
  

 

 

 

 

 

 

APPROVAL SHEET 

 

 

 

Title of Dissertation: “High Mobility Group Box 1 (HMGB1) enhances immune 

suppression by regulating Myeloid-Derived Suppressor Cell (MDSC) differentiation, 

function, and survival.”  
 

 

Name of Candidate: Katherine Parker 

   Doctor of Philosophy, 2015 

 

 

 

 

 

Dissertation and Abstract Approved: ___________________________ 

     Suzanne Ostrand-Rosenberg 

     Professor of Biological Sciences 

Robert and Jane Meyerhoff 

Professors of Biochemistry 

 

 

 

 

Date Approved: ________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

ABSTRACT 
 

 

 

 

Title of Document: HIGH MOBILITY GROUP BOX 1 (HMGB1) 

ENHANCES IMMUNE SUPPRESSION BY 

REGULATING MYELOID-DERIVED 

SUPPRESSOR CELL (MDSC) 

DIFFERENTIATION, FUNCTION, AND 

SURVIVAL 

  

 Katherine Helene Parker, Ph.D., 2015 

  

Directed By: Dr. Suzanne Ostrand-Rosenberg, 

Professor, Biological Sciences, 

Robert and Jane Meyerhoff, Professors of 

Biochemistry, Department of Biological 

Sciences 

 

 

 

Chronic inflammation is associated with malignant transformation and tumor 

progression. The immune system also plays a role in tumor progression, with tumor 

immune escape recognized as a hallmark of cancer.  During tumor immune escape, tumor 

cells produce inflammatory molecules that promote the accumulation and function of 

myeloid-derived suppressor cells (MDSC). Therefore, inflammation promotes tumor 

progression through the induction of MDSC, which inhibits the development of anti-

tumor immunity. Since the damage associated molecular pattern molecule (DAMP) and 

alarmin high mobility group box protein 1 (HMGB1) are pro-inflammatory and are 

binding partners, inducers, and/or chaperones for many of the pro-inflammatory 

molecules that drive MDSC, we examined HMGB1 as a potential regulator of MDSC. 

Using murine tumor systems, this dissertation demonstrates that HMGB1 is ubiquitously 

present in the tumor microenvironment, that HMGB1 can activate MDSC via the NF-κB 



  

signal transduction pathway, and that HMGB1 regulates MDSC quantity, quality, and 

survival. HMGB1 drives MDSC development from bone marrow progenitor cells and 

promotes MDSC accumulation in the tumor, spleen, and blood of tumor-bearing mice. 

Additionally, HMGB1 helps MDSC suppress antigen-driven activation of CD4+ and 

CD8+ T cells, increases MDSC production of the type 2 cytokine IL-10, enhances 

crosstalk between MDSC and macrophages, and facilitates MDSC’s ability to down-

regulate expression of the homing receptor L-selectin on naive T cells. It is well 

appreciated that HMGB1 facilitates tumor cell survival by inducing autophagy. 

Therefore, we sought to determine if HMGB1 regulates MDSC survival through the 

induction of autophagy. Inhibition of autophagy or HMGB1 increased the quantity of 

apoptotic MDSC, demonstrating that autophagy and HMGB1 prolong the survival of 

tumor-induced MDSC. Circulating tumor-induced MDSC have a default autophagic 

phenotype, while tumor-infiltrating MDSC are more autophagic. This heightened 

autophagic state is consistent with the notion that inflammatory conditions within the 

microenvironment of solid tumors contributes to tumor progression by enhancing 

immune suppressive MDSC. Taken together, these results demonstrate that the 

inflammatory molecule HMGB1 contributes to tumor progression by driving the 

development, function, and viability of MDSC. Therefore, the immunosuppressive 

activities of HMGB1 must be considered when designing cancer immunotherapies. 
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Chapter 1: Introduction 

A. Opening remarks 

In this dissertation I will discuss the research I have conducted and give an 

explanation of my results, but will first start with an introduction to immunology. The 

introduction will describe the immune system, how cancer arises, and how the body can 

fight cancer, as well as barriers to anti-tumor immunity and lastly, discuss forms of 

cancer treatment. This background information will supply the reader with sufficient 

knowledge of the immune system to understand the experiments described in this 

dissertation.   

B. Innate and adaptive immunity 

The immune system is divided into innate and adaptive immune responses. An 

innate immune response occurs rapidly, in a matter of hours, in reaction to exposure from 

an infectious particle, bacteria, and allergens, while an adaptive immune response can 

take days. The innate immune response consists largely of phagocytes and soluble anti-

microbial compounds that recognize common molecular surface markers and facilitate 

clearance of the foreign particle (1).  

The soluble molecules of the innate immune response include complement, 

lysozyme, and interferons (IFN). Complement is made of a group of proteins found in an 

inactive state in serum. During an immune response complement proteins are converted 

into their active form, allowing them to damage the membrane of pathogens. Lysozyme 

is a hydrolytic enzyme with the ability to cleave peptidoglycan components of bacterial 

cell walls. Interferons are a group of proteins released by virus infected cells that 

stimulate a heightened immune responsive state. A key feature of the innate immune 
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system is the utilization of pattern recognition receptors, such as Toll-Like Receptors 

(TLRs), to initiate a response in the form of these soluble molecules. Pattern recognition 

receptors can bind a plethora of pathogens, which allows for a quick response by the 

innate immune system (1).  

The adaptive immune system, in contrast to the innate immune system, displays a 

high level of specificity in response to antigens. Only when an antigen has been identified 

by its specific receptor, not a general pattern recognition receptor is the adaptive immune 

system activated. The term antigen describes a substrate that is capable of inducing an 

immune response. The adaptive immune response has four unique characteristics; antigen 

specificity, diversity, immunogenic memory, and self-nonself recognition. Specificity 

refers to the immune system’s ability to distinguish between two proteins that differ by as 

little as one amino acid. The immune system is highly diverse in that it generates billions 

of recognition molecules (T cell receptors (TCRs) and antibodies), all of which are 

uniquely compatible with a specific antigen. Another critical component of the adaptive 

immune system is its ability to generate immunologic memory. Immunologic memory is 

generated after an initial response to an antigen. Upon a second encounter with the same 

antigen a heightened immune response is activated, which can allow extended immunity 

against that specific antigen. Lastly, the ability of the immune system to identify self-

versus non-self is vital. Inappropriate immune response to self-antigens causes harmful 

autoimmune diseases that can be life threatening (1).  

C. How cancer occurs  

Cancer is the second most common cause of death in the United States. For 2014 

it was estimated that 585,720 Americans died of cancer, roughly at a rate of 1,600 per 
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day, with around 1,665,540 new cases diagnosed that same year (2). Therefore, 

understanding how cancer occurs and how we can treat it has been the focal point of a 

vast amount of research over the past hundred years.   

The transformation of a normal cell into a cancer cell is the result of a multi-step 

mutation process. Mutation can occur via environmental, viral, or genetic means. 

Environmental exposure to asbestos, ultraviolet light, DNA alkylating agents, tobacco 

smoke, and poor diet have all been linked to increased risks for cancer. Viral DNA from 

SV40, human papilloma, hepatitis B and C, human immunodeficiency, Epstein-Barr, and 

polyoma viruses have been shown to integrate randomly into host chromosomal DNA, 

thereby causing cancer. Lastly, genetic abnormalities in genes that regulate cell 

proliferation or cellular death such as, myc, K-ras, p53, and Bcl-2 are highly associated 

with tumorigenesis.  

D. The immune response to cancer 

Transformed cells that are not eradicated and become cancerous can be eliminated 

by the immune system through antigen-specific responses, and non-antigen-specific 

responses. Antigen-specific responses are induced by cytotoxic T lymphocytes (CTLs) 

recognizing tumor antigens expressed on major histocompatibility complex I (MHC) of 

tumors. Non-antigen-specific responses are mediated by natural killer cells (NK cells) 

and macrophages, and do not depend on MHC expression. Fc receptors on NK cells and 

macrophages can bind to antibody coated tumor cells resulting in antibody-dependent 

cellular cytotoxicity (ADCC). Another mode of anti-tumor activity facilitated by 

macrophages is mediated through the expression of lytic enzymes, reactive oxygen 

species (ROS), nitrogen intermediates, and the production of tumor necrosis factor alpha 
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(TNF-α). While the immune system expresses multiple modes for recognizing and 

eliminating transformed cells, the body cannot effectively eliminate all tumors, therefore 

some tumors escape the immune system. 

It has been demonstrated that tumors go through a process called immunoediting 

which embodies three phases (1) elimination, (2) equilibrium, and (3) escape (3) (Figure 

1). This process of immunoediting describes how tumors are able avoid elimination by 

the immune system (3).  
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Figure 1: Tumors can be eliminated by or escape the immune system. Normal tissue 

becomes transformed through various random mutations that can alter cell cycle. Mutations 

can occur as result of exposure to carcinogens, inherited genetic defects, or chronic 

inflammation resulting in transformed cells that divide at an uncontrolled rate. These 

transformed cells release danger signals and express tumor antigens that designate 

themselves as tumor cells. This designation allows tumor cells to be targeted for elimination 

by dendritic cells (DC), macrophages, NK cells and T cells, through the aid of adaptive and 

innate immunity. However, since transformed cells are a result of random mutations every 

once in a while tumor cells become immune evasive and go in a phase of editing and 

dormancy. Due to constant immune selection pressure genetically unstable tumor cells can 

emerge out of the equilibrium phase. These immune evasive and immune suppressive tumor 

cells are no longer recognized, as a result of loss of antigen and MHC, and are able to 

induce immune suppression. Immune suppression takes the form of releasing tumor 

promoting cytokines transforming growth factor beta (TGF-β), indoleamine 2,3-

dioxygenase (IDO), as well as promoting immune suppressive cells such as, myeloid-

derived suppressor cells (MDSC) and regulatory T cells (Tregs) which hold the ability to 

suppress T cell activation. 



 

6 

 

D1. Elimination  

During the process of elimination the innate and adaptive immune systems work 

in synergy to identify and destroy a developing tumor. The process of elimination is 

initiated when the innate immune system detects tumor development and responds by 

activating an adaptive immune response. The innate response can be sparked by danger 

signals such as damage associated molecular pattern molecules (DAMPs), for example 

high mobility group box 1 (HMGB1). DAMPs such as HMGB1 are released from dying 

tumor cells or from surrounding tissue that is damaged during tumor growth (4). Binding 

of a DAMP to its reciprocal receptor on an innate immune cell causes the release of pro-

inflammatory cytokines that enables the development of an anti-tumor adaptive response 

(5).  Detection of tumor development can be achieved through recognition of tumor cell 

expressed stress ligands such as MICA/B. These stress ligands induce the release of pro-

inflammatory cytokines which promote the development of a tumor-specific adaptive 

immune response (5). Activation of the adaptive immune system plays a critical part in 

the process of elimination as effector CD4+ and CD8+ T cells have the power to eliminate 

tumor cells.  

D2. Equilibrium  

Occasionally the adaptive immune system can prevent tumor cell growth, while 

unintentionally at the same time sculpting the immunogenicity of the tumor, this phase is 

called equilibrium (3). During this equilibrium phase tumor cells can lie dormant for 

decades before resuming growth as either metastases or recurrent primary tumors (6). 

Confirmation that tumor cells lie dormant for prolonged periods of time came from 

experiments showing that immunocompetent mice given low doses of the carcinogen 3’-

methylcholanthrene possessed dormant cancer cells however, over an extended period of 
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time the mice did not develop tumors (7). Only when the immune system of these mice 

was compromised, through treatment with monoclonal antibodies targeting T cells and 

IFN-γ, was rapid tumor outgrowth observed. Further analysis into this process revealed 

that adaptive immunity in the form of CD4+ and CD8+ T cells, as well as IL-12 and IFN-

γ, were responsible for maintaining tumor cells in the equilibrium phase. Therefore, the 

immune system can keep tumor cells at bay and dormant however, if the immune system 

is weakened, these dormant tumor cells will capitalize and proliferate at rapid rates. It is 

thought that these dormant tumor cells are under selective pressure which selects for the 

most immune evasive mutations allowing the tumor to be successful in evading 

elimination (3).  

D3. Escape 

The process of tumor escape is accomplished by the tumor acquiring the ability to 

evade immune recognition and/or destruction, and emerge as a progressively growing 

tumor. Tumor cells evade the immune system through decreased antigen recognition, due 

to the loss of tumor antigen expression and decreased expression of MHC I, which 

reduces the ability of the tumor cell to present antigens for recognition. Additionally, 

tumor cells can also lose the ability to process antigens, which concurrently results in 

reduced expression of tumor antigens (8). Overall, the loss of antigen presentation 

exhibited by tumor cells is thought to arise from the inherent genetic instability of tumors 

in combination with the process of immunoselection (9, 10). Immunoselection describes 

a process in which tumor cells mutate constantly until a poorly immunogenic variant that 

can escape the immune system is generated. The escape process can also be mediated by 

the establishment of an immunosuppressive state within the tumor microenvironment 
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(TME) (11). This immunosuppressive state is promoted by tumor cell produced vascular 

endothelia growth factor (VEGF), IDO, TGF-β, and the recruitment of 

immunosuppressive cells that inhibit anti-tumor immune responses (12). Interestingly, 

the DAMP HMGB1, which can initiate an anti-tumor immune response, also functions to 

promote tumor growth and immune suppression after a tumor has been established (13, 

14).  

E. Anti-tumor immunity barriers 

The ability of tumor cells to evade elimination results from the loss of antigen presentation, 

tumor-derived factors corrupting immune cells, manipulation of immune checkpoint molecules, and 

promotion of immune suppressive cells (Figure 2). The following sections will describe these 

mechanisms utilized by tumor cells to evade elimination.  
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E1. Loss of antigen presentation 

Frequently tumors have impaired antigen presentation as a result of 

downregulation of antigen processing machinery (15). Tumor cells also exhibit mutations 

in β-2 microglobuin, an essential component of MHC I molecules, as well as reduced 

transcription of MHC I which reduces recognition by effector CTLs (16).  By reducing 

antigen presentation tumors can effectively evade the immune system. 

Figure 2: Barriers to anti-tumor immunity. Within the TME tumors produces immune 

suppressive molecules including TGFβ, PGE2, VEGF, TSLP, and GM-CSF all of which 

can promote the induction of various immune suppressive cells. These immune 

suppressive cells include tumor-associated macrophage (TAMs), cancer-associated 

fibroblast (CAFs), Tregs, regulatory B cell (Bregs), plasmacytoid dendritic cell (pDC), 

and MDSC. Each of these immune suppressive cells are able to promote tumor growth by 

driving angiogenesis, migration, or by inhibiting immune reactive cells such as T cells, 

NK cells, DC, and macrophages. 



 

10 

 

E2. Tumor-derived factors corrupt immune cells 

Various cytokines produced by tumor cells have potent immunosuppressive 

qualities, including the promotion of immunosuppressive cells. Tumor-derived thymic 

stromal lymphoprotein (TSLP) induces mature dendritic cells to express OX40-L, which 

promotes the generation of Th2 cells, that in turn accelerates breast cancer development 

through the release of IL-4 and IL-13 (17). Accelerated tumorigenesis is attributed to IL-

4 and IL-13 preventing the apoptosis of tumor cells as well as stimulating tumor-

associated macrophages to produce epidermal growth factor, which in turn promotes 

tumor cell proliferation (18).  

Prostaglandin E2 (PGE2) is another pro-tumor cytokine in the TME that is also 

immunosuppressive, in that it promotes tumor growth by inhibiting tumor cell apoptosis 

and promoting neoangiogenesis (19, 20). PGE2 is a potent inflammatory mediator that is 

generated by COX2 (cyclooxygenase-2) conversion of arachidonic acid to PGG2 

(prostaglandin G2), and further modified by PGE synthase to PEG2. PGE2 encourages 

tumor growth by promoting angiogenesis, stimulating tumor cell proliferation, and 

protecting against apoptosis (21). Many human and mouse tumors as well as tumor-

infiltrating cells produce COX2 and PGE2  (22). In mouse models PGE2 promotes 

differentiation of immune suppressive MDSC, at the expense of DC (23, 24).   

VEGF is produced by most tumors and plays a vital role in neovascularization of 

tumors. Elevated levels of VEGF are associated with poor prognosis and impaired DC 

differentiation (25, 26). In a mouse tumor model VEGF neutralizing antibodies allowed 

for improved DC differentiation, leading to increased levels of mature DC (27, 28). 

Therefore, VEGF promotes tumor growth by weakening anti-tumor immunity through 

the inhibition of DC differentiation.  
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About 30% of human cancer cell lines spontaneously release granulocyte 

macrophage colony-stimulating factor (GM-CSF) (29). Tumors that release GM-CSF 

promote accumulation of immature myeloid cells, which is associated with impaired T 

cell activation (29-31).  

TGF-β is another tumor derived factor described as a pleiotropic 

immunosuppressive cytokine that inhibits T cell activation, proliferation, and 

differentiation (32). The immunosppressive capacity of TGF-β on T cells is accredited to 

the cytokine’s ability to repress the expression of perforin, granzyme A, granzyme B, Fas 

L, and IFN-γ, all of which mediate functionality of CTLs (33). TGF-β also promotes the 

induction of Tregs, which are immune suppressive T cells that inhibit anti-tumor immune 

responses (34, 35).  

While tumor-derived factors manipulate the environment into one that can support 

tumor growth, this environment also promotes the induction of immune suppressive cells. 

These immune suppressive cells such as Tregs and MDSC are induced by factors such as 

TGF-β, and can also generate immune suppressive molecules such as IL-10 produced by 

both Tregs and MDSC, and PGE2 produced by Tregs (23, 36). IL-10 functions as an anti-

inflammatory cytokine that prevents excessive inflammation and autoimmune 

pathologies however, in the TME immune suppressive cells exploit the anti-inflammatory 

properties of IL-10 (37). Both Tregs and MDSC produce IL-10 which contributes to their 

immunosuppressive phenotype. The immunosuppressive function of IL-10 results from 

its ability to impair DC function, and protect tumor cells from CTLs by downregulating 

TAP1 and TAP2 (38, 39). TAP1 and TAP2 are critical components of antigen processing 

machinery. Therefore, the TME generates a self-sustaining environment that promotes its 
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growth through self-generated factors, and by inducing immune suppressive cells that can 

also generate tumor promoting factors, as well as display immune inhibitory factors.  

E3. Manipulation of immune checkpoints 

When mounting an immune response against a tumor, tumor-specific antigens 

must be accessible to antigen presenting cells (APCs), so that APCs can activate effector 

T cells through ligation of the antigen-MHC complex to the TCR expressed on the T cell. 

The process of antigen presentation also requires co-stimulation, without co-stimulation 

T cells go into a nonresponsive state called anergy. Several molecules on T cells are able 

to function as co-stimulators including CD2, CD28, CD40, 4-1BB, OX40, ICOS, and 

LFA-1. However, CD28 signaling through CD80 or CD86 is the most robust enhancer of 

TCR signaling  (40). In an effort to maintain homeostasis after immune clearance, co-

inhibitory molecules function as immune checkpoints dampening the immune response 

(41). However, inappropriate regulation of these immune checkpoints interferes with the 

purpose of these molecules ensuring that an appropriate immune repose occurs for the 

proper length of time. Tumors have manipulated the function of these immune 

checkpoints, and express them as means to weaken the anti-tumor immune response.  

 One of the most studied immune checkpoint molecules is cytotoxic T lymphocyte 

antigen-4 (CTLA-4). CTLA-4 inhibits T cell activation by downregulating IL-2 

production, by binding co-stimulatory molecule (CD80) with a higher affinity compared 

to its activator ligand CD28 (42). Inhibition of CTLA-4 and CD80 interaction enhances 

anti-tumor immune responses (43). CTLA-4 is also able to down regulate CD80 and 

CD86 on APC, through an adhesion dependent mechanism (44). Additionally CTLA-4 

can physically remove ligands from APC by transendocytosis, causing lysosomal 
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degradation of the endocytosed molecule (45). Another immune checkpoint molecule is 

called programmed death-1 (PD-1), which binds PD-L1 or PD-L2, and reduces T cell 

activation (46). Inhibition of PD-L1 increased T cell-mediated tumor rejection as a result 

of reduced T cell apoptosis (47, 48). Tumor cells utilize these immune checkpoint 

molecules and exploit their immunosuppressive function in an effort to sustain their 

progression, thus highlighting another means that tumor cells can manipulate the immune 

system. The targeting of immune checkpoints as immunotherapies has seen great success 

in recent years, further information about clinical applications for these therapies can be 

found in the immunotherapeutics section of chapter 1.  

E4. Induction of immunosuppressive cells 

In the process of tumors establishing a tumor-supportive microenvironment the 

tumor promotes the induction of immune suppressive cells such as Tregs, TAMs, CAFs, 

pDC, Bregs, and MDSC. Each of these populations of regulatory cells exhibit unique 

features that allows them to inhibit anti-tumor immunity.  

E4-1. Tregs 

Tregs express CD4 and CD25 (IL-2R) on their surface and transcription factor, Foxp3 

internally. Tregs are important regulators of self-tolerance that exist naturally in the 

thymus (49). Under normal conditions Tregs play a role in maintaining homeostasis of 

innate lymphocytes, and regulating expansion and activation of T and B cells (50). 

Inflammatory mediators commonly found in the TME, such as IL-10, TGF-β and PGE2 

promote the accumulation of Tregs (51). Interestingly, Tregs also produce IL-10 and 

TGF-β, which are potent immune suppressive molecules (52, 53). The ability of Tregs to 

suppress effector T cell activation is in part attributed to their high expression of CD25, 

which depletes IL-2 from the surrounding area (54). Immune checkpoint molecule 
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CTLA-4 is constitutively express on the surface of Tregs, and aids in their ability to 

suppress conventional T cells (55). Additionally, Tregs express CD39 which hydrolyzes 

extracellular adenosine triphosphate (ATP) to adenosine diphosphate (ADP) or adenosine 

monophosphate (AMP), and CD73, which further degrades AMP to adenosine (56, 57). 

Adenosine is a potent immune suppressive molecule that inhibits DC and activated T 

cells, by elevating cyclic AMP (58). Tregs can also induce death of effector T cells, NK 

cells, and DC by expressing granzyme B (59), perforin (60) or galectin-1 (61). 

E4-2. TAMs 

Macrophages are abundant in the TME of solid tumors. As the TME evolves and 

inflammatory mediators are produced, the environment shifts from a Th1 T helper-like 

inflammatory response, to a Th2 type response that induces the differentiation of  TAMs. 

Factors within the microenvironment that drive polarization of macrophages include IL-

4, produced by CD4+T cells or tumors cells (62, 63), tumor produced GM-CSF (64), and 

colony stimulating factor 1 (CSF1) (65). The majority of TAMs in murine tumor models 

originate from the bone marrow-derived Ly6C+ monocytes, while minor contributions 

come from extramedullary hematopoiesis in the spleen (66, 67). Within the TME TAMs 

can inhibit anti-tumor immunity through the expression of immune checkpoint 

molecules, production of immune suppressive molecules, and induction of other 

immunosuppressive cells. TAMs can trigger death of T cells through expression of PD-

L1 and CD80, which bind to PD-1 and CTLA-4 (68-70). Arginase production by TAMs 

depletes L-arginine from the environment, which reduces T cell activation, by inhibiting 

TCRζ chain expression (71-74). TAMs can also reduce effector T cell function through 

their production of IL-10 and TGF-β (75, 76), both of which induce the suppressive 

function of Tregs by upregulating Foxp3 (77).  
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E4-3. CAFs 

CAFs are the most abundant cell type found in the tumor stroma of various 

cancers including prostate, breast, and pancreatic carcinoma (78). In the TME fibroblasts 

become activated and turn into CAFs upon expression of activation markers. These 

activation markers include  α- smooth muscle actin (α-SMA), fibroblast specific protein 

(FSP), platelet-derived growth factor receptor-β (PDGF-Rβ), and fibroblast activation 

protein (FAP) (79). The activation of CAFs is achieved by tumor-derived factors 

including TGF-β1 (80), PDGFα and PDGFβ (81, 82), basic fibroblast growth factor 

(bFGF) (83), and IL-6 (84). CAFs promote tumor development in numerous ways 

including the secretion of stromal cell-derived factor-1 (SDF-1), which promotes 

invasiveness of pancreatic cancer cells (85). Secretion of the chemokine CXCL14 by 

CAFs increases growth and migration of fibroblasts in pancreatic cancer, which in turn 

promotes angiogenesis and macrophage infiltration (86). CAFs also contribute to 

metastasis through the production of matrix metallopeptidases 2 and 9 (MMP-2 and 

MMP-9), which promote epithelial-mesenchymal transition (EMT) of tumor cells, 

mediated by the downregulation of E-cadherin (84). Lastly, CAFs can regulate tumor 

metabolism by providing energy rich metabolites. Tumor cells that are undergoing rapid 

cell division are constantly depleting their energy sources. Through a process called myo-

fibroblast differentiation, which occurs when CAFs are in contact with epithelial cancer 

cells, CAFs produce lactate and pyruvate, thereby providing cancer cells with metabolites 

they can use to survive (87).  

E4-4. pDCs 

Human pDC are characterized based on their expression of CD303 (88). Under 

normal conditions pDC function to fight viral encounters through the secretion of IFN-α 
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(89).  pDC also regulate the maturation of activated B cells into plasma cells by 

mediating cytokine and surface signaling (90, 91). Within the tumor pDC have tumor-

promoting functions attributed in part to their reduced production of IFN-α, which 

promotes CD4+ T cells to differentiate into IL-10 producing Tregs (92). Reduced 

production of IFN-α is also associated with weakened functions of CTLs and DC, as they 

each require type I IFNs for effective cross-presentation of tumor antigens (93, 94). 

Lastly, pDC release pro-angiogenic cytokines that promote tumor angiogenesis (95, 96). 

E4-5. Bregs 

An immune suppressive subset of B cells have been identified and classified as 

Bregs. The induction of Bregs as opposed to mature B cells requires the activation of 

CD40 (97). Ligation of CD40 with its ligand CD154 on T cells normally stimulates B 

cells to produce antibodies (98) however, prolonged stimulation with CD154 has 

inhibitory effects on the secretion of antibodies (99). Breg induction also requires the 

engagement of TLRs, specifically TLR 2 and 4. Agonists for TLR2 and 4 promote IL-10 

and IL-6 production from Bregs, which is increased following engagement with CD40 

(100). Stimulation of B cells with a TLR9 ligand increases the production of IL-10 from 

B cells (100).  

While it has been determined how Bregs are induced, the origin of Bregs is still 

under debate. It has been suggested that Bregs arise from follicular (FO) B cells and gain 

suppressive function following stimulation with TLRs and engagement of CD40 (101). 

However, it has also been proposed that Bregs arise from transitional 2-marginal zone 

precursor (T2-MZP) B cells, which are an immature state of B cells and function as quick 

responders to environmental triggers (102). Through this model it is suggested that T2-

MZP B cells form an immune response to a pathogen and are activated via TLRs, 
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resulting in the production of IL-10. As an inflammatory response ensues autoreactive T 

cells accumulate and provide B cells with epitopes for CD40, BCR, and CD80, which 

enhance and stabilize IL-10 production (103). The stabilization of IL-10 in turn promotes 

the induction of Tregs, which aid in driving an immune suppressive environment (104). 

Evidence that Bregs are directly involved in tumor-induced immune suppression has been 

generated from a tumor model utilizing mice that are deficient in B cells. Mice lacking B 

cells had an increased antitumor response by CTLs that was attributed to reduced levels 

of IL-10 produced by B cells (105). 

E4-6. MDSC  

MDSC are a heterogeneous population of immature myeloid cells that accumulate 

in individuals with chronic inflammation and cancer. The phenotype and function of 

MDSC can vary with cancer progression, since tumor cells evolve and change through 

immunoediting (106). MDSC are classified based on suppressive function and the surface 

markers CD14, CD15, CD33, and CD11b in humans while CD11b and Gr1 are expressed 

on the surface of murine MDSC (107-109). Gr1 includes two isoforms Ly6C and Ly6G.  

The differential expression Ly6C and Ly6G differentiates monocytic and granulocytic 

MDSC. Monocytic MDSC are Gr1midCD11b+Ly6C+Ly6Glow/- while granulocytic MDSC 

are Gr1hi/midCD11b+ Ly6C-Ly6G+(110). 

The suppressive capacity of MDSC is mediated by immune suppressive factors 

such as arginase (Arg1), ROS, inducible nitric oxide synthase (iNOs), as well as high IL-

10 production. MDSC suppress adaptive and innate anti-tumor immunity by blocking the 

activation of CD4+ and CD8+ T lymphocytes, and producing high levels of IL-10, which 

reduces the production of IL-12 from macrophages through crosstalk interactions (108, 

111, 112). Further discussion of other suppressive mechanisms utilized by MDSC 
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including depletion of amino acids, expression of PD-L1, induction of Tregs, and 

inhibition of NK cell-mediated cytotoxicity can be found in appendix 5.  

MDSC can directly inhibit T cells via the production of ROS, nitric oxide (NO) 

and peroxynitrite (113-115). One of the most potent forms of suppression mediated by 

MDSC comes from the reactive oxidant peroxynitrate, which nitrates the TCR and MHC 

I molecules, making the TCR incapable of recognizing peptides bound to MHC (113, 

114, 116). Without TCR recognition of MHC there is a decrease in the activation of 

CD4+ T cells by APCs, and a decrease in cytotoxic CD8+ T cell specificity. High levels 

of ROS inhibit myeloid cell differentiation and sustain MDSC in their immature state 

(117). Intracellular ROS is regulated by NADPH oxidase (NOX2). NOX2 consists of 

p47phox and gp91phox which are in turn regulated by STAT3 (118). 

MDSC suppressive functions are subject to regulation by signaling molecules.  

For instance, VEGF production by MDSC is regulated by STAT3 (117). VEGF can 

reduce T cell activation, inhibit DC development, and increase Gr1+ cells 

(119)(119)(119)(119)(119)(119)(118)(118) . Peroxynitrite is also activated through 

STAT3 signaling, and arises from interaction of NO and superoxide (120). NO induces T 

cell apoptosis and blocks STAT5 and JAK3 signaling in T cells, which in turn inhibits T 

cell responsed to IL-2 (121-124). NO can also suppress T cell activation by destabilizing 

IL-2 mRNA and blocking phosphorylation of the signal transduction molecules JAK1, 

JAK3, STAT5, ERK, and Akt (125). IL-2 synthesis and activation of these signaling 

molecules, which are downstream of the  IL-2R, are vital for T cell proliferation (126). T 

cell proliferation can also be inhibited by MDSC produced Arg1. Arg1 deprives T cells 

of L-arginine, and results in the down regulation of TCR-associated ζ chain (127, 128). 
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TCR-associated ζ chain is critical for T cell activation since it signals the activation of 

cyclin D3 and cyclin-dependent kinase 4 which initiates cell proliferation (129).  

Not only do MDSC directly and in-directly inhibit T cell activation, they also 

impair T cell trafficking. Tumors producing high levels of GM-CSF have limited 

infiltration of CD8+ T cells, and exhibit increased infiltration of mononuclear MDSC, 

which express chemokine receptor CCR2 (130). CCL2 (the ligand for CCR2) is present 

in the TME and acts as a chemoattractant for mononuclear MDSC (131). When 

mononuclear MDSC were depleted from GM-CSF secreting tumors there was an influx 

in CD8+ T cells suggesting that mononuclear MDSC inhibit the infiltration of T cells 

(130). T cell trafficking to lymph nodes and tumor sites is dependent on T cell expression 

of L-selectin (CD62L). MDSC decrease the expression of CD62L on CD4+ and CD8+ 

naïve T cells in tumor-bearing and aged mice. MDSC reduce CD62L expression through 

the translocation of ADAM17 (disintegrin and metalloproteinase 17) from their cytosol to 

their plasma membrane. ADAM17 expressed on the cell surface cleaves CD62L on T 

cells (132). It is clear that MDSC are equipped with an arsenal of mechanisms to inhibit 

anti-tumor immunity. Several of the suppressive mechanisms utilized by MDSC are 

highlighted in Figure 3. A more detailed discussion of MDSC history, function, 

regulation, as well as therapeutic strategies targeting MDSC can be found in appendix 5 

containing the MDSC review “Myeloid-derived suppressor cells: critical cells driving 

immune suppression in the tumor microenvironment”.  
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F. Traditional cancer treatment 

The most common cancer treatment methods utilized today fall under the 

category of traditional or conventional treatment. Conventional treatment includes 

surgical removal of the tumor combined with chemotherapy and radiation to eliminate the 

cancer cells. Radiation and chemotherapy are often given in combination with surgery, 

either before or after surgery. Radiation uses extremely powerful X-rays to damage the 

DNA of cancer cells resulting in their death, or inability to replicate. Chemotherapeutic 

treatments include alkalyating agents that prevent cell division, antimetabolites that 

Figure 3: Suppressive mechanisms utilized by MDSC. MDSC crosstalk with macrophages 

through the high production of IL-10 which down regulates macrophage production of IL-12 

and polarizes macrophages to a tumor promoting type 2 phenotype. MDSC cause down 

regulation of TCRζ signaling in T cells through the production of ROS, NO and arginase. 

MDSC also reduce T cell homing through the expression of ADAM17 which cleaves CD62L 

off of T cells.  
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replace cell nutrients with inactive substances, hormonal treatments that suppress 

hormones tumors were using to grow, and alkaloids which block cell division by 

disrupting the internal structure of the cell (133).  

In general chemotherapies non-specifically target rapidly dividing cells however, 

targeted therapies aim to solely inhibit tumor development by blocking biochemical 

pathways or proteins tumor cells require for survival (134). These targeted treatments 

include anti-angiogenic drugs, which block the development of new blood vessels 

thereby inhibiting the necessary blood supply which sustains tumor growth (135). 

Another form of targeted therapy consists of small-molecules targeted against kinases. 

For example, imatinib, a BCR-ABL kinase inhibitor, is effective at reducing tumor 

proliferation and enhancing apoptosis of tumor cells (136).While chemotherapeutics are 

undoubtedly useful at killing tumor cells and technology has increased precision for the 

delivery of radiation, these treatments have proven to be not enough to effectively fight 

cancer.  Over a hundred years ago Paul Ehrlich proposed the idea that cancer occurs 

spontaneously in the body, and that the immune system is able to recognize and destroy it 

(137). Today numerous immunotherapeutic approaches are finding success in clinical 

trials.  

G. Immunotherapeutics 

Immunotherapy aims to harvest the power of the immune system to generate a 

more effective anti-tumor immune response. Types of immunotherapies include treatment 

with interferons, interleukins, and stimulation of co-stimulatory signals. Treatment with 

large quantities of interferons was successful in generating an antitumor response, by 

increasing CTL activity and inhibiting of tumor cell division however, their use is 
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complicated by toxic side effects (138). Clinical trials combining IL-2 and IFN-α showed 

complete tumor regression in 7 patients, and partial regression in 18 patients out of 91 

(139). However, the dosing and administration of interferons and cytokines has proven to 

be particularly tricky as they often times these molecules can act antagonistically with 

severe consequences (140). The activation of co-stimulatory molecules is required for T 

cells to mount a successful immune response. Recently, experiments utilizing the soluble 

form of the co-stimulatory molecule CD80 have demonstrated great success in vitro. In 

these experiments soluble CD80 facilitated T cell activation by co-stimulating through 

CD28, and by binding to PD-L1 and inhibiting PD-L1 /PD-1 induced apoptosis of T cells 

(141).  

G1. Checkpoint inhibitors 

Checkpoint inhibitors provide a significant barrier in anti-tumor immunity. In 

recent years the neutralization of checkpoint inhibitors has found great success. In mouse 

tumor models inhibition of CTLA-4 reduced tumor growth, which was a result of 

increased activation of T cells (43, 142-144). Inhibition of CTLA-4, through a CTLA-4 

inhibitory antibody gave rise to reduced Treg levels in mice as a consequence of ADCC 

mediated by cells expression Fcγ receptor (145-147). Clinical use of a CTLA-4 inhibitory 

antibody, called ipilimumab, delivered durable survival advantages in metastatic 

melanoma patients whom previously failed existing traditional therapies (148-150). The 

success of ipilimumab clinical trials led to FDA approval in 2011 for its use in treating 

metastatic melanoma, and it is currently being considered for use in patients with non-

small cell lung carcinoma, small cell lung carcinoma, bladder cancer, and prostate cancer.  
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Blockade of the PD-1/PD-L1 pathway has also found success in recent years with 

neutralizing PD-1 antibodies nivolumab (Bristol-Myers Squibb) and pembrolizumab 

(Merck) displaying durable survival benefits in treating melanoma patients (151, 152). 

Additionally, clinical trials blocking PD-L1 were effective in treating patients with other 

solid tumors such as melanoma, colorectal cancer, renal cell cancer, non-small cell lung 

cancer, ovarian cancer and metastatic bladder cancer (153-155). While there has been 

landmark success with immune checkpoint inhibitors the clinical trials utilizing these 

molecules are currently focused on smoking-related lung cancers, and melanomas. Both 

of these cancers are predicted to be highly immunogenic due to a high mutation rate. 

Melanoma and lung cancers are most commonly carcinogen-induced and result in a 

higher mutation rate (156). Increased mutation rate generates a large amount of unique 

neoantigens that can be recognized on tumor cells making these tumor cells highly 

immunogenic (157).  

G2. Adoptive cell transfer 

Another type of immunotherapy is adoptive cell transfer. Expansion of tumor 

infiltrating lymphocytes (TIL), generation of T cells with genetically engineered TCRs, 

and transfer of NK cells and DC have produced survival benefits in recent years.  

Current clinical results from TIL infusions found that in 93 patients with 

metastatic melanoma 72% had a response, while 36% achieved survival greater than 

three years (158). The most effective responses with TIL infusions occurs when patients 

are subjected to lymphodepletion prior to infusion, and when the TIL infusion contains 

CD4+ and CD8+ T cells (159, 160). While this approach has produced successful results, 

as evidenced by the transferred cells had functional activity in vivo, and could traffic to 
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tumor sites leading to tumor regression (160), the process of generating sufficient 

quantities of cells for infusions is a daunting task. Alternative approaches that do not 

require huge expansion of cells, but still mount an effect immune response have been 

developed. These alternative approaches include the generation of TCRs that recognize 

tumor-associated antigens, which can be engrafted on T cells (161, 162). Clinical use of 

T cells with tumor-associated specific antigen TCRs reduces tumor burden in metastatic 

melanoma, and in ovarian cancer patients (161, 163, 164).  

Genetic modification of T cells has been further advanced by the creation of 

chimeric-antigen receptors (CAR). CARs are constructed so that a monoclonal antibody 

is coupled to intracellular T cell-activating signaling domains. The use of CARs allows 

for cytolytic T cell function without MHC-peptide complexes. The efficacy of CARs has 

been demonstrated in treating B cell malignancies (165-167), with 90% of patients 

reaching complete remission (168). In solid tumor models such as ovarian, renal, and 

neuroblastoma CARs are less effective in controlling tumor growth rates (164, 169-173).  

NK cells are also suitable for adoptive transfer as they can mount an effective 

anti-tumor immune response. NK cells mediate lysis of tumor cells through mismatches 

with killer cell Ig-like receptors (KIRs) and MHC I molecules on target cells. The process 

of KIR mediated lysis by NK cells allows patients to receive NK cells from a 

haploidentical family member. NK cells can also initiate lysis of tumor cells through 

expression of FcγR, which mediates ADCC. In addition, death receptors expressed by 

NK cells can induce tumor cell death via caspase pathways (174). The greatest amount of 

success achieved with adoptive NK cell therapy has been observed in patients with 

hematological malignancies who received alloreactive haploidentical NK cells (175, 
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176). In human transplants NK cell transfer was effective at eliminating leukemia relapse, 

as well as graft rejection (175). In a clinical trial on acute myeloid leukemia patients, 5 

out of 19 went into complete hematologic remission after NK cell transfer (176). 

DC based therapies have also been used as DC can be generated or expanded in 

vitro and then exposed to tumor-associated antigens allowing them to function as 

activated APCs. Introduction of tumor-associated antigen can be achieved by pulsing 

with synthetic peptides, exposure to tumor lysates, or by transfection (177). Clinical 

studies using DC-based therapies have shown that a small portion of patients exhibit 

promising results (178-180).  In pediatric patients with solid tumors, 1 out of 10 exhibited 

a significant reduction in multiple metastatic sites (180). A clinical trial on adults with 

metastatic melanoma found objective responses in 3 out of 16 patients (178), while 

metastatic renal cell carcinoma patients displayed low tumor-related mortality rates with 

only 3 out of 10 dying after an average follow up time of 19.9 months (179).  

H. High Mobility Group Box 1 a pro-inflammatory alarmin 

The focus of my research has been investigating a molecule called high mobility 

group box 1 (HMGB1). This section of the introduction will describe HMGB1’s 

structure, its intracellular and extracellular functions as well as its role in regulating 

cancer, and involvement in other clinical syndromes and diseases.  

HMGB1 is an extremely abundant protein with normal levels hovering above one 

million molecules per cell (181). The sequence of HMGB1 is highly conserved with over 

98% sequence homology between humans and rodents (182-184). Under basal conditions 

HMGB1 is found inside the nucleus of a cell, while under stressed conditions HMGB1 

can be found in the cytosol and secreted by immune cells. Extracellular HMGB1 has 
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many pro-inflammatory properties, owing to the molecule’s classification as a DAMP. 

The pro-inflammatory properties of HMGB1 have been implicated in various 

inflammatory conditions including cancer, arthritis, and sepsis (185-187).   

H1. Structure of HMGB1 and distinct functions of the domains in HMGB1 

HMGB1 is a 215 AA protein that contains two functional domains called the A 

and B boxes, followed by an acidic tail. Structurally the boxes of HMGB1 consist of 

three alpha-helices that are arranged in an L-shaped conformation (188). Within these 

two sections of the molecule there are various pro and anti-inflammatory activities, which 

result from binding to receptors including TLR4 and receptor for advanced glycation 

endproducts (RAGE) (Figure 4).  

NH2 CO2HA Box B Box

2 79 89 163 186 215

Acidic tail

RAGE antagonistic segment 2-89
RAGE agonistic segment 150-183

TLR4 cytokine inducing cysteines 10623 45
Redox sensitive cysteines 

Anti-inflammatory Pro-inflammatory

 

A part of the B box and acidic tail (150-183) has RAGE agonistic activity, which 

was confirmed by the use of a neutralizing B box antibody, which inhibited the ability of 

HMGB1 to induce recruitment of mesoangioblasts (189). Recent studies have identified 

amino acid cysteine 106 as the specific location of HMGB1 that is required for HMGB1 

Figure 4: Structure of HMGB1 HMGB1 is composed of 215 amino acids and has a 

molecular weight of 25kDa. There are two DNA binding domains, the A and the B boxes 

followed by a negatively charged C-terminal tail, the green regions represent connecting 

segments between each domain. The A box has anti-inflammatory properties, while the B 

box has pro-inflammatory properties. 
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binding to TLR4 in macrophages. This position is located in the B box of HMGB1 and is 

associated with pro-inflammatory cytokine release in macrophages (190).  

It is interesting that while the B box of HMGB1 is generally considered pro-

inflammatory, it also induces the phenotypic maturation of DC, causing an increase in the 

markers CD83, CD54, CD80, CD40, CD58, and MHC II (191). Upon stimulating DC 

with B box, an increase in type 1 cytokines IL-12, IL-6, IL-1α, IL-8, TNF-α, and 

RANTES occurs (191). The peptide segment of HMGB1 corresponding to amino acids 

106-123 was found to be the driving factor in the up-regulation of CD83 and IL-6 

production, which was dependent on the p38 MAPK pathway (191). Therefore, this 

segment in the B box stimulates a pro-inflammatory cytokine response from 

macrophages and also induces maturation of DC.  

The A box of HMGB1 is associated with the anti-inflammatory activity of the 

molecule and it is generally kept inactive, due to the existence of a disulfide bridge 

between cysteines 23 and 45. The ability of the A box to act as a competitor for the B box 

results from a section with RAGE antagonistic activity. This section of the protein binds 

to RAGE, but fails to stimulate signaling and is therefore seen as a competitor for 

HMGB1-RAGE inflammatory signaling (192). Yang et al. have also shown that the A 

box of HMGB1 prevents the HMGB1-mediated release of IL-1β and TNF-α from 

macrophage-like RAW cells (192). In vivo studies have demonstrated that if mice are 

given the A box of HMGB1 intraperitoneally within 24 hours after a toxic dose of LPS, 

then septic shock is reversed (192). These findings further support the notion that the A 

box of HMGB1 is anti-inflammatory, and acts as a competitor for the pro-inflammatory 

activity of the B box.  
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H2. Pro-tumor functions of HMGB1; HMGB1 promotes metabolism, invasion, 

angiogenesis, autophagy, and inhibits anti-tumor immunity 

Tumor cells characteristically exhibit high expression levels of HMGB1, and a 

rise in HMGB1 expression in tumor cells correlates with increases in tumor growth, 

invasion, angiogenesis, and metastasis (4, 187). Tumor cells and infiltrating leukocytes 

are able to secrete HMGB1, when subjected to stress stimuli such as hypoxia and 

inflammatory molecules both of which are commonly found in the TME (193). The pro-

tumor effects of HMGB1 have been attributed to the molecule’s promotion of 

metabolism, invasion, angiogenesis, and its ability to inhibit anti-tumor immunity (14, 

194, 195).  

Tumor cells consume high amounts of energy as a result of continuous division, 

evasion of death by autophagy, and the production of inflammatory molecules. The 

ability of tumor cells to alter and accelerate their metabolism is termed the Warburg 

effect, and is one of the most common phenotypes found in tumors (196). Recombinant 

and endogenous HMGB1 increases ATP production and cell proliferation in pancreatic 

tumor cells (194). Generation of ATP affords tumor cells an increased capacity for 

invasion and metastasis. HMGB1’s ability to promote increased metabolic energy in 

tumor cells results from signaling through RAGE. Expression of HMGB1 in the 

extracellular environment promotes increased expression of RAGE in the mitochondria, 

which in turn promotes ATP production (194). Mice that are RAGE deficient display 

reduced tumorigenesis in the skin, pancreas and intestine, which is associated with 

inhibition of ATP production and stifles tumor growth (197-199). Therefore, the ability 

of HMGB1 to alter tumor cell metabolism is linked to its interaction with RAGE.  
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HMGB1 promotion of tumor cell invasion is also linked to its interaction with 

RAGE. Suppressing the interaction of RAGE and HMGB1 in vitro inhibits cancer cell 

growth, invasion, and migration (200). Blockage of HMGB1 binding to RAGE prevents 

tumor growth in a mouse lung cancer model (201). The interaction between HMGB1 and 

RAGE can also promote tumor angiogenesis. The knockdown of RAGE or neutralization 

of HMGB1 impedes tumor angiogenesis and metastasis (195, 202). The ability of 

HMGB1 to promote tumor growth is attributed to stimulating increased release of TNF-α, 

IL-1β, and IL-6 from macrophages, which induces neovascularization (203, 204). Within 

the TME there is increased release of HMGB1 and amplified expression of RAGE, which 

is associated with hypoxic regions (205, 206). Therefore not only does HMGB1 

interacting with RAGE promote tumor growth, but the TME in turn promotes increased 

HMGB1 and RAGE expression. 

The TME is a hostile environment that contains multiple pro-inflammatory 

mediators that generate a stressed environment  (207). Many tumor cells utilize 

autophagy to survive under stressed conditions (208). Autophagy provides a survival 

advantage to stressed cells, as it enables cells to maintain metabolic activity by engulfing 

cytoplasmic components that are degraded in autolysosomes (209). Degradation of 

cytoplasmic components through starvation-induced autophagy regenerates amino acids, 

that are utilized in the trichloroacetic acid cycle to produce energy the cell needs to 

survive, thereby allowing them to avoid death (210). The process of autophagy involves 

the formation of autophagosomes, mediated by a series of membrane rearrangements 

involving autophagy-related proteins (Atg) (211) (Figure 5).  
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Figure 5: Schematic overview of autophagy. (A) Starvation results in down regulation 

of mechanistic target of Rapamycin (mTOR), causing mTOR to release its inhibition on 

ULK1. (B) ULK1 in turn induces vacuole formation by activating phosphoinositide 3-

kinase class 3 (PI3KC3), Beclin1 (Atg6), and the Atg12, 5, and 16 complex. This 

complex then interacts with Atg9 to mediate the induction of an autophagosome. 

Activation of PI3KC3 promotes the dissociation of Bcl-2 from Belcin1. Death-associated 

protein kinase (DAPK) can also phosphorylate Beclin1, causing the dissociation of Bcl-2. 

(C) The process of nucleation requires association of Beclin1 and PI3KC3 as well as 

modification of LC3 via an ubiquitin-like conjugation pathway. The ubiquitin-like 

pathway involves Atg4,  which encodes a cysteine protease that cleaves LC3 to form 

LC3-I. LC3-I then undergoes C terminal lipid modification through conjugation with 

phosphatidylethanolamine (PE) to form LC3-II with the assistance of Atg7 and Atg3. 

LC3-II is then incorporated into the lumen of an autophagosome. (D) LC3-II and Beclin1 

assist in membrane expansion by recruiting lipid molecules that expand the membrane. 

(E) With closure of the autophagosome cellular cargo, as well as adaptor proteins 

including p62, are contained in the autophagosome. p62 contains a LC3 interacting 

region and allows the autophagosome to target designated cargo. (F) Maturation of an 

autolysosome is accomplished by the docking and fusing of a lysosome to an 

autophagosome. (G) Autolysosomes allow the breakdown of autophagosomal contents 

that are recycled to temporarily sustain survival. (H) mTOR signaling is inhibited with 

initial starvation however, with prolonged starvation  and the degradation of 

autophagosomal products, mTOR activity is restored and autolysosomes develop into 

lysosomes. 
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HMGB1 regulates autophagy by binding to Beclin1 and promoting the 

phosphorylation of Bcl-2 by extracellular signal-regulated kinase (ERK), resulting in 

dissociation of Bcl-2 from Beclin1 (212). Further evidence for HMGB1 as a regulator of 

autophagy has been achieved, through shRNA knockdown and mutation of HMGB1 in 

tumor cell lines (212). Knockdown of HMGB1 sustains the interaction of Beclin1 with 

Bcl-2, while mutation of HMGB1 at cysteines 23 and 45 impede HMGB1 association 

with Beclin1. Cysteines 23 and 45 form a disulfide bridge. Therefore, these mutation 

studies suggest that the disulfide bridge between cystines 23 and 45 of HMGB1 is needed 

to bind Beclin1 and induce autophagy (212). Mutation of HMGB1 at another critical 

cysteine, 106, resulted in the release of HMGB1 into the cytosol, resulting in increased 

dissociation of Bcl-2 from Beclin1 (212). This mutant form of HMGB1 (C106) has been 

described as “oxidized HMGB1” found most commonly in the cytosol. To further prove 

that cytosolic HMGB1 is responsible for regulating autophagy Tang et al utilized an 

HMGB1 inhibitor, ethyl pyruvate, which blocks HMGB1 release into the cytosol. Tang et 

al observed a reduction in LC3 positive autophagosome formation with the addition of 

ethyl pyruvate, suggesting that inhibition of HMGB1 reduces autophagic flux (212, 213). 

Therefore, the release of HMGB1 into the cytosol, and the existence of a disulfide bridge 

between cysteines 23 and 45 enable HMGB1 to serve as an inducer of autophagy.  

Several studies have examined the functions of reduced vs. oxidized HMGB1, 

and interestingly, oxidative stress is known to induce autophagy (214). A major source of 

oxidative stress is ROS, of which MDSC generate ample amounts (118). ROS can be 

regulated by SOD (super oxide dismutase), glutathione, or catalase (215). Knockdown of 
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SOD1 in fibroblasts by siRNA, increased LC3-II formation (216), supporting the idea 

that increased oxidative stress results in increased autophagic flux. To substantiate the 

association between HMGB1 and ROS, Tang et al utilized a ROS inhibitor, NAC (N-

acetylcysteine), that reduced translocation of HMGB1 to the cytosol, confirming that 

oxidative stress promotes HMGB1 release into the cytosol (216). Furthermore, 

stimulation of fibroblasts and cancer cells with oxidative source H2O2 induced LC3-II 

formation that was inhibited by knockdown of HMGB1 (216). Therefore, ROS induces 

HMGB1 release which in turn induces autophagy. 

In an effort to decipher the signaling pathway involved in HMGB1 regulated 

autophagy, RAGE was knocked down in tumor cells, and autophagy induced by 

chemotherapeutic agents. Kang et al discovered that the knockdown of RAGE resulted in 

a limited increase in LC3-II and enhanced degradation of p62, suggesting a reduction in 

autophagy (217). The RAGE knockdown cells also exhibited slower tumor growth and 

increased apoptosis in vivo (217). Interestingly, knockdown of HMGB1 in tumor cells 

made them more sensitive to chemotherapy and increased their rate of apoptosis, 

resulting in less LC3-II accumulation (217). Therefore, knocking down HMGB1 or 

RAGE in tumor cells makes cells less autophagic, suggesting that HMGB1 utilizes 

RAGE to promote autophagy. 

HMGB1 can also promote tumor growth by negatively regulating anti-tumor 

immune cells, or positively regulating immune suppressive cells. HMGB1 promotes the 

apoptosis of macrophage-derived DC (218), thereby reducing the quantity of APC 

available to mount an effective anti-tumor immune response. The accumulation of 

TAMs, which provide growth factors supporting tumor angiogenesis, is also linked to 
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HMGB1 in that macrophage accumulation results from HMGB1 promoted the expression 

of lymphotoxinα1β2 on tumor infiltrating T cells (219). Enhanced production of IL-10 

from immune suppressive Tregs is also promoted by HMGB1 (220). And, recently I 

established that HMGB1 drives immune suppressive MDSC differentiation, 

accumulation, and suppressive function (14), thus establishing HMGB1 as a potent 

inhibitor of anti-tumor immunity. These studies are described in chapter 2. The functions 

of HMGB1 can be described as bi-polar in that while it has numerous means of 

promoting tumor progression, it can also inhibit tumor progression. 

H3. Anti-tumor functions of HMGB: HMGB1 interacts with tumor suppressor gene Rb, 

increases genome stability, promotes autophagy, promotes maturation of APCs 

Anti-tumor aspects of HMGB1 are attributed to HMGB1 interacting with tumor 

suppressor genes, increasing genome stability, promoting autophagy, and promoting 

maturation of APC. HMGB1 directly interacts with tumor suppressor protein Rb, which 

is dysfunctional in many cancers (221). Binding of HMGB1 to Rb causes G1 arrest and 

induction of apoptosis in tumor cells (221). HMGB1 contributes to genome stability by 

mediating DNA damage repair (222). Additionally, genome stability is increased by 

HMGB1 regulating telomere length, through its binding to topoisomerase IIα. HMGB1 

promotes the activity and expression of topoisomerase IIα, an enzyme that regulates 

topologic state of DNA during transcription and is implicated in chromosome replication, 

segregation, and recombination (223). Telomeres are caps on chromosomes consisting of 

tandem TTAGGG repeats (224). With each cell division the length of a telomere is 

shortened due to incomplete replication of the 3’ end of the chromosome. In an effort to 

prevent genomic abnormalities when telomeres reach a critically short length, this 
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induces senescence and apoptosis of the cell (225). Recent meta-analysis revealed that 

shortened telomeres are associated with cancer occurrence (226).  

While the induction of autophagy is not desirable in established tumors, it is 

desirable during initial tumor development as it can have anti-tumor functions. Defective 

autophagy genes (Beclin1, Atg5, UVRAG, and Bif-1) have been implicated in increased 

genome instability, oxidative stress, inflammation, and mitochondrial injury, all of which 

promote tumorigenesis (227-230). Since HMGB1 is a critical regulator of autophagy 

(212, 231), it is possible that HMGB1 mediated autophagy promotes genome stability 

and reduces inflammation by degrading defective cellular components. Recently, I 

established that autophagy-induced by HMGB1 facilitates immune suppression by 

promoting the survival of tumor-induced MDSC. These studies are described in chapter 

3.  

Finally, HMGB1 promotes the maturation of DC, increasing their release of TNF-

α, IL-1α, IL-6, IL-8, and IL-12, while also increasing expression of CD40, CD54, CD58, 

CD80, and CD83 (232, 233). Administration of recombinant HMGB1 in combination 

with chemo-radiation delayed tumor growth in a murine tumor model. The ability of 

HMGB1 to reduce tumor growth is attributed to HMGB1 signaling through TLR4 on DC, 

causing an increase in antigen presentation (234). Apetoh et al also showed that breast 

cancer patients with dysfunctional TLR4s relapse at a faster rate after chemotherapy as 

opposed to patients with a functional TLR4, suggesting that TLR4 stimulation is 

necessary for a prolonged antitumor impact (234). Taken together these data suggest that 

HMGB1 has multiple functions that have anti-tumor implications.  
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H4. HMGB1 involvement in clinical syndromes and diseases 

Elevated levels of HMGB1 have been linked to various pro-inflammatory 

immune reactions including sepsis, tissue repair, infection, and arthritis. In mouse models 

of severe sepsis, HMGB1 levels are extremely elevated in the serum, while the inhibition 

of HMGB1 through immunization with a neutralizing antibody, is able to prevent 

lethality from sepsis (185). The administration of recombinant HMGB1 is lethal as it 

causes dysfunction in epithelial-cell barrier, which promotes septic shock, however 

HMGB1 does not cause septic shock itself (235). It has been suggested that HMGB1 

promotes the recruitment of inflammatory cells for tissue repair, as burned animals 

exhibit increased expression of HMGB1 mRNA (236). Cells infected with Chlamydia 

spp or flavivirus exhibit elevated release of HMGB1 that is associated with resistance to 

apoptotic death, which may or may not be from HMGB1 promoting autophagy (237, 

238). High levels of HMGB1 are also observed in inflamed joints of patients with 

rheumatoid arthritis (186). Therefore, HMGB1 is associated with numerous inflammatory 

immune responses.  

H5. Intracellular function of HMGB1, and how it is released from the nucleus through 

modifications including acetylation, methylation, phosphorylation, and oxidation 

HMGB1 shuttles between the nucleus and the cytoplasm, but is normally found in 

the nucleus where it will bind to the minor groove of DNA without sequence specificity. 

The binding of HMGB1 to DNA causes a structural change in DNA, in the form of a 

bend, which facilitates interaction between transcription factors such as p53 and NF-κB 

(4). The localization of HMGB1 in the nucleus results from HMGB1 containing two 

nuclear localization signal sequences, one residing in the A box, and the other directly 

before the acidic tail (239). Release of HMGB1 from the nucleus can be achieved 
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through passive release from a cell upon necrosis, or active release as a result of various 

modifications such as acetylation, phosphorylation, and methylation. The oxidation status 

of HMGB1 also plays a critical role in the location and function of HMGB1 (240).  

The release of HMGB1 by activated macrophages and DC is controlled by 

acetylation (241). In these activated immune cells it is thought that activation promotes 

the inhibition of deacetylases that are typically abundant in the nucleus (242). With the 

inhibition of deacetylases there is an increase in acetylation, which occurs on a number of 

lysine residues of which several reside near the nuclear-localization signals of HMGB1. 

With an acetylated nuclear-localization signal HMGB1 cannot properly interact with the 

nuclear-importer protein complex, thus inhibiting HMGB1’s retention in the nucleus 

(241). Acetylated cytosolic HMGB1 will migrate into cytoplasmic secretory vesicles that 

will eventually be released from the cell (241). Phosphorylation of HMGB1’s nuclear 

localization signals by protein kinase C also regulates the shuttling of HMGB1 between 

the nucleus and the cytoplasm (243, 244). Similar to acetylation, phosphorylation inhibits 

HMGB1 from binding nuclear cargo protein, which results in HMGB1’s accumulation in 

secretory vesicles that will eventually be released into the extracellular space. Mono-

methylated HMGB1 has been found in the cytoplasm of neutrophils. The site of 

methylation is lysine-42 which causes conformational changes in the A box of HMGB1, 

disrupting HMGB1’s ability to bind DNA and there by inhibiting its retention in the 

nucleus (245). Therefore, modification of HMGB1’s nuclear localization signals, or its 

ability to bind DNA result in its release from the nucleus.  

Within the past few years the oxidation status of HMGB1 has been highly 

investigated as the pro-inflammatory activity of HMGB1 is dependent on the redox status 
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of cysteines 23,45, and 106 (Figure 4). Cysteines 23 and 45 can form an intra-molecular 

disulfide bond, while 106 is unpaired (246). The existence of a disulfide bridge between 

cysteines 23 and 45 results in a fold within the A box of the molecule, which impedes the 

A box of HMGB1 having any signaling capacity (247). This disulfide bridge might 

explain why the predominantly observed functions of HMGB1 are seen as pro-

inflammatory, since the A box is kept inactive most of the time by this bond. The 

existence of a disulfide bridge between cysteines 23 and 45, as well as a thiol on cysteine 

106 are necessary for the pro-inflammatory properties of HMGB1 (240, 246). The pro-

inflammatory activity of HMGB1 is inhibited when all three cysteines are irreversible 

oxidized to sulphonates, or when all three are reduced to thiols (246). Interestingly all 

thiol HMGB1 maintains chemoattractant activity, only terminally oxidized HMGB1 with 

all three cysteines as sulfonates, lacks any activity (240). Terminally oxidized HMGB1 is 

released from necrotic cells (248). It has been suggested that the ability of HMGB1 to 

self-regulate it’s activity based on oxidative status is a mechanism used by the immune 

system to dampen DAMPs (249). In this regard DAMPs stimulate an immune response 

that causes oxidative stress. Oxidative stress in turn promotes resolution of inflammation 

by inactivating DAMPs.  

 

H6. Extracellular function of HMGB1 as a pro-inflammatory cytokine that can signal 

through numerous receptors   

Cytokines are defined as proteins that are released from activated immunocytes 

that mediate an array of metabolic and immunological responses in other immune cells 

(250). In the extracellular environment HMGB1 can act as a pro-inflammatory cytokine 

(251). When in the extracellular environment HMGB1 can bind to a multitude of 
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receptors including RAGE, TLR2, TLR4, TLR9 (252), CD24 (4, 253), TIM3 (254), IL-

1R (255) and CXCR4 (256) (Figure 6).  
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HMGB1 through RAGE has pro-inflammatory effects that drive tumor 

progression; while blockade of RAGE and HMGB1 binding suppresses tumor growth 

(13). HMGB1 interaction with TLR4 supports hemorrhagic shock and systemic 

inflammation (257), while in ischemia TLR4-dependent ROS production induces the 

release of HMGB1 from hepatocytes (258). Therefore, HMGB1 signaling through TLR4 

stimulates an inflammatory immune response. While HMGB1 signals independently 

Figure 6: HMGB1 can bind to a multitude of receptors. HMGB1 can bind CD24, 

TIM3, RAGE, and TLR4 independently. When HMGB1 is bound to IL-1β it may signal 

through IL-1R. HMGB1 coupled to CXCL12 will signal through CXCR4, while when 

coupled to a nucleosome HMGB1 will signal through TLR2. Internally HMGB1 can 

signal through TLR9 when bound to DNA.  
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through TLR4 and RAGE it can be coupled with other molecules and signal through 

other receptors including TLR2 and TLR9.  

HMGB1 bound to nucleosomes signals through TLR2 inducing macrophages and 

DC to release IL-1β, IL-6, IL-10 and TNF-α (259). TLR9 is expressed internally and 

HMGB1 signals through TLR9 when it is bound to DNA. HMGB1 signaling through 

TLR9 induces IFN-α production from pDCs or IL-6, IL-12 and TNF-α from bone 

marrow derived DC (252, 260). In the presence of IL-1β, HMGB1 can form a complex 

with this interleukin and signal through IL-1R, resulting in heightened production of 

TNF-α (255). HMGB1 can also form a complex with the chemokine CXCL12. The 

HMGB1 and CXCL12 complex then act through CXCR4 to stimulate the recruitment of 

inflammatory mononuclear cells to damaged tissue (256). Therefore, in various 

inflammatory settings HMGB1 is able to function as an activator of the immune system 

by inducing cytokine release as well as the recruitment of immune cells.  

While signaling initiated by HMGB1 can activate an immune response, it can also 

dampen it. DC in the TME expressing TIM3 can interact with HMGB1. This interaction 

of TIM3 and HMGB1 interferes with the efficacy of DNA vaccines by diminishing the 

immunogenicity of nucleic acids released by dying tumor cells, as a result of reduced 

transport of nucleic acids to endosomal vesicles (254). Another immune dampening 

property of HMGB1 is present in its interaction with CD24. In a liver injury model that 

induces sterile inflammation the binding of HMGB1 to CD24 reduces the pro-

inflammatory activity of HMGB1, by inhibiting its ability to activate NF-κB (261). 

Therefore, depending on the setting in which HMGB1 is released, and if it is coupled to 

any other molecules HMGB1 can mediate activation of the immune system into a pro-
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inflammatory response, or dampen it into a tolerogenic response. The ability of HMGB1 

to possess these opposing effects could be a result of the molecule unique structure, and it 

containing several redox sensitive cysteines that are capable of altering its structure.  

I. Goal of dissertation research 

The focus of my dissertation research has been on understanding tumor-induced 

immune suppression. Within the TME are a plethora of immune suppressive cells 

including MDSC that are induced by inflammation (262). Up-regulation of a bi-

functional cytokine HMGB1 with predominantly pro-inflammatory properties is 

associated with malignant phenotypes in numerous cancers (263). Therefore, with the 

association between inflammation inducing immune suppression, and HMGB1 as a 

driver of inflammation, the hypothesis that HMGB1 functions as an upstream regulator of 

inflammation and promotes immune suppression was generated.  Chapter 2 explores the 

effect HMGB1 has on MDSC, and establishes HMGB1 as an enhancer of tumor-induced 

immune suppression through the promotion of MDSC differentiation, accumulation, and 

suppressive activity. Chapter 3 investigates how HMGB1 regulates MDSC-induced 

immune suppression, and describes a new mechanism for how HMGB1 promotes tumor 

progression, by maintaining MDSC survival through the induction of autophagy. Taken 

together, these studies identify HMGB1 as a potent driver of tumor-induced immune 

suppression.  
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Chapter 2: High Mobility Group Box Protein 1 enhances immune 

suppression by facilitating the differentiation and suppressive 

activity of myeloid-derived suppressor cells 

Footnotes 

1.  This chapter was published in Cancer Research. The published version is in Appendix 

I. 

Abstract 

 Chronic inflammation frequently precedes malignant transformation and is 

associated with tumor progression.  This association is not only correlative, but 

inflammation also contributes to tumor growth.  Likewise, the immune system plays a 

role in tumor progression with tumor immune escape now recognized as a hallmark of 

cancer.  Myeloid-derived suppressor cells (MDSC) are elevated in most individuals with 

cancer where their accumulation and suppressive activity are driven by inflammation. 

These findings led to the concept that one of the mechanisms by which inflammation 

promotes tumor progression is the induction of MDSC that inhibit the development of 

anti-tumor immunity.  Since the Damage Associated Molecule Pattern molecule (DAMP) 

and alarmin High Mobility Group Box Protein I (HMGB1) is pro-inflammatory and is a 

binding partner, inducer, and/or chaperone for many of the pro-inflammatory molecules 

that drive MDSC, we examined HMGB1 as a potential regulator of MDSC.  Using 

murine tumor systems, we show that HMGB1 is ubiquitously present in the tumor 

microenvironment, activates the NF-κB signal transduction pathway in MDSC, and 

regulates MDSC quantity and quality.  HMGB1 drives MDSC development from bone 

marrow progenitor cells, contributes to the ability of MDSC to suppress antigen-driven 

activation of CD4+ and CD8+ T cells, increases MDSC production of the type 2 cytokine 
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IL-10, enhances crosstalk between MDSC and macrophages, and facilitates the ability of 

MDSC to down-regulate expression of the homing receptor L-selectin on naive T cells.  

These results suggest that the inflammatory molecule HMGB1 contributes to the 

development of MDSC in individuals with cancer.  

Introduction 

 Anti-tumor immunity and immunotherapies that activate innate and/or adaptive 

immunity have potential for the prevention and/or treatment of primary and metastatic 

cancers.  However, immunotherapies are frequently ineffective because cancer patients 

contain immunosuppressive cells. Myeloid-derived suppressor cells (MDSC) (1) are 

present in virtually all patients with solid tumors and are major contributors to immune 

suppression. They facilitate tumor progression through multiple immune mechanisms 

including the inhibition of T and NK cell activation (2), polarization of immunity towards 

a tumor-promoting type 2 phenotype through their production of IL-10 (3), and by 

perturbing the trafficking of naïve T cells by down-regulating L-selectin (4).  MDSC also 

use non-immune mechanisms to enhance tumor growth.  They produce VEGF and matrix 

metalloproteases that promote tumor vascularization (5) as well as invasion and 

metastasis (6).  

 Chronic inflammation has long been associated with tumor onset and progression 

(7).  The role of chronic inflammation was originally attributed to its ability to foster 

genetic mutations, enhance tumor cell proliferation and survival, and promote metastases.  

Chronic inflammation also facilitates malignancy by inducing the accumulation and 

increasing the  potency of MDSC, which prevent adaptive and innate immunity from 

delaying tumor progression (8).  Multiple redundant pro-inflammatory molecules drive 
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MDSC.  Since the Damage Associated Molecular Pattern molecule (DAMP) and alarmin 

High Mobility Group Box Protein I (HMGB1) is pro-inflammatory and is a binding 

partner, inducer, and/or chaperone for many of the pro-inflammatory molecules that drive 

MDSC (9), we have studied HMGB1 as a potential regulator of MDSC.  HMGB1 was 

originally identified as a DNA binding protein in the nucleus.  It performs multiple 

functions within the nucleus including changing the conformation of DNA to allow for 

the binding of regulatory proteins, facilitating the integration of transposons into DNA, 

and stabilizing nucleosome formation (10).  Its role as a secreted protein and an immune 

modulator has only been recognized within the past 15 years (11).   

 We now report that in addition to many other cells, MDSC release HMGB1 and 

that HMGB1 activates MDSC through NF-κB and facilitates several immune suppressive 

mechanisms used by MDSC to inhibit anti-tumor immunity.  HMGB1 drives the 

differentiation of MDSC from bone marrow progenitor cells, enhances crosstalk between 

MDSC and macrophages by increasing MDSC production of IL-10, and reduces the 

expression of L-selectin on circulating T cells.  Collectively, these results suggest that 

HMGB1 contributes to immune suppression by inducing and activating MDSC. 

Materials and Methods  

Mice.  BALB/c, C57BL/6, BALB/c IL-10-/-, BALB/c TLR4-/-, BALB/c DO11.10 (TCR-

transgenic for the αβ-TCR specific for OVA peptide 323-339 restricted by I-Ad) and 

BALB/c clone 4 TCR-transgenic  (αβ-TCR specific for influenza hemagglutinin 518-526 

restricted by H-2Kd) mice were from The Jackson Laboratory (Bar Harbor, ME) and/or 

bred in the UMBC animal facility. Mice <6 months of age were used for all experiments. 

All animal procedures were approved by the UMBC IACUC. 



 

86 

 

 

Reagents and antibodies.  Heparin sodium salt (grade IA) and ethyl pyruvate were from 

Sigma-Aldrich.  Glycyrrhizin (ammonium salt) was from Calbiochem. Recombinant 

mouse IL-6 and GM-CSF were from Biolegend. Recombinant mouse IFN-γ, HMGB1, 

and TNFα were from R&D Systems,  while recombinant LPS was from Difco. mAbs 

Gr1-APC-Cy7, Gr1-APC (RB6-8C5), CD45-PE (30-F11), CD8-FITC (53-6.7), CD4-PE 

(L3T4/GK1.5), CD3-PE-Cy7 (145-2C11), CD11b-PE (M1/70), CD11c-FITC (HL3), 

CD45R-B220-PE (RA3-6B2), CD62L-APC (MEL:14), c-kit-PE (CD117; ACK45), 

iNOS, arginase, rat IgG2b isotype, and annexin V were from BD Biosciences.  CD11b-

PacB (M1/70), F4/80-PE (BM8), F4/80-PacB (BM8), rat IgG1a-APC (RTK2758), and 

CD16/32 (93) were from BioLegend.  CD45-TxR (MCD4517) was from Invitrogen.  

Anti-mouse ADAM17 mAb was from Abcam (ab2051).  Secondary for ADAM17 

antibody (goat-anti-rabbit; 554020) was from BD Biosciences. Anti-CD3 was from Dako 

(clone F7.2.38). Recombinant A Box (12, 13) and 2G7 (14) were produced as described. 

 

Tumor inoculations, tumor measurements, 2G7, and A box treatment. C57BL/6 mice 

were inoculated s.c. in the flank with 5x105 MC38 colon carcinoma cells, 1x106  B78H1 

melanoma cells, or 1x106 AT3 mammary carcinoma cells (15).  BALB/c mice were 

inoculated in the abdominal mammary fat pad with 7x103 4T1 mammary carcinoma cells 

or s.c. with 1 x 106 CT26 colon carcinoma cells.  With the exception of AT3, which was 

obtained from Dr. S. Abrams (Roswell Park Cancer Center) ~5 years ago, all tumor cell 

lines have been in the authors’ laboratory for >15 years.   Cell lines are routinely checked 

for mycoplasma and early freeze-downs are preferentially used.  Mice were administered 
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intraperitoneally with recombinant A box (300µg/100 µl/mouse), vehicle (PBS), 2G7 

mAb (5µg/200µl/mouse), or control IgG2b antibody (MOPC 195; 5µg/200µl/mouse; 

Sigma Aldrich) 3x/week starting when tumors were first palpable (day 7-9 post 

inoculation).  Tumors were measured in two perpendicular diameters every 2-3 days.  

Tumor volume = πr2 where r = (diameter 1 + diameter 2)/4.  Immunohistochemistry for 

tumor-infiltrating T cells was performed by CD3 staining of O.C.T. embedded tumors.   

 

Tumor, MDSC, and macrophage supernatants; MEF cell lysates.  4T1, CT26, B78H1, 

MC38, and AT3 tumor cells were cultured at 5x106 cells/ml in 6 well plates in serum-free 

HL-1 medium at 37oC ,5% CO2. MDSC and thioglycolate-elicited macrophages were 

similarly cultured except some wells contained 100ng/ml LPS. Supernatants were 

harvested after 18 hours and concentrated 10x using 10kDa Centricon filters (Millipore). 

Excised tumors were minced into small pieces using scissors, and placed in 10ml of 

serum-free HL-1 media containing 0.8μg/ml DNase.  Tumor chunks were then 

dissociated into single cell suspensions using a GentleMACS Dissociator equipped with a 

GentleMACS C tube and program m_tumor 01.01 (Milltenyi Biotec).  Dissociated 

material, including medium, was then plated in 10cm dishes and incubated at 37oC , 5% 

CO2 for 18 hours, after which the supernatants were collected and concentrated to 2ml 

using 10kDa Centricon filters.  Wild type and HMGB1-knocked out MEF cells (16) were 

lysed in 300µl of M-Per buffer Mammalian Protein Extraction Reagent (Thermo 

Scientific) using a GentleMACS fitted with an M tube and program protein 01.01.  

Lysates were centrifuged at 10oC and 650g for 5 minutes, and the supernatants removed 

and centrifuged at 10oC and 160g for 15 min.  Protein concentration of the supernatants 
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was determined at 280 absorbance. 

Blood MDSC.  Mice were bled from the submandibular vein into 1ml of PBS containing 

0.008% heparin. RBC were removed by Gey’s treatment (17).  The remaining white 

blood cells were stained for Gr1 and CD11b and analyzed by flow cytometry.  White 

blood cells that were >90% Gr1+CD11b+ were used in experiments.  

 

MDSC- macrophage co-cultures.  Peritoneal macrophage (>80%CD11b+F4/80+ cells) 

and MDSC co-cultures were performed as  described (3). Briefly, cells were plated at 

7.5x105 MDSC and 7.5x105 macrophages/well in 500ul of DMEM with 5% FBS, 100 

ng/ml LPS, and 20 U/ml IFN-γ in 24 well plates. Co-cultures were incubated at 37°C, 5% 

CO2 for 16-18 hrs.  Supernatants were stored at -80°C until analyzed by ELISA.  

 

Cytokine detection.  IL-10, IL-6, IL-12, and IL-1β were measured by ELISA according 

to the manufacturer’s protocol (R&D Systems).  Plates were read at 450 nm using a Bio-

Tek synergy microplate reader.  Data are the mean ± SD of triplicate wells.  

 

MDSC generation from bone marrow cells.   MDSC were generated (18) with the 

following adaptations:  Bone marrow was flushed aseptically from femurs with RPMI 

medium using a syringe fitted with a 27g needle.  RBC were lysed with Gey’s solution. 

Resulting cells were cultured at 37°C, 5% CO2 at 4.2 x 105 cells/2ml in 6 well plates 

containing RPMI medium supplemented with 10% FCS, 40 ng/ml IL-6 and 40 ng/ml 

GM-CSF.  After four days of culture, percent decrease in Gr1midCD11b+ cells was 

determined (Gr1midCD11b+ cells = 100% [(number of vehicle-treated cells – number of 
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inhibitor treated cells)/(number of vehicle-treated cells)].  Absolute number of cells = 

(total number of cells) x % of a given cell type as determined by flow cytometry. 

 

T cell activation assays.  T cell activation assays were performed as described (17).  

Briefly, splenocytes and irradiated (2500 Rad) 4T1-induced MDSC or bone marrow 

generated MDSC were co-cultured in 96 well plates at 105 cells/200µl/well of HL-1 

media containing 1% penicillin, 1% streptomycin, 1% Glutamax, and 5 x 10-5 M β-

mercaptoethanol.  14uM OVA323-339 peptide or 28 µM HA518-526 peptide was included for 

DO11.10 and clone 4 cells, respectively. Wells were pulsed with 1µCi of [3H] 

thymidine/well on day 3, and 18 hours later the cells were harvested. Data are expressed 

as cpm ± SD of triplicate cultures. Hydrogen peroxide levels were measured as described 

(19). 

 

HMGB1 western blots and ELISA.  50 µl of equivalent quantities of concentrated 

supernatants of cultured tumor cells, in vivo grown tumors, MDSC, macrophages, or 

60ug of MEF cell lysates were mixed with 10 µl or the appropriate amount of 6x sample 

buffer and electrophoresed on 12% SDS-PAGE gels in SDS running buffer (BioRad) at 

150 volts for 1 hour, and transferred overnight in transfer buffer (BioRad) at 30 volts to 

PVDF membranes (GE Healthcare). Membranes were blocked with 5% milk in TBST.  

HMGB1 was detected with anti-HMGB1 antibody (Epitomics) (5ng/ml in 10ml of 2.5% 

milk/TBST) followed by goat-anti-rabbit-HRP (Millipore) (40ng/ml in 10ml of 2.5% 

milk/TBST). Protein was visualized using an HRP detection kit (Denville Scientific, Inc).  

HMGB1 levels were measured by ELISA according to the manufacturer's directions (IBL 



 

90 

 

International, Hamburg, Germany). 

Flow cytometry.  Cells were labeled and analyzed by flow cytometry for cell surface 

molecules as described (17).  For bone marrow experiments, cells were first stained using 

the LIVE/DEAD fixable yellow dead cell stain kit (Invitrogen) per the manufacture’s 

protocol, followed by staining for cell surface markers withantibodies diluted in PBS/ 2% 

FCS (HyClone).  For NF-κB staining of MDSC, 3x106-5x106 leukocytes/ml RPMI were 

incubated with/without 50 ng/ml HMGB1 for 15 minutes at 37oC, fixed and 

permeabilized and then stained with rabbit mAb phospho-NF-κB p65 (Ser536; clone 

93H1) and goat-anti-rabbit (Fab')2-AlexaFluor 647 (Cell Signaling, Inc.) according to the 

manufacturer’s protocol, followed by staining for Gr1 and CD11b.  Peritoneal 

macrophages (5x106/5 ml DMEM) were similarly stained, except they were rested for 2 

hrs at 37°C before stimulation with 20ng/ml TNFα or 100ug/ml LPS, and subsequently 

incubated with Fc block (CD16/32) for 15 min., followed by staining with NF-κB, 

CD11b, and F4/80 mAbs.  For ADAM17 staining, 3x106-5x106 leukocytes were 

incubated with or without HMGB1 (50 ng/ml) or ethyl pyruvate (10mM) for zero, two, 

and four hours and stained with mAb to ADAM17.  For tumor-infiltrating MDSC, solid 

tumors were prepared as they were for tumor supernatants, except collagenase (300 

U/ml) was included in the dissociation medium, and the resulting cells were centrifuged 

through ficoll to remove dead cells. Samples were run on a Cyan ADP flow cytometer 

and analyzed using Summit Software (Beckman/Coulter).   

 

Statistical methods.  Statistical analysis of tumor growth rate was conducted utilizing the 

compare Growth Curves function of the Statmod software package 
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(http://bioinf.wehi.edu.au/software/compareCurves).  Student’s t test was used to 

determine statistical significance between two sets of data. Single-factor ANOVA was 

used to determine statistical significance between groups of data.  

 

Results  

HMGB1 is ubiquitously present in the tumor microenvironment and activates MDSC via 

the NF-κB pathway.  If HMGB1 is associated with the induction of MDSC, then HMGB1 

will be present in the tumor microenvironment.  To test this hypothesis BALB/c-derived 

4T1 mammary carcinoma and CT26 colon carcinoma cells, and C57BL/6-derived B78H1 

melanoma, MC38 colon carcinoma, and PyMT-MMTV-derived AT3 mammary 

carcinoma cells were cultured in serum free-media, and the supernatants assessed by 

western blot for HMGB1.  Whole cell lysates of wild type MEF cells and their HMGB1-

knocked out counterparts served as positive and negative controls, respectively.  All 

tumors constitutively secreted HMGB1 (Fig. 1A).  Secretion of HMGB1 was confirmed 

and quantified by ELISA (Supplementary Table 1). 

 Since MDSC are driven by inflammation and themselves produce pro-

inflammatory mediators (8, 20), we tested MDSC for secretion of HMGB1. MDSC 

generated in 4T1 tumor-bearing BALB/c mice were harvested from the blood, stained for 

Gr1 and CD11b, and assessed for their ability to suppress T cell activation (Fig. 1B).  

Greater than 90% of the blood leukocytes were CD11b+Gr1+ and they were suppressive.  

We then tested MDSC for their ability to secrete HMGB1 by culturing them overnight 

and assaying the supernatant for HMGB1 by western blot and ELISA (Fig. 1C, 

Supplementary Table 1).  Macrophages are established producers of HMGB1 (11) and 
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LPS is reported to increase their secretion of HMGB1 (21).  To determine if LPS 

similarly affects MDSC, MDSC were cultured with and without LPS.  Both LPS-treated 

and untreated MDSC produced more HMGB1 than equivalent numbers of LPS-treated 

macrophages, demonstrating that MDSC constitutively secrete HMGB1.   

 To determine if HMGB1 is present in vivo within the tumor microenvironment, 

4T1, CT26, B78H1, MC38, and AT3 tumors of BALB/c and C57BL/6 tumor-bearing 

mice were measured, and then excised and weighed.  Explanted tumors were then 

dissociated into single cell suspensions without disrupting cell integrity, and incubated in 

serum-free medium. The resulting supernatants were assessed by western blot and ELISA 

for HMGB1 (Fig. 1C right-hand 5 lanes, Supplementary Table 1).  All excised tumors 

released HMGB1; however, the quantity of HMGB1 released did not directly correlate 

with tumor burden.  Since different types of tumors contain different quantities of 

HMGB1-producing cells and necrotic cells (i.e. tumor cells, macrophages, MDSC, etc.), 

it is not unexpected that HMGB1 levels are not proportional to tumor mass. 

 HMGB1 binds to multiple receptors including two receptors that are expressed by 

MDSC: TLR4 (22) and Receptor for Advanced Glycation Endproducts (RAGE) (23).  

Signaling through both of these receptors converges on the NF-κB signal transduction 

pathway.   To determine if HMGB1 activates MDSC, leukocytes from the blood of 

tumor-free BALB/c mice were cultured with or without HMGB1, subsequently stained 

for phosphorylated NF-κB (pNF-κB), and the Gr1+CD11b+ cells gated and analyzed for 

pNF-κB (Fig. 1D).  HMGB1-treatment caused phosphorylation of NF-κB.   

 To confirm the specificity of the pNF-κB staining, macrophages from either 

TLR4+/+ or TLR4-/- mice were treated with either LPS or TNFα.  If the pNF-κB mAb is 
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specific, then TNFα will activate NF-κB in both TLR4+/+ and TLR4-/- cells since it acts 

via the TNFα receptor.  In contrast, NF-κB will only be activated by LPS in TLR4+/+ 

cells, since LPS activates NF-κB via TLR4.  TNFα activated NF-κB in both TLR4+/+ and 

TLR4-/- cells, while LPS activated NF-κB in TLR4+/+, but not TLR4-/- cells, confirming 

the specificity of the pNF-κB mAb (Supplementary Fig. S1).   

 These data indicate that HMGB1 is ubiquitously present in vivo in the tumor 

microenvironment, multiple cell populations within the tumor microenvironment produce 

HMGB1, MDSC contribute to the production of HMGB1, and HMGB1 activates the NF-

κB signal transduction pathway in MDSC.  

 

HMGB1 drives the differentiation of MDSC from bone marrow progenitor cells.    

Since the differentiation, accumulation, and function of MDSC are driven by 

inflammation (8, 20, 24, 25), HMGB1 may regulate MDSC by either controlling their 

accumulation and/or affecting their functional activities.  To assess if HMGB1 affects 

MDSC differentiation, bone marrow cells from the femurs of healthy BALB/c mice were 

cultured under conditions that drive the differentiation of MDSC (18).  The HMGB1 

inhibitors ethyl pyruvate and glycyrrhizin were included in some cultures.  Ethyl 

pyruvate prevents extracellular secretion of HMGB1 from activated monocytes and 

macrophages by blocking NF-κB signaling (26).  Glycyrrhizin prevents the binding of 

extracellular HMGB1 by attaching to two distinct regions of HMGB1 (27).  At the end of 

the four day culture period, the presence of HMGB1 was confirmed by western blot (Fig. 

2A) and quantified by ELISA (Supplementary Table 1), and the absolute number of 

Gr1midCD11b+ cells was determined by cell counting and flow cytometry (Fig. 2B).  At 
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the start of culture, 5.5x104 cells were Gr1midCD11b+.  At the end of the culture period 

the vehicle control-treated cultures contained 1.6x105 Gr1midCD11b+ cells indicating that 

MDSC had expanded by almost 3 fold.  Both HMGB1 inhibitors significantly reduced 

the absolute number of MDSC (Fig. 2C, Supplementary Table 2).  The highest dose of 

glycyrrhizin reduced the number of Gr1midCD11b+ cells by 82%, while ethyl pyruvate 

reduced the number by 80%.  Gr1+CD11b+ MDSC induced under these conditions were 

just as suppressive as tumor-induced MDSC isolated from mice with 4T1 tumors (Fig. 

2D). Glycyrrhizin and ethyl pyruvate also decreased the generation of DC (CD11c+ cells, 

43% and 67%, respectively) and macrophages (F4/80+CD11b+  cells, 66% and 68%, 

respectively), consistent with published reports showing that HMGB1 also drives the 

maturation of these cells (28).  In contrast, B cells (B220+ cells) and T cells (CD3+ cells) 

were either not affected or only minimally decreased.  

 To determine if inhibition of HMGB1 reduces MDSC accumulation by inhibiting 

the proliferation of MDSC progenitor cells or by causing apoptosis of differentiated 

MDSC, bone marrow cells and matured MDSC were vehicle or ethyl pyruvate-treated 

and the levels of c-kit+ (CD117) progenitor cells and Annexin V+ PI+apoptotic cells were 

determined by flow cytometry (Fig. 2E, Supplementary Fig. S2A).  Ethyl pyruvate 

reduced the level of progenitor cells but did not induce apoptosis as compared to vehicle 

treatment.  These data indicate that HMGB1 facilitates the expansion of myeloid cells, 

including MDSC, from bone marrow progenitor cells.   

 

HMGB1 contributes to the ability of MDSC to suppress antigen-driven T cell activation.  

MDSC use multiple mechanisms to suppress anti-tumor immunity. Suppression of 
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antigen-driven T cell activation was one of the first mechanisms identified (29, 30). To 

determine if HMGB1 impacts MDSC suppression of T cell activation, MDSC from 4T1 

tumor-bearing BALB/c mice were tested for their ability to prevent the proliferation of 

transgenic CD4+ (DO11.10) or CD8+ (Clone 4) T cells activated with cognate peptides 

(Fig. 3A). Increasing concentrations of the HMGB1 inhibitor ethyl pyruvate restored T 

cell activation in the presence of MDSC.  Since ethyl pyruvate prevents signaling through 

NF-κB and T cell activation requires NF-κB signaling (31), transgenic T cells were 

treated with ethyl pyruvate to ascertain that these doses were not affecting T cell 

proliferation (Fig. 3B).  Ethyl pyruvate did not increase T cell activation in the absence of 

MDSC, demonstrating that the increase in T cell activation seen in fig. 3A is an effect of 

ethyl pyruvate on MDSC and not an effect on T cells.  

 To determine how ethyl pyruvate inhibits MDSC, control and ethyl pyruvate-

treated MDSC were assayed by flow cytometry for their content of molecules that 

mediate T cell suppression (arginase, iNOS,  and H2O2), and for its impact on MDSC 

viability.  Ethyl pyruvate did not decrease arginase or iNOS levels or alter MDSC 

apoptosis levels (Supplementary Fig. S2B, S2C), but modestly reduced H2O2 levels 

(Supplementary Fig. S2D) as compared to vehicle-treated cells.  In previous studies, 

another NF-κB inhibitor, Withaferin A, also reduced the suppressive potency of MDSC 

(19). These results suggest that HMGB1 contributes to MDSC-mediated T cell 

suppression by increasing their expression of H2O2. 

 

HMGB1 increases MDSC production of IL-10 and MDSC-macrophage crosstalk  

One of the mechanisms MDSC use to inhibit anti-tumor immunity is their production of 
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IL-10.  MDSC-produced IL-10 reduces macrophage production of IL-12, thereby 

skewing macrophages towards a type 2 tumor-promoting phenotype (3).  Crosstalk 

between MDSC and macrophages increases MDSC production of IL-10, thereby 

contributing to MDSC suppression.  MDSC-produced IL-10 also drives the 

differentiation and accumulation of T regulatory cells (32), further increasing immune 

suppression.  To determine if HMGB1 drives MDSC production of IL-10 or MDSC- 

macrophage crosstalk with respect to IL-10, MDSC and macrophages were co-cultured 

with or without ethyl pyruvate and glycyrrhizin and IL-10 production was measured (Fig. 

4A). Both ethyl pyruvate and glycyrrhizin dose-dependently reduced the production of 

IL-10 by MDSC and by mixtures of MDSC plus macrophages.  To ascertain that MDSC, 

rather than macrophages, are the producers of IL-10, macrophages and MDSC from IL-

10-deficient BALB/c mice were used in conjunction with MDSC or macrophages, 

respectively, from wild type BALB/c mice (Fig. 4B).  Only marginal levels of IL-10 

were detected in cultures containing IL-10-/- MDSC with wild type macrophages, 

demonstrating that MDSC are the cells producing the IL-10. The reduction of IL-10 is 

not due to reduced MDSC viability since ethyl pyruvate-treated MDSC cultured under 

the crosstalk conditions (with 5% serum) are more viable than vehicle-treated MDSC  

(Supplementary Fig. S2C). These findings indicate that HMGB1 regulates MDSC 

production of IL-10 and macrophage-induced increases in MDSC production of IL-10.   

 MDSC also promote a type 2 immune response by down-regulating macrophage 

production of IL-12 (3) and IL-6 (unpublished).  To determine if HMGB1 mediates either 

of these effects, MDSC and macrophages were co-cultured with or without ethyl 

pyruvate and glycyrrhizin and IL-12 and IL-6 were quantified by ELISA (Fig. 5).  Ethyl 
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pyruvate and glycyrrhizin reduced macrophage production of IL-12 and IL-6, and did not 

restore production of these cytokines in MDSC-macrophage co-cultures. IL-1β, a pro-

inflammatory cytokine that is produced by MDSC and also drives the suppressive 

potency of MDSC (33, 34), was also assessed. Ethyl pyruvate and glycyrrhizin decreased 

MDSC production of IL-1β; however, HMGB1 inhibition restored IL-1β levels in co-

cultures of MDSC and macrophages.  These results indicate that HMGB1 regulates 

MDSC production of IL-1β during MDSC-macrophage crosstalk; however it is not 

involved in MDSC-mediated down-regulation of macrophage-produced IL-12 or IL-6.  

 

Neutralization of HMGB1 delays tumor growth and reduces MDSC in tumor-bearing 

mice.     

HMGB1 includes two functional domains:  the pro-inflammatory B Box and the anti-

inflammatory A Box.  The B Box is a RAGE agonist, while the A Box is a RAGE 

antagonist (13).  Although the A Box is a competitor for the B Box, the B Box of 

HMGB1 is dominant in vivo (27). However, if administered in vivo as a recombinant 

protein, A Box neutralizes endogenous HMGB1 (14). To determine if A Box impacts 

tumor progression, BALB/c and C57BL/6 mice bearing 4T1 or MC38 tumor, 

respectively, were treated with A Box or vehicle control starting when the tumors were 

first palpable (approximate day 7-9 after tumor cell inoculation) (Fig. 6A). In both 

strains, A Box delayed tumor progression, supporting the concept that HMGB1 facilitates 

tumor growth.  4T1 tumor cells were also knocked-down by shRNA for HMGB1 

(4T1/575 cells) and their tumorigenicity compared to that of 4T1 cells transfected with an 

irrelevant shRNA (4T1/irrelevant) (Supplementary Fig. S3A). The effect of HMGB1 on 
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spontaneous metastatic disease was assessed by treating 4T1 tumor-bearing mice with 

glycyrrhizin and ethyl pyruvate and assessing the number of metastatic cells by 

clonogenic assay (35) (Supplementary Fig. S3B).  4T1/575 tumor-bearing mice 

survived significantly longer than mice with 4T1/irrelevant cells supporting previously 

published work (36).   Tumor-bearing mice treated with the inhibitors trended towards 

fewer metastatic cells; however, the values were not statistically significantly different. 

These results further confirm that HMGB1 enhances tumor progression. 

 To determine if HMGB1 drives MDSC accumulation in vivo, tumor-bearing mice 

were treated with a neutralizing HMGB1 mAb (2G7), and tumor-infiltrating MDSC and 

MDSC from the blood and spleen were compared to MDSC in vehicle-treated tumor-

bearing mice.  C57BL/6 mice were inoculated with the MC38 tumor on day 1 and 2G7 

treatment was started on day 10-13.  Mice were sacrificed at a late stage of disease when 

their primary tumors were approximately the same diameter, and total MDSC, monocytic 

MDSC, and granulocytic MDSC levels in the blood, spleen, and infiltrating the tumors 

were determined by flow cytometry (Fig. 6B).   Total, monocytic, and granulocytic 

MDSC were reduced in the spleens, blood, and tumors of 2G7-treated mice with the 

exception of tumor-infiltrating granulocytic MDSC.  These decreases were not a 

secondary effect of reduced tumor size since, at the time of analysis, the 2G7-treated and 

control-treated mice had similar-sized primary tumors.  MDSC were similarly reduced in 

the blood of A Box-treated tumor-bearing mice.  These results indicate that in vivo, 

neutralization of HMGB1 reduces the accumulation of MDSC in tumor-bearing mice.  

 Tumors from the HMGB1 mAb-treated (2G7) and isotype control-treated mice of 

Fig. 6 were assessed by immunohistochemistry for the presence of CD3+ T cells 



 

99 

 

(Supplementary  Fig. 4). Both types of tumors contained few T cells; however, there 

was a trend towards more CD3+ cells in the tumors of 2G7-treated mice.  

 

HMGB1 down-regulates T cell expression of L-selectin.   

MDSC also impair T cell immunity by perturbing the homing of naive T cells to lymph 

nodes where they could become activated. To enter lymph nodes T cells must first be 

tethered via L-selectin (CD62L) to the walls of high endothelial venules (HEV) so they 

can extravasate from the bloodstream.  Our previous in vitro studies showed that MDSC 

reduce T cell levels of L-selectin through their constitutive expression of ADAM17 (a 

disintegrin and metalloproteinase domain 17), an enzyme that cleaves the ectodomain of 

L-selectin (4).   Subsequent in vivo vital imaging studies showed that T cells with 

reduced expression of L-selectin do not enter HEVs (J. Muhich, S. Ostrand-Rosenberg, S. 

Abrams, and S. Evans, unpublished).  To determine if HMGB1 impacts MDSC-mediated 

down-regulation of T cell-expressed L-selectin, A Box and control-treated mice were 

sacrificed 29 days after tumor inoculation and circulating CD45+CD3+CD4+ and CD45+ 

CD3+CD8+ T cells were analyzed for L-selectin by flow cytometry (Fig. 7A).  Circulating 

CD4+ and CD8+ T cells from tumor-free mice were controls for normal L-selectin 

expression.  L-selectin was reduced in CD4+ and CD8+ T cells of tumor-bearing vehicle-

treated mice, while A box-treatment partially restored L-selectin expression (Fig. 7B).  

To confirm that HMGB1 acts on MDSC to reduce L-selectin, Gr1+CD11b+ cells from 

tumor-free and tumor-bearing mice were treated for zero, two, or four hours with 

HMGB1 or ethyl pyruvate, respectively.  The cells were then stained with mAbs to Gr1, 

CD11b, and ADAM17, and the gated Gr1+CD11b+ cells were analyzed for plasma 
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membrane expression of ADAM17 (Fig. 7C).  HMGB1-treated Gr1+CD11b+ cells from 

tumor-free mice expressed more ADAM17, while ethyl pyruvate-treated MDSC from 

tumor-bearing mice had less ADAM17, as compared to vehicle-treated cells.  These 

observations indicate that plasma membrane ADAM17 turns-over on MDSC and that 

HMGB1 contributes to the down-regulation of L-selectin on T cells by sustaining MDSC 

expression of ADAM17.   

 

Discussion 

 The DAMP and alarmin HMGB1 is released by many tumor cells, is elevated in 

the serum of many cancer patients (37), and is recognized as an enhancer of tumor 

progression by its direct action on tumor cells (9, 10, 28).  The studies reported here 

identify MDSC, along with tumor cells and macrophages, as producers of HMGB1. The 

observed decrease in MDSC of tumor-bearing mice following treatment with HMGB1 

inhibitors, combined with the in vitro mechanistic studies demonstrate that HMGB1 (i) 

promotes the differentiation of MDSC from bone marrow progenitor cells; (ii)  increases 

MDSC-macrophage crosstalk and MDSC production of IL-10;  and (iii)  increases 

MDSC-mediated down-regulation of L-selectin on naive T cells.  These findings support 

the conclusion that HMGB1 contributes to the elevation and suppressive potency of 

MDSC in tumor-bearing mice, and identify a new pro-inflammatory mediator that 

regulates MDSC.     

 HMGB1 is likely to activate and drive MDSC because it induces, chaperones, 

and/or enhances the activity of several pro-inflammatory molecules that regulate MDSC.  

For example, IL-1β drives MDSC accumulation and T cell suppressive activity (33, 38) 
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and is induced by HMGB1 (14).  Complexes of HMGB1 and IL-1β have increased pro-

inflammatory activity relative to either molecule alone (39).  HMGB1 also enhances the 

pro-inflammatory activity of IL-6 (40), TNFα (14), and prostaglandin E2 (41), three other 

pro-inflammatory mediators that drive MDSC   (24, 34, 42, 43).  Although neutralization 

of HMGB1 significantly down-regulates MDSC suppressive activity, it does not globally 

neutralize MDSC, most likely because the multiple pro-inflammatory mediators that 

drive MDSC are redundant and can also be regulated by molecules other than HMGB1.  

 HMGB1 is known to facilitate tumor progression by co-opting other immune cells 

and by directly affecting tumor cell growth (9, 10, 28) . It increases the accumulation of T 

regulatory cells and diverts type 1 T helper cells to a pro-tumor type 2 phenotype (36, 

44). HMGB1 also acts directly on tumor cells to enhance tumor progression by binding to 

tumor cell-expressed RAGE. Many tumor cells express RAGE (45), and the binding of 

HMGB1 to RAGE promotes tumor cell autophagy, inhibits tumor cell apoptosis, and 

increases tumor cell invasiveness (46, 47). Collectively these effects produce an immune 

suppressive and pro-tumor environment.  MDSC contribute to tumor growth through 

their immune suppressive mechanisms.  However, their elimination may not be sufficient 

for tumor rejection, and active immunization of T cells and/or repolarization of 

macrophages to a M1-like phenotype may also be required  (17).  The studies reported 

here demonstrate that HMGB1 affects MDSC development and function.  Since HMGB1 

impacts tumor progression through multiple mechanisms that act on both tumor cells and 

immune cells, its effects on MDSC represent only one of its modes of action.  

 Paradoxically, under some conditions HMGB1 facilitates the activation of tumor-

reactive T cells. HMGB1 facilitates dendritic cell maturation (48) and enhances DC-
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mediated antigen presentation during chemotherapy and radiotherapy (49).  In contrast to 

the pro-tumor effects of HMGB1 which are thought to be transmitted through RAGE, the 

enhancement of DC function requires the release of HMGB1 by dead tumor cells and is 

mediated through DC-expressed TLR4. Whether the in vivo pro-tumor or anti-tumor 

effects of HMGB1 balance each other, or whether one dominates is unclear.  However, 

the potential for HMGB1 to both inhibit and promote anti-tumor immunity makes it 

difficult to evaluate whether neutralization of HMGB1 will be beneficial or harmful.  

 The quantity of HMGB1 within different solid tumors differs significantly (see 

Supplementary Table 1).   MDSC, macrophages, tumor-infiltrating cells, and tumor 

cells themselves all contribute to the amount of HMGB1 in the tumor microenvironment.  

Live tumor cells secrete HMGB1, while necrotic tumor cells induced by suboptimal 

vascularization and hypoxia release nuclear HMGB1.  Because the quantity of tumor-

infiltrating cells and the extent of vascularization and hypoxia differ in different types of 

tumors, it is not unexpected that the quantity of HMGB1 within solid tumors does not 

correlate with tumor mass. 

 HMGB1 binds to both TLR4 and RAGE, and MDSC express both receptors (20, 

50). TLR4 and RAGE signaling converges at NF-κB (9, 10, 28, 51), so that activation 

through either receptor may produce similar effects. Previous studies demonstrated that 

MDSC production of IL-10 is regulated by TLR4 (50).  In the current report, the RAGE 

antagonist, A Box, partially restores T cell expression of L-selectin, suggesting that this 

effect of MDSC may be regulated through RAGE.  The HMGB1 inhibitors ethyl 

pyruvate and glycyrrhizin reduced MDSC production of IL-10 during MDSC-

macrophage crosstalk and the differentiation of MDSC from bone marrow progenitor 
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cells, and ethyl pyruvate restored T cell activation in the presence of MDSC.  These 

reagents either bind exogenous HMGB1 (glycyrrhizin) or inhibit NF-κB signaling (ethyl 

pyruvate) and therefore do not distinguish whether HMGB1 is acting through TLR4 or 

RAGE. Regardless of which receptor is utilized, HMGB1 is a potent inducer of MDSC 

and immune suppression, and both its pro-tumor and anti-tumor activities must be 

considered when designing cancer immunotherapies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

104 

 

Figures  

 

Figure 1

0

5

10

15

20

25

30 CD4+ T cells

C
P

M
 x

 1
0

3

0

5

10

15

20

25 CD8+ T cells 

Ratio MDSC:T cells

---

peptide

T cells +

Peptide+ 

MDSC

B

CD11b

G
r1

91%

C

25 KDa

(HMGB1)

D

A
25 KDa

(HMGB1)

40 KDa

(β-actin)

pNF-κB

+ HMGB1 

- HMGB1 

10
0

10
1

10
2

10
3

10
4

CD11b

G
r1

Ratio MDSC:T cells

 
 

Figure 1: HMGB1 is ubiquitously present in the tumor microenvironment, is 

secreted by MDSC, and activates the NF-κB signaling pathway in MDSC. A, 4T1, 

CT26, B78H1, AT3 and MC38 tumor cells were cultured in serum-free medium and their 

supernatants assessed by western blot for secreted HMGB1. Lysates of wild type and 

HMGB1-knocked-out MEF cells served as positive and negative controls.   B,  BALB/c 

4T1-induced Gr1+CD11b+ MDSC were obtained from the blood of tumor-bearing mice, 

stained for Gr1 and CD11b to assess purity, and co-cultured with transgenic CD4+ 

(DO11.10) or CD8+ (clone4) splenocytes. Splenocytes were activated with OVA or HA 
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peptide for DO11.10 and clone4 cells, respectively. T cell proliferation was measured by 

[3H] thymidine incorporation.  Data are expressed as cpm of triplicate cultures.  C, LPS-

treated and untreated macrophages and MDSC, and excised, dissociated tumors of 

BALB/c (4T1, CT26) and C57BL/6 (B78HI, AT3, MC38) mice were cultured overnight 

in serum-free medium.  Resulting supernatants were assessed by western blot for 

HMGB1.  D, Leukocytes from tumor-free BALB/c mice were treated with or without 

HMGB1 and stained for Gr1, CD11b, and pNF-κB.  Gr1+CD11b+ cells were gated and 

analyzed for pNF-κB.  Data are from one of three, two, three, and three independent 

experiments for panels A, B, C, and D, respectively.  
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Figure 2
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Figure 2:  HMGB1 drives the differentiation of MDSC from bone marrow 

progenitor cells. Bone marrow cells were harvested from the femurs of healthy BALB/c 

mice and cultured with IL-6 and GM-CSF with or without ethyl pyruvate, glycyrrhizin, 
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or vehicle. After four days of culture, the absolute number of MDSC was determined. A, 

HMGB1 western blot of supernatants of bone marrow cultures. B, Gating logic of 

Gr1midCD11b+ MDSC from pre-cultured and post-cultured bone marrow cells. C, 

Absolute number of Gr1midCD11b+ MDSC in the bone marrow cultures after incubation 

with ethyl pyruvate or glycyrrhizin.  D, MDSC generated in the bone marrow cultures 

were assessed for suppressive activity against antigen-specific MHC-restricted transgenic 

CD4+ and CD8+ T cells. E, Bone marrow cells were cultured under MDSC differentiation 

conditions (GM-CSF+IL-6) ± ethyl pyruvate (EP) and analyzed for the percent of c-kit+ 

(CD117+) progenitor cells.  p values were obtained by Student’s t test. Data are from one 

of three and two independent experiments for panels A-C and D-E, respectively. 
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Figure 3:  HMGB1 contributes to the ability of MDSC to suppress antigen-driven T 

cell activation. Splenocytes from CD4+ DO11.10 TcR or CD8+ clone4 TcR transgenic 

mice were co-cultured with irradiated 4T1-induced MDSC from BALB/c mice and 

cognate peptide (OVA or HA peptide for DO11.10 and clone 4 T cells, respectively). A, 

T cell proliferation was measured by [3H]-thymidine incorporation in the presence of 

titered amounts of ethyl pyruvate or vehicle control. B, Ethyl pyruvate does not directly 

affect T cell activation.  Transgenic DO11.10 and clone4 T cells were activated with 

cognate peptide in the presence of titered amounts of ethyl pyruvate.  Data are from one 

of two independent experiments. p values were obtained by Student’s t test comparing 

ethyl pyruvate treated samples versus the respective diluent control samples.  
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Figure 4
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Figure 4: HMGB1 increases MDSC production of IL-10 and MDSC-macrophage 

crosstalk. A, Co-cultures of 4T1-induced BALB/c MDSC and macrophages from tumor-

free mice were incubated with or without ethyl pyruvate or glycyrrhizin, and the 

supernatants were assayed by ELISA for IL-10. B, MDSC from 4T1-tumor-bearing 

BALB/c and BALB/c IL-10-/- mice and peritoneal macrophages from tumor-free BALB/c 

mice were co-cultured and the supernatants were assayed by ELISA for IL-10. ND 

indicates non-detectable levels of protein. Data are from one of six and three independent 
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experiments for panels A and B, respectively.  p values were obtained by single-factor 

ANOVA.  

 

 

Figure 5
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Figure 5:   HMGB1 facilitates down-regulation of IL-6 and MDSC production of IL-

1β, but does not alter MDSC-mediated down-regulation of macrophage production 

of IL-12.  Co-cultures of 4T1-induced BALB/c MDSC and macrophages from tumor-free 

mice were incubated with or without ethyl pyruvate or glycyrrhizin and the supernatants 

were assayed by ELISA for IL-12, IL-6, and IL-1β.  ND indicates non-detectable levels 

of protein. Data are from one of four, five, and two independent experiments for IL-12, 

IL-6, and IL-1β, respectively. p values were obtained by Student’s t test.   



 

111 

 

Figure 6
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Figure 6:  Tumor-bearing mice treated with mAbs to HMGB1 or with A Box have 

reduced levels of MDSC.  A, C57BL/6 and BALB/c mice were inoculated s.c. with 5 x 

105 MC38 colon carcinoma cells or in the mammary fat pad with 7 x 103 4T1 mammary 

carcinoma cells, respectively. Mice were given recombinant A box (300µg/mouse) or 

vehicle (PBS) three times per week starting when tumors were first palpable (day 7-9 

post inoculation). p values were obtained by log rank test. B, C57BL/6 mice were 
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inoculated as in panel A.  Treatment with 2G7 (5µg/200µl/mouse, 3x/week), irrelevant 

IgG, or A Box was started on day 10-13 when tumors were first palpable. Treatment was 

terminated on day 45 and blood leukocytes were analyzed by flow cytometry for total 

(Gr1+CD11b+), monocytic (MO; CD11b+Ly6G-Ly6C+), and granulocytic (PMN; 

CD11b+Ly6G+Ly6C-) MDSC.  Mice were sacrificed on day 50 when their tumors were 

approximately the same size, and spleen and tumor-infiltrating leukocytes (CD45+ cells) 

were analyzed by flow cytometry. n = 7 (blood, control-treated for 2G7), 4 (A Box, PBS-

treated), 6 (tumor-infiltrating and spleen, control-treated; blood, 2G7-treated), 4 (tumor-

infiltrating and spleen, 2G7-treated), and 4 (A Box-treated) mice/group.   Data for 2G7 

and their control-treated mice are pooled from two independent experiments; data for A 

Box and their control-treated mice are from a single experiment. .  p values were obtained 

by Student’s t test. 
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Figure 7
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Figure 7: HMGB1 down-regulates T cell expression of L-selectin. A, Twenty-nine days 

after tumor inoculation the MC38 tumor-bearing mice from figure 6A were sacrificed and 

blood leukocytes were analyzed by flow cytometry for L-selectin expression and 

compared to blood leukocytes from tumor-free C57BL/6 mice.  Representative 

histograms showing L-selectin expression from gated CD45+CD3+CD4+ and 
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CD45+CD3+CD8+ T cells from tumor-free, A box-treated, or control-treated (PBS) 

C56BL/6 tumor-bearing mice.  B, Average percent ± SD of CD45+CD3+CD4+ or 

CD45+CD3+CD8+ T cells expressing L-selectin. n= 5 mice/group (PBS-treated and 

tumor-free groups); n= 3 mice/group (A Box-treated group). p values were obtained by 

Student’s t test. Data are from one of two independent experiments.  C, Gr1+CD11b+ cells 

from tumor-free (left-hand panels) or tumor-bearing (right-hand panels) mice were 

incubated in vitro for zero, two, or four hours with exogenous HMGB1 (left-hand panels) 

or ethyl pyruvate (right-hand panels), and stained for Gr1, CD11b, and ADAM17.  Gated 

Gr1+CD11b+ cells were analyzed for ADAM17 expression. Graphs represent MCF of 

ADAM17 on Gr1+CD11b+ cells. Data are representative of three independent 

experiments. 

Supplementary Fig. S1.  pNF-κB mAb is specific for activated NF-κB.  Macrophages were 

harvested from the peritoneal cavity of TLR4+/+ or TLR4-/- tumor-free mice treated with 

thioglycolate, rested in vitro for two hours, incubated with or without LPS or TNFα, and stained 

with mAbs to CD11b, F4/80, and pNF-κB.  Gated CD11b+F4/80+ macrophages were 

analyzed for pNF-κB.
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Supplementary Fig. S2. Treatment with ethyl pyruvate does not alter arginase or iNOS 

expression or induce MDSC apoptosis as compared to control-treated MDSC. MDSC 

were harvested from BALB/c mice with 4T1 tumor. A, MDSC were not cultured  (pre-culture) 

or cultured overnight in serum-free HL-1 medium with or without 10mM EP and then stained 

with fluorescently coupled mAbs to Gr1 and CD11b, and Annexin V and PI, and the gated 

Gr1+CD11b+ cells analyzed by flow cytometry. Percent viable cells = 100% -

%Gr1+CD11b+AnneinV+ PI+ B, MDSC were incubated overnight  in serum-free media. The 

following day cells were stained with unlabeled mAbs to arginase or iNOS and goat-anti-

mouse IgG-AlexaF647, followed by fluorescently labeled mAbs to Gr1 and CD11b.  Gated 

Gr1+CD11b+ cells were analyzed by flow cytometry C, MDSC were treated as in panel A 

except cultured in DMEM with 5% serum.  Data for each panel are representative of two 

independent experiments.  D, HMGB1  increases MDSC content of H2O2.  MDSC were 

activated with PMA and treated with vehicle or escalating doses of ethyl pyruvate.  H2O2 levels 

were measured using an Amplex Red Hydrogen Peroxide Assay kit.  
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Supplementary Fig. S3: HMGB1 produced by tumor cells promotes tumor growth and metastasis.

A, BALB/c mice were inoculated in the mammary fat pad with 7 x 103 4T1/575 (shRNA knockdown for 

HMGB1) or 4T1/irrelevant (shRNA knockdown for Invariant chain) mammary carcinoma cells and 

monitored for survival.  Methods: HMGB1 Oligonucleotides: hm575sense– 5’ GATCGGCAGCCCTA 

TGAGAAGAAATTCAAGAGATTTCTTCTCATAGGGCTGCTTTTTTG 3’, hm575anti-sense – 5’ 

AATTCAAAAA AGCAGCCCTATGAGAAGAAATCTCTTGAATTTCTTCTCATAGGGCTGCC 3’ 

(IDTDNA). Invariant chain oligos: sense-5‘GATCCGCTTGTTATCAGCTTTCAGTTCAAGAGACTGAAA 

GCTGATAACAAGCTTTTTTCTAGAG 3’ Ii 54 anti-sense- 5’ ATTCTCTAGAAAAAAGCTTGTTAT 

CAGCTTTCAGTCTCTTGAACTGAAAGCTGATAACAAGCG 3’. Double stranded DNA was generated 

by annealing 5 µM each of sense and anti-sense primers  at 80°C.and subsequently  cloned into pSiren

RetroQ vector (Clonetech) utilizing the BamHI and EcoR1 sites. Constructs were confirmed by DNA 

sequencing. Plasmid DNA was prepared using a Macherey-Nagel Nucleo Bond Xtra Midi Kit and 4T1 

cells were transfected with 3µg of DNA using Amaxa Nucleofactor program T-024. Stable transfectants 

were obtained after three weeks of culture in 1.8 µg/ml puromycin. Transfected  and parental cells were 

lysed in 500µl of M-Per buffer Mammalian Protein Extraction Reagent (Thermo Scientific) using a 

GentleMACS M tube and program protein 01.01 on the GentleMACS Dissociator (Milltenyl Biotec). 

Protein concentrations of supernatants were determined at 280 absorbance. Fifty µg of protein/cell line 

was heated for 5 minutes at 95°C and run on a 12% polyacrylamide gel for 60 minutes at 100V.  Protein 

was transferred to a PVDF membrane overnight at 30V and probed with antibody to HMGB1. Blots were  

stripped with Restore  buffer (Thermoscientific) and reprobed for β-actin.  B, BALB/c mice were 

inoculated s.c. with 7 x 103 4T1 mammary carcinoma cells.  When tumors were first palpable (7-9 days 

post tumor inoculation), mice were treated i.p. with ethyl pyruvate (40 mg/kg, twice daily), glycyrrhizin 

(2mg/kg twice daily), or vehicle (PBS; twice a week). Four weeks after tumor inoculation when tumors 

were >10mm in diameter, mice were sacrificed and the number of metastatic cells in the lungs was 

quantified by clonogenic assay (20) with the following modification: Lung tissue was dissociated using a 

Gentle MACS Dissociator (Milltenyl Biotec) fitted with a C tube running program m_lung_02.01. Data are 

pooled from two experiments and are combined from two independent experiments. n=7, 5, and 8 for 

the PBS, ethyl pyruvate, and glycyrrhizin groups, respectively.
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Supp Figure S4

Supplementary Fig. S4: Tumors from mice treated with anti-HMGB1 mAb tend to have more tumor-

infiltrating CD3+ cells.  Tumors from the HMGB1-treated (2G7 mAb) and isotype control-treated mice of 

Figure 6 were frozen and embedded in OCT medium and subsequently stained  for CD3 or with H&E.  

Slides were examined at a magnification of 250X using a Zeiss microscope fitted with an AxioCamMRc5 

camera.  Images are representative of fields from each of two mice per group.  

CD3

H & E

2G7 Treated

(anti-HMGB1)

Control Treated

(IgG2b Isotype)

 



 

118 

 

Supplementary Table 1.  Quantitation of HMGB1 secreted by cultured tumor cells, ex 

vivo macrophages and MDSC, in vivo grown tumors, and cultures of MDSC 

differentiated from bone marrow progenitor cells.  

 

a Amount of HMGB1 after 18 hrs of culture 
b Amount of HMGB1 at the end of the four day incubation 

In vitro cultured 

tumor cells 

ng/ml/106 cellsa   

4T1 36.95   

CT26 16.23   

MC38 123.23   

AT3 36.95   

B78H1 12.61   

 ng/ml/106 cellsb   

Bone marrow 

differentiation 

cultures 

 

98.61 

  

Ex vivo cells ng/ml/107 cellsa   

Macrophages 0.31   

LPS-treated 

macrophages 

0.31   

MDSC 3.29   

LPS-treated MDSC 4.24   

In vivo grown tumors Tumor weight (mg) Tumor diameter (mm) ng/ml/1g tumora 

4T1 1140 13.54 85.89 

CT26 1770 9.55 173.39 

B78H1 840 8.84 216.86 

AT3 127 3.96 0.63 
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Supplementary Table 2: HMGB1 drives the differentiation of MDSC from bone marrow 

progenitor cells 

  Pre-

culture 

 Post-culture 

    Vehicle  Ethyl Pyruvate (mM)  Glycyrrhizin (mM) 

      2.5 5 10  0.25 0.5 1 

Total cells a  4.2x105  5.5x105  4.1 

x105 

3.4 

x105 

1.2 

x105 

 3.1 

x105 

2.8 

x105 

9.6 

x104 

Gr1midCD11b+ b  5.5x104  1.6x105  1.3 

x105 

1.08 

x105 

3.2x104  9.4 

x104 

9.2 

x104 

2.9 

x104 

%Gr1midCD11b+ 

c 

 13.11  29.6  31.72 32.12 25.25  30.58 32.14 30.13 

 

% change 

            

Gr1midCD11b+ d    0  20.23 33.46 80.12  42.26 43.49 82.26 

CD3+ d    0  -6.98 19.52 12.14  -22.19 30.44 -33.1 

B220+ d    0  3.89 33.05 36.29  -27.76 29.52 -4.87 

F4/80+CD11b+ d    0  32.69 57.89 68.43  -2.92 58.28 66.08 

CD11c+ d    0  19.37 32.03 67.0  -4.96 51.97 43.07 

a Total number of cells was obtained by trypan blue cell counts 

b Gr1midCD11b+ cells = total cells x % Gr1midCD11b+ cells  

c  Gr1midCD11b+ cells were identified by flow cytometry 

d   % change =  [(vehicle – treated)/vehicle] x 100 
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Chapter 3: High Mobility Group Box Protein 1 Promotes the 

Survival of Myeloid-derived Suppressor Cells by Inducing 

Autophagy 

 

 

Abstract  

Myeloid-derived suppressor cells (MDSC) are immune suppressive cells that are 

elevated in most individuals with cancer where their accumulation and suppressive 

activity are driven by inflammation. Because MDSC inhibit anti-tumor immunity, and 

promote tumor progression, we are determining how their viability is regulated. Previous 

studies have established that the damage-associated molecular pattern molecule (DAMP) 

High Mobility Group Box protein 1(HMGB1) drives MDSC accumulation and 

suppressive potency and is ubiquitously present in the tumor microenvironment. Since 

HMGB1 also facilitates tumor cell survival by inducing autophagy, we sought to 

determine if HMGB1 regulates MDSC survival through induction of autophagy. 

Inhibition of autophagy increased the quantity of apoptotic MDSC demonstrating that 

autophagy extends the survival and increases the viability of MDSC. Inhibition of 

HMGB1 similarly increased the level of apoptotic MDSC and reduced MDSC autophagy 

demonstrating that in addition to inducing the accumulation of MDSC, HMGB1 sustains 

MDSC viability. Circulating MDSC have a default autophagic phenotype and tumor-

infiltrating MDSC are more autophagic, consistent with the concept that inflammatory 

and hypoxic conditions within the microenvironment of solid tumors contribute to tumor 

progression by enhancing immune suppressive MDSC.  Overall, these results 

demonstrate that in addition to previously recognized pro-tumor effects, HMGB1 also 
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contributes to tumor progression by increasing MDSC viability by driving them into a 

pro-autophagic state.  
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Introduction 

 

Solid tumors often generate a harsh local environment containing multiple pro-

inflammatory mediators (1). Tumor progression requires that tumor cells as well as 

immune suppressive host cells must survive in this tumor microenvironment (TME). 

Survival of malignant cells is at least partially due to autophagy. Many tumor cells are 

autophagic even under minimally stressful conditions, while non-malignant cells usually 

become autophagic only in response to  stress (2). Autophagy is triggered by a variety of 

conditions present in the TME, including nutrient deprivation and hypoxia. It provides a 

survival advantage to stressed cells because it enables cells to maintain metabolic activity 

by engulfing cytoplasmic components that are degraded in autolysosomes (3). 

Degradation of cytoplasmic components through starvation-induced autophagy 

regenerates amino acids that are utilized in the trichloroacetic acid  cycle to produce 

energy the cell needs to survive, thus allowing them to avoid death (4) . 

Autophagy involves the formation of autophagosomes, mediated by a series of 

membrane rearrangements involving autophagy-related proteins (Atg) (5) (Figure 1). 

Autophagy is initiated when mTOR is down-regulated, resulting in the release of the 

transcription factor ULK1. ULK1 in turn induces vacuole formation by activating 

PI3KC3, Beclin1 (Atg6), and the Atg12, 5, and 16 complex.  This complex then interacts 

with Atg9 to mediate the induction of an autophagosome (6). Once an autophagosome is 

formed, Atg4, 7, and 3 assist in modifying LC3 (Atg8), first into LC3-I through cleavage 

by a cysteine protease, and further into LC3-II by conjugation with a 
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phosphatidylethanolamine. LC3-II is then incorporated into the lumen of an 

autophagosome. Upon closure of the autophagosome, adaptor proteins, such as p62, are 

retained within the autophagosome and target cargo for degradation. An autophagosome 

will mature into an autolysosome by docking and fusing with a lysosome. The 

autolysosome allows for the breakdown and recycling of autophagosomal contents, 

which temporarily sustains survival.  

Immune suppressive cells in the TME are important contributors to tumor 

progression because they prevent the host's immune system from eliminating malignant 

cells (7). Myeloid-derived suppressor cells (MDSC) are a major population of such 

suppressive cells and are present in the TME of most individuals with solid tumors (8). 

Studies by ourselves and others have established that multiple pro-inflammatory 

mediators induce the accumulation and suppressive potency of MDSC (9). The damage 

associated molecular pattern (DAMP) protein high mobility group box protein 1 

(HMGB1) is ubiquitously present in the TME, is an established driver of MDSC 

development and function (10), and is also an inducer of tumor cell autophagy (11).  

These properties of HMGB1 raise the question of whether MDSC survival in the TME is 

prolonged due to autophagy.   

Using inhibitors and inducers of autophagy and inhibitors of HMGB1, we have 

assessed the role of HMGB1 and autophagy in the survival of tumor-induced MDSC. Our 

results indicate that in addition to promoting MDSC development, HMGB1 also prolongs 

MDSC survival by driving MDSC autophagy, and that the TME promotes autophagy in 

MDSC.    
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Materials and methods  

 

Mice   

BALB/c, BALB/c DO11.10 (TCR-transgenic for the αβ-TCR specific for OVA peptide 

323-339 restricted by I-Ad) and BALB/c clone 4 TCR-transgenic mice (αβ-TCR specific 

for influenza hemagglutinin 518-526 restricted by H-2Kd) mice were purchased from The 

Jackson Laboratory (Bar Harbor, ME) and/or bred in the University of Maryland 

Baltimore County Biology Department animal facility. Female mice <6 months of age 

were used for all experiments.  All animal procedures were approved by the UMBC 

Institutional Animal Care and Use Committee. 

 

Reagents, antibodies, and cells   

Heparin sodium salt (grade IA), chloroquine, hyaluronidase, deoxyribonuclease I, and 

ethyl pyruvate were purchased from Sigma-Aldrich. Bafilomycin and rapamycin were 

purchased from Cayman Chemical. Collagenase type 4 was purchased from Worthington 

Biochemical. Ficoll-Paque PLUS was purchased from GE Healthcare Life Sciences. 

Fluorescently-coupled antibodies Gr1-APC (RB6-8C5), CD8-APC (53-6.7), CD4-PE 

(GK1.5), Vβ8.1 8.2-PE (MR5-2), Annexin V FITC, propidium iodide, and Annexin V 

binding buffer were from BD Biosciences.  CD11b-PacB (M1/70) and CD45-APC-Cy7 

(30-F11) were from BioLegend. DO11.10-APC (KJ1-26) was from eBiosciences. Murine 

4T1 and human Jurkat cells were cultured in IMDM medium supplemented with 10% 

fetal bovine product, 1% penicillin, 1% streptomycin, 1% glutamax, and 1% gentamycin. 

HeLa cells were cultured in DMEM, supplemented with 10% fetal calf serum, 1% 

penicillin, 1% streptomycin, 1% glutamax, and 1% gentamycin. 
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Tumor inoculations  

BALB/c mice were inoculated in the abdominal mammary fat pad with 7 x 103 4T1 

mammary carcinoma cells. 4T1 cells have been in the authors’ laboratory for >20 years.  

They were originally obtained from Dr. Fred Miller at the Karmanos Cancer Center.    

 

Flow cytometry   

Cells were labeled for immunofluorescence and analyzed by flow cytometry for cell 

surface molecules by staining with antibodies to Gr1 and CD11b. Antibodies were 

diluted in PBS containing 2% FCS (HyClone). Staining was conducted in the dark, on ice 

for thirty minutes. Staining for apoptosis or autophagy was conducted after surface 

staining.  For apoptosis staining 1 x 106 cells were stained with PI and Annexin V for 15 

minutes at room temperature as per the manufacturer’s protocol (BD Biosciences). For 

cyto ID staining, cells were first stained for surface markers, Gr1 and CD11b, followed 

by staining with cyto ID for thirty minutes at 37°C as per the manufacturer’s protocol 

(Enzo Life Sciences). Samples were run on a Cyan ADP flow cytometer and analyzed 

using Summit 4.3 Software (Beckman/Coulter).   

 

MDSC   

BALB/c mice with large 4T1 tumors (9-12 mm in diameter) were bled from the 

submandibular vein into 1ml of PBS containing 0.008% heparin. Red blood cells were 

removed by Gey’s treatment as described (12). The remaining leukocytes were stained 

for Gr1 and CD11b and analyzed by flow cytometry. Populations that were >90% 
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Gr1+CD11b+ were used in experiments.  

 

Isolation of tumor-infiltrating cells from solid tumors 

Tumors were dissociated using a modified protocol from the Tissue Dissociation Kit 

(protocol 2.2.1; Miltenyi Biotech). 9-12 mm diameter tumors were excised from BALB/c 

mice, and minced with scissors into small pieces inside of GentleMACS C tubes 

containing DMEM media supplemented with 2,000U/ml DNase, 300U/ml collagenase, 

0.1% hyaluronidase. Tumor chunks were then dissociated into single cell suspensions 

using a GentleMACS Dissociator (program m_imptumor _02;(Milltenyi Biotec) followed 

by rotation  (10 rpm; Glas-Col Rotator) at 37°C for 40 minutes, and a second round of 

dissociation and rotation. Resulting cells were passed through 70µM filters, rinsed twice 

with PBS,  resuspended in IMDM media, and then centrifuged on a Ficoll-Paque PLUS 

gradient at 1,230g (Eppendorf centrifuge 5810R)  (20°C for 20 minutes). Tumor-

infiltrating cells were harvested from the interphase of the gradient and then rinsed twice 

with PBS.  

 

Starvation-induced autophagy  

To induce autophagy cells were cultured in Hank’s balanced salt solution (HBSS) for 

three hours or in Earl’s balanced salt solution (EBSS) for four hours at 37°C in a 5% 

CO2-95% air incubator. Non-starved control cell lines were maintained in their culture 

media under the same conditions as starved cells. Non-starved control MDSC were 

cultured in their growth medium (HL-1) without additional supplements.   
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MDSC viability 

MDSC survival was assessed according to the procedure of (13). Briefly, MDSC from 

4T1 tumor-bearing BALB/c mice were harvested and incubated in HL-1 with or without 

ethyl pyruvate (20mM) or diluent control (PBS) at 37°C in a 5% CO2-95% air incubator. 

After one hour, MDSC were transferred to HBSS, returned to the incubator, and starved 

for three hours with or without ethyl pyruvate (20mM) or diluent control. In some 

experiments MDSC were incubated overnight in growth medium, or for four hours in 

EBSS with the autophagy inducer rapamycin (1µM), autophagy inhibitors chloroquine 

(5µM) or bafilomycin (0.1µM), or the respective diluent controls (water for chloroquine 

or DMSO for rapamycin and bafilomycin).  Data were normalized so that the untreated 

sample represented 100% viability. Percent MDSC viability = [(experimental % viable)-

(diluent control % viable-untreated % viable)].  

 

Autophagy activity  

4T1-induced MDSC, 4T1, Jurkat, and HeLa cells were starved for four hours in EBSS in 

the presence of ethyl pyruvate (20mM), bafilomycin (0.1µM), or their respective diluent 

controls (PBS for ethyl pyruvate; DMSO for bafilomycin). After starvation, autophagic 

vacuoles were detected by staining with cyto ID as per the manufacturer’s protocol (Enzo 

Life Sciences). Data were normalized so that autophagy activity (mean channel 

fluorescence (MCF)) following starvation (EBSS only) = 100%. Percent autophagy 

activity = [(experimentalMCF) – (diluent controlMCF-untreatedMCF)]. Fold increase in 

autophagy activity = (experimentalMCF)/(tumor-freeMCF). 
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T cell activation  

MDSC were isolated from 4T1-tumor-bearing BALB/c mice and starved in EBSS in the 

presence of rapamycin (1µM), chloroquine (5µM), bafilomycin (0.1µM), or the 

respective diluent control (water for chloroquine; DMSO for rapamycin and bafilomycin 

), and immediately used in T cell activation assays as previously described (12).  Briefly, 

splenocytes from TCR-transgenic mice (1 x 105 cells) and irradiated (25 Gy) MDSC 

(2,1,0.5, or 0.25 x 105 cells) were co-cultured in flat bottom 96 well plates in 200µl HL-1 

media containing 1% penicillin, 1% streptomycin, 1% glutamax, and 5 x 10-5 M β-

mercaptoethanol/well. 14uM OVA323-339 peptide or 28 µM HA518-526 peptide was 

included for DO11.10 and clone4 cells, respectively. On day 3, 1µCi [3H]-thymidine in 

50µl medium was added to each well.  Eighteen hours later the cells were harvested and 

[3H]-thymidine incorporation was measured by scintillation counter. Data are expressed 

as cpm ± SD of triplicate cultures. 

 

Western blots   

Jurkat, HeLa, and 4T1 cells were harvested when 75% confluent. After harvesting, 1x107 

cells were starved in 25 ml EBBS for four hours in the presence of ethyl pyruvate 

(10mM), rapamycin (1µM), chloroquine (500µM for 4T1 and 10µM for HeLa and 

Jurkat), bafilomycin (0.1µM), or the respective diluent controls (PBS for ethyl pyruvate, 

DMSO for rapamycin and bafilomycin, water for chloroquine).  After starvation cells 

were rinsed with PBS and then lysed in 300µl of M-PERM protein extraction reagent 

(Thermo Scientific). 50 µg of whole cell lysate were then mixed with 6x sample buffer 

(0.375mM Tris HCl, 9% SDS, 50% glycerol, 0.03% bromophenol blue, and 9% β-
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mercaptoethanol), boiled for five minutes at 95°C, and  electrophoresed on 14% SDS-

PAGE gels (SDS running buffer (BioRad), 150 volts, one hour)). Proteins were 

transferred to PVDF membranes (GE Healthcare) using a mini trans-blot cell (30 volts, 

BioRad transfer buffer, overnight). Membranes were blocked with 5% non-fat dried milk 

or 0.2% I block (Applied Biosystems) in TBST. LC3 was detected with anti-LC3B 

antibody (Novus; 1.4ug/ml in 7ml of 1% BSA/5% milk/TBS) followed by goat-anti-

rabbit secondary antibody (Millipore) (40ng/ml in 10ml of 1% BSA/ 5% milk/TBS). p62 

was detected with anti-p62 antibody (Novus; 22.8ng/ml in 10ml of 0.2% I Block/TBST) 

followed by goat-anti-rabbit secondary antibody (40ng/ml in 10ml of 5% milk/TBST). β-

actin was detected with anti-β-actin antibody (Sigma; 50ng/ml in 10ml of 2.5% 

milk/TBST) followed by sheep-anti-mouse secondary antibody (Millipore; 40ng/ml in 

10ml of 2.5% milk/TBST). Bands were visualized using an HRP detection kit on X-ray 

film (both from Denville Scientific, Inc). 

 

Statistical analysis   

Student’s t test was used to determine statistical significance between two sets of data. p 

values <0.05 were considered significant. Single factor ANOVA was used to determine 

significance between groups of data.  

 

Online Supplemental Material   

HMGB1 promotes autophagy in 4T1 and HeLa cells as assessed by western blots and 

cyto ID immunofluorescence. 
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Results  

 

Autophagy promotes MDSC survival 

If MDSC survival is facilitated by autophagy, then inhibiting autophagy will 

reduce the viability of MDSC. To test this hypothesis, MDSC were obtained from the 

blood of BALB/c mice with large 4T1 tumors and cultured overnight in HL-1 medium. 

Autophagy inhibitors chloroquine and bafilomycin, the autophagy inducer, rapamycin 

(see Figure 1), or their diluent control solutions, were added to some cultures, and 

MDSC viability was assessed by staining cells for CD11b, Gr1, PI, and Annexin V 

(Figure 2A). Taking into account the effect of the diluents, chloroquine and bafilomycin 

reduced MDSC viability by 70% and 81% respectively, while rapamycin did not 

significantly alter MDSC viability. These results establish that under non-stressed 

conditions, MDSC utilize autophagy to enhance viability, and that the default condition 

of tumor-induced MDSC is as pro-autophagic cells. 

To assess if MDSC in starved settings use autophagy to survive, MDSC were 

starved for four hours in serum- free EBSS medium to induce autophagy. The autophagy 

inhibitors chloroquine and bafilomycin reduced the viability of CD11b+Gr1+ gated 

MDSC by 12% and 22% respectively, while the autophagy inducer rapamycin increased 

MDSC viability by 7% (Figure 2B). These results demonstrate that MDSC utilize 

autophagy to survive in starvation conditions.  

 

HMGB1 promotes MDSC survival 

Our previous studies established that HMGB1 is ubiquitously present in the TME 

and drives both the accumulation of MDSC from bone marrow progenitor cells, and the 
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immune suppressive potency of MDSC, thereby identifying HMGB1 as a pro-

inflammatory mediator in MDSC development and function (10). Studies by others 

demonstrated that HMGB1 facilitates the survival of tumor cells by converting them to 

an autophagic state (13). These findings led us to hypothesize that HMGB1 may sustain 

MDSC viability by promoting MDSC autophagy. If HMGB1 promotes MDSC 

autophagy, then inhibition of HMGB1 during conditions that drive MDSC autophagy will 

reduce MDSC viability. Since HMGB1 is constitutively released by MDSC (10, 14), we 

assessed this possibility by culturing MDSC under starvation conditions in the presence 

or absence of the HMGB1 inhibitor ethyl pyruvate which blocks the release of HMGB1 

(14) (Figure 3). MDSC subjected to starvation-induced autophagy in the presence of 

ethyl pyruvate were 84% less viable than control-treated cells, demonstrating that 

HMGB1 enhances the survival of autophagic MDSC. 

 

HMGB1 promotes autophagy in MDSC 

To assess if HMGB1 enhances MDSC survival by inducing autophagy, MDSC 

autophagic flux was assessed by flow cytometry using the fluorescent dye cyto ID that 

stains autophagic vacuoles (see Figure 1). The dye is a cationic amphiphilic tracer that 

partitions into cells and stains pre-autophagosomes and autophagosomes. It interacts with 

hydrophobic lamellar structures of autophagic vacuoles and therefore co-localizes with 

LC3, which is an essential marker for autophagosomes (15, 16). Bafilomycin-induced 

inhibition of autophagy reduces cyto ID staining and thus serves as a control (17, 18). 

If HMGB1 promotes autophagy in MDSC, then inhibition of HMGB1 under 

conditions that drive autophagy will decrease autophagy activity. To test this possibility, 
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MDSC were cultured under starvation conditions in the presence or absence of the 

autophagy inhibitor bafilomycin, or HMGB1 inhibitor ethyl pyruvate, and subsequently 

stained with cyto ID and analyzed by flow cytometry. Treatment with the autophagy 

inhibitor bafilomycin served as a control (Figure 4A). Autophagy activity of MDSC was 

reduced 53% when ethyl pyruvate was included in the cultures.  A 65% reduction in 

autophagy activity was observed when bafilomycin was included instead of ethyl 

pyruvate. Therefore inhibition of HMGB1 and treatment with bafilomycin similarly 

reduce the level of autophagy in MDSC, demonstrating that HMGB1 regulates 

autophagic flux in MDSC.  

Western blotting for the autophagy markers LC3 and p62 is conventionally used 

to assess autophagy.  We have used cyto ID and flow cytometry for the MDSC studies 

because cyto ID staining is more sensitive and MDSC material is limiting. To confirm 

that cyto ID staining concurs with western blotting analysis, cultured cell lines were 

analyzed in parallel by cyto ID staining and western blotting.  Jurkat cells were either 

starved or not starved and treated with the autophagy inducer rapamycin, the autophagy 

inhibitors bafilomycin and chloroquine, or ethyl pyruvate, and subsequently analyzed by 

western blot for the autophagic markers LC3 and p62 (Figure 4B) or by cyto ID and flow 

cytometry (Figure 4C). As seen in the western blots, induction of autophagy by either 

starvation or treatment with rapamycin caused the turnover of LC3-I and the degradation 

of p62, indicative of increased autophagy.  Inhibition of autophagy by bafilomycin or 

chloroquine blocked the turnover of LC3-II, causing accumulation of LC3-II, and 

prevented the degradation of p62, indicative of reduced autophagy.  Cyto ID staining 
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similarly showed decreased autophagy in Jurkat cells following treatment with 

bafilomycin.   

The cyto ID results with MDSC indicated that the HMGB1 inhibitor ethyl 

pyruvate reduced autophagy. To confirm this observation, Jurkat cells were  starved or 

not starved in the presence or absence of ethyl pyruvate and in parallel analyzed by 

western blot (Figure 4B) and cyto ID flow cytometry (Figure 4C).  As seen in the 

western blot, ethyl pyruvate reduced the accumulation of LC3-I and blocked the 

conversion of LC3-I into LC3-II in Jurkat cells, characteristics of autophagic flux.  In 

contrast, p62 levels were not different in ethyl pyruvate-treated starved cells compared to 

untreated, not starved cells.  Cyto ID staining similarly showed reduced autophagy in 

ethyl pyruvate-treated Jurkat cells, thus demonstrating the concurrence of the western 

blot and cyto ID techniques.  Since p62 changes occur after LC3 degradation, the western 

blot analyses demonstrate that HMGB1 acts early to inhibit autophagy.  This finding is 

consistent with the function of ethyl pyruvate which is to prevent the release of HMGB1 

and thereby block autophagy at its onset.   

To further confirm the concurrence of cyto ID and western blotting analyses, two 

additional tissue culture cell lines were tested. Murine 4T1 mammary carcinoma cells 

(Supp Figure 1A) and human HeLa cells (Supp Figure 1B) were starved or not starved 

and treated with rapamycin, bafilomycin, chloroquine, or ethyl pyruvate, and assayed in 

parallel by western blotting and flow cytometry. 4T1 and HeLa cells gave similar results 

as shown for Jurkat cells, further supporting the validity of the cyto ID findings for 

MDSC. Collectively, the cyto ID and western studies demonstrate that HMGB1 promotes 

autophagy in Jurkat, 4T1, and HeLa cells, as well as in tumor-induced MDSC. 
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Autophagy reduces MDSC suppressive potency 

Suppression of T cell activation is the hallmark function of MDSC (8). To 

determine if autophagic status affects suppressive function, MDSC were not starved or 

starved, and treated with the autophagy inhibitors bafilomycin or chloroquine prior to 

their incubation with antigen-specific CD4+ or CD8+ transgenic T cells and cognate 

peptide (Figure 5). Treatment with either chloroquine or bafilomycin increased MDSC 

suppressive potency, indicating that autophagy reduces the suppressive activity of 

MDSC.  

 

The tumor microenvironment promotes autophagy in MDSC 

To confirm the in vitro autophagy findings in the tumor microenvironment, cells 

were isolated from the blood of tumor-free and 4T1 tumor-bearing BALB/c mice, and 

from 4T1 primary tumors of BALB/c mice, and stained with antibodies to CD45, CD11b, 

and Gr1, and cyto ID. Relative autophagy activity of gated CD45+CD11b+Gr1+ cells was 

then determined using MDSC from the blood of tumor-free mice as the reference point 

(Figure 6). MDSC from the blood of tumor-bearing mice express elevated levels of 

autophagy activity compared to MDSC from tumor-free mice, while tumor-infiltrating 

MDSC are the most autophagic.  These results demonstrate that the tumor 

microenvironment enhances autophagy in MDSC.  
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Discussion 

 

MDSC are profoundly immune suppressive cells that promote tumor progression 

by inhibiting anti-tumor immunity. In solid tumors they mediate many of their effects 

while residing in a tumor microenvironment that challenges their survival due to less than 

optimal growth conditions. The ability of MDSC to survive under these harsh conditions 

is likely due to multiple adaptations. Here, we demonstrate that one of the adaptations 

invoked by tumor-induced MDSC is to become autophagic and thereby avoid apoptosis, 

resulting in an increase in MDSC survival. This condition is mediated by the alarmin and 

DAMP, HMGB1, which is ubiquitously present in solid tumors.   

Various apoptotic mechanisms have  been implicated in MDSC survival. MDSC 

express the death receptor Fas and can be killed by FasL-expressing activated T cells 

(19).  Inflammation in tumor-bearing mice increases MDSC levels (20, 21) by rendering 

them more resistant to Fas-FasL-mediated apoptosis (22, 23). Signaling through TNF 

receptor 2 drives MDSC survival by increasing cellular FLICE-inhibitory protein (c-

FLIP). c-FLIP in turn inhibits the activation of caspase 8 thereby disrupting apoptosis 

(24). Activation through the IL-4Rα (CD124), which is expressed on some MDSC, has 

also been implicated in extending MDSC survival by inhibiting STAT6 phosphorylation 

and blocking MDSC apoptosis (25). MDSC survival is also regulated by the transcription 

factor IRF8 (26, 27). MDSC down-regulate IRF8 which modulates expression of the anti-

apoptotic molecules Bax and Bcl-xL, thereby preventing apoptosis. Whether any of these 

effector molecules or transcription factors are regulated by HMGB1 or vice-versa, or 

whether HMGB1 identifies a distinct regulatory pathway remains to be determined.   
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Autophagy has not previously been examined as a mechanism for sustaining the 

survival of MDSC, yet many of the conditions and effector molecules that are known to 

facilitate MDSC survival can be linked to autophagy. For example, hypoxia, an 

established inducer of autophagy (28), promotes MDSC survival by redirecting MDSC in 

the TME towards a tumor-associated macrophage phenotype (29). Reactive oxygen 

species (ROS), a family of effector molecules that regulate autophagy (30), also drive 

MDSC accumulation and survival.  ROS mediate their effects by regulating the cellular 

stress sensor C/EBP homologous protein (CHOP) in MDSC (31), and activation of 

CHOP has been linked to autophagy in that CHOP promotes increased transcription of 

essential autophagy proteins Atg5 and LC3 (32). ER stress also induces autophagy (33, 

34), and ER stress regulates MDSC half-life by controlling TRAIL receptor expression 

on MDSC (35). Therefore, autophagy may be a unifying mechanism by which many 

MDSC inducers increase MDSC quantity and half-life. 

Many of the conditions that have the potential to induce autophagy are present in 

the TME and are linked to HMGB1, so it is not unexpected that HMGB1 regulates the 

survival of MDSC by driving autophagy. For example, the TME of solid tumors is 

frequently an inflammatory environment, and inflammation promotes autophagy (36). 

HMGB1 is one of the pro-inflammatory molecules that contributes to the inflammatory 

milieu and HMGB1 drives the accumulation of MDSC (10). MDSC themselves release 

ROS and ROS are common within solid tumors. ROS promotes the extracellular release 

of HMGB1 (37) and HMGB1 release is enhanced by autophagy (13). Given the 

prevalence of ROS and HMGB1 in the TME, it is likely that tumor-induced MDSC are 

pro-autophagic as a result of exposure to these two molecules.  



 

145 

 

 Conditions in the TME, including inflammation and hypoxia promote autophagy 

(30, 38, 39) and MDSC suppressive potency (9, 29, 40, 41). Since tumor-infiltrating 

MDSC have heightened suppressor function relative to circulating MDSC (19, 29), our 

finding that autophagy decreases MDSC function appears to be contradictory.  This 

apparent inconsistency could be due to other factors in the TME that drive MDSC 

potency and over-ride the effects of autophagy on MDSC function.  Metabolism and the 

use of energy could possibly explain the increase in MDSC suppressive potency when 

autophagy is blocked. Chloroquine and bafilomycin, the reagents used here to inhibit 

autophagy and increase MDSC-mediated suppression, block lysosomal acidification and 

autophagosome-lysosome fusion, thus limiting protein degradation (42). Under these 

conditions the energy expended on protein degradation might be redirected and used to 

drive immune suppressive functions.    

The role of autophagy in promoting tumor progression is well established and has 

been attributed to its ability to increase the survival of tumor cells (3, 43). The studies 

reported here demonstrate that autophagy also supports tumor progression by sustaining 

the survival of MDSC. Therefore autophagy not only enhances tumor progression due to 

direct impact on tumor cells, but also by facilitating tumor-induced immune suppression 

and inhibiting anti-tumor immunity.   
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Figure 1: Autophagic flux.  Autophagy is initiated by inhibition of mTOR which is 

caused by stress, starvation, or treatment with rapamycin. Following inactivation of 

mTOR, Beclin1, PI3KC3 and Atg proteins are activated and nucleation occurs with the 

assistance of additional Atg proteins.  LC3 is then modified to give rise to LC3-1 which 

generates LC3-II and aids in forming the double membraned autophagosome. The 

autophagosome contains adaptor proteins such as p62 which aid in targeting cargo 

proteins. An autophagosome will mature into an autolysosome following fusion with a 

lysosome, creating an acidic internal environment. The acidic environment of the 

autolysosome allows for degradation and recycling of autophagosome components, 



 

147 

 

eventually leading to the reactivation of mTOR once stress/starvation are resolved. 

Autophagic flux can be monitored in live cells using a cyto ID stain (left side), or by 

western blot analysis of LC3 and p62 (right side).  Chloroquine and bafilomycin block 

autophagy at the acidification and recycling stages, respectively.          indicates 

molecules that are down-regulated;     indicates molecules that are up-regulated;    

indicates the direction of events in autophagy. 
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Figure 2: Autophagy promotes MDSC survival. (A) MDSC were obtained from the 

blood of 4T1 tumor-bearing BALB/c mice and an aliquot was assessed for purity by flow 

cytometry analysis of Gr1 and CD11b expression (left panel). MDSC were incubated 

overnight under non-starvation conditions (HL-1 medium) in the presence or absence of 

autophagy inhibitors chloroquine (5µM) or bafilomycin (0.1µM), autophagy inducer 

rapamycin (1µM), or the respective diluent controls. After incubation, MDSC were 

stained for Gr1, CD11b, Annexin V, and PI, and the gated Gr1+CD11b+ cells analyzed 
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for Annexin V and PI. Staining of MDSC from an individual mouse (left -side 

histograms); average percent MDSC viability for three mice (right-side graphs). (B) 

MDSC were obtained and treated as in (A), except, cells were incubated for four hours 

under starvation conditions (EBSS medium). * indicates statistical significant difference 

compared to non-treated samples.  p values were obtained by Student’s t test. Data were 

normalized so that the no treatment (A) or no drug (B) control groups were 100% 

viability.  Flow cytometry profiles are from one of three independent experiments, 

Graphs are averaged from three independent experiments. 
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Figure 3: HMGB1 promotes MDSC survival. MDSC were obtained from the blood of 

4T1 tumor-bearing BALB/c mice and an aliquot was assessed for purity by flow 

cytometry analysis of Gr1 and CD11b expression (top left histogram). MDSC were 

incubated for one hour in HL-1 medium in the presence or absence of the HMGB1 

inhibitor ethyl pyruvate (20mM) or diluent control (PBS), and subsequently starved in 

HBSS for three hours with or without ethyl pyruvate or diluent control. After incubation 

MDSC were stained and analyzed as in figure 2. PI and Annexin V staining of MDSC 

from a representative individual mouse (top histograms); average percent MDSC viability 

for three mice (bottom). * indicates statistical significant difference compared to starved 

samples.  p values were obtained by Student’s t test. Data were normalized so that the no 

treatment control group was 100% viability. Flow profiles are from one of three 
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independent experiments. Graph represents the average from three independent 

experiments. 
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Figure 4: HMGB1 promotes autophagy in MDSC. (A) MDSC were obtained from the 

blood of 4T1 tumor-bearing BALB/c mice and an aliquot was assessed for purity by flow 

cytometry analysis of Gr1 and CD11b (top left histogram).  MDSC were incubated in 

EBSS for four hours in the presence of autophagy inhibitor bafilomycin (0.1µM), 

HMGB1 inhibitor ethyl pyruvate (20mM), or the respective diluent controls. After 

incubation, MDSC were stained for Gr1 and CD11b and with cyto ID, and the gated 

Gr1+CD11b+ cells were analyzed by flow cytometry for cyto ID expression. Cyto ID 

staining for MDSC from a representative individual mouse (top right histograms); 

average percent MDSC autophagy activity for three mice (bottom graph).  (B) Jurkat 

cells were not starved or starved and treated with rapamycin (1µM), bafilomycin 

(0.1μM), chloroquine (10μM), or ethyl pyruvate (10mM), lysed, and assessed by western 

blot for LC3, p62, and β-actin expression. (C) Jurkat cells were starved, treated, and 

stained as in (A). Cyto ID staining on an individual sample of Jurkat cells (top 

histograms); average percent autophagy activity for three independent samples (bottom). 

* indicates statistical significant difference compared to starved samples.  p values were 

obtained by Student’s t test. Data were normalized so the starved control group is 100% 

autophagy activity. Data are from one of five, three, and two independent experiments for 

A, B, and C, respectively. 
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Figure 5: Autophagy decreases MDSC-mediated suppression of antigen-activated T-

cells.  MDSC (>87% Gr1+CD11b+) were obtained from the blood of 4T1 tumor-bearing 

BALB/c mice and not starved, or starved in the presence of autophagy inhibitors 

chloroquine (5μM) or bafilomycin (1μM), or the respective diluent controls. After 

starvation MDSC were rinsed with PBS and then irradiated prior to being cultured with 

splenocytes. Splenocytes from CD4+ DO11.10 (Top) or CD8+ clone4 (bottom) TCR 

transgenic mice were co-cultured with irradiated 4T1-induced MDSC and cognate 

peptide (OVA or HA peptide for DO11.10 and clone 4 T cells, respectively). T cell 

proliferation was measured by [3H]-thymidine incorporation. * indicates statistical 
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significant difference compared to starved samples as assessed by single factor ANOVA. 

Data are from one of two independent experiments. 
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Figure 6: The tumor microenvironment promotes autophagy in MDSC. Cells were 

obtained from the blood of tumor-free BALB/c mice or from the blood and tumors of 

4T1 tumor-bearing ( tumor-infiltrating)  BALB/c mice. Cells were stained for CD45, 

Gr1, and CD11b along with cyto ID, and the gated CD45+Gr1+CD11b+ cells (MDSC) 

were analyzed by flow cytometry for cyto ID expression.  Data are the average fold 

change in autophagy activity compared to the naïve blood sample. * indicates statistical 

significant difference compared to tumor-free samples. p values were obtained by 

Student’s t test.  Data are averaged from seven mice in three independent experiments. 
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Supplemental Figure 1: HMGB1 promotes autophagy in 4T1 and HeLa cells. (A) upper panel: 4T1 cells 

were not starved or starved for four hours in the presence of rapamycin (1μM), bafilomycin (0.1μM), or 

chloroquine (500μM), and subsequently lysed, and analyzed by western blot for LC3, p62, and  β-actin.  Middle 

panel: 4T1 cells were starved in the presence of bafilomycin (0.1μM), ethyl pyruvate (20mM), or the respective 

diluent controls, followed by staining with cyto ID.  4T1 cells from an individual mouse (left histograms);  bottom 

panel: average percent autophagy activity for three mice (bottom histograms and graph). (B) upper panel:  HeLa 

cells were treated and analyzed by western blot as in (A), except that cells were also incubated with ethyl 

pyruvate (10mM). Middle and bottom panels:  HeLa cells were starved as in (A) and assessed for autophagy by 

cyto ID staining.  * indicates statistical significant difference compared to starved samples. Data are from one of 

three independent experiments for each cell line for the cyto ID staining, and one of two independent 

experiments for the westerns.

 

 



 

156 

 

References  

1. Balkwill, F., and A. Mantovani. 2001. Inflammation and cancer: back to 

Virchow? Lancet 357: 539-545. 

2. White, E. 2012. Deconvoluting the context-dependent role for autophagy in 

cancer. Nat Rev Cancer 12: 401-410. 

3. Yang, X., D. D. Yu, F. Yan, Y. Y. Jing, Z. P. Han, K. Sun, L. Liang, J. Hou, and 

L. X. Wei. 2015. The role of autophagy induced by tumor microenvironment in 

different cells and stages of cancer. Cell Biosci 5: 14. 

4. Lum, J. J., D. E. Bauer, M. Kong, M. H. Harris, C. Li, T. Lindsten, and C. B. 

Thompson. 2005. Growth factor regulation of autophagy and cell survival in the 

absence of apoptosis. Cell 120: 237-248. 

5. Tang, D., R. Kang, C. B. Coyne, H. J. Zeh, and M. T. Lotze. 2012. PAMPs and 

DAMPs: signal 0s that spur autophagy and immunity. Immunol Rev 249: 158-175. 

6. Yorimitsu, T., and D. J. Klionsky. 2005. Autophagy: molecular machinery for 

self-eating. Cell Death Differ 12 Suppl 2: 1542-1552. 

7. Quail, D. F., and J. A. Joyce. 2013. Microenvironmental regulation of tumor 

progression and metastasis. Nat Med 19: 1423-1437. 

8. Gabrilovich, D. I., S. Ostrand-Rosenberg, and V. Bronte. 2012. Coordinated 

regulation of myeloid cells by tumours. Nat Rev Immunol 12: 253-268. 

9. Ostrand-Rosenberg, S., and P. Sinha. 2009. Myeloid-derived suppressor cells: 

linking inflammation and cancer. J Immunol 182: 4499-4506. 

10. Parker, K. H., P. Sinha, L. A. Horn, V. K. Clements, H. Yang, J. Li, K. J. Tracey, 

and S. Ostrand-Rosenberg. 2014. HMGB1 enhances immune suppression by 



 

157 

 

facilitating the differentiation and suppressive activity of myeloid-derived 

suppressor cells. Cancer Res 74: 5723-5733. 

11. Tang, D., R. Kang, K. M. Livesey, C. W. Cheh, A. Farkas, P. Loughran, G. 

Hoppe, M. E. Bianchi, K. J. Tracey, H. J. Zeh, and M. T. Lotze. 2010. 

Endogenous HMGB1 regulates autophagy. J Cell Biol 190: 881-892. 

12. Sinha, P., V. K. Clements, and S. Ostrand-Rosenberg. 2005. Reduction of 

myeloid-derived suppressor cells and induction of M1 macrophages facilitate the 

rejection of established metastatic disease. J Immunol 174: 636-645. 

13. Tang, D., R. Kang, C. W. Cheh, K. M. Livesey, X. Liang, N. E. Schapiro, R. 

Benschop, L. J. Sparvero, A. A. Amoscato, K. J. Tracey, H. J. Zeh, and M. T. 

Lotze. 2010. HMGB1 release and redox regulates autophagy and apoptosis in 

cancer cells. Oncogene 29: 5299-5310. 

14. Ulloa, L., M. Ochani, H. Yang, M. Tanovic, D. Halperin, R. Yang, C. J. Czura, 

M. P. Fink, and K. J. Tracey. 2002. Ethyl pyruvate prevents lethality in mice with 

established lethal sepsis and systemic inflammation. Proc Natl Acad Sci U S A 99: 

12351-12356. 

15. Guo, S., Y. Liang, S. F. Murphy, A. Huang, H. Shen, D. F. Kelly, P. Sobrado, and 

Z. Sheng. 2015. A rapid and high content assay that measures cyto-ID-stained 

autophagic compartments and estimates autophagy flux with potential clinical 

applications. Autophagy 11: 560-572. 

16. Oeste, C. L., E. Seco, W. F. Patton, P. Boya, and D. Pérez-Sala. 2013. Interactions 

between autophagic and endo-lysosomal markers in endothelial cells. Histochem 

Cell Biol 139: 659-670. 



 

158 

 

17. Luu, K. Response Profiles of Known Autophagy - Modulators Across Multiple 

Cell Lines. W. Luty, ed, Life Sciences. 

18. Porter, K., J. Nallathambi, Y. Lin, and P. B. Liton. 2013. Lysosomal basification 

and decreased autophagic flux in oxidatively stressed trabecular meshwork cells: 

implications for glaucoma pathogenesis. Autophagy 9: 581-594. 

19. Sinha, P., O. Chornoguz, V. K. Clements, K. A. Artemenko, R. A. Zubarev, and 

S. Ostrand-Rosenberg. 2011. Myeloid-derived suppressor cells express the death 

receptor Fas and apoptose in response to T cell-expressed FasL. Blood 117: 5381-

5390. 

20. Bunt, S. K., L. Yang, P. Sinha, V. K. Clements, J. Leips, and S. Ostrand-

Rosenberg. 2007. Reduced inflammation in the tumor microenvironment delays 

the accumulation of myeloid-derived suppressor cells and limits tumor 

progression. Cancer Res 67: 10019-10026. 

21. Bunt, S. K., P. Sinha, V. K. Clements, J. Leips, and S. Ostrand-Rosenberg. 2006. 

Inflammation induces myeloid-derived suppressor cells that facilitate tumor 

progression. J Immunol 176: 284-290. 

22. Chornoguz, O., L. Grmai, P. Sinha, K. A. Artemenko, R. A. Zubarev, and S. 

Ostrand-Rosenberg. 2011. Proteomic pathway analysis reveals inflammation 

increases myeloid-derived suppressor cell resistance to apoptosis. Mol Cell 

Proteomics 10: M110.002980. 

23. Ostrand-Rosenberg, S., P. Sinha, O. Chornoguz, and C. Ecker. 2012. Regulating 

the suppressors: apoptosis and inflammation govern the survival of tumor-induced 



 

159 

 

myeloid-derived suppressor cells (MDSC). Cancer Immunol Immunother 61: 

1319-1325. 

24. Zhao, X., L. Rong, X. Li, X. Liu, J. Deng, H. Wu, X. Xu, U. Erben, P. Wu, U. 

Syrbe, J. Sieper, and Z. Qin. 2012. TNF signaling drives myeloid-derived 

suppressor cell accumulation. J Clin Invest 122: 4094-4104. 

25. Roth, F., A. C. De La Fuente, J. L. Vella, A. Zoso, L. Inverardi, and P. Serafini. 

2012. Aptamer-mediated blockade of IL4Rα triggers apoptosis of MDSCs and 

limits tumor progression. Cancer Res 72: 1373-1383. 

26. Waight, J. D., C. Netherby, M. L. Hensen, A. Miller, Q. Hu, S. Liu, P. N. Bogner, 

M. R. Farren, K. P. Lee, K. Liu, and S. I. Abrams. 2013. Myeloid-derived 

suppressor cell development is regulated by a STAT/IRF-8 axis. J Clin Invest 

123: 4464-4478. 

27. Messmer, M. N., C. S. Netherby, D. Banik, and S. I. Abrams. 2015. Tumor-

induced myeloid dysfunction and its implications for cancer immunotherapy. 

Cancer Immunol Immunother 64: 1-13. 

28. Bellot, G., R. Garcia-Medina, P. Gounon, J. Chiche, D. Roux, J. Pouysségur, and 

N. M. Mazure. 2009. Hypoxia-induced autophagy is mediated through hypoxia-

inducible factor induction of BNIP3 and BNIP3L via their BH3 domains. Mol 

Cell Biol 29: 2570-2581. 

29. Corzo, C. A., T. Condamine, L. Lu, M. J. Cotter, J. I. Youn, P. Cheng, H. I. Cho, 

E. Celis, D. G. Quiceno, T. Padhya, T. V. McCaffrey, J. C. McCaffrey, and D. I. 

Gabrilovich. 2010. HIF-1α regulates function and differentiation of myeloid-



 

160 

 

derived suppressor cells in the tumor microenvironment. J Exp Med 207: 2439-

2453. 

30. Scherz-Shouval, R., and Z. Elazar. 2011. Regulation of autophagy by ROS: 

physiology and pathology. Trends Biochem Sci 36: 30-38. 

31. Thevenot, P. T., R. A. Sierra, P. L. Raber, A. A. Al-Khami, J. Trillo-Tinoco, P. 

Zarreii, A. C. Ochoa, Y. Cui, L. Del Valle, and P. C. Rodriguez. 2014. The stress-

response sensor chop regulates the function and accumulation of myeloid-derived 

suppressor cells in tumors. Immunity 41: 389-401. 

32. Rouschop, K. M., T. van den Beucken, L. Dubois, H. Niessen, J. Bussink, K. 

Savelkouls, T. Keulers, H. Mujcic, W. Landuyt, J. W. Voncken, P. Lambin, A. J. 

van der Kogel, M. Koritzinsky, and B. G. Wouters. 2010. The unfolded protein 

response protects human tumor cells during hypoxia through regulation of the 

autophagy genes MAP1LC3B and ATG5. J Clin Invest 120: 127-141. 

33. Ogata, M., S. Hino, A. Saito, K. Morikawa, S. Kondo, S. Kanemoto, T. 

Murakami, M. Taniguchi, I. Tanii, K. Yoshinaga, S. Shiosaka, J. A. Hammarback, 

F. Urano, and K. Imaizumi. 2006. Autophagy is activated for cell survival after 

endoplasmic reticulum stress. Mol Cell Biol 26: 9220-9231. 

34. Yorimitsu, T., U. Nair, Z. Yang, and D. J. Klionsky. 2006. Endoplasmic reticulum 

stress triggers autophagy. J Biol Chem 281: 30299-30304. 

35. Condamine, T., V. Kumar, I. R. Ramachandran, J. I. Youn, E. Celis, N. Finnberg, 

W. S. El-Deiry, R. Winograd, R. H. Vonderheide, N. R. English, S. C. Knight, H. 

Yagita, J. C. McCaffrey, S. Antonia, N. Hockstein, R. Witt, G. Masters, T. Bauer, 



 

161 

 

and D. I. Gabrilovich. 2014. ER stress regulates myeloid-derived suppressor cell 

fate through TRAIL-R-mediated apoptosis. J Clin Invest 124: 2626-2639. 

36. Mathew, R., V. Karantza-Wadsworth, and E. White. 2007. Role of autophagy in 

cancer. Nat Rev Cancer 7: 961-967. 

37. Tang, D., R. Kang, K. M. Livesey, H. J. Zeh, and M. T. Lotze. 2011. High 

mobility group box 1 (HMGB1) activates an autophagic response to oxidative 

stress. Antioxid Redox Signal 15: 2185-2195. 

38. Joven, J., M. Guirro, R. Mariné-Casadó, E. Rodríguez-Gallego, and J. A. 

Menéndez. 2014. Autophagy is an inflammation-related defensive mechanism 

against disease. Adv Exp Med Biol 824: 43-59. 

39. Martinez-Outschoorn, U. E., C. Trimmer, Z. Lin, D. Whitaker-Menezes, B. 

Chiavarina, J. Zhou, C. Wang, S. Pavlides, M. P. Martinez-Cantarin, F. Capozza, 

A. K. Witkiewicz, N. Flomenberg, A. Howell, R. G. Pestell, J. Caro, M. P. 

Lisanti, and F. Sotgia. 2010. Autophagy in cancer associated fibroblasts promotes 

tumor cell survival: Role of hypoxia, HIF1 induction and NFκB activation in the 

tumor stromal microenvironment. Cell Cycle 9: 3515-3533. 

40. Lu, T., and D. I. Gabrilovich. 2012. Molecular pathways: tumor-infiltrating 

myeloid cells and reactive oxygen species in regulation of tumor 

microenvironment. Clin Cancer Res 18: 4877-4882. 

41. Lu, T., R. Ramakrishnan, S. Altiok, J. I. Youn, P. Cheng, E. Celis, V. Pisarev, S. 

Sherman, M. B. Sporn, and D. Gabrilovich. 2011. Tumor-infiltrating myeloid 

cells induce tumor cell resistance to cytotoxic T cells in mice. J Clin Invest 121: 

4015-4029. 



 

162 

 

42. Tanida, I., N. Minematsu-Ikeguchi, T. Ueno, and E. Kominami. 2005. Lysosomal 

turnover, but not a cellular level, of endogenous LC3 is a marker for autophagy. 

Autophagy 1: 84-91. 

43. Fung, C., R. Lock, S. Gao, E. Salas, and J. Debnath. 2008. Induction of autophagy 

during extracellular matrix detachment promotes cell survival. Mol Biol Cell 19: 

797-806. 

 

 

 

 

 

 

 

 

 

 

 

 



 

163 

 

Chapter 4: Discussion 
 

Introduction 

 

The goal of this dissertation was to investigate whether a master upstream 

regulator of inflammation exists, since it is well appreciated that inflammation plays a 

large role in promoting immune suppression and immune suppression has such a 

profound inhibitory impact on immunotherapy.  

 

Almost a decade ago, the connection between MDSC and inflammation was 

established when it was found that the pro-inflammatory cytokines IL-1β, IL-6 and PGE2 

promote MDSC accumulation and suppressive function (1-4). Subsequent studies 

demonstrated that additional pro-inflammatory cytokines and DAMPs, including but not 

limited to C5a, PGE2, COX2, VEGF, GM-CSF, G-CSF, IL-1β, IL-6, IL-17, IDO, 

S100A8/A9, C/EBPβ, and chop, also drive MDSC (1-14).   

 

Various pro-inflammatory mediators that have been shown to encourage MDSC 

accumulation and function are induced by HMGB1, including IL-1β (1, 2, 15). Three 

other pro-inflammatory mediators that drive MDSC – IL-6, TNF-α, and PGE2 (3, 4, 16, 

17) – are also induced by HMGB1 (18-20). 

 

In addition to HMGB1’s pro-inflammatory properties, it also promotes tumor 

progression through direct interaction with tumor cells as well as induction of immune 

suppressive Tregs and TAMs. HMGB1 can enhance tumor progression by binding to 
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tumor cell expressed RAGE, which induces autophagy, inhibits apoptosis, and increases 

tumor cell invasiveness (21, 22). The association between HMGB1 and RAGE has also 

been linked to angiogenesis and metastasis, as blockade of either of these molecules 

impairs tumor angiogenesis and metastasis (23, 24). Furthermore, HMGB1 can promote 

tumor cell proliferation and invasion by increasing ATP production (25). HMGB1 

induces the accumulation of immune suppressive Tregs and the induction of a pro-tumor 

environment (26, 27). TAM accumulation is promoted by tumor-infiltrating T cells 

expressing lymphotoxinα1β2, which is induced by HMGB1 (28). Therefore, given 

HMGB1’s ability to induce inflammation and regulate several inflammatory inducers of 

MDSC, combined with its ability to induce immune suppression, we hypothesized that 

HMGB1 is an upstream regulator of inflammatory molecules that promote MDSC.  

 

Summary of the major findings  

 

The major findings reported here establish HMGB1 as an inducer of MDSC 

differentiation, accumulation, and immune suppressive functions. Therefore, HMGB1 

contributes to the elevation and suppressive potency of MDSC in tumor-bearing mice and 

suggests that this pro-inflammatory mediator can be targeted to regulate MDSC. 

Identifying HMGB1 as a major regulator of tumor-induced immune suppression led to 

deciphering the way HMGB1 is able to regulate MDSC differentiation and accumulation.  

 

It is well appreciated that HMGB1 helps to maintain tumor cell survival by 

promoting autophagy in tumor cells. Autophagy had not been previously examined as a 
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promoter of MDSC survival; however, data described here establish autophagy as an 

enhancer of tumor-induced immune suppression through the promotion of MDSC 

survival. HMGB1 induces autophagy activity in MDSC. It is not surprising that tumor-

infiltrating MDSC exhibit elevated levels of autophagy activity as there is an increased 

presence of inflammatory inducers in the TME, including HMGB1. 

 

Questions left unaddressed and limitations to answering these questions.  

 

What receptor(s) on MDSC are responsible for HMGB1 mediated signaling? 

 

As mentioned in the introduction (Chapter 1 section H6), HMGB1 can signal 

through a multitude of receptors. This dissertation has not assessed if HMGB1 signaling 

occurs in MDSC in response to a specific receptor. However, if a specific receptor could 

be identified as being responsible for HMGB1 signaling in MDSC, then this would 

supply another avenue for targeting MDSC.  

 

Literature supports the pro-inflammatory effect of HMGB1 associating with 

TLR4 or RAGE, and interestingly, several of these interactions have a tumor-promoting 

effect. The interaction between HMGB1 and RAGE on tumor cells induces autophagy, 

inhibits apoptosis, promotes angiogenesis, and increases tumor cell invasiveness (21-24). 

Blockade of RAGE binding in tumor-bearing mice is able to reduce the levels of MDSC 

in the circulating blood and secondary lymphoid organs (12). Therefore, RAGE is an 

established pro-tumor receptor that possibly drives MDSC accumulation.  
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HMGB1 signaling through TLR4 on macrophages promotes the release of pro-

inflammatory cytokines including IL-1β, IL-6, MIP-2, and IL-10 (29). In DC, HMGB1 

signaling through TLR4 stimulates their activation and maturation (30). TLR4 signaling 

in MDSC is responsible for IL-10 production and MDSC-macrophage crosstalk 

interactions (31). Therefore, TLR4 is a critical immune receptor that regulates MDSC-

macrophage cross-talk. Additionally, expression of CXCR4 in human MDSC has been 

shown to regulate MDSC accumulation in an ovarian cancer model (32). However, a 

connection has not been made with mouse MDSC as of yet. While other receptors are 

expressed by immune cells and mediate HMGB1 signaling, including TLR2, TLR9, and 

CD24, none of these receptors have been connected to MDSC function. Given that TLR4 

and RAGE regulate MDSC accumulation and function, TLR4 and RAGE are the most 

likely mediators of HMGB1 signaling in MDSC.  

 

To assess if HMGB1 signals through TLR4 or RAGE, tumor-bearing mice 

deficient in both TLR4 and RAGE could be treated with HMGB1 inhibitors and assessed 

for MDSC accumulation. In the absence of HMGB1 responsive receptors and reduced 

levels of HMGB1, MDSC accumulation should be significantly reduced. However, since 

MDSC are not the only cells expressing HMGB1 receptors, there could be deleterious 

side effects, as TLR4 and RAGE respond to other stimuli besides HMGB1 and do not 

solely possess tumor promoting characteristics.  Therefore, the global knockout of TLR4 

and RAGE could impede the overall immune response and weaken the immune system as 

a whole.  
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Does HMGB1 regulate other molecules in the TME that impact MDSC or other cells in 

the TME? 

 

With HMGB1 able to impact several molecules in the TME that regulate MDSC 

function and accumulation, including IL-10, IL-6 and IL-1β, it would be interesting to 

determine if HMGB1 impacts other molecules in the TME that also modulate MDSC 

function such as VEGF, TNF-α, or PGE2 (4, 7, 16, 17). To address this possibility, tumor-

bearing mice could be treated with HMGB1 inhibitors and assessed for expression of 

VEGF, TNF-α, or PGE2 and compared to control treated mice. If HMGB1 increases these 

inflammatory molecules then their expression could be reduced in HMGB1 inhibitor 

treated mice. Reduced expression of VEGF, TNF-α and PGE2 would impede MDSC 

accumulation and weaken their suppressive potency. 

 

To address if HMGB1 regulates other cells in the TME, tumor-bearing mice 

treated with HMGB1 inhibitors could be assessed for levels of macrophages, NK cells, 

DC, pDC, CAFs, and Bregs within the solid tumor and surrounding lymph nodes. Ideally, 

cells with anti-tumor function such as NK cells, DC, and macrophages would be elevated, 

while immune suppressive cells such as pDC, CAFs, and Bregs would be reduced. It has 

been previously established that HMGB1 induces the accumulation of immune 

suppressive Tregs and TAMs (26-28). Data from this dissertation established that 

HMGB1 regulates the levels of MDSC in the spleen, circulating blood, and tumor-

infiltrating populations of tumor-bearing mice. This dissertation has also demonstrated 

that the inhibition of HMGB1 in tumor-bearing mice increases the amount of tumor-
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infiltrating T cells. However, the infiltration of other immune cells was not assessed. If 

HMGB1 is a global driver of immune suppression, then inhibition of HMGB1 should 

reduce the levels of immune suppressive cells such as pDC, CAFs, and Bregs and 

promote the accumulation of immune reactive cells such as macrophages, DC, and NK 

cells. 

 

Determining if HMGB1 impacts other molecules or cells in the TME would 

provide valuable information that could help determine its effectiveness as an 

immunotherapeutic. If inhibition of HMGB1 impedes the function or accumulation of 

macrophages, DC, or NK cells or perhaps promotes the accumulation or function of pDC, 

CAFs, or Bregs, then HMGB1 would not be an ideal molecule to target for therapeutic 

use. Ideally, immunotherapies stimulate cells with anti-tumor activity and subdue cells 

that are immune suppressive.  

 

Does HMGB1-induced inflammation promote MDSC survival?  

 

HMGB1 promotes autophagy in tumor cells and MDSC as well as inflammatory 

cytokines IL-6 and GM-CSF, both of which promote autophagy. Since IL-6 and GM-CSF 

are inducers of MDSC accumulation (3, 8, 33, 34), it would be interesting to determine if 

HMGB1 is acting in a pro-inflammatory manner to promote autophagy. To address 

whether HMGB1-promoted IL-6 and GM-CSF induce autophagy in MDSC, tumor-

bearing mice could be treated with HMGB1 inhibitors and assessed for autophagy 

activity. If autophagy activity is reduced in MDSC from these mice as a result of 
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decreased inflammation, then treating these mice with recombinant IL-6 or GM-CSF 

should restore autophagy activity. However, this question presents the age-old 

predicament of whether the chicken or the egg came first. In this case, the question is if 

HMGB1 or inflammation is first. Ideally, mice that are knocked out for HMGB1 would 

be utilized for these experiments; however, global knockouts of HMGB1 are not viable 

(35). Therefore, tissue specific knockouts of HMGB1 solely in myeloid cells should be 

generated to determine if HMGB1 is induced by inflammation, or if inflammation 

induces HMGB1 expression which in turn promotes autophagy in MDSC.  

 

Would the global targeting of HMGB1 be beneficial for cancer treatment? 

 

This dissertation has described HMGB1 as a pro-inflammatory alarmin that promotes 

tumor-induced immune suppression. Therefore, it would be logical to use HMGB1 

inhibitors therapeutically to reduce tumor-induced immune suppression. However, 

HMGB1 does not solely function as a driver of tumor-induced immune suppression. 

HMGB1 is also a regulator of the immune response to sepsis, viral infection, and arthritis 

(15, 36, 37). Therefore, globally targeting HMGB1 could negatively impact the immune 

system as a whole and weaken immune responses to sepsis, viral infection, and arthritis. 

 

The global targeting of HMGB1 must be done with caution, as HMGB1 knockout 

mice are not viable (35). While the knockout offspring survive birth, they die within 24 

hours as a result of hypoglycemia. Therefore, HMGB1 inhibitors must be used with 

caution so as not to be toxic. These HMGB1 inhibitors, while useful, display varying 
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degrees of specificity. The most specific inhibitors of HMGB1 are a neutralizing 

antibody called 2G7, and a recombinant form of half of the molecule called A box 

utilized in chapter 2 (19, 38). While the logical progression of this research is to conduct 

extended in vivo experiments and determine the long-term effects of inhibiting HMGB1 

in tumor-bearing mice, the logistics behind obtaining these reagents are complicated.  

 

Less specific chemical inhibitors of HMGB1 are commercially available for purchase 

and have proven extremely useful (chapter 2), yet they exhibit limitations as well. Ethyl 

pyruvate is a simple derivative of the metabolite pyruvic acid. Ethyl pyruvate is 

established as a potent anti-inflammatory agent in that it improves survival and organ 

function in animal models of sepsis, ischemia-reperfusion, and pancreatitis resulting from 

the inhibition of NF-κB as well as reduced release of TNF-α, IL-1β, and IL-6 (39-42). 

Additionally, ethyl pyruvate inhibits the release of HMGB1 in lung adenocarcinoma 

cells, which induces a shift from necrosis to apoptosis (43). While ethyl pyruvate inhibits 

the release of HMGB1, it is not a specific inhibitor of HMGB1. In fact, ethyl pyruvate’s 

inhibition of the promiscuous transcription factor NF-κB suggests that ethyl pyruvate 

could be a global inhibitor of inflammation solely as a result of NF-κB inhibition.  

 

Glycyrrhizin is a glycol conjugated triterpene produced by the licorice plant. 

Glycyrrhizin inhibits HMGB1 by binding to two distinct regions of the molecule and 

preventing HMGB1 from having chemoattractant activity (44). While I have established 

glycyrrhizin as a potent inhibitor of tumor-induced immune suppression (chapter 2), its 

impact on other cells in the TME has not been assessed. Before glycyrrhizin can be 
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deemed to have any therapeutic potential, its impact on other immune cells must be 

established.  

 

While there are logistical limitations in the targeting of HMGB1, there are also 

fundamental limitations present. This dissertation has focused on the pro-tumor 

implications of HMGB1; however, HMGB1 also has anti-tumor effects. These anti-tumor 

effects include increasing genome stability, promoting maturation of APC, and promoting 

autophagy. Therefore, inhibiting HMGB1 could result in sponsoring tumor progression, 

which is not a desired effect. 

 

This dissertation has identified another means by which autophagy promotes tumor 

progression: by maintaining MDSC viability and, consequently, driving tumor-induced 

immune suppression (chapter 3). However, autophagy, like HMGB1, has pro- and anti-

tumor implications that are directly related to the stage of tumor progression (45, 46). The 

mechanism by which autophagy can reduce tumor formation is linked to the degradation 

of impaired mitochondria that would otherwise cause DNA damage or genomic 

instability (47). While initial tumor development is impeded by autophagy, once a tumor 

is established, autophagy promotes tumor development. Tumor cells utilize autophagy for 

survival during dissemination (48).Tumor cell resistance to chemotherapy or irradiation 

is also attributed to autophagy (49).  

 

Interestingly, HMGB1 and autophagy exhibit a similar relationship with tumor 

progression in that the initial anti-tumor immune response requires HMGB1. However, 
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established tumors utilize HMGB1 to induce inflammation and promote immune 

suppression. Therefore, it is possible that the function of HMGB1 is dependent on the 

stage of tumor progression as well. Perhaps inhibition of HMGB1 should only be 

implemented with established tumors that have generated a highly pro-inflammatory 

environment. In this instance, inhibition of HMGB1 would weaken the pro-inflammatory 

environment that is driving immune suppressive cells as well as tumor development and 

aid in the restoration of immune competence.  

 

How could HMGB1 be used in combination therapy treatment? 

 

In recent years, a combination approach involving the inhibition of HMGB1 has 

been utilized in murine tumor models. Neutralization of HMGB1 by glycyrrhizin, 

combined with an anti-cancer peptide (CAMEL) that induces necrotic cell death, was 

able to reduce tumor growth in a B16-F10 murine melanoma model (50). The logic 

behind using CAMEL in combination with glycyrrhizin was that CAMEL-induced 

necrosis would result in the release of HMGB1, which would induce pro-inflammatory 

cytokines that could aid tumor progression. However, by combining CAMEL with an 

HMGB1 inhibitor, the pro-tumor effects of necrotic released HMGB1 are removed. A 

similar approach was taken employing tumor cells knocked down siRNA for HMGB1 

expression. Tumor lines CT26, EL4, and MCA205 were knocked down for HMGB1 and 

inoculated in mice. These tumor-bearing mice were then treated with one of two 

chemotherapy agents, doxorubicin or oxaliplatin, in combination with a TLR4 agonist 

dendrophilin. This combination treatment successfully induced the accumulation of IFN-
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γ producing CD4+ and CD8+ T cells, which resulted in reduced tumor progression (51). 

Therefore, in this instance, the levels of HMGB1 were reduced, tumor cells were killed 

via chemotherapy, and the immune system was stimulated via TLR4 activation. This 

combination is successful because HMGB1-induced TLR4 activation is required for DC-

dependent T cell priming by tumor-associated antigens, and dendrophilin compensates 

for the absence of HMGB1 (30). In both of these scenarios, HMGB1 was targeted as a 

means of reducing inflammation brought on by cell death and combined with an immune 

activating treatment.  

 

With HMGB1 established as a driver of tumor-induced immune suppression, it 

would be interesting to know if the neutralization of HMGB1 could be used 

therapeutically as a method to weaken tumor-induced immune suppression. 

Neutralization of HMGB1 in combination with anti-angiogenesis treatment or immune 

checkpoint inhibitors could trigger a robust anti-tumor immune response. To achieve a 

successful anti-tumor immune response, there are four main steps that are required: (1) 

DC must present a tumor antigen to a naïve T cell, (2) this T cell must then differentiate 

into an effector T cell, (3) the effector T cell must find its compatible tumor cell with 

which it can react with and cause the release of cytotoxic granules, and (4) during this 

entire process, T cells and other immune reactive cells must overcome tumor-induced 

immune suppression. Given that these four events are necessary, it is reasonable to create 

an immunotherapy regimen that ensures these four steps occur. 
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 For instance, treatment could begin with a therapy that promotes antigen 

presentation by DC, followed by a therapy that enhances anti-tumor T cell function. 

Finally, a therapy that reduces tumor-induced immune suppression could be given 

throughout the treatment process. In this design, the DC boosting agent could be sunitinib 

or bevacizumab. Sunitinib blocks multiple tumor-associated tyrosine kinases including 

VEGFR, which aids in DC activation and inhibits the accumulation and function of 

immune suppressive Tregs and MDSC (52, 53). Bevacizumab is a VEGF neutralizing 

antibody that promotes DC maturation and increases DC priming of T cells (54, 55). 

Enhancers of T cell function could be in the form of immune checkpoint inhibitors, or co-

stimulatory molecules. Co-stimulation by CD80 is an effective CD28 stimulant and 

inhibitor of PD-1 induced apoptosis (56). Inhibition of checkpoint molecule CTLA-4 by 

ipilimumab provides durable survival advantages in metastatic melanoma patients (57-

59). Lastly, systemic inhibition of tumor-induced immune suppression could be 

accomplished by using an HMGB1 inhibitor. Implementation of this kind of therapeutic 

regimen, which focuses on achieving a natural anti-tumor immune response, would 

provide a platform in which inhibition of HMGB1 could be used to its full potential.  

 

Concluding remarks 

 

The goal of this dissertation was to determine whether HMGB1 functions as a master 

upstream regulator of inflammation and driver of tumor-induced immune suppression. 

This dissertation concludes that HMGB1 is indeed an upstream regulator as well as 

inducer of MDSC. Yet, it’s not the sole regulator of inflammation in TME that promotes 
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MDSC; rather, it appears that HMGB1 works in parallel with other inflammatory 

inducers to promote an immune suppressive TME. That said, HMGB1 remains an 

important inducer of MDSC that not only regulates their accumulation and function but 

also promotes their survival. Therefore, HMGB1is an appealing target for use in 

comprehensive immunotherapy treatment. 
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Appendix 1: High Mobility Group Box Protein 1 enhances 

immune suppression by facilitating the differentiation and 

suppressive activity of myeloid-derived suppressor cells. Katherine 

Parker, Pratima Sinha, Lucas Horn, Virginia Clements, Huan Yang, 

Jianhua Li, Kevin Tracey, Suzanne Ostrand-Rosenberg Cancer 

Research, 2014. 
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Appendix 2: Cross-talk among myeloid-derived suppressor cells, 

macrophages, and tumor cells impacts the inflammatory milieu of 

solid tumor. Daniel Beury, Katherine Parker, Maeva Nyandjo, 

Pratima Sinha, Kayla Carter, Suzanne Ostrand-Rosenberg, Journal 

of Leukocyte Biology, 2014. 
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Appendix 3: IDO is a nodal pathogenic driver of lung cancer and 

metastasis development. Courtney Smith, Mee Young Chang, 

Katherine Parker, Daniel Beury, James DuHadaway, Hollie Flick, 

Janette Boulden, Erika Sutanto-Ward, Alejandro Peralta Soler, Lisa 

Laury-Kleitop, Laura Mandik-Nayak, Richard Metz, Suzanne 

Ostrand-Rosenberg, George Prendergast, Alexander J. Muller, 
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Appendix 4: Tumor-induced myeloid-derived suppressor cell 

function is independent of IFN-γ and IL-4Rα. Pratima Sinha, 

Katherine Parker, Lucas Horn, Suzanne Ostrand-Rosenberg, 

European Journal of Immunology, 2012. 
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Appendix 5: Myeloid-derived suppressor cells: critical cells 

driving immune suppression in the tumor microenvironment. 

Katherine Parker, Daniel Beury, Suzanne Ostrand-Rosenberg, 

Advances in Cancer Research, 2015.  
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Glossary 
 

ADAM17 – A disintegrin and metalloproteinase 17 

ADCC – Antibody-dependent cell mediated cytotoxicity 

ADP - Adenosine diphosphate 

 AMP - Adenosine monophosphate 

APC- Antigen presenting cell 

Arg 1 - Arginase  

Atg- Autophagy related gene 

ATP – Adenosine triphosphate 

Bcl-2- B-cell CLL/Lymphoma 2 

bFGF - Basic fibroblast growth factor  

Breg- Regulatory B cell 

CAF- Cancer associated fibroblast 

CAR - Chimeric-antigen receptors  

CD- Cluster of differentiation 

c-FLIP- Cellular FLICE-inhibitory protein  

CHOP- C/EBP homologous protein 

COX2  - Cyclooxygenase-2 

CSF1 - Colony stimulating factor 1  

CTL - Cytotoxic T lymphocytes  

CTLA-4 – Cytotoxic T-lymphocyte-associated protein 4 
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CXCL12 – C-X-C motif chemokine 12 AKA stromal cell-deriver factor 1 (SDF-1) 

CXCR4 – C-X-C chemokine receptor type 4 

DAMP- Damage-associated molecular pattern molecule   

DAPK - Death-associated protein kinase  

EMT - epithelial-mesenchymal transition  

ER- Endoplasmic reticulum  

ERK - Extracellular signal-regulated kinase 

FAP - Fibroblast activation protein  

Fas – Fas cell surface death receptor 

Fas-L – Fas ligand 

FO - Follicular  

FSP - Fibroblast specific protein   

GM-CSF- Granulocyte macrophage colony-stimulating factor  

Gr1- Granulocyte marker 1 

HMGB1 - High Mobility Group Box protein 1 

IDO - Indoleamine 2,3-dioxygenase  

IFNs- Interferons 

IL- Interleukin 

iNOs - Inducible nitric oxide synthase  

KIRs- Killer cell Ig-like receptors  

LC3 – Microtubule-associated protein 1 light chain 3 

MDSC- Myeloid-derived suppressor cells 

MHC- Major histocompatibility complex 
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MMP - Matrix metallopeptidases  

mTOR- Mechanistic target of Rapamycin 

NAC - N-acetylcysteine 

NK- Natural killer cells 

NO - Nitric oxide  

NOX2 - NADPH oxidase  

P62- Phosphotyrosine independent ligand for the Lck SH2 Domain p62 

PD-1- Programmed cell death 1 

PDGF-Rβ - Platelet-derived growth factor receptor-β  

PD-L1- Programed death-ligand 1 

PE - Phosphatidylethanolamine  

PGE2 - Prostaglandin E2  

PI3KC3- Phosphatidylinositol 3-kinase, catalytic subunit type 3 

RAGE - Receptor for advanced glycation endproducts  

ROS- Reactive oxygen species  

SOD - Super oxide dismutase 

STAT- Signal transducer and activator of transcription  

T2-MZP - Sransitional 2-marginal zone precursor  

TAM- Tumor associated macrophage 

TCR - T cell receptor 

TGF-β  - Transforming growth factor beta  

TIL - Tumor infiltrating lymphocytes  

TIM-3 – T cell immunoglobulin and mucin domain 3 
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TLR - Toll-Like Receptors  

TME - Tumor microenvironment  

TNF-α - tumor necrosis factor alpha  

TRAIL- TNF-related apoptosis-inducing ligand 

Treg -  Regulatory T cells  

TSLP - Thymic stromal lmyphopoietin  

ULK1- Unc-51 like autophagy activating kinase 1 

VEGF- Vascular endothelia growth factor  

α-SMA - Alpha- smooth muscle actin  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

289 

 

 




