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We present a toolset for the high throughput detection and analysis of antigen-specific CD4+ T 

cells using DNA-barcoded, large libraries of single-chain trimers (SCTs) designed to mimic 

peptide-MHC multimers for class II human leukocyte antigen (HLA). Following platform 

validation, we executed an unbiased screen to capture and simultaneously analyze 2,188 CD4+ T 

cells with specificity to the Receptor Binding Domain (RBD) of SARS-CoV-2 Spike protein, from 

a longitudinal cohort of 24 HLA-DR1 matched participants. We tracked RBD-antigen-specific 

CD4+ T cell phenotypes out to over two years post-infection, and identified metrics for defining 

immunogenic class II-restricted viral antigens. We also identified human papilloma virus (HPV)-

16 E6-specific CD4+ T cell receptors (TCRs) from HPV16+ patients with precancerous lesions.  

Those TCRs are analyzed for their therapeutic potential for treating HPV+ cancers. This platform 

enables detailed investigation of CD4+ T cell immune responses and can accelerate the discovery 

of both relevant epitopes and TCRs for immunotherapies.
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Chapter 1: Introduction 

1.1 CD4+ T cell 

CD4+ helper T cells play multiple roles in the immune response to disease. They are activated 

following exposure to foreign or tumor antigens restricted to class II MHC and are known to 

enhance the functions of antigen-presenting cells, increase CD8+ T cell effector differentiation, 

and drive B cell activation and antibody affinity maturation1. In cancer settings, they can help 

sustain anti-tumor immune efficacy during cancer progression and even exhibit anti-tumor 

cytotoxic functions2,3. Understanding the specific and dynamic roles of antigen-specific CD4+ T 

cells is thus central to mapping immune responses within virtually any disease setting, and may 

help provide insights into epitopes most relevant for vaccine design, as well as TCRs with 

therapeutic potential for TCR-engineered adoptive cell cancer immunotherapies.   

1.2 CD4+ T cell and class II pMHC 

Although numerous methods for large-scale screening of antigen-specific CD8+ T cells have been 

established4,5,6,7,8,9,10, it has been more challenging to develop high-throughput platforms for the 

discovery and characterization of antigen-specific CD4+ T cells. This is largely related to class II 

MHC antigen presentation. Class II HLA molecules are composed of two polypeptide chains that 

assemble to form a peptide-binding groove. Unlike the closed cleft of class I MHC, which 

accommodates 9-12-mer peptides with dominant anchor residues, the open cleft of class II 

molecules binds longer peptides (13-24 amino acids) that may extend beyond the groove11,12. This 

structural difference means that class II peptide antigens consist of a core sequence within the 

binding groove with additional flanking residues, whose influence on TCR binding and CD4+ T 
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cell activation is not well-understood13. The more promiscuous nature of class II peptide binding 

and the limited availability of experimental binding data have hindered the development of 

accurate computational predictions. 

1.3 High throughput identification of antigen-specific CD4+ T cells 

One approach for the high-throughput identification of antigen-specific CD4+ T cells involves 

sorting cells based on their cytokine profile or activation markers following peptide-pulsed 

stimulation14,15,16,17. While this method is effective for obtaining TCR sequences, it depends on the 

functional capacity of T cells and results in the loss of phenotypic information. To preserve the 

phenotypic integrity of CD4+ T cells, direct capture of non-expanded T cells from blood or tissue 

using class II pMHC multimers is the gold standard, but is limited to relatively small libraries 

(n≤15) of pMHCs due to limited yield and finite stability18,19,20,21,22,23,24. Since computational 

predictions of antigen-MHC binding are not yet reliable, technologies capable of constructing 

larger-scale pMHC libraries—thereby enabling unbiased high-throughput screening of antigen-

specific CD4+ T cells—would be of high value. 

1.4 CD4+ T cells in cancer immunotherapy 

T cell therapy represents a significant advancement in the field of immunotherapy, offering a 

highly specific approach to targeting cancer antigens25. By harnessing the antigen recognition 

capabilities of T cells, T cell therapy enables cancer-specific immune responses with minimal off-

target effects. Strategic selection of target antigens holds the key to minimizing on-target off-

cancer effects, thereby significantly enhancing the safety profile and reducing side-effects of the 

treatment. The ability of T cell therapy to specifically recognize cancer antigens expands its 

applicability to a wide range of cancers26. Unlike CAR-T cells, which rely on universal target 
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molecules present on cancer cells, antigen-specific T cell therapy can effectively target solid 

tumors. This specificity is achieved by the T cells' ability to distinguish between cancerous and 

healthy cells based on the recognition of small mutated peptides presented by HLA molecules26. 

Consequently, T cell therapy holds immense clinical promise for the treatment of solid tumors. 

CD8+ T cells possess the ability to directly eliminate tumor cells through their cytotoxic effector 

functions. The potential of utilizing tumor-killing CD8+ T cells in clinical settings has been 

explored. Ongoing clinical trials are investigating the efficacy of CD8+ T cells targeting HPV-16+ 

cancers and other malignancies27. Despite promising results from some animal studies and clinical 

trials, the efficacy of single clone CD8+ T cell therapy has not met expectations. Cancer cells have 

developed various mechanisms to evade CD8+ T cell surveillance, including loss of HLA 

heterozygosity, downregulation of HLA molecules, and other immune evasion mechanisms28. 

Additionally, administered CD8+ T cells have been reported to have a short lifespan in patients, 

necessitating repeated cell infusions or resulting in diminished treatment outcomes27. CD8+ T cells 

rely on CD4+ T cell-mediated stimulation for prolonged proliferation and survival. Hence, 

combination therapies which include multiple clones of cancer-specific CD8+ and CD4+ T cells 

have been proposed as the next frontier in T cell therapy.  

However, the implementation of CD4+ T cell therapy presents several challenges. CD4+ T cells 

exhibit a significantly larger repertoire compared to CD8+ T cells, making it more challenging to 

identify antigen-specific CD4+ T cells29. Furthermore, class II HLA alleles display greater 

heterogeneity, resulting in a more diverse array of alpha and beta combinations in the population30. 

This diversity poses a significant challenge in establishing CD4+ T cell treatments that are 

effective across a broad patient population. Moreover, current technologies in the field are limited 

in their ability to scale antigen-specific CD4+ T cell discovery. Cancer cells in patients present 
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thousands to millions of mutations or viral antigens, and targeting only a few of these antigens 

severely limits the efficacy of the therapy31. Cancer cells can downregulate the expression of target 

antigens to evade immune recognition. Incomplete elimination of cancer cells often leads to 

relapse29. Therefore, the development of an effective and comprehensive CD4+ T cell therapy 

requires the establishment of high-throughput screening assays to identify antigen-specific CD4+ 

T cells. 

1.5 Dissertation overview 

In this work, we discuss the development of a high-throughput platform for the detection and 

analysis of antigen-specific CD4+ T cells. Our approach starts with class II pMHCs expressed as 

libraries of single-chain trimers (SCTs). Class II SCT libraries support both unbiased proteome-

wide screening and more targeted approaches, thus enhancing the breadth and precision of CD4+ 

T cell discovery. We validated the performance of class II SCTs across multiple HLA alleles based 

on their capacity to capture known antigen-specific CD4+ T cell clonotypes, as well as their ability 

to capture novel antigen-specific CD4+ T cells from healthy donor bloods. We then expanded the 

approach to screen longitudinal samples from 22 SARS-CoV-2 patients, using a high-throughput 

assay to identify CD4+ T cell clones specific to the receptor binding domain (RBD) of the Spike 

protein, and to analyze the phenotype dynamics of those same T cells from acute infection to out 

to 2 years post-infection. Finally, we constructed a class II SCT library targeting the E6 and E7 

oncogenic proteins of HPV-16 and isolated HPV-16-specific CD4+ T cells from precancerous 

patients previously treated in therapeutic vaccine trials. Through a series of preclinical validation 

assays, we identified five HPV-16- E6 specific CD4+ TCRs. This high-throughput platform serves 

as a powerful tool for enabling the in-depth analysis of disease-specific CD4+ T cell immune 

responses, and for the discovery of immunogenic class II-restricted T cell epitopes, and for the 
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discovery of antigen-specific CD4+ T cells with potential applications in TCR-engineered 

adoptive cell immunotherapies. 
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Chapter 2: SCT technology and development 

2.1 Introduction – pMHC and the Class II SCT technology 

2.1.1 pMHC and CD4 T cell interaction 

CD4 TCR interacts with peptide presented on the major histocompatibility complex (pMHC) 

molecule on the surface of professional antigen presenting cells (APCs) such as dendritic cells, 

macrophages, and B cells. Upon binding to the pMHC molecule, the intracellular domain of the 

TCRs on CD4 T cell is phosphorylated and a signaling cascade starts to activate the T cell32. The 

antigen presented by class II MHC are generally from extracellular sources, such as the 

degradation products of bacteria or viruses during an infection, and mutated peptides shed from 

cancer cells. CD4 TCR recognition to pMHC is unique and it makes pMHC molecular a great tool 

to identify and capture antigen-specific CD4+ TCRs.  

pMHC is comprised of three components, the alpha and beta chains of the MHC molecule and the 

peptide that binds to the binding groove held by the alpha and beta chains. There are two types of 

pMHC – the class I and class II MHC. In class I MHC, the beta chain is constant across different 

alleles, and termed the beta-2M (B2M). Class I MHC holds a shorter peptide ranging from 8-12 

amino acids. On the other hand, class II MHC alleles have variable alpha and beta chains, making 

the combination more complex. Class II MHC is also more promiscuous for the peptides that bind 

into the peptide binding groove. Class II MHC can bind peptides from 13-25 amino acids. Unlike 

class I MHC where the two ends (N- and C-terminus) of the binding groove are closed so that the 

peptides sit in a tight binding pocket, class II MHCs have an open binding pocket where the two 

ends of the peptide and flank freely. This unique property makes the recognition of CD4 TCRs 
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more promiscuous as they can bind a family of peptides of varying length as TCR can recognize 

the core peptide binding registrar shared in the peptide family13. 

2.1.2 Class II HLA alleles 

MHC is a general term used across mammalian species. Human Leukocyte Antigen (HLA) is the 

specific terminology when referring to human MHC alleles. Class II HLAs are classified into three 

major subtypes: the DR, DP, and DQ alleles. The combinations of the alpha and beta alleles for 

each subtype are complex. We inherit an alpha and a beta allele from each of our parents, making 

it two alpha and beta chains for DR, DP, and DQ alleles. Hence, for each subtype, there are four 

possible combinations assuming none of the alpha or beta chains are homogeneous. The total 

possible combinations of all class II alleles in a person are twelve. 

The DR alleles are unique as the alpha chain is a constant – DRA1*01:01. Based on the database, 

the top five common beta alleles for DR are DRB1*07:01, DRB1*15:01, DRB1*03:01, and 

DRB1*01:0133,34. The U.S. population has a dominant DP alpha allele DPA1*01:03, and the top 

three beta alleles, DPB1*04:01, DPB1*02:01 and DPB1*04:02 cover 80% of the population34. DQ 

alleles, on the other hand, are more complicated as the top alpha and beta chains are diverse.  

2.1.3 Previous methods to express pMHCs 

As class II pMHC molecule serves as a great tool to capture antigen-specific CD4 T cells, 

researchers have used various forms of pMHC to identify the target T cells. Previous studies have 

reported several ways to express soluble pMHCs to identify antigen-specific CD4+ T cells based 

on multimers. Methods evolved from the UV-liable peptide exchange from class I pMHC 

production are modified and applied to class II pMHC expressions where the peptide exchange 

occurs after enzymatic cleavage of the placeholder peptide, followed by targeted purification by 
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tag attached to the exchanged peptide21,. Since the class II MHC is more stable than class I MHC 

and hence could be expressed without the peptide, researchers have reported expressing the alpha 

and beta chains of class II MHC with an empty pocket followed by exogenous peptide 

loading22,18,23,36. Further engineering of pMHC led to linking the components together for easier 

manipulation of the design. Peptides are linked to the beta chain and co-expressed with the alpha 

chain with leucine zipper dimerization motifs to facilitate formation of heterodimer24,37,38. pMHC 

molecules were expressed in CHO cells, E. Coli, or insect cell lines. 

The methods described above have low throughput (n<=15) and are time-consuming as the 

proteins need to be expressed separately and requires an extra step of synthesizing the peptides. 

For each new antigen, the whole expression, peptide synthesis and then the refolding process must 

be repeated. Furthermore, chemical synthesis omits post-translational modifications on the 

peptides.  

2.1.4 Class II SCT 

A new design that emerged was to express the class II pMHC molecule as a single construct 

connected by linkers. The design was initially introduced by Kozono et. al. to generate murine 

class II pMHC monomers19. Zhu et al. then adapted the approach to express SCTs encoding human 

HLA alleles in mouse cells39. Thayer et al. then established an alternative approach by inserting a 

fragment of the invariant chain between the alpha and the peptide to further stabilize the construct 

and improve yield40. They applied the method to express murine MHC alleles in monkey kidney 

tissue-derived COS cell line. We adapted the design to express pMHC proteins in mammalian cell 

lines in a high-throughput process to enable large-scale discovery of antigen-specific CD4+ T cells. 
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2.1.5 The motivation for building a high throughput class II SCT production 

platform 

As discussed in Chapter 1.4, TCR-based T cell therapy targeting a single antigen often fail to result 

in a complete cancer elimination. To avoid downregulation of a particular set of antigens for cancer 

immune evasion, we need to perform high throughput and large-scale screening of CD4+ T cells 

responding to a large panel of antigen targets. Besides immune evasion by downregulating the 

antigens, patients also experienced loss of HLA heterozygosity (LOH) where cancer cells 

downregulate expression of a set of HLAs either coming from their paternal or maternal side to 

avoid immune surveillance41. Hence, administering patients with CD4+ T cells targeting antigens 

presented on more than one HLA alleles would be beneficial.  

Majority of the TCR based immunotherapy has focused on the most prevalent HLA alleles in each 

HLA haplotype, such as A*02:01 for HLA-A alleles42. While this helps to cover a decent patient 

population as TCR immunotherapy first starts, many patients are turned away because their HLA 

haplotypes do not match with the TCRs.  

To minimize cancer immune evasion and to maximize the patient population that we can treat, we 

aim to develop a high throughput antigen-specific CD4+ T cell screening platform that allows us 

to scan through and capture target T cells against a large panel of HLAs and antigens. We hope to 

use this technology to identify public TCRs against the top 10-20 common class II HLA alleles in 

the U.S. for off-the-shelf TCR-T cell immunotherapy products. This would greatly reduce the 

timeline to prepare the products to treat patients so that the patients are treated at the best clinical 

intervention timepoint. We also hope to apply this technology to develop personalized TCR-T cell 
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therapy for patients with rare HLA combinations, so all patients have equal chance of getting 

treatment.  

2.1.6 The class II SCT design and the advantages of the class II SCT production 

platform 

The class II SCT design starts with a signaling peptide exports the protein outside the cell so the 

SCT is a soluble monomer. The alpha chain comes after the signaling peptide, followed a short 

(GGGGS)2 linker 1. The partial invariant chain follows L1, adjacent to the antigen peptide, 

followed by Linker 2, another short GGSS(GGGGS)2 sequence, and the beta chain is right after 

L2. Linker 3 (L3) then connects the SCT with two tags for biotinylation and purification. The 

AviTag is a short sequence recognized by the BirA enzyme for the addition of a biotin molecule. 

The 6x histidine tag allows immobilized metal affinity chromatography (IMAC) based protein 

purification.  

The SCT design offers several advantages: 

1. Improved Production Efficiency: The SCT design allows the protein to be expressed as a 

single entity rather than three separate components, significantly enhancing overall 

production efficiency. 

2. Versatile Antigen Modifications: The SCT design enables versatile modifications of the 

antigen sequence, facilitating rapid substitution with other antigens. 

3. Easy Allele Switching: The alpha and beta allele can be easily switched out, allowing for 

adaptation to different combinations of Class II HLA alleles. 



 

17 
 

4. Mammalian Cell Expression with Natural Post-Translational Modifications: The SCTs are 

produced by mammalian cell lines, ensuring that they undergo post-translational 

modifications that closely mimic those of the natural pMHC protein.  

2.2 Methods 

2.2.1 Class II SCT template construction for various alleles 

An SCT plasmid template encoding for a class II allele is assembled by a two fragment Gibson 

assembly each encoding for the alpha and beta chains of the allele. The FASTA amino acid 

sequences of the extracellular region of the alpha and beta chains are extracted from the IMGT and 

PDB websites and then reverse translated into DNA sequences followed by codon optimization. 

The DNA fragments are purchased from Twist Bioscience. The first fragment encodes for a partial 

MCS region that overlaps with the plasmid backbone, the secretion signal peptide, the alpha chain, 

L1, and a fraction of the pIi. The second fragment contains the second half of the pIi that overlaps 

18 bp with the first fragment, a placeholder antigen peptide, L2, the beta chain, L3, followed by 

the AviTag and HisTag, the MCS region that overlaps with the plasmid backbone. The pcDNA3.1 

plasmid backbone is linearized by enzyme double digestion. The first and second fragments are 

gibsoned together with the linearized backbone. The Gibson product is transformed into competent 

cells and go through standard molecular cloning to amplify the plasmids. 

2.2.2 Molecular cloning to amplify plasmids 

5-8 uL of a Gibson product or 10 ng of a pure plasmid are added to competent cells and incubated 

on ice for 25 min. The mixture is then heat shocked at exactly 30 seconds and incubated on ice for 

2 minutes. 150 uL of SOC are added into each reaction and the culture is shaked horizontally at 

37C 225 rpm for 1 hour. The culture is then evenly spread onto a LB with carbenicillin plate with 
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beads. Invert the plate and culture for 18-20 hours at 37C. Pick individual colonies and culture in 

3 mL of LB with carbenicillin in 48-well deep culture plate for 18-20 hours at 250 rpm, 37C. 

Plasmids are extracted using the Qiagen miniprep kit and sequenced by next-generation 

sequencing services (Plasmidsaurus or in-house Nanopore sequencing). 

2.2.3 Class II SCT plasmid construction 

To build a library of SCTs of the same HLA allele but interrogating a list of antigens, a library of 

the DNA fragments encoding for the antigens need to be generated first. We have developed an 

algorithm that takes in the amino acid sequences of the antigens and outputs the list of forward and 

reverse primers that are checked through multiple checkpoints and optimized to remove hairpin 

structures and ensures ample hybridization region during PCR. The primers are purchased from 

IDT. Overlap extension PCR is used to generate the antigen fragments which extend at both ends 

to include a fraction of the pIi and L2. The antigen fragment and the linearized SCT backbone that 

omits the placeholder antigen are assembled through Gibson in a 5:1 insert to vector ratio. The 

Gibson plasmid is then amplified through the standard molecular cloning techniques described in 

2.2.2. 

2.2.4 Class II SCT protein production 

The mammalian cell based Expi293 transfection system is used for SCT transfection and protein 

production according to the manufacturer protocol (Invitrogen). Briefly, the SCT plasmid and the 

Expi293 reagents are diluted with the OptiMEM media and mixed for 10-20 minutes at room 

temperature. Then the complex is added to Expi293 cells at 3M/mL in 1.25 mL cultures in 24-well 

plates at 225 rpm on a shaker in 37C incubator on Day 0. Enhancer 1 and 2 are mixed in a ratio of 

10:1 and added to cells after 18-24 hours. The supernatant collected on Day 4. 30 uL of the 
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supernatant is denatured and run on unstained protein gels (BioRad) to visualize the expression of 

the SCT proteins. The rest of the supernatant undergoes 3 rounds of buffer exchange with bicine 

buffer through columns. The SCTs are then biotinylated by BirA enzymes at room temperature for 

1.5 hours and then overnight in 4C. On Day 5, the SCTs are histag purified using the automatic 

Phynexus robot, and then desalted and buffer exchanged into PBS with the 7kbMW Zeba columns. 

The concentration of the SCT protein is measured through nanodrop and 20% v/v glycerol is added 

to the SCT in PBS for a more stable long-term storage. 

2.2.5 TCR plasmid construction 

We designed a high throughput approach to generate plasmids encoding for TCRs. The DNA 

sequences for TCRs are split into four fragments f1-f4. f1 encodes for the V, CDR3b, and J segment 

of TCRb, f2 encodes for the constant chain of TCRb. f3 and f4 are design in a similar way but 

encoding for TCRa. The f2 and f4 fragments are less diverse and hence reused while the f1 and f3 

fragments are designed and purchased for each new TCR. Each of the fragment includes a front 

and end overlap region with either the backbone or the fragment next to it for Gibson assembly. 

We developed a TCR gene fragment auto-generation algorithm in-house43 that takes in the amino 

acid sequences, performs codon optimization, balances GC content and outputs the DNA 

sequences. All TCR gene fragments are purchased from Twist Bioscience. The f1-f4 gene 

fragments are amplified, purified, and Gibson assembled into the pRRL plasmid backbone at a 4:1 

insert to vector ratio, followed by standard molecular cloning procedure in 2.2.2 for plasmid 

amplification. 
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2.2.6 Lentiviral cloning for TCR expression 

HEK293 cells are seeded at 0.5M in 3 mL R10 media in 6-well plates and cultured at 37C overnight. 

0.24 ug, 0.48 ug, 0.48 ug, and 0.75 ug of pMD2-G VSVG, pMDL g/pRRE, pRSV-REV, and TCR-

pRRL plasmids respectively are added to 150 uL EC buffer, followed by 8 uL of Enhancer, and 

incubated 5 min at r.t. 25 uL of effectene is then added incubated for 10 min at r.t. HEK293 media 

is aspirated and replenished with 2mL fresh R10 slowly. Then the transfection reaction mixture is 

combined with 1 mL media and applied to cells in a drop-wise fashion. After overnight incubation, 

the media is aspirated and 2-3 mL of the media that the target cells grew in is added. After another 

two days of incubation, lentivirus suspension in media is harvested by aspirating using a syringe 

and passed through a 45 um low protein binding filter. 1 mL of the viral supernatant is added to 

500k target cells (Jurkats or primary T cells) in 1 mL media. Media is then changed the second day 

after transduction and TCR expression can be assessed via flow cytometry two days after the media 

change.  

2.2.7 Cell line 

To establish the NFAT-GFP reporter cell line, TCRb followed by TCRa knock-out was performed 

on the Jurkat E6-1 cell line (ATCC) using CRISPR gRNA and nucleofection, confirmed through 

flow cytometry, and sorted for purity. A plasmid encoding for NFAT-GFP reporter was then 

lentivirally transduced into the TCR- Jurkats and treated with blasticidin for selection.  

The DR1+ K562 cells was established from WT K-562 (ATCC) by lentivirally transducing a 

plasmid encoding for the DRB1*01:01 allele with the transmembrane and cytoplasmic tail sections. 

Expression of DR1 on the surface was confirmed through flow cytometry and DR1+ K562 pure 

cell line was sorted. 
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2.2.8 Tetramer preparation 

Tetramers are prepared by incubating the SCTs with a fluorophore-labeled streptavidin in a 4:1 

ratio. 10 pmol of SCT protein and 2.5 pmol of streptavidin is usually used to generate a SCT 

tetramer reagent for four flow cytometry reactions. After incubating the SCT with streptavidin-PE 

or APC for 30 min at 4C protected from light, 1 uL of D-biotin at 20 uM is added to the mixture 

to block the free sites on streptavidin. The mixture is incubated at 4C for at least 30 min. 

2.2.9 Antigen-specific CD4 T cells staining 

Each vial of the target cells (usually PBMCs) was initially thawed in 5 mL of R10 media. Pre-

enrichment of CD4+ T cells was performed using magnetic-activated cell sorting (MACS) 

according to the manufacturer’s protocol. In the final step of CD4+ T cell enrichment, the cells 

were centrifuged and resuspended in 1 mL of media. The enriched CD4+ T cells were then 

incubated with PKI inhibitor (Dasatinib). The PKI buffer (concentration 100 nM) was added at a 

1:1 ratio to the media volume. The cells were incubated at 37°C for 20 minutes, followed by 

centrifugation at 500 × g for 5 minutes without washing. A tetramer staining buffer mix was 

prepared in 50 nM PKI/SE buffer. For each antigen, 2 µL of PE and APC tetramers, along with 2 

µL of HIV PE/Cy7 tetramer, were added to 100 µL of the buffer and mixed thoroughly. Each 

sample was resuspended in 100 µL of the tetramer staining buffer and incubated at 4°C for 20 

minutes. Following incubation, 100 µL of SE buffer was added to wash the cells, which were then 

centrifuged at 500 × g for 5 minutes. A cell surface staining buffer was prepared by adding CD4-

BV421 at a ratio of 1 µL per 100 µL of buffer per 50,000 CD4 cells, and Calcein Green (FITC) 

live stain at a final concentration of 0.2 µM. Specifically, 0.2 µL of Calcein Green (stock at 1mM) 

was added to 1 mL of PKI buffer, followed by 1 µL of CD4-BV421 in 100 µL of the PKI/live dye 

buffer. The cells were incubated for 10 minutes at 4°C. After staining, the cells were washed with 
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100 µL of SE buffer to remove excess reagents, centrifuged, and resuspended in 200 µL of PBS. 

The prepared cells were then subjected to flow cytometry analysis to assess antigen-specific CD4+ 

T cell populations. 

2.2.10  Tetramer binding assay 

This is a similar workflow as the antigen-specific T cell staining protocol. The TCR-transduced 

Jurkat cells were counted, and 50,000 cells from each sample were aliquoted. Additionally, 50,000 

cells from the transduced population were set aside as the unstained control. Cells were incubated 

with PKI as described above and then 1.5 uL of the SCT PE-tetramer (target antigen) and 1.5 uL 

of HIV PE-Cy7-tetramer was used to stain the cells. The cells were further stained using a live dye 

and anti-TCR (APC) antibody in 50 nM PKI buffer. The staining was carried out for 10 minutes 

at 4°C. After staining, an additional wash with 100 µL of SE buffer was performed, followed by 

centrifugation. The cells were resuspended in 200 µL of PBS and analyzed using flow cytometry 

to assess antigen-specific responses of the TCR-transduced Jurkat cells. 

2.2.11  Single cell plate sequencing for paired αβTCR 

Cells were single cell sorted into 96-well plates containing 12 uL of 1x lysis buffer with RNAse 

inhibitor (RNAsin). The plates were spun down immediately after sorting and flash froze on dry 

ice. When ready for sequencing the TCRs, the lysate plate was removed from storage and thawed 

on ice for 3 minutes. The samples were then centrifuged at 1,000 × g for 1 minute to collect any 

residual liquid. A master mix of one step RT-PCR reaction was conducted according to the 

manufacturer’s protocol (Qiagen). Briefly, the following reagents were mixed for one reaction: 3.2 

uL 5x buffer, 0.64 uL dNTPs at 10 mM, 0.64 uL enzyme mix, 5.12 uL RNAse free water, 0.55 uL 

of a mixture of the alpha or beta variable primers (1.75 uM), and the alpha or beta constant primer 
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at 100 uM. Each lysate is split into two reactions for amplifying the alpha and beta sequences 

separately. The PCR protocol consisted of the following steps: an initial incubation at 50°C for 90 

minutes, followed by 95°C for 15 minutes; The amplification step involved 40 cycles of a 3-step 

process: 94°C for 1 minute (denaturation), 68°C for 1 minute (annealing), and 72°C for 1 minute 

(extension). A final extension was performed at 72°C for 10 minutes, followed by a hold at 4°C. 

To verify the PCR products, 4 µL of the reaction mixture was loaded onto an agarose gel and run 

at 150V for 25 minutes. Following RT-PCR, cleanup was performed using 0.8x SPRI beads 

(Beckman Coulter PCR purification beads). The DNA was eluted in 30 µL of EB buffer for 

downstream applications. A second PCR further amplifies the TCR fragment and extends the 

fragment with overlap regions for the third PCR that adds in the barcoding regions for multiplexed 

sequencing through Illumina.  

2.2.12  Peptide-pulsed activation assay  

Peptides were reconstituted to a concentration of 4 mg/mL using 200 µL of DMSO per tube (with 

each tube containing 0.8 mg of peptide). Peptides were added directly to each well of cells at a 

final concentration of 2 µg/mL in a 100 µL media volume, equivalent to using 0.2 µg of peptide 

per well. Jurkat cells expressing the NFAT-GFP reporter were co-cultured with DR1-K562 cells at 

a 1:1 ratio, with 50,000 cells of each type per well in a round-bottom 96-well plate. A negative 

control was included, consisting of 50,000 DR1-K562 cells combined with an unmatched peptide, 

50,000 TCR-transduced Jurkat cells, and 1 µL of anti-CD28. The co-cultured cells were incubated 

overnight at 37°C for 16-24 hours. On the next day, cells were stained with Calcein UV to identify 

live cells and assessed for GFP expression. All cells from each well were collected, and 

approximately 50,000 cells were aliquoted from the DR1+ K562 and TCR NFAT Jurkat 

populations to be used for separate unstained controls. This aided in distinguishing K562 from 



 

24 
 

Jurkat cells based on side scatter (SSC) and forward scatter (FSC) gating. Centrifuge all collected 

cells at 500 × g for 5 minutes, followed by a single wash with SE buffer. The cells were stained 

with the following antibodies: Live dye: 0.2 µL of Calcein UV, TCR: 1 µL of APC, HLA-DR: 1 

µL of PE. The cells were incubated for 10 minutes at 4°C. A final wash by adding 100 µL of SE 

buffer, followed by centrifugation and the cells were resuspended in 200 µL of PBS. 

2.3 Results and Discussion 

2.3.1 Workflow for generating class II SCTs 

We first start with building plasmid templates encoding for the target HLA allele (Figure 2.1). The 

amino acid sequence for the extracellular regions of HLA alpha and beta alleles were downloaded 

from IMGT database. The gene fragments encoding for the alpha and beta chains were codon 

optimized, ordered from Twist Bioscience, PCR amplified and purified. Both fragments were 

assembled into a linearized pcDNA3.1 backbone in the MCS region through Gibson assembly. 

We then move to compile the list of SCT antigens. If we are probing for antigens from infectious 

pathogens, such as viruses or bacteria, we usually begin with either an unbiased screening to cover 

the entire protein or we select antigens based on prediction algorithms for likely binders to the 

MHC allele. On the other hand, if we are screening neoantigens from cancer patients, we would 

start with a list of mutations sequenced from exosome from both cancer cells and blood samples 

of the patient. With the list of the antigens, we generate a short DNA fragment encoding for the 

antigen with both ends extending to overlap with the partial invariant chain fragment and Linker 

2 (Figure 2.1). We designed forward and reverse primers that hybridize at the 3’ end. We generated 

the antigen fragment through overlap extension PCR. The purified fragment was Gibson 

assembled with a linearized pcDNA3.1 backbone with the targeted allele inserted in the template. 
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The Gibson product with the antigens inserted in the plasmid was amplified through the culture of 

E.Coli competent cells and the amplified plasmids were extracted and purified.  

The plasmids were then transfected into Expi293F cells and after four days of culture, the secreted 

SCT proteins were first buffer exchanged for overnight biotinylation followed by his-tag 

purification (Figure 2.1). The purified SCTs were desalted and buffer exchanged into PBS, 

followed by addition of 20% glycerol and saved in -20C for long-term storage. 

2.3.2 Automatic generation of primer designs encoding class II antigens 

To develop a high throughput platform for generating class II SCTs, we wrote a computational 

pipeline to generate optimized sets of forward and reverse primers automatically. The algorithm 

takes in the one-letter amino acid sequence as the input, generates a gene fragment encoding the 

antigen and adds in the Gibson overlaps at both ends, confirms that the melting temperature of the 

20bp hybridization region is within an optimized range of temperature for annealing (50-69C), 

checks the primers for secondary structures at the annealing and extension temperatures, confirms 

the length of hybridization, and if the primers can anneal at the PCR annealing temperature. If the 

primer fails at any checkpoint, the algorithm optimizes the primer by going through rounds of 

alternative codon replacement until a primer that passes through all checkpoints is generated.  

2.3.3 Validation of the SCT against the known cognate TCRs 

The pMHC complex for class II HLA alleles consists of three individual components: the α chain, 

the β chain, and the presented peptide antigen (Figure 2.2). While previous designs of class II 

pMHCs involved expressing the subunits separately, followed by peptide loading or 

exchange18,20,23,24,44, it has been shown that the peptide may be covalently linked to either the α or 

β chain21,24,37, or to both chains so that the full pMHC is expressed as a single, stable 
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protein19,40,45,39 (Figure 2.2). These early demonstrations inform our basic approach, where a 

library of SCTs for a given HLA allele was prepared using a single plasmid template for the α and 

β chains, followed by insertion of each antigen fragment using Gibson assembly. Purified plasmids 

encoding the SCT construct were transfected into a mammalian cell line (Expi293F) for expression 

of soluble SCT proteins, which were his-tag purified, biotinylated and preserved in PBS with 20% 

glycerol for long-term storage. 

To validate SCT templates across common class II HLA alleles, we identified antigen-TCR pairs 

for five HLA-DR and one HLA-DP alleles from the literature46,47. The TCRs were cloned into a 

TCR knock-out Jurkat cell line through lentiviral transduction (Figure 2.3), and the SCTs for each 

antigen pairing were expressed as described above. Each SCT specifically recognized its cognate 

TCR, and non-specific binding was not observed (Figure 2.4).  

2.3.4 Comparing binding efficiency of SCT with conventional pMHC 

We further evaluated the binding efficiency of an SCT encoding an influenza peptide (HA306-318 

PKYVKQNTLKLAT) relative to a conventional pMHC reagent. The SCT exhibited a similar 

recognition efficiency, binding 86.4% vs 94.5% of T cells (Figure 2.5), compared to the pMHC 

tetramer. Non-specific binding was not observed. These results suggest that class II SCTs may 

provide a robust approach for generating class II pMHC-like reagents for sensitive and selective 

antigen-specific CD4+ T cell capture and analysis.  

2.3.5 Identify novel TCRs using an SCT library 

We next moved towards validating SCT libraries for capturing novel CD4+ T cells from non-

expanded PBMCs collected from healthy donors. A 23-element library was constructed from the 

DRB1*01:01 template, presenting antigens from cytomegalovirus (CMV), Epstein-Barr virus 
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(EBV), influenza viruses, and tetanus bacteria (CEFT) (Figure 2.6, top). Each of the five healthy 

donor PBMC samples was stained with individual SCT tetramers labeled with PE and APC 

fluorophores (Figure 2.6, bottom). Cells stained with a negative control SCT (HIV Gag41-56 

SALSEGATPQDLNTML) were excluded, and the double-positive cells were sorted for single-

cell plate sequencing of their TCRs. 

2.3.6 Validation of the TCRs identified – Tetramer binding 

The TCRαβ sequences from the captured CD4+ T cells were cloned into a TCR knock-out NFAT-

GFP reporter Jurkat cell line. When these TCR-engineered cells were tested, varying levels of 

tetramer binding were observed (Figure 2.7). In Figure 2.7, the x-axis labels follow a TCR-antigen 

format, where “2-A” refers to TCR index 2 and an antigen index A. For example, TCRs 1-7 

represent different clones that all bind to antigen A. TCR clones with validated tetramer binding 

were further assessed using a peptide-stimulation assay (Figure 2.8, 2.9).  

2.3.7 Validation of the TCRs identified – peptide pulsed activation 

K562 cells, which lack functional expression of wild-type class II pMHC on their surface48, were 

engineered to serve as artificial antigen presenting cells (aAPCs) expressing the DRB1*01:01 

allele with an empty peptide-binding pocket on their surface (DR1-K562)49,50,51. TCR NFAT-Jurkat 

cells were co-cultured overnight with their cognate peptide and the DR1-K562 cells to induce T 

cell activation (Figure 2.8). All TCR clones demonstrated NFAT-based T cell activation (Figure 

2.9). TCR clones 9, 10, 11 and 15 showed comparable percentages of tetramer binding and 

activation in response to both peptides A and B, which share the same core sequence and differ by 

only one amino acid at the N-terminus. No activation from the negative control was observed. 

These results suggest that SCT libraries may be used to identify new TCRs, and that T cells 
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expressing those TCRs are functionally activated to varying degrees by the SCT-encoded peptide 

antigen when that antigen is presented by the native MHC molecule.  

2.4 Figures 

 

 

 

 

 

 

Figure 2.1 Experimental workflow of constructing the SCT plasmid and expression of the 

SCT protein. 

 

 

 

 

Figure 2.2 Plasmid design encoding the class II SCT protein. The α chain, antigen, and β 

chain are connected through two linkers (L1 and L2). A fragment of the invariant chain (pIi) 

stabilizes the SCT. A secretion signal is placed before the α chain, while purification tags are 

linked through L3. 
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Figure 2.3 Lentiviral cloning of TCRs into a TCR knock-out Jurkat cell line. 

 

 

 

 

 

Figure 2.4 Validation of class II SCT templates for various HLA alleles through SCT 

tetramer binding to previously reported cognate TCRs. 

 

 

 

 

 

Figure 2.5 Comparison of the binding efficiency of class II SCT to pMHC multimers. 
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Figure 2.6 A 23-Element DRB1*01:01 CEFT library of SCTs used to identify novel antigen-

specific CD4+ T cells. SCT expression was evaluated on SDS-PAGE protein gels (top right). 

PBMC samples from healthy donors were pre-enriched for CD4+ T cells. Antigen-specific T 

cells were identified through double-positive staining with PE and APC SCT tetramers and 

sorted for TCR-sequencing and subsequent cloning, with representative flow cytometry data 

shown at bottom right. An HIV Gag41-56 SCT tetramer was used to exclude non-specific 

binding cells. 
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Figure 2.7 Tetramer binding validation of 16 cloned TCRs, each reactive to one of the five 

CEFT antigens (n=3). Positive tetramer binding read-outs were corrected for negative control 

tetramer staining. 

 

 

 

 

 

 

 

Figure 2.8 Peptide-pulsed activation assay. Illustration of peptide-pulsed activation assay. 

TCRs were transduced into TCR knock-out NFAT-GFP Jurkat cells. WT K562 cells were 

engineered to express the DRB1*01:01 (DR1) allele. TCR+ NFAT-GFP Jurkats were co-cultured 

with DR1+ K562 cells overnight in the presence of the peptide. 
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Figure 2.9 Peptide-pulsed activation of the TCR+ NFAT-GFP reporter cells. T cell activation 

response measured through the percentages of NFAT-GFP+ Jurkat cells upon stimulation with 

cognate peptides identified by SCT tetramer assays in d and e, in comparison to stimulation with 

a negative control peptide (n=3). **P < 0.01 for each group relative to the negative control 

peptide, determined by one-tailed independent t-test assuming equal variances. 
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Chapter 3: SARS-CoV-2 specific CD4+ T cell immune response  

3.1 Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), also known as coronavirus 

disease 2019 (COVID-19), is a highly transmissible and pathogenic virus that caused a worldwide 

pandemic and resulted in millions of deaths. Patients showed symptoms of viral pneumonia, 

including fever, cough, chest discomfort, difficulty in breathing, and dyspnea or bilateral lung 

infiltration in severe cases52.  

SARS-CoV-2 is a betacoronavirus that shares 79% genome sequence identity with SARS-CoV 

and 50% with MERS-CoV. It contains 14 open reading frames (ORF) which encode 29 proteins. 

Four of the ORFs encode a set of structural proteins, which include the spike protein (S), the 

nucleocapsid (N), membrane protein (M), and the envelop protein (E), that are essential for viral 

assembly, interaction with the target cells in host, entering the host cells, and suppression of the 

immune responses in host53,54. The S protein on the surface of the virus binds to the human 

angiotensin-converting enzyme 2 (hACE2) receptor on the host cellular membrane, followed by 

fusion of the viral and host cellular membrane. Viral RNA is then released into the host cells and 

viral proteins are produced through host cellular mechanisms. Translation of 16 non-structural 

proteins (NSPs) are then initiated, whose function is to replicate and transcribe viral RNA. The 

viral genomic RNA and the NSPs then assemble into mature virions which exit the current cell 

through exocytosis to infect surrounding host cells. 

Upon binding to epithelial cells in the upper respiratory tract, SARS-CoV-2 replicates and migrates 

down to the airways and enters alveolar epithelial cells in the lungs. Severe immune responses 

might be triggers by the rapid replication of the viruses, leading to cytokine storm syndrome which 



 

34 
 

causes acute respiratory distress (ARD) symptom, the main cause of death due to COVID-19. 

Histopathology analyses showed bilateral diffused alveolar damage (DAD), alveolar epithelial 

damage, desquamation of pneumocytes and fibrin deposits in lungs of patients with severe 

COVID-1952,55. DAD is the predominant pattern of lung injury that is observed in deceased 

patients infected with SARS-CoV-255. 

Humoral immunity has been considered a major player in anti-SASR-CoV-2 responses. Vaccines 

have focused primarily on inducing SARS-CoV-2 specific antibodies to neutralize and prevent 

spread of viral infection in host. However, it has been noted that T cell dependent immune 

responses are also critical in disease progression and recovery. Studies have shown that SARS-

CoV-2 induced significant CD4 and CD8 responses in addition to the IgG and IgA humoral 

responses56. In fact, early T cell responses indicate faster and viral clearance and less disease 

severity whereas early antibodies do not correlate with better disease outcomes57,58. More 

specifically, early effective CD4+ T cell responses have the strongest association with mild disease 

severity compared to CD8+ T cells and antibody responses. Viral specific CD4+ T cell responses 

are predominantly from the Th1 effector types to antigens from the S, M, N, and several NSPs57,58. 

A large effort has been made to understand the repertoire of epitopes recognized by T cell responses 

against SARS-CoV-2. Over 2,000 epitopes have been identified and cataloged by the Immune 

Epitope Database (IEDB) with repeated reporting of some of the dominant epitopes such as spike 

269–277 (YLQPRTFLL) and the N 105–113 (SPRWYFYYL) for CD8+ T cells, and M 176–190 

(LSYYKLGASQRVAGD) and spike 166–180 (CTFEYVSQPFLMDLE) epitopes for CD4+ T 

cells. However, it has not been clear for what constitutes an immunogenic antigen and how they 

would have affected the T cell immune responses over time. 
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As variants of SARS-CoV-2 virus emerge and repeated infections haunt the global community, 

understanding the durability of the immune responses after previous infections is critical. Memory 

CD4 and CD8 T cell responses are observed in the majority of infected individuals for over eight 

months which indicates that T cell immunity may persistent years after recovery59. Although CD4 

T cell responses in COVID-19 patients have been assessed, antigen-specific CD4+ T cell responses 

have not been well evaluated longitudinally.  

Here we evaluate the properties of immunogenic antigens and the longitudinal immune responses 

to SARS-CoV-2 specific CD4+ T cells via the high throughput screening platform using a library 

of class II SCTs for the receptor binding domain (RBD). SARS-CoV-2 serves as an effective model 

to study human immune responses to infectious disease. 

3.2 Methods 

3.2.1 Building an unbiased library of the RBD SCTs 

The unbiased RBD library starts at amino acid position 317 on the Spike protein of the SARS-

CoV-2 virus. Each SCT encodes for a 15-mer antigen that shifts down the RBD domain by four 

amino acids. In this case, every two consecutive antigens overlap by 11 amino acids. A total of 54 

DRB1*01:01 SCTs spanning the entire RBD domain (317-543) was included in the design. The 

SCT library was constructed and purified as described in the Methods section in Chapter 2. 

Additionally, 19 literature reported antigens from structural proteins such as the Membrane protein, 

Nucleocapsid protein, Envelope protein, and the other regions of the Spike protein were also 

expressed.  
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3.2.2 Preparation of DNA-barcode dextramers and negative control tetramers 

6 pmol of each SCT was combined with 0.269 pmol (molar ratio 22:1) of a dextramer labeled with 

a unique DNA barcode to constitute for one reaction and PBS was added to make up the volume 

to 3.5 uL. The mixture was incubated for 30 minutes at 4°C. Following this incubation, 0.5 uL of 

20 uM biotin was added, and the mixture was incubated for an additional 30 minutes at 4°C. For 

subsequent experiments, 1.67 µL of each prepared dextramer was utilized per reaction. HIV SCT 

tetramer was prepared as described in 2.2.8 as a PE-Cy7 tetramer. 

3.2.3 High throughput screening of SARS-CoV-2-specific CD4+ T cells 

Cell Preparation 

In the morning of the experiments, 1.67 uL of each dextramer was pooled together. Cells were 

thawed in batches in pre-warmed R10 media to prevent prolonged exposure to the freezing 

medium. Cells from multiple timepoints were then combined based on their hashtag grouping. A 

maximum of 5 mL of thawed cells was added per tube with 40 mL media to achieve a 1:10 dilution. 

Each batch consisted of thawing five vials, with each vial containing approximately 1 mL of cells. 

Cells could be temporarily stored at 4°C after centrifuge and resuspension in the Selection Buffer 

if a pause was necessary. For cell counting, a 5 µL cell suspension mixed with an equal volume of 

trypan blue was used  

Hashtag Staining Round 1 

Samples from Other Timepoints (OT, i.e. PD1 and 06M-36M) were stained with unique DNA-

barcode hashtag antibodies based on their timepoint grouping. Staining was performed using 2 μL 

of hashtag per million cells, with incubation at 4°C for 10 minutes. The cells were washed with 

300 μL of SE buffer and centrifuged.  
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MACS Sorting of CD4+ T Cells 

Next, the combined samples from AC, CV, and OT were each enriched for CD4+ T cells through 

a negative selection through MACS according to manufacturer’s protocol. 

Hashtag Staining Round 2 

The enriched CD4+ T cells were then treated with PKI buffer as described in 2.2.9. The enriched 

CD4+ T cells from AC and CV timepoints then went through a second round of hashtag staining. 

After washing with 300 μL SE buffer and centrifuged, the final cells from AC, CV and OT were 

combined and counted.  

Multimer Staining 

For multimer staining, the dextramer pool and HIV PE-Cy7 tetramer were combined which was 

used to stain the combined cell sample after the addition of PKI. Samples were incubated for 20 

minutes at 4°C, and cells were washed with 4 mL SE buffer and centrifuged at 500 g for 5 minutes.  

Dead Cell Staining and CD4 Staining 

To stain for dead cells and CD4, 0.5 uL of Apotracker Green (FITC) and 5 uL of CD4-BV421 was 

added in 100 uL SE buffer to stain up to 1M cells. Cells were incubated for 10 minutes at 4°C, 

washed with 500 μL of SE buffer, and centrifuged.  

FACS sorting 

The final cell suspension was adjusted to 2 mL in FACS buffer, with a target concentration of 1-

10 million cells/mL. Before FACS sorting, cells were filtered through a 40 μm cell strainer into 

flow cytometry tubes to ensure a single-cell suspension. Dextramer+ and HIV tetramer- samples 

were tube-sorted and stored on ice until ready for 10x single cell sequencing. 
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Preparation for 10x Genomics 

The PBS buffer with 0.04% BSA was used to coat all the tubes to minimize cell loss during 

processing. Once the tubes are coated, add 2 mL of the wash buffer directly to the FACS-sorted 

cells and centrifuge them at 500g for 5 minutes. After centrifugation, carefully aspirate the 

supernatant, leaving less than 0.5 mL of liquid behind. Next, without mixing the cells, top up the 

volume with an additional 2 mL of fresh wash buffer and spin down again at 500g for 5 minutes. 

Aspirate the supernatant once more, leaving about 200 µL remaining. Mix the cells thoroughly at 

this point, and transfer the remaining cells into a pre-coated DNA LoBind tube to reduce cell 

adhesion, then top up the tube with 1 mL of wash buffer and spin down. Resuspend the cells to a 

volume and concentration based on the protocol outlined in the 10x Genomics manual.  

Single cell multi-omics assay 

The cells were loaded onto a Chromium Next GEM chip. Cells were lysed for reverse transcription 

and cDNA amplification using the Chromium Controller (10X Genomics). Polyadenylated 

transcripts underwent reverse transcription within each gel bead-in-emulsion. Full-length cDNA, 

along with unique cell barcode identifiers, was then amplified via PCR. Specifically, the following 

three libraries for each cell were constructed: mRNA transcriptome, TCR sequences, and surface 

barcoded proteins. The resulting sequencing libraries were prepared, normalized, and sequenced 

on the Illumina Novaseq platform. 

3.2.4 Computational analysis of single cell sequencing data 

The transcriptome, TCR sequences, surface protein levels, and antigen specificity were 

simultaneously assessed for each cell. Raw data were processed using the Cell Ranger Single-Cell 

Software Suite (v3.1.0, 10X Genomics) with GRCh38 as the reference genome. Cells that did not 
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meet quality thresholds were filtered out if they met any of the following criteria: n-counts below 

1,000 or above 10,000, n-genes below 250 or above 2,500, or a mitochondrial content above 10%. 

Gene expression counts for each cell were normalized by the total expression, scaled by a factor 

of 10,000, and transformed to a log scale. Phenotypes were assigned to single cells based on 

clusters identified using the Leiden algorithm. 

Raw reads for each Hashtag and Dextramer were normalized, and cells were classified based on 

their highest expressed Hashtag. Cells showing high expression of multiple Hashtags were 

excluded as potential doublets. The identified Hashtag labels were then used to determine the 

corresponding SCT-dextramer cocktail for each cell. For each cell, the unique molecular identifiers 

(UMIs) for each dextramer were counted, and the proportion of UMIs for each dextramer was 

calculated. Cells were assigned a specific antigen only if they had a UMI count greater than 25, 

with those UMIs representing more than 25% of the cell’s total dextramer reads. Antigens were 

assigned according to the dextramer with the highest mapping for each cell. Cells that could not 

be definitively assigned to a specific dextramer were discarded. 

3.3 Results and Discussion 

3.3.1 Unbiased screening of the SARS-CoV-2 RBD domain 

We explored the use of class II SCT libraries as high throughput screening tools for capturing and 

characterizing antigen-specific CD4+ T cells in an HLA-matched longitudinal cohort of patients 

infected with SARS-CoV-2 (Figure 3.1).  

As discussed before, computational predictions for antigens that bind class II HLAs are not as 

accurate as class I antigen predictions. Hence, we decided to construct an SCT library for unbiased 

screening of the SARS-CoV-2 RBD domain. We curated an inventory of DRB1*01:01 PBMC 
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samples from a longitudinal cohort of patients and designed an unbiased 54-element library 

presenting epitopes from the RBD domain from the Spike protein using DRB1*01:01 SCT 

template. The library was designed to contain 15-mer epitopes spanning the entire RBD domain 

in 4-amino acid increments (Figure 3.2), ensuring unbiased coverage of all potential core epitopes. 

Of the 54 SCTs, 52 were successfully expressed, with 46 reaching sufficient concentrations for 

downstream applications (Figure 3.3). Additionally, we included 18 SCTs representing previously 

reported epitopes from other structural domains (e.g., membrane protein (M), envelope protein (E), 

nucleocapsid protein (N), and regions from the Spike protein outside the RBD)60,17,61,62 (Figure 

3.3).   

3.3.2 Experimental design to identify SARS-CoV-2 specific CD4+ T cells 

Each SCT was converted into a multimer by appending it onto a fluorophore-labeled-dextramer, 

with each dextramer also containing a unique DNA barcode (Figure 3.1). The SCT-dextramers 

were then pooled and used to stain CD4+ T cells enriched from PBMC samples of 22 SARS-CoV-

2 participants. Samples were collected at multiple timepoints: acute (AC, within 1 week of 

infection), convalescent (CV, 2-3 months post-acute), and at 6, 12, 18, 24, and 36 months 

(6M/12M/18M/24M/36M) post-AC, with all time points included in the study. Samples from the 

same timepoint were pooled and tagged with barcoded antibodies for sequencing-based 

demultiplexing. Antigen-specific CD4+ T cells were sorted and pooled for 10x single-cell 

sequencing to resolve single cell gene expression profiles, TCR sequences, and barcode sequences 

for epitope specificity and blood collection time points (Figure 3.1). After data processing (see 

Methods), a total of 2,188 antigen-specific CD4+ T cells were identified.  
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3.3.3 SCT expression and cells captured versus prediction 

SCT expression levels did not correlate with predicted binding affinity or the percentile rank of 

eluted ligand prediction scores (Figure 3.2). Similarly, an SCT’s ability to capture cells did not 

correlate with its expression level or predicted binding affinity, which contrasts with findings for 

class I SCT libraries and antigen predictions for common HLA alleles63.  

3.3.4 Clonotype characterization of SARS-CoV-2 CD4+ T cells 

In Figure 3.4, we present the diversity of T cell clones captured by each SCT (top half of graph), 

as well as the distribution of antigen-specific CD4+ T cells detected across individual participants. 

Clonal expansion was observed in most antigen-specific CD4+ T cells, with at least two copies of 

a T cell clonotype detected for 44 out of 64 antigens and in 49-58% of cells across various 

timepoints (Figure 3.5). A subset of the CD4+ T cells was selected for cloning, and their antigen 

specificity was validated through tetramer binding and peptide-pulsed activation assays (Figure 

3.6). 

3.3.5 Phenotypic characterization of SARS-CoV-2 CD4+ T cells 

The SCT library-based approach in Figure 3.1 permits an in-depth analysis of the antigen-specific 

CD4+ T cells. Demultiplexing the sequencing results reveals the patient and time-point origin of 

each cell, along with its antigen-specificity, TCRα/β clonotype, and single cell transcriptome 

(Figure 3.7). 

The 2,188 antigen-specific CD4+ T cells were clustered based on similarity in gene expression 

and projected onto a Uniform Manifold Approximation and Projection (UMAP) (Figure 3.8). 

SELL, CCR7, TCF7, SATB1, and LEF1 serve as signature gene markers for naïve or central 

memory CD4+ T cells (Naïve/TCM), while KLRG1, S100A4, ANXA1, AHNAK, IL32, and CLIC1 
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indicate effector memory T cells (TEM) (Figure 3.9). Th17 cells exhibit high expression in RORC, 

KLRB1 and CCR6 genes, whereas Treg cells show upregulated expression of FOXP3. The Th1 

cluster demonstrates elevated expression of TBX21, IFNG, STAT4, RUNX3, PRF1, CCL5 and 

HOPX. A subset of Th1 cells upregulates cytotoxic CD4+ T cell markers, including NKG7, CST7, 

GNLY, PRF1, TNF, and members of the granzyme family. The exhausted phenotype is 

characterized by high expression of exhaustion markers such as PDCD1, TIGIT, LAG3, and 

CTLA4. Additionally, a small cluster of cells displays high expression of proliferation markers, 

including MKI67, MYBL2, BUB1, PLK1, and CCNE1. The UMAP analysis reveals distinct 

clusters representing phenotypic variations among SARS-CoV-2-specific CD4+ T cells. 

3.3.6 Phenotypic evolution of SARS-CoV-2 CD4+ T cells 

We clustered the antigens into three groups based upon the immune phenotypes they induced 

during acute disease, including naïve/TCM, exhausted, and TEM immune responses (Figure 3.10). 

At later time points, we observed that all of these phenotypes tended to shift towards (or remain 

as) TEM phenotypes. This observation is consistent with existing literature, which indicates that 

CD4+ T cell responses often transition towards effector memory phenotypes following antigen 

exposure64,65. 

We also observed three distinct clonal properties: clonal expansion, clonal persistence, and public 

TCR clonotypes (Figure 3.13). The naïve/TCM cell cluster exhibited the lowest percentage of 

clonally expanded cells, whereas the Th1 and proliferative CD4+ T cell clusters displayed a high 

degree of clonal expansion. Additionally, we identified clonally persistent CD4+ T cells enriched 

in the exhausted, TEM, cytotoxic and Th17 phenotypes. Surprisingly, the Treg population was also 

enriched with clonally persistent SARS-CoV-2 specific CD4+ T cells. Moreover, we identified 

TCR clonotypes that were shared across participants.  
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3.3.7 Discovery of immunogenic antigens 

To assess immunogenicity of the T cell epitopes, we scored each antigen based on several 

properties: the number of unique CD4+ T cell clonotypes induced by the antigen, the number of 

donors that showed antigenic CD4+ T cell immune responses, the percentage of antigen-specific 

CD4+ T cell clonotypes that persisted over time, and the percentage of clonal expansion among 

the antigen-specific CD4+ T cell clonotypes. Each property was categorized into groups based on 

a log2 scale and assigned scores from 0 to 5. The antigens were then ranked into three groups based 

on their overall immunogenicity scores by a log2 scale (Figure 3.11). In Figure 3.12, we plot the 

phenotypic evolution of each of these groups. The most highly immunogenic antigens induced 

more exhausted CD4+ T cell responses during acute disease and exhibited the largest fractional 

changes towards TEM phenotypes over time. In contrast, the least immunogenic antigens had a 

higher fraction of naïve cells during acute disease and showed relatively stable phenotypic 

distributions over time. 

These results demonstrate that the SCT library-based experimental approach shown in Figure 3.1 

enables the multi-omic discovery and in-depth characterization of large numbers of antigen-

specific CD4+ T cells from a cohort of HLA haplotype matched patients within the context of a 

viral infection. The analysis enables a quantitative assessment of the immunogenicity of the viral 

antigens and an evaluation of the phenotypic evolution of viral-specific CD4+ T cell clonotypes 

over a disease course.  
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3.4 Figures 

 

 

 

 

 

 

 

 

Figure 3.1 Experimental workflow of the high throughout identification of SARS-CoV-2 

specific CD4+ T cells. PBMC samples from 22 HLA-DR1+ patients were barcoded by 

timepoints and pooled for CD4+ T cell enrichment, followed by SCT-dextramer staining and 

FACS sorting, and subjected to single cell sequencing for RNA expression, TCRαβ pairs, and 

SCT IDs through barcode. Whole genome sequencing (WGS) for each participant was used to 

demultiplex patient identity.  
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Figure 3.2 Strategy for unbiased screening of the RBD domain (top), and the correlation 

between SCT expression, cells captured and class II antigen-presentation prediction 

algorithms.  

RBD 

317 543 

NFRVQPTESIVRF
QPTESIVRFPNIT

SIVRFPNITNLCP
FPNITNLCPFGEV

… 



 

46 
 

 

 

Figure 3.3 SARS-CoV-2 SCT library. top, the list of the RBD antigens and epitopes from other 

structural domains – non-RBD spike (S), membrane (M), nucleocapsid (N). bottom, SCT 

expression on SDS-PAGE gel. +, standard; L, ladder. 
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Figure 3.4 Clonal and patient diversity of CD4+ responses against each antigen. Each 

column represents an antigen from the RBD (black), non-RBD spike domain (purple), nuclear 

protein (teal), or membrane protein (red). top, TCR clonotypes identified reacting to an antigen. 

Bottom, patients that showed antigen-specific CD4+ T cell responses against each antigen. 

 

Figure 3.5 Clonal expansion of CD4+ T cell responses across antigen and timepoints. 
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Figure 3.6 SARS-CoV-2 TCR validation through tetramer binding and peptide-pulse 

activation assay (n=3). ****P < 0.0001 for each group relative to the negative control peptide, 

determined by one-tailed independent t-test assuming equal variances. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Coupling multiple information layers for each SARS-CoV-2-specific CD4+ T 

cell. Patient identity was resolved by comparing single nucleotide polymorphisms (SNPs) in 

transcriptome data with WGS patient profiles. DNA barcodes and hashtags permit 

demultiplexing for timepoint and SCT identity. 

C
_1

-A

C
_2

-A

C
_3

-B

C
_4

-B

C
_5

-C

C
_6

-C

C
_7

-C

C
_8

-D

C
_9

-D

C
_1

0-
E

0

20

40

60

80

100

COVID TCR Tetramer staining
%

 T
e

tr
a
m

e
r+

C
_1

-A

C
_2

-A

C
_3

-B

C
_4

-B

C
_5

-C

C
_6

-C

C
_7

-C

C
_8

-D

C
_9

-D

C
_1

0-
E

0

1

2

20

40

60

80

COVID TCR Peptide Activation

%
 N

F
A

T
-G

F
P

+

Cognate peptide

Neg ctrl

Demultiplex 

Patient ID 

Timepoint 

SCT specificity 

Transcriptome 

TCR clonotype 



 

49 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 UMAP projection of CD4+ T cells. 

 

 

 

 

Figure 3.9 Signature gene markers for annotation of Leiden groups to T cell phenotypes. 
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Figure 3.10 Trajectories of antigen-associated T cell phenotypes over time. Three clusters of 

antigens were identified based on the initial immune response induced during acute infection: the 

antigen cluster that predominantly induced naïve/TCM, exhausted, or TEM
 responses. CD4+ T cell 

responses against the antigen clusters were tracked over time into convalescent phase (CV), and 

long-term recovery (3-36 months). 
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Figure 3.11 Ranking of DRB1*01:01 restricted SARS-CoV-2 antigens by immunogenicity. 

Each property was scored from 0 to 5 based on a log2 scale, and then the properties summed. 

 

 

 

 

 

Figure 3.12 Kinetic evolution of CD4 T cell phenotypes induced by antigens of differing 

immunogenicity. 
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Figure 3.13 Clonal expansion and persistence across phenotypes and public TCRs. 
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Chapter 4: Identifying HPV-16 specific CD4 T cells for TCR T 

cell cancer immunotherapy 

4.1 Introduction 

Human papillomaviruses (HPVs) are one of the most prevalent sexually transmitted viruses 

affecting a large worldwide population. Over a hundred HPV subtypes have been identified but 

only a few of those are considered high-risk subtypes that may lead to cancer, which constitutes 

~5% of human cancer incidences. HPV-16 has been identified as the most malignant variant and 

the main cause for cervical, oropharyngeal, and anogenital cancers66.  

HPV-16 is a small, non-enveloped DNA virus which interacts with and enters the undifferentiated 

cells in the squamous epithelium. The first stages of virion replication induce immune responses 

which usually clear out the infection spontaneously. However, in hosts with weakened immunity, 

viral infection persists and replicated virions accumulate and spread to deeper layers of cells under 

the epithelium through formation for microlesions, and if left untreated, will eventually lead to 

cancer. 

The HPV-16 genome encodes two late-stage structural proteins and six early-stage non-structural 

proteins. E6 and E7 are two of the early-stage proteins which are critical for malignancy. E6 protein 

recruits ubiquitin ligase (E6AP) and p53 molecules to degrade p53, hence disrupting cell 

regulations. The E7 protein binds to the retinoblastoma protein, leading to its dissociation from 

E2F transcription factors. Proteins necessary for DNA replication are expressed again and the cell 

progresses into the S phase, resulting in uncontrolled cell division34. 



 

54 
 

While the preventative HPV vaccine has done justice, patients infected with HPV-16 virus with 

late-stage cancer do not respond well to traditional treatments. Besides therapeutic vaccines for 

treating solid tumor, T cell-based therapy has been a focus of cancer immunotherapy. Despite the 

initial clinical efficacy of CD8+ T cells, persistence of the administered cells for prolonged anti-

cancer activity is limited67,68. It has been reported that CD4+ T cells are required to facilitate CD8+ 

T cells in their cytotoxic effects and hence, the first in-human CD4+ TCR T-cell targeting cancer 

germline antigen MAGE-4 has been applied in clinical trial69.  

Here, we use the class II SCT library to discover E6 or E7-specific CD4+ T cells from HPV16+ 

precancerous patients. With the SCT library approach, we aim to identify multiple CD4 TCRs for 

combinatorial therapy to treat patients with a cocktail of CD4 and CD8 TCRs. 

4.2 Methods 

4.2.1 Building the HPV E6 and E7 SCT library using a liberal approach based on 

computational prediction 

The class II SCT library encoding the E6 and E7 proteins encompasses 92 antigens varying from 

13-25 amino acids. The antigens were selected based on the NetMHCIIpan4.0 and MixMHC2pred 

predictions. The top 15% of the antigens predicted to bind the DRB1*01:01 allele were prioritized. 

The SCTs were constructed, expressed, and purified as described in 2.2.3 and 2.2.4. 

4.2.2 High throughput screening of HPV16-specific CD4+ T cells 

The workflow is similar to the method described in 3.2.3. Out of the 92 SCTs, 85 of the SCTs were 

successfully expressed with a concentration applicable for downstream applications. In addition 

to the 85 HPV-16 SCTs, a panel of 11 SCTs encoding the common antigens such as influenza, EBV, 
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and CMV were also included. This 96-SCT panel was constructed into a pool of dextramers where 

each DNA barcode corresponds to a unique SCT. Four DRB1*01:01 patients at various timepoints 

were each labeled with unique combinations of the hashtag antibodies. After hashtagging, all 

samples were combined together for CD4+ T cell enrichment through MACS sorting, followed 

PKI incubation, staining with the dextramer pool together with the HIV negative tetramer control. 

Cells were then stained with anti-CD4 and anti-TCR surface antibodies, together with Total-seq 

antibodies for CD45RA, CD45RO, CCR7, CTLA4, CD25, CD127 tagged with DNA barcodes. 

Cells were then prepared for FACS and single cell sequencing for multiomics analysis using 10x 

Genomics kit.  

4.2.3 TCR transduction into primary T cells 

CD4+ T cells or CD8+ T cells were extracted via MACS sorting and resuspended at a density of 

1 M/mL in Prime-XV media with 2% Physiologix serum replacement supplemented with IL-7 

(581904, Biolegend) and IL-15 (570304, Biolegend), both at a final concentration of 12.5 ng/mL. 

Each 1M cells were activated by adding 10 µL of TransAct human CD3/CD28 activator (#130-

111-160, Miltenyi) and incubated for 48 hours. For this experiment, 5M T cells were incubated in 

5 mL of Prime-XV media in 6-well plates.  

The sgRNA was reconstituted to a concentration of 120 µM by adding IDTE buffer. To prepare 

the ribonucleoprotein (RNP) complex, 0.75 uL of 62 uM Cas9 (Alt-R™ S.p. HiFi Cas9 Nuclease 

V3, IDT) was combined with 0.75 uL of 120 uM sgRNA (IDT) and incubated at room temperature 

for 10-20 minutes, ensuring thorough mixing as Cas9 contains glycerol. Separate RNP complexes 

were prepared for targeting TRAC and TRBC loci. While the RNP complex was incubating, the T 

cells were processed. T cells were activated beforehand and washed with media and then 

resuspended in 50 uL of T buffer.  
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Next, 60 uL of T buffer was added first, followed by 1 uL of 100 uM electroporation enhancer 

(EH), and then the RNP complexes for both α and β chains. The cell suspension was transferred 

into the RNP mixture and mixed thoroughly. Afterward, 3 mL of electrolytic buffer was added to 

the Neon electroporation tube, which was then inserted into the Neon system. The prepared 

cell/RNP mixture was transferred to the electroporation tip using the Neon pipet. Electroporation 

was conducted using the settings optimized for editing primary T cells: 1700V, 10 ms pulse 

duration, with 3 pulses. Post-electroporation, the cells were evenly distributed into pre-warmed 

media and allowed to recover in the incubator for 30 minutes.  

For lentiviral transduction of TCR, the 5 million electroporated T cells were rested in warm media 

for 30 minutes before being divided into 10 wells, with each well containing 500,000 cells. 

Subsequently, 500 µL of PRIME-XV media and 1 mL of viral particles were added to each well 

for the transduction process. 

4.2.4 ELISA assay 

For peptide pre-loading, 100,000 K562 cells were plated per well in R10 media. 20 µg of peptide 

was added to each well containing the K562 cells, which equates to a final concentration of 0.1 

mg/mL. The cells were incubated at 37°C for 1-2 hours to allow sufficient peptide loading. 

Following incubation, the cells were spun down, washed once with fresh media, spun down again, 

and resuspended in 100 µL of R10. For preparing the primary T cells, the required amount of cells 

was aliquoted, spun down, and resuspended in R10 media. To set up the co-culture, 100,000 

peptide-loaded K562 cells were combined with 100,000 primary CD4 T cells in flat-bottom plates, 

ensuring thorough mixing. The co-cultures were then incubated for 16-20 hours. ELISA assays 

were performed according to manufacturer’s manual. 
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4.2.5 Cytotoxicity assay 

The cytotoxic assay was conducted through IncuCyte. DR1-K562 cells were preloaded with target 

peptide as described in 4.2.4 and seeded at a final cell density of 1M/mL. 10 µL of the 100X 

working solution of Cytolight Rapid Dye to every 1 mL of K562 cell suspension. The cells were 

incubated for 20 minutes at 37°C, and gently mixed every 10 minutes to allow the dye to fully 

bind. Next, any excess dye was washed out by adding 6 mL of R10 media to every 1 mL of cell/dye 

suspension. The suspension was centrifuged at 300g for 3 minutes, and the supernatant was 

completely aspirated to remove residual fluorescence debris. The cells were then resuspended to a 

concentration of 100,000-500,000 cells/mL in R10 media. Subsequently, 10,000-50,000 K562 

cells were seeded per well (100 µL per well) and allowed to settle at room temperature for 30 

minutes. The apoptosis reagent was prepared by diluting Caspase-3/7 green to a final concentration 

of 20 µM using a 1:250 dilution (4x) in culture media, ensuring enough reagent for 50 µL per well. 

50 µL of this 4x apoptosis reagent was added to each well. Next, the immune effector cells (primary 

TCR-T cells) were added to the DR1-K562 cells at an effector-to-target (E) ratios of 1:1. The assay 

plate was placed in the IncuCyte Live-Cell Analysis System for 44-hour repeat scanning. 

4.3 Results and Discussion – IND-enabling validation 

4.3.1 Experimental design to identify HPV-specific CD4+ T cells 

Although CD8+ T cell immunotherapies have been explored for many years, CD4+ T cell-based 

therapies remain largely unexplored. We subsequently applied the SCT library approach to identify 

and characterize HPV16-specific CD4+ T cells for potential application in cancer immunotherapy. 

Advanced-stage HPV+ cancers have shown poor prognosis with traditional treatment70,71. The 

oncogenic HPV E6 and E7 proteins are universally expressed in HPV+ cancer cells, and E6 and 
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E7-reactive CD8+ T cells have demonstrated clinical efficacy in TCR-engineered cancer 

immunotherapies (TCR-T)67,68. To identify HPV-specific CD4+ T cells, we constructed an 85-

element DR1-restricted SCT library encoding 13-25-mer antigens from E6 and E7 (see Methods, 

Table S2). PBMCs were collected from patients enrolled in either an HPV-16 specific DNA 

vaccine trial or an artesunate treatment trial72. Patients in these trials presented prolonged HPV-16 

infection with Cervical Intraepithelial Neoplasia (CIN) II/III lesions. Patients received vaccines 

covering E6 and E7 proteins at Week 0, 4, and 9/10, and PBMC samples were collected before 

vaccination, at Week 9, and at Week 15 after completing the entire vaccine series (Figure 4.1). 

PBMC samples were prelabeled with hashtag antibodies for patient and timepoint identification. 

Similarly to the approach in Figure 3.1, CD4+ T cells were enriched and stained with DNA-

barcoded SCT dextramers. Antigen-specific CD4+ T cells were sorted and subjected to single-cell 

sequencing for gene expression analysis, TCR repertoire profiling, and antigen identification. 

4.3.2 Validation of the identified TCRs 

We identified HPV-16 specific CD4+ T cells and selected an initial subset of clones for validations 

(Table S3). We discovered five CD4+ TCRs (H1-H5) specific to E6 epitopes, and validated their 

specificity through tetramer binding and peptide-pulsed activation in TCR-transduced NFAT-GFP 

Jurkat cells (Figure 4.2). H1, H2, and H4 displayed cross-reactivity against a family of peptides 

(Table S3) that share the same 9-mer core antigen, which is likely the key recognition motif for 

the TCRs73. Surprisingly, we found that, according to the NFAT-GFP Jurkat cell assay, binding 

does not necessarily lead to downstream activation. While H1 and H4 TCRs showed medium to 

high tetramer binding signal, this was accompanied by little evidence of T cell activation (Figure 

4.2).  
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4.3.3 Functional validation in primary CD4 T cells 

To further confirm the therapeutic potential of the HPV CD4 TCRs, we transduced the TCRs into 

primary healthy donor TCR knock-out CD4 T cells (Figure 4.3 and Figure 4.5). We compared 

the knock-in efficiency of the CD4 TCRs into primary CD4+ and CD8+ T cells. Notably, primary 

CD8+ T cells consistently showed significantly lower knock-in efficiency than primary CD4+ T 

cells (Figure 4.4), perhaps reflecting a mechanistic preference for certain TCRs to be expressed in 

CD4+ T cells versus CD8+ T cells.  

Next, we assessed a suite of antigen-stimulated effector functions of the CD4 TCRs. We first 

exposed the cells to peptide-pulsed antigen-presenting DR1+ K562 cells and measured T cell 

activation through the secretion of IFNγ, TNFα, IL2, and GZMB (Figure 4.6). Cells engineered 

with H2, H3, and H5 TCRs displayed on-target secretions of all cytokines. In contrast, the H1 TCR 

showed low secretion of IFNγ and GZMB secretion, with no detectable secretion of TNFα or IL2. 

The H4 TCR showed no cytokine secretion for four of its cognate peptides; however, when 

stimulated with the F-7 peptide, it secreted high levels of IFNγ and GZMB. Notably, the H4 TCR 

showed tetramer binding to F-7, although, as described above, NFAT-based activation signal was 

not observed, suggesting that these standard T cell functional assays each yield an incomplete 

picture. 

4.3.4 Cytotoxicity of the CD4 TCRs 

Cytotoxic CD4+ T cells are increasingly recognized for their role in anti-tumor immunity3. 

Therefore, we further investigated the cytotoxic functions of the five HPV-specific TCRs. Live 

DR1+ K562 cells were preloaded with peptides, labeled with the Cytolight Rapid Dye, and co-

cultured with the HPV TCR+ primary CD4 T cells (Figure 4.7). Apoptotic activity was measured 
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over a 42-hour incubation. The TCR:epitope combination of H3:F-2 showed the highest cytotoxic 

effector function, while H5:F-2, H2:L-1  and H4:F-7 demonstrated medium cytotoxic activity. All 

TCR:epitope pairs showed measurable apoptosis signals relative to the negative controls. These 

results suggest that this assay, although not commonly used to validate CD4+ T cells activated by 

class II antigens, could be valuable for screening CD4+ T cell TCRs for cancer immunotherapies. 

4.4 Figures 

 

 

 

 

 

Figure 4.1 HPV DNA vaccine clinical trial scheme. 
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Figure 4.2 Validation of HPV CD4 TCRs H1-H5 against antigens 1-8 through tetramer 

binding and peptide-pulsed activation assays (n=3). ****P < 0.0001, *P < 0.05, ns P >0.05 

labeled for each group relative to the negative control peptide, determined by one-tailed 

independent t-test assuming equal variances. 
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Figure 4.3 Engineering of HPV TCR+ primary CD4 T cells. Haplotype matched PBMC 

samples were enriched for CD4+ T cells and the endogenous TCRs were knocked out using 

CRISPR gene editing. HPV TCRs were then transduced through lentivirus. TCR expression and 

tetramer binding were confirmed (n=3). 

 

 

 

 

 

 

Figure 4.4 HPV CD4 TCR transduction efficiency into primary CD4+ T cells versus 

primary CD8+ T cells. 
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Figure 4.5 Tetramer binding in HPV TCR+ CD4+ T cells (n=3). 
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Figure 4.6 Functional performance of the TCRs evaluated through antigen-induced 

production of IFNγ, TNFα, IL2, and GZMB in an ELISA assay (n=3). ****P < 0.0001, ***P 

< 0.001, **P < 0.01, *P < 0.05, ns P ≥ 0.05 labeled for each group relative to the negative 

control peptide, determined by one-tailed independent t-test assuming equal variances. 
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Figure 4.7 Cytotoxicity of TCR-engineered T cells toward DR1-K562 cells pulsed with 

cognate HPV-16 E6 antigens and tracked over 44 hours (n=2). 
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