppressor cells (MDSCs), NK cells and endothelial cells (Jutila et al., 1988; P. Y. Lee, 

Wang, Parisini, Dascher, & Nigrovic, 2013). However, the significance of Ly6C 

expression in these cells is not well documented. 

       In addition to T cells, natural killer (NK), non-classical/patrolling monocytes, and 

tumor-entrained neutrophils mediate anti-metastatic functions through direct killing of 

tumor cells, phagocytosis or production of reactive oxygen species (Granot et al., 2011; 

R. N. Hanna et al., 2015; Kubo, Mensurado, Goncalves-Sousa, Serre, & Silva-Santos, 

2017). Indeed, a pre-clinical study reports that suppression of NK cell function by 

neutrophils increases survival of DTCs and metastasis (A. Spiegel et al., 2016). The 
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crosstalk between patrolling monocytes and NK cells through IL-15 is known to 

increase IFN-γ production and thus prevent pulmonary metastasis in the B16F10 

melanoma model (Kubo et al., 2017). Moreover, an inverse correlation between lymph 

node invasion and the level of NK infiltration has been shown in a study comprised of 

146 gastric carcinoma patients who underwent gastrectomy (Ishigami et al., 2000). 

2.2.    Immune Equilibrium and Dormancy 

 

       Although it has been well documented that dissemination of tumor cells occurs 

during the early stages of carcinogenesis, the progression of metastatic outgrowth into 

clinically detectable disease in some patients manifests itself years after surgery or 

adjuvant treatment (Mansi et al., 1991; Meng et al., 2004; Sosa, Bragado, & Aguirre-

Ghiso, 2014; Uhr & Pantel, 2011; Weckermann et al., 2001). This delay suggests that 

tumor cells reduce their immunogenicity and enter a growth inhibition state termed 

immune equilibrium. In equilibrium, the immune system, mainly adaptive immunity, 

maintains occult tumors in a non-proliferative state as confirmed by lack of 

proliferation markers, such as Ki67. Upon arrival at the host organ, DTCs may enter a 

non-proliferative state due to the unfamiliar milieu of growth factors, extracellular 

matrix (ECM), and metabolic stresses which may drive them into the dormant state 

(Aguirre-Ghiso, 2007). While in a quiescent state, tumor cells maintain a low energy 

utilization and reduced proliferation, possibly due to suppressed phosphoinositide 3-

kinases (PI3K)/AKT signaling (Balz et al., 2012; Manjili, 2017).  Due to the non-

cycling phenotype, quiescent DTCs are often non-responsive to cytotoxic therapies by 

which rapidly dividing cells are targeted (Braun et al., 2000; Malladi et al., 2016). In 

some cases, cancer cells can evade systemic treatment, and lie dormant for many years, 

with seeding occurring several years after the removal of the primary tumor (Atwal, 

Ramos, & Makhoul, 2018). Approximately 20% of clinically disease-free breast cancer 
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patients are reported to show signs of relapse 7 to 25 years after surgical removal of the 

primary tumors (Demicheli, Abbattista, Miceli, Valagussa, & Bonadonna, 1996; 

Demicheli, Miceli, Valagussa, & Bonadonna, 2000; Karrison, Ferguson, & Meier, 

1999; Saphner, Tormey, & Gray, 1996).  

        The existence of tumor dormancy in clinical settings has been validated by donor 

cancer transmission cases in which the development of metastasis was observed in the 

transplanted organ. When organs were transferred from donors who were disease-free 

for several years following treatment, to immunosuppressed recipients, transplantation 

resulted in the development of the original tumor in the recipient due to suppression of 

immune surveillance (Jimsheleishvili et al., 2014; MacKie, Reid, & Junor, 2003; Moini, 

Schilsky, & Tichy, 2015; D. C. Strauss & Thomas, 2010; Xiao et al., 2013). 

       The role of adaptive immunity in maintaining DTCs in an equilibrium/dormant 

state has been confirmed in pre-clinical settings. Utilizing the RET-AAD mouse model 

of spontaneous melanoma, Eyles and colleagues found that tumor cells disseminating 

throughout the body in the early stages of tumor progression remain in a growth-

arrested state for variable periods of time. Dormancy of these cells in the lungs is 

maintained through the cytostatic function of CD8+ T cells, which inhibits growth of 

DTCs after successful extravasation. The depletion of these cells leads to rapid 

outgrowth of distant metastases (Eyles et al., 2010). In the 3′-methylcholanthrene 

(MCA)-induced sarcoma model, CD4+ and CD8+ T cells producing IFN-γ have been 

shown to suppress the growth of occult cancer cells harbored at the injection site of the 

carcinogen (Koebel et al., 2007). Moreover, the induction of dormancy by T cells 

through TNFR1 cytokine signaling has previously been demonstrated (Muller-

Hermelink et al., 2008). 
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2.3.    Suppression of the immune system and outgrowth of DTCs 

      The “seed and soil” hypothesis, introduced by Stephen Paget in 1889 based on the 

autopsy records of 735 women with breast cancer, was the first to describe the host-

tumor interactions (Paget, 1989; Psaila & Lyden, 2009). Later studies performed by 

Isaiah J. Fiddler showed that some tissues are more supportive of the outgrowth of 

DTCs than others (Fidler, 2003; Langley & Fidler, 2011). The systemic perturbations 

induced by the primary tumor modulate the cellular content of the target organ to form 

permissive niches before and after the arrival of DTCs (Kaplan et al., 2005). Myeloid 

cells are one of the main targets of tumor-derived factors. Hiratsuka et al. showed that 

the primary tumor-secreted chemokines, vascular endothelial growth factor (VEGFA) 

and transforming growth factor-beta (TGF-β), stimulate the expression of inflammatory 

chemoattractant that drives the recruitment of CD11b+ myeloid cells before the arrival 

of tumor cells (Hiratsuka, Watanabe, Aburatani, & Maru, 2006).  Cells of myeloid 

origin consist of neutrophils, granulocytes, macrophages, dendritic cells, and immature 

cells which are precursors of granulocytes or monocytes. During the steady-state 

condition, immature cells differentiate into their mature counterparts; however, under 

inflammatory conditions, such as cancer, their differentiation is blocked (Gabrilovich, 

Ostrand-Rosenberg, & Bronte, 2012). Cytokines secreted by tumors alter the 

expression of transcription factors related to myeloid lineage commitment, such as 

CCAAT enhancer-binding protein (C/EBP), RAR-related orphan receptor C1 

(RORC1) and interferon regulatory factor 8 (IRF8), and lead to accumulation and 

infiltration of immature myeloid cells, termed myeloid-derived suppressor cells 

(MDSCs), in tumor microenvironment as well as in pre-metastatic niches (Condamine, 

Mastio, & Gabrilovich, 2015; Marigo et al., 2010; Sonda, Chioda, Zilio, Simonato, & 

Bronte, 2011; L. Strauss et al., 2015; Valanparambil et al., 2017). Despite their 



15 
 

morphological and phenotypic resemblance to their mature counterpart, both subsets of 

MDSCs, granulocytic (gMDSCs/CD11b+Ly6CintLy6G+ cells in mice) and monocytic 

(mMDSCs/CD11b+Ly6ChiLy6G- cells in mice), exert distinct functional properties 

(Bronte et al., 2016). In the early stages of tumor growth, gMDSC-like neutrophils, 

which do not have suppressive activity, exhibit high migratory potential regulated by 

ATP-mediated autocrine signaling and facilitates the seeding of DTCs in the initial step 

of extravasation. These early infiltrated cells initiate a positive feedback loop via an 

increased level of S100A proteins to promote the recruitment of more MDSCs and 

accelerate tumor spread. The expression of S100A8 and S100A9 is induced in lung 

infiltrating immune cells and lung endothelium by tumor-derived tumor necrosis factor 

alpha (TNFα), TGFβ and VEGFA (Hiratsuka et al., 2006). The binding of S100A8 and 

S100A9 proteins to their receptors, such as toll-like receptor 4 (TLR4) and receptor for 

advanced glycation endproducts (RAGE), triggers a signaling cascade involving 

mitogen-activated protein kinases (MAPKs) and nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) that leads to the induction of pro-inflammatory 

cytokines and chemokines (Hiratsuka et al., 2006; Patel et al., 2018; Sinha et al., 2008). 

Subsequently, gMDSCs infiltrating into lung parenchyma in the later stages of tumor 

progression have been shown to highly express these two proteins with other pro-

inflammatory cytokines, such as granulocyte colony-stimulating factor (G-CSF), 

granulocyte macrophage colony-stimulating factor (GM-CSF), IL-1β and TNFα (Patel 

et al., 2018).  

       In addition to their immunosuppressive role, MDSCs promote tumor metastasis by 

modulating tumor plasticity. Our group and others have demonstrated that the 

molecular crosstalk between MDSCs and the tumor regulate dynamic phenotypic 

switches in primary and secondary tumor sites. MMDSCs are induced to infiltrate to 
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the edges of the primary tumors in a CXCL5-CXCR2-dependent mechanism and 

express high level of epithelial-mesenchymal transition (EMT)-inducing inflammatory 

cytokines, IL1α, IL6 and TGF-β (Ma et al., 2014; Ouzounova et al., 2017). Acquisition 

of an EMT phenotype is an essential step for tumor cells to disseminate from primary 

site. Inflammatory cytokines such as IL-6, IL-8, IL-1β, TNF-α, and TGF-β are reported 

to be potent stimulators of EMT (Pang et al., 2015; Sistigu, Di Modugno, Manic, & 

Nistico, 2017). Compared to gMDSCs, the monocytic subset shows a higher affinity 

towards tumor cells. Co-culturing of tumor cells with mMDSCs induces a strong up-

regulation of phosphorylation of signal transducer and activator of transcription 1 

(pSTAT1), pSTAT3 and pNF-B as well as EMT-related proteins such as vimentin and 

twist. In contrast, gMDSCs promote tumor colonization via induction of a metastatic 

gene signature including S100A8, S100A9, and PCNA and a mesenchymal-epithelial 

transition (MET) state which supports proliferation of  DTCs in pre-metastatic sites 

(Acharyya et al., 2012; Gao et al., 2012; Ouzounova et al., 2017; Zhu et al., 2017). This 

reveals a distinct distribution pattern of MDSC subsets in which mMDSCs are located 

at the invasive edges of the primary tumor while gMDSCs are infiltrated in distant 

organs where they contribute to the establishment of pre-metastatic niches (Ouzounova 

et al., 2017). However, the epigenetic silencing of the tumor suppressor retinoblastoma 

(Rb1) mediates the differentiation of a considerable proportion of mMDSCs to 

gMDSCs (Youn et al., 2013).   

       Another function of MDSCs that make them a strategic partner of the tumor is their 

potent immunosuppressive activity towards anti-tumor responses. The role of both 

subsets in MDSC-induced immune dysfunction has been well established in  in vitro 

and in vivo studies. In vitro studies showed that mMDSCs inhibit both antigen-specific 

and non-specific T cell activation through the generation of reactive oxygen species 
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(ROS) and depletion of essential amino acids, such as L-arginine and cysteine from the 

microenvironment. The main MDSC-derived factors involved in this process are 

arginase 1(Arg1), inducible nitric oxide synthase (iNOS) and TGF-β. GMDSCs inhibit 

T cell responses by increasing the levels of ROS (Ouzounova et al., 2017; Veglia, 

Perego, & Gabrilovich, 2018). Moreover, in the pre-metastatic phase, in addition to an 

increase in type 2 (Th2) cytokines, such as IL-4, IL-5 and IL-10, accumulation of 

gMDSCs in the lungs has been shown to result in a significant decrease in production 

of interferon-gamma (IFN-γ), which is a critical cytokine for cytotoxic T cell 

expansion, contraction and memory differentiation (Sercan, Stoycheva, Hammerling, 

Arnold, & Schuler, 2010; Yan et al., 2010). In humans, circulating monocytic MDSCs 

(CD33+CD11b+HLA-DR-/low) have a negative impact on functional antigen-specific T 

cells and inversely correlate with the responsiveness of advanced melanoma patients to 

immunotherapy (Sade-Feldman et al., 2016). In addition to inhibiting T cell 

proliferation, increased indoleamine 2,3-dioxygenase (IDO) expression by tumor-

induced MDSCs impedes immune surveillance by the induction of apoptotic signals in 

T cells (J. P. Yu et al., 2013).  

3.    The fate of DTCs following the removal of the primary tumor 

 

       Treatment options for breast cancer patients are customized based on tumor 

subtype, stage, and location of the tumor.  The removal of the primary tumor by surgical 

intervention is the most common treatment for localized breast cancer. In addition to 

surgery and radiation, systemic adjuvant therapies consisting of chemotherapy, 

hormone therapy, and targeted therapy are mainly utilized to treat patients in the late 

stages of the disease (Nounou et al., 2015). Selective estrogen blockers, such as 

tamoxifen and toremifene alone or in combination with aromatase inhibitors, have been 

used in the treatment of both early and late-stage hormone receptor-positive breast 

https://www.ncbi.nlm.nih.gov/pubmed/27930920
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cancer patients (Anderson et al., 2011; Smith & Dowsett, 2003; Yamamoto et al., 2013; 

Ye & Zhai, 2014).  For the treatment of patients with HER2-positive breast cancer, four 

monoclonal antibodies, trastuzumab, pertuzumab, lapatinib and TDM-1 which target 

the HER2 signaling pathway, have been approved by the food and drug administration 

(FDA). For patients who develop metastatic disease, first-line treatment with 

trastuzumab and pertuzumab in combination with chemotherapeutic agents, mainly 

docetaxel, and second-line treatment with TDM-1 has been shown to provide clinical 

benefits (Gianni et al., 2016). Lapatinib-based combinations are approved as a third-

line treatment (Saleem et al., 2017).  

       Patients with the metastatic basal/TNBC subtype are the most challenging patients 

to treat due to lack of standard molecular targets, such as receptors (ER, PR, and HER2), 

and are more prone to have increased likelihood of distant recurrence (Dent et al., 

2007).  The most common chemotherapeutic agents used in the clinic for treatment of 

these patients are platinum compounds (carboplatin/cisplatin), taxanes 

(paclitaxel/docetaxel), anthracyclines (epirubicin/doxorubicin), vinorelbine, 

capecitabine, eribulin, and gemcitabine (Liedtke & Kolberg, 2016). In addition, the 

poly (ADP-ribose) polymerase (PARP) and androgen receptor (AR) inhibitors have 

shown some clinical benefit in early phase trials for TNBC patients with the BRCA 

mutation. The PARP inhibitor, olaparib is tested for the treatment of cancers with 

specific DNA-repair deficits, such as TNBC with BRCA1/2 mutations (Tutt et al., 

2009). The AR inhibitors, bicalutamide, and enzalutamide have been developed for the 

treatment of AR-positive patients, which accounts for 10-15% of TNBC patients 

(Collignon, Lousberg, Schroeder, & Jerusalem, 2016). Although it is a trending 

approach in the treatment of localized breast cancer (Stage I-III), the removal of the 

primary tumor by surgical intervention is also employed for metastatic breast cancer 
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(Stage IV) to prevent cancer-related complications. Though the effect of surgical 

removal of primary breast cancer has been investigated in both animals and humans 

during the past century, data regarding the role of surgery in providing survival benefits 

have been conflicting. The surgical removal of the primary tumor has been shown to 

provide a benefit due to a decrease in tumor burden and the immune suppressive 

potential of paracrine mediators released from the tumor microenvironment (Babiera et 

al., 2006; Danna et al., 2004). Further clinical investigation suggested that surgical 

intervention may not always be beneficial, and in some cases, it may enhance the 

metastatic development by triggering the release of tumor cells from the surgical bed 

and by promoting outgrowth of distant dormant tumor cells (Eschwege et al., 1995; M. 

W. Retsky, Demicheli, Hrushesky, Baum, & Gukas, 2008). The studies performed in 

mouse models have supported the latter and demonstrated that surgery enhances the 

growth of DTCs at metastatic sites (Krall et al., 2018).  

       In the clinical setting, two types of mastectomy are performed depending on tumor 

size and stage: full/radical mastectomy and partial mastectomy (also known as 

lumpectomy or breast-conserving therapy-BCT) which is preferred for early-stage 

breast cancer patients. A lumpectomy removes the cancerous tissue along with some of 

the healthy tissue surrounding the tumor, whereas radical mastectomy involves the 

removal of the entire breast (Margenthaler & Klimberg, 2011). Compared to 

lumpectomy, radical mastectomy increases overall survival when combined with 

systemic therapies. Tagliabue and colleagues have demonstrated that removal of 

primary human mammary tumors result in increased growth rates of the residual tumor 

when it is partially removed (Tagliabue et al., 2003). Local recurrence following 

lumpectomy has been shown to be impacted by tumor characteristics, such as tumor 

size and grade; however, the strongest predictor of local regrowth is the surgical margin 
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status. The presence of a positive margin, which refers to existence of residual tumor 

cells following surgery, increases the possibility of the recurrence and development of 

distant metastasis (Margenthaler & Klimberg, 2011). Retrospective studies of 28,693 

women with stage IV breast cancer have demonstrated that the overall survival of 

women increases when their primary tumors are removed by surgery (Elly Harris, 

Mitchel Barry, & Malcolm R. Kell, 2013; Warschkow et al., 2016). In contrast, another 

study showed that a substantial fraction of patients develop overt metastases relatively 

soon after resection of their primary tumors; the risk of relapse peaks at 10 months post-

removal of the primary tumor in early-stage breast cancer patients (M. Retsky et al., 

2013).  A positive surgical margin is suggested to be one of the main factors that result 

in this outcome. Complete resection of the primary tumor with negative surgical 

margins (<1mm) is shown to reduce the risk of mortality; however, surgery with a 

positive surgical margin (≥1mm) did not provide any survival advantage compared to 

patients who did not undergo surgery (Rapiti et al., 2006). The inflammation triggered 

as a response to wound healing following surgery is suggested to be one of the factors 

that leads to increased occurrence of early relapses (Krall et al., 2018). Accordingly, 

the inflammatory cytokines, IL-6 and G-CSF, are shown to increase in breast cancer 

surgery drainage of 27 patients following primary tumor removal (Agresti et al., 2019). 

The involvement of inflammation in surgery-driven recurrence and metastasis is 

verified by a reduction in breast cancer relapses with the use of non-steroidal anti-

inflammatory drugs (NSAIDs) (M. Retsky et al., 2013). 

4.    Inflammatory cytokines  

      The link between inflammation and cancer was first documented in the nineteenth 

century by German physician Rudolf Virchow based on his observation of tumor 

biopsies. He noted the infiltration of leukocytes at the site of inflammation, which was 
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later defined to be one of the hallmarks of cancer (Balkwill & Mantovani, 2001; 

Hanahan & Weinberg, 2011). Oncogene- or pathogen-driven inflammation initiates a 

feedback loop that generates an inflammatory microenvironment within the tumor. 

Cancer-related inflammation requires the presence of inflammatory cells, mainly 

myeloid cells and inflammatory mediators. These inflammatory mediators modulate 

the crosstalk between immune cells and tumor cells and play crucial roles at different 

stages of tumor development.  IL-6, G-CSF, GM-CSF, TNF-α,  and prostaglandins are 

the main pro-inflammatory mediators involved in this process (Mantovani, Allavena, 

Sica, & Balkwill, 2008). The inflammatory signal is primarily initiated through the 

activation of STAT3 and NF-B pathways (S. I. Grivennikov & Karin, 2010). 

Activation of STAT3 by the pro-inflammatory cytokine IL-6 was shown to be crucial 

for neoplastic transformation in different cancers (Johnson, O'Keefe, & Grandis, 2018). 

Myeloid cell-derived IL-6 promotes the growth and survival of tumor cells in colitis-

associated colorectal cancer through induction of STAT3 in intestinal epithelial cells 

(S. Grivennikov et al., 2009). However, tumor-secreted IL-6 was shown to polarize 

myeloid cells into an inflammatory phenotype that secrete IL-8 and recruit more 

inflammatory cells into the tumor microenvironment (Griesinger et al., 2015). In 

addition, the cytokines IL-1β, IFN-γ, and TNF-α have been implicated in tumor growth 

through induction of expression of iNOS in tumor-infiltrating MDSCs, tumor-

associated macrophages (TAMs) and inflammatory dendritic cells. Nitric oxide (NO) 

generated by iNOS limits the efficacy of immune surveillance modulated by antigen-

experienced- T cells (Awad, De Vlaeminck, Maebe, Goyvaerts, & Breckpot, 2018; 

Vannini, Kashfi, & Nath, 2015). Tumor-released IL-4 initiates an inflammatory 

microenvironment that suppresses CD8+ T cell proliferation and thus anti-tumor 

responses (Gallina et al., 2006).  In addition to polarization to a suppressive phenotype, 
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tumor-released factors target the hematopoietic compartment to induce myelopoiesis 

and block the differentiation of immature myeloid cells into mature monocytes, 

granulocytes, and DCs (Y. L. Su, Banerjee, White, & Kortylewski, 2018). 

4.1.  G-CSF 

        Granulocyte colony-stimulating factor (G-CSF), which was initially identified as 

a growth factor that stimulates production and differentiation of granulocytes, is located 

on the q11–22 arm of chromosome 17.  It is an acidic glycoprotein with a molecular 

weight of 2200 daltons (Souza et al., 1986). Due to its acceleration of neutrophil 

reconstitution, G-CSF is routinely used in the clinic to treat the neutropenia (decreased 

levels of neutrophils) that results from radiation- or chemotherapy-induced 

myelosuppression (Zekri et al., 2018). 

       G-CSF is a pleiotropic cytokine that modulates expansion of hematopoietic 

progenitor cells (HPC), and proliferation and differentiation of myeloid progenitor 

cells. The expression of the C/EPBβ transcription factor, which is required for 

emergency granulopoiesis (Hirai et al., 2006), is controlled by G-CSF-induced STAT3 

in myeloid progenitor cells. In response to G-CSF, the STAT3 signaling pathway is 

activated to promote the proliferation of immature granulocytes via stimulation of G1-

S phase transition (H. Y. Zhang et al., 2010). G-CSF-induced mobilization of HPCs is 

mediated via impairment of CXCR4 and stromal cell-derived factor 1 (SDF1) 

interaction. SDF1, also known as CXCL12, is a chemokine constitutively expressed in 

BM, mainly on osteoblasts. G-CSF-induced acceleration of neutrophils egress from the 

bone marrow is regulated via the serine proteases, dipeptidyl peptidase-4 (DPP-IV) and 

neutrophil elastase. DPP-IV induces N-terminal proteolysis of CXCL12 

(Christopherson, Cooper, & Broxmeyer, 2003),  while neutrophil elastase promotes the 

proteolytic cleavage of VCAM-1 found on BM-derived progenitors cells (Lévesque, 
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Takamatsu, Nilsson, Haylock, & Simmons, 2001). Additionally, G-CSF treatment 

decreases mRNA and protein levels of CXCL12 in osteoblasts and reduces CXCR4 

expression in hematopoietic stem cells (HSCs) thereby resulting in mobilization of 

progenitor cells into the bloodstream (Christopher, Rao, Liu, Woloszynek, & Link, 

2011). Mobilized myeloid cells travel in the circulation for about 12 hours before being 

attracted to end-capillaries of tissues that express the appropriate adhesion molecules 

(Epstein, 2004).  

      G-CSF plays a crucial role in granulocyte differentiation. The receptor for G-CSF 

(G-CSFR) is expressed on early progenitor cells that are committed to the myeloid 

lineage, and the level of G-CSFR is increased during their maturation into granulocytes 

(Panopoulos & Watowich, 2008). In early hematopoietic development as well as in the 

late granulopoiesis stage, G-CSFR interacts synergistically with other cytokines, 

including GM-CSF and IL-3, to drive granulopoiesis. Under pathologic conditions, G-

CSF acts in a cell-intrinsic manner to alter myeloid differentiation via skewing of HSC 

differentiation toward the myeloid lineage (Crea, Giovannetti, Zinzani, & Danesi, 

2009).  

      G-CSF facilitates IRF-8 down-regulation via STAT3- and STAT5-dependent 

pathways to induce MDSCs generation (Waight et al., 2013). Accordingly, G-CSF 

treatment of mice causes splenomegaly with increased infiltration of gMDSCs that have 

suppressive potential on T cell-mediated immune responses. The accumulation of the 

granulocytic subset in the lungs is correlated with metastatic colonization and is 

accompanied by a decrease in the number of lymphocytes in lymphoid organs (J. D. 

Waight, Hu, Miller, Liu, & Abrams, 2011). Chronic activation of myeloid 

differentiation in BM by tumor-derived G-CSF leads to accumulation of MDSCs in 

secondary lymphoid organs, the tumor microenvironment (TME) and mucosal tissues 
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(Veglia et al., 2018). Although different tumor types may produce distinct cytokines 

that dictate the immune composition of myeloid cells within the TME and pre-

metastatic niches in early stages, G-CSF is one of the highly secreted tumor-derived 

factors in aggressive breast cancer. In the PyMT mouse model, increased levels of G-

CSF together with chemokine CXCL1 in the early stages of tumor progression was 

shown to be sufficient to generate immune-suppressive gMDSCs with increased ROS 

production. Treatment of tumor-bearing mice with anti-G-CSF significantly decreases 

systemic levels of these CD11b+ Gr1+ MDSCs (Casbon et al., 2015). G-CSF is also 

known to stimulate the expression of MMP8, S100A8 and S100A9 proteins, which 

promote metastasis by recruiting myeloid and tumor cells into the pre-metastatic niche 

(Kowanetz et al., 2010). 

        G-CSF also promotes tumor progression by inhibiting innate and adaptive immune 

responses. G-CSF directly interferes with T cell-dependent responses by activating the  

T cell-immunomodulatory genes, GATA-3 and Stat5, and inhibits IFN- production 

(Sloand et al., 2000). Due to its effect on suppression of T cell proliferation and cytokine 

responses to alloantigen, G-CSF pre-treatment of donor mice mitigates the rejection of 

transplanted tissues (Nawa et al., 2000). 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. METHODS 

1.   Cell lines 

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

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

MycoAlert Mycoplasma Detection Kit (#LT07-218, Lonza). All cell lines were 

maintained in RPMI medium (#30027.02-Hyclone) supplemented with 10% fetal 

bovine serum, and antibiotic/antimycotic mixture (10,000 units/ml). These cell lines 

were infected with luciferase-expressing lentivirus, and stable cell clones were 

generated. EMT6-Luc and 4T1-Luc cells were used to monitor tumor growth in live 

animals and dissemination of tumor cells into secondary tissues. 

2.   Mouse tumor implantation 

      All mouse procedures were conducted in accordance with the Institutional 

Animal Care and Use Committee (IACUC). The animal protocol for the studies 

carried out herein was approved by IACUC at Augusta University. Five-week-old 

BALB/c female mice, Rag2−/− female mice, and athymic nude female mice were 

purchased from Charles River at NCI. As indicated in the respective figure legends, 

3–10 mice in each group were used.  

     Parental or luciferase-expressing tumor cells (EMT6 or 4T1) at 5x104 in 50% 

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

(Ketamine/Xylazine). Surgery was performed by an L-shaped incision (1 × 1 cm) 

between the abdominal midline and the 4th and 5th nipples. Once the skin flap was 

opened with moist cotton swabs and the mammary fat pads were exposed, cells were 

injected into the fat pads with an insulin syringe in a maximum 50 µl volume. Skin 

flaps were closed using clips. Animals were observed until they woke up and were 
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provided an analgesic (Carprofen, 4-5mg/kg) subcutaneously in case of pain. Clips 

were removed after 7-10 days. 

3.  Resection of primary tumors and tail vein injections 

      Primary EMT6 tumors at 3–4 weeks post-implantation were surgically resected 

by making an incision around the tumor mass and flipping open the skin covering 

the tumor and mammary fat pad. Once the primary tumor was exposed, arteries 

supplying the tumor were cauterized, and the tumor with draining lymph nodes was 

carefully removed. Skin flaps were closed by metal clips. In cases of primary tumors 

expressing luciferase, animals were imaged by bioluminescence to determine 

whether any residual tumor cells were left after surgery. 

       For tail-vein injections, 100,000 EMT6-Luc tumor cells (for co-injection of 

tumors cells, 100,000 4T1-Luc, and 90,000 EMT6 tumor cells) were suspended in 

100 μL of saline solution. For MDSC injection, gMDSCs were isolated from 4T1 

Tumor-bearing mice 3 weeks post-implantation and the first dose of 250,000 cells 

were injected into EMT6 tumor-primed mice 1 day before the i.v. injection of EMT6-

Luc cells and a second gMDSC dose 5 days later.  Animals were first maintained 

under light to warm the tail veins and then transferred to a restrainer where the tumor 

cells were injected via the tail vein. Animals were then imaged by bioluminescence 

1–2 h post-injection when the tumor cells became trapped in the lungs. These animals 

were monitored weekly by bioluminescence imaging (AmiX), and AMIView 

software was used to analyze the data. 

4.    T lymphocyte depletion 

      CD8+ T lymphocyte depletion was performed by two injections of purified anti-

CD8α antibody (Bio X Cell, clone 2.43) or anti-CD8β antibody (Bio X Cell, clone 

53–5.8) at a dose of 500 μg/ mouse with 2 days interval between doses. In the 
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spontaneous metastasis model, the first dose was introduced before resection and the 

second dose was injected 2 days post-resection of the primary tumor. Control mice 

were treated with a single intraperitoneal (i.p.) injection of 500 μg of non-immune 

rat IgG (ICN Pharmaceuticals, Aurora, OH). Depletion was verified by flow-

cytometric analyses of peripheral blood mononuclear cells (PBMCs) following 

treatment with anti-CD8 antibody. 

5.   NK cell depletion 

      To deplete NK cells, anti-asialo GM1 antibodies (BioLegend, clone Poly21460) 

at a dose of 20 μL per mouse, were injected i.p. 1 day before i.v. injection of EMT6-

Luc cells into EMT6-primed mice. Efficient depletion of NK cells was shown by 

flow cytometric analysis of PMBCs 3- and 5-weeks post-injection of the depletion 

antibodies. Anti-asialo GM1 (#146007, Biolegend) and NKp46 (# 137605, 

Biolegend) were used to determine the NK cell population in the CD3-negative 

lymphocyte population. 

6.   In vivo G-CSF administration 

      Recombinant G-CSF (Gemini) was injected (i.p.) daily at a dose of 40 µg/per 

mouse for 2 weeks after the implantation of EMT6 tumor cells into the mammary fat 

pads. One-week after the G-CSF injection, 1 × 105 EMT6-Luc cells were 

administered through the tail vein, and primary tumors were resected at day 9. 

Recombinant G-CSF injections were continued for one more week after i.v. injection 

of tumor cells. Induction and mobilization of gMDSCs (CD11b+ Ly6Cint) were 

determined by flow cytometric analysis of PBMCs. Mice were followed by 

bioluminescence imaging (BLI) to monitor metastatic colonization of EMT6-Luc 

cells. 
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7.   RNA extraction and real-time RT–PCR 

      Total RNA was extracted using RNeasy Mini kits (#74104, Qiagen), and 500 ng 

of RNA were used to synthesize cDNA using the iScript cDNA synthesis kit 

(#1708890, Bio-Rad). For RT–PCR analyses, the gene-specific primers shown in 

Table 1 were ordered from KiCqStart SYBR Green predesigned primers (Sigma). 

The relative expression of mRNA was normalized using the internal control GAPDH 

or ACTB gene [ΔCt = Ct (target gene) − Ct (internal control gene)]. The relative fold 

change was measured by the 2−ΔΔCt formula compared with the control cells. 

Gene Forward Primer Reverse Primer 

Ifng TGAGTATTGCCAAGTTTGAG- CTTATTGGGACAATCTCTTCC 

Gzmb CTGCTAAAGCTGAAGAGTAAG TAGCGTGTTTGAGTATTTGC 

Gzma CTTGCTACTCTCCTTTTTCTC CTTAGATCTCTTTCCCACG 

Prf1 AATTTTGCAGCTGAGAAGAC CTGTGGAGCTGTTAAAGTTG 

Il2rb AAGCTCAACGAAACAATACC ACTTGACCAAATGTAGACG 

Emr4  AATATTCAGCCCATTGACTC AACACTTGCAAATGGTGTAG 

Stat1 TTTGACAGTATGATGAGCAC AGCAAATGTGATGCTCTTTC 

Cx3cr1 AACACCATGCTGTCATATTC GTAAGCTACTATGCTTGCTG 

Tlr9 TCTCCCAACATGGTTCTC CTTCAGCTCACAGGGTAG 

Il6 AAGAAATGATGGATGCTACC GAGTTTCTGTATCTCTCTGAAG 

Csf3 ATGAAGCTAATGGCCTG CCTGGATCTTCCTCATTG 

Nos2 CATCAACCAGTATTATGGCTC TTTCCTTTGTTACAGCTTCC 

S100a8 ATACAAGGAAATCACCATGC ATATTCTGCACAAACTGAGG 

S100a9 CTTTAGCCTTGAGCAAGAAG TCCTTCCTAGAGTATTGATGG 

GAPDH AAGGTCATCCCAGAGCTGAA CTGCTTCACCACCTTCTTGA 

ACTB GATGTATGAAGGCTTTGGTC TGTGCACTTTTATTGGTCTC 

 

Table 2. Primers used in the qPCR analysis 
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8.   Gene expression analysis 

       RNA extracts were first analyzed using a Nanodrop 2000 spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA). RNA quality was determined using the 

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

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

CA), and samples with RIN > 7 were selected for microarray analysis using the 

Affymetrix MTA 1.0 (Affymetrix). The labeling, hybridization, scanning, and data 

extraction of the 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 to convert image signals 

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

Affymetrix Expression Console software to pretreat CEL files through the 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. 

9.   FACS and apoptosis assay 

      For analyses of T cell and gMDSC populations, single-cell suspensions were 

prepared from blood, spleens, and lungs. Lung tissues were dissociated and digested 

with collagenase/hyaluronidase (#07912, Stem Cell Technologies) for 1 h at 37 °C. 

Red blood cells were lysed by Ammonium-Chloride-Potassium (ACK) lysis buffer 

(#A10492, Gibco). The cells were labeled with fluorescence-conjugated CD3 

(#100219, dilution 1/200), CD8α (#100706,dilution 1/200), CD8β (# 126608, 

dilution 1/200), Ly6C (#128015, dilution 1/400), and CD11b (#101208, dilution 



30 
 

1/200) antibodies (Biolegend) and analyzed on a FACS Canto flow cytometer (BD 

Biosciences). For co-culture experiments, spleen-derived cells were sorted with a 

FACS Aria cell sorter (BD Biosciences) based on CD8 and/or Ly6C expression. 

Subsequently, tumor cells were cultured either alone (control) or co-cultured with 

immune cells in 10% FBS containing RPMI media for 48 h at the ratios of 1:1 and 

1:5. After the incubation, tumor cells were collected and flow analysis was 

performed. Immune cells were excluded by gating on the CD45 (#103108-

Biolegend)-negative population. Annexin V (#640920-Biolegend) and cleaved-

caspase-3 (#9978-Cell signaling) antibodies were used according to the 

manufacturer’s recommendations. All tests were performed in duplicate and repeated 

twice. 

10.    Immunostaining  

       For immunohistochemistry, paraffin-embedded sections were deparaffinized in 

xylene and rehydrated in graded alcohol. Antigen retrieval was performed by 

incubating the sections in citrate buffer, pH 6 (Invitrogen) using a microwave. 

Staining was performed using Peroxidase Detection Kits (#1859346-Thermo 

scientific) with a pan-keratin antibody (# PM162AA- Dilution 1/100, Biocare 

Medical) according to the manufacturer’s protocol. For fluorescent staining , cells 

first were fixed with 4% paraformaldehyde for 10 min and then permeabilized by 

incubating with 0.1% Triton X-100 (#X-100, Sigma) for 15 minutes at room 

temperature (RT). Cells were stained with primary antibodies at a 1/100 dilution at 

4°C overnight. After washing with PBS 3 times, fixed cells were incubated with 

fluorescence-conjugated secondary antibodies for 1hr at 37°C. The nuclei were 

stained with 1ug/mL DAPI (#D1306, Invitrogen) and counterstained with 

hematoxylin before mounting the slides. Sections were examined with a fluorescent 
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microscope (Keyence B2-X700, NJ). The following primary antibodies were used: 

Ly6C (#ab15627, dilution 1/100, Abcam) and CD8α (#98941, dilution 1/100, Cell 

Signaling). The secondary antibody was purchased from Invitrogen (#37119) and the 

protocol provided by the company was followed.  

11.    TUNEL assay  

      For the detection of apoptotic cells in situ, TdT In Situ Apoptosis Detection Kits 

(#4811–30-K, R&D System) were used according to the manufacturer’s guidelines. 

Accordingly, rehydrated lung tissues were incubated with Proteinase K solution for 

15 min and then washed with deionized water before immersion in quenching 

solution for 5 min. Following incubation with 1X TdT labeling buffer for 5 min, 

tissues were incubated in labeling reaction mix for 60 min at 37 oC. The reaction was 

stopped and samples were washed twice with PBS for 5 min. Finally, the slides were 

incubated with horseradish peroxidase-conjugated streptavidin at 37 °C for 10 min 

and immersed in blue label solution for 5 min. After in situ labeling, tissues were 

counterstained with nuclear fast red, dehydrated, and mounted. The average number 

of apoptotic cells was determined by counting three independent areas under a bright-

field microscope. 

12.    In vitro T cell suppression assay 

      BM cells were cultured with GM-CSF(50ng/mL) in the absence (BM control) 

and presence of G-CSF (25ng/mL- BM+G-CSF) for 4 days with 2% FBS-containing 

media (RPMI, #30027.02-Hyclone) to generate BM-MDSCs. Splenocytes from 

naïve BALB/c mice were stained with 5(6)-carboxyfluorescein N-

hydroxysuccinimidyl ester (CFSE, #C34554, Invitrogen) according to the 

manufacturer’s guidelines. Accordingly, cells were washed twice in PBS, re-
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suspended in 2% FBS-containing PBS solution (1x106 cells/ mL) containing also CFSE 

at a final concentration of 0.5 uM. Following incubation for 10 min in a 37 °C incubator, 

cells were washed three times with PBS and re-suspended in complete medium at a 

concentration of 1x106 cells/ mL. Subsequently, CFSE-labeled splenocytes from 

naïve mice were plated into U-bottom 96-well plates (1x105 cells/ well) in triplicate. 

To activate T cells, 1 μg/ mL anti-CD3 (#553057, BD Biosciences) and 

5 μg/mL anti-CD28 (#557393, BD Biosciences) antibodies were added into culture 

media supplemented with 1X 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES #15630080, ThermoFisher Scientific), non-essential amino acids (NEAA-

#11140050, ThermoFisher Scientific) and 2-mercaptoethanol (#21985023, 

ThermoFisher Scientific). BM-MDSCs, generated only in the presence of GM-CSF, 

were used as BM control for co-culture experiments. Labeled splenocytes were co-

cultured with BM-derived MDSCs for 72h and the CFSE dilution of CD3+ T-cell 

fractions was analyzed by flow cytometry. 

13.   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. Mouse G-CSF ELISA kits (#MBS355381, MyBioSource) were 

used to quantify the level of cytokine in plasma according to the manufacturer`s 

guidelines. Anti-G-CSF antibody pre-coated strips were washed with washing buffers 

before standards or samples were added. After incubation at 37°C for 90 mins, the 

plates were washed and subsequently incubated with the biotinylated antibody for 60 

mins at 37°C. Following washing, horseradish peroxidase (HRP)-streptavidin 

conjugate working solution was added. After removal of the unbound conjugate, a 

3,3′,5,5′-tetramethylbenzidine (TMB) substrate was added and incubated for 15 min at 

https://www.sigmaaldrich.com/catalog/product/sigma/87748?lang=en&region=US
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37°C. Absorbance at 450 nm was measured using a microplate reader immediately after 

adding the stop solution. 

14.   Statistical Analyses 

      All statistical analysis was performed using GraphPad Prism version 7.3 (GraphPad 

Software Inc., San Diego, CA). The differences between more than two groups for one 

variables were determined with one-way ANOVA followed by Tukey’s multiple 

comparison test. Two-way ANOVA was used to compare differences between two or 

more groups with different variables. Comparisons between the two samples were 

performed using Student t-tests. P values less than 0.05 were considered statistically 

significant. The sample size for animal experiments was calculated by power analysis 

(Jaykaran Charan & Kantharia., 2013).  If we estimate the standard deviation across 

animals to be 2/3 between groups, with 4 or 5 animals per group, the experiment will 

have at least 80% power to detect differences, using a two-sided statistical test with at 

most 5% type 1 error.  
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III. RESULTS 

1. Functional characterization of murine mammary tumor cell lines in a syngeneic 

mouse model 

      To investigate the role of the immune system in determining the fate of DTCs in 

distant organs, we utilized a syngeneic mouse model. A syngeneic mouse retains an 

intact immune system which allows investigation of the role of the immune system in 

growth and metastasis of tumors isolated from the same strain. In this study, we utilized 

murine mammary tumor cells, EMT6 and 4T1, which were developed in 

immunocompetent BALB/c mice. The 4T1 tumor is highly malignant and refractory to 

most immune stimulation-based treatments and shows the characteristics of triple-

negative breast tumors (Chen et al., 2007). In contrast, EMT6 mammary murine tumors 

are reported to be less invasive and highly immunogenic due to elevated expression of 

MHC-I and antigen presentation components (J. W. Yu et al., 2018). Compared to 

EMT6 tumors, 4T1 tumors are less immunogenic and have the potential to metastasize 

to distant organs when implanted orthotopically into syngeneic (BALB/c) mice. We 

previously characterized the tumorigenic and metastatic potential of these two murine 

mammary tumors in BALB/c mice. When the same number of tumor cells (50.000 

each) were implanted orthotopically into the 4th mammary fat pad, the two cell lines 

generate the same size of tumors (Ouzounova et al., 2017). Our team demonstrated that 

4T1 tumors result in metastatic disease in 100% of animals, most of which do not 

survive more than 8 weeks, whereas EMT6 tumors failed to generate any detectable 

metastases, and thus mice survive much longer than mice with 4T1 tumors (Figure 2A). 

We also observed the enlargement of the spleen that may account for the high 
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production of immune cells in 4T1 tumor-bearing animals compared to poorly 

metastatic EMT6 tumor-bearing mice (Figure 2B-C). 

 

Figure 2. Functional characterization of EMT6 and 4T1 tumors in syngeneic BALB/c mice 

(A) Luciferase-expressing 4T1 and EMT6 murine mammary tumor cells that were implanted into the 4th 

mammary fat pad of syngeneic BALB/c mice generate similar size primary tumors; however, only 4T1 

tumor-bearing animals develop distant metastasis, mainly in the lung and (B-C) have enlarged spleens 

compared to the EMT6 tumor-bearing animals. Results are presented as mean±SD **P<0.01, by one-

way analysis of variance(one-way ANOVA) with Tukey’s multiple comparison test.  
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2. Primary EMT6 tumors induce an anti-tumor immunity which then clears 

disseminated tumor cells (DTCs) 

     Although the dissemination of tumor cells from primary site occurs in early stages 

of tumor progression, most of the DTCs die either in circulation before reaching distant 

organs or in the secondary organs due to a selective pressure mediated by immune cells 

(Kang & Pantel, 2013). In order to determine the fate of tumor cells after they 

disseminate into distant organs, we implanted luciferase-expressing tumor cells into the 

mammary fat pads and sacrificed EMT6-Luc or 4T1-Luc tumor-bearing mice at 

different time points: week 1, week 2 and week 3.  Ex vivo lung imaging revealed that 

tumor cells disseminated into the lungs of 4T1 tumor-bearing mice as early as 2-weeks 

post-implantation, whereas DTCs were detected in the lungs of EMT6 tumor-bearing 

mice at 3 weeks (Figure 3A, B). To determine whether there are solitary DTCs present, 

we performed pan-keratin staining of lungs and lymph nodes (LNs) from tumor-bearing 

mice. Despite their inability to establish metastases within 8 weeks, EMT6 tumors 

indeed disseminate from the primary site into regional lymph nodes and lungs as early 

as 1-week post-implantation, as efficiently as the 4T1 tumors. While DTCs in the 4T1 

tumor-bearing mice colonize to form micro-metastases at week 3, we detected only 

solitary tumor cells in the lungs and LNs of EMT6 tumor-bearing mice (Figure 4). In 

order to examine the fate of these DTCs in EMT6 tumor-bearing mice, we first 

implanted EMT6 tumor cells orthotopically and then injected the luciferase-expressing 

EMT6-Luc cells (100K) via the tail vein. We also injected the same number of EMT6-

Luc cells into naïve mice as controls. While the EMT6 tumor-bearing mice failed to 

develop pulmonary metastasis, naïve animals quickly generated pulmonary metastases 

resulting in death in less than 3 weeks (Figure 5A, B). In addition, ex vivo lung images 

at day 9 demonstrated that i.v.-injected EMT6-Luc cells grow into metastatic colonies 
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in the lungs of naïve mice; however, they were completely eliminated in EMT6 tumor-

bearing mice, suggesting that pulmonary DTCs are cleared by the immune system due 

to an anti-tumor response. This results may explain why the majority of EMT6 tumor-

bearing mice survive longer than 4T1 tumor-bearing mice which die within 6–8 weeks. 

To determine the specificity of the EMT6-induced anti-metastatic response, we first 

implanted 4T1 or EMT6 tumors into mammary fat pads of BALB/c mice. Primary 

tumors were surgically removed 3-weeks post-implantation, and EMT6-Luc or 4T1-

Luc cells were injected into either EMT6 tumor-bearing or 4T1 tumor-bearing mice one 

week after removal of the primary tumors. While EMT6 tumor-bearing mice failed to 

eliminate the 4T1-Luc cells, these mice had significantly lower signal intensity at day 

13 post-injection and survived longer than 4T1 tumor-bearing mice that were also 

injected with EMT6-Luc cells (Figure 6A-D). 4T1 tumors generated a permissive 

microenvironment for the pulmonary growth of both EMT6-Luc and 4T1-Luc cells 

injected via the tail vein (Figure 6B). All animals but the EMT6 tumor-bearing mice 

injected with EMT6-Luc cells generated pulmonary metastases and succumbed to death 

within 3-4 weeks (Figure 6D). 
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Figure 3. Pulmonary DTCs were detected in both 4T1 and EMT6 tumor-bearing mice 

4T-Luc or EMT6-Luc tumor-bearing mice were sacrificed at different time points (weeks 1, 2, 3 and 6) 

to determine whether tumor cells disseminated into the lungs. (A, C) The ex vivo imaging showed that 

EMT6 tumor cells disseminated into the lungs around week 3 and did not grow into macrometastasis. 

(B-C) 4T1 tumors disseminated around week 2 and formed micrometastases in the following weeks. 

Results are presented as mean ± SD 3-5 mice use for each group. ***P < 0.005, a two-tailed Student’s t-

test. 
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Figure 4. Both metastatic 4T1 and non-metastatic EMT6 tumors disseminated into secondary 

organs as early as 1-week post-implantation 

Solitary disseminated tumor cells were detected in the LNs and lungs of tumor-bearing mice at 1-week 

post-implantation as demonstrated by pan-keratin staining. These DTCs grew into micrometastases and 

eventually overt metastases in the lungs of 4T1 tumor-bearing mice at 3- and 6-week time points, 

respectively, while tissues from EMT6 tumor-bearing mice showed only solitary DTCs. Scale bar 100μm 

(LN) and 50μm (lungs). 
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Figure 5. Eradication of DTCs in the lungs of EMT6 tumor-bearing mice 

(A-B) Naïve and EMT6 tumor-bearing mice were injected with EMT6-Luc (100,000) cells through the 

tail vein. The cells were efficiently trapped in the lungs of both naïve and tumor-bearing mice 2h after 

i.v. injection. Colonization and metastatic growth at days 5 and 12 were detected only in naïve animals 

while EMT6 tumor-bearing mice effectively eradicated tail vein-injected EMT6-Luc cells. Ex-vivo 

images of lung tissues collected from these mice also confirmed metastatic growth in naïve mice and 

their complete elimination in EMT6 tumor-bearing mice.  5-8 mice were used in each group and the 

experiment was repeated three times. Results are presented as mean ± SD. Two-way analysis of variance 

(ANOVA) test with Bonferroni’s multiple comparisons test was used for comparisons. *P < 0.05, 

**P < 0.01, ***P < 0.005. IV: intravenous injection 
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Figure 6. 4T1 tumor-bearing mice supported the growth of both EMT6-Luc and 4T1-Luc tumor 

cells when injected via tail vein 

Orthotopically implanted primary tumors were resected 3-weeks post-implantation, and then the mice 

were injected with luciferase-expressing tumor cells through the tail vein one week after removal of 

primary tumors. (A-C) 4T1 tumor-primed animals showed accelerated metastatic growth and (D) 

shortened survival compared to EMT6 tumor-implanted mice when 4T1-Luc or EMT6-Luc tumor cells 

were intravenously injected. While EMT6 tumor-primed mice showed delayed growth of 4T1-Luc cells, 

they were unable to completely eliminate EMT6-Luc cells. Results are presented as mean± SD (5–10 

mice in each group) ***P<0.005 by two-way ANOVA with Bonferroni’s multiple comparisons test. 
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     To determine whether the elimination of DTCs would occur in the absence of 

primary tumors, we removed primary EMT6 tumors by surgical intervention 4-weeks 

post-implantation and called these mice EMT6 tumor-primed mice. These EMT6 

tumor-primed mice were injected with 100,000 EMT6-Luc tumor cells at 2-days 

post-resection (we called this early). Cells trapped in the lungs 2-hour post-injection 

were verified by BLI; however, there were no detectable tumor cells 10-days post-

injection in these EMT6 tumor-primed animals and they remained metastasis-free 

for up to 6 months (Figure 7A, B). These findings provided a compelling rationale 

to examine the nature and longevity of the anti-tumor immunity observed in EMT6 

tumor-primed animals. To determine the longevity of the anti-tumor response, 

EMT6-Luc cells were injected into EMT6 tumor-primed mice 3-weeks post-

resection (we called this late). EMT6-primed animals in the late i.v.-injected group 

elicited an anti-tumor response leading to the elimination of i.v.-injected cells within 

10 days (Figure 7C, D). We then re-inoculated EMT6-Luc cells into these mice via 

tail vein at 5 and 9 weeks post-resection of the primary tumors to determine whether 

EMT6 tumor-primed mice exhibited a sustained immunological memory. Pulmonary 

entrapped tumor cells were verified in the lungs 2h after each injection by BLI 

(Figure 7C). All animals repeatedly and efficiently cleared the EMT6-Luc tumor 

cells injected via the tail vein after 3-, 5-, and 9-weeks post-resection of primary 

tumors (Figure 7C, D). Collectively, these results suggest that EMT6-primed animals 

have developed long-lived immunological memory against EMT6 tumor cells. 
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Figure 7. The anti-tumor response elicited in EMT6-primed mice is long-lived 

EMT6 tumor-primed mice were injected with EMT6-Luc cells in early (right after resection of primary 

tumors) or late settings (3-weeks post-resection of tumors).  (A-B) In the early setting, EMT6 tumor-

primed mice cleared i.v.-injected cells within 10 days and did not show any sign of metastasis up to 180 

days. (C-D) In the late setting, EMT6 tumor-primed animals also exhibited an anti-tumor response that 

led to the elimination of repeatedly injected cells, and they remained free of metastasis for up to 6 months. 

Results are presented as mean± SD, 4–6 mice in each group. IV: intravenous injection of EMT6-Luc 

cells. 
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3. Antitumor immunity against DTCs is CD8+ T-cell dependent 

      The observation that primary EMT6 tumor elicited an anti-tumor immunity 

resulting in elimination of DTCs in syngeneic mice, suggests that this effect could be 

mediated by cytotoxic lymphocytes. Cytotoxic lymphocytes, such as natural killer cells 

and CD8+ T cells, as part of the anti-tumor immune system, infiltrate into inflamed 

tissues to target and eliminate malignant cells (Kubo, Mensurado, Goncalves-Sousa, 

Serre, & Silva-Santos, 2017). To determine which lymphocytes were involved in 

mediating the anti-tumor immune response observed in EMT6 tumor–primed mice, we 

utilized immune-deficient athymic nude and Rag2−/− mice. Athymic mice lack T 

lymphocytes due to spontaneous deletion of the Foxn1 gene that causes a deteriorated 

or absent thymus (Szadvari, Krizanova, & Babula, 2016). Rag2 deficient mice do not 

have mature T lymphocytes owing to a lack of the V(D)J arrangement that is required 

for T cell maturation (Shinkai et al., 1992). Both of them have highly active NK cells. 

We orthotopically implanted EMT6 tumor cells into the mammary fat pads of these 

immune-deficient mice and EMT6-Luc cells were intravenously injected three weeks 

post-implantation. The orthotopically implanted primary EMT6 tumors in the athymic 

nude (Figure 8A, B) or Rag2−/− mice (Figure 8C, D) failed to elicit an anti-tumor 

immune response, and as a result, these mice developed pulmonary metastases when 

EMT6-Luc cells were injected via the tail vein (Figure 8A-D). In line with our previous 

report, a significant increase in granulocytic MDSC infiltration into the lungs of 

primary EMT6 tumor-bearing mice was observed compared to mice without primary 

tumors (Figure 8E). Primary tumor-bearing mice also exhibited significantly enlarged 

spleens (Fig. 8F, G), which we previously observed in metastatic 4T1 tumor-bearing 

mice (Figure 2B, C). 

 

https://www.nature.com/articles/s41467-019-09015-1#Fig2
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Figure 8. The immune-deficient, athymic and Rag2-/- mice failed to eliminate IV-injected cells 

(A-D) Athymic nude mice and Rag2−/− mice were orthotopically implanted with or without EMT6 tumor 

cells (50,000) and then challenged with EMT6-Luc cells (100,000) via the tail vein injections at 3 weeks 

post-implantation. Both tumor-bearing athymic and Rag2 knockout mice, as well as their naïve 

counterparts,  failed to eradicate distant tumor cells. (E-G) Tumor-bearing Rag2−/− mice exhibited 

moderately higher pulmonary gMDSC infiltration, and larger spleen size and weight. Results are 

presented as mean ± SD. Five animals were used for each group.  **P < 0.01, ***P < 0.005, two-tailed 

Student’s t-tests were used to compare groups. IV: intravenous injection of EMT6-Luc cells. 
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      Although our data provide evidence of immune-mediated clearance of DTCs in 

lungs, we reasoned that the depletion of CD8+ T cells in a syngeneic model would 

provide more direct evidence. To evaluate the effects of CD8+ T-cell depletion in a 

spontaneous metastasis model, we performed the following experiments in EMT6 

tumor-bearing mice. At 4 weeks post-implantation, we treated EMT6-Luc tumor-

bearing mice with one dose of anti-CD8α antibody or isotype control, after which 

the primary tumors were resected. The second dose of the same antibody was 

administered 2 days post-removal of the primary tumor. Depletion of CD8+ T cells 

in EMT6 tumor-bearing mice resulted in increased local and distant metastasis, as 

demonstrated by live images of animals (Figure 9A, B). Moreover, ex vivo images 

of lungs, livers, and spleens showed significantly higher luciferase activity in 

CD8+ T-cell-depleted animals (Figure 9C). To provide more direct evidence, we also 

examined CD8+ T cell-mediated anti-tumor immunity in an experimental metastasis 

model using EMT6-primed mice. EMT6-primed mice were treated with anti-CD8α 

antibody or isotype control, one dose administered 1-day before intravenous 

injection of EMT6-Luc cells, and the second dose 2-days after. Pulmonary 

metastases were monitored by optical imaging, verifying that EMT6-Luc cells were 

trapped in the lungs after 1 h post-injection (Figure 10A). Mice treated with an 

isotype antibody effectively cleared the EMT6-Luc cells around day 12 and were 

tumor-free at day 21, whereas anti-CD8α antibody-treated mice developed 

pulmonary metastases and died within 3 weeks (Figure 10A, B). Depletion of 

CD8+ T cells in antibody-treated mice was confirmed by flow cytometry analyses of 

PMBCs (Figure 10C). 

      Given that CD8α is also expressed on the surface of some natural killer (NK) cell 

subsets and dendritic cells (Kumari et al., 2018; Shortman & Heath, 2010; Terry, 
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DiSanto, Small, & Flomenberg, 1990), the use of anti-CD8α antibody for depletion 

raised the possibility of NK cell involvement in tumor cell clearance. To exclude this 

possibility, we utilized anti-CD8β antibody for the depletion of CD8+ T 

lymphocytes. Two doses of anti-CD8β (the first dose administered 1 day before and 

the second dose 1 day after i.v. injection of EMT6-Luc cells) was shown to 

effectively eliminate CD8+ T cells at day 7 post-i.v. injection of tumor cells as 

demonstrated by flow cytometric analysis of PBMCs (Figure 11C, D). 

Administration of the anti-CD8β antibody into EMT6 tumor-primed mice resulted in 

pulmonary metastases within two weeks, while control/ isotype-treated mice 

eradicated the tail vein-injected EMT6-Luc cells and remained tumor-free up to day 

80 (Figure 11A, B). 
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Figure 9. Depletion of CD8+ T cells enhanced the outgrowth of spontaneously disseminated tumor 

cells 

EMT6-Luc tumor-bearing mice at 4 weeks post-implantation were treated with two doses of anti-

CD8α antibody (500 μg/mouse); the first dose was administered 1 day before the resection of primary 

tumors and the second dose was administered 2 days after the resection. (A, B) Depletion of CD8+ T 

cells led to the outgrowth of the recurrent tumor and (C) promoted the colonization of spontaneously 

disseminated tumor cells, while isotype-treated mice showed no metastases following the removal of 

primary tumors. Results are presented as mean ± SD. 5 mice were used for each group. ***P < 0.005, 

two–way ANOVA. 
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Figure 10. Administration of anti-CD8α to EMT6 tumor-primed mice suppressed the anti-tumor 

immune response and triggered the growth of DTCs 

EMT6 tumor-primed mice were treated with or without two doses of a CD8α antibody (500 μg/ 

mouse); one dose was administered 1 day before the tail vein injection of EMT6-Luc cells and the 

second dose 2 days after injection. (A, B) Depletion of CD8+ T cells promoted the outgrowth of tail 

vein-injected EMT6-Luc cells, while isotype-treated mice effectively eliminated these cells. 

*P < 0.05, ***P < 0.005, two-way analysis of variance test. (C) The ratio of circulating CD8+ T cells 

in the indicated animals showed efficient depletion of CD8+ T cells in antibody-treated animals 7 

days after i.v. injection. Results are presented as mean ± SD. ***P < 0.005, one-way analysis of 

variance test. 
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Figure 11. CD8+ T-cell depletion with anti-CD8β in EMT6 tumor-primed mice promote the 

metastatic growth of DTCs 

(A, B) Treatment of EMT6 tumor-primed mice with two doses of anti-CD8β antibody led to the 

colonization of tail vein-injected EMT6-Luc cells while isotype-treated mice effectively eliminated 

these cells. ***P<0.005, two-way ANOVA. (C) Efficient depletion of CD8+ T cells was shown by 

flow cytometric analysis of PBMC two weeks after the first dose of depletion antibody. 5-8 mice were 

used for each group. The results are presented as mean ±SD. ***P<0.005, two-tailed Student’s t-test. 
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     Furthermore, we assessed whether NK cells might also contribute to immune 

surveillance of DTCs, as previously reported (Asaf Spiegel et al., 2016; Takeda et 

al., 2001).  To do this, we utilized the anti-asialo GM1 antibody which has been 

shown to deplete NK cells in BALB/c mice (Monnier & Zabel, 2014). Administration 

of 20 µL of anti-asialo GM1 antibody before i.v. injection of tumor cells significantly 

depleted NK cells in EMT6-primed mice compared to the controls as shown by 

NKp46 and CD49b staining of CD3-negative lymphocytes at day 34 post-i.v. 

injection (Figure 12C, D). NK cell-depleted mice cleared pulmonary EMT6-Luc 

cells as effectively as the control/isotype-treated animals (Figure 12A, B). Therefore, 

these results suggest that the anti-tumor response observed in distant organs in EMT6 

tumor-primed mice was primarily CD8+ T-cell dependent and did not rely on NK 

cell-mediated killing activity. 
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Figure 12. NK cells did not exert cytotoxicity against DTCs in EMT6 tumor-primed mice 

(A, B) Anti-asialo GM1 antibody (20uL/per mouse) was used to deplete NK cells in syngeneic BALB/c 

mice. Treatment of EMT6-primed mice with antibody had no effect on the elimination of tail vein 

injected EMT6-Luc tumor cells. Effective elimination of NK cells was shown by flow cytometric 

analysis of PBMCs stained with CD49b and NKp46 antibodies. (C-E) The level of NK cells was 

significantly reduced compared to the control group even 34 days after administration of the depletion 

antibody. NK cells were gated on the CD3- lymphocyte population. 5 mice were used for each group. 

Flow results are presented as mean ±SD. *P<0.05, two-tailed Student’s t-test. IV: intravenous injection 

of EMT6-Luc cells. 
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4. In situ clearance of tail vein-injected tumor cells in EMT6 tumor-primed mice  

      To examine in situ clearance of EMT6-Luc cells from the lungs of EMT6-primed, 

4T1 tumor-primed or naïve mice, we first implanted parental 4T1 and EMT6 tumors 

cells orthotopically. Two weeks post-implantation, EMT6-Luc cells were injected 

into tumor-bearing and naïve mice via the tail vein. The presence of luciferase-

expressing tumor cells was evaluated in lungs 2 h and 3 days post i.v. injection of 

EMT6-Luc cells by ex vivo bioluminescence imaging. At 2 h post-injection, EMT6-

Luc cells were equally well accumulated in the lungs of naïve, EMT6, and 4T1 

tumor-bearing mice (Figure 13A, B). At day 3 post-injection, the EMT6 tumor-

primed mice cleared the majority of the EMT6-Luc cells from the lungs (Figure 

14A). In contrast, the naïve and 4T1 tumor-bearing mice displayed significantly 

higher luciferase signals of EMT6-Luc cells in the lungs at the 3-day time point, 

albeit with a reduced luciferase signal intensity compared with lungs at the 2h-time 

points (Figure 14B). Lungs from EMT6 tumor-bearing mice at day 3 post-injection 

showed a low number of pan-keratin-positive tumor cells (Figure 15A), which 

correlated with a greater proportion of apoptotic cells as quantified by the TUNEL 

assay (Figure 15A, B). However, lungs from naïve and 4T1 tumor-bearing mice at 

the same time point exhibited a higher number of pan-keratin-positive cells and a 

lower proportion of apoptotic cells (Figure 15A, B). In accordance with the reduced 

number of tumor cells in the lungs, higher levels of CD8+ T cells were observed in 

the lungs of EMT6 tumor-bearing and naïve mice as compared with the 4T1tumor-

bearing mice (Figure 15C). Also, lungs from 4T1 tumor-bearing mice were infiltrated 

with significantly higher numbers of CD11b+Ly6Cint cells (gMDSCs) compared to 

the naïve and EMT6 tumor-bearing mice (Figure 16A, B). Interestingly, there was a 

significantly higher proportion of CD11b−Ly6C+ cells, which may represent 
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Ly6C+CD8+ effector T cells, (T L Walunas et al., 1995) in the lungs of EMT6 tumor-

bearing mice compared with the other groups (Figure 16A, C).  
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Figure 13. Entrapment of EMT6-Luc cells 2 hours post-injection via tail vein  

Live animals and lung ex vivo bioluminescent images showing entrapped EMT6-Luc cells 2 hours 

after tail vein injection in naïve, EMT6, and 4T1 tumor-bearing mice, respectively. The results are 

presented as mean ±SD. 3 mice used for each group. 
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Figure 14. Majority of EMT6-Luc cells in lungs of EMT6 tumor-bearing mice were eliminated at 

day 3 

(A) The live animal imaging and ex vivo lung images of indicated animals at day-3 post-injection. (B) 

The reduced signal intensity of EMT6-Luc cells in the lungs of EMT6 tumor-bearing mice compared 

with naïve and 4T1 tumor-bearing mice is associated with less number of tumor cells at day 3 post-

injection. The results are presented as mean ±SD. 3 mice used for each group. *P<0.05, One- way 

ANOVA. 
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Figure 15. Lungs from EMT6 tumor-bearing mice showed greater apoptotic cell death and reduced 

pan-keratin-positive tumor cells at day 3 

(A, B) Pan-keratin staining of tumor cells and TUNEL-positive apoptotic cells in the lungs of the 

indicated animals at day 3 showed reduced tumor cell number and greater apoptotic cell death in the 

lungs of EMT6 tumor-primed mice compared to those of naïve and 4T1 tumor-primed mice (C) Flow 

cytometric analyses of CD8+ T cells in the lungs of naïve, EMT6, and 4T1 tumor-bearing mice 3 days 

after i.v. injection of EMT6-Luc cells.  Results are presented as mean ± SD. Average of four different 

areas are shown for TUNEL-positive cells. Scale bar: 50 µm. *P < 0.05, ***P < 0.005 by one-way 

analysis of variance test with Tukey’s multiple comparison tests. IV: intravenous injection 
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Figure 16. Flow cytometric analysis of Ly6C-expressing immune cells in the lungs 

(A, B) Flow cytometric analysis showed an elevated CD11b+Ly6Cint cell population (gMDSC) in the 

lungs of 4T1 tumor-bearing mice compared with naïve and EMT6 tumor-bearing mice following i.v. 

injection of EMT6-Luc cells.  (C) The CD11b−Ly6C+ population is significantly increased only in EMT6 

tumor-bearing mice at day 3 post-i.v. injection. Results are presented as mean ± SD. *P < 0.05, 

**P < 0.01, one-way analysis of variance test. IV: intravenous injection of EMT6-Luc cells. 
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5. The Ly6C+CD8+ subset exhibits effector T-cell function 

       We previously reported that inefficient granulocytic MDSC induction and 

infiltration in EMT6 tumor-bearing mice may account for the failure to generate 

spontaneous metastasis (Ouzounova et al., 2017). To determine whether CD8+ T-cell 

depletion had any impact on the MDSC population, we performed flow cytometric 

analyses of PBMCs collected from naïve, isotype control and anti-CD8 antibody-

treated mice. There was no statistically significant difference in gMDSC populations 

(CD11b+Ly6Cint) between the isotype control and the anti-CD8 antibody-treated 

mice (Figure 17A, B). However, we observed that the CD11b−Ly6C+ cell population 

was substantially reduced in the T cell-depleted mice (Figure 17A, C). It is possible 

that the CD11b−Ly6C+ cells observed in EMT6 tumor-primed mice (Figure 16A) are 

effector/memory CD8+ T cells involved in anti-tumor immunity. Therefore, we 

examined whether the CD11b−Ly6C+ cell population expressed the CD8 CTL 

marker and whether anti-CD8 antibody treatment depleted this population. 

Interestingly, we observed that the CD11b−Ly6C+ cell population also expressed the 

CD8 marker (Figure 17D) and anti-CD8α antibody treatment depleted these cells 

(Figure 17A-C). Long-lived central and short-lived effector memory CD8+ T cells 

have been reported to express Ly6C in a TCR- and cytokine-mediated manner (DeLong 

et al., 2018). Flow cytometric analyses revealed that approximately 80% of these cells 

were indeed CD8+ T cells and only less than two percent of this population also 

expressed integrin CD11c, which is induced during inflammatory conditions in DCs, 

macrophages, granulocytes and T cells (Figure 18) (Hume, 2008).  Ly6C+CD8+ T cells 

were shown to increase in the circulation of EMT6 tumor-primed mice compared to 

naïve mice, and anti-CD8α antibody treatment significantly depleted this population 

(Figure 19A, B). To provide further evidence of Ly6C+CD8+ T cells in EMT6-primed 
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mice, we performed in situ analyses of axillary lymph nodes. Immunofluorescent 

staining showed a higher infiltration of Ly6C+CD8+ T cells in the lymph nodes of 

EMT6-primed mice compared with those from naïve and 4T1 tumor-bearing animals 

(Figure 20). 
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Figure 17. Anti-CD8 antibody depletes CD11b- Ly6C+ cells 

(A, B) A significant reduction in the circulating CD11b−Ly6C+ population was observed in CD8+ T-

cell depleted mice compared with control and naïve animals 2 days after the first dose and at day 6 

after the second dose. (C)  80 % of the CD11b−Ly6C+ population was shown to be positive for CD8 

expression.  Results are presented as mean ± SD (n = 3). *P < 0.05, **P < 0.01,***P < 0.005, by 

one-way analysis of variance test with Tukey’s multiple comparison tests.  
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Figure 18. Flow cytometric analyses of CD11b- Ly6C+ cells 

Analysis of the circulating CD11b-Ly6C+ population from EMT6 tumor-primed mice is shown for 

expression of CD3, CD8, and CD11C. 80% of Ly6C positive cells were CD8+ T cells, and only a small 

percentage (less than 2%) also expressed CD11c. Gates were set on CD11b-negative and Ly6C-positive 

cells. 
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Figure 19. EMT6 tumor-primed animals have a significantly higher level of circulating Ly6C+CD8+ 

T cells 

(A, B) PBMCs from the indicated animals were analyzed by flow cytometry using the LyC6 and CD8 

surface markers. Compared to naïve mice, EMT6 tumor-primed mice showed a higher portion of 

Ly6C+CD8+ T cells which were depleted upon treatment with anti-CD8α antibody. 

**P < 0.01,***P < 0.005, by one-way analysis of variance test with Tukey’s multiple comparison  

tests. 
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Figure 20. In situ analyses of Ly6C+CD8+ T cells in axillary lymph nodes from naïve, EMT6 and 

4T1 tumor-bearing mice 

Lymph nodes from EMT6 tumor-primed mice show higher levels of Ly6C+CD8+ T cells compared to 

those from naïve and 4T1 tumor-bearing mice at 6-week post-implantation of tumor cells into the fat 

pads of immune-competent BALB/c mice. 
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     Next, we examined the cytotoxic activity of Ly6C+CD8+ or Ly6C−CD8+ T cell 

populations isolated from the spleens of EMT6 tumor-primed mice in vitro. 100,000 

EMT6 tumor cells were cultured with spleen-derived CD8+T cells in a ratio of 1:1 

and 1:5 (tumor cells: splenocytes) for 48h. When co-cultured with EMT6 tumor cells, 

the Ly6C+CD8+ T cell population showed significantly greater tumor cell killing 

activity relative to the Ly6C−CD8+ subset as demonstrated by increased Annexin V 

staining (Figure 21 A, B) and caspase 3 activity in the target tumor cells (Figure 21C, 

D).  Identical T-cell populations isolated from naïve (non-tumor-bearing) mice failed 

to show cytotoxic activity against EMT6 tumor cells when co-cultured with tumor 

cells in the same ratios (Figure 22A, B). Having established that the Ly6C+CD8+ T-

cell population exhibits cytotoxic activity, we examined the expression of genes 

related to effector function in this population as well as in Ly6C+CD8+ T cells. 

Consistent with the cytotoxic activity, the spleen-derived Ly6C+CD8+ population 

sorted from EMT6 tumor-primed mice expressed higher levels 

of IFNG, GZMA, GZMB, and PRF1 as assessed by qPCR analysis (Figure 23).  
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Figure 21. The Ly6C+CD8+ T-cell population exhibited tumor cells killing activity 

Tumor cell killing assays were performed to determine the effector activity of Ly6C+CD8+ or 

Ly6C−CD8+ subsets. (A, B) The spleen-derived Ly6C+CD8+ subset displayed much higher tumor-cell 

killing activity than the Ly6C−CD8+ subset against EMT6 tumor cells as demonstrated by annexin V 

staining of tumor cells. (C, D) The Ly6C+CD8+ subset also induced more caspase 3 activity in EMT6 

tumor cells when co-cultured at a 1:5 (Tumor: T cells) ratio. Shown events were gated on the CD45- 

population. Results are presented as mean ±SD (n = 3). *P < 0.05, ***P < 0.005, one-way analysis 

of variance test. 
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Figure 22. Ly6C+CD8+ T cells isolated from naïve mice failed to induce apoptosis 

(A, B) When co-cultured with EMT6 tumor cells at a ratio of 1:5, the Ly6C+CD8+ T cell population 

derived from spleens of naïve mice did not induce significant cell death. Results are presented as 

mean±SD. 
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Figure 23. The expression of cytotoxicity related genes are higher in Ly6C+CD8+ T cells isolated 

from spleens of EMT6 tumor-primed mice 

Expressions of effector T-cell-specific genes were higher in Ly6C+CD8+ population compared with the 

Ly6C−CD8+ subset isolated from the spleens of EMT6 tumor-bearing mice and counterparts from naïve 

mice. Results are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.005, one-way analysis of 

variance tests with Tukey’s multiple comparison tests. 

  



69 
 

6. Gene signature predicted favorable survival in TNBC patients 

      Due to the fact that more than 80% of the Ly6C+ cell population was also CD8 

positive, we performed microarray analyses of lung-derived Ly6C+ cell populations 

(gated on the CD45+ population) that were isolated from 4T1 and EMT6 tumor-

bearing mice at 3 weeks post-implantation. The microarray data revealed 728 

distinctly regulated genes between two populations (Figure 24A), and the top highly 

expressed genes (IL2RB, GZMA, GZMB, PRF1, CX3CR1, STAT1, and TLR9) in 

lung-derived Ly6C+ cells from EMT6 tumor-bearing mice were associated with 

effector T-cell function and clonal expansion (Figure 24B) (Gerlach et al., 2016; 

Kabelitz, 2007; Quigley, Huang, & Yang, 2008). Effector CD8+ T cells are known to 

lyse target cells with the elaboration of granzymes and perforin (Intlekofer et al., 

2005). Consistent with these previous report, we confirmed that Ly6C+CD8+ T cells 

in EMT6 tumor-primed mice had higher expression of these effector function-related 

genes (Figure 23). We also examined the expression of these genes in primary tumors 

at 1, 2, and 3 weeks post-implantation. Although there was no significant difference 

in the expression of this gene signature in primary tumors isolated between 1- and 2-

weeks post-implantation, they were significantly suppressed at 3 weeks post-

implantation. This suggests that EMT6 tumor-bearing mice may have elicited an 

early anti-tumor immune response against the primary tumors (Figure 25). The 

decreased expression of effector genes could be due to either limited recruitment of 

tumor-infiltrating lymphocytes (TILs) (Pruneri, Vingiani, & Denkert, 2018) or 

gradual suppression of cytotoxic T lymphocytes by MDSCs which are known to 

accumulate in primary tumors starting at week 2 (Nagaraj, Schrum, Cho, Celis, & 

Gabrilovich, 2010; Ouzounova et al., 2017). This result is consistent with the rapid 

growth of primary EMT6 tumors between 2- and 3-weeks post-implantation. 
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Therefore, our findings prompted us to test whether the expression of this immune 

signature in breast cancer patients can predict favorable overall survival. Using the 

publicly available TCGA data set (Ciriello et al., 2015), we found that breast cancer 

patients whose tumors expressed higher levels of immune signature genes had 

significantly better overall survival (Figure 26A). Interestingly, all of the patients 

with triple-negative breast cancer expressing one or more of the immune signature 

genes survived during the course of TCGA data collection (Figure 26B). However, 

this signature did not predict better overall survival in patients with the HER2 + and 

luminal breast cancer subtype (Figure 26C, D). Consistent with favorable overall 

survival, the immune activation gene signature also positively correlated with higher 

expression of the CD8 gene in TNBC patients (Figure 26E). 
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Figure 24. The immune activation gene signature of lung-derived Ly6C+ cells population 

(A) Gene expression analyses of the lung-derived Ly6C+ cell population from EMT6 tumor-bearing 

mice compared with 4T1 tumor-bearing mice revealed 728 distinctly regulated genes. (B)The top 

highly expressed genes in Ly6C+ cells from the lungs of EMT6 tumor-bearing mice were related to 

T cell activation. 
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Figure 25. The expression of immune activation genes in primary EMT6 tumors 

The expression of these immune-activated genes in primary EMT6 tumors was higher at early time 

points, suggesting an early anti-tumor immune response. Results are presented as 

mean±SD.**P < 0.01, ***P < 0.005, two-tailed Student’s t-test.  
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Figure 26. Higher expression of the immune-activated gene signature predicted better overall 

survival in breast cancer patients 

(A-D) Patients with TNBC subtype derived the highest survival benefit, while luminal and 

HER2 + patients failed to show any benefit. (E) Elevated expression of immune-activated gene 

signature correlated with higher expression of CD8 mRNA in TNBC tumor samples. 
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7. EMT6 tumor-primed mice eliminated DTCs after complete resection of 

primary tumors 

       Although our studies with immune-competent mice demonstrated that metastatic 

outgrowth of DTCs or the tail vein-injected cells in EMT6 tumor-primed mice, was 

prevented in a CD8+ T-cell dependent manner, we could not exclude the possibility 

of dormant tumor cells. Since DTCs generated metastasis when CD8+ T cells were 

depleted around the time of resection of primary tumors (Figure 9), we reasoned that 

if there are disseminated solitary tumor cells in a dormant state long after resection 

of primary tumors, the cytostatic pressure will be removed and these cells would be 

activated to propagate following the depletion of CD8+ T cells. In this model, we 

surgically removed the primary tumors 3-weeks post-implantation and started the 

depletion of CD8+ T cells 60 days after the resection of primary the EMT6-Luc 

tumors. These mice were monitored by optical imaging for up to 150 days (Figure 

27). Although isotype-treated control mice were free of metastasis during the time 

we followed up, anti-CD8α antibody-treated mice also did not show any luciferase 

signal during the same time (Figure 27A). We confirmed an efficient CD8+ T-cell 

depletion as demonstrated by analyses of peripheral blood mononuclear cells 

(PBMC) collected via tail vein during the course of 4 weeks post-treatment with an 

anti-CD8 antibody (Figure 27B and C). To further determine whether there were 

solitary dormant tumor cells in the lungs, mice were sacrificed at day 150 post-

resection, and lung sections were subjected to immunohistochemistry (IHC) analyses 

using a pan-keratin antibody. However, no pan-keratin-positive cells were detected 

in the lungs of animals that were treated with the CD8 depletion antibody (Figure 

28). 
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Figure 27. DTCs were eliminated after the complete resection of primary EMT6 tumors 

(A) EMT6-Luc cells were first implanted orthotopically into the mammary fat pads of BALB/c mice. 

Three weeks post-implantation, the primary tumors were removed and the anti-CD8α antibody 

treatment was started 60-days post-resection. Animals that were monitored up to 150 days via BLI 

showed no sign of metastasis. (B, C) CD8+ T-cell depletion in treated animals was examined weekly 

for 4 weeks post-treatment and a significant depletion of CD8+ T cells was demonstrated by analyzing 

the PBMCs. Results are presented as mean ± SD and  5–10 for each group. ***P < 0.005, two-way 

analysis of variance test. 
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Figure 28. No solitary DTCs were detected after CD8 depletion at Day 60 post-resection 

Mice treated with CD8α depletion antibody 60 days after the removal of primary tumors were 

sacrificed and then lungs were subjected to IHC. Pan-keratin staining performed in the lung sections 

of antibody-treated animals showed no detectable pan-keratin positive solitary tumor cells or 

micrometastases. Scale bar: 50 µm. 
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8. A higher proportion of memory CD8+ T cells was detected in EMT6 tumor-

primed mice 

      Clonal expansion of naïve CD8+ T cells upon antigen exposure leads to the 

generation of effector T cells. After clearance of transformed cells, few effector cells 

survive and develop into memory T cells, which provide long-term immunity and exert 

enhanced effector functions compared with their naïve precursors (Klebanoff et al., 

2005). Memory T cells were divided into two subsets, effector memory (EM) T cells 

(CD44+ CD62L-) and central memory (CM) T cells (CD44+ CD62L+). CM CD8+ T cells 

proliferate more rapidly when re-exposed to the antigen (Butcher & Picker, 1996). 

Since we have established that EMT6 tumor-primed mice exhibited long-term 

immunity that protected mice from the outgrowth of DTCs long after resection (Figure 

7), we examined whether the ratio of memory T cells in the circulation changed upon 

injection of EMT6-Luc cells. To determine this, we injected EMT6-Luc cells into 

EMT6 tumor-primed mice 3-weeks post-resection of the primary tumors and analyzed 

memory CD8+ T cells at day 7 post-i.v. injection compared to the naïve animals. The 

ratio of both effector subsets was significantly higher in EMT6 tumor-primed mice 

(Figure 29A, B), while naïve mice had more naïve CD8+ T cells in circulation (Figure 

29C).  EMT6 tumor-primed mice had a high level of EM CD8+ T cells (Figure 29B), 

whereas CM CD8+ T cells were increased in EMT6 tumor-primed mice after i.v. 

injection (Figure 29A), suggesting that upon re-encountering antigen, CM T cells 

divided faster than effector memory T cells or memory cells, which previously homed 

to LN, egressed into the circulation. 

 



78 
 

 

Figure 29. The number of long-lived central memory CD8+ T cells (CD44+ CD62L+) was 

increased in EMT6 tumor-primed mice after boosting with EMT6-Luc cells 

(A, B) Compared to naïve mice, EMT6 tumor-primed mice displayed more memory CD8+ T cells in 

circulation. (C) The number of naïve CD8+ T cells (CD44- CD62L+) were higher in naïve mice. Results 

are presented as mean ± SD *P < 0.05, **P < 0.01, ***P < 0.005, one-way analysis of variance tests 

with Tukey’s multiple comparison tests. 
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9. Residual tumors enhanced tumor growth and metastasis 

      Although the complete resection of primary EMT6 tumors cured mice, we were 

intrigued by the rapid progression of tumors in mice with residual tumors following 

the resection of primary tumors. Therefore, we set out to examine the differences in 

these two sets of mice; one with complete resection and the other with residual tumor 

following the surgical removal of the primary tumors. Retrospective clinical studies 

suggest that complete resection of the primary tumor significantly improves survival in 

breast cancer patients, while patients with positive margins have decreased survival rate 

due to early relapses (Gnerlich et al., 2007; Rapiti et al., 2006). Moreover, Weinberg 

and colleagues demonstrated that systemic inflammation in response to surgery 

triggers the outgrowth of distant immune-controlled tumors (Krall et al., 2018). In 

line with these reports, we demonstrated here that 3 weeks post-resection of 

luciferase-expressing primary EMT6 tumors, mice with residual tumor exhibited 

enhanced growth of recurrent tumors and outgrowth of DTCs (Figure 30A-C). 

Consistent with our previous report (Ouzounova et al., 2017), the spleen was 

significantly enlarged in mice with residual tumors (Figure 30A, D), suggesting that 

increased infiltration of gMDSCs might be a reason for the outgrowth of DTCs.  

        To determine whether gMDSC induction and infiltration were enhanced in mice 

with residual tumors, we evaluated these cells in the lungs and spleens of mice 3-

weeks post-resection. Mice with no residual tumor showed a modest gMDSC 

infiltration into the lungs and spleens, which was similar to what we found in naïve 

mice (Ouzounova et al., 2017). In contrast, mice with residual tumors exhibited up 

to a 4–10-fold higher infiltration of gMDSCs in their lungs and spleens (Figure 31A 

and B). Consistent with the preceding experiments, we also found that the 

CD11b−Ly6C+ population was significantly depleted in mice with residual tumor 
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(Figure 31A, C). Since the majority of CD11b−Ly6C+ cells also expressed CD8, we 

next evaluated the Ly6C+CD8+ T-cell population in these organs. As expected, mice 

with complete resection of primary tumors sustained a substantial Ly6C+CD8+ T cell 

population in the spleens and lungs, whereas mice with residual tumors were 

deprived of this population in their respective organs (Figure 31D).  
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Figure 30. Residual tumors promoted local tumor growth and the outgrowth of DTCs 

(A, D) Mice with residual tumors following surgical resection showed rapid growth of relapsed 

tumors, enlarged spleens, and (B) metastatic outgrowths of DTCs compared with mice with complete 

resection and no residual tumors.  (C)The size of the recurrent tumor at 3 weeks post-resection was 

significantly increased compared to the primary tumor removed three weeks post-implantation. 

Results are presented as mean ± SD, 5 mice for each group were used. *P < 0.05, ***P < 0.005, (C) 

Two-tailed student t-test (D) one-way analysis of variance tests with Tukey’s multiple comparison 

tests. 
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Figure 31. The granulocytic MDSC population was significantly expanded in mice with residual 

tumors 

The levels of gMDSCs, defined by the CD11b+Ly6Cint phenotype, were significantly increased, and  

CD11b-Ly6C+, as well as Ly6C+CD8+ T cells, were decreased in mice with residual tumor compared 

to animals with complete resection. Results are presented as mean ± SD. *P < 0.05 **P < 0.01, 

***P < 0.005, two-tailed Student’s t-test. 
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      A body of literature suggests that not only genetic changes intrinsic to cancer cells 

but also environmental factors govern tumor progression. Inflammation is one of these 

factors that contribute to tumor progression by modulating the tumor microenvironment 

and creating a pre-metastatic niche. Our group previously reported that inflammatory 

cytokines, such as G-CSF and IL-6, may generate a permissive microenvironment 

conducive to the establishment of metastasis (Korkaya et al., 2012; Korkaya, Liu, & 

Wicha, 2011; Ouzounova et al., 2017b). A recent study performed by Krall et al. 

corroborated this finding by demonstrating an upregulation of inflammatory 

cytokines, G-CSF and IL6 in response to surgery in animals with residual tumors 

(Krall et al., 2018). Consistent with their findings, we showed several 1000-fold 

higher expression of G-CSF and IL6 in relapsed tumors post-surgery as compared 

with their expression in primary EMT6 tumors (Figure 32). Furthermore, we and 

others demonstrated that G-CSF stimulates the induction and mobilization of 

MDSCs from the bone marrow (Ouzounova et al., 2017; J. D. Waight, Hu, Miller, 

Liu, & Abrams, 2011). Due to the fact that these findings suggest a critical role for 

G-CSF in generating a metastatic permissive microenvironment, we first tested 

whether treatment of BM with recombinant G-CSF and IL-6 would change the 

expression of immune-suppressive genes. Treatment of naïve BM cells with 

recombinant G-CSF in the presence of GM-CSF, which is needed for myeloid 

lineage maintenance, induced the upregulation of G-CSF and nitric oxide synthase 2 

(NOS2), whereas addition of IL-6 decreased the expression of NOS2 in BM-derived 

MDSC (Figure 33). BM-derived MDSCs generated in the presence of G-CSF showed 

increased T cell suppression activity in vitro (Figure 34A, B), and this may be due to 

increased expression of NOS2 (Figure 33C). Moreover, G-CSF treatment induced the 

expression of S100A proteins, S100A8 and S100A9 (Figure 35C), which have been 
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shown to be particularly upregulated in gMDSCs that promote the metastatic 

colonization of tumor cells. 

 

 

Figure 32. Elevated levels of inflammatory cytokines in the residual tumors compared to 

primary EMT6 tumors 

G-CSF and IL-6 expressions were increased by several 1000-fold in residual tumors compared with 

primary tumors. Results are presented as mean ± SD. ***P < 0.005, two-tailed Student’s t-test. 
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Figure 33. The expression of Nos2 is upregulated by G-CSF 

Treatment of naïve BM-derived cells in the presence of GM-CSF and indicated cytokines for 4 days. 

(A-C) G-CSF treatment induces the up-regulation of G-CSF and NOS2 while the addition of IL-6 

decreases the expression of the same genes. Results are presented as mean ± SD. *P < 0.05, 

**P < 0.01, ***P < 0.005 by one-way ANOVA with Tukey’s multiple comparison tests. 

. 
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Figure 34. BM cells cultured with G-CSF inhibited the proliferation of T cells in vitro 

CFSE-labeled CD3+ T cells were co-cultured with BM-derived cells in the presence of soluble anti-

CD3 and CD28 monoclonal antibodies. BM cells isolated from naïve mice and cultured in the 

presence of G-CSF and GM-CSF to generate BM-MDSCs. After 4 days of culture, BM-MDSCs were 

harvested and co-cultured with splenocytes isolated from naïve mice. (A, B) CFSE dilution 

demonstrated that the proliferation of T cells was inhibited by BM-derived MDSCs generated in the 

presence of G-CSF. Results are presented as mean ± SD. *P < 0.05, **P < 0.01, one-way ANOVA. 
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Figure 35. BM cells cultured with G-CSF expressed a high level of metastasis-promoting genes 

(A-C) Treatment of BM-derived cells in the presence of GM-CSF (control) and G-CSF for 4 days. 

G-CSF significantly upregulated the expression of S100A8 and S100A9. Results are presented as 

mean ± SD.  **P < 0.01, ***P < 0.005, two-tailed Student’s t-test. 
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     Because our findings suggested a critical role for G-CSF in generating a 

metastatic permissive microenvironment, we tested whether the treatment of EMT6-

primed mice with recombinant G-CSF promoted metastasis. We began the treatment 

of mice 9 days before removal of the primary tumors, and EMT6-Luc cells were 

introduced through the tail vein at day 7. Recombinant G-CSF injections were 

continued one more week after i.v. injection of tumor cells. Daily treatment of EMT6-

primed mice with recombinant G-CSF for 2 weeks effectively induced gMDSC 

accumulation (Figure 36A, B) and diminished the number of CD11b-Ly6C+ cells 

(Figure 36B) as well as the effector Ly6C+CD8+ T cell population in circulation at 

day 14 (Figure 36C), resulting in an increased metastatic growth of DTCs in these 

animals (Figure 37). Collectively, these experiments supported the notion that the G-

CSF-driven expansion of gMDSCs promoted the metastatic colonization of DTCs. 
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Figure 36. Administration of recombinant G-CSF into EMT6-primed mice induced the gMDSC 

accumulation and depletion of effector T cells 

Daily administration of recombinant G-CSF (40 µg/mouse) into EMT6-primed mice for two weeks 

promoted the induction of gMDSC and led to depletion of effector T cells with the 

CD8+ Ly6C+ phenotype. **P < 0.01, ***P < 0.005, two-tailed Student’s t-test. 
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Figure 37. Administration of recombinant G-CSF in EMT6-primed mice promoted the 

outgrowth of DTCs 

Administration of recombinant G-CSF promoted the growth of distant tumor cells in EMT6 tumor-

primed mice. Results are presented as mean ± SD. 5 mice were used for each group. **P < 0.01, two-

way analysis of variance test. 
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10. Granulocytic MDSCs isolated from 4T1 tumor suppressed the anti-tumor 

response 

      To ensure that G-CSF functions via the mobilization of gMDSCs rather than by 

alternative mechanisms to promote pulmonary metastasis, we co-injected EMT6-Luc 

cells with gMDSCs isolated from the spleen of 4T1 tumor-bearing mice. We 

previously reported that a granulocytic subset of MDSCs plays an important role in 

immune suppression and promotion of pulmonary metastasis in the 4T1 tumor model 

which is known to produce high levels of G-CSF (Ouzounova et al., 2017). In the 

4T1 model, the level of circulating G-CSF was significantly increased starting from 

week 2 (Figure 38A) which was accompanied by increased infiltration of gMDSCs 

into the spleen and lungs (Ouzounova et al., 2017). After having established that the 

clearance of DTCs was mediated by CD8+ CTLs, we evaluated whether gMDSCs from 

4T1 tumor-bearing mice are capable of suppressing the CTL activity in the EMT6 

tumor-primed model to allow the establishment of lung metastases. Therefore, 

gMDSCs were isolated from lungs of 4T1 tumor-bearing mice 3 weeks post-

implantation and these cells (250,000) were injected into EMT6 tumor-primed mice 

1 day before the i.v. injection of EMT6-Luc cells; a second gMDSC dose was 

administered 5 days later. Mice receiving gMDSCs developed pulmonary metastases 

within 2 weeks while the control animals failed to do so (Figure 38B, C). Altogether, 

these experiments suggested that EMT6 primary tumors generated anti-metastatic 

CD8+ T-cell responses and that gMDSCs derived from 4T1 tumor-bearing mice 

could inhibit this anti-tumor activity allowing the tumor cells to establish secondary 

metastasis (Figure 38). 
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Figure 38. The adoptive transfer of gMDSCs from 4T1 tumor-bearing mice promoted the 

growth of distant tumor cells 

(A) Serum G-CSF levels were increased in 4T1 tumor-bearing mice compared to naïve and EMT6 

tumor-bearing mice as early as 1-week post-implantation. (B, C) The lung-derived gMDSCs (250,000 

per injection) isolated from 4T1 tumor-bearing mice, were co-injected with the EMT6-Luc cells 

(100,000) into EMT6 primed mice. GMDSCs promotes the pulmonary outgrowth of tumor cells. 

Results are presented as mean ± SD. 5 mice were used for each group. *P < 0.05, ***P < 0.005, two-

way analysis of variance test.  
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      We next asked whether gMDSC induction by co-injection of 4T1-Luc tumors 

suppressed the memory CD8+ T cells that we previously demonstrated to increase 

after i.v. injection of EMT6-Luc tumors into EMT6 tumor-primed mice (Figure 29).  

To determine this, we injected EMT6 tumor (90,000) with 4T1-Luc cells (10,000) 

into naïve and EMT6 tumor-primed mice and followed these mice by BLI.  EMT6 

tumor primed mice boosted with only EMT6 tumor cells were used as controls in 

this experiment.  Compared to naïve mice, 4T1 tumor cells colonized at a slower rate 

in EMT6 tumor-primed mice (Figure 39A, B), and the mice survived more than 3 

weeks while all naïve mice died within two weeks.  However, co-injection of 4T1 

tumor cells induced the infiltration of gMDSC and led to depletion of effector 

Ly6C+CD8+ T cells as well as central memory CD8+ T cells. Collectively, these 

results suggested that the induction of gMDSCs by 4T1 tumor-induced factors 

suppressed the anti-tumor immunity observed in distant organs of EMT6 tumor-

primed animals. 
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Figure 39.  Co-injection of 4T1-Luc cells with EMT6 tumor suppressed the effector CD8+ T cells 

and induced metastatic outgrowth in EMT6 tumor-primed mice by inducing gMDSCs 

expansion  

(A, B) Live animal imaging of mice co-injected with 4T1-Luc cells (10,000) and EMT6 tumors (90,000) 

into the tail vein. *P < 0.05, **P < 0.01, two-way analysis of variance test. (C-H) Flow cytometric 

analysis of the spleens from EMT6-primed control and EMT6-primed co-injected mice for the 

indicated cell populations. Injection of 4T1 Luc cells suppressed the T cell-dependent immune 

response. Results are presented as mean ± SD. 5 mice used for each group. *P < 0.05, ***P < 0.005, 

two-tailed Student t-test. 
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IV. DISCUSSION 

1. The fate of disseminated tumor cells (DTCs) in metastatic versus non-metastatic 

tumor models 

      The classical metastasis model proposes that the dissemination of tumor cells occurs 

in the late stages of tumor progression; however, recent studies provide compelling 

evidence that micrometastatic dissemination may be an early event even though 

clinically apparent metastasis is associated with the late stages of cancer development 

(Chambers, Groom, & MacDonald, 2002; Harper et al., 2018; Hosseini et al., 2016).  A 

clinical study that surveyed a cohort of 266 patients with ductal carcinoma in situ, the 

most common type of non-invasive breast cancer, provided evidence that tumor cells 

disseminate even from the earliest epithelial alterations (Banys et al., 2012). Although 

the early dissemination of the tumor cells has been appreciated, the fate of these early 

disseminated cells and factors affecting their ability to form clinically detectable 

metastases have been poorly elucidated.  

        Following the post-dissemination phase, the fate of DTCs, namely the “seed”, is 

determined by the interaction of these cells with their respective microenvironment 

(Mohme, Riethdorf, & Pantel, 2017). Although intrinsic factors specific to tumor cells 

provide survival advantages, immune components of the host tissue might have 

important roles in these processes as well to influence the outcomes, ranging from an 

anti-tumor immune response that leads to eradication of the DTCs to immune tolerance 

that results in metastatic colonization (Schreiber et al., 2011). Accordingly, the 

interplay between tumor cells and immune cells in the tumor microenvironment (TME) 

creates a systemic response that leads to infiltration of adaptive and innate immune 

players into the metastatic site to modulate the fate of DTCs after extravasation. In line 

with this notion, we provided evidence that primary tumor-induced immune response 
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led to the elimination of DTCs following the complete resection of primary tumors in 

a syngeneic mouse model. 

      In order to develop a mouse model to investigate the fate of DTCs, we utilized two 

murine tumors: 4T1, an extremely metastatic tumor showing the characteristics of the 

triple-negative breast cancer subtype ( Chen et al., 2007; Liu et al., 2014) and EMT6, a 

less invasive, weakly metastatic tumor model in syngeneic BALB/c mice (Aslakson & 

Miller, 1992). We first established that DTCs were detectable as early as 1-week post-

implantation in draining lymph nodes and lungs in both the 4T1 and EMT6 tumor 

models. However, EMT6 tumor-bearing mice failed to develop any detectable 

macrometastasis despite the presence of early DTCs, while 4T1 tumor-bearing mice 

exhibited progressive metastases as previously demonstrated by us and others (Kaur et 

al., 2012; Ouzounova et al., 2017). 

     Given the inefficiency of EMT6 tumors in establishing metastasis, we asked whether 

the DTCs were eliminated by the immune system or maintained in a dormant state in 

secondary organs. The complete clearance of EMT6-Luc cells (100,000) from the lungs 

of EMT6 tumor-bearing mice in the experimental metastasis model suggested that the 

primary EMT6 tumor-induced anti-tumor immunity that protected animals from 

developing metastasis. Due to the fact that primary tumors in athymic nude or Rag2KO 

mice, lacking functional T cells, did not protect animals from developing metastasis, 

we concluded that this immunity was CD8+ T-cell dependent. We confirmed this 

assumption and extended these findings in the syngeneic BALB/c model where 

depletion of CD8+ T cells resulted in metastatic growth in both the spontaneous and 

experimental metastasis models. It is reported that the NK cells that enter into LN and 

localize in close proximity to T cells promote T cell immunity during early stages of 

activation by regulating the size and quality of the T cell responses (Martin-Fontecha 

https://www.nature.com/articles/s41467-019-09015-1#ref-CR6
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et al., 2004; Pallmer & Oxenius, 2016). Moreover, in a melanoma model, NK cells that 

were induced by the primary tumor to migrate to secondary organs were shown to 

provide surveillance against metastasis development (Kubo et al., 2017). However, we 

determined that tumor cell clearance in the EMT6-primed mouse model was primarily 

mediated by CD8+ CTLs and not dependent on NK cells. 

     After establishing that EMT6 primary tumors elicited a CD8+ T-cell-dependent anti-

tumor response to limit metastatic outgrowths, we used this model to determine the fate 

of DTCs following the resection of primary tumors and demonstrated that mice with 

complete resection of primary tumors not only did not develop metastasis for up to 6 

months but also effectively rejected EMT6-Luc cells when they were repeatedly 

injected via the tail vein. The fact that animals were able to reject the tail vein-injected 

EMT6-Luc cells even 4 weeks post-resection of primary tumors suggested that an 

immunological memory was developed. The generation and maintenance of CD8+ T 

cell memory are vital for long‐term host survival and prevention of recurrence of the 

disease. Central memory T cells exhibit higher proliferative potential and provide 

superior protection compared to effector memory T cells. Due to the expression of the 

homing marker CD62L, CM CD8+ T cells migrate to LN to survey for cognate antigen 

while EM cells continuously patrol the non-LN and circulate in the blood (von Andrian 

& Mempel, 2003). Flow cytometric analysis of PBMCs demonstrated that both effector 

and central memory CD8+ T cells circulated in EMT6 tumor-primed animals while EM 

CD8+ T cells were more abundant, the number of dividing CM T cells increased upon 

re-encountering the tumor antigens. This is inconsistent with a previous report that 

showed that CD8+ T cells develop into functional memory cells after surgical excision 

of the primary tumor and reject tumors upon repeated challenges (P. S. Zhang, Cote, de 
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Vries, Usherwood, & Turk, 2007). Taken together, our research supports the concept 

that immune surveillance may limit metastatic outgrowth of DTCs. 

      Analyses of PBMCs in EMT6 tumor-primed animals with CD8+ T cell depletion 

revealed that a population with a Ly6C+CD11b- phenotype was substantially decreased. 

Consistent with previous reports showing that Ly6C is highly expressed in effector and 

memory CD8+ T cells (Hanninen, Maksimow, Alam, Morgan, & Jalkanen, 2011; T. L. 

Walunas et al., 1995); more than 80% of the CD11b−Ly6C+ population in our model 

was indeed a population of CD8+ T cells. Furthermore, we confirmed that the 

Ly6C+CD8+ population from EMT6 tumor-primed mice exerted much higher effector 

activity compared to the Ly6C−CD8+ population as well as the same counterpart 

isolated from naïve mice. These findings suggest that the Ly6C+CD8+ T-cell population 

recognized tumor antigens and effectively eradicated DTCs in EMT6 tumor 

model. Accordingly, the mouse transcriptome analysis of Ly6C+ cell populations 

isolated from lungs of both tumor-bearing mice at 3 weeks post-implantation revealed 

that immune cells from EMT6 tumor-bearing mice had higher expression of immune 

activation genes compared to that of 4T1 tumor-bearing mice. Interestingly, recent 

clinical data suggest that the presence of tumor-infiltrating lymphocytes (TILs) predict 

improved overall survival in all subtypes of breast cancer; however, patients with 

TNBC subtype exhibit a higher level of TILs and drive the greatest survival benefit 

compared with other subtypes (Mao et al., 2016; Stanton & Disis, 2016; Wang, Xu, 

Zhang, & Xue, 2016). Consistent with these clinical data, TCGA data analysis showed 

that this immune activation gene signature also predicted better overall survival in 

TNBC patients. 

      The role of CD8+ T cell-mediated immune surveillance in controlling metastatic 

growth was further confirmed in a preclinical study(Eyles et al., 2010). Team in this 
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study demonstrated that MT-ret/AAD mice develop a melanoma-specific CD8+  T cell 

response that limits metastatic outgrowth as the tumor grows, and depletion of these 

cells promotes visceral metastasis (Eyles et al., 2010). However, in this model, immune 

surveillance is mediated by cytostatic CD8+ T cells that maintain the tumor cells in a 

dormant state. However, this was not the case for our model since metastatic outgrowth 

was not observed in EMT6 tumor-primed animals when CD8+ T cells were depleted 

60 days after removal of the primary tumor. Furthermore, the lack of any pan-keratin 

positive tumor cells in the lungs of these animals confirmed that DTCs indeed were 

eliminated before depletion of CD8+ T cells.  

2. The potential role of surgery in the metastatic outgrowth of DTCs  

      The fate of DTCs following surgery has long been debated due to its clinical 

significance. Surgery is the main curative care for treatment for resectable primary and 

locally advanced tumors. Despite the fact that retrospective studies demonstrated an 

overall survival benefit for women who underwent surgical resection of the primary 

breast tumors show relapse and fatal metastatic growth following the surgical removal 

of primary tumors (E. Harris, M. Barry, & M. R. Kell, 2013; Warschkow et al., 2016). 

A positive surgical margin is suggested to be one of the main factors that increase the 

risk of relapse (Rapiti et al., 2006). Consistent with these studies, we demonstrated that 

mice did not develop any metastasis following the complete resection of primary 

tumors and exhibited an anti-tumor immune response that eliminates DTCs in a CD8+ 

T cell-dependent manner. However, in contrast to complete resection, mice with 

residual tumors following surgery displayed an enhanced growth of local tumors and 

outgrowths of DTCs. Our results may be reconciled with the recent report by Krall et 

al. which suggested that a systemic inflammatory response to surgery promotes the 

outgrowth of distant immune-controlled tumors in the mouse tumor dormancy model 

https://www.sciencedirect.com/topics/medicine-and-dentistry/surgery
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/growth
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(Krall et al., 2018). Interestingly, mice with residual tumors exhibited significantly 

higher gMDSC infiltration (more than 60%) in the lungs and spleen compared with the 

mice with complete resection of tumors which showed between 7 and 18% gMDSC 

infiltration, respectively. Furthermore, the Ly6C+CD8+ population was significantly 

diminished in mice with residual tumors, suggesting that higher levels of gMDSC 

accumulation effectively suppressed the effector CD8+ T-cell population.  

        The increased expression of inflammatory cytokines, IL-6 and G-CSF in residual 

tumors following the surgical intervention may account for this outcome. Accordingly, 

the levels of these cytokines have been shown to increase in the drainage of breast 

cancer patients following removal of the primary tumor (Agresti et al., 2019). IL-6 has 

been shown to increase the suppressive potential of MDSCs when combined with other 

cytokines; however, G-CSF is the most potent driver of MDSC function in vitro (C. R. 

Lee, Lee, Cho, & Park, 2018). G-CSF is known to be secreted by highly aggressive 

tumors to induce the mobilization of MDSCs from the bone marrow (Ouzounova et al., 

2017; J. D. Waight et al., 2011). The accumulation of the granulocytic MDSC subset in 

the lungs has been shown to positively correlate with metastatic colonization which 

accompanied by a decreased number of lymphocytes in lymphoid organs (Gallego-

Ortega et al., 2015; Veglia et al., 2018). Consistent with this, we showed here that 

administration of G-CSF in EMT6 tumor-primed mice promoted the growth of DTCs 

by inducing gMDSC accumulation that led to suppression of Ly6C+CD8+ effector T 

cells. The suppressive potential of MDSCs generated in the presence of G-CSF was 

verified in vitro. Our findings are in line with previously published literature in which 

elevated gMDSC accumulation was reported upon implantation of G-CSF-

overexpressing tumor cells in animals.  Moreover, the ablation of G-CSF has been 

shown to reverse MDSC accumulation in the 4T1 model, and G-CSF inhibition 
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provides protective immunity for mice vaccinated with 4T1 tumors (Ravindranathan et 

al., 2018).  

     We previously demonstrated in the 4T1 tumor model that gMDSCs play a critical 

role in the metastatic outgrowth of DTCs (Ouzounova et al., 2017). In accordance, 

serum G-CSF level was significantly lowered in EMT6 tumor-bearing mice 

compared to the 4T1 tumor-bearing animals, suggesting that expansion and 

infiltration of gMDSCs into distant organs may be mediated by G-CSF.  It has been 

established by us and others that gMDSCs are immature myeloid cells that suppress 

T-cell function via expression of mediators, such as arginase and iNOS (De Sanctis, 

Bronte, & Ugel, 2016; Kumar, Patel, Tcyganov, & Gabrilovich, 2016; Marvel & 

Gabrilovich, 2015; Ouzounova et al., 2017). Our previous study provides evidence 

that pulmonary metastasis requires the infiltration of gMDSCs that begins 2 weeks 

post-implantation. The higher levels of gMDSC infiltration into the lungs promote 

the colonization and metastatic growth of disseminated tumor cells in the 4T1 model 

(Ouzounova et al., 2017). Therefore, we reasoned that the failure of DTCs to 

establish metastatic outgrowths in the EMT6 tumor model may be due to its 

inefficiency at inducing suppressive gMDSCs. Consistent with this hypothesis, we 

showed here that gMDSCs isolated from 4T1 tumor-bearing mice inhibited the anti-

tumor immunity and induced the metastatic outgrowth of EMT6-Luc cells when they 

were co-injected via the tail vein in EMT6 tumor-primed animals. Moreover, co-

injection of 4T1 tumor cells with EMT6 tumors resulted in inhibition of the anti-

tumor immune response and metastatic outgrowth in EMT6 tumor-primed mice due 

to increased mobilization of gMDSCs induced by 4T1 tumors. Collectively, these 

results demonstrated that induction of gMDSCs by G-CSF suppressed the anti-tumor 

immune responses. 
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V. SUMMARY 

       Our experiments provide compelling evidence for the immune-mediated 

eradication of DTCs following the complete resection of primary tumors. Using 

syngeneic mouse models, we demonstrated here that orthotopically implanted EMT6 

tumors failed to generate spontaneous metastasis despite the existence of 

disseminated solitary tumor cells in distant organs. However, DTCs or 

micrometastases progressed to full-blown metastasis in 4T1 tumor-bearing mice, 

resulting in shorter survival. In line with the immune-surveillance concept, we 

showed that EMT6 tumors in syngeneic BALB/c mice induced anti-tumor immunity, 

resulting in the complete elimination of DTCs in distant organs. Our work strongly 

suggested that DTCs were constantly eliminated, and no dormant tumor cells were 

detected after the resection of primary tumors. Furthermore, we showed that EMT6-

primed animals developed an immunological memory against EMT6 tumor cells 

which provide a long-term immunity and led to clearance of repeatedly injected 

tumor cells. This anti-tumor response was mediated by the effector Ly6C+CD8+ T 

cell population, and natural killer (NK) cells had no role in this process (Figure 40A). 

Consistent with its cytotoxic activity, the Ly6C+CD8+ T cell population from EMT6 

tumor-primed mice expressed higher levels of cytotoxic molecules. In addition, 

mouse transcriptome analysis revealed that the top highly expressed genes in lung-

derived Ly6C+ cells from EMT6 tumor-bearing mice were associated with effector 

T-cell function. Interestingly, this immune-activated gene signature from mouse 

model predicted better overall survival in breast cancer patients with the TNBC 

subtype. 
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       While complete resection of primary tumors led to elimination of DTCs, mice 

with residual tumors following surgery exhibited enhanced growth of local tumors 

and outgrowth of DTCs in distant organs. Consistent with the role of G-CSF in 

expansion and mobilization of MDSCs, we observed a massive gMDSC infiltration and 

significant depletion of effector Ly6C+CD8+ T cells in the spleens and lungs of these 

animals with residual tumors (Figure 40 B).  We also confirmed that gMDSCs isolated 

from 4T1 tumor-bearing mice is sufficient to inhibit anti-tumor immunity and induces 

metastatic outgrowth of EMT6-Luc cells when they were co-injected via the tail vein.   

        Our findings, while limited to a mouse model, may provide relevant clinical 

information regarding the fate of DTCs and a possible molecular explanation of 

improved overall survival in breast cancer patients following complete resection of 

primary tumors with negative margins. For patients with positive margins, our data 

suggest that inhibition of G-CSF following surgical removal of primary tumors might 

decrease metastasis and enhance survival. 
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Figure 40. Illustration of key differences between the mice with complete resection and mice with 

residual tumors following surgery 

(A)  The EMT6 tumor primed mice developed an immunological memory against DTCs in a Ly6C+CD8+ 

T cell-dependent manner which result in complete eradication of tumor cells in distant organs. (B)  Mice 

with residual tumors induce immunosuppressive MDSCs accumulation by secretion of inflammatory 

cytokine G-CSF and that generates permissive pro-metastatic microenvironment.  
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