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ABSTRACT  
   

The human papillomavirus (HPV) is a double-stranded DNA virus responsible for 

causing upwards of 80% of head and neck cancers in the oropharyngeal region. Current 

treatments, including surgery, chemotherapy, and/or radiation, are aggressive and elicit toxic 

effects. HPV is a pathogen that expresses viral-specific oncogenic proteins that play a role in 

cancer progression. These proteins may serve as potential targets for immunotherapeutic 

applications. Engineered T cell receptor (TCR) therapy may be an advantageous approach for 

HPV-associated cancers. In TCR therapy, TCRs are modified to express a receptor that is 

specific to an immunogenic antigen (part of the virus/cancer capable of eliciting an immune 

response). Since HPV-associated oropharyngeal cancers typically express unique viral proteins, 

it is important to identify the TCRs capable of recognizing these proteins. Evidence supports 

that head and neck cancers typically experience high levels of immune cell infiltration and are 

subsequently associated with increased survival rates. Most of the immune cell infiltrations in 

HPV+ HNSCC are CD8+ T lymphocytes, drawing attention to their prospective use in 

cellular immunotherapies. While TCRs are highly specific, the TCR repertoire is extremely 

diverse; enabling the immune system to fight off numerous pathogens. In project 1, I review 

approaches to analyzing TCR diversity and explore the use of DNA origami in retrieving 

paired TCR sequences from a population. The results determine that DNA origami can be 

used within a monoclonal population but requires further optimization before being applied 

in a polyclonal setting. In project 2, I investigate HPV-specific T-cell dysfunction; I detect low 

frequency HPV-specific CD8+ T cells, determine that they are tumor specific, and show that 

HPV+HNSCC patients exhibit increased epitope-specific levels of CD8+T cell exhaustion. 

In project 3, I apply methods to expand and isolate TCRαβ sequences derived from donors 

stimulated with a previously identified HPV epitope. Single-cell analysis provide ten unique 
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TCRαβ pairs with corresponding CDR3 sequences that may serve as therapeutic candidates. 

This thesis contributes to fundamental immunology by contributing to the knowledge of T 

cell dysfunction within HPV+HNSCC and further reveals TCR gene usage within an HPV 

stimulated population, thus identifying potential TCR pairs for adoptive cell therapies.  
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CHAPTER 1 

INTRODUCTION 

Human papillomaviruses (HPVs) are responsible for an array of diseases affecting 

areas of cutaneous and mucosal epithelia, typically inducing hyperproliferative lesions [1, 2]. 

The severity of disease ranges from warts on the skin and genitals, to invasive cancers like 

cervical cancer and head and neck cancer.  Initially, HPV was originally thought to only affect 

women as it was first recognized in cervical cancers [3]. In the 1970s, Dr. Harald zur Hausen 

won the Nobel Prize for identifying HPV in cervical cancer but it was not until 1983 that the 

connection between HPV infection and oropharyngeal cancers was identified, highlighting the 

susceptibility of both men and women to HPV-associated cancers [3, 4].  While extensive 

research has been conducted to investigate the role of adaptive immunity in the context of 

chronic infections, there is still very little that is understood about HPV infections and immune 

clearance [5]. Specifically, it is still unknown as to why some individuals can clear HPV 

infections while others develop persistent infections and HPV associated cancers. The HPV 

genome, which is mostly conserved between strains, expresses viral-specific oncogenic 

proteins that have the potential to propagate cancer progression [1]. Recent studies have 

investigated the use of HPV protein fragments (epitopes) as targets for T-cell based 

immunotherapies [6]. Expanding on these known epitopes and characterizing the immune 

cells that recognize and respond to these epitopes may further advance our ability to generate 

targeted therapies.  

Immune System Overview 
 
Immunology  
  

Immunology is the study of how the body, through a range of physical, biological, and 

chemical defenses, combats infections [7, 8]. The immune system is equipped with effector 
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mechanisms that function to destroy invading pathogens and eliminate toxic or allergenic 

particles [9].   

As a whole, the key functions of the immune system include discrimination, diversity, 

specificity, rapidity, and memory [10]. In the context of immunology, discrimination refers to 

the immune system’s ability to differentiate between infectious microorganisms and the host’s 

own molecular makeup, a concept referred to as “self” versus “non-self” [10, 11]. In addition 

to being able to discriminate between self and non-self, immune responses must be diverse 

enough to respond to a wide range of pathogens while also maintaining specificity to that 

pathogen [10, 11]. The speed of the immune response is important because it   must occur 

quickly enough to contain and prevent the spread of infection [10, 11]. Lastly, upon successful 

recognition and removal of a pathogen, the host is provided with long-lasting immunity to 

subsequent infections from that pathogen [10, 11]. Broadly, the immune system is divided into 

two compartments: innate and adaptive immunity. These two branches of the immune system 

are primarily distinguished by the speed and specificity of their reaction to a pathogen [10, 12].  

Innate immunity, the initial respondent to a pathogen, produces a general, rapid 

response but does not confer any immune memory[10]. Importantly, the innate immune 

system is also responsible for activating the adaptive immune response [10–12]. Upon 

activation, the goal of the adaptive immune system is to induce a more rapid and specific 

response to the invading pathogen [10, 12]. Once the infection is controlled, adaptive immune 

cell subsets specific to that pathogen remain and circulate throughout the body to provide a 

swift response to any potential subsequent infections [10, 12]. Although distinct from one 

another, these two branches of immunity are inherently complementary.  
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General Response to Infection 
 

In most instances, the body’s first defense against pathogens is a physical barrier such 

as skin or the mucosal epithelium [7]. Epithelial cells produce a number of natural 

antimicrobial defenses, including defensins and cathelicidins, which are responsible for 

damaging the cell walls of microbes [7, 10]. Depending on the location of the infection (i.e. 

the gastrointestinal tract), an invading pathogen may also need to overcome secretions of 

sebum, lactic acid, and/or lysozymes, which also work to trap and demolish the integrity of 

the pathogen [7, 10]. Throughout the duration of the immune response, an individual may 

experience redness, swelling, heat, and/or pain, which may fluctuate in intensity [10]. Upon 

successfully breaching both the physical and biochemical barriers, the invading pathogen 

begins to replicate, at which point, it may be recognized by innate immune cells [7]. Once 

activated (occurring within minutes to hours), different types of innate cells implement a 

diverse set of mechanisms to destroy the pathogen [7, 10]. The response of the innate immune 

system to infection is typically ample enough to clear infections. However, when the innate 

system is not successful in clearing infectious pathogens, the adaptive immune response is 

required.   

Innate Immunity  
 
The innate immune system is comprised of antimicrobial proteins (lysozymes, 

defensins, complement proteins), small bioactive molecules (cytokines, chemokines, etc), and 

a subset of immune cells [7, 9]. The complement system is one of the most critical elements of 

innate immunity. Briefly, once activated via the recognition of pathogen-associated molecular 

patterns (PAMPs ), molecules of the complement system puncture holes into the membranes 

of bacterial pathogens [7, 12–14]. This interaction leads to a local inflammatory response and 

further promotes phagocytosis of the pathogen [7, 10]. If complement is not sufficient in 
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destroying the pathogen, then cells such as tissue macrophages will activate innate immune 

cells via the secretion of cytokines [7, 10, 12] 

Cells of the innate immune system derive from myeloid progenitor cells and include 

neutrophils, eosinophils, basophils, monocytes, and macrophages [7, 15]. Neutrophils, 

eosinophils, and basophils are polymorphonuclear leukocytes that have cytoplasmic granules 

[9–11]. These cells express receptors on their cell surface (scavenger, complement, Fc 

receptors) that help to recognize targets on extracellular pathogens, complement proteins, and 

antibodies, respectively [8, 10, 15]. After recognition, neutrophils, eosinophils, and basophils 

attack the pathogen primarily via phagocytosis and/or degranulation. Similar to neutrophils, 

eosinophils, and basophils, macrophages and monocytes express cell surface receptors to 

recognize and kill pathogens[10, 15, 16]. However, these cells also play a key role in regulating 

inflammation and cytokine production [10, 11]. Macrophages are tissue residents whereas 

monocytes circulate throughout the body. Dendritic cells and macrophages are unique cell 

subsets responsible for activating adaptive immune cells via antigen presentation through the 

Major Histocompatibility Complex (MHC) I or MHC II (further discussed in subsequent 

sections)[10–12]  

Adaptive Immunity 
 
Adaptive immunity evolved nearly 450 million years ago, with the emergence of the 

first jawed vertebrates [17]. The evolution was marked by the presence of diverse lymphoid-

derived cell subsets and molecules, including natural killer (NK) cells, NK-T cells, lymphocytes 

(B and T cells), major histocompatibility complexes (MHC I and MHC II), and 

immunoglobulin (Ig) molecules [9, 17]. NK cells are granular lymphocytes that recognize and 

kill viral/tumor-infected cells via  degranulation and have the capability to proliferate in 

response to microbes [10].  NK-T cells are hybrids of NK and T cells in that they have 
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characteristics of both, including being able to recognize surface antigens in the absence of 

MHC [9]. T and B lymphocytes are adaptive immune cells that express cell surface receptors 

responsible for binding to and identifying antigens, or the components (molecule, 

macromolecule, virus particle, etc) of a pathogen recognized as non-self [10, 18, 19].  

Adaptive immune responses can be partitioned into humoral and cell-mediated 

immunity and are differentiated by active cell type and the microbe of interest being targeted 

[11, 16]. In short, humoral immunity is facilitated by B cells and associated antibodies. B cells 

express B cell receptors (BCRs) that are responsible for recognizing soluble antigens, leading 

to differentiation into either plasma or memory B cells [9, 10, 16, 20]. Plasma cells produce 

antibodies (secreted Ig molecules) that neutralize pathogens; whereas, memory cells circulate 

the body in wait of subsequent infection. B cell subsets can be further defined by the type of 

antigen they recognize, and the resulting antibody produced [9, 20].  

Cell-mediated immunity is characterized by T cells. Similar to B cells, T cells are 

classified by their T cell receptors (TCRs) which are responsible for recognizing microbes that 

have been previously digested and presented on MHC proteins via antigen-presenting 

cells (APCs) (i.e. dendritic cells) [18]. Two major subsets of T cells are CD4+ (helper) T cells 

and CD8+ T cells (the focus of this dissertation). CD4 (helper) T cells respond to digested 

extracellular pathogens and produce cytokines that work to control the type and intensity of 

the response [9, 10]. Briefly, upon stimulation by peptide:MHC II (p:MHC) complexes, CD4+ 

T cells secrete pro-inflammatory cytokines (such as Th1, Th2, Th17) that lead to eliminating 

intracellular/extracellular pathogen. CD4+ T cells can also aid B cells and CD8+ T cells in 

their effector function [16]. CD8+ T cells, also regarded as cytotoxic T cells or CTLs, are 

stimulated by pMCH I complexes via APCs [10, 18]. Once stimulated, CTLs travel to the site 

of infection and induce apoptosis of the infected or malignant cells[9, 10, 16]. Apoptosis by 
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CTLs can occur through effector molecules including Perforin and Granzyme or Fas-ligand 

(FasL) binding [16]. Upon CTL recognition of target cells, secretory granules comprised of 

Granzyme B and Perforin, move toward the TCR:MHC immunologic synapse and are 

released[21]. Another method of CTL killing is through the binding of FasL located on CTLs 

to the Fas protein expressed on target cells [10]. CD8+ T cells  

Major Histocompatibility Complex (MHC) and Antigen Processing 

Human leukocyte antigen (HLA) molecules are membrane bound glycoproteins that 

are located on the surface of almost all cells [10, 22]. HLA molecules are encoded by the 

genetic loci of major histocompatibility complexes (MHC). In 1987, Bjorkman et al elucidated 

the crystal structure of the human MHC HLA-A*02:01-B2M complex [22]. Figure 1.1 shows 

the original schematic representation of the HLA-A2 structure (left) and the MHC I crystal 

structure with peptide bound (right). The MHC I molecules (HLA-A, B, and C) are made up 

of two polypeptide chains, a heavy chain (30KD) and a light chain (β2m, 11KD) [22]. The 

heavy chain, which extends into the membrane bilayer, is divided into three domains: α1, α2, 

and α3.  The α1 and α2 subunits form the antigen binding cleft for peptide binding and α3 binds 

to CD8α co-receptor during TCR:pMHC interactions.  
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Figure 1.1: Ribbon Diagram of MHC I Complex. The figure to the right is a representation 
of the four HLA-A2 domains: α1, α2, α3, and β2m. The immunoglobulin-like domains α3 and β2m 
are located at the bottom and are proximal to the cell membrane. Polymorphic domains α1, α2, 
are shown on top. The ribbon structure (right) of the MHC class I molecule displays the 
interaction between the three alpha subunits and β2m with peptide. The alpha helices of the 
α1 and α2 subunits form an antigen binding cleft for peptide binding. Figure (left) adapted 
Bjorkman, et al  1987 [22] and figure (right) adapted from Zhang et al 2012 [23].  

 
MHC molecules play a significant role in immune recognition of antigens as they serve 

to present antigen fragments to T cells [24]. Classical antigen processing postulates that CTLs 

are presented intracellular peptides (antigen fragments) via MHC class I (HLA-I) molecules; 

whereas, CD4+ helper T cells are presented peptides by MHC class II (HLA-II) molecules 

[10, 25, 26]. While nearly all nucleated cells express MHC I molecules, MHC II are generally 

present on specialized cells, including APCs [27]. Antigen processing generally occurs in one 

of two ways, through the intracellular proteolysis of cytosolic proteins via the 

immunoproteosome (MHC I pathway) or exogenous proteins are fragmented via lysosomes 

(MHC II pathway) [25–27]. For the purpose of this dissertation, MHC I antigen processing 

will be emphasized for its ability to harness the power of CD8+ T cells.  
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During MHC I processing, cytosolic proteins are degraded in the proteosome, 

producing long peptides ([25, 26]. These peptides are then transported by transporter-

associated-with-antigen-processing (TAP) molecules to the endoplasmic reticulum (ER) of the 

cell [28]. Once in the ER, the long peptides are further cut by ER aminopeptidase (ERAAP) 

to produce short peptides (9-11 amino acids)[28]. Peptides bind to their respective MHC 

(forming a p:MHC complex) and travel to the cell surface via the Golgi complex. CTLs (via 

their TCR) then interact with the peptide generated, which may be self-peptide or non-self 

antigenic epitopes [25, 26]. Upon TCR:pMHC recognition,  T cell activation occurs (discussed 

in subsequent sections).  

TCRs have the capability of interacting with p:MHC complex but will only respond 

when the peptide is bound to a specific MHC molecule; TCR reactivity to peptide bound to a 

specific  MHC molecule is referred to as MHC-restricted recognition [27]. T cell MHC 

restriction occurs during T cell development, when T cells undergo positive selection (only T 

cells that bind MHC with appropriate affinity go on for further development) [27]. The 

germline and selection models suggest different There are two models that explain how MHC 

restriction originated. The germline model argues that there is a preexisting germline TCR 

repertoire that is inherently specific for MHC whereas the selection model suggests that there 

is no inherent TCR bias to MHC [29].  

T Cell Structure and Function 
 

CD8+ T cells are the critical mediators in both eliminating pathogens and surveying 

the environment for infected cells [10, 19, 26]. Like other immune cells, an important role of 

CTLs is to be able to distinguish between self and non-self antigens [10, 19]. Unlike innate 

immunity, where cells can recognize pathogens via a fixed subset of cell-surface receptors, 

adaptive immunity relies on surface receptors of one molecular type: B cell receptors (BCR) 
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found on B cells or T cell receptors (TCR) located on T cells [26]. The majority of T cells in 

the human body, express classical TCRs that have a TCRα and TCRβ chain, which are co-

expressed withCD3 chains (γ, δ, ε and ζ) [10, 19, 30, 31]. CD3 proteins have long cytoplasmic 

tails that help assist with signal transduction during TCR activation (Figure 1.2) [30, 31]. 

Further, TCRαβ are heterodimeric proteins that 

recognize MHC:peptide ligands [31, 32]. The α and 

β chains of the TCR are each composed of a 

constant and variable region. Each variable region 

of the TCR consists of variable (TRAV) and 

joining (TRAJ) gene segments for the alpha chain 

and variable (TRBV), diversity (TRBD), and 

joining (TRBJ) gene segments for the beta chain. 

In order to create a functional TCR, each gene 

must undergo a process of gene rearrangement 

known as somatic recombination [31].  

Figure 1.2: Human TCR Complex. TCRαβ is a heterodimeric dimeric structure that is made 
up of two type-I glycoprotein chains that are connected by disulfide bridges. Each chain of 
the TCR is composed of two extracellular domains, a transmembrane region and a short 
intracytoplasmic region. The multimeric complex, referred to as CD3 complex, is responsible 
for mediating signal transduction upon antigen recognition. There are three CD3 dimers (εγ, 
δε and ζζ) that have acidic transmembrane residues, allowing for them to interact with the 
basic residues on the transmembrane portion of the TCR chains. Intracellular tyrosine 
activation motifs (ITAMs), found on the intracellular CD3 region, facilitate signal 
transduction. The CD3 dimers (εγ, δε and ζζ) each contain ITAMs; γ, δ and ε have one ITAM 
and ζ subunits contain three. Following TCR activation, the phosphorylated ITAMS recruit 
tyrosine kinases, initiating a signaling cascade to induce further T cell activation and/or 
effector functions [10, 26, 30]. Image created using BioRender. 
 

Somatic recombination is the process of gene rearrangement in T cells [31, 33].  Briefly, 

every V-region recombination event is initiated by 12bp and 23bp recombination signal 
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sequences (RSSs), which flank V-region gene segments, coming together. From there, 

lymphoid specific recombinases, known as RAG-1 and RAG-2, bind to the 12 and 23 RSS 

and bring them together [34, 35]. Rag proteins further cleave the DNA between the coding 

segment and its RSS, producing hairpins in the coding ends of the genes. Repair protein, 

Ku70/80, then bind to the hairpin and the Artemis protein randomly cleaves the hairpin [31, 

33–35]. Terminal deoxynucleotidyl transferase (TdT) then performs random nucleotide 

additions to the ends of the cleaved DNA. From there, exonucleases remove nucleotides from 

the ends of the cleaved DNA while DNS repair enzymes correct for unpaired nucleotides. 

After this, DNA ligase IV ligates the two coding ends. Collectively, the process of somatic 

recombination plays a large role in TCR diversity [31, 33–35].   

Following the somatic recombination of V, D, and J gene segments, the functional 

TCR is comprised of variable regions at each distal end of TCRα and TCRβ chains, forming 

what is known as the antigen-binding site [31, 33]. The antigen-binding site functions to 

recognize antigen fragments via MHC presentation[19]. Each variable region of the TCR 

chains has three highly diverse loops known as complementarity-determining regions (CDRs) 

1, 2, and 3. CDR1 and 2 are primarily encoded by the V gene segment whereas CDR3 is 

encoded by a portion of V and J genes (for the alpha chain) and V, D, J genes (for the beta 

chain)[16]. Additionally, CDR3 also contains the random P- and N- nucleotides junctions 

within the V-J, V-D-J gene rearrangements, making the CDR3 region the most diverse [10, 

26]. CDR3 typically makes the most contact with peptide during TCR recognition, and 

consequently determines specificity (Figure 1.3).  
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Figure 1.3 : Complementarity Determining Regions (CDRs) Interaction with MHC. 
The coding sequences for the CDR regions correspond to three hypervariable regions of DNA 
for each TCR chain. CDRs 1 and 2 are germline encoded within each given V gene while 
CDR3 is encoded by the imprecise junction of the V-D-J gene segments or V-J for TCRβ and 
TCRα, respectively. [B] Crystal structures of TCR:pMHC complexes show that even though 
CDR1, 2, and 3  can all make contact with both MHC and bound peptide epitopes, it is CDR1 
and 2 (pink and blue, respectively) that primarily make contact with MHC protein (green). At 
the same time, CDR3 (red) is typically centered over the bound peptide (shown in yellow). [C] 
Crystal structure of the complete TCR:pMHC complex. Crystal structures adapted from 
Garcia et al. 2012 [32].  

 
There exists a high level of diversity and specificity amongst TCRs. Much of TCR 

diversity is accredited to three primary factors. First, there are numerous copies of V, D, and 

J gene segments encoded in the genome, allowing for different combinations of rearranged V-

J or V-D-J during somatic recombination (known as sequence diversity). Secondly, during 

somatic recombination, non-templated nucleotide additions and/or deletions are introduced 

at gene junctions (junctional diversity), further contributing to TCR diversity. Lastly, the 

different combinations of TCRα and TCRβ chain pairing further contributes to a diverse 
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repertoire of TCRs. In 1999 Arstilla published a study reporting that through the process of 

somatic recombination, an estimated 106 unique TCRβ can be produced [36].  With similar 

TCRα estimates, the theoretical prediction of unique TCRαβ combinations was 1012. Using 

spectratyping technology, it was estimated that the human repertoire contained 2.5x107 TCR 

clonotypes whereas more advanced technology has projected there to be roughly 3-4x106 

unique TCRβ alone, suggesting greater diversity than once expected [36, 37]. The true extent 

of TCR diversity is relatively unknown, with estimates ranging from 1012 - 1016 TCR clonotypes 

(TCR specific to particular antigen) [36, 38]. With the advancement of high-throughput 

sequencing, studies suggest that a more conservative range (1011 - 1012) may actually be more 

reflective of unique TCR clonotypes [37]. Important to note, at adulthood humans have about 

1012 
 T cells and since some will express the same TCR, it’s likely that humans will actually go 

on to express less than 1012 unique TCR at any given time [36, 39–41]. Overall, the TCR 

repertoire in any given individual is highly diverse; current approaches to analyze TCR diversity 

will be further addressed in this thesis.  

Furthermore, the interaction between TCR and peptide:MHC complex (TCR-pMHC) 

is critical for adaptive immunity. Once a TCR-pMHC interaction is established, forming an 

immunologic synapse the constant domain regions of TCRαβ interact with the CD3 complex 

proteins, initiating recruitment of signal transducing molecules (Figure 1.4) [16].  Signal 

transducing molecules such as LCK are recruited, resulting in phosphorylation of CD3 ITAMs 

[42].  Upon phosphorylation of the ITAMs, subsequent phosphorylation occurs resulting in 
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the assembly of a multiprotein complex known as 

LAT-signalosome [30, 42]. This complex includes 

co-receptors CD8 and CD28; CD8 co receptor 

binds to the α3 subunit of the MHC I complex 

and enhances intracellular signaling while CD28 

enhances cell proliferation, cytokine production, 

and cell survival [43]. Collectively, this highly 

complex signaling network results in the 

upregulation of genes that are further required for 

proliferation, the recruitment and secretion of 

cytokines (Interleukin-2) and effector functions, 

including cytolysis of target cells [42, 43].  

Figure 1.4: Immunological Synapse of the TCR-pMHC Interaction. TCR:pMHC with 
CD8 co-receptor (bottom) and antigen presenting cell (APC) at the top. The α domain of the 
CD8 co-receptor makes contact with the α3 subunit of the MHC I complex, enhancing the 
TCR;pMCH interaction and signal transduction. Following TCR activation, phosphorylated 
ITAMS of the TCR recruit tyrosine kinases, initiating a signaling cascade  to induce further T 
cell activation and/or effector functions [10]. Image created using BioRender.  
 
Adoptive Cell Therapeutic Approaches to Cancer 

Harnessing the anti-tumor properties of the immune system to treat cancer has gained 

significant attention over the last several decades [36] The cytotoxic capabilities of CD8+ T 

cells in combination with their ability to target cancer-derived neoantigens has made them 

particularly provocative for developing immunotherapies [45]. The development and success 

of immune checkpoint inhibitors to essentially release the ‘breaks’ on T cells has further 

demonstrated the potential power of using T cells to combat cancer [46]. Immunotherapies in 

combination with immune checkpoint blockades have proven successful in increasing survival 

amongst patients with melanoma and non-small cell lung cancer [47]. However, for many late-
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stage cancers, the development of new immunotherapeutic approaches is not just beneficial – 

it’s necessary [48]. New immunotherapies, such as adoptive cell transfer, are being developed 

and refined for these hard-to-treat cancers  

Adoptive cell therapy (ACT) is an immunotherapeutic approach that modifies T cells 

to target different tumor types [49]. Broadly, with some ACT, a patient’s CD8+T cells are 

isolated and amplified to be re-infused into the patient, or human cell lines are engineered to 

express TCR for the recognition of a desired cancer antigen. Three common approaches 

encompassed by ACT include the use of tumor-infiltrating lymphocytes (TIL), modified T cell 

genes to express a novel TCR, and chimeric antigen receptors (CAR) that specifically target 

tumor cells [48]. Dr. Stevan Rosenberg first portrayed the successful use of TIL while at the 

National Institute of Health (NIH) [50]. In his studies, TIL were isolated from murine tumors 

and demonstrated in vivo anti-tumor activity. TIL therapy has proven successful in numerous 

cancer types including melanoma, cervical, renal, breast, and non-small cell lung cancer [51]. 

In addition to ACT with TIL, TCR and CAR therapies have shown promise.  

TCR gene therapy, in which T cells are reprogrammed to recognize specific antigens 

via the modification of TCR genes, was first shown to have clinical relevance in targeting 

metastatic melanoma in 17 patients [48]. This therapeutic approach entails isolating antigen-

specific TCR, learning their TCRαβ gene usages within a sample population and then 

determining which would be most functional (a topic that is further exploited in this thesis). 

In addition to melanoma, B-cell malignancies and synovial cell sarcoma have shown 

encouraging results in clinical trials with the use of TCR and CAR therapies [6]. However, 

attempting to apply these approaches to epithelial cancers has remained challenging. Many 

antigens targeted for epithelial cancers are shared by both healthy and tumor tissues, thus 
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increasing the likeliness of off-tumor toxicity [6, 45]. As more progress is made in discerning 

tumor antigens from healthy tissue antigens, toxicity issues could be diminished. 

Targeting tumor-specific neoepitopes, derived from genetic alterations in tumor cells, 

has shown enhanced cytotoxic T-cell targeting of multiple solid tumors via ACT [52–54]. 

However, there are only certain overexpressed antigens that are known, thus limiting the 

amount of targets and potentially conferring the emergence of treatment-resistant cells [55]. 

Thus, there is renewed interest in determining a repertoire of HLA-restricted antigens that 

could be potentially targeted by TCR for ACT [52]. Accordingly, peptide databases have been 

created as active repositories for these antigens, to further accelerate the development of 

associated immunotherapies. 

Human Papillomavirus (HPV) Genotypes   
 
There are more than 130 species of HPV that have been identified according to the 

gene encoding the L1 protein and placed into five major phylogenetic genera: alpha, beta, 

gamma, mu, and nu [56]. New HPV types are classified when the sequence encoding their L1 

protein has less than 90% similarity with previously identified L1 sequences [2].  Amongst the 

HPV genera, gamma comprises the majority of known HPV subtypes, followed by alpha and 

beta. Broadly, alpha HPV corresponds to mucosal infective strains; whereas, beta HPV tends 

to infect cutaneous epithelia [1]. HPV strains can be further classified into low and high risk 

types, dependent on their likelihood to cause malignant cancers. HPV 6, 11, 26, 53, 66, 67, 68, 

70, 73, and 82 are generally considered low-risk; whereas, HPV 16, 18, 31, 33, 35, 39, 45, 51, 

52, 56, 58, and 59 are recognized as high-risk types [56]. While low-risk HPV are most 

commonly responsible for benign genital warts, the high-risk types are known to contribute 

to the development of cancers including cervical, vaginal, anal, penial, and oropharyngeal [3]. 

Amongst all HPV strains, HPV-16 and HPV-18 are most associated in malignant HPV 
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cancers, with HPV16 contributing to more than 90% of HPV-associated head and neck 

cancers [56, 57]. 

HPV Genome 

HPV is a small (50-60 nm) non-enveloped double stranded DNA virus comprised of 

a circular eight thousand base pair genome [1, 56, 58]. The HPV genome is made up of three 

primary regions described as the early (E), late (L), and noncoding long control region (LCR) 

or upstream regulatory region (URR)(Figure 1.5) [1, 56, 58, 59].  There are typically eight or 

nine open reading frames (ORFs) that are 

designated as early or late, depending on their 

time of expression [2, 60]. The early regions 

consist of six major proteins (E1, E2, E4, E5, 

E6, and E7), which play regulatory roles in 

HPV (Table 1.1). Broadly, E1 and E2 are 

involved in viral [6] replication and DNA 

replication whereas E4, E5, E6, and E7 play a 

more dominant role in driving cell cycle, 

immune evasion, and viral release [60]. The late region encodes for two major structural 

proteins, L1 and L2, which together make up the viral capsid necessary for viral packaging, 

transmission, viral spread, and survival [1, 60]. The majority of the early proteins are known 

to be expressed early during the infectious cycle and reduced later during infection. Of these 

proteins, E4 is the first to be expressed during late infection followed by L1 and L2 proteins 

[1]. The LCR, located between L1 and E6, contains promoter elements, binding sites for 

repressors, transcription factors, and the viral origin of replication [60].   
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Importantly, E2 plays a vital role in suppressing the expression of oncogenes E6 and 

E7 [1, 2, 61]. In a healthy cell, retinoblastoma protein (pRB) binds to transcription factor E2f 

and prevents it from activating the transcription of genes that are necessary for cell division 

[2, 62]. Oncogenic E7 binds to the Rb protein product and E2F is released which leads to the 

progression of the cell cycle [62, 63]. Typically, in response to the release of E2F, p53 is 

eventually released to initiate apoptosis. E6 thus binds and degrades p53, inhibiting apoptosis. 

Together, increased expression of both E6 and E7 proteins leads to genetic changes 

contributing to genomic instability and mutations within infected cells that may lead to cancer 

progression[62, 63].  

HPV 
Protein 

Protein Function in Viral Replication  

E1 Replication of viral episome and gene transcription.  
E2 DNA replication and transcription. Regulates cell 

cycle, gene expression, and apoptosis.  
E3 Function not known.  
E4 Genome amplification, viral assembly, cell cycle 

arrest.  
E5 Growth stimulation, interferes with apoptosis 
E6 Oncoprotein- inhibits apoptosis 
E7 Oncoprotein- cell cycle control via pRB interaction  
E8 Function not known 
L1 Major capsid protein  
L2 Minor capsid protein, recruits L1 capsid 

Table 1.1: The Roles of HPV Proteins in Viral Replication [1, 2, 61] 
  
HPV Life Cycle: Replication and Integration  

The life cycle of HPV is tightly linked to the host tissue that it is infecting (i.e. 

differentiating skin or mucosal epithelia [2, 64]. HPV accesses dividing cells through small 

wounds in the epithelium and upon entering the cell, the HPV genome gets transported to the 

nucleus [1, 2, 64]. The replication cycle of HPV is generally divided into the latent and lytic 

infections. Within latent infections, the HPV genome undergoes replication at low copy 
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numbers (20-100 copies) [1, 64]. E1 and E2 proteins play an essential role in the replication 

process and are thought to be the only proteins expressed at this stage in order to maintain 

limited replication [61]. Upon persistent infection, infected daughter cells travel to the upper 

epithelium layers, indicative of lytic infection.  Within the lytic infection stage, the late genes 

are produced, inducing the amplification (resulting in thousands of copies) of the HPV 

genome [61]. At this point, the oncogenic properties of E6 and E7 play a major role in driving 

continuous cell division and inhibiting apoptosis [1, 2].  

Integration of HPV genomes into host genomes has been seen in the majority of both 

invasive cervical and HPV+ head and neck cancers [61]. Within cervical cancer, there is a 

correlation between HPV integration and disease progression; HPV integration increased 

from 53.8% to 81.7% as disease progressed from cervical intraepithelial neoplasia to 

carcinomas [61]. Thirty-six HPV+HNSCC samples from TCGA that underwent whole-

genome and transcriptome sequencing provided evidence that host genome integration occurs 

in these tumors as well, although at lower rates than that of cervical cancer [61, 65]. Although 

HPV integration is seen in later stages of cancer progression, it is not yet confirmed whether 

it is a result of E6 and E7 oncogenic activity or if it was present before. Evidence shows that 

both E1 and E2 proteins are typically lost once viral integration occurs while oncogenic E6 

and E7 are maintained post integration [61, 66]. Other studies have demonstrated that there 

is less interruption of E2 upon integration in HPV+HNSCC [67].  In the context of 

HPV+HNSCC, evidence supports that E2 and E6 are predominantly expressed and 

recognized in low-grade lesions while E7 is most present in high-grade lesions [68].  

HPV-associated Head and Neck Squamous Cell Carcinoma (HPV+HNSCC) 

Head and neck cancer is the sixth most common cancer worldwide with an estimated 

880,000 annual diagnoses and 300,000 deaths [57, 68, 69]. HPV infection is now considered a 
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primary cause of head and neck squamous cell carcinomas (HNSCC) [57, 67]. Within the 

United States alone, 40-80% of head and neck cancers in the oropharynx are due to HPV 

(HPV+HNSCCs) [3]. While the number of HNSCC incidences has decreased with a decline 

in tobacco use, the number of HPV+HNSCC cases have increased by more than 225%, 

predominantly amongst younger white men [57, 70].  Generally, head and neck cancers derive 

from the mucosal epithelia that lie in the oropharynx, nasopharynx, hypopharynx, sinonasal 

tract, and oral cavity [56, 57, 71]. HPV+HNSCCs tend to rise from the reticulated epithelium 

of the tonsillar crypts and are often morphologically distinct from HPV-HNSCC [71]. Unlike 

most HNSCCs, HPV+HNSCCs lack keratinization, exhibit lobular growth, and have an 

increased infiltration of lymphocytes [57].  

HNSCC cases can be categorized into two groups based on risk factors. Individuals 

younger than 40 years old who report to be non-smokers/drinkers are low risk while 

individuals older than 40 years old who smoke/drink are high risk  [65, 72]. HNSCC cases 

typically have poor prognosis due to late stage (III or IV) discovery, but risk factors (HPV 

infection, smoking, and alcohol use) tend to have a significant influence on this prognosis [65, 

73]. Briefly, individuals who lack an HPV infection but drink and smoke have the worst 

prognosis and poor survival. Contrary, patients who do have a persistent HPV infection but 

abstained from drinking and smoking had the best survival rates. Individuals who presented 

with an HPV infection and reported intermittent use of alcohol and tobacco use had 

intermediate overall survival rates. Overall, patients with HPV+HNSCC tend to have higher 

survival rates compared to individuals diagnosed with tobacco and alcohol related HNSCC [73]. Less 

than 50% of individuals with HPV- oropharyngeal cancer have a 5 year survival rate compared 

to 70% of HPV+ cases [73, 74].  
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Although it is possible to contract a non-sexual mucosal HPV infection, most 

infections are a result from sexual exposures in early adulthood [56]. Differences in when 

individuals have their first sexual contacts in combination with an increase in the number of 

oral sex partners could contribute to the rise of HPV-associated HNSCCs [57]. Differences in 

sexual behavior between men and women may also play a role in why more HPV HNSCC 

diagnosis are seen among men. Though HPV+HNSCC incidence is seen in individuals who 

report having few sexual partners, control studies have shown that the risk of HPV+HNSCC 

increased by two-fold with having between 1 and 5 oral sex partners and five-fold in 

individuals with six or more oral sex partners [57, 75, 76]. 

Though upwards of 90% of sexually active individuals will contract an HPV infection 

within their lifetime, nearly 80% of HPV infections within the head and neck are cleared within 

2 years via the immune system [57, 77]. A minority of HPV infections are 

symptomatic and become persistent, increasing the chances of developing cancer. The 

majority (85%) of HPV+HNSCC incidences worldwide are a result of HPV16 and HPV18 

strains; whereas, HPV33, HPV35, HPV52, HPV45, HPV39, and HPV58 contribute to the 

remaining 15% of cases [78]. Some factors that may contribute to persistent HPV infections 

include alcohol consumption, tobacco use, poor oral hygiene, genetic risk factors, defective 

immune responses, and HLA specificity [56, 57].  
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Figure 1.6: Distribution of HPV Strains in Head and Neck Cancer [78]. 
  
HPV and CD8+ T Cell Immunity  

The majority of women that contract an HPV infection clear the virus via recognition 

of viral antigens by CD8+ T lymphocytes [77]. Yet, persistent infection is still observed in 

upwards of 15% of women [65, 68]. The rationale behind why and how some individuals are 

capable of clearing HPV infections whereas others are not is still unclear. The replicative 

nature of HPV and varying aspects of the immune system contribute to viral escape and 

insufficient elimination of the virus [65]. Both HPV+ cervical cancer and head and neck cancer 

cell lines have been shown to elude T-cell recognition via impaired antigen processing and 

presentation [6]. The ability of HPV to maintain low copy numbers helps it evade the immune 

system [79, 80]. In conjunction, the limited expression of viral genes limits antigen presentation 

by MHC I for immune recognition [79, 80]. 

Cytotoxic T lymphocytes play an important role in anti-tumor immunity – the effector 

function of CD8+ T cells is to recognize and kill infected cells [16]. Different studies have 

demonstrated the importance of these cells within the context of HPV+HNSCCs. Regardless 
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of HPV status, most oropharyngeal cancers experience high immune cell infiltration [81]. The 

infiltration of immune cells, in the context of oropharyngeal cancers, is commonly associated 

with increased overall survival and disease-free survival [65, 82]. When differentiating between 

HPV+ and HPV-HNSCCs, numerous other studies report a greater infiltration of CD8+ TILs 

in the HPV+ fraction [65].  

Current Methods of Prevention, Detection and Treatments for HPV+HNSCC  

Vaccines currently approved in the United States to help protect HPV infections 

include Cervarix and Gardasil-9. Cervarix is designed to protect against HPV16 and HPV18 

while Gardasil-9  is designed not only to protect HPV16, HPV18, HPV6, and HPV11 but also 

HPV31, 33, 45, 52, and 58 [83, 84]. While Cervarix has been approved for use in females 

ranging from 9 and 25 years old, Gardasil-9 is approved for males and females within the ages 

of 9 and 26 years old [84]. Studies have provided evidence of neutralizing anti-HPV antibody 

production  within the saliva following immunization, suggesting that current vaccines may 

provide some protection against HPV+HNSCCs [85–87]. In comparing vaccinated and 

unvaccinated groups, individuals who received Gardasil-9 had lower prevalence of the HPV 

types covered by the vaccine. Nevertheless, more studies are necessary to determine the true 

efficacy of these vaccines against HPV infections in areas of the head and neck.  

Routine screening for head and neck cancer has become more necessary with a 

growing number of incidences. However, to date, there is no standard method to screen for 

early stages of HPV-associated carcinomas in the head and neck [57]. Processing oral swab 

samples may be used to detect HPV in some instances but is not always reliable because not 

every swab will provide enough cells for analysis. In order to efficiently detect HPV, a highly 

sensitive assay is required.  
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Current methods of detecting HPV infection include nested-PCR assays, DNA in-situ 

hybridization (ISH), serum tests for detecting antibodies against HPV epitopes, and 

immunohistochemical detection of specific biomarkers [57, 88, 89]. Of these methods, PCR 

is typically used to determine the presence of HPV although this method cannot distinguish 

between whether the infection is transcriptionally active or inactive [57]. ISH is routinely used 

for diagnostic assessments of oropharyngeal carcinomas as it allows for direct visualization of 

HPV within a tissue sample; ISH can discriminate between HPV presence in all tumor cells 

versus low viral copy in a subset of cells [57, 88].  Serological tests that target E2, E6, and E7 

HPV proteins are sometimes used as an early diagnostics tool, but this remains challenging. 

The challenge lies in that not every HPV+HNSCC patient will test positive for E2, E6, and 

E7 antibodies; whereas, those who do may not necessarily go on to develop cancer [57, 75]. 

p16, a protein involved in slowing down cell cycle progression, is commonly used as a 

surrogate marker for HPV infection[90]. P16 expression increases as a downstream effect of 

oncogenic E7 protein binding to the Rb gene product and can be easily detected via 

immunohistochemistry [57, 90]. Detection of p16 expression in combination with ISH may 

prove to be a superior method of diagnosis to determine HPV status [57, 64, 91].   

Treatments for HPV+HNSSC include surgery, chemotherapy, or radiotherapy [57]. 

For locally advanced oropharyngeal cancers, the standard-of-care includes a combination of 

surgery, radiotherapy, and chemoradiation. Combination therapy proved to result in lower 

rates of recurrence and death [57]. Nevertheless, nearly half the number of patients who 

undergo treatment still die of the disease [65]. The efficacy of HPV vaccines in preventing 

associated cancers will play a large role in diminishing these cancer types [70, 92]. However, 

slow vaccine uptake in combination with decades worth of time between infection and 
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diagnosis will result in thousands of HPV-associated cancer cases in the interim [93]. In order 

to better treat HPV+HNSCCs, the development of novel therapeutic strategies is crucial.  

To date, the FDA has approved nivolumab and pembrolizumab for checkpoint 

blockade immunotherapy (CKB) in HNSCC [92, 94, 95]. Further, identifying and targeting 

tumor-specific epitopes in solid tumors has been found to improve CD8+T cell cytotoxicity 

[52–54]. Thus, more targeted therapies, including the use of adoptive T cell therapy (ACT), is 

being heavily explored for HNSCC. ACT exploits an individual’s own immune system by 

identifying and isolating the CD8+ T lymphocytes that target the epitope of interest and either 

1) expand and reinfuse them back into the patient or 2) characterize the epitope-specific 

CD8+TCR, engineer human cell lines to express this TCR, and re-infuse those cells back into 

the patient [96]. HPV16-E2, E6, and E7 are often found following integration in 

HPV+HNSCC and serum antibodies are detectable in HPV+HNSCC patients, making these 

proteins immunogenetic candidates for ACT therapies [61, 97]. Oncoproteins E6 and E7 serve 

as ideal targets since they are constitutively expressed and play important roles in virus survival 

within HPV-associated cancers [6, 48]. Our previous work investigated potential immunogenic 

E2, E6, E7 epitopes, providing possible TCR targets, as further discusses in this thesis [92]. 

Although previous clinical studies using vaccines to target E6 and E7 have been conducted, 

they have shown little evidence that the  T cell-specific targeting of these antigens in killing 

HPV tumor cells was effective [6, 48]. However, in 2015 a promising clinical 

trial demonstrated the successful targeting of HPV-16 tumors by E6-specific engineered TCR, 

renewing interest in discovering TCR candidates for gene therapy for HPV-associated cancers 

[6].   
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CHAPTER 2 

METHODS FOR ANALYZING TCR DIVERSITY  

Overview:  

 Throughout one’s lifetime, their immune system will encounter numerous pathogens 

that it must be able to recognize and eliminate to preserve his/her health. To do this, the 

human body is equipped with an extensive set of T cell receptors (TCR) located on the surface 

of T cells, referred to as the TCR repertoire [10, 38, 98]. T cell function is dependent on the 

ability of TCRs to recognize antigen presented to them via major-histocompatibility complex 

(MHC) molecules; requiring the TCR repertoire to highly diverse yet specific to antigen. The 

wide range of TCRs within an individual is produced via the recombination of the genes that 

encode each TCR chain (TCRα and TCRβ), known as somatic recombination [35]. In short, 

TCRα are made up of variable (V) and joining (J) genes while TCRβ has an additional diversity 

(D) gene segment. During somatic recombination, the respective V-J or V-D-J genes for each 

TCR chain are rearranged to include random insertions, deletions, and a substitutions [35, 38]. 

The rearrangement of V-J and V-D-J make up hypervariable complementarity-determining 

regions (CDR1, CDR2, and CDR3) for each respective TCR chain [16, 38]. The CDR1 and 

CDR2 are primarily encoded by the V gene of each chain whereas CDR3 is encoded by 

portions of V(D)J, including the junctional diversity in between. The V(D)J junction, which 

encodes CDR3, also forms the antigen recognition site of the TCR; thus, making CDR3 not 

only the most diverse but also highly specific to particular antigen [16]. In addition to the 

diversity created through gene rearrangement, the pairing of each TCRα and TCRβ to form a 

functional heterodimer provides combinatorial diversity. This process of somatic 

recombination and TCRαβ pairing is highly important because it produces exceedingly diverse 

TCR that have the capability of recognizing millions of pathogens [10, 35, 38]. Studies trying 
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to quantify TCR diversity have led to rather high estimations (upwards of 1020) TCR 

combinations [98]. However, since the human body on average has 1012 T cells, the theoretical 

diversity of 1020 is unlikely [37, 38].  

 Interestingly, some TCRs are generated more commonly than others [38, 99]. As a 

result, there are frequency variations (the incidence of a particular TCR pair) between 

individuals. However, TCR-clonotypes can also be found shared amongst individuals, referred 

to as a “public” TCR repertoire [38, 99].  The sharing of identical TCRs between individuals 

in response to the same epitope has been seen across numerous immune responses such as in 

the context of human cytomegalovirus (CMV), Herpes simplex virus, Human 

immunodeficiency syndrome (HIV), melanoma, prostate cancer, etc [99]. Importantly, public 

TCRs have been associated with favorable outcomes in some cancers [99, 100].  

In addition to further defining the role of public TCR repertoire between individuals, 

characterizing the TCR repertoire in cancer may provide more insight into prognosis, immune 

monitoring, as well as immunotherapies. Some studies investigating the TCR repertoire in the 

context of breast cancer, glioma, hepatocellular cancer, and cervical cancer have confirmed 

that the TCR repertoire could serve as a tool for monitoring immune responses [101–103]. 

For instance, when studying patients with cervical cancer, it was observed that cancer 

progression was associated with a decrease in TCR diversity; likewise, the TCR repertoires 

between patients were similar to one another in comparison to healthy individuals [104]. The 

decrease in TCR diversity with worsening prognosis highlights the importance of 

characterizing TCR clonotypes specific for given antigenic epitopes that can be engineered for 

targeted therapy.  

Further, high tumor mutational load, or a high range of mutations within a tumor 

environment, may be an important factor in therapeutic responses in patients [105]. Studies 
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have found high mutation burden to play a significant role in some cancers because these 

cancers are commonly associated with the presence of tumor-specific antigens (neoantigens) 

that can be targeted by cytotoxic T cells (CD8+ T cells) [105]. Tumor mutation load varies 

between tumor types; lower grade malignancies usually have lower tumor mutation burden 

whereas cancers associated with DNA damage from environmental sources (smoking, alcohol 

use, etc), are highly mutated [105–107]. In the context of head and neck squamous cell 

carcinomas (HNSCC), both human papillomavirus associated HNSCC (HPV+HNSCC) and 

HPV- HNSCC had a comparable occurrence of somatic mutations [108]. However, in addition 

to somatic mutations, HPV+HNSCC also express antigenic viral protein. With a higher 

mutational burden, significantly more immune cell infiltration, and CD8+ T cell activation, 

HPV+HNSCCs are deemed immune “hot” and may be more susceptible to targeted 

treatments [108].   

Together, these studies emphasize the importance of assessing CDR3 diversity and 

determining antigen specific TCRs within cancer. To do so, reliable and robust techniques for 

determining CDR3 TCR sequences and their specific αβ pairing is exceedingly necessary. Over 

the last several decades, tremendous efforts have been put forth to develop methods to 

identify and sequence TCR, providing a more comprehensive overview of the immune 

repertoire [109].  

Methods of Analyzing TCR Diversity  

One method originally used to assess TCR repertoire diversity is Immunoscope, or 

CDR3 spectratyping. The technique of CDR3 spectratyping involves multiplex reverse 

transcription polymerase chain reaction (RT-PCR) of the TCRβ chain [110]. Briefly, messenger 

RNA (mRNA) is isolated from T-cells, reverse transcribed to produce the complementary 

DNA (cDNA) sequence encompassing the CDR3 region, then further amplified by PCR. The 
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PCR products are then run via polyacrylamide gel electrophoresis (PAGE) where they are 

separated based on their length and further purified for sequence analysis. The technique of 

spectratyping further provides a means to study the clonal composition of T-cell populations 

during immune responses [110]. When analyzing the TCR repertoire of bone marrow 

transplant patients compared to healthy individuals, studies found that the TCR repertoire was 

reflective of immune function; Patients who experienced recurrent infections had a decrease 

in TCR diversity [111, 112]. CDR3 spectratyping provided some of the first quantified 

estimations of T cell diversity and insight into repertoire fluctuations during disease. However, 

many studies were limited to a small sample set or TCRβ measurements alone and thus not 

truly reflective of the larger T cell repertoire [112]. Due to technological advances, we can take 

a more comprehensive approach to investigating TCR diversity.  

 The development of next generation sequencing (NGS) based technologies has 

revolutionized the ways that we can assess TCR CDR3 diversity and gather paired TCR 

sequences [113]. NGS platforms provide deeper sequencing, which was not feasible with 

capillary-based sequencing. The Illumina Genome Analyzer (GA) system provides massively 

parallel sequencing of short templates, providing increased read lengths and number of reads 

for every sample [113]. Briefly, a library of PCR adapters are ligated to fragmented DNA 

templates. The DNA is then loaded onto a flow cell containing nanowells which contain 

oligonucleotides complementary to the previously ligated adapters. After hybridization, PCR 

is then performed to amplify the template library, producing thousands of copies of each DNA 

fragment. Following PCR, dye-termination chemistry is used to sequence the template at 30-

54 nucleotide intervals until the full DNA template is sequenced. Exploiting NGS 

advancements, researchers have developed bulk and single-cell approaches for analyzing the 

TCR repertoire [114].  
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Through adaptations to the GA system, Harlan Robins and his team developed the 

ImmunoSEQ platform for simultaneous sequencing of TCRαβ CDR3 from genomic DNA 

using a multiplex primer approach [113, 114]. ImmunoSEQ technology implements the use 

of multiplex primer sets to allow for efficient sequencing of target genes in immune cells [109, 

113]. These primer sets contain Vα forward and Jα reverse or Vβ forward and Jβ reverse 

primers combinations for TCRα or TCRβ, respectively. Universal primer sequences are ligated 

to the 5’ end of each primer to allow for downstream sequencing. Through sequencing, a 

200bp amplicon is produced which allows for ample coverage of the CDR3 region. Other bulk 

methods, including pariSEQ, use algorithms to pair TCRα and TCRβ based off of their given 

frequency in a sample population [114, 115]. Direct TCR CDR3 sequencing at a much larger 

scale is now possible allowing for a deeper analysis of diversity and relative frequency of 

individual CDR3. Since the development of ImmunoSeq, several other companies have 

developed services and kits for TCR repertoire analysis with varying modifications in starting 

material, library preparation, target sequence, and sequencing platform (Table 2.1) [109, 113–

115].   
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Company Starting 
Material 

Library 
Preparation 

Target CDR 
Chain 

Sequencing 
Platform 

Adaptive 
Biotechnologies 

ImmunoSeq 
PairSEQ 

gDNA 
cDNA 

Multiplex PCR 
(V-J primer set) 

TCRα, TCR β 
CDR3 

Illumina: 
HiSeq, MiSeq 

 

BGI gDN 
RNA 

 

Multiplex PCR 
(V-C primer set) 

TCRα, TCR β 
CDR3 

Illumina: 
HiSeq (100x 2bp) 
MiSeq (150/300 x 

2bp) 
 

RNA 
 

5’ RACE TCRα, TCR β 
CDR1, 2, 3 

iRepertoire gDNA 
 

Multiplex PCR 
V-J primer set) 

 

TCR β 
CDR3 

Illumina: 
HiSeq, MiSeq 

(100/150 x 2bp) 
RNA 

 
Multiplex PCR 

(V-C primer set) 
 

TCRα, TCR β 
CDR2,3 

HiSeq, MiSeq 
(100/150/250 x 

2bp) 
Takara Bio RNA 5’ RACE TCRα, TCR β 

CDR1,2,3 
Illumina: 

HiSeq, MiSeq 
(300 x 2bp) 

 
Table 2.1: Overview of Company Products for Assessing the Immune Repertoire. 
Adapted from Rosati, et al [109] 

 
One of the prominent issues when trying to asses TCR diversity is that many of these 

platforms sequence TCRα and TCRβ separately (bulk sequencing) providing insight into 

individual CDR3 diversity and gene repertoire analysis but not specific TCR pairing [114]. 

Since TCRαβ are heterodimeric proteins, the CDR3 regions of both are necessary for 

understanding the specificity of the receptor for antigen. Recognizing this issue, many 

researchers have turned to single-cell methods to isolate and amplify TCR populations of 

interest. Single-cell methods include TCR enrichment, microfluidics, and fluorescence-

activated cell sorting (FACS) [114]. During TCR enrichment, TCR transcripts are enriched by 

a multiplex PCR set spanning Vα and Vβ regions in conjunction with Cα and Cβ regions. An 

additional PCR is then performed to incorporate barcoded adaptors that could then be used 

for downstream pairing and sequencing [116]. With microfluidics, cells are suspended in oil-
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in-water droplets containing specific RT and PCR reagents. TCR mRNA transcripts are 

reverse transcribed and amplified in the cell suspension and ultimately fused together by 

overlap extension, producing a single amplicon containing both TCRαβ sequences [117]. An 

additional method of single-cell sorting requires labeling target cells with fluorophore-

conjugated antibodies and then separating the populations based off of their emission [118].  

Labeled cells can be deposited into a 96-well plate and then RT-PCR performed directly in 

each well. Like the previously mentioned methodologies, specific adapters and unique 

barcodes are incorporated into each TCR transcript so they can be paired downstream [114, 

118].  

Limitations of Current Approaches 
 
 While advancements in high throughput sequencing and specific immune profiling 

platforms has allowed for the analysis of larger sampling of the immune repertoire, these 

methods still present limitations. The multiplex PCR primer sets utilized by platforms 

including ImmunoSeq, BGI, and iRepertoire present two problems: new V gene allele variants 

may not be detected and inherent differences in primer kinetics may result in amplification 

biases[109, 119]. As a result, some gene alleles could potentially be amplified better than others 

which would distort the true CDR3 frequency in the sample population. 5’RACE methods are 

also susceptible to amplification bias. To help compensate for these biases, some techniques 

incorporate unique molecular identifiers (UMIs) [109, 120]. The UMIs are incorporated into 

the oligonucleotide used for template-switching during cDNA synthesis. Thus, each cDNA 

can get uniquely barcoded allowing for downstream tracing of sequences that came from the 

same mRNA. Mispairing of TCRαβ chains during sorting or forming microfluidic droplets 

also presents as a problem for downstream results [114]. Collectively, each of these platforms 

is also very expensive and often require rigorous preparation.  
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New Approach- DNA Origami  

Although there are really great technologies available that allow for the identification 

of T cells, they each have some limitations, whether it’s low-throughput, the chance of false-

pairing, and/or the inability to detect very low frequency clones. Even more, many of these 

technologies are reliant on some form of single-cell sorting.  In an effort to develop a more 

efficient method of identifying and sequencing paired TCRαβ, we sought to develop a 

platform that we could easily get into cells, use as a to tool to capture and link genes, and also 

modulate for downstream isolation and purification purposes. Based on those characteristics, 

we decided to use DNA Origami.  

 DNA nanotechnology exploits the specificity of Watson-Crick base pairing to use 

oligonucleotides as a platform for the self-assembling of two and three -dimensional structures 

[121].  In 2006 Paul Rothemund demonstrated how a combination of 216 short ‘staple’ strands 

of DNA can direct the folding of a longer single strand of DNA (M13mp18 bacteriophage). 

Through a ‘one-pot’ method, he demonstrated that over 1014 nanostructures could be 

produced in an array of shapes and patterns, thus coining the methodology as ‘scaffold DNA 

origami [121]. More so, the scaffold platform is highly adaptable and allows for staple strands 

to be substituted for your own oligonucleotides of interest. Knowing that the platform is not 

only very modifiable but small enough to get into cells and has low toxicity, we incorporated 

several modifications to use the scaffold as a mode of a delivery into cells to capture and isolate 

paired human TCRαβ mRNA (Figure 2.1) [122]. The initial validation experiments were 

performed on P14 transgenic mice by the lead graduate student and collaborator Dr. Schoettle. 

The first array of experiments and optimizations that he performed on the mouse model that 

I then adapted for the human model can be found in his dissertation titled, “Bowties, 
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Barcodes, and DNA Origami; A Novel Approach for Paired-Chain Immune Receptor 

Repertoire Analysis” [123].  

Figure 2.1: Schematic of DNA Origami Transfection Strategy for Linking Sequences 
from Individual Cells. Simultaneous transfection of millions of CD8 T cells with DNA 
origami nanostructures containing barcoded mRNA capture strands that can bioinformatically 
link captured TCRα and TCRβ CDR3 sequences from individual T cells without the need for 
any form of single-cell presorting. Following transfection, cells are lysed and nanostructures 
with bound mRNA are re-isolated using integral biotin tags in an avidin column purification 
step. 
 
Materials and Methods: 

Scaffold Design 

The long ssDNA M13mp18 bacteriophage (7.4kb) was modified to include a 5’-5’ 

bowtie linkage that would allow for each end to run directionally from 5’ to 3’ (synthesized 

and ordered from IDT). Importantly, the bowtie linkage has a sequence complimentary to the 

M13mp18 scaffold backbone while the 3’ ends has a primer site (X’’ and ‘Y’) for downstream 

amplification, complimentary barcodes, and mRNA capture sites complimentary to the 

conserved constant domains of TCRα and TCRβ that therefore serve as our Cα and Cβ capture 

probes and downstream RT primers (Figure 2.2). The barcodes can be used to 

bioinformatically link captured TCRα and TCRβ gene information from the same cell during 

downstream sequencing. We then substituted several staple strands to incorporate a 
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fluorescein isothiocyanate (FITC) fluorophore that would allow for validation of successful 

transfection. Additionally, biotin labels for downstream isolation from cell lysates.  

 
Figure 2.2: DNA Origami Nanoprobe Design for Bowtie Strand Barcoding of  
Captured mRNA Sequences. Organization of  5’-5’ bowtie mRNA nanoprobe includes a 
region complementary to the M13mp18 phage ssDNA that includes a 5’-5’ phosphodiester or 
“bowtie” linkage, resulting in both ends of  the bowtie strand to have 5’-3’ directionality. These 
two ends are designed to be complementary to the constant regions of  either the TCRα or 
TCRβ mRNAs and therefore serve as our Cα and Cβ capture probes and downstream RT 
primers. Additionally, each capture probe includes a 12-mer “barcode” upstream from the 
capture sequence that retains sequence complementarity to one another. These barcodes can 
be used to bioinformatically link captured TCRα or TCRβ gene information from the same 
cell during downstream sequencing. The locations of  four biotinylated strands used for 
purification as well as a FITC conjugated strand used for FACS assessment of  transfection are 
included as well. 
 
Origami Scaffold and Nanoprobe Synthesis 

The nanoprobes were synthesized through an oil-in-water emulsion and overlap 

extension elongation protocol established and described by [123]. Additionally, the DNA 

origami scaffold and annealing of the nanoprobe complex was also synthesized as previously 

described by [123]. Briefly, the long ssDNA M13mp18 bacteriophage (7.4kb) and shorter 
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‘staple’ strands were synthesized by and ordered from Integrated DNA Technologies (IDT). 

Once received, the staple strands were mixed in equimolar concentrations. The specific 

nanoprobe containing the TCR Cα and Cβ capture sites as well as the biotin/FITC staples 

were first PAGE-purified then mixed with the scaffold M13 ssDNA and staple DNA (50 nM 

scaffold, 250 nM staples, 150 nM mRNA probes/biotinylated tags/fluorophore tags) in 

aqueous buffer (1x TAE with 12 mM Mg
2+

). The folding of the DNA was then synthesized 

through a thermal denaturation (90°C) and gradual annealing (to 20°C) over 12 hours. 100K 

Amicon filters were then used to purify the synthesized origami from any excess staple strands.  

Total RNA Isolation   

The Jurkat E6.1, an immortalized CD4+ human T cell line, was used for validation of 

this approach as it expresses a monoclonal T cell receptor on its surface. Jurkat cells were 

harvested at 1 x 106 cells per sample using RPMI media supplemented with 10% fetal bovine 

serum (FBS) and washed in phosphate buffered saline (PBS) at 1200rpm for 3 minutes (Gibco, 

USA).  Total RNA was extracted using an endotoxin free RNA extraction kit (Qiagen). 

Following extraction, RNA was DNAse treated and RNA quality was analyzed by measuring 

A260/A280 absorbance ratios (ThermoFisher, USA).  

Nanoprobe Capture Sites Binding to Human TCRα and TCRβ mRNA Lysate  

In order to assess the ability of the capture regions of the nanoprobes to bind Jurkat 

RNA, an RT-PCR was performed. ssBC’ and ssBC nanoprobe strands (specific for the 

constant regions of TCRα and TCRβ, respectively) were used as RT primers. As a positive 

control, a primer specific for each respective TCRαβ constant region (Cα or Cβ) was used. 

Following the Maxima RT kit protocol (50°C incubation for 30 minutes followed by an 85°C 

incubation for 5 minutes, ThermoFisher Scientific, MA, USA). Following RT, each sample 
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was treated with RNase A at 1ul of RNase A to 20ul of sample incubated at 37°C for 10 

minutes (Sigma-Aldrich). For PCR, primers specific to either the Jurkat TCRα variable region 

(Vα) or TCRβ variable region (Vβ) were used in combination with either an ‘X’ or ‘Y’ primer 

sequence (DreamTaq, ThermoFisher Scientific, MA, USA). ‘X’ and “Y’ priming sites were 

previously incorporated upstream of each Cα, Cβ capture region on the nanoprobe. For the 

positive controls, Cα or Cβ reverse primers were used.  

DNA Origami Nanoprobe Complex Binding to Human TCRα and TCRβ mRNA Lysate  

In order to assess the ability of the nanoprobes to bind Jurkat RNA once annealed to 

the DNA origami platform, an RT-PCR was performed. The origami nanoprobe complex was 

incubated with Jurkat mRNA while ssBC was used as the positive control. Following the 

Maxima RT kit protocol, samples were incubated at  50°C for 30 minutes followed by an 85°C 

incubation for 5 minutes, (ThermoFisher Scientific, MA, USA). Following RT, each sample 

was treated with RNase A at 1ul of RNase A to 20ul of sample incubated at 37°C for 10 

minutes (Sigma-Aldrich). For PCR, primers specific to either the Jurkat TCRα variable region 

(Vα) or TCRβ variable region (Vβ) were used in combination with either an ‘X’ or ‘Y’ primer 

sequence (DreamTaq, ThermoFisher Scientific, MA, USA). For the positive controls, ‘X’ or 

‘Y’ were used. To confirm that the individual nanoprobes specifically captured the Jurkat 

TCRα and TCRβ mRNA, Sanger sequencing of  the RT-PCR products was performed and 

compared to the known Jurkat TCR sequences.  

DNA Origami Transfection into Jurkat E6.1 Cell Line 

  Jurkat cells (1x10
6

 cells/sample) were pelleted at 1200 rpm for 3 minutes then washed 

in MACs buffer (Miltenyi Biotec) then resuspended in a mixture of 75 µL MACs buffer and 

25 µL DNA Origami (50nM in 1X TAE-Mg2+) or a mock transfection mixture of 25 μL 1X 
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TAE-Mg2+ buffer. For electroporation, the Neon syringe transfection system was used 

(ThermoFisher Scientific, MA, USA). The parameters for electroporation include 100ul 

syringe tips, 2000 V, 10 ms, and 2 pulses. Post transfection, each sample was transferred to 

100ul prewarmed RPMI supplemented with 10%FBS in a 96-well plate. Samples were 

incubated overnight at 37°C for 18-24 hours. Transfection efficiency was analyzed using an 

Attune flow cytometer (ThermoFisher Scientific, MA, USA); the FITC tag incorporated into 

each origami structure allowed for successfully transfected cells to be identified by flow 

cytometry (488 nm excitation, 518 nm emission).  

Transfected Origami Nanoprobe Complex Binding to Human TCRα and TCRβ mRNA 

DNA origami with the extended mRNA nanoprobes specific for human TCRαβ 

constant regions was isolated and purified from transfected Jurkat cells using the biotinylated 

staple strands incorporated into the origami scaffold. At 18-24 hours post-transfection, cells 

were lysed in 100ul of 1% NP-40 buffer and 2ul Ribolock RNase inhibitor for 30 minutes on 

ice (Invitrogen). The bound TCRαβ mRNA was then filtered through a streptavidin 

conjugated resin column (Pierce Streptavidin UltraLink Resin, Sigma Prep Columns, 7-20μM 

pore size). The columns were washed three times at 2000 rpm for 30 seconds with 1x TAE-

MG2+ to remove any cellular debris. Following purification, reverse transcription (RT) was 

performed in the columns using the TCRαβ capture region on the nanoprobes as RT primers. 

Following the Omniscript RT kit protocol, 40μL of the RT mastermix was added directly to 

column and incubated for 30 minutes at 50°C then spun at 2000rpm for 10 seconds (Qiagen). 

After incubation, the RNA was removed by addition of an RNase and eluted via an incubation 

of 95°C for 5 min, followed by a centrifugation at 10,000 rpm for 5min. Following RT, PCR 

was performed using a single primer specific for the constant sequences on either end of the 
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TCRαβ mRNA capture probes and an additional primer specific for the known Jurkat TCRα 

and TCRβ variable regions sequences. To confirm that the DNA-nanoprobe complex 

specifically captures the Jurkat TCRα and TCRβ mRNA, Sanger sequencing of  the RT-PCR 

products was performed and compared to the known Jurkat TCR sequences.  

Results: 
  
Individual nanoprobes can capture and amplify human TCRα/β mRNA. In order to decide 

whether the nanoprobe containing the capture region specific for TCRαβ would bind mRNA 

and act as a reverse transcription (RT) primer, we used Jurkat mRNA for validation. The 

nanoprobe capture region sequences were designed to bind the conserved TCRα and TCRβ 

constant (Cα and Cβ) domain regions of  each mRNA species. The origami-nanoprobe 

complex was designed to bind complimentary to the 3’ sites of  the CDR3 sequences of  

interest. To determine if  the capture regions would specifically bind and reverse transcribe the 

mRNA, we used one-sided capture sites ssBC’ to capture TCRα and ssBC for TCRβ. 

Following RT, the products were amplified using Va and Vb gene primers specific for the 

expressed Jurkat TCR. Specific binding of  TCRα or TCRβ mRNA with their respective 

capture probe was observed (Figure 2.3) and mirrored the positive controls that used sequence 

specific Cα and Cβ RT primers. 
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Figure 2.3: One-sided Capture and Amplification of Human TCRα/β mRNA using 
Nanoprobes. Agarose gel electrophoresis of TCRα and TCRβ RT-PCR products amplified 
from mRNA lysate captured by nanoprobes (ssBC/ssBC’).  Using Cα and Cβ specific RT 
primers as positive controls. ssBC/ssBC’ nanoprobes were able to bind TCRα/β mRNA and 
act as reverse transcription primers. Following PCR, the amplified products yielded identical 
bands as controls (left: lanes 2 vs 4 and 6 and right: lanes 2 vs 4 and 6). Gel purification and 
sanger sequencing confirmed homology between RT-PCR products from both control and 
experimental samples. 
 

DNA origami nanoprobe complex can capture both TCRα and TCRβ mRNA 

from mRNA lysate. Upon validating that the designed nanoprobe capture regions would act 

as an RT primer, we moved forward in annealing the DNA origami-nanoprobe complex and 

testing the ability of the entire complex to bind the TCR mRNA. Prior to testing intracellular 

binding, we used Jurkat cell lysate. RNA was extracted and purified from Jurkat cells and 

incubated with the origami-nanoprobe complex. V region specific primers were used for the 

PCR reaction along with respective ‘X’ and ‘Y’ reverse primers. After running the DNA 

products on an agarose gel, the results demonstrated that the origami-nanoprobe complex 

mirrored the positive control. Sanger sequencing results confirmed >90% homology between 

the Jurkat reported TCT sequence and the origami-nanoprobe captured sequence (Figure 2.4).  
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High transfection efficiency can be achieved by Neon syringe transfection 

system. Following these validations, we moved forward with testing the transfection 

efficiency of the DNA origami nanoprobe complexes into Jurkat cells. To do this, we used a 

syringe based electroporation system followed by analysis on the Attune flow cytometer. The 

origami nanoprobe complexes had an incorporated FITC tag annealed previously and was 

used as a marker of successfully transfected cells. Upon determining the optimal transfection 

parameters, we yielded results providing >89% transfection efficiency (Figure 2.5).   

DNA origami nanoprobes complex can be transfected and capture both TCRα 

and TCRβ mRNA from Jurkat T cells. Successful transfection of the DNA origami 

nanoprobe complex led us to start testing the ability of the nanoprobes to bind and link the 

TCRαβ mRNA species intracellularly. Purified origami nanoprobe complexes were transfected 

into Jurkat cells using the optimized parameters. Following an 18-24 hour incubation, the 

DNA origami nanoprobe complexes were isolated and purified. The resulting RT product was 

then used in a PCR reaction with Jurkat specific TCRα and TCRβ  V region primers.  Gel 

electrophoresis and sanger sequencing confirmed TCR mRNA capture, isolation, and 

amplification of Jurkat TCRαβ mRNA (Figure 2.6).    
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Figure 2.4: RT-PCR and Sequencing Confirm the Ability of DNA origami Nanoprobes 
to Capture both TCRα and TCRβ mRNA from mRNA Lysate. Agarose gel 
electrophoresis of TCRα and TCRβ RT-PCR products amplified from mRNA captured by 
nanoprobes (ssBC/ssBC’) or origami-nanoprobe complexes. In vitro transcribed TCRα/β 
mRNA was used as positive controls. Origami with TCRα/β probes incubated with Jurkat cell 
mRNA were able to bind TCRα/β mRNA that was then reverse transcribed and amplified 
yielding identical bands as controls (lanes 2 vs 4 and 7 and lanes 3 vs 5 and 6). Sequencing 
traces of both TCRα (top two) and TCRβ (bottom two) from RT-PCR products from Jurkat 
T cells with reported TCRα and TCRβ gene sequences listed above. 100% homology was 
observed between reported Jurkat sequences and traces generated from RT-PCR products 
(right). 
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Figure 2.5: High Transfection Efficiency chieved by Neon syringe transfection system. 
Flow cytometry analysis of electroporation samples of Jurkat T cells with DNA origami using 
the Neon Syringe electroporation system demonstrates transfection efficiency of >90% after 
24 hour incubation (right) when compared to mock transfection controls (left). Samples 

consisted of 1x10
6

 cells in 75 µL MACS buffer and 25 µL DNA Origami (50nM) in 1X TAE-

Mg2+ and were compared to negative control mock transfections of 1x10
6

 cells in 75µL 
MACS buffer and 25 µL 1X TAE-Mg2+.  
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Figure 2.6 RT-PCR and Sequencing Confirm Ability of DNA Origami Nanoprobes to 
be Transfected and Capture both TCRα and TCRβ mRNA from Jurkat T cells. Agarose 
gel electrophoresis of TCRα and TCRβ RT-PCR products amplified from mRNA captured by 
origami purified from post-transfected cell lysate. In vitro transcribed TCRα/β mRNA was 
used as positive controls. Origami with TCRα/β probes transfected into Jurkat T cells were 
able to bind, protect, and be re-isolated with TCRα/β mRNA that was then reverse transcribed 
and amplified yielding identical bands as controls (lanes 2 vs 4 and lanes 3 vs 5). Sequencing 
traces of both TCRα (top two) and TCRβ (bottom two) from RT-PCR products from Jurkat 
T cells with reported TCRα and TCRβ gene sequences listed above. 100% homology was 
observed between reported Jurkat sequences and traces generated from post-transfected RT-
PCR products. 
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Discussion: 
 

As previously discussed, a major problem in identifying TCRαβ pairs from cells for 

has been the lack of high-throughput methods for obtaining CDR3 sequence information 

from individual cells. Current techniques focused on assessing the human TCR repertoire are 

limited by the need for single cell isolation and sequencing of individual TCRs. Even more, 

the technology is limited to providing estimates of CDR3 diversity of either the TCRα chain 

or TCRβ chain but not TCRαβ pairs. Retrieving information from a single chain of the TCR 

serves to provide estimates of lymphocyte diversity. However, without sequencing 

information of paired TCRα and TCRβ, accurate antigen specificity of a TCR cannot be 

obtained.  In order to overcome these limitations, we aimed to modify DNA origami 

nanostructures to simultaneously capture TCRα and TCRβ mRNA from individual cells.  

Modifications to the DNA origami nanostructures were made to incorporate extended 

capture probes complementary to the conserved regions of  human TCRα or TCRβ mRNA 

species. We demonstrated that our modified nanoprobes are capable of binding TCR mRNA 

and act as gene specific reverse transcription primers to synthesize cDNA. Upon synthesizing 

origami-nanoprobe structures, we further confirmed capture of specific TCR mRNA that was 

validated with sanger sequencing.  Moving forward, we demonstrated that these origami 

nanostructures with TCR–specific nanoprobes are capable of  being transfected into T cells 

with high efficiency using the Jurkat E6.1 cell line. Jurkat cells transfected with the origami 

scaffold and custom nanoprobes, resulted in the successful capture and amplification of 

TCRαβ sequences. Validation using Sanger sequencing confirmed the capture of barcoded 

TCRα and TCRβ CDR3 sequences.  
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While the DNA origami scaffold proved to be a successful tool for the capture and 

linking of TCRαβ mRNA species at the single cell level, these experiments were done in a 

monoclonal TCR cell line.  In order to prove truly useful for capturing and barcoding paired 

TCRαβ mRNA at the single-cell level, this methodology needs to be further optimized and 

tested in a polyclonal population. 
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CHAPTER 3 

CD8+ T CELL DYSFUNCTION IN HPV ASSOCIATED HEAD AND NECK 

CANCER  

Publication Note  
The research reported in this chapter was submitted for publication in Cancer Research. Sri Krishna, 

Eric Wilson, and Karen Anderson. All authors and co-authors have granted permission for this work to be 

included in this dissertation.  

Overview:   

Antiviral Immunity  

Viruses, which are made up of either DNA or RNA and surrounded by a protein coat, 

are responsible for an array of acute and chronic infections [124]. During acute infections, 

viruses are typically cleared within a week, however in some cases the virus may persists in the 

host without being recognized by the immune system [125]. While some persistent infections 

are harmless within a healthy individual, some turn into chronic infections. The immune 

system plays a primary role in inhibiting and clearing viral infections. B cells secrete antibodies 

that work to neutralize viral particles before they can infect cells [10]. If B cells fail to neutralize 

the viral particles, the virus can infect and hijack the host cells protein-synthesis machinery so 

they can begin synthesizing their own viral proteins[125]. During this process, viral proteins 

get degraded into peptides that could be loaded onto MHC I molecules and further presented 

to cytotoxic T cells (CTLs) for targeted killing of the virus [125, 126].  Once activated, the 

naïve CD8+ cells expand and differentiate into effector cells that then travel through the hosts 

lymphatic and bloodstream to target infected cells and eliminate the infection [125, 126].  After 

successful clearance of the infection the population of CD8+ effector T cells contract and an 

estimated 5% remain as memory T cells that can be activated upon a secondary infection [126].  
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The importance of T cell responses in controlling viral infections was highlighted in 

early studies in the context of measles, cytomegalovirus (CMV), hepatitis C virus (HCV), and 

HIV; depletion of CD8+ T cells results in the inability to clear infection [127]. In early studies 

investigating the role of T cells in acute and chronic infections, T cell responses were observed 

in mice deficient in CD8+ T cells infected with lymphocytic choriomeningitis virus (LCMV) 

[128]. The study found that while immune competent mice would normally be able to control 

the infection, the lack of CD8+ T cells resulted in persistent infection [127, 128]. Further 

studies exemplifying the need for a substantial magnitude of T cells for viral clearance was 

show in chimpanzees [125]. When chimpanzees were depleted of CD8+T cells then infected 

with hepatitis B virus (HBV), they failed to clear the viral infection; however, when CD8+ T 

cells were reintroduced, upwards of 98% of viral DNA was eliminated [125, 129]. The 

importance of T cells in viral clearance can be further seen in the context of 

immunocompromised individuals whose fail to completely clear viral infections as a result of 

decreased CD8+ T cell levels and/or T cell dysfunction [130].  

While the mammalian immune system has evolved to control many different viral 

infections, some viruses have developed mechanisms to circumvent immune recognition. The 

inability of the immune system to sufficiently recognize and clear an infectious virus is a 

signature of chronic infections [131]. Mechanisms by which viruses escape immune 

recognition, coined as immune evasion, include immune modulation and altering immune cell 

function [126, 131]. While some viruses restrict the expression of viral antigens, others may 

interfere with MHC antigen processing and presentation, inhibit cell apoptosis, destroy T cells, 

and/or induce immune cell exhaustion in order to evade an immune response [5, 126]. 
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The Role of HPV Oncogenic Proteins in Immune Evasion 

Human papillomaviruses (HPVs), which are capable of inducing cancers in multiple 

origins of the body including the cervix and regions of the head and neck, have evolved 

immunoevasion strategies that contribute to persistent infection [5]. The primary mechanism 

of immune evasion in the context of HPV is tightly linked to modulation of viral gene 

expression and inhibiting antigen presentation by MHC I molecules [2, 126, 131]. During its 

latent phase, HPV proteins limit replication and maintain low copy numbers, reducing the 

likelihood of detection [64]. Studies have shown that HPV protein E7 significantly decreases 

cell surface expression/antigen presentation of MHC as thus limiting cytotoxic killing [2, 132].  

E7 inhibits the phosphorylation of the signal transducer and activator of transcription 1 

(STAT1) factor resulting in inhibited expression of interferon regulatory factor-1 (IRF-1) and 

transporter associated antigen processing subunit (TAP-1); consequently inhibiting the 

interferon-γ (IFN-γ) facilitated MHC I antigen processing/presentation [132, 133]. Likewise, 

E6 has also been shown to interfere with STAT signaling, thus interfering with IFN-γ 

mediated processes [132]. Although the exact mechanisms of how HPV evades the immune 

system have not been completely elucidated, we know that HPV proteins work to maintain 

low level expression of viral antigens, downregulate MHC presentation/processing, and 

moderate an anti-inflammatory environment [60].  

Targeting HPV Epitopes to Characterize Preexisting CD8+ T cells in HPV+HNSCC 

As previously described, oncogenic proteins E6 and E7 play a prominent role in the 

pathogenesis of HPV associated head and neck cancer (HPV+ HNSCC) and are maintained 

after viral integration into the host genome [61]. While E2 is often lost in cervical cancers 

where there is a high level of integration, studies have demonstrated E2 to be maintained in 
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HPV+HNSCC [67]. Studies have demonstrated that serum antibodies against HPV16-E2, E6, 

and E7 can be detected in patients with HPV+ HNSCC [97, 134]. The ability to detect 

antibodies to these viral proteins confirms their immunogenic nature and potential usefulness 

for immune targeting [92]. Therapeutic vaccines and adoptive cell therapies targeting antigen-

specific epitopes have exhibited  enhanced T cell killing in solid tumors [52]. With renewed 

interest in identifying immunogenic HPV epitopes, we worked expand on previously identified 

immunogenic targets and bioinformatically predict potential immunogenic HLA class I 

restricted epitopes from HPV16 E2, E6, and E7 [92]. In doing so, we further aimed to 

investigate potential T cell dysfunction in HPV+ HNSCC donors by cell surface phenotyping  

T-cell exhaustion, defined as T cells acquiring an altered differentiation state or the 

physical loss of T cells, is characterized by the loss of effector function and sustained 

expression of inhibitory receptors [135, 136].  T-cell exhaustion is seen in multiple cancer types 

as well as in viral infections derived from HIV, hepatitis B virus (HBV), and hepatitis C virus 

(HCV) [137]. Unlike in acute infections, CD8+ T cells typically have severe defects in their 

ability to differentiate and respond in chronic viral infections [138]. Although CTLs initially 

generate effector functions, over time and increased viral load, functionality is lost [138].  

While mechanisms behind T cell exhaustion are still being explored, the observed primary 

driver is continuous antigen exposure; the lack of CD4+ T cell help and upregulated inhibitory 

receptor signaling may also be contributing factors [135]. Prior studies performed in chronic 

lymphocytic choriomeningitis virus (LCMV) mouse models have demonstrated that the 

severity of T cell exhaustion is associated with levels of antigen stimulation [135, 136]. The 

study found that the presence of persistent epitopes at high levels eventually resulted in T cell 

deletion whereas decreased levels of epitope persistence led to exhaustion (diminished T cell 

function) [136]. Exhausted CD8+T cells were also found to be “addicted” to their cognate 
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antigen, requiring continual stimulation for T cell maintenance [136] . Pathways that are further 

implicated in T cell exhaustion include prolonged cell-to-cell signals, persistent levels of 

inflammatory and suppressive cytokines, and fluctuations in chemokine receptor expression 

levels [135].  

Continuous CTL exhaustion is detrimental in fighting off persistent viral infections. 

In 2007, Wherry et al.  described the molecular signature of CD8+ T-cell exhaustion [137, 

139]. In the context of LCMV, exhausted CD8+ T cells elicited the following differences: 

overexpression of cell-surface inhibitory receptors including programmed cell death protein 1 

(PD-1) and downregulation of transcription factors involved in TCR and cytokine receptor 

signaling [139, 140].  Exhausted T cells may express other inhibitory molecules in addition to 

PD-1 including T cell immunoglobulin domain and mucin domain-containing protein 3 

(TIM3), lymphocyte activation gene 3 protein (LAG3), ecto-nucleoside triphosphate 

diphosphohydrolase-1 (CD39), cytotoxic T lymphocyte antigen 4 (CTLA4) as well as a variety 

of others [135, 141]. Co-expression of multiple inhibitory receptors is indicative of T cell 

exhaustion [135].  In an initial effort to determine if phenotypically exhausted CTL populations 

could be functionally restored in a murine model, Barber et al. introduced a PD-L1 blockade 

and the results demonstrated an enhanced CTL responses [140]. Recognizing that there are 

commonalities between different viral infections and immune interactions, we wanted to 

investigate potential CD8+ T cell dysfunction in HPV+HNSCC. Thus, after screening our 

predicted HPV epitopes for immunogenic potential, I worked to further detect preexisting 

HPV-specific CD8+ T cells from patients with HPV+HNSCC and examine them for markers 

of exhaustion.  
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Materials & Methods: 
 
HPV16 Epitope Predictions and Epitope Mapping from HPV+ HNSCC PBMCs 

Predictions for HPV16 CTL-epitopes were made using previously described strategies 

and performed by my colleagues Sri Krishna and Eric Wilson [92, 142, 143]. They restricted 

epitope predictions to the globally frequent HLA-class I alleles: HLAs A*01:01, A*02:01, 

A*03:01, A*11:01, A*24:02, B*07:02, B*08:01, B*15:01, B*27:05, B*35:01, B*40:01, B*40:02, 

B*44:02 B*51:01, and B*57:01. Candidate epitopes were 9-mer or 10-mer in derived from the 

HPV16 proteins E2, E6, and E7.  Five independent prediction algorithms were used and 

normalized with the top 4-5 candidate peptides/HLA-allele further used for the in vitro 

experiments.  

Epitope mapping from HPV+ HNSCC PBMCs was also performed as previously 

described [92]. Briefly, PBMCs, obtained from stage III or stage IV HPV+ HNSCC patients. 

were thawed, rested with 1μg/mL of CKB antibodies anti-PD1 (eBosciences, USA), anti-

CTLA4 (eBosciences, USA) for 1 hour at 37°C. HPV16-peptides (Proimmune, UK) were 

added  in pool or individually in biological triplicates, along with recombinant human IL-2 

(20U/mL), human IL-7 (5ng/mL). On day 5, a media exchange was performed to replace half 

media with fresh media along with fresh IL-2 and peptide pool. On day 8, another media 

exchange was performed with fresh media, IL-2, and peptide then replated into a 96-well 

enzyme-linked immune absorbent spot (Elispot) plate for downstream Elispot detection. The 

same procedure was repeated to determine individual epitope mapping and deconvoluted 

using the selected candidate epitopes and the patient’s HLA-restriction.  

HPV-CTL stimulation for phenotyping 

To generate HPV-specific T-cells, autologous HPV+ HNSCC patient B-cell APCs 

were stimulated by with either peptide pulsing with HPV16-epitopes, or transfection with 
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whole HPV-antigen encoded in mammalian expression plasmid pCDNA3.2 (Invitrogen, CA, 

USA) as previously described in Krishna et al [92]. APCs were washed and incubated with 

thawed whole HPV+ HNSCC PBMCs at a ratio of 1:2 (200,000 APCs : 400,000 PBMCs) 

supplemented with 20U/mL recombinant human IL-2 (R&D Systems, MN, USA), 5ng/mL 

IL-7 (R&D Systems, MN, USA). Checkpoint antibodies were not added for phenotyping 

experiments. On day 5, a partial media exchange was performed and on day 10, expanded 

HPV-CTLs were restimulated with peptide-pulsed or transfected APCs similar to day 1. CTLs 

were immunophenotyped after day 14 or 20.  

Tetramer staining and HPV-CTL phenotyping 

Staining for tetramer and CTL phenotyping were performed as previously described 

[92]. HPV16-tetramers TLQDVSLEV E2 (93-101), YICEEASVTV E2 (138-147), 

ALQAIELQL E2 (69-77), KLPQLCTEL E6 (18-26), TIHDIILECV E6 (29-38), 

FAFRDLCIV E6 (52-60), YMLDLQPET E7 (11-19), and YMLDLQPETT E7 (11-20) were 

obtained from NIH Tetramer Core Facility at Emory University. Positive controls Flu-M1 and 

BMLF1 pentamers were obtained from Proimmune, UK. For multimer staining, cells were 

resuspended in 100μL staining buffer with 5% human serum and 1mM Dasatanib 

(ThermoFisher Scientific, MA, USA), and each multimer was added at concentration of 1:100 

for 30 minutes at room temperature. Cells were washed twice and restained with anti-CD8-

PC5, anti-CD4-FITC, anti-CD14-FITC and anti-CD19-FITC for exclusion gates, and either a 

combination of anti-PD1-BV605 and anti-CD39-BV-421 or anti-PD1-BV-605 and anti-

TIM3-BV-421 for 30 minutes on ice. For memory markers, CCR7-BV421, anti-CD45RO- 

BV605 and anti-CD45RA-FITC were stained for 30 minutes on ice after multimer staining. 

Samples were then washed twice in 1x PBS, and analyzed by Attune flow cytometer 

(ThermoFisher Scientific, MA, USA).  
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Results:  

HPV+HNSCC patient CTL’s are responsive to predicted HPV16 epitopes. To 

determine if the HPV+HNSCC patient PBMC would be responsive to the range of predicted 

HPV E2, E6, and E7 peptides, we did an enzyme-linked immune absorbent spot (ELISpot) 

assay to measure the frequency of IFNγ secretion. The Elispot results, measured by spot 

forming units (SFUs) per 106 PBMCs, showed that fifty-one out of the fifty-nine total 

predicted peptides were able to produce a T-cell response within at least one patient [92]. In 

comparison to E2 and E6 peptides, the E7 peptides provided subdominant CTL responses. 

Overall, the E2, E6, and E7 were ranked according to their immunogenicity across donors; 

peptides that elicited an average response frequency of less than ten SFUs were considered as 

low immunogenic, those with an average response frequency between ten and one hundred 

were considered as moderately immunogenic, and epitopes with an average frequency 

response equal to or greater than one hundred SFU were deemed strongly immunogenic 

(Figure 3.1) [92]. Overall, six peptides were categorized as low immunogenic, twenty-nine were 

moderately immunogenic, and sixteen were strongly immunogenic. Importantly, most of the 

peptides that stimulated a moderate to high immunogenic response were either first predicted 

by us and/or first described in the context of HLA restriction [92]. Collectively, these results 

provided a panel of newly identified immunogenic HPV epitopes in an HLA-restricted 

landscape.  
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Figure 3.1: The Distribution of Immunogenic CTL-Epitopes Derived from HPV16 E2, 
E6, and E7 in HPV_HNSCC Patients. Elispot deconvolution screen across 19 HPV+ 
HNSCC patients (columns) against 59 HPV16 E2, E6, and E7 peptides (rows) in log scale. 
Twenty-four E2 peptides, twenty E6, and fifteen E7 peptides were screened. For each antigen, 
peptides are ranked from highest (top) to lowest (bottom) immunogenicity. Figure adapted 
from Krishna et al [92]. 
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HPV-specific T-cells display a memory phenotype in HPV+ HNSCC patients. 

To determine if stimulated HPV-specific CTLs in HPV+HNSCC were naïve or memory T-

cells, we performed ex vivo stimulations with autologous APCs presenting cognate HPV16-

antigens [92].  After one round of stimulations, upwards of seventy-nine percent of HPV-

specific CTLs, detected by using HLA-A*02:02 tetramers, exhibited a memory phenotype.  

Effector memory T cells (TEM), responsible for providing an immediate response to previously 

encountered antigen, were defined as CD45ROhi and CCR7lo [144]. Central memory T cells 

(TCM), responsible for sustaining the T cell response, were defined as exhibiting a CD45ROhi 

and CCR7hi phenotype (Figure 3.2) [144]. E2-specific CTLs were seen at higher frequencies in 

the T effector memory compartment whereas E6 and E7 were more comparable. Although 

the HPV+HNSCC patient samples were stimulated ex vivo, we were able to identify that 

memory CTLs were indeed present within the population; demonstrating that the patient had 

previously elicited an immune response to HPV antigen [92].  
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Figure 3.2:  Memory HPV-CTLs can be Detected in HPV+ HNSCC Patients. Flow 
cytometry plots from HPV

+
 HNSCC patients (7028, 7012) CTLs after ex vivo stimulation. A. 

HPV-antigen specific CTLs can be detected using tetramer specific for given HPV-antigen 
after stimulation. B. Stimulated CTLs from HPV+HNSCC donor exhibits memory 
phenotype. CD8+ phenotypes (black); back-gated CD8+tetramer+ phenotypes (red). 
Percentage represented is back gated CD8+Tetramer+ events. Figure adapted from Krishna 
et al [90].  
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HPV-specific T-cells display a dysfunctional phenotype in HPV+ HNSCC 

patients. As previously described, T cell dysfunction is pervasive in many chronic infections 

and cancers [138]. Recognizing that HPV can lead to persistent chronic infections and 

sometimes cancer, we wanted to investigate CTL dysfunction in HPV+HNSCC. Stimulated 

HPV-specific CTLs from HPV+HNSCC patients that co-expressed multiple inhibitory 

markers (TIM3+PD-1+ or CD39+PD-1+, double positive exhausted phenotype DPEX) were 

defined as exhausted. We first validated this approach by comparing chronic (EBV-BMLF1) 

CTLs with acute (Flu-M1); the chronic CTL exhibited a higher DPEX phenotype [92]. Moving 

forward, we were able to detect HPV-specific CTLs in four patients (HLA-A*02:01) by 

antigen-specific tetramers after stimulating with autologous APC transfected with cognate 

antigen (Figure 3.3, top). Within this patient CTL population, E2 specific CTLs were at the 

highest frequency; E6 and E7 specific CTLs were comparable to one another.  As predicted, 

E2, E6, and E7 specific CTLs presented multiple inhibitory markers, signifying substantial 

exhaustion (Figure 3.3, bottom) [92]. E7-CTLs exhibited the highest levels of exhaustion in 

this patient, followed by E2 CTLs then E6 CTLs. While similar results were reflected in three 

additional HPV+HNSCC patient samples, two other donors exhibited higher exhaustion in 

E2-CTLs whereas E6-CTLs remained relatively low. These data suggest that HPV-CTL 

dysfunction may be higher in E2 and E7-CTLs compared to E6 in HPV+HNSCC.  
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Figure 3.3:  HPV16-Specific T cells Present a Dysfunctional Phenotype when 
Stimulated Ex Vivo.  Flow cytometry plots from an HLA-A*02:01 HPV

+
 HNSCC patient 

CTLs that were stimulated with autologous APCs transfected with cognate antigen. Top, 
HPV16-Tetramer

+
CD8

+
 T cells are one example for each HPV16-antigen; labels correspond 

to HPV16-epitope; percentages indicate tetramer
+
 events within the CD8

+
 gated population. 

Bottom, CD8
+
PD1

+
CD39

+
 (black) or CD8

+
Tetramer

+
PD1

+
CD39

+
 (red). Percentage 

represented is back gated CD8
+
Tetramer

+
DP

Ex
. Figure adapted from Krishna et al [90].  
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Discussion: 
  

Both DNA and RNA viruses contribute to the development of an estimated 15% of 

human cancers worldwide [145]. While HPV are typically the culprit of benign papillomas and 

warts, persistent infection may lead to cancers in the cervix,  head and neck, and anogenital 

regions [64]. Being able to detect the expression of oncogenic proteins E6 and E7 along with 

E2 after they integrate into the host genome make them potential candidates for immune 

targeting [61, 66, 67, 146]. While studies have previously predicted epitopes derived from E6 

and E7, our study expanded the spectrum of potential targets to include E2 derived epitopes. 

Additionally, we broadened our epitope predictions to cover globally frequent HLA 

supertypes. From our studies, we identified an array of novel high, medium, and low 

immunogenic epitopes across HPV E2, E7, and E7 antigens. The results suggest that E2 and 

E6 antigens are capable of inducing higher CTL responses in comparison to E7. While E6 

and E7 are the typical candidates for T-cell targeted therapies, our findings suggest that HPV 

E2 antigen may also provide valuable target [6].  

Thus far, we know that T cell dysfunction is prevalent in many chronic viral infections 

as well as cancer, but it has not been extensively studied in the context of HPV+HNSCC. 

Upon identifying a landscape of immunogenic epitopes, we further aimed to develop a method 

to detect low frequency HPV-specific CTLs, determine whether these CTLs were tumor 

specific, and assess overall T cell dysfunction. Our ex vivo stimulation protocol, which 

included the addition of PD-1 and CTLA-4 checkpoint blockade antibodies, helped in being 

able to detect low-frequency HPV-CTL-responses.  After the ex vivo stimulation, we were 

able to detect HPV-specific CTLs by antigen-specific tetramers, allowing us to determine 

relative HPV-CTLs frequencies across donors. From our experiments, it was evident that 
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HPV16 E2 CTLs were present at higher frequencies, again suggesting that E2 could be an 

important target for HPV+HNSCC targeted therapies. When we further went on to 

phenotype stimulated HPV-CTLs, we found that the majority expressed cell surface markers 

specific for effector memory (TEM, CD45ROhiCCR7lo) and central memory (TCM, 

CD45ROhiCCR7hi) differentiation, signifying that the donor had previously generated a T cell 

response and memory specific to our given epitopes.  I further went on to investigate HPV-

specific CTL dysfunction in HPV+ HNSCC. We found substantial dysfunction in E2, E6, and 

E7-specific CTLs (CD8+CD39+PD-1+ or CD8+ TIM-3+PD-1+ phenotype). Finding HPV16-

antigen specific CTLs in the T cell memory compartment in conjunction with a high 

dysfunction phenotype together suggest specificity to HPV+ HNSCC tumor in these samples. 

While E2 and E6-specific CTLs presented a dysfunction phenotype, E7-CTL dysfunction was 

at higher frequency and E7-CTL dysfunction rarely occurred in conjunction with E2/E6-CTL 

dysfunction; suggesting variations in HPV viral load within these patients. Prior to these 

experiments, HPV-specific T cell dysfunction in HNSCC had not been previously described.  

Further work done by my colleagues went on to investigate the role of Indoleamine 

2,3-dioxygenase (IDO-1), a catabolizing enzyme, in HPV+HNSCC. Our interest in IDO-1 

stemmed from IDO-1 inhibitors being evaluated to enhance tumor immunity [141, 147]. 

Through differential gene expression signatures, we found that IDO-1 was strongly expressed 

in HPV+ samples compared to HPV-HNSCC. We then tested the ability of IDO-1 inhibition 

to overcome HPV specific CTL exhaustion.  What we found was that a combination of PD-

1 blockade with IDO-inhibition was able to enhance T-cell targeting of HPV+HNSCC, 

proposing its potential use in targeted immunotherapy.  

While the first HPV vaccine was licensed and recommended for women in 2006, it 

was not until 2009 that an HPV vaccine was licensed for men [148]. Almost 14 years later, 
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HPV infections and associated cancers remain a global issue. This research not only provides 

a larger pool of immunogenic epitopes that could potentially be immune therapeutic targets 

in HPV+HNSCC but confirms a dysfunctional phenotype in HPV+HNSCC that is 

observed in other viral chronic infections and cancer. Even more, we demonstrate the 

importance of further exploring checkpoint blockade in combination with IDO-1 inhibitors 

in HPV+HNSCC. 
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CHAPTER 4 

SINGLE-CELL ANALYSIS OF HPV-SPECIFIC TCR  

Overview:    
 

Nearly 80 percent of HPV+ HNSCCs are linked to the high-risk HPV16 subtype [93].  

Although we have seen a gradual increase in the uptake of HPV vaccines in both men and 

women, the impact of vaccination may not be prevalent for several more decades [149]. 

Recognizing the increasing prevalence of HPV associated cancers and understanding that 

specific HPV viral antigens can be detected in these cancers has attracted a growing interest 

in identifying immunogenic epitope targets and their TCR counterparts. Several vaccines and 

immune therapies have already been developed to target oncogenic proteins E7 and E6 and 

have been successful in regression of HPV derived cervical cancer [150, 151]. The 

identification of HPV-derived epitopes in combination with advancements in adoptive cell 

therapeutics have revamped efforts to identify HPV- specific cytotoxic T-cell receptors 

(CD8+ TCR) that can target and eliminate HPV associated head and neck cancers.  

 The composition of an antigen-specific T cell repertoire can be extremely diverse  

within any given individual and varies during healthy and disease states [152]. A diverse T cell 

repertoire is important, allowing for a wide range of potential pathogens that could be 

recognized and eliminated [153]. Within the context of cervical cancer, cancer progression was 

strongly associated with lower TCR diversity [104]. The association between decreased TCR 

diversity and worsening prognosis in disease states emphasizes the importance of 

characterizing TCR clonotypes specific for given antigenic epitopes that could be used for 

targeted therapy.  

 There are few studies that have investigated the T cell repertoire in the context of 

HPV+HNSCC derived antigens. In this study, we used a previously identified HPV16-E6 
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immunogenic epitope to stimulate donor PBMCs and characterize the generated TCR for the 

identification of unique clonotypes, providing potential TCR targets.   

Materials and Methods: 
 
Autologous APC generation from healthy individual PBMCs  

Autologous CD40L-activated B cell APCs were generated from healthy donors by 

incubating whole PBMCs with irradiated (32 Gy) K562-cell line expressing human CD40L 

(KCD40L) at a ratio of 4:1 (800,000 PBMCs to 200,000 irradiated KCD40Ls) in each well. 

The cells were maintained in B cell media (BCM) consisting of IMDM (Gibco, USA), 10% 

heat-inactivated human serum (Gemini Bio Products, CA, USA), 100mM HEPES (Sigma-

Aldrich, CA, USA), and 2mM L-Glutamine (Gibco, USA). BCM was supplemented with 

10ng/mL recombinant human IL-4 (R&D Systems, MN, USA), 2μg/mL Cyclosporin A 

(Sigma-Aldrich, CA, USA), and insulin transferrin supplement (ITES, Lonza, MD, USA). 

APCs were re-stimulated with fresh irradiated KCD40Ls on day 7, after washing with PBS 

and expanding into a whole 24-well plate. On day 12, APC purity was assessed by CD19+ 

CD86+ expressing cells using flow cytometry and were used for T cell stimulation after >90% 

purity. APCs were either restimulated up to 5 weeks or cryopreserved for re-expansion as 

necessary.  

HPV CTL stimulation by autologous APCs  

Antigen-specific T-cells were generated by stimulating healthy donor B-cell APCs by 

peptide pulsing with previously identified immunogenic HPV16 E6-3 (52-60, FAFRDLCIV) 

peptide. This specific peptide was targeted because previous data analysis showed that it was 

HLA-A2 restricted and ranked as moderate to highly immunogenic [92]. Peptide pulsing of 

APCs were done under BCM 5% human serum, with recombinant IL-4. Twenty four hours 

later, on day 1, APCs were washed with IMDM and incubated with thawed whole PBMCs at 
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a ratio of 1:3.65 (400,000 APCs : 1400,000 PBMCs) in a 24-well plate in BCM supplemented 

with 20U/mL recombinant human IL-2 (R&D Systems, MN, USA), 5ng/mL IL-7 (R&D 

Systems, MN, USA).On day 5, partial media exchange was performed by replacing half the 

well with fresh B-cell media and IL-2. On day 7, fresh APCs were peptide pulsed as described 

above in a new 24-well plate. On day 8, the PBMCs were stimulated with freshly peptide pulsed 

APCs. On day 13, fresh APCs were peptide pulsed as described above in a new 24-well plate. 

On day 14, expanded T-cells were restimulated with peptide- pulsed APCs similar to day 1 

and day 8. T-cells were used for Elispot on day 10 and for flow analysis after day 15.  

Elispot detection of IFNΥ secretion 

Elispot detection assay was performed as previously described [143]. Briefly, sterile 

multiscreen Elispot plates, (Merck Millipore, Billerica, MA, USA) precoated overnight with 

5μg/well anti-IFNΥ capture antibody (clone D1K, Mabtech, USA) in sterile 1X PBS. Eight 

days after stimulation, HPV+HNSCC PBMCs were subject to media change and IL-2, peptide 

(pools or individual) were added. Cells in each well were transferred to the Elispot plate and 

incubated at 37C 5% CO2 incubator for 48 hours. Plates were washed with elispot buffer (PBS 

+ 0.5% FBS) and incubated with 1μg/mL anti-IFNΥ secondary detection antibody (clone 7-

B6-1, Mabtech, USA) for 2 hours at room temperature, washed and reincubated with 1μg/mL 

Streptavidin ALP conjugate for 1 hour at room temperature. The wells were washed again 

with elispot buffer and spots were developed by incubating for 8-10 minutes with detection 

buffer (33μL NBT, 16.5μL BCIP, in 100mM Tris-HCl pH 9, 1mM MgCl2, 150mM NaCl). 

Plates were dried for 2 days and spots were read using the AID Elispot reader (Autoimmun 

Diagnostika GmbH, Germany). Average number of spot forming units for the triplicates were 
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calculated for each test peptide/pool and subtracted from background (either HIV-control 

peptide pool or PBS-DMSO controls).  

Single-cell fluorescence-activated cell sorting (FACs) for T cells  

Cells were washed once in 1x PBS, centrifuged at 550g for 5 min and re-suspended in 

100μL cell staining buffer (BioLegend, CA, USA) with Human TruStain FcX (BioLegend, 

2:50) for ten minutes. Cells were centrifuged at 550g for 5 min and resuspended in 100μL 

staining buffer containing anti-CD137, conjugated with phycoerythrin (PE, clone 4B4-1; 

Biolegend, USA), anti-CD8-Brilliant Violet 711 (clone SK1; Biolegend, 1:100), viability dye 

(Zombie Violet; Biolegend), anti-CD14-FITC (clone 63D3; BioLegend, 1:100), and anti-

CD19-FITC (clone HIB19; BioLegend,1:100), CD14 and CD19 used for exclusion gates. 

Samples were covered and incubated for 30 min on ice, washed twice in PBS, and resuspended 

in 200ul PBS prior to analysis. For flow cytometric analysis, all samples were acquired with 

Attune flow cytometer (ThermoFisher Scientific, MA, USA) and analyzed using FlowJo 

software. Gates for expression of different phenotype markers were determined based on flow 

minus one (FMO) samples for each color after doublet discrimination. The CD8+CD137- 

population will be screened as well to help eliminate any background. Only samples with 

CD8+CD137+ events were used for single-cell fluorescence-activated cell sorting (FACS).   

Single-Cell Human T-Cell Receptor Profiling 

Stimulated T cells expressing CD8+ CD137+ phenotype were sorted into a 96-well 

plate and processed using SMARTer Human scTCR a/b Profiling Kit (Takara Bio, USA) 

(Figure 4.1). Briefly, this technology uses a combination of SMART (Switching Mechanism at 

5’ End of RNA Template) and 5’RACE to capture the V(D)J regions of TCR. Following 

single-cell sort, first-strand cDNA synthesis was performed in the 96-well plate using MMLV- 

derived SMARTScribeTM Reverse Transcriptase (RT). Using the MMLV-derived RT, 
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nontemplated nucleotides were added to the 5’ end of each mRNA template allowing for the 

use of SMART-Seq Indexed Oligos (each containing a unique six-base in-line index) for 

template switching at the 5’ end of each TCR transcript. cDNA amplification is performed 

using the provided cDNA Primer and SMART cDNA Primer that are complementary to the 

sequences previously added by the RT primer and SMART-Seq Oligos, respectively. Following 

cDNA amplification, samples were pooled, bead purified with Agencourt AMPure XP PCR 

Purification kit (Beckman Coulter, CA, USA), quantified using Agilent TapeStation 4200, then 

underwent two gene-specific PCRs. The first gene-specific PCR results in amplification of the 

entire variable and a portion of the constant region of TCRa/b. The second round of PCR 

further amplifies the full-length TCR variable region while also incorporating Illumina 

adapters for further demultiplexing. Samples are then again purified and validated with 

Tapestation D5000 and qPCR.  Upon validation, pooled samples were sequenced on an 

Illumina MiSeq sequencer using the 600-cycle MiSeq Reagent Kit v3 (Illumina, Cat. No. MS- 

102-3003) with paired-end, 2 x 300 base pair reads.  

 

 

 
 
 
 
 
 
 
 

Figure 4.1: Methodology Overview of Single-Cell TCR Profiling. HPV CTLs are 
stimulated by autologous APCs and expanded. After day ten, cells are stained with target 
antibodies and sorted into a 96-well plate. Following RT-PCR and barcoding, samples are sent 
for next generation sequencing.  Image created using BioRender.  
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TCR Modeling 
 

The TCRpMHCmodels-1.0 server was used to predict the three-dimensional structure 

of TCR:pMHC complexes based off of our TCRαβ pairs. This tool assesses the amino acid 

sequences from each of  the protein chains and selects the best templets for homology 

modeling.  

CDR3 Alignments  

We performed multiple sequence alignments on our retrieved TCRβ CDR3 sequences 

against TCRβ CDR3 sequences found in the ImmunoSeq T cell receptor database 

(https://clients.adaptivebiotech.com/immuneaccess). We calculated the pair-wise alignment 

score of each of our sequences against all of the CDR3 that were of the same length and 

derived from the same variable gene in the Immunoseq database for HPV-derived cancer. We 

selected the thirty highest scoring pairwise sequence alignments and performed multiple 

sequence alignments on those top thirty for each derived CDR3.   

TCR Retroviral Construct Design  

Paired TCRαβ nucleotide sequences derived from our Takara results were synthesized 

and subcloned into the HPV16 E6 MSGV1 retrovirus backbone (122727, Addgene) by 

GenScript Biotech (NJ, USA [6]. MSGV1-GFP and MSGV-FluM1 were also constructed as 

positive controls for transfection and transduction, respectively. The TCRα and TCRβ insert 

sequences were codon optimized for expression in mammalian cells. To prevent mispairings 

of TCR chains, we substituted human TCR constant regions for mouse TCR (mTCR) constant 

regions. In order to connect the TCRα and TCRβ in the same construct, a furin 2A self-

cleaving peptide (P2A) was used as a linker between the two inserts (Figure 4.2).  
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Figure 4.2: MSGV1 Plasmid Design with Incorporated Target TCR Sequences. TCRα 
and TCRβ constant regions were replaced with murine constant regions (mTCRα-C and 
mTCRβ-C). The full TCR sequence (V-D-J, V-J) containing the rearranged CDR3 was 
synthesized for TCRα and TCRβ, respectively. Additional plasmid features include the viral 
promoter within the 5’ LTR and ampicillin resistance.  

Transfecting TCR Retroviral Constructs  

MSGV1-GFP, MSGV1-FluM1, and MSGV1-E6 retroviral supernatants were 

produced by co-transfecting each construct separately with Phoenix-GP packaging cell line 

(ATCC) and RD114 envelope plasmid (#17576, Addgene).  Phoenix GP cells are a derivative 

of HEK 293 cells that express retroviral proteins, gag-pol. The cell line was cultured in 

Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% FBS and 1% 

penicillin/streptomycin (Life Technologies). On the day of transfection, Phoenix GP cells 

were harvested, counted, and diluted (1 x 105 cells/sample) in Opti-Mem reduced serum 

medium (ThermoFisher, USA). MSGV1 constructs were diluted in nuclease-free water and 
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brought to a concentration of approximately 1.2 micrograms. Constructs were added to 

Phoenix-GP cells in a total volume of 20ul and transferred to electroporation wells and run 

on the Lonza 4D Nucleofector, program A023 (Lonza, MD, USA). Transfected samples were 

transferred to 24-well plate containing antibiotic-free DMEM media supplemented with 

10%FBS and incubated for two-three days before transduction (Figure 4.3)  

T cell Transductions 

Two days prior to transduction, PBMCs were brought into culture in BCM consisting 

of IMDM (Gibco, USA), 10% heat-inactivated human serum (Gemini Bio Products, CA, 

USA), 100mM HEPES (Sigma-Aldrich, CA, USA), and 2mM L-Glutamine (Gibco, USA). 

PBMCs were stimulated with 50 ng/mL of soluble anti-CD3 (OKT3) and 20U/ml of IL2 on 

the same day. Two days after transfections, we harvested retroviral supernatants from each 

construct in eight hour increments. After the third harvest, we plated the retroviral 

supernatants on retronectin coated plates (Takara Bio, USA).  The previously stimulated 

PBMCs were added to the viral coated retronectin plates and incubated at 37C for five days. 

Expression of TCR constructs was verified by staining with anti-mTCR or tetramer, acquired 

with an Attune flow cytometer (ThermoFisher Scientific, MA, USA), and analyzed using 

FlowJo software (Figure 4.3).  
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Figure 4.3: Methodology Overview of Transfecting Retroviral TCR Constructs and 
Transducing PBMCs. TCRαβ pairs were determined after single-cell sorting and Illumina 
sequencing then synthesized in retroviral vector, MSGV1. Retroviral TCR plasmids were 
transfected into Phoenix-GP packaging cells along with the RD114 envelope plasmid by 
electroporation. Two days post transfection, retroviral supernatant was harvested and placed 
on retronectin-coated plates. Stimulated PBMCs were added to the viral supernatants and 
analyzed by flow cytometry on day 4. Image created using BioRender. 
 
Assess Function of TCR Constructs 

We will assess TCR function with a previously established lab protocol for assessing 

cell cytotoxicity in HPV derived cell lines [92]. We currently have the following four 

HPV+HNSCC cell lines: SCC90, SCC47, SCC104, and 147T. The HLA- A*02:01+ 

HPV+HNSCC+ cell lines will be pre-labelled with 0.5μM CellTracker Green. We will then 

add the transduced TCR HPV-CTLs at ratio of 5:1 to the HPV+HNSCC cell line and incubate 

for 48 hours at 37 C, 5% CO2. The co-cultured cells will be harvested and centrifuged. Cell 
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pellets will be washed and resuspended with 1mL 1X PBS and 2uL Propidium Iodide 

(ThermoFisher Scientific, MA, USA) then assess cell death by flow cytometry.  

Results:  

Healthy donor PBMCs can be stimulated with HPV-specific epitope.  The first 

step to our approach of identifying T cell receptors specific to HPV16-E6-3 was to identify 

CTL-reactivity from healthy donor PBMCs. After generating autologous APCs from healthy 

individual PBMCs, we peptide pulsed them with HPV16 E6-3 (FAFRDLCIV) peptide and 

used an Elispot detection assay to measure interferon-gamma secretion The representative 

donor that elicited the strongest response to FluM1 followed by the CEF pool and then the 

A2-E6-3 peptide is shown below (Figure 4.4).   

 

Figure 4.4: ELISpot Assay for Screening Healthy donor PBMCs to HPV16-E6-3 
Epitope. ELlSpot assay results, measured by spot forming units (SFUs) per 106 PBMCs, 
determining FNγ secretion in  response to HPV16-E6-3 in health donor PBMCs . FluM1 and 
CEF pool were used as positive controls. PBS DMSO was used as the negative control. 
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CD8+CD137+ T cell populations were generated after A2-E6-3 stimulations of 

donor PBMCs then single-cell sorted by FACS. Upon identifying donor PBMCs that could 

generate reactivity to A2-E6-3, we moved forward with a second set of stimulations to 

generate a population of T cells that we could use for single-cell sorting. After two rounds of 

peptide stimulations, we were able to expand HPV specific cytotoxic lymphocytes populations 

from donor PBMCs and further stained them with cell surface markers to distinguish recently 

activated CTL, CD8+CD137 phenotype (Figure 4.5).  

 
Figure 4.5: HPV16 E6 Specific T-cells Stimulated from an HLA-A*02:01 Healthy 
Donor. Representative flow cytometry plots of activated CD8+ T-cells generated when 
stimulating healthy donor APCs by peptide pulsing with specific HPV16-E6-3 epitope. Gated 
left: CD8+ cells events, gated right: CD8+ CD137+ T cells.  
 

Single-cell TCR profiling of E2-E6-3 stimulated donor PBMCs generated ten 

unique TCRαβ pairs.  Single-cell sorting double positive (CD8+CD137+) cells into a 96-

well plate (Takara, Bio) allowed for individual RT-PCR reactions of  TCRa and TCRb from a 

single-cell. Incorporating inline barcodes and adapter ligations allowed for downstream 

demultiplexing during next gen sequencing. Sequence analysis yielded ~300 bp of targeted 

TCR sequencing, covering the CDR3 region of the TCR. Further sequence analysis showed 
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that we were able to retrieve ten unique TCRαβ pairs derived from stimulated donor PBMCs 

(Table 4.1). The retrieved TCRα sequences had redundant variable gene usage with TRAV13-

1, TRAV13-2, and TRAV38 being the most frequent. However, retrieved TCRβ sequences 

exhibited more variation in gene usage with only two variable genes (TRBV2, TRBV18) 

showing up more than once. There was a unique CDR3 distribution of  TCRβ sequences, even 

in the variable genes that showed up more than once, with an average CDR3 length of  about 

45 nucleotides (Table 4.2). However, the CDR3 distribution in TCRα was less variable, the 

redundant genes resulted in the same CDR3 sequences.   
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Table 4.1: Single-cell T-cell receptor sequencing results. Ten TCRαβ pairs were identified 
from healthy donor PBMCs stimulated with HPV16-E6-3 epitope. The TCRα and TCRβ 
variable genes are listed (left) with the nucleotide sequence (right) containing V-J or V-D-J 
genes for TCRα and TCRβ, respectively.  
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Table 4.2: TCRαβ Gene Distribution and Respective CDR3 Amino Acid Sequences. 
TCRα sequences are listed with the corresponding TCRβ sequence (rows). The individual 
variable (TRAV) and joining gene (TRAJ) for TCRα are designated in each column followed 
by the variable (TRBV), diversity (TRBD), and joining (TRBJ) gene for the TCRβ. Each CDR3 
amino acid sequence is listed following the specific TCRα or TCRβ genes.  
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TCR:pMHC homology modeling provided predictions of which TCRαβ pairs 

may have the best binding interface to HPV A2-E6-3 peptide. The nucleotide sequences 

retrieved from out paired TCR sequences were translated into amino acid sequences and 

submitted for homology modeling. The top two ranked TCR pairs (Figure 4.6) were chosen 

as the most likely to bind to p:MHC because it had the strongest predicted electrostatic binding 

interface; the lowest free energy and the strongest predicted contribution from electrostatic 

interactions.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6: TCR:pMHC Homology Modeling of Retrieved TCRαβ Pairs to HPV A2-
E6-3 Epitope. Representative comparative modeling of TCRαβ with target pMHC proteins 
demonstrating the binding interfaces between TCRα-CDR3 (blue), TCRβ-CDR3 (red), and 
the p:MHC complex (white). 



   77 

Multiple sequence alignments provide a perfect pair-wise score to previously 

identified TCRβ CDR3 in HPV cervical cancer. In an effort to determine if any of our 

retrieved CDR3 sequences had been previously identified in other HPV associated cancers, 

we generated multiple sequence alignments. We compared our CDR3 sequences to previously 

analyzed data available on ImmunoSeq Analyzer database. The CDR3 that we used to compare 

were derived from a study that investigated the TCR repertoire between women who were 

able to clear cervical HPV infections versus those who could not [154]. While doing the 

alignments, we chose the top thirty CDR3 from the HPV set for each of our retrieved CDR3 

and did and pairwise score to see how close the sequences would be. From the ten different 

CDR3 that we retrieved, we got a perfect match in TRBV 18 (CASSPYQETQYF). The CDR3 

derived from cervical HPV infected patients were ranked from highest scoring (top) to lowest 

(bottom) (Figure 4.7) 
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Figure 4.7: Multiple Sequence Alignments of Retrieved 
TCRβ CDR3 Against Published CDR3 in the ImmunoSeq 
Database. Our ten unique TCRβ CDR3 amino acid sequences 
were aligned to TCRβ CDR3 amino acid sequences found in 
women with HPV derived cervical infections. The retrieved 
CDR3 sequence is listed first (top) followed by a ranking of the 
most similar CDR3 sequence (top) to least similar (bottom) 
derived from ImmunoSeq.   

 
Discussion: 

HPV associated cancers, including cervical, colorectal, and head and neck cancer 

require the presence of a persistent HPV infection [93].  Although some virus specific proteins 

may be lost during integration into the host genome, expression of E2, E6, and E7 can be 

detected in varying degrees during infection [67]. The expression of virus specific proteins 

even post integration make HPV a great model for antigen targeting; these viral proteins 

should be restricted to malignant cells eliminating off-tumor toxicities [6, 58]. The presence of 

viral specific proteins within HPV-associated cancers suggests that these tumors could 

potentially be targeted with T cell therapies.  

In previous studies, our lab identified high to moderately immunogenic HPV16 E2, E6, and 

E7 epitopes present in HPV+HNSCC [92]. Moving forward, I worked to expand antigen-

specific T cells from healthy donor PBMCs through ex vivo stimulations with an HLA-A2 
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restricted E6-3 derived epitope. The goal was to isolate and profile TCR gene usage within an 

HPV stimulated population, thus identifying potential TCR pairs for adoptive cell therapies. 

Using previously established in vitro stimulation protocols, we were able to generate an 

HPV-specific cytotoxic lymphocyte population that we further phenotyped and isolated by 

fluorescence activated cell sorting. Sorted CD8+CD137+ populations were amplified, 

processed, purified, and sent for next generation sequencing. Sequencing results allowed for 

the identification of ten unique paired TCRαβ sequences along with their respective CDR3 

sequences, elucidating the variation in diversity of TCR in the context of E6-3 peptide. Based 

on homology modeling of the TCR;pMHC binding interfaces, we predict that two of our ten 

paired TCR (TRAV13-2 /TRBV18 and TRAV38-1/TRBV2), may be the best candidate for 

binding E2-E6-3 peptide.  

 Aligning our retrieved TCRβ CDR3 amino acids to previously reported CDR3 derived 

from individuals with a cervical HPV infection, we were able to perfectly match the CDR3 

CASSPYQETQYF. The perfect alignment of our retrieved CDR3 to those found in a cervical 

HPV infected population may suggest a uniquely shared gene usage (TRBV 18) and CDR3 in 

HPV- associated infections. In a 2013 study investigating the TCR repertoire of tumor 

infiltrating lymphocytes in colon and rectal cancer, the same TCRβ CASSPYQETQYF CDR3 

was observed in two out of fifteen patients [155]. While colon and rectal cancers are not 

necessarily HPV derived, 88% of anal cancers are linked to HPV infections [156] . While the 

study did not provide detail regarding where within the rectum the tissue was collected, it may 

be possible that T cells activated from an anal HPV-derived infection could have been 

detected, considering the anatomical proximity of the rectum and anus. Another explanation 

for the shared CDR3 sequence is that the individuals in the study may have had a previous or 

current HPV infection, influencing the expansion of this specific clonotype. The prevalence 
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of this CDR3 in HPV associated disease suggest that it is may be a TCR specific for HPV 

antigen and warrants further exploration.   

To assess which individual could potentially benefit from TCR therapy specific to this 

epitope, I investigated the conservation of our HPV16-E6-3 target epitope across high risk 

HPV types (Table 4.3). Sequence analysis demonstrated that our target epitope (FAFRDLCIV) 

was unique to HPV16 and not conserved in the other HPV high risk types, suggesting that 

these TCR could be used to target individuals (expressing HLA-A2) specifically infected with 

HPV16.  

Table 4.3 E6 Protein Conservation across High Risk HPV Types. The E6 protein 
sequence (right) derived from each respective high rics HPV type (left). The E6-3 epitope 
analyzed in this study is highlighted in yellow.  
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Future direction:  

 The GFP, FLuM1-TCR, and HPV-TCR constructs have all been designed for insert 

into MSGV1 plasmid. We currently have the GFP and FluM1-TCR constructs and are running 

experiments to test for successful expression. After confirming that the constructs have been 

correctly designed and can express in PBMCs, future work will be to have the HPV-TCR 

constructs synthesized and assess their functional capability.  
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CHAPTER 5 

DISCUSSION 

The global prevalence of HPV induced cancers, which accounts for 5% of all cancers 

worldwide, has revamped efforts to better understand persistent HPV infection in relation to 

adaptive immunity [157]. Previous studies have established that HPV-associated cancers 

express multiple oncogenic proteins (E6, and E7) [56]. Thus, effort have been aimed at 

developing immune therapies targeting E6 and E7 [6, 150, 151]. HPV16-E2, a transcriptional 

regulatory gene, has not been as heavily investigated as a candidate for immunotherapies 

because it is thought that protein expression is lost after genome integration [67]. However, 

current research has shown that in  in comparison to cervical cancer, HPV+ HNSCCs have 

lower rates of genome integration as well as less interruption of  E2 [67, 158]. As these findings 

suggest that subsets of HPV+ HNSCCs may express E2 in addition to E6 and E7, it 

emphasizes the importance of expanding candidates for targeted therapy to E2 epitopes in 

addition to E6 and E7.  

Identifying a landscape of immunogenic epitopes is an important factor in developing 

targeted therapy however, it only provides a partial view of the immunologic landscape in 

HPV associated cancers. In order to more fully understand HPV immunology, it is critical to 

identify and characterize the subset of cells responsible for identifying and clearing viral 

infections and cancer, CD8+Tcells. Studies have shown that CD8+Tcells are necessary for 

viral clearance and in their absence or dysfunction, viral infections become persistent and lead 

to disease [125, 137]. T cell dysfunction has been confirmed in chronic infections derived from 

HIV, HBV, and HCV; illuminating the probability that T cell dysfunction could also be a 

factor in chronic HPV infections and associated cancers [125, 138]. Importantly, research and 

clinical trials have demonstrated that exhausted CD8+T cells could potentially be restored 



   85 

with PD-L1/CTLA-4 blockade, essentially “releasing the breaks” on the T cells allowing them 

to perform their cytolytic function [159–161]. While checkpoint blockade inhibitors may serve 

as an important therapeutic in HPV+HNSCC, additional efforts have revamped in identifying 

the specific CD8+Tcell receptors that could recognize HPV targets and trigger an immune 

response. Targeted TCR therapies, which are widely investigated for their specificity and 

programmability, may serve as a better method for customizing treatment for late-stage 

cancers, such as HPV+HNSCC and invites further research.  

There have been tremendous advancements in developing molecular approaches for 

analyzing TCR diversity in bulk and sorted populations. Next generation sequencing has 

revolutionized the analysis capabilities for evaluating immune repertoires [109]. While current 

approaches have their individual strengths and pitfalls, researchers can use a combination of 

approaches for optimal results.  In an effort to combine previously established techniques with 

novel modifications, we aimed to develop a more streamlined method of retrieving and 

sequencing paired TCR sequences. In project one, I worked on modifying a new method for 

capturing and pairing TCR mRNA species from individual cells. While the original method 

was optimized for murine TCR, I was able to adapt the technology to capture human TCR 

mRNA. The overall goal of the project was to be able to demonstrate that the DNA origami 

nanoprobe complex could capture, barcode, and link TCRαβ at the single-cell level. 

Importantly, we wanted to develop the methodology in a framework that that did not require 

expensive and specialized equipment. I was able to modify the DNA origami nanoprobe 

complex, optimize the process for transfection into a human T cell line, and successfully 

capture and recover paired TCRα and TCRβ mRNA. Future goals for this methodology would 

be to optimize the system to barcode and pair an extensive repertoire of  TCR gene sequences 

from a polyclonal population within a single experiment.   
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In project two, my colleagues used predictive algorithms to identify HPV16-E2, E6, 

and E7 immunogenic epitopes in HPV+HNSCC patient PBMCs. Several of  the highly to 

moderately immunogenic predicted epitopes proved to be novel in the context of  

HPV+HNSCC and HLA-restriction. This work provided a very comprehensive landscape of  

immunodominant epitopes derived from functionally important HPV proteins E2, E6, and 

E7. After identifying a landscape of immunogenic HPV epitopes, I worked to optimize a 

method to detect low frequency HPV-specific CTLs, determined whether these CTLs were 

tumor specific (expression of memory cell surface markers), and assessed overall T cell 

dysfunction (expression of multiple exhaustion markers). From this study, I was able to detect 

low frequency HPV-specific CTLs as confirmed through tetramer binding, I showed that 

HPV+HNSCC patients exhibited increased E7 or E2-specific levels of CD8+T cell 

exhaustion. Prior to this study, T cell dysfunction in the context of HPV+HNSCC had not 

yet been described.  

In project three, I took previously established methods developed in our laboratory to 

expand and isolate CD8+T cells reactive to HPV target epitope E6-3. The goal was to perform 

a single-cell analysis of  the TCRαβ repertoire generated in response to this previously defined 

immunogenic epitope. Our sequencing results provided ten unique TCRαβ pairs with 

respective CDR3 sequences. In an effort to determine the frequency of  our retrieved TCRβ 

CDR3 sequences in other HPV infections, I performed sequence alignments against 

previously published TCRβ CDR3 derived from women with HPV cervical infections. The 

TRBV18 CDR3 (CASSPYQETQYF) alignments resulted in a perfect match in the HPV 

database set but HLA status of  those cases is not known. Further research into the prevalence 

of  CASSPYQETQYF showed that it also appeared in colon and rectal cancers. While these 

cancers are not associated with HPV infections, it is possible that these donors did have an 
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HPV infection that influenced the expansion of this particular CDR3 subset, suggesting that 

TRBV18/CASSPYQETQYF may be specific to HPV associated infection and disease and 

further warrants additional experiments to test the functional capability of this TCR to HPV. 

Epitope conservation analysis across HPV high risk types revealed that our targeted E6-3 

epitope was only conserved in HPV16; suggesting that our HLA-A2 restricted E6-3 protein 

would be a potential candidate for individuals infected with HPV16 but no other high-risk 

subtypes. In order to develop a TCR therapy that could target a heterogeneous population, a 

broad range of immunogenic epitopes across various HLA’s would need to be developed.  
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