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Abstract 
Title of Dissertation: Costimulatory Effects of TLR1-TLR2 signaling in CD8+ T Cells  

Ann Mary Joseph, Doctor of Philosophy, 2017  

Dissertation Directed by: Dr. Eduardo Davila, Ph.D. Microbiology and Immunology 

The future of T cell-based immunotherapy for cancer currently faces two predominant 

challenges; the development of an effective strategy to enhance the effector function of 

anti-tumor T cells and a method to overcome the barrage of suppressive mechanisms 

mediated by suppressive cells (such as MDSCs) within the immunosuppressive tumor 

microenvironment. The activation of the TLR-MyD88 signaling pathway in CD8+ T cells 

augments their proliferation, cytokine production and anti-tumor potency in vivo. Our 

studies explored the molecular pathways activated by TLR stimulation with a focus on 

mechanisms that enhance anti-tumor properties. Transcriptomic analysis of TLR-

stimulated T cells revealed an enhanced expression of several TNFRSF members including 

4-1BB. Blocking or deleting 4-1BB diminished the effects of TLR1-TLR2 stimulation. 

Furthermore, combined administration of a TLR1-TLR2 ligand and an agonistic 4-1BB 

antibody augmented T cell proliferation and cytokine production more than either 

therapeutic agent alone. This combination therapy strategy also induced significant tumor 

regression in mice bearing an established B16 melanoma. We also tested the ability of 

TLR1-TLR2-stimulated T cells to withstand MDSC-mediated suppression. TLR1-TLR2-

treated T cells exhibited greater proliferation and cytokine production than non-treated T 

cells in the presence of tumor-derived MDSCs. This phenomenon was recapitulated in T 

cells transduced to express a synthetic CD8α:MyD88 coreceptor, which activates the 

MyD88 pathway specifically upon TCR engagement. The results presented in this study 



 

emphasize the strength and potential clinical use of activating the TLR signaling pathway 

in the development of immunotherapy strategies against cancer.  
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CHAPTER I: INTRODUCTION 

Cancer  

Cancer has plagued the human species throughout all of recorded history, and doctors, 

including the ‘Father of Modern Medicine,' Hippocrates, have attempted to cure cancer (1). 

Over two millennia later (2012), the WHO recorded an estimate of 14.1 million new cancer 

cases and 8.2 million deaths due to cancer around the world (2). Seminal discoveries 

regarding the nature of cancer have given way to the development of a myriad of therapies 

that saved the lives of thousands (3). Paul Ehrlich, in the 1900s, theorized that the immune 

system could recognize and possibly eliminate cancer (4). Over a 100 years later, the 

immune recognition theory is not only widely accepted and extensively studied but also 

paved the way to the most promising category of cancer treatments, immunotherapy. The 

spontaneous regression of melanomas associated with the infiltration of immune cells or 

passive transfer of serum from patients cured of melanoma, highlighted the potency of 

immunotherapy to treat aggressive, metastatic tumors (4). 

Melanoma is the malignancy of melanin pigment producing cells, melanocytes. Melanoma 

is currently the fifth and seventh most common type of cancer in men and women in the 

USA, respectively (5). Metastatic melanoma is one of the most aggressive and treatment-

refractory cancers with an expected mean survival of 8-10 months. Surgical excision of 

early-stage melanoma lesions (Stage 0, I and II) has a 53-98% 5-year survival rate. 

However, in advanced (Stage III and IV) and recurrent melanoma, the cancer cells have 

metastasized to the lymph nodes and other vital organs such as the brain and the lung. In 

the advanced stages, 5-year survival drops from 70% in Stage III to 15-20% for Stage IV 

melanomas (6). Current FDA-approved treatments for late stage melanoma fall under 
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broad categories of radiation therapy, chemotherapy, targeted therapy and immunotherapy. 

Radiation therapy involves directing a high energy X-ray beam to destroy cancer cells in 

targeted locations. It is currently administered as palliative therapy to relieve symptoms 

and to shrink or slow tumor growth or in combination with other treatments such as 

chemotherapy and immunotherapy (7;8). The use of drugs that target rapidly dividing cells 

or chemotherapy generates meager prolonged tumor size reduction or overall response 

rates (ORR, complete response + partial responses; 11-24%) in patients  when used on its 

own. Combining chemotherapy with immunotherapy (chemoimmunotherapy) or targeted 

therapies has improved these response rates (9). Targeted therapy involves the use of drug 

designed to target mutated proteins found specifically in cancer cells. Genome sequencing 

of metastatic melanoma from large cohorts of patients has revealed several specific 

mutations in genes involved in signal transduction from growth factor receptors (10). These 

specific mutations can lead to the constitutive activation of the Ras-Raf (BRAF, NRAS) 

pathway downstream of tyrosine kinase receptors. The BRAF inhibitor, vemurafenib, is 

the first FDA-approved drug specifically targeting the BRAF V600E mutation in patients 

with melanoma, generating an impressive 50-80% response rates and increasing 

progression free survival time. Clinical trials combining BRAF and MEK inhibitors have 

presented higher response rates however median progression-free survival time low 

ranging between 9-13.7 months (11;12).  

Immunotherapy holds great promise in effectively treating metastatic melanoma and 

increasing long-term survival. High-dose IL-2 administration enhanced the proliferation 

and anti-tumor function of TILs and is the first FDA-approved immunotherapeutic against 

melanoma. High-dose IL-2 treatment generated an ORR of 16% and disease-free survival 
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time of over 30 months in patients who had a complete response (13). However, due to the 

low rate of complete response, the high toxicity and the high costs associated with this 

treatment, IL-2 administration failed to become a standard of care treatment regimen (14). 

Currently, adoptive cell transfer of ex vivo expanded TILs and checkpoint blockade 

antibodies present as two avenues of immunotherapy capable of significantly enhancing 

progression-free survival time for metastatic melanoma patients (15;16). Infusion of TILs 

into lymphodepleted patients along with high dose IL-2 resulted in ORRs of 40-72% and 

extended survival time by several years for patients with refractory metastatic melanoma 

(17;18). Antibodies blocking inhibitory receptors on TILs and their ligands on melanoma 

cells constitute checkpoint blockade therapy. Presently, antibodies targeting CTLA-4 

(Ipilimumab) and PD-1 (Pembrolizumab and nivolumab) have achieved FDA approval for 

the treatment of metastatic melanoma (19). Antibodies targeting PD-L1, LAG3, TIM3 are 

currently in clinical trials testing their efficacy against melanoma. Deep sequencing of 

multiple tumors revealed that melanomas contain the highest number of missense 

mutations resulting in mutated proteins that are possibly immunogenic. These studies 

further emphasize the potential of immunotherapy to effectively treat metastatic melanoma 

(20). 

Despite the tremendous advances made for the treatment of metastatic melanoma, the 

progression-free survival time for various reported trials is measured in months. To address 

this, efforts to create better ‘killer’ T cells and  combine multiple forms of therapy are 

underway across the globe.  
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Immune recognition of Cancer:  

The immune system has evolved to protect the body from pathogens, and to repair wounds 

and maintain tissue homeostasis. The ability to distinguish between ‘self’ and ‘non-self’ is 

the central trait that allows the immune system to recognize and combat pathogens or 

foreign entities (21). Given the genetic instability of cancers, mutated self-antigens or 

tumor antigens are expressed by tumor cells and recognized as foreign or ‘non-self’ by 

immune cells. Increasing evidence of the immunogenicity of tumors lead to the 

development of the cancer immunosurveillance hypothesis, wherein the immune system 

constantly recognizes and eradicates developing tumors expressing these tumor antigens 

(22-24). Studies supporting the cancer immunosurveillance hypothesis revealed that 

recurrent tumors are immunologically distinct from the primary tumor (25). Such distinct 

recurrent tumors develop from the few tumor cells that evolved different mechanisms to 

escape immune detection. The recurrent tumor is thus considered ‘edited’ by the immune 

system and these studies lead to the current cancer immunoediting concept (26).  

The discovery of tumor antigens expressed by tumor cells bolstered the theory that the 

immune system could recognize tumor cells as foreign and destroy them. Tumor antigens 

are classified into four groups, based on the antigen source. The first group contains 

antigens derived from mutated proteins in a tumor cell or neo-antigens. Neoantigens are 

specifically expressed only by tumor cells and thus presents an ideal target for 

immunotherapy. This group includes proteins frequently mutated in melanoma such as B-

RAF, N-RAS and CDK4. Shared tumor antigens or Cancer testis antigens comprise the 

second classification of tumor antigens. These antigens are expressed not only by the tumor 

cells but also a limited number of healthy tissues. Cancer testis antigens arise from genes 
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encoded in male germline cells. In tumor cells, regulation of these genes is disrupted, 

leading to the expression of cancer testis antigens in multiple tumor types. MAGE-A1, 

MAGE-A2 and NY-ESO1 are a few examples of cancer testis antigens expressed on 

melanomas and myelomas. The third group of tumor antigens includes proteins that are 

overexpressed in tumor cells. Normal healthy tissues express these proteins at a baseline 

level. However, tumor cells enhance their expression to promote oncogenesis and tumor 

survival. Antigens derived from proteins such as human epidermal growth factor receptor 

(HER2), telomerase or survivin fall under this classification. The fourth and last group 

consists of differentiation antigens derived from proteins expressed by cells at different 

stages of differentiation and development. Prime examples of differentiation antigens 

include melanoma antigens MART-1, gp100, tyrosinase related proteins 1 and 2 (TRP1, 

TRP2) and prostate specific antigen (PSA). These antigens are expressed on the tumor cells 

as well as normal tissue. Adoptive T cell transfer trials targeting these antigens in 

melanoma patients report vitiligo as a side effect of T cells destroying non-cancerous 

melanin producing cells. While the ability to specifically destroy tumor cells by targeting 

tumor antigens provides immunotherapy a significant advantage, it also initiates the cancer 

immunoediting process by destroying the immunogenic tumor cells, leaving behind tumor 

variants that have lost the targeted antigen. Efforts to identify poorly-expressed tumor-

specific neoantigens,  by deep sequencing and insilico analysis may provide better targets 

for immunotherapy (27).  

Cancer immunoediting is a microevolutionary process that comprises of three phases that 

are elimination, equilibrium and escape (Fig 1.1). During the elimination phase, newly 

formed tumors are recognized by both the innate and adaptive immune system and then 
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eradicated. Developing tumors perturb the surrounding tissue leading to the release of 

proinflammatory molecules, which causes innate immune cells such as NK cells and 

macrophages to migrate to the tumor. Tumor cells presenting markers of cellular distress 

such as NKG2D ligands and repressing their expression of MHC molecules are recognized 

and destroyed by NK cells. Macrophages engulf apoptotic cell bodies and present mutated 

self-antigens or tumor antigens to engage the adaptive immune system. T cells that 

recognize tumor antigens are activated and upon arrival at the tumor complete the 

eradication of the tumor. T cells induce apoptotic cell death in tumor cells via the secretion 

of IFNγ, granzyme B and perforin. Engagement of the FasR on tumor cells with the FasL 

expressed on TILs induces the extrinsic cell death pathway in the tumor cells. These highly 

immunogenic tumors are easily eradicated and their presence rarely detected, clinically. 

The elimination stage is now considered as the previously described cancer 

immunosurveillance theory (28;29). 

In the equilibrium phase, the immune system and the tumor achieve a state of contentious 

balance, wherein exists an ongoing immune response and survival of tumor variants. 

Through a Darwinian selection process, tumor cell variants with reduced immunogenicity 

eventually arise and give way to the final stage, escape (28).  

In the escape phase, residual tumor cells acquire properties to evade the immune system 

and develop into a clinically detectable mass as well as metastasizing to other organs. These 

properties include the loss of the tumor antigen, downregulation of MHC-I and  
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Figure 1. 1: The Three E’s of Cancer Immunoediting.  

Adapted from Vesley et al, Ann Rev Immunol, 2011 (23). 
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production of immunosuppressive factors that directly and indirectly inhibit the immune 

response. The selection pressure placed on the tumor cells expressing antigens recognized 

by CD8+ T cells results in the outgrowth of tumor cells that have ‘lost’ expression of tumor 

antigens or MHC I molecules. Clinically, this phenomenon has been reported in patients 

receiving adoptive cell transfer therapy against the MART-1 peptide in melanoma and the 

MUC-1 antigen in renal cancer (30). Furthermore, tumor cells may begin to produce 

cytokines such as VEGF, TGF-β, IL-6, IL-10 and GM-CSF. These cytokines lead to the 

induction and recruitment of immunosuppressive cells such as TReg cells and MDSCs. The 

accumulation of these factors and cells creates a highly immunosuppressive local tumor 

microenvironment that abrogates the host’s anti-tumor immune response (28). Although 

immunoedited tumors evade destruction by the immune system, immune cells or TILs can 

be isolated from within the tumor mass. These TILs are still capable of cytotoxic function 

ex vivo, albeit at a significantly lower levels due to exposure to factors in the tumor 

microenvironment. Immunotherapy aims to reinvigorate TILs through the blockade of 

inhibitory receptors, stimulation of costimulatory receptors and ex vivo expansion and 

enhancement.  

T cell activation and exhaustion: 

T cells are the cellular mediators of an adaptive immune response. During development in 

the thymus, T cells undergo genetic rearrangement and recombination to create a unique T 

cell receptor (TCR), resulting in a diverse repertoire of T cell clones, each capable of 

recognizing a different antigen. T cells are classified into two types, CD8+ T cells and CD4+ 

T cells, based on coreceptor expression. CD8+ T cells, also known as cytotoxic T 

lymphocytes, are the primary killer cells of the adaptive immune system. CD4+ T cells or 
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T helper cells contribute to regulation of the type of immune response (TH1, TH2, TH17), 

antibody production by B cells (T follicular helper cells) and attenuation of immune 

responses (TRegs) (31). 

TCR recognition of the cognate antigenic peptide, presented on MHC class I molecules by 

antigen presenting cells, leads to a cascade of signal transduction events to activate a CD8+ 

T cell. For complete activation and functional capacity, CD8+ T cells require costimulatory 

signals through the interaction between CD28 (on T cells) and CD80 or CD86 (on APCs) 

at the time of initial activation. During initial activation or priming, CD4+ T cells help in 

the activation of CD8+ T cells by ‘licensing’ APCs, via CD40-CD40L interactions, to 

enhance their ability to activate CD8+ T cells and potentiate memory cell development 

(32). Furthermore, cytokines such as IL-12 and IL-2, produced by activated APCs, promote 

T cell proliferation and cytotoxic function. After activation, CD8+ T cells undergo rapid 

proliferation wherein a single T cell clone divides an average of 15 times to generate 1000-

fold higher numbers (33;34). The metabolic profile of T cells undergoing activation 

switches from one dependent on oxidative phosphorylation to glycolysis (35). Activated 

CD8+ T cells acquire effector functions by the expression of granzyme B, perforin and 

IFN-γ. Chemokine receptors CXCR3 and CCR5 are upregulated while CCR7 is 

downregulated on activated effector CD8+ T cells to promote exit from the lymph nodes 

and subsequent migration to the site of infection or tumor (36). Upon arrival, cells 

presenting the cognate peptide-MHC-I complexes are identified and destroyed by various 

cytotoxic mechanisms. After elimination of infected or tumor cells, the effector population 

contracts and the few remaining cells survive long term as memory T cells, which are 

capable of a faster and stronger response to recurrent tumor (37). 
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The CD8+ T cell’s TCR recognizes antigenic peptides, 8-11 amino acids in length with 

specific anchor amino acids, that are presented in the groove of the MHC class I molecules 

(38). Upon recognition, the coreceptor CD8 binds to the alpha-3 domain of MHC class I 

and brings the SRC kinase Lck into proximity to the CD3 chains of the TCR complex. Lck 

phosphorylates the ITAM moieties on the CD3 proteins and creates a docking site for 

ZAP70, which is subsequently phosphorylated (39). ZAP70 activates LAT, which then 

serves as a signaling hub to activate the MAPK pathway through PLCγ-Ras-Erk1/2-Fos 

and Vav-MEKK1-JNK-Jun, the NF-κB pathway through PKCθ-IKKγ-p65/p50 and the 

NFAT pathway through the release of intracellular stores of calcium. The ultimate 

activation of the transcription factors NF-κB, NFAT and AP-1 (Fos-Jun) causes the 

upregulation of genes controlling proliferation, effector function, survival and glycolysis 

(40). Activation of PI3K through the TCR and CD28 also activates the mTOR pathway via 

PDK-AKT/PKB. mTOR is an essential regulator of protein translation, metabolism and 

effector function. mTOR activity also impacts differentiation of T cells into effector or 

memory subsets (41) (Fig 1.2).  

CD8+ T cells kill target tumor cells by several distinct mechanisms. Such mechanisms 

include the secretion of IFN-γ, release of granzyme B and perforin and expression of FasL. 

IFN-γ interacts with its receptors IFNGR1 and IFNGR2 to activate STAT1. STAT1 in 

tumor cells induces the expression of CDK inhibitors that arrests the cell cycle progression 

of tumor cells. Furthermore, IFN-γ enhances the expression of FasL and MHC-I molecules 

on the surface of tumor cells, increasing their susceptibility to T cell- 
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Figure 1. 2: T cell receptor signaling pathways 
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mediated cytotoxicity (42). Effector CD8+ T cells contain a large number of lytic granules 

that contain perforin and granzymes A and B. Upon TCR activation, these granules fuse 

with the plasma membrane close to the immunological synapse and release their contents 

in proximity to the target cell. Multiple perforin molecules insert themselves into the 

plasma membrane of the target cell, forming a pore through which granzymes can enter the 

cell (43). Within the target cell, granzymes, which are serine proteases, cleave and activate 

caspases, leading to programmed cell death or apoptosis. Another mechanism by which 

CD8+ T cells can induce apoptosis in target cells is by the engagement of Fas ligand (FasL) 

with the Fas receptor, expressed on the target cell. FasL-Fas receptor interaction leads to 

recruitment of FADD adaptors and activation of caspase-8 and caspase-3, resulting in the 

induction of the extrinsic programmed cell death pathway (44)(Fig 1.3). 

T cell exhaustion is a progressive phenomenon wherein effector T cells gradually lose the 

ability to proliferate, reduce production of cytokines and cytotoxic mediators and increase 

their susceptibility to apoptosis (45). During chronic infections or cancer, there is a 

persistent source of antigen and inflammation in the host’s body. Under such conditions, 

effector T cells become ‘exhausted’ as they try to destroy the antigen source and continue 

to signal through their TCR. In fact, sustained activation of NFAT, without the interaction 

with AP-1, contributes to the exhausted transcriptional profile and the expression of PD-1 

(46). Exhausted CD8+ T cells also lose the capacity to generate a memory T cell population. 

This loss of polyfunctionality is accompanied by the hierarchical expression of multiple 

inhibitory receptors or exhaustion markers such as CTLA-4, PD-1, LAG3, TIM3, TIGIT, 

2B4, CD160 and more continue to be identified  
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Figure 1. 3: T cell priming, activation and exhaustion. 
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(47). PD-1 and CTLA-4 are also activation markers as their expression is induced upon 

initial TCR signal transduction and PD-1+ or CTLA-4+ CD8+ T cells are still capable of 

polyfunctionality. However, as a CD8+ T cell upregulates more exhaustion markers, 

effector functions begin to decline and the probability of exhaustion increases. The exact 

hierarchical order of expression of these exhaustion markers is yet to be determined. 

Interaction of these inhibitory receptors on T cells with their ligands expressed on tumor 

cells and immunosuppressive cells, triggers the activation of phosphatases to quench TCR 

signals (48). There are significant overlaps and redundancies in the effector functions 

suppressed by these inhibitory receptors to the extent that a single inhibitor is not 

responsible for the loss of a specific effector T cell ability. Furthermore, expression of 

inhibitory receptors alone does not imply exhaustion, as PD-1+ T cells can still capable of 

potent anti-tumor responses. Recently, Singer et al. described a specific transcriptional 

module differentiating a true exhausted or dysfunctional T cell from an activated T cell. 

This study further emphasizes the distinction between the phenotypic appearance of 

exhaustion versus the transcriptional programs controlling exhaustion (49) (Fig 1.3). 

Costimulatory and inhibitory receptors: 

Upon activation, CD8+ T cells express a plethora of costimulatory and inhibitory receptors 

in a spatiotemporal manner (50). Engagement of specific costimulatory receptors enhances 

the proliferative capacity, cytotoxic potential or survival of effector T cells. On the other 

hand, inhibitory receptors serve to attenuate T cell responses to prevent exuberant 

inflammation, bystander cell toxicity and autoimmunity. Some of these coreceptors are 

also capable of bidirectional signal transduction wherein engagement of the coreceptor by 

its ligand expressed on APCs or tumor cells can transmit signals to the APC or tumor cell. 
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These receptors are broadly classified into two families based on their structural 

similarities; the immunoglobulin superfamily and the Tumor Necrosis Factor (TNF) 

receptor superfamily (TNFRSF). Both families contain costimulatory and inhibitory 

receptors (50) (Fig 1.4).  

The immunoglobulin superfamily contains proteins that possess an immunoglobulin fold 

domain. Some of the well-characterized receptors and ligands that belong to this 

superfamily include CD28, PD-1, CD80 (B7-1), CD86 (B7-2), PD-L1, PD-L2, CTLA-4, 

ICOS and ICOS-L (51). The CD28-CD80/CD86 interaction is the primary costimulatory 

signal T cells receive during activation and prevents transition into an anergic state. 

Engagement of CD28 by either ligand leads to the activation of the PI3K/AKT pathway 

and the GRB-RAS pathway, the latter of which is required for the induction of IL-2 

production (51). The inhibitory receptor CTLA-4 is expressed on the surface of T cells 

after activation and competes with CD28 for their ligands CD80/CD86 to attenuate T cell 

proliferation and function (51). CTLA-4 recruits phosphatases SHP1 and SHP2 to 

dephosphorylate CD3ζ, ZAP70 and Lck, thus attenuating the TCR signal. CTLA-4 also 

activates PP2A to inhibit AKT.  PD-1 is another inhibitory receptor expressed on T cells 

upon activation and is often used to characterize early exhaustion in T cells. PD-1 interacts 

with PD-L1 or PD-L2, expressed on APCs and tumor cells, to repress T cell function and 

blocking these molecules has been the object of recently developed cancer 

immunotherapies (51;52). Upon ligand interaction, PD-1 recruits SHP1/SHP2 to its 

ITIM/ITSM domains and subsequently suppresses the PI3K/AKT pathways (53). Mice 

deficient in either CTLA-4 or PD-1 develop autoimmune disease characterized by 

uncontrolled T cell proliferation (54). ICOS-ICOSL interactions play a major role in the  
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Figure 1. 4: Costimulatory and Inhibitory receptors expressed on T cells and APCs. 

Reprinted with permission from Macmillan Publishers Ltd: Nature Reviews Immunology (41), 
2013. 



17 
 

induction of class switch in B cells by T helper cells. Other proteins that are classified as 

members of the immunoglobulin superfamily include LAG3, TIM3 and TIGIT (55). These 

proteins are inhibitory receptors and expression of several represents T cell exhaustion or 

dysfunction. LAG3 interacts with MHC class II to attenuate T cell responses by undefined 

mechanisms (55). Interaction of TIM3 with its ligands, Galectin9 and CEACAM-1 

prevents autoimmune responses in T cells. However, this safety mechanism also serves to 

diminish T cell activity under conditions of chronic antigenic stimulation such as in tumors 

(55). Furthermore, TIM3-Galectin 9 interaction contributes to the development of an 

immunosuppression environment by the expansion of MDSCs (56). TIGIT competes with 

the costimulatory receptor CD226 to bind to CD115 and CD112, leading to the activation 

of phosphatase SHIP and inhibition of TCR-activated transcription factors (47;55). 

Antibodies blocking these inhibitory receptors are currently in preclinical or Phase I 

clinical trials to treat a variety of tumors. 

The tumor necrosis factor (TNF) receptor superfamily (TNFRSF) and their ligands TNFSF 

are structurally similar to the TNF receptor. Members of the TNFR superfamily currently 

studied for therapeutic potential include CD40-CD40L, 4-1BB-4-1BBL, CD27-CD70, 

OX40-OX40L, GITR-GITRL and DR5-TRAIL. The interaction between CD40L on T 

cells and CD40 on dendritic cells is vital for DC licensing of T cells as well as the activation 

and maturation of DCs. In DCs, CD40 signals induce the upregulation of MHC molecules 

and costimulatory ligands. CD40 signals also upregulate the expression of anti-apoptotic 

genes in APCs.  Germinal center B cells require signals through CD40 engagement of 

CD40L on follicular T helper cells for induction of class switch to different antibody 

isotypes and somatic hypermutation. Agonistic CD40 antibodies have generated partial 
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responses in patients with melanoma, primarily through the activation of immune 

responses against the tumor (57). CD27 is expressed on naïve T cells and is cleaved off 

after activation. Activation of DCs by T cells through CD40-CD40L mediated interactions 

induces the expression of CD70 on the DC. CD27-CD70 interaction at the time of initial T 

cell priming is essential for the development of a memory T cell population, the induction 

of IL-2 expression and autocrine IL-2 production in non-lymphoid tissues. CD27 signals 

also induce the expression of anti-apoptotic proteins hence reducing the susceptibility to 

cell death. An agonistic monoclonal antibody against CD27 (varlilumab) is currently in 

Phase I clinical trials for metastatic melanoma (58). OX40 is predominantly expressed on 

activated CD4+ T cells, however, can be induced on CD8+ T cells when a strong activation 

signal is applied. OX40 mediated signals activate NF-KB to sustain the expression of Bcl2 

and Bcl-Xl, thus enhancing T cell survival.  Agonistic OX-40 antibodies are capable of 

reducing tumor burden in preclinical studies especially when combined with vaccination 

or IL-2 administration (57). GITR is highly expressed on Tregs and is induced on activated 

effector T cells. Signals mediated through GITR can break self-tolerance as well as reverse 

Treg-mediated suppression. When combined with DC-based vaccines, agonistic GITR 

antibodies generate significant anti-tumor immune responses (59). 

One of the most promising receptors currently targeted to boost anti-tumor T cell activity 

is CD137 or 4-1BB. Activation of the 4-1BB signaling pathway enhances the anti-tumor 

and antiviral activity of T cells by augmenting their proliferation, cytotoxic potential and 

prolonging T cell survival (60-62). Studies by our group and others have shown that CD8+ 

T cells upregulate the expression of 4-1BB on the cell surface roughly 24 hours after 

activation with expression levels peaking at about 48 to 72 hours (63;64). Other cells such 
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as CD4+ T cells, DCs, macrophages and B cells also express 4-1BB. 4-1BB interacts with 

its trimerized ligand 4-1BBL which expressed on activated APCs, T or B cells or with 

Galectin 9 (61;65). After ligand interaction, trimeric 4-1BB recruits TRAF1, TRAF2, 

TRAF3 and cIAP1/2. cIAP1/2 polyubiquitinates TRAF3, which then shuttled to the 

proteasome for degradation. Loss of TRAF3 allows TRAF1 and TRAF2 to activate the 

non-canonical NF-KB pathway or the NIK pathway. Polyubiquitinated TRAF2 activates 

the canonical NF-KB through the activation of NEMO-IKKb and the MAPK pathway 

(62;66) (Fig 1.5). After signal transduction, the 4-1BB receptor is polyubiquitinated, 

endocytosed and continues to transduce signals from the endosome (67). 4-1BB mediated 

signals lead to the expression of anti-apoptotic proteins Bcl-Xl and A1 as well as to 

augmented effector functions (68). Interestingly, 4-1BB deficient CD4+ T cells exhibit 

enhanced proliferation and reduced effector function. Paradoxically, in autoimmune 

models, the activation of the 4-1BB signaling pathway alleviates disease symptoms. This 

dual role of 4-1BB is possibly due to the inhibition of TH17 responses, which predominates 

most autoimmune diseases while promoting TH1 responses (69). 

Monoclonal antibodies activating 4-1BB signals are capable of controlling tumor growth 

or in some instances eradicate developing tumors. Combining agonistic 4-1BB antibodies 

with DC vaccines, adoptive cell transfer and other checkpoint blockade antibodies generate 

enhanced tumor regression and immune activation than either therapeutic agent alone. In 

murine models of melanoma, combining agonistic 4-1BB antibodies with PD-1 blockade 

generated significant tumor regression and increased the percent of tumor-infiltrating and 

memory CD8+ T cells (70). Administration of agonistic 4-1BB antibody  
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Figure 1. 5: 4-1BB signaling pathway. 
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along with a blocking LAG3 antibody controlled tumor growth and restored IL-2 

production in TILs (71). The potency of 4-1BB signals to amplify T cell responses and 

survival lead to the inclusion of the 4-1BB cytoplasmic domain chimeric antigen receptors. 

Signals mediated through the 4-1BB domain also reduced exhaustion induced by chronic 

TCR stimulation (72). 

A major setback to the advancement of anti-4-1BB antibody therapy is the toxicity 

associated with the administration of available agonistic antibodies. In preclinical murine 

studies, treatment of tumor-bearing mice with agonistic 4-1BB antibodies induced higher 

blood liver enzymes and increased liver tissue damage (70). In a Phase I study, using a 4-

1BB agonistic antibody, conducted by Bristol-Myer-Squibb, patients with advanced solid 

tumors exhibited partial responses and disease stabilization with mild adverse effects. 

However, in Phase II trials with stage IV melanoma patients, severe hepatitis and elevations 

in liver enzymes caused the trial to be terminated and discontinued other trials using 4-1BB 

agonists. Considering the therapeutic potential of targeting 4-1BB for immunotherapy, new 

formulations of anti-4-1BB antibodies are in development. Currently, two humanized 

agonistic 4-1BB antibodies are in phase I clinical trials against melanoma (Urelumab and 

PF-05082566 Trials: NCT02554812, NCT02444793).  These antibodies are also 

investigated in combination therapy with antibodies targeting PD-1. 

Another class of receptors upregulated upon T cell activation are TLRs. TLRs are one of 

the families of pattern recognition receptors which recognize specific molecular patterns 

expressed by pathogens (PAMPs) or dying cells (DAMPs). Binding of PAMPs triggers the 

dimerization of the TLRs and subsequent recruitment of adaptor proteins MyD88 or TRIF. 

The signal transduction pathway initiated by TLR dimerization leads to the activation of 
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macrophages and DCs. Upon TCR activation, TLRs expression is induced in CD8+ T cells 

and TLR signals enhances the effector functions of effector T cells. The impact of TLR 

signaling in T cells is discussed in detail in Chapter 2.  

Immunotherapy: Emphasis on checkpoint blockade and adoptive transfer 
 

Even before Paul Ehrlich suggested the existence of cancer immunosurveillance, William 

B. Coley (1891) invented the first immunotherapeutic, live or heat-killed Streptococcus 

injections into tumors (73). However, the mechanism by which Coley’s toxins caused 

tumor regression in a subset of patients was at the time unknown. The absence of a 

mechanistic understanding of Coley’s toxins, the risks associated with pathogenic bacterial 

injections and lack of consistency in reducing tumor growth in all patients prevented this 

therapy from gaining popularity. As knowledge of the immune system grew, Coley’s work 

was revisited and in 1976, the Bacille Calmette-Guérin (BCG) vaccine against tuberculosis 

was established as a therapy for recurrent bladder cancer and melanoma as well. In the 

early 1990s, IL-2 emerged as an effective treatment for metastatic kidney cancer and 

eventually metastatic melanoma, as it enhanced the proliferation of TILs (74). With the 

advent of monoclonal antibody production, immunologists began to target specific 

molecules and receptors on both tumor cells and immune cells. The first monoclonal 

antibody therapy, rituximab, is an anti-CD20 antibody targeting immature B cells in non-

Hodgkin’s lymphomas. 

Antibodies blocking inhibitory receptors on anti-tumor T cells or blocking inhibitory 

ligands on tumor cells constitute checkpoint blockade therapy. Ipilimumab, a CTLA-4 

blocking antibody is the first such checkpoint blockade antibody approved by the FDA for 
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administration to patients with advanced melanoma. Ipilimumab treatment combined with 

a peptide vaccine (gp100) increased the overall 1-year survival to 22% and median survival 

time to 11.4 months (75). In phase III clinical trials, the anti-PD-1 blocking antibody 

Nivolumab generated significantly higher objective response rates (40%) than 

chemotherapy (dacarbazine, 14%) and increased the median overall one-year survival rate 

to 73% in melanoma patients (76). Pembrolizumab, another PD-1 blocking antibody 

produced overall response rates of 33% and overall median survival time of 2 years in 

phase I trials for melanoma (77). Recent trials proved that blocking PD-1 is superior to 

CTLA-4 blockade in melanoma patients as the ORR for pembrolizumab and Nivolumab 

was 33% and 43.7%, respectively, while ipilimumab generated only 11.9% (78;79). 

However, combining anti-PD-1 and anti-CTLA-4 therapy lead to higher ORRs but higher 

adverse effects as well (80). Currently, four antibodies targeting PD-L1 are in various 

clinical trial phases and show promise of improved responses in selected patients (81) (Fig 

1.6).  

Adoptive cell transfer (ACT) therapy involves the isolation, expansion and reinfusion of a 

patient’s TILs for the treatment of the tumor. TILs are isolated from surgically removed 

tumor tissues and then expanded ex vivo, away from the immunosuppressive 

microenvironment of the tumor. After expansion, TILs are reinfused into the patient at 

extremely high numbers with high-dose IL-2 administration (82). Typically, patients 

receiving ACT have failed to respond to other standard treatment regimens and are 

conditioned with nonmyeloablative lymphodepletion or total body irradiation before ACT. 

The conditioning step enhances the responses observed with ACT as it removes 

immunosuppressive cells such as Tregs from the tumor microenvironment and generates  
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Figure 1. 6: Checkpoint blockade antibodies. 

Reproduced with permission from Ribas A, NEJM 2012, Copyright Massachusetts Medical 
Society 
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‘space’ for the transferred cells to engraft. In a clinical trial with 93 metastatic melanoma 

patients, 20 patients (22%) achieved durable complete tumor regression and five-year 

survival rate of 93%. The entire trial cohort attained an objective response rate of 56% and 

three-year survival rate of 36% (83) (Fig 1.7) 

Advancements to ACT include the generation of antigen receptor engineered T cells and T 

cells expressing chimeric antigen receptors. T cells can be genetically modified using 

gammaretroviral or lentiviral gene transfer technology to express TCRs specific to tumor 

antigens or chimeric receptors capable of bypassing the TCR to activate the T cell against 

a tumor cell (18). Antigen receptor or TCR-engineered T cells are designed to express a 

TCR capable of recognizing specific peptides presented on MHC class I molecules on 

tumor cells. Sequencing of T cells found in tumors or T cell clones responding to tumor 

lysate-pulsed APCs, lead to the identification of unique TCR alpha and beta chains that 

can recognize tumor antigens (84). In a few studies, the identified TCRs are modified to 

enhance their affinity to tumor antigens. Currently, trials using TCR engineered CD8+ T 

cells against melanoma have targeted two tumor associated antigens; MART-1 and gp100 

and two cancer testis antigens; MAGE-A3 and NY-ESO1. The seven trials that have 

published results generated ORRs ranging from 12-55% but only two reported complete 

responses of 18 and 22%. However, complete responders have extended survival of over 

three years (85). The major setback observed in these trials is the severe off-target toxicities 

caused by affinity-enhanced TCR-expressing T cells recognizing and damaging cardiac or 

neuronal tissue (86). Chimeric antigen receptors or CAR T cells possess an exogenously 

expressed receptor that consists of an extracellular single chain variable fragment domain 

that recognizes a tumor antigen, like an antibody. The intracellular  
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Figure 1. 7: Adoptive T cell transfer therapy. 

Reprinted by permission from Macmillan Publishers Ltd: Nature 
Reviews Immunology, Restifo N.P. et al, 2012. 
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domain contains the signaling domains of CD3, CD28 and costimulatory receptors such as 

4-1BB or OX-40 to activate the anti-tumor T cell. Depending on the number of signaling 

domains included, there are currently three generations of CAR T cells (Fig1.8). 

Furthermore, CAR T cells capable of inducing the secretion of a payload like cytokines are 

in development (87). Also CARs with inhibitory modules such as the inducible capase-9 

(iCas9, induction of apoptosis upon drug-induced dimerization) or dual CAR strategy with 

one activating CAR and one inhibitory CAR, each recognizing a different antigen, have 

been developed to mitigate the off-target toxicities associated with the use of CAR T cells 

(88). CD19 specific CAR T cells administered to patients with B cell lymphomas virtually 

cleared all CD19+ tumor cells and extended patient survival. The CD19-CAR T cell therapy 

generated complete responses of 90% in patients with refractory acute lymphoblastic 

leukemia and 19% in patients with chronic lymphocytic leukemia (89). The development 

of CAR T cells against solid tumors is currently underway but is challenged by the lack of 

specific antigens expressed solely on tumor cells (90). Currently, CAR T cells against 

MUC-1, Mesothelin, VEGFRII, EGFR and CEA are in clinical trials against various solid 

tumors (89). 

Immunosuppressive microenvironment: 

A major hurdle to immunotherapy is the highly immunosuppressive microenvironment 

surrounding many tumors. Tumor cells express ligands to T cell inhibitory receptors, 

immunosuppressive cytokines and factors that directly inhibit immune responses. 

Furthermore, tumors indirectly suppress the immune system by inducing the formation and 

recruitment of immunosuppressive cells (91). The primary immunosuppressive cell types 

found in most tumors are TReg cells and Myeloid derived suppressor cells  



28 
 

  

Figure 1. 8: Chimeric Antigen Receptors (CARs). 

Reprinted with permission from John Wiley & Sons: Tissue antigens, Casucci M et al, 2011. 
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(MDSCs). Other suppressive cells include tumor-associated macrophages (TAMs), 

suppressive B cells, tolerogenic DCs and tumor-associated stromal cells. 

Immunosuppressive cells create a microenvironment that not only contains a high density 

of inhibitory molecules but also is depleted in nutrients for T cell activity. Tumors and 

immunosuppressive cells within the tumor microenvironment express PD-L1 that interact 

with PD-1 on T cells to inhibit T cell function. Additionally, MDSCs and TAMs express 

CD80 to suppress T cells via interaction with CTLA-4 (92). Regulatory T cells are 

CD4+FOXP3+ T cells that constitutively express high levels of the high-affinity IL-2 

receptor, CD25. As such TRegs act as IL-2 sinks to deplete IL-2 and thus suppress the 

proliferation of effector T cells. TAMs are bone marrow derived monocytic macrophages 

that adopt an M2 macrophage phenotype upon exposure to tumor-secreted factors. TAMs 

and MDSC have similar mechanisms of immune suppression, which is discussed in the 

following section. Tolerogenic DCs are immature DCs primarily involved in the induction 

of Tregs (93). 

The tumor microenvironment contains significant levels of immunomodulatory cytokines 

such as IL-6, TGF-β, IL-10 and VEGF. IL-6 is a pleiotropic cytokine that has multiple pro-

tumorigenic effects including enhancing proliferation and inhibiting apoptosis of cancer 

cells through the activation of the JAK-STAT3 pathway (94;95). Under normal physiologic 

conditions, TGF-β functions as a tumor suppressor by promoting expression of cyclin-

dependent kinase (CDK) inhibitors to arrest cell proliferation and the induction of pro-

apoptotic genes and pathways (96). However, in most tumors the TGF-β signal pathway is 

dysregulated by the altered expression of proteins involved in the signal transduction, 

leading to the uncontrolled proliferation and reduced susceptibility to apoptosis.  
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Furthermore, TGF-β induces epithelial-to-mesenchymal transition (EMT) and modifies the 

extracellular matrix to support tumor growth and metastasis (96). TGF-β can also directly 

suppress T cell activity by the inhibition of effector molecules such as perforin, granzymes 

and IFNγ (97). IL-10 inhibits antigen presentation and costimulatory function of DCs and 

macrophages (98). IL-10 also promotes STAT3 activation in tumor cells and acts directly 

on immune cells to suppress their function. VEGF promotes the migration of tumor cells 

and acts along with TGF-β to the induce angiogenesis thus promoting vascularization of 

the tumor (99). 

Targeting the tumor’s immunosuppressive microenvironment is challenging primarily due 

to the number of immunosuppressive factors involved. However as most of the suppressive 

factors can be generated by MDSC, targeting these cells for depletion or maturation to anti-

tumor myeloid cells could enhance therapeutic interventions. 

MDSC: 

MDSCs are immature myeloid cells that develop in response to chronic inflammation 

induced by an infection or a tumor. Chronic inflammation triggers a state of dysregulated 

myelopoiesis or emergency myelopoiesis in the bone marrow wherein rapid proliferation 

of myeloid progenitor cells leads to an incomplete differentiation process. This process 

generates large numbers of immature myeloid cells that acquire a suppressive phenotype 

and are thus called myeloid derived suppressor cells (100-102). MDSCs migrate out of the 

bone marrow and to the site of the ongoing inflammation to suppress immune cell function. 

As MDSCs can suppress an exuberant inflammatory response, their development can be 

considered as a protective mechanism evolved to prevent extensive tissue damage. Tumors 

hijack this safety mechanism, recruiting MDSCs to suppress the anti-tumor immune 
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response and perpetuate tumor growth and migration. Patients presenting with high 

numbers of circulating or tumor infiltrating MDSCs have a poor disease prognosis 

(103;104).  

An immunoedited tumor secretes various cytokines such as VEGF, GM-CSF, IL-6, CSF-

1 and G-CSF. These cytokines promote the development of MDSCs and their migration to 

the tumor (105). Furthermore, MDSCs also contribute to the secretion of IL-6 and IL-11 

creating a positive feedback loop to maintain high levels of phosphorylated STAT3 that is 

vital for MDSC’s survival, development and function (105;106). High levels of IL-33 

within the tumor microenvironment also contribute to the accumulation and survival of 

MDSCs by enhancing MDSC expression of GM-CSF and IL-6 (107). Moreover, IL-33 

enhances ARG1 expression and activity in MDSCs through the activation of NF-KB, ERK 

and p38. PGE2, a proinflammatory molecule released by tumors expressing the enzyme 

COX2, supports the development of MDSCs by redirecting monocytes from differentiating 

into M1 macrophages and proinflammatory DCs. Furthermore, MDSCs exposed to PGE2 

enhance the expression of multiple mediators of suppression as well as COX2, establishing 

a positive feedback loop to continue PGE2 signal transduction in the tumor 

microenvironment (108;109). The release of DAMPS, such as S100A8/A9 and HMBG1, 

from damaged or dying cells also promote the development and recruitment of MDSCs to 

the tumor (105). Chemokines such CCL2, CXCL12 and CXCL15, released by the tumor, 

direct the migration of MDSCs to the tumor site (110). 

Based on morphology and expression of surface markers, MDSCs are classified into two 

subtypes. In mice, Monocytic-MDSCs or M-MDSCs are CD11b+Ly6G-Ly6C+ (GR-1lo) 

cells that resemble monocytes. M-MDSCs are present at higher numbers in the tumor mass 
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and convert to Tumor-Associated Macrophages (TAMs). In humans, M-MDSCs are 

identified as CD33+CD11b+CD14+CD15-HLA-DRlo/- cells. Polymorphonuclear-MDSCs 

or PMN-MDSCs are CD11b+Ly6G+Ly6Clo (GR-1hi) cells that phenotypically resemble 

neutrophils albeit with lower granule content. PMN-MDSCs are found both at the tumor 

site as well as the secondary lymphoid organs of a tumor bearing mouse. PMN-MDSCs 

are defined as CD33+CD11b+CD14-CD15+CD66b+ cells in humans (100). At present, a 

specific marker to distinguish MDSCs from monocytes or neutrophils is yet to be 

determined. The two MDSC subsets also differ in the mechanisms they employ to suppress 

anti-tumor immune responses (111). Furthermore, tumor infiltrating MDSCs are more 

suppressive to T cell proliferation than their splenic counterparts in tumor-bearing mice 

(112).  

MDSCs suppress anti-tumor responses by nutrient deprivation, expression and secretion of 

inhibitory molecules, recruitment of immunosuppressive cells and generation of reactive 

oxygen and nitrogen species (Fig 1.9). L-arginine, L-tryptophan and L-cysteine are 

essential amino acids required by effector T cells for the synthesis of components of the 

TCR complex and other proteins. MDSCs secrete ARG1 (arginase-1), which catabolizes 

L-arginine to urea, and IDO1/2 (indoleamine 2,3- dioxygenase 1 and 2), which catalyzes 

the conversion of L-tryptophan to L-kynurenine which induces apoptosis via caspase-8 

activation (105;113). Furthermore, MDSCs express L-cystine transporters to sequester 

cystine and prevent the release of L-cysteine to the environment for T cell consumption 

(105). The reduced availability of these amino acids manifests as the decreased expression 

of the CD3ζ chain of the TCR complex, thus inhibiting a T cell’s activation. Reduction in 

amino acids leads to a global reduction in translation rates and  
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Figure 1. 9: Mechanisms employed by MDSCs to suppress immune responses. 

Reprinted from Kumar V. et al, Trends in Immunology, 2016 with permission from Elsevier 
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the arrest of T cells in the G0-G1 cell cycle phase (114). MDSCs express ligands such as 

PD-L1/2 and B7-1 that interact with inhibitory receptors PD-1 and CTLA-4, respectively, 

on T cells to suppress activation and induce apoptosis. IL-10 and TGF-β secretion by 

MDSCs serve not only to inhibit T cell activity but also to recruit Tregs and convert M1 or 

proinflammatory macrophages to M2 or pro-tumorigenic macrophages (105).   

Reactive nitrogen species (RNS) like peroxynitrite (ONOO-) and nitric oxide (NO), 

generated by the activity of enzymes iNOS, ARG1 and NOX2, are produced in high 

amounts by MDSCs. RNS inhibits the TCR complex by nitrosylating the TCR alpha and 

beta chains, the CD3ζ molecule as well as the CD8 coreceptor. This post-translational 

modification of nitrosylation prevents the proper association of proteins of the TCR 

complex. RNS can also nitrosylate chemokines and chemokine receptors to prevent the 

migration or retention of immune cells. iNOS production by MDSCs can reduce the ability 

of T cells to respond to interferons and activate STAT1 (115). NO disrupts IL-2 production 

and its signal pathway by nitrosylating signaling components or activating inhibitors of IL-

2 signal transduction. Furthermore, NO triggers the upregulation of Fas on CD8+ T cells, 

thus increasing their susceptibility to apoptosis (116). MDSCs upregulate the production 

of  reactive oxygen sepecies (ROS), like H2O2, in the tumor microenvironment by 

enhancing their expression of NOX-2, an enzyme involved in the generation of ROS (117). 

While low levels of ROS is essential for T cell activation, high concentrations of ROS can 

disrupt the interaction of the TCR complex components as well as suppress the activation 

of downstream signaling molecules (118).  

Other mechanisms employed by MDSCs to suppress the anti-tumor immune response 

include the production of S100A8/A9 proteins. S100A8 and A9 are calcium binding 
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inflammatory mediators that interact with the RAGE receptor to enhance the migration of 

MDSCs to the tumor. These proteins also interact with components of NOX-2 to increase 

the production of ROS by MDSCs (119). 

Current strategies to overcome MDSC mediated immune suppression include blocking 

MDSC development, promoting MDSC maturation into M1 macrophages and neutrophils 

and inhibiting one or more mechanisms of suppression utilized by MDSCs (120). All-

Trans-Retinoic Acid (ATRA) can cause the maturation of CD11b+GR-1+ immature 

myeloid cells into CD11c+I-Ab+ DCs and F4/80+ macrophages, thus improving T cell 

responses and tumor regression when combined with a cancer vaccine (121). ATRA also 

enhances the expression of glutathione synthase and subsequently the antioxidant 

glutathione to neutralize the high levels of ROS found in MDSCs (122). Rapamycin 

specifically reduced the expansion of M-MDSCs in an allograft transplant model and EL4 

tumor model (123). Rapamycin treatment or deletion of mTOR in M-MDSCs reduced the 

production of iNOS and ARG1 as well as reduced the glycolytic potential of these cells 

(123). Administration of a NO scavenger, C-PTIO, prevented the suppression of T cell 

proliferation by MDSCs and treatment of tumor bearing mice with CTLs and C-PTIO 

enhanced tumor regression (124). 

While distinct suppressive mechanisms can be blocked, the sheer number of known and 

unknown mechanisms employed by MDSCs demand a different approach. Rather than 

targeting the MDSC directly, developing T cells resistant to MDSC suppression could 

improve therapy. Furthermore, generating T cells capable of inducing the maturation of 

MDSCs to anti-tumor myeloid cells would also significantly enhance the effectiveness of 

ACT therapy. 
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Description of the study and Specific Aims: 

The overall goals of this thesis are to elucidate the molecular mechanisms that regulate the 

effects of TLR stimulation on CD8+ T cells and to assess the impact of activating the TLR-

MyD88 pathway (in T cells) on T cell interactions with MDSCs. Despite numerous reports 

detailing the effects of TLR ligands on T cell activity, the molecular mechanisms 

responsible for these are yet to be defined. To better understand how TLR engagement 

enhances T cell function, we compared gene expression profiles of activated wild-type and 

MyD88-/- CD8+ T cells treated with or without the TLR1-TLR2 ligand, Pam3CSK4. Our 

analysis showed that TLR stimulation altered the expression of about 200 different genes. 

For the initial part of this study, we analyzed the impact of five members of the TNFRSF 

whose expression was enhanced by TLR stimulation. In particular, TLR-stimulation 

increased 4-1BB levels in pmel but not in MyD88-/-pmel T cells.  4-1BB-/- T cells exhibited 

suboptimal responses to TLR1-TLR2 agonist and blocking 4-1BB signaling using 

antibodies hindered the costimulatory effects of the TLR1-TLR2 agonist. We investigated 

the mechanism by which TLR signals enhanced 4-1BB expression and determined the role 

4-1BB plays in mediating the effects of TLR stimulation. Furthermore, we hypothesized 

that combining these two interconnected costimulatory pathways would increase the anti-

tumor efficacy of tumor-specific CD8+ T cells. For the second part of the study, we tested 

the ability of TLR stimulated T cells to resist MDSC-mediated immunosuppression. A 

possible solution to overcome the immunosuppressive environment is to generate resistant 

T cells. As TLR stimulated T cells exhibit enhanced anti-tumor potency, we wished to test 

the ability of TLR treated T cells to resist MDSC mediated suppression. 
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Aim 1: Elucidate the association between the 4-1BB on the TLR1-TLR2 signaling 

pathways in anti-tumor CD8+ T cells. 

Hypothesis: TLR1-TLR2 signaling enhances the expression of the 4-1BB mRNA and 

protein, which in turn contributes to the costimulatory effects of TLR stimulation on CD8+ 

T cells, by increasing T cell proliferation and anti-tumor activity. 

i. Determine the molecular mechanism by which TLR1-TLR2 signaling enhances 

the expression of 4-1BB in CD8+ T cells. 

ii. Identify the contribution of 4-1BB to the costimulatory effects of TLR 

stimulation on CD8+ T cells. 

iii. Assess the anti-tumor potential of combining agonistic 4-1BB antibodies with 

TLR ligands in a B16 melanoma murine model. 

Aim 2: Assess the ability of TLR-treated CD8+ T cells to resist MDSC-mediated 

suppression. 

Hypothesis: TLR1-TLR2 stimulation on CD8+ T cells confers resistance to MDSC 

mediated suppression of proliferation.  

i. Test the ability of TLR-MyD88 activated CD8+ T cells to resist MDSC-

mediated suppression of proliferation and cytokine production. 

ii. Ascertain the suppressive ability of MDSCs after interaction with TLR-MyD88 

activated CD8+ T cells. 
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1Kaczanowska S, Joseph AM, Davila E.  Journal of Leukocyte Biology, 2013  

CHAPTER II: TLR SIGNALING IN T CELLS1 

TLR agonists play a fundamental role in activating innate and adaptive immune responses. 

In mouse models, treatment with TLR agonists has been shown to reduce tumor growth 

and in some cases destroy established tumors when used in combination with other 

therapeutic agents such chemotherapy drugs, monoclonal antibodies, and various tumor 

antigen vaccines in the form of proteins, peptides, or plasmid DNA (125-130). The 

selection of TLR agonists has been premised on their ability to activate professional APCs, 

namely DCs. However, the engagement of TLRs on various T cell subsets has more 

recently been demonstrated to augment their responses and thus represents a novel and 

promising strategy to enhance the efficacy of cancer immunotherapies.   

 

TLRs contain extracellular leucine-rich repeats, a transmembrane region and an 

intracellular TIR domain. The leucine-rich repeats recognize specific PAMPs, which upon 

ligation induces receptor dimerization. This brings the TIR domains in close proximity to 

generate the docking site for the major adaptor protein MyD88 or TRIF, to initiate the 

signal transduction pathway. All TLRs with the exception of TLR3 require MyD88 for 

signal transduction. TLR3 and endocytic TLR4 utilize TRIF as their adaptor. Multiple 

MyD88 molecules aggregate at the dimerized TIR domains a macromolecular structure 

known as the MyDDosome. MyD88 recruits multiple molecules of the kinase IRAK-4, 

which phosphorylate each other and subsequently recruits IRAK-1, which is  
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Figure 2. 1: TLR-MyD88 signal pathway. 
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phosphorylated by IRAK-4. This leads to the phosphorylation and ubiquitination of 

TRAF6, which through TAK1 activates NF-Kb and MAPK pathways (Fig 2.1) (131).  

In general, the TLR expression profile on T cells varies according to their state of activation 

as well as the T cell subset. Naïve T cells express low levels of TLR mRNA transcripts and 

protein. Upon activation through the T cell receptor (TCR) or using the stimulant 

PMA/ionomycin (132), TLR mRNA and protein expression levels are dramatically 

increased. Furthermore, it is important to note that the costimulatory effects of TLR on T 

cells are dependent upon concomitant TCR stimulation as TLR ligands alone have little 

effects on naïve or resting T cells (133;134). TLR expression is transient and is gradually 

down-regulated over the course of several days (132;133;135). Interestingly, the 

expression of certain TLRs is maintained on mouse and human memory T cells, albeit at 

lower levels than on activated T cells, and these are functional even in the absence of TCR 

triggering (136;137). 

TLR1-TLR2 and TLR2-TLR6 

The engagement of TLR1-TLR2 on cytotoxic CD8+ T cells (CTLs) dramatically increases 

the production of IFN-γ (133;134;138-141), TNF- α (139;140) and IL-2 (139-142). TLR2 

engagement can also enhance the production of granzyme B and perforin, which are two 

of the major cytolytic molecules secreted by CTLs (143) (Fig 2.2). The physiological 

significance of TLR signaling in T cells is highlighted in experiments demonstrating that 

the adoptive transfer of TCR transgenic CD8+ T cells specific for the gp100 antigen (pmel 

T cells) into tumor-bearing MyD88 knockout mice, followed by peritumoral injections of 

the TLR2 agonist Pam3CSK4, delayed or reversed B16 melanoma tumor growth (144).  The 

use of MyD88 knockout mice ensured that the costimulatory effects of TLR1-TLR2 ligand 
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arose from TLR signaling in CD8+ T cells and not on endogenous host cells. In addition to 

the synthetic TLR1-TLR2 agonists, bacterial lipoprotein has also been reported to increase 

antigen-specific tumor killing by CD8+ T cells in in vitro and in vivo models (145;146). 

Certain DAMPs, such as heat shock proteins, are also capable of directly modulating T 

cells responses. For example, Hsp60 has been found to stimulate TLR2 on human 

CD45RO+ and CD45RA+ T cells, resulting in increased β1-integrin-dependent adhesion 

and reduced chemotaxis by decreasing the expression of chemokine receptors CXCR4 and 

CCR7 (147). Integrins on T cells play an important role in sustaining interactions between 

T cells and APCs or tumor cells and serve to potentiate T cell activation (148) whereas low 

expression levels of CXCR4 and CCR7 are reminiscent of memory and effector T cell 

subsets (149).  

Immune suppression and T cell tolerance represent major obstacles for achieving effective 

and durable antitumor responses. Among the various cellular mechanisms that hinder a 

productive antitumor response are those mediated by regulatory T cells (TRegs). The 

immunosuppressive activity of these cells is in part mediated by the production of IL-10 

and TGF-β that severely limit the cytolytic activity of tumor-specific CD8+ T cells. 

Intriguingly, TLR2 stimulation directly on TRegs has been shown to reduce their suppressive 

function as demonstrated by the proliferation of CD8+ T cells grown in co-culture with 

bacterial lipoprotein-treated TRegs (141). Similarly, in murine TRegs, the reversal of 

suppression following TLR2 engagement required TCR activation and IL-2 both in vitro 

and in vivo. Liu and others surmised that this inhibition could have been due to the strong 

costimulatory signal induced by TLR2 activation, resulting in temporal reversal of TRegs 

function (150-153). 
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Another obstacle for developing potent antitumor T cell responses resides in the fact that 

many tumor antigens are of low affinity and as such provide insufficient stimulation to 

activate TCR signaling (154;155). Various studies however, have demonstrated that TLR1-

TLR2 activation on CD8+ T cells reduces the TCR activation threshold and facilitate the 

generation of memory cells in response to a weak TCR signal (134;144;156). The 

costimulatory effects of TLR signaling are associated with increased PI3K and PKC 

signaling [41;82]. TLR stimulation in CD8+ T cells was also found to increase the 

expression levels of the transcription factor T-bet and was associated with increased 

binding to the IFN-γ, granzyme B, and perforin promoter regions (143).  The physiological 

significance of lowering the TCR activation threshold to weakly immunogenic tumor 

antigens is highlighted in experiments demonstrating that tumor-bearing MyD88 knockout 

mice injected with the TLR2 ligand Pam3CSK4 and the TCR transgenic CD8+ pmel T cells 

reduced melanoma tumor growth as compared with mice injected with pmel T cells alone. 

In contrast, mice injected with TLR2 knockout pmel or MyD88 knockout pmel T cells did 

not demonstrate enhanced antitumor responses when administered together with TLR2 

ligand (144).  Other studies have also alluded to the potential for lipopeptide-based 

vaccines to induce a broader antigen-specific T cell repertoire due to the activation of T 

cells with weak TCR antigen thresholds (157). γδ T cells have also been found to express 

TLRs and upon concomitant activation through the TCR, enhance IFN-γ  production and 

degranulation as marked by increased expression of CD107a (158). 
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Figure 2. 2: Effects of TLR ligands on T cell subsets. 
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TLR2 stimulation on human CD4+CD45RO+ memory cells also induces IFN-γ production. 

IFN-γ levels are further increased when TLR2 stimulation is combined with IL-2 

(134;139). Lipoproteins from Mycobacterium tuberculosis, a TLR2 agonist, can directly 

stimulate memory CD4+ T cells resulting in enhanced proliferation as well as production 

of IL-2 and IFN-γ.  Although resting CD4+ T cells responded to lipoproteins as evidenced 

by NF-κB activation, like CD8+ T cells, CD4+ T cells also required concomitant TCR 

signaling to induce proliferation and cytokine production (159). In addition to enhancing 

T cell effector function, TLR2 agonists have also been shown to promote T cell longevity 

and are associated with increased expression of anti-apoptotic molecules, A1 and Bcl-xL, 

and downregulation of the pro-apoptotic protein, Bim (134;144). 

TLR3 

Activated CD4+ T cells express TLR3, which upon stimulation with polyinosinic-

polycytidylic acid (poly(I:C)), increases NF-κB-dependent cell proliferation and survival 

(160). Enhanced cell survival is associated with increased expression levels of the anti-

apoptotic molecule, Bcl-xL (160). Hervas-Stubbs et. al. demonstrated that poly(I:C) also 

induced CD8+ T cell proliferation and enhanced their response in a manner that bypassed 

the need for CD4+ T cell help or the expression of costimulatory molecules on APCs (161). 

Additionally, TLR3 costimulation (along with TCR stimulation) promoted the generation 

of memory T cells which was in part due to the ability of TLR3 to prolong T cell survival 

(161). 

In human CD8+ T cells, poly(I:C)-mediated stimulation of PHA-activated effector or 

memory T cells enhanced IFN-γ production but did not appear to enhance their lytic 
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function (162). Likewise, pretreatment with poly(I:C) followed by activation with antigen-

pulsed splenocytes augmented mouse CD8+ T cell proliferation and IFN-γ secretion (Fig 

2.2). TLR3-stimulated CD8+ T cells displayed increased levels of the activation marker 

CD69 as well as the high-affinity IL-2 receptor alpha chain (CD25), and upon adoptive 

transfer demonstrated an increased expansion potential as compared with untreated cells 

(163). Freshly isolated γδ T cells also respond to TLR3 stimulation and show increased 

IFN-γ production and enhanced CD69 expression (164).  

TLR4 

The ability of LPS to activate and promote T cell proliferation has been largely attributed 

to its ability to stimulate APCs and induce the production of vast amounts of pro-

inflammatory cytokines, which promote non-specific or bystander T cell expansion and 

activation (165). However, CD4+ and CD8+ T cells can also respond to TLR4 stimulation 

with LPS. The first report of TLR4 stimulation of T cells was demonstrated by Vogel et. 

al. who reported that a cloned murine interleukin IL-2-dependent cytotoxic T cell line, CT 

6, proliferated in response to LPS (166). TLR4 engagement directly on human CD8+ T 

cells has also been shown to induce the production of IFN-γ, TNF-α, perforin and 

granzyme B (167). In sharp contrast, murine CD8+ T cells do not appear to express TLR4 

or its accessory protein CD14 and do not respond to TLR4 stimulation (167). In comparison 

to naïve murine T cells, which do not respond to most TLR agonists, the addition of LPS 

to naïve CD4+ T cell enhanced their proliferation and survival in vitro (168). A more 

thorough analysis of the CD4+ T cell subset that expressed and responded to TLR4 

signaling revealed that TLR4 mRNA was primarily expressed by murine Th17 CD4+ T cell 

subsets as compared with Th1 and Th2 subsets (169). Furthermore, in murine CD4+ T cells, 
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LPS reduced IFN-γ levels but increased IL-17A production (170). These effects on CD4+ 

Th cells were a result of decreased MAPK activation. TLR4 stimulation on CD4+ T cells 

has also been demonstrated to aggravate intestinal inflammation and play an important role 

in inducing colitis, thus highlighting the potent effects that TLR stimulation on T cells can 

provoke (Fig 2.2).  

A role for TLR4 signaling in CD4+CD25+ TRegs is less clear. A study by Caramalho 

demonstrated that LPS can activate CD4+CD25+ TRegs  (from C3H/HeN mice which 

express wild type TLR4), induce their proliferation and enhance their immunosuppressive 

activity (171). This is in sharp contrast to the inhibitory effects that TLR1-TLR2 

stimulation has on TRegs. On the other hand, Zhu et al found that TLR4 engagement on 

TRegs (from C57BL/6 mice) with HMGB1 reduced the expressions of CTLA4 and Foxp3, 

and diminished IL-10 production (172). Moreover, activating TLR4 on TRegs induced 

signals via TRIF (with a less dependence on MyD88) whereas TLR4 stimulation on non-

TRegs T cells appears to occur primarily via p38 MAPK signaling (171). These disparate 

results might have occurred because of the use of different TLR4 agonists or because of 

distinctions arising from different genetic backgrounds.  

TLR5 

Similar to the effects of other TLR agonists on T cells, the engagement of TLR5 on human 

CD4+ T cells with the bacterial component flagellin can induce IFN-γ, IL-8 and IL-10, but 

not IL-4 production. The costimulatory effects of TLR5 ligand were more pronounced on 

effector memory CD4+CCR7- cells than CCR7+ central memory cells (173). The 

production of IFN-γ (and lack of IL-4) can skew towards a Th1 response and is beneficial 

for generating efficient CD8+ T cell responses. Flagellin also induced proliferation and 
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increased expression of IFN-γ, TNF-α and granzyme B of human cord blood CD8+ T cells 

(142). Intriguingly, when used in combination with the synthetic TLR2 agonist Pam3CSK4, 

the responses generated in CD8+ T cells were stronger than either of these TLR agonists 

alone. These results highlight the potential additive or synergistic effects that combining 

different TLR ligands have on T cell responses and could serve to enhance the efficacy of 

antitumor T cell responses.   

In contrast to the inhibitory effects that other TLR agonists (like TLR1-TLR2 agonists) 

have on murine TRegs, TLR5 stimulation on human CD4+CD25+ TRegs has been reported to 

increase their expansion potential and augment their suppressive activity (174). However, 

it is important to note that these effects were observed only when TRegs were stimulated in 

vitro. Whether TLR5 stimulation on TRegs occurs in vivo has yet to be determined. 

Furthermore, it is important to consider whether TLR5 stimulation on other cell types such 

DCs or macrophages might favor the generation of a cytokine milieu that suppresses TRegs 

activity. These studies highlight the need to better characterize the effects that different 

TLR agonists might have on T cell subsets to avoid activating T cells that will promote 

tumor growth.  

TLR7- TLR8 

TLR8 is expressed on human TRegs but not on naïve CD4+ T cells. Peng et. al. demonstrated 

that CpG-A, which is a TLR8 ligand that induces high levels of IFN-α and IFN-β, reversed 

the suppressive activity of TRegs and thus restored the proliferation of naïve CD4+ T cells. 

Furthermore, TRegs pretreated with Poly G10 (a modified TLR8 ligand) prior to adoptive 

transfer into a tumor-bearing mouse demonstrated a loss of suppressive activity and 

resulted in enhanced antitumor activity (175). This study also highlighted that in addition 
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to TLR8, TLR9 (expressed on TRegs) can also recognize CpG DNAs. Similarly, the 

stimulation of TLR8 using Poly-G3 or ssRNA40 on a unique population of human 

suppressor γδ T cells was reported to reverse their immunosuppressive function exerted on 

CD4+ T cells both in vivo and in vitro conditions (176). In human CD4+ Th cells, the 

stimulation of TLR7/8 with the synthetic agonist resiquimod (R-848) increased IFN-γ, IL-

2 and IL-10 production and enhanced proliferation in an APC-independent manner (173). 

TLR9 

Several studies have shown that TLR9 engagement on CD4+ T cells can enhance their 

survival and therefore could potentiate antitumor responses by prolonging T cell activity 

(151). Gelman et al reported that the enhanced longevity of TLR9-stimulated mouse T cells 

in vitro was dependent on NF-κB signaling and was associated with increased expression 

of the anti-apoptotic protein, Bcl-xL (160).  Marsland reported that TLR9-mediated 

costimulation of T cells overcame T cell dependence on PKC-φ signaling (177). 

Furthermore, their studies indicated that TLR9 ligand reversed anergic status of CD4+ T 

cells and re-established T cell proliferation and survival in vitro. Interestingly, the 

stimulation of TLR9 on rat CD4+ T cells (with the agonist CpG-ODN) made them 

moderately resistant against the suppressive effects mediated by TRegs. The inclusion of an 

immune adjuvant capable of abrogating the effects of TRegs is a worthy attribute in 

developing effective cancer immunotherapies considering the important role of TRegs in 

promoting tumor growth (178). In addition to prolonging CD4+ T cell survival and 

suppressing TReg activity, TLR9 ligands also increase CD4+ and CD8+ T cell numbers by 

augmenting IL-2 production and IL-2 receptor expression. Of note, TLR9-mediated 

activation also functions in the absence of CD28, emphasizing TLR9’s potential to serve 
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as a costimulatory signal for CD4+ T cells which is critical given the lack of costimulatory 

molecules within the tumor environment (179). Finally, our group demonstrated that TLR9 

engagement on murine CD4+ T cells reduces γ-radiation–induced apoptosis and was 

associated with increased DNA repair rates (180). 

MyD88 

Recent studies have also highlighted an obligatory role for MyD88 in murine CD4+ and 

CD8+ T cell survival (143;181;182). For instance, two recent studies established that 

knocking out MyD88 in lymphocytic choriomeningitis virus (LCMV)-specific CD8+ T 

cells severely impaired their expansion in vivo (181;182). Interestingly, while the 

expression of MyD88 in CD8+ T cells was not necessary for activation, it was absolutely 

required for their survival. Likewise, Zhao verified that vaccinia virus(vv)-specific 

MyD88-deficient CD8+ T cells were significantly slower to expand in vivo as compared 

with WT vv-specific T cells (183). We recently reported that unlike wild type pmel CD8+ 

T cells, MyD88-deficient pmel T cells demonstrated weak antitumor activity which was in 

part due to their inability to persist and generate adequate numbers of memory T cells 

(144). Furthermore, overexpressing TLR2 on CD8+ T cells enhanced their antitumor 

activity. Like CD8+ T cells, CD4+ T cells also required MyD88 expression to generate an 

effective responses against a T. gondii infection in vivo (184). It is important to note that 

whereas the absence of MyD88 impairs T cell survival, eliminating TRIF, TLR2, TLR4, 

TLR9 or IL-1R in T cells does not alter T cell survival, highlighting a critical and specific 

role for MyD88 signaling in T cells. The pro-survival effects of MyD88 appear to involve 

the activation of the PI3K–Akt pathway and to some degree the mTOR pathway (143;185). 

It is also important to note that in addition to transducing TLR signals, MyD88 is a key 
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molecule for IL-1/IL-18/IL-33 signaling and could therefore have profound effects on T 

cell biology by transmitting signals via these other receptors. 

Collectively, these studies indicate that any future treatments intended to activate the 

immune system against cancer could benefit from the inclusion of TLR agonists that can: 

1) stimulate CD4+ and CD8+ T cells to promote proliferation, 2) promote T cell longevity 

and memory T cell development, 3) augment effector function, 4) boost TCR signals to 

weakly immunogenic tumor antigens, 5) render T cells resistant to the suppressive effects 

of TRegs, and 6) to lessen CD4+ TRegs suppressive ability. It is also important to highlight 

that further studies elucidating the effects that these compounds have on different T cell 

subsets and delineating the effects that they have on mouse and human T cells will be 

essential to take full advantage of their immunostimulatory capacity. 
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CHAPTER III: Cross-talk between 4-1BB and TLR1-TLR2 
signaling in CD8+ T cells regulate TLR2’s costimulatory effects1 

Introduction 

Toll like receptors (TLRs) play a central role in activating immune cells and clearing 

infectious entities by recognizing various molecules derived from microbial pathogens  

(186;187). TLRs also bind a range of molecules released from dying or stressed cells (188). 

Myeloid Differentiation Factor-88 (MyD88) is an adapter molecule used by most TLRs 

and necessary for TLR-induced signaling. The activation of TLR-MyD88 signaling in 

CD4+ and CD8+ T cells has been shown to prolong their survival, augment T cell expansion 

and enhance effector functions (189-191).  The increased T cell numbers following TLR 

engagement is associated with elevated expression levels of the anti-apoptotic molecule, 

Bcl-xL and decreased expression of Bim, as well as elevated levels of Interleukin-2(IL-2) 

and the IL-2Rα (CD25) (192;193). Interestingly, MyD88 signaling in T cells was found to 

play a vital role in T cell survival even in the absence of exogenous TLR agonists (194). 

The mechanisms underlying the costimulatory effects of MyD88 signaling in T cells have 

yet to be defined.  

A T cell’s ability to proliferate and persist in vivo is heavily influenced by the stimulation 

of various costimulatory receptors. One such family of receptors is the tumor necrosis 

factor receptor (TNFR) superfamily whose members include 4-1BB, CD40, CD70, LTA, 

OX-40 and GITR (57;60;62). Similar to the costimulatory effects of TLR1-TLR2 

engagement on T cells, 4-1BB signaling in T cells enhances proliferation and promotes T 

cell survival by increasing IL-2 levels and by up-regulating the expression of anti-apoptotic 

proteins (68;195). 4-1BB has been shown to play an important role in generating a 

1 Joseph AM et al, Cancer Immunology Research, 2016 
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responsive memory T cell population (196;197). Furthermore, a growing body of evidence, 

in preclinical models, indicates that stimulating 4-1BB signaling on T or NK (Natural 

Killer) cells, using agonistic antibodies, elicit potent antitumor responses (60;198-200). A 

number of clinical trials are currently examining the antitumor activity of 4-1BB agonists 

alone or when administered together with other anti-cancer agents such as PD-1 inhibitor 

in patients with melanoma, colorectal, head and neck cancer or Relapsed/Refractory B-cell 

Non-Hodgkin's Lymphoma (NCT02179918, NCT00612664, NCT01775631, 

NCT02110082, NCT01307267). Preliminary data thus far demonstrate partial responses in 

melanoma patients and an increased frequency of activated CD8+ T cells in circulation 

(57;201).   

     

To better understand how TLR-MyD88 signals enhanced CD8+ T cell responses, we 

assessed changes in gene expression profiles of the CD8+ T cell receptor transgenic mice 

pmel, which recognize the epitope gp10025-33 expressed on melanoma cells, and MyD88–/–

pmel CD8+ T cells stimulated with or without the TLR1-TLR2 ligand (TLR1-TLR2L) 

Pam3CSK4. TLR1-TLR2 engagement on T cells increased the expression levels of 4-1BB, 

OX40, OX40L, GITR and LTA. In particular however, we found that that 4-1BB played a 

central role in regulating the costimulatory effects of TLR1-TLR2 signaling in T cells. The 

costimulatory effects of TLR1-TLR2 on T cells were severely diminished in the absence 

of 4-1BB or by blocking 4-1BB with antibodies. Combination therapy using an agonistic 

anti-4-1BB antibody and TLR1-TLR2L enhanced anti-tumor responses in mice with 

established tumors. These studies offer insights into the molecular mechanisms through 
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which TLR-TLR2 signals costimulate CD8+ T cells and highlight the biological 

significance of exploiting these signaling pathways to augment T cell responses. 

Materials and methods 

Mice  

C57BL/6 and MyD88–/–mice were purchased from Charles River, Maryland while, 4-1BB–

/–, TLR2–/– and pmel (B6.Cg-Thy1/Cy Tg(TcraTcrb)8Rest/J) mice were purchased from 

the Jackson Laboratory. The IRAK4 kinase dead mice were a generous gift from Dr. 

Stefanie Vogel. 4-1BB–/–pmel and MyD88–/–pmel mice were obtained by crossing pmel 

with 4-1BB–/–and MyD88–/– mice and crossing offspring over nine generations. All the 

protocols were approved by the University of Maryland Institutional Animal Care and Use 

Committee. 

T cell stimulation and phenotyping 

Mouse T cells were cultured in RPMI 1640 (Invitrogen) medium with fetal bovine serum 

(Gemini), NEAA, Penicillin, streptomycin and gentamycin (Invitrogen). CD8+ T cells were 

initially sorted using the negative enrichment kit followed by positive selection 

(Invitrogen). In some experiments, pmel T cells were stimulated with MyD88–/– 

splenocytes pulsed with 10ng/ml of mouse gp-100 peptide (EGSRNQDWL; GenScript 

Corp) at 37°C in 7% CO2 at 1:5 T cell:APC ratio while WT (C57BL/6) CD8+ T cells were 

stimulated with plate bound anti-CD3ε (BD Biosciences) at 0.5µg/ml with or without the 

TLR1-TLR2 agonist, Pam3CSK4 (1.5µg/ml) (Invivogen). T-cell proliferation was 

determined by [H3]-thymidine (1μCi/well) uptake.  For in vivo T-cell survival/expansion 

studies, purified CD90.1−CD45.2+ pmel and CD90.1+CD45.2+ MyD88−/−pmel T cells were 

activated in vitro with mgp100 peptide-pulsed WT splenocytes and, 1 day later, were 
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enriched by negative selection, mixed at a 1:1 ratio and i.v. injected into CD45.1+ mice. 

The number of transferred T cells was determined in different organs at different time 

points by staining cells with antibodies against CD8, CD45.2 and CD90.1. T cells were 

restimulated by vaccinating mice (s.c, subcutaneous injection) with 100µg of hgp10025-33 

peptide admixed in IFA and 10µg CpG-ODN on day 20 after T cell transfer. In some 

experiments the expression of various molecules on pmel T cells was determined by flow 

cytometry and analyzed using FlowJo software (Tree Star); Antibodies against 4-1BB, OX-

40, OX-40L, CD25, CD44, CD62L, CD132, CD127, and GITR used in flow cytometry 

were purchased from E-biosciences or BD Biosciences. Neutralizing antibodies to CD28 

and GITR were purchased from BD Pharmingen, OX-40L from R&D systems and 4-1BBL 

(19H3) from Dr. R.S. Mittler. Purified CD8+ T cells from WT, MyD88-/-, 4-1BB-/-, TLR2-

/- and IRAK4 KD mice were activated with 0.5μg/ml of anti-CD3ε, with or without 

0.5μg/ml of Pam3CSK4, 1μg/ml of 3H3 (rat IgG2a anti-mouse 4-1BB, kindly provided by 

Dr. R.S. Mittler, Emory University), 10ng/ml of IL-1α (Biolegend) or 1µg/ml IgG2a 

Isotype control (2A3, BioXcell). The cIAP1/2 inhibitor, GDC-0152 was purchased from 

Selleck Chemicals. 

Whole genome gene expression. 

MyD88–/– splenocytes underwent two rounds of CD8 T cell depletion by CD8 positive 

selection. Splenocytes were pulsed with 10ng/ml of mgp100 for two hours at 37°C 

followed by addition of purified pmel or MyD88–/–pmel CD8 T with or without 10µg/ml 

of Pam3CSK4. Seventy-two hours post stimulation, pmel or MyD88–/–pmel CD8 T cells 

were selected by two rounds of negative enriched (Invitrogen, Dynal AS). Purity of 

CD3+CD8+ was found to exceed 97% in all three experiments conducted as determined by 
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flow cytomtetry. Double stranded cDNA (dsDNA) is made from 200 ng of total RNA using 

oligo-dT, reverse transcriptase and DNA polymerase as recommended by the manufacturer 

(AMBION). In addition, the remaining RNA is digested with RNAse H. The dsDNA is 

purified trough columns and used as template to generate biotin-labeled RNA (cRNA). 

For whole genome gene expression cRNA (1.25 µg in 10 µl) is mixed with hybridization 

buffer and processed and analyzed, as recommended by Illumina Inc, San Diego, CA. For 

data analysis the samples were normalized using the cubic spline algorith, assuming that 

the distribution of transcripts is similar and the net expression was determined by 

subtracting the expression levels in the reference group (control samples) from the 

condition group (treatment samples). A differential expression is determined by 

comparison between the condition group and the reference group using an algorithm that 

assumes that target signal intensity (l) is normally distributed among replicates 

corresponding to some biological condition. This experiment was conducted three times 

and RNA samples from each group were used for the gene array. Changes in mRNA 

transcript levels observed between groups were confirmed by real-time PCR. 

mRNA stability 

CD8+T cells were activated in an anti-CD3ε (0.5µg/ml) coated plate for 3 days, in the 

presence or absence of Pam3CSK4. mRNA was collected at 0, 2, 4, 12 and 16 hours after 

actinomycin D (Sigma) treatment (10µg/ml). mRNA concentration was determined using 

a nanodrop spectrophotometer. Reverse transcription was performed using the high 

capacity reverse transcription kit from Invitrogen. 4-1BB and β-actin mRNA levels were 

measured by qPCR using the SYBR green mix from BIORAD and the following primer 

sets synthesized by Integrated DNA technologies (IDT):  4-1BB; 
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CCTTCCTGAAATTCAGGTGCTGCAG and GCAGCACAATGACCACCACGTTG; b-

actin; GAAAAGATGACCCAGATCATG and ATCTTCATGAGGTAGTCCGTC. 

Chromatin immunoprecipitation 

106 CD8 T cells were cultured in a 24 well plated coated with 1µg/ml anti-CD3ε in RPMI, 

10%FBS, 1%PenStrep, 1% NEAA and 0.1%gentamycin, for 24, 48, 72 and 96 hours in the 

presence or absence of Pam3CSK4 (1µg/ml). At each time point, cells were collected and 

chromatin immunoprecipitation was done using the Magnetic ChIP kit from Thermo 

Scientific. Crosslinking of protein and DNA was performed by adding 37%formaldehyde 

to the culture solution to attain a final concentration of 1% formaldehyde. The cells were 

then lysed using lysis buffer provided. Chromatin was digested using the MNase enzyme 

and the nuclear membrane was disrupted using short pulses of sonication. The resulting 

chromatin was incubated overnight with antibodies to p65, c-Jun, RNA polymerase and 

Isotype from Cell Signaling Technologies and to H3K4me3 from SABiosciences EpiTech 

ChIP antibody kit.  The immune complexes were isolated using Protein A/G coated 

magnetic beads and magnetic stand. The crosslinks were reversed and protein digested 

using Proteinase K. The purified DNA was then used in PCR to detect the promoter regions 

of 4-1BB. The following primer sets were used: Promoter region I (PI); 

ACGTCCTAATGGGCAACAGCTG, GTGAGGTTCTGCCGCTCCAC; Promoter region 

II (PII); TTGGCCACCACACCATGC, CAAGGGTTTCAAGGTCCCC. Amplified DNA 

was run on an 1% agarose gel and visualized using a Biospectrum Imaging system. 

Densitometric analysis were done using ImageJ. 

In vivo adoptive transfer experiments  
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CD90.1-/CD45.2+ pmel and CD90.1+/CD45.2+ MyD88-/- pmel CD8 T cells were activated 

using 1 µg/ml of mgp10025-33 for 5 days then mixed at 1:1 and injected intravenously into 

CD45.1+ mice. Mice were euthanized on days 7, 14, 28 and the number of transferred cells 

was enumerated in the spleen, lymph node, liver, lung and bone marrow by flow cytometry 

after staining cells with CD8, CD90.1 and CD45.2. For tumor growth experiments, 105 

B16 F1 melanoma cells were injected subcutaneously into the flanks of C57BL/6 mice on 

day 0. On day 9, when tumors were detected, the mice were sublethally irradiated (400rads) 

using a Cesium irradiator. After 24 hours, 3×105 pmel T cells which were activated three 

days prior with 2.5 µg/ml hgp10025-33 and 100U/ml IL-2 were injected intravenously into 

all groups. On days 10, 14, 17 and 20 post tumor injection the mice were given treatments 

of TLR1-TLR2 ligand (10µg), 4-1BB agonistic antibody called 3H3 (100µg) or TLR1-

TLR2 ligand (10µg) and 3H3 (100µg), intraperitoneally.  Tumors were measured regularly 

with a caliper and mice were euthanized when tumor reached the set size limit of (20mm 

* 20mm) or if the mice appeared moribund. 

Results 

MyD88 signaling promotes CD8+ T cell survival in vivo and is associated with 

changes in the expression of TNF family members 

We examined the biological significance of MyD88 signaling in T cell survival. An equal 

number of antigen-activated pmel (CD45.2+CD90.1−) and MyD88−/−pmel (CD45.2+ 

CD90.1+) CD8+ T cells were co-injected into CD45.1+ mice and T cell numbers in spleen, 

lymph nodes, bone marrow liver and lung were compared at various time points after cell 

transfer. Figure 3.1A shows a representative dot plot of pmel and MyD88−/−pmel CD8+ T 

cells 7 and 45 days post transfer. As shown in Figure 3.1B, the number of pmel T cells and 
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MyD88−/−pmel T cells were similar on day 7 in the spleen, lymph node and bone marrow. 

However, a greater number of pmel T cells were recovered from each of the different 

organs starting on day 14 and the differences became greater over the course of the 80 days 

examined. T cell expansion and contraction kinetics in response to antigen restimulation 

were also assessed 20 days after T cell transfer, when pmel and MyD88−/−pmel subsets are 

both detectable in all tissues examined. As shown in Figure 3.1C, pmel cells exhibited a 

greater potential to expand and persist than did MyD88−/−pmel cells. These data indicate 

that MyD88 signaling in T cells provides a distinct survival and/or proliferative advantage 

over MyD88-deficient pmel T cells. 

To examine in greater detail the mechanism by which TLR2-MyD88 signaling costimulate 

T cells, microarray gene expression profiles were compared between TLR1-

TLR2−stimulated and unstimulated pmel and MyD88−/−pmel CD8+ T cells. The 

dendrogram in Figure 3.2A demonstrates strong relationships between genes in pmel 

(group 1), MyD88–/–pmel (group 3), and MyD88–/–pmel + TLR1-TLR2L (group 4) whereas 

TLR1-TLR2–stimulated pmel cells (group 2) showed a distant relationship with pmel, 

MyD88–/–pmel, or MyD88–/–pmel stimulated with TLR1-TLR2L. TLR stimulation 

enhanced the expression of genes primarily involved in immune responses as well as genes 

regulating apoptosis and survival, signal transduction pathways and metabolism (Fig. 

3.2B). Under the classification of T cell costimulation, expression of the TNF family 

members TNFSF9/OX40L, TNFRSF9/4-1BB, TNFRSF4/OX-40, TNFRSF25/DR3,  
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Figure 3.1: MyD88 in CD8+ T cells plays an important role for T cell persistence and 
expansion.  
(A) Antigen-activated pmel (CD45.2+ CD90.1-) or MyD88-/-pmel (CD45.2+ CD90.1+) T cells 
were injected into C57BL6 mice. A representative dot plot of blood samples analyzed 45 days 
after transfer by staining for specific congenic markers and analyzed by flow cytometry. (B) The 
number of transferred cells in the spleen, lymph nodes, bone marrow, liver and lung were 
analyzed by flow cytometry at the indicated time points after transfer. (C) 20 days after adoptive 
transfer of pmel or MyD88-/- pmel T cells, mice were vaccinated with gp10025-33 in IFA and the 
number of pmel and MyD88-/-pmel CD8+ T cells in the blood were measured by flow cytometric 
analysis at the indicated time points after vaccination. 
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LTA and TNFRSF118/GITR were most prominently enhanced following TLR1-TLR2 

stimulation. The expression levels of the genes were confirmed by quantitative RT-PCR 

using the original RNA used to conduct the gene expression array (Fig. 3.2C). The surface 

expression levels of OX40L, 4-1BB, and GITR were increased in response to TLR1-TLR2 

stimulation and correlated with the RNA transcript levels (Fig. 3.2D). However, despite an 

increase in the levels of OX-40 transcripts in TLR-stimulated WT T cells, OX40 surface 

expression was moderately increased. In sharp contrast, the expression levels of each of 

these proteins remained similar in TLR1-TLR2–stimulated and unstimulated MyD88–/– T 

cells (Fig. 3.2D, bottom panel). Altogether these data highlight a previously unappreciated 

association between TLR–MyD88 signaling and TNFR family member expression in 

CD8+ T cells. 

Costimulatory effects of TLR-MyD88 depend in large part on 4-1BB 

expression on CD8+ T cells  

On the basis that TLR1-TLR2L enhanced 4-1BB, OX-40, and GITR expression levels, we 

examined the effect that blocking these proteins had on the costimulatory effects of TLR1-

TLR2 stimulation on T cells. Pmel T cells were activated with mgp100-pulsed MyD88–/– 

splenocytes in the presence or absence of TLR1-TLR2L with or without neutralizing 

antibodies to OX-40L, 4-1BBL, GITR, or CD28. Blocking 4-1BB signaling significantly 

reduced the costimulatory effects of TLR1-TLR2 ligand (Fig. 3.3A). Blocking GITR also 

modestly reduced TLR2 signals. In sharp contrast, blocking CD28, or OX-40 did not 

impair TLR1-TLR2 signaling suggesting that although these molecules were upregulated 

following TLR stimulation they do not appear to modulate  
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Figure 3.2: Gene expression analysis of TLR2-stimulated CD8+ T cells show an enhanced 
expression of TNFRSF members. 
(A) CD8+ T cells were purified from pmel and MyD88-/- pmel mice and activated with hgp10025-

33−pulsed MyD88-/- APCs with or without TLR1-TLR2L. Gene expression analysis was 
conducted three days post activation. Genes colored green are under-expressed, while red 
indicates over-expression. (B) Classification of genes upregulated by TLR stimulation in panel 
A. (C) Real time PCR analysis of the expression of TNFRSF members in TLR1-TLR2 ligand 
treated pmel T cells compared to non-treated pmel T cells. (D) Surface expression of TNFRSF 
members on WT and MyD88-/- CD8+ T cells, activated with anti-CD3ε in the presence or 
absence of TLR1-TLR2 ligand were confirmed by flow cytometric analysis. 
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the costimulatory effects of TLR1-TLR2 signaling in CD8+ T cells. Since the costimulatory 

effect of TLR1-TLR2 stimulation on T cells was influenced by 4-1BB expression, we 

assessed TLR1-TLR2L’s proliferative effects on wild type and 4-1BB–/– CD8+ T cells. 

Whereas TLR1-TLR2L increased CD8+ T cell proliferation, it did not alter 4-1BB–/– CD8+ 

T cell proliferation (Fig. 3.3B). Likewise, TLR1-TLR2 engagement increased antigen-

driven pmel T cell expansion but did not augment 4-1BB–/–pmel T cell proliferation (Fig. 

3.3C). We examined whether the differences in the expression levels of cytokine receptors 

could help explain the changes in T cell expansion between 4-1BB signaling competent 

and 4-1BB deficient T cells. TLR1-TLR2 stimulation increased the expression of CD25 

(the alpha chain of the IL-2 receptor), CD132 (common gamma chain) and CD127 (IL-7 

receptor subunit) on WT and 4-1BB–/– T cells (Fig. 3.4). WT and 4-1BB–/–T cells also 

exhibited increased levels of the activation markers, CD69, CD44 and CD62L, as well as 

the costimulatory molecule, CD28, following TLR stimulation. However, TLR1-TLR2L 

did not alter the expression levels of these molecules in MyD88–/–CD8+ T cells (Fig. 3.4). 

These data suggest that the costimulatory effect of TLR1-TLR2 engagement likely occurs 

via mechanisms that do not involve these proteins.  

To further understand the association between 4-1BB and TLR1-TLR2 signaling, we 

investigated how the absence of MyD88 or TLR2 altered the costimulatory effects of 4-

1BB signaling. Purified WT, MyD88–/– or TLR2–/– CD8+ T cells were activated with anti-

CD3ε antibody and agonistic 4-1BB antibody. While wild type and TLR2–/– CD8+ T cells 

exhibited increased  
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Figure 3.3: 4-1BB contributes to the costimulatory effects of TLR1-TLR2 ligand.  

(A) Purified pmel T cells were cultured with gp10025-33−pulsed MyD88-/- APCs in the presence 
of neutralizing antibodies to different TNFRSF members and proliferation was measured as 
3H-thymidine uptake at 72 hours post activation. (B) WT and 4-1BB-/- CD8+ T cells were 
activated with plate bound anti-CD3ε and cultured in the presence or absence of TL1-TLR2 
ligand. Proliferation was measured at 72 hours post activation. (C) Purified pmel and 4-1BB-

/-pmel CD8+ T cells were activated with gp10025-33−pulsed pulsed irradiated MyD88-/- 

splenocytes and proliferation was measured after 72 hours. (D) WT, MyD88-/- and TLR2-/- 

CD8+ T cells were activated with plate bound anti-CD3ε and cultured in the presence of 
agonistic 4-1BB antibody, 3H3 or isotype antibody. Proliferation was measured as 3H- 
thymidine uptake at 72 hours post activation. Statistics were generated by student t test, *;P 
<0.05, **; P<0.01, ***; P<0.001. 
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Figure 3.4: Phenotypic analysis of WT, 4-1BB-/- and MyD88-/- CD8+ T cells treated with 
TLR1-TLR2 ligand.  
Purified WT, 4-1BB-/- and MyD88-/- CD8+ T cells were activated with plate-bound anti-CD3ε 
antibody (2.5μg/ml) analyzed for the expression of CD25, CD132, CD127, CD69, CD44, CD62L 
and CD28 by flow cytometry 3days post activation. Data representative of three independent 
experiments. 
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proliferation in response to 4-1BB stimulation, MyD88–/– T cells did not respond to 4-1BB 

costimulation (Fig. 3.3D). These results suggest an important role for MyD88 in 4-1BB 

mediated costimulation.   

TLR signals enhance 4-1BB expression by increasing transcription factor 

binding to the 4-1BB promoter 

We assessed 4-1BB expression kinetics in WT and MyD88-/- CD8+ T cells over a period 

of 5 days with or without TLR1-TLR2L.  As reported by others (202), 4-1BB expression 

on CD8+ T cells increased upon T cell activation, peaking between 2 and 3 days after 

activation, and returning to basal levels by day 4 in non-TLR stimulated T cells. TLR1-

TLR2L increased 4-1BB expression nearly 30% over non-TLR-stimulated WT T cells on 

day 2 and over 200% by day 3 and moderately prolonged 4-1BB expression. 4-1BB 

expression levels on MyD88-/- CD8+ T cells were not affected by TLR1-TLR2L (Fig. 

3.5A). The increased levels of 4-1BB surface expression in response to TLR1-TLR2 

stimulation correlated with increase transcript levels, as assessed by quantitative real-time 

PCR (RT-PCR) (Fig. 3.5B). 

We sought to better understand the mechanisms through which TLR-MyD88 signaling 

augmented 4-1BB levels. Previous studies demonstrated that MyD88 signaling can 

enhance IFN-γ mRNA stability, (203) and we thus sought whether TLR engagement 

increased 4-1BB transcript levels by increasing mRNA stability. However, as shown in 

Figure 3.5C (left panel), 4-1BB transcript levels decayed at the same rate in TLR–

stimulated and unstimulated T cells, indicating that the increased levels of 4-1BB 

transcripts in TLR-stimulated T cells was not a result of enhanced mRNA stability.  In fact, 

4-1BB mRNA appeared to be stable in both TLR-stimulated or unstimulated T cells  
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Figure 3.5: TLR signals enhance 4-1BB expression by increasing transcription factor binding 
to the 4-1BB promoter.  
(A) 4-1BB surface expression is analyzed by flow cytometry after activation of WT and MyD88-/- 

CD8+ T cells by plate bound anti-CD3ε, in the presence or absence of TLR1-TLR2 ligand at the 
indicated time points. (B) 4-1BB mRNA expression in CD8+ T cells was analyzed by qPCR at 1, 
2, 3, 4 and 5 days post activation. mRNA levels were normalized to β-actin. (C) CD8+ T cells were 
activated for 72 hours and then treated with actinomycin D for 2, 4, 12 and 16 hours. mRNA was 
isolated and 4-1BB expression analyzed by qPCR. mRNA levels were normalized to β-actin. (D 
and E) Chromatin immunoprecipitation was conducted using the indicated antibodies to analyze 
histone modifications or transcription factor binding at the promoter regions of 4-1BB at indicated 
time points after activation with anti-CD3ε, with or without TLR ligand. Amplification of the 
GAPDH promoter site served as control for transcriptionally active euchromatin while the MyoD 
promoter was control for transcriptionally inactive euchromatin (D). RNA polymerase (RNAP) 
binding and immunoprecipitation with isotype antibody served as positive and negative controls, 
respectively (E). The data is representative of two independent experiments. Statistics were 
generated by student t test, *;P <0.05, **; P<0.01, ***; P<0.001. 
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and was maintained above 80% of the starting amount. In contrast, the overall levels of 

total mRNA dropped over 75% in both TLR–stimulated and unstimulated T cells (Fig. 

3.5C, right panel).  

We next investigated whether TLR stimulation altered the levels of transcription factors 

that bound the 4-1BB promoter. The 4-1BB gene has been reported to have three distinct 

promoter regions (PI, PII, and PIII) of which PI and PII each have an AP-1 and NF-κB 

binding site (204). We used a chromatin immunoprecipition assay to assess NF-κB (p65) 

and AP-1 (cJun) binding to each the PI and PII promoter regions at different time points 

after T cell activation. In agreement with previous studies, we found that both p65 and c-

Jun bound to both the PI and PII regions as early as 24 hours after T cell activation (Fig. 

3.5D).   However, we detected increased binding of p65 to the PI and PII regions in TLR-

stimulated cells 48 hours after T cell activation (Fig. 3.5D). We also detected increased c-

Jun binding to the PI but not PII region in TLR-stimulated cells. Because histone 3 lysine 

4 trimethylation (H3K4me3) is associated with transcriptionally active genes, we also 

assessed whether TLR1-TLR2L regulated 4-1BB transcription by increasing H3K4me3 

levels. As shown in Figure 3.5E, H3K4me3 levels on PI and PII were not detected in naïve 

T cells and were similar in TLR stimulated and unstimulated CD8+ T cells. Altogether 

these data support the idea that increased 4-1BB transcript levels were primarily regulated 

by enhanced binding of p-65 and c-Jun to the PI and PII.  

Combination therapy using 4-1BB antibody and TLR1-TLR2 ligand augments 

T cell responses and antitumor activity  

We assessed whether combined stimulation of 4-1BB and TLR1-TLR2 signals enhanced 

CD8+ T cell responses above each of these signals alone. Purified WT or 4-1BB–/– CD8+ T 
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cells were activated by plate bound anti-CD3ε antibody and treated with agonistic 4-1BB 

antibody (3H3), TLR1-TLR2L or both. We also treated cells with IL-1α to rule out that the 

activation of MyD88 occurred via engagement of the IL-1R. WT CD8+ T cells exhibited 

enhanced proliferation in response to stimulation with 3H3 or TLR1-TLR2L as compared 

with untreated T cells or T cells treated with isotype control antibody (Fig. 3.6A). 

Combining 3H3 and TLR1-TLR2L further enhanced T cell proliferation over 3H3 or 

TLR1-TLR2L (Fig. 3.6A). However, IL-1α did not impact T cell proliferation. 

Furthermore, the costimulatory effects of TLR1-TLR2L or 3H3 were not observed in 4-

1BB–/– CD8+ T cells (Fig. 3.6A). Interestingly, TLR1-TLR2 engagement on both WT and 

4-1BB–/– CD8+ T cells increased IFN-γ production (Fig. 3.6B), suggesting that although 4-

1BB mediates the enhanced proliferative capacity of TLR1-TLR2L treated T cells, 4-1BB 

is not required for the enhanced IFN-γ production exhibited.  

To gain a greater insight into the cross-talk between TLR2 and 4-1BB mediated signals, 

we assessed the effects of the above mentioned treatments on TLR2–/–, MyD88–/– and 

IRAK4 kinase dead (IRAK4-KD) CD8+ T cells (Fig. 3.6C). As expected none of these T 

cells responded to TLR2 stimulation. Interestingly however, 4-1BB stimulation augmented 

TLR2–/– CD8+ T cell proliferation but did not impact MyD88–/– or IRAK4-KD CD8+ T cell 

proliferation. These data highlight that the proliferative effects of 4-1BB signaling in CD8+ 

T cells depend to some degree on both MyD88 and IRAK-4.  

To further explore a link between TLR2 and 4-1BB signaling, we evaluated the effects of 

inhibiting the cellular inhibitor of apoptosis 1 and 2 (c-IAP1/2). c-IAP1/2 function as 

positive regulators of the non-canonical NF-κB signaling pathway and are essential in both  
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Figure 3.6: Combining TLR1-TLR2 ligand and 4-1BB agonistic antibody increases T cell 
proliferation and IFN-γ secretion.  
(A & B) Purified naive WT and 4-1BB-/- or (C) TLR2-/-, MyD88-/- and IRAK4 kinase dead CD8+ T 
cells were activated in an anti-CD3ε Ab-coated plates in the presence of TLR1-TLR2L, 3H3, 
TLR1-TLR2L and 3H3, IL-1 or control isotype antibody. Proliferation was measured by 3H-
thymidine uptake while IFN-γ levels were assessed by ELISA 72 hours post activation. The data is 
representative of two independent experiments. Statistics were generated by student t test. *;P 
<0.05, **; P<0.01, ***; P<0.001. 
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TLR2 and 4-1BB signaling (205;206). c-IAP1/2 is recruited to MyD88 and is ubiquitilated 

by TRAF6 (TNF-receptor associated factor) leading to TRAF3 degradation and movement 

of the MyD88-associated complex into the cytosol. This movement is required for the 

activation of the MAPK pathway by TLRs (205;207). Treating T cells with a small 

molecule inhibitor of c-IAP1 and c-IAP2, GDC-0152, impeded the effects of combination 

TLR1-TLR2 and 4-1BB stimulation and decreased the costimulatory effects of each TLR1-

TLR2 and 4-1BB (Fig. 3.7). These data underscore that the costimulatory effects of TLR1-

TLR2 and 4-1BB require TRAF signaling and also reinforce the idea that NF-κB activation 

is required for the costimulatory effects of combination TLR1-TLR2 and 4-1BB signaling. 

We evaluated the therapeutic efficacy of combining anti-4-1BB antibodies with the TLR1-

TLR2L to treat mice with established B16 melanoma tumors. As shown in Figure 3.8A, 

combination treatment with TLR1-TLR2L and agonistic 4-1BB exhibited greater 

antitumor activity than TLR1-TLR2L alone and to a smaller extent over 4-1BB antibody 

alone. Transient tumor regression was observed over the course of 2 weeks in mice 

receiving TLR1-TLR2L plus anti-4-1BB or 4-1BB antibody alone.  Combination of TLR1-

TLR2L with anti-4-1BB treatment also significantly enhanced survival compared with that 

of mice treated with 3H3 (P < 0.05) or TLR1-TLR2L (P < 0.001) (Fig 3.8B). These results 

indicate that the costimulatory effects of TLR1-TLR2 signaling in CD8+ T cells are in part 

mediated by 4-1BB and can be exploited to augment antitumor immune response. 
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Figure 3.7: Combination of TLR and 4-1BB stimulation on CD8+ T cells is 
dependent on cIAP1/2 function.  
Purified CD8+ T cells (0.2×106 cells/well) were activated with plate bound anti-
CD3ε (0.5μg/ml) in the presence or absence of TLR1-TLR2 ligand (0.5μg/ml) 
and 3H3 (1μg/ml). Twenty four hours later the cIAP1/2 inhibitor GDC-0152 or 
DMSO were added to the cells and proliferation was assessed using 3H-thymidine 
uptake 72 hours post activation. The data is representative of two independent 
experiments. Statistics were generated by student t test, *;P <0.05, **; P<0.01, 
***; P<0.001 when comparing groups indicated by horizontal lines. 
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Figure 3.8: Combined administration of TLR1-TLR2 ligand and 4-1BB agonistic 
antibody improves anti-tumor activity against melanoma tumors in mice.  
(A and B) 105 B16-F1 melanoma cells were injected subcutaneously into C57B6 mice. When 
palpable tumors were detected (approximately 25mm2) the mice were irradiated to enhance 
the engraftment of transferred T cells and 24 hours later 5-7×106 activated pmel T cells or 
pmel T cells treated with TLR1-TLR2 ligand (TLR-Pmel) for 24 hours prior were injected 
intravenously. TLR1-TLR2L, 3H3, TLR1-TLR2 ligand plus 3H3 were injected 
intraperitoneally. Tumor growth was measured every three days (A) and mice survival (mice 
were euthanized when the tumor size limit was reached) was recorded (B). Error bars, SE from 
the mean of 10 mice per group. Statistics were generated by repeated measures ANOVA-
Tukey post test. Survival statistics were generated by the log-rank test.  *;P <0.05, **; P<0.01, 
***; P<0.001. 
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Discussion 

Toll-like receptors recognize specific molecules associated with pathogens or danger 

signals to initiate an immune response. While extensively studied on professional antigen 

presenting cells like DCs (dendritic cells) and macrophages, TLRs are also expressed on 

activated CD8+ T cells. Stimulation of CD8+ T cells with TLR ligands lead to enhanced 

proliferation and effector functions (208). Studies from our group have shown that MyD88 

deficient CD8+ T cells have an impaired ability to survive long-term in vivo (193). How 

MyD88 within CD8+ T cells contributes to survival is undefined.  

The studies presented here demonstrate that TLR stimulation altered the expression of 

about 200 genes associated with cell survival, proliferation and costimulation. The genes 

upregulated by TLR signals included the TNFR superfamily members, 4-1BB, OX-40, 

OX-40L, GITR and DR3. Each of these receptors has been shown to positively costimulate 

activated CD8+ T cells to enhance their proliferation and cytotoxic function (209-212). 4-

1BB plays a crucial role in enhancing the function and survival of CD8+ T cells 

(196;197;212-214). Engagement of the trimeric 4-1BB receptor by either agonistic 

antibodies or soluble or crosslinked 4-1BBL, augments CD8+ T cell proliferation and 

cytokine production (215). Through these studies we present another vital role of 4-1BB 

as the mediator of the costimulatory effects of TLR1-TLR2 signals on CD8+ T cells. TLR1-

TLR2 engagement on T cells failed to costimulate T cell expansion in the absence of 4-

1BB or when blocking 4-1BB using antibodies. While both TLR and 4-1BB signals 

promote CD8+ T cell expansion and survival, combining these signals increased T cell 

expansion over each individual treatment alone. It is important to note the costimulatory 

effects of TLR1-TLR2L and the ability for 4-1BB blockade to inhibit the costimulatory 
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properties of TLR1-TLR2 were heavily influenced by the levels of TCR (T cell receptor) 

signal. Too high a concentration of anti-CD3ε antibody or peptide-pulsed APCs (Antigen 

presentation cells) bypassed the costimulatory effects of TLR1-TLR2 agonist or anti-4-

1BB antibodies (data not shown). However, strong activation of T cells in the tumor is 

unexpected as most tumor antigens have low affinity to naturally occurring TCRs. 

Furthermore, 4-1BB mediated costimulation depends on the activity of cIAP1/2.  We 

attempted to determine how the 4-1BB signaling pathway modulated the effects of TLR 

stimulation on T cells, by blocking cIAP1/2 (207). T cells stimulated in the presence of 

TLRL and the cIAP inhibitor resulted in lower proliferation and the ability for the cIAP1/2 

inhibitor to reduce the costimulatory effects of these two signals were most prominent 

when T cells were stimulated with both TLR ligand and 3H3, suggesting a higher degree 

of reliance on cIAP1/2.  Our analyses focused primarily on the effects on T cell 

proliferation however, it is possible that the 4-1BB signaling or TLR stimulation could 

have synergistic effects on the expression of pro-survival proteins.  

We demonstrated in these studies that combination of both TLR ligand and 4-1BB signals 

enhanced T cell proliferation and IFN-γ production in vitro and augmented antitumor 

responses in mice to a greater extent than either treatment alone. However, in vivo 4-1BB 

stimulation on different cells types can generate varied responses. For example, activating 

4-1BB signals on DCs in a mouse model of HSV-1 (Herpes simplex virus-1) infection lead 

to the IFN-γ dependent accumulation of IDO (Indoleamine-pyrrole 2,3-dioxygenase) and 

subsequent suppression of the immune response. In contrast, 4-1BB signals enhanced 

immunity against influenza in a CD8+ T cell dependent manner (216). 4-1BB has also been 

reported to promote the proliferation of CD4+CD25+ T regulatory cells but in contrast it 
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has been reported to block the suppressive function of Tregs (217;218). Recent reports 

have indicated that the transfer of 4-1BB+ CD8+ T cells generates an effective anti-tumor 

response when administered with anti-4-1BB antibody therapy (219). That 4-1BB 

stimulation can elicit varied immune responses highlights the need to target therapy to 

specific cell subsets.   

These studies reveal that the costimulatory effects of TLR1-TLR2 signaling in CD8+ T cell 

expansion are in part mediated by 4-1BB, that 4-1BB signaling  in T cells depends in part 

on the presence of MyD88 and combination therapy using TLR ligand and agonistic 41BB 

antibodies can be exploited to enhance antitumor immune response. The proposed model 

through which the T cell receptor, TLR2 and 4-1BB signaling are believed to interact is 

shown in Figure 3.9. 
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Figure 3.9: Model depicting signaling interaction between T cell receptor, TLR2 and 4-1BB 
in CD8+ T cells.  
(1) TCR signals induce the expression of TLR2, TLR1 and 4-1BB. (2) The engagement of TLR1-
TLR2 enhances NF-κB expression and MAPK pathways resulting in enhanced 4-1BB expression. 
(3) TLR stimulation enhances the expression of 4-1BB. (4) 4-1BB signals are necessary for the 
costimulatory effects of TLR1-TLR2 stimulation on T cell proliferation. (5) Increased cytokine 
production by TLR stimulation is independent of 4-1BB signals. (6) MyD88 and IRAK-4 are 
required for the costimulatory effects of 4-1BB signaling through an undefined mechanism. 



77 
 

CHAPTER IV: MyD88-activated CD8+ T cells acquire 
resistance to MDSC-mediated suppression 

Introduction 

Rationale: An effective T cell-centric anti-tumor therapy must be capable of overcoming 

the highly immunosuppressive tumor microenvironment established by the tumor cells 

themselves as well suppressor cells such as MDSCs. TLR-treated T cells exhibit enhanced 

cytotoxic potential against tumor cells in vitro and in vivo (when combined with other 

therapeutics for in vivo). However, the ability of TLR-treated T cells to overcome the 

suppressive mechanisms of the tumor microenvironment is unknown. Since MDSCs are 

capable of utilizing multiple suppressive mechanisms found in the tumor 

microenvironment to suppress the immune response, we sought to determine the impact of 

MDSCs on TLR-treated T cells. 

The immunosuppressive tumor microenvironment poses a significant challenge to the 

development of effective and long-lived responses to T cell-based immunotherapies. 

Tumor cells secrete factors such as GM-CSF, VEGF, PGE2 and IL-6, which directly and 

indirectly inhibit anti-tumor immune responses. Indirectly, these factors promote the 

development and recruitment of suppressor cells such as TRegs and MDSCs (92). Myeloid 

derived suppressor cells are immature myeloid cells that arise from the bone marrow 

through a process of dysregulated myelopoiesis. Chronic infections and tumors perpetuate 

a state of sustained, systemic inflammation that triggers ‘emergency’ myelopoiesis. This 

dysregulated or emergency myelopoiesis generates a large number of immature myeloid 

cells that fail to differentiate into mature monocytes or neutrophils and acquire suppressive 

abilities. These immature myeloid cells or MDSCs migrate to sites of chronic inflammation 
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and suppress the ongoing immune response. Based on morphology and surface marker 

expression, there are two subsets of MDSCs; Monocytic-MDSCs (M-MDSCs) and 

Polymorphonuclear-MDSCs (PMN-MDSCs, also known as granulocytic or G-MDSCs). 

M-MDSCs resemble monocytes and are characterized as CD11b+GR-1lo or 

CD11b+Ly6C+Ly6G- cells in mice and as CD33+CD11b+CD14+CD15-HLA-DRlo/- cells in 

humans. PMN-MDSC are morphologically similar to neutrophils and are CD11b+GR-1hi 

or CD11b+Ly6CloLy6G+ cells in mice and CD33+CD11b+CD14-CD15+ in humans (100).  

MDSCs inhibit anti-tumor T cells through multiple mechanisms. MDSCs deplete essential 

amino acids such as L-arginine, L-tryptophan and L-cysteine from the tumor 

microenvironment, thus reducing global protein translation in T cells. The secretion of 

large amounts of reaction oxygen and nitrogen species causes the oxidation and 

nitrosylation of key proteins required for T cells activation and function. Furthermore, 

secretion of cytokines such as IL-10 and TGF-β induces the formation and recruitment of 

Tregs which can inhibit effector T cell functions. MDSCs can also express PD-L1, CD80 

and galectin-9 which interact with inhibitory receptors PD-1, CTLA-4 and TIM-3, 

respectively, on T cells to abrogate T cell function (105). Given the arsenal of inhibitory 

pathways equipped by MDSCs, blocking each mechanism individually is challenging. 5-

fluorouracil inhibits MDSC function by inducing apoptosis in MDSCs while PDE5 

inhibitors and nitroaspirin can block the production of ROS (220). However, these drugs 

alone cannot induce tumor regression. Therefore, T cells capable of overcoming these 

mechanisms could tremendously improve the anti-tumor efficacy of adoptive cell transfer 

therapies. 
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The anti-tumor activity of T cells is enhanced by the engagement of various costimulatory 

receptors expressed on effector T cells (208). Our earlier studies demonstrate that TLRs 

are expressed on activated effector T cells and present a strong costimulatory target to boost 

T cell proliferation, cytokine production and survival (190;193). Furthermore, the addition 

of TLR activation to adoptive T cell transfer therapy augments tumor regression and 

prolongs survival of mice. However, the impact of TLR stimulation on the ability of T cells 

to withstand MDSC mediated suppression is unknown. Given the enhanced anti-tumor 

efficacy of TLR-stimulated T cells, we hypothesize that TLR stimulation on T cells confers 

resistance to MDSC-mediated suppression. In this study, we test the validity of this 

hypothesis and aim to determine the mechanisms underscoring the resistance to 

suppression acquired by MyD88- activated T cells. 

Materials and methods 

Mice 

C57BL/6, Balb/c, TLR2-/- and pmel (B6.Cg-Thy1/Cy Tg(TcraTcrb)8Rest/J) mice were 

purchased from the Jackson Laboratory. All the protocols were approved by the University 

of Maryland Institutional Animal Care and Use Committee. 

Cell lines and reagents 

The Lewis Lung carcinoma (LLC) cell line was purchased from ATCC and cultured in 

RPMI with 10% FBS (Sigma), 1% penicillin-streptomycin, 1% L-glutamine and 25mM 

HEPES (Life technologies). B16-GMCSF was cultured in DMEM with 10%FBS and 1% 

penicillin-streptomycin. 4T1 mammary carcinoma cell line was cultured in IMEM 

10%FBS and 1% penicillin-streptomycin. 
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MDSC generation and isolation 

Tumor cell lines were subcutaneously injected into mice and tumors were allowed to grow 

until a size of 15mm*15mm was attained. Tumors and spleens were then collected. Tumors 

were cut into 3mm*3mm or smaller pieces and digested with 150U/ml of collagenase type 

IV (Sigma C1889) and 100U/ml of DNase type I (Sigma D5025) for 30mins in a 37°C 

water bath. Tumors were dissociated in MACS C tubes (Mitenyi Biotec 120-005-331), 

using the GentleMACS dissociator and programs imp_mtumor.02 prior to incubation and 

imp_mtumor.03 after incubation. The digested tissue when then strained through a 70uM 

filter, enzymes neutralized with complete media and then counted. GR-1+ cells were 

isolated using the PE selection kit (18557) from Stem Cell Technologies according to the 

provided protocol. Anti-GR-1-PE antibody (Biolegend 108408) was purchased from 

Biolegend. 3μg/100e6 cells of the antibody was used for isolation, followed by PE selection 

cocktail and magnetic beads provided in the kit. Cells bound to the beads were separated 

using the EasySep magnets, washed in complete T cell media and counted.  

T cell activation 

The spleen and lymph nodes from pmel mice were collected and processed over a cell 

strainer to generate a cell suspension. The cells were counted and cultured at 1.5e6 cells/ml 

with 50U/ml of IL-2 (Biolegend 589106), 0.5μg/ml of hgp10025-33 peptide in tissue 

cultured treated 24-well plates in the presence or absence of 1μg/ml of Pam3CSK4 

(Invivogen tlrl-pam3). The medium was changed every day for the next six days of culture. 

MDSC and T cell coculture 
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Isolated MDSCs were cocultured, at varying concentrations, with ficolled, resting effector 

T cells in either 96 or 24 well tissue culture treated flat bottom plates. The plates were 

previously coated overnight with 0.1μg/ml of anti-CD3e antibody in PBS. Murine GM-

CSF was added at a final concentration of 20ng/ml. For proliferation analysis, 1μC of 

tritiated thymidine was added to each well of the 96 well plate 24 hours after culture. The 

plate was harvested after another 24 hours and tritium incorporation measured using a beta 

scintillation counter. 

Flow cytometric analysis 

T cells were pulsed with 1μM of eFlour 670 proliferation dye (eBioscience 65-0840-85) 

according to the manufacturer provided protocol, for proliferation analysis. Intracellular 

staining was done on T cells after 24 or 48 hours of activation, using the BD 

Cytofix/cytoperm Plus kit containing GolgiStop (BD Bioscience 555028). Briefly, 

GolgiStop was added to the cultures 6 hours before cell collection by gentle pipetting. The 

cells were washed with PBS and stained with Zombie Aqua viability dye (Biolegend 

423113) for 5 minutes and then washed again before Fc block and staining for surface 

markers. The cells were then fixed and permeabilized according to instructions provided 

in the kit and then stained for cytokine expression. Antibodies used for flow cytometry: 

CD90.1-PerCP (202516), CD8a- Pacific Blue (100725), IFN-γ-FITC (505806), TNF-α-

APC-CY7 (560658).  

T cell transduction 

The virus packaging cell line, Phoenix ECO cells, at >90% confluency, were transfected 

with either the empty pMIG retroviral plasmid or plasmid containing CD8α:MyD88 
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construct. Supernatant containing either the empty retrovirus or retrovirus expressing 

CD8α:MyD88was collected twice after 48 and 60 hours of culture. Activated pmel T cells 

were spinoculated with the collected viral supernatant in a retronectin coated plate and 

incubated with the virus for another 24 hours. The cells were then washed and cultured for 

72 hours with IL-2. Transduction efficiency was measured by the flow cytometric detection 

of GFP. 

Results 

TLR1-TLR2-stimulated T cells acquire resistance to MDSC-mediated 

suppression of proliferation 

We evaluated how TLR1-TLR2 stimulation on CD8+ T cell impacted their responses to 

MDSCs. Pmel T cells were cultured with varying numbers of MDSCs isolated from the 

tumor or spleen of mice bearing LLC lung carcinomas, B16 melanomas or 4T1 mammary 

carcinomas. The pmel T cells were activated six days prior in the presence or absence of 

TLR1-TLR2 agonist (Pam3CSK4). MDSCs were magnetically sorted from tumor or 

spleen cell suspensions using anti-GR-1 antibodies. Sort purities ranged from 85-95% GR-

1+CD11b+ cells. T cell proliferation was assessed by measuring tritiated thymidine uptake 

after 48 hours of culture. T cells treated with the TLR1/2 agonist exhibited higher 

proliferation than control non-treated T cells in the presence of tumor-derived MDSCs. In 

fact, at low MDSC: T cell ratios, TLR-stimulated T cells proliferated slightly higher than 

TLR-stimulated T cells cultured in the absence of MDSCs. This phenomenon was observed 

with MDSCs isolated from all three tumor types. Consistent with results from other groups, 

splenic MDSCs were significantly less suppressive than tumor-derived MDSCs. However, 
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the ability of TLR-treated T cells to proliferate to a greater capacity than non-treated T 

cells was evident even in the presence of splenic MDSCs (Fig 4.1).  

In our model of T cell-MDSC co-culture, the TLR ligand was administered to the T cells 

six days prior to culture with MDSC. To determine whether the observed phenomenon of 

resistance to suppression was not due to TLR ligands acting on the MDSCs, we generated 

TLR2-/- MDSCs by injecting LLC cells into TLR2-/- mice and harvesting the spleen and 

tumor after three weeks of tumor growth. TLR2-/- MDSC were isolated and cultured with 

naïve pmel lymph nodes cells in an anti-CD3ε antibody coated plate, in the presence or 

absence of TLR ligand. Again TLR-treated T cells displayed greater proliferative capacity 

than control T cells in the presence of TLR2-/- MDSCs (Fig 4.2). These results indicate that 

TLR stimulation alters T cells in such a way to become resistant to MDSC-mediated 

suppression of proliferation.  

TLR-treated T cells retain the ability to produce TNF-α in the presence of 

MDSCs 

To examine the effects of MDSCs on cytokine production by TLR-treated T cells, we 

analyzed IFN-γ and TNF-α expression in effector T cells after 24 hours of culture. IFN-γ 

expression in both control and TLR-treated T cells was not affected by the presence of 

MDSCs. However, at higher numbers, MDSCs suppressed TNF-α expression. 

Nevertheless, TLR-treated T cells contained a higher percent of IFN-γ+ TNF-α+ cells than 

control T cells (Fig 4.3). This data would suggest that TLR stimulation maintained the T 

cells ability to produce cytokines despite the presence of MDSCs. 
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Figure 4. 1: TLR stimulation enhances T cell proliferation in the presence of tumor-derived 
and splenic MDSC.   
Pmel T cells activated in the presence or absence of TLR1-TLR2 ligand (Pam3CSK4, 1ug/ml) six 
days prior are cocultured with MDSCs isolated from the tumor or the spleen of tumor bearing mice, 
in an anti-CD3ε coated plate (0.1ug/ml). Proliferation was measured as 3H-thymidine uptake after 
48hours of culture. The data is representative of two independent experiments. 
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Figure 4. 2: The ability of TLR stimulation to boost T cell proliferation is not dependent on 
TLR1-TLR2 ligand stimulation on MDSCs.  
Naive pmel lymph node cells are activated using plate bound anti-CD3ε (0.5ug/ml) in the presence 
or absence of TLR1-TLR2 ligand, Pam3CSK4 (1ug/ml). MDSCs isolated from the tumor or the 
spleen of LLC tumor bearing TLR2-/- mice were added at various ratios. Proliferation was 
measured after 72 hours by 3H-thymidine incorporation.  
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Synthetic CD8α:MyD88 coreceptor expression recapitulates the resistance 

conferred by TLR stimulation 

To activate TLR-MyD88 signal specifically in anti-tumor T cells, at the site of the tumor, 

our laboratory developed a synthetic molecule that links CD8α and MyD88 (CD8α:MyD88 

coreceptor). In T cells engineered to express CD8α:MyD88 the recognition of the cognate 

peptide-MHC class I by TCR activates MyD88-mediated signals in the absence of TLR 

engagement. To determine whether the expression of CD8α:MyD88 coreceptor confers 

resistance to MDSC-mediated suppression, we co-cultured transduced T cells and 

hgp10025-33 peptide-pulsed splenocytes with isolated MDSCs. As observed by dye dilution 

analysis, CD8α:MyD88 expressing T cells are capable of proliferating to a greater extent 

than vector control T cells in the presence of MDSCs (Fig 4.4). This data represents another 

advantage to the use of synthetic CD8α:MyD88 coreceptor expressing T cells to generate 

potent anti-tumor responses effectively.  

The immunosuppressive nature of MDSCs is not altered by TLR-treated T 

cells.  

As noted in Figure 4.1, TLR-stimulated T cells proliferated better than control T cells in 

the presence of MDSCs. However, TLR-stimulated T cells cultured in the presence of 

MDSCs also proliferated to a slightly greater extent than TLR-stimulated T cells cultured 

in the absence of MDSCs. This enhanced proliferation could be due to the differentiation 

of MDSCs or a reduction in the suppressive nature. To test these possibilities, we 

conducted a bystander T cell assay wherein MDSCs previously cultured with TLR-

stimulated T cells or non-treated T cells, were cultured with fresh T cells whose  
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Figure 4. 3: TLR-stimulated T cells retain the ability to produce TNF-α in the presence 
of tumor-derived MDSCs. 
Pmel T cells activated in the presence or absence of TLR1-TLR2 ligand (Pam3CSK4, 
1ug/ml) six days prior are cocultured with various ratios of MDSCs isolated from the tumor 
of LLC tumor bearing mice, in an anti-CD3ε coated plate (0.1ug/ml). Intracellular staining 
for IFN-g and TNF-A was done after 48hours of culture. The data is representative of two 
independent experiments. 
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Figure 4. 4: T cells expressing the synthetic coreceptor CD8α-MyD88 exhibit greater 
proliferation in the presence of tumor-derived MDSCs.  

Pmel T cells transduced with retrovirus expressing the CD8α-MyD88 coreceptor or the 
empty vector (p-MIG) are pulsed with 1μM of eFlour 670 proliferation dye. The transduced 
T cells are then cocultured with hgp10025-33-peptide pulsed splenocytes and various 
numbers of LLC tumor derived MDSCs. Proliferation of Annexin V- GFP+ CD90.1 T cells 
was measured as dye dilution after 64 hours of culture by flow cytometry. The numbers 
indicate the MFI of the proliferation dye. The data is representative of two independent 
experiments. 
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proliferation was analyzed by dye dilution. Pmel T cells activated in the presence or 

absence of TLR1-TLR2 ligand six days prior are cultured with tumor-derived MDSCs for 

48 hours. After which, the TLR-treated or non-treated T cells were removed by gentle 

pipetting before addition of the bystander T cells (proliferation dye-pulsed T cells activated 

for 24 hours separately in the absence of MDSCs). We did not observe any significant 

difference in proliferation of bystander T cells cultured with either group of MDSCs (Fig 

4.5). Bystander T cells cultured with MDSCs previously cultured with TLR-treated T cells 

proliferated to a lower extent than those cultured with the control T cell group’s MDSCs. 

We believe that this could be due to the competition by residual TLR-stimulated T cells 

that remained in the MDSC culture. These preliminary functional assays suggest that the 

immunosuppressive nature of tumor-derived MDSCs is not altered by TLR-stimulated T 

cells but instead that TLR-stimulated T cells resist MDSC-mediated suppression. 

Discussion 

Over the past decade, the immunosuppressive nature of the tumor microenvironment has 

emerged as a significant challenge to the generation of effective cancer T cell-based 

immunotherapies. Key players involved in suppressing multiple facets of an anti-tumor 

immune response are MDSCs. These are immature myeloid cells generated due to the 

chronic inflammatory state of the tumor as well as factors secreted by the tumor. MDSCs 

employ various tactics to suppress an ongoing immune response, thus rendering MDSC 

activity difficult to block (105). Furthermore, a specific surface marker distinguishing 

MDSCs from their anti-tumor counterparts, macrophages and neutrophils, is yet to be 

identified. Given the incredible advancements made in genetically engineering effective  
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Figure 4. 5: MDSCs cultured with TLR-treated T cells continue to inhibit 
bystander T cells. 
Pmel T cells activated in the presence or absence of TLR1-TLR2 ligand 
(Pam3CSK4, 1ug/ml) six days prior are cocultured with various ratios of MDSCs 
isolated from the tumor of LLC tumor bearing mice, in an anti-CD3ε coated plate 
(0.1ug/ml). After 24 hours of culture, the pmel T cells are removed by gentle 
pipetting and the MDSCs remain adherent to the wells. Lymph node cells, pulsed 
with 1μM of eFlour 670 proliferation dye, activated 24 hours prior in an anti-
CD3ε coated plate are added to the MDSCs. After 48 hours of culture, 
proliferation was measured as dye dilution. The data is representative of three 
independent experiments. 
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anti-tumor T cells, incorporating features to confer resistance to MDSC-mediated 

suppression would further improve the efficacy of immunotherapy.  

TLR-MyD88 activation enhances the anti-tumor activity of CD8+ T cells in vitro and in 

vivo. Studies from our group have highlighted the therapeutic potential of activating the 

TLR-MyD88 pathway to generate effective anti-tumor immune responses (190). In this 

study, we tested the ability of MyD88-activated T cell to resist the immunosuppressive 

force of MDSCs. Indeed, TLR1/2 ligand-treated CD8+ T proliferate to a greater level and 

produce more TNF-α than control T cells in the presence of MDSCs. Unfortunately, certain 

tumors are capable of responding to TLR stimulation, leading to disease progression. 

Furthermore, TLR-MyD88 signals can lead to the accumulation of MDSCs at the sites of 

inflammation (221).  To ensure the activation of TLR-MyD88 signaling in anti-tumor T 

cells, our group designed a synthetic CD8α:MyD88 coreceptor capable of transducing a 

MyD88-mediated signal simultaneously with the TCR signal. CD8+ T cells expressing this 

coreceptor exhibits greater proliferation, cytokine production and in vivo tumor regression 

than T cells transduced with an empty vector. Furthermore, the preliminary results obtained 

from this study indicate that CD8α:MyD88 T cells can also resist MDSC-mediated 

suppression. 

It must be noted that while the MyD88-mediated signal confers a certain degree of 

resistance to suppression, MDSCs remain as incredibly potent suppressors of T cell 

activity. Attempts to restrain immature myeloid cell development or inhibit a few 

suppressive mechanisms to block MDSC function have modestly improved anti-tumor 

immune responses (220). However, converting or inducing the maturation of MDSCs into 

proinflammatory myeloid cells or even inducing dormancy in their suppressive function 
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would significantly improve tumor regression rates. T cells, primarily CD4+ T cells, can 

activate macrophages to produce proinflammatory factors. Here we test whether a similar 

phenomenon occurs wherein TLR-activated T cells could induce maturation of MDSCs 

into proinflammatory myeloid cells. Our preliminary results indicate that maturation does 

not occur. However, these studies need to be revisited in the future and with CD4+ T cells 

activated via their TLRs. 

The results from this study present a new therapeutic approach to tackling the significant 

challenge presented by the immunosuppressive tumor microenvironment with a foucs on 

overcoming MDSC-mediated suppression. Future studies will reveal the mechanism by 

which TLR-stimulated T cells acquire resistance to MDSC-mediated suppression  and   

how T cells can be modified to induce maturation in MDSCs. 
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CHAPTER V: FINAL DISCUSSION AND FUTURE 
DIRECTIONS 

Cancer immunotherapy strategies continue to develop from the early injections of heat-

killed bacteria to genetically modified killer T cells capable of eliminating disseminated 

tumors. Presently, combining multiple immunotherapeutic agents holds great potential to 

improve patient response rates and prolong progression-free survival time. Our studies 

represent one such combination strategy using TLR agonists, adoptive T cell transfer and 

agonistic 4-1BB antibodies. These include stimulation of cytotoxic T cells with TLR 

ligands to augment their cytotoxic capacity, co-administration of TLR agonists with 

adoptive T cell transfer to enhance tumor regression, and activation of the TLR-MyD88 

pathway to enhance T cell proliferation and prolong T cell survival. The mechanisms 

activated by the TLR signaling pathway that augment T cell responses are largely 

undefined. We compared the transcriptomic profiles of antigen-specific T cells activated 

in the presence or the absence of the synthetic TLR1-TLR2 agonist, Pam3CSK4. TLR 

stimulation altered the expression of about 200 genes of which five members of TNFR 

superfamily of costimulatory receptors were of particular interest. Blocking the function of 

these five receptors on TLR-stimulated T cells revealed a requirement for 4-1BB 

transduced signals to recapitulate the enhanced proliferation presented by TLR-stimulated 

T cells. TLR-MyD88 signals increased the expression of 4-1BB mRNA by enhancing the 

activation of transcription factors NF-κB and AP-1 as well as increasing their binding to 

4-1BB promoters. Combining TLR ligands and 4-1BB agonistic antibodies significantly 

enhanced T cell proliferation and IFN-γ production in vitro and generated greater tumor 

regression in a B16 melanoma in vivo model. Previous clinical trials testing the feasibility 
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of 4-1BB agonists in patients with solid tumor were terminated due to the severe liver 

toxicity associated with treatment. However, new humanized 4-1BB agonistic antibodies 

are in development as a single therapeutic agent as well as in combination with anti-PD-1 

antibodies. Our studies further highlight the therapeutic potential of targeting the 4-1BB 

pathway for enhancing anti-tumor efficacy. 

A major challenge to developing effective anti-tumor immunotherapies is the presence of 

a highly immunosuppressive microenvironment sustained by potent immunosuppressive 

MDSCs. MDSCs arise due to the chronic inflammatory state of the tumor as well as tumor 

derived factors. MDSCs inhibit the anti-tumor immune response by multiple suppressive 

tactics such as amino acid depletion, inhibitory protein expression, reactive oxygen and 

nitrogen species. Also, as no specific surface proteins have been identified to distinguish 

MDSCs from their anti-tumor counterparts, macrophages and neutrophils, MDSCs cannot 

be specifically deleted using depletion antibodies. Pharmacologically inhibiting the 

suppressive mechanisms is challenging primarily because a single therapeutic agent cannot 

target all the pathways utilized by MDSCs to inhibit the immune response. Developing T 

cells resistant to MDSC mediated suppression would greatly enhance the efficacy of 

adoptive T cell transfer based therapies. Our studies indicate that TLR stimulation on T 

cells confers resistance to MDSC-mediated suppression. TLR-treated T cells overcome the 

inhibition of cell division imposed on effector T cells by MDSCs, to continue proliferating 

and producing TNF-α. 

The tumor microenvironment is enriched in factors promoting the survival and propagation 

of the tumor and deficient in immune costimulatory molecules. It has become apparent 

now that T cells require costimulatory signals to function at their maximum capacity. While 
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antibodies blocking T cell inhibitory signals are currently in development, we anticipate 

that the inclusion of T cell costimulatory receptor agonists would significantly improve 

response rates. Furthermore, T cells are capable of inducing the differentiation of 

monocytes and macrophages to an immunostimulatory phenotype. The generation of T 

cells capable of inducing the complete maturation of immature MDSCs into anti-tumor 

macrophages would create an incredibly potent force to combat the tumor. While our 

current studies did not detect the conversion of MDSCs into anti-tumor macrophages, we 

hope to continue exploring other avenues to develop T cells capable of converting MDSCs.  

In conclusion, the results obtained from these studies introduce an effective anti-tumor 

immunotherapy tactic wherein tumor-antigen specific T cell function is enhanced while 

inducing resistance to the immunosuppressive microenvironment.  

Future directions 

Combining agonistic 4-1BB antibody with TLR1-TLR2 ligand generated enhanced tumor 

regression in our adoptive T cell transfer therapy for B16 melanoma. However, after about 

20 days after T cell transfer, the tumors began to grow out. This could be due to several 

factors such as death or dysfunction of the transferred T cells, recruitment of 

immunosuppressive cells such as MDSCs and Tregs or selection and expansion of tumor 

cell variants that have lost expression of the gp100 peptide or MHC-I molecules. To 

determine which of these mechanisms are responsible for the delayed tumor growth, we 

would excise the tumor, generate single cell suspensions from the tumor and analyze the 

cell populations present by flow cytometry. To generate a comprehensive timeline of the 

changes in the immune cell composition of the treated tumors, we would collect tumors at 

various time points during treatment such as on day 15 or 17 (when there is regression in 
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tumor growth due to the combination therapy), day 24 (when there is stabilization in tumor 

growth), day 29 (when the tumors begin to grow again) and day 32 (when tumors treated 

with the combination therapy have completely regained their ability to grow). The collected 

tumors would then be digested using collagenase and DNase I to release the immune cells 

into suspension and maintain the viability of the collected cells. The cell suspensions will 

then be washed, counted and stained with a viability dye and fluorescently labeled 

antibodies. The antibody panels will be designed to detect the different types of immune 

cells present within the tumor such as: 

• Proliferating transferred T cells (CD45.2, CD90.1, CD69, 4-1BB, CD25) 

• Exhausted or dysfunctional transferred T cells (CD45.2, CD90.1, PD-1, TIM-3, 

LAG3, TIGIT) 

• M1 macrophages and DCs (CD45.2, CD11c, F4/80, CD86, CD11b, MHC-I) 

• Tregs (CD45.2, CD4, CD25, FOXP3) 

• MDSCs (CD45.2, CD11b, GR-1, PD-L1) 

• Tumor associated macrophages (CD45.2, CD206, CD11b) 

CD45.2 staining will be used to detect bone marrow emigrants while CD90.1 will be used 

to detect the adoptively transferred T cells. The stained cells will then be analyzed via flow 

cytometry to detect the frequency and absolute numbers (using counting beads) of the cell 

populations listed above. Furthermore the tumor cells themselves will also be analyzed for 

the expression of PD-L1, MHC-I and gp100 peptide by flow cytometry. We anticipate the 

following results: 

• Day 15 or 17: As tumor regression is observed in the combination treatment group, we 

anticipate detecting a larger population of transferred proliferating T cells in the tumors 

treated with the combination therapy than in tumors treated with a single agent. 
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Furthermore, we anticipate a smaller population of suppressive cells such as MDSCs, 

Tregs and TAMs. 

• Day 24: At this time point, tumors in the untreated or single therapeutic groups are 

expanding while tumors in the combination therapy group are stabilized. We anticipate 

detecting a smaller population of exhausted transferred T cells in the combination 

treatment group than in the single therapeutic groups. However, we also expect to see 

an increase in the population of suppressive cells in all treatment groups when 

compared to tumors collected on day 15 or 17. This could be in response to the 

inflammatory environment that has been generated by the transferred T cells as well 

the re-establishment of the bone marrow cells after irradiation.  

• Day 29 and 32: We expect to detect very few transferred T cells in the tumors treated 

with the single therapeutic. However, exhausted transferred T cells would still be 

detected in tumors treated with the combination therapy at day 29 and none at day 32. 

We also anticipate detecting a significant population of suppressive cells in all groups. 

If selection of MHC-I- or gp100- tumor cell variants is a cause for the tumor outgrowth, 

we would expected to see an increase in these populations in the tumors treated with 

the combination therapy. The selection of these tumor variants would not occur in the 

other treatment groups as those tumors were not subjected to a stringent selection by 

the adoptively transferred T cells. 

The results generate by this phenotypic screening would assist in understanding the impact 

of each treatment group on the adoptively transferred cells, the immune system of tumor-

bearing mouse and the tumor itself.  
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As our studies show, combining TLR and 4-1BB signals augment the anti-tumor potency 

of T cells, we anticipate that the combination would also improve T cell function in the 

presence of MDSCs. To test this hypothesis, we would co-culture TLR-treated T cells and 

non-treated T cells with tumor derived MDSCs and add 4-1BB agonistic antibody at the 

time of reactivation to test proliferation and cytokine production. However, since the 

expression of 4-1BB on MDSCs has never been analyzed, MDSCs cultured alone with the 

4-1BB antibody would serve as a control to detect any effects on MDSCs. As the 

combination of TLR and 4-1BB signals enhanced tumor regression in vivo, we anticipate 

a greater level of proliferation and cytokine production by T cells treated with this 

combination than either treatment alone, in the presence of MDSCs. If we do not detect a 

difference in the proliferation or cytokine production, it is possible that 4-1BB signals 

contribute primarily to the overall survival of the T cells. This can be analyzed by staining 

the cells with Annexin V and PI to detect the number of apoptotic cells present within each 

group. 

While this study elucidates the phenomenon of TLR-MyD88 activation in T cells 

conferring resistance to MDSC-mediated suppression, the mechanism underlying the 

resistance is still to be determined. The addition of an iNOS inhibitor, L-NMMA, 

completely abrogated the suppressive action of LLC tumor-derived MDSCs on T cell 

proliferation. This suggests that the production of NO is one of the predominant 

suppressive mechanisms at play in our co-cultures. NO inhibits the activation of the IL-2 

signal pathway by reducing the phosphorylation of the JAK-STAT pathway as well as the 

stability of the IL-2 mRNA. Future studies will analyze the proteins levels of total and 
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phosphorylated JAKs and STATs in TLR-treated T cells cultured with MDSCs, by western 

blot.  

Our preliminary studies indicate that the immunosuppressive nature of the MDSCs is not 

altered after culture with TLR-treated T cells. The enhanced proliferation exhibited by 

TLR-treated T cells when cultured with low numbers of MDSCs could thus be due to the 

activation of non-suppressive myeloid cells found within the tumor. As our sorts achieve 

purities of 85-95% CD11b+GR-1+ myeloid cells, the sorted MDSCs could contain other 

immune cells and tumor cells as contaminants. The activation of these contaminating cells 

could result in the enhanced proliferation exhibited by TLR-treated T cells. To address this 

possibility, we would first characterize the contaminating cells present within the sorted 

MDSCs using antibodies against various immune cell surface markers (CD3, CD4, CD8, 

F4/80, CD11c, CD86), by flow cytometry. After analysis, we would then deplete specific 

contaminating populations via positive selection antibodies and conduct the T cell 

proliferation co-culture assays. If we detect the loss of the enhanced proliferation of TLR-

treated T cells upon depletion of a specific contaminating population, we could then infer 

that phenomenon observed is due to contaminants of the sort and not MDSC maturation. 

Conversion of MDSCs into proinflammatory or anti-tumor myeloid cells would 

significantly enhance the efficacy of cancer immunotherapeutics. If TLR-treated CD8+ T 

cells are unable to convert the MDSCs, as our preliminary bystander T cell assay suggests, 

it would be intriguing to determine whether TLR-treated CD4+ T cells could alter MDSC 

function. Previous studies have shown that CD4+ T cells can regulate the function of 

macrophages through the secretion of specific cytokines (222). We would like to test 

whether TLR-MyD88 activated CD4+ can induce the maturation of MDSCs to a more M1-
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like phenotype. For these studies, a CD4+ T cell transgenic system, like the TRP-1 mouse 

model (223), would be required to obtain antigen-specific CD4+ T cells. The CD4+ T cells 

would be primed with their cognate peptide and IL-2, then treated with the TLR ligand 

(done after separation of T cells from APCs) and then reactivated in the presence of 

MDSCs. Initially, we would measure the proliferation of the T cells. If a similar 

phenomenon wherein TLR-treated T cells proliferate to a greater level than non-treated T 

cells is observed, we would then repeat the bystander T cell assay to analyze the 

immunosuppressive nature of the MDSCs.  

Finally, ATRA (all-trans retinoic acid) has been shown to induce the maturation of MDSCs 

into pro-inflammatory myeloid cells (121;122). Furthermore, ATRA, when combined with 

other drugs or chemotherapy, generates anti-tumor responses in various tumor types, most 

significantly in acute promyelocytic leukaemia (224). We postulate that combining ATRA 

with adoptive cell transfer of T cells transduced to express the synthetic CD8:MyD88 

coreceptor would generate a significant tumor regression compared to either therapeutic 

alone. However, reports on the effects of ATRA on CD8+ T cell function suggest either the 

differentiation into FOXP3+CD8+ T regulatory cells or generation of terminally 

differentiated short lived effector cells (225;226). Thus we would initially test the impact 

of ATRA on the proliferation, cytokine production and FOXP3 expression of CD8:MyD88 

expressing T cells, in vitro. If ATRA does enhance the expression of FOXP3 or reduce the 

potency of CD8:MyD88 expressing T cells, in vivo administration of ATRA would be done 

prior to adoptive transfer of T cells. This would allow a ‘pre-conditioning’ of MDSCs to 

proinflammatory myeloid cells without impacting the T cells. However, if ATRA does not 

impact the function of CD8:MyD88 expressing T cells, then continuous administration of 
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ATRA (after adoptive transfer of the T cells) will be tested for impact of tumor regression. 

As MDSCs develop in the bone marrow prior to migration to the tumor, T cells circulating 

to the bone marrow could potentially alter MDSC phenotype at an earlier stage in their 

differentiation into suppressor cells. Since most adoptive T cell transfer therapies require 

irradiation or lymphodepletion of the host to make ‘space’ for the transferred cells, the 

bone marrow environment will be altered and could potentially impact MDSC 

development.  Future studies will analyze the population of transduced T cells found within 

the bone marrow after transfer and as well the impact of both transduced T cells and 

irradiation on MDSC development and function. 

The results presented by this study exemplify the need to incorporate T cell costimulatory 

signals to adoptive T cell transfer therapies with the goal to enhance the cytotoxic potency 

of anti-tumor T cells. The introduction of MyD88-mediated signals (i) enhanced the anti-

tumor efficacy of tumor-specific T cells when combined with 4-1BB agonists and (ii) also 

improved T cell responses in the presence of suppressive cells such as MDSCs. The future 

goals of this study will analyze the mechanisms underlying the resistance to suppression 

exhibited by TLR-MyD88 activated T cells and will also provide insight into the impact of 

adoptive T cell transfer therapy on MDSC development and function.  
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