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T cell immunotherapy is a promising strategy for the treatment of patients with advanced
cancers. Despite promising results in patients with hematological malignancies, response rates to
solid tumors remain low. One of the biggest challenges is effectively activating and sustaining
anti-tumor T cell responses in the context of an immunosuppressive tumor environment. Several
approaches are currently being explored to improve the efficacy of adoptive T cell transfer,
including the activation of co-stimulatory signaling pathways in T cells. Toll-like receptor (TLR)
engagement on T cells is a potent co-stimulatory signal that increases anti-tumor activity by
enhancing T cell proliferation, effector function, and T cell survival. We developed and tested
two genetic engineering strategies to exploit the co-stimulatory effects of TLR signaling in CD8+
T cells. First, CD8+ T cells were modified to express and secrete the TLR5 ligand (TLR5L),
flagellin, as a means to deliver this immune adjuvant to the tumor for enhanced anti-tumor
activity. TLR5L–secreting T cells exhibited improved proliferation, cytokine secretion, and antitumor activity in both xenogeneic and syngeneic models of melanoma. The anti-tumor activity of
TLR5L–secreting T cells was associated with decreased numbers of phenotypically exhausted T

cells and fewer myeloid-derived suppressor cells. Second, we designed and characterized a
synthetic fusion protein composed of the T cell co-receptor CD8α and the TLR adaptor protein
MyD88, termed CD8α:MyD88. The expression of CD8α:MyD88 on T cells increased T
cell responses to low concentrations of tumor antigens as well as augmented the expression of
effector molecules and co-stimulatory proteins. These effects were antigen-dependent and
accompanied by elevated levels of TLR signaling-related proteins. The enhanced anti-tumor
activity of CD8α:MyD88–expressing T cells in tumor-bearing mice was associated with a unique
tumor cytokine/chemokine signature, improved T cell infiltration, elevated levels of antigen
presentation, and fewer macrophages with an immunosuppressive phenotype. The use of T cells
as vehicle to deliver TLR5L to the tumor site and the co-stimulation of T cells through a
synthetic CD8α:MyD88 receptor represent two novel and versatile approaches for modulating
the tumor microenvironment to enhance anti-tumor immunity.
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CHAPTER 1: INTRODUCTION AND SCOPE OF DISSERTATION

Background on Cancer
Cancer is one of the most prominent causes of death worldwide, resulting in over
eight million deaths per year1. Cancer cells develop sporadically in the body due to
genetic mutations that can be inherited or caused by extrinsic carcinogenic factors. These
driver mutations turn on oncogenes or turn off tumor suppressor genes, deregulating the
cells’ normal programing and leading to the stimulus-independent proliferation of cells.
Cancer cells can spread to other tissues throughout the body, leading to organ failure and
death.2

Immune Recognition of Cancer
It is now well accepted that the immune system can recognize and kill cancer
cells3. Tumor cells undergo many changes in the process of malignant transformation that
can be recognized by the immune system and distinguish cancer cells from normal cells
of the body. These protein-based variations, referred to as tumor antigens, can be
recognized by T lymphocytes (T cells).
T Cells
T cells are specialized white blood cells that are a key component of the adaptive
immune system. T cell progenitors are derived from the bone marrow and undergo
development in the thymus. T cell receptor (TCR) genes are rearranged to generate a
diverse repertoire of T cells4. Each TCR has a distinct specificity for an epitope on a
1

peptide, which is referred to as an antigen, that is presented to the T cell by antigenpresenting cells in the context of major histocompatibility complex (MHC) molecules5.
Naïve T cells that exit the thymus are activated in secondary lymphoid tissues (SLT)
when their TCR binds to peptide:MHC complexes on the antigen-presenting cell (Figure
1.1A). Antigenic peptides are typically 8-10 amino acids and 13-17 amino acids in length
for MHC class I and MHC class II, respectively6. Upon binding of the TCR to its cognate
peptide:MHC complex, the T cell co-receptor, either CD8 or CD4, interacts with a nonpolymorphic region of the MHC complex to stabilize the immunological synapse and
recruit the tyrosine kinase Lck7. Signaling is initiated by phosphorylation of the TCR
CD3ζ chain and the downstream signalling cascades result in T cell activation8. T cells
also require additional co-stimulatory signals through the CD28 co-stimulatory receptor,
as well as cytokines for initial activation. CD28 on T cells is activated by binding to
CD80 or CD86 molecules on antigen-presenting cells9. Naïve T cell activation is
regulated by the expression of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4).
CTLA-4 is upregulated upon T cell activation and acts as a negative feedback mechanism
to block T cell co-stimulation through binding with high affinity to CD80 and CD86
molecules and downregulating TCR and CD28 signaling10,11. After initial activation, T
cells enter the blood stream and travel throughout the body seeking infected or cancerous
cells to destroy. Upon re-encounter with their specific antigen via their TCR, T cells
become activated and no longer require CD28 co-stimulation (Figure 1.1B).
The two major subsets of T cells are CD4+ T helper (Th) cells and CD8+ cytotoxic
T lymphocytes (CTLs). CD4+ T cells recognize peptide antigens in the context of MHC
class II molecules displayed on the surface of professional antigen-presenting cells
2

(APCs) such as dendritic cells (DCs), macrophages, and B cells. The primary function of
CD4+ Th cells is to secrete cytokines to orchestrate appropriate immune responses. CD4+
cells can also develop into immunosuppressive regulatory T cells (Tregs) that play a
critical role in downregulating T cell responses in the periphery12.
CD8+ T cells recognize antigens in the context of MHC class I molecules.
Cytosolic proteins are transported into the endoplasmic reticulum (ER) where they are
degraded into small peptide fragments and loaded onto MHC class I molecules13.
Activated CTLs, referred to as effector cells, can recognize and directly kill target cells
throughout the body14. However, CD4+ T cells have also been shown to exhibit cytolytic
activity in certain contexts15. CTL effector functions include cytokine secretion and
cytotoxicity. T cell cytotoxicity is carried out through the induction of apoptosis of the
target cell by the deposition of cytolytic granules containing perforin and granzyme or
through Fas/Fas ligand interactions. Perforin creates pores in the membrane of the target
cell and allows for the entry of granzyme, which cleaves caspase enzymes for the
initiation of the apoptotic cascade14. Fas receptor engagement on the target cell also leads
to the activation of caspases for induction of apoptosis14. Activated CTLs also secrete
high levels of the type II interferon, interferon gamma (IFNγ), that induces the expression
of MHC molecules, co-stimulatory molecules, and activates other immune cells, such as
natural killer (NK) cells which can aid in tumor cell destruction16. The functional
capability of CTLs to recognize and directly kill target cells also applies to cancer cells,
thereby distinguishing CTLs as a major player in anti-tumor immunity.

3

A

B

Figure 1.1: T Cell Activation. A) CD4+ T cells recognize peptide in the context of MHC class II
expressed on professional antigen-presenting cells. Activation of naïve T cells requires three signals.
Signal one is the binding of the T cell receptor to its specific peptide:MHC complex on the surface of
the antigen-presenting cell. Signal 2 occurs when CD28 on the T cell’s surface is engaged by CD80 or
CD86 molecules expressed on the antigen-presenting cell. Signal 3 is mediated through cytokines
produced by the antigen-presenting cell such as IL-12 and IFNγ. B) CD8+ T cells recognize peptide in
the context of MHC class I molecules, which are ubiquitously expressed on most cell types. Effector T
cells that encounter their target cells in the periphery are able to respond after engagement of their T
cell receptor without the need for subsequent CD28 co-stimulation. Effector CD8+ T cell responses
include the production of cytotoxic mediators, such as perforin and granzyme, that lead to the lysis of
the target cell, proliferation, and cytokine production (ex. IFNγ).

4

Tumor Antigens
Tumor antigens are short peptide sequences derived from tumor proteins that can
be recognized by T and B cells. Tumor antigens can arise from the overexpression or
ectopic expression of endogenous proteins, mutated self proteins (neoantigens), or
products from oncogenic viruses17. Tumor-associated antigens (TAAs) are proteins that
are overexpressed on tumor cells but are also present on normal cells, while tumorspecific antigens (TSAs) are those that are not expressed on normal tissues, such as
neoantigens or viral antigens18. Neoantigens can arise from mutations or translocations
that result in a novel peptide unique to the tumor cell and not expressed on healthy
cells18.
The generation of potent anti-tumor T cell responses is limited by the fact that
many tumor antigens are derived from self proteins. High affinity self-reactive T cells are
eliminated by negative selection during T cell development in the thymus. Negative
selection is the process by which newly rearranged TCRs that recognize self peptides too
strongly are deleted to prevent an autoimmune T cell repertoire that could damage normal
tissues. As a result, any potential self-reactive T cells that remain are of relatively low
affinity, thereby exhibiting weak responses to tumor antigens19. Despite the inherent
disadvantage of tumor-specific T cells to respond to developing malignancies,
endogenous anti-tumor T cell responses do occur.
Tumor Microenvironment
The relationship between the immune system and a developing tumor has been
described in three distinct stages: elimination, equilibrium, and escape20. Many malignant
cells can be eliminated by the immune system before they form a detectable tumor by the
5

process of immunosurveillance. Immunosurveillance is carried out primarily by CTLs
and NK cells that recognize and eliminate newly transformed cells throughout the body,
preventing them from establishing a disease-causing tumor21. However, some tumor cells
are poorly immunogenic and are not readily recognized by the immune system. These
cancer cells reach equilibrium with the immune system in which tumor growth is
controlled, but some cancer cells persist in the body. Over time, cancer cells acquire
subsequent mutations that allow them to escape from immune-mediated destruction and
expand to form a tumor20.
Tumors have evolved a variety of mechanisms to escape destruction by the
immune system. Tumors interact closely with the surrounding stromal cells and
extracellular matrix (ECM) to promote the formation of a physical barrier from the
immune system to protect the tumor and promote cancer progression. Abnormal
vasculature, decreased adhesion molecules, chemokine gradients that preferentially
attract myeloid and immunosuppressive cell populations, and more restrictive ECM in the
tumor microenvironment all contribute to impaired T cell infiltration22,23. The tumor
microenvironment not only deters the entry of immune cells, but recent data shows that
these non-hematopoietic stromal populations, as well as tumor cells themselves, can
produce a number of immunosuppressive factors such as indoleamine-pyrrole 2,3dioxygenase (IDO), transforming growth factor beta (TGFβ), and interleukin (IL)-10.
IDO catalyzes the breakdown of the essential amino acid tryptophan which drives T cell
anergy24,25. Furthermore, TGFβ and IL-10 signaling in T cells downregulates effector
programs and drives the development of Tregs26. TGFβ specifically blocks IL-2
production, IL-2-driven proliferation, differentiation, and effector gene expression in T
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cells27. Stromal and tumor cells can also express inhibitory molecules such as
programmed death-ligand 1 (PD-L1), which binds to the programmed cell death protein 1
(PD-1) receptor on the surface of T cells to downregulate TCR signaling and stifle T cell
function22,26.
Many tumor types have also been shown to be able to diminish the expression of
tumor antigens or antigen-presentation machinery. Tumors can downregulate the
expression of antigens that elicit the strongest immune responses (referred to as
immunodominant antigens) or lose tumor antigen expression completely if those proteins
are not essential for survival28. Alternatively, cancer cells can evade T cell detection by
reducing the cell surface expression of MHC class I or other proteins that are involved in
processing or loading peptides onto the MHC molecules29. There is evidence for the loss
of proteasome subunits, trimming proteases, transport and chaperone proteins in human
tumors30,31. These strategies decrease or prevent the ability of T cells to recognize the
tumor cells.
Furthermore, the tumor microenvironment promotes the development of
populations of suppressive cells, such as myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), regulatory dendritic cells (DCs), and regulatory
T cells (Tregs), which act through various mechanisms to inhibit CTL responses. In the
context of cancer, these cell types can suppress anti-tumor responses and can drive tumor
progression. MDSCs are a heterogeneous population of immature myeloid cells that are
identified in mice as CD11b+Gr1+ and are functionally characterized by their production
of arginase-I and reactive oxygen species (ROS) that contribute to T cell suppression32.
MDSCs can be characterized into two main functional groups based on their phenotype
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and expression of the neutrophil marker Ly6G. Polymorphonuclear Ly6G+ MDSCs
(PMN-MDSCs) have granulocytic characteristics and suppress T cells primarily through
arginase production, while Ly6G- mononuclear MDSCs (MO-MDSCs) rely mainly on
nitric oxide (NO) for their suppressive function33. Immunoregulatory TAMs or
alternatively activated macrophages are induced by IL-4 and IL-13 and phenotypically
characterized by their expression of F4/80 and the production of suppressive factors such
as arginase and IL-1034–36. DCs in the tumor microenvironment can not only
downregulate their antigen presentation and co-stimulatory functions, but regulatory DCs
can drive the development of Tregs and suppress T cell proliferation37. Tregs are CD4+ cells
whose phenotype is driven by the transcriptional control of forkhead box p3 (FoxP3).
Tregs regulate T cell responses through the production of TGFβ and IL-1038. TGFβ
impairs the differentiation of effector CTLs and represses the expression of key cytolytic
molecules perforin, granzymes, Fas ligand, and IFNγ39,40. Engagement of the IL-10
receptor on T cells downregulates CD28 signaling, thereby diminishing T cell
activation41. All of these immunosuppressive cell subsets pose significant obstacles for
the generation of effective and long-lived anti-tumor CD8+ T cell responses.
Immunogenicity of Tumors
Tumor immunogenicity, or the ability of cancer cells to be recognized by the
immune system and mount tumor-specific T cell responses, varies drastically by cancer
type42. One indication of how effectively the adaptive immune system will be activated in
response to cancer is the mutation rate of the cancer cells, as mutations generate tumor
antigens that may allow T cells to distinguish cancer cells from normal cells. The cancer
type with the highest somatic mutation frequency is melanoma, due to the regular
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exposure of the skin to UV radiation43. The immunogenicity of melanoma makes it a
suitable target for the study and modulation of anti-tumor T cell immune responses.

Melanoma
According to the American Cancer Society (ACS), skin cancer is the most
commonly diagnosed malignancy. Melanoma is a skin cancer of melanocytes, the
pigment-producing cells in the epidermis of the skin. It is typically caused by ultraviolet
(UV) radiation damage from excessive exposure to the sun or tanning beds, although
some individuals are genetically pre-disposed and bear an increased risk of developing
malignant lesions due to inherited mutations in genes of the cell-cycle pathway44. Despite
the fact that the prevalence of most cancers has decreased in recent years, melanoma
incidence is on the rise45. Although melanoma accounts for only 1-2% of skin cancers, it
is the deadliest in its advanced stages. In 2016, it has been estimated that there will be
76,380 newly diagnosed cases and 10,130 deaths attributed to melanomas of the skin in
the United States alone.46 Furthermore, melanoma is one of the most prevalent cancers in
young adults under thirty years of age47,48.
Treatment of Melanoma
The key to effective melanoma management is prevention and early detection. If
diagnosed early, malignant lesions can be surgically removed to prevent recurrence and
reduce mortality. The five-year survival rate of patients diagnosed with Stage I melanoma
is greater than 90%46. However, major health concerns arise when the melanoma begins
to spread through the layers of the skin and metastasize to other organs. Late-stage
disseminated disease has a very poor prognosis and few treatment options. Patients with
9

distant melanoma metastases have a median survival of less than one year49, and the fiveyear survival rate of patients with stage IV melanoma is only 15-20%50.
Traditionally, melanoma is treated with surgery, targeted therapy, chemotherapy,
radiation, or a combination of these regimens.46 The most effective treatment for stage IIII melanoma is surgical resection. However, stage IV disease with disseminated
metastatic lesions at distant sites requires a systemic approach. Unfortunately, there are
few effective treatment options for patients with advanced-stage melanoma.
Approximately 50% of melanoma patients possess a mutation in their BRAF gene that
can be targeted with BRAF inhibitors vemurafenib (Zelboraf®) and dabrafenib
(Tafinlar®) to block oncogenic signaling. BRAF-mutant melanoma cells can also be
targeted

downstream

of

BRAF

with

MEK

inhibitors,

such

as

trametinib

(Mekinist®) and cobimetinib (Cotellic®), which in combination with BRAF inhibitors,
can have improved outcomes51. However, these targeted therapies only extend patient
survival for several months before the tumor cells gain resistance to the drugs and the
cancer progresses or recurs52. Chemotherapy drugs Dacarbazine (DTIC-Dome®) and
Temozolomide (Temodar®), among others, alone or in combination with radiation, are
prescribed for the treatment of metastatic melanoma and can be used for wild type BRAF
patients; however, these drugs are non-specific and may elicit serious side effects53,54.
There is an unmet medical need for more broadly applicable and long-lasting
treatment options for patients with metastatic melanoma. The development of
immunotherapies over the last decade has been a major breakthrough and changed the
landscape of melanoma treatment.
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T Cell Cancer Immunotherapy
A new and promising approach for the treatment of metastatic melanoma is the
use of immunotherapies. As the name implies, immunotherapy refers to the stimulation of
the immune system in cancer patients to better recognize and kill tumor cells.
Checkpoint Blockade
Recently approved checkpoint inhibitors have shown durable responses,
increasing survival by years over standard-of-care therapies55. Checkpoint inhibitors are
antagonistic monoclonal antibodies that block negative signaling molecules on T cells to
maintain T cells in an activated state. The most prominent targets are CTLA-4 and PD-1.
These proteins are upregulated on the surface of T cells upon T cell activation and serve
as a negative feedback mechanism to regulate T cell responses. In cancer, these
checkpoint molecules play a role in negatively regulating anti-tumor T cell responses.
CTLA-4 downregulates T cell activation through multiple mechanisms. Upon
interaction of the T cell with an antigen-presenting cell, the extracellular portion of the
CTLA-4 receptor binds with high affinity to the CD80 and CD86 co-stimulatory ligands,
outcompeting the CD28 co-stimulatory receptor on the T cell. Additionally, the
cytoplasmic tail of CTLA-4 mediates dephosphorylation of the TCR and CD28 to prevent
signaling11,56. Thus, blockade of CTLA-4 by the monoclonal antibody ipilimumab
(Yervoy®) inhibits CTLA-4 function and rescues T cell activation.
In clinical trials, patients treated with ipilimumab alone demonstrated a median
overall survival of 10 months compared to 6.4 months with the control treatment49. The
melanoma antigen glycoprotein 100 (gp100) vaccine was used as a control in this study
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for to its ability to elicit immune responses and due to the lack of a standard of care
therapy for metastatic melanoma patients refractory to previous treatment. The two year
overall survival was 23.5% on ipilimumab relative to 13.7% for gp100 alone49.
Ipilimumab has also been tested in combination with standard chemotherapeutic
regimens. Dacarbazine in conjunction with ipilimumab resulted in an overall survival of
11.2 months compared to 9.1 months with dacarbazine plus placebo57. These early results
of checkpoint blockade therapy were extremely promising due to their ability to extend
patient survival by several months over traditional treatments alone. In 2011, ipilimumab
was FDA-approved for the treatment of metastatic melanoma58.
Another checkpoint blockade target is PD-1, which interacts with PD-L1 or PDL2 molecules that can be expressed on multiple cell types, including tumor cells. Drugs
targeting this pathway include anti-PD-1 therapies nivolumab (Opdivo®) and
pembrolizumab (Keytruda®), as well as the recently approved anti-PD-L1 drug
atezolizumab (Tecentriq™). In clinical studies, PD-1 blockade by nivolumab resulted in
a 28% objective response rate in patients with melanoma and 41% progression-free
survival at 24 weeks59. In another study, median overall survival of treated patients was
16.8 months60. Treatment with nivolumab resulted in a 5.1 month median progressionfree survival and objective response rate of 40% compared to 2.2 months and 14%
objective response rate in patients treated with the traditional chemotherapy
dacarbazine61.
A promising approach lies in combining immunotherapies to target multiple
checkpoints simultaneously. Treatment of melanoma with ipilimumab and nivolumab
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together yielded 61% objective response rates compared to only 11% with ipilimumab
monotherapy62.
Despite encouraging results in clinical trials, many of these studies utilize
predictive enrichment strategies to pre-screen patients who are most likely to respond.
However, only a small subset of the total melanoma patient population responds to these
therapies. CTLA-4, PD-1, and PD-L1 blockade therapy yielded objective responses
(complete or partial) in only 10.9%, 28% (26/94) and 17% (9/52) of advanced melanoma
patients treated with varying doses of drug, respectively49,59,63. There are some
indications as to why not all patients respond to these treatments. For example, the
tumors that responded to PD-1 therapy were positive for PD-L1 expression while there
were no responses observed in patients with PD-L1 negative tumors59. However, there
was still a subset of patients with PD-L1 positive tumors who did not respond to PD-1
blockade. Studies to understand the differences between responders and non-responders
will provide insight into the appropriate administration and further development of these
therapies.
Another drawback of checkpoint blockade is the development of immune-related
adverse events (irAEs) due to non-specific immune activation resulting in autoimmune
pathology, particularly of the skin and digestive tract49,64,65. There have been several
reported deaths of patients receiving checkpoint blockade, some due to irAEs, however in
most cases irAEs can be controlled by steroid therapy49,65. Taken together, checkpoint
blockade has demonstrated the potency of rescuing T cell responses in melanoma.
Adoptive Cell Transfer
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The goal of immunotherapy is to stimulate the generation of long-lived tumorspecific immune responses with the ultimate goal of tumor eradication. In a recent search,
there were over five hundred clinical trials of T cell immunotherapy against a wide
variety of cancers (clinicaltrials.gov; search term “T cell” AND “immunotherapy”). This
highlights the idea that harnessing the activity of anti-tumor T cells is a relevant and
evolving field for cancer treatment. Immunotherapy of cancer with activated T cells is a
promising strategy, and dramatic results have been observed in clinical trials of adoptive
cell transfer (ACT) therapies.
ACT is a technique in which a patient’s own T cells are isolated from the blood or
tumor, expanded and manipulated in vitro, then reinfused back into the patient to fight
cancer66 (Figure 1.2). There are several advantages to the use of ACT. First, T cells can
be expanded to high numbers in culture for the reinfusion of billions of cells. The cells
can be activated with cytokines, such as IL-2, and pushed toward a particular phenotype,
such as stem-cell memory T cells (Tscm), prior to infusion in order to maximize their
functional potential, tumor infiltration, expansion, and long-term persistence67.
Furthermore, pre-treatment of patients with a lymphodepletion regimen, such as total
body irradiation (TBI), creates immunological space for more efficient engraftment and
clonal expansion of transferred tumor-specific T cells resulting in improved therapeutic
outcomes68,69.
One promising approach in the field of adoptive cell transfer is the use of tumor
infiltrating lymphocytes (TILs). This strategy was pioneered by Dr. Steven Rosenberg at
the National Institutes of Health (NIH). T cells are isolated directly from resected tumors
and expanded ex vivo with the T cell proliferation factor interleukin-2 (IL-2) and infused
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Figure 1.2: Adoptive Cell Therapy. T cells are acquired from the host through
leukopheresis and activated in culture with IL-2. T cells can be genetically engineered by
retroviral transduction to express tumor-specific T cell receptors or chimeric antigen
receptors. Cells are further expanded to large numbers and re-infused back into the host.
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into the patient. This approach has demonstrated robust results in patients that responded
to therapy, showing dramatic reduction of melanoma metastases and long-lived responses
for improved survival. Objective response rates were reported between 49-72%, which is
by far the highest of any therapeutic options for patients with metastatic melanoma.69
This highlights the powerful ability of T cells to find and specifically eliminate cancer
cells throughout the body.
Genetically-Modified T Cells
There are numerous strategies for enhancing T cell function and tumor-specificity
for adoptive cell transfer. T cells can be engineered to express tumor-specific TCRs or
TCRs engineered to have a high affinity for specific tumor antigens. Common melanoma
antigens that have been targeted with specific TCRs include MART-1, gp100, and NYESO-170–72. Objective responses were observed in 30% (6/20) patients receiving the high
affinity MART-1 TCR, DMF5, and 19% (3/16) patients receiving gp100-specific T
cells71. Furthermore, the transfer of NY-ESO-1-specific T cells achieved objective
responses in 45% (5/11) melanoma patients, including two patients with complete
regressions72. Current research at the NIH is moving towards identifying tumor-specific
TCR sequences from patients and transducing them into autologous T cells for adoptive
transfer and improved therapeutic responses73.
Alternatively, T cells can be genetically engineered to express chimeric antigen
receptors (CARs) to retarget autologous T cells to desired tumor antigens66. CARs consist
of a single-chain variable fragment (scFv) of an antibody specific for a particular tumor
antigen that is linked to intracellular signaling domains such as CD3, CD28, and other costimulatory molecules for T cell activation. Recent clinical trials have highlighted the
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potential of T cell immunotherapy for the treatment of cancer patients. One study by Carl
June’s group reported complete remission of two pediatric patients with pre-B-cell acute
lymphoblastic leukemia (ALL) after treatment with T cells expressing a chimeric antigen
receptor recognizing CD19, suggesting that T cells modified in this way are effective in
killing aggressive ALL cells in vivo74.
Challenges
Despite encouraging clinical results demonstrating enhanced anti-tumor responses
in patients receiving gene-modified T cells, there exist several challenges associated with
these approaches. First, endogenous TCRs have a relatively weak affinity for tumor
antigens as high-affinity self-reactive T cells are deleted in the thymus during
development. Second, tumor cells have the ability to downregulate the expression of
specific tumor antigens, rendering those tumor-specific T cells diminished in their
capacity to recognize antigen-negative tumor cells. Third, many tumors downregulate
their expression of antigen-presentation machinery, such as MHC class I molecules on
their surface, thereby avoiding MHC-restricted T cell recognition31,75. Lastly, since the
TCR is inherently MHC-restricted, specific TCRs can only be introduced into patients
with a particular human leukocyte antigen (HLA) haplotype, limiting the compatible
patient pool76.
High affinity TCRs, although they have an improved ability to bind tumor
antigens, still maintain the problems of tumor antigenic loss and HLA-restriction while
posing a heightened danger for autoreactivity. The ability for engineered T cells to
recognize a target antigen that is expressed by non-cancerous tissues is referred to as
“off-tumor/on-target” toxicity77. On the other hand, “off-target” toxicity describes a
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situation in which engineered TCRs cross-react with different antigens that are distinct
from the intended target antigen. “Off-target” effects of T cells can be detrimental as
highlighted in a recent clinical trial in which a melanoma patient was treated with T cells
engineered to express the TCR specific for the MAGE-A3 tumor antigen. In this patient,
MAGE-A3-specific T cells also recognized an antigen derived from the cardiac protein
titin, resulting in cardiogenic shock and death within days of T cell infusion78. These
effects are very difficult to predict with animal models due to differences in protein
expression between species.
CAR T cells, on the other hand, are HLA-independent and can recognize tumors
despite the downregulation of MHC molecules and antigen-processing machinery.
However, CARs also maintain the challenges of on- or off-target toxicities and immune
evasion because the targeted antigen is rarely exclusively expressed on the tumor79.
Furthermore, CAR T cells are still limited to a single tumor antigen and tumor cells can
lose the expression of the targeted antigen and eventually escape CAR T cell-mediated
immune destruction80,81.
The biggest obstacles in the field of ACT are identifying TCRs and designing
CARs specific for unique and highly expressed immunogenic tumor antigens and
providing T cells with sufficient activation signals to overcome the immunosuppressive
tumor microenvironment. There is a large amount of heterogeneity between patients in
terms of tumor antigen mutation and expression levels, with melanoma having the
highest somatic mutation rate of all cancers tested82. It would be therapeutically
advantageous to activate T cells specific for both immunodomininant as well as weak
tumor antigens in order to stimulate an all-encompassing anti-tumor T cell response that
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is more likely to destroy the tumor and prevent resistance. Furthermore, the tumor
microenvironment poses a significant barrier to effective T cell responses in vivo.
Oftentimes, activated tumor-specific T cells are rendered ineffective due to various
immunosuppressive mechanisms presented at the tumor site.
There is a need for the development of novel T cell activation strategies that can
overcome these barriers in order to generate long-lived and effective anti-tumor
immunity. One approach to break peripheral tolerance to the tumor is to activate the T
cells through a strong co-stimulatory pathway.

Toll-Like Receptors
Toll-like receptors (TLRs) are germline-encoded pattern recognition receptors
(PRRs) that play a vital role in the activation of the innate immune system in response to
infection. There are ten identified TLRs in humans and twelve in mice83. TLRs are
expressed on a variety of cell types, either on the surface (TLR1, 2, 4, 5, 6, 10, 11, 12) or
in the endosomal compartment (TLR3, 7, 8, 9, 13). TLRs can recognize a wide array of
microbe-derived pathogen-associated molecular patterns (PAMPs), as well as certain
danger-associated molecular patterns (DAMPs) from stressed or dying cells84. The
classical role of TLRs in the initiation of immune responses is mediated through their
activation of dendritic cells and macrophages85,86. TLR engagement leads to the secretion
of pro-inflammatory mediators, such as tumor necrosis factor α (TNFα), IL-1α, IL-1β,
IL-6, and type I interferons, as well as increased expression of pathogen-sensing
machinery, phagocytic function, antigen-presentation, and upregulation of co-stimulatory
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molecules86–88. TLR-stimulated dendritic cells in turn prime T cell responses for the
coordination of adaptive immunity.
TLR Signaling
TLR signaling is initiated by ligand-binding-induced dimerization of the
cytoplasmic toll-interleukin receptor (TIR) domains89. The majority of TLRs, with the
exception of TLR3, use the adaptor protein myeloid differentiation primary response
gene 88 (MyD88) is recruited to the TIR domain of the TLR. MyD88 is composed of
three domains, the TIR domain, intermediate domain (ID), and the death domain (DD).
The engagement of the TLR ligand by TLRs promotes the interaction between the TIR
domain of the TLRL or IL-1R and the C-terminal TIR domain on MyD88. The Nterminal DD on MyD88 mediates oligomerization of MyD88 proteins to form a helical
Myddosome complex. IRAK-4 is recruited to this signaling platform via interaction of
death domains and undergoes an autophosphorylation event to become activated90. The
ID also interacts with the interleukin-1 receptor-associated kinase-4 (IRAK-4) and is
necessary to initiate signal transduction91. Downstream signaling events result in the
activation of pro-inflammatory genes regulated by NF-κB, AP-1, and MAPK proteins
JNK, ERK, and p3884,92 (Figure 1.393). In T cells, there is also evidence that TLR
signaling increases levels of the transcription factor Tbet through activation of the mTOR
pathway, and these effects are dependent on Akt and protein kinase C94. More work
needs to be done to tease apart the molecular details of TLR signaling in various immune
cell types.
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Figure 1.3: Toll-like Receptors. A) The adaptor protein MyD88 is recruited to the TLR through
binding of the TIR domain. The death domain of MyD88 mediates recruitment of the IRAK family
member proteins. The Intermediate domain is also required for signaling. B) MyD88 mediates
signaling from the TLR and IL-1R. MyD88 recruits IRAK4, which is activated by
autophosphorylation and activates IRAK1. Downstream signaling through TRAF6 results in the
activation of NF-κB and the MAPK pathway. The result in the activation of transcription factors for
the upregulation of proinflammatory mediators. Reprinted from Frontiers Media S.A. Copyright ©
2014 Jain, Kaczanowska and Davila74
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TLRs in Cancer Immunotherapy
TLRs have been associated with anti-tumor responses throughout the history of
cancer immunotherapy. In the late 1800s, Dr. William Coley observed that some patients
were able to clear tumors spontaneously following an infection. In an effort to induce and
stimulate anti-tumor immune responses, Dr. Coley treated patients with sarcoma by
injecting them with a preparation called “Coley’s toxins,” a mixture of dead
Streptococcus pyogenes and Serratia marcescens95. However, the results these studies
were inconclusive due to inconsistencies in the series of case studies. Although it was
known that some component of the bacteria was immunostimulatory, it wasn’t until a
century later in the late 1990’s that the receptors for the microbial products were
identified at TLRs. There are currently three TLR agonists that are FDA-approved for the
treatment of various malignancies: Bacillus Calmette-Guérin (BCG; TLR2 and TLR4
agonists)96, Monophosphoryl lipid A (MPL; TLR4 agonist)97, and Imiquimod (TLR7/8
agonist)98. The primary mechanism of action of these agonists is attributed to their costimulatory properties and enhancement of antigen presentation99–101. However, the
immunostimulatory properties of TLRs extend beyond their traditional role in innate
immunity.
The focus of this dissertation is on the effects of activating TLR-MyD88 signaling
directly on CD8+ T cells. Certain TLRs, such as TLR2, are upregulated on the surface of
T cells after TCR activation102. TLR engagement on T cells has been demonstrated to
lead to a variety of outcomes, the majority of which result in increased effector function
and survival103. TLR2 stimulation on CD8+ T cells increases the production of IFNγ,
granzyme B, as well as enhanced proliferation and cytotoxicity104. The co-stimulatory
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effects of TLRs on T cells are dependent on simultaneous activation of the T cell through
its TCR as well as on the expression of the adaptor molecule MyD88105104103102101.
Furthermore, studies in pre-clinical models have demonstrated that the
administration of TLR agonists boosts T cell anti-tumor responses through their direct
effects on T cells.105 Adoptive transfer of TLR2–/– T cells into wild type mice in
combination with TLR1-TLR2 ligand administration showed only a partial delay in
tumor growth relative to the transfer of TLR2-expressing wild type T cells with TLR1TLR2 ligand. Transfer of TLR2-expressing T cells into MyD88-/- hosts also demonstrated
partial responses, suggesting that the effect of TLR ligand administration is in part due to
the direct stimulation of TLR2 on T cells and is not solely dependent on APC
activation.106 The strong co-stimulatory effects of TLR signaling in T cells has shown
great potential to enhance T cell function and is a promising approach for enhancing antitumor responses in the context of adoptive T cell therapy.

Scope of Dissertation
TLR signaling on T cells through MyD88 improves T cell function. However, a
major challenge in vivo appears to be stimulating TLRs on T cells in the right place at the
right time for optimal T cell activation. T cells require concomitant stimulation of TCR
and TLR pathways to achieve maximal co-stimulatory effects. Furthermore, TLR
expression on the surface of T cells can be low and transient. I sought to devise strategies
to genetically-engineer T cells to take advantage of the TLR-MyD88 pathway to improve
anti-tumor responses.
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In Chapter 2, I review the literature to summarize the effects of TLRs on T cells
and on tumor cells. In Chapter 3, I describe an approach to use T cells as a delivery
vehicle that produce and secrete the TLR5 ligand, Flagellin C (FliC). In Chapter 4, I
describe the generation of a strategy to activate the MyD88 signal directly and solely in T
cells through a novel, synthetic fusion protein that takes advantage of the CD8α and
MyD88 proteins. Through these studies, I have demonstrated proof-of-concept strategies
to implement the potent co-stimulatory effects of MyD88 signaling in T cells to enhance
cancer immunotherapy.
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CHAPTER 2: TLR AGONISTS: OUR BEST FRENEMY IN CANCER
IMMUNOTHERAPY1

Introduction
In the late 1800s, Dr. William Coley reported that injection of killed bacteria
(Streptocococcus pyogenes and Serratia marcescens) into inoperable tumors reduced
tumor growth in some patients95. The identification of the receptor that contributes to the
immunostimulatory capacity of Coley's vaccine, however, was not discovered until
almost one century later, when Beutler and colleagues107 identified TLR4 as the receptor
for lipopolysaccharide (LPS). It is now widely accepted that the proinflammatory activity
of Coley's toxin, which contained various bacterial components, including highly
immunostimulatory LPS, is, in part, mediated by the engagement of TLRs on immune
cells by LPS and other TLR agonists108–110.
TLRs play a vital role in activating immune responses. TLRs recognize conserved
PAMPs expressed on a wide array of microbes, as well as endogenous DAMPs released
from stressed or dying cells111–113. Table 1 provides an overview of TLRs, cellular
localization, agonists, and use in cancer therapeutics. TLR1, -2, -4, -5, -6, and -10 are
expressed primarily on the cell surface, whereas TLR3, -7, -8, and -9 are situated on
endosomal membranes within the cell110,114,115. TLR1 and TLR2 can heterodimerize to

1

Kaczanowska, S., Joseph, A. M. & Davila, E. TLR agonists: our best frenemy in cancer

immunotherapy. J.Leukoc.Biol. 93, 847–863 (2013).
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recognize a variety of bacterial lipid structures and cell wall components, such as
lipoteichoic acid, β-glucans, and triacylated lipoproteins116. TLR2 also heterodimerizes
with TLR6 to bind diacylated lipopeptides116. Additionally, TLR2 can bind various
endogenous DAMPs, such as heat shock proteins (HSPs), high mobility group box 1
(HMGB1), uric acid, fibronectin, and other extracellular matrix proteins110. It has also
been suggested that TLR1 and TLR6 can heterodimerize with TLR10 in humans;
however, the TLR agonist recognized by this dimer remains to be identified117,118. TLR3
recognizes viral dsRNA, as well as synthetic analogs of dsRNA, such as ligand
Polyinosinic:polycytidylic acid (Poly I:C)116,119. TLR4 binds LPS indirectly: lipid A
binding protein CD14 a high affinity receptor for LPS. In turn, CD14 transfers LPS to
myeloid differentiation protein 2 (MD2). MD2 also binds various DAMPs that activate
TLR4110. Endogenous TLR4 ligands that have been described include β-defensin 2,
fibronectin extra domain A (EDA), HMGB1, Snapin, and tenascin C120–124. TLR5
recognizes bacterial flagellin, TLR7 and TLR8 bind viral ssRNA, whereas TLR9
interacts with unmethylated CpG DNA from bacteria and some viruses110,114. Additional
TLRs have been identified more recently in mice based on sequence homology of the
highly conserved TIR domain125. TLR10 is a surface receptor whose natural ligand
remains unknown and has been shown to have suppressive function117,118,126,127. TLR11, 12, and -13 are present in mice, but not in humans. TLR11 was shown to bind a T.
gondii profilin and uropathogenic Escherichia coli. The ligand for TLR12 has not yet
been identified, whereas TLR13 is an endosomal receptor that recognizes vesicular
stomatitis virus (VSV)114,125,128. Table 2.1 summarizes the different TLRs and their
cellular localization and ligands.
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TLR
T LR1T LR2

Ce llular
localization

Adaptor
molecule

Ligand/agonist

Source of
ligand

Surface

MyD88

T riacylated lipoproteins, lipoteichoic
acid, peptidoglycans
Zymosan
Pam 3 CSK4
Diacylated lipopeptides
HSPs, HMGB1, uric acid,
fibronectin, ECM proteins
Pam 3 CSK4
dsRNA
Poly I:C

Bacteria

BCGa

Fungi
Synthetic
Bacteria
Endogenous

BCGa
-

Synthetic
Virus
Synthetic

Poly A:U

Bacteria
Endogenous

BCGa

MPLa
-

T LR2T LR6

Surface

MyD88

T LR3

Endosome

T RIF

T LR4

Surface (or
endosome)

MyD88
or T RIF

LPS, lipoteichoic acid
Β-defensin 2, fibronectin EDA,
HMGB1, snapin, tenascin C

T LR5

Surface

MyD88

Flagellin

Synthetic
Bacteria

T LR7T LR8

Endosome

MyD88

ssRNA
CpG-A, Poly G10, PolyG3

Virus
Synthetic

T LR9

Endosome

Unmethylated CpG DNA

Bacteria and
virus
Bacteria
Synthetic

MyD88

Clinical

Imiquimod (Aldara) a
852A (Phase II)
-

T LR10

Surface

MyD88

Unknown natural ligand
Pam 3 CSK4 , PamCysPamSK4

Synthetic

BCGa
EMD 120108 (Phase I)
IMO-2055 (Phase II)
-

T LR11b

-

-

Toxoplasma gondii profilin

Protozoa

-

T LR12b

-

-

Unknown

-

-

T LR13b

Endosome

MyD88

VSV

Virus

-

Table 2.1 Overview of TLRs, Agonists, and Use in Cancer Therapeutics. TLRs are characterized by their
cellular localization, adaptor proteins, and the PAMPs and DAMPs that they recognize. Agonists come from
a variety of sources—natural and synthetic. Several TLR agonists are approved for clinical use, whereas
others are being tested in clinical trials for their potential as anti-cancer therapies.
a
FDA-approved treatment for cancer;
b
expression detected in mouse cells but not human cells.
Reprinted with permission from Journal of Leukocyte Biology Copyright © 2013 Kaczanowska, Joseph and
Davila99
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The engagement of all TLRs except TLR3 results in the recruitment of the
adaptor protein MyD88 to the TIR domain on TLRs and is also required for IL-1R, IL18R, and IL-33 signaling129,130. IRAK-4 binds to MyD88, resulting in phosphorylation of
IRAK-1, which through a series of steps involving TRAF-6, leads to the activation of the
transcription factor NF-κB84,110. NF-κB translocates into the nucleus and regulates the
expression of a variety of genes involved in cell survival, proliferation, and
proinflammatory cytokines131. Depending on the cell type and the TLR that is activated,
TLR signaling can also activate MAPKs JNK, p38, and ERK110,113, resulting in the
activation of numerous transcription factors, including AP-1, Elk-1, CREB, and many
others132–134.
TLR3 exclusively uses the TRIF adapter molecule, whereas TLR4 recruits TRIF
through a bridging adapter called TRIF-related adaptor molecule (TRAM). Thus, TLR4
is the only TLR that can signal through both MyD88 and TRIF114. TRIF signaling can
also result in NF-κB, ERK, JNK, and p38 activation; however, the major transcription
factor activated by TRIF is IFN regulatory factor 3 (IRF3), which is responsible for type I
IFN production135. The precise pro- or anti-tumor outcome of TLR signaling depends on
the cell type in which the TLR signaling occurs, the particular TLR that is stimulated, and
the downstream signaling cascade that becomes activated in those cells.
TLR agonists are currently under investigation as vaccine adjuvants in anti-cancer
therapies for their ability to activate immune cells and promote inflammation136. In
humans, although TLRs have been detected on many cell types, most TLRs are expressed
primarily on monocytes, mature macrophages, and DCs116. TLR stimulation on these cell
types induces the expression of various membrane-bound co-stimulatory molecules,
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including B7.1 (CD80), B7.2 (CD86), and CD40, as well as the cytokine IL-12 that is
necessary for the optimal activation of T cells137,138. Beyond the impact of TLR
stimulation on APCs, recent studies have revealed that TLR signaling within other cell
types can also play a very important role in tumor growth. A growing body of evidence
indicates that TLRs are expressed or can be induced on various cell types, including T
cells and tumor cells114,139–141. This review summarizes the current knowledge about TLR
signaling in various T cell subsets and tumor cells and briefly comments on the results of
several recent clinical trials using TLR agonists in tumor immunotherapy. In addition, we
offer several criteria that we believe should be considered when selecting TLR agonists
for treatments in cancer immunotherapy.

TLR Signaling in T Cell Subsets
TLR agonists play a fundamental role in activating innate and adaptive immune
responses. In mouse models, treatment with TLR agonists has been shown to reduce
tumor growth and in some cases, destroy established tumors when used in combination
with other therapeutic agents, such chemotherapy drugs, monoclonal antibodies (mAbs),
and various tumor antigen vaccines in the form of proteins, peptides, or plasmid
DNA121,142–146. The selection of TLR agonists has been premised on their ability to
activate professional APCs, namely DCs. However, the engagement of TLRs on various
T cell subsets has more recently been demonstrated to augment their responses and thus
represents a novel and promising strategy to enhance the efficacy of cancer
immunotherapies. In the next section, we review the effects that stimulating distinct
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TLRs have on different T cell subsets and comment on the implications these effects
might have on generating effective immunotherapies.
T cell activation is characterized by three well-defined phases. During the initial
phase, naïve T cells receive signals from the priming APC, which induces T cells to enter
a highly proliferative state and also stimulates them to up-regulate the expression of
various effector/cytolytic molecules, including IFNγ, perforin, and granzyme. However,
activation also results in the induction of activation-induced cell death within days of
activation147, resulting in a sharp contraction phase. The surviving T cells enter the third
phase in which they become long-lived memory T cells with the capacity of self-renewal
and ability to respond to antigen stimulation within hours of exposure. Memory T cells
are dependent on specific cytokines, such as IL-7 and IL-15, for their survival148,149. A
greater understanding of the signals that can enhance the magnitude, duration, and
survival of tumor-specific T cells would offer the opportunity for improving T cell-based
immunotherapies. We postulate that the engagement of specific TLRs on effector T cells
contributes to anti-tumor activity and T cell survival and that TLR signaling in memory T
cells might contribute to their homeostatic maintenance.
In general, the TLR expression profile on T cells varies according to their state of
activation, as well as the T cell subset. Naïve T cells express low levels of TLR mRNA
transcripts and protein. Upon activation through the TCR or using the stimulant
PMA/ionomycin150, TLR mRNA and protein expression levels are increased
dramatically. Furthermore, it is important to note that the co-stimulatory effects of TLR
on T cells are dependent on concomitant TCR stimulation, as TLR ligands alone have
little effects on naïve or resting T cells104,106. TLR expression is transient and is down30

regulated gradually over the course of several days106,150,151. Interestingly, the expression
of certain TLRs is maintained on mouse and human memory T cells, albeit at lower
levels than on activated T cells, and is functional even in the absence of TCR
triggering152,153.
TLR1-TLR2 and TLR2-TLR6
The engagement of TLR1-TLR2 on CD8+ CTLs dramatically increases the
production of IFNγ102,104,106,154–156, TNF-α102,155, and IL-2 production102,155–157. TLR2
engagement can also enhance the production of granzyme B and perforin, which are two
of the major cytolytic molecules secreted by cytotoxic CD8+ T cells94. The physiological
significance of TLR signaling in T cells is highlighted in experiments demonstrating that
the adoptive transfer of tumor-specific TCR transgenic CD8+ T cells into tumor-bearing
MyD88 knockout mice, followed by peritumoral injections of the TLR2 agonist
Pam3CSK4, delayed or reversed B16 melanoma tumor growth105. The use of MyD88
knockout mice ensured that the co-stimulatory effects of the TLR1-TLR2 ligand arose
from TLR signaling in CD8+ T cells and not on endogenous host cells. In addition to the
synthetic TLR1-TLR2 agonists, bacterial lipoprotein has been reported to increase
antigen-specific tumor killing by CD8+ T cells, in in vitro and in vivo models158,159.
Certain DAMPs, such as HSPs, are also capable of directly modulating T cell
responses. For example, Hsp60 has been found to stimulate TLR2 on human
CD45RO+ memory and CD45RA+ naive T cells, resulting in increased β1-integrindependent adhesion and reduced chemotaxis by decreasing the expression of chemokine
receptors CXCR4 and CCR7160. Integrins on T cells play an important role in sustaining
interactions between T cells and APCs or tumor cells and serve to potentiate T cell
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activation161, and are also useful markers to distinguish memory and effector T cell
subsets162.
Immune suppression and T cell tolerance represent major obstacles for achieving
effective and durable anti-tumor responses. Among the various cellular mechanisms that
hinder a productive anti-tumor response are those mediated by Tregs. The
immunosuppressive activity of these cells is, in part, mediated by the production of IL-10
and TGF-β, which severely limit the cytolytic activity of tumor-specific CD8+ T cells.
Intriguingly, TLR2 stimulation of Tregs directly has been shown to reduce their
suppressive function, as demonstrated by the proliferation of CD8+ T cells grown in coculture with bacterial lipoprotein-treated TRegs156. Similarly, in murine Tregs, the reversal
of suppression following TLR2 engagement required TCR activation and IL-2 in vitro
and in vivo. Liu and others163–166 surmised that this inhibition was possibly a result of the
strong co-stimulatory signal induced by TLR2 activation, resulting in temporal reversal
of Treg function.
Another obstacle for developing potent anti-tumor T cell responses resides in the
fact that many tumor antigens are of low affinity and as such, provide insufficient
stimulation to activate TCR signaling167,168. Various studies, however, have demonstrated
that TLR1-TLR2 activation on CD8+ T cells reduces the TCR activation threshold and
facilitates the generation of memory cells in response to a weak TCR signal104,105,169. The
co-stimulatory effects of TLR signaling are associated with increased PI3K and PKC
signaling149,170. TLR stimulation in CD8+ T cells was also found to increase the
expression levels of the transcription factor T-bet and was associated with increased
binding to the IFNγ, granzyme B, and perforin promoter regions94. The physiological
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significance of lowering the TCR activation threshold in response to weakly
immunogenic tumor antigens is highlighted in experiments demonstrating that tumorbearing MyD88 knockout mice injected with the TLR2 ligand Pam3CSK4 and tumorspecific TCR transgenic CD8+ pmel T cells reduced melanoma tumor growth compared
with mice injected with pmel T cells or TLR ligand alone. In contrast, mice injected with
TLR2 knockout pmel or MyD88 knockout pmel T cells did not demonstrate enhanced
anti-tumor responses when administered together with the TLR2 ligand105. Other studies
have also alluded to the potential for lipopeptide-based vaccines to induce a broader
antigen-specific T cell repertoire as a result of the activation of T cells with weak TCR
antigen thresholds171. γδ T cells have also been found to express TLRs and upon
concomitant activation through the TCR, enhance IFNγ production and degranulation as
marked by increased expression of CD107a172.
TLR2 stimulation on human CD4+CD45RO+ memory cells also induces IFNγ
production, and these levels are increased when combined with IL-2102,104. Lipoproteins
from Mycobacterium tuberculosis, a TLR2 agonist, can stimulate memory CD4+ T cells
directly, resulting in enhanced proliferation, as well as IL-2 and IFNγ production.
Although resting CD4+ T cells responded to lipoproteins, as evidenced through NF-κB
activation, such as CD8 T cells, CD4 T cells also required concomitant TCR signaling to
induce proliferation and cytokine production [69]. In addition to enhancing T cell effector
function, TLR2 agonists have been shown to promote T cell longevity and are associated
with increased expression of anti-apoptotic molecules A1 and Bcl-xL and downregulation of the pro-apoptotic protein Bim104,105.
TLR3
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Activated CD4+ T cells express TLR3, which upon stimulation with Poly I:C,
increases NF-κB-dependent cell proliferation and survival173. Enhanced cell survival is
associated with increased expression levels of the anti-apoptotic molecule Bcl-xL173.
Hervas-Stubbs demonstrated that Poly I:C also induced CD8+ T cell proliferation and
enhanced their response in a manner that bypassed the need for CD4+ T cell help or the
expression of co-stimulatory molecules on APCs158. Additionally, TLR3 co-stimulation
(along with TCR stimulation) promoted the generation of memory T cells, which was, in
part, a result of the ability of TLR3 to prolong T cell survival. The aptitude for TLR3
signaling in T cells to sidestep the need for APC- or CD4-mediated co-stimulation and
promote memory T cell generation is an important attribute when designing cancer
vaccines, as the tumor environment lacks co-stimulatory signals153.
In human CD8+ T cells, Poly I:C-mediated stimulation of phytohaemagglutinin
(PHA)-activated effector or memory T cells enhanced IFNγ production but did not appear
to enhance their lytic function174. Likewise, pre-treatment with Poly I:C followed by
activation with antigen-pulsed splenocytes augmented mouse CD8+ T cell proliferation
and IFNγ secretion. TLR3-stimulated CD8+ T cells displayed increased levels of the
activation marker CD69, as well as the high-affinity IL-2R α-chain (CD25) and upon
adoptive transfer, demonstrated an increased expansion potential compared with
untreated cells175. Freshly isolated γδ T cells also respond to TLR3 stimulation and show
increased IFNγ production and enhanced CD69 expression176. A study by Shojaei177
showed that in vitro-expanded γδ T cells pretreated with Poly I:C and TCR stimulation
with bromohydrin pyrophosphate (a synthetic phospho-antigen recognized by γδT cells)
increased the production of granzyme A and B, thus augmenting their cytolytic activity.
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TLR4
The ability of LPS to activate and promote T cell proliferation has been largely
attributed to its ability to stimulate APCs and induce the production of vast amounts of
proinflammatory cytokines that promote nonspecific or bystander T cell expansion and
activation178. However, CD4+ and CD8+ T cells can also respond to TLR4 stimulation
with LPS. The first report of TLR4-stimulating T cells was demonstrated by Vogel et
al.140, who reported that a cloned murine IL-2-dependent cytotoxic T cell line, CT 6, as
well as primary murine T cells, proliferated in response to LPS. TLR4 engagement
directly on human CD8+ T cells has also been shown to induce the production of IFNγ,
TNF-α, perforin, and granzyme B179. In sharp contrast, murine CD8+ T cells do not
appear to express TLR4 or its accessory protein CD14 and do not respond to TLR4
stimulation179. In comparison with naïve murine T cells, which do not respond to most
TLR agonists, the addition of LPS to naïve CD4+ T cell enhanced their proliferation and
survival in vitro180. A more thorough analysis of the CD4+ T cell subset that expresses
and responds to TLR4 signaling revealed that TLR4 mRNA was expressed primarily by
murine Th17 CD4+ T cell subsets compared with Th1 and Th2 subsets181. Furthermore, in
murine CD4+ T cells, LPS reduced IFNγ levels but increased IL-17A production182.
These effects on CD4+ Th cells were a result of decreased MAPK activation. TLR4
stimulation on CD4+ T cells has also been demonstrated to aggravate intestinal
inflammation and play an important role in inducing colitis, highlighting the potent
effects that TLR stimulation on T cells can provoke.
A role for TLR4 signaling in CD4+CD25+ Tregs is less clear. A study by Caramalho
et al183 demonstrated that LPS can activate CD4+CD25+ Tregs (from C3H/HeN mice),
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induce their proliferation, and enhance their immunosuppressive activity. This is in sharp
contrast to the inhibitory effects that TLR1-TLR2 stimulation has on Tregs. On the other
hand, Zhu et al.170 found that TLR4 engagement on Tregs (from C57BL/6 mice) with
HMGB1 reduced the expression of CTLA4 and FoxP3 and diminished IL-10 production.
Moreover, activating TLR4 on Tregs induced signals via TRIF (with less dependence on
MyD88), whereas TLR4 stimulation on non-Treg T cells appears to occur primarily via
p38 MAPK and MyD88 signaling183. These disparate results might have occurred from
the use of various TLR4 agonists or from differential responses of mice with different
genetic backgrounds.
TLR5
Similar to the effects of other TLR agonists on T cells, the engagement of TLR5
on human CD4+ T cells with the bacterial component flagellin can induce IFNγ, IL-8 and
IL-10, but not IL-4 production. The co-stimulatory effects of the TLR5 ligand were more
pronounced on effector memory CD4+CCR7− cells than CCR7+ central memory cells184.
The production of IFNγ (and lack of IL-4) can skew toward a Th1 response and is
beneficial for generating efficient CD8+ T cell responses. Flagellin also induced
proliferation and increased the expression of IFNγ, TNF-α, and granzyme B of human
cord blood CD8+ T cells157. Intriguingly, when used in combination with the synthetic
TLR2 agonist Pam3CSK4, the responses generated in CD8+ T cells were stronger than
either of these TLR agonists alone. These results highlight the potential additive effects
that combining different TLR ligands have on T cell responses and could serve to
enhance the efficacy of anti-tumor T cell responses in vivo.
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In contrast to the inhibitory effects that other TLR agonists (such as TLR1-TLR2
agonists) have on murine Tregs, TLR5 stimulation of human CD4+CD25+ Tregs has been
reported to increase their expansion potential and augment their suppressive activity185.
However, it is important to note that these effects were observed only when Tregs were
stimulated in vitro. Whether TLR5 stimulation on Tregs occurs in vivo has yet to be
determined. Furthermore, it is important to consider whether TLR5 stimulation on other
cell types, such DCs or macrophages, might favor the generation of a cytokine milieu that
enhances or suppresses Treg activity. These studies highlight the need to better
characterize the effects that different TLR agonists might have on T cell subsets to avoid
activating T cell subsets that could promote tumor growth. These reports also emphasize
the importance of differentiating the effects that TLR agonists have on mouse and human
T cells.
TLR7-TLR8
TLR8 is expressed on human Tregs but not on naïve CD4+ T cells. Peng et al.186
demonstrated that CpG-A, which is a TLR8 ligand that induces high levels of IFNα and
IFNβ, reversed the suppressive activity of Tregs and thus, restored the proliferation of
effector CD4+ T cells. Furthermore, Tregs pretreated with Poly-G10 (a modified TLR8
ligand) prior to adoptive transfer into a tumor-bearing mouse demonstrated a loss of
suppressive activity and resulted in enhanced anti-tumor activity. This study also
highlighted that in addition to TLR8, TLR9 (expressed on Tregs) can recognize CpG
DNAs. Similarly, the stimulation of TLR8 using Poly-G3 or ssRNA40 on a unique
population of human suppressor γδ T cells was reported to reverse their
immunosuppressive function exerted on CD4+ T cells in in vivo and in vitro conditions187.
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In human CD4+ Th cells, the stimulation of TLR7/8 with the synthetic agonist resiquimod
(R-848) increased IFNγ, IL-2, and IL-10 production and enhanced proliferation in an
APC-independent manner184.
TLR9
Several studies have shown that TLR9 engagement on CD4+ T cells can enhance
their survival and therefore, could potentiate anti-tumor responses by prolonging T cell
activity164. Gelman et al.173 reported that the enhanced longevity of TLR9-stimulated
mouse T cells in vitro was dependent on NF-κB signaling and was associated with
increased expression of the anti-apoptotic protein Bcl-xL. Marsland et al.188 reported that
TLR9-mediated co-stimulation of T cells overcame T cell dependence for PKC-ϕ
signaling. Furthermore, their studies indicated that TLR9 ligand reversed their anergic
status and re-established proliferation and survival in vitro. Interestingly, the stimulation
of TLR9 on rat CD4+ T cells with the agonist CpG-ODN made them (CD4+ T cells)
moderately resistant against the suppressive effects mediated by Tregs. The inclusion of an
immune adjuvant capable of abrogating the effects of Tregs is a worthy attribute in
developing effective cancer immunotherapies considering the important role of Tregs in
promoting tumor growth189. In addition to prolonging CD4+ T cell survival and
suppressing Treg activity, TLR9 ligands increase CD4+ and CD8+ T cell numbers by
augmenting IL-2 production and IL-2R expression. Of note, TLR9-mediated activation
also functions in the absence of CD28, emphasizing the potential of TLR9 to serve as a
co-stimulatory signal for CD4+ T cells, which is critical given the lack of co-stimulatory
molecules within the tumor environment190. Finally, our group demonstrated that TLR9
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engagement on murine CD4+ T cells reduces γ-radiation-induced apoptosis and was
associated with increased DNA repair rates191.
MyD88
Recent studies have also highlighted an obligatory role for MyD88 in murine
CD4+ and CD8+ T cell survival94,192,193. For instance, two recent studies established that
knocking out MyD88 in lymphocytic choriomeningitis virus (LCMV)-specific CD8+ T
cells severely impaired their expansion in vivo192,193. Interestingly, whereas the
expression of MyD88 in CD8+ T cells was not necessary for activation, it was absolutely
required for their survival. Likewise, Zhao et al.194 verified that vaccinia virus (vv)specific, MyD88-deficient CD8+ T cells were significantly slower to expand in vivo
compared with WT vv-specific T cells. We reported recently105 that unlike WT pmel
CD8+ T cells, MyD88-deficient pmel T cells demonstrated weak anti-tumor activity,
which was, in part, a result of their inability to persist and generate adequate numbers of
memory T cells. Furthermore, overexpressing TLR2 on CD8+ T cells enhanced their antitumor activity. Like CD8+ T cells, CD4+ T cells also required MyD88 expression to
generate an effective response against a T. gondii infection in vivo195. It is important to
note that whereas the absence of MyD88 impairs T cell survival, eliminating TRIF,
TLR2, TLR4, TLR9, or IL-1R in T cells does not alter T cell survival, highlighting a
critical and specific role for MyD88 signaling in T cells. The pro-survival effects of
MyD88 appear to involve the activation of the PI3K–Akt pathway and to some degree,
the mammalian target of rapamycin pathway94,196. It is also important to note that in
addition to transducing TLR signals, MyD88 is a key molecule for IL-1/IL-18/IL-33
signaling and could therefore have profound effects on T cell biology by transmitting
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signals via these other receptors. IL-1 especially is known to induce T cell proliferation
and was initially described as lymphocyte activating factor197.
Collectively, these studies indicate that any future treatments intended to activate
the immune system against cancer could benefit from the inclusion of TLR agonists that
can: 1) stimulate CD4+ and CD8+ T cells to promote proliferation; 2) promote T cell
longevity and memory T cell development; 3) augment effector function; 4) boost TCR
signals to weakly immunogenic tumor antigens; 5) render T cells resistant to the
suppressive effects of Treg; and 6) lessen CD4+ Treg-suppressive ability. It is also important
to highlight that further studies elucidating the effects that these compounds have on
different T cell subsets and delineating the effects that they have on mouse and human T
cells will be essential to take full advantage of their immunostimulatory capacity. The
effects of TLR engagement on different T cell subsets is provided in Figure 2.1.

TLR Signaling in Tumor Cells
Anti-tumor effects of TLRs
The engagement of specific TLRs on cancer cells can impact tumor growth by
various mechanisms, including inducing apoptosis and potentiating the effects of
chemotherapy198. The following sections outline examples of current studies that
illustrate the anti-tumor effects of TLR signaling on tumor growth and development.
TLR1-TLR2
The expression of TLR2 on urothelium- and nonmuscle-invasive bladder tumors
has been reported to be induced following incubation with Mycobacterium BCG in
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Figure 2.1: Effects of TLR engagement on different T cell subsets. BLP, Bacterial lipoprotein; CWS, cellwall skeleton; HP-NAP, Helicobacter pylori neutrophil-activating protein; MALP2, mycoplasma diacylated
lipoprotein 2; PSK, polysaccharide krestin; Poly ICLC, polyriboinosinic-polyribocytidylic acid.
Reprinted with permission from Journal of Leukocyte Biology Copyright © 2013 Kaczanowska, Joseph and
Davila99
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vitro199–201. BCG is a live-attenuated Mycobacterium bovis that is enriched in
peptidoglycans and unmethylated CG-containing DNA, which primarily stimulate TLR2,
TLR4, and TLR996,202. The engagement of TLR2 on bladder cancer cells leads to the
nuclear translocation of NF-κB, activation of JNK, and production of IL-1β, IL-6, and IL8203. Interestingly, treatment with BCG results in the expression of MHC class II and costimulatory molecules, including CD86 and ICAM-1, on urothelial carcinoma cells204.
The stimulation of urothelial cell carcinomas with BCG induced cell death and reduced
proliferation and motility. The anti-cancer effects of BCG have been associated with
increased production of cytotoxic nitric oxide (NO) in cell lines, as well as in patients
treated with BCG205. These studies also emphasize the advantage of developing
vaccination strategies that incorporate TLR ligands that can stimulate both immune
responses and make tumor cells better targets for immune-mediated destruction.
TLR3
TLR3 has been implicated in promoting tumor cell death in various types of
cancers. Breast cancer cells express TLR3, and signaling through this receptor induces
autocrine type I IFN signaling that results in the apoptosis of human and mouse cancer
cells114,206,207. In human colon cancer cells, TLR3 stimulation with Poly I:C induced
apoptosis and worked in synergy when combined with 5-fluorouracil or IFNα208. TLR3
stimulation by BCG on bladder cancer cells also results in the production of IL-1β, IL-6,
and IL-8, all of which correlate with favorable outcomes in the BCG treatment of bladder
cancer patients203. Head and neck carcinoma cells stimulated with Poly I:C showed an
increase in ICAM-I, IL-6, and IL-8 secretion. TLR3 stimulation also increased apoptotic
and necrotic cell death in human pharynx carcinoma cells209. Similar effects were
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observed following stimulation of TLR2 and TLR5. In another study, endosomal
stimulation, but not cell-surface engagement of TLR3 on human hepatocellular
carcinoma cells resulted in caspase-dependent apoptotic cell death119,206. Primary
nonsmall cell lung cancer cells were reported to express higher levels of TLR3 compared
with cells from pre-cancer patients210. The engagement of the TLR3 ligand in human lung
cancer cell lines resulted in caspase-dependent apoptosis211. Interestingly, the cell death
machinery appears to form a complex with the TLR3 itself, activating an extrinsic
apoptotic cascade involving caspase-8211. TLR3 stimulation in human prostate cancer cell
lines triggers inflammation and anti-proliferative signaling and, depending on the TLR3
ligand concentration, can lead to apoptosis114,206. In human melanoma cell lines TLR3
stimulation can reduce cell division or induce cell death206,212. Poly I:C stimulation of
human myeloma cell lines also exhibited increased apoptosis, type I IFN secretion, and
reduced cell growth in what appeared to be an NF-κB-dependent manner206. Type I IFNs
can induce the Th1 effector phenotype and further potentiate the anti-tumor immune
response213. However, not all myeloma cells lines expressed TLR3214. TLR3
polymorphisms have also been linked to an increased risk of nasopharyngeal carcinoma,
breast cancer, cervical cancer, and Hodgkin's disease215.
In addition to inducing cell death, TLR3 signaling can impact cancer cell
migration. Rydberg et al.209 reported that TLR3 engagement decreased the migration of
cancer cells when added during the cell-attachment phase; however, if migration had
already begun, Poly I:C treatment enhanced migration. These data suggest that TLR3
signaling can impact tumor cell metastases differently depending on the stage of the
tumor and requires further investigation119,206.
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TLR4
Published reports regarding an anti-tumor effect of TLR4 signaling in cancer cells
are scarce. However, Bauer et al.216 showed that the expression of TLR4 on lung
epithelium can have a protective effect against lung cancer development. In these studies,
the authors sought to determine the role of TLR4 in chronic lung inflammation by
examining lung permeability, leukocyte infiltration, and NF-κB activation in TLR4responsive and -unresponsive mice. Butylated hydroxytoluene treatment was used to
induce lung cancer. Mice with functional TLR4 signaling exhibited diminished lung
permeability, leukocyte infiltration, and tumor formation216. It is worth noting that this
study is an exception in the current literature, the majority of which portrays TLR4 to
play a potent pro-tumor role.
TLR5
TLR5 expression on cancer cells has been shown to abrogate tumor cell growth in
some cancers. TLR5 is overexpressed in breast cancer, and activation of TLR5 signaling
was demonstrated to block tumor cell proliferation and mechanistically linked to a downregulation of cyclin B1, cyclin D1, and cyclin E2 expression in a mouse model217. The
biological significance of TLR5 stimulation on breast cancer cells in mice was also
highlighted by increased tumor necrosis and enhanced infiltration of neutrophils217. In
tissue culture, head and neck cancer cells expressing TLR5 also demonstrated decreased
viability and increased apoptosis in response to stimulation with flagellin209. Similarly, in
a xenograft model of human colon cancer, TLR5 signaling in tumor cells suppressed
tumor growth and was associated with tumor necrosis218.
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TLR9
TLR9 signaling in a human glioma cell line contributed to decreased proliferation
by inducing cell-cycle arrest when stimulated in conjunction with irradiation219. These
effects were mediated by NF-κB and NO. Therefore, one therapeutic advantage to the use
of TLR9 agonists in this tumor model could be to sensitize tumors to the toxic effects of
radiation treatment219. However, consideration has to be given to the fact that TLR9 has
also been demonstrated to increase the invasive capacity of glioma220. Furthermore,
TLR9 expression has been shown to exhibit anti-proliferative and pro-apoptotic
effects221. CpG-ODN stimulation of TLR9 on neuroblastoma cell lines has also been
shown to decrease cell proliferation and increase caspase-dependent apoptosis, resulting
in increased survival of tumor-bearing mice.
Pro-tumor effects of TLRs
The engagement of TLRs on tumor cells can promote tumor growth by
contributing to the maintenance of a chronically inflamed environment, inducing cancer
cell proliferation, and promoting cell survival84,151,222–228. The following section discusses
these pro-tumor TLR-mediated mechanisms in more detail as they relate to specific
neoplastic diseases.
TLR1-TLR2
TLR2 expression and tumor-promoting signaling have been described in many
human cancers including gastric, liver, and lung carcinomas139,229–231. For example, it is
generally accepted that H. pylori is a causative entity for developing gastric carcinoma232.
There is compelling evidence indicating that H. pylori can bind to and signal through
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various TLRs on gastric epithelial cells, which contributes to inflammation and disease
progression229,233–236. TLR2 signaling in human gastric cancer cell lines has also been
shown to promote tumor growth by enhancing vascularization and cell invasion through
the induction of cyclooxygenase 2 (COX-2), prostaglandin E2 (PGE2), and IL-8139,229.
COX-2 and PGE2 contribute to tumor growth, in part, by regulating the expression of
various other angiogenic factors229,237,238. Moreover, PGE2 can down-regulate T cell
activation and proliferation by reducing IL-2 levels and lowering expression of the
transferrin receptor (CD71) on T cells239. In addition to the ability of IL-8 to induce
cancer cell proliferation and survival, it exacerbates inflammation and promotes
recruitment

of

tumor-associated

macrophages,

which

support

tumor

growth224,225,240. Listeria monocytogenes was also shown to activate TLR2 signaling in a
mouse hepatoma model, resulting in the secretion of NO and IL-6, which have been
shown to suppress T cell function by inducing cell-cycle arrest and apoptosis and
decreasing the expression of leukocyte adhesion molecules231,236,241,242. To put some of
these outcomes in perspective, NO and PGE2 are key players in the mechanism by which
mesenchymal stem cells suppress immune-cell function242, and inhibition of the PGE2
enzyme COX-2 has been shown to reduce inflammation and show potential as a cancer
treatments. COX-2 inhibitors may potentiate the efficacy of certain chemotherapies243,244.
IL-6 has also been demonstrated to promote CD4+ T cell differentiation to Treg or Th17
subsets245,246. Furthermore, it has been shown that autocrine IL-6 signaling by human
ovarian cancer cell lines increases chemotherapy drug resistance by up-regulating
multidrug resistance-related genes and GSTpi, in addition to the anti-apoptotic proteins
Bcl-2, Bcl-xL, and X-linked inhibitor of apoptosis247.
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TLR2 polymorphisms have been associated with a higher incidence of breast,
colorectal, and prostate cancers in patients215,248. Polymorphisms in TLR2 and TLR5
have also been suggested to have a significant role in gastric carcinogenesis 249. TLR1 and
TLR6 are located within the same gene cluster, and polymorphisms in these genes have
also been identified with the increased risk of prostate cancer, nasopharyngeal carcinoma,
and breast cancer215.
TLR4
TLR4 signaling in tumor cells has more frequently been reported to exhibit protumor properties rather than anti-tumor responses. For example, mice deficient in TLR4
or MyD88 exhibit a significant reduction in the frequency, size, and overall number of
chemically-induced liver tumors250. Moreover, there is evidence supporting a role for
long-term alcohol consumption and hepatitis C-mediated tumorigenesis, and hepatitis C
virus NS5A transgenic mice exposed to long-term alcohol generate tumors with TLR4
overexpression159. These data emphasize a strong association between TLR signaling and
hepatocarcinogenesis. In melanoma, Mittal et al.251 reported that TLR4 stimulation by the
endogenous protein HMGB1, released from necrotic keratinocytes, induced the
recruitment of inflammatory cells that perpetuated chronic inflammation, which they
postulated was involved for tumor progression. The LPS from H. pylori has also been
shown to activate TLR4 on human gastric cancer cell lines to increase tumor cell
proliferation233. In addition to stimulation by bacterial LPS and HMGB1, TLR4 can be
activated by an assortment of endogenous DAMPs, including HSPs and peptides with
abnormal glycosylation patterns expressed by tumors223,252. For instance, HSP90 has been
demonstrated to contribute to human glioma cell migration in a TLR4-dependent manner
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through the association with and transactivation of epidermal growth factor receptor
(EGFR), resulting in increased cytosolic Ca2+ levels, ATP release, and actin
rearrangement253. Finally, individuals with TLR4 polymorphism have also been linked to
having a higher susceptibility of developing prostate cancer254,255.
In addition to inducing tumor cell proliferation and enhancing cell survival, TLR4
engagement on human breast cancer cell lines has been shown to promote tumor
progression by producing factors that promote immune evasion, such as VEGF, NO, IL6, IL-12, and MMPs256–258. NO and IL-6 have been implicated in immune suppression by
contributing to the immune evasion of cytotoxic CD8+ T cells and inhibition of NK
activity223,257. Furthermore, in mouse colon cancer models, TLR4 stimulation is linked to
prolonging tumor-cell survival by up-regulating the expression of the programmed cell
death ligand 1 (B7-H1) and ICOS ligand (B7-H2) and by down-regulating the expression
of the death receptor Fas223. He et al.259 reported that TLR4 stimulation on human lung
cancer cells can also promote immune escape by inducing immunosuppressive cytokines,
such as TGF-β, VEGF, and IL-8, while supporting an apoptosis-resistant phenotype.
TLR5
TLR5 is highly expressed on human gastric cancer cells, as well as precursor
lesions235,260. TLR5 recognizes ligands on H. pylori, such as flagellin, which upon
stimulation in cancer cells, results in increased IL-8 production and tumor cell
proliferation234,235. IL-8 has been implicated to be involved in the advancement of human
gastric carcinoma by influencing cell adhesion, metastasis, and drug resistance, in
addition to its role as a chemoattractant for immune cells226,240. TLR5 stimulation by H.
pylori also enhanced the expression levels of TNF-α and promoted cell survival228,261,262.
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It is important to note that TNF-α has also been implicated in promoting the suppressive
function of Tregs263.
TLR7-TLR8
TLR7 and TLR8 are overexpressed in lung cancer patients and have been
implicated in contributing to inflammation, tumor growth, cell survival, and
metastasis210,227. Additionally, TLR7 or TLR8 stimulation significantly increased the
chemoresistance of human lung cancer cell lines following treatment with combinations
of cycloheximide, cisplatine, carboplatine, doxorubicine, and Navelbine227. The TLR7/8dependent activation of NF-κB in these cells also results in the up-regulation of
proinflammatory cytokines (IL-6, IL-8, GM-CSF, IL-1α, IL-12), the anti-apoptotic
protein Bcl-2, VEGFR2 involved in angiogenesis, and chemokine receptors associated
with increased cell migration227.
TLR9
Human breast cancer and gastric carcinoma cells expressing TLR9 have enhanced
invasive capability as a result of the increased secretion of MMP13 and COX-2 upon
TLR9 stimulation in tissue culture229,258. MMPs play an important role in tumor-cell
invasion, as they cleave ECM proteins that maintain tissue structure and allow for tumor
growth225,264. TLR9 also plays a role in the increased production of IL-8, IL-1, and IL-6
in lung cancer cells, further promoting tumor growth210. TLR9 engagement on human
ovarian cancer has also been shown to increase the invasion and migration of tumor
cells220,262. Furthermore, in glioma, tumor cell expression of TLR9 correlates with disease
severity in patients220. It is interesting to note that in the case of glioma, despite its
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metastasis-inducing properties, TLR9 had no effect on cell proliferation, highlighting the
diverse effects that TLR9 signaling can have on different tumor cell types. CpG DNA,
recognized by TLR9 on human prostate epithelial cells, induces NF-κB activation,
resulting in increased proliferation and reduced apoptosis, and has been suggested to play
a role in early cancer development265. The majority of human hepatocellular cancer cells
express TLR9, which like in many tumor types, aides in tumor cell proliferation, survival,
and drug resistance266. Intriguingly, these pro-tumor effects are not always mediated by
NF-κB activation, but in some cases, involve the induction of oncogenes and other
regulatory proteins involved in carcinogenesis266.
MyD88 and IRAK
Aside from the effects of TLR stimulation on cancer cells, it appears that
constitutive activation of the MyD88 signaling pathway (and downstream molecules)
might also play a role in tumor progression in a TLR agonist-independent pathway.
Mizobe and colleagues267 found a constitutive association between MyD88 and IRAK-1
in HTLV-I-transformed T cell lines but not in uninfected cells. Interestingly, HTLV-1
infection resulted in the expression of TLR1, -6, and -10 mRNA. NF-κB activation in
HTLV-transformed cells was inhibited by the overexpression of dominant-negative forms
of MyD88 and consequently reduced proliferation and increased apoptosis. We reported
recently that various melanoma cell lines express the activated form of p-IRAK-1 and/or
p-IRAK-4 in the absence of TLR stimulation268. Moreover, ~45% of melanoma tumor
biopsies (n=242) expressed p-IRAK-4 levels, as determined by immunohistochemical
evaluation. The levels of p-IRAK-4 did not correlate with clinical stage, gender, or age,
but inhibiting IRAK signaling with pharmacological inhibitors or small interfering RNA
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enhanced cell death in vitro and in vivo in combination with the chemotherapeutic
vinblastine. Ngo et al.269 also demonstrated a critical role for oncogenically active
MyD88 mutations in human lymphoma. Collectively, these data suggest that any changes
that lead to constitutive TLR-MyD88 signaling in cancer cells can intensify tumor
growth.
Summary of TLR Signaling in Tumor Cells
In summary, various TLRs have been reported to be expressed on a multitude of
cancer types. TLR3 and TLR5 show the most promise for eliciting direct anti-tumor
effects, whereas TLR4, -7, -8, and -9 display primarily pro-tumor properties when
stimulated on tumor cells. It is important to highlight that while engagement of one TLR
on a particular tumor type might induce cell death, the stimulation of the same TLR on a
different tumor could promote survival, induce proliferation, or promote a chemoresistant
phenotype. Therefore, identifying optimal TLR agonists in the framework of cancer
immunotherapy requires special consideration with regard to the effects that TLR
engagement on tumor cells will have on anti-tumor responses. We suggest that the
selection of TLR agonists should be, in part, based on the TLR expression profile and
functional consequence of TLR signaling that occurs within a specific type of
cancer. Table 2.2 provides a summary of the effects of TLR signaling in tumor cells.
We believe that it is important to identify rapid molecular diagnostics that could
provide insights as to which TLR agonist to choose to optimize therapeutic strategies.
Our group has examined the expression levels of various TLRs on several types of
cancers derived from patients, including melanoma, pancreatic cancer, colon cancer, as
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Functional outcome
TLR

Type of cancer

Pro-tumor
T LR2

T LR3

Gastric cancer

Inflammation, vascularization, metastasis, ↑IL-8, COX-2, PGE2

Hepatocellular
carcinoma

Immunosuppression, ↑IL-6, NO

Breast cancer

Apoptosis, ↑type I IFN

Colon cancer

Apoptosis

Cervical cancer

Apoptosis

Head and neck
cancer

Apoptosis, necrosis, ↑ICAM-I

Hepatocellular
carcinoma

Apoptosis

Melanoma

Decreased proliferation, apoptosis
Apoptosis, ↑type I IFN

Myeloma
Lung cancer

Proliferation and survival

Apoptosis

Prostate cancer
T LR4

T LR5

Anti-tumor

Inflammation, apoptosis

Breast cancer

Viability, immune evasion, ↑VEGF, NO, IL-6, IL-12, MMPs

Colon cancer

Inflammation, tumor growth, immune evasion, ↑B7-H2, B7-H2, ↓Fas

Gastric cancer

Proliferation

Hepatocellular
carcinoma

Carcinogenesis

Lung cancer

Immunosuppression, immune evasion, reduced apoptosis, ↑TGF-β,
VEGF, IL-8

Melanoma

Carcinogenesis

Decreased lung permeability and
inflammation

Breast cancer

Decreased proliferation,
neutrophil infiltration, necrosis

Head and neck
cancer

Decreased proliferation, apoptosis

Colon cancer

Decreased proliferation, necrosis

Gastric cancer

Proliferation, ↑IL-8, TNF-α, IL-8

T LR7/8

Lung cancer

Proliferation, survival, drug resistance, metastasis, ↑IL-1α, IL-6, IL-8, IL12, GM-CSF, VEGFR2, Bcl-2

T LR9

Breast cancer

Metastasis, ↑MMP

Gastric cancer

Metastasis, ↑COX-2

Glioma

Metastasis

Hepatocellular
carcinoma

Proliferation, survival, drug resistance

Lung cancer

Proliferation, survival, ↑IL-1, IL-6, IL-8

Cell-cycle arrest, ↑NO

Neuroblastoma

Decreased proliferation, apoptosis

Ovarian cancer

Metastasis

Prostate cancer

Proliferation, reduced apoptosis

Table 2.2 Summary of the Effects of TLR Signaling in Tumor Cells. This table provides a brief overview
of the outcome of TLR signaling on various cancer types organized by TLR.
Reprinted with permission from Journal of Leukocyte Biology Copyright © 2013 Kaczanowska, Joseph and
Davila99
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well as T-lineage acute lymphoblastic leukemia (T-ALL) and acute myeloid leukemia
(AML) (ref

268

and unpublished data). In general, we can detect various TLRs by PCR

and Western blot. However, TLR expression on cells is not always sufficient to trigger
TLR signaling, and thus, unfortunately, it appears that the expression levels of TLR (or
TLR-related proteins) alone is not likely to be a reliable method to predict the potential
effects of TLR stimulation on cancer cells (unpublished data). Another consideration is
that the inability of TLR-expressing cells to respond to TLR agonists could be a result of
the lack of downstream proteins involved in TLR signaling or the overexpression of
negative regulators of TLR signaling270. However, these concepts have yet to be tested
experimentally. Another potential screen might involve using patients' tumor cells to
characterize (by RNA expression profile) their response to TLR ligands in vitro. We
envision that the identification of specific gene patterns associated with cell survival,
proliferation, metastases, cytokine expression, and chemotherapy and radiotherapy
resistance might provide insight for better selection of TLR agonists for immunotherapy.
We recognize that a limitation to these types of in vitro analyses does not take into
consideration the ability for TLR agonists to localize to the tumor site in vivo.
Furthermore, this testing does not take into consideration the effects that the presence of
immune cells, which are likely to have a greater aptitude to take up TLR agonists, might
have on tumor responses to TLR agonists. However, in general, these assays could
provide useful insights as to the potential that certain TLR agonists might have in
promoting tumor cell proliferation or enhancing chemotherapy or radiotherapy resistance.

53

A Multi-TLR Agonist Approach in Cancer Immunotherapy
The only TLR agonists approved by the FDA for use in cancer patients are BCG
(which stimulates TLR2, TLR3, TLR4, and possibly TLR9)271,96,202, MPL (a TLR4
agonist)136, and imiquimod (TLR7/8 agonist)272. Arguably, the most impressive antitumor responses observed have been in patients with bladder cancer treated with BCG,
which is composed of a “mixture” of TLR agonists. The potent immunostimulatory
effects of BCG were indeed dependent on the simultaneous activation of TLR2 and
TLR4201, highlighting the advantage of engaging multiple TLRs concurrently. BCG is the
only FDA-approved agent therapy for bladder carcinomas and is in clinical trials to treat
patients with various other types of malignancies. In attempts to further enhance the antitumor efficacy of BCG therapy, efforts have also focused on developing approaches to
refine tumor-specific immune responses. In particular, the development of autologous
whole-cell tumor lysate vaccines, administered together with BCG, appears to augment
anti-tumor responses and enhance survival in patients with colorectal cancer273–275,
melanoma276, and renal cell cancer277. This vaccination approach appears to elicit strong
T cell responses, however, a role for antibody and innate immune cell responses has not
been ruled out. It is important to note that in melanoma patients, delayed-type
hypersensitivity (DTH) reactions associated with anti-tumor responses (following this
type of therapy) decreased after successive vaccinations that lacked BCG. These data
suggest that a continuous source of TLR agonists is required to maintain anti-tumor
responses. The inclusion of tumor lysate in vaccine formulations might also have the
advantage of stimulating additional TLRs and/or other PRRs via lysate-derived
DAMPs278. Although the stimulation of TLRs on DCs is critical for the induction of
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tumor-specific T cell responses, whether the anti-tumor responses observed in patients
were, in part, a result of the stimulation of TLRs on T cells or tumor cells is a topic that
merits further investigation.
Recent advances in pre-clinical studies have also shown evidence of TLR
synergy. Conforti et al.279 reported that injection of the TLR3 agonist Poly A:U or TLR9
agonist CpG-ODN alone failed to control tumor growth, however, when the two TLR
agonists were administered with tumor-associated antigen in mice, control was induced.
Zhu et al.280 found that engaging specific pairs of TLRs resulted in a synergistic response
in their ability to activate DCs and promote antigen-specific T cell responses and
proliferation compared to injecting a single TLR agonist. In another study, it was found
that specific combinations of TLR2, -3, and -9 ligands, administered at suboptimal doses,
synergized and that responses depended on cross-talk between the MyD88 and TRIF
signaling pathways281. Ahonen et al.282 also reported that combining the TLR7 agonist,
imiquimod, with CD40 agonists synergized and augmented CD8+ T cell responses nearly
20-fold above that induced by either agonist alone. These findings highlight the
advantage of combining certain TLR agonists with one another or with other
immunostimulatory agents (i.e. anti-CD40 antibody) and indicate that optimizing the
anti-cancer effects of TLR agonists will require careful selection and appropriate
sequential timing of TLR ligand administration.
The expression of co-stimulatory molecules on APCs (or tumor cells) and the
cytokine milieu elicited by different TLR agonists also play a determining role as to
whether pro-tumor or anti-tumor responses are produced. The TLR mixture would ideally
consist of one that efficiently matures DCs and produces a cytokine mixture that
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potentiates T cell activation while having cytotoxic or cytostatic effects on tumor cells.
TLR9 stimulation on DCs induces the production of IL-12 and IFNγ, whereas TLR1TLR2 stimulation on CD8+ and CD4+ T cells enhances their survival, proliferation, and
cytotoxicity94,105,106,191. The engagement of various TLRs on human and mouse DCs has
also been demonstrated to skew immunity toward an anti-tumor Th1 response via
increased production of the inflammatory mediator IL-12283,284. However, depending on
the TLR agonist, the generation of a Th2-type response can also be elicited in response to
MyD88-dependent TLR signaling285–287. Interestingly, whereas the engagement of TLR4
alone induced the generation of IL-4-producing DCs (Th2-type), the co-engagement of
TLR4 and TLR7/TLR8 skewed toward the generation of IFNγ-producing (Th1-type)
DCs284. Therefore, it is necessary to identify a TLR agonist combination that does not
promote the production of cytokines (i.e. IL-4 and IL-10) capable of supporting a protumor environment through the induction of CD4+ Tregs or other immunosuppressive
mechanisms. TLR-mediated DC maturation must also be able to induce the expression of
co-stimulatory molecules required for optimal T cell activation. Warger et al.288 also
demonstrated that the synchronized activation of the MyD88 and TRIF pathways in DCs
resulted in increased IL-6 and IL-12p70 production, as well as increased expression of
CD40, CD70, and CD86. It is noteworthy that T cells elicited under these conditions
were reported to be resistant to the suppressive effects of CD4+ Tregs 288. Mitchell et al.283
reported that the simultaneous engagement of TLRs that signal through the same or
different pathways on mouse bone marrow-derived DCs induced distinct patterns and
levels of cytokines. Interestingly, despite the fact that both TLR agonists (TLR2 and
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TLR9 ligands) transduce signals via the MyD88 pathway, the synergistic effects were
differentially dependent on MAPK signaling, but relied on NF-κB signaling.
The use of TLR agonists as a monotherapy or in combination with tumor
antigens, chemotherapy, or radiotherapy is still early in clinical development, and their
anti-tumor potential against different malignancies remains to be firmly established. For
example, the TLR3 agonist Poly A:U, albeit safe, has resulted in only moderate success
for treating patients with various types of cancers289–293. Interestingly, however,
stratification of breast cancer patients whose breast tumors were TLR3-positive revealed
an association with decreased risk of metastatic relapse compared with TLR3-negative
tumors. For a detailed list of ongoing clinical trials using TLR agonists,
see www.clinicaltrials.gov, and review article by Adams111. The TLR7 agonist
imiquimod (Aldara) appears to be effective against warts and primary skin tumors such
as basal cell carcinomas294. Although still early in clinical stages, recent results from a
Phase II study of imiquimod in breast cancer patients with chest-wall recurrences or skin
metastases revealed a modest anti-tumor effects with two of 10 patients achieving a
partial response295. Imiquimod treatment was reported to be well-tolerated. The antitumor activity of another TLR7 agonist, 852A, was also examined for its ability to treat
metastatic breast, ovarian, endometrial, or cervical cancer in patients not responding to
standard treatment. Most patients exhibited increased cytokine levels in response to 825A
treatment; two of three ovarian cancer patients, who received all 24 doses of 825A,
showed progressive or stable disease (Study NCT00319748). A detailed summary of
these completed studies is still pending. In a randomized Phase II trial of a TLR9 agonist,
patients receiving taxane plus platinum chemotherapy for first-line treatment of
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nonsmall-cell lung cancer were suggested to exhibit an improved objective response296.
The objective response rate in patients who received TLR9 agonist plus chemotherapy
was 30% compared with 19% who received chemotherapy alone. Brody et al.297 also
reported that in situ tumor vaccination with a TLR9 agonist induced clinically significant
anti-B cell lymphoma responses. These studies highlight the efficacy and advantage to
administering TLR agonists locally (vs. systemically) at the tumor site.
Despite the moderate anti-tumor responses observed using certain TLR agonists
(and in specific cancer types), a clearly beneficial role for the mono-TLR agonist in
cancer immunotherapy has yet to be established. It is important to note that a recent trial
using the TLR9 agonist EMD 1201081 for the treatment of metastatic squamous cell
carcinoma was terminated as a result of potential safety concerns when administered in
combination with platinum-based therapies (Study NCT01360827). This comes shortly
after Pfizer's discontinuation of its TLR9 agonist, CPG 7909, following the drug's
inability to demonstrate efficacy (in combination with chemotherapy) in Phase III trials in
nonsmall-cell lung cancer. In yet a more recent study conducted by Idera
Pharmaceuticals, Phase II results of the TLR9 agonist IMO 2055 did not improve
progression-free survival in recurrent or metastatic head and neck cancer. A more
promising approach includes ongoing Phase III studies by GlaxoSmithKline, who is
testing the anti-tumor activity of a multipronged tactic using melanoma-associated
antigen 3 (MAGE-A3) with the TLR9 and TLR4 agonist MPL in melanoma patients with
the objective of decreasing tumor recurrence. These studies demonstrate that TLR
agonists are a promising yet still underdeveloped therapeutic approach.
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Does This Mean the Endgame for TLR Agonists in Cancer Immunotherapy?
Despite the moderate anti-tumor effects observed in most clinical trials, we
believe that the use of TLR agonists still holds great potential in cancer immunotherapy.
However, we consider that the successful implementation of TLR agonists in cancer
immunotherapy must include the following characteristics. First, TLR agonists should be
used

in

combination

with

other

agents

to

enhance

synergistically

their

immunostimulatory capacity. This can be accomplished by combining different TLR
agonists that activate the MyD88-dependent and MyD88-independent pathways.
Furthermore, combining TLR agonists with other immunostimulatory agents, such as
anti-CD40 (to activate DCs, B cells, and macrophages), anti-OX40, and anti-4-1BB (to
potentiate T cell responses), can enhance TLR signaling in a synergistic fashion282,298.
Moreover, combining TLR agonists with tumor antigens has the potential to enhance the
generation of tumor-reactive T cells. The mixture of TLR agonists must also take into
account their capacity to mature DCs, as some TLR agonists are more effective than
others at doing so155, and to induce a phenotype that favors Th1-skewing, as evidenced by
IL-12 and IFNγ production and the up-regulation of MHCII, CD80, CD86, and CD40.
Secondly, TLR agonists should also be able to stimulate TLRs directly on CD8+ T
cells and CD4+ Th cells as a means to induce a polyclonal T cell response299, as well as to
augment T cell survival, memory T cell generation, and cytotoxicity. Furthermore, as
TLR expression and its co-stimulatory effects on T cells are dependent on TCR
stimulation, it is important that the TLR agonists be present at the tumor site at the same
time that T cells are present. Therefore, the timing of TLR ligand administration, as well
as the ligand's ability to make it to the tumor site or capacity to be delivered effectively to
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the site, represent important factors to consider when formulating TLR agonist-based
cancer vaccines. The ability to direct TLR ligands to specific organ sites is under
investigation in several laboratories. Data from our group demonstrate that localized
TLR1-TLR2 therapy intended to co-stimulate tumor-specific T cells in B16 melanoma
tumor-bearing

mice

enhanced

anti-tumor

responses

only

when

administered

peritumorally, but was ineffective when administered systemically via intraperitoneal
(i.p.) injection or via a subcutaneous (s.c.) injection at a distal site from the tumor
(refs.105,300 and Geng et al., unpublished results). The ideas that systemic TLR agonistbased therapies are not effective in clinical trials and pose a hurdle in developing optimal
cancer therapies has been echoed by other experts in the field301. In more recent studies,
we have observed that tumor-specific human T cells engineered to secrete the TLR5
ligand at the tumor site enhance anti-tumor responses and prolong T cell survival.
Autocrine TLR5 signaling in T cells also results in the expression of various
cytokines/chemokines at the tumor site that further promotes anti-tumor activity by
enhancing T cell infiltration300,302.
Taking into consideration that CD4+ Tregs also express functional TLRs, the
inclusion of TLR agonists with the capacity to inhibit CD4+ Treg activity, or at least not
stimulate their suppressive ability, can further potentiate anti-tumor responses. Ideally,
TLR agonists would be toxic or cytostatic to tumor cells and would not promote tumor
cell proliferation. Moreover, the inclusion of TLR agonists that can induce the expression
of co-stimulatory molecules and/or cytokines/chemokines by tumors cells that can
promote immune cell infiltration could serve to enhance the efficacy of TLR agonistbased therapies.
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Finally, it also important to keep in mind that the TLR expression profiles, as well
as the response to specific TLR agonists, differ between mouse and human cells. It is
therefore essential that we delineate succinctly the effects that the stimulation of different
TLRs has on human immune and cancerous cells when advancing studies into clinical
trials. Figure 2.2 provides an overview of how the selection of distinct TLR agonists can
enhance anti-tumor efficacy by stimulating TLRs on different T cell subsets and tumor
cells.

Concluding Remarks
The use of multiple TLR agonists to induce potent anti-tumor responses remains a
promising topic of research despite limited clinical evidence supporting the use of
systemic

TLR

agonists

as

monotherapies.

However,

exploiting

the

potent

immunostimulatory properties of TLR ligands is like wielding a double-edged sword.
Whereas their ability to activate TLRs on DCs, CD4+ Th, and CD8+ T cells is critical for
generating anti-tumor responses, their capacity to support tumor progression by
stimulating TLRs on tumor cells and Tregs in pre-clinical models cautions us to carefully
consider the choice of TLR agonists. We remain hopeful that further studies elucidating
the anti-tumor effects of combining different TLR agonists, identifying novel methods to
direct the TLR agonists to the tumor site (and to specific cell subsets), and testing
different timing schedules will yield important information that will enhance anti-tumor
responses in patients.
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Figure 2.2: The proper selection of TLR agonists that stimulate TLRs on different T cell subsets and
tumor cells could enhance the efficacy of TLR agonist-based cancer therapies. (A) In addition to
activating DCs and skewing toward a Th1 cytokine profile, the optimal TLR agonist-based therapy would
consist of a combination of TLR agonists to inhibit the immunosuppressive effects of T reg. (B) Furthermore,
the inclusion of TLR ligands that can stimulate CD4+ and CD8+ T cells and prolong their survival, augment
cytokine production, and increase cytotoxicity would further potentiate anti-tumor responses. (C and D) The
TLR agonists should also be able to kill tumor cells directly and/or induce the production of chemokines or
co-stimulatory molecules to facilitate anti-tumor T cell activity or prevent cells from proliferating.
Furthermore, the timing at which distinct TLR ligands are administered, as well as the ligand's ability to make
it to the tumor site, will impact efficacy and are significant aspects to reflect on when formulating TLR
agonist-based cancer vaccines.
Reprinted with permission from Journal of Leukocyte Biology Copyright © 2013 Kaczanowska, Joseph and
Davila99
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CHAPTER 3: TLR5 LIGAND-SECRETING T CELLS RESHAPE THE TUMOR
MICROENVIRONMENT AND ENHANCE ANTI-TUMOR ACTIVITY2

Introduction
Recent clinical trials highlight the potential of T cell–based immunotherapies in
treating cancer patients, including individuals with melanoma49,303. Several approaches
have been developed that harness the T cell's ability to destroy cancer, including vaccine–
based strategies, adoptive T cell transfer (ACT) protocols using tumor-infiltrating
lymphocytes (TIL), or T cells engineered to express tumor-reactive T cell receptors
(TCR)303. The use of antibodies (Ab) to block inhibitory receptors on T cells, such as
ipilimumab (anti-CTLA4) and anti–PD-1/PD-L1 antibodies, have also demonstrated an
ability to potentiate T cell responses against various cancer types including
melanoma49,59,63,304–306. Despite encouraging results that demonstrate objective responses
in some cancer patients, only a subset of patients experience the clinical benefits of this
form of therapy, highlighting the need to optimize T cell cancer therapies.
The anti-tumor efficacy of T cell–based strategies is limited by various processes.
One obstacle includes insufficient recruitment of T cells to the tumor due to the lack of
specific chemokines or chemokine receptors on T cells. In fact, the introduction of
CXCR2 into tumor-reactive T cells has been shown to increase T cell tumor infiltration
and anti-tumor responses307. Upon T cell infiltration, the expression of weakly

2
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immunogenic tumor antigens, as well as the downregulation of major histocompatibility
complex (MHC) I expression on tumor cells, poses another barrier in achieving maximal
T cell activation. The presence of immunosuppressive cells, such as CD4+ Tregs and
myeloid-derived suppressor cells (MDSC), can further restrain anti-tumor T cell
responses308,309. Finally, the expression of a variety of inhibitory factors, such as PD-L1,
CD155, and Herpesvirus entry mediator (HVEM) on tumor cells or other cells in the
tumor environment, also counter the generation of productive T cell responses310,311.
Hence, the optimal activation of T cells in the tumor environment may require a
continuous source of co-stimulatory signals, not typically found on tumors, which could
reshape the environment toward one more supportive of T cell activation and survival.
TLR engagement on T cells has been demonstrated to function as a potent costimulatory signal and represents a promising strategy to enhance the efficacy of cancer
immunotherapies. Studies from several groups, including ours, demonstrate that TLR
engagement on CD4+ or CD8+ T cells enhances cell division, survival, and
cytotoxicity102–106,152. The co-stimulatory effect of TLR signaling is partially associated
with the ability to reduce the TCR activation threshold to weakly immunogenic tumor
antigens94,105. However, because the co-stimulatory effects on T cells are dependent on
concurrent TCR stimulation, effective anti-tumor responses generally occur when TLR
ligand

(TLRL)

is

administered

peritumorally

or

intratumorally105.

Systemic

administration of TLRL alone results in no or weak anti-tumor activity.
Given the lack of co-stimulatory signals in the tumor environment and the milieu
of factors that counter effective anti-tumor T cell responses, we examined whether T cells
engineered to secrete the TLR5 ligand (TLR5L) flagellin at the tumor site would generate
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a co-stimulatory tumor environment and restore anti-tumor activity. Flagellin, a bacterial
protein, is the only known TLR5L312 and is one of the few TLR agonists that can be
engineered to be expressed and secreted by T cells (the majority of known TLR agonists
consist of lipids or nucleic acids)313. Flagellin is well tolerated and relatively safe in preclinical models and is currently under investigation in phase I clinical studies
(NCT01527136); however, it has been reported to have a short half-life of approximately
10 minutes314,315. The studies described here demonstrate that tumor-reactive T cells
engineered to deliver the TLR5L to the tumor site show potent anti-tumor responses as
compared with mice treated with control T cells. Importantly, intratumoral delivery of
TLR5L by T cells reshaped the tumor environment and included changes in the
chemokine/cytokine profile, increased expression of chemokine receptors on T cells, and
increased T cell infiltration into the tumor. Interestingly, TLR5L-secreting T cells
reduced the number and altered the phenotype of MDSCs. These findings provide the
first characterization of the effects of intratumoral TLR5L delivery by T cells.

Materials and Methods
Mice and cell lines
NOD-Scid IL-2Rgammanull (NSG) and pmel mice were obtained from The
Jackson Laboratory, and C57BL/6 mice were purchased from Charles River Laboratories.
Pmel-1 mice express a transgenic TCR specific for the gp100 melanoma antigen. All
experiments have been reviewed and approved by the Institutional Animal Care and Use
Committee. HLA-A2+/MART-1+ Malme-3M cells were maintained in Iscove's Modified
Dulbecco's Medium, and HLA-A2+/MART-1+C32, HLA-A2+/MART-1− A375, B16,
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Phoenix Ampho and Eco packaging cell lines in Dulbecco's Modified Eagle Medium,
supplemented with fetal bovine serum and penicillin–streptomycin.
T cell sorting and functional studies
Peripheral blood mononuclear cells (PBMC) from healthy donors were purchased
from Biological Specialty Corp., and isolated by Ficoll-Paque (GE Healthcare) density
gradient centrifugation. CD4+and CD8+ T cells were purified by negative selection using
a Dynabeads Untouched Human CD4 or CD8 T Cells kit according to the manufacturer's
protocol (Invitrogen). T cells (2×105) were cultured in 96-well round-bottom plates
coated with 1 μg/mL OKT3 (eBioscience) in the presence or absence of TLR5L (100
ng/mL; InvivoGen) for 96 hours. Sixteen hours before harvesting, 0.5 μCi of 3Hthymidine was added to each well prior to measuring tritiated thymidine uptake using a
1450 LSC & luminescence counter (PerkinElmer). Cytokine and chemokine production
levels were measured from culture supernatants collected 96 hours after stimulation using
a cytokine/chemokine kit (Millipore) according to the manufacturer's instructions. All
tests were performed in triplicate wells and results are shown as mean ±SD.
Construction of retroviral vector
Figure 3.1B schematically shows the structure of the vectors used in this study in
the order of components in-frame from the 5′ to the 3′ ends. The human IL-2 signal
peptide sequence was linked to the cDNA coding sequence of Salmonella
typhimurium flagellin (GenBank accession no. D13689). Six changes were made in the
flagellin coding sequence to eliminate predicted N-linked glycosylation sites as described
by Applequist and colleagues316. The sequence was synthesized by GenScript, confirmed
66

by DNA sequencing, and then cloned into retroviral vector pMSGV1-DMF5-TCR,
downstream of DMF5 TCR sequence, using an internal ribosome entry site (IRES)
sequence upstream of flagellin. We used the DMF5 TCR specific to MART-127–35 kindly
provided by Dr. Laura Johnson (University of Pennsylvania, Philadelphia, PA)317. The
sequence was also inserted into pMSGV1-IRES-GFP to yield pMSGV1-TLR5L-IRESGFP.
Retrovirus production and transduction of human and mouse T cells
Retroviral vector supernatants were produced from Phoenix Ampho and Eco
packaging cell lines. Retrovirus production was initiated by transfecting the cells with
plasmid DNA using the Lipofectamine 2000 transfection reagent (Invitrogen). Fortyeight hours later, supernatants were collected and used to transduce human and mouse T
cells. For transduction of human T cells, PBMCs were cultured at 3×106 per well in 24well tissue culture plates in AIM V medium (GIBCO brand; Invitrogen) supplemented
with 5% human AB serum (Sigma-Aldrich), 1% MEM nonessential amino acids, 1%
penicillin—streptomycin, and 100 U/mL recombinant human IL-2 (BioLegend), and
activated with 50 ng/mL OKT3 for 48 hours. For transduction, 24-well non-tissue
culture–treated plates (BD Biosciences) were coated with 0.5-mL per well of 10 μg/mL
recombinant human fibronectin fragment (RetroNectin, Takara Bio) overnight at 4° C.
After incubation, 2 mL of retroviral supernatant was added to each coated well followed
by centrifugation at 2,000 rpm for 2 hours at 32° C. Viral supernatant (1.5 mL) was
removed, and 1×106 (0.5 mL) activated PBMCs were added to each well in the presence
of 100 U/mL IL-2. Plates were centrifuged at 1,000 rpm for 10 minutes, and then
incubated overnight at 37° C. Cells were washed and maintained in the presence of 100
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U/mL IL-2. On day 8, cells were expanded with beads coated with HLA-A2/MART-12735

and anti-CD28 antibody plus 100 U/mL IL-2 for 1 to 2 weeks. Transduction of mouse

T cells was performed as previously described105,318.
Western blot analysis
To determine the level of TLR5L secretion from transduced T cells, culture
supernatants were harvested, concentrated using Vivaspin 20 centrifugal concentrators
(Sartorius Stedim Biotech), electrophoresed by SDS-PAGE, and transferred to a
polyvinylidene difluoride (PVDF) membrane. Blots were incubated sequentially with
rabbit anti-flagellin antibody (a kind gift from Dr. James Kaper, University of Maryland,
Baltimore, MD) and horseradish peroxidase (HRP)–conjugated anti-rabbit antibody, and
detected using enhanced chemiluminescence (ECL Plus; Amersham Pharmacia Biotech).
Flow cytometry
The surface expression of MART-1 TCR on transduced human T cells was
determined by flow cytometry. Cells were washed with FACS buffer (PBS plus 0.2%
BSA and 0.1% sodium azide), stained with FITC-conjugated CD8 (BD Biosciences) and
PE-conjugated HLA-A2/MART-127-35 tetramer (a gift from NIH Tetramer Facility at
Emory University, Atlanta, GA). Appropriate isotype controls were used for flow
cytometry analysis. In xenogeneic experiments, 6- to 8-week-old male NSG mice were
injected subcutaneously (s.c.) with 5×106 Malme-3M tumor cells. Tumor was allowed to
grow to 10 mm2 and mice were injected intravenously (i.v.) with 2.5×106 non-transduced
or 2.5×106 transduced human T cells. Three to five days later, tumor samples were
collected from 3 mice per group. Single-cell suspensions were prepared and stained with
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CD8-FITC/MART-1 tetramer-PE or HLA-DR, DP, DQ-FITC/CD11C-PE. Cells were
also stained with relevant isotype control antibodies were used as isotype controls. In
syngeneic experiments, C57BL/6 mice were injected (s.c.) with 1×105 B16-F1 murine
melanoma cells. On day 10 after tumor cell injection, mice were exposed to irradiation
(400 radians), and injected (i.v.) the next day with 2×106 pmel T cells. Mice were
euthanized when tumors reached a size of approximately 50 to 100 mm2. Tumors and
spleens were harvested. Briefly, organs were processed through a cell strainer and
washed in PBS, 2% FBS (Gemini), 1% PenStrep, and 1% NEAA (Gibco, Life
Technologies). Spleen samples were treated with red blood cell (RBC) lysis buffer
(BioLegend) before washing. Cells were stained at 1×106 cells per well in 96-well plate
format for 2 hours at 4° C in 100-μL FACS Buffer (1× PBS 5% FBS 0.1% NaN3). The
following antibodies were used: CD90.1-APC, PD-1-PE, CXCR3-APC (eBioscience),
Lag3-PerCP, CD11b-PerCP, Gr1-APC (BioLegend), CD8-FITC, IAb-FITC, CD86-FITC,
CD80-FITC (BD Pharmingen), H2Kb/H2Db-PE (Abcam), and CCR1-PE (R&D
Systems). Cells were washed twice in FACS buffer and analyzed by flow cytometry. All
flow cytometry was performed at the University of Maryland Greenebaum Cancer Center
Flow Cytometry Shared Services on the BD LSR II with the high-throughput sampler
(HTS) attachment. Fluorescence-activated cell sorting (FACS) acquisition was performed
using a FACSCalibur or LSRII instrument (BD Biosciences) and flow cytometry data
were analyzed using the FlowJo software (TreeStar Inc.).
Transduced T cell proliferation, cytokine/chemokine production, and cytotoxicity assays
For T cell–specific reactivity against tumor cells, 1×105 transduced T cells were
co-cultured with decreasing numbers of tumor cells (irradiated with 10,000 radians) at the
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indicated ratios in 200 μL of culture volume in 96-well round-bottom plates for 72 hours,
and proliferation was determined by measuring 3H-thymidine (0.5 μCi/well) uptake.
Cytokine and chemokine production levels were measured from culture supernatants
collected 48 hours after stimulation using a cytokine/chemokine multiplex kit (Millipore).
Granzyme B production was detected by enzyme-linked immunosorbence assay (ELISA;
BioLegend). Cytotoxicity was measured using a standard 51Cr release assay. Target cells
(106) were labeled with 200 μCi of

51

Cr for 2 hours at 37° C and washed three times.

Labeled target cells (104) were then co-cultured with decreasing numbers of effector T
cells at the indicated effector-to-target (E:T) ratios in 200 μL of culture volume in 96well round-bottom plates. Target cells incubated in medium alone were used to
determined spontaneous 51Cr release, and maximal release was determined by incubating
labeled target cells in 10% Triton X-100. After 5 hours at 37° C, 50 μL of supernatant
was collected and 51Cr radioactivity was measured in a 1450 LSC and luminescence
counter. The mean percentage of specific lysis was calculated according to the following
equation: % specific lysis = (test release − spontaneous release)/(maximal release −
spontaneous release)×100. All tests were performed in triplicate wells and results are
shown as mean ± SD.
Tumor models and adoptive T cell immunotherapy
Six- to eight-week-old male NSG mice (n = 6–10 for each group) were injected
s.c. in the rear flank with 5×106 Malme-3M tumor cells. Tumors were allowed to grow to
approximately 50 mm2 and mice were injected i.v. with 5×106 human T cells. One group
of mice was injected with TLR5L (5 μg/mouse in 100 μL PBS; Invivogen) around the
tumor site weekly. For the B16-F1 tumor experiment, C57BL/6 mice were injected (s.c.)
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with 1×105 B16-F1 cells. When the tumor grew to approximately 50 mm2, the mice were
exposed to irradiation (400 radians), and injected (i.v.) the next day with
2.5×106 transduced T cells. Mice in the pmel groups were injected (i.p.) three four times
with an agonistic anti-4-1BB antibody (100 μg/mouse in 100 μL PBS) approximately
once every 10 days. Mice in the pmel+TLR5L group were injected with flagellin (10
μg/mouse in 100 μL PBS) peritumorally on the same day as T cell injection. In one of the
two experiments, mice received a second injection of TLR5L on day 38 after tumor
inoculation. Tumor area was measured with digital calipers and tumor sizes (mm2) were
calculated by multiplying length by width of the tumor. Mice were euthanized when
tumor sizes reached approximately 250 mm2 or if mice became moribund or had trouble
ambulating. Experiments were performed independently twice, each yielding similar
trends. Tumor sizes (mm2) were analyzed using a mixed model approach for repeated
measurements and mouse survival data were analyzed with the exact log-rank test.
Chemotaxis assay and PCR arrays
For the chemotaxis assay in vitro, 1×105 Malme-3M or C32 cells were cultured in
the lower chamber (Cell Biolabs) in the presence or absence of flagellin (100 ng/mL) for
24 hours. PBMCs (2×106) were isolated by Ficoll-Paque density gradient and activated
with 50 ng/mL OKT3 were placed in the upper chamber. After a 24 hour incubation at
37° C, cells that migrated to the lower chamber through polycarbonate membranes (pore
size, 3 μm) were collected and stained with CD3-FITC/CD4-PE, CD3-FITC/CD8-PE,
CD3-FITC/CD16-PE or HLA-DR, DP, and DQ-FITC/CD14-PE (BD Biosciences) for
discriminating different leukocyte subpopulations. Cells were stained with relevant
isotype control antibodies. To normalize cell counts between samples, an equal volume of
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calibration beads was added to each sample and the instrument gates were set to count a
constant number of beads and analyzed by flow cytometry. Total RNA was extracted
from human or mouse cells or tumor samples using an RNeasy Mini kit (Qiagen) and
cytokine and chemokine mRNA levels were determined using a Cytokines &
Chemokines PCR Array kit (Qiagen) according to the manufacturer's instructions.

Results
TLR5 stimulation of human T cells augments proliferation
Co-stimulation via TLRs increases the proliferation of human and mouse T cells
and enhances their in vivo cytolytic activity against established murine tumors105,106.
However, the effects of different TLRLs vary depending upon which T cell subset is
stimulated103, therefore we first confirmed that human CD8+ (and CD4+) T cells
responded to the TLR5L, flagellin. Purified CD8+ T cells stimulated with plate-bound
anti-CD3 antibody OKT3 and flagellin proliferated to a greater extent than T cells with
OKT3 alone (Figure 3.1A, left). The co-stimulatory effects of flagellin were comparable
with those of CD28 co-stimulation (Figure 3.1A, right). Flagellin also enhanced CD4+ T
cell proliferation (Supplementary Figure S3.1).

Engineering flagellin–producing MART-1–specific T cells
PBMCs were transduced with DMF5, the TCR specific to the Melan-A antigen
(MART-1) recognized by cytotoxic T cells (MART-125–37)317 or engineered to express
DMF5 TCR-IRES-TLR5L (referred to as DMF5TLR5L; Figure 3.1B, top). DMF5 gene-
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Figure 3.1 TLR5 stimulation augments the proliferation of human CD8 + T cells and engineered T cells
express the DMF5 TCR and TLR5L. A) Purified CD8+ T cells were activated with 1 μg/mL of plate-bound
OKT3 with or without 100 ng/mL TLR5L. Four days later, proliferation was determined by 3H-thymidine
uptake. PBMCs from eight healthy donors were examined. Data are presented as mean ±SD; **, P < 0.01, t
test. B) Structure of retroviral vectors pMSGV1-DMF5 TCR and pMSGV1-DMF5TLR5L using an internal
ribosome entry site (IRES) to allow for dual gene expression. DMF5 TCR expression on the surface of
transduced human T cells was determined by staining cells with CD8 and MART-1 tetramer and analyzed by
flow cytometry. C) TLR5L secretion from transduced T cells was detected by Western blot analysis. Purified
flagellin was used as a positive control. Data shown are representative of three or more independent
experiments.
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modified T cells have been shown to mediate tumor regression in melanoma patients317.
Transduction efficiencies varied between donor samples but DMF5+CD8+ T cells were
expanded to between 59% and 82% using HLA-peptide–bound beads to stimulate
MART1-reactive T cells (Figure 3.1B, bottom). We observed a strong and specific band
of flagellin protein in the supernatant from DMF5TLR5L T cells but not in control T cells
(Figure 3.1C). By comparing band intensity after accounting for the percentage of
transduced T cells and supernatant dilution, we determined that DMF5TLR5L T cells
secrete approximately 32 to 50 ng of TLR5L per 1×106 T cells over 48 hours.

TLR5L-producing DMF5 T cells exhibit increased proliferation and enhanced effector
responses
The proliferative capacity of DMF5 and DMF5TLR5L T cells was examined using
beads coated with HLA-A2/MART127–35 at various bead-to-cell ratios. DMF5TLR5L T
cells proliferated to a greater extent than DMF5 T cells in a bead concentrationdependent manner (Figure 3.2A, left). However, non-transduced T cells did not
proliferate when co-cultured with HLA-A2/MART-127–35 beads, highlighting the antigen
specificity of the DMF5 TCR. To confirm the specificity of DMF5TLR5L T cells to
recognize the MART-1 antigen on melanoma cells, transduced T cells were co-cultured
with the HLA-A2+MART-1+melanoma line Malme-3M or with HLA-A2+MART1− A375 cells. DMF5TLR5L T cells exhibited greater proliferation than did DMF5 T cells
following stimulation with Malme-3M cells (Figure 3.2A, middle). However, DMF5 and
DMF5TLR5L T cells did not proliferate when co-cultured with A375 cells (Figure 3.2A,
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Figure 3.2 Transduced human T cells co-expressing DMF5 and TLR5L show significantly greater
proliferation, production of cytokines and chemokines, and cytolytic activity than T cells expressing
DMF5 alone. A) control untransduced T cells or an equal number of DMF5 and DMF5 TLR5L T cells were
analyzed for proliferation in response to HLA-A2:MART-1 beads, MART-1+ Malme-3M, or MART-1− A375
tumor cells at the indicated ratios determined by 3H-thymindine uptake 72 hours after stimulation. B)
Cytotoxicity against Malme-3M or A375 cells at varying E:T ratios was determined in a 5-hour 51Cr release
assay. All data are shown as mean ±SD and representative of three independent experiments, each yielding
the same trend. Data are presented as mean ±SD; *, P < 0.05; **, P < 0.01, two-way ANOVA. C) The
production of cytokines and chemokines in response to anti-CD3 stimulation or APC beads was evaluated
with or without TLR5L stimulation using a Milliplex cytokine/chemokine array 48 hours after stimulation.
Data are presented as mean ±SD; *, P < 0.05; **, P < 0.01, t test.
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right). The transduction efficiency varied between donors; however, an equal number of
MART-1–reactive T cells were used in all experiments. Cases in which we obtained
similar transduction efficiencies of DMF5 and DMF5TLR5L, DMF5TLR5L continued to
demonstrate enhanced effector function (Supplementary Figure S3.2).
DMF5TLR5L T cells also exhibited significantly higher cytolytic activity toward
Malme-3M melanoma tumor cells at different E:T ratios than did DMF5 T cells (Figure
3.2B, left). In contrast, non-transduced T cells did not lyse target cells. Neither MART-1
nor non-transduced T cells lysed A375 tumor cells (Figure 3.2B, right). Moreover,
TLR5L increased the expression of various cytokines and chemokines of anti–CD3stimulated CD8+ T cells (Figure 3.2C) and are in agreement with previous reports
demonstrating that TLR5L increased IFNγ production157,184. Autocrine co-stimulation by
DMF5TLR5L also increased the levels of various cytokines and chemokines as compared
with DMF5 T cells (Figure 3.2C). Collectively, these data demonstrate that TLR5
stimulation on T cells augments their proliferative and killing capacity and that TLR5L
enhances the expression of several cytokines and chemokines.

DMF5TLR5L T cells exhibit enhanced anti-tumor activity against established melanoma
tumors in vivo
The anti-tumor activity of DMF5TLR5L T cells, DMF5, and DMF5 T cells coinjected with TLR5L were examined in NSG mice bearing established human melanoma
tumors. Mice treated with either DMF5TLR5L or DMF5 T cells plus TLR5L exhibited
tumor reduction during the first 3 weeks after T cell transfer (Figure 3.3A, right). Tumors
in mice treated with non-transduced T cells grew rapidly, whereas mice
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Figure 3.3 Human T cells engineered to express DMF5 and TLR5L enhance anti-tumor activity against
an established human melanoma tumor and an anti-tumor response is associated with the increased
expression of various cytokines and chemokines. A) NSG mice were injected s.c. with Malme-3M cells
and injected i.v. with transduced human T cells when tumors reached a size of approximately 50 mm 2. One
group of mice received weekly peritumoral s.c. injections of TLR5L. Tumor sizes (mm 2) were calculated by
measuring length × width of the tumor. Survival curves were analyzed using the exact log-rank test and tumor
growth using two-way ANOVA. Data are compiled from two independent experiments, with each experiment
yielding similar results. B) Cytokine and chemokine mRNA levels in tumor cells were analyzed using a
cytokine and chemokine PCR array. Representative data from two experiments are presented as mean ±SD; *,
P < 0.05; **, P < 0.01, t test. C) The expression levels of cytokines and chemokines in tumor cell lysate were
determined using a Milliplex cytokine/chemokine array. D) Malme-3M cells were cultured with or without T
cells and 100 ng/mL TLR5L for 48 hours and cytokine and chemokine levels in the supernatant were
examined. Shown are the mean ±SD; *, P < 0.05; **, P < 0.01, t test.
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treated with DMF5 T cells exhibited moderately delayed tumor progression but did not
demonstrate evidence of tumor regression. In contrast, tumors in animals treated with
DMF5 plus TLR5L or DMF5TLR5L T cells initially regressed and remained stably
controlled until approximately day 49 after T cell injection. The median survival for mice
receiving DMF5 T cells alone was 16 days, whereas mice receiving DMF5 T cells plus
TLR5L or DMF5TLR5L T cell groups achieved a median survival of 61 and 70 days,
respectively. These findings are the first to highlight the efficacy of using tumor-reactive
CD8+ T cells to deliver and produce a TLRL at the tumor site to enhance anti-tumor
activity.
Increased influx and retention of TILs has the potential to augment anti-tumor
responses and is governed in large part by the levels of specific chemokines and
cytokines

produced

within

the

tumor

environment.

We

compared

tumor

chemokine/cytokine gene expression profiles between mice that received DMF5TLR5L and
DMF5 T cells alone. The changes in gene expression levels shown in Figure 3.3B reveal
extensive alterations in the levels of various chemokines and cytokines, skewing the
profile toward one that favors T cell infiltration and cell division. In particular, we
detected increased levels of IL-2, IFNγ, CCL2, CCL3, CCL5, CXCL9, and CXCL10.
This subset of chemokines has been associated with lymphocyte infiltration and antitumor responses in melanoma patients103,319. In agreement with the mRNA levels, protein
concentrations of IFNγ, IL-2, CCL2, CXCL1-3, and CXCL10 and several others were
elevated in DMF5TLR5L–treated mice (Figure 3.3C).
Melanoma cells can express functional TLRs103,268. The Human Protein Atlas, an
online IHC database evaluating the expression of various proteins and cancer types,
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shows TLR5 to be expressed at low levels on ~30% of patients with melanoma. In
addition, the expression of TLR5 on human melanoma cell lines and biopsy specimens
was confirmed by flow cytometry and IHC (Supplementary Figure S3.3). In light of these
findings, we sought to determine whether one potential source of chemokines was from
TLR5-stimulated melanoma cells. Addition of TLR5L to Malme-3M cells induced the
expression of the various cytokines and chemokines shown in Figure 3.3D. We examined
a broader list of cytokines/chemokines in melanoma that might have been affected by
TLR5 stimulation using a focused real-time PCR array and found significant increases in
the levels of CCL1, CXCL2, CXCL8, CXCL10, CXCL11, and CXCL1-3
(Supplementary Figure S3.4A). Notably, despite the ability of TLR5L to stimulate
cytokine and chemokine expression, it did not enhance melanoma proliferation
(Supplementary Figure S3.4B). The levels of cytokines and chemokines were also
examined from the supernatants of DMF5TLR5L or DMF5 T cells co-cultured with Malme3M cells. Various cytokines, including IL-2 and IL-17, and effector molecules Granzyme
B, IFNγ, and TNF-β were significantly increased in supernatants of DMF5TLR5L T cells as
compared with DMF5 T cells (Figure 3.3D).
TLR5 stimulation on CD8+ T cells is a strong inducer of IFNγ that can upregulate
MHC I and potentiate tumor recognition by CD8+ T cells. We examined MHC I (pan
HLA-A, B, and C) and MHC II (HLA-DR, DP, DQ) expression on melanoma cells in
response to supernatants from DMF5TLR5L T cells, DMF5 T cells, or TLR5 ligand alone.
All the supernatants from wells containing T cells increased MHC I expression 2- to 3fold (Supplementary Figure S3.5). Untreated Malme-3M cells did not appear to express
MHC II but could be induced upon culture with T cell supernatants. We did not detect
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changes in the levels of MHC I or MHC II using supernatant from melanoma cells
stimulated with TLR5L alone, indicating that the increased MHC expression levels were
in response to factors produced by activated T cells and not dependent on TLR5L.

TLR5–stimulated melanoma cells promote lymphocyte migration
Specific chemokines in the tumor environment promote not only the infiltration of
tumor-reactive T cells, but also affect the subsets of lymphocytes that migrate to the
tumor. The importance of certain chemokines is highlighted in studies demonstrating an
association between specific chemokine profiles and the presence of T cells103,319. To
determine whether TLR5-stimulated melanoma cells affect T cell migration, Malme-3M
cells were or were not pre-stimulated with TLR5L for 48 hours. Cell migration across a
transwell insert was examined by flow cytometry. Figure 3.4A shows a representative
plot of CD3+CD8+ T cells that migrated toward TLR5-stimulated melanoma cells.
Increased T cell migration toward TLR5-stimulated Malme-3M melanoma cells was
observed when compared with unstimulated melanoma cells (Figure 3.4B). Similar
effects were also observed using the TLR5–stimulated C32 melanoma cells
(Supplementary Figure S3.6). These effects were a result of TLR5 stimulation on tumor
cells and not the effects of residual TLR5L, as TLR5L alone did not alter lymphocyte
migration (Figure 3.4B). We also examined the expression of CCR2, CXCR2, and
CXCR3 on T cells, receptors shown to be critical for tumor infiltration307,320,321. CD8+ T
cells, in general, showed high levels of CXCR3 (Supplementary Figure S3.7). However,
DMF5TLR5L T cells and DMF5 T cells cultured with TLR5L showed a modest increase in
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Figure 3.4 Malme-3M cells pre-stimulated with TLR5L recruit different leukocyte subpopulations in
vitro. Malme-3M cells were stimulated with 100 ng/mL TLR5L for 24 hours and then washed off prior to
adding PBMCs. PBMCs were activated using 50 ng/mL OKT3 for 24 hours and then placed in the upper
Transwell chamber. Twenty-hours later, migratory cells were collected, stained with antibodies, and analyzed
by flow cytometry. A) Representative FACS analysis. To normalize the cell count between groups, an equal
volume of calibration beads was added to an equal volume of supernatant and the flow cytometry instrument
gates were set to count a constant number of beads. B) The number of cells that migrated toward TLR5stimulated or unstimulated Malme-3M cells is shown. Media with and without 100 ng/mL TLR5L were used
as negative controls. PBMCs from five healthy donors were examined. The number in parentheses is the fold
change of migratory human leukocyte number. Power values were calculated using the changes in fold
migration between the indicated groups; *, P < 0.05; **, P < 0.01, t test.
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CXCR3 expression levels above DMF5 T cells. CCR2 and CXCR2 were weakly
expressed on CD8+ T cells despite the presence of TLR5L. Altogether, these data
demonstrate that TLR5-stimulated tumor cells promote T cell migration and suggest that
TLR5-stimulated tumor cells in vivo might enhance T cell infiltration.

Intratumoral delivery of TLR5L by CD8+ T cells exhibits enhanced anti-tumor activity in
wild-type mice
We investigated the anti-tumor effects of TLR5L-producing T cells in a syngeneic
murine model using B16-F1 melanoma cells and pmel CD8+ T cells specific to the
gp10025–33 antigen. C57BL/6 mice harboring established B16 tumors were injected with
TLR5L alone, pmel T cells, pmel T cells plus a peritumoral injection of soluble TLR5L,
or TLR5L-secreting pmel T cells (pmelTLR5L). Untreated and TLR5L-treated mice
showed similar tumor growth kinetics. In contrast, in mice receiving pmelTLR5L T cells or
pmel cells with or without TLR5L, tumors shrunk within 10 days (Figure 3.5A). Mice
treated with pmelTLR5L cells demonstrated the greatest tumor reduction and the longest
period of tumor size stability and prolonged survival (Figure 3.5A and B). Tumors
resumed growth in all but one mouse in the group that received pmel T cells. Mice
treated with pmelTLR5L T cells showed similar tumor growth kinetics and survival benefit
as mice receiving pmel cells plus a TLR5L injection. Noteworthy was that recurring
tumors were white in color, indicating the outgrowth of cancer cells that did not express
melanin, the protein encoding the gp100 peptide targeted by pmel T cells (Figure 3.5C),
suggesting that tumor recurrence was a consequence of antigen loss or selection of
antigen negative tumor variants due to immunological pressure.
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Figure 3.5 Tumor-specific mouse T cells engineered to secrete TLR5L show enhanced anti-tumor
activity and improve mouse survival. T cells (5×106) were adoptively transferred to C57BL6 mice with
established (35—50 mm2) subcutaneous B16 tumors in combination with anti–4-1BB Ab. TLR5L was
administered s.c. in indicated treatment groups. A-B) tumor growth and survival. C) recurring tumors were
white in color compared with black primary tumors, indicating loss of melanin.
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Enhanced anti-tumor responses by TLR5L-producing T cells are associated with
increased tumor infiltration and a lower proportion of PD-1+Lag3+ T cells
T cell exhaustion is associated with the expression of various markers including
PD-1 and Lag3311. The percentage of transferred T cells with an exhausted phenotype
(PD-1+Lag3+) was highest in mice treated with pmel or pmel plus TLR5L as compared
with pmelTLR5L cells (Figure 3.6A). Moreover, there were ten and three times more T
cells in the tumors of mice treated with pmelTLR5L cells than in tumors from the pmel
alone and pmel plus injected TLR5L groups, respectively. PmelTLR5L T cells also
increased the number of endogenous tumor-infiltrating CD8+ T cells (Figure 3.6B). Mice
receiving pmelTLR5L cells or pmel cells plus TLR5L expressed three to five times higher
levels of CCR1 as compared with mice receiving pmel cells alone (Figure 3.6C).
However, CXCR3 expression levels only increased slightly in the pmelTLR5L or pmel plus
TLR5L groups relative to pmel treatment alone. Together with improved anti-tumor
activity, altered chemokine receptor expression, and increased tumor infiltration of
pmelTLR5L cells, these data suggest that intratumoral delivery of TLR5L (by pmel cells)
provides an advantage over mice injected with pmel cells and systemic TLR5L. These
results highlight a potential advantage of intratumoral delivery of TLR5L.
To determine whether intratumoral delivery of TLR5L by pmel TLR5L cells
differentially altered the tumor environment than in mice treated with pmel cells and
injected with TLR5L, we examined the levels of various cytokines and chemokines
within the tumor (Figure 3.6D). Changes in the expression levels of these
cytokines/chemokines correlated with increased T cell infiltration and anti-tumor activity
and are in agreement with previous studies, demonstrating a correlation between the
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Figure 3.6 TLR5L-secreting T cells exhibit increased infiltration and decreased expression of
exhaustion markers and changes to the cytokine/chemokine profile at the tumor site. A) Tumorinfiltrating T cells were stained for PD-1 and Lag3 as markers of T cell exhaustion. Left, representative flow
plots of PD-1+Lag3+ populations. Right, summary of total CD90.1 + T cell numbers and proportions of PD-1+
and/or Lag3+ populations. B) Tumor samples were collected and the total number of CD8+ T cells was
determined. C) Tumor samples were examined for the expression of CCR1 and CXCR3 chemokine receptors,
presented as mean fluorescence intensity (MFI). D) The levels of the indicated cytokines and chemokines in
tumor samples were determined using a 32-cytokine/chemokine array. Each point represents an individual
mouse; *, P < 0.05, t test.
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expression of specific chemokines and CD8+ T cell infiltration103,319. In contrast, there
was a trend toward higher levels of IL-10, IL-13, and CXCL9 (MIG) in mice treated
systemically with TLR5L (Supplementary Figure S3.8A). In vitro, the stimulation of
pmel T cells in the presence or absence of B16 tumor cells with co-cultured with TLR5L
also augmented the production of a limited number of cytokines including IFNγ and
CXCL10 (Supplementary Figure S3.8B). This is in contrast to a broader array of factors
induced in human T cells. Altogether, these results highlight that intratumoral delivery of
TLR5L induces a distinct response that is associated with increased T cell infiltration and
a reduced percentage of exhausted T cells.

TLR5 ligand-producing T cells reduce the number of MDSCs and induce MHC I, MHC
II, and CD86 expression on MDSCs
To determine whether intratumoral delivery of TLR5L altered the intratumoral
composition, we surveyed the presence of CD4+ Tregs, MDSC, and PD-L1 expression. We
found that PD-L1 expression was weak and comparable between all treatment groups.
Moreover, in all groups, CD4+ T cells were <0.1% and Treg (CD4+Foxp3+CD25+)
constituted less than 3% of the 0.1%. In sharp contrast, there was 39% ± 6% reduction of
CD11b+Gr-1med/hi cells in the tumors of pmelTLR5L–treated mice as compared with pmeltreated mice or mice treated with pmel cells and injected with TLR5L (Figure 3.7A).
However, we did not detect differences in the frequency of tumor-infiltrating MDSCs
between mice treated with pmel T cells with or without TLR5L. The decreases in MDSC
numbers were more obvious in the spleens of mice treated with pmelTLR5L cells and
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Figure 3.7 TLR5L-secreting T cells decrease MDSCs and increase MHC and co-stimulatory
expression. Tumor (A) and spleen (B) samples were collected 7 to 10 days after treatment and stained for
analysis by flow cytometry. MDSCs were identified by Gr-1 and CD11b staining. C-D) Representative
histograms demonstrating the expression of MHC class I (H2-Db/H2-Kb), MHC class II (IAb), and CD86 (C)
displayed as mean fluorescence intensity (MFI) gated on MDSCs (D) or total tumor cells.
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resulted in 4- and 2-fold fewer splenic MDSCs (CD11b+Gr1+) as compared with mice
treated with pmel or pmel plus TLR5L, respectively (Figure 3.7B). Most of the reduction
in both spleen and tumor was due to fewer monocytic Gr-1highCD11b+ cells. Interestingly,
the decrease in MDSCs correlated with a striking reduction in CXCL5 levels (Figure
3.6), the main chemokine involved in the migration of MDSCs into tissue including
tumors322,323.
On the basis of the immunostimulatory capacity of TLR5L, we examined the
expression of MHC-I (H2-Db and Kb), MHC II (I-Ab), and the co-stimulatory molecule
CD86. MDSCs from mice treated with pmelTLR5L demonstrated a slight increase in the
expression of MHC I, MHC II, and CD86 as compared with mice treated with pmel with
or without TLR5L (Figure 3.7C). There was also a trend toward increased MHC I and
MHC II in the tumors of mice treated with pmelTLR5L cells (Figure 3.7D). Because MHC
I expression on B16 melanoma cells is increased following co-culture with supernatants
from pmel, pmelTLR5L, or pmel plus TLR5L (Supplementary Figure S3.9), in
vivo increases in MHC I might also be due to increased IFNγ production by pmel TLR5L. In
agreement with these results, recent studies demonstrated that TLR5L induces CD80 and
CD86 on wild-type but not TLR5−/− murine CD11b+and CD11c+ myeloid cells324. We
further examined whether TLR5 engagement on a purified population of MDSCs altered
their ability to suppress T cells or to induce the expression of CD80, CD86 MHC I, or
MHC II. TLR5L did not alter MDSC suppressive ability and had minimal effects on
CD86, MHC I, or MHC II expression (Supplementary Figure S3.10). The lack of
response to TLR5L did not appear to be due to the lack of TLR5 expression, as MDSCs
from tumors and spleen expressed TLR5 (Supplementary Figure S3.10). However, TLR5
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expression on blood-derived MDSCs was weak. These data suggest that the changes
observed in MDSCs in vivo might have occurred in response to factors produced by other
cells in the tumor (or spleen) reacting to TLR5L. Collectively, these results suggest that T
cell–mediated intratumoral delivery of flagellin helps overcome immune suppression, in
part, by reducing the number of MDSCs and by altering their phenotype.

Discussion
We sought to determine whether T cell–mediated delivery of a potent immune
adjuvant, TLR5L, to the tumor could restore T cell activity by providing a continuous
source of co-stimulation. TLR5L-secreting T cells reduced tumor progression and
prolonged host survival. Enhanced anti-tumor activity and tumor destruction was
accompanied by increases in TIL, a reduction in the number of exhausted TIL, and
changes in the expression of chemokines and chemokine receptors on T cells. Treatment
with TLR5L-secreting T cells also reduced the number of MDSCs and increased the
expression of co-stimulatory and MHC molecules on MDSCs and tumor cells. This study
reveals for the first time the potential to use tumor-reactive T cells to transport and
secrete a TLRL at the tumor site to reshape the tumor environment and potentiate antitumor T cell responses.
TLR5L appears to be well-tolerated when administrated systemically and
effective at augmenting immune responses in mice and non-human primates314,325. The
TLR5 agonist is currently under investigation in phase I trials in patients with advanced
or metastatic solid tumors (NCT01527136) and in phase II trials testing its
immunogenicity in influenza vaccines (NCT00966238). In agreement with pre-clinical
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models, early results from NCT00966238 indicate a low frequency of adverse events at
amounts as high as 3 μg (injected intramuscularly). Although systemic administration of
flagellin is relatively safe, it displays a short half-life in vitro and in vivo in mice likely
limiting its efficacy315,326. Flagellin is undetectable in mouse serum 2 hours after injection
of 50 μg via i.p. administration. Therefore, an added advantage to intratumoral TLR5L
delivery by T cells is its continuous secretion at the tumor site. It is important to note that,
despite the continuous secretion of TLR5L by T cells, we did not detect grossly elevated
levels of cytokines in the serum between all treatment groups as has been noted when
using other TLRLs such as TLR4327. We detected a moderate increase in IL-12 and a
reduction in IL-10, IL-13, and CXCL9 (MIG) in the serum (Supplementary Figure
S3.8A). Furthermore, we did detect any differences in toxicities among mice treated with
engineered T cells versus systemic administration of TLR5 ligand. TLR5L can also
enhance DC maturation and increase antigen processing and presentation to T cells328.
TLR5 engagement has also been shown to convert tolerogenic DCs into activating
antigen-presenting cells that promote Th1 responses by increasing CD83, CD80, CD86,
MHC class II, as well as several chemokines including CXCL1, CXCL8, and
CCL2326,329,330.
The use of T cells to deliver TLR5L to the tumor offers several advantages over
systemic administration. First, unlike drugs, T cells possess the ability to home
selectively to tumor sites. This feature makes T cells ideal drug delivery vehicles for
patients with widespread metastatic disease. Moreover, traditional systemic therapies can
suffer from poor tumor penetration, whereas T cells can penetrate deep into tumors. A
second advantage to T cell–mediated drug delivery is that it allows for localized and
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concentrated production of therapeutics in the tumor environment. In contrast, systemic
therapies that can result in toxicity and non-specific targeting, consequently limiting the
ability to supply an effective dose331. Importantly, the effective localized delivery of
drugs, such as TLRLs, has the potential to prevent common adverse effects associated
with systemic drug delivery, such as cytokine storm. T cell–released compounds are only
exposed to the isolated metabolic pressures of the tumor environment. In contrast,
traditionally administered therapeutics must be titrated to account for drug tissue
distribution, biotransformation, degradation, and renal clearance. Finally, another benefit
of the TLR5L-secreting T cell system is that intratumoral supply of TLR5L induces the
production of chemokines and cytokines including CCL2, CXCL1-3, CXCL8, and
CXCL10, as well IFNγ and IL-2 that enhance tumor infiltration of other T cells.
TLR5 expression on immune cells differs between mice and humans. We
observed that TLR5 engagement on human T cells robustly increased proliferation,
cytoxicity, and a broad array of cytokine and chemokines. However, responses by mouse
T cells were not as vigorous and increased a limited number of cytokines and chemokines
(Supplementary Figure S3.8). These distinctions may be related to differences in TLR5
expression between mouse and human T cells. In humans, TLR5 is expressed on a broad
range of cells, including endothelial cells, dendritic cells, monocytes, CD4 + and CD8+ T
cells, and on various tumor cell types103,312,332–335. Studies by Galli and colleagues336
showed that human prostate tumor cells treated with TLR5L produced higher levels of
chemokines, which, in turn, enhanced the recruitment of various leukocyte
subpopulations. The stimulation of TLR5 on other cells in the tumor environment could
serve to potentiate anti-tumor responses by secreting factors that enhance T cell
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infiltration and/or by altering the phenotype of suppressive cells, resulting in reduced T
cell suppression103,312,332–335.
Treating mice with TLR5-producing T cells (or co-administering TLR5L with
tumor-reactive T cells) reduced MDSC numbers and induced the expression of costimulatory molecules. This reduction could be because TLR5L skewed the cytokine
profile toward one less amenable to MDSC development and/or by driving the
differentiation of MDSC to more mature cells. This idea is supported by our observations
that injection of TLR5L or delivery by T cells increased MHC I, MHC II, and CD86
expression on MDSC. Taken together with a reduced number of MDSCs and an increase
in the number of tumor-infiltrating CD8+ T cells (Figure 3.6B), we speculate that TLR5L
interferes with important immunoregulatory loops that might favor the cross-presentation
of tumor antigens different from the one targeted (Figure 3.7). Although, we cannot
definitively attribute the changes in the numbers or phenotype of MDSCs with the final
therapeutic outcome in mice that received TLR5 ligand–secreting T cells, the ability for
TLRLs and cytokines to alter MDSC function or phenotype has been reported by others.
For example, the TLR9L CpG-containing oligodeoxynucleotides, which, like TLR5
signaling, also activates the MyD88-dependent signaling pathway can induce high levels
of IFNγ and cause MDSCs to lose their suppressive functions337. Admittedly, in our
studies, the addition of TLR5L to purified MDSCs did not alter their suppressive activity,
which might have been due to low TLR5 expression. Another striking observation in
pmelTLR5L–treated mice was a drastic reduction of CXCL5, which plays a critical in
MDSC migration and perhaps development322,323. It is worth noting that mice treated with
pmelTLR5L in which tumors regressed demonstrated a lower recurrence rate (1 of 4) than
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did mice treated with pmel plus TLR5L, in which 3 of 4 mice recurred after a prolonged
period of being tumor-free. We speculate that changes in MDSC number and/or
phenotype might have attributed to these outcomes. Clinical data highlighting that the
recurrence-free survival is significantly shortened in patients with higher frequencies of
MDSCs supports this idea338,339. Finally, the use of engineered T cells to deliver an
immune adjuvant, such as IL12, to the tumor was recently shown to increase T cell
responses, in part, by reprogramming and affecting MDSCs and macrophages within the
tumor. These studies highlight the potential to use T cells as delivery vehicles in order to
localize the drug to the tumor site and to augment anti-tumor T cell responses340,341. In
our model, there was a trend toward increased IL12p40 levels in the serum of pmelTLR5L–
treated mice as compared with mice receiving pmel T cells plus TLR5L, supporting the
pleotropic effects of intratumoral TLR5L delivery (Supplementary Fig S8).
In conclusion, the delivery of a TLRL directly to the tumor site by tumor-reactive
T cells represents a novel method to improve T cell cytotoxicity, infiltration, and
ultimately anti-tumor efficacy. A diagram depicting various features regarding how
intratumoral TLR5L increases anti-tumor T cell activity is shown in Supplementary
Figure S3.11.

93

Commentary: Ameliorating the tumor microenvironment for anti-tumor responses
through TLR5 ligand-secreting T cells.3
The field of cancer immunotherapy is rapidly evolving, resulting in the generation
of novel approaches to stimulate anti-cancer immune responses. TLRs are pattern
recognition receptors that play a critical role in activating the immune system. Due to
their potent immunostimulatory capabilities, several TLR agonists are approved for the
treatment of various malignancies with many others currently under clinical
investigation342. The majority of studies regarding the role of TLR agonists as immune
adjuvants focus on their ability to stimulate innate immune cells, such as dendritic cells,
which in turn activate anti-tumor T cell responses. However, of particular interest to our
group, is the ability of TLR agonists to directly co-stimulate cytotoxic T cell responses.
Several groups have demonstrated that TLR engagement on activated T cells
increases their cytolytic function, proliferation, survival, and is associated with enhanced
anti-tumor activity105,343. However, the co-stimulatory effects on T cells depend on
concurrent TLR and T cell receptor stimulation. To ensure that sufficient levels of TLR
agonists reach the tumor site, TLR agonists need to be administered systemically at high
doses, which can result in the excessive release of pro-inflammatory factors. Although
intratumoral injection can enhance efficacy, this approach may not be feasible in patients
with disseminated metastatic disease. Furthermore, TLRs can be expressed on many
different cell types, including tumor cells, and TLR stimulation under certain conditions
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Kaczanowska, S. & Davila, E. Ameliorating the tumor microenvironment for anti-tumor
responses through TLR5 ligand-secreting T cells. Oncoimmunology 5, (2015).
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can lead to pro-tumorigenic effects344. The pleotropic effects of TLR stimulation on T
cells and cancer cells was recently summarized103.
We tested the hypothesis that tumor-reactive T cells engineered to secrete the
TLR5L flagellin would serve as a continuous source of T cell co-stimulation within the
tumor and augment anti-tumor activity302. Flagellin was chosen because it is one of the
only protein TLRLs that can be encoded by DNA; most other TLR agonists are nucleic
acids or molecular compounds that cannot be encoded on a genetic vector. T cells
engineered to secrete the TLR5L increased T cell proliferation, survival, and cytotoxicity
of tumor cells in human and murine in vitro models (Figure 3.8A-B). TLR5L-secreting T
cells delayed tumor growth in mice and improved survival relative to mice treated with
control T cells. Increased anti-tumor activity in xenogeneic models was associated with
elevated levels of several cytokines and chemokines (i.e., CX3CL1 and CCL22).
Interestingly, TLR5 engagement on human melanoma cells also induced various
chemokines, such as CCL2 and CXCL1-3, which we presume further prompted the influx
of tumor-reactive T cells and APCs (Figure 3.8C). Importantly, the therapeutic benefits
of T cell-guided delivery of TLR5L extended beyond the local stimulation of T cells.
Intratumoral delivery of the TLR5L by T cells reshaped the tumor environment toward
one that reinvigorated anti-tumor immune responses. Mice treated with TLR5L–
producing T cells were characterized by a reduction in the number of T cells expressing
exhaustion markers as well as increased MHC I expression on tumor cells. Unexpectedly,
we found that TLR5L also reduced the number of CD11b+Gr1high splenic and tumor
myeloid-derived suppressor cells (MDSCs) (Figure 3.8D). The reduction of
CD11b+Gr1high cells was linked to reduced CXCL5 levels in the serum, a factor known
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Figure 3.8 TLR5L–secreting T cells co-stimulate T cell responses and alter the tumor
microenvironment. A) Tumor reactive T cells migrate to the tumor where they secrete TLR5L, leading to
increased T cell proliferation and survival. B) TLR5-stimulated T cells exhibit increased tumor cell lysis. This
process releases tumor antigens, making them available for uptake and presentation by APC. TLR5
engagement on APCs further potentiates their ability to cross-present antigen. Tumor cells themselves also
respond to TLR5 engagement, releasing various cytokines and chemokines. The production of cytokines and
chemokines by TLR-stimulated T cells and tumor cells results in the recruitment and activation of C) APC
and D) endogenous T cells to the tumor, which propagate anti-tumor immune responses. E) TLR5L–secreting
T cells reduce the number of CD11b+Gr1high MDSCs in tumor-bearing mice. Furthermore, intratumoral
delivery of TLR5L by T cells results in the induction of MHC I, MHC II, and CD86 on CD11b +Gr1high cells,
a phenotype associated with a more mature and less T cell suppressive cell types. Whether the changes in
MDSC numbers or phenotype occur via TLR5 engagement or occur as a result of other factors induced by
TLR5L are unknown.
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to be involved in the generation and migration of MDSCs. Moreover, cells from the
tumors of mice treated with TLR5L–producing T cells demonstrated an increase in the
expression of MHC I, MHC II, and CD86, a phenotype associated with a more mature
and less suppressive cell types. These studies highlight for the first time the use of tumorreactive T cells as delivery vehicles to provide a continuous source of a TLR agonist to
reshape the tumor environment and enhance anti-tumor responses.
The use of TLR5 agonists in cancer immunotherapy has also been emphasized by
other groups. Leigh et al. developed and optimized the TLR5 agonist, CBLB502, for the
treatment of lymphoma in pre-clinical models324. They demonstrated that the anti-tumor
effects were mediated by natural killer (NK) and CD8+ T cells and were dependent on
perforin. In their model, the TLR5L acted upon CD11b+ CD11c+ APC which stimulated
T cell anti-tumor immunity. Garaude et al. reported that tumor cells engineered to express
flagellin functioned as a potent vaccine capable of controlling EL4 thymoma and B16
melanoma tumors in mice345. In addition to signaling through TLR5, Garaude
demonstrated that flagellin contributed to anti-tumor responses by activating another
class of pattern recognition receptors, NOD-like receptors (NLRs). While we attribute the
anti-tumor activity of TLR5L to stimulating TLR5 on various cell types, we consider that
the co-stimulatory effects of TLR5L may also involve engagement of NLRs on APC.
Exploiting the tumor-trafficking capabilities of T cells to selectively deliver drugs
to tumors is a promising approach for localizing drugs to tumor sites. In addition to TLR
agonists, T cells could be engineered to express a wide array of immune mediators to
reshape the tumor microenvironment. Recent advances would allow for tighter control of
gene expression by genetically engineering proteins under the control of T cell activation97

specific promoters, such as NFAT346. Clinical applications could include the engineering
of T cells to co-express both the TLRL (or other immune modulator) along with tumorspecific T cell receptors, chimeric antigen receptors, or in combination with systemic
immunotherapies such as immune checkpoint blockade. These studies, along with other
recently published data, support the development of T cells as delivery vehicles to boost
anti-tumor immune responses.
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CHAPTER 4: CD8α:MYD88 – ENGINEERED T CELLS ENHANCE ANTITUMOR RESPONSES

Introduction
T cell-based cancer immunotherapy has proven to be a promising approach for the
treatment of various malignancies. Adoptive cell therapy (ACT) is one such approach in
which T cells are isolated from a patient, expanded and manipulated in culture, then
infused back into the patient for the treatment of cancer66. ACT has shown to be effective
in treating a subset of cancer patients and in some cases reducing large tumors, however,
not all patients respond to this form of T cell cancer therapy69,347.
CD8+ cytotoxic T lymphocytes (CTLs) are a major player in the control and
eradication of tumor cells. One of the mechanisms by which tumor cells evade T cells is
by the downregulation of antigen or antigen-presentation machinery. Additionally, tumor
antigens are typically weakly immunogenic and result in suboptimal T cell activation. As
a result, T cells are not effectively activated in response to tumor. We sought to devise a
strategy to enhance T cell activity to tumor cells.
Previous studies have demonstrated that the engagement of TLRs on activated
CD8+ T cells functions as a potent co-stimulatory signal that increases T cell
proliferation, cytokine secretion, cytotoxic function, and survival105,106,104,169,164,348,103.
These effects are mediated by signaling through the MyD88 adaptor molecule. The
difficulty in activating TLRs on T cells is ensuring that sufficient TLRL localizes to the
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tumor site for optimal T cell stimulation. Furthermore, there are toxicities associated with
the administration of certain TLRLs349–352.
Given that MyD88-dependent TLR stimulation enhances T cell function, we
sought to exploit the co-stimulatory effects of the MyD88 signaling pathway to enhance
T cell immunotherapy. We designed a synthetic receptor composed of the T cell coreceptor CD8α linked to the TLR adaptor molecule MyD88. We tested the hypothesis
that coupling MyD88 and T cell receptor signaling through CD8α:MyD88 would provide
T cell receptor-dependent co-stimulation for improved anti-tumor function. We further
postulated that activation of the MyD88 signaling cascade would occur upon TCR
engagement and would be independent of TLR stimulation. The rationale for this design
is that the CD8α could recruit MyD88 into the immunological synapse upon T cell
activation, thus initiation the MyD88 signaling cascade.
In this chapter, we demonstrate that the synthetic CD8α:MyD88 receptor activates
molecules associated with MyD88 signaling. Accordingly, CD8α:MyD88–engineered T
cells exhibit enhanced proliferation in an antigen-dependent manner and are associated
with increased expression of cytokines and effector molecules to low antigen
concentrations. Remarkably, the adoptive transfer of CD8α:MyD88 T cells increases the
number

of

tumor-infiltrating

lymphocytes

(TILs)

and

polarizes

the

tumor

microenvironment towards enhanced antigen presentation. Finally, treatment of
established melanoma tumors in mice with CD8α:MyD88 T cells delays tumor growth
and prolongs mouse survival. Our data demonstrate for the first time the application of
CD8α:MyD88 as a novel therapeutic receptor for enhanced anti-tumor responses in
adoptive cell therapy.
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Materials and Methods
Mice
Studies were approved by the UMB Institutional Animal Care and Use
Committee. C57BL/6 and pmel-1 (B6.Cg-Thy1/Cy Tg(TcraTcrb)8Rest/J) mice were
purchased from the Jackson Laboratory (Bar Harbor, ME).
Construct design.
The CD8α:MyD88 synthetic co-receptor was designed by the fusion of the murine
CD8α extracellular and transmembrane domain sequences to the human MyD88 death
and intermediate domain sequences. The Toll-Interleukin receptor (TIR) domain of the
MyD88 molecule was excluded to eliminating binding to endogenous receptors. The
CD8ΔIC construct does not contain any intracellular signaling moieties. Genes were
synthesized by Blue Heron Biotechnology, Inc and cloned into the pMIG-w vector
containing a green fluorescent protein (GFP) reporter gene.
NF-κB activation assay.
TLR4-expressing HEK-Blue cells (Invivogen) were a gift from Stefanie Vogel
(University of Maryland, Baltimore). Cells were cultured in DMEM 10% FBS 1%
PenStrep 1X HEK-Blue Solution (InvivoGen). Cells were plated at 1x106 cells per well
in a 6-well plate in antibiotic-free media and cultured at 37° C/5% CO2 overnight. Cells
were transfected with Lipofectamine 2000 (Invitrogen) with 4 μg DNA. 24 hours later,
cells were collected and aliquoted at 50,000 cells per well in a 96-well plate in
quadruplicate. 50 μg/mL of LPS (Invitrogen) was used as a positive control. Cell
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supernatant was collected after 24 hours and combined with QUANTI-Blue reagent
(InvivoGen). Absorbance was measured at 620 nm after 3 hours.
T cell activation.
Primary T cells were isolated from the spleen and lymph nodes of pmel mice
(Jackson Laboratory). Briefly, organs were processed through a 100 μm nylon cell
strainer and red blood cells were lysed. Cells were washed 3 times and resuspended at a
concentration of 2.5x106 cells/mL. Cells were activated with 1 μg/mL hgp10025-33 peptide
and 50 U/mL of recombinant human IL-2 (BioLegend) in RPMI 10% FBS 1% NEAA
1% PenStrep, 0.1% Gentamicin and cultured at 37° C/7% CO2. On day 2 post-activation,
cells were collected and resuspended in fresh media at 3x106 cells/mL for retroviral
transduction. OT-I T cells were prepared following the same protocol and activated with
1 μg/mL OVA peptide and 100 U/mL rhIL-2. OT-I T cells and OVA peptide were
generously provided by Arnob Banerjee (University of Maryland, Baltimore).
Retroviral production.
Phoenix-ECO cells (ATCC CRL-3214) were maintained in DMEM 10% FBS 1%
PenStrep at 37° C/5%CO2. 6x106 cells were plated in 100 mm poly-D lysine coated
plates (Corning BioCoat) in antibiotic-free medium and cultured overnight. Cells were
co-transfected by Lipofectamine 2000 Reagent (Invitrogen) with endotoxin-free plasmid
preps of the constructs and the pCL-ECO packaging plasmid. Media was replaced after 8
hours and cells were cultured in fresh media for 48 hours at 32° C/5% CO2. Supernatant
containing virus was collected and stored at 4° C. Fresh media was added to the plates
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and cultured for an additional 24 hours, after which virus was collected a second time.
Supernatant was centrifuged to remove and cellular debris.
T cell transduction.
A non-tissue-culture-treated 24-well plate was coated with 25 μg/mL Retronectin
(Takara Bio, Inc) overnight at 4° C. Wells were incubated with PBS 2% BSA for 30
minutes, then washed once with PBS. 2 mL of virus was added per well and the plate was
centrifuged for 2.5 hours at 2,000 rpm. 0.5 mL of virus was removed and replaced with
0.5 mL of fresh virus and 0.5 mL of T cells (1.5x106 cells per well). The plate was
centrifuged for an additional 2 hours, then cultured at 37° C/7% CO2 overnight. Cells
were washed, and cultured in fresh media with 25 U/mL recombinant human IL-2
(BioLegend) for an additional 72 days, replacing 50% of the media at 48 hours.
Transduction efficiency was validated by flow cytometry of GFP expression. Viable cells
were enriched by ficoll-gradient prior to setting up all assays. Transduction efficiency as
measured by GFP expression varied from 20-50%.
Intracellular flow cytometry of phosphorylated proteins.
A spleen was harvested from a wild type C57BL/6 mouse and processed as
described above. Splenocytes were pulsed with 1.2 μg/mL of hgp10025-33 for 2 hours at
37° C/7% CO2. Transduced T cells were co-cultured with the peptide-pulsed splenocytes
in a 96-well plate at 37° C for indicated time. After the stimulation period, cells were
fixed immediately by adding pre-warmed 4% Paraformaldehyde (PFA), incubated for 10
minutes at 37° C and washed once with cell staining buffer (PBS 0.5% BSA). Cells were
permeabilized in BD Phosflow Perm Buffer III (BD Bioscience) for 30 minutes on ice.
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Cells were washed three times in cell staining buffer and stained with anti-p-p65 and antirabbit IgG (H+L) F(ab’)2 fragment (Cell Signaling), anti-p-ERK1/2-Pacific Blue and
anti-p-JNK-PE, or anti-p-p38-Pacific Blue and anti-p-Zap70-PE (BD Bioscience). Data
shown is gated on viable cells by forward-side scatter and on GFP positive cells. Flow
cytometry samples were analyzed on the BD LSR II at the University of Maryland
Marlene and Stewart Greenebaum Comprehensive Cancer Center Flow Cytometry
Shared Service Lab and data was analyzed in FlowJo.
Peptide-pulsed splenocyte assay.
Wild type C57BL/6 splenocytes were irradiated (3,000 radians) and pulsed with
varying concentrations of hgp10025-33 or OVA257-264 for 2 hours at 37° C/7% CO2.
Transduced T cells were co-cultured with peptide-pulsed splenocytes at a 1:1 ratio in a
96-well plate. Supernatant was collected after 24 hours. In the supernatant of cells
stimulated with 0.008 μg/mL hgp10025-33 or 0.004 μg/mL OVA257-264, cytokines were
analyzed by the Milliplex Mouse Cytokine/Chemokine Kit (Millipore) or ELISA
(eBioscience) according to manufacturer’s recommendations. 1 μCi/well of thymidine
(methyl-3H, Perkin Elmer) was added and proliferation was measured after an additional
24 hours by tritiated thymidine-incorporation.
Flow cytometry proliferation assay.
Wild type C57BL/6 splenocytes were irradiated (3,000 radians) and pulsed with
0.25 μg/mL of hgp10025-33 for 2 hours at 37° C/7% CO2. Transduced T cells were pulsed
for 10 minutes with 1 μM cell proliferation dye eFluor 450 (eBioscience), washed, and
co-cultured with peptide-pulsed splenocytes at a 1:1 ratio (1x105 cells) for 72 hours in a
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96-well plate. Cells were stained with anti-CD90.1 and 7-AAD (BD Pharmingen). Viable
cells were gated by forward-side scatter and on the 7-AAD negative population. The
congenic marker CD90.1 was used to distinguish pmel T cells from wild type
splenocytes.
Tumor cell co-culture.
B16-F1 cells (ATCC CRL-6323) were cultured in DMEM 10% FBS 1%
PenStrep. Cells were detached using trypsin, washed, and irradiated (20,000 radians).
B16-F1 cells were plated at various concentrations in a 96-well plate in triplicate. 1x105
T cells were added and cultured at 37° C/7% CO2. Supernatant was collected at 48 hours.
Granzyme B production was analyzed by Ready-Set-Go Mouse ELISA kit (eBioscience)
and further cytokines were analyzed at the 0.5 B16:T cell ratio by the Milliplex Mouse
Cytokine/Chemokine Kit (Millipore) according to manufacturer’s recommendations. 1
μCi/well of tritiated thymidine (methyl-3H, Perkin Elmer) was added for 24 hours and
proliferation was measured 72 hours after T cell activation by thymidine-incorporation.
Phenotyping flow cytometry screen.
Wild type C57BL/6J splenocytes were pulsed with 0.12 μg/mL of hgp10025-33 for
2 hours at 37° C/7% CO2. Transduced T cells were co-cultured with peptide-pulsed
splenocytes at a ratio of 1:2 splenocytes to T cells in a 96-well plate for 48 hours. Cells
were collected and washed in PBS. Cells were pulsed with the Zombie Aqua viability dye
(BioLegend) according to manufacturer’s recommendations. Cells were washed and each
sample was stained with a different conjugate of CD45.2 antibody (vector control: APCCy7, CD8ΔIC: PerCP-Cy5.5, CD8α:MyD88: AlexaFluor700). Samples were combined,
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stained with anti-CD8α (BioLegend), and plated on the LegendScreen Mouse Cell
Screening (PE) Kit (BioLegend). Samples were fixed and analyzed on the BD LSR II
with the high throughput sampler (HTS). Data is shown gated on viable CD8+ GFP+
CD45.2+ cells. The results shown are an average fold change from three independent
experiments with representative histograms.
Animal models.
C57BL/6J mice (Jackson Laboratories) were injected subcutaneously on the back
of the right flank with 2x105 B16-F1 melanoma cells. All mice were irradiated with 550
radians on day 9 post-tumor inoculation and mice in T cell treatment groups received
pmel T cells adoptively-transferred intravenously on day 10. Mouse body weight and
tumor size were monitored every 2-3 days. Tumor volume was calculated by the ellipsoid
formula: length × width × height × (4/3)π. Tissue samples were harvested one week post
adoptive transfer therapy and analyzed by flow cytometry. Serum and tumor samples
(100 μg tumor/mL) were analyzed by Milliplex Mouse Cytokine/Chemokine Kit
according to manufacturer’s recommendations (Millipore).
Ex vivo flow cytometry analysis
Tissues were processed through a 100 μm nylon cell strainer and washed twice in
FACS buffer. Cells were stained at 4° C for 1 hour, washed, and fixed in 4% PFA for 10
minutes at room temperature. The following antibodies were used: CD8α, Lag-3, Tim-3,
I-A/I-E, CD86, CD11b, CD11c, F4/80, CD206, Gr-1, NK1.1, (BioLegend), CD45.2,
CD8α, CD19 (BD Pharmingen), MHC class I H2 Kb + Db (Abcam). Samples were
analyzed on the BD LSR II HTS.
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Statistical Analysis
Proliferation and ELISA experiments were performed in triplicate in at least two
independent experiments and analyzed by student’s t test or one-way ANOVA with
Tukey’s multiple comparison post hoc test for data points at each condition. Animal
studies contained n=10 animals per group for growth and survival, and n=5 per group for
ex vivo flow cytometry analysis. Survival was evaluated using the exact log-rank
(Mantel-Cox) test and the tumor volumes, flow cytometry, and bioplex samples were
analyzed by one-way ANOVA with Tukey’s multiple comparison post-test at each time
point.

Results
Design and rationale of a novel synthetic CD8α:MyD88 receptor
The CD8α:MyD88 synthetic receptor was constructed by fusing the extracellular
and transmembrane domains of the CD8α gene to the death and intermediate domains of
MyD88 gene (Figure 4.1A). CD8α was chosen because it binds directly to MHC class I
molecules on the target cell. The transmembrane domain of the CD8α molecule was also
included to permit trafficking out of the endoplasmic reticulum (ER) for localization of
the receptor to the membrane353. The MyD88 portion of the receptor is composed of the
death and intermediate domains, which are required for proper subcellular localization
and signaling354,90,91,355. The Toll-Interleukin receptor (TIR) domain of the MyD88
molecule is not required for signaling and was excluded to eliminate binding to
endogenous receptors355. As a control for the overexpression of a truncated CD8α on the
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Figure 4.1: CD8α:MyD88 design and expression. A) A schematic of the domains of each
construct used in this study is depicted. EC, extracellular domain of CD8α; TM, transmembrane
domain of CD8α; DD, death domain of MyD88; ID, intermediate domain of MyD88. B)
Transduction efficiency of constructs on primary murine T cells. C) Western blot for the
expression of human MyD88 in T cells.
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surface of cells, we included a CD8ΔIC control that is composed of the extracellular and
transmembrane domains but lacks the intracellular domain of CD8α.
The genes were introduced into T cells by retroviral transduction. Transduction
efficiencies were determined by GFP reporter expression and ranged from 20-50%
between experiments. Representative plots are show in Figure 4.1B. MyD88 protein
expression was confirmed by Western blot (Figure 4.1C). This data demonstrates that
CD8α:MyD88 was successfully expressed in T cells.

The CD8α:MyD88 receptor initiates MyD88 signaling
We assessed the ability of CD8α:MyD88 to initiate MyD88 signaling. One of the
key transcription factors activated downstream of MyD88 is NF-κB. The control vector,
CD8ΔIC, and CD8α:MyD88 were transfected into a HEK-Blue NF-κB reporter cell line.
CD8α:MyD88–expressing cells increased the activity of the NF-κB promoter, while the
empty vector and CD8ΔIC controls exhibited baseline levels of NF-κB activation relative
to unstimulated cells (Figure 4.2A). Stimulation of cells with LPS served as a positive
control for NF-κB-driven reporter expression. These results demonstrate that
CD8α:MyD88 activates downstream signaling events.
Next, we sought to test the function of CD8α:MyD88 signaling in primary T cells.
For these studies, we used pmel T cells which express a transgenic TCR specific for the
gp10025-33 melanoma antigen356. Transduced cells were re-stimulated with gp10025-33
peptide-pulsed splenocytes and the activation of various signaling proteins was measured
by phospho-flow cytometry (Figure 4.2B). CD8α:MyD88–transduced cells induced
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Figure 4.2: CD8α:MyD88 signaling. A) NF-κB activation in a HEK-Blue reporter cell line. B)
Transduced T cells were stimulated with peptide-pulsed splenocytes and fixed at given timepoints. The 0
timepoint indicates no stimulation was given. Cells were permeabilized, stained for phosphorylated
proteins, and analyzed by flow cytometry.
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MAPK pathway activation at an earlier time point than control cells. ERK1/2
phosphorylation showed the most dramatic enhancement, being fully activated by two
minutes in CD8α:MyD88 cells, while control T cells had barely begun to respond. The
phosphorylation of NF-κB p65 as well as the MAPK pathway proteins ERK1/2, JNK,
and p38 was fully induced within 15-30 minutes of T cell stimulation. This was expected,
as these factors are also activated by the TCR signaling cascade. NF-κB activation was
only slightly enhanced compared to baseline TCR signaling, suggesting that the effects of
CD8α:MyD88 are mediated in part through a more rapid phosphorylation of ERK1/2.
This enhancement in ERK activation is advantageous to CD8α:MyD88 T cells as ERK2
plays a role CD8+ T cell proliferation and survival357. Interestingly, Zap-70
phosphorylation was also slightly enhanced in CD8α:MyD88 T cells. Our data suggests
that the primary effect of CD8α:MyD88 signaling in T cells is through the more rapid
activation of ERK1/2.

CD8α:MyD88 enhances T cell function in response to low antigen concentrations
We tested the hypothesis that inducing MyD88 signaling in T cells via the
CD8α:MyD88 receptor would enhance T cell function. Previous studies have indicated
that MyD88 signaling reduces the activation threshold of T cells to low antigen
concentrations104,105. To test if CD8α:MyD88 T cells exhibit a lower activation threshold,
we stimulated transduced T cells with splenocytes pulsed with varying concentrations of
peptide and analyzed proliferation. CD8α:MyD88 T cells showed significantly greater
proliferation at all gp100 peptide concentrations relative to control T cells (Figure 4.3A).

111

Figure 4.3: CD8α:MyD88 T cells exhibit enhanced proliferation in an antigen-specific manner A)
Primary mouse pmel T cells were retrovirally transduced and co-cultured with gp100-pulsed splenocytes
and proliferation was measured by 3H-thymidine incorporation at 48 hours. B) Flow cytometry of pmel T
cells pulsed with eFluor450 proliferation dye and co-cultured with splenocytes pulsed with 0.12 μg/mL
gp100 peptide at 72 hours. C) Pmel T cells were co-cultured with splenocytes pulsed with 1.2 ng/mL gp100
peptide and proliferation was analyzed by flow cytometry at 72 hours gated on CD8 +GFP+ cells D) OT-I T
cells were co-cultured with OVA-pulsed splenocytes and proliferation was measured by 3H-thymidine
incorporation at 48 hours.
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To determine whether only CD8α:MyD88–expressing cells proliferated to a greater
extent or whether there was a bystander effect that occurred on the untransduced cells, T
cells were stained with a proliferation dye and analyzed by flow cytometry. All gene
constructs contained a GFP reporter gene to identify transduced cells. CD8α:MyD88–
transduced cells proliferated to a greater extent than untransduced cells in the same
culture, as well as compared to control transduced T cells (Figure 4.3B). Furthermore, at
a suboptimal antigen concentration below the response threshold for control T cells,
CD8α:MyD88–transduced T cells were still able to effectively proliferate (Figure 4.3C).
These data illustrate that CD8α:MyD88–transduced T cells have a lower activation
threshold to suboptimal doses of antigen and that the effect of CD8α:MyD88 on
proliferation is intrinsic to the transduced T cells and not due to a secreted factor. These
effects were verified in another transgenic TCR model. OT-I T cells transduced with
CD8α:MyD88 demonstrated significantly enhanced proliferation in response to low
concentrations of OVA peptide (Figure 4.3D).
The increased proliferation of both pmel and OT-I T cells was associated with a
significant increase in the production of IFNγ and TNF-α (Figure 4.4A-B). The
production of IFNγ was confirmed to be antigen-dependent (Figure 4.4C). Furthermore,
there was a greater population of T cells that were able to produce both IFNγ and TNF-α
concurrently (Figure 4.4D). This data demonstrates the enhanced proliferative function
and cytokine secretion of CD8α:MyD88–transduced T cells to low antigen concentrations
in two well-established transgenic systems.
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Figure 4.4: CD8α:MyD88 T cells exhibit enhanced cytokine production in response to antigen. IFNγ
and TNF-α levels were measured by ELISA in supernatants from A) pmel T cells co-cultured with 0.008
μg/mL gp100-pulsed splenocytes and B) OT-1 T cells with 0.004 μg/mL OVA-pulsed splenocytes at 24
hours. C) IFNγ ELISA was performed on pmel T cell supernatants co-cultured with various concentrations
of gp100 peptide. Pmel T cells from splenocyte co-cultures pulsed with D) 1.2 ng/mL gp100 and E) 5
μg/mL were treated with Brefeldin-A and stained for intracellular cytokines.
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CD8α:MyD88 T cells upregulate activation and co-stimulatory markers
T cell activation is associated with changes in the expression of a variety of
immune markers. We performed a high-throughput flow cytometry screen to compare the
expression of over 250 surface molecules on T cells following stimulation with peptidepulsed splenocytes. A number of molecules were differentially expressed on
CD8α:MyD88 T cells relative to control T cells (Figure 4.5A). The activation markers
CD25, CD69, and CD44 were enhanced on CD8α:MyD88 T cells relative to controls,
indicating an activated T cell phenotype (Figure 4.5B-C). Furthermore, 4-1BB (CD137),
an important co-stimulatory molecule for CTL function, as well as the common γ chain
(CD132) were also upregulated (Figure 4.5B-C).
Additionally, we observed several molecules that were downregulated on
CD8α:MyD88 T cells. Although expression of programmed cell death protein 1 (PD-1)
was unchanged between groups (data not shown), T cell immunoglobulin mucin 3 (Tim3)
was reduced on CD8α:MyD88 T cells compared to control T cells (Figure 4.5B-C). PD-1
expression is induced on activated T cells. However, co-expression with Tim3 has been
reported to designate an exhausted T cell phenotype358,359. Furthermore, the expression of
CD39 and CD73 was also reduced (Figure 4.5B-C). CD39 and CD73 drive the
conversion of ATP to AMP and AMP to adenosine, respectively, fostering an
immunosuppressive environment360. This data demonstrates that CD8α:MyD88 T cells
phenotypically appear to be in a more activated and less exhausted state, possibly poising
them for improved activity.
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Figure 4.5: CD8α:MyD88 T cells differentially express immune activation and suppression molecules.
Pmel T cells were co-cultured for 48 hours with splenocytes pulsed with 0.12 μg/mL gp100. A) A heat map
displaying the expression of molecules as fold change over expression levels on vector control T cells. Green
indicates upregulation, red indicates downregulation, black indicates no change in expression, gray indicates
the expression was not detected in that experiment. B) The fold change of the median fluorescence intensity
(MFI) of CD8α:MyD88 T cells over control T cells is averaged from three independent experiments. C)
Representative histograms of the expression of three most upregulated and downregulated molecules.
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CD8α:MyD88 increases T cell anti-tumor activity
Tumor cells often express low levels of antigen, making them poor targets for T
cell activation. The B16-F1 murine melanoma cell line that expresses gp10025-33 has
nearly undetectable levels of MHC class I when cultured in the absence of IFNγ361. To
test CD8α:MyD88 T cell’s ability to respond to tumor cells, T cells were co-cultured with
increasing numbers of B16-F1 melanoma cells. CD8α:MyD88 T cell showed
significantly enhanced proliferation in a tumor cell-dependent manner (Figure 4.6A).
Furthermore, CD8α:MyD88 rendered T cell the ability to respond to very low tumor cell
numbers. Control T cells reached their maximum proliferative capacity at the 0.5 B16-F1
to T cell ratio, while CD8α:MyD88 T cells achieved the same level of proliferation in
response to almost ten times fewer tumor cells (0.06 B16-F1:T cell ratio).
CD8α:MyD88 T cells were also capable of producing high levels of IFNγ at low
tumor cell numbers to which control T cells were not able to respond (Figure 4.6B).
Furthermore, CD8α:MyD88 T cells secreted significantly more of the cytotoxic mediator
granzyme B upon recognition of B16-F1 target cells relative to control cells (Figure
4.6C). We further evaluated the production of a variety of soluble factors produced by
CD8α:MyD88 T cells in response to stimulation with B16-F1 cells (Figure 4.6D).
Multiple chemoattractants that are associated with the recruitment of various innate and
adaptive immune cells were upregulated, including RANTES, CXCL9, CCL3, CCL4,
and CXCL1, as well as cytokines GM-CSF and IL-3. We surmise that these factors could
influence anti-tumor immune responses in the tumor environment.
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Figure 4.6: CD8α:MyD88 T cells exhibit enhanced functional responses to tumor cells A)
Transduced pmel T cells were co-cultured with irradiated B16-F1 tumor cells and proliferation was
analyzed at 72 hours by 3H-thymidine incorporation. (B-D) Supernatant was collected from B16-F1 cocultures at 48 hours for ELISA and bioplex analysis.
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Adoptive transfer of CD8α:MyD88 T cells improves outcomes in a mouse model of
melanoma
Having demonstrated the co-stimulatory effects of CD8α:MyD88 on T cells in
vitro, we characterized the impact of CD8α:MyD88 T cells on the tumor
microenvironment. Mice were injected with B16-F1 tumor cells subcutaneously and ten
days later, injected with 3x106 T cells intravenously. Tissue samples were harvested one
week after T cell transfer. CD8ΔIC T cells were excluded from these experiments on the
basis that they did not show any significant differences from vector control T cells in any
in vitro studies. CD8α:MyD88–transduced T cells comprised a greater proportion of the
CD8+ T cell population in the tumors as compared with control T cells. These differences
were evident in the tumor but not in the spleens of treated mice, exemplifying the
enhanced ability of the transduced T cells to localize and/or persist at the site of antigen
(Figure 4.7A). Furthermore, in accordance with our in vitro data, CD8α:MyD88 T cells
were phenotypically in a less exhausted state as evidenced by fewer Lag3+Tim3+ cells.
Increased levels of IFNγ were observed in the tumors of mice treated with
CD8α:MyD88 T cells (Figure 4.7B). Furthermore, levels of CXCL9 were significantly
elevated in both the tumor and serum of CD8α:MyD88 T cell–treated mice (Figure 4.7C).
CXCL9 is a potent T cell chemoattractant that is induced by IFNγ and has been shown to
play an important role in the recruitment of T cells to the tumor and Th-1 polarization
86,362–365

. Accordingly, the infiltration of CD8+ T cells in the tumor was significantly

enhanced in mice treated with CD8α:MyD88 T cells (Figure 4.7D). An expansion of total
CD8+ cells was observed in the spleens of mice in both T cell treatment groups (Figure
4.7D). We speculate that the observed enhancement of CD8+ T cell infiltration into the
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Figure 4.7: Adoptively–transferred CD8α:MyD88 T cells are enriched at the tumor site and
enhance the infiltration of endogenous CD8+ T cells. A) Frequency of GFP+ cells in the tumor and
spleen and the percentage expressing exhaustion markers. B) IFNγ protein levels in tumor tissue
measured by ELISA of tumor homogenate. C) Protein levels of CXCL9 in the tumor and serum. D)
Frequency of CD8+ T cells in the tumor and spleen. E) Frequency of CD45 + cells, CD19+ cells, and
NK1.1+ cells in the tumor and spleen.
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tumor could be mediated by IFNγ–induced CXCL9 expression. We did not detect any
significant differences in the infiltration of total CD45+ hematopoietic cells, B cells, nor
NK cells into the tumor (Figure 4.7E).
IFNγ is well known for its ability to increase the expression of MHC molecules
and, thus, enhance antigen presentation366,367. We observed an increase in MHC class I
expression on non-lymphoid (CD45-) cells, presumably including B16-F1 melanoma
cells, in the tumors of mice treated with CD8α:MyD88 T cells (Figure 4.8A). MHC class
I expression was also greatly enhanced in CD45- cells in the spleen (Figure 4.8A).
CD8α:MyD88 T cell transfer was also associated with a significant upregulation of MHC
class II and CD86 on dendritic cells (DCs) (Figure 4.8A) and an increased frequency of
activated DCs co-expressing both CD86 and MHC class II (Figure 4.8B). We speculate
that this increased MHC and co-stimulatory molecule expression could enhance the
activation of tumor-specific T cells.
Additionally, we sought to characterize the myeloid populations in the tumor due
to their well-documented ability to regulate T cell-mediated responses368. We observed
that the total population of macrophages was decreased in the tumors of mice treated with
CD8α:MyD88 T cells (Figure 4.8C). Macrophages can play different roles in the tumor
microenvironment depending on their phenotype and activation status369,370. CD38
expression on macrophages has been associated with IFNγ-driven production of iNOS
and TNF-α, consistent with classical macrophage activation, while CD206 expression is
induced by IL-4 stimulation of macrophages indicative of the alternatively-activated,
possibly pro-tumorigenic phenotype34,35,371. We observed an increase in the percentage of
CD38+CD206- macrophages and a decrease in CD38-CD206+ macrophages in
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Figure 4.8: Adoptively–transferred CD8α:MyD88 T cells increase antigen presentation and alter the
phenotype of myeloid cells in the tumor microenvironment. A) Median fluorescence intensity (MFI) of
CD45- cells in the tumor. B) Frequency of CD11c+ dendritic cells (DCs) co-expressing activation markers
CD86 and MHC class II in the tumor and spleen. C) Frequency of macrophages in the tumor and spleen as
defined by CD11c-CD11b+F4/80+ cells. D) Frequency of M1 (CD38+CD206-) and M2 (CD38-CD206+)
macrophages in the tumor and spleen. E) Frequency of myeloid-derived suppressor cells (MDSCs) in the
tumor and spleen as defined by co-expression of Gr1 and CD11b. F) ELISA of CCL2, IL-4, and IL-5 in the
tumor.
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CD8α:MyD88 T cell-treated tumors, suggesting a bias toward classically-activated
macrophages (Figure 4.8D). These effects were specific to the tumor environment, as we
did not observe differences in macrophage phenotype in the spleen. Additionally, we did
not observe significant differences in the presence of CD11b+Gr1+ MDSCs in the tumors
or spleens of these mice (Figure 4.8E).
Furthermore, we characterized the expression of cytokines and chemokines
associated with myeloid cell migration and differentiation. CCL2 is associated with the
recruitment of monocytes that can differentiate into tissue-resident macrophages, Th2
polarization, and tumor progression372–374,86. Analysis of tumor samples revealed
decreased levels of CCL2 in the tumors of CDα:MyD88 T cell-treated mice (Figure
4.8F), which is in agreement with the observed decline of the macrophage population
(Figure 4.8C). Although there was no significant change in IL-4 levels, IL-5 levels were
significantly downregulated in the tumor (Figure 4.8F). IL-5 has been reported to be
produced by macrophages in conjunction with IL-13 and has been associated with Th-2
responses and pro-tumorigenic effects of alternatively-activated macrophages375–379. The
decrease in the Th-2–associated cytokine IL-5 in combination with the increased levels of
IFNγ in the tumor (Figure 4.7B) could be responsible for driving the polarization of the
macrophage population from a pro-tumorigenic phenotype to a classical phenotype that is
more conducive for enhanced anti-tumor responses.
Finally, we investigated whether the changes in the tumor microenvironment
following transfer of CD8α:MyD88 T cells would translate to a therapeutic benefit in
mice with established tumors. Treatment with CD8α:MyD88–engineered T cells delayed
tumor growth kinetics and significantly (p=0.001) prolonged survival of mice by a
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median of nine days over mice treated with control T cells (Figure 4.9A-B). Vector
control T cells were unable to control tumor progression and showed no therapeutic
effect over untreated mice. It is important to note that several mice treated with
CD8α:MyD88 T cells exhibited short-term tumor regressions (Figure 4.9C). These results
exemplify the dramatic potential for CD8α:MyD88 T cells to control the growth of an
established tumors with no supplemental vaccine, cytokine, or antibody therapy.

Discussion
Together, these data demonstrate the potent ability of MyD88 to serve as a costimulatory molecule to enhance the anti-tumor activity of adoptively-transferred T cells.
CD8α:MyD88 was successfully expressed and activated on primary T cells.
CD8α:MyD88–transduced T cells displayed greater proliferative and cytokine responses
as well as a more activated but less exhausted phenotype. In vivo, CD8α:MyD88 T cells
were found in higher proportions in the tumor, indicating enhanced migration,
proliferation, and/or persistence of transduced cells. Furthermore, transfer of
CD8α:MyD88 T cells increased CD8+ T cell infiltration and IFNγ production, leading to
a profound effect on the tumor microenvironment. Antigen presentation was enhanced as
measured by the expression of MHC as well as an increased population of activated DCs.
There was a decreased population of macrophages in the tumor, and the macrophages that
were present were skewed away from a pro-tumorigenic phenotype and towards a
phenotype favoring anti-tumor immunity. We presume that these physiological changes
contribute to the observed therapeutic effect of CD8α:MyD88 T cell administration.
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Figure 4.9: Adoptive transfer of CD8α:MyD88 T cells delays tumor growth and improves survival.
B16-F1 tumor cells were implanted and allowed to establish. Mice were treated with a sublethal dose of
irradiation and 6x106 T cells were transferred on day 10. Transduction efficiency of CD8α:MyD88 T cells
was 50%. (A) Average tumor volume, (B) survival, as well as (C) tumor volumes for individual mice are
shown. Mice were euthanized when tumors reached an area of 300 mm2. n=10.
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These studies characterize the functional responses of CD8α:MyD88–engineered T cells
as a novel strategy for the improvement of T cell immunotherapy.
Further questions remain concerning the specific molecular events that are
initiated following activation of the CD8α:MyD88 receptor in T cells. The spatial
dynamics of CD8α:MyD88 during T cell activation and TCR clustering remain unclear.
Therefore, imaging experiments could provide insight on the pattern of CD8α:MyD88
localization on the surface of T cells in the resting state as well as following TCR
engagement. Although we speculate that CD8α:MyD88 localizes in the immunological
synapse to initiate signaling events, it is possible that CD8α:MyD88 may signal from the
periphery of the synapse or distant sites on the cell surface. Furthermore, the proximal
intracellular events following CD8α:MyD88 activation have yet to be elucidated.
Specifically, evidence of IRAK or TRAF6 activation would indicate that CD8α:MyD88
induces canonical TLR signaling. More definitively, signaling of CD8α:MyD88 through
the TLR pathway could be confirmed by introducing CD8α:MyD88 into TLR signaling
pathway-deficient models and testing functional responses. Focusing on downstream
events, we demonstrated that expression of CD8α:MyD88 induces NF-κB activation in a
reporter cell line in a stimulus-independent fashion. Overexpression of MyD88 has been
previously reported to produce constitutive signaling, however, the baseline levels of uninduced signaling can be reduced by titrating down the expression of the construct 355,380.
High levels of constitutive signaling were not observed in CD8α:MyD88 T cells and cells
were not functionally activated in the absence TCR stimulation. Unexpectedly, NF-κB
activation by CD8α:MyD88 in T cells was only moderately enhanced above baseline
levels following TCR stimulation. Since TCR signaling also activates NF-κB, the signal
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from MyD88 may be redundant and our data suggest that the co-stimulatory effects of
CD8α:MyD88 in T cells are not due to amplified NF-κB signaling alone. Remarkably, we
found that the kinetics of ERK1/2 signaling were dramatically enhanced in CD8α:MyD88
T cells. It would be interesting to see if the inhibition of ERK1, ERK2, or both would
prevent CD8α:MyD88 co-stimulation of T cells. However, due to the fact that the TCR
and TLR signaling pathways activate many of the same downstream proteins, we
anticipate that the inhibition or knockdown of ERK would also impair critical signaling
from the TCR, making results difficult to interpret. Although the details of the molecular
mechanism of CD8α:MyD88 T cell activation are not yet fully defined, the resulting
functional responses of CD8α:MyD88 stimulation of T cells are evident.
There was a discrepancy between the cytokine and chemokine profile elicited by
CD8α:MyD88 T cells in culture versus in the tumors of mice treated with CD8α:MyD88
T cells. Certain proteins were consistent, such as IFNγ and CXCL9, however, we found
many more factors upregulated in culture, such as RANTES, CCL3, CCL4, and GMCSF, which were not detected in the tumor environment. The in vivo tumor environment
is complex and many other cell types and factors can influence the cytokine milieu.
Additionally, many of the factors were above or below the limit of detection of the
multiplex assay, and optimization of sample loading could potentially reveal differences
in some of these factors. Additionally, we also found proteins that were downregulated in
the tumors of CD8α:MyD88 T cell-treated mice relative to controls that were not detected
in cultures, namely CCL2 and IL-5. One explanation for this effect is that these factors
may be produced by other cell types that were not present in the culture, such as
macrophages, rather than by the T cells themselves.
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The adoptive transfer of a single dose of CD8α:MyD88 T cells was able to control
the growth of established tumors in an aggressive model of melanoma. It has previously
been reported that the transfer of large numbers of tumor-specific T cells alone has no
effect on tumor growth in the B16 melanoma model381. The overwhelming majority of
adoptive cell transfer studies published in the literature require another therapy in
addition to T cells in order to observe any therapeutic effects. These supplemental
therapies include but are not limited to IL-2, peptide/DC/viral vaccines, adjuvants such as
TLRLs,

checkpoint

blockade,

and/or

agonistic

antibodies

to

co-stimulatory

molecules105,302,382–384. It is quite remarkable that the CD8α:MyD88 T cells can exert such
potent anti-tumor effects without any additional therapies. Despite a statistically
significant improvement in survival and evidence of tumor regression in some animals,
the tumors did ultimately progress. Therapeutic outcomes could be further enhanced by
sorting GFP+ cells to increase the number of CD8α:MyD88 T cells transferred, injecting
more than one dose of T cells, or by administering T cells in combination with other
therapies, such as vaccination.
The CD8α:MyD88 platform possesses several key advantages over other current
therapies in the field of adoptive cell transfer. First, tumor-reactive T cells expressing
CD8α:MyD88 would not be limited to a single tumor antigen nor would they be
restricted to specific MHC haplotype. Therefore, these cells could be applied to a broad
population of patients with various malignancies regardless of HLA haplotype or tumorspecific mutations. Second, CD8α:MyD88 T cells exhibit a lower TCR activation
threshold are able to respond to suboptimal antigen concentrations, providing the
potential to expand both high and low affinity TCR T cells while preserving endogenous
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TCR signaling. Third, CD8α:MyD88 delivers the MyD88 signal only to the transduced T
cells, thus eliminating undesirable responses by TLR signaling in tumor cells or
suppressive cell types that could otherwise respond to soluble TLRLs (as described in
Chapter 2), as well as avoiding side effects of systemic TLRL administration.
Current efforts are underway to test the function of CD8α:MyD88 in human T
cells. There could be several strategies for the clinical implementation of CD8α:MyD88
T cells. T cells or TILs could be expanded with peptides or tumor lysate prior to
transduction to enrich the tumor-specific population of T cells receiving the
CD8α:MyD88 molecule to limit the potential for autoimmune reactions. Furthermore,
CD8α:MyD88 could be combined with any of the traditional transgenic TCRs to amplify
T cell responses to well-established tumor antigens. Although CARs already contain T
cell co-stimulatory motifs, MyD88 signaling could further enhance their functional
activity. As a safety precaution, T cells could be engineered with an inducible suicide
gene, such as caspase 9, to deplete transduced cells in the event of a life-threatening
reaction385. These approaches could be feasible for the application of CD8α:MyD88 in
the clinic.
This study provides for the first time a proof-of-concept for the incorporation of
MyD88 into a T cell co-stimulatory receptor for the treatment of cancer. The TLRMyD88 pathway provides a potent immune-stimulatory signal that has great potential for
the improvement of cancer immunotherapy.
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CHAPTER 5: CONCLUDING REMARKS

Immunotherapy is a very powerful tool for the treatment of cancer. Over the last
decade, many basic discoveries in the field of tumor immunology have resulted in several
very promising clinical approaches. There is a lot of work focusing on T cell
immunotherapy and how to improve T cell responses to tumor in the context of the
immunosuppressive tumor environment. CD8+ T cells, specifically, stand out as a key
driver of anti-tumor immune responses. One of the biggest barriers to effective antitumor immunity is the peripheral tolerance of T cells induced by various tumor-driven
immune evasion and immunosuppressive mechanisms. If we can break tolerance to the
tumor, tumor control can be achieved. One potent immunostimulatory pathway to
enhance T cell activity and anti-tumor function is TLR-MyD88 signaling.
Previous work has demonstrated that TLR engagement on T cells augments their
response to antigen, however, delivering these TLR ligands directly to T cells in vivo is
challenging. The route of administration of TLR agonists impacts clinical results, with
the greatest efficacy observed upon peritumoral administration106,386. However, sitespecific injection is impractical in the context of widespread metastatic disease.
Furthermore, TLR expression on T cells is transient and downregulated over the course
of several days. As the effects of TLR co-stimulation on T cells are dependent on
accompanying TCR signaling, TLR ligands alone have little effects on naïve or resting T
cells. Another major limitation to exploiting the co-stimulatory effects of TLRLs on T
cells is that these agonists can have broad implications on systemic inflammation and the
impact on anti-tumor immunity can vary drastically between different TLR agonists and
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cancer cell type. Chapter 2 reviews the effects of each TLR on T cells as well as on tumor
cells. It is clear that there are a lot of discrepancies in the literature and there is a range of
results based in different model systems, some with contradictory conclusions. The end
goal of TLRL stimulation is to improve anti-tumor immunity, and there are many
variables that contribute to the clinical outcome of TLRL administration.
This dissertation describes two unique strategies to initiate TLR signaling in T
cells in the context of the tumor environment while preserving endogenous TCR
activation. First, T cells were engineered to secrete the TLR5L flagellin to provide a
stimulatory signal at the tumor site. T cell-mediated delivery of TLR5 agonist elicited
immunological changes in the tumor microenvironment that improved anti-tumor
responses. The use of T cells as a delivery vehicle for immunostimulatory agents has
great potential, especially in the context of disseminated metastatic disease. TLR5L can
mediate improved anti-tumor responses in melanoma and has been shown to decrease
tumor growth in breast, head and neck, and colon cancers. However, one limitation of
this approach is that TLR5 can drive tumor progression in certain cancers, such as gastric
cancer, and would not be beneficial in that context.
Second, the CD8α:MyD88 co-receptor was designed to link MyD88 to the T cell
receptor to bypass the need for direct TLR or TLRL stimulation. CD8α:MyD88—
engineered T cells exhibit enhanced proliferation and cytokine production in an antigendependent manner in response to low tumor peptide concentration as well as to tumor
cells. These enhanced responses were intrinsic to the transduced cells and associated with
the upregulation of several activation molecules. Furthermore, CD8α:MyD88 T cells
downregulated molecules associated with exhaustion and immunosuppression. Adoptive
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transfer of CD8α:MyD88 T cells significantly delayed tumor growth and enhanced
survival of mice with established tumors, while having profound effects on other cells in
the tumor microenvironment. The effects observed in vivo illustrate the power of
CD8α:MyD88 T cells to not only perform their effector functions but to influence the
immunological environment around them to promote anti-tumor immunity.
Further research is needed to dissect the molecular and cellular mechanisms by
which these potent anti-tumor events are achieved. Although the details of TLR
stimulation on innate immune cells have been well studied, the specific effects of TLRs
on T cells have only recently started to be elucidated. There is great opportunity to
identify key drivers of the TLR-induced anti-tumor T cell program. There are many genes
that are upregulated or downregulated as a result of the TLR stimulation that may play a
significant role in T cell responses. Furthermore, we have preliminary data that T cells
activated in the presence of TLRLs are more resistant to immunosuppression by other
cell types, such as MDSCs. Exploring such mechanisms could have broad implications
on our understanding of T cell biology and how CD8+ T cells can impact the tumor
environment and other immune cells.
Our data represent for the first time the application of methods to activate MyD88
signaling within T cells to enhance their anti-tumor activity. The characterization of two
distinct approaches, one to use T cells to deliver TLRL and one to initiate MyD88
signaling in T cells, illustrate the effectiveness of incorporating TLR signaling in T cell
immunotherapy. Furthermore, employment of the CD8α molecule represents a novel
strategy to lower the activation threshold of T cells through the introduction of costimulatory signaling domains while preserving endogenous T cell specificity. Taken
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together, the results described in this dissertation contribute to our understanding of how
to apply the co-stimulatory function of TLRs to boost T cell anti-tumor responses and
represent a foundation for potential clinical translation.
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APPENDIX

Chapter 3 Supplemental Figures

Supplementary Figure 3.1. TLR5L enhances the proliferation of human CD4 + T cells. Purified CD4+ T
cells (negative selection) were activated with 1 µg/mL plate-bound OKT3 with or without 100 ng/mL TLR5L
flagellin. Four days later, proliferation was determined by 3H-thymidine uptake. PBMC from five healthy
donors were examined. Data are presented as mean±S.D.
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Supplementary Figure 3.2. Transduced human T cells co-expressing DMF5 and the TLR5L show
significantly increased proliferation, cytokine production, and cytolytic activity than T cells expressing
DMF5 TCR alone. A) DMF5 TCR expression on the surface of transduced human T cells was determined by
staining cells with CD8 and MART-1 tetramer and analyzed by flow cytometry; Transduction efficiency was
similar between groups at approximately 80%. B) Control untransduced T cells or an equal number of DMF5
and DMF5TLR5L T cells were analyzed for proliferation in response to HLA-A2-MART1 beads at the
indicated ratios determined by 3H-thymindine uptake 72 hours after stimulation. C) Cytotoxicity against
Malme-3M cells at varying effector-to-target ratios was determined in a 5 hour 51Cr release assay. All data are
shown as mean±S.D. and representative of two independent experiments. Data are presented as mean ±S.D.;
**p<0.01, 2-way ANOVA. D) Cytokine production in response to APC beads was detected by ELISA 48
hours after stimulation. Data are presented as mean ±S.D.; **p<0.01, T-test.
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Supplementary Figure 3.3. Human TLR5 protein expression in Malme-3M and C32 cell lines, and
melanoma biopsy specimens. A) TLR5 expression on the surface of Malme-3M and C32 cells. Cells were
stained with PE-conjugated TLR5 antibody (open profile) or isotype control antibody (dark gray profile), and
analyzed by flow cytometry. The profiles shown are representative of three independent experiments. B)
TLR5 was also expressed in melanoma biopsy specimens. Tissue histology sections (5-µm-thick) were
deparaffinized, hydrated, heated in boiling 10 mmol/L sodium citrate (pH 6.0) for antigen retrieval for 30 min
and washed in Tris buffer. Peroxide blocking was done with 3% H 2O2 in methanol at room temperature for 15
min, followed by 10% fetal bovine serum in TBS-T for 30 min at room temperature. TLR5 antibody (1:100;
IMGENEX) or normal mouse serum incubation was done overnight at 4° C. Secondary antibody incubation
was done for 1 h, followed by application of diaminobenzidine chromogen for 5 min. The slides were then
counterstained with hematoxylin and topped with a coverslip.
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Supplementary Figure 3.4. TLR5 on Malme-3M cells enhances the cytokine and chemokine transcript
levels. A) Malme-3M cells were cultured with or without 100 ng/mL TLR5L for 48 h, total RNA was
isolated, and cytokine and chemokine mRNA levels were determined using a cytokine and chemokine PCR
array. B) Malme-3M cells were treated with different concentrations of TLR5L for 24 h or 48 h, and
proliferation was measured by 3H-thymindine uptake (±S.D.). These data are representative of at least three
experiments, each demonstrating similar trends.
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Supplementary Figure 3.5. MHC class I and II expression on Malme-3M cells stimulated with
supernatants from various experimental conditions. Malme-3M cells were cultured with or without 100
ng/mL TLR5L for 48 h, and supernatants were collected. DMF5 T cells with or without TLR5L, or
DMF5TLR5L T cells were co-cultured with Malme-3M for 48 h, and supernatants were collected. All
supernatants were used to treat Malme-3M cells for 24 h. Cells were collected and stained with PEconjugated HLA-ABC A) or FITC-conjugated HLA-DR, DP, DQ, B) and analyzed by flow cytometry.
Malme-3M cells treated with the supernatant from non-TLR5-stimulated Malme-3M cells were used as a
control group (dotted line). Cells stained with isotype control antibodies are represented by gray histograms.
The profiles shown here are representative of three independent experiments.
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Supplementary Figure 3.6. TLR5 engagement on C32 cells enhances the recruitment of various
leukocyte subpopulations. C32 human melanoma cells were stimulated with 100 ng/mL TLR5L for 24
hours and then washed off prior to adding PBMCs. PBMCs were activated using 50 ng/mL OKT3 for 24
hours and then placed in the upper transwell chamber. Twenty hours later, migratory cells were collected,
stained with antibodies and analyzed by flow cytometry. To normalize the cell count between groups, an
equal volume of calibration beads was added to an equal volume of supernatant and the flow cytometry
instrument gates were set to count a constant number of beads. The number of cells that migrated toward
TLR5-stimulated or unstimulated C32 cells is shown. Medium with and without 100 ng/mL TLR5L was used
as negative controls. PBMCs from three healthy donors were examined. The number in parentheses is the fold
change of migratory human leukocyte number.
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Supplementary Figure 3.7. Chemokine receptor expression on non-transduced and transduced T cells
stimulated with or without TLR5L. The indicated T cells were stimulated with OKT3 Ab with or without
100 ng/mL TLR5L for 24 h, stained with CD3 FITC/CCR2 PerCP-Cy5.5, CD3 FITC/CXCR2 PE or CD3
FITC/CXCR3 PE, and analyzed by flow cytometry. Dot plots are representative of three donors. The number
in parentheses is the mean fluorescence intensity (MFI).
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Supplementary Figure 3.8. Effects of TLR5L on the production of cytokines and chemokines on B16
and/or pmel CD8+ T cells. A) The expression levels of cytokines and chemokines in serum of mice treated
with pmel T cell and injected with TLR5L or treated with pmel TLR5L were determined using a Milliplex
cytokine/chemokine array. Each point represents one mouse. B) 1×10 5 pmel T cells with or without TLR5
ligand, or TLR5L transduced pmel T cells were co-cultured with B16 cells at an effector-to-target ratio of 1:1
in 96-well round-bottom plates for 48 h. Cytokine and chemokine production levels were measured from
collected culture supernatants using a Cytokine/Chemokine kit. Also, B16 cells were cultured with or without
100 ng/mL TLR5 ligand for 48 h, and cytokine and chemokine levels in the supernatant were examined.
Shown are the mean ±S.D.; *p<0.05, **p<0.01, T-test.
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Supplementary Figure 3.9. MHC class I and II expression on B16 cells stimulated with supernatants
from various experimental conditions. Supernatants were collected from the following groups: B16 cells
cultured with or without 100 ng/mL TLR5L for 48 h, pmel T cells stimulated with or without TLR5L, or
pmelTLR5L cells that were co-cultured with B16 for 48 h. All supernatants were then used to treat a fresh batch
of B16 cells for 24 h. Cells were examined for the expression of A) H2-Kb and B) IAb, and analyzed by flow
cytometry. B16 cells treated with the supernatant from non-TLR5-stimulated B16 cells were used as a control
group (dotted line). Cells stained with isotype control antibodies are represented by gray histogram. The
histogram shown here are representative of three independent experiments.
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Supplementary Figure 3.10. TLR5L stimulation does not effect MDSC suppressive capacity but
enhances CD80 expression in vitro. A) T cells were harvested from the spleen and lymph nodes of C57BL6
mice and stimulated with 100 U/mL and IL-2 in a 96-well plate coated with anti-CD3 (0.5 μg/mL) and antiCD28 (1 μg/mL) for 96 hours. MDSCs were irradiated with 1250 radians. T cells were co-cultured with
MDSCs at 1:1 or 5:1 MDSC to T cell ratios in triplicate for 72 hours in an anti-CD3-coated plate (0.2 μg/mL)
in the presence or absence of 1 μg/mL TLR5L (FLA-ST, Invivogen). T cell proliferation was evaluated by 3H
incorporation over 24 hours, and percent suppression was calculated relative to proliferation of T cells in the
absence of MDSCs. B) MDSCs were cultured for 20 hours in the presence or absence of 1 μg/mL TLR5L.
Cells were washed in FACS Buffer and stained for flow cytometry. Results shown are gated on CD11b + Gr1 +
cells. C) TLR5 expression on CD11b+Gr1+ MDSCs from the spleen, tumor and blood.
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Supplementary Figure 3.11. Diagram depicting how intratumoral delivery of TLR5L by CD8 + T cells
augments anti-tumor responses. 1) Tumor-reactive CD8 T cells engineered to secrete a TLR5L home to the
tumor. 2) The secreted TLR5L co-stimulates CD8 T cells via TLR5 engagement and this augments the
expression of effector molecules and augments anti-tumor activity. Additionally, TLR5 stimulation on T cells
increases their numbers by promoting survival/proliferation and reduces the expression of exhaustion
markers. 3) TLR5L also stimulates TLR5-positive tumor cells and induces the expression of various
chemokines and cytokines that promote the infiltration and activation of professional antigen presenting cells.
4) APCs uptake and present tumor antigens on both MHC I and MHC II molecules thus priming a new
generation of tumor-reactive CD4 and CD8 T cells. 5) The distinct cytokines and chemokines induced by
TLR5-stimulated cells in the tumor environment serve to enhance APC activation and augment their potential
to activate T cells. Once activated, T cell infiltration and retention at the tumor site is enhanced via the
expression of chemokines induced by TLR5-stimulated cells. 6) Newly recruited T cells also benefit from the
TLR5 co-stimulation. 7 and 8) The presence of TLR5L at the tumor site also has the advantage of reshaping
the cellular tumor environment resulting in fewer MDSCs and increasing MHC I, MHC II as well as costimulatory molecules such as CD86.
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