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Abstract 

 
Tumor necrosis factor alpha-induced gene 6 (TSG-6) plays a key role in 

regulating excessive immune responses under inflammatory conditions and is 

related to the proliferation and growth of stem cells. Recent studies showed that 

tumor cells secrete TSG-6, and it is related to the malignancy of the tumor and the 

prognosis of cancer patients. However, it remains unclear whether alleviating TSG-

6 secretion by tumor cells can modulate the immune system and cancer growth 

within the tumor microenvironment (TME). And confirming the potential of TSG-

6 as a tumor-associated antigen to function as a therapeutic target is necessary. 

In the first part, to downregulate TSG-6 production, TSG-6-specific small 

interfering RNA (siTSG-6) was transfected into canine (CIPp and CIPm) and 
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human (BT-20) breast cancer cells. In siTSG-6 transfected cells, the expression 

levels of CD44 and programmed cell death 1 ligand 1 (PD-L1) were decreased at 

the mRNA and protein levels. The mRNA expression levels of nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB), signal transducer and 

activator of transcription 3 (STAT3), and SRY-Box Transcription Factor 2 (Sox2) 

also decreased, confirming that TSG-6 is a factor governing tumor cell growth and 

stem cell-like properties. Cells in the siTSG-6 group also showed reduced tumor 

cell proliferation, migration, and invasion abilities. Through direct and indirect co-

culture of immune cells with the siTSG-6 transfected cells, it was confirmed that 

macrophages and cytotoxic T cells showed significantly greater activation than 

when co-cultured with naïve cancer cells (P < 0.01, P < 0.0001, each). And these 

immune cells showed a tendency to decrease the expression of cytotoxic T-

lymphocyte–associated antigen (CTLA-4) and increase the expression of 

programmed cell death receptor 1 (PD-1), suggesting TSG-6 as immune modulator 

within the TME. 

In second, evidences were found supporting that tumor-secreting TSG-6 

modulates tumor growth, migration, invasion, stemness related markers (CD44, 

NF-κB, STAT3, and Sox2), epithelial-mesenchymal transition (EMT) markers (N-

cadherin, E-cadherin, and VE-cadherin) and immune checkpoint protein expression 

(PD-L1 and B7 homolog 3 (B7-H3)) as Chapter 1 in murine breast cancer cell line, 

4T1. To establish a syngeneic triple-negative breast cancer (TNBC) mouse model, 

TSG-6 specific single-guide RNA (sgRNA) was designed, clustered regularly 

interspaced short palindromic repeat (CRISPR) gene editing was performed, and a 

TSG-6 knock out (KO) cell line (KO-4T1) and control cell line (SC-4T1) was 

established successfully. Subsequently, breast cancer mouse models were 
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established using naïve 4T1, SC-4T1, and KO-4T1 cells were injected 

subcutaneously in each immunocompetent mouse group. In KO-4T1 cells injected 

mice, tumor growth (P<0.00001) and lung/spleen metastasis were inhibited, and 

local and systemic immune activation (P<0.001) was increased compared to the 

naïve 4T1 and SC-4T1 injected groups. These were thought to be because 

inhibition of tumor-specific TSG-6 led to a decrease in PD-L1 and B7-H3, 

increasing tumorigenic immunogenicity, and suppressing the EMT process of 

tumor cells. 

In third, in vitro cytotoxicity assay was conducted and found that the 

growth of tumor cells was inhibited (P < 0.00001) by sera and immune cells 

derived from mice immunized with KO-4T1 cells (KO-ACT cells). As a result of 

adoptive cell treatment of KO-ACT cells in mouse breast cancer models, tumor 

growth was inhibited (P < 0.0001) by inducing an increase in immune cell invasion 

in the tumor microenvironment and systemic activation of M1 type macrophages. 

However, systemic cytotoxic T cell activation was insufficient, and thus did not 

inhibit tumor metastasis. Accordingly, KO-4T1 cells themselves were used as 

therapeutic cancer vaccines after gamma ray irradiation. Irradiated cancer cells 

stopped proliferating within 48 hours of incubation, and almost all cells died due to 

irradiation-induced apoptosis after 7 days. Gene expression in irradiated KO-4T1 

cells was increased in histocompatibility 2, K1 (H2K1) and tumor necrosis factor 

alpha (TNF-α), and decreased in the interleukin-6 (IL-6). As a result of 

immunotherapy using TSG-6 KO cell vaccine, the treatment effect was 

successfully improved in mouse breast cancer model compared to naïve cancer cell 

vaccine. The systemic immune activation was increased, resulting in tumor growth 

inhibition (P<0.0001), reduction of lung and spleen metastasis (P<0.0001), and 
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increased survival (P<0.01). And the therapeutic effect was further improved when 

the suppression of tumor-secreted TSG-6 was accompanied. 

In conclusion, TSG-6 reduces the activation of peripheral immune cells 

and affects the growth, invasion, and metastasis of tumor both in vitro and in vivo. 

TSG-6 also modulates the immune evasion ability of cancer by regulating the 

expression of immune checkpoint proteins in immune cells and cancer cells within 

the tumor microenvironment. TSG-6 KO cells provide tumor-associated antigens 

(TAAs)/tumor specific antigens (TSAs) present in breast cancer cells to the 

immune surveillance system as immunogens, and enhance antigen presentations to 

antigen-presenting cells (APC), leading to the activation of innate and acquired 

immune systems. Therefore, suppression of TSG-6 in tumor cells is an effective 

therapeutic target to induce an increase in anti-tumor immunity locally and 

systemically, and increase in tumor immunogenicity in the TNBC animal model. 

And TSG-6 KO cells themselves could be combined with immunotherapy to 

improve cancer treatment efficiency. TSG-6 KO therapeutic cancer vaccine could 

lead to successful immune activation in patients with intractable neoplasms by 

applying it to the development of treatment for canine and human breast cancer 

patients. 

                                                                         

Keyword: Cancer immunotherapy, epithelial-mesenchymal transition, immune 

checkpoint protein, immune evasion, therapeutic cancer vaccine, triple-negative 

breast cancer, TSG-6, tumor microenvironment. 
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LITERATURE REVIEW 

 

1. Current immunotherapy for breast cancer in human and 

veterinary medicine 

Breast cancer (BC) is one of the most common malignancy worldwide, 

accounting for more than two million cases each year and the leading cause of 

cancer death in women (Siegel RL, 2020). In South Korea, the death rate from 

cancer is also steadily increasing, and the death rate (person per 100,000 population) 

in 2020 was 160.1, an increase of 1.9 from the previous year, and an increase of 

15.7 from 10 years ago (2010, 144.4) (“Cancer incidence and mortality”, e-country 

index). 

Although early diagnosis and successful treatment with surgery, 

chemotherapy, radiotherapy, or a combination therapy allow for a 20% reduction in 

overall mortality rates (Shah TA et al., 2017), about 30% of breast cancer patients 

with early-stage disease still eventually develop a metastatic disease, which leading 

to death (Redig AJ et al., 2013). TNBC, which is characterized by the lack of 

expression of molecular targets estrogen receptor (ER), progesterone receptor (PR), 

or Erb-B2 receptor tyrosine kinase 2 (ERBB2), typically have the poor prognosis, 

aggressive behavior and lack of targeted therapies (Denkert C et al., 2017). It 

makes up approximately 15% of all breast tumors and currently is a clinical 

problem. Under these circumstances, the development of cancer immunotherapies 

and other strategies with high efficacy and selectivity, targeting tumor cells have 

positioned as attractive options to fight against BC.  
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 For years, the challenge for immunotherapy in BC is immunologically 

quiescent compared with other tumor types (Adams S, 2019). This is partially due 

to low somatic mutational burden and neoantigen load (Adams S, 2019; Lawrence 

MS, 2003). Current US Food and Drug Administration approved immunotherapy 

agents include adoptive cell therapies, cancer vaccines, oncolytic viruses, and 

immune checkpoint inhibitors (ICIs). 

ICIs, such as anti-CTLA-4, PD-1, or PD-L1 inhibitors, proved for use in 

various solid tumors and lymphoma. For breast cancer, an anti-PD-L1 drug was 

developed based on the high PD-L1 positive rate in patients with advanced TNBC, 

but a single agent alone did not elicit a sufficient immune response than expected. 

The first approved ICI therapy for use was the anti-PD-L1 antibody atezolizumab 

in combination with chemotherapy used for metastatic TNBC. However, low 

complete response rates and immune-mediated adverse responses cause treatment 

discontinuation (Adams S et al., 2020). 

The main advantages of cancer vaccines are that it allows for the 

generation and amplications of highly specific adaptive immune responses with 

minimal toxicity, and the rapid response to TAA/TSA exposure over time to control 

residual disease (Soliman H, 2010). Most current cancer immunotherapies 

including cancer vaccines are targeting defined tumor antigens (Esteva F et al., 

2019). With recent advances in genomic profiling and the ability to identify 

mutations within tumors, there is interest in identifying neoantigens and developing 

vaccines to target them. However, this improved understanding has yet to translate 

into a Food and Drug Administration approved cancer vaccine for BC. 

Some vaccines are made of autologous cells isolated from a patient’s own 

tumor samples or allogeneic cancer cell lines. Because tumor cells are not very 
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immunogenic, cancer cells or other bystander cells are manipulated to express 

potent immune-stimulating proteins or cytokines and included in the vaccine (Brun 

A et al., 2008). The advantages of using whole cells is that a broad array of TAAs is 

displayed, so there is no human leukocyte antigen restriction, which minimizes 

immune escape. But the results of this trial were still disappointing, and showed 

low clinical responses (Lu J et al., 2004; Dols A et al., 2003). 

Canine mammary tumors are the most commonly diagnosed cancer in 

female dogs, accounting for almost 50% of all canine neoplasms, and the incidence 

rate per year is higher than that seen in humans (Moe L, 2001). Almost 50% of 

canine mammary carcinomas metastasise to distinct organs, but detailed 

understanding of the molecular mechanisms remains unclear (Gilbertson S, 1983). 

Surgery with either lumpectomy or radical mastectomy remains the most widely 

accepted treatment option for canine mammary tumor (Andrew Novosad C, 2003). 

Unlike in human medicine, limited studies have been conducted for use of 

chemotherapy on the mammary tumor. One study did show that chemotherapy 

improved survival times from 35 to 57 days, but had a poor prognosis (Clemente M, 

2009). Developing effective immunotherapy for dogs requires further investigation 

into the cell populations, characteristics, functions, and interactions of the immune 

system with other cells in the tumor environment. However, what has been 

revealed so far is that dogs are an excellent example of comparative oncology, as 

the species develops numerous tumors that have similar clinicopathological 

features or incidence rates to human cancers. Therefore, systematic research is 

needed for development in the field of oncology treatment of human and veterinary 

medicine. 
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2. To overcome the immune evasion by immunotherapy 

targeting tumor microenvironment 

With cancer-related deaths on the rise worldwide, cancer is clearly a 

major health burden in both human and veterinary medicine. Although radiation 

therapy and chemotherapy elicit robust response rates in the majority of cancer 

patients, metastatic disease remains problematic to control through these traditional 

interventions and treatments are lacking. Cancer immunotherapy has recently 

developed immune checkpoint inhibitors, adoptive cell transplantation, and cancer 

vaccines, suggesting a new strategy among existing cancer treatments. However, 

the advantages of cancer immunotherapy are not fully compromised by the 

immunosuppressive TME. 

A TME is comprised of proliferating tumor cells and the non-cancerous 

cells and components, such as stroma, blood vessels, infiltrating immune cells, 

associated tissue cells, and including molecules produced and released by them 

(Whiteside TL, 2008). Tumor cells interact with the host’s environment during 

tumor initiation, progression, metastasis, and response to therapies. The tumor 

microenvironment as a therapeutic target in cancer is interested to overcome the 

limitations of immunotherapy. 

The tumor microenvironment, once established, represents a consistently 

effective barrier to immune cell functions (Whiteside TL, 2008). This is because 

tumors are not passive targets for host immunity; instead, they actively 

downregulate all phases of anti-tumor immune responses using a spectrum of 

different strategies and mechanisms (Table 1). Especially, in situ interaction of the 

tumor with the host tissue, including infiltrating leukocytes, is considered an 
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important factor in tumor promotion. 

Immune cells present in the TME include those mediating adaptive 

immunity, T lymphocytes, dendritic cells and B cells, as well as effectors of innate 

immunity, macrophages, polymorphonuclear leukocytes and rare natural killer cells 

(Whiteside, 2007). The primary role of the immune system is to recognize tumor 

cells as non-self and eliminate them, but within the TME, tumor cells use various 

mechanisms to manages to escape from the host immune system. Even some 

immune cells contribute their functions to create the microenvironment beneficial 

for tumor progression. 

T cells are the major force of tumor-infiltrating lymphocytes (TIL), that 

are accumulated in many solid tumors and exhibited an in situ immune responses. 

T cell-mediated protection relies on a highly coordinated and efficient immune 

response to establish antigen-specific T cells with effector and memory properties. 

After cluster of differentiation 4+ (CD4+) and CD8+ T cells react to neoantigens 

arising from cancer-specific mutations, they produce effector cytokines and 

granzyme/perforin-mediated cytotoxicity (Robbines et al., 2013). However, most T 

cells in cancer patients are functionally deficient, known as “exhausted” (Vaqzuez-

Cintron EJ et.al., 2010). This phenomenon could be caused by co-stimulation by 

immune checkpoint protein PD-L1 on cancer cells, which contribute to T-cell 

receptor down-modulation on CD8+ T cells (Taube JM et al., 2012; Karwacz K et 

al., 2011). In exhausted CD8+ T cells, phenotypic and functional profiles are 

changed as follows: upregulation of inhibitory molecules (Tim-3, CTLA-4), 

downregulation of cytokine receptors (interleukin-4 receptor subunit alpha [IL-

4Rα], IL-7Rα, and IL-2Rβ), unresponsiveness to IL-7 and IL-15, loss of production 

of effector cytokines. T cell exhaustion probably plays crucial roles in the later 
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stages of tumor progression (Kim PS et al., 2010). 

Macrophages present in TME are known as tumor-associated 

macrophages (TAMs). Several factors secreted by cancer cells, such as colony 

stimulating factor 1 (CSF1) and vascular endothelial growth factor A, recruit 

TAMs and induce protumoral polarization into M2 type macrophage. They are re-

programmed to inhibit lymphocyte functions through release of inhibitory 

cytokines such as IL-10, transforming growth factor beta (TGF-b), prostaglandins 

or reactive oxygen species (Martinez et al., 2008). They inhibit the activation and 

function of cytotoxic T cells but induce and maintain regulatory T cells (Tregs), 

and promote tumor growth. Also, M2 macrophages release exosome containing 

microRNAs promotes cancer metastasis in colon cancer and pancreatic ductal 

adenocarcinoma (Lan J et. al., 2019). 

In addition, Treg cells or myeloid cells could also induce immune 

tolerance by the deletion of T cells, caused by host antigen-presenting cells 

(Sakaguchi S et al., 2001). Accumulations in tumors of Treg cells are common 

features of human tumors, and the frequency as well as suppressor activity subsets 

of these cells mediate locally and systemically have been linked to poor prognosis 

in patients with cancer (Almand et al., 2000). 

The failure of immune surveillance in tumor-bearing hosts has been one 

of the major incentives for the development of cancer immunotherapy. Although 

tumor cells targeted by conventional therapies such as chemotherapy are mostly 

eliminated, but some residual cells survive, which can lead to tumor recurrence 

with the help of TME (Xiao Y et al., 2021). On the other hand, targeting TME can 

inhibit recruitment and activation of pro-tumor cells and enhance anti-tumor 

responses. Therefore, finding a way to effectively alter the immune evasion of 
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cancer cells in the TME is considered to bring the therapeutic benefits of 

immunotherapy. 
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3. Therapeutic cancer vaccine in breast cancer 

Vaccines are medicine based on the principle of activating the body's 

immune system by presenting antigens against diseases. cancer vaccine is an active 

immunotherapy that removes cancer cells by strengthening the immune function in 

vivo by activating the immune system administering TSAs possessed by cancer 

cells from cancer patients (Mocellin S et al., 2004). Unlike most vaccines for 

infectious diseases, cancer vaccines are therapeutic vaccines that activate the 

immune system when exposed to antigens of cancer cells (Thomas S et.al., 2016). 

In the immune response to eliminate cancer cells, considering the 

mechanism by which type I CD4+ and CD8+ T-cells are activated to destroy 

cancer cells through MHC class I, an antigen recognition molecule, the response of 

T cells is important (Sun T et al., 2019). Remarkable suppression of T cell function 

can be observed in cancer patients, and it is an important task of immunotherapy to 

overcome this suppression and activate T cell function. Therefore, it is important to 

find TSAs/TAAs and use them as immunogens, but none of the cancer antigens 

discovered so far completely act as specific antigens for cancer cells, and effective 

immune response has not been well observed (Kruger et al., 2007, Lage, 2014). 

Most cancer vaccines have been developed using methods that use the 

whole cancer cells directly. Attempts to develop cancer cells themselves as 

vaccines are because all cancer antigens have not yet been discovered, and all 

relevant candidate TAA should be contained in the vaccine (Gruijl TD et al., 2008). 

In the initial stage of cell-based cancer vaccine development, inactivated 

whole cancer cells or cancer cell lysates mixed with an adjuvant were used (Neller 

MA et al., 2008). Since then, improved cancer vaccines have replaced existing 



 

 9 

vaccines, which apply genes encoding cytokines and costimulatory molecules 

(Brudno Y et al., 2015). In addition, antigen vaccine using antigen or epitope and 

cancer vaccine therapy in which dendritic cells and cancer antigens are cultured in 

vitro to present antigens to cancer cells have been tried (Kübler H et al., 2015). 

Cancer vaccines can be developed as DNA vaccines, peptide vaccines, and cell 

vaccines depending on the type of antigen and antigen delivery method. 

BC is the third most studied tumor for cancer vaccination, following 

melanoma and cervical cancer (Migali C et al., 2016). The most common TAAs 

targeted in BC are HER2, Mucin 1, cell surface associated, carcinoembryonic 

antigen and human telomerase reverse transcriptase (Migali C et al., 2016, Dafni U 

et al., 2021). However, clinical trials results from therapeutic vaccines in BC have 

been disappointing so far. Two phase-III BC vaccine clinical trials have failed to 

demonstrate any benefit in the metastatic and adjuvant setting, respectively 

(Mittendorf EA et al., 2019, Miles D et al., 2011). A major obstacle to BC vaccine 

trials may be related to the immune evasive mechanisms in solid tumors, induced 

by factors that immunologically favor ‘cold’ tumor TMEs. In order to convert cold 

TME into a hot TME, tumor-specific, long-lasting immune responses should be 

induced through development of combination therapy with immunotherapies such 

as immune checkpoint inhibitors, analysis of neoantigen and neoadjuvant, and 

development of a new vaccine delivery platform (Dafni U et al., 2021). 
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4. TSG-6 in cancer 

TSG-6 is a highly conserved protein of about 35-38 kilodalton (kDA) in 

mammals including mice, dogs, and humans. It is secreted from cells such as 

monocytes and mesenchymal stem cells, especially in most of inflammatory 

diseases. TSG-6 has anti-inflammatory and tissue-protective properties, and acts as 

a potent inhibitor of neutrophil migration, inhibits inflammatory signalling, and 

contributes to the downregulation of the protease network (Day AJ et al., 2018). In 

response to inflammatory mediators, it plays major roles in various disease 

pathologies like articular joint diseases, systemic lupus erythematosus, 

inflammatory bowel disease, bacterial sepsis, blood vessel injury, and other 

inflammation-like processes (ovulation, cervical ripening) (Wisniewski HG et al., 

1997; Fujimoto J et al.,2002; Fülöp et al., 1997). 

TSG-6 is also a well-known mediator released by mesenchymal stem cell 

(MSC). Secretion of this protein plays a major role in various disease pathologies, 

particularly in inflammatory conditions, preventing the expression of 

proinflammatory proteins while increasing the expression of anti-inflammatory 

proteins in macrophages (Day and Milner, 2019; Mittal et al., 2016). MSCs can 

regulate the activation of various immune cells such as neutrophils and 

macrophages through TSG-6 secretion, functioning as a strong inflammatory 

regulator in excessive inflammatory conditions (An et al., 2020; Li et al., 2018; 

Song et al., 2018; Song et al., 2017). Also, TSG-6 involves in the differentiation 

process, and data from transcriptome profile analysis support it as an exogenous 

regulator of transcriptional factors essential for maintaining stem cell properties 

(Romano B et al., 2019). And TSG-6 reduces neutrophil infiltration and activation, 
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inhibits inflammatory M1 to M2 polarization of monocytes, induces Tregs and 

reduces fibrosis, allowing MSCs to function as potent regenerative therapeutics 

(Figure 1) (Roura S et al., 2020). 

Recently, it has been confirmed that tumor cells also secrete TSG-6, and it 

is thought to be correlated with malignancy in prostate adenocarcinoma and the 

prognosis of patients with urothelial carcinoma (Garcia GE et al., 2006; Chan TC 

et al., 2019). Accordingly, TSG-6 may play an important role in tumor growth, 

metastasis or immune evasion processes within the tumor microenvironment, and 

contributes to the thriving of cancer cells. Accordingly, inhibition of TSG-6 protein 

secretion in tumor cells may limit tumor growth; however, this hypothesis has not 

been examined. Particularly, TSG-6 can bind to CD44 on the surface of 

inflammatory cells through its link module domain (Lesly J et al., 2004). And 

another study found that CD44 regulates PD-L1 expression, which is thought to be 

that TSG-6 secreted by tumor cells can self-regulate the expression of PD-L1, but 

this has not been confirmed yet (Kong T et al., 2020). If TSG-6 is related to the 

immune evasion ability of tumors, blocking TSG-6 in tumor cells is expected to be 

an effective anticancer treatment. Therefore, studies are needed to confirm whether 

TSG-6 inhibition in tumor cells can be used as a therapeutic target for BC. 
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Figure 1. Summary of actions attributed to TSG-6, secreted by MSC and 

contained also in MSC-EV upon TNFα stimulation. In specific, TSG-6 can 

induce proliferation, stemness and increase in the immunomodulatory functions of 

MSC. TSG-6 reduces inflammation and switches on tissue repair by mechanisms 

such as: reducing neutrophil infiltration and activation; inhibiting inflammatory M1 

towards M2 polarization of monocytes; inducing regulatory T cells; and reducing 

fibrosis. ECM: extracellular matrix; IFNγ: interferon gamma; IL: interleukin; MSC: 

mesenchymal stromal cell; MSC-EV: MSC-derived extracellular vesicles; NETS: 

neutrophil extracellular traps; NO: nitric oxide; TGFβ: transforming growth factor 

β; TNFα: tumor necrosis factor alpha; Treg: regulatory T cell; TSG-6: TNF-

stimulated gene 6 protein (Adaptive from Roura S et al., 2020). 
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Table 1. Mechanisms orchestrated by the tumor that contribute to its escape 

from the host immune system 

 

(Adaptive from Whiteside TL et al., 2008) 

A. Interference with the induction of anti-tumor immune responses: 

1. Decreased expression of costimulatory molecules on the tumor or APC 

2. Alterations in TCR signaling in TIL 

3. Death receptor/ligand signaling and ‘tumor counterattack’ 

4. Dysfunction of DC and inadequate cross-presentation of TAA to T cells 

5. DC apoptosis in the tumor microenvironment 

B. Inadequate effector cell function in the tumor microenvironment: 

1. Suppression of T-cell responses by Treg 

2. Suppression of immune cells by myeloid suppressor cells (MSC) 

3. Apoptosis of effector T cells in the tumor and in the periphery 

4. Microvesicles (MV, exosomes) secreted by human tumors and inducing 

apoptosis of CD8+ effector T cells 

C. Insufficient recognition signals: 

1. Downregulation of surface expression of HLA molecules on tumor cells 

2. Downregulation of surface TAA displayed by tumor cells: antigen loss 

variants 

3. Alterations in APM component expression in tumor cells or APC 

4. Suppression of NK activity in the tumor microenvironment 

D. Development of immunoresistance by the tumor: 

1. Lack of susceptibility to immune effector cells 

2. Immunoselection of resistant variants 

3. Tumor stem cells 
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CHAPTER I 

 

Tumor secreted TSG-6 promotes cell proliferation, 

migration, and invasion effects, regulates immune 

checkpoint proteins and immunomodulation in vitro 

 

1. Introduction 

TSG-6 is highly conserved in several mammals, including mice, dogs, and 

humans (Milner CM & Day AJ, 2003, Day AJ & Milner Cm, 2019). This protein is 

produced by monocytes/macrophages, mesenchymal stem cells, and fibroblasts 

under various inflammatory conditions (e.g., systemic lupus erythematosus, 

inflammatory bowel disease, and rheumatoid arthritis) (Wan YM et al., 2020, 

Wisniewski HG & Vilcek J, 1997, Bayliss MT et al, 2001). TSG-6 is known to play 

an important role in regulating excessive immune responses by inducing 

macrophage a phenotype transition through STAT3 signalling (Petrey AC & Carol 

A, 2019, Mittal M et al., 2016). Recent studies showed that tumor cells also 

produce TSG-6 (Wu Q et al., 2002, Garcia GE et al., 2006), which was confirmed 

to be correlated with tumor malignancy and patient prognosis (Chan TC et al., 

2019). However, the role of TSG-6 in the tumor microenvironment, particularly the 

action of TSG-6 secreted by tumor cells, has not been widely examined. 

TSG-6 is involved in stem cell proliferation and growth (Romano B et al., 

2019). Particularly, TSG-6 can bind to CD44 on the surface of inflammatory cells 
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through its link module domain (Lesley J et al., 2004). CD44 is a marker related to 

the stemness of mesenchymal stem cells, and CD44 expression in tumor cells may 

be influenced by autocrine TSG-6 (Williams K et al., 2013). Accordingly, 

inhibition of TSG-6 protein secretion in tumor cells may limit tumor growth; 

however, this hypothesis has not been examined. 

Cancer cells evade the body's immune monitoring system through various 

mechanisms to grow in the TME (Beatty Gl & Gladney WL, 2015, Whiteside TL, 

2008, Xiao Y & Yu D, 2021). Among them, immune evasion through immune 

checkpoint protein expression such as PD-L1 and B7-H3 is considered to play a 

major role in tumor growth and proliferation (Akinleye A & Rasool Z, 2019, Lu Z 

et al., 2020). And they are known as mechanisms that inhibit the activation of T 

cells in the TME. Also, several factors secreted by cancer cells, such as CSF1 and 

VEGF-A, recruit macrophages and induce protumoral polarization. This transforms 

TAMs into M2 type macrophage that produces cytokines and chemokines (IL-10, 

TGF-b, etc.) to inhibit the activation and function of cytotoxic T cells but induce 

and maintain Tregs. 

Immune checkpoint inhibitors have been developed to suppress immune 

evasion of cancer, and there have been attempts to use them in BC patients as well 

(Thallinger C et al., 2018, Santa-Maria CA & Nanda R, 2018, Ho AY et al., 2021). 

But show a low clinical response rate even though they exhibit superior efficacy 

and fewer side effects compared to other anticancer drugs (Roviello G et al., 2017, 

Zou Y et al., 2020). In veterinary medicine, positive results of immunotherapy for 

canine BC patients has not been confirmed (Mishra M & Hoque M, 2021, Regan D 

et al., 2016). Therefore, if a factor that can regulate the immune evasion of cancer 

cells is discovered, it would be valuable in terms of antitumor treatment. 
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In this study, the potential of TSG-6 as a therapeutic target was evaluated 

in the canine mammary TME by confirming that inhibition of TSG-6 suppressed 

the immune evasion of cancer cells and enhanced anticancer immunity, both 

cellular and humoral. This study improves the understanding of the mechanism of 

TSG-6 in the TME and provides a theoretical basis for treating BC in dogs and 

humans. 

 

2. Materials and Methods 

2.1 Cell culture 

 Canine malignant BC cells (CIP) were obtained from the Department of 

Veterinary Clinicopathology, Seoul National University (SNU). CIP cells were 

derived from both primary (CIPp) and metastatic tumors (CIPm). Canine 

macrophage-like cells (DH82), and human BC cells (BT20) were purchased from 

the Korean Cell Line Bank (Seoul, South Korea). CIPp, CIPm, and BT-20 cells 

were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium (Pan-

Biotech, Aidenbach, Germay) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin-streptomycin (PS; PAN-Biotech) at 37 ℃ in a humidified 

chamber containing 5% CO2 DH82 cells were cultured in Dulbecco’s minimal 

essential medium (DMEM) supplement with 10% FBS and 1% PS. All cell lines in 

this experiment were negative in the Mycoplasma testing. 

 

2.2 siRNA transfection on breast cancer cells 

 CIPp, CIPm and BT-20 cells were seeded in 6-well plates at a 



 

 17 

concentration of 2.5×105 cells/well. Cells were transfected with specific siRNA 

targeting TSG-6 (siTSG-6; Santa Cruz Biotechnology) and scrambled siRNA 

(scRNA; Santa Cruz Biotechnology) using Lipofectamine RNAiMAX Transfection 

Reagent (ThermoFisher) according to the manufacturer’s instructions. The 

expression levels of TSG-6 protein and mRNA were determined by western blot 

and RT-qPCR after 48 hr transfection. 

 

2.3 Isolation of canine peripheral blood mononuclear cells 

(PBMCs) and non-adherent cells 

 Blood samples (30 mL) were collected using citrate phosphate dextrose 

adenine-containing tubes from three healthy dogs (Institutional Animal Care and 

Use Committee [IACUC] protocol no. SNU-200720-2). The blood samples were 

diluted with an equal amount of PBS and PBMCs were isolated by centrifugation 

over Ficoll-Paque PLUS (GE Healthcare, Little Chalfont, UK) in a conical tube. 

Live PBMCs were resuspended in RPMI supplemented with 10% FBS and 1% PS; 

PAN-Biotech and incubated overnight. Non-adherent cells were obtained after 24 

hr. 

 

2.4 Cell proliferation assay 

 After siRNA transfection, cells were seeded into 96-well plates (103 

cells/well) and cultured at 37 ℃ in a 5% CO2 atmosphere. After 24, 48 and 72 hrs, 

10 μL of CCK-8 reagent (D-Plus™ CCK cell viability assay kit; Dong-in Biotech, 

Seoul, South Korea) was added to each well, and the plates were incubated at 37 ℃ 

for 1 hour. The absorbance of each well was measured at 450 nm using a 
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microplate reader (Epoch Microplate spectrophotometer; BioTek Instruments, 

Winooski, VT, USA). Each experiment was performed in triplicate. 

 

2.5 Cell count assay 

 After siRNA transfection, cells were seeded into 24-well plates (104 

cells/well) and cultured at 37 ℃ in a 5% CO2 atmosphere. After 24, 48 and 72 hrs, 

total number of cells were determined by acridine orange. Each experiment was 

performed in triplicate. 

 

2.6 Wound healing assay 

 The experiments were conducted using CytoSelect™ 24-well assay kit 

(Cell Biolabs, Inc.) After siRNA transfection, 500 μL of cell suspension (5×105 

cells/mL) was added to each well through the open end of the insert and cells were 

incubated overnight. Inserts were removed using sterile forceps. Cells were washed 

with serum free media, refreshed with new medium. The wound field surface area 

was visualized every 12 hrs under a light microscope until the closing. Each 

experiment was performed in triplicate. 

 

2.7 Invasion assay 

 Matrigel was mixed with 4 ℃ media and added to a 24-well transwell 

insert (8 μm pore size) and solidified in a 37 ℃ incubator for 30 mins. Cell 

solution (5×105 cells/mL, FBS free media) was added on top of the Matrigel 

coating to simulate invasion. 10% FBS containing media was added to the lower 
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chamber. After 48 hrs, the invaded cells on the bottom sides of the inserts were 

fixed with 3.7% formaldehyde, permeabilized with 100% methanol and then 

stained with Geimsa. Non-invasive cells on the inside of the inserts were removed 

with cotton-tipped applicator. Six views were randomly selected to count the 

number of cells under a light microscope. Each experiment was performed in 

triplicate. 

 

2.8 Cell cycle assay 

 Cancer cells were seeded in 6-well plates (5 × 105  cells/well) and 

incubated overnight. The cells were transfected with siTSG-6 or scRNA. After 2 

days of incubation, the cells were harvested, washed with PBS, and centrifuged at 

1000 rpm for 5 min. The cells were fixed with 70% methanol for 15 min at -20 ℃. 

After fixation, the cells were washed with FBS twice. They were stained with 0.5 

mL of propidium iodide (PI)/RNase staining buffer (BD Pharmingen, San Diego, 

CA, USA) and incubated for 10 min in the dark. The cell cycle distribution was 

analyzed using a flow cytometer (BD FACSCalibur™; BD Bioscience, San Jose, 

CA, USA). 

 

2.9 Reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) 

 Total RNA was isolated using Easy-BLUE Total RNA Extraction Kit 

(Intron Biotechnology). The amount and purity of total RNA was determined at the 

absorbance wavelengths of 260 nm and 280 nm, using a spectrophotometer. 

cDNAs were synthesized using CellScript All-in-One 5× cDNA Synthesis Master 
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Mix (CellSafe, Suwon, South Korea) in accordance with the recommended 

protocols as follows: 25 ℃ for 10 min, 42 ℃ for 50 min, and 85 ℃ for 5 min. As a 

negative control for PCR reaction, same volume of DPBS was added instead of the 

RNA sample. cDNA samples were assayed using AMPIGENE®  qPCR Green Mix 

Hi-ROX with SYBR Green Dye (Enzo Life Sciences, Farmingdale, NY, USA) and 

QuantStudio 1 (Invitrogen, Carlsbad, CA, USA). Relative gene expression values 

were obtained using 2-△△CT method and normalized using controls GAPDH (Livak 

KJ & Schimittgen TD, 2001). The primer sequences used in this experiment are 

shown in Table 2. 

 

2.10 Direct and indirect co-culture experiments 

 DH82 cells were seeded in 6-well plates (2.5×105 cells/well), incubated 

for 24 hrs. After adherence to the plates was confirmed, they were treated with LPS 

(200 ng/mL; Sigma-Aldrich) or control for 24 h. Similarly, canine lymphocytes 

were seeded in 6-well plates (1×106 cells/well) and exposed to Concanavalin A 

(Con A; 5 μg/ml) or control for 24 hrs. The medium was replaced with 2 ml of 10% 

FBS containing the each medium. For direct co-culture experiments, same number 

of CIPp cells were co-cultured in the same well. For indirect co-culture 

experiments, transwell inserts (0.4 μm pore size) containing CIPp cells at a ratio of 

1:10 were inserted into each well. Experiments were conducted without antibiotics. 

 

2.11 Antibodies 

 Primary antibodies were obtained from the indicated supplier: TSG-6 (sc-

377277), CD206 (sc-376108) beta-actin (sc-47778) (Santa Cruz Biotechnology, 
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CA, USA), STAT3 (LS-C352900), phospho-STAT3 (LS-C354108) (LSBio, 

Seattle, USA), SOX2 (GTX101507) (GeneTex Inc., Irvine, CA, USA), Cyclin D1 

(NBP2-16054) (Novus Biologicals, USA), CD11b-FITC (11-0112-41), PD-L1 

(ab205921) (Abcam, MA, USA), CD11c-PE (117307) (BioLegend, San Diego, CA, 

USA), CD3-FITC (MCA1774F) (Bio-Rad Laboratories Inc., Hercules, CA, USA), 

CD44-FITC (11-5440-42), CD8α-PE (12-0081-82), PD-1 (UM800091) Nf-κB 

(MA5-15160), phospho-Nf-κB (436700) (ThermoFisher Scientific, USA). 

Secondary antibodies were obtained from the indicated supplier: m-IgGκ BP-CFL 

488 (sc-516176), mouse anti-rabbit IgG-PE (sc-3753) (Santa Cruz Biotechnology, 

CA, USA), goat anti-Rabbit IgG-HRP (SA002-500) (GenDEPOT, TX, USA), goat 

anti-Mouse IgG-HRP (A90-116P) (Bethyl Laboratories Inc., TX, USA). 

 

2.12 Western blot analysis 

 Total proteins from cells and tissues were extracted using the PRO-PREP 

Protein Extraction Kit (iNtRON Biotechnology, Seongnam, South Korea). They 

were measured using Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories, 

Hercules, CA, USA). The protein content in each 10 ug sample was subjected to 

SDS-PAGE and immunoblotting. Membranes were blocked in 5% non-fat milk 

and probed with primary antibodies overnight at 4 ℃. Blots were incubated with 

HRP-conjugated secondary antibodies for 2 hr at room temperature. Binding was 

detected using the ECL PLUS reagent (GE Healthcare, St.Giles, Bucks). 

Immunoreactive bands were detected using ImageQuant LAS-400 mini (GE 

Healthcare Life Sciences, Chicago, IL, USA). Protein bands were quantified 

using GelGraph (Scinomics Co. Ltd., Daejeon, Republic of Korea). This 
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experiment was performed in triplicate independently. 

 

2.13 Immunofluorescence 

 Cells were fixed with 4% paraformaldehyde in PBS for 30 min at room 

temperature. After washing, the cells were permeabilized for 30 min with PBST 

(Tween 0.1%) containing 1% BSA. Cells were incubated sequentially with primary 

antibodies diluted in blocking solution (1:50) at 4 ℃ overnight in the dark. They 

were washed three times, and were treated with diluted secondary antibodies 

(1:200). For nuclei visualization, cells were counterstained with VECTASHIELD 

Antifade Mounting Medium with DAPI (LS-J1033-10, LSBio, Seattle, USA). The 

intensity of cell fluorescence was measured using ImageJ and compared to 

unstained control cells to confirm that expression was positive. 

 

2.14 Flow cytometry 

 Cultured cells (1×106) were suspended in 100 μL ice-cold Dulbecco’s 

phosphate-buffered saline (DPBS) and 1 μL of primary antibodies. Following 

incubation for 1 hr in the dark, samples were washed twice with DPBS. If the 

primary antibodies were not conjugated to a fluorescent dye, secondary antibodies 

(1:200) was added to the cells and incubated for 30 min on ice. Finally, cells were 

fixed in 4% paraformaldehyde and kept at 4 ℃ in the dark until analysis within 

24 hr. Cell fluorescence was analyzed with a flow cytometer. 
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2.15 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 6 (GraphPad 

Software Inc., La Jolla, CA, USA). Shapiro-Wilk test was performed for normality. 

Differences between groups were analyzed by one-way ANOVA with Bonferroni's 

multiple comparison post-test or Kruskal-Wallis test. Results were expressed as 

mean±SD. The P value was considered as a statistically significant difference if 

P<0.05. All molecular and cellular assays were repeated independently at least two 

times, found to show a similar trend. The number of experiments and replicates is 

indicated in each relevant figure legend. 

 

3. Results 

3.1 TSG-6 down-regulation on breast cancer cell lines using 

siRNA transfection 

To confirm the role of TSG-6 produced by tumor cells, TSG-6 specific 

siRNA was transfected in BC cell lines (siTSG-6 group). The levels of down-

regulation in the CIPp, CIPm and BT-20 were 58.03%, 49.5% and 22.9% of the 

naïve cell lines, respectively (P<0.0001) (Figure 2a). In addition, the scRNA group, 

into which scrambled siRNA was introduced, showed no significant difference 

compared to naïve cell group. Therefore, it was considered that the transfection 

process using Lipofectamine did not cause significant toxicity to cancer cells. The 

decrease in TSG-6 expression at the protein level was confirmed by western blot 

(Figure 2b). 
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3.2 TSG-6 down-regulation induce impaired cancer cell 

proliferation, migration, and invasion ability 

CCK assays were conducted on BC cells to determine whether TSG-6 had 

an intrinsic role in the viability of tumor cells. As a result, it was confirmed that the 

OD value of the siTSG-6 group was reduced in all cancer cell lines (P<0.0001) 

(Figure 3a). The cell count experiment also showed the same trend (P<0.0001) 

(Figure 3b). In addition, a cell cycle assay was performed in CIPp and CIPm to 

determine which point of the cell cycle TSG-6 is involved in. As a result, it was 

confirmed that the proportion of cells in the G0-G1 stage decreased and the 

proportion of cells in the G2-M stage increased (P<0.00001) (Figure 4). 

Additionally, the protein expression of Cyclin D1 was actually decreased in each 

cell line (Figure 5). 

Wound healing assay was performed on CIPp and CIPm to confirm that 

TSG-6 affects the migration ability of tumor cells. The migration ability was 

significantly reduced in the siTSG-6 group (P<0.00001 at end point) (Figure 6). 

The invasion assay that implemented vascular permeability in vitro, confirmed that 

the invasion ability of the siTSG-6 group was significantly reduced in both cell 

lines (CIPp: P<0.01; CIPm: P<0.001) (Figure 7). Consequently, TSG-6 was 

thought to regulate the proliferation, migration, and invasion ability of tumor cells 

within the tumor microenvironment. 

 

3.3 TSG-6 is related to the expression of stem cell signaling 

pathway 

To elucidate the self-regulating mechanism of TSG-6 in cancer cell, 
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changes in the NF-κB, STAT3, and Sox2 signaling pathways were confirmed using 

RT-qPCR and western blot on CIPp, CIPm, and BT-20. In Figure 8a, RNA 

expressions of NF-κB (CIPp: P<0.001; CIPm: P<0.01; BT-20: P<0.001), STAT3 

(CIPp: P<0.001; CIPm: P<0.0001; BT-20: P<0.001), and Sox2 (CIPp: P<0.001; 

CIPm: P<0.01; BT-20: P<0.001), were reduced in siTSG-6 group. In Figure 8b, 

protein levels of NF-κB (CIPp: P<0.00001; CIPm: P<0.0001; BT-20: P>0.01), 

phospho-NF-κB (CIPp: P<0.00001; CIPm: P<0.00001; BT-20: P<0.01), STAT3 

(CIPp: P<0.00001; CIPm: P<0.00001; BT-20: P<0.0001), phospho-STAT3 (CIPp: 

P<0.00001; CIPm: P>0.01; BT-20: P<0.00001), and Sox2 (CIPp: P<0.00001; 

CIPm: P<0.001; BT-20: P<0.01), were reduced in siTSG-6 group. 

 

3.4 TSG-6 down-regulation suppresses the expression of 

immune checkpoint protein PD-L1 in tumor cells by 

regulating CD44 expression 

To determine whether regulating TSG-6 in tumor cells affects the 

expression of immune checkpoint proteins, RT-qPCR and IF were conducted. 

CD44 and PD-L1 RNA expression levels on siTSG-6 group decreased in CIPp, 

CIPm, and BT-20 (Figure 8a). It was confirmed that the mRNA levels of CD44 

(CIPp: P<0.0001; CIPm: P<0.01; BT-20: P<0.00001) and PD-L1 (CIPp: P<0.001; 

CIPm: P<0.001; BT-20: P<0.00001) were significantly reduced in siTSG-6 group 

in canine BC cell lines. The same trend was also confirmed at the protein level of 

CD44 (CIPp: P<0.01; CIPm: P<0.001; BT-20: P<0.001) and PD-L1 (CIPp: 

P<0.001; CIPm: P<0.01; BT-20: P<0.0001) (Figure 9a and b). It can be considered 

that TSG-6 is a factor that self-regulates the expression of CD44 and PD-L1 
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proteins. 

 

3.5 TSG-6 down-regulation activates macrophages in breast 

cancer microenvironment 

Various immune cells are involved in the BC microenvironment, and the 

interaction between the innate and adaptive immune systems and tumor cells 

occurs. CIPp was selected and co-cultured with the canine macrophage cell line 

(DH82) directly or indirectly (Figure 10). Through experiments, we hypothesized 

an interaction between cancer cells and TAMs. The indirect effect of TSG-6 

secreted by tumor cells on macrophage phenotype conversion was analyzed using 

IF and RT-qPCR (Figure 11). LPS treated DH82 was used as positive control. 

DH82 cells co-cultured with siTSG-6 group showed higher expression rates of cell 

surface marker CD11c (P<0.01), iNOS (P<0.001) corresponding to the M1 

phenotype and lower M2 phenotype marker CD206 (P<0.01), Arginase 1 (P<0.001) 

and IL-6 (P<0.001) than those co-cultured with naïve group (Figure 11a-c). 

Meanwhile, increased immune checkpoint protein PD-1 on macrophage was 

confirmed at RNA (P<0.01) and protein level (P<0.01) (Figure 12a and b). 

Flow cytometry was performed using both indirect and direct co-culture 

experiments to show macrophage phenotype conversion efficiency (Figure 13a and 

b). The direct co-culture experiment showed the same tendency as indirect co-

culture, but M1 macrophage population was much higher in direct co-culture 

(indirect co-culture: 1.67±0.14, P<0.01; direct co-culture: 3.86±0.22, P<0.0001). 

Through this, it was confirmed that tumor-secreted TSG-6 is one of the 

mechanisms of the immunomodulatory ability of tumor cells. 
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3.6 TSG-6 down-regulation activates CD3+/CD8α+ T cells in 

breast cancer microenvironment 

To see the effect of TSG-6 on the adaptive immune response, co-culture 

experiments were performed with canine PBMC. The population and activity of 

cytotoxic T cells (CD3+/CD8α+) were analyzed using flow cytometry and RT-

qPCR (Figure 14a and b). CD3+/CD8α+ T cells increased more in the population 

and more activated when co-cultured with the siTSG-6 group both indirect co-

culture (P<0.0001) and direct co-culture (P<0.01). Increased activation of 

cytotoxic T cells was also confirmed with IFN-γ expression (P<0.01) (Figure 15a). 

The expression of the immune checkpoint protein PD-1 was also increased in T 

cells co-cultured with the siTSG-6 group in mRNA (P<0.01) and protein level 

(P<0.001) (Figure 15b). On the other hand, another immune checkpoint protein, 

CTLA-4, showed decreased expression at the mRNA level during siTSG-6 co-

culture (P<0.001). 

 

4. Discussion  

 In this part, the effect of TSG-6 secreted by tumor cells was studied on the 

ability of cells to proliferate, migrate, and metastasize within the TME. TSG-6 can 

regulate the cancer stem cell marker CD44 and immune checkpoint protein PD-L1, 

which are expressed by tumor cells. In indirect and direct co-cultures of TSG-6-

downregulated tumor cells with immune cells, the expression of factors 

corresponding to the M1 phenotype of TAMs increased, whereas the expression of 

factors corresponding to the M2 phenotype decreased. Using the same method, we 

showed that TSG-6 plays a role in inhibiting the activity of cytotoxic T cells. 
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Additionally, immune cells co-cultured with TSG-6 downregulated tumor cells 

exhibited a tendency to decrease the CTLA-4 expression and to increase the PD-1 

expression. 

TSG-6 appears to play a major role in maintaining the stem cell-like 

properties of cancer cells. TSG-6 was identified as a factor related to the NF-κB, 

STAT3, and Sox2 pathways. The NF-κB pathway promotes cancer cell survival 

and inhibits apoptosis (Rinkenbaugh AL & Baldwin AS, 2016). Non-canonical NF-

κB signalling is activated by STAT3 through IKKα and p100 processing to 

maintain cell pluripotency (Agarwal JR & Zambidis ET, 2014). Sox2 is also an 

immunogenic antigen in various carcinomas and a major factor that induces tumor 

sphere formation and tumor initiation in vivo in cancer stem cells, particularly in 

BC (Leis O et al., 2012). As described above, although TSG-6 is secreted by 

various cells in the inflammatory environment, we showed that the self-production 

of TSG-6 strongly contributes to maintaining the activity of tumor cells. However, 

the specific percentage of TSG-6 secreted by tumor cells in the TME could not be 

determined. Therefore, as a follow-up study, in vivo experiments are needed to 

construct a TME and compare TSG-6 production. 

It was confirmed that TSG-6 secreted by tumor cells can regulate the 

expression of PD-L1 in tumor cells. The amount of TSG-6 secreted by tumor cells 

was also checked when tumor cells were co-cultured with immune cells (Figure 16). 

This is considered as a mechanism by which PD-L1 expression in tumor cells 

increases when stimulation of TSG-6 secretion by inflammatory cells, such as 

macrophages, is increased in an inflammatory environment in the body. This is 

thought to be an immunogenic suppressive response of tumor cells to immune cells. 

TSG-6 secreted by tumor cells increase the expression of PD-L1 in tumor cells, 
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resulting in positive feedback action. 

Immune cells in the TME are composed of immunosuppressive cells, such 

as TAMs and Tregs, as well as anticancer immune cells, such as cytotoxic CD8+ T 

cells and natural killer cells (Augustin RC et al., 2020, Fan Y & He S, 2022). The 

number and type of tumor-infiltrating immune cells are related to the prognosis of 

chemotherapy and have been suggested as biomarkers for predicting therapeutic 

effects (Duan Q et al., 2020). In particular, since TAM plays an important role in 

BC progression through angiogenesis, migration, metastasis, and immune evasion, 

controlling it may be an important key in cancer therapy (Boyle ST & Kochetkova 

M, 2014, Williams CB et al., 2016). It was demonstrated that tumor cells secrete 

TSG-6 and play an immunological role in the TME. Suppression of TSG-6 

secretion by tumor cells can induce overall immune cell activation, similar to the 

effects of immune checkpoint inhibitors. It suppressed the expression of immune 

checkpoint proteins such as CTLA-4 expressed by immune cells in TME. 

Therefore, studies are needed to identify strategies for effectively inhibiting TSG-6 

in the TME. However, PD-1 expression was increased in immune cells co-cultured 

with siTSG-6, which appears to occur when immune cells are activated (Simon S 

& Labarriere N, 2018, Inozume T et al., 2010, Gros A et al., 2014, Simon S et al., 

2018). This was also confirmed that PD-1 increased in immune cells stimulated 

with LPS or ConA in co-culture results. Therefore, TSG-6 KO cells are thought to 

induce an increase in activated tumor-reactive T cells in TME. 

Regarding the treatment protocol for canine BC in veterinary medicine, 

surgical removal is still widely accepted, and studies of chemotherapy are 

underway (Novosad CA, 2003). In humans, treatment protocols are used according 

to the BC subtype, and chemotherapy or endocrine therapy is performed (Waks AG 
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& Winer EP, 2019). However, existing treatments have numerous limitations and 

cannot prevent or treat relapse in patients; chemotherapy shows short-term effects, 

and increasing drug resistance impacts the survival of patients with BC (Rivera E 

& Gomez H, 2010). Thus, a new target for effective tumor treatment is required, 

for which the TME may be useful (Allinen M et al., 2004, Lin HJ et al., 2022). In 

this study, TSG-6 was found to interact with both tumor and immune cells in the 

BC microenvironment. Inhibition of tumor-produced TSG-6 can increase both 

cellular and humoral immunity in TME in vitro. Therefore, TSG-6 is considered as 

a valuable therapeutic target for BC treatment. 

These results suggest that TSG-6 can be used as a therapeutic target to 

suppress TSG-6 in tumor cells and contribute to the development of human 

medicine as an intermediary study and to veterinary medicine. 
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Figure 2. CIPp, CIPm, and BT-20 cell lines were transfected with TSG-6 

specific siRNA (siTSG-6). Breast cancer cell lines originated from dog (CIPp and 

CIPm) and human (BT-20) were detached after culturing for 48 hrs from siRNA 

transfection. mRNA and protein were isolated from each group. a RT-qPCR was 

performed to detect the levels of TSG-6 (n=6). Significance was determined by 

Bonferroni’s multiple comparison test, *P ≤ 0.05. b Western blot analysis was 

performed to investigate the levels of TSG-6. Bands of TSG-6 were quantified 

using Image J compared to those of β-actin (n=2). Significance was determined by 

Bonferroni’s multiple comparison test, *P ≤ 0.05. 
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Figure 3. Cell proliferation was reduced in siTSG-6 group. a After 24, 48 and 

72 hrs from siRNA transfection, cell proliferation was confirmed by CCK assay 

(n=6). Significance was determined by Bonferroni’s multiple comparison test, 

*P ≤ 0.05. b After 24, 48 and 72 hrs from siRNA transfection, total number of cells 

were determined by acridine orange (n=6). Significance was determined by 

Bonferroni’s multiple comparison test, *P ≤ 0.05. 
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Figure 4. Cell cycle assay performed in siTSG-6 group. Each cancer cell lines 

were dyed with propidium iodide to analyze cell cycle (a) and quantification for 

each cell cycle phase (b) was performed using flow cytometry (n=6). Significance 

was determined by Kruskal-Wallis test, *P ≤ 0.05.  
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Figure 5. Regulation of cyclin D1 in siTSG-6 group. a Cyclin D1 expression 

level was analyzed using western blot. b Each bands of Cyclin D1 was quantified 

using Image J compared to that of β-actin (n=2). Significance was determined by 

Kruskal-Wallis test, *P≤ 0.05. 
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Figure 6. Wound healing assay performed in siTSG-6 group. Wound healing 

assay was performed and gap closure was measured every 12 hr (a) and calculated 

(b) with Image J. The boundaries of the migrated cells are marked with a red line. 

Significance was determined by Bonferroni’s multiple comparison test, *P ≤ 0.05. 
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Figure 7. Invasion assay performed in siTSG-6 group. Transwell invasion assay 

was performed on siTSG-6 group. Cancer cells that passed through the pores of 

transwell were stained with Giemsa (a) and counted under a microscope (b). 

Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. 
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Figure 8. Expression level of CD44, PD-L1, and STAT3, Nf-κB, and Sox2 

pathways were analyzed in siTSG-6 group. a RNA expression level of CD44, 

PD-L1, STAT3, Nf-κB, and Sox2 was analyzed using RT-qPCR (n=10). 

Significance was determined by Bonferroni’s multiple comparison test, *P ≤ 0.05. 

b Protein expression level of STAT3, Nf-κB, and Sox2 was analyzed using western 

blot (n=2). Bands of each target proteins were quantified using Image J compared 

to those of β-actin (n=2). Significance was determined by Bonferroni’s multiple 

comparison test, *P ≤ 0.05. 
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Figure 9. CD44 and PD-L1 expression in siTSG-6 group were analyzed with 

immunofluorescence. a, b After siTSG-6 was transfected in CIPp, CIPm, and BT-

20. DAPI (blue)/FITC (green) double staining results showed CD44+ (a) or PD-

L1+ (b) cells (n=6). Fluorescent cells were counted under a microscope. Scale bars 

= 250 μm. Significance was determined by Kruskal-Wallis test, *P ≤ 0.05.  
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Figure 10. Schematic illustration of study design of indirect and direct co-

culture with canine macrophage cell line (DH82) or canine peripheral blood 

mononuclear cells (PBMCs) and siTSG-6 group. DH82 cells or canine PBMCs 

were seeded in 6-well plates (2.5×105 cells/well) and activated with LPS or Con A 

for 24 hrs. For direct co-culture, cancer cells were added to the same well in a 1:1 

ratio to immune cells. In case of indirect co-culture, cancer cells were added to the 

transwell inserts in a 1:10 ratio to immune cells (0.4 μm pore size). 
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Figure 11. Indirect co-culture with DH82 cells and siTSG-6 group showed 

macrophage phenotypic conversion from M2 to M1 type. DH82 cells were co-

culture with breast cancer cells using transwell system. LPS was treated for 24 hrs 

prior to co-culture except in the naïve group. Significance was determined by 

Kruskal-Wallis test, *P ≤ 0.05. a, b DAPI (blue)/FITC (green) double staining 

results showed CD11c+ (a) or CD206+ cells (b) among co-cultured DH82 cells. 

Fluorescent cells were counted under a microscope. Scale bars = 250 μm. C RT-

qPCR was performed on RNA extracted from co-cultured DH82 cells (n=10). 
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Figure 12. Indirect co-culture with DH82 cells and siTSG-6 group increased 

PD-1 expression on macrophages. DH82 cells were co-culture with breast cancer 

cells using transwell system. LPS was treated for 24 hr prior to co-culture except in 

the naïve group. Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. a 

RT-qPCR was performed on RNA extracted from co-cultured DH82 cells (n=10). 

B DAPI (blue)/FITC (green) double staining results showed PD-1+ cells among 

co-cultured DH82 cells (n=6). Fluorescent cells were counted under a microscope. 

Scale bars = 250 μm. 
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Figure 13. Indirect and direct co-cultures with DH82 cells and siTSG-6 groups 

showed the same tendency for macrophage phenotypic conversion. DH82 cells 

were analyzed for their macrophage phenotype after indirect (a) or direct (b) co-

culture with breast cancer cells using flow cytometry (n=6). Populations of M1 

(CD11c+) or M2 (CD206+) type macrophages were compared between groups. 

Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. 
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Figure 14. Indirect and direct co-cultures with cPBMCs increase the 

population of cytotoxic T cells. cPBMCs were co-culture with breast cancer cells 

using transwell system. Con A was treated for 24 hr prior to co-culture except in 

the naïve group. Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. 

Flow cytometry was conducted on indirectly (a) or directly (b) co-cultured 

cPBMCs (n=6). The population of CD3+/CD8α+ cells was compared between 

groups. 
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Figure 15. Anti-tumor immunomodulatory effect of TSG-6 on co-cultured 

cPBMCs. cPBMCs were co-culture with breast cancer cells using transwell system. 

Con A was treated for 24 hr prior to co-culture except in the naïve group. 

Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. a IFN-γ, PD-1, and 

CTLA-4 expression in cPBMCs were analyzed using RT-qPCR (n=10). B DAPI 

(blue)/FITC (green) double staining results showed PD-1+ cells among co-cultured 

cells (n=6). Fluorescent cells were counted under a microscope. Scale bars = 250 

μm. 
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Figure 16. Relative mRNA expression of TSG-6 in cancer cells co-cultured 

indirectly with DH82 cells. Canine breast cancer cells (CIPp) were isolated after 

co-cultured with DH82 cells. RNA was extracted from DH82 cells co-cultured with 

either naïve CIPp (coDH82_N) or siTSG-6 transfected CIPp (coDH82_T). 

Expression of TSG-6 was compared with naïve CIPp and siTSG-6 transfected CIPp 

cells without co-culture using RT-qPCR. Based on the TSG-6 expression rate of 

naïve CIPp, the relative expression level was shown. Significance was determined 

by Dunn’s multiple comparisons test (n=6), *P ≤ 0.05. 
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Table 2. Lists of primers used for RT-qPCR in Chapter 1 

Genes Forward (5’-3’) Reverse (5’-3’) References 

cGAPDH GGAGAAAGCTGCCAAATATG ACCAGGAAATGAGCTTGACA 403755* 

hGAPDH CCACTCCTCCACCTTTGACG CCACCACCCTGTTGCTGTAG (Tolouei S et al., 2013) 

cTSG-6 TCCGTCTTAATAGGAGTGAAAGATG AGATTTAAAAATTCGCTTTGGATCT (Song WJ et al., 2018) 

hTSG-6 GGTTGCTTGGCTGATTATG GCTCATCTCCACAGTATCTT (Wu HJ et al., 2014) 

cCD-44 GCCCTGAGCGTGGGCTTTGA TCTGGCTGTAGCGGGTGCCA (Lee KS et al., 2013) 

hCD-44 CCTCTTGGCCTTGGCTTTG CTCCATTGCCACTGTTGATCAC (Zhang J et al., 2019) 

cPD-L1 CCGCCAGCAGGTCACTT TCCATTGTCACATTGCCACC NM_001291972.1 

hPD-L1 GACCAGCACACTGAGAATCAACAC TTGGAGGATGTGCCAGAGGTAG (Horlad H et al., 2016) 

cNF-κB GACTCCCTGGTGCATCTAGT GTTACAGTGCAGATCCCATC NM_001003344.1* 

hNF- κB TCAAGATCTGCCGACTGAAC CCTCTTTCTGCACCTTGTCA (Liu W et al., 2018)  

cSTAT3 GACCAAGTTCATCTGCGTGA CATGTCGAAGGTCAGGGTCT JX561100.1* 

hSTAT3 GAGAATCGTGGAGCTGT TTAG GACCAGCAACCTGACTT TAG (Li M et al., 2017) 

cSOX2 AACCCCAAGATGCACAACTC CGGGGCCGGTATTTATAATC (Lee KS et al., 2013) 

hSOX2 AAAACAGCCCGGACCGCGTC CTCGTCGATGAACGGCCGCT (Chen S et al., 2012) 
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c, Canine; h, Human; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; TSG-6, Tumor necrosis factor-α-stimulated gene/protein-6; CD, 

Cluster of differentiation; PD-L1, Programmed death-ligand 1; NK-κB, Nuclear factor kappa-light-chain-enhancer of activated B cells; STAT3, 

Signal transducer and activator of transcription 3; Sox2, SRY-Box Transcription Factor 2; iNOS, Inducible nitric oxide synthase; IL. Interleukin; 

PD-1, Programmed cell death protein 1; IFN-γ, Interferon-γ; CTLA-4, Cytotoxic T Lymphocyte Antigen-4; *: NCBI accession number.

cArginase1 AAATTATGTCCTGTCCCCTTTCTAC TTTAAGTTGAATCTTTTTCCTGTGG (Song WJ et al., 2018) 

ciNOS AAATTATGTCCTGTCCCCTTTCTAC TTTAAGTTGAATCTTTTTCCTGTGG (Song WJ et al., 2018) 

cIL-6 ATGATCCACTTCAAATAGTCTACC AGATGTAGGTTATTTTCTGCCAGTG (Song WJ et al., 2018) 

cPD-1 CTACTGCTGCTGCTGACCTG GATGGTGGCATACTCGGTCT AB898677.1* 

cIFN-γ TTCAGCTTTGCGTGATTTTG CTGCAGATCGTTCACAGGAA AF126247.1* 

cCTLA-4 GCAAGGTTCAGGATCGATGAC AGATGACTGAAGTCTGTGCC (Miller J et al., 2015) 
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CHAPTER II 

 

Tumor secreted TSG-6 promotes tumor growth, 

metastasis, regulates immune checkpoint proteins, 

and immunomodulation in vivo 

 

1. Introduction 

Cancer cells evade the body’s immune monitoring system through several 

mechanisms and inhibit effective anticancer immunity in the TME through 

immunosuppression, reducing their efficiency (Beatty GL & Gladney WL, 2015, 

Whiteside TL, 2008, Xiao Y & Yu D, 2021). One mechanism involves the 

expression of immune checkpoint proteins such as PD-L1 or B7-H3 (Akinleye A & 

Rasool Z, 2019, Lu Z et al., 2020), which inhibit the activation of immune cells. 

Furthermore, the immune pool in TME also contains anticancer immune cells such 

as CD8+ T cells and natural killer cells, but also immunosuppressive cells such as 

TAM and Tregs, which are known to favourably aid the survival of tumor cells 

(Augustin RC et al., 2020, Fan Y & He S, 2022). Therefore, the number and type 

of tumor-infiltrating immune cells is related to the prognosis of chemotherapy and 

is suggested as a biomarker predicting the therapeutic effect (Duan Q et al., 2020). 

The development of tumor therapeutics requires novel therapeutic methods or 

targets that can effectively activate anti-tumor immune cells and suppress the 

immune evasion of tumor cells in TME. 
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TSG-6 is a highly conserved in several animals (e.g. mice, dogs, and 

humans) protein of about 35-38 kDA and is secreted from cells such as monocytes 

and mesenchymal stem cells (Milner CM & Day AJ, 2003). The secretion of this 

protein is increased especially in inflammatory conditions, and it has anti-

inflammatory and tissue protective properties and plays a major role in various 

disease pathologies including inflammatory lung injury (Day AJ & Milner CM, 

2019, Mittal M et al., 2016). Recently, it has been confirmed that tumor cells also 

secrete TSG-6, and it is thought to be correlated with malignancy of the tumor and 

the prognosis of cancer patients (Garcia GE et al., 2006, Chan TC et al., 2019). 

Accordingly, TSG-6 may play a major role in tumor growth, metastasis, or immune 

evasion processes within the tumor microenvironment. Therefore, studies are 

needed to confirm whether TSG-6 inhibition in tumor cells can be used as a 

therapeutic target for BC. 

The inhibition of TSG-6 secreted by tumor cells is expected to disrupt the 

immune evasion mechanism of these tumors, by suppressing the expression of PD-

L1. This is because TSG-6 can bind to CD44 on the surface of inflammatory cells 

through its link module domain (Lesly J et al., 2004). CD44 is a marker related to 

the stemness of mesenchymal stem cells, and its expression in tumor cells may be 

influenced by autocrine TSG-6. And another study found that CD44 regulates PD-

L1 expression, which is thought to be that TSG-6 secreted by tumor cells can self-

regulate PD-L1, but this has not been confirmed yet (Kong T et al., 2020).  

In this study, BC mouse model was established using TSG-6 KO cells to 

determine whether TSG-6 affects tumor growth, metastasis, and local and systemic 

immune regulation in vivo. The therapeutic potential of targeting TSG-6 of tumor 

cells in TME was confirmed. 
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2. Materials and Methods 

2.1 Cell culture 

 The mouse BC cells (4T1) were obtained from American Type Culture 

Collection (Manassas, VA). 4T1 cells were cultured in Roswell Park Memorial 

Institute (RPMI)-1640 medium (Pan-Biotech, Aidenbach, Germay) supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS; PAN-

Biotech) at 37 ℃ in a humidified chamber containing 5% CO2. 

 

2.2 siRNA transfection on breast cancer cells 

 4T1 cells were seeded in 6-well plates at a concentration of 2.5×105 

cells/well. Cells were transfected with specific siRNA targeting TSG-6 (siTSG-6; 

Santa Cruz Biotechnology) and scrambled siRNA (scRNA; Santa Cruz 

Biotechnology) using Lipofectamine RNAiMAX Transfection Reagent 

(ThermoFisher) according to the manufacturer’s instructions. The expression levels 

of TSG-6 protein and mRNA were determined by western blot and RT-qPCR after 

48 hr transfection. 

 

2.3 Animals 

 In this study, healthy immune-competent BALB/c mice (female; 5 weeks 

old; 20-25 g) were purchased from Central Lab Animal Inc. (Seoul, South Korea) 

and randomly assigned to each group. All mice were housed in a specific pathogen-

free standard room under controlled conditions of temperature (20-22 ℃), 

humidity (50±5%), and light cycle (12:12 hr light-dark). All experimental 
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procedures in this study involving animals were approved by the Institutional 

Animal Care and Use Committee of Seoul National University (IACUC protocol 

no. SNU-200810-2), and they were performed as per the Guidelines for animal 

experiments. 

 

2.4 Single guide RNA (sgRNA) design for TSG-6 knock-out  

 To produce the TSG-6 knock-out cells, sgRNA for TSG-6 targeting exon 

2 was designed by CHOPCHOP software (https://chopchop.cbu.uib.no/) that 

selected sgRNA candidates for the target genome. Target sgRNA was synthesized 

using GeneArt Precision gRNA Synthesis Kit (Invitrogen), and it was transfected 

with the same amount of Cas9 protein on 4T1 cells using Neon Transfection 

System (Invitrogen; 1400 V, 20 ms, 2 pulses). After 3 days, cells were harvested 

for the genomic DNA (gDNA) extraction. Target sequence was amplified by 

polymerase chain reaction (PCR) at 94 ℃ for 5 min, 35–40 cycles at 94 ℃ for 20 s, 

at 57 ℃ for 30 s, at 72 ℃ for 35 s, and 72 ℃ for 5 min. TSG-6 gene mutation was 

assessed on each sample using T7 endonuclease I (T7E1) assay (Toolgen, Seoul, 

South Korea) and sequencing. 

 

2.5 Single cell culture and isolation of TSG-6 knock-out cell 

line 

 After sgRNA transfection was confirmed, single cell per well was 

distributed in a 96-well plate under a light microscope in the cellular pool. Single 

cells were cultured for one week and checked for formation of single colonies. 

When cells reached 60-80% confluency, they were sub-cultured into 6-well plates. 
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After checking their cell morphology, gDNA was extracted from each colony. The 

primer sequences used in this experiment are shown in Table 3. The type of 

mutation was confirmed by performing T7E1 assay on each sample mixed with or 

without wild type 4T1 gDNA according to the method of previous study (Gim GM 

et al., 2021). Mutations in the TSG-6 gene of the selected colonies were confirmed 

through DNA sequencing (Cosmogenetech, Daejeon, South Korea). Afterwards, it 

was verified through western blot whether the production of TSG-6 was impaired 

at the protein level. 

 

2.6 Breast cancer mouse model 

 The 4T1 BC model is well established in BALB/c mice. 4T1, SC-4T1 or 

KO-4T1 cells (5×105/100 μL) were subcutaneously injected on the left side of the 

back. The control group was injected with PBS instead. Prior to tumor 

transplantation, mice were anesthetized using inhalant isoflurane (2%, 1 L/min O2) 

and back hair was trimmed and the skin was sterilized. Tumor size was calculated 

with the formula: volume = 4/3 π (0.5 × smaller diameter2 × 0.5 × larger diameter, 

as measured by an electronic caliper in 3-day intervals). The experiment was 

continued for 4-6 weeks until euthanasia was required due to excessive tumor 

burden. 

 

2.7 Histological examination 

 Representative tissue blocks from all of the primary injection sites and 

other tissues suspicious for metastatic tumor were subsequently processed by 10% 

formalin fixation, paraffin embedding, and trimming. 4 μm consecutive sections 
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were taken from the formalin-fixed paraffin-embedded (FFPE) blocks. For H&E, 

sections were stained on a Gemini H&E stainer (Thermo Fisher, UK) using Gill’s 

Hematoxylin (Leica, UK), and dehydrated, cleared and mounted with DPX. For 

immunofluorescent, FFPE sections were deparaffinized and rehydrated through 

graded alcohols, followed by an epitope retrieval process using 2100 Retriever 

(Electron Microscopy Sciences, Pennsylvania, USA). 

 

2.8 Cell proliferation assay 

 After siRNA transfection, cells were seeded into 96-well plates (103 

cells/well) and cultured at 37 ℃ in a 5% CO2 atmosphere. After 24, 48 and 72 hrs, 

10 μl of CCK-8 reagent (D-Plus™ CCK cell viability assay kit; Dong-in Biotech, 

Seoul, South Korea) was added to each well, and the plates were incubated at 37 ℃ 

for 1 hr. The absorbance of each well was measured at 450 nm using a microplate 

reader (Epoch Microplate spectrophotometer; BioTek Instruments, Winooski, VT, 

USA). Each experiment was performed in triplicate. 

 

2.9 Cell count assay 

 After siRNA transfection, cells were seeded into 24-well plates (104 

cells/well) and cultured at 37 ℃ in a 5% CO2 atmosphere. After 24, 48 and 72 hrs, 

total cells were determined by acridine orange. Each experiment was performed in 

triplicate. 

 

2.10 Wound healing assay 

 The experiments were conducted using CytoSelect™ 24-well assay kit 
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(Cell Biolabs, Inc.) After siRNA transfection, 500 μL of cell suspension (5×105 

cells/mL) was added to each well through the open end of the insert and cells were 

incubated overnight. Inserts were removed using sterile forceps. Cells were washed 

with serum free media, refreshed with new medium. The wound field surface area 

was visualized every 12 hrs under a light microscope until the closing. Each 

experiment was performed in triplicate. 

 

2.11 Invasion assay 

 Matrigel was mixed with 4 ℃ media and added to a 24-well transwell 

insert (8 μm pore size) and solidified in a 37 ℃ incubator for 30 mins. Cell 

solution (5×105 cells/mL, FBS free media) was added on top of the Matrigel 

coating to simulate invasion. 10% FBS containing media was added to the lower 

chamber. After 48 hrs, the invaded cells on the bottom sides of the inserts were 

fixed with 3.7% formaldehyde, permeabilized with 100% methanol and then 

stained with Geimsa. Non-invasive cells on the inside of the inserts were removed 

with cotton-tipped applicator. Six views were randomly selected to count the 

number of cells under a light microscope. Each experiment was performed in 

triplicate. 

 

2.12 Cell cycle assay 

 4T1 cells were seeded in 6-well plates (5 × 105 cells/well) and incubated 

overnight. The cells were transfected with siTSG-6 or sc-RNA. After 2 days of 

incubation, the cells were harvested, washed with PBS, and centrifuged at 1000 

rpm for 5 min. The cells were fixed with 70% methanol for 15 min at -20 ℃. After 
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fixation, the cells were washed with FBS twice. They were stained with 0.5 mL of 

propidium iodide (PI)/RNase staining buffer (BD Pharmingen, San Diego, CA, 

USA) and incubated for 10 min in the dark. The cell cycle distribution was 

analyzed using a flow cytometer (BD FACSCalibur™; BD Bioscience, San Jose, 

CA, USA). The results were analyzed using FlowJo V10 software (Tree Sar, In., 

Ashland, OR, USA). 

 

2.13 Reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) 

 Total RNA was isolated using Easy-BLUE Total RNA Extraction Kit 

(Intron Biotechnology). The amount and purity of total RNA was determined at the 

absorbance wavelengths of 260 nm and 280 nm, using a spectrophotometer. 

cDNAs were synthesized using CellScript All-in-One 5X cDNA Synthesis Master 

Mix (CellSafe, Suwon, South Korea) in accordance with the recommended 

protocols as follows: 25 ℃ for 10 min, 42 ℃ for 50 min, and 85 ℃ for 5 min. As a 

negative control for PCR reaction, same volume of DPBS was added instead of the 

RNA sample. cDNA samples were assayed using AMPIGENE®  qPCR Green Mix 

Hi-ROX with SYBR Green Dye (Enzo Life Sciences, Farmingdale, NY, USA) and 

QuantStudio 1 (Invitrogen, Carlsbad, CA, USA). Relative gene expression values 

were obtained using 2-△△CT method and normalized using controls GAPDH (Livak 

KJ & Schimittgen TD, 2001). The primer sequences used in this experiment are 

shown in Table 4. 
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2.14 Antibodies 

 Primary antibodies were obtained from the indicated supplier: TSG-6 (sc-

377277), CD206 (sc-376108), beta-actin (sc-47778) (Santa Cruz Biotechnology, 

CA, USA), STAT3 (LS-C352900), phospho-STAT3 (LS-C354108), Sca-1-PE (LS-

C62868-50) (LSBio, Seattle, USA), SOX2 (GTX101507) (GeneTex Inc., Irvine, 

CA, USA), Cyclin D1 (NBP2-16054) (Novus Biologicals, USA), CD11b-PE/Cy5 

(ab35533), PD-L1 (ab205921) B7-H3 (ab134261), CTLA-4 (ab237712) (Abcam, 

MA, USA), CD11c-PE (117307) (BioLegend, San Diego, CA, USA), CD3-FITC 

(MCA1774F) (Bio-Rad Laboratories Inc., Hercules, CA, USA), CD44-FITC (11-

5440-42), CD8a-PE (12-0081-82), IFN-γ-APC (17-7311-82), PD-1 (UM800091) 

Nf-κB (MA5-15160), and phospho-Nf-κB (436700) (ThermoFisher Scientific, 

USA).  

 Secondary antibodies were obtained from the indicated supplier: m-IgGκ 

BP-CFL 488 (sc-516176), mouse anti-rabbit IgG-PE (sc-3753) (Santa Cruz 

Biotechnology, CA, USA), goat anti-Rabbit IgG-HRP (SA002-500) (GenDEPOT, 

TX, USA), goat anti-Mouse IgG-HRP (A90-116P) (Bethyl Laboratories Inc., TX, 

USA) 

 

2.15 Western blot analysis 

 Total proteins from cells and tissues were extracted using the PRO-PREP 

Protein Extraction Kit (iNtRON Biotechnology, Seongnam, South Korea). They 

were measured using Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories, 

Hercules, CA, USA). The protein content in each 10 ug sample was subjected to 

SDS-PAGE and immunoblotting. Membranes were blocked in 5% non-fat milk 
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and probed with primary antibodies overnight at 4 ℃. Blots were incubated with 

HRP-conjugated secondary antibodies for 2hr at room temperature. Binding was 

detected using the ECL PLUS reagent (GE Healthcare, St.Giles, Bucks). 

Immunoreactive bands were detected using ImageQuant LAS-400 mini (GE 

Healthcare Life Sciences, Chicago, IL, USA). Protein bands were quantified using 

GelGraph (Scinomics Co. Ltd., Daejeon, Republic of Korea). This experiment was 

performed in triplicate independently. 

 

2.16 Immunofluorescence (IF) 

 Cells or tissue slides were fixed with 4% paraformaldehyde in PBS for 30 

min at room temperature. After washing, the cells were permeabilized for 30 min 

with PBST (Tween 0.1%) containing 1% BSA. Cells were incubated sequentially 

with primary antibodies diluted in blocking solution (1:100) at 4 ℃ overnight in 

the dark. They were washed three times, and were treated with diluted secondary 

antibodies (1:200). For nuclei visualization, cells were counterstained with 

VECTASHIELD Antifade Mounting Medium with DAPI (LS-J1033-10, LSBio, 

Seattle, USA). The intensity of cell fluorescence was measured using ImageJ and 

compared to unstained control cells to confirm that expression was positive. 

 

2.17 Flow cytometry 

 Cultured cells (1×106) were suspended in 100 μL ice-cold Dulbecco’s 

phosphate-buffered saline (DPBS) and 1 μL of primary antibodies. Following 

incubation for 1 h in the dark, samples were washed twice with DPBS. If the 

primary antibodies were not conjugated to a fluorescent dye, secondary antibodies 
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(1:200) was added to the cells and incubated for 30 min on ice. Finally, cells were 

fixed in 4% paraformaldehyde and kept at 4 ℃ in the dark until analysis within 

24 hr. Cell fluorescence was analyzed with a flow cytometer. The results were 

analyzed using FlowJo V10 software. 

 

2.18 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 6 (GraphPad 

Software Inc., La Jolla, CA, USA). Shapiro-Wilk test was performed for normality. 

Differences between groups were analyzed by one-way ANOVA with Bonferroni's 

multiple comparison post-test or Kruskal-Wallis test. Results were expressed as 

mean±SD. The p-value was considered as a statistically significant difference if P 

<0.05. All molecular and cellular assays were repeated independently at least two 

times, found to show a similar trend. The number of experiments and replicates is 

indicated in each relevant figure legend. 

 

3. Results 

3.1 TSG-6 down-regulation on breast cancer cell lines using 

siRNA transfection 

TSG-6 specific siRNA was introduced into mouse BC cell line (siTSG-6 

group) to confirm the role of TSG-6 produced by tumor cells. The mRNA level of 

TSG-6 was decreased as 56.7% of the naïve cell lines (P<0.001) (Figure 17a). The 

scRNA group into which scrambled siRNA was introduced, showed no significant 
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difference between the naïve 4T1 group. Therefore, it was considered that the 

introduction process using Lipofectamine did not cause significant toxicity to cells. 

The decrease in TSG-6 expression at the protein level was confirmed by western 

blot (Figure 17b). 

 

3.2 TSG-6 down-regulation induce impaired cancer cell 

proliferation, migration, and invasion ability 

CCK assays were conducted to determine whether TSG-6 had an intrinsic role 

in the viability of tumor cells. The OD value of the siTSG-6 group was decreased 

after 48 hrs when compared with the naïve 4T1 or scRNA group as a result of 

checking at 24-hr intervals (P<0.001) (Figure 17c). The cell count experiment also 

showed the same trend (Figure 17d). Secondly, a cell cycle assay was performed to 

determine which point of the cell cycle TSG-6 is involved in. Comparing the cell 

populations corresponding to each phase, the proportion of cells in the G0-G1 stage 

decreased and the cell proportion in the G2-M stage increased in siTSG-6 group 

(P<0.001) (Figure 18a and b). Western blot confirmed that the protein expression 

of Cyclin D1 was actually decreased in siTSG-6 group (Figure 18c). 

To confirm that TSG-6 affects the migration ability of tumor cells, wound 

healing assay was performed. The migration ability was reduced in the siTSG-6 

group (P<0.01) (Figure 19a). Also, as a result of the invasion assay that 

implemented vascular permeability in vitro, the invasion ability of the siTSG-6 

group was reduced (P<0.001) (Figure 19b). To explain changes in invasive ability, 

cadherin expressions was confirmed using flow cytometry (Figure 19c). In siTSG-

6 group, E-cadherin positive cell population increased compared to naïve 4T1 
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group (P<0.001). N-cadherin and VE-cadherin positive cell populations were 

decreased compared to naïve 4T1 group (P<0.01, P<0.0001, each). 

 

3.3 TSG-6 down-regulation inhibited NF-κB, STAT3, SOX2 

pathways, and CD-44 and PD-L1 expression 

To elucidate the self-regulating mechanism of TSG-6 in cancer cell, 

changes in the NF-κB, STAT3, and SOX2 pathways were confirmed using RT-

qPCR and western blot (Figure 20a and b). As a result, the expression of NF-κB, 

STAT3, and SOX2 was reduced in siTSG-6 group compared to naïve 4T1 group 

(P<0.001). Consequently, TSG-6 was thought to play a role in self-regulating the 

proliferation, migration, and invasion ability of tumor cells within the tumor 

microenvironment. 

Immunofluorescent was performed using antibodies against CD44 and 

PD-L1 proteins to determine whether regulating TSG-6 in tumor cells affects the 

expression of immune checkpoint proteins (Figure 20c and d). The expression 

levels of CD44 and PD-L1 were significantly reduced in siTSG-6 group (P<0.001, 

P<0.01, each) same as RNA levels in Figure 4a. It can be considered that TSG-6 is 

a factor that self-regulates the expression of CD44 and PD-L1 proteins. 

 

3.4 Establishment of TSG-6 knock-out breast cancer cell line 

for in vivo experiments 

To establish a TSG-6 knock-out BC cell line, two CRISPR targets for the 

mouse TSG-6 gene were selected (Figure 21a). Forward and reverse primers were 
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prepared by adding the T7 promoter and crRNA/tracrRNA before and after the 

target sequence (Figure 21b), and sgRNA to be used in the experiment was 

synthesized based on this (Figure 22). Experimental group was electroporated with 

TSG-6 targeting ribonucleoprotein, and a negative control (SC-4T1) was 

electroporated without. Whether 4T1 cells were successfully transfected was 

confirmed by T7E1 assay, and the product band sizes were 465 bp/183 bp, and 459 

bp/189 bp, respectively, as expected (Figure 23a and b). sgTSG6_1 was selected 

due to higher transfection efficiency. After single cell culture was conducted, 16 

single colonies were obtained. Colony #4 was selected for its high knock-out 

efficiency which had a heterozygous mutation identified by mutational assays 

using T7E1 enzyme treatment of mixed PCR products with or without wild-type 

(Figure 24). It was morphologically changed into a round shape with reduced 

elongation of mesenchymal cells compared to naïve 4T1 cells or SC-4T1 cells 

(Figure 25a). The expression of TSG-6 was successfully suppressed at the protein 

level (Figure 25b). As a result of confirming the change in the target sequence 

through DNA sequencing, 5 bp of one allele and 13 bp of the other allele were 

deleted, resulting in biallelic mutation (Figure 25c). This allowed the successful 

establishment of the TSG-6 KO BC cell line (KO-4T1 cell). 

Decreased mRNA expression rates of TSG-6, CD44, PD-L1, and B7-H3 

in the KO-4T1 cell line were confirmed (Figure 26a and b). Compared to TSG-6 

down-regulation using siRNA, lower expression of CD44 and PD-L1 was 

confirmed at the mRNA and protein level. B7-H3, another immune checkpoint 

protein present on the surface of tumor cells, also showed a significant level of 

decrease in both mRNA and protein levels (P<0.01, P<0.0001, each). 
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3.5 Tumor volume was reduced in the TSG-6 knock out breast 

cancer mouse model 

To investigate in vivo effect of TSG-6 in tumor microenvironment, TSG-6 

KO cell line was injected subcutaneously into immunocompetent mouse (Figure 

27a). After 3 weeks from tumor injection, the mean body weight of naïve 4T1 

group and SC-4T1 group significantly increased compared to the control group 

(P<0.01, each) (Figure 27b). The mean body weight of KO-4T1 group is slightly 

higher but no significant difference compared to the control group. After isolating 

tumors from each mouse and calculating the volume of each tumor mass, the mass 

volume of the KO-4T1 group was smaller than that of the naïve 4T1 group or the 

SC-4T1 group (P<0.00001, P<0.01, each) (Figure 27c). 

 

3.6 Lung and spleen metastasis were reduced in the TSG-6 

knock out breast cancer mouse model 

Spleen index decreased in KO-4T1 group compared to naïve 4T1 or SC-

4T1 group (Figure 28a). Tumor progression was assessed by determining the 

number of pulmonary metastatic nodules and the area of microscopic lesion on 

H&E-stained lung tissue slides. The KO-4T1 group had significantly fewer 

spontaneous metastatic nodules and a smaller area of microscopic metastatic 

lesions compared to the naive 4T1 and SC-4T1 groups. (Figure 28b). 
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3.7 Immune checkpoint protein expression was regulated in 

the TME of TSG-6 knock out breast cancer mouse model 

According to previous in vitro experiments, the expression rate of immune 

checkpoint proteins in tumor cells was different depending on whether TSG-6 KO 

was performed. In order to evaluate whether the tendency is also confirmed in vivo, 

a part of each mass was obtained and the protein level was analyzed (Figure 29). 

As a result of Western blot, it was confirmed that the protein level of TSG-6 was 

very low (P<0.001), and the levels of PD-L1 and B7-H3 were also lowered in the 

BC mass formed in the mice of the KO-4T1 group. On the other hand, the 

expression level of the immune checkpoint protein PD-1 was increased. This was 

considered to be due to the increased rate of immune cell infiltration into the mass 

and the association of PD-1 expression with activation of immune cells. 

 

3.8 Antitumor immunity was increased in the TME of TSG-6 

knock out breast cancer mouse model 

To confirm immune cell infiltration ratio in the TME, a mass tissue slide 

was prepared and the immune cell pool existing in the tumor microenvironment 

was investigated (Figure 30). Immunofluorescence showed that the invasiveness of 

CD11b+ cells and CD3+ cells was increased in the tissues of the KO-4T1 group 

compared to that of naïve 4T1 group (P<0.01, P<0.001, each). In addition, they 

had relatively a high ratio of M1 macrophage and cytotoxic T cells. 

And the activation of these TILs was confirmed by the increase in PD-1 

expression (Figure 31). Both CD11b+ macrophage and CD3+ lymphocytes showed 
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increased PD-1 expression in the tissues of the KO-4T1 group (P<0.01, P<0.01, 

each). This change was thought to be due to the decrease in PD-L1 expression in 

the mass by KO the TSG-6 gene in the tumor cells (Figure 32). 

 

3.9 Systemic immunity was activated in the TSG-6 knock out 

breast cancer mouse model 

To determine whether the increase in immune cells with antitumor effect 

in the tumor microenvironment is related to systemic immune activation, 

mononuclear cells in splenocytes of mice of each group were extracted (Markel et 

al., 2018). As a result of analyzing the cytokines levels related to immune cell 

activation, IL-12 was increased, and IL-10, TNF-a, and IL-17 were decreased in 

KO-4T1 group compared to the naive 4T1 group (Figure 33a). IFN-γ production 

from CD8α+ cells were confirmed by flow cytometry (Figure 33b). The proportion 

of cells expressing IFN-γ was increased in the KO-4T1 group (P<0.001). In 

addition, the proportion of plasma cells expressing MHC class II was thought to 

reflect an increase in plasma cells recognizing tumor antigens (Spitzer et al., 2017; 

Pelletier et al., 2010). It was confirmed that the number was increased compared to 

the control group and the Naïve 4T1 group (P<0.00001, P<0.001, respectively). 

 

4. Discussion  

 In this study, the role of TSG-6 was verified by down-regulating TSG-6 

using the mouse-derived BC cell line 4T1. Evidence supporting that tumor-

secreting TSG-6 modulates tumor growth, migration, invasion, and immune 



 

 70 

checkpoint protein expression (PD-L1 and B7-H3) and immune modulation of 

TME was consistent with previous results from chapter 1, using canine and human 

BC cell lines. Subsequently, syngeneic mouse models were created using 

immunocompetent mice to model TNBC. In the KO-4T1 group, tumor growth and 

lung metastasis were reduced, and local and systemic immune activation was 

increased compared to the naïve 4T1 and SC-4T1 groups. These findings were 

thought to be due to decreased expression rate of the immune checkpoint proteins 

PD-L1 and B7-H3 in tumor cells, which are directly related to the increase of 

tumor immunogenicity (Zhou M et al., 2021, Li Q et al., 2022). 

 The expression of the immune checkpoint proteins CTLA-4 and PD-1 was 

regulated in the TME of KO-4T1 group. This is consistent with the increase in PD-

1 expression and the decrease in the level of CTLA-4 on the surface of immune 

cells co-cultured with KO-4T1 cells in vitro in Chapter 1 above. Although 

increased expression of PD-1 may be misrelated with inactivation of immune cells, 

the most recent finding reports that it is now clear that PD-1 expression is first a 

marker of T cell activation, even allowing the identification of the tumor-reactive 

CD8+ T cell fraction (Inozume T et al., 2010; Gros A et al., 2014; Simon S et al., 

2018). Subsequently, inhibiting TSG-6 in cancer cells is an effective strategy to 

increases activated tumor-reactive T cells in TME. This leads to increased 

presentation of tumor-associated antigens and tumor-specific antigens to local 

APCs, allowing invasiveness of cytotoxic T cells and immune cells, and impeded 

phenotypic conversion of M1 to M2 type macrophages, to become 

immunologically “hot” TME (Predergast GC et al., 2018; Duan Q et al., 2020). 

 Changes in cell proliferation and growth in 4T1 cells following TSG-6 

down-regulation showed the same trends as in cells of canine and human origin. 
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These changes were associated with the regulation of CD44, STAT3, NF-κB, and 

Sox2 genes. As previously confirmed, these are factors associated with tumor cell 

survival, anti-apoptosis, and cell pluripotency, which make TSG-6 could induce 

tumor cells self-regulation. 

 RNA expression level of EMT markers were compared in TSG-6 down-

regulated cells to explain decreased cell migration and invasion abilities. In the 

siTSG-6 group, an increase in E-cadherin and a decrease in N-cadherin and VE-

cadherin were confirmed. In the sense that EMT can be associated with increased 

invasive and metastatic potential in cancer cells, TSG-6 promotes BC progression 

and the ability to metastasize to other organs. In particular, 4T1 cell line is most 

often used model systems for BC and in particular TNBC, exhibits similar 

aggressive phenotype. Accordingly, TSG-6 is considered to be a strong modulator 

of EMT in that it shows a decrease in tumorigenesis and a decrease in lung 

metastasis in the TNBC model. 

 CRISPR/Cas 9 system was used to induce biallelic mutation of the TSG-6 

gene in tumor cells, and TSG-6 expression was successfully disrupted at the 

mRNA and protein levels. CRISR/Cas 9 is a highly efficient tool capable of gene 

editing and has successfully target exon 2, which is known to synthesize functional 

domain of TSG-6 protein. As a result of western blot of the KO-4T1 cell line, a 

weak band was detected in TSG-6, which was considered to be attributed to the 

overlapping of the detection capacity of the primary antibody with the non-

functional region. Only few amounts of TSG-6 expression was detected at the 

mRNA level, supporting knock out. Also, the morphological change was observed 

in the KO-4T1 cells, due to TSG-6 is a gene responsible for actin-cytoskeletal 

regulation (Romano B et al., 2019). 
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 KO-4T1 group showed increased immune activation locally as well as 

systemically compared to control and SC-4T1 groups. Cytokines released from 

immune cells play important roles in cancer pathogenesis (Lippitz BE, 2013). The 

response of each cytokine to the of tumor-secreting TSG-6 should be considered. 

 IL-12 is a key immunomodulatory cytokine, which contributes to tumor 

specific immune reaction, produced by immune cells in TME such as dendritic 

cells and monocytes. IL-12 activates NK cells and develop T-helper lymphocytes 

towards the type 1 phenotype that promotes proliferation of cytotoxic T cells 

(Portielje JE et al, 2003). IL-17 is prototypical cytokine to Th17cells which are 

subset of CD4+ T cells known as promoting tumor development (Wang et al., 2009, 

Chang SH, 2019). Th17 cells also regulate adaptive immune responses and co-

express transcription factor Foxp3 (Blatner NR et al., 2012). Accordingly, the 

increase in IL-12 and the decrease in IL-17 were confirmed in the KO-4T1 group is 

consistent with the increase in anti-tumor immunity activity. An increase in 

activated cytotoxic T cells and an increase in MHC II-expressing plasma cells were 

confirmed, suggesting an increase in tumor-specific immune response. 

 IL-10 is a cytokine secreted by almost all leukocytes including T cells, 

monocytes, macrophages, and NK cells (Sung W et al., 2013). It has a potent anti-

inflammatory effect that inhibits gene expression and T cell/macrophage cytokine 

synthesis and inhibits major histocompatibility complex class II (MHC-II) 

expression (Garcia-Lora A et al., 2003). The serum IL-10 concentration is 

increased in ER-negative breast tumors and is also related to the clinical stage of 

BC patients (Chavey C et al., 2007, Merendino RA, 1996), so that the systemic low 

IL-10 in the KO-4T1 group could be interpreted as a remarkable result.  

 On the other hand, based on the studies, the immunological role of TNF in 
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tumor growth is inconsistent to date. As a proinflammatory factor, there is a study 

result that TNF-α could induce antitumor immunity within the tumor area, but this 

was only applicable when injected locally (van Horssen et al., 2006). From a 

systemic point of view, TNF is thought to induce a pro-tumoral effect. In particular, 

in breast cancer, TNF-α contributes to cancer progression and metastasis, and it is 

considered effective to inhibit TNF-α signaling in therapeutic approaches (Cruceriu 

D et al., 2020). 

 TNF also has been shown to help stimulate angiogenesis, which is 

essential for tumor growth in a host environment (McMahon G, 2000). In this 

study, a systemic decrease of TNF-α in KO-4T1 group was confirmed. TNF-α is 

involved in the HIF-centered VEGF signaling network, suggesting that TSG-6 may 

be linked with pathways affecting tumor angiogenesis (Jin F et al., 2019, Mizukami 

Y et al., 2005). As previously confirmed, considering that suppression of TSG-6 

can contribute to tumor angiogenesis by regulating VE-cadherin expression, TSG-6 

repression of tumor cells is the result of suppression of angiogenesis at various 

levels.  

 In conclusion, this study confirmed that suppression of TSG-6 in tumor 

cells using CRISPR/Cas9 is an effective therapeutic target to induce an increase in 

anti-tumor immunity locally and systemically and increase in tumor 

immunogenicity in the TNBC animal model. TSG-6 KO cancer cells increased 

tumor cell specific immune responses both in vitro and in vivo. TSG-6 KO cells 

themselves provide various antigens present in BC cells to the surveillance system 

as immunogens. Therefore, the suppression of tumor cell-secreting TSG-6 could 

improve efficiency of cancer immunotherapy by immune activation in canine and 

human BC patients. 
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Figure 17. 4T1 cells were transfected with TSG-6 specific siRNA (siTSG-6), 

and cell proliferation was reduced in siTSG-6 group. siTSG-6 was introduced 

into mouse breast cancer cell line, 4T1, to induce TSG-6 down regulation. a, b RT-

qPCR (a) and western blot (b) were conducted after 48 hours from siRNA 

transfection (n=6). Each band of TSG-6 was quantified using Image J compared to 

that of β-actin (n=2). Significance was determined by Kruskal-Wallis test, 

*P ≤ 0.05. c, d After 24, 48 and 72 hrs from siRNA transfection, cell proliferation 

was confirmed by CCK assay (c) and total cell count (d) with acridine orange 

(n=6). Significance was determined by Bonferroni’s multiple comparison test, 

*P ≤ 0.05. 
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Figure 18. Cell cycle assay on siTSG-6 transfected 4T1 cell line. a, b Cells were 

dyed with propidium iodide and cell cycle assay was performed by flow cytometry 

(n=6). Analyzation of cell cycle (a) and quantification for each cell cycle phase (b) 

were performed. Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. c 

Cyclin D1 expression level was analyzed using western blot. Each bands of Cyclin 

D1 was quantified using Image J compared to that of β-actin (n=2). Significance 

was determined by Kruskal-Wallis test, *P ≤ 0.05. 
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Figure 19. Wound healing assay, invasion assay, and cadherin expression 

analysis were performed in siTSG-6 group. a Wound healing assay was 

performed on siTSG-6 group. Gap closure was measured every 12 hr and 

calculated with Image J. The boundaries of the migrated cells are marked with a 

red line. Significance was determined by Bonferroni’s multiple comparison test, 

*P ≤ 0.05. b Transwell invasion assay was performed on siTSG-6 group. Cancer 

cells that passed through the pores of transwell were stained with Giemsa and 

counted under a microscope. Significance was determined by Kruskal-Wallis test, 

*P ≤ 0.05. c Cadherins expression associated with the epithelial-mesenchymal 

transition (E-cadherin, N-cadherin, and VE-cadherin) was confirmed using flow 

cytometry, *p ≤ 0.05. 
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Figure 20. Expression level of CD44, PD-L1, and STAT3, Nf-κB, and Sox2 

pathways were analyzed in siTSG-6 group. a RNA expression level of CD44, 

PD-L1, STAT3, Nf-κB, and Sox2 was analyzed using RT-qPCR (n=10). 

Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. b Protein 

expression level of STAT3, Nf-κB, and Sox2 was analyzed using western blot. 

Bands of each target proteins were quantified using Image J compared to those of 

β-actin (n=2). Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. c, d 

DAPI (blue)/FITC (green) double staining results showed CD44+ (c) or PD-L1+ (d) 

cells (n=6). Fluorescent cells were counted under a microscope. Scale bars = 250 

μm. Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. 

  



 

 80 

 

Figure 21. Selection of CRISPR targets for murine TSG-6. a Two potential 

CRISPR targets for murine TSG-6 were selected by CHOPCHOP software 

(http://chopchop.cbu.uib.no/). b Target sgRNA was synthesized to contain T7 

promoter and crRNA/tracrRNA region. 
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Figure 22. murine TSG-6 targeting sgRNA was synthesized in abundance. 

RNA was synthesized by repeating each of the two targets three times. Samples 

with the highest RNA synthesis rate were selected for transfection procedure. 
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Figure 23. T7 endonuclease I (T7E1) assay was conducted on sgTSG6 

transfected pooled cells to identify fragmented target regions. PCR products 

derived from the DNA of non-transfected naïve wild-type cell was used as control. 

Negative control was conducted PCR without template DNA. a Single band was 

detected after DNA amplification procedure in control, sgTSG6_1, and sgTSG6_2 

transfected cells. b DNA fragments were generated after T7E1 enzyme treatment to 

confirm successful transfection of sgTSG-6.  
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Figure 24. T7E1 assay results on single cell cultured colonies. The total of 16 

colonies were selected after the single cell culture on sgTSG6_1 transfected pooled 

cells. a Gel electrophoretic pattern of PCR products after amplification. b, c 

Agarose gel electrophoresis of T7E1 treated PCR products, without (b) or with (c) 

wild-type. CRISPR/Cas9-induced indel mutations were detected on cultured 

colonies. Lane Control: PCR products derived from the DNA of non-transfected 

naïve wild-type cell. Lane Neg: PCR conducted without template DNA; Lane Pos: 

positive control using PCR products derived from sgTSG6_1 transfected cell. 
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Figure 25. Verification of isolated TSG-6 knock out cells (KO-4T1). a Isolated 

KO-4T1 cells were morphologically compared to naïve 4T1 or SC-4T1 cells under 

the microscope. b The expression of TSG-6 was detected at the protein level using 

western blot. Each band of TSG-6 was quantified using Image J compared to that 

of β-actin (n=2). c DNA sequencing confirmed wild type (WT) or mutant allele 

from WT, SC-4T1 or KO-4T1. KO-4T1 showed biallelic mutation of target gene (-

5 bp, -13 bp). 
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Figure 26. TSG-6, CD-44, PD-L1 and B7-H3 expressions in KO-4T1. a RNA 

expressions of TSG-6, CD44, PD-L1 and B7-H3 were compared using RT-qPCR. 

Significance was determined by Kruskal-Wallis test, *P ≤ 0.05. b DAPI 

(blue)/FITC (green) double staining results showed CD44+, PD-L1+, or B7-H3+ 

cells (n=6). Fluorescent cells were counted under a microscope. Scale bars = 650 

μm. Significance was determined by Kruskal-Wallis test, *P ≤ 0.05.  
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Figure 27. In vivo experiment to confirm the role of TSG-6 in tumor 

microenvironment. a Schematic illustration of in vivo experiment. TSG-6 KO 

cells or control cells (naïve 4T1 and SC-4T1 cells) were injected subcutaneously 

into immunocompetent mouse. At the end of the experiment, tumor mass and 

immune cells derived from spleen were isolated and the effect of suppression of 

TSG-6 in the tumor microenvironment was analyzed. b Changes in body weight of 

mice in each group during the experiments. Significance was determined by 

Bonferroni’s multiple comparisons test, *P ≤ 0.05. c Changes in tumor size of 

mice in each group during the experiments. Significance was determined by 

Bonferroni’s multiple comparisons test, *P ≤ 0.05. 
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Figure 28. Analysis of tumor metastasis to the spleen and lung in TSG-6 KO 

breast cancer mouse models. a Spleen index (spleen weight (mg)/mouse weight 

(10g)) in naïve 4T1, SC-4T1, and KO-4T1 group was compared to control group. 

Significance was determined by Dunn’s multiple comparisons test, *P ≤ 0.05. b 

Lung metastasis was evaluated both macroscopically and microscopically. 

Metastatic nodules on the lungs were identified and marked with black arrow. 

Microscopic metastatic lesions were detected on H&E stained lung tissue slides 

under the microscope. Metastatic lesions were marked with red lines. The tumor 

area was comparing between groups using Image J. Significance was determined 

by Kruskal-Wallis test, *P ≤ 0.05.  
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Figure 29. Expression of immune checkpoint proteins in TSG-6 KO tumor 

microenvironment. Expression rate of immune checkpoint proteins in the tumor 

microenvironment was compared between SC-4T1 group and KO-4T1 group, 

using western blot. Each band was quantified using Image J compared to that of β-

actin (n=2). Significance was determined by Dunn’s multiple comparisons test, 

*P ≤ 0.05. 
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Figure 30. Populations of tumor-infiltrated lymphocytes in TSG-6 KO breast 

cancer mouse models. Immune cell infiltrations in the tumor microenvironment 

between groups were compared by immunofluorescence. a DAPI (blue)/FITC 

(green)/PE (red) staining results showed CD11b+/CD11c+ (M1 type macrophage), 

CD11b+/CD206+ (M2 type macrophage), CD3+/CD8α+ (cytotoxic T), or 

CD4+/Foxp3+ (regulatory T) cells (n=6). Scale bars = 125 μm. H&E stained tumor 

slides were obtained using x100 microscope objectives. b Fluorescent cells were 

counted under a microscope. Significance was determined by Bonferroni’s multiple 

comparisons test, *P ≤ 0.05.  
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Figure 31. PD-1 expressions on tumor-infiltrated lymphocytes in TSG-6 KO  

breast cancer mouse models. Immune cell infiltrations in the tumor 

microenvironment between groups were compared by immunofluorescence. DAPI 

(blue)/FITC (green)/PE (red) staining results showed CD3+/PD-1+ (a) or 

CD11b+/PD-1+ (b) cells (n=6). Scale bars = 125 μm. c Fluorescent cells were 

counted under a microscope. Significance was determined by Bonferroni’s multiple 

comparisons test, *P ≤ 0.05. 
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Figure 32. PD-L1 expressions on tumor cells in TSG-6 KO breast cancer 

mouse models. PD-L1 expression in the tumor microenvironment between groups 

were compared by immunofluorescence. a DAPI (blue)/PE (red) staining results 

showed PD-L1+ cancer cells (n=6). Scale bars = 125 μm. b Fluorescent cells were 

counted under a microscope. Significance was determined by Kruskal-Wallis test, 

*P ≤ 0.05. 
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Figure 33. Systemic immune cell populations and cytokine levels in TSG-6 KO 

breast cancer mouse models. a Systemic immunity was analyzed with RNA 

expression rates of cytokines related to immune activation using splenic immune 

cells. Expressions of IL-12, IL-10, TNF-α, and IL-17 were compared between 

groups using RT-qPCR. Significance was determined by Kruskal-Wallis test, 

*P ≤ 0.05. b Populations of activated CD8α+ T cells and MHC II+ plasma cells 

were compared between groups. Significance was determined by Dunn’s multiple 

comparisons test (n=10). *P ≤ 0.05. 
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Table 3. Primer design for genomic DNA detection 

Target gene Primer (5’→3’) Direction Target size 
Product band size 

sgTSG6_1 sgTSG6_2 

TSG-6 
CTATCCTGGAGCTAGCTCTG Forward 

648 
465 459 

TCCCAAAGGGCTTGAGAG Reverse 183 189 
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Table 4. RT-qPCR primer used in Chapter 2 

m, Mouse; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; TSG-6, Tumor necrosis factor-α-stimulated gene/protein-6; CD, Cluster of 

Genes Forward (5’-3’) Reverse (5’-3’) References 

mGAPDH GGTGCTGAGTATGTCGTGGA AGTGAGTTGTCATATTTCTCGTGGT GU214026.1* 

mTSG-6 TGTAGGAAGATACTGTGGTGATGAA ACTGTGACGTATTTAATCTGGAAGC NM_009398.2* 

mCD-44 TGGATCCGAATTAGCTGGAC AGCTTTTTCTTCTGCCCACA M27130.1* 

mPD-L1 TGCTGCATAATCAGCTACGG GCTGGTCACATTGAGAAGCA NM_021893.3* 

mSTAT3 GACCCGCCAACAAATTAAGA TCGTGGTAAACTGGACACCA U06922.1* 

mSOX2 AAAGGGTTCTTGCTGGGTTT AGACCACGAAAACGGTCTTG NM_011443.4* 

mNF-κB CTGACCTGAGCCTTCTGGAC GCAGGCTATTGCTCATCACA M57999.1* 

mB7-H3 GGAGCCCAACAAGGACCTAC GTACCAGGCAGCTGTAGGTG AY190318.1* 

mIL-12 AGGTGCGTTCCTCGTAGAGA AAAGCCAACCAAGCAGAAGA (Takanashi K et al., 2019) 

mIL-10 TGGCCCAGAAATCAAGGAGC CAGCAGACTCAATACACACT (Yang XO et al, 2007) 

mTNF-α TCAAACCCTGGTATGAGCCC ACCCATTCCCTTCACAGAGC (Zhang Y et al., 2019) 

mIL-17 TCAGCGTGTCCAAACACTGAG CGCCAAGGGAGTTAAAGACTT (Zhang Y et al., 2019) 



 

 99 

differentiation; PD-L1, Programmed death-ligand 1; STAT3, Signal transducer and activator of transcription 3; Sox2, SRY-Box Transcription 

Factor 2; NK-κB, Nuclear factor kappa-light-chain-enhancer of activated B cells; B7-H3, B7 homolog 3 protein; IL, Interleukin; TNF-α, Tumor 

necrosis factor alpha; *: NCBI Accession number.
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CHAPTER III 

 

TSG-6 knock-out autologous whole cell vaccine 

improves therapeutic efficacy against triple-negative 

mouse breast cancer model 

 

1. Introduction 

BC is the second most frequently diagnosed malignancy worldwide, 

accounting for over two million cases each year and the leading cause of cancer 

death in women (Siegel RL, 2020). Although early diagnosis and conventional 

treatment with surgery, chemotherapy, radiotherapy allow for a 20% reduction in 

overall mortality rates (Shah TA et al., 2017), about 30% of BC patients still 

eventually develop a metastatic disease, which leading to death (Redig AJ et al., 

2013). Triple-negative BC (TNBC), which is characterized by the lack of 

expression of molecular targets ER, PR, or ERBB2, typically have the poor 

prognosis, aggressive behavior and lack of targeted therapies (Denkert C et al., 

2017). It makes up approximately 15% of all breast tumors and currently is a 

clinical problem. Under these circumstances, the development of cancer 

immunotherapies with high efficacy and selectivity, targeting tumor cells have 

positioned as attractive options to fight against BC. 

Cancer vaccine is an active immunotherapy method that removes cancer 

cells by strengthening the immune function in vivo by activating the immune 
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system by administering the TSAs/TAAs possessed by cancer cells to cancer 

patients (Corti C et al., 2022). It aims at stimulating type I (Th1) CD4+ and CD8+ 

T-cell immune responses and generates highly specific adaptive immune responses 

and the establishment of immunologic memory with minimal toxicity (Nizard M et 

al., 2017). The advantage of using whole cells is that a broad array of TAAs is 

displayed, so there is no HLA restriction, which minimizes immune escape. BC is 

the third most common tumor in cancer vaccine study, but the results of clinical 

trial were still disappointing, and showed low clinical responses (Lu J et al., 2004, 

Dols A et al., 2003, Dafni U et al., 2021). A major obstacle undermining the 

efficacy of therapeutic cancer vaccines, especially in solid tumors, is the failure to 

convert immunologically cold TMEs into hot TMEs, which is associated to down-

regulation of TSAs/TAAs expression (Predergast GC et al., 2018; Duan Q et al., 

2020). 

TSG-6 is a highly conserved in several animals (e.g. mice, dogs, and 

humans) protein of about 35-38 kDA and is secreted from cells such as monocytes 

and mesenchymal stem cells (Milner CM et al., 2003). The inhibition of TSG-6 

secreted by tumor cells is expected to disrupt the immune evasion mechanism of 

these tumors, by suppressing the expression of PD-L1. This is because TSG-6 can 

bind to CD44 on the surface of inflammatory cells through its link module domain 

(Lesley J et al., 2004). CD44 is a marker related to the stemness of mesenchymal 

stem cells, and its expression in tumor cells may be influenced by autocrine TSG-6. 

And another study found that CD44 regulates PD-L1 expression, which is thought 

to be that TSG-6 secreted by tumor cells can self-regulate PD-L1, but this has not 

been confirmed yet (Kong T et al., 2020). 
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In this experiment, to determine whether TSG KO increase the 

immunogenicity of tumor cells, adoptive cell transfer using serum and immune 

cells of animals exposed to TSG-6 KO cells was conducted. Also, based on this 

hypothesis, it was investigated whether the treatment efficiency was improved 

when the TSG-6 KO cell itself was used as a therapeutic cancer vaccine. 

 

2. Materials and Methods 

2.1 Cell culture 

 The mouse BC cells (4T1) were obtained from American Type Culture 

Collection (Manassas, VA). 4T1 cells were cultured in Roswell Park Memorial 

Institute (RPMI)-1640 medium (Pan-Biotech, Aidenbach, Germay) supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS; PAN-

Biotech) at 37 ℃ in a humidified chamber containing 5% CO2. 

 

2.2 Animals 

 In this study, healthy immune-competent BALB/c mice (female; 5 weeks 

old; 20-25 g) were purchased from Central Lab Animal Inc. (Seoul, South Korea) 

and randomly assigned to each group. All mice were housed in a specific pathogen-

free standard room under controlled conditions of temperature (20-22 ℃), 

humidity (50±5%), and light cycle (12:12 hrs light-dark). All experimental 

procedures in this study involving animals were approved by the institutional 

Animal Care and Use Committee of Seoul National University (IACUC protocol 

no. SNU-200810-2, SNU-210506-5), and they were performed as per the 

Guidelines for animal experiments. 
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2.3 Preparation of whole-cell vaccine 

 To produce whole-cell vaccine, 4T1 cells and KO-4T1 cells were 

suspended in PBS at 2×106 cells/mL concentration. Cells were irradiated at 100 

Gy using GC 300 Elan (MDS Nordion, Canada) and stored at -80 ℃ until use or 

incubated for further in vitro analysis. 

 

2.4 Breast cancer mouse model and therapeutic immunotherapy 

 The 4T1 BC model is well established in BALB/c mice. SC-4T1 or KO-

4T1 cells (5×105/100 μL) were subcutaneously injected on the left side of the back. 

The control group was injected with PBS instead. Prior to tumor transplantation, 

mice were anesthetized using inhalant isoflurane (2%, 1 L/min O2) and back hair 

was trimmed and the skin was sterilized. For immunotherapy, irradiated SC-4T1 or 

KO-4T1 cells (5× 105 cells/100 μL) were prepared as a whole-cell vaccine 

suspended in PBS containing adjuvant (mouse GM-CSF). Vaccination was 

performed subcutaneously on the right side of the back on days 7, 14, 21 from BC 

transplantation. Tumor size was calculated with the formula: volume = 4/3 π (0.5 × 

smaller diameter2 × 0.5 × larger diameter, as measured by an electronic caliper in 

3-day intervals). The experiment was continued for 4-6 weeks until euthanasia was 

required due to excessive tumor burden. 

 

2.5 Adoptive transfer in vivo 

 Ten mice per group were immunized with irradiated naïve 4T1, SC-4T1 

or KO-4T1 cells (5×105 cells/100 μL) by subcutaneous dorsal injection on day 1, 

14, and 28. Mouse serum was obtained on the 7th day after 3rd immunization, and 
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the serum was injected intraperitoneally once daily for 10 days (100 μL 

serum/mouse). In addition, splenic immune cells isolated from immunized mice 

were intraperitoneally administered twice a week for 2 weeks (5×105 cells/100 

μL/mouse). Tumor size was calculated with the formula: volume = 4/3 π (0.5 × 

smaller diameter2 × 0.5 × larger diameter, as measured by an electronic caliper in 

3-day intervals). 

 

2.6 CCK assay 

 Cells were seeded into 96-well plates (103 cells/well) and cultured at 37 ℃ 

in a 5% CO2 atmosphere. After 24, 48 and 72 hrs, 10 μl of CCK-8 reagent (D-

Plus™ CCK cell viability assay kit; Dong-in Biotech, Seoul, South Korea) was 

added to each well, and the plates were incubated at 37 ℃ for 1 hr. The absorbance 

of each well was measured at 450 nm using a microplate reader (Epoch Microplate 

spectrophotometer; BioTek Instruments, Winooski, VT, USA). Each experiment 

was performed in triplicate. 

 

2.7 In vitro cytotoxicity assay 

 4T1 cells were seeded in 96-well plate (5×103 cells/well) and directly co-

cultured at an effector-to-target ratio of 10:1, 1:1 and 1:10 with sera and splenic 

immune cells derived from mice immunized with irradiated SC-4T1 or KO-4T1 

cells. Cancer cells cultured without effector cells were used as control. The plates 

were incubated for 24 hrs at 37 ℃ and washed with PBS twice to remove floating 

cells. After 100 μL media was added to each well, cytotoxicity was measured by 

using CCK assay following the manufacturer’s protocol. 
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2.8 Annexin V/PI staining 

Cancer cells (5×105 cells/well) were seeded in 6-well plate and incubated 

at 37 ℃ in a 5% CO2 atmosphere for 1, 4, and 7 days after gamma ray irradiation. 

Their morphological changes were observed under a light microscope on daily 

basis. After incubation, they were collected and stained using the FITC Annexin V 

Apoptosis Detection Kit I (BD Biosciences, San Jose, CA, USA) as per the 

manufacturer’s instructions. They were washed with fresh PBS and resuspended in 

1X Annexin V binding buffer. Annexin V and PI were added to cells and incubated 

for 15 min at 20 ℃ in darkness. Samples were analyzed after less than an hour 

using FACS Aria II (BD Biosciences). 

 

2.9 Histological examination 

 Representative tissue blocks from all of the primary injection sites and 

other tissues suspicious for metastatic tumor were subsequently processed by 10% 

formalin fixation, paraffin embedding, and trimming. 4 μm consecutive sections 

were taken from the formalin-fixed paraffin-embedded (FFPE) blocks. For H&E, 

sections were stained on a Gemini H&E stainer (Thermo Fisher, UK) using Gill’s 

Hematoxylin (Leica, UK), and dehydrated, cleared and mounted with DPX. For 

immunofluorescent, FFPE sections were deparaffinized and rehydrated through 

graded alcohols, followed by an epitope retrieval process using 2100 Retriever 

(Electron Microscopy Sciences, Pennsylvania, USA). 

 

 

 



 

 106 

2.10 Reverse transcription quantitative polymerase chain 

reaction (RT-qPCR) 

 Total RNA was isolated using Easy-BLUE Total RNA Extraction Kit 

(Intron Biotechnology). The amount and purity of total RNA was determined at the 

absorbance wavelengths of 260 nm and 280 nm, using a spectrophotometer. 

cDNAs were synthesized using CellScript All-in-One 5X cDNA Synthesis Master 

Mix (CellSafe, Suwon, South Korea) in accordance with the recommended 

protocols as follows: 25 ℃ for 10 min, 42 ℃ for 50 min, and 85 ℃ for 5 min. 

As a negative control for PCR reaction, same volume of DPBS was added 

instead of the RNA sample. cDNA samples were assayed using AMPIGENE®  

qPCR Green Mix Hi-ROX with SYBR Green Dye (Enzo Life Sciences, 

Farmingdale, NY, USA) and QuantStudio 1 (Invitrogen, Carlsbad, CA, USA). 

Relative gene expression values were obtained using 2-△△CT method and 

normalized using controls GAPDH (Livak KJ & Schimittgen TD, 2001). The 

primer sequences used in this experiment are shown in Table 5. 

 

2.11 Antibodies  

 Primary antibodies were obtained from the indicated supplier: TSG-6 (sc-

377277), CD206 (sc-376108) beta-actin (sc-47778) (Santa Cruz Biotechnology, 

CA, USA), Sca-1-PE (LS-C62868-50) (LSBio, Seattle, USA), (GeneTex Inc., 

Irvine, CA, USA), Cyclin D1 (NBP2-16054) (Novus Biologicals, USA), CD11b-

PE/Cy5 (ab35533), PD-L1 (ab205921) B7-H3 (ab134261), CTLA-4 (ab237712) 

(Abcam, MA, USA), CD11c-PE (117307) (BioLegend, San Diego, CA, USA), 



 

 107 

CD3-FITC (MCA1774F) (Bio-Rad Laboratories Inc., Hercules, CA, USA), CD44-

FITC (11-5440-42), CD8a-PE (12-0081-82), IFN-γ-APC (17-7311-82), and PD-1 

(UM800091) (ThermoFisher Scientific, USA).  

 Secondary antibodies were obtained from the indicated supplier: m-IgGκ 

BP-CFL 488 (sc-516176), mouse anti-rabbit IgG-PE (sc-3753) (Santa Cruz 

Biotechnology, CA, USA), goat anti-Rabbit IgG-HRP (SA002-500) (GenDEPOT, 

TX, USA), and goat anti-Mouse IgG-HRP (A90-116P) (Bethyl Laboratories Inc., 

TX, USA) 

 

2.12 Western blot analysis 

 Total proteins from cells and tissues were extracted using the PRO-PREP 

Protein Extraction Kit (iNtRON Biotechnology, Seongnam, South Korea). They 

were measured using Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories, 

Hercules, CA, USA). The protein content in each 10 ug sample was subjected to 

SDS-PAGE and immunoblotting. Membranes were blocked in 5% non-fat milk 

and probed with primary antibodies overnight at 4 ℃. Blots were incubated with 

HRP-conjugated secondary antibodies for 2hr at room temperature. Binding was 

detected using the ECL PLUS reagent (GE Healthcare, St.Giles, Bucks). 

Immunoreactive bands were detected using ImageQuant LAS-400 mini (GE 

Healthcare Life Sciences, Chicago, IL, USA). Protein bands were quantified 

using GelGraph (Scinomics Co. Ltd., Daejeon, Republic of Korea). This 

experiment was performed in triplicate independently. 

 

 



 

 108 

2.13 Immunofluorescence (IF) 

 Cells or tissue slides were fixed with 4% paraformaldehyde in PBS for 30 

min at room temperature. After washing, the cells were permeabilized for 30 min 

with PBST (Tween 0.1%) containing 1% BSA. Cells were incubated sequentially 

with primary antibodies diluted in blocking solution (1:100) at 4 ℃ overnight in 

the dark. They were washed three times, and were treated with diluted secondary 

antibodies (1:200). Cells were counterstained with VECTASHIELD Antifade 

Mounting Medium with DAPI (LS-J1033-10, LSBio, Seattle, USA). The intensity 

of cell fluorescence was measured using ImageJ and compared to unstained control 

cells to confirm that expression was positive. 

 

2.14 Flow cytometry 

 Cultured cells (1×106) were suspended in 100 μL ice-cold Dulbecco’s 

phosphate-buffered saline (DPBS) and 1 μL of primary antibodies. Following 

incubation for 1 hr in the dark, samples were washed twice with DPBS. If the 

primary antibodies were not conjugated to a fluorescent dye, secondary antibodies 

(1:200) was added to the cells and incubated for 30 min on ice. Finally, cells were 

fixed in 4% paraformaldehyde and kept at 4 ℃ in the dark until analysis within 

24 hr. Cell fluorescence was analyzed with a flow cytometer. The results were 

analyzed using FlowJo V10 software. 

 

2.15 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism 6 (GraphPad 

Software Inc., La Jolla, CA, USA). Shapiro-Wilk test was performed for normality. 
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Differences between groups were analyzed by one-way ANOVA with Bonferroni's 

multiple comparison post-test or Kruskal-Wallis test. Results were expressed as 

mean±SD. The p-value was considered as a statistically significant difference if P 

<0.05. All molecular and cellular assays were repeated independently at least two 

times, found to show a similar trend. The number of experiments and replicates is 

indicated in each relevant figure legend. 

 

3. Results 

3.1 Development of TSG-6 knock out whole-cell vaccine 

Based on the previous results, suppressing TSG-6 secreted by tumor cells 

is considered to increase the immunogenicity of the tumor and increase the 

production of antibodies to tumor antigens. Therefore, in order to confirm whether 

the inoculation of the BC whole-cell vaccine using KO-4T1 cells would have a 

significant effect on tumor remission and treatment, a KO-4T1 cell vaccine was 

prepared. Recent studies showed when live cells are irradiated with gamma rays 

above a certain level, cell inactivation occurs through DNA decay, and the cells can 

be used as whole-cell vaccines. (Lumeng Luo ML et al., 2019). 100 Gy of gamma 

rays was irradiated to the cancer cells to inactivate SC-4T1 cells and KO-4T1 cells, 

and CCK analysis confirmed that cancer cell proliferation was stopped within 72 

hours (Figure 34a). Irradiated cells underwent apoptosis in over than 80% during 7 

days of culture (Figure 34b). Decomposition of these irradiated cells into cell 

debris was observed under a microscope. (Figure 34c). Whole-cell vaccine has a 

therapeutic effect on vaccinated individuals when apoptosis occurs (Scheffer SR et 
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al., 2003). mRNA level for changes in factors secreted by irradiated cells was 

analyzed (Figure 34d). After 7 days from irradiation, MHC gene and TNF-α 

expression in KO-4T1 cells were increased by 1.8 and 1.9fold, respectively, 

compared to irradiated SC-4T1 cells. On the other hand, IL-6 expression was rather 

decreased. There was no significant difference in the expression of GM-CSF, 

HMGB1, and TGF-β. 

 

3.2 TSG-6 knock-out increased tumor immunogenicity in in 

vitro cytotoxicity assay 

From previous experiment, mice exposed to TSG-6 KO cells were thought 

to have activated both cellular and humoral immunity against tumor cells. Mice 

were immunized with SC-4T1 or KO-4T1 for 35 days, sera and splenic immune 

cells were isolated from each group (SC-ACT, KO-ACT, each). To analyze the 

cytotoxicity of activated immune cells and tumor-targeting antibodies, proliferation 

of 4T1 cells co-cultured with SC-ACT or KO-ACT was analyzed by in vitro 

cytotoxicity assay (Figure 35). Proliferation was significantly inhibited in cancer 

cells co-cultured with KO-ACT, which was the same in all effector-to-target ratios 

(P<0.00001). 

 

3.3 Adoptive cell transfer using serum and splenic immune 

cells of TSG-6 knock out cell immunized mice showed 

increased tumor suppression 
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To confirm the antitumor effect of activated immune cells and tumor 

antigen specific antibodies, adoptive cell transfer was conducted using mice 

immunized with TSG-6 KO cells (Figure 36a). The experimental group consisted 

of a total of 3 groups: control group inoculated with PBS, and experimental groups 

inoculated with serum and splenocytes isolated from mice immunized with SC-4T1 

(SC-ACT group) or KO-4T1 (KO-ACT group). No significant weight loss was 

observed in all groups until the end of the experiment. (Figure 36b). The mass 

volume and weight were reduced in KO-ACT group (Figure 36c).  

 

3.4 Adoptive cell transfer did not affect tumor metastasis 

The spleen index did not show a significant difference between the groups, 

which was consistent with the lung metastasis result (Figure 37). H&E stained lung 

slides were observed under a microscopic for its metastatic lesion area, but no 

significant difference was found.  

 

3.5 Adoptive cell transfer increased infiltration of immune 

cells into TME, but did not induce sufficient systemic 

immune response 

Tissue slides were analyzed to confirm immune activation in the tumor 

microenvironment, and significant increases in M1 type macrophage and cytotoxic 

T cells were confirmed in the group inoculated with the KO-4T1 group derivatives 

(Figure 38). As a result of spleen immune cell analysis, the ratio of M1 type 

macrophage and Tregs increased, suggesting that activation of systemic immune 

response was not sufficient (Figure 39). 
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3.6 TSG-6 knock out whole-cell vaccine therapy prolonged 

survival in breast cancer mouse model 

To confirm the antitumor effect of TSG-6 KO whole-cell vaccine, a BC 

model was established on immunocompetent mice and they were vaccinated with 

SC-4T1 or KO-4T1 cell vaccines. (Figure 40a). The experimental group consisted 

of a total of 6 groups: the control group (SC+DPBS) using SC-4T1 model and 

treated with DPBS, the second control group (SC+Adjuvant) using SC-4T1 model 

treated only with an immunostimulant (adjuvant) without a cell vaccine, and 

experimental groups using SC-4T1 or KO-4T1 model treated with the SC-4T1 or 

KO-4T1 cell vaccines (SC+VaccineSC: SC-4T1 model treated with SC-4T1 vaccine; 

SC+VaccineKO: KO-4T1 model treated with SC-4T1 vaccine; KO+VaccineSC: SC-

4T1 model treated with KO-4T1 cell vaccine; KO+VaccineKO: KO-4T1 model 

treated with KO-4T1 cancer vaccine). 

In all experimental groups, no significant weight loss was observed for 33 

days until the mass size of the control group reached the end of the experiment 

(Figure 40b). The survival of mice was evaluated using the Log-Rank method 

(Figure 40c). SC+VaccineSC did not show a significant difference in survival rate, 

but SC+VaccineKO, KO+VaccineSC, and KO+VaccineKO had a significant difference 

with the control group (P<0.01). Median survival of SC+DPBS group and 

SC+Adjuvant group was 36 days and 38 days, respectively, whereas SC+VaccineSC 

and SC+VaccineKO had 30 days and 52 days, respectively. 
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3.7 TSG-6 knock out whole cell vaccine therapy inhibited 

tumor growth and prevented metastasis to the lungs and 

spleen 

Comparing the sizes of tumor masses, there was no significant difference 

between the SC+DPBS and SC+Adjuvant groups (Figure 41a). Marked inhibition 

of tumor growth was observed in SC+VaccineKO compared to the control group, but 

not in SC+VaccineSC (P<0.0001). Tumor volumes of KO+VaccineSC and 

KO+VaccineKO, which inhibited TSG-6 in the tumor microenvironment and treated 

with the cancer vaccine, were greatly reduced (P<0.0001). 

The spleen index of tumor-bearing mice showed a tendency to gradually 

decrease the average value from SC+VaccineSC to KO+VaccineKO (Figure 41b). And 

the spleen metastasis was significantly reduced in KO+VaccineKO compared to 

SC+VaccineSC (P<0.01). Spontaneous lung metastasis was determined by two 

methods: macroscopic nodule counting and microscopic lesion area comparison, 

both of which showed a tendency to decrease from SC+VaccineSC to 

KO+VaccineKO (Figure 41c). KO+VaccineKO showed a significant difference 

compared to the control group in both the former and the latter. 

 

3.8 TSG-6 knockout whole-cell vaccine therapy induced 

systemic immune activation 

To check whether systemic immune activation induced by vaccine 

treatment, immune cells in the spleen were isolated and the immune cell population 

was compared by flow cytometry. The ratio of activated cytotoxic T cells (Figure 
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42) and CD4+ T cells increased from SC+VaccineSC to KO+VaccineKO, and 

KO+VaccineKO showed statistical significance (P<0.01, each) (Figure 43). In 

addition, M1-type macrophage increased in SC+VaccineKO, KO+VaccineSC, and 

KO+VaccineKO, indicating activation of antitumor immunity (P<0.01, each). MHC 

class II expression is found on specialized APCs to present peptide antigens 

efficiently (Cresswell P, 1994). In mice, memory plasma cells which are highly 

expressing MHCII, contributes to long-lived serum humoral immunity induced by 

vaccine antigens (Khodadadi L et al., 2019, Amanna IJ, 2007). In the experimental 

mice group, the proportion of plasma cells expressing MHC II increased from 

SC+VaccineSC to KO+VaccineKO, and statistical significance was shown in 

KO+VaccineKO. 

 

4. Discussion 

In this study, an in vitro cytotoxicity assay found that immunization with 

TSG-6 KO cells increased the immune response against tumor cells. The growth of 

tumor cells was inhibited by sera and immune cells derived from mice immunized 

with KO-4T1 tumor cells. Next, in vivo tumor models were administered with 

immune cells with activated anti-tumor immunity and serum produced against 

tumor antigens. In an adoptive cell transfer experiment, tumor growth was 

inhibited by inducing an increase in anti-tumor immune cell invasion and systemic 

immune activation in the tumor microenvironment. However, it showed 

insufficient effect to prevent metastasis of tumor cells to other tissues. Although 

there is also a possibility that the supply of immune cells and antibodies was not 

sufficient, it is thought that the effective presentation of tumor antigens to APCs 
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was not made smoothly in that the degree of systemic cytotoxic T cell activation 

was insufficient. 

Accordingly, TSG-6 KO cells themselves were used as therapeutic cancer 

vaccines to provide an opportunity to present more tumor antigens directly to APCs 

in the body to induce systemic anti-tumor immunity. Gamma ray irradiation was 

used to alleviate concerns about injecting cancer cells into the body. Irradiated 

cancer cells stopped proliferating within 48 hours of incubation, and almost all 

cells died due to irradiation-induced apoptosis after 7 days. Irradiation-induced cell 

death occurs due to various pathways, and regulation of various gene signals 

occurs (Zhou L et al., 2003). In particular, it is known that tumor antigen 

expression is upregulated due to these genetic changes, thereby modulating the 

immunogenicity of tumor cells (Lumeng Luo ML et al., 2019). I confirmed such 

signal regulation in irradiated TSG-6 KO cells at the mRNA level. The increase in 

known immune stimulants, GM-CSF and TGF-β, did not show a difference 

between the two groups, but the expression levels of the MHC class I related gene 

H2K1 and another immune activating factor, TNF-α, were significantly increased 

in irradiated KO-4T1 cells. Since MHC class I decreased or inhibited cancer cells 

are hard to eliminated by T cells (Schaer DA et al., 2018), irradiated cells 

expressing increased MHC class I could be gradually decomposed into cell debris 

and phagocytosed by several APCs present in lymphoid organs such as spleen, and 

it is thought that they successfully presented tumor antigens with increased 

expression to the immune surveillance system. On the other hand, the expression of 

the IL-6 gene was rather decreased in KO-4T1 cells. IL-6 is known to trigger a 

cytokine storm due to excessive inflammatory response, which is an 

immunotherapy-related serious complication (Tanaka T et al., 2016). Therefore, 
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the TSG-6 KO cell vaccine was expected to have a more stable therapeutic effect 

than the naïve cancer cell vaccine. It has not been confirmed whether a cytokine 

storm occurred, but the group given the SC-4T1 cell vaccine showed more rapid 

death of the experimental animals than the control group. Therefore, a further study 

on the correlation between the TSG-6 KO cancer cell vaccine and the incidence of 

cytokine storm in the treatment group would be meaningful. 

As a result of immunotherapy using TSG-6 KO cell vaccine, the treatment 

effect was successfully improved in mouse BC model compared to naïve cancer 

cell vaccine. In mice administered with the TSG-6 KO cell vaccine, systemic 

immune activation was increased compared to the group administered with the 

naïve cell vaccine, resulting in tumor growth inhibition, reduction of lung and 

spleen metastasis, and increased survival. And the therapeutic effect was further 

improved when the suppression of tumor-secreted TSG-6 was accompanied. These 

are very encouraging result that the use of TSG-6 KO cell vaccine and a treatment 

targeting TSG-6 in the TME will bring about improved therapeutic effect. For 

clinical application of these results, it seems necessary to check whether existing 

treatments or immunotherapies have an effect on TSG-6 in TME, or to develop a 

method directly targets TSG-6 in cancer cells. The application of in vivo CRIPSR, 

which has recently emerged, can be considered, but an appropriate targeting 

technology into the tumor microenvironment should be used in combination 

(Manguso RT et al., 2017; Xing H & Meng LH, 2020). 

BC is known to be less immunogenic compared to other carcinomas. And 

disclosed specific cancer antigens were also poor, so an effective therapeutic 

vaccine had not been developed. In this study, whole cell vaccine was attempted as 

BC immunotherapy in order to target all potential TSAs/TAAs present in tumor 
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cells. The therapeutic mechanisms of the TSG-6 KO cancer vaccine are to suppress 

the expression of PD-L1 and B7-H3 present in tumor cells, and to increase the 

expression of cancer antigen by TSG-6 KO and irradiation to enhance the antigen 

presentation ability to APC, leading to the activation of innate and acquired 

immune systems (Figure 44). However, whether antibodies specific for tumor 

antigen are produced in the 4T1 cell line and to what extent antibody production is 

increased by administration of the TSG-6 KO cell vaccine were not discovered. But, 

along with the results of previous studies that the production of antigen-specific 

antibodies increased in tumor cells with improved immunogenicity, and anti-tumor 

antibody production increased in a study that reduced immune evasion of tumor 

cells using ICI, and through the increase in MHC II expression of plasma cells 

could contribute to indirect demonstration (Liu L et al., 2018). 

Additionally, if the TSG-6 KO vaccine is expected to act similarly to the 

patient-specific neoantigen vaccine. Several clinical trials evaluating neoantigen 

vaccines have shown promising results with improved patient survival (Hu ZT et 

al., 2021). Recent clinical studies have yielded that anti-tumor activity increased 

when patients were treated with neoantigen vaccines combined with ICIs. 

Therefore, TSG-6 KO vaccine is thought to have therapeutic potential as a 

monotherapy or combination therapy, and evaluation is required (Burris HA et al., 

2019; Cillison ML et al., 2021). 

In this study, novel cancer vaccine and adoptive therapies were developed, 

which are pioneering immunotherapies using TSG-6 KO cells based on mechanistic 

studies. It is expected to contribute to the development of human and veterinary 

TNBC BC immunotherapy by presenting an original therapeutic cell vaccine 
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design and confirming the effectiveness of tumor-secreting TSG-6 suppression 

treatment. 
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Figure 34. Development of TSG-6 KO whole-cell vaccine. Significance was 

determined by Bonferroni’s multiple comparisons test, *P ≤ 0.05. a Gamma 

irradiation was applied on naïve 4T1 and KO-4T1 cells. CCK analysis (n=10) 

confirmed the inhibition of cell proliferation in irradiated cancer cells compared to 

naïve 4T1 cell. b Irradiated cancer cells underwent apoptosis and cell death in 7 

days. c The apoptosis occurred in irradiated cancers cells was observed under a 

microscope over time. d Changes in gene expression in irradiated SC-4T1 or KO-

4T1 cells under apoptosis were confirmed by RT-qPCR over time. Significance 

was determined by Bonferroni’s multiple comparisons test, *P ≤ 0.05. 
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Figure 35. In vitro cytotoxicity assay on 4T1 breast cancer cells. Splenic 

immune cells were isolated from immunized mice with SC-4T1 (SC-ACT) or KO-

4T1 cells (KO-ACT). Cytotoxic activities of isolated immune cells against murine 

breast cancer cells were tested. The proliferation of cancer cells co-cultured with 

SC-ACT or KO-ACT was compared by CCK-8 assay. Significance was determined 

by Bonferroni’s multiple comparisons test, *P ≤ 0.05. 
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Figure 36. Tumor growth after adoptive cell transfer using TSG-6 KO cell-

immunized mice. a Schematic illustration of adoptive cell transfer experiment. 

Mouse cancer models were treated with sera and splenic immune cells isolated 

from immunized mice with naïve 4T1 (naïve 4T1 group), SC-4T1 (SC-ACT group) 

or KO-4T1 (KO-ACT group) cells. b Changes in body weight of mice in each 

group during the experiment. Significance was determined by Bonferroni’s 

multiple comparisons test, * P ≤ 0.05. c The size of the isolated mass was 

confirmed. Scale bars = 1 cm. Changes in tumor volume of mice in each group 

during the experiments (bottom left). After the end of the experiment, the mass was 

isolated and weighed (bottom right). Significance was determined by Bonferroni’s 

multiple comparisons test, *P ≤ 0.05. 
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Figure 37. Tumor metastasis after adoptive cell transfer using TSG-6 KO cell-

immunized mice. a Spleen index (spleen weight (mg)/mouse weight (10g)) in 

naïve 4T1, SC-ACT, and KO-ACT group was compared to control group. 

Significance was determined by Bonferroni’s multiple comparisons test, *P ≤ 0.05. 

b Lung metastasis was evaluated both macroscopically and microscopically. 

Metastatic nodules on the lungs were identified and marked with black arrow. 

Microscopic metastatic lesions were detected on H&E stained lung tissue slides 

under the microscope. Metastatic lesions were marked with red lines. The tumor 

area was comparing between groups using Image J. Significance was determined 

by Kruskal-Wallis test, *P ≤ 0.05. 
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Figure 38. Population of tumor-infiltrated lymphocytes after adoptive cell 

transfer using TSG-6 KO cell-immunized mice. a Immune cell infiltration in the 

tumor microenvironment was analyzed by immunofluorescence results. DAPI 

(blue)/FITC (green)/PE (red) staining showed CD11b+/CD11c+ (M1 type 

macrophage), CD11b+/CD206+ (M2 type macrophage), CD3+/CD8α+ (cytotoxic 

T), or CD4+/Foxp3+ (regulatory T) cells (n=6). Scale bars = 125 μm. b Fluorescent 

cells were counted under a microscope. Significance was determined by 

Bonferroni’s multiple comparisons test, *P ≤ 0.05. 
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Figure 39. Systemic immune response after adoptive cell transfer using TSG-6 

KO cell-immunized mice. a Systemic immunity was analyzed with flow 

cytometry. b Populations of M1 or M2 type macrophages and regulatory T cells 

were compared between groups. Significance was determined by Bonferroni’s 

multiple comparisons test, *P ≤ 0.05. 
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Figure 40. Survival of breast cancer mouse model treated with TSG-6 KO 

whole-cell vaccine. a Schematic illustration of cancer vaccine treatment 

experiment. After tumor cells were injected in immunocompetent mice, naïve cell 

vaccine or TSG-6 KO vaccine was treated three times a week apart. b Changes in 

body weight of mice in each group during the experiments. No significant 

differences were found between groups in the Bonferroni’s multiple comparisons 

test. c Survival curves of mice (n=5 per each group). Significant differences in 

survival rate was compared with control (SC+DPBS) group using the Long-Rank 

test, *P ≤ 0.05. 
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Figure 41. Tumor growth and metastasis in breast cancer mouse model treated 

with TSG-6 KO whole-cell vaccine. a Changes in tumor size of mice in each 

group was compared by Bonferroni’s multiple comparisons test, *P ≤ 0.05. Scale 

bars = 1 cm. Vaccine treatment is indicated as blue arrow. b The spleen index 

(spleen weight (mg)/mouse weight (10g)) was compared to control (SC+DPBS) 

group with Bonferroni’s multiple comparisons test, *P ≤ 0.05. Scale bars = 1 cm. 

c Lung metastasis was evaluated both macroscopically and microscopically. 

Metastatic nodules on the lungs were identified and marked with black arrow. 

Microscopic metastatic lesions were detected on H&E stained lung tissue slides 

under the microscope. Metastatic lesions were marked with red lines. The tumor 

area was comparing between groups using Image J. H&E stained tissue slides were 

obtained using x100 microscope objectives. Significance was determined by 

Kruskal-Wallis test, *P ≤ 0.05. 
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Figure 42. TSG-6 KO whole-cell vaccine therapy induce activation of cytotoxic 

T cells. Systemic immunity was analyzed with splenic immune cells using flow 

cytometry. Activated cytotoxic T cells, IFN-γ+ cell subpopulations were defined 

from CD3+/CD8α+ cells selected as double-fluorescent populations in FL1 (FITC) 

versus FL2 (PE) dot plots. b Triple fluorescent immune cells were compared 

between groups. Significance was determined by Dunn’s multiple comparisons test 

(n=10). *P ≤ 0.05. 
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Figure 43. TSG-6 KO whole-cell vaccine therapy induce systemic immune 

activation. Systemic immunity was analyzed with splenic immune cells using flow 

cytometry. Populations of activated cytotoxic T cells, M1 or M2 type macrophages, 

helper T cells, and plasma cells were detected as double-fluorescent staining. b 

Double fluorescent immune cells were compared between groups. Significance was 

determined by Dunn’s multiple comparisons test (n=10). *P ≤ 0.05. 
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Figure 44. Mechanism of increasing immunogenicity of TSG-6 KO tumor cell 

vaccine. Tumor cells use immune evasion systems such as PD-L1 and B7-H3 to 

evade in vivo immune surveillance. TSG-6 KO in cancer cell suppresses the 

expression of PD-L1 and B7-H3 presented on cell surfaces. This activates nearby 

macrophages and cytotoxic T cells, increasing the presentation of both known and 

unknown tumor antigens to APCs. Consequently, TSG-6 KO cancer cell activates 

both cytotoxic and humoral antitumor immune systems to kill cancer cells. TSG-6, 

Tumor necrosis factor-stimulated gene 6; APC, Antigen-presenting cell; PD-L1, 

Programmed death-ligand 1; PD-1, Programmed cell death protein 1; B7-H3, B7 

homolog 3 protein; MHC II, Major histocompatibility complex; Sca-1, Syndecan-1; 

TAAs, Tumor-associated antigens; TSAs, Tumor-specific antigens.
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Table 5. Table of RT-qPCR primer sequences in Chapter 3 

m, Mouse; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; H2K1, Histocompatibility 2, K1; GM-CSF, Granulocyte-macrophage colony-

stimulating factor; IL, Interleukin; HMGB1, High mobility group box 1; TGF- β, Transforming growth factor-β; TNF-α, Tumor necrosis factor 

alpha; *: NCBI Accession number.

Genes Forward (5’-3’) Reverse (5’-3’) References 

mGAPDH GGTGCTGAGTATGTCGTGGA AGTGAGTTGTCATATTTCTCGTGGT GU214026.1* 

mH2K1 AGA TTC CCC AAA GGC CCA TG CAC CAC AGA TGC CCA CTT CT NM_001001892.2* 

mGM-CSF CGTTCCCCTGGTCAGTGTC CCGCTGGCCTGGATCTTC (Wright CR et al., 2015) 

mIL-6 AGGCTTAATTACACATGTTCTCTGG TTATATCCAGTTTGGTAGCATCCAT M24221.1* 

mHMGB1 GTT CTG AGT ACC GCC CCA AA CCC TTT TTC GCT GCA TCA GG NM_001313894.1* 

mTGF-β AAA CTA AGG CTC GCC AGT CC CAT AGA TGG CGT TGT TGC GG NM_011577.2* 

mTNF-α TCAAACCCTGGTATGAGCCC ACCCATTCCCTTCACAGAGC (Zhang Y et al., 2019) 
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GENERAL CONCLUSION 

 

The purpose of this study is to analysis the role of tumor-secreting TSG-6 

in the BC microenvironment and to evaluate anti-cancer effect of TSG-6 KO 

therapeutic cancer vaccine. First, the potential of TSG-6 as a therapeutic target in 

the canine BC microenvironment was evaluated in vitro using TSG-6 specific 

siRNA. Then, TSG-6 KO cancer cell was established using CRISPR/Cas9, to 

determine whether TSG-6 KO cells increase the immunogenicity of tumor cells in 

vivo. Finally, TSG-6 KO whole cell vaccine was developed to improve treatment 

efficiency of therapeutic cancer vaccine.  

 

In the first experiment; 

1. TSG-6 secreted by tumor cells effects on cancer cell proliferation, 

migration, and invasion within the TME. 

2. TSG-6 can regulate the cancer stem cell marker CD44 and immune 

checkpoint protein PD-L1, which are expressed by tumor cells. 

3. TSG-6 secreted by tumor cells regulate nearby immune cells, such as 

activating M1 phenotype of TAMs and cytotoxic T cells. 

4. TSG-6 secreted by tumor cells also regulates CTLA-4 and PD-1 

expression on immune cells. 

 

This study confirms that TSG-6 was found to interact with both tumor and 

immune cells in the BC microenvironment, inhibiting both cellular and humoral 
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immunity in TME in vitro. Therefore, TSG-6 is considered to have a potential as 

strong therapeutic target to modulate TME. 

 

In the second experiment; 

1. TSG-6 modulated tumor growth, migration, invasion, and immune 

checkpoint protein expression (PD-L1, B7-H3). 

2. Suppression of TSG-6 in tumor cells inhibited tumor growth and 

metastasis in TNBC mouse model. 

3. Suppression of TSG-6 in tumor cells activated both cellular and humoral 

immunity, increasing local and systemic anti-tumor effects. 

 

This study confirmed that suppression of TSG-6 in tumor cells is an effective 

therapeutic target to increase in tumor immunogenicity in the TNBC mouse model. 

TSG-6 KO cells themselves provide various antigens present in BC cells to the 

immune surveillance system as immunogens could be combined with 

immunotherapy to improve cancer treatment efficiency. 

 

In the third experiment; 

1. Adoptive cell transfer using sera and immune cells derived from 

immunized mouse with TSG-6 KO cells inhibited tumor growth and 

increased M1 type macrophage and cytotoxic T cell invasion in the tumor 

microenvironment. 

2. TSG-6 KO cell vaccine using gamma ray irradiation was elevated at the 

mRNA level of the MHC class I related gene H2K1 and immune 
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activating factor TNF-α, and decreased mRNA level of IL-6 compared to 

naïve cell vaccine. 

3. Immunotherapy using TSG-6 KO cell vaccine activated systemic immune 

activation, inhibited tumor growth and lung/spleen metastasis, and 

prolonged survival in mouse BC model compared to naïve cancer cell 

vaccine. 

4. The therapeutic effect of TSG-6 KO cell vaccine was further improved 

when the suppression of tumor-secreted TSG-6 was accompanied. 

 

In this study, novel design of cancer vaccine was developed, which is 

pioneering immunotherapy along with mechanistic studies about the role of TSG-6 

in BC microenvironment. This study provides a rationale for suppressing TSG-6 

secretion by tumor cells as a highly effective therapeutic strategy. These results are 

expected to contribute to the investigation of the immune evasion mechanism of 

tumor cells in the microenvironment and development of TNBC immunotherapy 

for humans and animals. 
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국 문 초 록 

 

종양 분비 TSG-6 단백질의 

역할 분석 및 TSG-6 녹아웃 암 

백신의 치료 효능 평가 
 

이정화 

(지도교수 윤화영) 

서울대학교 대학원 

수의과대학 임상수의학 (수의내과학) 전공 

 

Tumor necrosis factor alpha-induced gene 6 (TSG-6)는 체내 염증 상태

에서 과도한 면역 반응을 조절하는 데 핵심적인 역할을 하며 줄기 세포

의 증식 및 성장과 관련이 있다. 최근 연구에 따르면 종양 세포 역시 

TSG-6을 분비하며, 이는 종양의 악성도 및 암환자의 예후와 연관이 있다

고 알려졌다. 그러나 종양 세포에 의한 TSG-6 분비를 억제하는 것이 종

양 미세 환경 (Tumor microenvironment, TME) 내에서 면역 체계와 암 성

장을 조절할 수 있는지 여부는 불분명하다.  
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첫 번째 파트에서, 암세포의 TSG-6 생산을 하향 조절하기 위해 

TSG-6-specific siRNA (siTSG-6)를 개 및 인간 유방암 세포 (CIPp, CIPm 및 

BT-20)에 형질 감염시켰다. siTSG-6에 형질 감염된 암세포 (siTSG-6 그룹)

에서 CD44 및 programmed cell death 1 ligand 1 (PD-L1)의 발현은 mRNA 및 

단백질 수준에서 감소하였다. 또한 nuclear factor kappa-light-chain-enhancer 

of activated B cells (NF-κB), signal transducer and activator of transcription 3 

(STAT3), 그리고 SRY-Box Transcription Factor 2 (Sox2)의 mRNA 발현 수준

도 감소하였는데, 이들 변화는 TSG-6가 종양 세포의 성장 및 stem cell-

like 특성을 조절하는 인자임을 보여주었다. 또한 siTSG-6 그룹 세포들은 

시험관 내에서 암세포 증식, 이동, 그리고 침습 능력이 감소했다. 이들 

세포와 개 면역세포를 공동 배양하여 TME를 시험관 내에서 재현하였는

데, M1 type macrophage와 cytotoxic T cell 비율과 활성화 수준이 일반 4T1 

세포와 공동 배양했을 때보다 더욱 증가하였다 (P<0.01, P<0.0001, each). 

이들 면역세포들의 cytotoxic T-lymphocyte–associated antigen (CTLA-4) 발현

은 감소하고, increase the expression of programmed cell death receptor 1 (PD-1) 

발현은 증가해 TSG-6가 TME 내 면역체계의 조절자임을 확인했다. 

두 번째 파트에서, 마우스 유방암 세포주 4T1에서 종양 분비 
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TSG-6가 종양 성장, 이동, 침습, stemness 연관 마커 (CD44, NF-κB, STAT3, 

and Sox2), epithelial-mesenchymal transition (EMT) 마커 (N-cadherin, E-

cadherin, VE-cadherin) 그리고 면역 관문 단백질 (PD-L1, B7 homolog 3 (B7-

H3))을 조절한다는 것을 Chapter 1에서와 동일한 방법으로 확인했다. 동

계 triple negative breast cancer (TNBC) 마우스 모델을 확립하기 위해 TSG-

6 특이적인 single guide RNA (sgRNA)를 설계해 CRISPR 유전자 편집을 

수행하였으며, 결과적으로 TSG-6 knock out (KO) 세포주 (KO-4T1) 및 대조

군 세포주 (SC-4T1)를 성공적으로 확립했다. 이어서 일반 4T1, SC-4T1, 

그리고 KO-4T1 세포들을 각각의 면역능을 보유한 마우스 그룹에 피하 

주사해 유방암 모델을 제작했다 (일반 4T1 그룹, SC-4T1 그룹, 그리고 

KO-4T1 그룹으로 표기). KO-4T1 그룹 마우스에서는 일반 4T1이나 SC-

4T1 그룹 마우스에서 보다 종양의 성장 (P<0.00001) 및 폐/비장 전이가 

억제되었으며, 국소적 그리고 전신적인 면역 활성화 정도가 증가했다 

(P<0.001). 이는 종양 특이적으로 TSG-6를 억압한 것이 암세포 표면의 

PD-L1과 B7-H3의 발현을 억제하여 면역원성을 증진시키고, 종양세포의 

EMT 과정을 효과적으로 억제했기 때문으로 생각되었다. 
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세 번째 파트에서, 시험관 내 세포독성 분석을 수행한 결과 KO-

4T1 세포로 면역화한 마우스에서 추출한 혈청 및 면역 세포에 의해 종

양 세포의 성장이 억제됨을 발견했다 (P<0.00001). 이어서 KO-ACT 세포

를 마우스 유방암 모델에 입양 세포 치료한 결과, 종양 미세환경 내로 

면역세포의 침습과 M1 type macrophage의 전신적 활성화가 증가함으로써 

종양의 성장을 억제했다 (P<0.0001). 그러나, cytotoxic T cell의 전신적 활

성화는 충분히 증가하지 않았으며, 이에 종양의 전이를 억제하지는 못했

다. 따라서, KO-4T1 세포 자체에 감마선 조사법을 통해 암백신을 제작, 

암 치료 효과를 유도하고자 했다. 방사선 조사된 종양세포들은 48시간 

이내에 증식을 멈추었으며, 거의 대부분 세포가 7일 내에 방사선에 의한 

세포자멸사 및 사멸을 겪었다. 방사선 조사한 KO-4T1 세포의 유전자 발

현 변화를 확인하였을 때, histocompatibility 2, K1 (H2K1)와 tumor necrosis 

factor alpha (TNF-α)의 증가와 interleukin-6 (IL-6)의 감소가 확인되었다. 이

에 마우스 유방암 모델에 대해 TSG-6 KO 세포백신을 이용한 면역치료를 

시도하였으며, 일반 암세포 백신에 비해 치료 효과가 성공적으로 개선되

었다. TSG-6 KO 세포백신으로 치료된 그룹에서는 전신 면역 활성화가 증
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가하여 종양 성장 억제 (P<0.0001), 폐 및 비장 전이 감소 (P<0.0001) 및 

생존율 증가 (P<0.01)가 나타났다. 그리고 이러한 치료 효과는 종양 분비 

TSG-6의 억제를 동반하였을 때 더욱 향상되는 것으로 나타났다. 

결론적으로, TSG-6는 말초 면역 세포의 활성화를 감소시키고 시

험관내 및 생체내 모두에서 종양의 성장, 침윤 및 전이에 영향을 미친다. 

TSG-6는 또한 TME 내의 면역 세포 및 암세포에서 면역 관문 단백질의 

발현을 조절함으로써 암의 면역 회피 능력을 조절한다. TSG-6 KO 세포는 

유방암 세포에 존재하는 tumor associated antigens (TAAs)/tumor specific 

antigens (TSAs)를 면역원으로 면역 감시 시스템에 제공하고, APC에 대한 

항원 제시를 향상시켜 선천 및 후천 면역 시스템의 활성화를 유도한다. 

따라서, 종양 세포에서 TSG-6의 억제는 국소 및 전신적으로 항종양 면역

의 증가를 유도하고 TNBC 동물 모델에서 종양 면역원성의 증가를 유도

하는 효과적인 치료 표적이다. 그리고 TSG-6 KO 세포 자체를 면역 요법

과 결합하여 암 치료 효율을 향상시킬 수 있었다는 점에서, TSG-6 KO 전

략을 개 및 인간 유방암 환자 치료제 개발에 적용한다면 난치성 종양 환

자의 성공적인 면역 활성화로 이어질 것으로 생각된다. 
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주요어: TSG-6, 면역 회피, 면역관문 단백질, 삼중음성 유방암, 

상피간엽이행, 종양 미세환경, 종양 백신, 항암 면역 치료 
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