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Abstract  

Regulation of T effector cell Function by Exogenous Gangliosides 
 

A major barrier to the development of effective tumor immunotherapy is the 

ability of tumors to create an immunosuppressive microenvironment that inhibits the 

development of effective T cell mediated anti-tumor responses.  Although several 

mechanisms are known to be involved in inhibiting tumor specific immunity, the 

initiating factors that promote the development of an immunosuppressive 

microenvironment during tumor pathogenesis are not well understood. It has been 

previously demonstrated that tumor shed gangliosides have immunomodulatory 

properties, suggesting that these inhibitory factors may play a role in initiating an 

immunosuppressive microenvironment.  In the current studies we have focused on the 

role of ganglioside exposure on antigen presenting cells (APCs) and on subsequent 

development of T cell effector responses. To better define the immunomodulatory 

properties of gangliosides on antigen-specific T cell activation and development we have 

utilized a well-characterized in vitro model system where ganglioside-treated murine 

bone marrow derived dendritic cells were used to prime and activate antigen specific 

CD4+ AND TCR transgenic cells. Using this model system, we have shown that 

ganglioside treatment inhibits LPS-induced co-stimulatory molecules CD80 and CD86 

up-regulation and cytokine production by bone marrow DCs. Furthermore, when 

ganglioside pre-treated bone marrow DCs were used as APCs to prime and activate naïve 

CD4+ T cells, they induced a defect in Th effector cell development. This defect was 

associated with the development of a subset of suppressive cells that could inhibit Th1 

effector responses by previously activated effector T cells in a cell-contact and dose 



 vii 

dependent manner. Although the precise nature and suppressive mechanisms mediated by 

this subset of suppressive cells remains to be elucidated, our data suggest that these are 

not the typical FoxP3 expressing cells. In total our findings suggest that tumor shed 

gangliosides may contribute to the initiation of a tumor immunosuppressive 

microenvironment by inducing the development of a suppressive cell population that 

subvert tumor-specific T cell responses in a cell-contact dependent manner. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 viii 

Table of Contents 

 

Dedication…………………………………………………………………………. iii 

Acknowledgements……………………………………………………………….. iv 

Abstract…………………………………………………………………………… vi 

Table of Contents………………………………………………………………… viii 

List of Figures……………………………………………………………………. xii 

List of Abbreviations……………………………………………………………… xv 

 

Chapter 1:  Introduction…………………………………………………………….1 

      I.         Tumor immune surveillance ….………...................................................1 

      II.        Tumor immunotherapy……………………………………...………..…11 

      III.      Tumor immune evasion………………………………………………….13 

      IV.      Tumor-derived gangliosides…………………………………………. …20 

      V.        Specific aims………………………………………………………….....23 

 

Chapter 2:  Materials and Methods………………………………………………....26     

      I.         Isolation of human PBMCs………..…………………………….……....26 

      II.        TLR ligand stimulation…………….…………………………….……...26 

      III.       Mice………………………….…………………………………….……26  

      IV.       Reagents……………….………………………………………………..27  

      V.        Isolation and ganglioside treatment of bone marrow DCs……………...28 

      VI.       LPS titration experiments.……………………………………………...29  



 ix 

      VII.     Purification of naïve CD4+ T cells and APCs………………………….29  

      VIII.    CD4+T cell priming, activation, and proliferation……………………..30 

      IX.       T cell mixing experiments……. …………………………………….....30 

      X.        Transwell experiments…….…………………………………………....31 

      XI.       Cell proliferation analysis………………………..…………..……........31 

      XII.      Cell death analysis…………………….………………………………..32  

      XIII.     Intracellular cytokine analysis……….…………..………….……........32 

      XIV.    Measurement of cytokines by ELISA …………….………………........33 

      XV.      Cell surface molecule expression analysis………………………..........33 

      XVI.    Analysis of intracellular FoxP3…………………………………………33 

      XVII.   CD25+cell depletion experiments……………………………………...34 

      XVIII.  IL-2 Dose experiments……………………………………………..…..34 

      XVIX.  IDO blocking experiments…………………………………… ….….. .35 

 

Chapter 3:  Specific Aim 1:  To evaluate phenotypical and functional changes  
                   in human PBMCs and murine-derived dendritic cells following  
                   ganglioside exposure in vitro…………………………………………..36 
 
      I.         Introduction……………………………………………………………..36 

      II.        Treatment with exogenous gangliosides inhibits TLR activation in 

                  human PBMCs. ……………………………………………………...…37  

      III.      Ganglioside exposure inhibits LPS-dependent co-stimulatory molecule  

                 up-regulation and cytokine production by murine bone marrow DCs......41 

      IV.      Increasing LPS stimulation cannot overcome the inhibitory effect of  

           exogenous gangliosides on IL-12 production by bone marrow DCs……47 



 x 

      V.       Summary of findings………………………………………………..…...50  

 
Chapter 4:  Specific Aim 2:   To determine the effect of priming naïve CD4+ T cells 
                   with ganglioside pre-treated bone marrow DCs on the development of  
                   antigen specific T effector cell responses in vitro….………………..…...51 
 
      I.         Introduction……………………………………………………………...51  

      II.       Initial CD4+ T cell activation and proliferation is unaffected by priming  

                with ganglioside pre-treated bone marrow DCs…………………….……55  

 III.      Priming with ganglioside pretreated bone marrow DCs inhibits  

   CD4+Th effector cell differentiation and blunts IL-2 production upon 

   secondary stimulation……………………………………………….…..58 

      IV.     Defect in Th1 effector cell function does not correlate with decreased                                            

proliferation or increased cell death in CD4+ T cells primed with  

               ganglioside pre-treated DCs…………………………………….….……..66 

V.       Addition of exogenous stimulating factors during priming does not correct  

            the inhibitory effect of ganglioside pre-treated DCs on CD4+Th effector  

            cell function…………………………………………………….……….70  

VI.    Addition of IDO inhibitor during priming cannot counteract the 

            suppressive effect of ganglioside pre-treated BMDCs on the  

           development of CD4+ Th1 effector cell function…………………….....73 

      VII.    Summary of findings……………………………………….………........76 

 
Chapter 5:  Specific Aim 3:   To characterize the regulatory cell activity of CD4+ 
                   T cells primed with ganglioside pre-treated bone marrow DCs………..77 
 
      I.         Introduction……………………………………………………………..77 

II.    CD4+ T cells primed with ganglioside pre-treated bone marrow DCs  



 xi 

          inhibit Th1 function of other previously activated effector T cells…..….77 

  III.     Cell-cell contact is required for the suppressive activity of CD4+T cells                         

primed with ganglioside pre-treated bone marrow DCs………..............84 

  IV.      CTLA-4 is not involved in the cell-contact dependent suppression by            

ganglioside-treated DC primed CD4+T cells…………………………...87 

      V.        Depletion of CD25+ cells cannot overcome the inhibitory effect of T cells  

                  primed with ganglioside treated DCs on Th1 effector cell responses….90 

      VI.      Ganglioside-treated DC primed T cells blunt IL-2 production by 

                 previously activated effector T cells………………………………….....96 

VII.    Addition of exogenous IL-2 is not sufficient to overcome suppression by 

           the inhibitory cell subset………………………………………………...99 

VIII.   CD4+T cells primed with ganglioside pre-treated DCs promote  

           cell death in previously activated effector T cells………………….….102 

      IX.      Summary of findings…………………………………………….….....105 

 
 

Chapter 6:  Discussion…………………………………………………………….106    

Bibliography………………………………………………………………..….….113                 

 

 

 

 

 

 



 xii 

List of Figures 

 

Chapter 1:……………………………………………………………………………3 

      1.        Dendritic cell maturation into professional APCs…………………….....3 

      2.        Activation of T cells requires two important signals…………………….5 

      3.        The development of T effector cell responses depends on the signals            

received during first encounter with the antigen presenting cell………..9 

      4.         The mechanisms of tumor immune evasion…………………………....16 

      5.         Tolerogenic dendritic cells……………………………………………..18 

      6.          Ganglioside Structures…………………………………………………22 

Chapter 3:…………………………………………………………………………...39 

      7.         Exogenous gangliosides inhibit TLR ligand-induced cytokine  

                  production by human PBMCs…………………………………………..39 

8.       Experimental protocol to analyze the effects of exogenous gangliosides 

            on bone marrow dendritic cell maturation and function……………….43 

9.       Ganglioside pre-treatment inhibits bone marrow dendritic cell  

            co-stimulatory molecule up-regulation and cytokine production………45 

10.       Pre-treatment of bone marrow derived dendritic cells with ganglioside                 

GM1 inhibits LPS-dependent IL-12 production………………………..48 

Chapter 4:…………………………………………………………………………...53 

      11.        In vitro Model system used to analyze the role of ganglioside pre- 

                   treated DCs in modulating the development of T effector cell function53 

      12.         Initial CD4+T cell activation and proliferation is not affected after  



 xiii 

                  priming with ganglioside-treated BMDC………………………………56 

     13.        Priming with ganglioside pre-treated bone marrow DCs inhibits  

                   development of T helper effector cells………………………………...60 

     14.        Defect in Th1 effector development correlates with decreased IL-2      

production by CD4+T cells primed with ganglioside pre-treated 

                  bone marrow DCs………………………………………………………62 

     15.        Intracellular cytokine analysis of T effector cells following priming  

                  with ganglioside treated bone marrow DCs…………………………….64 

     16.        No differences in cell proliferation or cell death in CD4+ T cells 

                  primed with ganglioside pre-treated bone marrow DCs………………..68 

17. The immunosuppressive effect of ganglioside pre-treated BMDCs 

              on Th1 effector cell function persists despite the addition of  

              exogenous IL-12 or co-stimulation…………………………………….71 

18.         Addition of IDO inhibitor cannot correct the defect in Th1 effector               

function…………………………………………………………………74 

Chapter 5:…………………………………………………………………………...80 

19.         Mixing experiment protocol…………………………………………....80 

20.         CD4+ T cells primed with ganglioside pre-treated BMDCs inhibit  

              IFN-γ production by previously activated effector T cells……………..82 

21.         CD4+T cells primed with ganglioside pre-treated BMDC require  

               cell-cell contact to exert suppressive activity………………………….85 

22.          CTLA-4 expression on CD4+T cells primed with ganglioside pre- 

               treated DCs is comparable to that of control primed CD4+T cells…….88 



 xiv 

23.        Flow cytometric analysis of CD25+ and FoxP3+ expression in  

             CD4+ effector T cells before and after CD25-cell depletion…………...92 

24.        Depletion of FoxP3+ cells does not reverse suppression by ganglioside  

             treated DC primed T cells………………………………………………94 

25.        T cells primed with ganglioside-treated DCs blunt IL-2 production 

              by CD4+effector T cells………………………………………………..97 

26.         Suppression by T cell primed with ganglioside pre-treated DCs  

              cannot be overcome by addition of exogenous IL-2………………….100 

27.         Increase in cell death in effector CD4+T cells after mixing with  

              T cells primed with ganglioside-treated DCs…………………………103 

28.         Model for ganglioside-mediated immunosuppression………………...111 

 

 

 

 

 

 

 

 

 

 

 

 



 xv 

List of Abbreviations 

 

Ab   antibody 

APC   antigen presenting cell 

BMDC   bone marrow derived dendritic cell 

CFSE    carboxyfluorescein succinimidyl ester 

CTL   cytotoxic T lymphocyte 

CTLA-4  cytotoxic T lumphocyte antigen 4 

DC   dendritic cell 

ELISA   enzyme linked immunosorbent assay 

FACS   fluorescence activated cell sorting 

FBS   fetal bovine serum 

FITC   fluorescein isothiocyanate 

FoxP3   forkhead box P3 transcription factor 

FSC   forward scatter 

GD1a   disialylganglioside 

GM1   monosialotetrahexosylganglioside 

GM-CSF  granulocyte-macrophage colony-stimulating factor 

GraB   granzyme B 

IDO   indoleamine 2,3-dioxygenase 

Ig   immunoglobulin 

IL   interleukin 

IFN-γ   interferon gamma 



 xvi 

IRAK-M  interleukin-1 receptor associated kinase-M 

LPS   lipopolysaccharide 

LTA   lipoteichoic acid 

mAb   monoclonal antibody 

MDSC   myeloid derived suppressor cells 

MHC   major histocompatibility complex 

MyD88  myeloid differentiation factor 88 

PAMPs  pathogen associated molecular patterns 

PBMCs  peripheral blood mononuclear cells 

PBS    phosphate buffered saline 

PBMC peripheral blood mononuclear cell 

PD-1 programmed death 1 

PD-L1 programmed death 1 ligand 

PE phycoerythrin 

PE-Cy5  phycoerythrin Cy5 

PI   propidium iodine 

SSC   side scatter 

TCR   T cell receptor 

TDLN   tumor draining lymph nodes 

Tg   transgenic 

TGF-β   transforming growth factor beta 

Th   CD4+T helper cell 

Th1   CD4+ T helper type I cell 



 xvii 

Th2   CD4+ T helper type II cell 

TLR         Toll-like receptor 

Treg   T regulatory cell 

VEGF   vascular endothelial growth factor 

1-MTT   1-Methyl-DL-tryptophan 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
1 

 

Chapter 1: Introduction 

 

I.  Tumor immune surveillance 

Tumor immune surveillance is the first line of defense against early developing 

tumors. This process works as an extrinsic tumor-suppressor system whereby the immune 

system is able to identify pre-cancerous and/or cancerous cells and destroy them before 

they develop into malignant tumors (1). The first connecting evidence supporting the role 

of the immune system in the protection of tumors came from studies demonstrating the 

deficiencies in key immunologic molecules, such as IFN-γ and perforin enhanced host 

susceptibility to both chemically and spontaneously induced tumors (2, 3). Furthermore, 

studies employing gene targeted mice lacking the recombinase activating genes (RAG-2), 

which is required for immunoglobulin and T cell receptor gene rearrangements, 

demonstrated that in addition to IFN-γ and perforin, lymphocytes also play critical roles 

in the cancer immunosurveillance process (3). In addition to murine studies, a number of 

clinical observations have provided evidence supporting the notion of immune 

surveillance in humans. The increased risk of tumor development in immunosuppressed 

patients, spontaneous tumor regression, and the detection of tumor reactive T and B cells 

in relation to improved prognosis support the role of the immune system in suppressing 

tumor growth (4-9). 

In order for naïve T cells to differentiate into potent anti-tumor effector T cells, 

they need to undergo activation or “priming” by professional antigen presenting cells 

(APCs) in secondary/peripheral lymphoid organs such as the spleen and lymph nodes. 

Mature dendritic cells (DCs) are the most potent professional APCs and are thought to 
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initiate most T-effector cell responses in vivo (Figure 1). T cell activation requires the 

delivery of two simultaneous signals. Signal one is provided by the ligation of APC 

MHC:peptide complexes with a specific antigen receptor on T cells (TCR), whereas 

signal two is provided by the binding of co-stimulatory molecules expressed on the APC 

(CD80 or CD86) with co-stimulatory receptors on the T cell (CD28) (10). The 

requirement for the simultaneous delivery of an antigen specific signal and a co-

stimulatory signal during T cell activation is critical to the development of a tumor-

specific immune response. In the absence of a secondary signal, binding of the TCR with 

MHC:peptide complexes may result in T cell tolerance (Figure 2). Activation of naïve T 

cells triggers the expression and secretion of interleukin-2 (IL-2) and expression of the 

high affinity IL-2 receptor (CD25) on the surface of the activated T cell. IL-2 is a 

survival factor for these cells. When IL-2 binds to IL-2 receptors it promotes T-cell 

proliferation and the differentiation of activated T cells into different subsets of effector T 

cells (11). T effector cell differentiation depends on the signals received during priming 

such as the dose of antigen, the type of APC, and the cytokine milieu in which the 

immune response takes place. All of these factors play a critical role in determining 

which type of T cell response will be developed against the tumor. For example, CD4+T 

helper cells (Th cells) that are primed in the presence of IL-12 will differentiate into Th 

type 1 cells (Th1) that facilitate tumor rejection by secreting cytokines that activate CD8+ 

cytotoxic T cells (CTLs). On the other hand, those stimulated in the presence of IL-10 

will differentiate into regulatory T cells (T regs) that prevent anti-tumor immunity (12). 
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Figure 1: Dendritic cell maturation into professional APCs. Dendritic cells that 

migrate from the bone marrow into tissues are highly phagocytic but do not express co-

stimulatory molecules. Upon encounter with a pathogen, immature DCs take up the 

pathogen, process it, and then become activated. Once activation takes place, DCs 

become highly efficient APCs that express high levels of MHC class I and II molecules, 

co-stimulatory molecules, adhesion molecules, and secrete cytokines.  They can then 

migrate to nearby lymph nodes and efficiently present peptide antigens to activate naïve 

T cells. 
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Figure 2: Activation of T cells requires two important signals. Signal 1 is provided by 

the interaction of TCR (naïve T cell) with MHC:peptide (APC) and signal 2 is provided 

by co-stimulatory molecule ligation of B7 (APC) with CD28 (T cell). (A) In the presence 

of both signals, naïve T cells become activated, secrete IL-2, and up-regulate IL-2 

receptors. Binding of IL-2 to IL-2 receptor induces T cell proliferation and differentiation 

into Th0 effector cells. (B) Antigen recognition in the absence of a co-stimulatory signal 

leads to T cell tolerance. 
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Cytotoxic CD8+ T cells (CTLs) are found to play crucial role in the rejection of 

virally and chemically induced tumors (13). Many immunotherapy strategies are aimed at 

activating these cells to promote tumor cell destruction and long term immunity against 

recurrence and metastases (14). Once activated, CD8+ cytotoxic T cells (CTLs) react to 

peptide antigens presented by MHC class I molecules and release cytotoxins (perforin, 

granzymes, and granulysins). Perforin forms pores in the target cell's plasma membrane 

allowing granzymes to enter the tumor cell and cleave aspartate residues in the substrate, 

which in turn activate the caspase cascade, that eventually lead to apoptosis (programmed 

cell death). A second way that CD8+ T cells induce apoptosis of cancer cells is via cell-

surface interactions between the FAS ligand (FasL), which is up-regulated upon CTL 

activation, with Fas receptor molecules expressed on the target cell. Engagement of Fas 

with FasL allows for recruitment of the death-induced silencing complex (DISC). The 

Fas-associated death domain (FADD) translocates with the DISC, allowing recruitment 

of procaspases 8 and 10. These caspases then activate the effector caspases leading to 

cleavage of death substrates and to the apoptosis of the cell that expressed Fas.  

Like CD8+T cells, T helper CD4+ cells (Th cells) also play a critical role in anti-

tumor immune responses. Upon TCR activation naive CD4 Th cells differentiate into one 

of several lineages of T helper (Th) cells including Th1, Th2, Th17, and regulatory T 

cells (Tregs)( Figure 3). The primary CD4 involved in mediating anti-tumor responses 

are the Type 1 cells (Th1). These produce IFN-γ and other cytokines that help activate 

and expand CTLs (15). Type 2 CD4+ T cells (Th2) produce IL-4 which facilitates 

antibody production by B cells and polarize immunity away from anti-tumor responses. T 
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regulatory CD4+ (Tregs) produce inhibitory cytokines such as IL-10 that subvert the 

activation of CTLs.  
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Figure 3: The development of T effector cell responses depends on the signals 

received during first encounter with the antigen presenting cell. Upon TCR activation 

triggered by antigen presenting cells, in a particular cytokine milieu, naive CD4 Th cells 

may differentiate into one of several lineages of T helper (Th) cells, including Th1, Th2, 

Th17, and regulatory T cells (Tregs), as defined by their pattern of cytokine production 

and function. Type 1 CD4+ T cells, are primarily involved in mediating anti-tumor 

responses whereas Treg cells have been implicated in promoting tumor tolerance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
11 

 

II.  Tumor immunotherapy 

 

The basic principle of immunotherapy is to stimulate the immune system by 

vaccines or infusion of T cells which act through one of several mechanism: 1) 

stimulating antitumor response by increasing number of effector T cells or by producing 

more cytokines; 2) decreasing suppressor mechanisms; 3) altering tumor cells to increase 

immunogenicity; and 4) improving tolerance to cytotoxic drugs or radiotherapy. Over the 

past few years immunotherapy has been employed to treat many types of cancers. The 

advantage of utilizing immunotherapy together with other conventional treatments is that 

it maximizes specific targeting of tumor antigens and greatly reduces collateral damage to 

normal functioning cells. 

Currently, there are two main approaches for immunotherapy: active or passive. 

Active immunotherapy involves the specific activation of the patient’s own immune cells 

(in vivo) via vaccination with molecules that enhance the adaptive immune system, for 

example purified tumor antigens, dendritic cell based-vaccines, co-stimulatory-enhanced 

vaccines, DNA-based vaccine encoding tumor antigens, viral vectors, and tumor based 

vaccines (16-18). In contrast, passive immunotherapy involves the ex vivo production of 

monoclonal antibodies against tumor antigens and also the adoptive transfer of ex vivo 

enhanced lymphocytes back into cancer patients. The most well-known antibody 

treatments targeting specific cancer receptors include herceptin, an antibody against 

human epidermal growth factor receptor Her-2/neu (specific for breast cancer) (19), and 

rituximab anti-CD20 antibody (specific for B cell lymphoma) (20). In addition, some 

antibodies have been designed to block inhibitory immune receptors, such as anti-CTLA-

4 antibodies that prevent the inhibitory molecule CTLA-4 from binding to co-stimulatory 
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molecules on the T cell and thus enhance the patient’s overall immune responses to 

tumors (21). An alternative approach to monoclonal antibody therapy is the adoptive 

transfer of lymphocytes, also known as adoptive cell transfer (ACT).  This therapeutic 

approach involves the isolation of a patient’s own T cells, their expansion ex vivo, and the 

adoptive transfer of the expanded tumor specific T cells back into the patient. T cell ex 

vivo expansion can be accomplished by stimulating the T cells with activating antibodies 

(anti-CD3 and anti-CD28) and IL-2, or with specific tumor antigens in the presence of 

antigen presenting cells and IL-2 (22-26). The advantage of this particular approach is 

that it allows T cells to proliferate ex vivo while preserving their tumor effector cell 

function and ability to traffic into the tumor microenvironment once re-introduced into 

the patient. 

Although tumor immunotherapy has made some significant advances in the 

treatment of cancer, it has not yet yielded long lasting immunity against tumors. A major 

barrier to developing effective and long lasting immunotherapy is the ability of tumors to 

create an immunosuppressive microenvironment that prevents specific immune 

recognition and destruction of tumor cells. Therefore, understanding the precise 

mechanisms by which tumor-derived factors initiate the tumor immunosuppressive 

microenvironment will be critical to the development of more effective therapeutic 

approaches that will ultimately promote long-lasting immunity in cancer patients. 

 

 

 

 



 
13 

 

III.  Tumor immune evasion 

 
Accumulating evidence indicates that the immune system participates in the 

recognition and destruction of cancer cells by immune surveillance. Tumor antigen-

specific cytotoxic T lymphocytes (CTLs) are the major effectors in the immune response 

against tumor cells. The identification of tumor-associated antigen (TAA) recognized 

primarily by CTLs has led to the development of several vaccination strategies that 

induce or potentiate specific immune responses. However, large established tumors, 

which are associated with the acquisition of tumor resistance to apoptosis, are usually not 

fully controlled by the immune system. Recently, it has become clear that the immune 

system not only protects the host against tumor development but also sculpts the 

immunogenic phenotype of a developing tumor and can favor the emergence of resistant 

tumor cell variants (27). Moreover, it has become obvious that the evasion of 

immunosurveillance by tumor cells is under the control of the tumor microenvironment 

complexity and plasticity.  

Tumor cells have developed several strategies to escape specific cell-mediated 

immune responses. These can be grouped into 2 main categories: evasion from antigenic 

recognition and/or evasion from immunogenic responses. Evasion from antigenic 

recognition involves strategies that prevent the detection of cancer cells as foreign. For 

example, tumor cells can alter the expression of a particular antigen and thus avoid 

immunologic recognition and attack (28). In addition to antigenic modulation, cancer 

cells can also “hide” in immunological privileged sites where they remain unrecognized 

by the immune system (29). Furthermore, cancer cells can avoid antigen recognition by 
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shedding large amounts of tumor antigens, such as gangliosides, that in turn create T cell 

tolerance to the antigen (30).  

Evasion from immunogenic responses can be mediated by many different 

mechanisms. Some of these include: (1) release of immunosuppressive cytokines such as 

interleukin-10 (IL-10) (31), vascular endothelial growth factor (VEGF) (32) and TGF-β 

(33), which have been implicated in suppressing cell-mediated immune responses; (2) 

secretion of immunosuppressive factors such as prostaglandins (34), neuropeptides (35), 

and gangliosides (36); (3) down-regulation of MHC class I expression which in turn 

circumvents CTL recognition (37); (4) lack of co-stimulation by the tumor cell, which 

leads to T cell anergy due to failure to provide the critical secondary signal to activate the 

T cell (38); (5) expression of inhibitory molecules such as indoleamine 2,3-dioxygenase 

(IDO) (39) and B7-H1 (PD-L1) (21) that promotes apoptosis of effector CTLs; (6) 

interference with apoptotic pathways through the expression of Fas-ligand (40), non-

functional Fas receptors (41), and suppressive oncogenes that can lead to receptor loss 

(Figure 4)(42).  

In addition, many tumor-derived factors have been shown to contribute to tumor 

immunogenic evasion by employing strategies to subvert APC functions. For example, 

tumor-derived IL-10 and VEGF have been shown to convert immature myeloid cells into 

myeloid-derived suppressor cells (MDSCs) (43), to alter DC differentiation (44), increase 

the expansion of plasmocytoid DCs (pDCs)(45), and promote the accumulation of 

immature DCs (iDCs) (46, 47) and immunosuppressive regulatory DCs (48, 49), which 

are unable to effectively stimulate anti-tumor responses and instead induce T cell 

tolerance through a variety of mechanisms (Figure 5). Moreover, tumor-derived factors, 
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such as TGF-β, have been shown to induce the development and promote the expansion 

and recruitment of regulatory T cells to the tumor microenvironment that in turn 

counteract effective tumor immune responses (50). 

Although many strategies of tumor immune evasion have been described, the 

precise mechanisms by which tumors foster the development of an immunosuppressive 

microenvironment remain to be elucidated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
16 

 

 

 

 

 

               
 

    

 

 

 

 

 

 

 

 

 

 

 

         Figure 4 



 
17 

 

Figure 4: The mechanisms of tumor immune evasion. This diagram depicts the tumor 

immunosuppressive microenvironment and the different mechanisms used by tumors to 

prevent effective cell-mediated anti-tumor responses. Figure adapted from Stromayor et 

al. (51). 
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Figure 5: Tolerogenic dendritic cells. This diagram summarizes the immunosuppressive 

mechanisms used by tumor induced tolerogenic DCs to promote T cell tolerance. Figure 

adapted from Rabinovich GA et al. (52).  
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IV.  Tumor-derived gangliosides 

 

Gangliosides are sialic acid-containing glycosphingolipids located in the outer 

leaflet of the plasma membrane of all eukaryotic cells. They are predominately expressed 

in the brain and constitute 20% of the total lipid content of the outer layer of neuronal 

membranes. There are many types of gangliosides but the main gangliosides found in 

adult human brain are: GD1a, GD1b, and GM1 (Figure 6). Tumor cells, particularly those 

isolated from tumors of neuroectodermal origin, express high levels of gangliosides and 

shed them in the microenvironment in vitro and in vivo (52-54). Clinically, high levels of 

tumor-derived gangliosides found circulating in patients with advanced stage 

neuroblastoma are indicative of disease status and prognosis, suggesting that gangliosides 

may play a role in tumor development and/or tumor progression (55, 56).  In support of 

this notion, tumor-derived gangliosides have been shown to alter growth factor signaling 

of normal cells in the tumor microenvironment, such as fibroblasts and vascular 

endothelial cells, which in turn promote tumor growth and metastasis (57, 58). Moreover, 

gangliosides have also been shown to be immunosuppressive (59-61). For example, 

direct exposure of T cells to exogenous gangliosides has been shown to inhibit IL-2 

dependent proliferation (62, 63), increase susceptibility to apoptotic cell death (64, 65), 

and contribute to immune deviation toward CD4+T h2 cell differentiation (66, 67).  In 

addition to acting directly on T cells, gangliosides have been shown to regulate the 

development of tumor immunity by inhibiting antigen presenting cell function (58, 60, 

68) and by interfering with immune cell activation and priming in vivo (69, 70). 

Collectively, these findings demonstrate that tumor derived gangliosides are 
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immunosuppressive and may play critical roles in the development and progression of 

tumors.  

 

Overall goal: 

The primary focus of this thesis work was to determine the precise role(s) of 

tumor-derived gangliosides on the regulation of adaptive immune responses against 

tumors, so that ultimately this knowledge can be applied for the development of more 

specific immunotherapeutic approaches to treat cancer. 
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Figure 6:  Ganglioside Structures. (A) Structure of the ganglioside GM1. GM1 

structure consists of a saccharide oligomer and a ceramide moiety. The lipophilic 

hydrocarbon chains bind to the the plasma membrane and the carbohydrate part of the 

backbone extends outwards from the plasma membrane. (B) Structure similarity between 

GM1 and GD1a. Figure adapted from Fishman, P.H. (71). 
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V.  Specific Aims 

 

Tumor cells have developed several strategies to escape immune surveillance and 

subvert effective anti-tumor immune responses. These include: expression of inhibitory 

ligands, induction and recruitment of suppressive cells, and the release of soluble 

inhibitory factors such as gangliosides that contribute to the immunosuppressive 

microenvironment. Mounting evidence support the role of gangliosides as 

immunosuppressive agents capable of inhibiting APC and T cell functions (68-70). 

However, the molecular mechanisms involved in ganglioside-mediated 

immunosuppression are not completely understood. In this thesis work, we have focused 

on the role of ganglioside exposure on antigen presenting cells (APC’s) such as dendritic 

cells (DCs) and mononcyte lineage cells that migrate from the tumor microenvironment 

prior to initial contact with T cells in the tumor draining lymph node. We hypothesize 

that tumor shed gangliosides inhibit T cell mediated tumor immunity by altering the 

function of antigen presenting cells in the tumor microenvironment which in turn 

migrate to tumor draining lymph nodes and inhibit the development of antigen 

specific anti-tumor T effector responses. The following 3 specific aims were designed 

to test our hypothesis in a well-controlled antigen specific in vitro model system. This 

thesis work will to help elucidate the potential mechanism(s) by which exogenous 

gangliosides promote immune tolerance. 

 

Aim 1:  To evaluate phenotypical and functional changes in human PBMCs and 

murine-derived dendritic cells following ganglioside exposure in vitro. Human 

peripheral blood mononuclear cells (PBMCs) were treated with gangliosides, stimulated 
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with various TLR ligands, and changes in pro-inflammatory cytokine production were 

assessed to determine the effect of gangliosides on TLR signaling. In addition, bone 

marrow derived dendritic cells were treated with exogenous purified gangliosides, 

stimulated with a specific TLR ligand, then changes in co-stimulatory molecule 

expression and cytokine production were assessed by flow cytometry and by cytokine 

assays (respectively) and compared to that of untreated bone marrow DCs. 

 

Aim 2: To determine the effect of priming naïve CD4+ T cells with ganglioside pre-

treated bone marrow DCs on the development of antigen specific T effector cell 

responses in vitro. To address the role of gangliosides in regulating T cell activation and 

effector cell development, we utilized an in vitro antigen specific T cell priming system. 

In this system, naïve CD4+ T cells were primed with bone-marrow derived dendritic cells 

pre-treated with gangliosides in the presence of antigenic peptide. Differences in T cell 

activation and effector cell differentiation were then assessed before and after re-

stimulation with antigen presenting cells and peptide and compared to effector T cells 

generated in the absence of ganglioside treated DCs. 

 

Aim 3: To characterize the regulatory cell activity of CD4+T effector cells primed 

with ganglioside pre-treated bone marrow DCs. To determine potential mechanisms 

involved in the immune suppression mediated by ganglioside pre-treated DCs, purified 

CD4+ T cells were primed with ganglioside pre-treated DCs and then characterized for 

different types of regulatory T cell activity.  
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Chapter 2: Materials and Methods 

 

Human Studies: 

I. Isolation of human PBMCs. Heparinized blood was drawn from healthy normal 

volunteers after informed consent was obtained. Human PBMCs were isolated by Ficoll-

Paque (Amersham Biosciences) density gradient centrifugation, resuspended in RPMI 

1640 medium with 10% FBS. Adherent monocytes were obtained by incubating the 

PBMCs in RPMI 1640 medium for 2 h at 37°C in a humidified 5% CO2/95% air 

incubator. The nonadherent cells were removed, and the adherent monocytes were 

cultured for further study.  

 

II. TLR ligand stimulation. PBMCs ( 5x105cells/ml) were incubated with or without 50 

µM of GD1a for 48 hr in RPMI medium containing 1% FCS. During the last 24 hr of 

incubation, TLR 4 ligand LPS (0.1 µg/ml), TLR 2 ligand LTA (50 µg/ml), TLR 3 ligand 

(50 µg/ml) poly cytidylic-inosinic (poly I:C), and TLR 2 and 6 ligand zymosan A (12.5 

µg/ml) were added to cell cultures. At the end of incubation cell supernatants were 

collected and analyzed for cytokine production by ELISA. 

 

Murine studies: 

III. Mice. Five to eight weeks old female and male B10.BR and AND TCR-transgenic 

mice backcrossed onto C57/BL6 background, were utilized as source of bone-marrow 

derived dendritic cells and CD4+ T cells respectively. The AND TCR-transgenic mice in 

which CD4+ T cells express a TCR specific for the carboxyl terminus of moth 
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cytochrome c peptide have been previously described (72). All procedures involving 

these animals were approved by an institutional animal review committee and performed 

according to National Institutes of Health guidelines.  

 

IV. Reagents. Highly purified gangliosides GD1a and GM1 were purchased from 

Matreya (Pleasant Gap, PA) and stored at -20 C°. Prior to use, gangliosides (endotoxin 

free) were dissolved in serum-free EHAA (Clicks) medium and resuspended by mild bath 

sonication to a starting concentration of 1mM. Agonist peptide of Moth cytochrome c 

(81-103), pMCC = VFAGLKKANERADLIAYLKQATK was utilized to stimulated 

naïve CD4+ TCR tg T cells. Recombinant mouse GM-CSF, IL-2 and IL-12 were obtained 

from BD Biosciences (San Diego, CA), Roche Diagnostics (Indianapolis, IN) and 

Peprotech (Rocky Hill, NJ) respectively.  Anti-TGF-β was purchased from R&D 

(Minneapolis, MN). Goat-anti-rat IgG and anti-mouse IgM magnetic beads were 

purchased from Polysciences Inc. All fluorochrome conjugated antibodies and anti-CD3ε 

and CD28 activation antibodies were purchased from BD Biosciences. Intracellular 

cytokine fixation and permeabilization reagents were from Caltag Laboratories 

(Burlingame, CA). Lipopolysaccharide (LPS) was purchased from Sigma-Aldrich 

(St.Louis, MO). Fluorescein avidin D-FITC was purchased from Vector (Burlingame, 

CA). CD25 was purchased from eBioscience (San Diego, CA). ELISA kits for mouse 

IFN-ϒ, IL-2, IL-12, and FoxP3 were obtained from eBioscience. 1-methyl-DL-

tryptophan (1-MTT) was purchased from Sigma-Aldrich. Ficoll Lymphocyte separating 

medium (LSM) was purchased from MD Biomedicals (Aurora, OH).  Carboxyfluorescein 
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succinimidyl ester (CFSE) was purchased from Molecular Probes (Eugene, OR). 

Mitomycin C was obtained from Sigma-Aldrich. 

 

V. Isolation, activation, and ganglioside treatment of murine bone marrow derived 

dendritic cells. Bone marrow was isolated from tibias and femurs of B10.BR mice. 

Briefly, bones were dissected aseptically and washed first in 1x sterile PBS, twice in 

100% ethanol, and then in EHAA Clicks medium supplemented with 10% fetal bovine 

serum (FBS) 2-ME and 200 µM glutamine. Bone marrow cell suspensions were 

generated by flushing the inside of the bones with Clicks 10% FBS medium followed by 

filtration through a 100µm mesh filter to create a homogenous suspension.  The cells 

were then washed once in Clicks 10% FBS medium by centrifugation at 2000 RPM for 7 

min and resuspended in Clicks 10% FBS. Viable cells were isolated using Ficoll-

Hypaque gradient, cultured (1x106 cells/ml)  in Clicks medium supplemented with 10% 

FBS and rGM-CSF (20 ng/ml) for 3 days at 37°C in a humidified 5% CO2/95% air 

incubator, and then non-adherent cells were removed.  Fresh medium containing 20 

ng/ml of rGM-CSF was added and the remaining cells were cultured for an additional 2 

days. After a total of 5 days in culture, the resulting immature bone marrow derived 

dendritic cells (BMDCs) were harvested in sterile PBS containing 5 mM EDTA, washed 

and resuspended in Click’s medium supplemented with 2% FBS. The cells (1x106 

cells/ml) were treated with purified gangliosides GD1a or GM1 (50 µM) or were left 

untreated (control) for 24 hrs at 37°C.  After overnight incubation, the BMDCs were 

stimulated with LPS (20-200 ng/ml) for an additional 24 hrs. Cell supernatant was 

collected and analyzed by ELISA and by multiplex beaded based assay (Luminex) for 
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cytokine production. In addition, the mature BMDCs were harvested and analyzed by 

flow cytometry for surface cell molecules and used as antigen presenting cells to prime 

AND CD4+ TCR tg T cells. 

 

VI. LPS titration experiments. To determine the optimal dose of LPS to stimulate the 

BMDCs, immature BMDCs previously treated with 50 µM ganglioside or control DCs 

(untreated) were stimulated with increasing doses of LPS (20, 50, 100, and 200 ng/ml) 

for 24 hrs at 37°C. BMDC supernatant was then collected and analyzed for IL-12 

production by ELISA. 

 

VII. Purification of naïve CD4+ T cells and antigen presenting cells. Naïve CD4+ TCR 

transgenic T cells were isolated from lymph nodes and spleens of B6 AND transgenic 

mice. Briefly, lymph nodes and spleens were gently minced with a pair of sterile glass 

slides in sterile PBS  and then filtered through a 100µm mesh filter. The cells were 

washed and resuspended in HBSS medium 5% FBS. Viable cells were isolated using 

Ficoll gradient (Lymphocyte Separation Medium). CD4+ TCR tg T cells were purified by 

negative selection using antibodies against CD8, CD32/CD16, B220 and MHC class II, 

followed by incubation with anti-mouse and anti-rat Ig-coated magnetic beads. Purity of 

the isolated Vα11+/CD4+ T cell population (85-95%) was determined by staining cells 

with anti-CD4 and anti-Vα11 mAb and analyzing by flow cytometry (FACSCalibur). 

Purified CD4+ T cells were resuspended in Clicks 10% FBS medium and counted. 

Antigen presenting cells (APCs) used for T cell re-stimulation were prepared by 

antibody-complement lysis of total splenocytes isolated from B10.BR mice. Briefly, 
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splenocytes were pre-incubated with antibodies against CD8, CD4, and thy1.1, washed 

once in serum free medium, then treated with mitomycin C (50µg/ml) and complement 

for 45 min at 37°C. The resulting T-depleted splenocytes were then washed and re-

suspended in Clicks 10% FBS medium and used as APCs. 

 

VIII. CD4+ T cell priming, activation, and proliferation. AND CD4+ TCR Tg T cells 

(5x105 cells/ml) were primed for five days at 37°C with either control (untreated) or 

ganglioside pre-treated LPS-stimulated DCs (5x104 cells/ml) in the presence of pMCC 

(5µg/ml) and rIL-2 (25 U/ml). After 5 days of primary stimulation, primed T cells were 

harvested by gentle pipetting, counted, and equal numbers of cells were re-stimulated 

with mitomycin C treated T depleted splenocytes (1x106cells/ml) and pMCC (5 µg/ml) or 

with anti-CD3 (2.5 µg/ml) and CD28 (5 µg/ml) for 12-48 hrs and analyzed for cytokine 

production by ELISA and/or by intracellular cytokine staining.  For cell proliferation 

analysis, primed T cells were loaded with 1 µM CFSE and re-stimulated as above except 

in the absence of exogenous IL-2. For activation analysis, T cells were harvested 1, 2, 3 

days after priming and surface stained with anti-CD4, anti-CD69, and anti-CD25 

antibodies and analyzed by FACS. 

 

IX. T cell mixing experiments. B6 AND TCR Tg CD4+ T cells were primed with 

ganglioside pre-treated or untreated (control) BMDCs in the presence of pMCC (5 µg/ml) 

and IL-2 (25 u/ml) for 5 days.  The resulting primed T cells from each group were 

harvested and increasing numbers of CD4+ T cells originally primed with ganglioside 

treated BMDCs (50x103, 100x103, 150x103, 250x103, and 5x105 cells) were mixed with a 
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fixed number of control CD4 +T cells (5x105 cells/ml) that had been primed with 

untreated BMDCs and re-stimulated for 48 h with T depleted splenocytes (1x106cells/ml) 

and pMCC (5 µg/ml).  IFN-γ production was measured by ELISA.  In addition, CD4+ T 

cells primed with untreated BMDC as above were harvested 5 days after priming and 

labeled with CFSE.  These CFSE-labeled CD4 +T cells were then re-stimulated for 

approximately 24 hours in the absence or presence of equal numbers of CD4 +T cells 

(CFSE unlabeled) primed with ganglioside pre-treated BMDC. Intracellular IFN-γ 

production was assessed by flow cytometry. 

 

X. Transwell experiments. B6 AND TCR CD4+T cells were primed with control or 

ganglioside GD1a treated BMDCs and pMCC for 5 days (as previously described).  

Viable cells were harvested and re-stimulated in transwell culture dishes with 5 ug/ml 

pMCC as follows: 3 x 105 CD4+T cells primed with control BMDC or 3 x 105 CD4+T 

cells primed with ganglioside-treated BMDC were added to the lower wells and 6 x 105 

T-depleted spleen cells (APCs) were added to both the upper and lower wells. In 

addition, 3 x 105 control primed T cells were also cultured with 3 x 105 T cells primed 

with ganglioside-treated DC in the same well (lower), or separated by a membrane 

(control T cells in the lower well and ganglioside primed T cells in the upper well). After 

48 hours of culture, cell supernatants were collected and analyzed for IFN-γ by ELISA. 

 

XI. Proliferation analysis. After priming, CD4+ T cells (5x105 cells/ml) were harvested 

and labeled with CFSE (1 µM) for 10 min at 37°C and then re-stimulated with T depleted 

splenocytes and pMCC for 48 hrs. At different time points during re-stimulation (0, 12, 
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24, 48 hr), the CD4+ effector T cells were harvested, washed with FACS staining buffer, 

and surface labeled with anti-CD4 conjugated mAb. Cell proliferation was assessed by 

CFSE dye dilution by flow cytometry analysis. 

 

XII. Cell death analysis. CD4+ T cells primed with ganglioside-treated or untreated DCs 

were harvested 5 days after priming and re-stimulated for 48 hrs. Following priming and 

at different time points during the re-stimulation phase of culture (12, 24, 48 hrs), the 

CD4+ T cells were stained with anti-CD4-APC antibody and propidium iodine (PI). Cell 

death was determined by flow cytometric analysis of the percentage of CD4+ cells that 

had taken up PI. 

 

XIII. Intracellular cytokine analysis. Intracellular cytokine analysis was performed 5 

days  after priming with control (untreated DCs) or ganglioside GD1a pre-treated DCs in 

the presence of pMCC peptide and IL-2 (before re-stimulation) and also 48 hr after re-

stimulation with T-depleted splenocytes and pMCC. Monensin (Golgistop, BD 

Biosciences) was added during the final 4-6 hours of culture.  The cells were harvested 

and surface labeled with anti-CD4 conjugated mAb prior to fixation and permeabilization 

utilizing Caltag reagents. CD4+ cells were then labeled intracellularly with anti-IFN-ϒ-

APC,- IL-10-PE, -IL-17-PE, -IL-4-PE, and –CTLA-4-PE fluorescent conjugated  mouse 

monoclonal antibodies (BD Biosciences) and CD4+gated cells were analyzed by flow 

cytometry. 
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XIV. Measurement of cytokines by ELISA. Supernatants from control and ganglioside 

pre-treated BMDCs cultures were analyzed for IL-12, IL-6, and IL-10 production 24 hrs 

following LPS stimulation utilizing eBioscience ELISA mouse Ready-Set-Go kits. 

Following T cell re-stimulation, cell supernatants were collected and analyzed for IL-4, 

IFN-γ, and IL-2 cytokine production using Pierce-Endogen (IL-4 and IFN-γ) and 

eBioscience (IL-2) ELISA kits respectively.  Supernatants were diluted serially in 

duplicate and the average concentration of cytokine was determined in relation to a 

reference standard supplied by the manufacturer. Data obtained were expressed as 

absolute values comparing the effect of ganglioside treatment to control samples. 

Statistical analysis was obtained from 2-tail student t-test. Results were considered 

significant p<0.05. 

 

XV. Cell surface molecule expression analysis. To determine the maturation state of 

BMDCs post ganglioside treatment, BMDCs pre-treated or untreated with gangliosides 

were harvested 24 hr post LPS stimulation, washed, and surface labeled with anti-CD11c-

FITC, -CD80-PE, -CD86-PE, and -MHC II antibodies. To phenotypically characterize 

CD4+ effector T cells after priming and after re-stimulation, CD4+ T cells primed with 

ganglioside pre-treated or untreated control BMDCs were harvested 5 days after priming, 

and at different time points (12, 24, 48 hrs) during re-stimulation, and were surface 

stained with anti-CD4, anti-CTLA-4, anti-CD69 or/and anti-CD25 fluorescent-

conjugated mouse monoclonal antibodies. Expression of cell surface molecules was 

assessed by flow cytometry. 

 



 
34 

 

XVI. Analysis of intracellular FoxP3+. CD4+ TCR tg T cells previously primed with 

ganglioside treated or untreated BMDCs were harvested after priming and also 12-48 hr 

post re-stimulation, surface stained with anti-CD4 and anti-CD25 fluorescent-conjugated 

antibodies, then incubated with fix/permeabilization solution using the eBioscience PE-

anti-mouse FoxP3 kit. Following intracellular staining with anti-FoxP3-PE antibody, the  

T cells were washed, resuspended in FACS buffer, and FoxP3+ expression was 

determined by flow cytometry. 

 

XVII. CD25+cell depletion experiments. CD4+ T cells primed with ganglioside treated 

(GM1) or untreated (control) BMDCs were harvested 5 days after priming, washed, 

surface labeled with anti-CD25 FITC antibody, resuspended in Clicks 10% FBS solution, 

and the CD25+ cells were then removed from CD4+ T cell populations by cell sorting on 

a FACSAria.  CD25+ cell depleted T cells and control T cells (CD25+cell not depleted) 

were then labeled with anti-CD4, -CD25, and -FoxP3 conjugated antibodies, and 

analyzes by Flow cytometry.  In addition, CD4 T cells prepared as above were re-

stimulated with T-depleted splenocytes and pMCC for 48 hrs and IFN-γ production was 

assessed by ELISA. 

 

XVIII. IL-2 dose experiments. During the re-stimulation phase of culture, increasing 

doses of IL-2 (25-500 U/ml) were added to CD4+ primed T cells (stimulated with 

ganglioside pre-treated or untreated BMDCs) in the presence of APCs and pMCC. 

Culture supernatants were collected 48 hrs after re-stimulation and analyzed by ELISA 

for Th1 effector function by means of IFN-γ production. 
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XVIX. IDO blocking experiments. CD4+ T cells (5x105cells/ml) were primed with 

ganglioside pre-treated and untreated BMDCs (as described above) in the presence of 

IDO inhibitor 1-methyl-DL-tryptophan (30 µM or 100 µM). Five days after priming, 

cells were harvested, washed, and re-stimulated with T-depleted splenocytes 

(1x106cells/well) and pMCC (5µg/ml). Culture supernatants were collected 48 hr later 

and analyzed by ELISA for IFN-γ production. 
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Chapter 3:  Specific Aim 1:  To evaluate phenotypical and functional changes in 

human PBMCs and murine-derived dendritic cells following ganglioside exposure in 

vitro 

 

Paper resulting from human studies 

Weiping Shen, Kelly Stone, Alessandra Jales, David Leitenberg, and Stephan Ladisch. 

2008. Inhibition of TLR activation and up-regulation of IL-1R-associated kinase-M 

expression by exogenous gangliosides. Journal of Immunology 180: 4425-4432 (75). 

 

I. Introduction:  

Previous studies have demonstrated that treatment with exogenous gangliosides 

inhibits LPS-induced pro-inflammatory cytokine production and co-stimulatory molecule 

up-regulation by human derived dendritic cells and monocytes, although the 

mechanism(s) mediating this inhibitory effect are not clear (68, 69). In this study we 

extended these findings and characterized the inhibitory effect of exogenous gangliosides 

on Toll-like receptor (TLR) signaling using a range of TLR ligands to activate the APCs. 

Furthermore, we also used a murine antigen specific in vitro system to examine the 

specific role of gangliosides in the regulation bone marrow DC maturation and function 

development. Using this system bone marrow DCs were generated and differences in 

cytokine production and co-stimulatory molecule expression following ganglioside 

treatment were assessed and compare to that of untreated DCs.  
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II. Treatment with exogenous gangliosides inhibits TLR activation in human 

PBMCs. Toll-like receptors are type I membrane spanning receptors that are expressed 

on APCs. The essential role of TLRs is to recognize pathogen-associated molecular 

patterns (PAMPs), including LPS from Gram-negative bacteria, lipoteichoic acid (LTA) 

from Gram-positive bacteria, and double or single stranded RNA from viruses. Binding 

of PAMPs to TLRs leads to TLR signaling activation and the end result is the up-

regulation of proinflammatory cytokine production, and the up-regulation of co-

stimulatory molecules, including CD80 and CD86 on APCs (73-74). Thus, TLR signaling 

activation is critical for the development and function of APCs. Previous studies have 

found that pre-treatment of human derived monocytes and DCs with gangliosides inhibits 

LPS-induced APC maturation and function (68, 69). We extended these studies and 

investigated the effect of gangliosides on the activation of other TLRs in human 

peripheral blood mononuclear cells (PBMCs) to determine whether a defect in TLR 

signaling pathway may be an important mechanism for ganglioside-induced 

immunosuppression. In this experiments, human PBMCs were pre-incubated without 

(untreated) or with 50 µM of purified ganglioside GD1a (ganglioside), then stimulated 

with LTA (TLR2 ligand), LPS (TLR4 ligand), poly cytidylic-inosinic acid (TLR 3 

ligand), zymosan A (TLR2 and TLR6 ligand), or medium alone for 24 hrs. Culture 

supernatants were collected 48 hrs following ganglioside treatment and analyzed for 

proinflammatory cytokine production (IL-6, IL-12, and TNF-α) by ELISA. As shown in 

figure 7, pre-treatment of human PBMCs with purified ganglioside GD1a significantly 

inhibited LTA-, LPS-, Poly (I:c)- and zymosan A-induced IL-6, IL-12, and TNF-α 

cytokine secretion by human PBMCs, indicating that gangliosides have a broad inhibitory 
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effect on TLR activation. To determine if the inhibitory effect of GD1a was specific to 

TLR signaling, human PBMCs were pre-incubated with GD1a, activated with 

PMA/ionomycin, and then cytokine production was measured.  Pre-treatment of PBMCs 

with GD1a had no effect on PMA/ionomycin-induced cytokine production indicating that 

the inhibitory effect of gangliosides on APC activation is specific to TLR signaling (data 

not shown). To determine whether the inhibitory effects of GD1a exposure might be 

caused by increased apoptosis of cells, unstimulated PBMCs were exposed to 50 µM 

GD1a for 24 or 48 hr and cell death was assessed by flow cytometric analysis using 7-

ADD and Annexin V staining. Exposure of PBMCs to gangliosides did not cause an 

increase in cell death (75). These results are consistent with previous findings (68) 

excluding a nonspecific toxic effect of ganglioside exposure. 
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Figure 7 :  Exogenous gangliosides inhibit TLR ligand-induced cytokine production 

by human PBMCs. Human PBMC were cultured with or without 50 µM of ganglioside 

GD1a for 48 h plus various TLR ligands (LPS, LTS, poly(I:C), and zymozan A) added 

during the last 24 h of incubation. Cell culture supernatants were then harvested for 

cytokine (IL-6, IL-12, and TNF-α) quantification by ELISA. A-B, Cytokine production in 

response to the plasma membrane TLR ligands LTA (50 µg/ml), LPS (0.1µ g/ml), 

poly(I:C) (50 µg/ml), and zymosan A (12.5µg/ml). Figure modified from Shen et al. (75). 
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III. Purified ganglioside exposure inhibits LPS-dependent co-stimulatory molecule 

up-regulation and cytokine production by murine bone marrow dendritic cells. To 

better define the role of ganglioside exposure on the dendritic cells differentiation and 

APC function independent of other tumor associating factors, we used a well-defined 

antigen-specific murine in vitro model system. In these experiments, bone-marrow 

derived dendritic cells (BMDCs) were generated in the presence of rGM-CSF, pre-treated 

with purified exogenous ganglioside GD1a for 48 hr, and then stimulated with LPS for 

the last 24 hr in culture. After LPS stimulation, bone marrow DCs were harvested and 

analyzed for co-stimulatory molecule (CD80 and CD86) and MHC class II expression by 

flow cytometry. In addition, cell culture supernatants were collected from DC cultures 

following LPS stimulation and analyzed for cytokine production (Figure 8). As shown in 

figure 9A, pre-treatment of BMDCs with ganglioside GD1a inhibited up-regulation of 

CD80 and CD86 (with a more pronounced effect on CD86), whereas it did not affect 

MHC class II expression upon LPS-stimulation. In addition to suppressing bone marrow 

DC maturation, data obtained from ELISA analysis showed that ganglioside pre-

treatment of DCs (G+LPS) also blunted IL-6, IL-12 (pro-inflammatory cytokines) and 

IL-10 cytokine production compared to that of DCs treated with LPS alone (LPS), 

whereas ganglioside treatment alone (G), in the absence of LPS, had no effect on 

cytokine production compared to untreated bone marrow DCs (media) (figure 9B). 

Moreover, Luminex data confirmed the suppressive effect of purified ganglioside GD1a 

on the production of 22 different pro-inflammatory and anti-inflammatory cytokines (see 

appendix). Importantly, cell numbers after LPS stimulation were similar regardless of 

whether DCs were pre-treated or not with exogenous gangliosides, indicating that 
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ganglioside treatment is not toxic to cells (data not shown). However, these results do not 

rule out the possibility that gangliosides may have a toxic effect on DCs if exposed for a 

period longer than 3 days although in our studies DCs were only incubated with 

gangliosides for 48 hrs. Collectively, these results confirm previous findings using human 

derived dendritic cells that ganglioside exposure has an inhibitory effect on DC 

maturation and cytokine production.                   
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Figure 8: Experimental protocol to analyze the effects of exogenous gangliosides on 

bone marrow dendritic cell maturation and function. Bone marrow derived dendritic 

cells (BMDCs) were isolated from femurs and tibias of B10.BR mice, cultured with 

rGM-CSF for 5 days, either left untreated (control) or were pre-treated with purified 

exogenous ganglioside GD1a for 48 hr (ganglioside), and then stimulated with LPS for 

the last 24 hr in culture. After LPS incubation, BMDCs (control and ganglioside) were 

harvested and analyzed for co-stimulatory molecule (CD80 and CD86) and MHC class II 

expression by flow cytometry; in addition, cell culture supernatants were analyzed for 

cytokine production. 
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Figure 9: Ganglioside pre-treatment inhibits bone marrow dendritic cell co-

stimulatory molecule up-regulation and cytokine production. To demonstrate the 

effect of exogenous gangliosides on dendritic cell maturation and function, bone marrow 

derived dendritic cells were grown in the presence of GM-CSF for 5 days, harvested, and 

either treated with ganglioside GD1a (50 µM) in EHAA supplemented with 2% FBS 

(ganglioside) or left untreated (control). (A) 24 hours after ganglioside treatment, cells 

were stimulated with LPS (200 ng/ml), harvested, and analyzed by flow cytometry for 

co-stimulatory molecule expression on CD11c+ cells. (B) Cells were prepared as above 

and supernatants from negative control (media), control BMDCs (treated with LPS only), 

and ganglioside BMDCs (GD1a pre-treated plus LPS), were analyzed by ELISA for 

cytokine production.  The ELISA data is an average (+s.d) obtained from two 

independent 2-fold serial dilutions for each sample.  The results are representative of 3 

independent experiments. 
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IV. Increasing LPS stimulation cannot overcome the inhibitory effect of exogenous 

gangliosides on IL-12 production by bone marrow DCs. To determine whether the 

inhibitory effect of ganglioside on DC function could be overcome by increasing the dose 

of LPS during DC stimulation, bone marrow DC were pre-treated as described above, 

then increasing doses of LPS (20, 50, 100, and 200 ng/ml) were added to DC cultures for 

24 hrs. Following LPS stimulation, DC culture supernatants were collected (control and 

ganglioside) and analyzed by ELISA for IL-12 production. As expected, IL-12 

production by ganglioside untreated bone marrow DCs (control) was not affected by 

increasing doses of LPS. Conversely, there was a dose dependent increase in IL-12 

production by ganglioside pre-treated DCs. However, when ganglioside pre-treated DCs 

were stimulated with doses higher than 100 ng/ml LPS there was no further an increase in 

IL-12 production (figure 10). Altogether, these results indicate that the inhibitory effect 

of ganglioside on APC function, as defined by IL-12 secretion, cannot be overcome by 

increasing LPS stimulation.  
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Figure 10: Pre-treatment of bone marrow derived dendritic cells with ganglioside 

GM1 inhibits LPS-dependent IL-12 production. Bone marrow DCs were prepared as 

above, some were treated with 50 uM of ganglioside GM1 for 24 hours while others were 

left untreated (control), and then varying doses of LPS (20,50,100, and 200 ng/ml) were 

added as indicated for an additional 24 hours.  Supernatants were collected and analyzed 

by ELISA for IL-12 production.  The ELISA data is an average (+s.d) obtained from two 

independent 2-fold serial dilutions for each sample (*: p<0.01).  The results are 

representative of 3 independent experiments. 
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V. Summary of findings for specific Aim 1:  

Data obtained from our human studies demonstrate that ganglioside exposure 

potently inhibits TLR activation in human PBMCs, and that this inhibitory effect is 

specific to TLR signaling. Furthermore, data from our murine studies confirm the 

inhibitory effect of gangliosides on DCs maturation through the demonstration that 

treatment of bone marrow DCs with exogenous gangliosides significantly inhibits LPS-

induced co-stimulatory molecule up-regulation and cytokine production, whereas it does 

not affect MHC class II expression. Importantly, our data show that the inhibitory effect 

of exogenous gangliosides on cytokine production by bone marrow DCs cannot be 

overcome by increasing LPS stimulation.  
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Chapter 4:  Specific Aim 2: To determine the effect of priming naïve CD4+ T cells 

with ganglioside pre-treated bone marrow DCs on the development of antigen 

specific T effector cell responses in vitro 

 

Paper resulting from these studies: 

A. Jales, R. Falahati, E. Mari, E. Stemmy, W. Shen, C. Southammokasone, D. Herzog, S. 

Ladish, and D. Leitenberg. 2010. Ganglioside-exposed dendritic cells inhibit T cell 

effector function by promoting regulatory cell activity. Immunology 

 

I. Introduction: 

Dendritic cell maturation is pivotal for the initiation and maintenance of adaptive immune 

responses against tumors. Dendritic cells found in neoplatic infiltrates are frequently 

immature and defective in stimulating T cell specific immune responses (45). Since 

ganglioside exposure inhibits bone marrow DCs maturation and cytokine production, we 

sought out to determine whether priming with immature DCs would modulate the 

development of effector T cell responses. To evaluate the specific role of ganglioside-

treated DCs on the activation and development of antigen specific T effector cell 

responses, we used a well-defined antigen specific murine model system. In this system, 

bone marrow derived DCs pre-treated with gangliosides were used as APCs to prime and 

activate purified CD4+ T cells which express a TCR specific for carboxyl terminus of 

noth cytochrome c peptide. The main advantage of using this system is that it enabled us 

to follow a population of antigen specific TCR tg T cells over time so we could assess 

changes in cell phenotype and function at different stages of T cell differentiation and 
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compared to those of T cells stimulated with untreated DCs. The only variable in this 

system is whether or not DCs used to prime T cells were untreated or pre-treated with 

exogenous gangliosides, as gangliosides were not added at any other time during T cell 

culture. 
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Figure 11: In vitro Model system used to analyze the role of ganglioside pre-treated 

DCs in modulating the development of T effector cell function. Bone marrow derived 

dendritic cells were isolated from B10.BR mice, cultured in the presence of rGM-CSF for 

5 days, and then pre-treated with purified ganglioside (ganglioside BMDCs) or untreated 

(control BMDCs) for 24 hrs. After ganglioside treatment, BMDCs were stimulated with 

LPS for an additional 24 hrs (DC treatment), harvested, and extensively washed to 

remove free gangliosides, and then used as antigen presenting cells to prime and activate 

CD4+ T cells purified from B6 AND TCR transgenic mice in the presence of moth 

cytochrome C peptide (pMCC) (In vitro priming).  Five days after priming, T cells were 

harvested, re-stimulated with peptide/pulsed T-depleted spleen cells as APC in the 

absence of ganglioside (T cell re-stimulation), and then analyzed for effector cytokine 

production by ELISA.  In addition, T cell phenotype was assessed at different stages of 

culture (during priming and re-stimulation).  
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II. Initial CD4+ T cell activation and proliferation is unaffected by priming with 

ganglioside pre-treated bone marrow dendritic cells. To delineate the effect of 

ganglioside exposure on the ability of dendritic cells to activate and prime naïve CD4+T 

cells, CD4+AND TCR transgenic T cells were generated. Briefly, CD4+T cells were 

CFSE labeled, primed with either ganglioside pre-treated or untreated LPS stimulated 

BMDCs in the presence of an agonist peptide from moth cytochrome c (pMCC). At 

different time points after priming, T cells were harvested and expression of early 

activation markers were assessed by flow cytometric analysis. As shown in figure 12A, 

initial T cell activation was unaffected by priming with ganglioside pre-treated BMDCs 

as expression of early activation markers CD69 and CD25 was comparable between T 

cells primed with control BMDCs and T cells primed with ganglioside pre-treated 

BMDCs 24 hrs post priming. Consistent with T cell activation, T cell proliferation was 

similar in both T cell groups (control and ganglioside pre-treated DC ) regardless of T 

cell priming conditions as indicated through CFSE dye-dilution analysis 3 and 4 days 

following priming (Figure 12B, panel I and II respectively). Importantly, there was no 

consistent difference in cell numbers between T cell primed with ganglioside treated DC 

and control T cells after 4 days in culture (data not shown). Altogether, these results 

suggest that pre-treatment of bone marrow DCs with exogenous gangliosides has no 

affect on the antigen presenting cell function of these cells as they were still able to 

activate and prime CD4+ T cells. 
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Figure 12: Initial CD4+T cell activation and proliferation is not affected after 

priming with ganglioside-treated BMDC.  CD4+T cells were isolated from B6 AND 

TCR tg mice, then stimulated with ganglioside treated (ganglioside) or untreated (control) 

BMDCs and pMCC in the absence of exogenous IL-2. (A) CD4+T cells were harvested 

24 hours after priming and analyzed for CD25 and CD69 expression after gating on CD4+ 

cells. (B) Prior to priming, CD4+T cells were loaded with 0.5 µM CFSE, stimulated as 

indicated, and then 3 (panel I) and 4 days (panel II) later T cells were harvested and the 

degree of CFSE dye dilution assessed on CD4+ T cells.  This data is representative of 3 

independent experiments. 
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III. Priming with ganglioside pretreated BMDCs inhibits CD4+Th effector cell 

differentiation and blunts IL-2 production upon secondary stimulation. To 

determine the effect of ganglioside pretreatment of DCs on the development of T effector 

cell function, CD4+ TCR Tg T cells originally primed with either control or ganglioside 

pre-treated LPS-stimulated DCs in the presence of peptide (pMCC) and IL-2 were re-

stimulated with T-depleted splenocytes (APCs) and pMCC for 48 hrs, and then 

supernatants were collected and analyzed for cytokine production by ELISA. As shown 

in figure 13A, T cells primed with ganglioside pre-treated DCs produced significantly 

less IFN-γ upon re-stimulation than those primed with control BMDCs (ganglioside 

untreated), and the defect in IFN-γ production correlated with the dose of ganglioside 

used to pre-treat the DCs. These results indicate that priming with ganglioside pre-treated 

DCs inhibits Th1 effector cell differentiation. Likewise, when CD4+ T cells were primed 

under Th2 skewing conditions (exogenous IL-4 and IFN-γ blocking antibody), there was 

also a significant decrease in IL-4 production by T cells primed with ganglioside pre-

treated BMDCs upon secondary stimulation, indicating a defect in Th2 effector cell 

development (Figure 13B). Interestingly, in the absence of skewing factors (under neutral 

conditions) T cells primed with ganglioside pre-treated BMDCs also produced 

significantly less IL-2 following re-stimulation than those primed with control BMDCs 

(figure 14 A and B) indicating that the defect in Th1 effector function may be IL-2 

dependent. Moreover, intracellular cytokine analysis confirmed the inhibitory effect of 

priming with ganglioside pre-treated DCs on Th effector cell differentiation as CD4+T 

cells primed with ganglioside pre-treated BMDCs produced significantly less IFN-γ.  

Although only low levels of IL-4 and IL-10 are usually detected in the AND system 
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under neutral conditions (in the absence of skewing factors), after priming with 

ganglioside-pretreated DCs the levels of IL-4 and IL-10 producing cells decreased 

further. Furthermore, IL-17 was not detected in either T cell groups, regardless of 

whether they were primed with control or ganglioside treated DCs (figure 15). 
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Figure 13: Priming with ganglioside pre-treated bone marrow DCs inhibits 

development of T helper effector cells. (A) CD4+ T cells from B6 AND TCR transgenic 

mice were primed with 5 µg/ml pMCC peptide presented by either untreated (control DC) 

or BMDC pre-treated with the indicated concentration of ganglioside GM1(ganglioside 

DC) in the presence of exogenous IL-2 (neutral conditions).  Four days after priming 

CD4+ T cells were harvested and equal numbers (5 x105 cell/ml) re-stimulated with 

pMCC peptide presented by T-depleted spleen cells as APCs.  Cell supernatants were 

collected 48 hr post re-stimulation and IFN-γ production was assayed by ELISA. (B) B6 

AND TCR Tg CD4+T cells were stimulated as in (A) except exogenous IL-4 and anti-

IFN-γ antibody were added during the priming phase of the culture to induce Th2 

development (Th2 skewing conditions). The level of IL-4 produced under neutral 

conditions is below the level of detection in the ELISA.  These results are representative 

of more than 3 independent experiments for each cytokine. The ELISA data is an average 

(+s.d) obtained from two independent 2-fold serial dilutions for each sample (*: 

p<0.0008).   
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Figure 14: Defect in Th1 effector development correlates with decreased IL-2 

production by CD4+T cells primed with ganglioside pre-treated bone marrow DCs. 

CD4+ T cells from B6 AND TCR transgenic mice were primed with 5 µg/ml pMCC 

peptide presented by either untreated (control DC) or BMDC pre-treated 50 µM of 

ganglioside GM1(ganglioside DC) in the presence of exogenous IL-2 (neutral 

conditions).  Four days after priming CD4+ T cells were harvested and equal numbers of 

cells (5 x 105 cell/ml) were re-stimulated with pMCC peptide presented by T-depleted 

spleen cells as APCs.  Cell supernatant was collected 48 hr post re-stimulation and (A) 

IFN-γ and (*: p<0.0005) (B) IL-2 production was assayed by ELISA(*: p<0.0001)  . The 

ELISA data is an average (+s.d) obtained from two independent 2-fold serial dilutions for 

each sample.  The results are representative of 3 independent experiments for each 

cytokine. 
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                            Gated on CD4+ T cells 

 

CD4+ T cell groups: 

A. control T cells before re-stimulation 

B. control T cells 48 hr after re-stimulation 

C. T cells primed with ganglioside pre-treated DCs 48 hr after re-stimulation 
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Figure 15: Intracellular cytokine analysis of T effector cells following priming with 

ganglioside treated bone marrow DCs. CD4+ T cells were primed with either 

ganglioside treated or untreated DCs (control T cells) for 5 days, and then monensin was 

added during the final 4-6 hours of culture.  After incubation, the cells were harvested, 

surface labeled with anti-CD4 conjugated mAb prior to fixation and permeabilization, 

and then CD4+ T cells were analyzed for intracellular cytokine production (IFN-γ, IL-10, 

IL-17, or IL-4) by flow cytometry. Intracellular cytokine analysis was performed 5 days 

after priming (panel A) and also 48 hr after control T cell and ganglioside primed T cell 

re-stimulation with T-depleted splenocytes and pMCC (panels B and C respectively).  
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IV. Defect in Th1 effector cell function does not correlate with decreased 

proliferation or increased cell death in CD4+ T cells primed with ganglioside pre-

treated DCs. Since priming of CD4+ T cells with ganglioside pre-treated DCs induced a 

defect in Th1 effector function and blunted IL-2 production upon re-stimulation, we 

asked whether this affected the ability of T cells to proliferate upon secondary 

stimulation. Briefly, CD4+T cells were primed with either control or ganglioside pre-

treated LPS-stimulated BMDCs in the presence of pMCC and IL-2. Primed CD4+T cells 

were harvested 5 days after priming, CFSE labeled, and then T cell proliferation was 

determined by flow cytometric analysis of CFSE-dye dilution at varying time points (0, 

12, 24, and 48 hr)  during secondary stimulation of T cells (control or ganglioside) in the 

presence of T-depleted splenocytes and pMCC. As shown in figure 16A, CD4+T cells 

primed with ganglioside pre-treated DCs proliferated at similar rates to those primed with 

control BMDCs. These results indicate that priming with ganglioside treated DCs has no 

effect on T cell proliferation upon re-stimulation. Next, the fate of CD4+effector T cells 

was examined to determine whether the decrease in IFN-γ and IL-2 production in CD4+ 

T cells primed with ganglioside pre-treated DCs group could be attributed to an increase 

in cell death upon re-stimulation. CD4+T cells primed with control or ganglioside pre-

treated DCs were re-stimulated with pMCC and APCs, harvested 48hr post secondary 

stimulation, and then CD4+ T cells were stained with propidium iodine (PI) and analyzed 

by flow cytometry. Cell death was determined by the percentage of CD4+ T cells that had 

taken up propidium iodine 48 hr post re-stimulation. As shown in figure 16B, the 

percentage of cell death in CD4+ T cells primed with ganglioside pre-treated DC group 

was comparable to that of control CD4+ T cells. Altogether, these data suggest that the 
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defect in Th1 effector function observed in our system is not due to a decrease in cell 

proliferation or an increase in cell death upon T cell re-stimulation.  
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Figure 16: No differences in cell proliferation or cell death in CD4+ T cells primed 

with ganglioside pre-treated bone marrow DCs.  (A) CD4+T cells primed with either 

control (panel I control) or ganglioside pre-treated LPS-stimulated BMDCs (panel II 

ganglioside)  were harvested, CFSE labeled, and then at different time points during re-

simulation (0, 12, 24, and 48 hr) with T-depleted splenocytes and pMCC, effector T cell 

proliferation was determined by CFSE-dye dilution analysis by flow cytometry. (B) 

CD4+ T cells were primed as in (A) then 48 hr post re-stimulation with T-depleted 

splenocytes and pMCC CD4+ T cells were stained with propidium iodine (PI) and 

analyzed by flow cytometry. Cell death was determined by percentage of cells that had 

taken up propidium iodine (left panel control T cells; right panel ganglioside T cells). 

 

 

 

 

 

 

 

 

 

 

 

 



 
70 

 

V. Addition of exogenous stimulating factors during priming does not correct the 

inhibitory effect of ganglioside pre-treated dendritic cells on CD4+Th effector cell 

function. Ganglioside pre-treatment of BMDCs induces a defect in DC maturation which 

prevents the up-regulation of co-stimulatory molecules and the production of key pro-

inflammatory mediators, such as IL-12, which provide essential signals for the 

development of CD4+ T cells into potent Th1 effectors. Therefore, to determine whether 

the observed defect in Th effector cell differentiation mediated by ganglioside pre-treated 

DCs could be attributed to decreased IL-12 production or decreased co-stimulatory up-

regulation, excess exogenous IL-12 (figure B) or agonistic antibody to CD28 (Figure C) 

were added to cell cultures during priming of CD4+T cells with either control or 

ganglioside pre-treated DCs in the presence of peptide (pMCC) and IL-2. Th1 effector 

function was determined by analysis of IFN-γ production in culture supernatants 

collected 48 hr post secondary stimulation of primed T cells with T-depleted splenocytes 

and pMCC. As demonstrated in figure 17, addition of excess IL-12 or of agonistic 

antibody to CD28 increased total IFN-γ production but it was not sufficient to rescue Th1 

effector function in T cells primed with ganglioside pre-treated DCs. These results 

suggest that other factors besides decreased co-stimulation and pro-inflammatory 

cytokine production by ganglioside pre-treated DCs are promoting a defect in Th effector 

cell differentiation. 
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Figure 17: The immunosuppressive effect of ganglioside pre-treated BMDCs on Th1 

effector cell function persists despite the addition of exogenous IL-12 or co-

stimulation. (A). B6 AND TCR CD4+T cells were primed with ganglioside treated 

(ganglioside) or untreated (control) LPS-stimulated BMDCs and pMCC. After 5 days, 

equal cell numbers were re-stimulated with pMCC and T-depleted splenocytes and IFN-γ 

secretion in cell supernatant was analyzed by ELISA 48 hrs following secondary 

stimulation (*: p<0.0005)  . (B) CD4+T cells were stimulated as in (A) except exogenous 

IL-12 (5 ng/ml) (*: p<0.0001)   or (C) exogenous anti-CD28 antibody (clone 37.51) (5 

µg/ml) was added during priming (*: p<0.0001)  . The ELISA data is an average (+s.d) 

obtained from two independent 2-fold serial dilutions for each sample.  The results are 

representative of 3 independent experiments. 
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VI. Addition of IDO inhibitor during priming cannot counteract the suppressive 

effect of ganglioside pre-treated BMDCs on the development of CD4+ Th1 effector 

cell function. In addition to preventing dendritic cell maturation and APC function, 

tumor-derived factors may also promote tolerance by inducing tolerogenic properties in 

the DCs, which in turn prevent the development of specific effector T cell responses 

against the tumors. One common tolerogenic property acquired by tumor exposed DCs is 

the expression of indoleamine 2,3-dioxygenase (IDO). IDO is involved in the metabolic 

consumption of the essential amino acid tryptophan. IDO-expressing DCs can directly 

suppress T effector cell responses and induce T cell tolerance (76).  To determine 

whether the defect in Th1 effector cell development was induced by IDO activity of 

ganglioside exposed DCs, 1-methyl-DL-tryptophan 1-MTT (IDO inhibitor) was added to 

CD4+T cell cultures during priming with untreated or ganglioside pre-treated DCs in the 

presence of IL-2 and pMCC. Five days after priming, CD4+ T cells were re-stimulated 

with APCs and pMCC for 48 hr and then culture supernatants were analyzed for IFN-γ 

production by ELISA. As shown in figure 18, addition of 1-MTT resulted in only a small 

increase in IFN-γ release and did not correct the defect in Th1 effector cell function in T 

cells primed with ganglioside pre-treated DCs. This results suggests that other factors are 

mediating the inhibitory effect of ganglioside pre-treated DCs on Th1 effector 

development. 
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Figure 18: Addition of IDO inhibitor cannot correct the defect in Th1 effector 

function. CD4+T cells were primed with untreated (control) or ganglioside pre-treated 

DCs (ganglioside), and then varying doses (30-100 µM) of 1-methyl-DL-tryptophan 

(IDO inhibitor) were added to T cell cultures during priming in the presence of IL-2 and 

pMCC. Five days after priming T cells were re-stimulated with T-depleted splenocytes 

(APCs) and peptide (pMCC), and culture supernatants were analyzed 48hr post re-

stimulation for IFN-γ production by ELISA. The ELISA data is an average (+s.d) 

obtained from two independent 2-fold serial dilutions for each sample.  The results are 

representative of 2 independent experiments (*: p<0.03)  . 
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VII. Summary of findings for specific Aim 2:  

Our results demonstrate that priming with ganglioside pre-treated bone marrow 

derived DCs inhibits Th effector cell differentiation but has no effect on the initial 

activation or proliferation of CD4+TCR Tg T cells. The defect in Th1 effector cell 

function correlated with decreased IL-2 production by T cells primed with ganglioside 

pre-treated DCs, but it did not appear to be associated with increased cell death nor a 

defect in T cell proliferation following secondary stimulation. Lastly, the addition of 

exogenous stimulating factors (anti-CD28 or exogenous IL-12) or IDO inhibitor during T 

cell priming was not sufficient to overcome the inhibitory effect of ganglioside pre-

treated DCs on the development of Th1 effector cell function. These findings suggest that 

other factors are likely involved in mediating the immunosuppressive activity of 

ganglioside pre-treated DCs on CD4+Th effector cells. 
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Chapter 5: Specific Aim 3: To characterize the regulatory cell activity of CD4+T 

effector cells primed with ganglioside pre-treated bone marrow DCs. 

 

I. Introduction: 

We have demonstrated that priming with ganglioside pre-treated bone marrow 

DCs induces a defect in CD4+ effector cell development which could not be corrected by 

enhancing the stimulatory microenvironment during priming. Recent studies have 

reported that tumor pre-exposed immature DCs can induce the development of regulatory 

T cells from naïve CD4+T cells (76). To determine whether the observed decrease in Th1 

effector responses in our system was due to induction of suppressive cells by ganglioside 

pre-exposed DCs, CD4+ TCR tg T cells were primed with either ganglioside pre-treated 

or untreated DCs and characterized for different types of regulatory cell activity.    

 

II. CD4+ T cells primed with ganglioside pre-treated bone marrow DCs inhibit Th1 

effector function of other previously activated effector cells. The development of 

regulatory T cells is a major mechanism used by tumors to suppress immune effector 

functions and promote immune tolerance (77). To determine if ganglioside pre-treated 

BMDCs were inducing a regulatory cell population that was responsible for down-

modulating Th1 effector cell responses in our system, we performed a series of mixing 

experiments (figure 19). In these experiments, CD4+ TCR tg T cells were primed for 5 

days with either control (untreated) or ganglioside pre-treated DCs in the presence of 

peptide and IL-2 as previously described (see methods). A fixed number of CD4+ T cells 

primed with control BMDCs (CFSE labeled in some experiments) were mixed with 
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varying numbers of the T cells primed with ganglioside pre-treated DCs (unlabeled) and 

the mixed T cell populations were then re-stimulated for 48 hr with T-depleted 

splenocytes (APCs) and peptide (pMCC). Culture supernatants were collected and IFN-γ 

production was measured by ELISA. As shown in figure 20A, there was a dose 

dependent decrease in IFN-γ release by CD4+T cells primed with control BMDCs upon 

addition of increasing numbers of T cells primed with ganglioside pre-treated BMDCs, 

indicating that priming with ganglioside pre-treated DCs generates T cells with immune 

suppressive activity.  To confirm that the observed decrease in IFN-γ secretion was 

directly attributed to the control T cell population, intracellular cytokine staining was 

conducted on the control T cell population before and after addition of T cells primed 

with ganglioside pre-treated DCs. Thus, control CFSE labeled T cells were either re-

stimulated alone or in the presence of equal numbers of T cells primed with ganglioside 

pre-treated DCs (unlabeled), and then 24 hrs following secondary stimulation with T-

depleted splenocytes and peptide. The T cells were harvested and analyzed by flow 

cytometry. Intracellular IFN-γ production was compared in control T cells before and 

after mixing with T cells primed with ganglioside pre-treated DCs. As indicated in figure 

20B, approximately 40% of control T cells produced IFN-γ prior to co-culture with T 

cells primed with ganglioside pre-treated DCs, conversely, only 1% of these cells 

produced IFN-γ after mixing with T cell primed with ganglioside pre-treated DCs. These 

results were confirmed by a second approach, where T cells primed with ganglioside pre-

treated DCs were cultured at either same cell density or 10-fold lower density to 

determine whether minimizing T cell-T cell contact would affect the diminished IFN-γ 

production by T cells primed with ganglioside pre-treated DCs. When T cells primed 
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with ganglioside pre-treated DCs were re-stimulated at high cell densities IFN-γ 

production was markedly inhibited (only 2% IFN-γ release compared to control T cells), 

whereas IFN-γ production by cells re-stimulated at low densities resulted was much 

higher (74% compared to control effector T cells). In total, these data suggest that 

priming with ganglioside-treated BMDCs induces the development of a population of 

cells that can inhibit Th1 responses by other effector T cells.  
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Figure 19: Mixing experiment protocol. B6 AND TCR Tg CD4+ T cells were primed 

with ganglioside pre-treated (ganglioside CD4+) or untreated (control CD4+) BMDCs in 

the presence of pMCC and IL-2. Five days after priming, control CD4+ cells were CFSE 

labeled, mixed with T cells primed with ganglioside pre-treated DCs, and then re-

stimulated in the presence of  T depleted splenocytes and pMCC. Th1 effector cell 

function was assessed in control T cell populations alone or mixed with T cells primed 

with ganglioside pre-treated BMDCs by means of intracellular IFN-γ production and 

IFN-γ secretion after re-stimulation. 
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Figure 20: CD4+ T cells primed with ganglioside pre-treated BMDCs inhibit IFN-γ 

production by previously activated effector T cells. (A) B6 AND TCR Tg CD4+ T 

cells were primed with ganglioside pre-treated (ganglioside primed CD4+) or untreated 

(control primed CD4+) BMDCs in the presence of pMCC and IL-2. Five days after 

priming, CD4+T cells from each group were harvested, and increasing numbers of 

ganglioside primed CD4+ T cells (50x103, 100x103, 150x103, 250x103, and 5x105 cells) 

were added to a fixed number of control primed CD4+T cells (5x105 cells/ml), and re-

stimulated for 48 h with T depleted splenocytes (1x106cells/ml) and pMCC.  IFN-γ 

production was measured 48 hr post-restimulation by ELISA. The ELISA data is an 

average (+s.d) obtained from two independent 2-fold serial dilutions for each sample  

(*: p<0.01)  (B) T cells were primed as above except that after priming, control primed 

CD4+ T cells were labeled with CFSE, and then re-stimulated for 24 hours in the absence 

or presence of equal numbers of T cells primed with ganglioside pre-treated BMDC 

(unlabelled).  Intracellular IFN-γ production was assessed by flow cytometry. These data 

are representative of three independent experiments. 
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III. Cell-cell contact is required for the suppressive activity of CD4+T cells primed 

with ganglioside pre-treated bone marrow DCs. Once we established that priming with 

ganglioside pre-treated DCs was promoting the development of a suppressive cell subset, 

transwell experiments were performed to assess whether cell-cell contact was required 

for the suppressive activity of these cells. In these experiments, CD4+ T cells previously 

primed with ganglioside pre-treated DCs were re-stimulated in the presence of pMCC 

and APCs and either mixed with control effector T cells in the same chamber, or 

separated by a permeable membrane. Th1 effector response, as determined by IFN-γ 

production, was measured by ELISA 48 hr post re-stimulation. As shown in figure 21, 

when control T cells were mixed with T cells primed with ganglioside pre-treated DCs in 

the same chamber, IFN-γ production was significantly inhibited, similar to our previous 

observations (Figure 21 lanes A and C). Conversely, when control T cells were co-

cultured with T cells primed with ganglioside pre-treated DCs but separated by a 

permeable membrane (Figure 21 group D), no suppressive activity was observed. 

Consistent with the requirement for cell-contact dependent inhibition, addition of 

blocking antibodies to two known inhibitory cytokines (77, 78), which are implicated in 

cell-contact independent suppression mechanism by Tregs (IL-10 or TGF-β), during 

priming or during T cell re-stimulation did not restore the IFN-γ production by T cells 

primed by ganglioside pre-treated DCs (data not shown). In total these results indicate 

that cell-cell contact is required for the immunosuppressive activity of T cells primed 

with ganglioside pre-treated DCs. 
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Transwell groups: 

A.   T cells primed with untreated DCs 

B.   T cells primed with ganglioside pre-treated DCs 

C.   Mixed T cell culture (1:1): T cells primed with untreated and T cell primed  

        with ganglioside  pre-treated DCs cultured together in the same chamber 

D.   T cells primed with ganglioside pre-treated DCs in top chamber, and control 

        T cells in bottom chamber separated by a membrane. 

 

 

 

         

         Figure 21 
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Figure 21: CD4+T cells primed with ganglioside pre-treated BMDC require cell-cell 

contact to exert suppressive activity. B6 AND TCR CD4+T cells were primed as 

previously described; 5 days after priming viable cells were harvested and re-stimulated 

in transwell culture dishes with 5 ug/ml pMCC.  The lower chamber contained 3 x 105 T 

cells previously primed in the presence of control (groups A, C, and D) or ganglioside 

pre-treated BMDC (group B) and 6 x 105 T-depleted spleen cells as APC (all groups). In 

addition, where indicated, 3 x 105 T cells primed with ganglioside pre-treated BMDCs 

were added to either the lower or upper chamber (groups C and D, respectively).  The 

upper chamber contained 6 x 105 APC in all groups. Forty-eight hours later culture 

supernatants were collected and analyzed for IFN-γ production by ELISA. The ELISA 

data is an average (+s.d) obtained from two independent 2-fold serial dilutions for each 

sample and is representative of 2 independent experiments (*: p<0.0006). (These 

experiments were performed by E. Stemmy and D. Leitenberg). 
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IV.  CTLA-4 is not involved in the cell-contact dependent suppression by 

ganglioside-treated DC primed CD4+T cells. Cytotoxic T-Lymphocyte Antigen 4 

(CTLA-4) also known as CD152, is an inhibitory co-stimulatory molecule that is 

expressed on CD4+ helper T cells and its activity is fundamental in the regulation of 

adaptive immune responses. In addition, CTLA-4  is also found overexpressed in 

FoxP3+Tregs from cancer patients and it has been implicated in the suppressive activity 

of CD25+FoxP3+ regulatory T cell (Tregs) in vivo (79, 80). Thus, to determine whether 

CTLA-4 might be involved in the inhibitory activity of the suppressive cells in our 

system, CD4+T cells were primed with control (control-DC primed) or ganglioside pre-

treated DCs (ganglioside-DC primed), re-stimulated with APCs and peptide, harvested, 

and then total CTLA-4 expression was analyzed by intracellular flow cytometry and 

compared between both T cell groups (control or ganglioside) before and after re-

stimulation. As shown in figure 22, there was no observable difference in total CTLA-4 

expression in T cells before and 24 hr after re-stimulation regardless of priming 

conditions, suggesting that CTLA-4 may not be involved in mediating 

immunosuppression by ganglioside pre-treated DC-primed T cells in our system. 

Although future experiments using blocking antibodies to CTLA-4 will be necessary to 

validate these results. 
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Figure 22: CTLA-4 expression on CD4+T cells primed with ganglioside pre-treated 

DCs is comparable to that of control primed CD4+T cells. CD4+ T cells were primed 

with control or ganglioside pre-treated DCs (as previously described), harvested 5 days 

after priming, re-stimulated in the presence of T-depleted splenocytes and pMCC, and 

then total CTLA-4 expression was determined by intracellular flow cytometric analysis 

of CD4+ T cells before and 24 hr following re-stimulation. This result is representative of 

3 independent experiments. 
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V. Depletion of CD25+ cells cannot overcome the inhibitory effect of T cells primed 

with ganglioside treated DCs on Th1 effector cell responses. T regulatory cells (Tregs) 

are generally divided into two major subsets, the best studied being CD4+CD25+ forkhead 

box P3+ (FoxP3) naturally occurring T regs (nTregs). Naturally occurring T regs develop 

in the thymus and have been implicated primarily in inhibiting autoimmunity through 

direct cell contact (81, 82). The inducible or adaptive Treg subset develops in the 

periphery from naïve or memory T cells stimulated under tolerogenic conditions and has 

been implicated suppressing anti-tumor immunity. The transcription factor Forkhead box 

P3+ (FoxP3+) is critical for the function of these cells and is considered specific for T regs 

in mice. Removal of CD4+CD25+ Tregs has been shown to enhance anti-tumor 

immunity in various mouse models (83-85). Thus, to assess the presence of FoxP3+ cells 

in our system and to determine whether these cells were involved in mediating the 

suppressive activity within the ganglioside pre-treated DC primed T cell population, 

CD25+ cell depletion experiments were performed. In these experiments, CD4+ T cells 

were primed in the presence of untreated bone marrow DCs (control T cells) or 

ganglioside pre-treated DCs (ganglioside T cells) for 5 days, harvested, and then CD4+ T 

cells were analyzed for the expression of FoxP3+ and CD25+ by flow cytometry. Results 

from this analysis indicated that 10% of total CD4+ T cells in both T cell groups (control 

and ganglioside) expressed CD25+(data not shown). Surprisingly, only 2.8% of CD4+ T 

cells in the ganglioside group (T cells primed with ganglioside pre-treated DCs) 

expressed FoxP3+ when compared to 13% of FoxP3+ expressing T cells in the control 

group (Figure 23). To examine the role of this small subset of FoxP3+ expressing cells in 

mediating the suppressive activity observed within T cells primed with ganglioside pre-
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treated DCs group, CD25+ cells were removed from both control and ganglioside CD4+ T 

cell populations by cell sorting, and then cell mixing experiments were performed (as 

previously described). All T cell groups (ganglioside, control, and mix 1:1) were then re-

stimulated in the presence of T-depleted splenocytes (APCs) and peptide (pMCC). 

Culture supernatants were collected from each CD4+ T cell group (CD25+ and CD25- 

depleted) 48 hr post re-stimulation and Th1 effector cell function was determined by 

ELISA analysis of IFN-γ production. In addition, flow cytometric analysis was 

performed on CD4+ T cells before and after CD25+ cell depletion to confirm successful 

depletion (Figure 23). As shown in figure 24, depletion of CD25+ cells did not rescue the 

defect in IFN-γ production observed ganglioside treated DC primed T cells nor it 

reversed the inhibitory effect of the suppressive cells within the ganglioside-primed T cell 

population since only a 2-fold increase in IFN-γ production was observed in control T 

cells mixed with T cells primed with ganglioside treated DCs (mix 1:1), indicating that 

FoxP3+ cells are not likely involved in the inhibitory  activity of the suppressive cell 

subset in our system. Based on this analysis it is possible that the suppressive cells 

mediating the inhibitory effect are not typical FoxP3+ expressing cells. 
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Figure 23: Flow cytometric analysis of CD25+ and FoxP3+ expression in CD4+ Th 

effector T cells before and after CD25-cell depletion. T cells primed with ganglioside-

treated (ganglioside T cells) or control bone marrow DC (control T cells) were depleted 

of CD25+ cells by cell sorting on a FACSAria following labeling with CD25 antibody.  

Control (CD25+ T cells) and CD25-depleted T cells were then labeled with antibody to 

CD4, CD25, and FoxP3.  Expression of FoxP3 in the CD25+ and CD25-depleted cell 

populations (control primed or ganglioside-primed T cells) was analyzed by flow 

cytometry. These results are representative of 2 separate experiments. 
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Figure 24: Depletion of FoxP3+ cells does not reverse suppression by ganglioside 

treated DC primed T cells. CD4+ T cells were prepared as above, re-stimulated with T-

depleted splenocytes and pMCC for 48 hrs, and then IFN-γ production was assessed in 

CD25+ and CD25-depleted T cell groups (control, ganglioside, and mixed T cell 

cultures) by ELISA.  This data is an average (+s.d) obtained from two independent 2-fold 

serial dilutions for each sample (*: p<0.003) and is representative of 2 independent cell 

sorting experiments.   
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VI. Ganglioside-treated DC primed T cells blunt IL-2 production by previously 

activated effector T cells. In our previous studies we showed that priming with 

ganglioside pre-treated DCs had an inhibitory effect on the development of Th1 effector 

responses. Furthermore, the defect in IFN-γ production in CD4+T cells primed with 

ganglioside pre-treated DCs correlated with a significant decrease in IL-2 secretion upon 

secondary stimulation (Figure 14). Thus, to determine whether the inhibitory cell 

population in our system could blunt IL-2 secretion by control T cells as a mechanism to 

promote T cell tolerance, we performed a series of mixing experiments and then 

measured IL-2 secretion in control primed T cells before and after addition of T cells 

primed with ganglioside-treated DCs. Briefly, control primed T cells (T cells primed with 

untreated DCs) were cultured alone (control) or mixed at a 1:1 ratio with T cells primed 

with ganglioside-treated DCs (mix 1:1), re-stimulated in the presence of APCs and 

peptide, and then supernatant was collected and analyzed by ELISA for IFN-γ and IL-2 

production. Th1 effector function, as determined by IFN-γ production, was correlated 

with differences in IL-2 production in control effector T cells alone and after mixing with 

T cells primed with ganglioside-treated DCs. As expected, when control T cells were 

cultured alone (control), they secreted comparable high amounts of IL-2 and IFN-γ while 

T cells primed with ganglioside pre-treated DCs (ganglioside) only secreted very low 

levels (Figure 25A and B). However, when control T cells were mixed with T cells 

primed with ganglioside-treated DCs during re-stimulation (mix 1:1), IL-2 secretion by 

control T cells was blunted, and this defect correlated with diminished Th1 effector 

responses, indicating a possible role for IL-2 in mediating Th1 suppression by T cells 

primed with ganglioside-treated DCs.  
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Figure 25: T cells primed with ganglioside-treated DCs blunt IL-2 production by 

CD4+effector T cells. Mixing experiments were performed as previously described, and 

then CD4+ culture supernatants were collected 48 hrs post re-stimulation with T-depleted 

splenocytes and pMCC and analyzed for IL-2 and IFN-γ production by ELISA. 

Differences in IL-2 and IFN-γ production were compared in control T cells cultured 

alone (CD4+ primed with control DCs) or in the presence of T cells primed with 

ganglioside-treated DCs (mix 1:1). The ELISA data is an average (+s.d) obtained from 

two independent 2-fold serial dilutions for each sample and these results are 

representative of 3 separate experiments (*: p<0.0005).   
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VII. Addition of exogenous IL-2 is not sufficient to overcome suppression by the 

inhibitory cell subset. Since we demonstrated that IL-2 production by previously 

activated effector T cells was blunted upon addition of T cells primed with ganglioside 

pre-treated DCs, in this experiment we examined whether addition of exogenous IL-2 

could counteract the suppressive activity by the inhibitory cell subset. Cells were primed 

as described above then varying doses of exogenous IL-2 (25-500 U/ml) or medium 

(pMCC only) were added to cell cultures containing: control CD4+T cells (T cells primed 

with control DCs), CD4+T cells primed with ganglioside pre-treated DCs, or mixed cell 

groups (control-DC and ganglioside-DC primed T cells) during re-stimulation with T-

depleted splenocytes (APCs) and pMCC. Then culture supernatants were collected 48 hrs 

after re-stimulation and analyzed for IFN-γ production by ELISA. As expected, there was 

no increase in IFN-γ production in control primed T cells upon addition of exogenous IL-

2. Interestingly, there was approximately 20% increase in IFN-γ production by T cells 

primed with ganglioside treated DCs after IL-2 treatment. Likewise, IFN-γ production in 

control T cells mixed with T cells primed with ganglioside treated DCs also increased by 

about 20% upon addition of exogenous IL-2 (Figure 26). Although addition of exogenous 

IL-2 could partially rescue the defect in Th1 effector responses it is not sufficient to fully 

counteract the suppressive activity mediated by the inhibitory cell subset in our system, 

suggesting that IL-2 may not be involved in mediating the suppressive activity of these 

cells. 
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Figure 26: Suppression by T cell primed with ganglioside pre-treated DCs cannot be 

overcome by addition of exogenous IL-2. Mixing experiments were performed as 

previously described, except that during re-stimulation phase of culture, varying doses of 

IL-2 (25-500 U/ml) were added to cultures of CD4+T cells previously primed with 

control, ganglioside, or both control and ganglioside pre-treated DCs. Th1 effector 

function was determined by ELISA analysis of IFN-γ secreted in the supernatants 

collected 48 hr after re-stimulation with APCs and: pMCC (alone), pMCC + 25 U/ml IL-

2, or pMCC + 500 U/ml IL-2. The ELISA data is an average (+s.d) obtained from two 

independent 2-fold serial dilutions for each sample (*: p<0.02). These results are 

representative of 2 separate experiments. 
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VIII. CD4+T cells primed with ganglioside pre-treated DCs promote cell death in 

previously activated effector T cells. To further characterize the mechanisms involved 

in the cell contact-dependent suppression in our system, we examined whether the 

inhibitory cell subset exerted cytotoxic activity as a mechanism to suppress other effector 

T cells. In these experiments, control T cells-CFSE labeled (T cells primed with untreated 

DCs) were cultured alone (before mixing) or in the presence of T cells primed with 

ganglioside pre-treated DCs (after mixing) and re-stimulated under two different 

conditions, with either T-depleted splenocytes (APCs) and pMCC or with anti-CD3 and 

CD28, to rule out the possibility that the APCs in our system were mediating the 

observed suppressive effect. Cells were harvested 48 hr after re-stimulation, and changes 

in cell death were assessed in CFSE-labeled control primed T cells by flow cytometric 

analysis by percentage of CD4+ T cells that had taken up propidium iodine (PI) before 

and after mixing with T cells primed with ganglioside treated DCs. As shown in figure 

27, before mixing approximately 20% of control T cells had undergone cell death 

regardless of re-stimulating conditions (APC and pMCC or anti-CD3 and -CD28). In 

contrast, after mixing with T cells primed with ganglioside treated-DCs, there was a 

significant increase in cell death in the control effector T cell population. These results 

suggest that the suppressive cell subset within the T cell primed with ganglioside treated-

DCs population are cytotoxic and may exert cytolytic activity as a mechanism to inhibit 

Th1 effector responses in other T cells. 
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Figure 27: Increase in cell death in effector CD4+T cells after mixing with T cells 

primed with ganglioside-treated DCs. CD4+T cells were primed with untreated (control 

T cells) or ganglioside pre-treated DCs and stimulated with pMCC for 5 days. After 

priming, control T cells were CFSE-labeled, and then re-stimulated with either anti-CD3 

and anti-CD28 or APCs and pMCC in the absence (before mixing) or in the presence 

(after mixing) of T cells primed with ganglioside pre-treated DCs. Changes in cell death 

were assessed in CFSE-labeled control primed T cells by flow cytometric analysis of 

percentage of CD4+ T cells that had taken up propidium iodine (PI) before and after 

mixing. These results are representative of 2 separate experiments. 
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IX. Summary of Findings for specific Aim 3:  

In total, our data demonstrate that priming with ganglioside pre-treated bone 

marrow DCs induces the development of subset of cells with suppressive activity. These 

cells require cell-contact to mediate suppression and can blunt IL-2 production by 

previously activated effector cells. Furthermore, suppression by these inhibitory cells 

cannot be overcome by the addition of exogenous IL-2 or through the depletion of 

CD25+ cells. Although the regulatory mechanism(s) involved in the observed cell-

contact mediated suppression by this subset of inhibitory cells remain to be elucidated, 

our data suggests that a cytotoxic mechanism may play a role. Finally, our results 

strongly suggest that these suppressive cells are not the typical FoxP3+ expressing cells. 

However, further studies will be necessary to determine the precise nature and phenotype 

of the suppressive cell population. Collectively, these findings reveal a novel model for 

ganglioside-mediated immunosuppression. In the future, these in vitro studies will serve 

as guidelines for investigating the role of exogenous gangliosides on the regulation of 

adaptive immune responses in vivo. 
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Chapter 6: Discussion 

 

The ability of tumor cells to create an immunosuppressive microenvironment has 

been a major obstacle in the development of effective anti-tumor immunotherapy. This is 

in part due to tumor production of regulatory factors, such as gangliosides that alter APC 

function and inhibit anti-tumor immunity (50). Although several mechanisms of tumor 

immune evasion have been described, the precise role of the various tumor-derived 

factors in promoting immune tolerance is not well established. Our current data suggest 

that tumor-derived gangliosides may be an important initiating and long lasting factor 

contributing to tumor immune evasion.  

Gangliosides are sialic acid-containing glycosphingolipids located in the outer 

leaflet of the plasma membrane of eukaryotic cells. Tumor cells, particularly tumors of 

neuroectodermal cell origin, express high levels of gangliosides and shed them in their 

local microenvironment (55). Clinically, increased levels of shed circulating gangliosides 

correlate with disease progression and decreased survival in some cancer patients, 

suggesting that gangliosides may play a role in tumor development or progression (56). 

In support of this notion, tumor-derived gangliosides have been shown to enhance growth 

factor signal transduction pathways that may promote tumor growth and metastasis (57, 

58). In addition, gangliosides also promote tumor development by suppressing antigen 

presenting cell function and promoting tumor evasion mechanism (59-66). The 

mechanisms by which gangliosides regulate APC function are not understood. Our 

findings suggest that ganglioside exposure of bone marrow dendritic cells in the tumor 
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microenvironment may have long-lasting effects on the development and function of 

tumor-specific T cells.   

It has been previously reported that pre-treatment with exogenous gangliosides 

inhibits differentiation and activation of APCs (human DCs and monocytes) upon LPS 

stimulation (68). In the current study we characterized the inhibitory effect of exogenous 

gangliosides on TLR signaling using a range of TLR ligands to activate the APC. Our 

data suggests that a mechanism by which gangliosides modulate APC function may be 

related to ganglioside-induced inhibition of TLR signaling (figure 7)(75). However, the 

precise nature of this inhibitory phenomenon remains to be elucidated. 

In agreement with previous findings using human derived cells as APCs (68), our 

preliminary data demonstrated that ganglioside pre-treatment also inhibited TLR-4 

signaling in murine-derived bone marrow DCs, as shown by decreased up-regulation of 

co-stimulatory molecules and decreased cytokine production following LPS stimulation 

(figure 9). The consequences of priming naïve T cells with ganglioside pre-treated bone 

marrow DCs as APCs were further investigated using an antigen specific murine model 

system. Data from these experiments suggest that priming of naïve T cells with 

ganglioside pre-treated bone marrow DCs induced the development of a population of 

inhibitory cells that could suppress Th1 responses in previously activated effector cells in 

cell-contact dependent manner (figure 21).  

CD4+CD25+ regulatory T cells (Tregs) are a unique lineage of the T cell 

population that play a major role in the regulation of the immune system. These cells can 

prevent autoimmunity by suppressing harmful autoreactive immune cells (78) and can 

promote cancer development by suppressing anti-tumor immunity (79). Induction of 
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Tregs is a common mechanism utilized by cancer cells to counteract anti-tumor immune 

responses (79). Tolerogenic DCs, induced by tumors, have been shown to play a role in 

the conversion of naïve CD4+T cells into CD4+CD25+ FoxP3+ Tregs (77). However, the 

mechanisms involved in Treg conversion are not well defined. Some studies 

demonstrated that TGF-β plays a role in the induction of FoxP3+ adaptive T cells (87). 

Other studies implicate CTLA-4 in the regulation of Treg function (79). However, 

analysis of CTLA-4 expression revealed no differences in CTLA-4 expression (Figure 

22). Furthermore, flow cytometric analysis of FoxP3+ expression indicated that fewer 

FoxP3+ cells were present in ganglioside-treated DC primed T cells population (Figure 

23). In addition, CD25+ cell depletion did not reverse suppression of Th1 effector 

responses within the ganglioside-treated DC primed T cell population nor it restored IFN-

γ production in control T cells pre-incubated with ganglioside-treated DC primed T cells 

(Figure 24). Taken together these data suggest that the induced inhibitory cell population 

in our system may not be the typical FoxP3+ regulatory T cells. Future experiments will 

be needed to further characterize the nature of the regulatory activity present following 

priming with ganglioside exposed DCs and the phenotype associated with the specific 

cell population exerting immunosuppressive activity.  

 

Future Studies and Unresolved Issues: 

I. Dendritic Cells 

 Our data clearly demonstrates that ganglioside treatment inhibits APC 

differentiation and function, however, to date we have not been able to characterize the 

dendritic cell associated-factors induced upon ganglioside treatment that suppress T cell 
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effector development. Although we have already identified decreased secretion of several 

cytokines following ganglioside exposure a more comprehensive gene expression and 

proteomic analysis may identify additional factors that can be tested for their ability to 

correct the defects in T cell priming in add-back experiments.  Or, in the case of 

inhibitory cytokines such as TGF-β and IL-10, or inhibitory metabolic enzymes such as 

arginase, blocking approaches can be used to evaluate if any of these factors play a role 

in promoting the development of a regulatory T subset. 

 

II. T cells 

Although we have shown that cell-contact is required, to date we have not been 

able to determine the precise mechanisms by which the suppressive cell subset inhibit 

Th1 effector responses. A recent study has shown that T regs can suppress effector T cell 

function, in particular IL-2 production, by directly delivering the potent inhibitory second 

messenger cyclic AMP (cAMP) into effector T cells via membrane gap junctions (88). 

This could possibly explain the observed decrease in IL-2 secretion by T effector cells 

upon incubation with T cells primed with ganglioside-treated DCs (Figure 25), although 

further studies will be required to validate this hypothesis. 

Data obtained from cell death analysis of control effector cells re-stimulated in the 

presence of T cells primed with ganglioside-treated DCs suggest that the ganglioside-

dependent immunosuppressive effect observed could be due in part to direct cytotoxic 

activity by the suppressive cell population (figure 27), as has been recently described in 

CD4+CD25+Tregs isolated from the tumor microenvironment, where Granzyme B was 

shown to play a crucial role in the cell-mediated cytotoxic activity of CD4+CD25+Tregs 
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independent of perforin (89). However, in our system, only a negligible amount of 

Granzyme B was detected in CD4+T cell after re-stimulation (data not shown). 

Most of the research to date regarding T reg-induced cytolysis has focused on 

Granzyme B-mediated mechanisms, but a recent study suggests that Treg-mediated 

cytolysis can be induced through tumor necrosis factor-related apoptosis inducing 

ligand/death receptor 5 (TRAIL/DR5) pathway (90). Furthermore, another study suggests 

that up-regulation of galectin-1 by Tregs is involved in mediating T cell apoptosis (88). 

Taken together multiple suppressor mechanisms exist although it is not clear whether all 

T regs subsets utilize a single overriding suppressive mechanism or multiple non-

redundant mechanisms to potently suppress anti-tumor responses. Therefore, it is possible 

that the immunosuppression observed in our system likely involve multiple regulatory 

mechanisms. Future studies will be necessary to determine the precise mechanism(s) 

mediating the ganglioside-induced suppressive activity in our system. 

 

Conclusion 

Our data suggest that purified gangliosides inhibit APC function by directly 

interfering with TLR signaling activation. Furthermore, regardless of the mechanism of 

immunosuppression, our data indicate that priming with ganglioside pre-exposed DCs 

induces the development of a population of cells with suppressive activity. These 

inhibitory cells proliferate normally, but only produce negligible amounts of IFN-γ and 

IL-2 and require cell-cell contact to inhibit Th1 effector responses of other previously 

activated effector T cells. Although further studies will be required to elucidate the 

precise mechanism(s) of suppression mediated by these inhibitory cells, cell-mediated 
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cytotoxicity is likely involved (Figure 28).  Collectively these data provide further 

support for the concept of tumor shed gangliosides as immunomodulatory factors that 

may initiate the development of tumor evasion mechanisms. These findings reveal a new 

model for ganglioside-mediated immunosuppression. 

The data obtained from these studies will serve as guidelines to further investigate 

the effects of exogenous gangliosides in modulating immune responses in vivo. Our long-

term goal will be to combine the knowledge obtained from our in vitro and in vivo studies 

to the design of novel therapeutic approaches that will block ganglioside synthesis in 

tumors and/or will prevent ganglioside-mediated immunosuppression in the tumor 

microenvironment, thus ultimately will provide long-lasting anti-tumor immunity in 

cancer patients. 
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Figure 28: Model for ganglioside-mediated immunosuppression. (1) Immature bone 

marrow DCs are exposed to tumor shed gangliosides in the tumor microenvironment. 

Ganglioside exposure inhibits TLR signaling activation and results in decreased co-

stimulatory molecule up-regulation (CD80 and CD86) and decreased pro-inflammatory 

cytokine production by the DCs. (2) Ganglioside exposed DCs then migrate to tumor 

draining lymph nodes (TDLNs) where they present tumor specific antigen to naïve T 

cells. Naïve T cells get activated, proliferate, and develop suppressive activity. (3) The 

suppressive cell population then exits the TDLN and migrates to the tumor 

microenvironment where they inhibit Th1 specific effector responses (IL-2 and IFN-γ 

production) of previously activated effector T cells in a cell-contact dependent manner. 
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Appendix 
 
 
 
Multiplex Cytokine Analysis Results 
          
 Control GD1a      
MIP-1a Above OR 951.53      
GM-CSF 40.2 Below OR      
MCP-1 760.85 15.69  OR: observable range  
KC 20747.19 1797.99  Control: untreated DCs  
RANTES Above OR 157.39  GD1a: DC treated with 50 µM GD1a 
IFN-γ 18.59 Below OR      
IL-1 b 14.4 Below OR      
IL-1 a 418.65 163.46      
G-CSF 4699.42 22.05      
IP-10 3748.4 61.46      
IL-2 Below OR Below OR      
IL-4 Below OR Below OR      
IL-5 Below OR Below OR      
IL-6 61417 902.42      
IL-7 Below OR Below OR      
IL-10 916.12 Below OR      
IL-12 194.2 69.4      
TNF-α Above OR 130.14      
IL-9 49.83 Below OR      
IL-13 107.84 14.16      
IL-15 15.87 Below OR      
IL-17 Below OR Below OR      

 
 
 


