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ABSTRACT OF THE DISSERTATION 

 

Characterizing the T cell immune response through the receptor-ligand interaction 

 

by 

 

Pavlo A. Nesterenko 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2022 

Professor Owen N. Witte, Chair 

 

 

The adaptive immune system provides protection against disease and maintains memory of past 

exposures. Randomly rearranged antigen receptors can recognize virtually any pathogen. T cells 

recognize processed peptides that originate from protein fragments and are presented on major 

histocompatibility complex molecules. Human T cell receptor (TCR) function is mostly studied 

in the context of model antigens. TCRs against the majority of presented epitopes are not 

defined. Single cell sequencing allowed for paired TCRα/β sequencing at a scale not previously 

imaginable, which increased interest in identification of antigen specific TCRs.  

 

Antigen specific TCR discovery efforts are challenging because of the repertoire diversity. Up to 

1019 possible TCRs can be randomly generated in the thymus. Antigen specific T cells can be 

selected by a range of techniques based on either physical staining of the TCR or selection of 

cells activated with specific antigen. Antigen specific T cell rarity and abundance of weakly 

reactive cells leads to selection of large numbers of false positive clones. The TCRα/β needs to 

be sequenced and genetically reconstructed in allogeneic T cells to confirm antigen recognition. 

The qualities of an antigen specific TCR include the ability to direct the killing of target cell 

lines, stimulating the production of multiple cytokines, and driving cell division. Such data can 
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then be used to rank TCRs and identify highly functional clones. More sensitive and specific 

selection prior to sequencing can reduce the amount of labor involved when profiling TCRs. 

 

This thesis work describes a new technology for sequencing antigen specific TCRs, which is 

used to study T cell responses against SARS-CoV-2. We developed a protocol that allows for 

TCR sequencing in cells that have been identified as functional based on cytokine production in 

response to stimulation with specific antigens. TCR engagement drives cytokine production 

which is one of the fundamental properties of a T cell. For this reason, intracellular cytokine 

staining is one of the most commonly used techniques to quantify antigen specific T cells. We 

then identified SARS-CoV-2 polymerase specific TCRs in unexposed human donors. 

Polymerase specific TCRs are able to recognize multiple human coronaviruses, indicating the 

potential to provide immunity regardless of the SARS-CoV-2 variant. Broadly reactive T cells 

provide heterosubtypic immunity against Influenza, another respiratory virus. Based on this work 

our laboratory, in collaboration with other laboratories at UCLA, is developing a novel COVID-

19 vaccine strategy.  

 

Our SARS-CoV-2 work illustrates the utility of studying single TCRs to discover immune 

responses, but another approach is to use TCRs directly as therapeutics. TCR engineered T cells 

are effective in the clinic and cure late-stage tumors. Projects described in this thesis are helping 

drive other efforts in our laboratory that are directed at identifying TCRs against novel prostate 

cancer antigens.  
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Chapter 1 

 

Function of α/β T cell receptors in infection and vaccination 
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1. Intro to immunity 

The immune system protects organisms from pathogens(1). The innate immune system can 

respond within minutes of infection to highly conserved bacterial and viral motifs using a system 

of pattern recognition receptors (PRRs). Dendritic cell (DC) stimulation is the bridge between 

innate and adaptive immune systems. DC PRR stimulation leads to DC maturation and the 

ability to prime naïve T cells. Adaptive immunity takes days to weeks to build and protects 

against specific pathogens. Memory cells survey the body and prevent or suppress reinfection by 

the same pathogen. B cells produce antibodies that recognize surface exposed antigens. 

Antibodies neutralize viruses and direct cytotoxicity by engaging other immune cells. T cells 

recognize processed peptide epitopes presented on Major Histocompatibility Complexes (MHC), 

which can be of self-origin or derived from intracellular and extracellular pathogens. T cells 

organize the immune response and kill target cells. There are two main classes of T cells, CD4 

and CD8, which differ in function and types of antigens recognized. CD4 T cells help to organize 

both B cell and T cell responses, while CD8 T cells are the cytotoxic effectors. My work focused 

on CD8+ T cell recognition of specific antigenic determinants.    

 

2. Lymphocyte diversity 

Large clonotype diversity allows B cells and T cells to recognize virtually any antigen. A 

clonotype is a group of cells with the same antigen receptor that is sustained by homeostatic 

proliferation(2). Individual receptors recognize specific biochemical motifs. Theoretical limit for 

T cell receptor diversity is greater than 1019(3–5). T cell clonotype diversity within an average 

human is only around 108, because the absolute number of T cells in the body is limited(6–8). 

For this reason, the T cell repertoire within two individuals with similar HLA alleles rarely 
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overlaps. The number of possible antigens is much larger than the number of available T cell 

clonotypes within an individual(9). T cell cross-reactivity compensates for this discrepancy by 

allowing one receptor to recognize many related antigenic determinants with a range of 

affinities(9, 10). Recognition of some antigens will elicit strong T cell responses and others will 

only weakly stimulate T cells. This strategy allows for virtually unlimited numbers of antigens to 

be recognized.  

 

Identifying antigen specific TCRs is a needle in the haystack problem. The frequency of naïve T 

cells capable of targeting known antigens ranges from 1 in 1,000 to 1 in 1,000,000(7, 11). T cells 

that target the same epitope are a collection of clonotypes. Low affinity TCRs can be detected by 

analytical techniques used to quantify reactive cells, potentially leading to overestimation of the 

number of reactive T cells. Accurate estimates would require a cutoff for the strength of antigen 

recognition. This cutoff should be the strength that would generate killing in response to 

recognition of processed antigens. Cytotoxicity assays are not trivial to perform in a high 

throughput manner, especially when the starting T cell population is rare. Biological and 

technical limitations make it difficult to approximate the true frequency of reactive T cells.   

 

Understanding which TCRs can target novel antigens is essential to understand diseases and 

develop therapeutics. All mammalian cells, except red blood cells, present a large variety of 

antigens on MHC molecules, representative of the total cellular proteome(1). If a virus infects a 

cell or a cell becomes transformed, then additional antigens will be presented, derived from the 

viral or tumor proteins. Most of these antigens do not have a defined, reactive TCR. Less than 

400 epitopes have defined TCRs and most of these epitopes are of viral origin(12). Model 
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antigens are commonly studied epitopes with well-defined TCRs that may have been used to 

generate mouse transgenic models(13). Epitopes that have been used as model antigens come 

from three sources: 1. Viruses 2. Cancer 3. Normal tissue. TCR transgenic mouse models are 

used to study immune responses to viruses and cancer, with the caveat that all the data is 

generated in the context of one TCR. The need remains to uncover the breadth of TCRs involved 

in human disease and maintenance of tissue homeostasis.  

 

3. TCR structure 

The TCR recognizes peptide antigen presented on the surface of MHC molecules through the 

variable interface of alpha and beta chains(3). The TCRα/β heterodimer binds both the antigen as 

well as the MHC molecule with its complementarity determining regions (CDRs). TCR diversity 

is derived from somatic DNA recombination in the thymus(9). Germline V and J regions 

recombine to create the alpha chain and V, D and J recombine to generate the beta. Additional 

diversity is introduced by non-templated deletion and addition of nucleotides at the joining 

regions during recombination(14, 15). The recombination site creates the CDR3 hypervariable 

regions that are involved in antigen recognition. The beta chain is the first one to be 

recombined(16). T cell precursor continues to proliferate while the alpha chain is being 

generated, allowing a single beta chain to be paired with multiple alpha chains(17). The 

combinatorial pairing of alpha and beta chains generates additional diversity(5). T cells go 

through several well characterized stages of development, which is driven by the interactions 

with multiple cell types in the thymus(16, 18). The end product of thymic maturation is a T cell 

repertoire that recognizes a large diversity of foreign epitopes and avoids reactivity with self-

derived peptides(4, 18). In addition, each clonotype has learned to recognize one MHC allele, 
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which is called MHC restriction. The mechanisms of how such a repertoire is produced are still 

not clear. TCRs are selected to bind self MHC by positive selection, where ligands can be weak 

agonists and structurally mimic potential foreign antigens(19). Negative selection deletes self-

reactive clones and is primarily driven by medullary thymic epithelial cells that present peptides 

derived from a large variety of self-proteins, that are otherwise tissue restricted(18). 

Transcription factor Aire has been identified as the driver of this ectopic gene expression(20). 

Mutations in Aire cause autoimmunity in people(20).  

 

TCRs bind antigen with relatively weak affinity, such that one pMHC can repeatedly engage 

many TCRs, which allows for low density ligands to elicit strong T cell responses(21). TCR-

antigen reactivity is referred to as weak affinity compared to the affinity of antibodies, however 

within this range some TCRs will recognize target antigens with much higher affinity than others 

and are called high affinity TCRs. TCR affinity is measured as dissociation rate between TCR 

and pMHC and ranges from 100-0.1 μM(22). Salt bridges can help to stabilize the TCR-pMHC 

interaction and have been particularly important for increasing the amount of force on the 

TCR(23). The α/β heterodimer lacks independent signaling components. Mechanical piston like 

movement of the TCR through the CD3 results in CD3 activation(24). The CD3 complex is 

made of four protein chains, ε, γ, δ, and ζ, where ε forms heterodimer pairs with δ and γ and ζ 

chain forms a homodimer(25). Proximal tyrosine kinases, such as LCK, phosphorylate ITAM 

domains within the CD3(26). Most ITAM domains are found in the CD3 ζ heterodimer. 

Phosphorylated CD3 ζ is then bound by ZAP70 protein which phosphorylates LAT, resulting in 

phosphorylation of phospholipase C, leading to calcium efflux from the ER which then triggers 

extracellular calcium flow into the cell(26, 27). Calcium signaling is the end result of TCR 
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engagement and results in T cell activation, this is supported by the observation that calcium 

influx alone is sufficient for activation(28).  

 

4. TCR repertoire sequencing 

Clonotype diversity can be profiled by TCR sequencing, which defines clonotypes and maps 

abundance. Abundance also referred to as frequency can be used to study immune responses. 

Frequent clones are thought to be undergoing antigen dependent expansion and therefore 

functional in the immune response(29, 30). Clonal dynamics can be studied by sampling multiple 

timepoints within the immune response. Typically, beta chain sequencing from genomic DNA is 

done in bulk population of cells (adaptive biotechnologies). TCRα/β chain sequencing represents 

the true diversity, because the beta is paired with multiple alpha chains(29, 31). Full length 

paired TCRs are sequenced from the mRNA, to recover processed sequences that will generate 

the TCR. Current technologies allow for TCR sequencing in millions of T cells, but paired 

analysis is limited to thousands.  

 

TCR sequencing alone does not provide information about which antigens are recognized. 

Computational algorithms can cluster TCRs that are likely to recognize the same antigen, 

because TCRs that recognize the same antigen are similar in sequence(32, 33). This approach is 

limited to previously defined antigens and does not allow for discovery of novel TCR 

reactivities. Analysis of similar TCRs allowed for diagnosis of prior SARS-CoV-2 infection 

based on TCR sequence data alone(34). To further characterize an immune response, TCRs that 

recognize unknown antigens can be grouped into families(31, 32). It’s difficult to extrapolate 

TCR family performance based on one family member because a subtle difference in the 
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sequence has been known to dramatically change the function(35). Grouping TCRs of unknown 

reactivity was used to show that checkpoint blockade in cancer patients induces targeting of new 

antigens(31). Target antigens of TCRs can be determined by high throughput antigen screening 

analysis(36, 37). These techniques require crystallization or over expression of the TCR 

construct, which are non-trivial efforts and require the knowledge of the full-length TCR α/β 

sequences. Recently, tools have been developed that allow accurate structure prediction using an 

inexpensive computer; such technology can potentially predict TCR structure and can inform 

efforts on antigen discovery in-silico(38).  

 

TCR sequencing in antigen specific T cells defines antigen specific TCRs. Selection of antigen 

specific T cells can be done by either physical staining of a specific TCR or selection of 

activated T cells. To capture activated cells, T cells are first stimulated with antigen and then 

stained for surface markers of activation. CD137 is a well-established activation marker; 

however, some concerns exist about specificity(39). To increase specificity other markers are 

now being combined with CD137. Physical TCR staining is done by peptide-MHC multimer 

reagents linked to reporter molecules, which are usually detected by flow cytometry(40, 41). 

Peptide-MHC tetramers engage the T cell with four different complexes, to compensate for the 

low affinity of the TCR. As would be expected this strategy is highly variable, because 

successful construction of the peptide-MHC depends on the epitope. To increase the sensitivity 

of the tetramer approach, the dextramer links 10 peptide-MHCs to each other(42, 43). Dextramer 

staining allows for better sensitivity; however, the background is higher which affects specificity. 

Building on this work, nanoparticle approaches increase the strength of binding by incorporating 

larger numbers of peptide-MHCs(44, 45). Peptide-MHC based detection can be scaled up by 
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using genetically encoded single chain trimer constructs, which covalently link peptide to the 

MHC molecule(46). The addition of oligo barcodes that link epitope identity to the peptide-MHC 

multimer allows for parallel sequencing of TCRs and epitope identity, which can increase 

throughput. We developed a TCR sequencing technique based on intracellular cytokine staining 

(ICS). ICS is a highly specific and sensitive method to quantify functional antigen specific T 

cells. Droplet-based single-cell RNA analysis was never done, as fixation and permeabilization 

was thought to decrease the RNA quality. TCR sequencing based on ICS is discussed in Chapter 

2. This is a very rapidly evolving field, where high throughput has been one of the primary 

objectives, to allow for on demand TCR isolation for therapeutic purpose.  

 

Synthetic reconstruction of TCRs from α/β sequences assists discovery of TCRs against novel 

antigens, by enabling analysis that would be difficult in primary PBMCs(47, 48). TCR α/β 

constructs can be overexpressed in primary T cells or reporter cell lines for extensive functional 

analysis. Processed antigen recognition is weaker, necessitating over expression to study low 

frequency responses. Overexpression also allows for extensive cross-reactivity analysis. 

Studying one specific TCR removes confounding variables that may otherwise affect 

recognition. Performance characteristics of high-quality TCRs include recognition of processed 

epitopes and the ability to stimulate killing of target cells, production of multiple cytokines, and 

cell division. TCR performance can be combined with other data types, such as gene expression 

and phenotype. 

 

Linking the TCR sequence to the T cell state informs the role of specific clonotypes within the 

immune response(5, 31). T cell states are defined by expression of surface markers and genes. 
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Flow cytometry sorting of specific phenotypes and subsequent TCR beta sequencing allows 

exploration of differential TCR usage by distinct T cell subsets. Parallel single-cell gene 

expression and TCR sequencing allows for unbiased exploration of clonotype functional 

significance. Oligo barcoded antibodies can be used to profile the surfaceome in parallel with 

single-cell sequencing(49). TCRs with the phenotype of interest can be explored as drivers of the 

response. Single-cell immune profiling has been used to show that TCR clonotypes that respond 

to checkpoint blockade therapy originate from the blood rather than pre-existing tumor 

infiltrating lymphocytes(31). Analysis of both TCRs and T cell state can help define both TCR 

candidates as well as identify new therapeutic modalities (Figure 1). 

 

5. Discovery of T cell MHC restriction 

Tumor graft models were used to study drivers of rejection in transplantation immunology(50, 

51). The so-called “cellular antibodies” caused graft rejection responses in animals. Anti CD8 

sera blocked cytotoxicity, thus CD8 T cells were identified as cytotoxic cells(52, 53). It wasn’t 

clear why tissue was rejected from some animals but not others(54). MHC molecules were 

identified as genetic drivers of this segregation(55). Viral immunology allowed us to ask the 

question of how self is recognized in the context of controlled foreign antigen expression. T cells 

recognized viral antigens only if a specific MHC was present(56). Two competing hypotheses 

stated that either T cells recognize two independent molecules or a molecule that has been 

altered to be different, that is an altered self. The prevalent theory state that T cells recognize 

virus infected cells by recognizing the MHC molecule and separately binding a viral protein. 

Through the study of heterozygous mice, it was determined that T cells recognize a modified 
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version of the MHC molecule(57). The altered self, turned out to be MHC molecules that present 

foreign peptide epitopes. 

 

6. Antigen processing and presentation 

CD4 and CD8 T cells differ dramatically in the types of antigens they recognize. CD4 T cells 

recognize peptides derived from extracellular proteins presented on MHC class II, which is 

usually expressed by professional antigen presenting cells. CD8 T cells recognize peptide 

epitopes presented by MHC Class I. Class I MHCs bind the outer anchor residues of the epitope, 

which allows for a large diversity of peptides to be presented(58). Proteins are degraded into 

peptides by the proteasome, in addition to directed degradation, many proteins are degraded 

immediately due to mistakes in translation(59, 60). Only a small minority of peptides generated 

get presented, so the immune system favors abundant proteins(61, 62). Peptides are loaded into 

the endoplasmic reticulum, through the TAP protein. In the ER peptides are further trimmed to 

fit the binding groove of MHC class I, which is often restricted to 9 amino acids(63–65). 

Peptides are then assembled with the polymorphic heavy chain and the constant light chain(58). 

This trimer complex constitutes a stable peptide-MHC.  

 

Peptide presentation is affected by alternative proteasome usage and specific cell conditions, 

which further complicates antigen presentation(58, 66). The immunoproteasome, which is 

preferentially used by professional antigen presenting cells, and the thymic proteasome, present 

different sets of peptides(67). In addition, cytokines produced in response to viral infections can 

affect the abundance of peptides as well as specific components of the proteasome expressed(62, 
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68). Antigen presentation is a highly dynamic process, making it difficult to anticipate the 

presentation of specific epitopes in defined cell types.  

 

MHC trimers dissociate at the cell surface and reassemble with peptides present in the serum or 

media(58). This quality allows screening of endogenously added peptides for in-vitro T cell 

recognition. Custom synthetic peptides of varying purity are commercially available. Peptides of 

up to 20 amino acids have been used to pulse cells in vitro. These studies often used overlapping 

peptide pools that covered the full length of a protein(69, 70). Extracellular proteases can cleave 

terminal amino acids, allowing the shortened peptide to be loaded onto the MHC.  

 

The immune response is diversified at the population level to increase capacity to respond to 

diseases(71). MHC Class I is highly polymorphic; more than 30,000 alleles exist, (IMGT/HLA). 

Some MHC alleles are highly overrepresented, indicating their potential importance in protecting 

against diseases. The HLA-A2 is frequent in all populations and is expressed in 30-50% of 

individuals of northern European decent(72). Each T cell clone only recognizes antigens in the 

context of one specific MHC molecule. TCR discovery efforts are complicated by the need to 

perform antigen discovery and characterization in the context of many HLA alleles. 

7. Recall memory 

Primary infection generates T cell response and establishes memory against the pathogen. 

Dendritic cells survey peripheral tissues to pick up antigens and subsequently drive the activation 

and proliferation of antigen specific naïve T cells in the lymph node (Figure 2). Naïve T cells are 

mostly restricted to secondary lymphoid organs, due to their expression of lymph homing 

molecules CD62L and CCR7(73). Upon encountering antigens, dendritic cells stimulate the TCR 
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as well as deliver co-stimulation signals (74, 75). Priming dramatically changes naïve T cells to 

generate a pool of effector T cells capable of anti-viral function(74, 76). Lymph homing markers 

are downregulated and trafficking molecules needed for peripheral tissue entry are 

expressed(77). Effector T cells traffic into tissues and kill infected cells. Effector cells then go 

through a contraction phase and some remain as memory cells. T cell memory stays for decades 

and surveys the body for reinfection(78, 79). 

 

CD8+ memory T cells are subdivided into three phenotypes with distinct functional roles: central 

memory (Tcm), effector memory (Tem), and resident memory (Trm) (Figure 2)(80–82). 

Resident memory cells are permanently localized at sites of initial infection to generate a rapid 

response(80). Trm function by the direct killing of infected cells but also promote an 

inflammatory response that recruits other immune cells(83, 84). Respiratory virus control is 

associated with presence of Trm cells in the lungs(85). Among the cells that Trm cells recruit are 

antigen specific Tem cells. Tem cells are localized in the blood and peripheral tissues. Tem and 

Trm cells are both designed for immediate antiviral activity(86). These cells lack costimulatory 

molecules and can be activated by TCR stimulation alone, thus can recognize non-immune cells. 

Tcm contains a pool of precursor cells that can expand upon antigen stimulation and are more 

similar to naïve T cells(74). Tcm circulation is limited to the blood and lymph organs, where 

they can be expanded by dendritic cells(76). Higher precursor numbers allow for faster 

generation of effector pool. Trm and Tem provide protection during the first hours and days of 

reinfection, but at day 7 Tcm cells have proliferated and differentiated into the effector pool that 

can eliminate the pathogen(87, 88). Memory is compartmentalized where cells that recognize the 
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same antigen and even have the same TCR acquire multiple phenotypes to provide protection at 

different layers of infection(76). 

 

8. Vaccination 

Vaccination allows for the generation of specific memory without the severity of a full infection. 

In 1796 Edward Jenner experimentally showed that cowpox infection was able to provide 

protection against the human infection smallpox, establishing the concept of vaccination(1). Live 

attenuated vaccines have been very successful and protect against smallpox, chickenpox and 

yellow fever (CDC). Inactivated vaccines are killed pathogens and are used against Influenza, 

Polio, Hepatitis A and Rabies (CDC). Subunit vaccines induce a specific response against a 

component of the pathogen and are used against hepatitis B, HPV, Whooping cough and 

Shingles (CDC). Unlike inactivated and attenuated viruses, subunit vaccines require adjuvant to 

stimulate the innate immune system, because they lack natural viral components. Adjuvant 

response is not completely understood, so subunit vaccines are generally weaker and require 

multiple doses and or boosters (89). Viral vectored vaccines use viruses that encode the 

immunogen via cDNA(89, 90). Adenoviruses are the most advanced platforms for viral vectored 

vaccines, but cytomegalovirus is also entering clinical trials. The advantage of viral vectors is 

induction of strong immune responses, which includes strong effector memory CD4 and CD8 T 

cells. Such vectors have been in development for a long time, however viral vectored vaccines 

are only approved for SARS-CoV-2(91). The mRNA vaccines also proved very successful for 

preventing COVID-19 and are now being considered for other diseases(92). The best vaccines 

are thought to induce sterilizing immunity - blocking any kind of viral proliferation, as can be 

done by neutralizing antibodies. Sterilizing immunity is an ideal assumption even in cases where 
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vaccines work well. T cells are likely involved in control of all pathogens to various extents to 

clear the cells which became infected by viruses that escaped neutralization. 

 

T cells may be critical for preventing diseases where vaccines do not yet exist(76). Latent 

infections proved difficult for vaccine development and may need specialized T cell responses to 

clear cells infected early in the exposure. Acute infections where natural immunity is not lifelong 

also proved to be difficult vaccine targets, either because of durability of immune response or 

changes in the genetic sequence of the pathogen. We do not have effective vaccines against 

Hepatitis C virus, Human Immunodeficiency virus (HIV) and Respiratory syncytial virus 

(RSV)(93, 94). Vaccines against Tuberculosis and Influenza have low efficacy(95). Influenza is 

complicated by the need-to-know which strain will become dominant and the difficulty in 

predicting which viruses may spill over from animal populations, such as the H1N1 in 2009. 

Human T cells recognize epitopes from different influenza virus family members, a phenomenon 

called heterosubtypic immunity(96, 97). Heterosubtypic immunity is dependent on CD4 and 

CD8 T cells, suggesting that T cell cross reactivity is responsible for broadly reactive immune 

responses(97). A live attenuated influenza vaccine can be delivered intra nasally and induces 

Trm cells in the lung(98). The most common influenza vaccine used today is still the injectable 

form. RSV is difficult to neutralize by antibody because the fusion protein has two different 

conformations, but most RSV vaccine efforts have been aimed at inducing neutralizing 

antibodies(93). CD8+ T cell response are associated with RSV control in infected humans(85). A 

vaccine that induces Trm in the Lung may protect against RSV(99). T cell cross-reactivity and 

highly functional CD8 T cell responses can help suppress HIV infection for a long time(100). 

Cytomegalovirus vectors protect against HIV and Tuberculosis in rhesus macaque model via 
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CD8 dependent immunity(95, 101). A prophylactic vaccine needs to induce Trm cells that are 

located at the site of pathogen entry or immediately recruited to the site of infection. 

Alternatively, a vaccine that systemically a induces high frequency of Tem cells may be 

sufficient, as these cells traffic through tissues and can quickly be recruited upon a pathogen 

encounter. Development of T cell vaccines will rely on identification of effective T cell 

responses and the development of a means to induce such responses at the right anatomical site.  

 

The SARS-CoV-2 ongoing pandemic illustrates failures and successes of modern immunology. 

As of December 2021, there are rising concerns about the efficacy of existing SARS-CoV-2 

vaccines against the Omicron variant. The third shot of the vaccine, also called a booster, 

provides protection against Omicron(102). Current boosters do not alter the specificity of the 

response. Variant specific boosters are in development, but it remains to be seen whether this 

strategy will work long term. Additional concern about mRNA vaccines is the lack of generation 

of long-lived plasma cells, which provide constant levels of antibody(103, 104). The inability to 

generate long-lived plasma cells may mean that the mRNA vaccine technology should be further 

explored as a T cell vaccine. A more conserved T cell antigen may need to be targeted, which 

may allow for the targeting of many variants and potentially different human coronaviruses(105–

107).  

Exploring SARS-CoV-2 T cell responses is discussed in more detail in chapter 3.  
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Chapter 2 

 

Droplet-based mRNA sequencing of fixed and permeabilized cells by CLInt-seq allows for 

antigen-specific TCR cloning 
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Intro: 

The adaptive immune response depends on T Cell Receptor (TCR) diversity to orchestrate a 

defense against any foreign antigen (Ishizuka et al., 2009; Qi et al., 2014). The αβ TCR is a 

heterodimer of alpha and beta polypeptides that as a pair recognize peptides, derived from 

proteins, presented on the Major Histocompatibility (MHC) complex(Sewell, 2012). Alpha and 

beta chains are generated in the thymus by random somatic recombination of the V, D and J 

regions to yield a theoretical diversity of over 1015 clonotypes(Sewell, 2012). Those TCRs that 

react with self-derived epitopes or do not recognize MHC are predominantly deleted during 

development(Takaba and Takayanagi, 2017). One recent estimate of adult TCR diversity in the 

peripheral blood is 108 unique clones(Qi et al., 2014). Isolating rare antigen-specific TCR 

sequences from such diverse populations remains a significant technical challenge. 

 

Robust techniques have been developed for sequencing TCRs of immunodominant viral and 

tumor T cell responses(Betts et al., 2003; Dolton et al., 2018; Parkhurst et al., 2017; Rodenko et 

al., 2006; Wolfl et al., 2007; Wölfl et al., 2008). Immunodominance is the observation that the 

immune response is focused on a small number of antigenic epitopes and was initially discovered 

when only one MHC allele allowed the immune recognition of virus infected cells(Zinkernagel 

and Doherty, 1974). Peptide-MHC multimers representing these epitopes are used for physical 

staining of the TCR and allow for robust and antigen-specific TCR sequencing, often via FACS 

sorting of the multimer-positive population(Bethune et al., 2018; Rodenko et al., 2006). 

Multimer-based isolation of T cells coupled with TCR sequencing revolutionized our 
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understanding of how viral antigens produce T cell responses(Glanville et al., 2017; Yu et al., 

2015b). However, these reagents are epitope-specific and laborious to construct and so are best 

suited for studying a small number of well defined, dominant epitopes(Alanio et al., 2010; Yu et 

al., 2015b).  

 

More recently, surface activation markers such as CD137 and CD107a/b have been used to 

isolate live T cells that have been activated in vitro, allowing for isolation and sequencing of 

antigen-specific TCRs without multimer staining(Betts et al., 2003; Wolfl et al., 2007). These 

activation marker techniques permit isolation of TCRs reactive with previously undefined 

epitopes(Parkhurst et al., 2017; Wolfl et al., 2007). The activation marker CD137 has been used 

for isolation of novel tumor associated, as well as neoantigen-reactive TCRs(Parkhurst et al., 

2017; Wolfl et al., 2007). Once cells are isolated, single-cell sequencing can produce TCR 

alpha/beta pair identity of thousands of cells(Oh et al., 2020; Wu et al., 2020; Yost et al., 2019). 

Cell surface markers like CD137 are used as proxies for the intracellular effector molecules that 

respond to T cell activation and can return a false positive signal. These surface activation 

markers are expressed on up to 0.5% of CD8+ T cells in absence of TCR stimulation. This 

background expression could make it difficult to specifically identify low frequency responses. 

Yet many therapeutic T cell responses to viruses and tumors are against undefined, low 

frequency epitopes.  

 

We sought to establish an mRNA sequencing protocol that could characterize low frequency T 

cell populations of defined phenotype and function. We surmised that a method based on 

intracellular protein profiling could provide the desired additional specificity. Such a method 
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would allow targeting of any protein, including cell type-defining signaling molecules and 

transcription factors. Transcription factors (TFs), alone or in combination, are lineage defining 

molecules and have been shown necessary and sufficient for cell differentiation and identity in 

many contexts(Honaker et al., 2020; Iwafuchi-Doi and Zaret, 2016; Iwafuchi-Doi et al., 2016; 

Lambert et al., 2018; Takahashi and Yamanaka, 2006). For example, in the neuronal lineage the 

TFs SOX2, PAX6 and EOMES identify human radial glia progenitors(Thomsen et al., 2016). In 

T cells, our area of interest, FOXP3 uniquely marks T-regulatory cells (Tregs), which can oppose 

cytotoxic T cell responses and either prevent destruction of healthy tissue or promote tumor 

progression(Ali et al., 2014; DeLeeuw et al., 2012; Li and Rudensky, 2016; Nair et al., 2007; 

Sakaguchi, 2005). Another CD4+ cell type involved in tissue homeostasis is Th17 cells, which 

produce IL-17 and protect organs from bacteria, but can also mediate autoimmune pathology in 

IFNγ independent manner(Korn et al., 2009). RORγt transcription factor directs differentiation 

and identifies Th17 cells(Ivanov et al., 2006; Korn et al., 2009).  

 

Antigen specific CD4+ and CD8+ T cells are often quantified by their intracellular cytokine 

production capacity(Le Bert et al., 2020; Pitcher et al., 1999; Sylwester et al., 2005). Cytokine 

secretion is first inhibited and subsequently cells are permeabilized for cytoplasmic cytokine 

staining (Pitcher et al., 1999; Sylwester et al., 2005; Waldrop et al., 1997) and flow cytometric 

analysis. Epitope mapping studies have used ICS as a measurement of reactivity and established 

the antigen scalability of this approach(Le Bert et al., 2020; Hansen et al., 2013; Sylwester et al., 

2005). This technique has very low background, in the absence of stimulation through the 

TCR(Slifka et al., 1999; Waldrop et al., 1997). Different antigen stimulation approaches can be 

combined with ICS and exact epitope knowledge is not required(Hansen et al., 2013; Linnemann 
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et al., 2014). For discovery purposes, pools of over 100 peptides can be routinely used(Adler et 

al., 2016; Hansen et al., 2013; Murray et al., 2017; Sylwester et al., 2005).   

 

Single-cell sequencing of neuronal cells selected based on an intracellular antigen has been 

described, however that technology has not been performed with the droplet-based sequencing 

required to rapidly process reactive TCRs (Thomsen et al., 2016). More recently, methanol based 

permeabilization has been used to select a population of cells based on an intracellular marker 

for droplet-based sequencing(Katzenelenbogen et al., 2020). In this work, we define a 

technology for droplet-based mRNA sequencing in cells fixed and permeabilized for ICS. This 

technology, CLInt-Seq (sequencing via Crosslinker regulated Intracellular phenotype), performs 

similarly to multimer-based approaches but can be used to discover new peptide-TCR pairs. As 

proof-of-principle, we used CLInt-Seq to sequence TCRs in EBV-reactive CD8+ T cells selected 

for TNFα and IFNγ expression. For comparison, selection with multimers was performed in 

parallel and had comparable efficiency. We also demonstrate that the technology can be applied 

to sequence Treg cells by profiling the lineage specific transcription factor, FOXP3. Finally, we 

adapt the method to be compatible with a single cell sequencing platform that allows 

comprehensive profiling of the αβ TCR response. 

 

 

Results: 

Intracellular staining identifies antigen specific T cells with a lower rate of false positives 

than cell surface profiling by the activation marker CD137 

To compare the specificity of surface activation markers and ICS for the identification of 

reactive T cells, we tested the ability of both techniques to identify true positive antigen-specific 



32 

 

T cells in an activation assay. Tissue restricted antigen NY-ESO-1, which is overexpressed in 

multiple tumors, and a cognate TCR (clone 1G4) co-linked to NGFR were used to create a model 

system for estimating the specificity of the ICS approach compared to the CD137 

method(Bethune et al., 2018; D’angelo et al., 2018; Robbins et al., 2011b). False positives were 

defined by flow cytometry as events that expressed an activation marker but not the TCR 

construct. To produce a simulated population that is about 1% positive, a TCR-transduced 

population was added into an untransduced population of cells (Fig 1A). Cells were then 

stimulated and flow cytometry was performed for CD137 and compared to ICS for TNFα or 

IFNγ (Fig 1B). Both assays had comparable sensitivity. However, 3.09% of CD8+ T cells were 

in the NGFR-/CD137+ quadrant (Fig 1B). Illustrating a high background in this assay due to 

either constitutive low-level expression or bystander T cell activation. However, only 0.08% and 

0.13% of CD8+ T cells were in the NGFR-/TNFα+ or NGFR-/IFNγ+ compartments respectively 

(Fig 1B). In this model system ICS provided greater specificity than CD137 staining. 

TCR alpha/beta pairs can be recovered from primary T cells after intracellular staining 

with efficiency equivalent to multimer-based selection 

Anticipating that TCR mRNA sequencing would be less robust from fixed and permeabilized 

cells, we overexpressed melanoma antigen MART-1 TCR (clone F5) in PBMC to test if TCRs 

could be sequenced from IC stained T cells with high level of target mRNA(Bethune et al., 2018; 

Johnson et al., 2006a). Cells were then activated with MART-1 peptide and stained for 

intracellular TNFα and IFNγ by adapting a published method of single-cell mRNA sequencing in 

permeabilized cells that used paraformaldehyde (PFA) as a crosslinker(Thomsen et al., 2016). In 

parallel, a control arm was set up where cells were selected with MART-1 multimer. Reactive 

cells were then singly deposited by FACS for alpha/beta paired TCR sequencing (See SI 
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Appendix, fig. S1). TCR clones were isolated from single-cell RT-PCR reactions. Both 

techniques had equivalent efficiency, measured as a fraction of TCR alpha/beta pairs recovered 

(75%). This proof-of-concept experiment demonstrated single-cell TCR mRNA could be 

sequenced from cells that were stained for intracellular antigens.   

 

Having shown ability to sequence TCRs in the setting of overexpression, we sought to measure 

antigen-specific TCR recovery in a population of normal human PBMCs. As a proof-of-concept, 

virus-specific T cell responses from two different donors were profiled. Cytomegalovirus (CMV) 

and Epstein-Barr virus (EBV) are common Herpes viruses that infect over 50% of people and 

generate large memory T cell responses(Klenerman and Oxenius, 2016). Virus-specific CD8+ T 

cells were singly deposited based on TNFα and IFNγ expression into RT-PCR wells and TCRs 

were subsequently sequenced (Fig 2B). As a control, we also sorted and sequenced cells based 

on CD137 production and multimer staining (Fig 2B). 

 

All three techniques (ICS, multimer staining, and CD137 staining) recovered clonal TCRs (Fig 

2C). Although the CMV response was oligoclonal, some clones were clearly dominant. In fact, 

the same dominant clone appeared in all three techniques. In contrast, the EBV-responding TCRs 

were polyclonal, which is typical of EBV responses. The dominant EBV clone identified by 

tetramer and CD137 staining appeared only once in ICS, however the subdominant clones 

appeared 3/55 and 7/55 times as measured by ICS. Cumulatively, this data showed that ICS 

could enable the isolation and sequencing of TCRs in single cells. This experiment also showed 

that ICS can be used for TCR cloning with reasonable efficiency, 33-54% compared to 55-94% 

with live cells (Fig 2C).  
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The true test for TCR antigen specificity is clonal sequence isolation and transplantation into 

allogeneic human T cells. This tests if an assay will identify high affinity TCRs, rather than 

simply cross-reactive clones. Four CMV TCR clones were cloned into retroviral vectors and 

overexpressed in human PBMCs (Fig 2D) (Dataset S01). Functional capability of these clones 

was evaluated by cytokine production in a cytotoxicity assay. T cells transduced with the CMV 

TCRs were cocultured with a PC3 epithelial prostate cancer cell line that expressed HLA-

A*02:01 with or without the CMV pp65 protein. All three CMV TCRs that appeared in both 

tetramer and ICS based selection led to the production of IFNγ when T cells were co-cultured 

with target cells that express CMV pp65 protein (Fig 2E). Additionally, these same T cells were 

able to specifically kill target cells that expressed the protein (Fig 2F).  

 

T regulatory cell TCR identification by intra-nuclear profiling of FOXP3.  

To explore the ability of ICS based TCR sequencing to characterize immune responses beyond 

those mediated by cytotoxic CD8+ T cells, we performed single-cell sequencing of T cells that 

expressed the classic Treg markers: CD3, CD4, CD25 and FOXP3 (Fig 3A)(Raffin et al., 2020). 

Knowledge of Treg epitopes has been limited to indirect analyses due to the need to phenotype 

Tregs exclusively by nuclear transcription factor FOXP3(Ahmadzadeh et al., 2019). Our ICS-

based cloning efficiently isolated TCRs in this population, as 33 out of 40 single cells deposited 

returned productive alpha/beta pairs (83%) (Fig. 3A). A specific peptide was not queried, thus 

the TCRs identified did not show any clonality, unlike the viral antigen specific CD8+ T cells 

analyzed previously (Fig 3B). Thus, ICS based selection can identify TCRs across T cell 

phenotypes and functionalities. 



35 

 

 

Single-cell sequencing of fixed and permeabilized cells in droplet-based format 

Very large TCR diversity as well as clonal expansion necessitates sequencing of hundreds of 

cells to understand the scope of reactivity. Current techniques for parallel single-cell sequencing 

in thousands of cells are based on microfluidics technology, which encapsulates cells into fluid 

droplets(Macosko et al., 2015). In our hands, PFA fixed cells performed poorly with a droplet-

based sequencing approach (Fig 4B). As an alternative, we optimized the protocol with a 

chemically reversible crosslinker, DSP (Lomant’s Reagent, 3,3'-Dithiodipropionic acid 

di(Nhydroxysuccinimide ester)) (See SI Appendix, fig. S2)(Subramonia Iyer et al., 1973). DSP 

reacts with primary amines, has a disulfide bond in the center, and can be cleaved via a reducing 

agent. This reagent has also been used to preserve cells prior to sequencing, as well as for 

sequencing of permeabilized cells selected by phospho-protein, but neither example was adapted 

for droplet-based sequencing (Attar et al., 2018; Gerlach et al., 2019).  

 

CLInt-Seq was used to sequence αβ TCRs in a bulk T cell population via the 10X Genomics 

V(D)J library construction protocol (Fig 4A). Live cells and PFA-fixed cells were included for 

comparison. The cDNA profile of CLInt-Seq processed cells was comparable to live cells, but 

PFA treated cells had a poor cDNA profile (Fig 4B). Subsequently, these samples were 

sequenced and single-cell data analyzed (Fig 4C). CLInt-Seq cells performed similarly to a live 

cell control in terms of library cDNA concentration and number of cells successfully sequenced. 

The proportion of clones with both alpha and beta chains is indicative of the sample quality. 

CLInt-Seq cells contained only 4% of unpaired clones, compared to 8% in live cells. The PFA 

crosslinking yielded 81% of unpaired clones. The diversity of live and CLInt-Seq T cells was 
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similar (Fig 4D). Thus, gene expression analysis via droplet-based sequencing can be performed 

in permeabilized cells, fixed via DSP crosslinking. 

CLInt-Seq coupled to droplet-based sequencing recovers EBV specific TCRs 

It is critical that mRNA remains fixed to cellular protein mass prior to single-cell droplet 

encapsulation. If the mRNA is released prior to a cell being encapsulated into a fluid droplet, 

then mRNA cellular origin will not be identified correctly and αβ pairing will be lost. This can 

be estimated by recovery of correctly paired TCR αβ clones. A population of CLInt-Seq 

processed, EBV specific CD8+ T cells was selected by IFNγ and TNFα expression and 

sequenced with the 10X V(D)J single cell protocol (Fig 5A). The resulting clonotypes were 

compared to those derived from live, tetramer-selected cells. Both CLInt-Seq processed cells and 

live cells returned a similar number of cells captured (Fig 5B). Live cells showed greater 

recovery of αβ pairs (992 pairs vs 430 pairs), as well as a lower frequency of unpaired clones 

(21% compared to 37%, Fig 5B). To determine if mRNA identity had been maintained, we 

compared clonotypes recovered by CLInt-Seq to tetramer-selected live cells. The two clonotype 

populations overlapped significantly, indicating that TCR mRNA can be faithfully recovered 

from single cells prepared in this manner (Fig 5C). The shared TCRs also represented a diversity 

of clonotype frequencies (Fig 5D). This indicated that mRNA cellular origin is maintained when 

cells are processed per the CLInt-Seq protocol.  

 

Discussion:  

We describe a technology for high throughput mRNA sequencing at single-cell level in cells that 

have been fixed and permeabilized to allow for intracellular staining. Primary amines of protein 

are crosslinked by DSP, a homo-bifunctional and cleavable crosslinker, which fixes the RNA 
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inside the cell. Encapsulation of single cells into fluid droplets by the droplet-based cell 

barcoding, allows for DSP cleaving and release of mRNA for the reverse transcription reaction. 

This technology can be generalized for any cell type for profiling gene expression in minor 

populations of cells that cannot be selected by a set of surface markers. As an example, cells 

could be selected based on expression of one or more transcription factors, which function 

cooperatively to define cell fate and function. In the lymphocyte lineage, this technology could 

be used to clone B cell receptors for antibody development. B cells can be identified via 

activation assays and intracellular activation marker staining. Once the B cell receptor is 

engaged, phosphorylated form of Bruton’s Tyrosine Kinase is generated and could possibly be 

used as a marker of antigen specific B cells(Nisitani et al., 1999). Multiomics techniques for 

parallel measurement of gene expression and protein abundance have been described, however 

so far been limited to the cell surface proteome(Peterson et al., 2017; Stoeckius et al., 2017). 

These techniques use antibody-oligo complexes that allow oligo barcode sequencing in parallel 

with cellular mRNA, to quantify protein abundance. Staining for intracellular antigens would 

allow for such analysis without the cell surface proteome limitation.  

 

In future work in T cells, CLInt-Seq could help improve our understanding of the T cell response 

to diverse antigens. Currently, only three viruses dominate the landscape of known TCR-epitope 

reactivities. Of the 193 unique, well-described TCR-epitope reactivities in the published 

literature, 100 of them are derived from CMV, EBV or HIV(Bagaev et al., 2020). Insights gained 

are extrapolated to other self or viral antigens and systems, but no two TCR-epitope reactivities 

are identical(Culina et al., 2018; Leitman et al., 2016; Maness et al., 2007). The uniqueness of 

each TCR reactivity is illustrated in systems where a large effort has been spent on defining and 
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characterizing the T cell response, such as HIV. A rare subset of HIV-positive individuals, 

termed elite controllers, keep viral load low for decades presumably by the CD8+ T cell activity 

directed against a specific HLA allele, B*57(Collins et al., 2020; Leitman et al., 2016; Walker 

and Yu, 2013). Subdominant, low frequency HLA-B*57 restricted TCRs are particularly shown 

to have strong effector activity, by suppressing viral replication(Leitman et al., 2016). Less is 

known about T cell responses to non-viral antigens; however, existing data suggests that specific 

TCR reactivities can determine physiological outcomes. Type 1 diabetes is characterized by 

progressive loss of insulin producing beta cells of the pancreas(Culina et al., 2018). This loss is 

mediated by CD4+ and CD8+ T cells that recognize self-antigen with low affinity(Bulek et al., 

2012; Culina et al., 2018; Delong et al., 2016; Pinkse et al., 2005). CD4+ T cell reactivity against 

beta cells has been shown to be mediated by recognition of peptide fusions(Delong et al., 2016). 

Both HIV and diabetes, as an example of self-tissue destruction by T cells that somehow escaped 

deletion in the thymus, exemplify the need to study specific TCR-epitope pairs, to be able to 

answer specific questions in health and disease. CLInt-Seq allows stimulation of T cells with 

over 100 epitopes in parallel and recovers low-frequency, antigen-specific TCRs that could 

rapidly expand the systematic study of TCR-epitope interactions beyond these viral responses(Le 

Bert et al., 2020; Hansen et al., 2013). 

 

Rather than focusing on specific antigen reactivities, CLInt-Seq can be used to characterize 

TCRs in T cell sub-populations with critical roles in immune response. For example, antigen-

specific tumor infiltrating lymphocytes (TILs) are found inside the CD39/CD103 

compartment(Duhen et al., 2018). However, identifying strongly reactive, anti-tumor TILs 

remains a challenge. T cells are a dynamic lineage, where differentiation and activation events 
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are directed by groups of transcription factors(Oestreich and Weinmann, 2012). Nur77 has been 

shown to be upregulated upon TCR engagement and signaling, and in fact functions as a rheostat 

to indicate TCR signaling strength(Ashouri and Weiss, 2016; Moran et al., 2011). More recently, 

the Nur77 family of transcription factors has been implicated in T cell exhaustion, which further 

confirms its role in T cell receptor signaling(Chen et al., 2019). CLInt-Seq staining for nuclear 

transcription factor expression could help identify cancer specific CD4+ and CD8+ T cells in the 

tumor microenvironment(Ashouri and Weiss, 2016; Moran et al., 2011). 

 

We anticipate that CLInt-Seq will speed the identification of candidate therapeutic TCRs 

immediately suitable for pre-clinical development. As single-cell TCR sequencing maintains 

alpha/beta pairing of receptors, the reconstructed TCR sequences can be readily tested as 

potential adoptive T-cell transfer-based therapeutics(Johnson et al., 2006b; Restifo et al., 2012; 

Robbins et al., 2011a). Adoptive cell therapy involves the infusion of laboratory-modified T cells 

that can recognize tumor, viral or self-antigens(D’angelo et al., 2018; Robbins et al., 2011a). 

CLInt-Seq readily identified TCRs reactive to EBV, and could be used to discover TCRs reactive 

to any antigen of interest, including cancer antigens like NY-ESO-1(D’angelo et al., 2018). In 

our group, we are pursuing multiple projects to develop TCR reagents for treatment of prostate 

cancer. We have applied CLInt-Seq to identify TCRs reactive with peptide epitopes of Prostatic 

Acid Phosphatase, which has been pursued by multiple groups as an immunotherapeutic target in 

prostate cancer(Becker et al., 2010; Johnson and McNeel, 2012; Kantoff et al., 2010; Olson et 

al., 2010). Prior work on this target resulted in an FDA approved cellular therapy for prostate 

cancer, Sipuleucel-T(Kantoff et al., 2010).  Analogously, Treg TCR profiling using CLInt-Seq 
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can query antigen specific TCRs for possible use with Treg adoptive cell therapy to direct an 

immunosuppressive response(Raffin et al., 2020).  

 

  

Methods:  

Methods on cell culture, cell sorting, TCR cloning from 96well plates, TCR vector construction, 

virus generation and cytotoxicity testing were adapted from our prior publications and are 

available in the SI appendix.  

PFA based intracellular staining: 

PBMCs are washed 2 times with PBS (Fisher Scientific cat. no.  MT-46013CM) and once with 

TCRPMI. Then cells are resuspended in TCRPMI at 500,000 cells/100 µL of media and 

aliquoted into 96 well plate (Corning cat. no. 353077) for 12-hour rest prior to intracellular 

staining stimulation. Then, 100 µL of TCRPMI with 20 µg/ml of peptide and 2 µg/ml of 

CD28/49d antibodies (BD cat. no. 347690) are added to each well. AIM V complete media is 

used for TCR overexpression experiment. Cells are incubated for one hour at 37C 5% CO2 and 

20 µL of 10X brefeldin A (Biolegened cat no. 420601) is added to each well. Cells are further 

incubated for 8 hours. For TCR sequencing cells are stained immediately under RNAse free 

conditions with the FRISCR protocol adapted from (Thomsen et al). Briefly each well is washed 

twice with 200 µL of wash buffer, which contains nuclease free water (Thermo Fisher, cat. no. 

4387936), 10X molecular biology grade PBS, 1% nuclease free BSA (Gemini cat. no. 700-

106P)), and 1:400 RNAsin Plus (Promega cat. no. N2615). For TCR overexpression and 

subsequent sequencing experiment we used RNAsin plus at 1:40000 dilution. The cells are 

stained with following surface antibodies: CD3-APCCy7 (Thermo Fisher, cat. no. 47-0036-42), 

CD8a-PE (Thermo Fisher, cat. no. 12-0088-42), CD4-PECy7 (Biolegend, cat. no. 300512). After 
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staining for 15 minutes at 4C cells are washed with wash buffer and fixed with 100 µL of 4% 

PFA (EMS cat. no. 15710) for 10 minutes at 4C. Then cells are washed twice and resuspended in 

1% BSA buffer with .1% Triton X-100 (Sigma-Aldrich cat. no. T8787) for 10 minutes. Cells are 

then washed and subsequently stained with intracellular antibodies in wash buffer for IFNγ-APC 

(Biolegend cat. no. 506510), TNFα-FITC (Biolegend cat. no. 502906), FoxP3-A488 (Biolegend 

cat. no. 320012), msIgG1-A488 (Thermo Fisher, cat. no. MG120). Cells are then washed and 

resuspended in wash buffer for FACS analysis. Intracellular staining where we did not plan to do 

TCR sequencing was done in the absence of RNAsin plus inhibitor.  

 

CLInt-Seq staining: 

All buffers except crosslinker step contain 1:400 RNAsin and molecular biology grade PBS to 

inhibit RNA degradation. Staining is performed in a 96 well U bottom plate. Cells were first 

washed twice in 200µL of 1% BSA buffer with 1:400 RNAsin (wash buffer) and incubated for 15 

minutes on ice with antibodies against surface antigens. DSP (ThermoFisher cat. no. 22585) is 

stored at -20C in a desiccant filled container. Immediately prior to experiment DSP is left at room 

temperature for at least 30 minutes and then prepared to a concentration of 50 mg/ml in molecular 

biology grade DMSO (Sigma cat. no. D8418-50ML). Then 1mg/ml solution is prepared in 

molecular biology grade PBS, by vortexing 20ul of DSP in a 15ml conical tube and adding 1mL 

of PBS with P1000. DSP is filtered using a 40μm Flowmi strainer (Sigma cat. no. BAH136800040-

50EA). Then .25mg/ml solution is prepared. Cells are washed once with wash buffer and twice 

with PBS and resuspended in 200 µL of .25mg/ml DSP (Thermo Fisher). Cells are incubated at 

room temperature for 30 minutes and quenched with 20mM Tris (Thermo Fisher cat. no. 

AM9850G). Cells are then washed twice and incubated for 10 minutes with 100µL of .05% Triton 
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X-100 (Thermo Fisher) in wash buffer. Subsequently, cells are washed and resuspended in wash 

buffer for 20 minutes with antibodies against intracellular antigens. Then, cells are washed again 

and resuspended in wash buffer for FACS sorting.  

 

10X Genomics single-cell library construction and sequencing: 

FACS isolated cells were collected in 2mL Eppendorf tube that contained 400ul of .04% BSA with 

1:400 RNAsin. Cells were pelleted at 750g for 3 min. Supernatant was discarded leaving 30-60µL, 

to reach a final concentration of more than 100 cells/µL. When we knew we could not get enough 

antigen-specific T cells, we added Jurkat E6.1 carrier cells. 10X genomics human V(D)J libraries 

were prepared by the UCLA Technology Center for Genomics & Bioinformatics following the 

standard protocol for 10X library construction. Single cell TCR libraries were sequenced by 

Illumina MiSeq or NextSeq. Data was analyzed by using 10X genomics pipeline to generate 

Vloupe files.  

 

CD137 and tetramer staining:  

PBMCs were either cultured with TCRPMI as described above and reported previously(Bethune 

et al., 2018). For TCR overexpression experiments we used AIM V media as described above. 

PBMCs were washed with PBS two times and once with media, subsequently resuspended at 

5x105 cells/ 100 µL and aliquoted in 96 well plate for 12 hour rest. Then, cells were stimulated 

with 20 µg/ml of antigenic peptide and 2 µg/ml of CD28/49d in 100 µL of media for 24 hours. 

PBMCs were then washed with wash buffer as described above, but RNAsin plus inhibitor was 

excluded. PBMCs were then stained with CD3-APCCy7 (Thermo Fisher, cat. no. 47-0036-42), 

CD8a-PE (Thermo Fisher, cat. no. 12-0088-42), CD4-PECy7 and CD137-APC (Biolegend cat. 

no. 309810) antibody for 20 minutes. Subsequently, cells were washed, resuspended in wash 
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buffer and 7-AAD (BD cat. no. 559925) or DAPI was added immediately prior to FACS analysis 

or sorting. Multimer staining was performed with tetramers as previously described and MART-

1 (ELAGIGILTV) HLA-A2 tetramer was made in-house(Bethune et al., 2018). Tetramers for 

NY-ESO-1(MBL cat.no. TB-M011-1), CMV pp65 (MBL cat.no. TB-0010-2), EBV 

BMLF1(MBL cat.no. TB-M011-2) were purchased.  
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Figure 2-1. Intracellular staining identifies antigen specific T cells with a lower rate of false 

positives than cell surface profiling by the activation marker CD137 

 

(A) Schematic for experimental design to compare antigen specific activation to bystander T cell 

activation. Donor PBMC are transduced with a NY-ESO TCR (clone 1G4) construct. Resultant 

populations are diluted into untransduced population of cells that was treated similarly. Dilution 

is confirmed by FACS analysis for tetramer staining and secondary transduction marker NGFR.  

(B) FACS analysis of CD137 upregulation and intracellular staining for IFNγ and TNFα after 

peptide stimulation. 
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Figure 2-2. TCR alpha/beta pairs can be recovered from primary T cells after intracellular 

staining with efficiency equivalent to multimer-based selection 
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(A) Schematic for TCR mRNA sequencing post-intracellular staining of primary human T cells. 

Human PBMCs are cultured for 9 days, allowed to rest for 12 hours and then intracellular 

staining is performed. Cytokine producing cells are selected by FACS and single cell deposited 

into 96 well plates for TCR mRNA alpha and beta chain sequencing. (B) FACS analysis of 

antigen specific T cells identified by pMHC multimer staining, CD137 staining or intracellular 

staining. PBMCs are either stimulated with peptide or stained with tetramer carrying the cognate 

peptide: CMV pp65 HLA-A2 (NLVPMVATV), EBV BMLF1 (GLCTLVAML). Cells that are 

responsive (colored box) are isolated by FACS.  (C) Summary table of TCR clones recovered by 

each technique and frequency of recovery within each technique. CD137 and tetramer selected 

cells of the EBV+ subject are analyzed by 10X genomics. Cloning efficiency is compared 

between the three techniques, defined by frequency of successful recovery of paired TCR alpha 

and beta chains. (D) Schematic for TCR functional testing in healthy donor PBMCs. CMV-

reactive TCRs are overexpressed in healthy PBMC and expression is measured by FACS 

analysis for multimer binding: CMV pp65 (NLVPMVATV). (E) TCR-transduced PBMCs were 

stimulated with PC3 cells engineered to express HLA-A2 with or without CMV pp65. Cell 

supernatants were collected 48 hours after co-culture and secreted IFNγ quantified by ELISA. 

(F) Cytotoxicity of CMV specific TCRs was evaluated by coculturing TCR-transduced T cells 

with GFP+ PC3 cells expressing HLA-A2 and CMV pp65. Relative viability was measured by 

GFP fluorescence using the Incucyte system.  
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Figure 2-3. T regulatory cell TCR identification by intra-nuclear profiling of FOXP3.  

(A) FOXP3 intracellular staining and subsequent single-cell TCR sequencing in Treg cells. 

CD4+ PBMCs are expanded in-vitro for 9 days and then stained for surface antigens (CD3, CD4, 

CD8, CD25), fixed and permeabilized, and stained for FOXP3. Single Treg cells (CD3+, CD4+, 

CD8-, CD25+, FOXP3+) were FACS deposited into 96 well plates and RT-PCR is performed for 

TCR sequencing. Cloning efficiency is reported as frequency of successful recovery of full 

length TCR alpha and beta pairs. (B) Analysis is performed on 40 cells and 33 alpha/beta TCR 

pairs are generated. Five of the TCRs sequenced are shown.  
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Figure 2-4. Single-cell sequencing of fixed and permeabilized cells in droplet-based format 

(A) Schematic for capture of cellular mRNA in cellular protein mass via DSP. The reducing 

reagents present in the drop-seq fluidics allow the liberation of mRNA and subsequent RT-PCR. 

(B) Electrophoresis analysis of cDNA libraries. Activated human PBMCs and Jurkat cells are 

mixed at 5:1 ratio, subsequently fixed with DSP and permeabilized with Triton X-100. Treated 
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cells are then submitted for 10X genomics TCR V(D)J sequencing.  Separate samples of live and 

PFA permeabilized cells are processed in the same run as a positive and negative controls. (C) 

TCR clone metadata analysis after next generation sequencing (D) Pie chart analysis of TCR 

diversity of all paired clones reported in the Loupe VDJ browser (10X Genomics).  
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Figure 2-5. CLint-Seq coupled to droplet-based sequencing recovers EBV specific TCRs 

(A) Human PBMCs are co-cultured with EBV 9mer epitope (GLCTLVAML), then re-stimulated 

in the presence of EBV peptide and Brefeldin A and subsequently stained for TNFα and IFNγ 

cytokines. DSP is used as a crosslinker. Responding cells are FACS sorted into a 2ml Eppendorf 

tube and submitted for 10X Genomics V(D)J analysis. (B) Metadata for the 10X Genomics TCR 

sequencing done using CLInt-Seq as well as a historical control generated with tetramer 

selection. (C) Venn diagram of EBV clonotypes generated by CLInt-Seq and multimer selection, 

filtered for clones with alpha/beta pair and frequency of 2 or more. (D) Pie chart showing 

frequency distribution of clonotypes that were found by both techniques.  
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Figure 2-6 (Fig. S1). TCR construct overexpression allows for TCR sequencing post 
intracellular staining. Donor PBMCs were transduced with TCR (F5), specific for HLA-
A*02:01-restricted epitope of MART-1. F5-transduced cells were either stained with cognate 
tetramer or stimulated with cognate peptide (ELAGIGILTV) and subsequently fixed and stained 
for intracellular TNFα and IFNγ. Responding cells were deposited by single-cell FACS for TCR 
sequencing by nested RT-PCR and Sanger sequencing. TCR cloning efficiency is defined as 
percent of recovered F5 TCR alpha and beta chains from total sorted single cells.  
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Figure 2-7 (Fig. S2). DSP and Triton X-100 titration. a.DSP chemical structure. b. Human PBMCs are 
stimulated with PMA/Ionomycin and stained for intracellular IFNγ and TNFα under different conditions of 
permeabilization with DSP and triton X-100.  
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Figure 2-8 (Fig. S3). Gating hierarchy. a. Gating hierarchy used for FACS sorting PBMCs based on 
CD137 and tetramer staining. b. Gating hierarchy used for FACS sorting of PBMCs based on ICS. c. 
Gating hierarchy used to analyze CD137 staining. d. Gating hierarchies for FoxP3 level analysis and 
FACS sorting of T regulatory cells.  
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Chapter 3 

 

HLA-A*02:01 restricted T cell receptors against the highly conserved SARS-CoV-2 

polymerase cross-react with human coronaviruses 
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Introduction:  

Over 4 million people have died from COVID-19 as of August 2021 (World Health 

Organization). Many individuals are now immune as a result of successful vaccination 

campaigns and protection afforded by the natural infection with SARS-CoV-2 (Anand et al., 

2021; Baden et al., 2021; Lumley et al., 2020; Polack et al., 2020; Sadoff et al., 2021). The virus 

continues to evolve and may escape immune responses generated against the original sequence 

(Harvey et al., 2021; Planas et al., 2021). The BNT162b2 mRNA vaccine is 88% effective 

against the new Delta variant compared with 93.7% for the Alpha variant that was circulating 

previously (Bernal et al., 2021). Increased spread in vaccinated populations necessitates further 

understanding of the SARS-CoV-2 immune response.  

 

This pandemic can only be controlled by herd immunity against contemporary strains of the 

virus. Vaccination against the wild type spike protein can prevent COVID-19 (Baden et al., 

2021; Polack et al., 2020; Sadoff et al., 2021). SARS-CoV-2 vaccines target the spike protein by 

generating neutralizing antibodies that prevent host cell infection (Khoury et al., 2021; Lumley et 

al., 2020). SARS-CoV-2 variants often contain multiple mutations in the spike protein and can 

resist antibody neutralization creating the possibility that, upon further diversification, viral 

variants may escape current vaccine defenses (Hoffmann et al., 2021; Kuzmina et al., 2021; 

Muik et al., 2021; Planas et al., 2021; Wang et al., 2021). Cytotoxic T cells kill infected cells 

thereby directly limiting viral dissemination once the infection occurred (Hall et al., 1986; Harty 

et al., 2000; Jozwik et al., 2015; McMichael et al., 1983). T cell recognition is not limited to 

surface proteins like the spike protein; more conserved proteins can be targeted. Internal SARS-

CoV-2 proteins are more conserved than the spike and may present a therapeutic opportunity at 
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generating T cell responses that can recognize many coronavirus strains (Grifoni et al., 2020a). T 

cell vaccine strategies, targeting the nucleocapsid protein, are being explored to generate long 

term immunity against SARS-CoV-2 (Dutta et al., 2020; Gauttier et al., 2020; Sieling et al., 

2021). It remains unknown which epitopes elicit the most effective antiviral responses (Chen and 

John Wherry, 2020). 

 

Initial evidence for T cell control of respiratory infections was provided by children with genetic 

defects in T cell development(Hall et al., 1986). Resident memory T cells, which are 

permanently localized in non-lymphoid tissues, including the lung, are thought to mediate anti-

viral responses(Jozwik et al., 2015). In a human RSV infection disease severity was inversely 

correlated with the preexisting T cells in the lung(Jozwik et al., 2015). Adoptive transfer of 

highly functional T cell clones can reduce severity of viral diseases as well(Einsele et al., 2002; 

Feuchtinger et al., 2010b). The mechanism of respiratory viral infection T cell control is thought 

to happen through FAS and perforin mediated lysis of infected cells(Topham et al., 1997). The 

efficiency of lysis correlates with the ability to clear an infection(McMichael et al., 1983).  

 

Both convalescent donors and unexposed individuals have SARS-CoV-2 specific T cell 

responses (Le Bert et al., 2020; Braun et al., 2020; Grifoni et al., 2020b; Mateus et al., 2020; 

Peng et al., 2020; Tarke et al., 2021; Weiskopf et al., 2020). CD8+ T cell responses have been 

identified as correlates of protection in SARS-CoV-2 infection (Chen and John Wherry, 2020; 

Liao et al., 2020; McMahan et al., 2021). Unexposed individuals may have T cell responses that 

were generated by common cold coronaviruses (HCoVs) and may be partially protected against 

SARS-CoV-2 encounter(Lipsitch et al., 2020; Mallajosyula et al., 2021; Mateus et al., 2020). T 
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cells interact with target antigens through the T cell receptor (TCR), which is a heterodimer of 

alpha and beta chains. TCRs are inherently cross-reactive to maximize the breadth of ligand 

recognition, however a single TCR is not guaranteed to recognize related antigens (Sewell, 

2012). Several cross-reactive CD8+ T cell responses are known, but specific TCRαβ clones that 

can drive such reactivity are not defined (Lineburg et al., 2021; Lipsitch et al., 2020; 

Mallajosyula et al., 2021; Mateus et al., 2020). T cell memory is most often defined as ability to 

recognize synthetic peptide epitopes in functional assays or peptide-MHC multimer staining. 

Recognition of processed epitopes derived from full length intracellular antigens is 

underexplored in SARS-CoV-2. Isolation of specific TCR clones permits unambiguous 

determination of reactivity and detailed characterization of immune responses such as cytotoxic 

potential and measurement of cross-reactivity against related viruses. 

 

We employ recent technological advances in single-cell sequencing, DNA synthesis and gene 

transfer to recover antigen specific TCRαβ and subsequently characterize them in allogeneic T 

cells. The viral polymerase (NSP12/RdRp) was identified as highly conserved within SARS-

CoV-2 and other human coronaviruses. RdRp reactive CD8+ T cells were then selected for 

TCRαβ droplet-based sequencing based on the intracellular level of TNFα and IFNγ via the 

CLInt-seq, which allows for antigen specific TCR sequencing via commercially available Drop-

Seq in cells that are stained for intracellular cytokines (Nesterenko et al., 2021). TCRs were 

initially screened for single epitope recognition in a cell line system via the NFAT-GFP reporter 

system. Reactive TCRs were overexpressed in human PBMCs and killed antigen presenting cells 

that expressed the full length RdRp. Three TCR constructs were broadly reactive and cross-

reacted with epitope homologues from HCoVs.   
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Results: 

RdRp is highly conserved among human coronaviruses and within SARS-CoV-2 

Antigens derived from highly conserved SARS-CoV-2 proteins should generate immune 

responses effective against multiple variants. Human coronaviruses are separated by hundreds of 

years of evolution and serve as a model of the evolutionary constraints that may restrict variant 

emergence in SARS-CoV-2 (Forni et al., 2017; Killerby et al., 2018). A group of coronavirus 

proteins involved in RNA synthesis, immune modulation, and structural machinery was selected 

for further analysis. Sequence identity was compared across all known human coronaviruses. All 

proteins showed conservation within sub-classes: alpha coronaviruses (229E and NL63), beta 

coronaviruses (HKU1 and OC43) and both SARS viruses (Figure 1A). The RdRp was most 

conserved across all coronaviruses (Figure 1A). Across 893,589 SARS-CoV-2 samples 

sequenced, RdRp was well conserved and had few mutations compared to the spike protein 

(Figure 1B). 

 

T cell receptors from unexposed individuals recognize RdRp epitopes 

To generate TCR clones, we screened pooled peptide epitopes predicted to bind HLA-A*02:01 

against HLA matched peripheral blood mononuclear cells (PBMCs) collected prior to December 

of 2019 (Figure 2A). We refer to these samples as unexposed to SARS-CoV-2. CD8+ T cells 

that responded by production of TNFα and IFNγ were sorted from four different PBMC donors 

via fluorescence activated cell sorting (FACS) (Figure 2A). Responses were low in all donors, 

around the level of background set based on DMSO control stimulation, as would be expected 

for donors who were not exposed to a specific pathogen.   
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Reactive cells were sorted for single-cell TCRαβ sequencing via a highly sensitive technique 

called CLInt-Seq. Clonally expanded TCR clones were synthesized and tested in an allogeneic 

cell-based system for evaluation of immune receptor activation (Figure 2B). A High throughput 

system for TCR reactivity profiling was established (Figure S1A). We utilized a Jurkat cell line 

that expressed the NFAT-zsGreen T cell activation reporter construct and the CD8 molecule to 

stabilize MHC Class I interactions. This cell-based reporter system was then optimized with a 

well characterized TCR, clone 1G4, which is specific for the cancer antigen NY-ESO-

1(D’Angelo et al., 2018) (Figure S1B). Comparison of TCR delivery by electroporation or viral 

integration resulted in similar extent of T cell activation (Figure S1C). SARS-CoV-2 specific 

TCRs were then electroporated or transduced into the Jurkat cell line and activation was 

measured by FACS measurement of zsGreen. SARS-CoV-2 reactive epitopes were identified via 

epitope deconvolution using an array of sub-pools (Figures 2C and S2). Of 44 TCR constructs 

tested in this system, ten recognized the cognate peptide pool (Figure 2D). TCR clones that did 

not score as reactive in this assay, either did not reach the threshold of the reporter system or 

were originally expressed in T cells that did not recognize the queried peptide pool. Because the 

responses sorted were around the level of background, non-reactive TCRs likely represent the 

background signal. Nine TCRs clearly recognized four unique epitopes of the RdRp (Figure S2 

and Table S1).  

 

Isolated T cell receptors recognize and kill RdRp expressing cells 

Processed antigen recognition is critical for vaccine induced priming of naïve T cell responses as 

well as for lysis of infected cells. To establish potential antiviral efficacy, seven RdRp specific 
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TCRs were overexpressed in HLA-A*02:01 positive human PBMCs via retroviral delivery 

(Figure 3A and Table S2). Engineered PBMCs were co-cultured with a target cell line 

engineered to overexpress the full-length SARS-CoV-2 RdRp protein and HLA-A*02:01 (Figure 

3B). The engineered T cells were able to produce TNFα and IFNγ in response to recognition of 

processed antigens. (Figure 3C, 3D). Full length antigen recognition was significantly lower than 

peptide pulsing, as measured by T cell cytokine production, most likely due to the concentration 

of peptide during pulsing assays being supraphysiological (Figure 3D). CD4+ T cells the 

overexpressed the CoVTCRs also responded to peptide pulsing but did not recognize processed 

antigen. Production of TNFα and IFNγ in CD4+ T cells ranged from 0.058-7.75%, depending on 

the TCR.  

 

T cells control viral spread by killing virus infected cells. Cytotoxicity assays showed five out of 

seven TCRs can direct T cells to kill target cell lines. (Figure 3E). Recognition of processed 

epitopes was confirmed by supernatant IFNγ ELISA assay (Figure 3F). At 48 hours, processed 

antigen recognition was equivalent or better than the peptide pulsing control (Figure 3F).  

 

We sought to determine how common RdRp specific T cells are. Recently a set of more than 

160,000 TCRβ genes specific for SARS-CoV-2 was made publicly available (Nolan et al., 2020). 

This data was generated by peptide pool stimulation of PBMCs from 118 donors and subsequent 

TCRβ gene sequencing in reactive T cells (Klinger et al., 2015). Unique epitopes were ranked by 

the count of cognate TCRβ sequences (Figure S3A). Three of the four epitopes we identified 

were frequently targeted by the SARS-CoV-2 specific TCRβ (Figure S3A). GLIPH2, an 

algorithm for grouping TCRs that recognize the same antigen (Huang et al., 2020), showed three 
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TCRαβ constructs we defined grouped with other TCRs against ORF1ab, which contains the 

RdRp (Figure S3B and Table S3). The epitope FV9 was frequently targeted, but its cognate 

TCR, CoVTCR 18, did not share sequence similarity with any ORF1ab specific TCRβ (Figure 

S3A and B). This TCR also lacked killing ability in the prior assay (Figure 3E). Peptide titration 

showed that this TCR only recognized antigen at high concentration of 10 µg/ml, confirming that 

this TCR has low specificity for this specific target (Figure S4). Two of the four TCRs against 

the RV9 epitope grouped with ORF1ab specific TCRβ (Figure S3B). CoVTCR 34, specific 

against RV9, was strongly cytotoxic but did not group with any TCRβ by GLIPH2 analysis.  

 

SARS-CoV-2 RdRp-targeted T cell receptors broadly recognize human coronaviruses 

We then queried RdRp TCR cross-reactivity against the HCoV epitopes. Epitope homologs were 

identified by alignment of RdRp sequences from all human coronaviruses. Each of the 

homologous epitopes was synthesized and TCR affinity against each of the epitopes was profiled 

via peptide titration assay. RdRp specific TCRαβ constructs exhibited a diverse pattern of 

coronavirus reactivity (Figure 4 A to F). Three TCRs were highly specific for SARS-CoV-2 

(Figure 4 A, B, E). This TCR reactivity may represent the naïve T cell repertoire or could be an 

immune response to unknown antigen. Only two of the four RV9 reactive TCRs recognized one 

HCoV (Figure 4 D, F). The TL9 reactive TCR had strong cross-reactivity with SARS-CoV-1, 

MERS and HCoVs 229E and NL63 coronaviruses (Figure 4C).  

 

Discussion: 

This study provides a strong basis for considering the development of vaccines against either 

specific epitopes or the full length RdRp. Current vaccines provide strong protection against 
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COVID-19 caused by circulating variants of SARS-CoV-2. Continuous evolution of SARS-

CoV-2 may necessitate updates to the vaccine’s spike sequence, selection of a more conserved 

antigen, or combination of both. One of the challenges of developing booster shots is the need to 

predict which variant will be the most common when the vaccine is administered. Failure to 

predict this accurately may decrease the efficacy of the booster. SARS-CoV-2 infection can be 

recognized by RdRp specific T cells as indicated by strong RdRp CD8+ T cell responses in 

convalescent donors(Tarke et al., 2021). The RdRp sequence is particularly well conserved 

within SARS-CoV-2 and among other human coronaviruses. Sequence conservation suggests 

that the critical functional role of this protein places restriction on its capacity to evolve. We 

show that RdRp specific T cells are cytotoxic against cells that express full length antigen, which 

suggests T cell responses against RdRp should help control SARS-CoV-2 infection and prevent 

COVID-19 disease.  

 

Inducing broadly reactive T cell responses may be particularly important for generating lifelong 

immunity against SARS-CoV-2. T cells can recognize the target antigen even after accumulation 

of point mutations (Sewell, 2012). While we identified RdRp as the most conserved protein, it 

too is likely to change, as evident from the accumulation of point mutations. Here, we defined 

two RdRp epitopes that can elicit broadly coronavirus reactive T cell responses. T cells that 

recognize different human coronaviruses are likely to recognize novel mutation variants as they 

emerge, due to strong affinity for the antigen. Epitope TL9 reactive T cells have been previously 

identified as cross-reactive and associated with reduced disease severity, however specific TCR 

clone driving this response was not identified (Mallajosyula et al., 2021). For the RV9 epitope 

some TCRs were cross-reactive but others only recognized SARS-CoV-2, showing that TCRs 
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against the same antigen can have distinct reactivity. The cross-reactive TCRs against RV9 used 

the same V alpha chain TRAV38-2DV8, implicating that the usage of common alpha chain may 

allow cross reactivity. Specific TCR sequences that are known to allow for broad reactivity can 

be used as benchmarks for induction of such immunity. TCR based disease severity correlation 

will require more TCR characterization to expand the scope of TCRs and HLA allele restrictions. 

Induction of broadly reactive T cell responses, that are not affected by point mutations in the 

epitope sequence, as well as benchmarks for measurement of such responses can help guide 

development of T cell vaccines.  

 

Several reports proposed the use of adoptive transfer of antigen specific T cells from 

convalescent donors, to treat severe COVID-19 disease (Basar et al., 2021; Ferreras et al., 2020; 

Keller et al., 2020). Viral infections such as CMV and EBV have been previously treated by 

transfer of highly functional cytotoxic T cells (Einsele et al., 2002; Feuchtinger et al., 2010a; 

Papadopoulou et al., 2014). It remains to be shown whether adoptive transfer of T cells can 

control SARS-CoV-2 infection in pre-clinical models, which are complicated by the requirement 

to be done in the BSL-3 setting. Therapeutic T cell engineering is now routinely done for cancer 

treatment both in the context of clinical trials as well as FDA approved therapeutics(D’Angelo et 

al., 2018; Depil et al., 2020; Johnson et al., 2006a). There are several advantages to adoptive cell 

therapy with engineered T cells:1. Large number of antigen specific T cells can be readily 

produced 2. Well validated TCR specificity 3. T cells have a younger phenotype. TCR 

engineered T cell also enlist additional CD4+ T cells, which are critical for establishing long 

term CD8+ T cell memory and antibody production(Sant and McMichael, 2012; Sun and Bevan, 

2003). CD4+ T cells that we analyzed here recognized peptide antigen, but not processed 
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epitopes, likely due to lack of CD8 that could stabilize antigen recognition. Transducing the CD8 

molecule as part of the TCR vector can generate Class I restricted CD4+ T cells (Xue et al., 

2013). Current approaches for adoptive T cell therapy are expensive and cumbersome (Depil et 

al., 2020). Technological advances in gene delivery may make T cell engineering a practical 

approach for viral disease treatment in specific groups of patients(Frank et al., 2020).  
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Figure 3-1. RdRp is highly conserved among human coronaviruses and within SARS-CoV-

2 
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(A) Correlation matrix comparing coronavirus protein conservation by amino acid identity across 

coronaviruses. (B) Lollipop plots illustrating the distribution and locations of missense variants 

present in SARS-CoV-2 spike protein and RNA-dependent RNA-polymerase (RdRp). Missense 

variants are highlighted by lollipops and the most frequent variants are labelled in HGSV 

nomenclature.  
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Figure 3-2. T cell receptors from unexposed individuals recognize RdRp epitopes. 
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(A) FACS sorting analysis of T cells that underwent stimulation by peptide pools and subsequent 

intracellular staining for TNFα and IFNγ under the CLInt-seq protocol, which allows for 

downstream single-cell TCRαβ sequencing. In Donors A-C, TNFα and IFNγ double positive 

cells were selected. For Donor D total fraction of IFNγ positive cells was collected. 

(B)Schematic for the TCRαβ construct screening in a cell-based reporter system using the 

NFAT-zsGreen (GFP) reporter. (C) Epitope map of the RdRp epitopes. Epitopes that reacted 

with TCRαβ constructs are in red, and non-reactive epitopes, that were still part of the pool, are 

in blue. Number of cognate TCRαβ constructs for each of the reactive epitopes is indicated. (D) 

Summary of reactive TCRs from each of the donors.  
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Figure 3-3. Isolated T cell receptors recognize and kill RdRp expressing cells 

(A)Schematic for generation of human PBMCs that express SARS-CoV-2 reactive TCRαβ 

constructs via retrovirus-based construct overexpression. Overexpression is confirmed by NGFR 

(secondary marker) and murine TCRβ constant region staining by FACS. (B) Schematic for 

target cell line generation using the K562 cell line and lentiviral overexpression of the major 

histocompatibility complex (MHC) molecule HLA-A*02:01 and the full length RdRp sequence 

that is tagged by Strep-tagII. RdRp expression is confirmed by western blot, where 293T cells 

transfected with the RdRp vector are the positive control. RdRp transfected cells are used as 

positive control for expression. (C) FACS analysis of intracellular staining for TNFα and IFNγ in 

T cells. Cells are gated on light scatter, CD3+, CD8+. (D) FACS results from panel C. Data from 

PBMC samples expressing the different TCR constructs are pooled into groups based on the 

activation stimulus and differences are compared across groups. Student’s T test is used to 

compare the groups **p>0.01, ***p>0.001, p>0.0001. (E) PBMC cytotoxicity assay against 

RdRp overexpressing target cell line. (F). IFNγ production after 48 hours of co-culture of 

PBMCs and target cell lines that expresses the RdRp. HLA-A*02:01 only parental cell line is 

used as negative control. 
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Figure 3-4. SARS-CoV-2 RdRp-targeted T cell receptors broadly recognize human 

coronaviruses.  

Peptide dilution assay to measure affinity against peptide homologs from HCoVs. PBMCs were 

engineered to overexpress the TCRαβ constructs, expanded, and then pulsed with the indicated 

concentrations of each of the indicated peptide epitopes in the presence of the K562-A*02:01 to 

support antigen presentation. Intracellular staining for IFNγ is used to measure T cell activation.  
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Figure 3-5 (Figure S1). Development of a transfection-based system for TCR construct 

screening. 

A. Diagram for generating a reporter cell line and overexpression of the TCR vector by 

electroporation. B. FACS analysis of 1G4 TCRαβ construct transfection efficiency by staining 

for the murine beta TCR chain. C. FACS analysis of activation in the Jurkat CD8/NFAT-

zsGreen cells. Retrovirus transduced Jurkat cells are included as a positive control for the 

technology. To measure activation transfected or transduced cells are stimulated with NY-ESO-1 

HLA-A*02:01 restricted epitope. Related to figure 2 
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Figure 3-6 (Figure S2). Single reactive epitopes are identified by epitope deconvolution. 

Quantification of TCR reactivity to cognate peptide pool and peptide sub-pools by FACS. 

NFAT-zsGreen (GFP) upregulation is measured by FACS. Signal is normalized to the complete 

pool. The sub-pool strategy allows for exact epitope determination by comparing multiple sub-

pools that elicit response. Related to figure 2 
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Figure 3-7 (Figure S3). SARS-CoV-2 RdRp epitopes are frequently targeted by unique 

TCRs from other independent cohorts. 
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(A)CD8+ T cell epitopes are ranked by the number of unique TCRs in the MIRA data set. 

Epitopes identified were ranked and ordered by the number of occurrences (unique TCR count) 

in the dataset and plotted. Epitopes that we identified in our own analyses are highlighted in the 

plot. Plot was created using ggplot2 in R (v3.6.3). (B) Antigen specificity of global patterns 

identified by GLIPH analysis using the combined set of RdRp specific TCRαβ and SARS-CoV-2 

antigen specific TCRs from MIRA data set. Heatmap of number of TCRs from MIRA assay 

targeting a specific open reading frame (ORF, column) for each GLIPH global pattern (row) 

grouped with a CoVTCR (p < 0.01 cutoff). TCR groups are included in Table S3. Related to 

Figure 3. 
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Figure 3-8 (Figure S4). CoVTCR 18 has low affinity for its cognate epitope.  

FACS based measurement of intracellular IFNγ production by PBMC engineered to express 

CoVTCR 18 in response to 10-fold dilution series of the cognate epitope FV9. Related to Figure 

3. 
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Table S3-1. CoVTCR_epitope_summary 
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Methods: 

Cell culture: Cryo preserved peripheral blood mononuclear cells (PBMCs) were commercially 

purchased (Allcells and Hemacare). PBMCs were thawed in a water bath set to 37C, transferred 

to 50 mL conical tube, 1 mL of warm R10 media was added drop wise and then 14 mL R10 was 

added to the tube. Cells were then centrifuged at 1300 RPM for 7min. To isolate reactive T cells, 

peripheral blood mononuclear cells (PBMCs) (Allcells and Hemacare) were cultured in TCRPMI 

media for 8 days in the presence of peptide pools at 1 µg/ml and 25U/ml of IL-2 (Peprotech, 

CAT# 200-02) as previously described(Nesterenko et al., 2021). PBMCs were then washed two 

times in PBS (Fisher Scientific, CAT# MT-46013CM), once in TCRPMI and then plated for 12-

hour rest in 96-well U bottom plates. Jurkat cells were cultured in R10 - 1640 RPMI (Thermo 

Fisher, CAT# 31800089) supplemented with 10% FBS (Omega Scientific, CAT# FB-11) and 1X 

Glutamax (Thermo Fisher, CAT# 35050061). K562 (ATCC CAT# CCL-243) cells were cultured 

in R10. PBMC for TCR engineering experiments were cultured in AIM V media (Thermo 

Fisher, CAT# 12055083) supplemented with 5% Human AB serum (Omega Scientific, CAT# 

HS-20), 50 U/ml of IL-2, 1ng/ml IL-15 (Peprotech, CAT# 200-15), 1X Glutamax and 50μM β-

mercaptoethanol. 293T (ATCC) cells were cultured in DMEM (Thermo Fisher CAT# 12100-

061) supplemented with 1X Glutamax or Glutamine (Fisher Scientific CAT# BP379-100) and 

10% FBS.  

 

Intracellular staining: RdRp HLA-A*02:01 restricted epitopes were identified by prior 

publications and or prediction by the netMHCpan4.0(B et al., 2020; Grifoni et al., 2020a; Poran 
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et al., 2020). The PBMCs were stimulated in 96 well U bottom plates with 10 µg/ml of peptide 

and 1 µg/ml of CD28/CD49d antibodies (BD Biosciences, CAT# 347690). For peptide titration 

assays, serial dilution was set up where the original 10 µg/ml concertation was diluted 10 fold for 

every subsequent tube. For recognition of processed antigen, PBMCs were stimulated with target 

cell lines without peptide at a 4:1 effector to target ratio. After one-hour, 1X Brefeldin A 

(Biolegend, CAT# 420601) was added. Cells were then incubated for 8 more hours after which 

they were either processed or moved to 4C. For analytical assays, cells were stained for surface 

markers CD3, CD4, CD8 and intracellular markers TNFα and IFNγ using the Cytofix/Cytoperm 

kit (BD Biosciences CAT# 554714). For TCRαβ sequencing via the CLInt-Seq staining we 

followed our previously published protocol(Nesterenko et al., 2021). Briefly, this is a technique 

for intracellular cytokine staining that is compatible with downstream TCR sequencing by 

commercially available single-cell platforms that relies on a reversible crosslinking reagent, 

DSP.  Cells were gated on light scatter, CD3+, CD8+/CD4- to analyze TNFα and IFNγ signal. 

For TCR sequencing cells were either sorted on TNFα/IFNγ double positive cells or IFNγ 

positive cells.  

 

Single-cell TCRαβ sequencing: TNFα and IFNγ-producing CD8+ T cells were sorted by FACS 

into a 2 ml Eppendorf tube as described previously(Nesterenko et al., 2021). Sorted cells were 

then resuspended in 30-60 µL in .04% BSA solution (RNAse free), to reach a concentration of 

more than 100 cells/µL. To achieve such concentration, similarly processed Jurkat cells were 

added as a carrier cell population. Human TCR VDJ libraries were then constructed by the 

UCLA Technology Center for Genomics & Bioinformatics using the single-cell VDJ V1.0 and 
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V1.1 (10X Genomics platform). TCR libraries were then sequenced on MiSeq or Nextseq 

(Illumina).  

 

TCRαβ construct generation and expression in Jurkat cell line: TCRαβ were constructed 

from synthetic DNA fragments (IDT and Swift Biosciences). Some TCRs were made as 

retroviral vectors as described previously(Nesterenko et al., 2021). Some constructs were built 

into the small pMAX vector (Lonza, CAT# VDC-1040) designed for transfection-based 

expression. An NFAT-zsGreen reporter construct was overexpressed in the Jurkat CD8 cell line. 

Both NFAT-szGreen plasmid and the Jurkat CD8 cell line were gifts from the David Baltimore 

lab. TCRs were infected into the Jurkat cell line using centrifugation at 1350G for 90 minutes at 

30C with 5 µg/ml polybrene (Sigma-Aldrich, CAT# H9268). Transfection was done using the 

Lonza 4D Nucleofactor (Lonza, CAT# AAF-1002B) with the SE cell Line kit S (Lonza CAT# 

V4XC-1032). Each transfection sample was plated in 20 µL of transfection solution and 2 µL of 

DNA dissolved in water, was added. DNA minipreps were prepared using the QIAprep miniprep 

kit (Qiagen CAT# 27106) and concentration was routinely higher than 200 ng/µL. The Lonza 

pre-installed electroporation protocol for Jurkat clone E6.1 was then used. Cells were rested for 

10 minutes and 80 µL of warm R10 media was added. Then total of 100 µL was transferred to a 

24 well plate with 400 µL of warm R10 in each well. Cells were then incubated for 12 hours and 

afterwards they were used for functional assays over the course of three days.  

 

Stimulation of Jurkat cells engineered to express TCRαβ: Jurkat cells were plated in 100 µL 

of R10 media in 96 well U bottom plate. K562 cells expressing HLA-A*02:01 were then added 

in 100 µL of R10 with 20 µg/ml of peptide. Cells were then incubated at 37C, 5% CO2. zsGreen 
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(GFP) fluorescence was then measured by FACS analysis. For transfection experiments cells 

were gated on light scatter, CD8+/murine TCRβ+.  

 

PBMC engineering via retrovirus: Retrovirus was produced as described 

previously(Nesterenko et al., 2021). PBMCs were activated with CD3/CD28 beads (Thermo 

Fisher, CAT# 11132D) in 24 well plates. After 3 days, TCR construct or empty construct NGFR 

control retrovirus was added to the cells with 5 µg/ml polybrene (Sigma-Aldrich, CAT# H9268). 

Cells were centrifuged at 1350G for 90 minutes at 30C. After transduction, 1 ml from each well 

was removed and fresh media with 2X cytokines was added. On the next day, the infection was 

repeated, and the following day cells were washed. Cells were then cultured for two more days, 

at which point the CD3/CD28 beads were magnetically removed. At this stage, cells were 

expanded further and used for downstream assays. Transduction was always confirmed by FACS 

quantification of secondary transduction marker NGFR, and TCR surface expression was 

ensured by staining for the murine TCRβ constant region. Our TCR constructs use mouse 

constant regions to decrease mis-pairing with endogenous TCRs in PBMCs and allow surface 

TCR staining.  

 

RdRp expressing target cell line generation: pLVX-EF1alpha-SARS-CoV-2-nsp12-2xStrep-

IRES-Puro was a gift from Nevan Krogan (Addgene plasmid # 141378 ; 

http://n2t.net/addgene:141378 ; RRID:Addgene_141378)(Gordon et al., 2020). RNA-dependent 

RNA-polymerase (RdRp/NSP12) sequence was subcloned into a third-generation lentivirus 

packaging vector MNDU-3-ires-Strawberry. Lentivirus was produced as described 

previously(Seet et al., 2017). Lentivirus was used to infect K562-HLA-A*02:01 cells that were 
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described by us previously(Bethune et al., 2018). To ensure stable expression of RdRp and HLA-

A*02:01 in K562 cells, single cells were cloned by FACS deposition and selected for high levels 

of RFP and GFP. Stable RdRp protein level was confirmed by Western blot using anti-Strep-tag 

II antibody (Abcam, ab180957, 1:500) and goat anti-rabbit-IgG HRP(Bio-Rad, 170-6515, 

1:5000). These single cell clones were used for the cytotoxicity assay.  

 

Cytotoxicity analysis: K562 target cell lines were co-cultured with TCR engineered PBMCs at a 

2:1 effector to target ratio, in R10 media with 1 µg/ml of CD28/CD49d antibodies (BD CAT# 

347690). For these experiments, we used K562 target cell line that stably expressed RdRp as 

well as HLA-A*02:01. The RdRp negative cell line was used as a control for the assay. The 

IncuCyte system (Sartorius) was used to quantify GFP surface. Because only the K562 target 

cells expressed GFP, loss of GFP was interpreted as decrease in the number of live cells. 48 

hours after addition of effectors to targets, 50 µL of supernatant was collected for IFNγ ELISA 

analysis as described previously(Nesterenko et al., 2021).  

 

Antibodies: NGFR-PECy7 (Biolegend CAT# 345110), murine TCRβ-APC (Biolegend CAT# 

109212), CD3-APCCy7 (Thermo Fisher, CAT# 47-0036-42), CD8a-PE (Thermo Fisher, CAT# 

12-0088-42), CD4-PECy7 (Biolegend, CAT# 300512). IFNγ-APC (Biolegend, CAT# 506510), 

TNFα-FITC (Biolegend, CAT# 502906), HLA-A2-APC (Thermo Fisher, CAT# 17-9876-42), 

anti-Strep-tag II (Abcam CAT# ab180957), secondary goat anti-rabbit IgG HRP (Bio-Rad, 

CAT#170-6515).  
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Protein conservation analysis: Coronavirus protein sequences were collected from NCBI 

Virus(Hatcher et al., 2017). RefSeq assembly accession numbers as follows: SARS-COV-2 

(GCF_009858895.2), SARS-COV-1 (GCF_000864885.1), OC43 (GCF_003972325.1), NL63 

(GCF_000853865.1), MERS (GCF_000901155.1), HKU1 (GCF_000858765.1), 229E 

(GCF_000853505.1). For missing protein accessions, we used BLAST(Altschul et al., 1990) to 

find the sequence most similar to the respective SARS-COV-2 protein sequence. We performed 

multiple sequence alignment and calculated the percent identity matrix using the MUSCLE 

algorithm(Madeira et al., 2019). Data was visualized using the Boutros Plotting Package (v6.0.0) 

for R(P’ng et al., 2019). Epitope homologs were visualized with Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). 

 

Lollipop plot generation: SARS-CoV-2 amino acid sequence variations representing 893,589 

GISAID sequences were downloaded from CoV-Glue, an online web application for analysis of 

SARS-CoV-2 virus genome sequences, on 05-01-2021(Shu and McCauley, 2017; Singer et al., 

2020). The sequence of Wuhan-Hu-1 (NCBI, NC_045512.2) was used as a reference sequence 

for numbering, nucleotide location, and amino acid variations. CoV-GLUE excludes certain 

GISAID sequences; information about the total number of sequences retrieved from GISAID and 

the subset of sequences that passed CoV-GLUE exclusion criteria can be found here (cov-

glue.cvr.gla.ac.uk/#/excludedSeqs). Up-to-date information on SARS-CoV-2 proteins and 

protein domains was queried from UniProt (https://www.uniprot.org/). Data was visualized using 

the Boutros Plotting Package (v6.0.3) for R(P’ng et al., 2019).  

 

http://cov-glue.cvr.gla.ac.uk/#/excludedSeqs
http://cov-glue.cvr.gla.ac.uk/#/excludedSeqs
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Comparison of TCRαβ constructs to a large, publicly available data set: The SARS-CoV-2 

specific TCRβ dataset (also known as ImmuneCODE MIRA) was downloaded from: 

https://clients.adaptivebiotech.com/pub/covid-2020. GLIPH2 analysis identifies antigen 

specificity groups based on enrichment of local motifs or global patterns differing by one amino 

acid in the TCRβ CDR3 amino acid sequences(Huang et al., 2020). GLIPH2 analysis was 

performed on the combined set of RdRp specific CoVTCRs and SARS-CoV-2 antigen specific 

TCRs from ImmuneCODE MIRA dataset(Nolan et al., 2020). TCRs from CD8 T cell 

experiments (minigene and class I peptide) were included and filtered for productive TCRβs. We 

filtered for GLIPH groups with V gene bias (p < 0.01) that contain both CoVTCRs and MIRA 

TCRs. We mapped the identity of the open reading frame (ORF) targeted by each MIRA TCR 

and counted the number of MIRA TCRs per ORF for each GLIPH group.  

 

Data and materials availability: All data are available in the main text or the supplementary 

information. 

 

Supplemental information:  

Figure. S1. Development of a transfection-based system for TCR construct screening. 

(A)Diagram for generating a reporter cell line and overexpression of the TCR vector by 

electroporation. (B) FACS analysis of 1G4 TCRαβ construct transfection efficiency by staining 

for the murine beta TCR chain. (C) FACS analysis of activation in the Jurkat CD8/NFAT-

zsGreen cells. Retrovirus transduced Jurkat cells are included as a positive control for the 

technology. To measure activation transfected or transduced cells are stimulated with NY-ESO-1 

HLA-A*02:01 restricted epitope. 
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Figure S2. Single reactive epitopes are identified by epitope deconvolution. 

Quantification of TCR reactivity to cognate peptide pool and peptide sub-pools by FACS. 

NFAT-zsGreen (GFP) upregulation is measured by FACS. Signal is normalized to the complete 

pool. The sub-pool strategy allows for exact epitope determination by comparing multiple sub-

pools that elicit response.  

Figure S3. SARS-CoV-2 RdRp epitopes are frequently targeted by unique TCRs from 

other independent cohorts. 

(A)CD8+ T cell epitopes are ranked by the number of unique TCRs in the MIRA data set. 

Epitopes identified were ranked and ordered by the number of occurrences (unique TCR count) 

in the dataset and plotted. Epitopes that we identified in our own analyses are highlighted in the 

plot. Plot was created using ggplot2 in R (v3.6.3). (B) Antigen specificity of global patterns 

identified by GLIPH analysis using the combined set of RdRp specific TCRαβ and SARS-CoV-2 

antigen specific TCRs from MIRA data set. Heatmap of number of TCRs from MIRA assay 

targeting a specific open reading frame (ORF, column) for each GLIPH global pattern (row) 

grouped with a CoVTCR (p < 0.01 cutoff). TCR groups are included in Table S3.  

Figure S4. CoVTCR 18 has low affinity for its cognate epitope.  

FACS based measurement of intracellular IFNγ production by PBMC engineered to express 

CoVTCR 18 in response to 10-fold dilution series of the cognate epitope FV9.  

Table S1. Summary of reactive TCR clones and cognate epitopes 

Table S2. Nucleotide sequence of TCR clones that have been validated in PBMC 

Table S3. Specificity patterns determined from grouping RdRp specific TCRαβ clones with 

the MIRA data set by GLIPH2 analysis 
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The study of how CD8 T cells recognize antigenic determinants can inform therapeutics 

development. Effective vaccines against many infectious pathogens are lacking(1). Some 

individuals are better at controlling vaccination resistant pathogens and the responses in those 

individuals can help understand the drivers of control. CD8 T cell responses are often associated 

with viral control possibly because they can clear infected cells (2–5). T cell cross-reactivity also 

allows for enhanced recognition of viral mutant variants. CD8 T cell role in cancer is very well 

established. Antibody therapeutics against checkpoint inhibitor molecules, such as PD-1 and 

CTLA4, are effective against multiple cancers and function by engaging CD8 T cells(6, 7). T cell 

receptors can be directly used as therapeutics in either engineered T cell products or as 

solubilized bispecific molecules that engage endogenous T cell populations.  

 

In chapter 3, we showed that SARS-CoV-2 internal proteins, particularly the polymerase are 

more conserved than the Spike, against which the neutralizing antibody response is directed. 

Currently no respiratory virus vaccine relies on T cell immunity alone. Combining vaccines 

against spike and nucleocapsid is currently being explored and has been shown to increase 

protection in the brain(8). The work described in this thesis helped to explore the strategy of 

combining vaccines against the polymerase and the spike. In collaboration with Caius Radu and 

Ting-Ting Wu, both at UCLA, we showed that an mRNA construct encoding part of the 

polymerase is immunogenic and mouse challenge experiments are currently being planned.  

 

It would be terrific to see a vaccine against the SARS-CoV-2 polymerase enter clinical trials. 

The next step, if mouse challenge studies are successful, should be a challenge study in a non-
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human primate model. Rhesus macaques are an established model for SARS-CoV-2, but the 

symptoms are not nearly as severe as for humans, so the pathogenicity and protection studies 

offer only limited insight(9). Many already have anti spike responses either because of 

vaccination or natural infection, thus vaccine against the polymerase can potentially be given as 

a monotherapy to people. A T cell vaccine may perform best if delivered in an inhalable form, to 

induce memory T cells in the airway tract, where most people are exposed to SARS-COV-2. 

Definition of efficacy will also have to be reviewed as a T cell vaccine is not expected to 

completely prevent viral replication and may allow for minor symptoms. Reduction of severe 

illness and quick resolution of symptoms would then be the criteria of protection.  

 

During the writing of this chapter the first TCR was approved as a drug(10). Tebentafusp is a 

soluble TCR linked to an anti-CD3 molecule that can activate T cells. This bispecific recognizes 

gp100 and improves overall survival in metastatic uveal melanoma by about 6 months. The 

Tebentafusp TCR has been engineered to have enhanced affinity against the gp100 epitope. Most 

TCRs are generated for use in cell therapy, however one of the unsolved issues is that the 

overexpressed TCR construct can pair with endogenously expressed TCR chains. Mispairing has 

been shown to cause toxicity by creating a novel reactivity leading to recognition of self-

antigens(11). The fact that the first TCR approved as a drug is a bispecific molecule potentially 

speaks to the significance of the problem of mispairing. TCRs currently in development as cell 

therapeutics may need to be considered for use as bispecifics. Development of more TCR 

therapeutics will require identification of novel antigens that can successfully be targeted.  
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Effective cancer targeting requires identification of antigens specific to the tumor. Tumor 

antigens are generally derived from tumor associated (TA) proteins, which are normal proteins 

enriched in cancer, or neo-antigens, which are derived from somatic mutations(12). Cell therapy 

field predominantly focused on targeting TA antigens, because they are also considered public 

antigens, that is expressed in many patients. Targeting such proteins can result in toxicity, 

because of their limited expression in normal tissues(13, 14). Two TA antigens commonly 

targeted by TCR based therapies are NY-ESO-1 and MART-1. Neo-antigens are predominantly 

patient specific, which limits their utility for therapeutics development(15). One exception are 

mutations that both activate an oncogene and can be presented by the MHC molecules, such as 

mutations in KRAS and P53(16, 17). Neo-antigen targeted T cells have induced complete 

responses in patients with late-stage cancers. This thesis work helped to initiate TCR 

development against prostate cancer antigen prostatic acid phosphatase (PAP). The next steps 

will be to test these TCRs for their ability to control cancer cell line growth. These TCRs will 

most like need to be affinity enhanced. Experiments are underway and being led by Zhiyuan 

Mao in our lab in collaboration with the lab of Christopher Garcia at Stanford. Many TCRs 

caused serious adverse events when first tested in the clinic either due to reactivity with the 

target protein in normal tissue or cross reactivity with an unrelated antigen(14). Reactivity 

against normal tissue will need to be carefully considered, as these TCRs are engineered.  

 

Our lab is collaborating with the group of Yi Xing, an expert on alternative splicing analysis, to 

generate TCRs that can recognize cancer specific mRNA isoforms. Alternative exon usage in 

cancer can provide an additional source of antigens(18). Up to 95% of human genes undergo 

alternative splicing to increase protein diversity(19). Large scale genomics analysis indicate that 
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alternative splicing is particularly abundant in cancer and has been suggested to be another 

hallmark of cancer. Specific mRNA isoforms are responsible for resistance to treatment, such as 

the ARV7 in prostate cancer(19). Oncogenes such as Myc are implicated in driving distinct 

splicing in cancer. Point mutations within the spliceosome binding sites can inhibit splicing and 

result in novel exons. Exons and exon junctions that are truly cancer specific and translated into 

proteins should be also available for T cells to survey and potentially recognize.  

 

The work in this thesis helped develop new technologies and pipelines for TCR discovery and 

established TCR functional profiling as a method for antigen discovery. I am excited to see how 

the SARS-CoV-2 polymerase vaccine moves forward. It’s very clear that, as SARS-CoV-2 is 

becoming endemic, the world will need better vaccines to control this virus. The methods 

established by this thesis were used to discover TCRs against prostatic acid phosphatase (PAP) 

and cancer specific splice isoforms. These projects are nearing completion and have the potential 

to transform how prostate cancer is treated. 
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