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Abstract 

MyD88 Co-stimulation in CD8+ T Cells Improves Tumor Immunotherapy in 

Allogeneic and Syngeneic Models. 

Nicholas G. Ciavattone 

Dissertation  directed by: Dr. Xuefang Cao, Associate Professor, Department of 

Microbiology and Immunology at University of Maryland Baltimore and Dr. Eduardo 

Davila, Associate Professor, Department of Medicine at University of Colorado  

Improving the efficacy of T cell therapies for solid tumors and leukemias could 

improve clinical outcomes. In leukemia, allogeneic hematopoietic cell transplantation and 

donor lymphocyte infusions can be potentially curative, however, tumor evasion of the 

graft-versus-leukemia effects still limit their efficacy. In the solid tumor 

microenvironment, immune suppressive myeloid cells inhibit T cell activation which can 

be detrimental to anti-tumor T cell responses. Toll-like Receptor/MyD88 signaling in 

cytotoxic T cells can provide a strong co-stimulation signal to improve T cell activation, 

function, and efficacy to counteract evasion mechanisms in hematopoietic and solid 

tumors. Unfortunately, TLR agonists lack specificity to T cells and may induce hyper 

inflammation or induce pro-tumor effects.  

Rather than provide TLR agonist therapy in leukemia and solid tumors, there exists 

potential to modify or engineer T cells to provide a direct MyD88 co-stimulus. Our research 

group developed a CD8α:MyD88 T cell co-receptor that mimics TLR co-stimulation in 

conjunction with T cell receptor activation. Our goal was to first determine whether this 

engineered T cell co-receptor could enhance graft-versus-leukemia responses in allogeneic 



hematopoietic cell transplantation and donor lymphocyte infusion therapies. In a 

suppressive solid tumor, we asked if  MyD88 co-receptor could improve T cell activation 

and function in a suppressive tumor microenvironment.  

Using multiple experimental transplant models, we found that MyD88 co-

stimulation in donor CD8+ T cells could improve the graft versus tumor response with 

some non-lethal increases in graft-versus-host disease. Looking further, we found that the 

CD8α:MyD88 co-receptor increased donor cytotoxic T cell proliferation, survival, and 

function in vivo. Donor CD8α:MyD88 T cells were able to directly kill tumor better than 

transduced controls. In the second part of this project we found that cytotoxic T cells 

receiving a synthetic MyD88 co-stimulation maintained strong basal activation in the 

presence of myeloid suppression. In the suppressive B16-GMCSF melanoma model, 

CD8α:MyD88 T cell were able to control tumor growth and reduce populations of 

suppressive myeloid cells in the tumor. These data show that augmented MyD88 co-

stimulation in cytotoxic T cells could benefit patients undergoing both autologous and 

allogeneic T cell therapies.  



 
 

 

 

 

 

 

 

 

MyD88 Co-stimulation in CD8+ T Cells Improves Tumor Immunotherapy in Allogeneic 

and Syngeneic Models 

 

 

by 

Nicholas G. Ciavattone 

 

 

 

 

 

 

 

 

Dissertation submitted to the Faculty of the Graduate School of the 

University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 

Doctor of Philosophy 

2021 



iii 

Acknowledgements 

I would like to acknowledge everyone who played a role in my academic accomplishments. 

First, my wife Mariana, who supported me with love and understanding throughout these 

challenging years. Without you, I could never have reached this milestone. Secondly, my 

mentors and committee members, each of whom has provided patient advice and guidance 

throughout the research process. Third I would like to thank Dr. Long Wu who helped with 

experimental design and technical aspects of my work. Fourth, I would like to thank Drs. 

Sabina Kaczanowska, Ann Joseph, and Alex Tsai for developing the CD8α:MyD88 

constructs for which my project is built upon. Thank you all for your unwavering support 

and contributions. 

  



iv 

Table of Contents 

LIST OF FIGURES ........................................................................................................ VI 

LIST OF ABBREVIATIONS ..................................................................................... VIII 

CHAPTER I: INTRODUCTION .................................................................................... 1 

Cancer ..................................................................................................................................................... 1 

Immune recognition of cancer ................................................................................................................ 3 
Tumor antigens drive T cell responses to tumor ........................................................................................ 6 
Activation of CD8+ T cells ........................................................................................................................ 9 
CD8+ T cell function ............................................................................................................................... 12 

Cancer evades the immune system ....................................................................................................... 13 

Immunotherapy of Cancer ................................................................................................................... 17 
Oncolytic viruses...................................................................................................................................... 17 
Cytokine therapy. ..................................................................................................................................... 20 
Immune checkpoint blockade. ................................................................................................................. 21 
Co-stimulatory agonists. .......................................................................................................................... 22 
Adoptive Cell Therapy. ............................................................................................................................ 23 

Allogeneic transplant and immunotherapy .......................................................................................... 25 

Innate immune signaling as novel T cell co-stimulation to counteract tumor evasion ........................ 27 

CHAPTER II: IMPROVING T CELL THERAPIES IN LEUKEMIAS AND SOLID 

TUMORS ......................................................................................................................... 29 

Engineering T cells for improved response to allogeneic transplant ................................................... 29 
T cells elicit GVL effects ......................................................................................................................... 32 
Mechanisms of GVL evasion and potential solutions .............................................................................. 33 
Directing a tumor-specific response in a transplant setting ...................................................................... 39 

Engineering T cell therapies to bypass immune suppression in solid tumors ...................................... 41 
Characteristics of MDSCs ........................................................................................................................ 42 
MDSC genesis and activation .................................................................................................................. 43 
Myeloid suppression and potential solutions ........................................................................................... 46 

Using novel co-stimulation to improve GVL and bypass solid tumor suppression ............................. 53 

DESCRIPTION OF THE STUDY AND SPECIFIC AIMS: ...................................... 58 

Aim 1: Define the impact and mechansms of MyD88 co-stimulation in donor CD8+ T cells in allo-

HSCT therapy....................................................................................................................................... 59 



v 

Aim 2: Define the mechanisms by which MyD88 co-stimulation in tumor specific T cells counteract 

myeloid suppression ............................................................................................................................. 59 

CHAPTER III: MYD88 CO-STIMULATION IN DONOR CD8+ T CELLS 

ENHANCES THE GRAFT-VERSUS-TUMOR EFFECT IN MURINE 

HEMATOPOIETIC CELL TRANSPLANTATION1 ................................................. 60 

Introduction .......................................................................................................................................... 60 

Materials and Methods ......................................................................................................................... 62 
Animals and tumor cells........................................................................................................................... 62 
Donor cell preparation, plasmid, viral packaging, and transduction ........................................................ 62 
Antibodies, reagents, and cellular assays ................................................................................................. 63 
GVT and GvHD models........................................................................................................................... 65 
Statistics ................................................................................................................................................... 66 

Results ................................................................................................................................................... 66 
MyD88 co-stimulation in donor CD8+ T cells yields enhanced GVT effect. .......................................... 66 
MyD88-stimulated expansion of donor CD8+ T cells induces non-lethal GvHD-related weight loss from 

inflammation of the large intestine. .......................................................................................................... 73 
Donor CD8+ T cells have an increased proliferative capacity and survival with MyD88 co-stimulation 78 
MyD88 co-stimulation increases multi-modal functionality in donor CD8+ T cells ............................... 81 

Discussion ............................................................................................................................................. 85 

CHAPTER IV: MYD88-ACTIVATED CD8+ T CELLS IMPROVE ANTI-TUMOR 

IMMUNITY IN THE PRESENCE OF MYELOID SUPPRESSOR CELLS. .......... 90 

Introduction .......................................................................................................................................... 90 

Materials and Methods ......................................................................................................................... 92 

Results ................................................................................................................................................... 96 
MyD88 co-stimulated T cells maintain enhanced basal activation in the presence of myeloid suppression

 ................................................................................................................................................................. 96 
Synthetic CD8α:MyD88 coreceptor improves the efficacy of tumor-specific CD8+ T cells in suppressive 

B16-GMCSF mouse melanoma. .............................................................................................................. 99 
Expression of the CD8α:MyD88 coreceptor in tumor-specific T cells modulates the suppressive tumor 

microenvironment .................................................................................................................................. 101 
Increased IFN-γ released from CD8α:MyD88 T cells is implicated in changes to the tumor 

microenvironment .................................................................................................................................. 102 

Discussion ........................................................................................................................................... 104 

CHAPTER V: FINAL DISCUSSION ......................................................................... 108 

REFERENCES .............................................................................................................. 114 



vi 

List of Figures 

Chapter I 

Figure 1.1 The hallmarks of cancer re-imagined as a hierarchy…………………..……....2 

Figure 1.2 Immunoediting of Cancer…………………………………..….........................7 

Figure 1.3 The major categories of immunotherapy………………………..………....…19 

Chapter II 

Figure 2.1 Minor histocompatibility antigens (miHA) are the driving force behind 

allogeneic responses in modern allo-HCT……………………..……….…………...…...30 

Figure 2.2 Mechanisms of leukemia cell recognition and killing after hematopoietic stem 

cell 

transplantation……………………..………………………………………….…………32 

Figure 2.3 Mechanisms of GVL 

evasion…………………………...………………………………………...………...…..36 

Figure 2.4: Secretion of cytokines from the tumor is associated with mobilization of both 

monocytic and granulocytic MDSCs from the bone marrow to the peripheral blood…...44 

Figure 2.4 T cells can bypass myeloid suppression mechanisms……………………......52 

Figure 2.5 TLR-MyD88 signal pathway activates NF-kB to produce a co-stimulatory 

effect in CD8+ T cells…….…………………………………….………………………..56 

Chapter III 

Figure 3.1 Synthetic CD8α:MyD88 co-receptor in donor CD8+ T cells increases killing 

of allogeneic A20 lymphoma cells in 

vitro……………………..………………………………………………...………….…..68 

Figure 3.2 Synthetic CD8α:MyD88  co-receptor in donor CD8+ T cells increases graft-

versus-tumor (GVT) effect……………………...………………………………….........70 

Figure 3.3 Delayed transfer of CD8α:MyD88 T cells after experimental transplant 

increases graft-versus-tumor effect…………………………………...………………….72 

Figure 3.4 MyD88 co-stimulated expansion of donor CD8+ T cells correlates with 

GvHD-related weight loss………………………………………………………...……...74 

Figure 3.5 MyD88 co-stimulated donor CD8+ T cells induce clinical, histopathological 

but non-lethal 

GVHD……………………………………………….………………………..……….…76 

Figure 3.6 MyD88 co-stimulation enhances proliferation of donor CD8+ T cells in 

vivo……………………………………………………………………………………….79 

Figure 3.7 MyD88 co-stimulation enhances survival of allogeneic CD8+ T cells…...….80 



vii 

Figure 3.8 MyD88 co-stimulation enhances multi-modal function of donor CD8+ T 

cells……………………………………………………………………………………....82 

Figure 3.9 Tumor control by MyD88 co-stimulation donor CD8+ T cells is the result of 

direct killing. ……………….……………………………………………………………83 

 

Chapter IV 

Figure 4.1 TLR-MyD88 co-stimulation in CD8+ T cells increases proliferation in the 

presence of MDSCs……………………………………………...………………………97 

Figure 4.2 MyD88 co-stimulation in CD8+ T cells through the CD8α:MyD88 construct 

increases proliferation in the presence of MDSCs…………………………………….....98 

Figure 4.3 MyD88 co-stimulation in CD8+ T cells increases anti-tumor immunity in a 

suppressive B16-GMCSF tumor model……………………………...…………………100 

Figure 4.4 MyD88 co-stimulation in CD8+ T cells modulates the myeloid compartment 

in vivo…………………………………………………………………………………...101 

Figure 4.5 Enhanced production of IFN-γ from MyD88 co-stimulated CD8+ T cells alters 

macrophage differentiation in a suppressive dynamic bone marrow culture………..…103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

List of Abbreviations 

 

A2B Adenosine A2B receptor 

ACT Adoptive cell transfer 

ADCC Antibody-dependent cell-mediated cytotoxicity 

Allo-HCT Allogeneic Hematopoietic Cell Therapy 

Allo-HSCT Allogeneic Hematopoietic Stem Cell Therapy 

Auto-HCT Auto Hematopoietic Cell Therapy 

APCs Antigen presentation cells 

ARG1 arginase 1 

AMP Adenosine monophosphate 

ASC transporter: alanine-serine-cysteine 

ATP Adenosine triphosphate 

BMDC Bone marrow derived dendritic cells 

CAR chimeric antigen receptor 

CD Cluster of differentiation 

pMIG pMSCV-IRES-GFP 

pCM8 pMSCV-IRES-GFP + CD8α:MyD88 

CLL Chronic lymphocytic leukemia 

CML Chronic myelogenous leukemia 

COX-2 cyclooxygenase-2 

CTLA-4 cytotoxic T-lymphocyte associated protein 4 



ix 

CTL Cytotoxic Lymphocyte 

CRS Cytokine release syndrome 

DLL delta-like ligand 

DLI Donor lymphocyte infusion 

ERK extracellular-signal-regulated kinase 

GBP1 Guanylate Binding Protein 1 

G-CSF Granulocyte colony stimulating factor 

GFP Green Fluorescent Protein 

GMCSF Granulocyte macrophage- colony stimulatory factor 

GVHD graft versus host disease 

GVL graft versus leukemia 

GVT graft versus tumor 

HER2 human epidermal growth factor receptor 

HIF-1α Hypoxia-inducible factor 1-alpha 

HSV-1 Herpes simplex virus-1 

IC50 50% inhibitory concentration 

ICI Immune checkpoint inhibitor 

IDO Indoleamine-pyrrole 2,3-dioxygenase 

IL Interleukin 

ILC Innate lymphocyte cell 

IFN Interferon 

IGK Immunoglobulin Kappa Locus 



x 

IGLL5 Immunoglobulin Lambda Like Polypeptide 5 

iNOS inducible nitric oxide synthase 

IRAK IL-1 receptor associated kinase  

IRF interferon regulatory factor 

JAK Janus Kinase  

LAT linker for activation of T cells 

MAGE Melanoma Antigen Gene 

MART1 Melan-A 

MAPK Mitogen activated protein kinases 

M-CSF Monocyte colony stimulating factor 

MAML Mastermind-like protein 

MDSC myeloid derived suppressor cell 

MS Median Survival 

MHC major histocompatibility complex 

miHA Minor histocompatibility antigen 

mTOR mammalian target of rapamycin 

MyD88 Myeloid differentiation factor 88 

NFAT Nuclear factor of activated T cells 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

NK Natural killer 

NLRP3 NLR family pyrin domain containing 3 

NO nitric oxide 



xi 

NICD Notch intracellular domain 

NOX-2 NADPH oxidase 2 

NY-ESO1 New York esophageal squamous cell carcinoma 1 

OCLN Occludin 

PAMP pathogen-associated molecular pattern 

PD-1 Programmed cell death 1 

PD-L1 Programmed cell death ligand 1 

PGE2 prostaglandin E2 

PI3K phosphatidylinositide 3-kinase 

PRR pattern recognition receptor 

RANKL Receptor activator of nuclear factor kappa-Β ligand 

RBPj Recombining Binding Protein Suppressor Of Hairless 

RNS reactive nitrogen species 

ROS reactive oxygen species  

SLC Solute carrier family 

STAT signal transducer and activator of transcription 

TAM Tumor associated macrophage 

TCD-BM T cell deplete bone marrow 

TCR T cell receptor  

Th T helper 

 

TIGIT T-cell immunoreceptor with Ig and ITIM domains 

TILs Tumor infiltrating lymphocytes 



xii 

TIM3 T-cell Immunoglobulin and mucin-domain containing-3 

TIR Toll/interleukin-1 receptor 

TGF transforming growth factor 

TLR Toll like receptor 

TME Tumor microenvironment 

TNF-α Tumor necrosis factor alpha 

TNFR Tumor necrosis factor receptor 

TNFRSF Tumor necrosis factor receptor super family 

TRADD Tumor necrosis factor receptor type 1-associated death domain 

protein 

TRAF TNF-receptor associated factor 

TRAIL TNF-related apoptosis-inducing ligand 

TRIF TIR-domain-containing adapter-inducing interferon-β 

TET2 Tet Methylcytosine Dioxygenase 2 

Treg regulatory CD4+ T cell 

TRP Tyrosinase related protein 

URP unfolded protein response 

VISTA V-domain Ig suppressor of T cell activation 

VSV Vesicular Stomatitis Virus 

WT1 Wilms tumor 1 

ZAP70 Zeta-chain-associated protein kinase 70 

 

 



1 

CHAPTER I: INTRODUCTION 

Cancer  

 The human body is made up of trillions of cells, many of which are constantly 

dividing at any given moment. When a select few cells rapidly divide unchecked and begin 

migrating into the surrounding tissues, those cells have developed into a tumor. Because 

this can happen in almost any cell in the body, cancer is a continuum of diseases. This 

abhorrent cellular proliferation is also accompanied by a breakdown in the order of the 

tissue. Malignant tumors spread into distant sites in the body, furthering tissue destruction 

and breakdown in vital organ systems.  

 There is an emerging list of the main hallmarks that define a cancer.1 Although 

these hallmarks are often graphically represented as a wheel of characteristics, they are 

better described as a pyramid or hierarchy (Figure 1.1). At the base of the hierarchy of 

characteristics is genomic instability. Spontaneous mutation, environmental insult, 

inherited genetic defects, and inflammation cause DNA damage in genes that protect our 

genome from these and other damaging elements. Once these genes are damaged, 

mutations accumulate that induce rapid cell division, resistance to programmed cell death, 

immortalization, and ignorance of growth suppression.1 These mutated cells will 

increasingly rely on glycolytic processes to survive in their harsh, often hypoxic, 

environments.1 The tumor cells and stroma further support the abhorrent cell growth by 

encouraging angiogenesis. The tumor may elicit an unproductive inflammatory response, 
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increasing turnover and perpetuating DNA damage. Even with these characteristics, if the 

tumor remained solitary than modern medicine would have little trouble in treating cancer 

through resection.1 Unfortunately, the deadliest hallmark of cancer is its propensity to 

spread throughout the body. When cancer spreads, it repeats its destructive growth in the 

fertile stroma of vital organ systems. This leads to organ failure and death of the host. Our 

immune systems are constantly eliminating cells that are stressed and developing mutations 

Figure 1.1. The hallmarks of cancer re-imagined as a hierarchy. The hallmarks of 

cancer are easier to understand in a hierarchy. At the base is the main driver of 

tumorigenesis, genomic instability. In the next tier, mutations in oncogenes and tumor 

suppressor genes give rise to a tumor phenotype. In the third tier are characteristics 

that support tumor aggression and growth. Finally, a tumor is fully realized as a 

malignant threat when it metastasizes into distant sites. Adapted from Hanahan D, 

Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011 Mar 4 

with licensing permissions from Elsevier.  
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which have the propensity to evolve into a malignant tumor. When the malignant cells, the 

stroma, and the immune system start working together, the tumor growth occurs 

unchecked.1,2 The broad focus of this dissertation is on the role of the immune system in 

this process. This introductory chapter will discuss the immune system’s role in eliminating 

cancer, how cancer evades the immune system, and explain the current methods for using 

the immune system to treat cancer.  

Immune recognition of cancer 

In postulating that host defense prevents neoplastic cells from developing into 

tumors, Paul Ehrlich is quoted saying that “in the enormously complicated course of fetal 

and post-fetal development, aberrant cells become unusually common. Fortunately, in the 

majority of people, they remain completely latent thanks to the organism's positive 

mechanisms.”.  In 1909, too little was known to test such a hypothesis and it was not until 

the latter half of the century that Frank MacFarlane Burnet found that tumors transplanted 

between syngeneic mice were rejected when normal tissues were engrafted, confirming the 

presence of tumor-specific antigens.3 However, this discovery was not without 

controversy. Osias Stutman went on to find no difference between induced tumor formation 

in immunocompromised nude mice compared to immunocompetent mice.4 Using 

improved mouse models and more refined experimental techniques of the twenty first 

century, two independent groups were able to discern that immunodeficient mice develop 

an increased incidence of induced tumors compared to immunocompetent controls, 

proving that immunosurveillance was an important attribute of protection from tumors.2,5  
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In the past twenty years, the concept of immunosurveillance has been characterized, 

studied, and improved upon. The theory of immunosurveillance evolved into the first stage 

of the immunoediting process of tumor immunology, elimination. 

Early on, the immune response to a tumor will begin through early innate immune 

signals that indicate to the immune system that the tumor is a problem. During typical 

infections or pathogenic insults, molecular fragments of pathogens called pathogen 

associated molecular patterns (PAMPs) will alert innate immune cells by binding and 

activating pathogen recognition receptors (PRRs) on antigen presenting cells such as 

dendritic cells and macrophages.6 However, tumors must elicit an immune response in the 

absence of pathogens and the PAMPs they produce. Instead of PAMPs, stress or damage 

associated molecular patterns (DAMPs) have been implicated in initiating and activating 

the immune response to a tumor. When tumor cells are stressed or if they die an 

immunogenic/necrotic cell death, they release DAMPs.7 These include HMGB1, 

Calreticulin, extracellular ATP, and other cellular factors typically isolated in organelles 

or cytoplasm of living cells.7 Additionally, tumor-derived nucleic acids can be 

phagocytized by antigen presenting cells to signal through several intracellular pathways 

including cGAS/STING (dsDNA), Toll-like Receptors (TLRs) 3 &7/8 (dsRNA & ssRNA), 

and RIG-I(dsRNA), among many others being discovered.7 Dendritic cells and 

macrophages in an early immunogenic tumor use these nucleic acid signaling pathways 

and other DAMP signaling pathways to activate TBK1 which stimulates IRF3 migration 

to the nucleus and expression of type 1 interferons (IFNα/β).8 Type 1 interferons within the 

tumor microenvironment (TME) have been found necessary for the generation of 

endogenous tumor-antigen-specific CD8+ T cell responses in vivo. This has been tested 
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using knockout models of IRF3, IFNAR1 (receptor), and STAT1 (downstream of receptor) 

indicating that the induction, release, and downstream signaling events from type 1 

interferons are all necessary for effective anti-tumor immunity.8,9 In the TME, CD8α+ 

dendritic cells dependent on the transcription factor Batf3 are most efficient at responding 

to type 1 interferon signaling to attract and activate CD8+ T cells10. Type 1 interferon 

signaling on dendritic cells or macrophages in and around the tumor will increase the 

secretion of chemokines that stimulate the CXCR3 chemokine receptor on CD8+ T cells 

to attract them to the tumor.11 Additionally, type 1 interferon signaling will increase antigen 

presentation to activate CD8+ T cells. 

Cytotoxic CD8+ and helper CD4+ T cells are activated by antigen presenting cells 

through the presentation of antigen in the context of MHC class I and II respectively12. 

These cells are generated in the thymus, are major mediators of adaptive cell-mediated 

immunity, and play a significant role in anti-tumor immunity. They conventionally express 

the αβ T cell receptor (TCR) which recognizes a specific antigenic peptide bound to an 

MHC molecule.13 This peptide and MHC conjugate expressed on an antigen presenting 

cell is also referred to as the pMHC. The TCR on a given T cell will be unique and 

monoclonally expressed to provide a diverse collection of T cells that respond to foreign 

or “non-self” antigens in the context of pMHC. CD4+ T cells generally respond to 

extracellular threats and elicit strong cellular immunity toward an infection by recognizing 

MHC class II on a professional antigen presenting cell like a dendritic cell or macrophage.14 

CD4+ T cells also provide help to cytotoxic T cells by priming antigen presenting cells 

with CD40L-CD40 interactions to increase co-stimulatory factors and the expression of 

MHC class I in the antigen presenting cell.15 CD8+ T cells generally recognize intracellular 
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threats including viruses, intracellular bacterium and intracellular stresses by recognizing 

a foreign peptide on MHC class I on any affected nucleated cell.14 However, tumors can 

produce or present peptides of altered and unrecognized gene products that can be 

presented to T cells to elicit an immune response. For proper activation and functional 

capacity, T cells require a second costimulatory signal, also provided by antigen presenting 

cells.16 After activation, T cells undergo rapid proliferation wherein a single T cell clone 

expands 1000-fold.16,17 T cell activation of CD8+ T cells is explained in more detail below. 

Other innate and unconventional lymphoid cells can play a role in tumor elimination 

including natural killer cells, natural killer T cells, GD T cells, and innate lymphoid cells 

but the roles of these cells are beyond the scope of this dissertation.  

Tumor antigens drive T cell responses to tumor 

There are several groups of tumor antigens that present on MHC molecules to 

activate an immune response. These antigens can be broken down into two general 

classifications including tumor specific antigens and tumor associated antigens.18 

Tumor specific antigens are unique to the tumor tissue. As previously discussed, 

one of the prime hallmarks of cancer is genomic instability which induces the production 

of mutated/altered proteins.1 When these proteins are processed for MHC presentation, 

there is a chance that an altered antigen or neo-antigen will be presented and induce T cell 

activation. This classification of neo-antigens is unique because it offers the immune 

system a tumor-specific approach to tumor elimination. The predominant form of tumor 

specific antigens are missense single nucleotide variations or nucleotide 

insertions/deletions.19 However, unique tumor specific antigens can give rise from gene 

fusion products and viral oncogenes.  
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Viral oncogenes are of particular interest for inducing disease remission. Epstein-

Barr virus specific T cells in patients treated with allogeneic hematopoietic cell transplant 

for acute myeloid leukemia, were associated with a near-zero risk of relapse.20 

Additionally, the expression of human papilloma virus proteins E6 and E7 in previously 

Figure 1.2: Immunoediting of Cancer. During the elimination or equilibrium stages 

of immunoediting, the T-cell response against tumor-derived antigens controls tumor 

growth, characterized by secretion of Th-1 cytokines (IFN-γ, IL-2, and IL-12), NK 

cell recruitment, and the presence of CTLs. Through microevolutionary pressures on 

the tumor and effector response, tumor variants are selected and escape immune 

recognition. These tumor cells enter a phase of outgrowth that is not blocked by 

effector immune cells, referred to as immune escape. During Escape, the tumor 

induces the recruitment of regulatory CD4+ T cells (Tregs) and suppressive myeloid 

cells that counteract anti-tumor immune cells through a multitude of mechanisms. 

Tumors with high infiltration of suppressive cells has the worst prognoses.  From 

Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in cancer: from tumor 

initiation to metastatic progression. Genes Dev. 2018 Oct 1 under CC BY-NC 4.0 

https://creativecommons.org/licenses/by-nc/4.0/ 
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infected tissues are associated with head and neck, cervical, and anal cancers.21 These 

proteins pose valuable targets for T cell therapies and are currently being assessed as such 

in clinical trials (NCT02858310). Unlike the other tumor-specific antigens which can be a 

product of a wide array of gene mutations, viral oncogene products can be shared amongst 

patients, increasing their potential as therapeutic targets. 

Tumor associated antigens are non-tolerized protein products from unmutated 

genes that could be expressed in normal tissues.19 Some of these gene products are not 

normally expressed but are re-activated in tumors due to abhorrent DNA demethylation. 

Targeting these antigens can be effective, but TCRs engineered with high affinity to tumor 

associated antigens have shown to have lethal toxicity and present strong cross reactivity 

to normal tissues.19 

Tumor associated antigens that normally arise from genes which are expressed in 

the germline but can be aberrantly expressed in some cancers are called cancer germline 

antigens.22 NY-ESO1 and MAGE family proteins are some examples of cancer germline 

antigens expressed in myeloma, melanoma, and other cancers at varying penetrance.22 

Unfortunately, the varying expression of these proteins increases the likelihood that 

therapy utilizing them will not produce a durable response.  

Another group of tumor associated antigens are the human endogenous 

retroviruses, which are located throughout the human genome. In cancer, these can be 

reawakened and specifically expressed but they can also be expressed in normal tissues 

and should be assessed on a case by case basis.23 For example, HERV-E has been found to 

be specifically expressed in renal cell carcinoma and is the subject of a clinical trial using 

CD8+ T cells transduced with a HERV-E specific TCR (NCT03354390). 
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Tumor associated antigens can also come from proteins that are normally expressed 

but induce an immune response when they are aberrantly overexpressed in tumor cells. 

Tumor cells will amplify survival and oncogenes producing antigens derived from proteins 

such as human epidermal growth factor receptor (HER2), telomerase, or survivin. These 

have been shown to make poor targets of T cell therapies due to the inherent risk of 

toxicities observed in past studies.24,25  

The final group of tumor associated antigens  consists of antigens of differentiation 

which are derived from proteins expressed by cells at different stages of development and 

differentiation. These proteins will be specifically expressed in the tumor and the tissue the 

tumor originates. Examples of differentiation antigens include melanoma antigens MART-

1, gp100, tyrosinase related proteins 1 and 2 (TRP1, TRP2) and prostate specific antigen 

(PSA).26 T cell therapies that use TCRs responding to these antigens are effective in some 

patients but still elicit toxicities to the tissue of origin.27 For example, patients receiving 

MART-1 or gp100 specific T cells for melanoma also developed vitiligo from the 

destruction of normal melanocytes.27 

Activation of CD8+ T cells 

Dendritic cells, macrophages, B cells, or other antigen presenting cells process and 

present these antigens to activate T cells and elicit an immune response toward an 

established tumor or help eliminate tumor precursors. 

When a CD8+ T cell recognizes a tumor antigen in the context of MHC class I, 

they bind the TCR and activate SRK kinases LCK and FYN. These tyrosine kinases 

phosphorylate special tyrosine residues called immunoreceptor tyrosine-based activation 

motifs (ITAMs) in the CD3 subunits of the TCR28.  The phosphorylation of the ITAMs 
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recruits the protein kinase ZAP7028. ZAP70 activates LAT which acts as a signaling 

platform for the activation of MAPK, NF-κB, and calcium-dependent NFAT. The 

transcription factors NF-κB, NFAT and AP-1 (from MAPK) cause the upregulation of 

genes controlling proliferation, effector function, survival, and glycolysis.29 Notably, these 

transcription factors upregulate the expression of the high affinity IL-2 receptor, CD25, to 

improve sensitivity to this T cell mitogen. This is the first signal required for the activation 

of T cells.30  

Co-stimulation through the binding of co-receptors to co-stimulatory ligands on the 

antigen presenting cell provides the second signal of T cell activation. Co-stimulatory 

receptors include members of the Immunoglobulin superfamily and the TNF receptor 

(TNFR) superfamily.31 The immunoglobulin superfamily contains proteins that possess an 

immunoglobulin fold domain and includes co-stimulatory and co-inhibitory receptors. 

Some of the well-characterized co-stimulatory receptors that belong to this superfamily 

include CD28 and ICOS.32 Members of the TNFR superfamily currently studied for 

therapeutic potential include CD40, 4-1BB, CD27, OX40, and GITR.33 This co-stimulatory 

signal increases T cell survival and activation. For example, CD80/86 on an antigen 

presenting cell will bind to CD28 on a T cell to activate PI3K signaling.30 This activates 

Akt and the mTOR pathway which is an essential regulator of protein translation, cell 

survival, cell metabolism, and effector functions.34 These co-stimulatory signals also 

increase signaling through the MAPK pathways and NF-kB to increase the production of 

AP-1 and NF-kB, respectively.30 When T cells fail to activate signal 2 in conjunction with 

TCR stimulation, negative feedback mechanisms from the TCR signaling network reduce 

T cell activation.30 Additionally, in the absence of AP-1 and NF-kB transcription factors, 



11 

NFAT will activate anergy inducing genes including genes that inhibit signal transduction 

at different levels.35 

The third signal of T cell activation is brought upon by cytokines produced by the 

antigen presenting cell during T cell activation. In CD4+ T cells this signal is a determinant 

in the final function of the cell. In CD8+ T cells the role of a 3rd signal helps determine 

whether the CD8+ T cell will produce an effective response36. CD8+ T cells require IL-12 

and type 1 interferons for the maximum proliferation of effector CD8+ T cells and their 

maximum effector function.36 However, these cytokines were not found to specifically 

modulate the memory response. Various studies have found that memory CD8+ T cells 

quickly develop after low-inflammatory activation (less cytokines)  and inflammatory 

cytokines tend to divert this default pathway toward terminal effector differentiation.37,38 

For endogenous tumor specific T cells to eliminate a recently acquired malignant lesion, 

maximum T cell expansion and effector function could be beneficial in eliminating the 

tumor before it has time to grow and potentially escape the immune response. 

Resident memory T cells that remain in and patrol a specific tissue after an immune 

response to the tumor, may also play a crucial role in priming the host for response to 

residual disease. Enrichment of tissue resident memory cell gene signatures in melanoma 

patients, were associated with improved survival and dendritic cell activation.39 In pre-

clinical mouse models, these cells could prime signals locally but also migrate to local 

lymph nodes to mediate antigen spreading and induce specific and bystander responses to 

the tumor.39–41 These broad responses from tissue resident memory cells allow the immune 

system to stop the tumor in its native tissue and help prevent it from spreading to other 

organs. 
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CD8+ T cell function 

To kill tumors, CD8+ T cells elicit the release of non-lytic cytokines and lytic 

killing mechanisms, directed toward foreign, infected, or stressed cells. The non-lytic 

cytokines include TNF-α and IFN- which produce anti-microbial, anti-viral, and anti-

tumoral effects.42 IFN- leads to cell death in cells that are already stressed but also reduces 

cell cycle, increases expression of death receptors, and increases antigen presentation thus 

also improving the lytic function of the CD8+ T cell.42 The lytic function of CD8+ T cells 

occurs through the formation of a cytotoxic synapse, polarization of the CD8+ T cell 

toward the target cell, and release of cytotoxic granules containing perforin and the serine 

protease, Granzyme B, which activate programmed cell death in the target cell.43 The lytic 

function also occurs through ligand-receptor mediated interactions, such as Fas-FasL, 

resulting in the programmed death of the receptor-bearing target cell.44 This action can 

occur at lower thresholds of TCR activation than is necessary for cytotoxic granule-

mediated death.44  

Many immune therapies focus on utilizing the direct and efficient killing 

mechanisms of CD8+ T cells, however, certain CD4+ T helper cell subsets are equally 

important in eliciting an immune response to a tumor. CD4+ type 1 T helper (Th1) cells 

can license a tumor-antigen presenting dendritic cell to activate a CD8+ T cell through the 

utilization of CD40-CD40L interactions. This increases expression of B7 family co-

stimulatory ligands like CD80/86, co-stimulatory CD70, and the secretion of IL-12.45 

These signals not only increase CD8+ T cell activation and expansion but also increase the 

production of non-lytic and lytic functional molecules.30 Indirectly, activated CD4+ T cells 

will also produce IL-2, which CD8+ T cells require for potent expansion after activation.46 
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More recently, CD4+ T cells have also been found to produce cytotoxic functions not 

unlike CD8+ T cells in both mouse models and in human patients.47,48 Th1 cells also 

produce an inflammatory cytokine profile like cytotoxic CD8+  T cells, that increase tumor 

cell death. Lastly, CD4+ T cells interact with B cells and are vital for the development of 

antibody responses against tumor antigen which correlates with improved outcomes in 

patients.49 

To summarize, tumors that are stressed or have high turnover, release DAMPs that 

alert myeloid cells of the danger. Dendritic cells and macrophages phagocytose tumor 

apoptotic cell bodies and process tumor proteins into antigens. These professional antigen 

presenting cells will present tumor-associated antigen to T cells in the context of MHC to 

activate the adaptive immune response. T cells that recognize tumor antigens are drawn to 

the tumor through the release of chemokines. In the tumor, the T cells eliminate tumor cells 

that are expressing tumor antigens. These highly immunogenic tumors are quickly 

eradicated, and their presence will go unknown to the host.50,51  

Cancer evades the immune system 

As time went on the theory of immunosurveillance evolved into the first stage of 

the immune-editing process of tumor immunology (elimination). Cancer cells avoid 

elimination by suppressing active immune responses and through an evolutionary selection 

of non-immunogenic tumor cell variants. Cancer immunoediting has three phases 

including tumor elimination, equilibrium, and escape (Figure 1.2).52,53  In the previous 

section, its discussed that during the elimination phase, newly formed tumors are 

recognized by both the innate and adaptive immune system and then are eradicated. In the 

equilibrium phase, the immune system and the tumor achieve a balance, wherein exists an 
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ongoing immune response and survival of tumor variants.52 At this stage, the tumor will 

appear indolent from the slow and persistent trimming of immunogenic tumor clones and 

the release of cytokines that reduce cell cycle (like IFN-γ) (Figure 1.2). Through an 

evolutionary selection process, tumor cell variants with reduced immunogenicity 

eventually arise and give way to the final stage, escape.52  

Near the end of the equilibrium and beginning of the escape phase of tumor 

immunoediting, tumors and other immunosuppressive cells will begin upregulating 

molecules that mediate T cell exhaustion.52 Exhaustion is induced when there is a constant 

source of antigen and inflammation. The effector T cells become exhausted as they try to 

destroy the antigen source and continue to signal through their TCR.54 Exhausted CD8+ T 

cells lose the capacity to generate memory T cells and produce a functional cytokine 

response. This loss of activation, function, and survival is phenotypically associated with 

the expression of inhibitory receptors CTLA-4, PD-1, LAG3, TIM3, TIGIT, 2B4, CD160, 

VISTA, RANKL, NKG2A, CD96 and more which continue to be discovered and studied.52 

CD8+ T cells that express PD-1 or CTLA-4 are still capable of function, however, as CD8+ 

T cells upregulate more exhaustion markers, their potential to lose effector functions 

increases and their function and survival decreases. These inhibitory receptors on T cells 

interact with their ligands expressed on tumor cells, stromal cells, and immunosuppressive 

cells to trigger the activation of phosphatases and regulatory kinases that quench proximal 

and distal TCR signals.55  

Myeloid cells in the TME also play a vital role in T cell exhaustion, suppression, 

and immune escape. Myeloid derived suppressor cells (MDSCs), tolerogenic dendritic 

cells, tumor associated macrophages, and tumor associated neutrophils all have functions 
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that can exhaust and suppress T cells.56 Many of these cells express inhibitory ligands that 

bind to the inhibitory receptors on T cells to induce the exhaustion of anti-tumor T cells.56 

Additionally, these cells can enzymatically deplete amino acids, damage T cells with 

chemically reactive oxygen and nitrogen radicals, increase suppressive messengers like 

free adenosine, and enhance suppressive functions of other suppressor cells.56,57 

Suppressive myeloid cells pose a major problem for endogenous tumor immunity and 

tumor immunotherapeutics. The number of MDSCs in a patient correlates with the failure 

therapies like immune check point inhibitors described in the following section.58  

In addition to MDSCs tumor associated macrophages pose a major problem to 

tumor immunity. Tumor associated macrophages produce anti-inflammatory cytokine IL-

10 instead of inflammatory cytokine IL-12. IL-10 drives the activity of regulatory T-cells 

(Tregs) which further suppress any immune response to the tumor.59 IL-10 also directly 

suppresses CD8+ T cell function. TAMs also halt T cell activation through expression of 

immune checkpoint ligands and deprivation of nutrients, similar to MDSCs.60,61   

Mature granulocytic cells could be immune suppressive under certain context. The 

TME will often secrete chemokines drawing in mature polymorphonuclear cells to the 

TME or to the metastatic niche.62 In some studies it was shown that these cells promote 

angiogenesis through secreted proteases such as MMP-9.63 These cells have also been 

shown to be suppressive through secretion of the homeostatic cytokine, TGF-β.64 

Conventional Dendritic cells (cDCs) are vital for eliciting a tumor immune response 

but in cancer the basic functions of dendritic cells in the tumor baring host are dysfunctional 

as a result of irregular differentiation.65 Biochemical factors of the TME including hypoxia 

and acidosis were found to impair cDC function and migration66. Dendritic cells 
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differentiated while exposed to TME conditions were shown to drive Th2 T-cell responses 

through upregulation of adenosine receptor A2b. Increased adenosine in the TME along 

with HIF1α mediated A2b expression in these DCs subsequently boosting expression of 

pro-angiogenic cytokine VEGF,  inflammatory cytokines IL-6 and IL-8, in addition to the 

anti-inflammatory IL-10, cyclooxygenase 2(COX2), TGFβ and indoleamine 2,3 

dioxygenase (IDO).67  

At the molecular level, each suppressive function from these myeloid cells impacts 

an aspect of T cell activation. As discussed above, the binding of checkpoint ligands to 

inhibitory receptors counters necessary co-stimulatory signals. IL-10 from TAMs induces 

the growth of N-glycan branches on the surface of CD8+ T cells to reduce TCR sensitivity 

to antigen.68 Oxidative stress from reactive species and amino acid depletion induce down-

regulation of the TCR zeta-chain, reducing the ITAMs necessary for the recruitment of 

ZAP-7069. ROS and RNS can also impact different aspects of IL-2 signaling on T cells to 

further inhibit their expansion70. Thus, most of these factors suppress T cells by suppressing 

signal 1 or signal 2 of T cell activation. 

Suppressive myeloid cells pose problems in both endogenous immune responses to 

the tumor and in the efficacy of tumor immunotherapy. Based on the impact of MDSCs on 

T cell activation, reducing the threshold of activation of T cells and/or improving T cell 

co-stimulation could greatly improve T cell responses in the presence of these suppressive 

cells. The problems posed by MDSCs and other suppressive myeloid cells and potential 

solutions will be looked at more carefully in chapter 2. 
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Immunotherapy of Cancer 

Despite the escape of tumor cells during the immunoediting process, residual 

tumor-reactive T cells or Tumor infiltrating lymphocytes (TILs) that remain competent 

may remain in the tumor or in secondary lymphoid structures. These TILs can be expanded 

ex-vivo with IL-2 and are still capable of cytotoxic function but at a lower level. One major 

goal of immunotherapy is to revitalize tumor-reactive T cells through immune checkpoint 

inhibitors, using oncolytic viruses, vaccination, cytokine therapies, co-stimulatory 

antibody therapies, or adoptive cell transfer (Figure 1.3). In this section I will touch on 

each of these categories of immunotherapy with a focus on adoptive cell transfer. In 

chapter 2, I will expand upon engineered adoptive cell therapies in solid tumors and blood 

cancers.  

Oncolytic viruses. One of the most conceptually primitive forms of 

immunotherapy is the use of pathogens to initiate an immune response to a tumor. In 1891, 

William Coley utilized a mixture of live and inactivated Streptococcus pyogenes and 

Serratia marcescens which could elicit tumor regression in some sarcoma patients.71  This 

risky therapy fell out of vogue, but the concept of driving an anti-tumor response with 

pathogens has reemerged in the form of oncolytic virus therapies. This is the use of 

modified viruses to infect tumor cells which increase local inflammation and invigorate 

systemic anti-tumor immunity.72 Viruses infect healthy and malignant cells but the antiviral 

machinery in healthy tissue is often missing in cancer cells. This gives the therapeutic virus 

a distinct replicative advantage in tumor cells.  The use of oncolytic viruses are gaining 

increased attention in the laboratory and clinic with studies ongoing in vesicular stomatitis 

virus (VSV), adenovirus, vaccinia virus, and measles virus.73–76 To date, only Talimogene 
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laherparepvec (T-VEC), which is an attenuated herpes simplex virus type 1 (HSV-1) 

developed for the treatment of melanoma, has been approved by the FDA. Unfortunately, 

oncolytic viruses face many unique challenges including high density extracellular matrix, 

insufficient viral extravasation from high interstitial fluid pressures, sequestration by the 

mononuclear phagocyte system, antiviral serum factors, and innate immune responses to 

the virus. Not unlike other immunotherapies, oncolytic viral therapy also suffers from 

tumor-mediated suppression of the adaptive immune response to the virus.77 However, this 

last challenge may benefit from combining oncolytic viral therapy with several other 

immune therapies designed to invigorate the immune response.  
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Figure 1.3: The major categories of immunotherapy. The general categories of 

cancer immunotherapeutics includes oncolytic virus therapies, cancer vaccines, 

immune agonist & cytokine therapies, adoptive cell transfer, and immune checkpoint 

inhibitors. Immune checkpoint therapies and adoptive cell transfer have shown the 

greatest efficacy thus far whereas the other categories have lagged clinically but 

show great promise for future therapeutics. The basic principles of each therapeutic 

strategy and the corresponding cellular mechanisms involved in each step are shown. 

From Zhang Y, Zhang Z. The history and advances in cancer immunotherapy: 

understanding the characteristics of tumor-infiltrating immune cells and their 

therapeutic implications. Cell Mol Immunol. 2020 Aug;17 under CC BY-NC 4.0 

https://creativecommons.org/licenses/by-nc/4.0/ 
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Vaccine Therapy. Cancer vaccines use tumor-specific or tumor associated antigens to 

trigger T-cell-mediated antitumor immune responses. Pivotal studies came from the 

identification of melanoma-derived antigens encoded by the MAGE (melanoma-associated 

antigen) genes. These antigens are recognized by CD8+ T cells to elicit  an antitumor 

immune response.78,79 In addition, Dr. Steven Rosenberg’s lab discovered the gp100 

antigen in human melanoma, which increased tumor rejection in vivo by activating TILs. 

These initial findings paved the way for the use of tumor antigens as vaccines in cancer 

immunotherapy. Dendritic cell (DC) vaccines have also had some (limited) success. DCs 

are professional antigen-presenting cells (APCs) that play critical roles in eliciting 

antitumor immunity.80 Specifically, after activation by tumor antigens, DCs internalize, 

process, and subsequently present the processed epitopes to T cells and induce cytotoxic T 

lymphocyte (CTL) immune responses.80 In DC-based vaccines, autologous DCs are pulsed 

with tumor antigens or tumor cell lysates and stimulated with a maturation cocktail ex 

vivo.81 The only DC-based vaccine approved by the FDA is sipuleucel-T (provenge), a DC-

based immunotherapy that has been approved for the treatment of advanced castration-

resistant prostate cancer. Unfortunately, sipuleucel-T only improves overall survival by 4 

months, indicating there is much room for improvement in the cancer vaccine research 

space.82  

Cytokine therapy. Given that cytokines orchestrate the type of immune response 

in a host, it is rational that researches have been testing the use of these molecules to 

reinvigorate the immune system in a tumor burdened host. Interferon-alpha (IFN-α) serves 

as a classic example of utilizing a cytokine in the treatment of cancer. IFN-α can directly 

kill tumor cells and stimulates DC maturation and activation of T cell cytotoxicity.83 
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Clinical studies have shown some therapeutic role of IFN-α at high doses in chronic 

myeloid leukemia and melanoma.84,85 However, poor tolerability and severe toxicity 

hampered further applications of these cytokines as monotherapies. Cytokines as a 

monotherapy have subsided but they are still being investigated in combinatorial studies 

with other immunotherapies.  

 Immune checkpoint blockade. Immune checkpoint inhibitors (ICIs) have become 

one of the most important treatments in the field of immunotherapy. The seminal discovery 

by Dr. James Allison in 1996, found that the blockade of CTLA-4 on T cells could enhance 

anti-tumor immunity in pre-established tumors.86 Later, the anti-CTLA-4 antibody was 

tested in patients and found to improve patient survival and was approved by the FDA.87,88 

Around the same time in 1996, Dr. Tasuku Honju discovered the inhibitory receptor, PD-

1, on B and T cells.89 It was not known how PD-1 functioned until, Arlene Sharpe and 

Gordon Freeman discovered PD-L1 and PD-L2  inhibitory ligands.90 In the meantime, it 

was found that blocking PD-1 enhanced the recruitment of anti-tumor cells and prevented 

the metastasis of B16 melanoma.91 Since then, anti-CTLA-4, anti-PD-1, and anti-PD-L1 

therapies have been approved by the FDA for the treatment of melanoma and are being 

tested in numerous cancers to see if they can reinvigorate the immune response.  

The most impressive success of ICIs has been long term remissions, particularly in 

melanoma. Roughly 20% of melanoma patients achieve a complete response (with no 

visible tumor) when treated with anti-PD1 with or without anti-CTLA-4.92 It is now widely 

accepted for treatment to be discontinued in these patients, since their risk of relapse is less 

than 10% over the 5-year survival.92 Unfortunately, not all cancer types are responding as 

well as melanoma, so there is much to be done to improve their efficacy. 
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In recent years, biomarkers for responders to ICIs have been studied by numerous 

labs. At the cellular level, responders to ICIs typically have increased TILs, total 

lymphocyte counts, and activated T cells as well as decreased MDSCs and monocytes. At 

the protein level, responders to ICIs have increased expression of PD-L1, IFN-γ, IDO, Th1 

cell markers, ICOS-related proteins, and decreased lactate dehydrogenase levels. 

Despite their successes, ICIs still show immune related adverse events in patients. 

Anti-PD1 therapies tend to produce thyroid dysfunctions and toxicities, inducing hypo- 

and hyperthyroidism. Anti-CTLA-4 therapies increased frequency of colitis and 

hypophysitis.93 Additionally, ICIs exhibit fatal toxic effects in anywhere from 0.3% and 

1.3% of patients.94  

Co-stimulatory agonists. Some therapies are also being developed to agonize T 

cell co-stimulatory receptors. As previously discussed, T-cell activation requires a second 

costimulatory signal in addition to the TCR. In preclinical studies, some agonists of 

costimulatory molecules have demonstrated clinical efficacy in tumor control and a number 

of these drugs have proceeded to first-in-human clinical trials. One prime example is the 

use of 41BB agonists. In mouse B16 melanoma, agonistic 4-1BB antibody combined with 

anti-PD-1, increased tumor control and increased the number of TILs in the mouse tumor.95 

In mice and humans, signals mediated through the 4-1BB domain have also been found to 

reverse exhaustion induced by chronic TCR stimulation.96,97 In the clinic, a combination of 

vaccination with 4-1BB agonist could prolong the survival of patients with the deadly 

pancreatic adenocarcinoma.98  

Although some agonists have demonstrated promising results in early phase I trials, 

many of these drugs fail to elicit an adequate response or pose immune-related toxicities.99 
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In preclinical murine studies, treatment of tumor-bearing mice with agonistic 4-1BB 

antibodies induced higher blood liver enzymes and increased liver tissue damage.95 In the 

clinic, numerous toxicities and side effects are observed with agonist antibodies including 

less trivial lymphopenia, neutropenia, transaminitis, neuropathy, and hepatotoxic-related 

deaths.99  Additionally, these therapies have suffered from inadequate T cell infiltration 

and activation, reduced influx and activity of APCs, and impediment from suppressive 

TME.99 There is still potential for these co-stimulatory agonists in combination with 

immune checkpoint inhibitors, albeit at lower doses than have been used in previously 

failed studies.  

Adoptive Cell Therapy. Adoptive cell therapy (ACT) is manipulation of 

autologous cytotoxic cells in a patient to produce a tumor-specific immune response and 

has found success in treating some cancers. ACT is broken down into two general 

categories. Tumor-reactive TILs are isolated from a patient’s tumor, expanded ex vivo, and 

re-infused with IL-2 or other factors that improve T cell activation and function.100 

Unfortunately, over half of patients do not have TILs to expand and manipulate.101 The 

second general category of ACT involves the isolation of autologous or allogeneic 

cytotoxic cells, that are then genetically modified to express tumor-specific TCRs or 

chimeric antigen receptors(CARs). CARs are made of a single-chain variable fragment of 

an antibody that is specific to an antigen on the surface of a tumor cell. The internal domain 

contains various co-stimulatory molecules that potentiate a T cell-like response.102 Unlike 

T cell receptor-transgenic T cells, the specificity of CAR T cells is not dependent on the 

recognition of tumor derived peptides presented in the context of MHC molecules.101–103 

These therapies have demonstrated considerable efficacy in patients with hematological 
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malignancies, but their efficacy in the treatment of solid tumors remains to be 

comprehensively studied.102,104 In a cohort of 30 pediatric patients with lymphoma, a 

complete remission rate of 90% was observed when treated with CD19-specific CAR T 

cells with a 4-1BB co-stimulatory domain. Sixty percent of these patients remained in 

remission after 6 months.105  Unfortunately, CAR T cells in solid tumors require a harsh 

conditioning regiment to induce lymphodepletion to make room for these cells in the 

lymphatics and blood. One study used CAR T cells in patients treated for HER2+ sarcoma 

and were only able to control disease and increase overall survival for 10.5 months.104,106  

The reduced success of ACT in the solid TME is due to the numerous suppressive 

factors that induce tumor escape. To improve ACT, T cells can be genetically engineered 

using CRISPR–Cas9 technology to delete inhibitory receptors, such as PD-1 or to induce 

expression of a dominant negative receptor for TGFβRII107. Genetic engineering of ACT 

opens endless possibilities in improving T cell characteristics such as trafficking, effector 

function, proliferation, and survival in the suppressive TME. One such engineering feat 

that can greatly improve ACT is the addition of engineered co-receptors in endogenous 

TILs, tumor-specific T cells, or CARs. This is expanded upon near the end of chapter 2. 

The onset of on-target and off-target toxicities mediated by CAR T cells in solid 

tumors is an issue of concern.108 The most common acute toxicity of CAR T cells is 

cytokine release syndrome (CRS). The cytokines increased during CRS include IL-6, TNF-

α, IL-2, IL-8, and IL-10. These cytokines could be produced by the CAR T cells or 

bystander immune cells that are invigorated with CAR T cell activation. CRS impacts 

many organ systems and includes involvement of the cardiovascular system, kidneys, liver, 

gastrointestinal tract, blood, and musculoskeletal system. The research groups that 
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investigate anti-CD19 and anti-BCMA CARs have also reported reversable 

neurotoxicities.109 This is likely due to increased inflammatory cytokine production and 

the fact that activated T cells have an easier time crossing the blood brain barrier. 

Management of ACT-related toxicities require vigilant monitoring of patients, but they are 

often treated with immunosuppressive drugs and neutralizing antibodies.110 

Allogeneic transplant and immunotherapy 

Technically speaking, allogeneic hematopoietic stem cell transplant (allo-HSCT) 

represents the most common cellular immunotherapy for cancer.111 Allo-HSCT is a 

treatment in which stem cells are transferred from a healthy donor into a host patient after 

high-intensity chemotherapy or radiation.111 The goal of this therapy is to kill-off or 

severely weaken the host’s hematopoietic stem cells to make room for complete 

engraftment of the donor’s immune system into the host. In blood cancers that are 

aggressive or evade other treatment options, allo-HSCT is presented as an effective 

treatment option.   

After the donor immune cells engraft into the host, donor-derived T cells and NK  

cells can reject residual malignant cells in the patient.112 In the clinic this vital process is 

referred to as graft-versus-leukemia (GVL); experimentally it is called the Graft-versus-

tumor (GVT) effect. Donor T cells are activated on host-APCs cells early after transplant. 

In a well-matched donor, this typically occurs when antigenic peptides that have minor 

single nucleotide polymorphisms are presented by host-APCs. This is similar to single 

nucleotide variations in (solid) tumor specific antigens, but the single nucleotide 

polymorphisms between donor and recipient are due to minor genetic differences and not 

from acquired mutations.  
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 The major goal of researchers studying GVL is to produce a potent GVL response 

without increasing GVHD. Graft-versus-host-disease is the largest complication of 

allogeneic transplantation. This is when the immune cells from the donor attack healthy 

cells in the host patient.113 The organ systems most affected by GVHD include the skin, 

intestines, liver, muscles, joints, and eyes. GVHD ranges from mild to severe and is treated 

with immunosuppressive drugs, but some patients do not respond to treatment, leading to 

death. Due to the link between GVL and GVHD, it is important to study the effect a 

treatment may have on GVHD when studying GVL. This can be done by removing tumor 

from the model system and measuring GVHD effects over all variables.  

The inability to maintain a GVL response after allo-HSCT represents the major 

cause of treatment failure.112 Relapse after allo-HSCT varies from cancer type but 

approximately 35% of recipients of unrelated donor transplants and about 40–45% of 

recipients of HLA-identical siblings will relapse with their cancer. Relapse can happen 

through multiple modalities but the most profound is the escape of leukemia from the 

allogeneic response. Almost 1/3rd of leukemias observed before and after allo-HSCT 

leukemic relapse were found to specifically delete HLA alleles that corresponded to 

mismatched MHC class I and II molecules. This would not alter the overall expression of 

MHC class I on the cell surface but instead hinders the ability of allogeneic donor T cells 

to identify and kill the tumor cells.114 

Relapse can also occur from failure to elicit an adequate immune response. After 

allo-HSCT, there is a time in which host antigen-presenting cells stimulate donor 

allogeneic T cells. After donor APCs are established they can tolerize donor immune cells 

which reduces the GVL potential of allogeneic T cells.115 Additionally, patients undergoing 



27 

allo-HSCT often require an immunosuppressive regiment to prevent GVHD. The 

immunosuppressive drugs can reduce GVL responses to residual tumor which can lead to 

relapse. Sometimes just removing a patient from their immunosuppressive regiment can 

stimulate allogeneic T cells enough to induce remission.116 Lastly, if a tumor is too 

aggressive and the antigenic burden is too high, allogeneic T cells will rapidly become 

exhausted.117  

Relapse after allo-HSCT can also occur from leukemic sanctuary sites not patrolled 

by allogeneic T cells in addition to several transplant related factors. The brain, bone, and 

kidney are common sites of relapse118. Donor T cells may not initially express the selectin 

molecules necessary to enter these tissues, allowing tumors to grow and evolve unchecked. 

The transplant related factors that impact risk of relapse include Age, disease state, donor 

matching, conditioning, GVHD prophylaxis, and chimerism119. 

These GVL escape mechanisms make it clear that an early and effective GVL 

response to the residual tumor is necessary to eliminate the tumor before the tumor can 

acquire some of these mechanisms . By engineering donor CD8+ T cells to produce an 

early and more effective response in the allogeneic setting, it may be possible to counteract 

these evasion mechanisms that cause relapse after treatment with allo-HSCT. In chapter 2 

I will expand upon mechanisms of GVL, GVL escape, and delve into potential ways to 

engineer an effective GVL response to eradicate residual disease in patients receiving allo-

HSCT.  

Innate immune signaling as novel T cell co-stimulation to counteract tumor evasion 

 Both solid tumors and leukemias treated with allo-HSCT, elicit evasion 

mechanisms that make relapse after treatment, a major problem. In allo-HSCT, these 
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problems can be summarized to include the downregulation of immunogenic properties in 

tumor and increased tumor aggression. In solid tumors, myeloid suppression from MDSCs 

and other myeloid cells inhibit signal 1 and signal 2 of T cell activation. In both scenarios, 

improving T cell activation and co-stimulation could drive a faster and more effective T 

cell response to the tumor.  

 Novel pathways for T cell co-stimulation may provide the means to enhance T cells 

to counteract the highlighted tumor evasion mechanisms. Earlier we discussed the role of 

co-stimulation or signal 2 in maintaining the proliferation, survival, and function of an 

activating T cell. Novel forms of T cell co-stimulation have been discovered that use PRRs 

expressed in adaptive immune cells, including T cells. 

PRRs in CD8+ T cells can serve as co-stimulatory receptors and modulate T cell 

functions in conjunction with TCR activation.  In humans, TLR2, TLR3, TLR4, and TLR9 

are expressed on CD8+ T cells120. TLR3 ligands (RNA) and TLR9 ligands (DNA), directly 

enhance IL-2 production and proliferation of mouse and human naïve CD4+ and CD8+ T 

cells121. TLR4 activation on human CD8+ T cells increases the production of effectors 

including IFN-γ, TNF-α, perforin, and granzyme B122. TLR2/1 co-stimulation can improve 

T cell proliferation, lower the TCR threshold of activation, improve T cell survival, and 

increase functional effector output123,124. In the last section of chapter 2, we will expand 

on the TLR signaling pathway and how it can be used to engineer a CD8+ T cell to 

counteract tumor evasion and improve efficacy of T cell therapies.  
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CHAPTER II: Improving T cell therapies in Leukemias and solid tumors 

Engineering T cells for improved response to allogeneic transplant  

Hematopoietic stem cell transplant is a common treatment for hematological 

malignancies and is potentially curative. Two major forms of hematopoietic stem cell 

transplants are utilized in the clinic to treat blood diseases.  Autologous stem cell transplant 

(Auto-HSCT) is when a patient receives their own stem cells as a rescue strategy from 

conditioning regiments utilized to eradicate the underlying disease. Allogeneic 

hematopoietic stem cell transplant is when hematopoietic stem cells from a donor are 

infused into a patient to induce donor-derived hematopoiesis and immunity.125 Transplant 

as a treatment is considered for 11 specific acquired diseases including malignancies, 

hematopoietic proliferative/dysplastic disorders, and some acquired anemias. In 

malignancies, Allo-HSCT elicits a GVL effect, in which the donor immune cells attack 

residual tumor post-conditioning.126  In this section, I will specifically discuss the use of 

allo-HSCT and methods to enhance the graft-versus-leukemia effect to combat malignancy 

and disease relapse. 

Allo-HSCT as a therapy was conceived at the beginning of the nuclear age in the 

1950’s when research on radiation consumed the minds of scientists. Within the, 

“Semiannual Report to the Atomic Energy Commission”, was the seminal finding that 
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hematopoiesis was preserved in mice after lethal irradiation when their spleens were  

shielded.127 This study was integral to scientists looking to understand blood development 

and spurred studies in allogeneic transplant in mice and humans. Throughout the 1950’s 

and 1960’s, experiments on allo-HSCT failed either from relapse or from an 

immunological reaction unknown during that time.128 It is now know that chromosome 6 

contains over 200 genes forming the major histocompatibility complex (MHC). This 

includes HLA-A/B/C or MHC class 1, which bind to CD 8+ T cells. It also includes  HLA-

DP/DQ/DR, or MHC class II which bind to CD4+ T cells.14 In host tissues, these molecules 

are recognized by allo-reactive donor T cells which than kill and inflame vital somatic host 

tissue in a process called graft-versus-host disease (GVHD).129 Acute GVHD is first 

initiated through tissue damage and inflammation resulting from the harsh chemical or 

Figure 2.1 Minor histocompatibility antigens (miHA) are the driving force behind 

allogeneic responses in modern allo-HCT. Single nucleotide polymorphisms or SNPs in the 

coding region of genes produce variations in peptide presented on MHC molecules. This 

variation is recognized by an allogeneic T cell which activates, proliferates, and can induce 

GVL or GVHD depending on the specificity and origin of the peptide variant. Adapted from 

public domain under CC BY-NC 4.0 https://creativecommons.org/licenses/by/4.0/ 
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radioactive conditioning. This damage induces danger signals and MHC presentation 

which activates donor T cells. These T cells migrate to target tissues inducing inflammation 

and destruction through cytokine and cell-mediated responses.129 Chronic forms of GVHD, 

appeared more frequently when bone marrow transplant was replaced with the transplant 

of CD34+ hematopoietic blood migrants and when HLA-matching became possible.130 The 

chronic form of GVHD is more akin to a systemic autoimmune disease of the same organs 

impacted by acute GVHD.131 GVHD in all forms has remained a major problem for 

treatment of malignancies using allo-HSCT in the clinic.  

It was later found that patients who did develop some GVHD had a 2.5 times lower 

chance of relapsing from their malignancy.132 This was the first indication of the GVL 

effect in patients undergoing allo-HSCT. This meant that the donor T cells also helped 

invigorate an anti-tumor response to any malignancy that remained after harsh conditioning 

regiments. This was further supported by the observation that patients whose graft 

underwent T cell depletion had an increased chance of relapse.133 In contrast, patients who 

received additional donor lymphocyte infusion (DLI), had an increased chance of 

remission after relapse.134 Lastly, it was found that patients whom received autologous or 

syngeneic transplants had increased chance of relapse.135 Even when HLA is matched there 

exist genetic polymorphisms such as single nucleotide polymorphisms that result in the 

presentation of different endogenous protein products on HLA molecules. These are 

referred to as minor histocompatibility antigens or miHA and are the central mediators of 

GVL and GVHD (Figure 2.1). DLI is still a successful treatment for relapse in some 

patients and improves the GVL response but may induce severe GVHD.  
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T cells elicit GVL effects 

At the cellular level, GVL is mediated primarily by T cells and natural killer (NK) 

cells. In T cells, the same MHC-mismatch explained to mediate GVHD, also elicits a GVL 

response (Figure 2.1). First host-APCs take up tumor antigen after the therapeutic 

conditioning regiments (Figure 2.2). These antigens are likely presented to CD4+ T cells 

Figure 2.2: Mechanisms of leukemia cell recognition and killing after 

hematopoietic stem cell transplantation. Recipient dendritic cells are loaded with 

tumor-related minor histocompatibility antigen after conditioning regiments for allo-

HSCT. APCs present antigen and provide co-stimulation to transplanted donor CD4+ 

and CD8+ T cells. CD4+ T cell priming also helps CD8+ T cells by producing the T 

cell mitogen,  IL-2. Activated CD4+ and CD8+ T cells will recognize and kill  

leukemia cells presenting their cognate allo-antigens. From Blazar BR, Hill GR, 

Murphy WJ. Dissecting the biology of allogeneic HSCT to enhance the GvT effect 

 whilst minimizing GvHD. Nat Rev Clin Oncol. 2020 Aug. with licensing permissions 

from Springer Nature. 
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first which simultaneously activate and help activation of CD8+ T cells (Figure 2.2). T 

cell help occurs through CD40-40L interactions with the APCs and subsequent 

upregulation of co-stimulatory molecules, MHC class 1, and cytokine IL-2 (Figure 2.2). 

CD4+ T cell can directly kill the tumor through Fas-FasL interactions and cytokine release 

(Figure 2.2). CD8+ T cells will go on to kill with cytotoxic granule release through the 

TCR, death receptors (e.g. FASL, TRAIL), or through activating cytotoxic receptors like 

NKG2D (recognizing stress molecules).  

Some reports have indicated that memory T cells, which lack the proliferative 

capacity of naïve T cells, produce a specific GVL effect.136 At Johns Hopkins it was found 

that post-treating transplant patients with cyclophosphamide decreased GVHD and spared 

some GVL effect.137 This drug was found to spare the memory T cells while selectively 

killing the rapidly proliferating naïve allo-reactive T cells, allowing them to elicit GvL 

effects. T regulatory cells also help produce a peripheral tolerance to reduce GvHD while 

sparing the GVL effect.138  

Mechanisms of GVL evasion and potential solutions 

Unfortunately, leukemias have multiple mechanisms they utilize to avoid the GVL 

effects. This includes impaired recognition of leukemic cells, utilization of immune 

checkpoint ligands, modulation of inflammatory and anti-inflammatory cytokines, 

expression of immunosuppressive enzymes, and increased tumor aggression (Figure 2.3). 

When a patient relapses after transplant the limited treatment options include withdrawal 

of immunosuppressive drugs, DLI, chemotherapy, or a combination thereof. We will go 

through each potential mechanism for tumor evasion of GVL and explore potential 
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therapeutics that complement the current strategies for treating relapse, with a focus on T 

cell mediated GVL.  

The loss of mismatched HLA in leukemic cells is a detriment to allogeneic T cell 

responses to the tumor.114 Rather than HLA expression being downregulated like is seen 

with solid tumors, only the mismatched HLA are reduced. This simultaneously impedes T 

cell recognition of the tumor while protecting tumor identity from NK cells. In mice, this 

was further exemplified using a GVL model that utilizes a blast crisis chronic myelogenous 

leukemia cell line expressing H60 miHA and H60-specific T cells. They found that after 

day 14, the GVL response flattened despite an increasing pool of H60 antigen.139  In 

humans, tumor-derived HLA loss after matched allo-HSCT explains one-third of relapses 

in this setting.140,141 Similarly, Hodgkin’s lymphoma and aggressive B-cell lymphomas 

display HLA class II downregulation, which limits the host antitumor immune response by 

reducing CD4+ T cell activation and priming of cytotoxic T cells.142,143 

To get around this evasion mechanism, clinicians can utilize therapies that improve 

tumor antigenicity and cross presentation to boost miHA presentation on host dendritic 

cells. CD40-CD40L interactions are known to improve dendritic cell activation of T cells 

through upregulation of co-stimulatory ligands and MHC class 1.144 In mice, treatment with 

an anti-CD40 monoclonal antibody on the day of allo-HSCT upregulated co-stimulatory 

factors on host dendritic cells, improved activation of memory H60-specific T cells, and 

improved the GVL effect.139 Although anti-CD40 as a therapy is yet to be tested in allo-

HSCT, safety trials have already begun in solid tumors.145,146 

Immune checkpoint ligand expression on tumor cells or checkpoint receptor 

expression on T cells, likely plays an important role in escape from GVL. In mice, PD-1, 
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Tim-3, TIGIT, and LAG-3 were found increased alone and in combination on miHA-

specific TetH60+ cells in spleen and bone marrow post transplant139. Recent studies have 

identified the transcription factor, TOX, for the identification of truly exhausted T cells. 

H60-specific cells in mice post transplant had increased TOX MFI compared to naïve or 

tetramer H60 negative memory populations.139 This same study found that anti-PD1 

therapy could improve GVL responses in those mice. Studies in Hodgkin’s Lymphoma 

patients who were treated with anti-PD-1 checkpoint inhibitor therapy had improved tumor 

clearance, however, they also had increased incidence of GVHD.147 In patients who 

relapse, there is also an increase in expression of multiple inhibitory checkpoints, including 

PD-1, TIGIT, and KLRG-1, on miHA-specific T cells.148 Unless an ICI that only re-

activates tumor-reactive T cells is found, it is not likely that ICIs will be utilized for 

improving GVT in allo-HSCT due to increased risk of GVHD.  

There is some evidence that leukemic cells block the production of some pro-

inflammatory cytokines to improve their survival. IL-15 is a cytokine produced by typical 

myeloid cells and controls the growth of leukemia by invigorating NK cells and inducing 

memory T cell development.149–151 Low serum IL-15 levels are observed with relapse post 

allo-HSCT.152 Additionally, in childhood B cell lymphoma, low IFN-γ expression was 

associated with high-risk stratification suggesting that a defect in IFN-γ 
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production could allow the tumor to escape immunosurveillance.153 In addition to reducing 

pro-inflammatory cytokine production, some leukemic cells produce anti-inflammatory 

cytokines to inhibit GVL responses. CML cells produce TGF-β and IL-4, both of which 

antagonize MHC class II antigen presentation, reducing the identification of tumor cells by 

CD4+ helper T cells.154,155 IL-10, which downregulates Th1 cytokines, MHC class II 

antigens, and co-stimulatory molecules on macrophages, is produced by chronic 

lymphocytic leukemia (CLL) cells.156 Over production of these anti-inflammatory 

cytokines could reduce tumor antigenicity and decrease the GVL effect.  

Figure 2.3: Mechanisms of GVL evasion. The general mechanisms of GVL evasion 

are listed and underlined by potential solutions. The evasion mechanisms include  

impaired leukemia cell recognition, immune checkpoint ligand expression, increased 

anti-inflammatory cytokine output and decreased pro-inflammatory cytokine output, 

expression of immunosuppressive enzymes, and new mutations driving tumor 

aggression. From Robert Zeiser, Luca Vago; Mechanisms of immune escape after 

allogeneic hematopoietic cell transplantation. Blood 2019; 133 (12): 1290–1297. 

with liscensing permission from Elsevier  
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To get around a tumor induced reduction in inflammatory cytokines, one group 

developed and utilized the first-in-trial IL-15 superagonist, ALT-803, to treat relapse after 

transplantation. In human safety trials, 19% of patients received benefit with one complete 

response in 6mg/kg dose range. Fortunately, only 7% of patients had mild, grade II, skin 

GVHD that was treatable with topical steroids. If these data allow them to ascertain 

whether the patients who benefitted were deficient in IL-15 with relapse, this therapy could 

prove beneficial for that subset of patients. In mouse models that utilized a new version of 

this agonist, they found improved GVT in an allo-HSCT model with DLI.157 Depending 

on the results of the human trials with the old and new IL-15 agonists, this could be 

beneficial for patients that relapse from reduced cytokine output.  

To prevent the effects of exhaustion and immunosuppression produced by tumor 

cells, it may be necessary to modify T cells to be less responsive to suppression. As 

discussed in chapter one, T cells can be genetically engineered using CRISPR–Cas9 

technology to induce expression of a dominant negative receptors, such as TGFβRII.109,110 

By modifying donor infused allogeneic T cells to block TGF-β or reduce IL-10 signals, it 

could be possible to rescue these cells from immunosuppression.  

Several enzymes exist that negatively impact T cell metabolism through the 

production of inhibitory biproducts. One example of these biproducts is free adenosine 

which is inhibitory to T cell activation in the TME. CD73 is an ectonucleotidase that 

catabolizes adenosine monophosphate into adenosine.158 Genetic deficiency of CD73 in 

mice, enhanced leukemic cell rejection after allo-HSCT.158 However, like the study using 

anti-PD1 in humans, the blockade of CD73 also increases GVHD with the enhanced GVT 

effects.159  
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Other examples of inhibitory enzymes that leukemic cells express include arginase 

1 (ARG-1) and IDO-1, however these lack evidence for inducing relapse in mouse models 

or human patients undergoing allo-HSCT. ARG-1 expression may reduce GVHD without 

impacting GVL after transplant. Non-tumorigenic accessory myeloid cells which 

expressed ARG-1, inhibited graft-versus-host disease (GVHD) in an IL-13-dependent 

mechanism.160 By adding exogenous IL-13, they were able to protect the GVL effect while 

reducing GVHD. ARG-1 reduces T cell proliferation without impacting the overall 

function of the cell. By inducing this anti-mitogenic mechanism, naïve T cells that induce 

GVHD are likely being inhibited while memory T cells that utilize alternative metabolic 

processes persist and produce the GVL effect. This emphasizes the major differences 

between solid tumor immunity and the observed GVL effects in patients undergoing allo-

HSCT.  

Lastly, increased proliferation and aggression caused by an accumulation of 

mutations could promote immune escape through brute force. Although this concept has 

not been fully realized, it has been found that donor lymphocyte infusion therapy for the 

treatment of relapse, fails more frequently in leukemias in acute growth phase such as acute 

myeloid leukemia.161,162 This contrasts with CML which is relatively indolent and benefits 

from DLI after relapse. Acquisition of oncogenic mutations and loss of tumor-suppressor 

genes post allo-HSCT has been described in the progression of myelodysplastic syndrome 

(MDS) after allo-HSCT.163 In AML, new mutations in TET2, WT1, and RAS oncogenes 

have also been observed at relapse after allo-HSCT.164,165 In order to counter this 

mechanism, it is essential to de-bulk the tumor with other therapies (targeted, chemo., 

radiation) and utilize a donor modified T cell that maintains its capacity to respond and 
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proliferate without inducing a great deal of GVHD. To enhance the GVL response toward 

aggressive tumor expansion or other GVL escape mechanisms, the T cell response should 

be directed toward the tumor cells, if possible. 

Directing a tumor-specific response in a transplant setting 

Vaccination is one of the most conceptually attractive methods to induce a specific 

tumor response. Cancer vaccines include modified-killed tumor, loaded dendritic cells, or 

peptides. Clinical trials have had some successes but much of the data comes from limited 

phase 1 trials.  Successful vaccines in hematological malignancies have been observed in 

patients with multiple myeloma, chronic lymphocytic leukaemia, and acute myeloid 

leukaemia.166 Patients undergoing auto- or allo-HSCT are particularly attractive for 

vaccination because the conditioning makes room for tumor-specific T cell clones to 

expand.167 Additionally, the conditioning regiment is damaging to the host, providing 

additional adjuvant effects for a tumor-specific T cell response.166 The use of GMCSF-

secreting K562 leukemia cells with patient AML cells improved relapse-free survival in 

patients also receiving auto-HSCT and adoptive therapy.168 In patients with CLL, the same 

GMCSF secreting leukemic cell line with patient tumor (after allo-HSCT) resulted in a 

strong T cell mediated GVL response against tumor.169 Overall, the ability of vaccines to 

direct a T cell mediated response to the tumor in an allo-HSCT setting, provides a unique 

opportunity to specifically kill the tumor without inducing acute GVHD. 

By engineering donor lymphocytes, it may be possible to induce a more specific 

GVL response. In the autologous setting, CAR T cell therapy against the CD19 antigen in 

B cell lymphomas has proven successful in pediatric and adult patients. These same 

engineered therapies have also shown efficacy in patients who have undergone allogeneic 
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transplant in early trials. Of the patients who received allo-HSCT, 90% had a complete 

response when utilizing CAR T cells with a 4-1BB co-stimulatory domain.105 These early 

studies utilized host T cells, which are time consuming to expand and engineer and require 

the patient to remain stable during that time. In studies that utilized CD19 CAR donor T 

cells with allo-HSCT, there was limited success with low response rates.170,171 This is 

hypothesized to occur because the CAR T cell is receiving stimulus through the CAR and 

the endogenous TCR simultaneously, inducing early exhaustion in the T cells.172 Removal 

of endogenous TCR or manipulations that reduce T cell exhaustion are necessary to 

improve the use of donor CAR T cells after allo-HSCT. Companies such as Allogene, are 

working on “off the shelf” modified donor CAR T cell therapies that have TCRs and CD52 

removed to reduce exhaustion and the occurrence of GVHD, respectively.  

In some cases, it may be possible to push the GVL response from DLI or donor T 

cells to preferentially attack the tumor over the host. One way to do this is to activate the 

effector cells before treatment. Activation of human lymphocytes with anti-CD3 OKT3, 

and supplementation with IFN-γ and IL-2 induces the development of killer effector T 

cells.173 These cells are often referred to as cytokine induced killer cells and show improved 

efficacy in AML over unmanipulated DLI, sometimes showing longer responses than the 

original allo-HSCT.174 CD3/CD28-coated beads for the ex-vivo expansion and activation 

of donor lymphocytes before infusion is safe and feasible without excessive GVHD as 

shown in early-stage trials.175 In a phase 1 trial using infusion of cytokine-induced killer 

cells following allo-HSCT relapse, all patients had a complete remission with 7 surviving 

at a median survival time of 1,513 days at the time of publication.176  
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Instead of manipulating the DLI with cytokines, it may be possible to engineer DLI 

with co-stimulatory domains to push these effector cells toward a phenotype that is more 

effective at killing tumor than inducing GVHD. In the last section of this chapter and in 

chapter 3 we will review a potential engineering modality to improve T cell activation, 

function, and tumor killing without eliciting lethal GVHD.  

Engineering T cell therapies to bypass immune suppression in solid tumors 

 The solid TME is drastically different from hematopoietic malignancies. In solid 

tumors, tumor-derived myeloid cells and myeloid Derived Suppressor Cells (MDSCs) 

function to suppress inflammatory responses produced by the adaptive immune system.56 

MDSCs are induced from the bone marrow via chronic cytokine signals and migrate to 

tumors.177 There they utilize multiple mechanisms to suppress innate and adaptive immune 

cells which ultimately serve to promote tumor growth and metastasis.66 Not unlike MDSC, 

other myeloid cells are altered by the harsh TME to tolerize the tumor to the immune 

system. 

MDSCs make a poor cellular target for depletion due to their similarity to non-

suppressive myeloid cells. To date no single cell surface marker can be used to uniquely 

identify MDSCs. As such, incidental depletion of both MDSCs and non-suppressive 

myeloid cells would impact protective immunity by eliminating myeloid cells responsible 

for protecting against infections.  

Rather than target myeloid cells that suppress, it may be beneficial to modify T 

cells to bypass myeloid cell suppressive function. There is evidence that T cells can be 

modified molecularly or pharmaceutically to resist or bypass some suppressive effects of 

suppressive myeloid cells. Herein I will explain the basic mechanisms of suppressive 
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myeloid cells and MDSCs and their role in suppressing anti-tumor T cell immunity. 

Furthermore, we will explore T cell mechanisms that have potential to protect T cells from 

myeloid suppression. 

Characteristics of MDSCs 

MDSCs are a population of heterogeneous myeloid cells that are distinct in function 

from the non-suppressive mature myeloid progeny.178 The cellular phenotype which 

identifies MDSCs are typical myeloid lineage markers. MDSCs are separated into 

polymorphonuclear MDSC (PMN-MDSC) or monocytic MDSC (M-MDSC) (Figure 

2.4).57 PMN-MDSC share phenotypic features of granulocytes including markers CD11b 

with Ly6gHi in Mice and CD11b (or CD33) with CD15 (or CD66b) in Humans (Figure 

2.4).57 Likewise, M-MDSC share phenotypic features of monocytes including markers 

CD11b with Ly6C in mice and CD11b with CD14 and HLA-DRlow in humans (Figure 

2.4).57 In human cancers, the lectin-type oxidized LDL receptor-1 (LOX-1) can be used to 

identify PMN-MDSC.179 In M-MDSC, the S100 calcium-binding protein A9 (S100A9) 

correlates with the presence and function of M-MDSCs in human cancers but these data 

are indirect and S100A9 is strictly intracellular, limiting its uses.180 

Discrimination of identifiable MDSC populations is still a challenge for tumor 

immunologists.56 Currently, MDSCs must first be characterized by an expansion in the 

myeloid compartment to verify aberrant myelopoiesis. This is followed by phenotypic 

identification as a myeloid lineage cell and functional identification using T cell 

suppression assays. Lastly it is important to test for unique functional molecules produced 

by MDSCs such as ARG-1 or the formation of reactive oxygen or nitrogen species.56 
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MDSC genesis and activation 

The generation of fully suppressive MDSCs in cancer, is hypothesized to occur in 

a two-step process. The first step is aberrant myelopoiesis resultant of a low-level chronic 

inflammatory signal going to the bone marrow.181 This is opposed to conditions of acute 

infection where these signals are strong and lead to a temporal increase in mature functional 

myeloid cells.56 Instead the cells produced during low level chronic stimulation do not 

mature appropriately, have inhibited mature effector function, and become suppressors of 

T cells.181   In cancer, this signal for myelopoiesis originates from the tumor and includes 

expression of Granulocyte Macrophage Colony Stimulatory Factor (GMCSF), 

Macrophage Colony Stimulatory factor (M-CSF), Granulocyte Colony Stimulatory factor 

(G-CSF), Interleukin-6 (IL-6), vascular endothelial growth factor (VEGF), tumor necrosis 

factor-α (TNFα), Interleukin-1β(IL-1β) and TLR2 ligands.182–187 The chronically secreted 

cytokines will then stimulate myeloid cell production in the bone marrow from a common 

myeloid progenitor cell (Figure 2.4).187 

Many of the cytokines involved in MDSC expansion including G-CSF and IL-6 

utilize STAT3 signaling.188 Other factors like TLR2 can also increase STAT3 expression 

and induce the expansion of MDSCs.184,189 STAT3 in MDSCs upregulates proteins 

associated with cell proliferation and survival including cyclin D1, Mcl-1, Bcl-XL and 

survivin.188 The transcription factor IRF-8 marks a myeloid cell for commitment and is 

repressed upon activation of STAT3 and STAT5.190 Absence of this factor increases 
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accumulation of PMN-MDSCs in tumor bearing mice.191 In contrast, over expression of 

IRF8 in myeloid cells decreases the number of MDSCs in both the periphery and tumor.190 

Figure 2.4: Secretion of cytokines from the tumor is associated with mobilization 

of both monocytic and granulocytic MDSCs from the bone marrow to the 

peripheral blood. In the bone marrow, MDSCs can be generated in response to 

cancer–secreted factors such as G-CSF, IL6, GM-CSF, IL1β, PGE2, TNFα, and 

VEGF. Circulating MDSCs are arrested in the spleen and accumulate in the splenic 

marginal zones and periarteriolar lymphatic sheaths, migrate to the red pulp, and 

proliferate within the subcapsular red pulp. Finally, the release of specific 

chemokines, belonging to the CCL and CXCL family, drives the recruitment of 

circulating MDSCs to the tumor and their localization in the tumor bed. From 

Molecular Pathways: Targeting Tumor-Infiltrating Myeloid-Derived Suppressor Cells 

for Cancer Therapy. Diletta Di Mitri, Alberto Toso and Andrea Alimonti. Clin Cancer 

Res July 15 2015 (21) (14) 3108-3112; DOI: 10.1158/1078-0432.CCR-14-2261 with 

licensing permissions from American Association for Cancer Research. 



45 

Finding a drug or therapy to reinforce IRF8 signaling during MDSC development could 

present a strategy to alter MDSC development toward a less immunosuppressive 

phenotype. 

Despite the importance of STAT3 signaling for the expansion of MDSCs in the 

periphery, there is controversy over the necessity of STAT3 signal for MDSC function and 

survival in the TME. Inhibiting STAT3 decreases MDSC expansion in the periphery; 

however, other studies show that intra-tumoral factors such as GMCSF (e.g. STAT5) allow 

MDSCs to survive.192 One study has eluded that reduced STAT3 activation as a function 

of tumor hypoxia in tumor monocytic MDSCs induces TAM differentiation, perpetuating 

the suppressive effects of the cells.193 Studies such as this bring to light new details in 

MDSC generation and differentiation but also complicate potential therapies that look to 

target MDSC generation pathways (i.e., STAT3 inhibitors).  

The second phase of MDSC production is activation of pathways that induce 

immune suppressive functions.  One of the key pathways shown to modulate MDSC 

function is NF-κB. This was highlighted in a mouse study in which NF-κB-depleted 

MDSCs had reduced suppressive function.194  Studies have implicated the alarmin IL-1β 

in activation of NF-κB in the TME, leading to subsequent MDSC function.195 Activation 

of NLRP3 and Il-1β release in the TME chronically activates the NF-κB pathway and 

induces suppressor function.196,197  IL-1β has been shown to play a role in activation of 

MDSCs by increasing reactive nitrogen species (RNS) producing MDSCs.198 Furthermore, 

activation of the tumor necrosis factor receptor(TNFR) through transmembrane activation 

with TNF-α also increases the suppressive function of MDSCs by increasing iNOS 

expression.199 There is also evidence that NF-kB induced by TNF-α induces expression of 
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COX2 and PGE2.200  In numerous studies, both COX2 and the eicosanoid PGE2 have been 

implicated in activating MDSC function.201   

Other signaling pathways are also involved in activating MDSC suppressive 

functions. STAT6 engagement through IL-4 or IL-13 leads to an increase in suppressive 

TGF-β and Arg1 expression.202 Some studies have explored the role of the endoplasmic 

reticulum stress response in MDSC functional activation.203 The stress-related proteins 

CHOP and sXBP1 were found increased in MDSCs of tumor bearing mice and patients 189. 

MDSCs deficient in CHOP lost their suppressive function.204 An additional consequence 

of  endoplasmic reticulum stress is activation of the unfolded protein response (UPR) which 

results from an accumulation of misfolded proteins in the endoplasmic reticulum. In 

MDSCs, the UPR leads to activation of the transcription factor NF-E2-related factor 2 

(NRF2), which increases MDSCs suppressive function.205,206 These mechanisms indicate 

how the stresses and inflammation in the TME shape MDSC-mediated suppression, 

preventing T cell activation.  

Myeloid suppression and potential solutions 

 Reactive species. One major mechanism of direct myeloid suppression is through 

the production of damaging reactive chemical species. Reactive oxygen species (ROS) 

includes hydroxyl radicals, superoxide anions, hydrogen peroxide and singlet oxygen. 

Reactive nitrogen species (RNS) includes nitric oxide (NO) via the activation of iNOS and 

subsequent per oxynitrate (ONOO2) formation. These radicals damage activated CD8+ T-

cells which play a major role  in tumor immunity. Examples of reactive species mediated 

suppression include nitrosylation and dissociation of CD3ζ from the TCR, H2O2 mediated 

loss of ζ chain expression, and NO mediated interference in IL-2 receptor signaling.70,207 



47 

Increased NO production also increased cyclooxygenase-2 (COX-2) expression, 

contributing to Prostaglandin E2 (PGE2) production.208,209 PGE2 also increases expression 

of suppressive molecules IDO, IL-10, and ARG1 in MDSCs.210 In mice, NOX2  deficiency 

reduced MDSC ROS production and rescues T cell activation and function in the presence 

of MDSCs.211  

One way to bypass reactive species mediated suppression could be through 

manipulation of a less acknowledged pathway in mature CD8+ T cells. The Notch pathway 

is highly conserved and plays an important role in both the development and function of T 

cells.212 Notch activates through binding of ligands, DLL1-4 or Jagged1/2, at the cell 

surface followed by proteolytic cleavage of the ligand and intracellular cleavage of the 

Notch intracellular domain (NICD).212 The NICD moves to the nucleus and forms a 

complex with recombination signal binding protein J (RBP-J) and the mastermind like 

coactivator (MAML).212 This promotes the transcription of numerous genes such as Hes-1 

but non-canonically promotes NF-κB activation. One study showed that inhibiting Notch 

reduced antigen specific CD8+ T cell proliferation and decreased the number of cells 

producing IFN-γ, TNF-α, and Granzyme B.213 Another group discovered that MDSCs 

effectively down regulated Notch1 and 2 as a result of nitric oxide production. Induced 

NICD in antigen specific T cells increased effector functions including cytotoxicity and 

granzyme B release.  Lastly, it was observed that induced NICD expression in the antigen 

specific T cells made them resistant to the suppressive effects of MDSCs.214 A different 

study found that the proteasome inhibitor Bortezomib also enhanced CD8 T cell effector 

function through enhanced Notch signaling and NICD- NF-κB crosstalk.215  These studies 
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expose potential for therapeutic agents and engineered therapies to amplify Notch signaling 

in CD8+ T cells to bypass MDSC suppression. 

Immune checkpoint ligands. MDSCs and other suppressive myeloid cells inhibit 

through cell-cell contact inhibition via the expression of checkpoint ligands on their 

surface. Most ubiquitous is the expression of PD-L1 on the surface of MDSCs. PD-L1 

expression on MDSCs has been found resulting from VEGF, M-CSF, IFN-γ and  HIF1α 

expression.216–218  PD-L1 binds to PD-1 on the surface of T-cells to induce anergy or cell 

death.  Additionally, MDSCs express Galectin-9 on their surface which binds Tim-3 on T-

cells to induce apoptosis.219 MDSCs can also express the V-domain Ig suppressor of T-cell 

activation (VISTA), which inhibits the activation and function of CD8+ T cells. It was 

observed that VISTA knockdown reduced MDSC-mediated suppression.220   

Immune checkpoint inhibitors (ICIs) continue to be thoroughly utilized and tested 

in multiple cancers. In theory, the use of anti-PD-L1 should be particularly useful when 

addressing immune checkpoint ligand mediated suppression mechanisms from MDSCs. 

However, MDSCs have been shown to increase patient resistance to ICIs including anti-

PD-L1, by compensating with other suppressive mechanisms such as ARG-1 expression 

or alternative expression of galectin-9 inhibitory ligand.221 One interesting therapeutic that 

could be utilized to address this problem is a bi-specific antibody that contains an anti-CD3 

domain and an anti-PD-L1 domain.222 When the bi-specific antibody binds PD-L1 it 

activates T cells instead of suppressing their activation. The group that developed this 

therapeutic found that PD-L1-CD3 bi-specific antibodies functioned efficiently at 

activating CD4+, CD8+, and NK T cells in the presence of tumor cells that expressed PD-

L1.222 Even the suppressed T cells from a lung cancer patient with a high MDSC burden 
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were reinvigorated to attack and kill an H358 lung cancer cell line when combined with 

the PD-L1/CD3 bi-specific antibody.222  

Nutrient depletion and sequestration. Another key mechanism of myeloid-

mediated T-cell suppression is the depletion of key nutrients.  As previously described, 

ARG-1 catabolizes L- arginine  and depletes T cells of this essential amino acid.60  MDSCs 

can simultaneously express the nitric oxide synthases (NOS1, NOS2, and NOS3) which 

also utilize arginine as a substrate.223 Without arginine, T cell activation is reduced and the 

TCR- ζ chain is down-regulated.60  

Preventing or rescuing the depletion of arginine could allow T cells to bypass this 

major suppressive mechanism. Excess amounts of the amino acid arginine can correct a T 

cell’s activation program, decreasing glycolytic enzymes and increasing mitochondrial 

oxidative phosphorylation. One study found that supplementation of L-arginine was 

protective in a breast cancer tumor model. BALB/c mice were given arginine with 4T1 

inoculation which resulted in decreased tumor growth, decreased MDSCs in the 

tumor/periphery, and increased survival. This was observed concomitantly with increased 

CD8+ T cells and stimulatory dendritic cells indicating that arginine supplementation 

augments the immune response in cancer.224 Another study found that T cells expanded in 

culture media supplemented with arginine, enhanced tumor rejection and increased overall 

survival in an adoptive transfer model.225 The effect of arginine depletion was mediated 

through nuclear proteins BAZ1B, TSN, and PSIP1. The exact role of these proteins remains 

unclear; however, they may act as a type of Arginine sensor as indicated by alterations in 

their structural conformation in the presence of the L-arginine.  Deletion of these genes 

with CRISPR, displayed effects not unlike L-arginine depletion.225  Manipulation of these 
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proteins locked into an active conformation could further aid the survival and efficacy of 

anti-tumor T cells and give a better understanding of the mechanisms involved in 

metabolite induced modulation of T cell activation, survival, and function.  

There is some controversy over the role of ARG-1 alone, as a strong inhibitor of T 

cell activation and proliferation. One study found that when ARG-1 producing MDSCs are 

placed in an upper trans well chamber (Boyden chamber) they fail to induce any 

suppression in activating T cells in the lower chamber.226 This agrees with other studies 

using similar methods to show that MDSC-mediated T cell suppression is not fully 

dependent on ARG-1 but requires cell to cell contact for inhibition in vitro.227,228 One major 

criticism countering this in vitro Boyden chamber study is the lack of biochemical 

verifications of free arginine and ARG-1 is making it to the lower chamber and that 

arginine is not already in saturating amounts within the lower chamber. Earlier studies 

looking at ARG-1 in vivo have shown the importance of this enzyme in suppressing the 

adaptive immune response using more sophisticated in vivo tumor models.60 Overall, there 

are many different suppression mechanisms from MDSCs that differentially suppress 

based on the model system and cancer type. We cannot yet discount the importance of 

attuning tumor specific T cells to arginine depletion.  

Suppressive myeloid cells can also express indoleamine 2, 3-dioxygenase (IDO), 

which catabolizes tryptophan to reduce T cell activation via deprivation of this essential 

amino acid.229  IDO expression in MDSCs is correlated with clinicopathological features 

and negative prognosis of cancer 58. Deprivation of tryptophan sensitizes tumor specific T 

cells to cell death.230 IDO1 and the resulting substrates also increase the expansion of 

tolerizing regulatory T cells.231,232  In theory, IDO inhibitors should be an obvious 
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therapeutic for cancers with myeloid cells expressing IDO. However, Merck’s inhibitor of 

IDO in the ECHO-301 phase 3 trial, completely failed to show efficacy in multiple 

cancers.233 IDO inhibitors are still a viable choice and may show promise in synergy with 

ICIs or other immunotherapeutics, however, there is required a better understanding of the 

biology of this enzyme.  

Tolerogenic DCs and MDSCs have also been found to express the ectoenzymes 

CD39 and CD73 which dephosphorylate ATP to AMP and AMP to Adenosine, 

respectively.  Extracellular adenosine binds to the A2a adenosine receptor to prevent T cell 

activation and reduce expression of effector molecules including IFN-γ, TNFα, perforin, 

and CD25.234,235 Inhibiting CD73 and the A2A adenosine receptor has been shown to 

improve anti-tumor immune responses in pre-clinical experiments.236 CD39 blockade also 

shows promise in multiple pre-clinical models including PDX-sarcoma bearing mice.237,238 

As multiple clinical trials are now underway, the mechanisms of these checkpoint 

inhibitors on tumors with MDSC burden must continue to be examined.  

Lastly, MDSCs sequester L-cysteine from their local environment. Many cells 

import oxidized-cysteine called cystine through the SLC7A11 cysteine/glutamate 

antiporter but T cells lack cystathionine and do not express these transporters.239,240 Non-

suppressive antigen presenting cells supply T cells with cysteine by taking up cystine and 

reducing it intracellularly. These non-suppressive myeloid cells secrete cysteine into the 

extracellular space through alanine–serine–cysteine (ASC) transporters. MDSCs do not 

have ASC transporters to export it back into the extracellular matrix, limiting the local 

cysteine pool and inhibiting T cell function.241 Unless a drug is found that increases the 
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expression of the ASC transporters on MDSCs specifically, targeting this pathway would 

prove difficult.  

Overall, there exist multiple mechanisms of MDSC suppression and potential 

methods for T cells to bypass these suppressive mechanisms (Figure 2.5). Balancing 

necessary amino acids for T cell function and manipulating their connected metabolic 

pathways, can lead to enhanced anti-tumor activity (Figure 2.5). Additionally, signaling 

pathways understudied in T cells, such as Notch, can lead to novel solutions for T cells to 

bypass MDSC suppression (Figure 2.5). Using therapeutic agents and cellular engineering 

to modify tumor specific T cells, it may be possible to produce a T cell that functions in a 

suppressive TME.  

Figure 2.5. T cells can bypass myeloid suppression mechanisms. T cells can resist MDSC 

mediated amino acid depletion through patient supplementation of amino acids.  T cells can 

resist checkpoint ligand suppression using clinically approved checkpoint blockade therapies 

including anti-PD1. T cells can resist the ROS/RNS-mediated damage to TCR components by 

lowering the threshold of activation and ramping up T cell activation. Engineered or agonist 

driven co-stimulation can augment T cell activation and help them resist MDSC-induced 

suppression in the tumor microenvironment. 
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Using novel co-stimulation to improve GVL and bypass solid tumor suppression  

By utilizing novel co-stimulatory pathways in T cells, it may be possible to improve 

GVL effects in hematopoietic malignancies and increase anti-tumor efficacy in suppressive 

solid tumors. T cell activation and effector function relies on co-stimulation of pathways 

independent of T cell receptor signaling.  As mentioned in chapter 1, T cells require a 

“second signal” through co-receptors, such as CD28, engaged to activating ligands such as 

CD80/86, on the surface of antigen presenting cells. Co-stimulatory receptors activate a 

series of mitogenic, inflammatory, and survival pathways including MAPK family 

proteins, Akt/mTOR, and canonical and non-canonical NF-kB. Although the TCR supplies 

the initial signal for activation, stimulation of multiple co-stimulatory pathways increases 

T cell activation and function.31  

The activation of NF-κB signaling is integral to the downstream functional effects 

of CD8+ cytotoxic T cells.242 NF-κB is a rapid acting transcription factor that is processed 

from an inactive state to an active state after the transduction of the primary signal 243. On 

T cells, NF-κB activation canonically occurs after TCR engagement and downstream 

activation through the CARMA1-BCL10-MALT1 complex.244 Akt downstream of CD28 

was also implicated in increasing NF-κB signaling through interaction with CARMA1.245 

Co-stimulatory receptors in the tumor necrosis factor superfamily, which includes 41BB 

and OX40, transduce through death domain containing adaptors such as TRADD to 

activate NF-κB.246 Alternatively, NF-κB is activated from Interleukin-1 receptors and 

TLRs via the MyD88 adaptor and IRAK proteins.247,248 In tumor bearing mice, NF-κB in 

effector T cells is necessary for the proper control of tumors in vivo.249 When the NF-κB 
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mediator, CARMA1, was knocked out in tumor-specific T cells, they failed to reject an 

MC57-SIY tumor.249  

Harnessing novel co-stimulation pathways in tumor specific T cells could lower 

activation threshold or improve T cell activation in the presence of suppressive myeloid 

cells. Clinically and pre-clinically, therapies are already being tested that enhance different 

co-stimulatory pathways in T cells. This includes the co-stimulatory molecule 4-1BB 

which is upregulated on tumor specific CD8+ T cells after activation. One study found that 

adding an agonist antibody for 4-1BB receptor during clonal expansion prior to adoptive 

transfer, increased survival and effector function of tumor infiltrating lymphocytes.250  

Increased survival was mediated by gene expression of pro-survival proteins Bcl-2 and 

Survivin.250 When 4-1BB was used as the co-stimulatory domain for CD19-specific CAR 

T cells, there was drastic improvement in efficacy when compared to the CD19-specific 

CAR that used only CD28 as its co-stimulatory domain.105,109  4-1BB can also act 

concomitantly with other pathways. Our research group discovered that co-stimulatory 

molecule 4-1BB is induced through co-stimulation with Toll-like receptor(TLR) 2/1 

agonists on CD8+ T-cells. This was mediated through TLR2/1 activation and subsequent 

enhancement of p65 and c-jun binding at distinct promoter sites for 4-1BB. When TLR2/1 

agonist was combined with 4-1BB agonist antibody there was observed enhanced rejection 

of melanoma in mice.251  

Using TLR signals to overcome MDSC-mediated suppression. TLRs recognize 

specific pathogen-associated-molecular-patterns utilized by a high order population of 

pathogens. For example, TLR4 recognizes lipopolysaccharide, which is on all gram-

negative bacteria. Upon ligation of the PAMP to the TLR, the TLRs dimerize and transduce 
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a signal. When the intracellular TIR domains are brought in proximity, they generate the 

docking site for the major adaptor protein MyD88 (or TRIF). Except for TLR3, MyD88 

molecules aggregate at the dimerized TIR domains to form an oligomerized structure 

known as the MyDDosome. MyD88 signaling molecules recruit multiple IRAK-4 kinases, 

which phosphorylate each other and subsequently recruit IRAK-1, which is phosphorylated 

by IRAK-4. This leads to the phosphorylation and ubiquitination of TRAF6 which 

eventually activates NF-κB (Figure 2.6).252 Other signaling networks such as the 

PI3K/Akt/mTOR and MAPK family also integrate with Toll-like Receptor 1/2 signals.253 

Agonizing TLR signals can be beneficial for improving GVL effects and immunity 

to solid tumors. A TLR5 agonist, CBLB502, was found to enhance CD8+ T cell mediated 

GVL effects, without increasing GVHD in a mouse model.254 Additionally, a TLR7 agonist 

in CIK cell cultures, has been shown to improve tumor control of the chronic myelogenous 

leukemia cell line K562.255 This has implications for improving CIK cell mediated GVL 

effects with TLR agonist pre-treatment of donor lymphocytes prior to infusion. Our 

research group and others have found that novel TLR2/1 agonist stimulation with T cell 

activation can induce increased activation, survival, and function in CD8+ T cells.120,123,124  

Our research group took this a step further and developed a synthetic molecule 

which mimics TLR2/1 stimulation when transduced into CD8+ T cells. This molecule 

consists of MyD88 linked to ectopic CD8α in order to drive MyD88 co-stimulation in a 

TCR-dependent manner.256 We found that the CD8α:MyD88 construct lowers the 

threshold of activation and increases effector function in tumor specific CD8+ T cells.256 
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Figure 2.6. Overview of the Toll-like receptor (TLR) signaling pathway. When TLRs are 

stimulated by their respective ligands, they dimerize and recruit downstream adaptor 

molecules, such as myeloid differentiation primary-response protein 88 (MyD88) which 

activate other downstream molecules leading to the activation of signaling cascades that 

converge at the nuclear factor-κB (NF-κB), interferon (IFN) response factors (IRFs) and 

mitogen-activated protein (MAP) kinases. These pathways transcribe mitotic factors, cell 

survival factors, and proinflammatory molecules. Redistributed from Anwar, M., Basith, S. & 

Choi, S. Negative regulatory approaches to the attenuation of Toll-like receptor signaling. 

Exp Mol Med 45, e11 (2013).  under CC BY-NC-ND 3.0 License. 

http://creativecommons.org/licenses/by-nc-nd/3.0/ 



57 

Upon transduction and T cell activation, the CD8α:MyD88 T cells reduce their expression 

of checkpoint receptor, TIM-3. Additionally, CD8α:MyD88 T cells had reduced expression 

of CD39 and CD73, which inhibit T cell activation. We also found that these T cells 

impacted the TME by reducing suppressive myeloid cells and myeloid chemoattractant 

molecules such as CCL2. Finally, CD8α:MyD88 T cells produced more CXCL9 which is 

chemoattract for T cells256.  

CD8α:MyD88 T cells can also help beyond the treatment of solid tumors. I 

hypothesize that utilizing the CD8α:MyD88 construct in CD8+ donor T cells could 

improve GVL effects through improved activation and function. Additionally, the 

downregulation of exhaustion markers seen with CD8α:MyD88 T cells could impart 

protection against immune checkpoint mediated GVL evasion. The enhanced proliferative 

capacity of CD8α:MyD88 T cells could allow them to eliminate more aggressive tumors 

but could also increase the chance of GVHD. In chapter 3, we tested this construct in 

donor T cells to determine whether it increases the GVT effect or increases GVHD in mice. 

In solid tumors, I hypothesize that MyD88 co-stimulation in tumor specific  CD8+ 

T cells could allow them to counteract MDSC suppression through the decreased TCR 

activation threshold and by reducing suppressive myeloid cells in the tumor.  In chapter 

4, I tested this construct in tumor-specific T cells against tumor-derived MDSCs and in a 

suppressive tumor model to determine whether it can help T cells counteract myeloid 

suppression.  
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Description of the study and Specific Aims: 

Problems: For blood cancers, 35-45% of patients relapse after allogeneic 

hematopoietic cell transplant therapy. This occurs because cancer cells evade the graft-

versus-tumor effect through aquired aggression and decreased immunogenicity. In the 

solid TME, suppressive myeloid cells inhibit T cell activation and proliferation to prevent 

anti-tumor immunity.  

The goals of this thesis were to determine the effect that MyD88 co-stimulation in 

CD8+ T cells had on 1) GVT responses with allo-HSCT and 2) anti-tumor efficacy in a 

suppressive solid tumor. I hypothesized that MyD88 co-stimulation in CD8+ T cells 

improves the GVT effect through enhanced T cell activation and function and counteracts 

myeloid suppression in solid tumors through enhanced T cell activation and reduction of 

suppressive macrophages. 

Using multiple allogeneic hematopoietic cell transplant tumor models, we found 

that MyD88 co-stimulation in donor CD8+ T cells improved the GvT response with non-

lethal increases in graft-versus-host disease. We also found that  CD8α:MyD88 co-receptor 

increased donor cytotoxic T cell proliferation, survival, and function in vivo. These data 

also indicate that the enhanced tumor control observed from CD8α:MyD88 T cells in the 

transplant setting was the result of direct tumor killing mechanisms. In the second part of 

this project, we found that cytotoxic T cells receiving a synthetic MyD88 co-stimulation 

maintained strong basal activation in the presence of myeloid suppression. CD8α:MyD88 

T cell were able to control tumor growth and altered the suppressive myeloid milieu in the 

suppressive B16-GMCSF melanoma model. These data show that augmented MyD88 co-
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stimulation in cytotoxic T cells could benefit patients undergoing both autologous and 

allogeneic T cell therapies. 

 Aim 1: Define the impact and mechansms of MyD88 co-stimulation in donor CD8+ 

T cells in allo-HSCT therapy 

 

Hypothesis: MyD88 co-stimulation in donor CD8+ T cells improves the graft versus tumor 

effect without increasing GVHD lethality by increasing T cell activation and function 

i. Test the impact of MyD88 co-stimulation in donor CD8+ T cells in GVT and delayed 

transfer DLI models with allo-HSCT 

ii. Test the impact of MyD88 co-stimulation in donor CD8+ T cells in GVHD models of 

allo-HSCT 

iii. Define the cellular mechanism by which MyD88 co-stimulation in donor CD8+ T cells 

modulates the GVT effect in allo-HSCT 

Aim 2: Define the mechanisms by which MyD88 co-stimulation in tumor specific T 

cells counteract myeloid suppression 

 

Hypothesis: MyD88 co-stimulation in CD8+ T cells counteracts MDSC mediated 

suppression through improved basal proliferative capacity and function and reduction of 

the suppressive tumor associated macrophages. 

i. Test the ability of MyD88 activated CD8+ T cells to counteract MDSC-mediated 

suppression of proliferation and function. 

ii. Ascertain in vivo the mechanism of MyD88 co-stimulation by utilizing 

CD8α:MyD88 transduced T cells in a suppressive solid tumor model 
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CHAPTER III: MyD88 Co-stimulation in Donor CD8+ T Cells Enhances the Graft-

versus-Tumor Effect in Murine Hematopoietic Cell Transplantation1  

Introduction 

 Allogeneic hematopoietic cell transplantation (allo-HCT) is an established 

treatment for different blood cancers.257 Over the past several decades, it has become 

evident that donor-derived lymphocytes increase engraftment and rejection of residual host 

tumor cells 135,258. This was initially verified when patients receiving T cell depleted bone 

marrow grafts experienced an increase in graft failure and tumor relapse.259 The rejection 

of host tumor cells by donor lymphocytes has been characterized as the GVT effect.260 

Subsequently, DLI is indicated for high risk patients undergoing Allo-HCT or for the 

treatment of relapsed disease. This treatment has shown to increase remission and prolong 

survival in patients with some leukemias, however efficacy remains poor for treating other 

cancers including lymphoma or acute myelogenous leukemia.161,162 Further manipulation 

of donor lymphocyte populations and engineering their function could benefit additional 

patient populations with aggressive or high-risk disease.261 CD8+ T cells or cytotoxic T 

cells are a population of lymphocytes that target tumor cells to induce a strong GVT effect 

through different modalities of killing. This includes tumor death through cytokine-

mediated stress, death ligand expression, and perforin/granzyme mediated cell death.262 

The GVT effect is known to be initiated through T cell activation by residual host dendritic 

cells and this is crucial for shaping a response to the host tumor cells.263,264  

1Ciavattone NG, Wu L, O'Neill R, Qiu J, Davila E, Cao X. MyD88 Costimulation in Donor CD8+ T 

Cells Enhances the Graft-versus-Tumor Effect in Murine Hematopoietic Cell Transplantation. J 

Immunol. 2021 Feb 15;206(4):892-903. doi: 10.4049/jimmunol.2000479. 
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MyD88 activation and co-stimulation can be achieved through activation of TLRs, 

IL-1R, IL-18R, and ST2/IL-33R.265–267 With the exception of TLR3, MyD88 binds to the 

TIR domain of activated TLRs, initiating the formation of a signaling complex that IRAK-

4 binds leading to recruitment and phosphorylation of IRAK-1.267 Through a series of steps 

involving TRAF-6 and TAK1, the NF-kB pathway is initiated leading to expression of 

genes involved in cell survival, proliferation, and inflammation.268 Activation of TLRs and 

the MyD88 signalosome can also function to recruit factors that activate MAPKs ERK, 

JNK, and p38. MAPKs recruit transcription factors for growth, proliferation, and 

survival.267  Activating MyD88 signaling in CD8+ T cells via TLR engagement enhances 

T cell function and proliferation. However, utilizing TLR ligands to stimulate T cells 

presents major challenges due to ephemeral or low expression of TLRs.120 Additionally, 

TLR ligand activation of tumor cells has been shown to promote tumor survival and 

growth.120 To circumvent these challenges, my lab developed a construct to produce CD8+ 

T cell targeted MyD88 co-stimulation. This construct consists of MyD88 directly linked to 

the ectopic domain of CD8α to induce MyD88 activation with TCR engagement. After 

transduction with this construct, tumor specific pmel T cells that recognize antigen in the 

b16 melanoma display characteristics of TLR activation and have enhanced efficacy in an 

experimental melanoma tumor model.256  

The impact of MyD88 in CD8+ T cells in the context of experimental 

transplantation is still controversial. One study using MyD88 knockout T cells showed that 

MyD88 was indispensable for effective GVT effect while another report claimed MyD88 

was dispensable for GVT effect.269,270  In this study, we sought to define the effect of 

synthetic MyD88 co-stimulation in donor CD8+ T cells on tumor control in the setting of 
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allo-HCT. Herein we find that synthetic MyD88 co-stimulation in CD8+ T cells 

significantly improves tumor control in vitro and in vivo. We observed enhanced 

proliferative capacity and expansion of CD8α:MyD88 transduced donor CD8+ T cells. 

Furthermore, MyD88 co-stimulation increased the cytotoxic functions of donor CD8+ T 

cells.  The increase in T cell activation and function from MyD88 co-stimulus was linked 

to an increase in GvHD of the colon but not host death. Ultimately, we conclude that 

MyD88 co-stimulation in donor CD8+ T cells increases the GVT response after allo-HCT. 

Materials and Methods 

Animals and tumor cells 

BALB/C, 129x1/SVJ, and C57BL/6 male mice were obtained from The Jackson 

Laboratory. A20 lymphoma, derived from the BALB/c strain were transduced to express 

luciferase as described.271,272 All mice were maintained in specific pathogen-free housing, 

and all experiments were conducted in accordance with the animal care guidelines from 

the Office of Animal Welfare Assurance at the University of Maryland School of Medicine 

Veterinary Resources using protocols approved by the IACUC committee. 

Donor cell preparation, plasmid, viral packaging, and transduction 

All T cell-deplete bone marrow (TCD-BM) cells were isolated from WT C57BL/6 

or 129x1/SVJ mice. T cell depletion was performed with auto-MACS by using anti-

CD90.2 microbeads (Miltenyi Biotec). Donor CD8+ T cells (purity ∼90-95%) were 

purified from the spleens of WT C57BL/6 mice by using the CD8+ T cell negative Isolation 

Kit (STEM CELL). CD8+ T cells were activated to prepare for retroviral transduction by 

plating 1e6 cells per well in 24 well plates that were coated with 1µg anti-CD3(BD 
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Pharmingen) and supplemented with 2µg/mL soluble anti-CD28(BD Pharmingen) and 

100U/mL IL-2 (NovusBio).  Plasmids were designed and cloned as described previously 

using the pMIG retroviral vector (modified MSCV-IRES-GFP).256  Plasmids for viral 

packaging were isolated from bacteria using an Endo-free MAXIPREP kit (Qiagen). 

Retrovirus was prepared by transfecting the Phoenix-ECO (ATCC CRL-3214) packaging 

cell line with GFP control or CD8α:MyD88 experimental construct plasmids using 

Lipofectamine 2000 (Invitrogen). Viral supernatant was collected at 48 and 72 hours and 

used for transduction 48 hours after T cell activation. The activated CD8+ T cells were 

transduced on Retronectin (Takara Bio). Virus was washed off the next day and cells were 

given 20U/mL IL-2 and allowed to propagate before T cell infusion or in vitro use.  

Antibodies, reagents, and cellular assays  

Antibodies including anti-mouse CD11b (M1/70), B220(RA3-6B2), CD3(145-

2C11), TCRB(H57-597), TNFα(MP6-XT22), IFN-γ(XMG1.2), GzmB(GB11), 

CD107a(1D4B), H-2Kb(AF6-88.5), H-2kd(SF1-1.1), Tim-3(B8.2C12), PD-1(29F.1A12) 

were ordered from Biolegend and used for spectral flow cytometry. The Ki67 antibody 

(SolA15) from eBioscience was utilized for intracellular flow cytometric staining. Briefly, 

cells were washed using Flow buffer (PBS with 2% FBS) and FC receptors were blocked 

with addition of unlabeled anti-CD16/CD32 for 20 minutes. External markers and fixable 

LIVE/DEAD Aqua or NIR (Invitrogen) were stained together in PBS for 30 minutes and 

washed 2 times with Flow buffer. Intracellular stains were performed using the Intracellular 

Fixation & Permeabilization Buffer Set by eBioscience. Briefly, cells were fixed for 30 

minutes at room temperature using the IC fixation buffer. Cells were resuspended in 1x 

permeabilization buffer and incubated for 5 minutes. Samples were split and test antibodies 
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or Isotype control antibodies were added and incubated for 1 hour at room temperature and 

washed twice in 1x perm buffer before resuspending in flow buffer. Samples were run on 

the Aurora Spectral flow cytometer (Cytek) in the Center for Innovative Biomedical 

Resources at the University of Maryland School of Medicine. Unmixed samples were 

analyzed using Flowjo software (Flowjo LLC). Background staining was assessed with 

unstained controls, stained isotype controls, and experimental negative controls when 

possible. “Spike-in dead” and “all dead” controls of mixed cell populations (T cells and 

tumor) were used as positive controls to test the staining and gating strategy for 

annexinV/7-AAD staining.  

T cell killing assays were setup as modified Mixed lymphocyte cytotoxicity 

reactions by adding a variable number of transduced C57BL/6 CD8+ T cells (104 - 2x105; 

1:1 – 20:1) to a constant 104 tumor cells (BALB/C origin). Assays were performed in T 

cell media containing an RPMI1640 media base with 10% FBS, 1% non-essential amino 

acids, 1% glutamine, and 0.05 mM of 2-Mercaptoethanol. Cells were added to a round 

bottom plate for flow cytometry assays and a black flat bottom plate was utilized for 

luciferase measurements (round bottoms are not available in black). Mismatched BMDC 

(BALB/C; H-2d) were added to the wells at a ratio metric 1:10 to the variable T cell 

number. Assays were quickly stained for surface markers (15 minutes) and washed with 

calcium buffer followed by the addition of Annexin V/7-AAD purchased as a kit from 

Biolegend. These samples were placed on ice and ran immediately on the Aurora Spectral 

flow cytometer (Cytek) mentioned previously. Live tumor control luciferase assays were 

setup similarly but cultured in black flat bottom plates. On the day of acquisition, these 
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assays were supplemented with 0.15mg/mL luciferin and imaged on the Xenogen IVIS-

200 (Perkin-Elmer) and analyzed using the Living Image software (Perkin-Elmer).   

GVT and GvHD models 

Experimental transplant tumor models utilized male C57BL/6 or 129x1/svj donors 

and BALB/c host mice which were irradiated with 9.5 Gy before transplant and T cell 

treatment. One day later, the hosts were inoculated i.v. with A20 cells (doses indicated in 

figure legends). After injecting tumor, mice received 3.5 × 106 T cell depleted bone marrow 

(TCD-BM) cells alone or combined with (C57BL/6) wild type naïve CD8+ T cells(nCD8), 

control transduced CD8+ T cells(pMIG), or CD8α:MyD88 (pCM8) transduced CD8+ T 

cells (dose indicated in figure legends). In experiment where T cell transfer was delayed, 

injection was performed 7 days after tumor and bone marrow transplant in 200uL of 

phosphate buffered saline. Bioluminescence imaging was performed to monitor tumor 

burden as previously described273. In GVT experiments, tumor burden was expressed as 

photon flux (photons per second) and disease score and weight were also used to assess the 

health of the animals through treatment. To assess GvHD we used the groups consisting of 

TCD-BM alone, TCD-BM plus pMig-GFP transduced control T cells, and TCD-BM plus 

pCM8 transduced T cells. To separate effects from tumor versus GvHD, these mice were 

not injected with tumor. T cell dose is indicated in the figure legends. In the GvHD T cell 

dose escalation experiment, mice were euthanized at the end of the experiment and their 

tissues were sent to Roswell Park Comprehensive Cancer Center for processing into slides 

and for scoring. Tissues were blind scored and representative images were captured by a 

trained pathologist.  
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Statistics 

 All data processing was performed in Prism Graphpad V8. Student’s t-tests were 

used to compare statistical significance between groups of normally distributed samples 

and asterisks (GraphPad style) indicate the degree and magnitude of significance between 

two groups beyond p<0.05. Kaplan-Meijer plots were created, and survival analysis was 

performed using the Gehan-Breslow-Wilcoxon test. To compare significance between 

survival groups, all combinations of groups were separated and paired, and p values were 

adjusted for multiple comparisons. In assessing tumor burden in vivo, a 2-way anova test 

was utilized up to before mice began dying. To assess significance at individual time 

points, an octothorpe (#) was used to indicate when the pCM8 group was significantly 

different from all other controls when compared using Student’s T Test. Logistic 

Growth/Inhibition curves were made in GraphPad using the transformed data algorithm in 

which data is normalized to the control samples (0:1; tumor only) as 100% growth without 

transforming to log. With this we could derive IC50 values which is defined as the number 

of T cells to produce 50% growth inhibition of the controls.  

Results 

MyD88 co-stimulation in donor CD8+ T cells yields enhanced GVT effect.  

We previously found that TLR5 agonist CBLB502 enhanced GVT without 

increasing GvHD.254 This effect was indirect and mediated through stimulation of 

accessory innate immune cells, increasing CD8+ T cell killing of tumor cells.254 However, 

other studies have found that CD8+ T cells express other TLRs and utilize MyD88 

signaling to amplify activation and effector functions.124 To test the direct effect of the 

MyD88 pathway on T cells without confounding systemic treatment, we developed a 
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synthetic CD8α:MyD88 construct (Figure 3.1A - right) which has since been tested in a 

solid tumor model and found effective for the treatment of experimental melanoma in 

mice.256  Our construct contains an ectopic CD8α domain with a MyD88 molecule linked 

internally, but without the Toll/Il-1 Receptor (TIR) domain. This construct uses the pMIG 

retroviral vector as the backbone, requiring primary T cell activation for transduction. After 

transduction, secondary activation through the TCR or anti-CD3 antibodies induces 

activation of this novel construct. Transduction efficiencies average around 60% with a 

range between 55% and 72% observed (Figure 3.1A - left). Previous studies show the 

effects of this construct are not from ectopic CD8α expression, but from the expression, 

aggregation, and activation of the MyD88 with TCR stimulus.256  

 As a proof of concept for MyD88-stimulated CD8+ T cell control of tumor in an 

allogeneic setting, we designed a modified Mixed-Lymphocyte Reaction where H-2b 

CD8+ T cells were sorted from C57BL/6 mice and transduced to express the control GFP 

vector (pMig) or the CD8α:MyD88 vector (pCM8). These cells were combined with bone 

marrow derived dendritic cells (BMDC) from BALB/c (H-2d) mice at a 10:1 ratio. A 

constant of 104 Luciferase-expressing A20 lymphoma cells were used as live reporter cells 

to assess tumor control over time (Figure 3.1B). At 24 and 48 hours, D-Luciferin was 

added, and the plates were imaged and analyzed. We found that pCM8 transduced CD8+ 

T cells were better than pMig control T cells in inhibiting tumor growth at high ratios of 

20:1 and 10:1 after 24 hours (Figure 3.1C). After 48 hours of culture, pCM8 transduced 
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CD8+ T cells were better able to control tumor growth with significant differences with 

the greatest separation at the 1:1 ratio (Figure 3.1D). This experiment provided antecedent 

Figure 3.1: Synthetic CD8α:MyD88 co-receptor in donor CD8+ T cells increases 

killing of allogeneic A20 lymphoma cells in vitro. A) Left: Schematic representing 

the synthetic CD8α:MyD88 coreceptor. Magnetically sorted CD8 T cells were 

polyclonally activated with 1µg/mL platebound anti-CD3 and 2µg/mL soluble anti-

CD28. On day 3 post activation they were retrovirally transduced to express either 

CD8α:MyD88(pCM8) or the empty vector(pMIG) with GFP only. Right: 

Representative for typical transduction efficiency for CD8+ T cells. Efficiency is 

measured two days post transduction by analyzing GFP expression on CD8+ cells via 

flow cytometry before injection into corresponding treatment group. B) Schematic 

describing a cytotoxic MLR with A20-luciferase tumor to test proof of concept of 

engineered T cells in an allo-HCT tumor model. Transduced T cells (H-2b) were co-

cultured with constant A20 tumor (H-2d) and activated bone marrow derived dendritic 

cells (H-2d) 1:10 to T cells. To assess tumor control, luciferin substrate was added at 

C)24 hours and D) 48 hours after culture, plates were imaged using the Xenogen IVIS 

system. Total photon flux was plotted to assess tumor signal in each well.   

Representative results are shown from one of two independent experiments and data 

are presented as mean ± SD from triplicate samples. Student’s T test was utilized to 

determine statistical difference between pMig and pCM8 groups at a given timepoint. 
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evidence that MyD88 co-stimulation in donor CD8+ T cells could increase tumor control 

in an allogeneic setting.    

  To determine the impact of MyD88 co-stimulated CD8+ donor T cells in the GVT 

response, BALB/c (H-2d) host mice were conditioned with total body irradiation (TBI). 

One day later, mice were first intravenously injected with 0.5x106 A20-luciferase 

lymphoma cells.  This was immediately followed by transplantation with 3.5x106 TCD-

BM and treatments including no T cell infusion (TCD-BM only), infusion of 0.5x106 CD8+ 

naïve T cells, infusion of pMig GFP control CD8+ T cells, or infusion of experimental 

pCM8 CD8+ T cells (Figure 3.2A top diagram). We performed bioluminescence imaging 

to measure tumor burden (Figure 3.2A bottom). As expected, there was tumor control in 

CD8 naïve and pMig control groups compared to TCD-BM only group, yet there was no 

significant difference between the activated pMig control and the naïve CD8+ T cell 

control. When the pCM8 T cell group was compared to all controls, there was a significant 

decrease in tumor burden observed over time (p< 0.0001) (Figure 3.2B top). Also apparent 

in each of the pCM8 treated mice were spontaneous but ephemeral regressions that varied 

in magnitude and time (Figure 3.2B bottom). To further examine the impact of MyD88 

co-stimulation of CD8+ T cells with transplant on the tumor-bearing mice, we monitored 

survival over 50 days (Figure 3.2C). Transplant recipients of the naive CD8+ T cells or 

pMig CD8+ T cells had a median survival (MS) of 25 days compared to the TCD-BM only 

control which had an MS 
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of 17 days. Recipients of the pCM8 transduced CD8+ T cells had an MS of 47 days which 

was significantly longer than all other groups [(pMig:pCM8 p=0.0043) (nCD8:pCM8 

p=0.0041) (TCD:pCM8 p=0.0039)]. Additionally, mice were scored using a disease metric 

accounting for fur texture, posture, activity, skin condition, weight loss, and diarrhea 

(Figure 3.2D). Disease score in mice treated with pCM8 transduced CD8+ T cells was 

significantly lower after day 21 and until the end of the study.  

To determine if the observed effects were generalizable across transplant models, 

Figure 3.2: Synthetic CD8α:MyD88  co-receptor in donor CD8+ T cells increases 

graft-versus-tumor (GVT) effect. A) (Top) Schematic describing the experiment in 

which BALB/c host mice are given total body irradiation, inoculated with 0.5x10
6
 

A20-luciferase cells, injected with 3.5x10
6
 T cell depleted bone-marrow (TCD-BM) 

and 0.5x10
6
 T cells from C57BL/6 or 129x1/SvJ mice for the corresponding T cell 

adoptive transfer group (n = 5 per group). Using live imaging, tumor measurements 

were obtained in A20-luciferase tumor bearing mice. B) Total photon flux was plotted 

over time with average and SEM. Anova was used to analyze mice during the period 

in which they were all alive and octothorpes (#) indicate significant difference 

(p<0.05) between pCM8 group and all other (remaining) groups at that time point 

using a Student’s t test between variables.  Additionally, C) survival was measured 

until the experiment was terminated at 50 days. D) Disease score was assessed on a 0-

12 scale by measuring and adding mouse activity (0-2), Fur texture (0-2), Posture (0-

2), Diarrhea (0-2), skin (0-2), and weight (0-4) in each animal at time of image 

acquisition. Deceased mice maintain a disease score of 10 throughout the study. E) A 

similar experiment was performed but instead used 129x1/SvJ mice as bone marrow 

and T cell donors into BALB/c hosts and live imaging was performed as in “A”. TCD-

BM used an n = 4 and the other groups used n = 5.  F) Total photon flux was plotted 

over time with average and ± SEM. Octothorpes(#) indicate significant of p<0.05 

between pCM8 group and all other (remaining) groups at that time point using a 

Student’s t test between variables.  G) survival was measured until the experiment was 

terminated at 60 days. Anova test was used to ascertain differences between groups 

over time.  Representative results are shown from two independent experiments with 

similar results for both C57BL/6 and 129x1/SvJ donors.  
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we performed GVT experiment using 129/SvJ donors to the BALB/c hosts. In the first two 

weeks, all the CD8+ T cell treatment groups displayed an enhanced control of tumor 

growth over the ‘TCD-BM only’ control group. After day 18, the pCM8 transduced T cell 

group began showing a significant decrease in tumor burden compared to other groups 

throughout the remainder of the experiment (p < 0.0001) (Figure 3.2F). Additionally, the 

Figure 3.3. Delayed transfer of CD8α:MyD88 T cells after experimental 

transplant increases graft-versus-tumor effect  A) Schematic describing the in 

vivo experiment in which BALB/c host mice are given total body irradiation, 

injected with 3.5x106 T cell deplete bone-marrow (TCD) from C57BL/6 mice and 

inoculated with 0.1x106 A20-luciferase. Seven days later, mice were injected with 

0.5x106 T cells from the corresponding T cell adoptive transfer group. Using live 

imaging, tumor measurements were obtained in A20-luciferase tumor bearing mice. 

B) Total photon flux was plotted over time with average and SEM. The 

octothorpes(#) indicate p<0.05 between pCM8 group and all other (remaining) 

groups at that time point using a Student’s t test between each group. C)Individual 

values were also plotted to show spontaneous regressions in tumor growth.   

Additionally, D) survival was measured until the experiment was terminated at 50 

days. Representative results are shown as mean ±  SEM. Multiple T-tests were 

utilized to assess significance between groups at a single timepoint while anova test 

was used to ascertain differences between groups over time. 
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pCM8 group displayed significantly improved survival compared to all other groups 

[(pMig:pCM8 p=0.0047) (nCD8:pCM8 p=0.0038) (TCD:pCM8 p=0.0047)] (Figure 3.2G).  

In the standard GVT models described above, the bone marrow, tumor cells, and T 

cells are injected on the same day. This established model for studying GVT in mice, 

mimics a scenario in which a transplant is performed for treatment, but residual tumor cells 

remain. However, second line treatments such as donor lymphocyte infusion (DLI) are 

typically given later after transplant. To test if the enhanced efficacy of CD8:MyD88 T 

cells could occur in the setting of DLI, we performed an experiment where the injection of 

T cells was delayed for 7 days (Figure 3.3A).  Starting on day 18, the group treated with 

the pCM8 transduced T cells displayed significantly reduced tumor growth compared to 

all other treated and control groups (p<0.0001) (Figure 3.3B). Also apparent in the pCM8 

T cell treated group were varying spontaneous tumor regressions (Figure 3.3C), which 

were also observed in our standard model. The pCM8 transduced T cell group also 

maintained better survival compared to all other groups [(pMig:pCM8 p=0.0495) 

(nCD8:pCM8 p=0.0197) (TCD:pCM8 p=0.0039)] (Figure 3.3D). Although the standard 

model in Figure 3.2 shows greater differences in tumor kinetics and survival, both the 

standard model and delayed DLI model show a similar pattern of efficacy.  

Together, results from these experiments indicate that synthetic MyD88 co-

stimulation in donor CD8+ T cells enhances the GVT effect.   

MyD88-stimulated expansion of donor CD8+ T cells induces non-lethal GvHD-

related weight loss from inflammation of the large intestine.  

GVT and GVHD are linked in that both are mediated by allogeneic T cells, 

however, GVHD involves migration and damage to susceptible organs.274 This provided 
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the rationale to examine the effect of this treatment has on inducing GVHD. To separate 

Figure 3.4. MyD88 co-stimulated expansion of donor CD8+ T cells correlates 

with GvHD-related weight loss.   BALB/c host mice were subjected to 9.5Gy 

TBI, injected with 3.5x106 TCD-BM from C57BL/6 mice and injected with 

1x106 of indicated CD8+ T cell group in the absence of tumor (n=5/group).  A) 

Disease score was assessed on a scale by measuring and adding mouse activity (0-

2), Fur texture (0-2), Posture (0-2), Diarrhea (0-2), skin (0-2), and weight (0-4) in 

each animal. B) % weight change was assessed separately, and C) survival was 

tracked during the length of the experiment. Furthermore, live retro-orbital bleeds 

were used on day 7 to assess D) donor CD8+ T cells, E) donor myeloid cells, and 

F) their ratios.  Donor (H-2kb) CD8+ T cells were analyzed for G) CD25 

expression by measuring mean fluorescence intensity (MFI). H) PD-1 and TIM-3 

positivity was also assessed on donor CD8+ T cells. This experiment is 

representative of two independently replicated experiments with similar results. 

Representative results are shown as mean ±  SEM and significant differences of 

disease score and weight between groups over time was ascertained using anova 

test. 
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the symptoms caused by the tumor and GVHD, allo-HCT was performed with TCD-BM 

and T cell infusion without tumor inoculation. In Figure 3.2, our data indicate there were 

not significant differences between naïve and activated CD8+ T cell infusion thus naïve 

CD8+ T cells were excluded from this experiment. Mice were scored for disease over time 

on the same established metric from Figure 3.2 We found that mice transplanted with the 

pCM8 transduced donor CD8+ T cells displayed a significantly higher disease score 

starting on day 17 through the remaining days of the study (Figure 3.4A). The weight loss 

metric was the highest fraction of the score, so mouse weight was assessed separately and 

found significantly lower than either the pMig activated control T cells or the TCD-BM 

only control throughout the length of the study (Figure 3.4B). Despite the observed weight 

changes, none of the treatment groups, including pCM8 infused mice, experienced 

mortalities through the length of the study (Figure 3.4C). To determine whether this effect 

was correlated with T cell expansion, some mice were bled on day 7 to determine their 

immune profile. In the pCM8 T cell infused mice, we found that live CD8+ T cells made 

up a significantly higher proportion of the donor immune cells in the blood indicating 

increased expansion of these cells (Figure 3.4D). This expansion was at the cost of donor 

myeloid cells in the blood which were significantly decreased in mice treated with the 

CD8+ T cells transduced with pCM8 (Figure 3.4E). When comparing the myeloid to T 

cells fractionally, there were on average three times more myeloid cells than T cells in the 

mice treated with the pMig control group compared to the pCM8 group (Figure 3.4F). We 

also examined activation status of these cells by staining for the high affinity IL-2 receptor 

alpha (CD25). We found that mice treated with CD8+ T cells transduced with the pCM8 

construct had donor CD8+ T cells with about 2.5 times more expression of CD25 compared 
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to the pMig GFP control CD8+ T cells (Figure 3.4G). Additionally, mice treated with the 

pCM8 transduced CD8+ T cells had significantly lower TIM-3+ PD-1+ double positive 

donor CD8+ T cells. This was due to a striking decrease in TIM-3 expression in these cells 

(Figure 3.4H). Overall, we conclude that although MyD88 co-stimulation in donor CD8+ 
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T cells increases the GVT effect, it also impacts GVHD as correlated with increased T cell 

expansion and a more activated phenotype. 

We next analyzed the effect of increasing doses of CD8:MyD88 T cells on GVHD 

coupled with histopathological analysis to determine the source of GVHD-related weight 

loss.  Like the previous experiment, both pCM8 transduced T cell doses trended toward 

higher disease scores than either doses of the pMig control T cells or the TCD-BM only 

control (Figure 3.5A). These mice also trended toward lower body weight starting on day 

22 through the remaining days of the study (Figure 3.5B). However, the effects of the 

pCM8 transduced T cells did not show a dose-dependent increase in disease score or weight 

loss. Despite the observed weight changes, none of the treatment groups experienced 

mortalities through the length of the study (Figure 3.5C). On day 55, the mice were 

euthanized, the tissues were fixed in formalin and sent for processing into H&E slides. 

Tissue slides were blind scored for 17 metrics in the intestinal tissues and 19 metrics in the 

Figure 3.5: MyD88 co-stimulated donor CD8+ T cells induce clinical, 

histopathological but non-lethal GVHD. BALB/c host mice were subjected to 

9.5Gy TBI, injected with 3.5x106 TCD-BM from C57BL/6 mice and injected with 

2x106 or 5x106 of the indicated CD8+ T cell group in the absence of tumor 

(n=4/group). A) Disease score was assessed as described in Fig 3A. B) % weight 

change was assessed separately as the strongest indicator of systemic GvHD. 

Disease score and weight are shown as mean ±  SEM and significance between 

groups over time was ascertained using anova test.  C) Survival was tracked until 

experiment termination on day 55. Furthermore, the mice were euthanized, and 

liver and large and small intestines were fixed in 10% formalin for processing into 

H&E stained slides. Histopathological GvHD was scored blind by a trained 

pathologist and D) summarized. The mean summarized score ±  SD is indicated 

on the graph with score maximums represented by a dashed line and Student’s T 

Test utilized for statistical comparisons. E) Representative images are displayed 

for the large intestine. Colored arrows indicate the score indicators of GvHD 

including Apoptosis(red arrow), Intraepithelial lymphocytic infiltrates (blue 

arrow), and Lamina propria inflammation (green arrow). 
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Liver tissues. Minor increases in score were noted in the large intestine of both the 2x106 

and 5x106 doses of the pCM8 T cell infusion (Figure 3.5D). The metrics with the greatest 

change in the pCM8 groups included increased lamina propria inflammation, increased 

lymphocyte infiltration, and increased apoptosis (Figure 3.5E). Together, these results 

suggest that pCM8 transduced T cells can cause increased but non-lethal GVHD.   

Donor CD8+ T cells have an increased proliferative capacity and survival with 

MyD88 co-stimulation  

To elicit a GVT response, lymphocytes must be activated and expand in response 

to host antigen presenting cells.275  To investigate whether MyD88 co-stimulated donor 

CD8+ T cells expand in vivo after allo-HCT, T cell proliferative capacity was assessed on 

day 4 post-transplant. T cell transduction was assessed before injection (Figure 3.4A). The 

spleens of the mice were dissociated and stained for flow cytometric analysis (Figure 

3.4B). Donor CD8+ T cells were analyzed for Ki67, a graded marker indicative of cell 

proliferation that increases as the cells move towards mitosis.276 Residual host CD8+ cells 

were also analyzed as an internal control and displayed low Ki67 expression (Figure 3.6C). 

The pCM8 transduced donor CD8+ T cells had significantly higher Ki67 expression 

compared to either the pMig control or the naïve CD8+ control (Figure 3.6D). When 

comparing the transduced GFP+ CD8+ donor T cells between the pMig control T cell and 

pCM8 T cell groups the differences were more apparent (Figure 3.6E). When analyzing 

the frequency of donor CD8+ T cells in the spleens of these mice over time, the pCM8 

group remained higher at the earlier timepoints, indicating early expansion of these cells 

(Figure 3.6F). We also noted that on day 12 there was a contraction of donor T cells from 

both groups (Figure 3.6F). To see if these populations were maintained in the circulation, 
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Figure 3.6: MyD88 co-stimulation enhances proliferation of donor CD8+ T 

cells in vivo. (A) CD8+ T cells were sorted and transduced with pMig control or 

pCM8 experimental constructs and (right) efficiency measured. BALB/c host mice 

underwent TBI then were injected with 3.5x106 TCD-BM from C57BL/6 mice, 

0.5x106 A20-luciferase and 0.5x106 of the indicated CD8+  T cells. On day 4 post 

injection, mice were euthanized, and their spleens were harvested for cell 

isolation, staining and analysis. B) Donor and residual host CD8+ T cells were 

gated as shown. C) Quiescent residual host CD8+ cells were analyzed for Ki67 as 

a baseline intrinsic control. D) Ki67 was measured in all donor CD8+ T cells and 

E) between GFP (transduction) positive cells only. F) Donor CD8+ T cell 

expansion was measured in the spleen of these mice at multiple timepoints. 

G)Blood and H) Inguinal lymph nodes were taken at day 6 and 12 post-transplant 

in the presence of A20 tumor. Donor CD8+ populations were assessed in order to 

determine whether these cells enter circulation or are retained in the secondary 

lymphatics. This experiment is representative of two independently replicated 

experiments with similar results shown using mean ±  SD. The p values and 

significance indications were acquired by Student’s t tests. 
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blood samples from these mice were analyzed. We found that mice treated with pCM8 

transduced CD8+ T cells had significantly more donor T cells within the blood at day 12 

compared to the pMig control (Figure 3.6G).  In contrast, the inguinal lymph nodes 

collected from these mice, also displayed a drop off in donor CD8+ T cell populations, 

mimicking what we saw in the spleen (Figure 3.6H).  

Figure 3.7: MyD88 co-stimulation enhances survival of allogeneic CD8+ T 

cells.   A) (Top) Transduced T cells (H-2b) were co-cultured with constant A20 

tumor (H-2d) and activated bone marrow derived dendritic cells (H-2d) 1:10 to T 

cells. (Bottom) These cells were stained with phenotypic markers and Annexin 

V/7-AAD was added to assess death and survival of these cells. Dead cells 

(AnnexinV+ 7-AAD+) at B) 24 hours and D) 48 hours and Apoptotic cells 

(AnnexinV+ 7-AAD-) at C) 24 hours and E) 48 hours were analyzed on CD8+ T 

cells. This experiment is representative from one of two independently replicated 

experiments with similar results shown using mean ± SD (in triplicate). The p 

values and significance indications were acquired by Student’s t tests. 
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In order to test survival of donor CD8+ T cells, a modified-MLR was utilized which 

combined variable ratios of transduced donor CD8+ T cells (H-2b), activated BMDC 1:10 

(H-2d), and constant A20 tumor (H-2d). This culture models the allogeneic host cell types 

in vivo and allows us to analyze how these populations impact the survival of CD8+ T cells 

with and without MyD88 co-stimulus. At each time point we utilized annexinV/7-AAD to 

see the fraction of T cells dead (7-AAD+/AnnexinV+) or initiating apoptosis (7-AAD-

/Annexin V+) at 24 or 48 hours (Figure 3.7A). Twenty-four hours after culture we found 

that the pMig control T cells had a significantly increased frequency of dead cells at every 

ratio compared to the pCM8 transduced CD8+ T cells (Figure 3.7B). Additionally, at 24 

hours there were significantly more early apoptotic cells in the pMig control cultures at the 

10:1 and 1:1 ratios indicating better survival of the pCM8 transduced CD8+ T cells, even 

when tumor is increased (Figure 3.7C). At 48 hours the results were similar with increased 

death of pMig controls compared to the transduced pCM8 CD8+ T cell cultures (Figure 

3.7D). Early apoptosis of the pMig control was also significantly higher than the transduced 

pCM8 CD8+ T cells after 48 hours (Figure 3.7E).  

Together, these data indicate that the MyD88 co-stimulated donor CD8+ T cells 

have an increased capacity for proliferation and survival in the allogeneic setting.  

MyD88 co-stimulation increases multi-modal functionality in donor CD8+ T cells 

 To determine the tumor control mechanisms of MyD88 co-stimulated donor CD8+ 

T cells, CD8+ T cells from mice were characterized 4 days after allo-HCT. Mouse spleens 

were extracted and stained for cytokines interferon gamma (IFNγ) and tumor necrosis 

factor alpha (TNFα) (Figure 3.8A). We were able to detect significantly increased double 

positive donor CD8+ T cells in mice treated with CD8α:MyD88 donor T cells (Figure 
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3.8B). This increase in multi-functional CD8+ T cells was weighted by a significant 

increase in TNFα positive cells (Figure 3.8C) and a trending increase in IFNγ (Figure 

3.8D). We also stained the cells for Granzyme B and CD107a to determine their potential 

for killing with Granzyme B and assess their secretory capacity (Figure 3.8E). Donor 

CD8+ T cells transduced with CD8α:MyD88 had three times more Granzyme B positive 

cells than pMig control or naïve CD8 control T cells (Figure 3.8F). This group also 

displayed two times more Granzyme B+ CD107a+ cells than controls (Figure 3.8G) and 

Figure 3.8: MyD88 co-stimulation enhances multi-modal function of donor 

CD8+ T cells.  BALB/c host mice were conditioned with TBI (9.5Gy) then 

injected with 3.5x106 T cell deplete bone-marrow from C57BL/6 mice, 0.5x106 

A20-luciferase and 1x106 of the indicated T cell infusion (TCD-BM n=3, pMig 

n=4, pCM8 n=4). On day 4 post injection, mice were euthanized, and their spleens 

were harvested for cell isolation, staining and analysis. Donor CD8+ T cells were 

gated on from live -> singlet -> H-2kb+ populations. A) These cells were analyzed 

for Interferon gamma and TNFa B) together as double positive cells and 

individual C) TNFα and D) IFN-γ single positive populations. E) Additionally, 

donor CD8+ T cells were examined for expression of Granzyme B and CD107a 

and assessed for F) granzyme B positivity G) Secretory CD107a+ Granzyme B+ 

and H) Granzyme B MFI. Results shown are mean ±  SD and representative from 

one of two independently replicated experiments. The p values and significance 

indications were acquired by Student’s t tests. 
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Figure 3.9: Improved tumor control from MyD88 co-stimulation in donor 

CD8+ T cells is the result of direct killing.  A) (Left) Donor CD8+ T cells were 

sorted, activated, and transduced with either pMig-GFP control vector (pMIG) or 

pMIG-CD8α:MyD88 vector (pCM8). Varying T cell concentrations were than co-

cultured with a constant number (104) of A20 lymphoma +/-H2kd bone marrow-

derived dendritic cells kept at  1:10 ratio (BMDC:T cells). (Right) Tumor cells were 

analyzed by gating on singlet B220+ cells and further on 7-AAD viability dye by 

Annexin V apoptosis indicator. Tumor populations were separated by Dead tumor 

cells at B) 24 hours and E) 48 hours, early apoptotic tumor cells at C) 24 hours and 

F) 48 hours and Logistic tumor growth curves at C) 24 hours and G) 48 hours. 

Experiments were performed in triplicate and independently replicated two times 

with results as mean ± SD. The p values and significance indications were acquired 

by Student’s t tests. IC50 values were obtained from logistic growth curve analysis 

in GraphPad Prism software. 
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had twice the total granzyme B expression of control T cell groups (Figure 3.8H). Together 

these data indicate that MyD88 co-stimulated donor CD8+ T cells have enhanced cytotoxic 

function.  

Improved tumor control from MyD88 co-stimulation in donor CD8+ T cells is the 

result of direct killing.   

 To determine whether MyD88-stimulated control of tumor is through a direct 

killing mechanism, we utilized our modified MLR system. Again, CD8+ T cells were 

transduced with equivalent efficiency (Figure 3.9A). Transduced CD8+ T cells (H-2b) 

were co-cultured with 1:10 activated BMDC (H-2d) and a constant 104 A20 lymphoma (H-

2d). Different ratios of transduced CD8+ T cells were added to the co-cultures to assess 

killing and tumor control caused by the T cells. At each timepoint, cells were stained for 

surface markers, Annexin V, and 7-AAD and data was immediately acquired. Tumor cells 

were analyzed for death and early apoptosis within the population. Additionally, live tumor 

cells of the total cell population were normalized to the control and used to assess percent 

tumor growth and obtain an IC50 to measure and compare T cell efficacy.  At 24 hours we 

observed a significant increase in dead tumor cells (Figure 3.9B) and early apoptotic tumor 

cells (Figure 3.9C) in samples treated with CD8α:MyD88 T cells. At 24 hours, significant 

differences were observed at higher T cell to tumor ratios of 20:1 and 10:1. When assessing 

how CD8α:MyD88 T cells impacted tumor growth, we found a significant decrease in 

growth at each ratio (Figure 3.9D). After 48 hours of co-culture, we found that the samples 

containing the pCM8 transduced CD8+ T cells had significantly increased dead tumor cells 

across all ratios (Figure 3.9E), although the early apoptotic percentages were overall 

decreased compared to 24 hours (Figure 3.9F). When analyzing the impact of 
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CD8α:MyD88 transduced CD8+ T cells on % tumor growth after 48 hours, we found the 

IC50 was still under 1 T cell per tumor cell (0.49) while the pMig IC50 was 2.77 T cells 

per tumor cells for 50% control of tumor growth (Figure 3.9G).  Tumor growth  across all 

ratios was significantly less in the CD8α:MyD88 T cell group (Figure 3.9G). Most striking 

was the 1:1 ratio which was under 50% tumor cell growth in the CD8α:MyD88 T cell group 

while the GFP control group had tumor growth almost equal to that of the tumor only 

control (e.g. 100%) at the same ratio (Figure 3.9G). Together, these data indicate that 

MyD88 co-stimulated donor CD8+ T cells directly kill tumor cells more efficiently than 

the transduced GFP control T cells. 

Discussion 

This study presents a novel strategy of donor T cell engineering and infusion for 

allo-HCT, where fusion protein CD8α:MyD88 activates MyD88 signaling in donor CD8+ 

T cells without the need for systemic administration of a ligand or cytokine. This approach 

resulted in an enhanced GVT effect. To the best of our knowledge, this is the first strategy 

designed to boost the GVT response through molecular engineering of MyD88 for donor 

T cell infusion. Donor lymphocyte infusions in some leukemias often fail to clear tumor 

and patients often succumb to their disease. For example, one study found that patients 

with adult lymphoid malignancies had an overall survival of only 13% in 3 years after 

receiving a donor lymphocyte infusion.277 Our results provide proof of concept that 

synthetic engineering of CD8α:MyD88 improves the effectiveness of donor lymphocyte 

infusion in the setting of allo-HCT.  However, due to the link between GVT and GVHD it 

was rational to predict that enhanced MyD88 in donor CD8+ T cells elicit some GVHD 

symptoms in these mice. Our initial results indicated that mice treated with CD8α:MyD88 
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T cells showed significantly increased weight loss, yet these mice did not display other 

severe GVHD related side effects and survived throughout the course of the study. When 

we escalated the dose of administered T cells, we found there was no dose dependent 

increase in GVHD-related symptoms. Upon histopathological analysis we found that 

weight loss was associated with minor increases in lamina propria inflammation, 

intraepithelial lymphocyte infiltration, and apoptosis occurring in the large intestine. 

However, these mice survived throughout the course of the study, even at the highest dose, 

indicating MyD88 co-stimulation induces increased but non-lethal GVHD in mice. 

From our previous studies we can conclude that the CD8α domain of the construct 

enhances activation of MyD88 in conjunction with MHC class 1 activation of the TCR.  If 

this construct was indiscriminately activating MyD88 we would expect abhorrent 

activation and function. However, in our previous study, when tumor specific 

CD8α:MyD88 pmel T cells were not supplied with gp100 peptide pulsed splenocytes or 

B16 tumor cells to stimulate them, they did not proliferate and produced miniscule 

quantities of cytokines.256  Again in our previous study, when these cells were specifically 

stimulated, MyD88 was found aggregating at or proximal to the immunological synapse, 

indicating that the CD8α domain of the construct interacts with the TCR and promotes 

MyD88 aggregation with TCR activation.256 In this study, the TCR activation signal would 

come from allogeneic stimulation of the T cell receptor by the host dendritic cells and 

tumor cells. Our CD8α:MyD88 and GFP control T cells are already activated going into 

the host mouse; however, not all the T cells will be allogeneic responders. Host DCs and 

tumor are likely to play a role in further stimulating and shaping the population of T cells 

that responds to tumor.  In this study we found that CD8α:MyD88 T cells displayed 
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enhanced capacity to proliferate in the allo-HCT system. Ki67 is a graded marker that 

increases as cells move towards S phase, G2 phase, and peaks at M phase.276  In addition 

to showing an increased proliferative capacity, CD8α:MyD88 donor CD8+ T cells 

expanded early in secondary lymphatics, where they would see residual host antigen 

presenting cells. This was followed by an appropriate contraction of all donor T cell 

populations by day 12. Systemically, MyD88 co-stimulated CD8+ T cells maintained a 

larger presence in the blood through day 12 post-transplant indicating systemic retention 

of these cells. The contraction of these cells in secondary lymphatics is important to make 

room for other immune cells from the transplant while retention in the blood shows these 

cells could still be active in eliminating tumor cells. Ultimately, the proliferation profile, 

expansion and notable increase in survival of the CD8α:MyD88 T cells further mimic 

treatment of T cells with TLR ligand but without any potential off-target effects.278 

  TLR2 agonists in CD8+ T cells increase T-bet and its binding to Granzyme B, 

Perforin, and IFNγ promoters.253  In previous studies using our CD8α:MyD88 construct in 

pmel-specific CD8+ T cells, we also found a notable increase in IFNγ and other 

cytokines.256 In the current study, we measured several functional cytokines in the donor 

CD8+ T cells after isolating them from the spleens of these mice on day 4 post-transplant.  

We were able to detect increased poly functional cytokine producing donor CD8+ T cells. 

There were also more granzyme B positive donor CD8+ T cells and these cells co-

expressed secretory marker CD107a. The increase in granzyme B and CD107a double 

positive donor T cells in the mice treated with CD8α:MyD88 T cells could indicate an 

increased expansion of allogeneic responders. We know that this construct can produce a 

more sensitive MHC and TCR interaction256, thus it is likely that synthetic CD8α:MyD88 
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increases the reactivity of donor CD8+ T cells to host antigens and tumor antigens in this 

allo-HCT system.  The observed increase in T cell functions led us to test whether MyD88 

co-stimulation in T cells elicits direct killing in target tumor cells. We found that lymphoma 

cells co-cultured with CD8α:MyD88 T cells had significantly more apoptotic and dead 

cells down to the 1:1 T cell to Tumor ratio and at each timepoint. Conversely, pMig control 

T cells could not control tumor growth. This occurred in a T cell-dose dependent manner, 

indicating the T cells were the dominant parameter modulating tumor death.  

The biological role of MyD88 in T cells in the context of experimental transplant 

has been controversial.  Most studies analyzing MyD88 utilize a knockout approach. One 

study showed that MyD88 is indispensable for effective GVT269, which complements other 

studies that found antigen specific CD8+ T cells lacking MyD88 are partially defective and 

have impaired responses to lymphocytic choriomeningitis virus.279,280 In contrast, another 

study concluded that MyD88 ablation reduces GVHD while maintaining GVT effects.270  

In both studies, pan T cells including CD4+ T cells were utilized. Our previous 

studies,272,281 have shown that although CD4+ T cells contribute to GvT effect, a small 

number (5x104) of CD4+ T cells could cause hyperacute lethal GVHD between 1-2 weeks 

after transplant in this model system. Because of this concern, we have devised this 

CD8α:MyD88 construct to selectively enhance CD8+ T cell function as a strategy to 

improve the GvT effect without causing severe and lethal GVHD. Although we did see an 

increase in GVHD symptoms of the gut with our CD8α:MyD88 modified CD8+ T cells, 

we did not observe any lethality at even 5x106 CD8+ T cell dose. Therefore, our study 

would support a new strategy of engineering human CD8+ T cells for DLI. Currently DLI 

in the clinic does not separate CD4+ and CD8+ lymphocytes, so the use of this construct 
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would require a different protocol from the current clinical procedure. Further 

modifications to this construct (e.g., inducible suicide genes, tumor specific TCRs) may 

increase safety, specificity, and efficacy in the clinical setting.  

To summarize, synthetic engineering of MyD88 co-stimulation into donor CD8+ T 

cells represents a unique and versatile approach to enhance the GVT response. We found 

these cells were more activated and primed to kill tumor cells in the setting of allo-HCT.  

Overall, our approach provides novel proof of concept for engineering donor T cell 

infusions to improve their efficacy.  

 

 



90 

CHAPTER IV: MyD88-activated CD8+ T cells improve anti-tumor immunity in the 

presence of myeloid suppressor cells. 

Introduction 

Suppression from the myeloid compartment in solid tumors has been implicated in 

reducing T cell activation, function, and ultimately elimination of tumor cells187. Tumor 

cells secrete factors such as GMCSF, GCSF, VEGF, PGE2, IL-6 and other cytokines  

which directly and indirectly inhibit an anti-tumor immune response.201 Indirectly, these 

factors promote the development and recruitment of suppressor cells.201 MDSCs are a 

continuum of innate immune cell that suppress the adaptive immune response and are 

produced during chronic inflammatory pathologies and cancer.56  In humans and mice, 

MDSCs in solid tumors indicate poor cancer prognosis.198,282 Therapeutically 

counteracting suppressive mechanisms from MDSCs has shown limited success thus far. 

The anti-tumor activity of T cells is enhanced by the engagement of various 

costimulatory receptors expressed on effector T cells. Our earlier studies show that TLRs 

expressed on activated effector T cells present a novel costimulatory target.124,278  TLR 

stimulation on T cells enhances T cell proliferation, function, and survival.120 Furthermore, 

the addition of TLR activation to adoptive T cell transfer therapy augments tumor 

regression and prolongs survival of mice.251 However, utilizing TLR ligands to stimulate 

T cells presents major challenges due to ephemeral or low expression of TLRs.120 

Additionally, TLR ligand activation of tumor cells may promote tumor survival and 

growth.120,184 To circumvent these challenges, our research group developed an engineered 

molecule to produce MyD88 co-stimulation in T cells. This construct consists of MyD88 
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directly linked to the ectopic domain of CD8α to induce MyD88 activation with TCR 

engagement. After transduction with this construct, tumor specific pmel T cells display 

characteristics of TLR activation and have enhanced activation and anti-tumor efficacy in 

an experimental melanoma tumor model.256  

Given the enhanced activity including reduced TCR activation threshold, increased 

effector molecule production and increased sensitivity to cytokine stimulation anti-tumor 

efficacy of TLR-stimulated and CD8α:MyD88 T cells, we hypothesize that MyD88-

mediated co-stimulation on tumor-specific  T cells would counteract MDSC-mediated 

suppression through increased T cell activation, function, and modulation of the myeloid 

milieu. In vivo, we found that CD8α:MyD88 T cells did not completely resist MDSC 

suppression, but they did continue to display enhanced basal activation and function in the 

presence of MDSCs. To test this in vivo, we utilized the B16 melanoma cell line which is 

transduced to express the cytokine GMCSF to induce MDSC production(B16-GMCSF). 

Mice inoculated with B16-GMCSF tumors and treated with CD8α:MyD88 T cells were 

better able to control tumor growth than when treated with the pMIG-GFP control T cells. 

The tumors of mice treated with CD8α:MyD88 T cells contained more CD8+ T cells and 

less suppressive macrophages than control tumors. Using an in vitro bone marrow culture 

system suppressed with tumor media, I showed that modulation of the myeloid 

compartment is at least in part due to excess IFN-γ produced by CD8α:MyD88 T cells. 

Herein I show that MyD88 co-stimulated T cells activate and function better in the presence 

of myeloid suppressors and alter the TME by reducing suppressive macrophages.   
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Materials and Methods 

Mice 

C57BL/6 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 

For the initial in vitro studies, the Lewis Lung carcinoma (LLC1) 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). For in vitro and in 

vivo studies, the modified B16-GMCSF cell line was a gift from Dr. Elizabeth Jaffee at 

Johns Hopkins and was cultured in DMEM with 10%FBS and 1% penicillin-streptomycin. 

MDSC generation and isolation 

Tumor cell lines were subcutaneously injected into mice and grown until a size of 

10mm x10mm was attained. Tumors were then collected. Tumors were cut into 3mm x 

3mm or smaller pieces and digested with 150U/mL of collagenase type IV (Sigma C1889-

50MG) 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 was strained through a 70uM filter 

and suspended in complete media. 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 
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antibody was used for isolation, followed by PE selection cocktail and magnetic beads 

provided in the kit. Cells bound by the beads were separated using the EasySep magnets.  

T cell activation 

The spleen and lymph nodes from pmel mice were collected and homogenized through a 

cell strainer to generate a cell suspension. For reactivation studies using TLR agonist, 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 media was changed every 

other day for six days of culture. For transduction, the T cells were used 48 hours after 

initial activation. For transduction using the CD8α:MyD88 construct, the cells were 

counted and cultured at 3e6 cells/ml with 100U/mL of IL-2 (Biolegend 589106), 1µg/mL 

of hgp10025-33 peptide in tissue cultured treated 24-well plates for 48 hours. 

Co-culture studies 

To determine the impact of TLR treated or CD8α:MyD88 transduced T cells on 

MDSCs, they were cocultured, at varying concentrations, live resting effector T cells 

isolated with ficoll gradient or transduced T cells in 96 well tissue culture treated flat 

bottom plates. The plates were coated overnight with 0.1µg/ml of anti-CD3e antibody in 

PBS. Murine GMCSF was added at a final concentration of 20ng/ml to support ex-vivo 

survival of MDSCs. For proliferation analysis of TLR-agonist treated T cells, 1uC 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. When using transduced control and CD8α:MyD88 T cells, dye 
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dilution was used. Prior to co-cultures, T cells were pulsed with 0.5 µM efluor 450 

proliferation dye and washed according to the manufacturers protocol.  

To determine the role of IFN-γ in altering suppressive myeloid populations, a 

dynamic bone marrow derived macrophage culture was developed. Bone marrow cells 

were depleted of T cells (TCD-BM) and cultured at 2x106 cells per plate with 5ng of M-

CSF and 20% tumor media from 4T1 tumor cell cultures. Three days later, 2 wells were 

removed and counted to assess an updated average cell count per well (to consider typical 

culture die-offs). pMIG-GFP control T cells or CD8α:MyD88 T cells were added at a 0.5 

to 1 ratio. Additionally, IFN-γ neutralizing antibody or isotype control were added to these 

cultures. After 3 additional days of culture (6 days total), all the cells were collected by 

removing detached cells, washing with PBS, incubating 10 minutes with 10mM EDTA in 

ice cold PBS, and scraping. Cells were washed in PBS a final time and collected into a 96 

well V-bottom  plate for flow cytometric staining and analysis.  

Flow cytometric analysis 

Intracellular staining was done on T cells after 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. All experiments in this chapter except 

figure 4.5 used the LSRII flow cytometer. Figure 4.5 used the Aurora Cytek spectral 

cytometer for cell analysis.   
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Antibodies used for intracellular and surface staining included: CD8a- 

APC(100711) or CD8a- Pacific blue (100725), IFN-γ-PE (505806), TNF-α-PE-CY7 

(560658), CD206-APC-Cy7 (321119), Ly6C-Af700 (128023), CD11b-bv650 (101239), 

CD3-PE-dazzle (100245), Live/Dead Aqua (ThermoFisher; L34957) stain, and efluor450 

proliferation dye(ThermoFisher; 65-0842-85). To perform compensation (flow cytometer) 

or unmixing (spectral cytometer), splenocytes were stained with T cell antibodies of the 

same color for single color stains. For the compensation of chemical dyes, ArC™ Amine 

Reactive Compensation Beads (ThermoFisher; A10346)  were used. 

T cell transduction 

Phoenix ECO cells, at >90% confluency, were transfected with either the empty pMIG-

GFP plasmid or plasmid containing pMIG-CD8α:MyD88 construct. Supernatant 

containing the virus was 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 

for 2 hours at 37C and incubated with the virus for another 18 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. 

Suppressive in vivo tumor model 

C57BL/6 mice were inoculated with 1.5x105 B16-GMCSF cells after trypsinization 

and processing through a 100µM filter to obtain a single cell suspension. Tumors grew for 

12-14 days and  mice were intravenously injected with 2.5e6 pmel-specific pMIG-GFP 

control T cells or CD8α:MyD88 T cells. Three days later mice were again injected with 

2.5e6 pmel-specific pMIG-GFP control T cells or CD8α:MyD88 T cells. Tumors were 
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measured twice a week during the length of the study. Mice were euthanized if their tumors 

exceeded 20 mm in any dimension or mice experienced ambulatory difficulties and 

inabilities to reach their food/water. In mechanistic studies, mice were euthanized 6 days 

after T cell transfer and their spleen, lymph nodes, and tumor were collected and analyzed 

for transduced T cells and myeloid cell populations. 

Results 

MyD88 co-stimulated T cells maintain enhanced basal activation in the presence of 

myeloid suppression 

We tested if MyD88 co-stimulation in T cells could bypass MDSC suppression by 

utilizing TLR agonists. Pmel T cells were cultured with varying numbers of MDSCs 

isolated from the tumor or the spleen of mice bearing LLC lung carcinoma or suppressive 

B16-GMCSF melanoma. The pmel T cells were activated six days prior to co-culture in 

the presence or absence of TLR2/1 agonist, Pam3CSK4, and MDSCs were magnetically 

sorted from tumor cell suspensions. After co-culture, T cell proliferation was assessed by 

measuring thymidine-H3 uptake after 48 hours of culture. T cells treated with the TLR2/1 

agonist exhibited higher proliferation in the presence of tumor derived MDSCs. (Fig 4.1A-

B). 

This same co-culture system was utilized with T cells activated from human PBMC 

and induced MDSCs from human peripheral blood. To make induced human MDSC, 

CD33+ myeloid cells were sorted from human peripheral blood and treated with 50% 

media from the human head and neck cancer cell line, WSU-HN6, for 2 days. Induced 

human MDSC were co-cultured with T cell activated PBMC, with or without pam3CSK4. 
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Human T cells treated with the TLR2/1 agonist exhibited significantly higher proliferation 

in the presence of suppressive induced human MDSC (Figure 4.1C).  

Systemic administration of TLR agonists can induce hyper inflammation or support 

tumor growth, thus a more direct approach to MyD88 co-stimulation in T cells was 

warranted.120 To test the impact of direct MyD88 co-stimulation on T cells in the presence 

of MDSCs, I transduced the CD8α:MyD88 or pMIG-GFP vectors into pmel T cells, pulsed 

them with proliferation dye, and co-cultured them with B16-GMCSF derived MDSCs. 

CD8α:MyD88 T cells proliferated significantly better at 1:1 and 0.5:1 and 0:1 ratios 

indicating that MyD88 co-stimulation does improve proliferation in the presence of 

myeloid suppression (Figure 4.2A-B). I analyzed the dose-response trends to determine 

Figure 4.1: TLR-MyD88 co-stimulation in CD8+ T cells increases 

proliferation in the presence of MDSCs. Pmel T cells were treated with TLR2/1 

agonist, pam3CSK4, and co-cultured with tumor derived MDSCs from A) B16-

GMCSF or B) LLC1 tumors at varying ratios. C) Human PBMC was T cell 

activated with TLR2/1 agonist and co-cultured with induced human MDSCs. 

Proliferation was measured after 48hours of culture using an 18hr pulse of 3H-

thymidine uptake.  Experiments were performed in triplicate and independently 

replicated two times with results as mean ± SD. The p values and significance 

indications were acquired by Student’s t tests in GraphPad Prism software. 
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whether T cells are bypassing suppression (significant difference in slopes) or maintain 

increased basal activation with the same level of suppression (different y-intercepts). I 

Figure 4.2: MyD88 co-stimulation in CD8+ T cells through the CD8α:MyD88 

construct increases proliferation in the presence of MDSCs. Pmel T cells were 

transduced with CD8α:MyD88 construct or pMig Ctrl and co-cultured with tumor 

derived MDSCs from B16-GMCSF at varying ratios. A) Proliferation was 

measured using dye dilution and B)plotted to analyze the linear trend between the 

pmig ctrl and pCM8. Additionally, C) cytokines TNF-α and IFN-γ were analyzed 

within the transduced T cells using flow cytometry. The MFI of D) IFN-γ and 

E)TNFa was plotted to analyze the linear trend between the cytokine output of 

pMig ctrl and pCM8 T cells was analyzed.  Experiments were performed in 

triplicate and independently replicated three times with results as mean ± SD. The 

p values and significance indications were acquired through linear analysis in 

GraphPad Prism software. 
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found no statistically significant difference between the slopes of the trends; however, the 

y-intercepts were significantly different (Figure 4.2B). This indicates that in vitro, 

CD8α:MyD88 T cells counteract MDSC suppression through an intrinsic increase in basal 

activation.  

I also asked if MyD88 co-stimulation improved T cell function in the presence of 

myeloid suppression. Utilizing the same culture system, I measured IFN-γ and TNF-α 

production from CD8α:MyD88 T cells and pMIG-GFP control T cells. I found that 

CD8α:MyD88 produced significantly more IFN-γ and TNF-α than controls (Figure 4.2C). 

When the trend of the mean fluorescent intensity of IFN-γ and TNF-a was assessed I found 

that there was no significant difference in slope; however, the y-intercepts were again 

significantly different (Figure 4.2D&E).  This indicates that in vitro, CD8α:MyD88 T cells 

counteract MDSC suppression through an intrinsic increase in basal function that is 

proportionally offset by myeloid suppression.  

Synthetic CD8α:MyD88 coreceptor improves the efficacy of tumor-specific CD8+ T 

cells in suppressive B16-GMCSF mouse melanoma.  

 To test the therapeutic index of CD8α:MyD88 T cells on a suppressive tumor 

containing MDSCs, we utilized the B16-GMCSF cell line. This is a mouse melanoma that 

was modified to produce GMCSF and known to promote the development of MDSCs. 

Additionally, we utilized pmel-specific T cells which specifically target the pmel17 tissue 

antigen expressed by melanoma but are easily subjected to tumor immune insults such as 

MDSC suppression. I inoculated mice with the B16-GMCSF tumor and injected our 

CD8α:MyD88 T cells or pMIG-GFP control T cells on day 12 and 14 post inoculation, 

when tumors were palpable (Figure 4.3A). Tumors were measured twice a week and 
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survival of the tumor-bearing mice was tracked. The CD8α:MyD88 T cells were better able 

to control tumor growth when compared to the control T cell group (Figure 4.3B). Despite 

this most mice from both groups died from their tumor with only 1 mouse that could fully 

eliminate the tumor (Figure 4.3C). This MyD88-mediated increase in tumor control did 

admonish a significant difference in median survival (MS pMIG = 22.0 versus pCM8 = 

30.0) (Figure 4.3D). Overall, this shows that the CD8α:MyD88 T cells improve anti-tumor 

immunity over control T cells in a suppressive TME.  

Figure 4.3: MyD88 co-stimulation in CD8+ T cells increases anti-tumor 

immunity in a suppressive b16-GMCSF tumor model. A)Mice were inoculated 

with 1.5x105 b16-GMCSF and pmel T cells were transduced with CD8α:MyD88 

(n=10) construct or pMig Ctrl (n=9) and 2.5x106  were injected intravenously. 

Tumors were measured twice a week with calipers and the B)mean area and C) 

single mice were plotted over time. Additionally, D) survival of each mouse was 

plotted in a Kaplan-Meier plot over time and analyzed using a log rank test. The p 

values and significance indications in the mean tumor growth plot were acquired 

through multiple Student’s T-tests adjusted for multiple comparisons in GraphPad 

Prism software. 
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Expression of the CD8α:MyD88 coreceptor in tumor-specific T cells modulates the 

suppressive tumor microenvironment 

To look at the tumor and peripheral immune compartments when treated with 

CD8α:MyD88 T cells, I repeated the tumor experiment in which mice were inoculated with 

B16-GMCSF tumor and injected with transduced T cells on day 14 and 16. Tumors, 

spleens, and draining lymph nodes were processed into single cell suspensions and stained 

Figure 4.4: MyD88 co-stimulation in CD8+ T cells modulates the myeloid 

compartment in vivo. A)Mice were inoculated with 1.5x105 b16-GMCSF and 

pmel T cells were transduced with CD8α:MyD88 (n=6) construct or pMig Ctrl 

(n=5) and 2.5x106  were injected intravenously as before. Percent of transduced T 

cells in the A) Tumor B) Spleen and C)draining lymph node were analyzed from 

live CD45+ cells. In the tumor, myeloid populations were analyzed on live 

CD11b+ cells including D) monocytic cells, E) total macrophages, and 

F)suppressive tumor associated macrophages. The p values and significance 

indications were found through Student’s T-tests in GraphPad Prism software. 
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for flow cytometric analysis looking at CD8+ T cells, monocytes, and macrophages.  I 

found that CD8α:MyD88 T cells were trending upwards in the tumor and displayed 

significantly higher percentages in the spleen and lymph nodes (Figure 4.4A-C). In the 

tumor, monocytes were found significantly lower in the CD8α:MyD88 T cell treated mice 

when compared to control T cells (Figure 4.4D) Total macrophages were found at a higher 

percent within the tumor(Figure 4.4E). However, suppressive tumor associated 

macrophages were found significantly lower in mice treated with the CD8α:MyD88 T 

cells(Figure 4.4F). This indicates that CD8α:MyD88 T cells alter the myeloid milieu in a 

tumor with a suppressive myeloid compartment.  

Increased IFN-γ released from CD8α:MyD88 T cells is implicated in changes to the 

tumor microenvironment 

 IFN-γ is a pleiotropic cytokine that has antiproliferative, pro-apoptotic, antitumor, 

and myeloid altering mechanisms.283 Previous studies have indicated elevated levels of 

IFN-γ in tumor lysates when using TLR agonists or our CD8α:MyD88 construct in CD8+ 

T cells.256 When analyzing the cellular mechanisms shown in figure 4.4, I collected blood 

serum from each mouse and observed there was significantly higher IFN-γ in the blood of 

mice treated with CD8α:MyD88 T cells (Figure 4.5A). IFN-γ can drive the differentiation 
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of monocytes into inflammatory type 1 macrophages and reduce their differentiation into 

suppressive tumor associated macrophages.  

 I developed a dynamic bone marrow macrophage differentiation co-culture in 

which bone marrow was T cell deplete and placed in culture dishes in 20% tumor 

conditioned media. After three days, transduced pMIG-GFP control or CD8α:MyD88 T 

cells were added to the cultures at 0.5:1 or 0:1 ratios. In addition,  neutralizing anti- IFN-γ 

antibody or isotype antibody were added with transduced T cells (Figure 4.5B). Three days 

Figure 4.5: Enhanced production of IFN-γ from MyD88 co-stimulated CD8+ 

T cells alters macrophage differentiation in a suppressive dynamic bone 

marrow culture. A) IFN-γ was measured from the serum of tumor bearing mice 

injected with transduced T cells (see figure 4.4). B) Suppressive dynamic bone 

marrow cultures were developed as shown in the diagram and treated with anti- 

IFN-γ or Isotype ctrl. Macrophages were analyzed by flow cytometry including C) 

% CD206hi TAM-like macrophages, CD206 MFI on macrophages, and % CD80+ 

inflammatory macrophages. The p values and significance indications were found 

through Student’s T-tests in GraphPad Prism software. 
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after adding the T cells and neutralizing antibody, all cells were collected and stained for 

flow cytometric analysis. CD206hi TAM-like cells were significantly lower only in the 

cultures treated with CD8α:MyD88 T cells and NO neutralizing antibody (Figure 

4.5C&D). The addition of IFN-γ neutralizing antibody rescued the TAM-like population 

up to control levels. Additionally, the percentage of CD80+ inflammatory macrophages 

were significantly higher only in the cultures treated with CD8α:MyD88 T cells and isotype 

control antibody (Figure 4.5E). The addition of IFN-γ neutralizing antibody rescued the 

inflammatory macrophage population down to control levels. Overall, these data implicate 

IFN-γ produced by CD8α:MyD88 T cells in modulation of the myeloid compartment of 

tumor bearing mice with a suppressive myeloid milieu. 

Discussion 

This study presents a novel strategy of engineered adoptive T cell therapy, where 

fusion protein CD8α:MyD88 in pmel CD8+ T cells improves T cell activation and function 

in the presence of MDSCs. In addition, the improved cytokine output and enhanced 

production of IFN-γ in CD8α:MyD88 T cells is implicated in modulating the TME toward 

a less suppressive myeloid milieu. Myeloid suppression poses a major hurdle for T cell 

mediated anti-tumor immunity.58,284,285 MDSC quantity in patient tumors is correlated with 

poor prognosis.286 Our results provide proof of concept that synthetic engineering of 

CD8α:MyD88 can improve the efficacy of adoptive T cell transfer, even in a suppressive 

tumor with high MDSC burden. Our initial results indicated that both TLR agonist treated 

CD8+ T cells and CD8α:MyD88 T cells showed significantly improved proliferation in the 

presence of MDSCs. Additionally, CD8α:MyD88 T cells showed improved function over 

control T cells when comparing the cytokine output of IFN-γ and TNF-α. By analyzing the 
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dose response trends in the suppressor assays and cytokine output assays I could discern 

that the CD8α:MyD88 T cells were not resisting suppression because the slopes were not 

significantly different from the control T cells. Instead the CD8α:MyD88 T cells 

counteracted MDSC suppression through increased basal activation as observed in 

significantly different y-intercepts from the control T cells. Since the cells still 

outperformed controls in the presence of MDSCs, I had rationale to test the CD8α:MyD88 

T cells in an in vivo setting.  

To test the CD8α:MyD88 T cells in a tumor model with a highly suppressive MDSC 

burden, we utilized a B16 melanoma that has been modified to produce GMCSF, a cytokine 

that stimulates the production of MDSCs from the bone marrow when chronically 

produced. CD8α:MyD88 T cells improved tumor control significantly better than control 

T cells. Although mice treated with CD8α:MyD88 T cells had an improved median 

survival, all mice except one eventually died from their tumor. Pmel specific T cells target 

an antigen expressed by B16 melanoma, however, they rarely reject the tumor due to 

antigen evasion and direct tumor suppression mechanisms287. In this scenario, we are using 

a tumor model that is already suppressive to T cells and increasing the number of MDSCs, 

so it is not surprising that CD8α:MyD88 T cells fail to completely reject the melanoma in 

most mice. 

Previous studies using CD8α:MyD88 T cells indicated that these cells could alter 

the myeloid milieu of a tumor. It was found that macrophage populations including tumor-

associated macrophages were reduced in the tumor when mice were treated with 

CD8α:MyD88 T cells256. However, previous studies were done using the wildtype B16 

melanoma which does not elicit a large production of suppressive myeloid cells.  To 
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determine the impact of CD8α:MyD88 T cells on the myeloid milieu in a tumor with a 

myeloid cell burden, I repeated the tumor experiment in which mice were inoculated with 

B16-GMCSF tumor and injected with transduced T cells. I found that CD8α:MyD88 T 

cells were increased in the tumor, spleen, and draining lymph nodes. Additionally, these 

cells were associated with decreased numbers of monocytic cells, increased total 

macrophages, and decreased TAMs. This indicates that CD8α:MyD88 T cells reduce the 

suppressive TME and increase the inflammatory status of the tumor. The decrease in 

monocytes and increase in macrophages could indicate an increase in monocytes 

undergoing differentiation into macrophages rather than a decrease in monocytes migrating 

to the tumor.  

I hypothesized that the increased IFN-γ produced by the CD8α:MyD88 T cells was 

modulating the TME to become more inflammatory and less suppressive. Using a dynamic 

bone marrow culture system, I concluded that the increased IFN-γ produced by the 

CD8α:MyD88 T cells could increase the number of CD80+ inflammatory macrophages 

and decrease the CD206+ TAM-like macrophages. Although I have implicated IFN-γ in 

the modulation of the TME, more studies will need to be performed to connect this 

mechanism to the changes we observed in vivo. In future studies we can verify the immune 

modulatory effect of excess IFN-γ produced by the CD8α:MyD88 T cells by utilizing host 

mice with the ifngr1 gene knocked out. Also, we could perform an in vivo study utilizing 

the neutralizing anti- IFN-γ antibody to eliminate IFN-γ produced by  CD8α:MyD88 T 

cells in the tumor and periphery. In both cases we would expect that the neutralization of I 

IFN-γ would reduce or  reverse the enhanced tumor control observed with CD8α:MyD88 

T cells. 
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To summarize, synthetic engineering of MyD88 co-stimulation into tumor specific 

CD8+ T cells represents a unique and versatile approach to counteract MDSC suppression 

in the tumor. It was found that these cells were more activated in the presence of MDSCs 

and could modulate the TME to become less suppressive.  Overall, our approach provides 

novel proof of concept for engineering tumor-specific T cells with a novel co-receptor for 

use in adoptive cell therapy. This approach could improve efficacy of anti-tumor responses 

in a tumor that is typically suppressive to T cell mediated elimination.  
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CHAPTER V: Final Discussion 

 The field of immunotherapy is rapidly evolving and advancing to deal with the 

challenges that prevent efficacy and durability of treatment in all patients. These challenges 

are different in different types of tumors. On the higher order of tumor classification, solid 

tumors are plagued more frequently with an immunosuppressive microenvironment, 

causing anergy and death of endogenous or engineered anti-tumor effector T cells. This 

immunosuppression occurs from myeloid cells which block the activation of T cells by 

upregulating checkpoint ligands, upregulating immune suppressive enzymes, producing 

reactive species, and by supporting other suppressive cells such as tumor-associated 

macrophages.56 In blood cancers, there is a larger selection of targeted therapeutics 

available. If those fail, the patient can undergo allo-HSCT. In some patients, the risk of 

GVL escape and tumor evasion after allo-HSCT remains a serious concern. GVL escape 

occurs through the expression of checkpoint ligands on the tumor or parenchymal cells, 

downregulation of tumor-associated miHA expression, upregulation of immune 

suppressive enzymes, modulation of cytokines, and out-competing the GVL response 

through acquired tumor aggression.288 

 Our research group developed the CD8α:MyD88 construct to mimic the co-

stimulatory effect of TLR agonists but in conjunction with TCR activation. This construct 

increases T cell activation and function and has been shown to increase the rejection of 

wildtype B16 melanoma when transduced into pmel (melanoma specific) T cells.  I 

hypothesized that providing MyD88 co-stimulus would improve the GVL response and 

improve tumor control in a suppressive solid tumor through increased activation and 
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function. In the solid TME, I also hypothesized that CD8α:MyD88 T cells could reduce 

suppressive macrophage populations in solid tumors. 

 In conjunction with allo-HSCT, donor CD8α:MyD88 T cells improved the GVT 

response early and effectively in standard and delayed GVT mouse models. In these models 

the CD8α:MyD88 T cells exhibited characteristic increases in proliferation and effector 

function. Lastly, I showed that CD8α:MyD88 T cells control tumor through dose-

dependent T cell mediated killing. In vivo, CD8α:MyD88 T cells were primed with more 

granzyme B than controls and were co-expressing the exocytosis marker CD107a. These 

data combined with the improved GVT effect indicate that MyD88 co-stimulus in donor 

CD8+ T cells, expands the number of responding allogeneic T cells. 

 In future studies, we could further determine whether the CD8α:MyD88 construct 

is increasing GVL-specific T cells by analyzing the TCR diversity and clonality of the 

expanding cells in vivo. A decrease in TCR diversity and increase in clonality is associated 

with an allogeneic response that is more specific to the GVL effect.289,290 In contrast, 

expansion of donor T cells with an increase in TCR diversity is associated with increases 

in GVHD.289  

 If MyD88 co-stimulus improves the expansion of tumor-associated T cells than 

there are other implications for the use of the CD8α:MyD88 construct in the allogeneic 

setting. This construct could be utilized to discover miHA-specific TCR clones that 

respond to the tumor. For example, if the CD8α:MyD88 T cells expand the GVL response, 

the T cells could be harvested and their TCRs sequenced. Those TCRs with the highest 

clonality could be cloned and transduced into donor T cells to test whether they improve 

the GVL response without impacting GVHD.  
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If CD8α:MyD88 T cells expand and respond more effectively to GVL responses, it 

could also be possible to selectively expand them on host dendritic cells loaded with patient 

tumor antigens. This would cause an expansion of donor CD8α:MyD88 T cells to tumor-

associated miHA antigens and could be used as an adoptive cell therapy with allo-HSCT 

or as a donor lymphocyte infusion therapy after relapse.  

 The earliest observations of GVT in the clinic were found to coincide with GVHD 

and this study was unfortunately not the exception. I found that increased activation of 

CD8α:MyD88 T cells caused mice to lose weight over the study, indicating a chronic 

intestinal involvement. Overall, I was able to conclude that MyD88 co-stimulus increases 

non-lethal GVHD, specifically in the colon.  

 In typical donor lymphocyte infusion, GVHD also poses an increased risk. The use 

of engineered donor lymphocyte infusion could pose an advantage in this respect. GVHD 

from CD8α:MyD88 T cells could potentially be prevented through co-transduction with a 

caspase 9 inducible system. In this system, caspase9 can be induced by a drug, causing 

programmed cell death of the transduced T cell. This gives clinicians the ability to remotely 

destroy the transduced cell causing GVHD.  

 In the solid TME, CD8α:MyD88 T cells were able to proliferate and function better 

than control T cells in the presence of MDSCs. This was due to an increase in basal 

activation and not complete resistance to suppression. Therefore, it is the intrinsic 

enhancement of T cell activation by MyD88 co-stimulus allowing T cells to perform better 

than the controls; at least in vitro. In the TME, the stroma, blood vessels, and immune cells 

create a dynamic environment that is modulated by extracellular factors. I found that 

CD8α:MyD88 T cells modulate the TME by decreasing the highly suppressive, tumor 
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associated macrophages. Using a dynamic bone marrow culture system, I implicated 

enhanced IFN-γ produced by CD8α:MyD88 T cells in reducing suppressive TAM-like 

cells and increasing inflammatory macrophages. This provides rationale for us to look more 

closely at the mechanistic role of IFN-γ produced by CD8α:MyD88 T cells in reducing 

myeloid suppression in vivo. In future studies we can verify the immune modulatory effect 

of excess IFN-γ produced by the CD8α:MyD88 T cells by utilizing host mice with the 

ifngr1 gene knocked out. Also, we could perform an in vivo study utilizing the neutralizing 

anti- IFN-γ antibody to eliminate IFN-γ produced by  CD8α:MyD88 T cells in the tumor 

and periphery. In both cases we would expect that the neutralization of IFN-γ would reduce 

or  reverse the enhanced tumor control observed with CD8α:MyD88 T cells. One major 

pitfall would be if IFN-γ is not the sole player in this phenomenon. Rather it could be a 

synergistic effect between IFN-γ and another cytokine, such as TNF-α.  

 Given CD8α:MyD88 T cells have improved activation in the presence of 

suppressive cells and modulate the TME, there are implications for the use of this construct 

in adoptive cell therapy. As explained in chapter 1, some therapies expand endogenous 

TIL’s already present in the tumor. The CD8α:MyD88 construct could be transduced into 

endogenously responding CD8+ T cells to improve their efficacy in a suppressive TME. 

Additionally, numerous CAR therapies exist that target specific antigens present on the 

surface of tumor cells. CAR T cells are subject to the same suppressive mechanisms as 

endogenous T cells and many have failed to elicit an effective and durable response in 

patients. The CD8α:MyD88 construct could be co-transduced into CAR T cells to improve 

their activation and reduce the impact of myeloid suppression in the hostile solid TME. 

One pitfall is that the CD8α:MyD88 construct is designed to function as a TCR co-receptor 
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and could fail to properly function with a CAR. Fortunately, several tumor-specific and 

tumor-associated TCRs have also been discovered that could be co-transduced into T cells 

with the CD8α:MyD88 construct.291 This could produce an enhanced tumor-specific 

response dependent on a TCR and would be further enhanced by the CD8α:MyD88 co-

receptor. 

 Lastly, the coordinated use of multiple immunotherapeutics has been on the rise. 

Immune checkpoint inhibitors reduce the negative feedback inhibition that controls T cell 

activation and function. Immune checkpoint inhibitors are being combined with vaccines, 

agonists, and cellular therapies. Tumor-specific T cells or expanded TILs transduced with 

the CD8α:MyD88 co-receptor could show improved efficacy and durability in suppressive 

or immunologically ‘cold’ tumors if they are combined with immune checkpoint inhibitors. 

One major pitfall these combinatorial approaches are confronted with is an increase 

in toxicity. In some patients combinatorial immunotherapies have elicited neurotoxicity, 

cytokine release syndrome, hepatotoxicity, Hematological toxicity, gastrointestinal 

toxicity, renal toxicity, endocrinopathy, ocular toxicity, and dermatologic toxicity.292 Many 

of these toxicities are just now being explored in more detail and more research into the 

toxicities of combinatorial therapeutics needs to be considered in pre-clinical studies. One 

potential method worth testing to get around increased toxicities of combinatorial 

therapies, is to use the therapies in a stepwise protocol. First, the patient is treated with an 

ICI to increase their endogenous T cell response. Then the tumor and TILs can be removed 

to transduce them with the CD8α:MyD88 construct. Lastly, the patient can be reinfused 

with the engineered TILs to drive an anti-tumor response. Stepwise use of neoadjuvant 

ICIs before ACT is not a new idea,293 but the use of this protocol with CD8α:MyD88 



113 

transduced TILs could hypothetically prevent the degeneration of the tumor back to a 

suppressive environment while eliminating residual disease. 

 In conclusion, the results obtained from these studies introduce an effective anti-

tumor immunotherapy tactic that has multiple benefits in both hematopoietic and solid 

TMEs. With further study in different tumor models and cellular platforms, MyD88 co-

stimulation in cytotoxic T cells has potential to improve adoptive cell therapies in the 

treatment of malignancies that evade the immune system.    
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