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ABSTRACT

The presence and proliferation antigen-specific T cells is a defining characteristic
of an adaptive immune response against various disease types (viral, fungal, bacte-
rial, cancer, etc). The use of Class I and Class II peptide-major histocompatibility
complex (pMHC) reagents to identify such cells, however, is technically difficult
and expensive, and it has been challenging to refine synthesis protocols for higher
yield and more efficient assembly to accommodate large-scale applications. This
achievement would enable high-throughput capture of corresponding T cell recep-
tors (TCR), which may be further used in clinical applications such as adoptive cell
transfer therapies. Overcoming this hurdle requires the development and integration
of various molecular technologies and analytical methods.

Toward this end, the bulk of my thesis work, covered in Chapter 2, introduces these
developments in the context of pMHCs, where the three subunits of each reagent
are covalent linked together and expressed as a single protein. These single-chain
trimer (SCT) technologies primarily consist of traditional DNA cloning and protein
production techniques which have been streamlined for applications requiring output
on the scale of 102-103 reagents. This chapter serves as the foundation for much of
the methodology discussed throughout the rest of my thesis, and thus should serve
as a reference point. The generated constructs are also functionally validated here,
and potential future research directions are outlined.

In Chapter 3, I explore the use of this technology in the context of COVID-19 to
enumerate antigen specificity of the CD8+ T cell immune response. Class I SCTs
were constructed to present peptides across several SARS-CoV-2 protein domains,
using various HLA alleles to match haplotyped participant blood samples. These
reagents were then used to capture SARS-CoV-2-specific T cells through flow and
nanoparticle cytometry to demonstrateHLA-dependent, domain-dependent immune
responses. Identified TCRs were cloned into T cells for confirmation of antigen
specificity and functional cytotoxicity.

In Chapters 4 and 5, I explore potential pMHC applications in cancer antigen con-
texts, covering both tumor-associated and tumor-specific antigens. Through various
collaborations across the west coast (UCLA, Parker Institute, Fred Hutchinson Can-
cer Research Center), I make use of the SCT platform to showcase new assays to
discover and rank key tumor targets (Chapter 4). Finally, Chapter 5 is a reproduction
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of our lab’s published work concerning identification of antigen-specific CD8+ T
cells from melanoma cancer patients.

In summary, the adaptation of SCTs in a high-throughput format allows for the
rapid enumeration of antigen-specific T-cell receptor sequences. As demonstrated
in the contexts of COVID-19 and cancer, this SCT platform enables subsequent
downstream applications, such as single-cell, antigen-specific immunophenotypic
mapping/analysis and target discovery for personalized immunotherapies.
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C h a p t e r 1

INTRODUCTION

1.1 The Era of Immunotherapy

The concept of harnessing the power of the immune system to treat disease, termed
immunotherapy, dates back to ancient tales of the Plague of Athens in 430 BC
[1]. Greeks who survived an initial exposure to the plague were noted to have never
succumbed to a second course of infection, implying a memory-like capability of the
body to resist repeated infection. Throughout the following centuries, similar stories
of retained immunity following an initial infectionwere recorded. Notably, one of the
earliest scientifically recorded cancer immunotherapy experiments was conducted in
the late 1800s, and served as a starting point for the basis of numerous immunology
questions that ensued in the following decades. Dr. WilliamColey initially observed
spontaneous remissions of advanced cancers in patients who had been administered
live Streptococcus pyogenes cultures [2, 3]. Due to issues concerning risks and
unpredictability of exposure to live bacteria, he later developed a vaccine consisting
of proteins from dead bacteria, which would not cause an infection but could still
trigger a fever in patients due to the presence of foreign protein material. This
approach to cancer treatment was hailed to be remarkable; 5-year survival rates
were up to 80% for certain malignancies, and prolonged regression was observed
even beyond this timeline. More recent reports, however, cast doubt on the true
efficacy of Coley’s toxins, remarking that the early trials were limited by multiple
factors, including patient sample size, selection bias, inaccurate staging of tumors,
etc [4].

Nevertheless, Coley’s studies were the catalyst for a number of hypotheses that
emerged regarding immunity to cancer. The induction of a febrile response against
bacterial toxins served as a starting point for numerous downstream immune reac-
tions. First, endotoxins could cause release of inflammatory signals from damaged
tissue, inducing activation of dormant cell types which might in turn present these
immunogens to and activate T cells for a cell-mediated killing response. Cancer-
targeting T cells, which might remain in an anergic state in the absence of infection,
could be reactivated upon sensing signals that arise during tissue destruction. Usu-
ally dormant T cells with the capacity to target self-like tissue (termed allo-specific
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T cells) might also be activated as part of this response, further supporting the
notion of increased tumor-killing during bacterial infection. It was speculated that
the immune bias for targeting cancer cells could be explained by the presence of
weaker vasculature surrounding tumor tissue, which would enable more immune
trafficking versus the non-necrotic stable vasculature of healthy tissue [5, 6].

In the following century, several works were conducted to confirm these hypotheses.
While many studies did not necessarily focus on a tumor response in the context of
bacterial infection, they were able to affirm some of the hypothesized mechanisms
by which the immune system responds to infection or cancer, and served to inform
some of the modern approaches to immunotherapy. In 1973, dendritic cells (DCs)
were found to be the instigators of the cell-mediated response against infection
[7, 8]. Initially overlooked due to their extreme rarity in the blood, the unusual
characteristics of these cells, with their extensively branched, mitochondria-rich
appendages and increased motility, intrigued scientists to re-examine the role they
played in the immune response. It was found that they were not only capable
of inducing cell-mediated immunity via interaction with T cells, but also capable
of triggering humoral (antibody-mediated) immunity via interaction with B cells
[9, 10]. The high level of expression of major histocompatibility complex (MHC)
proteins by DCs was later shown to be crucial in the antigen presentation pathways
that lead to T cell activation [11]. These discoveries led to numerous advances in
the following decades. The characteristics of antigens involved in T cell activation
were later unveiled to show that they consist of short peptides (8-25 aa) derived
from non-self proteins [12, 13]. Crystal structures of peptide-loaded MHC (pMHC)
proteins enabled an understanding of the molecular requirements dictating how
peptides might be presented by DCs for T cell activation [14]. The mechanism
by which T cells would be able to recognize pMHCs was subsequently revealed
with the discoveries of the T-cell receptors [15] and landmark crystal structures
of the ternary TCR-peptide-MHC complex [16]. Following these discoveries, it
became clear that an antigen-specific form of immunity played a crucial role in
establishing “memory” against future infections; patients whose immune systems
could be “trained” to respond to these antigen targets would therefore have the
capacity for what is now referred to as adaptive immunity.

More recently in the 1990s, the concept of adaptive immunity was clinically demon-
strated by two key works in which virus-specific T cells were transplanted from allo-
geneic bone marrow donors to immuno-compromised recipients. After transfusion,
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the recipients displayed reconstitution of cellular immunity against cytomegalovirus
(CMV) or Epstein-Barr virus (EBV) [17, 18]. Both works demonstrated that this
form of therapy, termed adoptive cell transfer (ACT), was immensely potent and
highly specific, as no toxic side effects were encountered. Furthermore, Walter et
al. noted that the beneficial cytotoxic activity of CD8+ T cells against infected cells
could not persist if patients were deficient in CD4+ helper T cell count. This obser-
vation implicated the requirement of a network of interactions among the immune
cells, particularly amongst the T cell subtypes, to orchestrate potent antigen-specific
responses in a step-wise, cell-dependent manner. Almost two decades later, in
an approach parallel to the two works discussed, Rosenberg et al. remarkably
demonstrated that T cells within the tumor tissue of a patient, termed autologous
tumor-infiltrating lymphocytes (TILs), could be extracted, cultured in vitro un-
suppressed by the tumor micro-environment from which they originated, and then
re-introduced to the same patient to achieve complete regression in up to 40% of
metastatic melanoma patients [19]. This event marked an exciting new breakthrough
in cancer therapeutics, as conventional drug treatments at the time (e.g. BRAF in-
hibitors) could only achieve 6% remission. It implied that regardless of the source of
the foreign agent, whether it was infectious (viral or bacterial) or tumor-derived, T
cells were capable of recognizing non-self peptides and mounting a strong response
against cells harboring those peptides.

The concept of personalized medicine as a new treatment modality was now made
more tangible with the emergent use of patient-derived cancer antigens as the key
therapeutic targets. If tumor tissue could be screened to identify non-self peptides
emerging from common oncogenic DNA mutations, then one could, in theory,
develop a cocktail consisting of those peptides to serve as a preventative vaccine
[20]. Alternatively, the identification of these peptides could enable identification
and extraction of cancer-specific T cells, enabling one to re-constitute a formidable
anti-cancer immune response after undergoing ACT, as described in earlier works
[21]. Simultaneously, attempts to modulate the degree of the immune response,
for instance through the use of antibodies against programmed death receptors and
ligands (PD-1 & PD-L1) or against cytotoxic T-lymphocyte-associated protein 4
(CTLA4), also showed efficacy [20, 22]. By turning on the activity of cytotoxic
T cells and dampening the activity of anti-inflammatory, regulatory T (Treg) cells,
researchers showed that T cell recognition of antigen and proliferation could be
dramatically improved. These realizations brought forth the onset of engineered
immunotherapies.
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Up to this point, it was clear that the adaptive immune response needed to be the
primary research focus to better understand and hone immunotherapeutics against
infectious diseases and cancer. The manner in which T cells recognized peptides
and how they could be activated to expand was well-elucidated. Briefly, intracellular
or extracellular peptides could be taken up by cells, processed, and then loaded onto
major histocompatibility complex (MHC) proteins, which could then be transported
to the cell membrane for presentation to T cells [13]. A stabilized complex forms
among the pMHC, the T-cell receptor (TCR). and the T cell co-receptor (CD8 or
CD4). If the TCR’s binding pocket is compatible with the epitope presented by
the pMHC, then the T cell may be activated, triggering a downstream cascade of
reactions to induce T cell proliferation and strengthening of the immune network re-
sponse (Fig. 1.1) [23]. In particular, it was shown that the functions of T cells could
be correlated with the expression of either the CD8 or CD4 co-receptor, dictating
whether they predominantly played a cytotoxic role or a helper role, respectively
[24]. These two categories of T cells were found to recognize two distinct classes
of MHC proteins, class I and II, respectively, which bind and present two distinct
types of peptides, generally classified by amino acid length as either 9-11mers or 13-
25mers, respectively. Through decades of rigorous investigation, researchers were
able to outline these general rules regarding peptide, MHC, and TCR interactions
and subsequent downstream responses. However, following these rules and reverse
engineering the immune system in a high-throughput manner such that one could
induce a TCR-driven cure against any given disease was still the holy grail for many
labs. The rules of the game were established, but the breadth of the variables to
survey and understand was massive. In the following sections, pertinent biological
details for pMHC-TCR interactions will be outlined to provide the reader with the
necessary background to appreciate the biological complexity of antigen process-
ing, presentation, recognition, and immune response. Following these details, an
overview of the current progress and challenges in immunotherapeutic developments
will be provided.

1.2 A Peptide-Based Overview of Adaptive Immunity

1.2.1 Peptide Processing and Presentation

To acquire immunological memory against a foreign pathogen, an adaptive immune
response is required. Typically, this involves the recruitment of two main cell
types: 1) B cells for humoral immunity via antibody production, and 2) T cells for
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Figure 1.1: Antigen Presentation
A simplified model illustrating antigen presentation by an antigen-presenting cell

(DC) to a T cell. The primary signal comes from the interaction of a
peptide-loaded MHC from the APC with the TCR of the T cell. A second required

signal comes from the CD8 or CD4 co-receptor interaction with the pMHC.
Tertiary signals include B7/CD28, CD40/CD40L (depicted), among many others.
Ultimately, these signals contribute to enforcement of T activation, which involves
CD3-facilitated signal cascades with intracellular proteins (ITAM-LCK). Created

using BioRender.com (2020).

cellular immunity via clonal activation and expansion of antigen-specific T cells.
Cellular immunity requires the involvement of peptide, MHCs, and TCR, and will
be the primary topic throughout this section. One of the earliest steps initiating
cellular immunity involves dendritic cells (DCs), a form of antigen-presenting cell
(APC), which circulate to the site of infection and can acquire non-self antigens.
Upon maturation within lymphoid tissue, DCs are then capable of processing these
antigens into short continuous peptides to be presented onto their MHC proteins
(Fig. 1.1) [25].
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The mechanisms behind antigen uptake, processing, and presentation are dependent
upon the origins of the antigen [25, 26]. If the antigen arises from an intracellular
agent (e.g. intracellular virus or mutated self-protein), then it may be directly pro-
cessed in the cytosol, transported into the endoplasmic reticulum (ER), and loaded
onto MHC class I proteins for recognition by CD8+ T cells. This pathway, called di-
rect presentation, results in priming of CD8+ T cells whose TCRs are specific to the
presented epitope, leading to clonal expansion and induction of cytotoxic activities.
Direct presentation can be conducted by all nucleated somatic cells. If the antigen
instead arises from an extracellular pathway (e.g. bacteria or protozoans resistant
to macrophage digestion/uptake), DCs must first ingest and kill the pathogens in the
low pH environment of endocytic vesicles. Subsequently, the remnant antigens are
processed into peptides for presentation onto MHC class II proteins for recognition
by CD4+ T cells. This pathway, called indirect presentation, leads to priming of
CD4+ T cells to induce primarily helper functionalities (although some cytotoxic
functionalities can exist), which, for instance, can lead to the recruitment of CD8+

T cells and B cells. MHC class II peptide processing and presentation occurs only
in APCs, which includes DCs, macrophages, and B cells.

These two classical presentation pathways are treated as the conventional routes,
but there does exist some degree of overlap. Intracellular pathogens which evade
traditional direct presentation pathways in their hosts, for instance, will avoid acti-
vation of CD8+ T cells. To counteract this, DCs may take up antigens from these
sources in an exogenous manner into phagolysosomes, and degrade the proteins via
proteasomal pathways into the cytosol, whereby the peptides can then be loaded
onto MHC class I. Thus, this phenomenon, called cross-presentation, makes use of
the MHC class II conventional antigen uptake mechanisms for loading onto MHC
class I molecules. In another non-conventional technique, endogenous proteins may
circumvent traditional MHC class I presentation to be digested by lysosomes within
endocytic vesicles. This process, called autophagy, enables endogenous proteins to
be presented onto MHC class II molecules.

Antigen processing occurs after uptake, and may dictate the nature by which MHC
class I peptide sequences may be immunogenic. Briefly, peptide generation is
initiated by ubiquitinylation of proteins (Fig.1.2), in which they are tagged with
ubiquitin for degradation by the ubiquitin-proteasome system (UPS). The protea-
some consists of three proteolytic subunits, which recognize ubiquitinylated sites
and degrade protein sequences into peptide fragments, typically without regard for
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sequence specificity. In the presence of interferons (IFNs), which are signaling
proteins released upon viral infection, three alternative proteasomal subunits may
be expressed, giving rise to the immunoproteasome structure instead [27]. This
complex digests proteins with an increased propensity for post-hydrophobic residue
cleavage, and decreased propensity for post-acidic residue cleavage. The resultant
peptides from immunoproteasomal processing have been found to haveMHC class I
anchor residues in higher abundance, implying that IFN skews the peptide repertoire
in favor toward presentation. Another role played by IFNγ is that it can induce ex-
pression of the PA28 proteasome-activator complex, which accelerates proteasomal
processing, and thus increases peptide production rate. After these peptides are
produced in the cytosol, they enter the ER through hetero-dimerized ATP-binding
cassette proteins, called transporters associated with antigen processing-1 and -2
(TAP1 and TAP2) [28]. Prior to peptide entry into the ER, MHC class I’s alpha
chain subunit, called the human leukocyte antigen (HLA) heavy chain, is stabilized
by calnexin until its beta chain subunit (beta-2 microglobulin, or β2m) is present.
After β2m binds to the HLA subunit and releases calnexin, two proteins (calreti-
culin, ERp57) bind onto the MHC, acting as a scaffold for stabilization. Tapasin
then brings the dimerized TAP complex into proximity with the MHC, allowing for
incoming peptides to be loaded into the MHC’s peptide-binding groove. At this
point, peptide editing may still occur, as tapasin ensures that the groove remains
open until a peptide of sufficient affinity is bound. Furthermore, the peptides which
enter the ER may be 8-16 aa in length, but the binding groove traditionally accom-
modates peptides up to 11 amino acids, thus the peptides must first be trimmed. For
this purpose, a protein called the endoplasmic reticulum aminopeptidase associated
with antigen processing (ERAAP) facilitates cleavage of amino acids at the carboxy
terminus, reducing peptide length to accommodate the binding groove [29]. Finally,
the stabilized pMHC is delivered from the ER membrane to the cellular membrane
for presentation to TCRs.

As forMHC class II peptide processing, the endocytosed pathogens are first digested
into peptide fragments, typically 13 to 25 amino acids in length, by acid proteases
(cathepsins) within lysosomes (Fig. 1.3) [30]. In order for these peptides to bind
onto MHC class II molecules, several steps must occur in the ER vesicles, where
the MHCs are membrane-bound. First, MHCs synthesized in the ER must not bind
to any self-peptides. To maintain this state, a membrane protein called the invariant
chain (Ii) forms a trimerized complex, with each unit containing a domain called the
class II-associated invariant chain peptide (CLIP), to occupy the peptide-binding
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Figure 1.2: MHC Class I Peptide Processing and Presentation Pathway
In order to activate CD8+ T cells, endogenous peptides (1) are ubiquitinylated for
proteasomal processing (2) to produce short peptide fragments. A complex of
proteins in the ER are simultaneously prepared. Calnexin serves to stabilize the

class I heavy chain until β2m is able to bind, at which point the heterodimer is then
stabilized by the complex of calreticulin and ERp57. Tapasin acts to bring the

membrane porin TAP in proximity to the MHC. After peptides have been shuttled
through TAP into the ER, tapasin facilitates peptide exchange with the MHC’s
binding groove until the pMHC is stabilized (3). The pMHC complex is then

transported to the cell surface for presentation to TCRs of CD8+ T cells. Partially
adapted from “MHC Class I and II Pathways”, by BioRender.com (2020).

Retrieved from https://app.biorender.com/biorender-templates

groove of one MHC class II molecule [31]. This entire complex, consisting of
three MHCs bound to trimerized Ii protein, is then released from the ER. Ii, now
able to perform its second function, directs the entire complex toward the low-pH
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environment of the endosomes, exposing the MHC class II heterodimers to the
endosome’s digested peptides. A series of endosomal cathepsins cleave Ii from
the MHC proteins, leaving behind only the CLIP fragment. Next, HLA-DM acts
as a chaperone protein to the CLIP-bound MHC. HLA-DM is similar in structure
to other HLA class II complexes, consisting of an α and a β chain, but does not
contain the prerequisite open groove for peptide binding. Instead, HLA-DM binds
to otherMHC class II molecules, stabilizing them during groove opening to allow for
CLIP release. The binding groove is maintained in this open state until endosomal
peptides can favorably bind. HLA-DM activity is inhibited by HLA-DO, which
competes against a functional MHC class II molecule for binding to HLA-DM and
is released from HLA-DM only in the presence of an acidic environment. Thus,
HLA-DM serves to facilitate peptide editing by enabling affinity-based peptide
selection within the acidic lysosomes before pMHC class II molecules are delivered
to the cellular membrane [32].

So far we have discussed how peptides are processed and presented on both MHC
class I and class II molecules. For class I, various immunoproteasomes will cleave
proteins, subsequent length editing by ERAAP determines the ultimate MHC-
compatible peptide repertoire, and tapasin acts as a sort of catalyst to reduce the
energy barrier for peptide exchange. For class II, cathepsins engage in proteolytic
activity to digest proteins, while HLA-DM acts as the final mediator in stabilizing
peptide to binding groove. Beyond these processes, there is at least one more sig-
nificant variable, the highly polymorphic HLA alleles comprising the MHC for the
loaded peptide, that determine whether a peptide is a favorable binder.

1.2.2 The Diversity of Major Histocompatibility Complexes

A brief overview of HLA allele distributions is necessary to acclimate the reader to
subsequent thesis chapters. MHC class I α chains are encoded by alleles from three
HLA loci (A,B,C), andMHCclass II α and β chains are encoded by alleles from three
HLA loci (DR, DQ, DP). Both MHC protein classes are considered transmembrane,
heterodimeric proteins, but MHC class I’s β chain (β2m) is uniform throughout
the human species, and while β2m appears to play a major role in stabilizing the
MHC upon loading of a peptide, it has no direct interaction with the peptide itself.
This is because the α heavy chain, typically referred to by its HLA class I allele
(e.g. A*02:01), is the sole determinant of the amino acid structure of the peptide
binding groove. The α heavy chain of MHC class I encodes not only the beta sheet
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Figure 1.3: MHC Class II Peptide Processing and Presentation Pathway
Activation of CD4+ T cells begins with endocytosis of exogenous antigens (1). The
acidic environment of lysosomes enables proteases (cathepsins) to cleave antigens
into short peptide fragments. MHC class II proteins are also transported into this
environment (2), where cathepsins cleave off Ii and leave behind CLIP in the
MHC’s binding groove. Peptide exchange with CLIP cannot occur until the
HLA-DM/DO complex is able to join the endosome from the ER (3). Once

HLA-DO is destabilized by the acidic environment, HLA-DM is able to serve its
catalytic function to enable CLIP release and peptide exchange. the pMHC is then
transported to the cell surface for presentation to TCRs of CD4+ T cells. Partially

adapted from “MHC Class I and II Pathways”, by BioRender.com (2020).
Retrieved from https://app.biorender.com/biorender-templates

of the groove (forming the groove’s base), but also the two alpha helices (which
encapsulate the peptide at the sides of the groove) (Fig. 1.4 A-C) [23].

MHC class II heterodimers, on the other hand, consist of unique α and β chains
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Figure 1.4: 3D Structures of pMHC Proteins
Peptide-loaded MHC class I cartoon is depicted (A). Axial views of pMHC-I, from
the top (B) and the side (C). Peptide (pink), α heavy chain (light gray), and β2m
(dark gray). Peptide-loaded MHC class II cartoon is depicted (D). Axial views of
pMHC-II, from the top (E) and the side (F). Peptide (pink), α chain (cyan), and β

chain (blue).

determined by separate class II HLA alleles per locus [23]. Because every individual
may have up to two unique HLA alleles per chain type per class II locus, up to four
uniquely paired α/β heterodimers may be expressed by each locus. One exception
is the α chain of the HLA-DR locus, which is essentially invariant in the human
species, and thus for HLA-DR, there are only two potential α/β combinations, which
is analogous to the situation with β2m for MHC class I [the HLA-DR β chain
alleles, termed HLA-DRB, actually consist of multiple paralogs (genes arising from
duplication events), ofwhich themost prevalent one isHLA-DRB1; HLA-DRB3/4/5
also exist, but are more rare, and for simplicity we ignore them here]. Structurally,
both α and β chains of MHC class II proteins are involved in forming the β sheet and
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α helices of the binding groove (Fig. 1.4 D-F). Taken together, the binding groove
of MHC class II molecules is typically more diverse than that of MHC class I, given
the various combinations by which α and β chains can come together to influence
the molecular structure of the peptide binding groove.
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DQ 

DP 

MHC Class I 
HLA 

repertoire 

MHC Class II 
HLA 
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MHCI α 

MHCI β 

MHCII α 

MHCII β 

Figure 1.5: HLA Inheritance
An individual’s HLA repertoire consists of inherited HLA alleles from each

parent. Up to six unique HLA class I alleles may be inherited, and up to 12 unique
HLA class II alleles may be inherited (however, due to HLA-DR α chain
invariance, maximum diversity is usually 10, as depicted). Created using

BioRender.com (2020).

Any given individual will inherit one copy of each HLA allele from each parent
(one copy here means, for class I, one unique HLA α chain allele per locus; for
class II, one unique HLA α chain AND one unique HLA β chain allele per locus).
Therefore, an individual will express up to six unique MHC class I proteins and up
to ten unique MHC class II proteins (we account here for the invariant HLA-DR
α chain, as discussed above) (Fig. 1.5). In general, the closed nature of the N-
and C-terminal regions of the peptide-binding groove for MHC class I result in
shorter bound peptides (8-11 aa), while the open nature of these regions for MHC
class II allow for longer peptides (13-25 aa). The presence of unique anchor pocket
residues within binding grooves of HLA alleles from both MHC classes means
that compatible peptides typically will have a canonical motif at these positions to
facilitate favorable molecular interactions with the groove.
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In summary, these six HLA loci are among the most polymorphic genes in the
human species, resulting in tens or even hundreds of allelic variants for certain
loci. Despite the combinatorial diversity that arises from these alleles, global HLA
distribution studies indicate that approximately 8-12 alleles per loci will generally
account for up to 90% of the human population. The mutational differences across
HLAs are predominantly encoded within the peptide-binding regions of each MHC,
which in turn determines the immense repertoire of compatible binding peptides per
individual MHC variant. This suggests that there is significant evolutionary bias in
these alleles, favoring prevalence of certain HLAs that are capable of covering most
pathogenic peptides to confer immune protection [23].

1.2.3 The Diversity of T-Cell Receptors

Having discussed some of the details regarding pMHC assembly and function, we
now turn our attention toward their cognate TCRs. The initial discovery of the TCR
occurred in 1982 [15], followed by its sequencing from multiple labs two years
later [33–35]. Somatic recombination of gene segments within the TCR was also
discovered, which explains how the vast diversity of TCR sequences arises within
any individual despite the relatively limited size of the human genome [36, 37].
Analogous to MHC class II proteins, TCRs are heterodimers consisting of an α
and β chain subunit, where both chains play a role in interacting with the epitope
presented by a bound pMHC. During lymphocytic development, the TCRα and
TCRβ chain genes undergo numerous processing steps, whereby the gene segments
that make up each chain recombine and undergo randomized modifications, to
generate mRNA transcripts encoding the finalized TCR α/β paired sequence which
define individual T cell clonotypes from each other.

The genetic information encoding each chain consists of two or three gene segments
per chain. Each segment may contain numerous possible genes, but only one gene
per segment will be selected for exon splicing and joined together as anmRNA strand
to ultimately encode the TCR. This selection of gene segments is referred to as gene
rearrangement, or somatic DNA recombination. The gene segments encoding the
TCR α and β chains are categorically bifurcated into either the variable (V) regions
or the constant (C) region. The C region plays no role in interacting with the pMHC
surface and encodes the parts of the TCR that are distal to the pMHC and proximal
to, and embedded within, the T cell’s surface membrane. The C region is therefore
much less diverse than the V region, with only one and two allelic variants for α and β
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chains, respectively, resulting in Cα, Cβ1, and Cβ2 genes. The V region, meanwhile,
encodes the proximal part of the TCR to the pMHC, and confers to each TCR its
idiosyncratic peptide/HLA specificity. The V region of the α chain is split into two
gene segments (Vα, Jα), and of the β chain is split into three gene segments (Vβ,
Dβ, Jβ). Therefore, the formation of a complete TCR chain consists of a Vα-Jα-Cα
chain paired with a Vβ-Dβ-Jβ-Cβ1,2 chain. While the V region does indeed encode
for the regions which interact with the pMHC, there only exist a few select regions
of the protein that actually come into contact with the pMHC (Fig. 1.6). These
regions, called complementarity determining regions (CDRs), consist of three loops
(CDR1, CDR2, CDR3) per chain. CDR1 and CDR2 loops are encoded by germline
V gene segments and are therefore less variable. Furthermore, these two CDRs are
not believed to play a significant role in terms of determining which peptide/HLA
pairing will be a compatible binder. Numerous crystallography structures obtained
for pMHC-TCR interactions show that CDR1 and CDR2 rest along the periphery
of the peptide epitope, primarily in contact with the alpha helices of the binding
groove, whose CDR contact sites are overall less variable. This leaves CDR3 as the
primary determinant of the antigen binding site for the TCR chains. For virtually
every known pMHC-TCR structure, regardless of the axial tilt of the TCR with
respect to pMHC orientation, the CDR3 loops of both TCR chains will come into
direct contact with the peptide, usually at the central location of the peptide [23].
Therefore, a TCR’s peptide specificity is primarily defined by the CDR3 variations
that arise from TCR α and β chains, and these CDR3 sequences act as the unique
identifier to understand clonotype repertoires and relation to disease [38–40].

With the importance of the CDR3 now established, we can now explore the question
of how CDR3 diversity arises to generate individualized repertoire of TCR clono-
types. An examination of the CDR locations on the V genes (Fig. 1.7) reveals
that CDR1 and CDR2 are located within the V gene itself, while CDR3 is at the
3’-terminus. As alluded to earlier, gene rearrangement governs the selection of one
gene from each gene segment, enabling a V gene to combine with a J gene for TCRα,
and a selected V gene to combine with a D gene and a J gene for TCRβ. Therefore,
CDR3α’s full amino acid sequence comprises the overlapping regions between Vα
and Jα, while CDR3β’s sequence encompasses the Vβ-Dβ-Jβ overlapping regions, or
more specifically, the entire junction from carboxy-terminal end of Vβ to the amino-
terminal end of Jβ (Dβ is an extremely short gene segment entirely embedded within
CDR3β). Based on the total number of unique genes per segment (Table 1.1), this
combinatorial diversity is expected to give rise to approximately 6 million potential
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Figure 1.6: pMHC-TCR Structure
Complete structural view of the pMHC-TCR complex (A). Views of the complex
with TCR FR components removed to highlight CDR interactions: top view over
pMHC (B), side view (proximal to HLA-DQA) (C), and side view (proximal to

HLA-DQB) (D). TCRα chain (light blue), TCRβ chain (light red). CDR1α (cyan),
CDR2α (gray blue), CDR3α (dark blue), CDR1β (pink), CDR2β (purple), CDR3β
(red), HLA-DQ α chain (dark gray), HLA-DQ β chain (light gray), and peptide

(green).

unique paired combinations of TCR α/β chains [36]. In addition to combinatorial
diversity, the phenomenon of junctional diversity comes into play to introduce an-
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Figure 1.7: V(D)J Gene Recombination
TCR α and β chains consist of V, J, and C gene segments that are initially selected
in the germline during lymphocytic development (first row). The selected genes
from each segment are combined together to encode the entire TCR chain. For
TCRβ, an additional D gene segment is present that is merged between V and J
(second row). Most of the protein in the V(D)J product encodes the framework

region (FR), which serves as a scaffold for the highly variable
complementarity-determining regions (CDRs). V, D, and J gene segments all
contribute to CDR3 (third row). A linearized map of the nine beta sheets

comprising a TCR chain is laid out to depict the spatial 2-D relationships of the
CDRs (fourth row).

other 200 billion potential combinations. Briefly, during each recombination event
in which the V, D, and J genes are brought together, the recombination-activating
genes (RAG) protein complex forms around the junction points, enabling nucleotide
addition/deletion with the assistance of DNA hairpin formation from the template
genes. In addition, the enzyme terminal deoxynucleotidyl transferase (TdT) drives
non-template-informed nucleotide addition to randomly insert bases at the ends of
the strands. When the single-stranded genes join together at the junctions, exonu-
cleases cleave incompatible nucleotides, and ligation generates the double-stranded
product. These combinedmechanisms generate random edits to the CDR3-encoding
junction points. Most of the chain products will be nonproductive due to frameshift
insertions/deletions, and cells harboring these nonproductive chains will be elim-
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inated. Altogether, combinatorial diversity and junctional diversity combined can
generate a maximum diversity of 1018 possible TCR clonotypes.

TCR chain α β

variable (V) segments 70 52
diversity (D) segments 0 2
joining (J) segments 61 13

combinatorial diversity 5.8 x 106
junctional diversity 2 x 1011

total diversity 1018

Table 1.1: TCR Diversity
The number of unique variants per TCR gene segment is depicted in this table.
Recombinatorial diversity arises from random combinations of these variants to
form the V(D)J arrangement of a mature TCR chain. Junctional diversity arises

from further randomized mutational edits to the V(D)J junctions.

The TCR editing process explained above represents the primary diversification that
occurs in any T cell during development in the thymus. Upon leaving the thymus,
each T cell, now defined by its TCR clonotype, retains a fixed antigen specificity.
Just before leaving the thymus, central tolerance eliminates T cells whose TCRs
are reactive to self-antigens, although this process is not entirely comprehensive,
and can result in the presence of self-reactive T cells which can lead to autoimmune
diseases. Peripheral tolerance serves as a sort of backupmethod to central tolerance,
whereby self-reactive T cells which have “escaped” deletion in the thymus may have
their functions curtailed through a number of mechanisms (deletion, conversion to
Treg, suppression, anergy, etc.). Note that further TCR editing does not appear to
play a role in this process, and it has been the conventional belief that TCR editing
does not occur outside of the thymus and that a T cell’s antigen specificity is fixed
after thymic education. Recent developments, however, have introduced the concept
of TCR revision, in which mature T cells in the periphery may demonstrate altered
antigen specificity. This process was first identified by Vaitaitis et al., when they
found that the RAG complex could be induced to express and activate TCR editing
[41]. Later studies showed that this phenomenon is more prevalent than originally
believed, and is dependent on the interactions of TCRs with self-antigens [42, 43].
Further, the presence of dual receptor T cells (T cells containing two unique α/β
pairs) was known for quite some time, and has been thought to also play a role
during revision [44]. Additional pursuit of these concepts is beyond the scope of
this introduction, and their mention here is intended to provide the reader with an
appreciation of the biological origins of TCR diversity. In summary, attempts to



18

further our understanding of TCR diversity have generated a ever-growing web of
questions.

1.3 Recent Progress and Developments Toward Personalized Medicine

Following the wake of major discoveries regarding structural properties of pMHCs
and TCRs, many biological questions surrounding the interplay of peptide and T cell
ensued. Which peptides of a foreign agent are most immunogenic? Are they biased
for particular regions or proteins of a virus or a bacteria? What about the case of
tumor tissue: which mutated regions are most likely to be presented to the immune
system? Are there any immunodominant peptides which are abundantly presented
from a particular foreign agent or shared across cancer patients? If so, are they
also responsible for triggering the primary response that leads to recovery? Such
questions have been explored on an individual or small-library basis for peptides
arising from bacterial, viral, and cancer origin. However, major bottlenecks in these
studies limited the scope of these works. As discussed above, the breadth of peptide
diversity is immense, and even if scientists were to just focus on a single given
bacterial protein (average length 320 aa) to explore the diversity of MHC class
I peptides, for instance, they would generate on average close to 1,000 potential
9-11mers as candidates. Fortunately, at this time, peptide prediction software
development is well underway. Researchers are now able to utilize neural networks
and AI to predict the best peptide binders for popular HLA alleles based upon
canonical sequence motifs reported for each allele’s binding groove. These works,
for exampleMHCflurry and NetMHC4.0 [45–47], operate on an allele-specific basis
and may incorporate experimental stimulation assay data and mass spectroscopy
results. These approaches were further generalized with NetMHCpan, an algorithm
which extrapolates peptide/HLA interactions from a trained set to enable peptide
binding affinity prediction against any given HLA class I structure [48]. Prediction
software has also been developed for HLA class II proteins, but is less mature and
remains a challenging problem due to the open-ended nature of the binding groove,
allowing for presumably a broader range of affinities between peptide and HLA
to result in a stable, viable compound [49]. Furthermore, the NetChop protein
degradation prediction algorithm was also developed, which enabled researchers to
further filter down peptide lists based on proteasomal activity [50].

Taken together, developments in peptide processing and binding prediction algo-
rithms have been useful in assisting with in silico identification of immunogenic
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epitopes. The overarching goal of these efforts have generally been to provide a pre-
experimental filter of genomically processed antigen data to narrow down the list of
peptide candidates for subsequent downstream experimental steps (e.g. vaccination
testing or loading onto MHCs to identify TCRs). However, on the experimental
side, verification of these predicted epitopes still remains an outstanding challenge.
Given the vast space of TCR sequences, the identification of antigen-specific TCRs
against any given peptide/HLA combination is akin to finding a needle in a haystack.
Synthesizing pMHCs which mimic their biological membrane-bound counterparts
in terms of TCR binding function would enable one to metaphorically use pMHCs
as a magnet to comb through the haystack for such needles. One of the largest
impediments is the difficulty of refolding MHC proteins. Traditionally, the MHC
subunit chains are expressed in bacteria, which are then lysed to extract the unfolded
components. These chains are then combined together in a purely chemical solution
in the presence of a strong-binding peptide to enable refolding and stabilization of
the pMHC product [51, 52]. This strategy is fraught with issues, however. Yield
is typically low, as these subunits are bacterially expressed in their unfolded for-
mat and must be folded together without the assistance of their native, intracellular
eukaryotic mechanisms. In addition, the folding efficiency has been found to be
HLA-dependent, whereby different alleles have different proclivities for success-
fully binding. A strategy developed by Rodenko et al. in 2006 to facilitate library
production of pMHCs incorporates the additional step of initially folding the pMHC
complex using a UV-labile peptide, to allow for initial large-scale production of a
“template” UV-labile pMHC [53, 54]. Subsequent exposure of the folded complex
to UV light in the presence of a target peptide cleaves the UV-labile peptide and
allows for exchange to generate a functional pMHC, which can then be mixed with
streptavidin to form pMHC-tetramers, whose increased TCR avidity improve cog-
nate TCR binding and capture. The primary issue with this strategy is that there is no
guarantee of complete UV exchange; side products may occur, and the presence of
these misfolded products may induce non-specific binding downstream. In addition,
there is the additional difficulty of having to identify a UV-labile peptide per HLA
allele that is compatible with the binding groove. A method to circumvent some of
the challenges of this technique was recently introduced in which tapasin’s ability to
open the binding groove for peptide exchange was exploited to enable rapid, clean
peptide insertion into refolded MHC proteins [55]. Unfortunately, this technique,
similar to UV exchange, requires in vitro synthesis of every target peptide, which
is either extremely laborious or expensive when operating on a library scale. Fur-
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thermore, the reliance on synthetic peptides precludes the capacity of using pMHCs
to present post-translationally modified peptides. Modifications such as phospho-
rylation and glycosylation at key amino acid residues can have a drastic impact on
TCR recognition, but fall outside the scope of feasible studies when working with
synthetic peptides.
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Figure 1.8: Adoptive Transfer Cell Therapy
ACT as a viable route of immunotherapy begins with the extraction of tissue (1) to
identify neoantigens (2). Peptide-MHC binding affinity predictions are performed
(3) to identify the best peptide candidates for pMHC generation (4). Stable pMHCs
are then tetramerized and used to capture antigen-specific T cells (5), whose TCRs
are subsequently sequenced (6), synthesized in plasmid format (7), cloned into

healthy T cells (8), and delivered to patients (9). As therapeutic alternative to ACT,
cancer vaccines may possibly be used, which circumvents the need to extract cells

from the patient, requiring a similar pathway until peptide prediction, where
peptides are formulated into a vaccine cocktail. Created using BioRender.com

(2020).

There has been a significant amount of development in the field to further our
understanding of pMHC-TCR pairing in spite of the bottlenecks described above.
The preparation of pMHC formats in a library manner has been achieved bymultiple
groups, to assess not only the TCR sequences of antigen-specific T cells, but also
their phenotypic and transcriptomic data. Emergent methods to creatively tackle
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the questions of pMHC and TCR specificity have been devised, and have resulted in
novel computational approaches. For example, Birnbaum et al. developed a yeast
display assay to allow for a TCR of interest to be scanned against a pMHC library
to identify reactivity [56]. Mark Davis’ lab at Stanford University later developed
technologies that could answer the inverse question. Rather than starting from one
TCR to identify all potential binding pMHCs, could one instead start from one
pMHC and capture all the compatible CDR3 sequences from TCRs? Their work
led to a computational algorithm capable of learning from captured antigen-specific
TCR sequences to predict the antigen specificity of novel TCRs [57, 58]. Around
the same time, projects from David Baltimore’s lab at Caltech generated massively
multiplexed technologies using the single-chain trimer (SCT) format [59, 60] to
encode cell surface-bound pMHCs [61, 62]. By relying on cell-cell interactions
to facilitate pMHC-TCR binding, activation, and fluorescence readout, they could
discover antigen specificities of cloned TCRs. Similar to the methods of Birnbaum
et al., this assay enables antigen discovery starting from one TCR, but is more facile
in that it does not require synthesis of a soluble TCR construct. While the scope of
antigens is high (up to 106 epitopes/assay), the authors noted limitations in capture
sensitivity and TCR throughput.

1.4 Thesis Overview

The general course of my thesis work aims to address many of the bottleneck-
ing problems that have hampered existing pMHC-TCR pairing technologies. This
work encompasses assays intended for the discovery of multiple TCRs from mul-
tiple peptides, a.k.a. a “many-to-many” approach in contrast to the “one-to-many”
assays described previously. Thus, Chapter 2 serves as a reference chapter, de-
scribing all of the molecular engineering technologies I developed to improve the
robustness of pMHC class I reagents and the facility by which they may be syn-
thesized. These advancements primarily hinge on the single-chain trimer approach
to pMHC production introduced decades ago by others. The establishment of ex-
perimental protocols and automated scripts which adapt these techniques to enable
high-throughput SCT template plasmid production, peptide-substituted SCT library
production, DNA sequence alignment, protein expression, yield characterization,
and thermal stability measurements are detailed within this chapter, and further
discussed in the Appendix. Modulation of other components aside from the pep-
tide, such as the identity of the covalent tethers linking peptide to MHC, peptide



22

groove-stabilizing mutations, and CD8-independent mutations, are also discussed
within the context of Class I SCTs. In addition, a subsection is also devoted to the
implementation of these techniques toward Class II SCT development, wherein I
highlight functional validation of my initial conceptual work. A third component of
this Chapter discusses similar endeavors to enable high-throughput TCR cloning,
an essential component to validate the peptide-presenting integrity of the SCTs.

The introduced platforms for pMHC and TCR synthesis are implemented in the
context of the recent COVID-19 pandemic to demonstrate a practical, immediate
use case in Chapter 3. Immunodominant antigens for prevalent HLA alleles against
CMV and EBV have been well-characterized and used as standard markers to iden-
tify immunity amongst patients. Here, I attempt to to identify similar immunogenic
antigens from SARS-CoV-2. The initial section of this chapter details the earlier
work conducted, in which SCT libraries were generated across three HLA alleles to
encode predicted antigens derived from the structural spike protein. Additionally,
an SCT library encoding antigens from the non-structural nsp3 protein was later
developed for one HLA allele to comparatively assess for immunogenic differences
based upon the origin and infective role of the protein source of the peptides. To
confirm the antigen-specificity of detected T cells, cell sequencing technologies
were utilized to extract TCR sequences, which were then cloned into healthy CD8+

T cells to demonstrate antigen-specific elicitation of standard activation and prolif-
eration markers. The latter section of this chapter addresses the expansion of this
antigen discovery approach to cover more peptides and more patients, spanning the
entire proteome of SARS-CoV-2 for one single HLA allele and surveying about 40
HLA-matched patients for reactivity to these peptides. Here we demonstrated the
throughput power of the SCT platform, moving beyond technology maturation to
highlight its applicability for biological discovery.

The same platforms are applied in the context of cancer in Chapter 4, showcasing the
various use cases such as immunogenic peptide discovery and validation of epitope
predictions in personalized medicine. Much of the work here is still in development,
but is sufficient to demonstrate the potential for furthering tumor antigen discovery.
Within this chapter, I highlight exemplary experiments of SCT libraries expressed
for several HLA alleles to contain peptides from various origins, whether they are
derived from tumor-associated antigens (TAAs), tumor-specific antigens (TSAs)
(public and private), or even from spliced antigens. The SCT libraries developed
in the context of TAAs and private TSAs illustrate how the SCT platform can
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validate prediction software, while libraries developed for public TSAs illustrate the
discovery potential of an unbiased approach to library production. Experiments from
numerous cancer collaborators across the country are highlighted in this chapter to
validate SCT integrity.

Finally, Chapter 5will touch upon some earlierwork conducted inmy thesis, inwhich
initial efforts to streamline existing lab technologies enabled the incorporation of
pMHC-tetramers onto a magnetic nanoparticle scaffold to facilitate antigen-specific
T cell enumeration. Subsequent work to augment this technology to allow for
microfluidic extraction of such cells for sequence is described. These technologies
were implemented in the Heath lab prior to the aforementioned SCT work, but are
completely cross-compatible, enabling the improved robustness of SCT reagents to
further bolster the quality of microfluidic assays.
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C h a p t e r 2

MOLECULAR ENGINEERING TECHNOLOGIES FOR
IMMUNOTHERAPEUTICS

2.1 Class I SCTs

2.1.1 Abstract

A major obstacle to the discovery of immunogenic viral or tumor-derived CD8 T
cell epitopes is the labor-intensive synthesis and construction of peptide-major his-
tocompatibility complex (pMHC) tetramers. In this section, we adopt single-chain
trimer technologies to develop a high-throughput platform for Class I pMHC gen-
eration, showing that hundreds can be rapidly prepared at ease and characterized to
show peptide-dependent or HLA template-dependent trends in SCT expression and
thermal stability. Functional characterization of some SCTs are further highlighted,
and we demonstrate biological relevance of SCTs targeting common viral epitopes.
The technologies described herein will enable rapid analyses of peptide-based T
cell responses for therapeutic development across several contexts, including au-
toimmune, cancer, or infectious disease.

2.1.2 Introduction

The emergence of novel, pathogenic virus strains (and the predicted acceleration of
such events) has driven the need for high-throughput approaches to epitope-based
reagent production [1]. In particular, the use of peptide-MHC reagents to capture
antigen-specific T cells will enable identification of relevant TCR sequences and
shed light on the role played by immunodominant epitopes in the host immune
response. Toward this end, vaccine therapies must involve assessment of HLA
haplotypes and HLA-based epitope landscapes to predict and identify the most
prominent immunogenic viral peptides. The number of compatible epitopes per
HLA allele may differ vastly, ranging from only a handful up to hundreds or thou-
sands based on the desired scope of inclusion, the natural receptivity of each HLA
allele’s binding pocket to peptide motifs, and the accuracy of existing peptide bind-
ing prediction algorithms. To accommodate this scale, soluble pMHC reagents must
be produced on a per-peptide, per-HLA basis in a high-throughput manner to iden-
tify and rank immuno-responsive TCRs from peripheral blood mononuclear cells
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(PBMCs). Soluble pMHCs are conventionally produced by individual expression
of the subunits of the MHC within E. coli, followed by subsequent in vitro refolding
of the HLA heavy chain and β2-microglobulin (β2m) subunit inclusion bodies in
the presence of a target peptide [2]. A modified version to produce the refolded
pMHC complex makes use of a UV-cleavable peptide during the reaction [3–5].
This peptide serves as a placeholder, enabling rapid production of UV-exchanged
pMHCs (UV-pMHCs) where UV light exposure facilitates exchange of the cleavable
peptide for target peptide. As reported by others, the production of refolded pMHCs
and UV-pMHCs is prone to several technical problems. Overall protein yield from
refolding is HLA-dependent, and the success of UV exchange is highly dependent
upon chemico-physical properties of the individual peptide.

A β2m HLA AviTag HisTagL2pep β2mL1signal

pep β2m HLA AviTag HisTagL2L1signal

B

peptide L1signal

peptide L1signal

pe

p
β2m HLA

pe

p
β2m HLA

C

Figure 2.1: SCT design for Class I pMHC constructs
A. SCTs encoding Class I pMHC molecules are constructed by Gibson assembly
from two fragments, enabling modular insertion of any desired Class I HLA
subunit to design a template plasmid for peptide insertion. B. Template SCT

constructs are ligated into pcDNA3.1 vector by restriction digest and ligation. C.
An SCT library containing various peptide elements can be constructed from an

initial template plasmid by inverse PCR and ligation.

Single-chain trimers (SCTs) are an alternative approach to construct pMHCs that
may address the issues posed by refolding and UV exchange [6–8]. Briefly, the
SCT format consists of a pcDNA3.1 plasmid construct encoding a secretion signal,
peptide, peptide-β2m linker (L1), β2m, β2m-HLA linker (L2), HLA, glycine linker,
AviTag, and 6x HisTag (Fig. 2.1A). The three primary units, joined by two linkers
to give a single chain, are secreted as a single protein unit. Initially expressed in
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bacterial cells, SCTs were adopted into mammalian expression systems, enabling
significant improvements to overall protein yield, presumably due to the use of a
native mammalian system’s internal protein folding and quality control mechanisms
to regulate SCT output [8]. SCTs were also engineered with several peptide binding
pocket mutations to minimize interference of the peptide linker with pMHC function
and to improve immunogenicity of the pMHC reagents [9–12]. Recently, the SCT
expression system was adopted into Expi293 cells to maximize SCT expression
quantity, and peptide modularity was introduced using homologous recombination
of peptide-encoded DNA fragments into the plasmid to enable production and
functional characterization of two SCTs encoding HLA-A*24:02 viral peptides [13].
The works outlined above are key studies which point to the potential use of SCTs
as functionally similar alternatives to UV-pMHCs. To our knowledge, however, we
have not seen works that simultaneously assess soluble SCTs on an antigen library
scale and encompass the engineered mutations as outlined above.

Herein we introduce a high-throughput SCT expression platform enabling produc-
tion of SCTs for any pairing of peptide and Class I HLA allele. Whereas with
traditional pMHC folding, epitope and HLA modularity are determined by peptide
synthesis and refolded MHC subunits, respectively, the SCT platform utilizes a
primer and a PCR template plasmid to determine these two variables. The facile
nature of handling and scaling up these PCR reagents enables a mix-and-match
approach that allows one to rapidly screen across a peptide library and list of HLA
template variants to optimize pMHCs. We initially apply this system for a test case
of 18 tumor-associated antigens (TAAs) for HLA-A*02:01, utilizing nine different
L1/HLA templates as previously published, in order to two-dimensionally assess
the impact of peptide identity and L1/HLA templates on SCT protein expression
and thermal stability. Next, we highlight the functionality of these SCTs in a disease
context by assembling HLA-A*02:01 and A*24:02 SCTs loaded with epitopes de-
rived from common viral strains, demonstrating that they can bind to healthy donor
T cells stimulated against the synthesized forms of these epitopes.

2.1.3 Methods

2.1.3.1 SCT template production

Class I SCT-encoded plasmids were constructed using a combination of Gibson as-
sembly and restriction enzyme digest methods for insertion into pcDNA3.1 Zeo(+)
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plasmid (Thermo Fisher Scientific) (Fig. 2.1A). Briefly, the SCT inserts were de-
signed to be modular to allow for any choice of L1 to be paired with any choice
of HLA allele. Because β2m has no allelic variation in the human species, the
SCT was split into two Gibson assembly fragments within this region to allow for
decoupling of L1 from HLA. Fragments were purchased from Twist Bioscience,
PCR-amplified with KOD HotStart Hi-Fi polymerase (MilliporeSigma), and joined
together by Gibson assembly using NEBuilder HiFi DNA Assembly Master Mix
(NewEngland Biolabs). The PCR-amplifiedGibson product’s flanking regions were
digested by EcoRI and XhoI (New England Biolabs) to be ligated into pcDNA3.1’s
MCS region at the same enzyme recognition sites (Fig. 2.1B). Codon optimiza-
tion was applied to the designed fragments under three considerations: 1) selection
of only highly prevalent codons in the human species, 2) avoidance of continu-
ous gene segments (24+ bp) where GC content is above 60% (to avoid manufac-
turer error rates during synthesis), and 3) avoidance of key recognition cut sites
within the fragments, which must only exist at the flanks of the Gibson prod-
uct for insertion into pcDNA vector. This strategy was initially used successfully
across three HLA alleles (A*01:01, A*02:01, and A*03:01). Subsequently, the
design of the second fragment (encoding HLA allele) was automated with a Python
script, encompassing all aforementioned design criteria and accounting for all al-
leles from Class I HLA-A, B, C loci. The protein sequences of each HLA allele
were obtained from an FTP server hosted by The Immuno Polymorphism Database
(ftp://ftp.ebi.ac.uk/pub/databases/ipd/imgt/hla/fasta/). A detailed protocol and dis-
cussion of this design can be found in Appendix A. To date, all existing Class I
HLA sequences from the IMGT database (linked above) have been converted in this
manner into ready-to-order DNA sequences. From these sequences, we have con-
structed at least 40 unique plasmid templates, encompassing 24 HLA-A, HLA-B,
and HLA-C alleles.

2.1.3.2 SCT peptide library production

APCR-facilitated approachwas implemented to enable high-throughput substitution
of peptides into SCT-encoded plasmids. We opted to use extension PCR methods
among other potential approaches after consideration of cost, ease-of-use, and flex-
ibility for various L1 choices coupled next to the plasmid (Fig. 2.1C). Briefly,
for any given peptide substitution, a peptide-encoded reverse primer (binding to
the signal sequence upstream of peptide region) and a forward primer (binding to
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L1 downstream of peptide region) is required. The peptide-encoded primer varies
for any given peptide, while the forward primer remains fixed across all peptide
elements (unless one chooses to use a different L1/HLA template plasmid). In this
manner, an SCT plasmid library, encompassing n peptides andm templates, requires
the purchase of n + m total primers. Extension PCR was conducted with KOD Hot
Start polymerase (MilliporeSigma). The product was phosphorylated and ligated
with a mixture of T4 Polynucleotide Kinase and T4 DNA Ligase, and then template
DNA was digested with DpnI (New England Biolabs). The peptide-substituted
plasmids were then transformed into One Shot TOP10 Chemically Competent E.
coli (Thermo Fisher Scientific). Plasmids were verified by Sanger sequencing using
a Python script prior to use in transfection. A detailed discussion and protocol of
high-throughput implementations for each of these steps can be found in Appendix
B & C.

2.1.3.3 SCT expression

Purified SCT plasmids were transfected into Expi293 cells (Thermo Fisher Scien-
tific) within 24-well (2.5 ml capacity) plates. Briefly, 1.25 µg of plasmid was mixed
with 75 µl Opti-MEM reduced serum media. 7.5 µl of ExpiFectamine Reagent was
mixed with 70 µl Opti-MEM reduced serum media, incubated at room temperature
for 5 minutes, and combined with the plasmid mixture. After a 15-minute room
temperature incubation, the solution was added to 1.25 ml of Expi293 cells at 3
million cells/ml into a 24-well plate, which was then shaken at 225 RPM at 37 ◦C
in 8% CO2 overnight. Twenty hours later, a solution containing 7.5 µl of ExpiFec-
tamine Transfection Enhancer 1 and 75 µl of ExpiFectamine Transfection Enhancer
2 was added to each well. The plate was kept on the shaker using aforementioned
settings for a total of 4 days from start of transfection. The supernatant of the
transfection solution was collected and filtered through 0.22 µm PVFD membrane
syringe filters (MilliporeSigma) prior to yield analysis via SDS-PAGE. The super-
natant solutions of SCTs which expressed at high yield were concentrated down to
200 µl PBS using 30 kDa centrifugal filter units (Amicon) and subsequently biotiny-
lated with BirA enzyme kit (Avidity) overnight. The biotinylated SCTs were then
purified with HisTag resin tips (Phynexus) and desalted back into PBS buffer with
Zeba 7K MWCO spin desalting columns (Thermo Fisher Scientific). For long-term
storage, the SCTs were re-suspended into 20% glycerol w/v prior to storage in -20
◦C. The implementation of the aforementioned methods discussed in this section in
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a high-throughput manner is discussed in more detail in Appendix D.

2.1.3.4 SCT yield characterization

After 4 days of transfection, a 15 µl solution containing 3:1 mix of transfection
supernatant and Laemmli buffer with 10% β-mercaptoethanol was denatured at 100
◦C for 10 minutes, and subsequently loaded into Bio-Rad Stain-Free gels for SDS-
PAGE (200V, 30 minutes). A reduced, purified WT1 (RMFPNAPYL) A*02:01
SCT sample in 20% glycerol PBS solution (containing approximately 2 µg) was run
in each gel to serve as a positive control and intensity reference for relative protein
yield calculation. Imageswere obtained using aBio-RadChemiDocMPgel imaging
system (manual settings: 45 seconds UV activation, 0.5 second exposure). Because
of our intention to express SCTs in a high-throughput manner for peptide libraries on
the scale of over one hundred samples, and our desire to be able to uniformly assess
emergent trends based on protein expression, it was necessary to identify a consistent
approach for analyzing SCT expression. Toward this end, a custom Python script
was developed specifically for the analysis of SCT proteins run on Stain-Free gels
(Bio-Rad). The script allows for user-defined selection of protein bands of interest,
and provides background reduction and uniform normalization of SCT yield across
all gels given the consistent use of a control protein lane. The accuracy of this
approachwasmeasured by SDS-PAGE of titrated, pre-quantified samples of purified
SCTs to demonstrate a 99% correlation between true protein A280 concentration
(as measured by NanoDrop 8000 Spectrophotometer) and quantified relative band
intensity (Fig. E.2). SCTs which expressed above an established cutoff for yield
were selected for subsequent biotinylation and purification steps. A more detailed
discussion of the drawbacks behind conventional or available approaches and a
protocol of how to use our script can be found in Appendix E.

2.1.3.5 Thermal stability characterization

SYPRO™ Orange Protein Gel Stain was purchased from ThermoFisher Scientific
and diluted with H2O to give a 100X working solution. To each 19 µl aliquot of
Class II SCT protein solution (diluted to 10 µM, if possible), 1 µl of the 100X
dye solution was added. A Bio-Rad thermal cycler equipped with a CFX96 real-
time PCR detection system was used in combination with Precision Melt Analysis
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software to obtain melting curves of each SCT sample. Thermal ramp settings were
25 ◦C to 95 ◦C, 0.2 ◦C per 30 seconds.

2.1.3.6 Peptide stimulation

The thawed PBMCs were incubated in complete R10 media (500 ml of RPMI 1640;
50mLHeat-inactivated FBS; 5 ml of Pen/strep (100 U/mL penicillin and 100 ug/mL
streptomycin); 1x GlutaMAX) by adding 1 µM of peptide and anti-CD40 antibody
(1 µg/mL) for 16 hrs. On the next day, the PBMCs were washed and stained
with Annexin V-BV421 (1 µg/mL), CD8-FITC antibody (1 µg/mL) and CD137-PE
antibody (1 µg/mL) for 10 mins at 4 ◦C. Activation-induced expression of CD137 by
peptide stimulation permits the sorting of antigen specific T-cells into tubes using
FACS sorter equipment.

2.1.3.7 SCT multimer formation

Biotinylated SCT monomers have been successfully used in at least three different
formats. First, they have been tetramerized with Streptavidin-Phycoerythin (PE)
(BioLegend) for use as conventional flow cytometry staining reagents. Second, they
have been tetramerized with a custom-made streptavidin-DNA conjugate to allow
for subsequent binding onto complementary ssDNA-biotin molecules affixed on
streptavidin-coatedmagnetic Dynabeads (Thermo Fisher Scientific). These reagents
can be utilized in our previously published work describing the nanoparticle-nucleic
acid cell sorting platform (NP-NACS) [14], which allows for enhanced pMHC-TCR
avidity and microfluidic-guided extraction and analysis of antigen-specific T cells.
Third, we have also been able to conjugate our SCTmonomers onto 10X-compatible
DNA barcoded dextramers (Immudex). These reagents enable coupling of the
antigen-specific identity (DNA barcoded onto dextramers) of a captured CD8 T cell
and its corresponding TCR α and β chain sequences (single-cell mRNA sequencing).
SCTs used as conventional tetramers are exemplified throughout various figures
(e.g. Fig. 4.11). SCTs used within NP-NACS were the primary focus of TESLA
A*01:01 and A*03:01 libraries (Fig. 4.20 & Table 4.7), and of initial COVID
assays (Figs. 3.4 & 3.6). Finally, SCT-dextramers were incorporated into 10x
single-cell sequencing for SARS-CoV-2 proteome analysis (Figs. 3.8 & J.1) to
enable large-scale multiplexing of single-cell antigen-TCR analysis.
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2.1.4 Results

2.1.4.1 Expression of SCT library

Our initial SCT library consisted of 18 HLA-A*02:01 antigens derived from various
sources (Table F.1). To identify candidate L1/HLA mutations to introduce into the
SCT, we surveyed the literature for engineered improvements made to SCT design.
Three generations of L1-HLA combinations (closed groove (wild-type HLA Y84),
open groove (HLA Y84A), and thiol linker (HLA Y84C)) have been previously
explored and shown to demonstrate gradual improvements in pMHC stability. We
implemented these three generations into five unique designs, abbreviated D1 (L1
= (GGGGS)3; closed groove), D2 (L1 = (GGGGS)3; open groove), D3 (L1 =
GCGGS(GGGGS)2; thiol linker), D4 (L1 = GGCGS(GGGGS)2; thiol linker), and
D5 (L1 = GCGAS(GGGGS)2; thiol linker) (Fig. 2.2A-B) [9–11]. Designs which
contained a cysteine in the linker (D3-D5) also incorporated the Y84C mutation in
the HLA subunit to enable dithiol linkage. Next, we implemented an orthogonal
HLAmutation, H74L, into three of the templates (D6-D8) [12]. The H74Lmutation
forms a portion of the C pocket in the peptide binding groove of the HLA subunit
and has been reported to facilitate peptide loading and pMHC immunogenicity, so
we rationalized that its inclusion may improve overall pMHC stability and function.
Our final design (D9, termed DS-SCT) accounts for a recent report which stated
that the paired Y84C-A139C mutation to the HLA binding pocket could introduce
further stabilization to refolded pMHCconstruct [15–18]. This 162-element plasmid
library, encompassing nine HLA templates and 18 peptides, was transfected into
Expi293 cells (Fig. 2.2B). Reduced SDS-PAGE analysis of the SCT protein bands
revealed significant variations in protein yield that was dependent on peptide and
template (Fig. 2.2B). To decouple the effect of transfection efficiency on SCT
yield, a subset of the library under design D3 was further modified to incorporate
an IRES-GFP sequence, such that regardless of peptide identity or degree of SCT
expression, transfected cells would be induced to express intracellular GFP (Fig.
2.3) [19]. Flow cytometry-based detection of GFP-positive cells indicated that the
degree of transfection efficiency was approximately uniform (70%) across all tested
SCT constructs (Fig. 2.3A). A biological triplicate of this subset, with and without
the IRES-GFP insert, was conducted to demonstrate that the peptide-dependent
SCT yield variations are consistent (Fig. 2.3B). The three H74L mutation templates
among the library generally demonstrated improved protein expression relative to
their wild-type counterparts, and the templates making use of thiol linkers produced
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the highest overall yields of SCTs (Fig. 2.2B). In some cases, such as the peptide
AIQDLCLAV, SCT expression could only be obtained with the D8 template, which
incorporates both H74L and thiol linker features, or with the D9 template, possibly
due to stability at the F pocket conferred by the dithiol mutation. Interestingly,
we observed a slight upward shift of the SCT band for VLQELNVTV, indicating
increased mass due to the NXT glycosylation consensus sequence in the peptide
region (Fig. 2.2B). This phenomenon is absent in assembly methods which require
exogenous introduction of peptide and shows that SCTs undergo biological protein-
processing pathways prior to secretion. Thus, SDS-PAGE analysis of this library
revealed that SCT expression is dependent on the choice of peptide and backbone
template, and produces protein containing post-translational modifications.

Next, we wanted to see if the peptides or design templates played any discernible
role in determining the SCT’s thermal stability. SCTs which expressed above a yield
threshold were subsequently HisTag-purified into PBS buffer at pH 7.4 for thermal
shift assays. The measured Tm values were within expected values of reported SCTs
compared to native pMHC counterparts, providing a trend of increased stability for
the same peptide from wild-type groove (D1 & D6) to open groove (D2 & D7) to
thiolated linker/groove (D3, D4, D5, D8, & D9) (Fig. 2.2C). SCT thermal stability
for each peptide was also higher for H74L variants than wild-type counterparts.
Interestingly, for some peptides (such as AIQDLCLAV or FLKANLPLL) in which
SCTs expressed only for some templates, we detected two distinct Tm values, the
lower of which may indicate an improperly folded SCT species.

2.1.4.2 SCT functional assay against tumor-associated antigen

To validate the functionality of the SCT constructs, we needed to assess SCT binding
efficiencies across various designs against known TCRs. For the Wilms Tumor 1
(WT1) peptide (RMFNAPYL) [20], we assessed the binding of this series of six
SCTs (D1, D2, and D7 yields were too low for use) against the WT1-specific C4
TCR,which has been characterized by others for reactivity to the peptide in vivo (Fig.
2.4). Expressed WT1 SCTs were purified and used in binding assays against a 95/5
mixed population of C4 TCR-transduced and MART-1-specific F5 TCR-transduced
Jurkat cells. Significant differences in the degree of binding by WT1 SCTs to
WT1-specific Jurkat cells was observed. The H74L SCT variants (D6 and D8)
displayed the poorest performance, capturing approximately two-fold fewer cells
within the gates compared to the wild-type H74 counterparts. The DS-SCT variant
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Figure 2.2: SCT design and optimization
A. Axial view of crystal structure of HLA-A*02:01 SCT (RDB ID: 6APN).

Highlighted regions of interest: H74 (blue), Y84 (green), A139 (orange), first three
amino acids of L1 linker (purple). Peptide is loaded into pocket in N-to-C direction
(left-to-right). B. Table: Summary of L1 and HLA amino acid modifications for
each of the nine SCT templates tested. Heatmap: Relative expression of each SCT

combination, as designated by template (row) and peptide (column). Relative
expression is quantified by automated measurement of protein band intensities, as
exemplified by reduced SDS-PAGE image of 18 SCTs constructed using design

template D9 (bottom). Previously expressed and purified aliquot of WT1
(RMFPNAPYL) SCT is used as positive control (+) for band intensity

quantification. C. Thermal shift assay measurements of SCTs. Tm measurements
of two peptides designed using the nine SCT templates are depicted (left). Their
Tm values are plotted in the scatterplot (right) to show relative changes in stability

based on template and peptide. Individual thermal shift curves (left) are
representative of a biological triplicate measurement, with all individual Tms

plotted (right).

for WT1 demonstrated the best binding efficiency in the same assay against C4
TCR-transduced Jurkat cells, capturing 97.3% of the WT1-specific cell population.
A similar assay was performed for the MART-1 epitope against a pure population
of F5 TCR-transduced TCR Jurkat cells to produce similar results. Consequently,
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Figure 2.3: SCT transfection quality control
SCT transfection efficiency is uniform and expression is peptide-dependent. A.
Expi293 cells transfected with an SCT library consisting of 15 different peptide
elements (x-axis) with or without an IRES-GFP indicator are measured for

viability and GFP fluorescence after 4 days of transfection. B. Measurement of
SCT protein band intensity in SDS-PAGE is performed after transfection using the
same plasmid library elements. A negative control (“empty”) consists of Expi293

cells transfected with all standardized reagents except SCT plasmid.

the DS-SCT template was used for peptide libraries in future experiments.

2.1.4.3 SCT functional assay against viral antigens

To extend our platform toward use cases in infectious disease, we expressed a
small SCT library targeting common epitopes. We initially constructed plasmid
templates against 66 total A*02:01 or A*24:02 epitopes commonly reported in the
literature (Fig. 2.5A). Similar to the previous library, all plasmids displayed peptide-
dependent SCTexpression (Fig. 2.5B). TheSCTswere ranked by protein expression,
and ten epitopes derived from common viral strains (CMV, EBV, influenza, and
rotavirus) from each of two HLA types and resulting in the highest SCT expression
were selected for further use in identification of antigen-specific specific T cells.
For each of the two HLA types, the ten selected SCTs were pooled together and
used to sort for antigen-specific CD8+ T cells from HLA-matched healthy donor
PBMCs. One donor was used per HLA type, and the cells were split across ten lines
to demonstrate reproducibility. The sorted cells from each line were subsequently
expanded over several weeks, and then sorted by individual tetramers from the ten-
element SCT pool. The results of this flow cytometry experiment are displayed
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Figure 2.4: Flow cytometry assay to optimize WT1 SCT-TCR capture.
WT1 (RMFPNAPYL) SCTs constructed according to each of six template designs
in Figure 2.2B were paired with a MART-1 (ELAGIGILTV) SCT (D3 template) to

identify their cognate TCR-transduced cells in a 95/5 mixture of C4
TCR-transduced primary T cells and MART-1 Jurkat T cells. Number/color at top
right of each plot indicates the SCT template used for WT1 SCT in the flow assay.
Percentages indicate the proportion of total cell population captured in the WT1

SCT-positive quadrant by each of the six WT1 SCT designs.

in Figure 2.6A for the A*02:01 SCTs, and in Figure 2.6B for the A*24:02 SCTs.
For each peptide, the general consistency in cell capture percentage across each of
the ten lines indicates that expansion was uniformly expanding all cells captured
by the pooled tetramers. Across each peptide, however, we observed a broad range
of capture frequency. This indicates that antigen-specific T cells against particular
epitopes might be relatively rare in the captured cells, or that those particular cells
may not be as susceptible to expansion, and therefore are detected more rarely. To
further demonstrate that the captured cells are not only tetramer-specific, but actually
can be activated by biological presentation of the tetramer’s associated peptide, we
measured IFNγ production after peptide stimulation against the expanded cell lines
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or the original PBMCs (Fig. 2.6C). In both HLA types, we generally observed
agreement between PBMCs and cell lines for IFNγ production after stimulation
with each peptide. Scenarios where the PBMCs showed a greater number of IFNγ+
count might indicate that there were other T cells responsive against the epitope
that were not detected by our tetramers. These cells might respond to a different
epitope conformation not presented our SCT construct, or perhaps contain antigen-
responsive TCRs with HLA restrictions not covered by our SCT library. For most
peptides which resulted in low capture frequency (e.g. Rota-VP2 & Rota-VP6 of
Fig. 2.6A; Influenza PB1 216, EBV EBNA3B, & EBV BMLF1 of Fig. 2.6B), a
very low IFNγ count was obtained after peptide stimulation of either the cell lines or
PBMCs. This indicates that the SCT tetramers for these peptides were performing
at maximal capacity in terms of capturing all potential antigen-specific T cells.
In summary, the individual tetramer binding assay and peptide stimulation results
indicate that SCTs can capture cognate TCRs which recognize and are activated by
the same epitope bound onto native, surface-bound MHCs.

To further assess functional capacity of the SCTs, we queried the sequences of
the CDR3 regions from TCR α and β chains captured by SCT dextramers. A
healthy A*02:01 donor was identified to have positive reactivity against the peptide
NLVPMVATV,which is derived from human cytomegalovirus (CMV) pp65 protein.
We used this SCT element and its folded pMHC counterpart to sort for CMV-specific
T cells from the donor PBMCs (Fig. 2.7A). 10X single-cell sequencing of the sorted
population revealed a similar distribution of antigen-specific clones captured by the
two reagents. As seen in the table in Figure 2.5B, Levenshtein distances (LD) of
the CDR3α and CDR3β chains against a public database were low, indicating high
similarity between our detected CMV-specific TCR chains and those previously
reported [21]. Two paired clones (red and light orange wedges in (Fig. 2.7B)
contained CDR3α chains exactly matching literature results (LD = 0) [22, 23]. An
additional clone (light green wedge) contained an α/β pair for which both chains
have been reported as CMV-specific [22, 24], and was captured by the SCT at a
ten-fold higher frequency. These results indicate that SCT tetramers have at least
similar flow cytometry performance to the gold standard of folded pMHCs.

2.1.5 Discussion

The technologies introduced herein showcase an extension of SCT expression meth-
ods into a high-throughput platform for assembly of hundreds of elements in a



45

ID pep�de an�gen source
1 LLFGYPVYV HTLV-1 Tax
2 KLVALGINAV HCV
7 GLCTLVAML EBV-BLMF1

11 WLSLLVPFV HBV-SAg
14 YVLDHLIVV EBV-BRLF1
19 SITEVECFL Human polyomavirus 2
23 FLLSLGIHL HBV
24 GILGFVFTL Flu-M1
31 SLFNTVATL HIV gag
41 YLLFEVFDV AdV 11 Hexon
42 LLFEVFDVV AdV 11 Hexon
43 YVLFEVFDV AdV 11 Hexon
44 FLDKGTYTL EBV BALF4
45 YLQQNWWTL EBV-LMP1-2
46 YLLEMLWRL EBV-LMP1-1
49 FLYALALLL EBV-LMP1-2
57 VLEETSVML CMV-IE1
62 TLNAWVKVV HIV-gag
70 AIMDKNIIL Influenza NS1
76 KLIANNTRV M. tuberculosis Ag85A
84 ALWALPHAA varicella-zoster IE62 593-601
86 NLVPMVATV CMV-pp65
87 FMYSDFHFI Influenza A
88 YLLPGWKL Rota-VP3
89 NMLSTVLGV Flu-PB1
90 SLMDPAILTSL Rota-VP1
91 TLLANVTAV Rota-VP6
92 FMDILTTCVET CMV-IE1-2
93 QMWQARLTV CMV-pp65-2
94 SLISGMWLL Rota-VP2-1
95 LLNYILKSV Rota-VP7-1
96 LMNGQQIFL CMV-pp65-3
97 FLDSEPHLL Rota-NSP1
98 ALWGPDPAAA Proinsulin precursor 15-24
99 TLDYKPLSV EBV BMRF1

100 CLGGLLTMV EBV-LMP2A

ID pep�de an�gen source
1 TYFNLGNKF AdV 11 Hexon (37-45)
2 VYSGSIPYL AdV 11 Hexon (696-704)
3 TYFSLNNKF AdV 5 Hexon (37-45)
4 DYNFVKQLF EBV BMLF1 (320-328)
5 TYPVLEEMF EBV BRLF1 (198-206)
6 RYSIFFDYM EBV EBNA3A (246-254)
7 TYSAGIVQI EBV EBNA3B (217-225)
8 IYVLVMLVL EBV LMP2 (222-230)
9 PYLFWLAAI EBV LMP2 (131-139)

10 TYGPVFMSL EBV LMP2 (419-427)
11 TYGPVFMCL EBV LMP2 (419-427)
12 EYLVSFGVW HBV core (117-125)
13 KYTSFPWLL HBV pol (756-764)
14 QYDPVAALF HCMV pp65 (341-349)
15 EYVLLLFLL HCV E2 (717-725)
16 PFHCSFHTI HHV-6B U54 (267-275)
17 RYLRDQQLL HIV env gp160 (584-592)
18 RYLKDQQLL HIV env (67-75)
19 RYPLTFGW HIV nef (134-141)
20 VYDFAFRDL HPV16 E6 (49-57)
21 FFQFCPLIF HTLV-1 Env (43788)
22 LFGYPVYVF HTLV-1 Tax (43819)
23 PYKRIEELL HTLV-1 Tax (187-195)
24 SFHSLHLLF HTLV-1 Tax (301-309)
25 YYLEKANKI Influenza PA (130-138)
26 SYLIRALTL Influenza PB1 (216-224)
27 RYTKTTYWW Influenza PB1 (430-438)
28 SYINRTGTF Influenza PB1 (482-490)
29 RYGFVANF Influenza PB1 (498-505)
30 TYQWIIRNW Influenza PB2 (549-557)

A*02:01 viral an�gens A*24:02 viral an�gens

1 2 7 11 14 19 23 24 31 41 42+ 98 99 100+ 1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 16 17 18 19+43 44 45 46 49 57 62 70 76 84 86+

87 88 89 90 91 92 93 94 95 9697+ 20 21 22 23 24 25 26 27 28 29 30+

A

B

Figure 2.5: Expression of A*02:01 & A*24:02 SCT viral libraries.
A. Table of A*02:01 and A*24:02 viral antigens used to construct SCT library. B.

Reduced SDS-PAGE of SCT expression for each of the peptide elements
highlighted in Table A. Lane number corresponds to peptide ID in Table A.

Additional data on expression yield of selected SCTs for downstream stimulation
assay can be found in Table F.2.

relatively rapid and facile manner. Subsequent characterization of the expressed
elements reveals distinctive peptide-dependent trends in SCT expression, thermal
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pep�de YVLDHLIVV YLQQNWWTL AIMDKNIIL NLVPMVATV FMYSDFHFI NMLSTVLGV SLMDPAILTSL TLLANVTAV SLISGMWLL LMNGQQIFL
pep ID 14 45 70 86 87 89 90 91 94 96
an�gen EBV-BRLF1+ EBV-LMP1-2+ Influenza NS1+ CMV-pp65+ Influenza A+ Flu-PB1+ Rota-VP1+ Rota-VP6+ Rota-VP2-1+ CMV-pp65-3+
Line 1 17.00% 2.60% 4.50% 26.10% 6.30% 0.30% 0.10% 0.30% 1.10% 17.30%
Line 2 11.90% 2.00% 4.20% 12.80% 4.80% 5.30% 0.20% 0.40% 0.90% 8.80%
Line 3 21.30% 4.10% 6.40% 18.50% 3.80% 0.50% 0.20% 0.90% 0.30% 3.50%
Line 4 14.80% 2.40% 4.40% 16.50% 3.30% 0.80% 0.50% 0.50% 1.60% 23.50%
Line 5 13.60% 1.70% 1.90% 14.60% 1.80% 1.00% 0.30% 0.50% 0.80% 7.30%
Line 6 7.20% 1.20% 1.20% 8.20% 1.20% 1.20% 0.30% 0.80% 1.80% 21.00%
Line 7 14.20% 1.20% 0.90% 10.10% 0.80% 0.20% 0.00% 0.20% 0.10% 0.20%
Line 8 6.40% 2.70% 1.10% 10.30% 4.40% 0.70% 0.20% 1.00% 0.50% 10.20%
Line 9 11.60% 4.40% 1.10% 15.10% 0.90% 0.70% 0.10% 0.30% 0.70% 13.60%
Line 10 12.50% 1.10% 2.00% 19.80% 6.60% 0.60% 0.10% 0.70% 0.60% 5.10%

pep�de DYNFVKQLF TYPVLEEMF TYSAGIVQI TYGPVFMSL TYGPVFMCL QYDPVAALF YYLEKANKI SYLIRALTL SYINRTGTF TYQWIIRNW
pep ID 4 5 7 10 11 14 25 26 28 30

 EBV BMLF1 320+ EBV BRLF1 198+ EBV EBNA3B+ EBV LMP2-SL+ EBV LMP2-CL+ HCMV pp65+ Influenza PA+ Influenza PB1 216+ Influenza PB1 482+ Influenza PB2 549+
Line 1 0.88 6.1 0 0.22 5.35 4.05 0.55 0.71 0.44 2.31
Line 2 0.56 3.64 0.17 0.32 3.34 0.94 0.04 0.2 0.15 0.68
Line 3 1.48 5.2 0.24 0.35 3.31 2.13 0.05 0.22 0.17 1.78
Line 4 0.54 14.7 0.2 0.4 1.94 1.65 0.09 0.5 0.21 0.81
Line 5 0.93 3.97 0.21 0.12 3.33 0.58 0 0.3 0.02 0.43
Line 6 0.35 3.18 0.3 0 1.46 0.41 0.27 0.23 0.27 0.99
Line 7 0.16 3.15 0.28 0.04 2.51 1.28 0.08 0.19 0.03 2.73
Line 8 0.93 10.1 0.62 0 4.64 1.86 9.25 0.37 0.17 2.15
Line 9 1.11 5.34 0.53 0.2 2.97 1.75 4.29 0.17 0.15 2.26
Line 10 0.72 3.09 0.41 0.07 3.14 1.45 0.18 0.48 0.12 0.85

A

B

C

Figure 2.6: A*02:01 & A*24:02 SCTs can capture cognate TCRs that recognize
and are activated by the same epitope bound onto native, surface-bound MHCs.
A & B. Antigen-specific T cell populations against select SCT elements of Figure
2.5 were sorted with SCT tetramer pools from healthy donor PBMCs (ten lines
each). The sorted cells were expanded and re-stained with individual SCT

tetramers, as depicted in the flow cytometry plots. Tables represent percentage of
tetramer-positive CD8+ T cells from expanded sample against each SCT element,
and flow cytometry plots above each peptide are representative of the tetramer flow
assay which generated the highest count among all ten lines [A*02:01 SCTs are

depicted in (A), A*24:02 SCTs depicted in (B)]. C. PBMCs or expanded
antigen-specific T cell lines from (A) & (B) were expanded and stimulated with
individual peptides to demonstrate immunogenic response via IFNγ assay (left:

A*02:01 peptides/SCTs/cells, right: A*24:02 peptides/SCTs/cells).

stability, and functionality. For peptides that are difficult to express in the SCT
format, it is possible that our expression platform reflects to some extent the natural
binding affinities of these peptides for the HLA binding groove, as noted by others
[8], and thus may be used as a proxy to validate peptide binding algorithms. The
assessment of peptide yield in a systematic manner using the gel analysis methods
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CDR3α LD CDR3β LD
CATVGTASKLTF 5 CASSLWLNEQFF 2
CARNTGNQFYF 0 CASSPKTGASYGYTF 2
CVVGYGQFYF 4 CASSFVSFDEQFF 4
CAGPMKTSYDKVIF 0 CASSSAYYGYTF 0
CAASRKGSNYKLTF 5 CASSADSYGANVLTF 4
CAVRWGGKLSF 5 CSVDPGHTGEKLFF 6
CAEIPNYGGSQGNLIF 0 CASSLVGGRHGYTF 2
CAESSASKIIF 5 CASSHDPTWGPGNTIYF 6
CAVRDRWSGGYQKVTF 8 CASSFGQGSSPLHF 4
CAVRVSGGYNKLIF 5 CASSLETVNTEAFF 3
CAVTLNNNAGNMLTF 6 CASSSFYDSNEKLFF 4
CALSPRTQGGSEKLVF 4 CASSLASPGHFTGELFF 4

64.3%

refolded
pMHC

A B

Figure 2.7: Functional comparison of CMV pMHC reagents.
A. Flow cytometry assays of tetramers prepared using SCT or refolded format

(left). Pie charts (right) depict the unique clonotypes identified by 10X single-cell
sequencing of tetramer-positive cells. B. TCR CDR3α/β gene sequencing analysis
of captured CMV-specific T cells. Table contains CDR3α and CDR3β sequences
of the twelve most frequently captured clonotypes from SCT tetramer along with
their Levenshtein distance to publicly reported CMV-specific clonotypes from

VDJdb [16]. The light green clonotype (offset wedge in both pie charts)
corresponds to a published pair of CMV-specific CDR3α and CDR3β chains,

indicating an exact match (LD=0).

introduced herein should enable one to generate cumulative libraries comparing
SCT yield with peptide identity, which in turn should provide a robust and growing
dataset for training machine learning algorithms.

Aside from changing the identity of the loaded peptide in each SCT element, our
initial library also demonstrated that SCT expression and function can be compatible
with various mutations inserted into L1 andHLA domains. The spectrum of binding
efficiencies in our flow assay against the C4 TCR indicates that perhaps each WT1
SCT variant is displaying a different epitope conformation to the TCR as a result of
the mutations. Whether this phenomenon is peptide-dependent, HLA-dependent, or
TCR-dependent remains to be seen, as there may not exist a single L1/HLA template
solution that can capture the “best” TCRs for any given peptide. Future work in this
directionwill consist of performing similar assays against otherWT1-specific TCRs,
utilizing different peptide-loaded SCTs in a similar manner against cognate TCRs,
and performing such assays on peptide/TCR pairings for different HLA alleles.

Prior works have implied that accessibility of the peptide to the terminal ends of the
HLA binding groove plays a crucial role in stabilizing the MHC. Our identification
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of the DS-SCT template as being among the best of the tested templates for binding
to the C4TCR, therefore, was an interesting result, as we speculated that a dithiolated
closure of the groove at the C-terminus coupled with the presence of a peptide linker
would sterically hinder the peptide from being presented in a manner capable of
binding to cognate TCRs. To our surprise, the DS-SCT template did not negatively
impact binding functionality of the WT1 SCT against the C4 TCR, and instead
was among the best designs in terms of binding efficiency. Further elucidation of
this phenomenon is currently being undertaken to obtain crystal structures of the
WT1 DS-SCT. Additionally, crystal structures of the YML series of peptides (from
9mer to 14mer length) have been obtained for various template designs from this
work. These structures, to be published in a separate manuscript1, should elucidate
the impact that peptide length and L1 identity have on the peptide-binding groove
interactions at the C-terminal pocket region.

Following template optimizations, our use of a viral SCT library to capture func-
tional TCRs, verified either by means of peptide stimulation or by TCR sequencing,
indicates that the epitope conformations presented by the SCTs to the TCR interface
are biologically relevant. The two libraries discussed in this section showcase the
versatility of pMHC production and applications available under our SCT produc-
tion platform, enabling modular analysis of different template mutations, different
peptides, or different HLA alleles. The characterization profiles of these library
elements should provide a foundation for further expansion into other infectious
disease or cancer contexts.

2.1.6 Future Directions

2.1.6.1 CD8-inhibiting mutations

While pMHC reagents have enabled researchers to capture T cells at the level of
antigen specificity, studying T cells on this basis fulfills just one of the numerous
requirements necessary to better understand the immunogenic potential behind their
TCRs. Numerous works have assessed the binding affinity of antigen-specific
TCRs to their target pMHCs, showing that there is a broad affinity range which
may drastically impact downstream immunogenic potential of each T cell [25]. It
would be desirable then, to also distinguish all TCRs specific to one antigen on
the basis of their binding affinity to the epitope. Such a function has been built

1Kathryn AK Finton*, Peter Rupert*, William Chour, Matthew Buerger, Ana Dinca, Erica
Lovelace, Roland K Strong. Manuscript in preparation.
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into existing pMHC constructs by others via the introduction of HLA mutations
which inhibit pMHC binding interactions with the CD8 co-receptor of T cells [26–
30]. The resultant loss of this secondary interaction during pMHC-TCR coupling is
hypothesized to weaken the overall affinity and skew successful binding interactions
toward those TCRs with high affinity to pMHC. Therefore, pMHC tetramer flow
cytometry reagents with thismutation can be utilized as a filter to remove low-affinity
TCRs from the sorted, antigen-specific T population.

The engineering of pMHCs with this capacity has been conducted throughout the
past two decades. Luescher et al. illustrated that a single HLA mutation (D227K)
has the capacity to reduce binding to low affinity TCRs [28]. Pittet et al. improved
this development by implementing a pair of mutations (D227K and T228A) which
completely abolished binding to low affinity TCRs [30]. Bodinier et al. later
demonstrated that A245V can also perform a similar function [26]. Taken together,
these works demonstrate that there are variable degrees to which the CD8-pMHC
interaction can be tuned, such that the resultant T cell population pool captured
might be different in terms of cytotoxic potential. Because these works occurred
prior to the onset of single-cell sequencing technologies that democratized TCR
sequencing and phenotypic characterization, their output metrics primarily relied
on traditional lysis activation assays. By combining these CD8-inhibiting mutations
with SCTs and a modern single-cell sequencing protocols, we are now in an era
where TCR sequences of high and low affinity may be easily distinguished and
potentially used to define downstream functional behavior.

The exploration of CD8-inhibiting mutations in our lab is still in its infancy; much
of the SCT work has been done, but was conducted prior to the integration of TCR
sequencing technologies in our lab such that we did not have a chance to properly
generate output TCRs representative of high- and low-affinity populations. Herein,
I briefly demonstrate the impact of CD8-inhibiting mutations on SCT function in
three experimental contexts.

Impact of D227K & T228A mutations on WT1 SCTs

The D227K mutation has been reported as a lone mutation capable of blocking
CD8 interaction with pMHCs [28]. This mutation’s CD8 inhibition has also been
reported to be improved when paired together with the T228A mutation [27]. We
explore the function of these mutations when implemented into our SCT platform
to generate a small library of A*02:01 SCT variants loaded with the WT1 peptide
(RMFPNAPYL). We have previously shown theWT1 SCTs to be capable of expres-
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sion only for certain template variations (Fig. 2.2B & 2.8A). The plasmid templates
which successfully led to expression were subsequently mutated to introduce either
D227K or D227K+T228A together across all templates . Standard transfection of
this library, encompassing seven core templates across three CD8-interaction vari-
ants [wild-type (no HLA mutation), D227K, or D227K+T228A)], was performed
over four days, and SDS-PAGE was conducted to characterize the yield (Fig. 2.8A;
NOTE: Lane 8’s cells were found to be low viability, so no transfection occurred,
leading to no detectable SCT output for this plasmid). From Dr. Philip Greenberg’s
lab at Fred Hutch, we obtained T cells transduced with a WT1-specific A*02:01-
restricted TCR (CD4ba). This TCR was transduced either into a CD8+ or a CD4+

cell line, enabling us to assess the impact of various HLAmutations on their capacity
to interact with the CD8 co-receptor.

Transfection of these SCTs led to template-dependent yields across each HLA
mutation type. Templates D6 and D7, which do not contain a cysteine-modified L1
linker and which also do not have the pocket-stabilizing dithiol mutation seen in
D9, gave consistently lower yields relative to other templates. We also observed a
double-banding pattern of SCTs in a non-reduced SDS-PAGEenvironment. Because
this pattern was only observed in templates which implemented a cysteine linker,
we suspect this is the cause of double-banding, but do not suspect that it has any
impact on function (see top left plot of Fig. 2.8B). We currently do not understand
the structural manifestations of this double-banding pattern; dimerization is ruled
out as these bands would be expected to be significantly upward-shifted relative to
the positive control SCT band.

The tetramer binding assays against TCR-transduced cell lines showed distinctive
binding patterns for each HLA variant. The wild-type SCTs, when used to stain
TCR-transduced CD8+ T cells, displayed variable degrees of successful binding
to the cognate TCR (Fig. 2.8B & 2.4). Among this wild-type subset, D3 and
D9 templates showed remarkably high binding efficiency, capturing at least 90%
of all cells. When either D227K or D227K_T228A mutations were introduced,
we observed essentially complete abolishment of TCR binding across all SCT
variants (Fig. 2.8B, middle-left and bottom-left plots) except for D227K_T228A
D9 variant, which still showed some degree of binding capability. We also assessed
TCR-transduced CD4+ T cells to see if the absence of CD8 on these T cells might
still result in binding by any SCT variant. If binding does occur, one interpretation
is that the particular SCT variant paired with the C4 TCR results in a high-affinity
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Figure 2.8: D227K and T228A mutations inhibit CD8 interaction with pMHCs.
A. SDS-PAGE of A*02:01 SCTs expressed with the WT1 epitope (RMFPNAPYL)

for various templates (Fig. 2.2). Labels above each bracket indicate the
CD8-inhibiting mutation applied to each set of SCTs (”wild-type” refers to no
mutation against CD8 interaction). +, purified WT1 SCT. B. Flow cytometry

intensity plots of tetramer binding interaction between expressed WT1 SCTs and
TCR-transduced T cells. Y-axis denotes SCT type (colors correspond with legend
in (A)). Binding experiments were performed with CD8+ T cells (left column) and
CD4+ T cells (right column). In each plot, the dashed line indicates the positive

signal threshold of 103 mean fluorescence intensity units (right of line = positive).
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interaction exclusive of CD8 co-binding. As seen in the top-row plots of Figure
2.8B, the wild-type SCTs showed a drastic reduction in binding against CD4+ T
cells compared to binding against CD8+ T cells, indicating that most of these SCT
variants relied on the CD8 co-receptor to facilitate pMHC-TCR affinity. For all SCT
variants which contained a CD8-inhibiting mutation, binding efficiencies against
CD8+ or CD4+ T cells were virtually unchanged.

Across all cell lines and HLA mutations, the D9 SCT template appeared to be the
best binder in terms of signal retention beyond the 103 MFI threshold. Indeed, as
seen across all cases where CD8 interaction is removed (either with introduction of
CD8-inhibitory mutation or substitution of CD8 with CD4), the D9 tetramer was
capable of still generating some signal beyond noise. While we have not completely
ruled out the possibility that this could be due to WT1 D9 SCTs non-specifically
binding all cells by testing binding to an off-target TCR, we have been able to
confirm that D9 SCTs for other peptides and other HLAs do not non-specifically
bind (Fig. 4.11A,D). Thus, we find the results of Figure 2.8 to indicate that the D9
template is superior to other designs in terms of epitope presentation for enhanced
affinity against TCR.

Impact of A245V mutation on neoantigen-encoded SCTs

Another HLA mutation, A245V, has been previously demonstrated to reduce CD8
interaction with pMHCs during TCR activation [26]. Herein, we implemented such
a mutation for a private neoantigen-encoded library of SCTs, showing its capacity
to significantly reduce background noise from binding of non-specific T cells. In
our collaborative work with the TESLA consortium (Section 4.3.3.2), we pursued
a parallel direction of generating A*03:01 SCTs (D3 template) with the A245V
mutation for A*03:01-restricted peptides of a melanoma patient. The expression
results of this library (data not shown) matched in terms of expressed protein
band intensity per peptide-encoded SCT against its wild-type (no A245V mutation)
variant, indicating that the mutation had no significant impact on protein expression
capabilities of transfected cells. Subsequently, the biotinylated, purified SCTs were
tetramerized for use against PBMC samples from the melanoma patient to detect
antigen-specific T cells. The tetramers were utilized in groups of three to assess for
three antigen specificities per flow experiment, where one antigen specificity was
tetramerizedwith streptavidin-PEwhile the other two specificities were tetramerized
with streptavidin-APC. In this manner, detection of double-positive fluorescence
signal would indicate non-specific cross-binding of SCT tetramers. Cells which
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exhibit significant PE signal but not APC would be truly specific T cells.
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Figure 2.9: A245V mutation inhibit CD8 interaction with pMHCs loaded with
neoantigens.

A. Flow cytometry profiles of neoantigen-loaded A*03:01 SCT tetramers
incubated with PBMCs from a melanoma patient. Lower left quadrant (red)

indicates non-binding. B. Experiment in (A) was expanded to cover various other
combinations of SCT tetramers. Lower left quadrant (black) indicates non-binding.

When this experiment was performed for a set of three SCTs without using the
A245Vmutation (Fig. 2.9A), we observed significant cross-binding, strongly skew-
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ing the tetramer-bound populations into a diagonal on the flow plot. However, when
the A245V mutation was implemented for SCTs of the same antigen specificities,
this cross-bound population was essentially removed. Furthermore, the counts of
SLHAHGLSYK-specific T cells based on PE-specific signal (polygonally bound
region) increased. Our interpretation here is that without the A245V mutation,
non-specifically bound cells will overwhelm the tetramer-positive population, in
essence masking the true positive reads from being properly detected. Once the
A245V mutation is inserted to inhibit CD8 interaction, however, some of the truly
PE-specific population (found in the oval-bound region of left in Fig. 2.9A) will
only bind to the peptide-associated PE tetramer, thus increasing PE-specific binding
counts.

This experimental setup was repeated three additional times (Fig. 2.9B), with each
case having a unique arrangement of one SCT tetramerized with streptavidin-PE and
two SCTs tetramerized with streptavidin-APC. In all cases, when comparing binding
results of wild-type SCTs versus A245V SCTs, there are two major observations.
First, the overall signal intensity decreases such that most cells give below 103 MFI
(our cutoff threshold for establishing specific binding). Second, for A245V SCT
tetramer staining, cells which generate a signal beyond 103 MFI tend to only do so
in one axis, indicating that perhaps they only have specificity to one of the three SCT
tetramers assessed. This is a strong contrast to what is observed with the wild-type
SCTs, where again, similar to Figure (Fig. 2.9A), there is clearly a strong inclination
for non-specific binding events to occur to generate a skewed diagonal.

Impact of A245V mutation on viral SCTs

Similar to the SCT library production design for the A*03:01 neoantigens, an
A*02:01 SCT library (D8 design) containing the A245V mutation was generated
to encode various A*02:01 viral and bacterial peptides. We selected four of these
elements to be utilized in tetramer binding assays against PBMCs obtained from a
healthy A*02:01 donor sample, where for each assay, one of three viral peptide SCT
elements (tetramerized with streptavidin-PE) was mixed with the bacterial SCT
element (tetramerized with streptavidin-APC) prior to staining. The viral SCTs
encode peptides derived from EBV, CMV, and influenza viruses which have been
reported in the literature to have cognate TCRs in virtually all A*02:01 individuals,
whereas the bacterial SCT encodes a peptide from M. tuberculosis, for which we
do not expect there to be much reactivity given the low prevalence of this disease.
Therefore, the former elements serve essentially as positive controls in the staining
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assay, while the latter element serves as a negative control.
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Figure 2.10: A245V SCTs loaded with viral antigens also give reduced non-specific
binding profile.

PBMCs from an A*02:01-positive healthy donor were incubated with SCT
tetramers encoding positive control peptides (from EBV, CMV, and influenza) and

negative control peptide (from M. Tuberculosis).

As seen in (Fig. 2.10), the flow cytometry results for these A245V SCTs displayed
a remarkably similar profile to that of the A*03:01 A245V SCTs (Fig. 2.9B),
where most of the staining signal was contained within the lower left quadrant and
no diagonal skew was present. This is highly suggestive of a strong reduction in
non-specific binding compared to wild-type SCTs. Furthermore, for cells which do
generate a positive signal in this experiment, we find that in all three assays, this
was only observed for tetramer-PE, indicating specific binding only by tetramers
designed to present a common viral epitope. The lack of any binding by the M.
tuberculosis antigen SCT tetramers is in alignmentwith our expectations for negative
control results.

Conclusion

Taken altogether, the data presented here in this section is a snapshot of our current
progress in the design of SCTs tailored to avoid interaction with CD8. Our initial
work with the WT1 SCTs against TCR-transduced cell lines provided a completely
controlled experiment where we could alter SCT, TCR, and CD8 presence. This
enabled us to demonstrate that D227K and D227K+T228A can completely abolish
tetramer binding, at least in the context of our selected peptide and TCR system.
With the two A245V experiments, which were used in human PBMCs across two
HLA types, we showed that a similar reduction in TCR binding can occur due
to removal of low-affinity TCR interactions that relied on CD8 co-binding. The
tetramer binding profiles with the A245V mutation across A*02:01 and A*03:01
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libraries were remarkably similar, highlighting the strong reduction in non-specific
binding.

There appears to be a sort of “catch-22” when it comes to the incorporation of
these CD8-inhibiting mutations. A very obvious advantage when using these SCT
reagents is their capability to significantly reduce noise (Fig. 2.9 & 2.10). Unfortu-
nately, the inhibition of CD8 binding, while conducive to elimination of non-specific
events, may be unexpectedly counter-productive in some cases, such that we may
end up capturing very little positive signal whatsoever. As seen with the case of
the WT1 SCTs, CD8-inhibiting mutations blocked most SCTs from binding to the
C4 TCR cell line. Given that this TCR has been shown to be cytotoxic and has
clinical potential for therapy, TCR discovery using CD8-inhibiting SCTs would have
completely missed this clonotype.

What is missing from our dataset so far then, is the demonstration of a scenario
where high-affinity TCRs are captured by these reagents and properly sequenced
and characterized to show antigen specificity. Figures 2.9 & 2.10 show early steps
toward this objective, where we have clearly captured specific binding signal using
A245V SCTs. A follow-up to these results using the TCR sequencing, cloning,
and validation methods discussed later (Sections 2.3 & 3.1.3.4) should be pursued.
It would enable us to ask deeper biological questions and experimentally assess
the functional difference between TCRs of low or high affinity against particular
pMHCs.

2.1.6.2 Analysis of the impact of peptide length on SCT expression

Introduction & Methods

During our initial analysis of SCT expression across various templates (Fig. 2.2),
we were surprised to see that the 12mer YML peptide was capable of expression.
The high-yield expression of SCTs for both the 9mer and 12mer peptides prompted
us to examine whether additional YML peptides of various length extensions toward
the C terminus might also enable SCT expression. This peptide sequence of the
HPV E7 protein (YMLDLQPETTDLYC) was adapted into lengths of 8 to 14 amino
acids. Primers encoding these peptides were utilized in inverse PCR reactions to
insert these codons into the peptide region of A*02:01 SCT templates (eight designs
total). The plasmids were transfected into Expi293 cells, incubated for four days,
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and the SCT expression was measured by SDS-PAGE analysis. The SCTs were
further assessed for thermal stability by performing thermal shift assays.

Results & Discussion

All SCTs containing the YML 8mer produced the weakest expression in general
(Fig. 2.11). The highest expression yields across all design templates for the 8mer
peptide were for those which used template designs without a cysteine linker (D1,
D2, D6, D7). Our current hypothesis is that the cysteine linkers force the 8mer into
a configuration within the HLA’s binding pocket that is not amenable to stabilization
and expression. Amongst the 8mer SCTs which had high yield, we observed that the
D1 variant produced higher expression than D2, indicating that the Y84A mutation
might be slightly worse at stabilization. The expression difference between these
two templates is moderately reduced when the H74L mutation is added (D6 vs D7),
where now the yields appear comparable.

SCTs with 9mer to 13mer peptides showed consistent expression levels across all
templates. 9mer, 10mer, 11mer SCTs have relatively worse expression than other
peptides for D1, while the 9mer is relatively worse for D2. Similar to the 8mer, the
14mer seems to experience significantly reduced expression when using a cysteine
linker template. For D3, D4, D5, & D8, the 14mer shows significantly lower
expression compared to 9-13mers of the same templates. However, for non-cysteine
linker templates (D1, D2, D6, & D7), the 14mer ranks among the high-expressing
SCTs compared to peptides of the same template. Our interpretation here is that
the 14mer may be constrained by the presence of a cysteine linker. By forcing
all amino acids upstream of the cysteine link to fit in the binding groove ahead of
the C-terminal pocket enclosure, there is a high likelihood that the steric hindrance
introduced will not enable the epitope to remain as stably bound to the groove.
This issue becomes more apparent as the peptide length increases, explaining the
expression differences of the 14mer versus other lengths.

All templates with cysteine linker display a double-banding pattern in non-reduced
SDS-PAGE. This is a template-dependent phenomenon, similar to what we previ-
ously observed when expressing WT1 SCTs.

To further assess the stability of these SCTs, melting temperatures of the proteins
were performed. As seen in Figure 2.12, Tm values across the peptide series
showed dependencies on SCT template and peptide length. Across all the peptides,
the most stable constructs consisted of templates which made use of a cysteine linker
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YML n-mer

non-reduced

reduced
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+ 12 13 14 8 9 10 11 12 13 14 8

+ 9 10 11 12 13 14 9 10 11 128

+ 13 14 8 9 10 11 12 13 14 8 9

+ 10 11 12 13 14 8 9 10 11 12 13
+ 14

74 84 139
1 GGGGS H Y A
2 GGGGS H A A
3 GCGGS H C A
4 GGCGS H C A
5 GCGAS H C A
6 GGGGS L Y A
7 GGGGS L A A
8 GCGGS L C A

SCT 
template

GS moiety 
of L1

HLA posi�on

Figure 2.11: SCT platform can generate library matrices to analyze peptide length
and template.
SDS-PAGE analysis of transfected SCT plasmids modified with combinations of
various peptide lengths (8-14mer: from YMLDLQPE to YMLDLQPETTDLYC)

and various template designs. +, purified WT1 SCT.

template. Templates without a cysteine mutation experience a drastic reduction in
melting temperature, dropping by approximately 6 ◦C.

The H74L mutation was also another significant factor which increased protein
stability. When comparing templates which are identical except for the presence
of this mutation (D1 vs. D6, D2 vs. D7, and D3 vs. D8), the template with the
H74L mutation is typically more stable. When we examined Tm values on the
basis of peptide length, there is a clear drop in stability for 8mer SCTs. Beyond
this length, all SCTs experience substantial improvement in stability, but there is
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SCT template
D1

D2

D3

D4

D5

D6

D7

D8

Figure 2.12: Thermal shift assay measurements of YML series SCTs.
Tm values of YML SCTs are shown in the scatterplot, color-coded by design
template and arranged left-to-right by peptide length. Biological triplicate
measurements were performed for each peptide/template SCT combination.

NOTE: One plasmid failed to express during transfection due to human error (D4
SCT loaded with 10mer), so no measurements could be performed for that sample.

no clear Tm difference per template for 9mer to 14mer, with the exception of the
9mers, for which D1 and D2 appear to afford slightly less stability than what would
be expected of their counterparts for 10mers or longer. The most stable template
across all templates was consistently the D8 template. The H74L mutation most
likely explains the improved stabilization, given that D3 SCTs (which do not contain
the H74L mutation) are always less stable than D8.

In order to more deeply investigate the relationship between peptide length and SCT
template, the Strong lab (Fred Hutch) have obtained crystal structures to determine
how YML peptides of various lengths are structurally configured in the binding
groove of each SCT.2 The following is a series of key observations highlighted from
the preliminary crystal structure data (Fig. 2.13):

• The first four residues of the N-terminus of all lengths of YML peptides are in
2Kathryn AK Finton*, Peter Rupert*, William Chour, Matthew Buerger, Ana Dinca, Erica

Lovelace, Roland K Strong. Manuscript in preparation.
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Pep�de SCT Template L1 74 84
YMLDLQPET 2 GGGG H A
YMLDLQPET 8 GCGG L C
YMLDLQPETTDL 2 GGGG H A
YMLDLQPETTDL 8 GCGG L C
YMLDLQPETTDLYC 2 GGGG H A
YMLDLQPETTDLYC 8 GCGG L C

Figure 2.13: Superposition of SCT crystal structures.
All structures were superposed in Pymol; only one SCT is shown as a surface
while the superposed peptides are all shown and are color coded. Side view of

SCT displayed at bottom left, top view of SCT displayed on right. Residues 1, 2, 3,
and the C-term pocket residue are shown in licorice stick. Other residues are only
shown as main chain for clarity. Peptide configurations are colored according to

the SCT template utilized (table, top left).

the same conformation with 2M binding in the P2 pocket. the conformation of
the peptide from residues 5 through 9, 12, or 14 then change both depending
on length and, in the case of the 14mer, on choice of Y84 mutation.

• The YML 9mer Y84A SCT structure was solved previously and uses the
murine H2K alpha 3 domain with human alpha 1/2 and B2M. Despite minor
structural differences in the binding cleft due to the chimeric SCT, the YML
9mer from the Y84A and Y84C constructs are virtually identical.

• The YML 12mer peptide protrudes outwards from the center of binding cleft
compared to the 9mer. This changes the residue at the C-terminus anchor
from 9T in the 9mer to 12L in the 12mer.

• The addition of the Y84C mutation does not affect the position of the 12mer
peptide in the binding cleft or alter the structure of the peptide or HLA Heavy
chain

• The addition of the Y84C mutation does affect the 14mer. With the Y84C
mutation, theCys present at position 14 of the peptide (not theCys in the linker)
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forms a disulfide with 84C. This results in an overall peptide conformation
most like the 12mer with 12L as the C-terminus anchor and the center of the
peptide bulging up in the middle with only a slightly different conformation
from the 12mer.

• The 14mer peptide in the Y84A construct extrudes out the binding cleft and
lays somewhere in between the 9 and 12mer in the center. The C-terminus
anchor position is occupied by 10T in this case. However, the electron density
for the center part of the peptide is poorly defined indicating that more than
one conformation may be sampled.

• The 14mer YML Y84A had almost identical Tm as the other Y84A YML
Xmers indicating that in this context, with the groove opening mutation, they
all bind with similar affinity. Likewise, all YML Xmers in the Y84C platform
had similar Tms, gaining stability over the Y84A platform.

We are currently obtaining the structure of the 14mer in the DS-SCT (D9 of table in
Fig. 2.2B) platform because we would like to see what happens when the groove is
closed in the presence of a longer peptide that appears to want its C-term anchor at
position 10 instead of 14, and whether the engineered DS-SCT disulfide will form,
or, if like in the case of Y84C, the disulfide will form with the peptide Cys. This
may help answer how the YML 14mer peptide is presented in a more native context
and, if a Cys is present at the C-term of a peptide, will a DS-SCT work (because the
other Y84C variants do not).

Conclusion

In summary, we demonstrated in these experiments the capacity to utilize our SCT
platform for the generation of large SCT libraries, tuning peptide length and template
design. In terms of SCT expression, the yield was found to be strongly dependent
upon these two variables. For peptides of length 9-13 aa, templates containing a
cysteine linker often did not reduce expression yield, possibly because the tethering
impact of the dithiol linkage between linker and binding groove did not significantly
deter the peptide from arriving at an optimal, stabilizing conformation within the
peptide groove. For 8mers and 14mers, however, this dithiol linkage proved to be too
cumbersome, either reducing a short peptide’s capacity to properly fit in the groove
(e.g. 8mer D3) or possibly generating too much steric burden for a long peptide
within the binding groove (e.g. 14mer D3). Finally, the H74L mutation appeared to
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provide an additional stabilizing impact on all template designs regardless of peptide
identity.

While the initial goal during these experiments was simply to assess expression
patterns as a function of SCT template and peptide length, the fact that some of these
epitopes have been previously reported to be capable of eliciting T cell cytotoxicity
enables us to explore immunogenicity with these reagents. TCRs captured with
this library can be assessed for cross-reactivity to SCTs of various lengths or of
different templates. Positive responses across multiple reagents per TCR would
indicate shared epitope presentation by the SCTs, and might shed light on optimal
SCT design for TCR capture.

2.1.6.3 Generation of soluble single-chain dimers from cleavable SCTs

Saini et al. in 2019 reported the development of a peptide-free pMHC construct
[17]. Typically, MHCs can only be stabilized and folded together in the presence of a
peptide; otherwise, the two subunits will not stably bind together. This requirement
has posed a challenge for applications such as high-throughput pMHC production,
which have traditionally necessitated individual three component refolding, and
more recently have moved onto UV exchange as the main standard for library
generation. By introducing two HLA mutations (Y84C and A139C), the authors
were able to refold bacterially expressed MHC in the absence of a peptide, therefore
generating peptide-free stabilized MHC constructs. They proceeded to demonstrate
that these reagents can essentially be used as off-the-shelf reagents, in which the user
can mix the empty MHCs with any peptide desired to generate functional pMHCs.
This alternative approach to generate high-throughput libraries was applied in their
concomitant paper, in which they analyzed binding affinities of an alanine scan
library of the SIINFEKL peptide, demonstrating the potential of their dual mutation
system [16]. We were initially interested in seeing whether this pair of mutations
could also be used in the context of SCTs to provide additional stability to the MHC
and therefore improve expression yield or protein function. As shown in Figure
2.4, the inclusion of these mutations (D9 template, a.k.a. DS-SCT) in the presence
of (GGGGS)3 L1 linker for the WT1 peptide resulted in the best tetramer binding
performance against the C4 TCR.

One potentially useful innovationwewould like to test using thisDS-SCT template is
to introduce a TEVprotease cleavage site into the L1 linker. As previously described,
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Moritz et al. were able to produce a large amount of the refolded pMHC using
bacterial expression [16], but ideally, one would aim to study a human-origin protein
utilizing mammalian-derived post-translational modifications, especially when the
protein expression system has the added capability of generating already-folded
product in high yield. The DS-SCTs we generated fulfill these criteria, but require
the presence of a peptide upstream of L1 to stabilize the construct before the SCT
can be secreted into media. We take advantage of this requirement to maximize
protein yield of the DS-SCT by selecting a peptide which generally gives high
yield (MART-1). Then, to create a peptide-free DS-SCD (single-chain dimer),
we introduce the TEV protease cleavage site into the L1 linker upstream of each
repeating GGGGS unit (Fig. 2.14). These MART-1-loaded TEV DS-SCTs (termed
cleavable SCTs, or cSCTs) have been shown to express at relatively similar yields
to the unmodified MART-1 DS-SCT. We have also shown that SCTs can easily be
transfected at large volumes and purified for larger yields via size-exclusion FPLC
(Fig. 2.15), and anticipate that this can also be performed for cSCTs should the
need arise for downstream experiments.

At this point, we have so far demonstrated expression of cSCTs. Future work to
demonstrate their functionality will consist of experiments that will study peptide
cleavage and elution, peptide binding, stability assays, and functional binding, as
outlined below:

• Linker cleavage: TEV protease and various mild acid elution steps will be
performed to remove the MART-1 peptide from the cSCT to generate a SCD.
This construct is expected to remain stable due to the dithiol mutations in-
troduced into the HLA chain (Y84C and A139C), which has been previously
reported for native MHCs.

• Peptide binding: peptides of interest may subsequently be loaded into the
peptide-free SCDs via simple incubation methods, similar to those used for
UV exchange protocols.

• Stability assay: ELISA assays making use of anti-β2m antibodies may be
used to assess the stability of peptide-bound SCDs. The robustness of this
technique has not yet been completely resolved, as there remains doubt about
whether this antibody-binding approach will work for a single-chain variant
of pMHCs, given that the β2m should remain covalently connected to the rest
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1+ 2 3 4 5

template peptide L1signal

2 ELAGIGILTV ENLYFQ GGGGS GGGGS GGGGSIFNα2

1 ELAGIGILTV GGGGS GGGGS GGGGSIFNα2

3 ELAGIGILTV ENLYFQGGGGS GGGGS GGGGSIFNα2

4 ELAGIGILTV ENLYFQGGGGSGGGGS GGGGSIFNα2

5 ELAGIGILTV ENLYFQGGGGS GGGGSGGGGSIFNα2

Figure 2.14: Expression of cleavable SCTs.
A*02:01 SCT plasmids (template D9) loaded with MART-1 peptide

(ELAGILGILTV) were modified with a TEV protease cleavage site insertion
within the L1 linker. Shown above is a reduced SDS-PAGE of transfection results

from various designs.

Figure 2.15: SCTs may be purified at larger scale to obtain milligram-scale yields.
A*02:01 SCT plasmid (D3 template) loaded with the WT1 peptide

(RMFPNAPYL) was transfected at large scale (30 ml) for four days. The secreted
protein was collected and purified by size-exclusion FPLC. Shown above is the
absorbance analysis of eluent, where the desired purified SCT (column fraction

A/5) appears as a singular peak.

of theMHC regardless of whether a peptide is present or not, so further testing
is warranted.
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• Functional binding: The peptide-bound SCDs will be tetramerized and used
to bind against a TCR-transduced T cell line (for example, any one of the cell
lines generated against SARS-CoV-2 peptides from Fig. 3.9). In order to
assess purity of the SCDs after undergoing MART-1 cleavage, purification,
and target peptide loading, one can mix in MART-1 TCR-transduced Jurkat
cells to assess the relative proportions of tetramer-boundMART-1 Jurkat cells
versus tetramer-bound target peptide-specific T cells.

Another significant application of the peptide-free SCD approach outlined here
is that it may provide additional insight into the mechanism of peptide loading
and presentation. As outlined by Anjanappa et al., peptide-free refolded A*02:01
MHC was needed to study how the A*02:01 peptide-binding groove reacts to the
presence of a peptide [31]. Prior to this work, no crystal structure of a peptide-free
MHC was available; the DS mutation introduced to stabilize MHCs therefore allow
for a peptide-free MHC construct to be crystallized, which enabled this insight
into peptide-binding dynamics. The introduction of the TEV linker into our high-
throughput platform enables one to generate DS-SCDs on a larger scale across
multiple HLA alleles, therefore allowing for the same type of crystallography and
molecular dynamics simulation work to be applied across other highly prevalent
HLA alleles. Other potentially interesting outcomes from this work include the use
of cSCTs for ELISA assays to measure peptide binding, and the use of cSCTs to
facilitate discovery of HLA-compatible peptides by mass spectrometry.

2.2 Class II SCTs

2.2.1 Introduction

Class II Major Histocompatibility Complexes (MHCs) are antigen-presenting con-
structs recognized by CD4+ T cells. As a general rule, Class II MHCs are presented
on cell surfaces and draw their antigens from extracellular materials, such as the
degradation products of bacteria, viruses, or mutated protein fragments (neoanti-
gens) that are shed by cancer cells. Relative to Class I peptide (p)MHCs, which
are recognized by CD8+ T cells, Class II pMHCs are more diverse, due to the
construction of the MHC itself, and due to the nature of the peptide antigen. For
example, Class I pMHCs are typically comprised of a 9- to 11-mer peptide antigen,
the HLA heavy chain, and an invariant β-2-microglobulin subunit, with the MHC
allele providing a well-defined binding pocket for the peptide antigen. The nature of
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this binding pocket, coupled with the relatively short length of the antigen, means
that computational algorithms, such as NetMHC4.0, can provide good predictions
for which candidate antigens bind most strongly to MHC, and thus are most likely to
be presented in a biological context. By contrast, Class II pMHCs are constructed
from two protein subunits that combine to form the binding pocket for a peptide
antigen that can contain a highly variable number of amino acid residues, with a
mean antigen size of around a 20-mer peptide (Fig. 2.16A). As a result, compared
to Class I, the haplotype diversity of Class II MHCs is much higher for a given
individual, the binding pocket of the MHC is less defined, and antigen prediction
algorithms [32–34] are less accurate. Because of this, and because of the critical
role of CD4+ T cells as master immune regulators [35, 36], there has been a need
for high-throughput Class II pMHC reagent production for the capture and analysis
of antigen-specific CD4+ T cells.

Soluble Class II pMHC tetramers have been used in prior reports to enumerate
antigen-specific CD4+ T cells. A brief scan of the literature shows that while
numerous protocols exist outlining their assembly, generally there are two methods
by which to synthesize them. The α and β chain subunits of the MHC complex may
be individually encoded in plasmids for protein expression, typically in E. coli or
baculovirus cells, and refolded together in the presence of a peptide to form stable
pMHC monomers [37–43]. Alternatively, the two chain subunits may be encoded
either in a single or dual plasmid system, with the peptide covalently linked to the N-
terminus of the β chain, and utilized to express the pMHC monomers [6, 7, 44–46].
The primary advantage of the latter method is that peptide synthesis and purification
may be avoided because all three components are genetically encoded. Furthermore,
because the peptide is biologically loaded onto the MHC immediately after protein
expression, there is no need to conduct an in vitro refolding step, obviating the need
for tedious lower yield steps of protein refolding and pH optimization to facilitate
peptide loading. The single-plasmid approach to generate single-chain trimers
(SCT) was initially conducted in 1996 to generate murine class II pMHC molecules
[7]. This strategy was then adapted by Zhu et al. to express SCTs encoding human
MHC alleles in mouse cells [44] (Fig. 2.16B). An alternative approach to this SCT
design was developed by Thayer et al., in which a fragment of the invariant chain
(proximal to the class II invariant chain-associated peptide (CLIP)) was attached
between α chain and peptide to bind onto the HLA and position the peptide in
proximity to the binding pocket [45] (Fig. 2.16C). This method was used in the
context of murine MHC alleles for expression in the monkey kidney tissue-derived,
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COS cell line. In both designs, the authors demonstrated that their SCTs are capable
of binding to antigen-specific T cells to stimulate T cell responses such as cytokine
release and apoptosis.

Figure 2.16: Class II pMHC structures and SCT constructs
The blue (alpha chain), green (beta chain), and pink (antigen) regions all

correspond across the three structures. A. Crystal structure of a Class II pMHC,
showing the peptide antigen residing in a binding pocket that is formed from both
the alpha and beta chains. B. Class II SCT construct as reported by Zhu et al

(1997). The black regions are linkers, purification tags, etc., that are engineered
designs to promote stability and to facility purification. C. Class II SCT construct
as reported by Thayer et al (2003). The primary difference between b and c is that
the peptide antigen is linked to both the α and βMHC subunits in c, while it is only

linked to the β subunit in b.

As reported by others, one demerit of the single-chain method is that a large number
of unique pMHC proteins may generally be slower to prepare, as the mentioned
works generally made use of large DNA fragments encoding the entirety of the
pMHC construct. Additionally, both of the SCT expression protocols utilize non-
human (insect and mammalian) systems, which can alter certain parameters away
from human cell expression, such as glycosylation patterns. Thus, these methods
are low-throughput, and yield expressed protein products that may not contain the
types of post-translational modifications that would be representative of a pMHC
expressed by human-derived cells. Here, we overcome these bottlenecks by genet-
ically encoding HLA and peptide modularity into SCT Class II pMHC platforms,
enabling plasmid production for any desired Class II HLA/peptide pMHC combi-
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nation. We first show that the two different SCT designs used by Zhu et al. and
Thayer et al. can lead to protein expression in a modern HEK293 cell line system,
although average yields may differ. We validate the functionality of the Thayer et al.
design, which gives higher protein yield, by showing binding and capture against a
cell line of known antigen specificity. Finally, we demonstrate the feasibility of a
library approach toward Class II pMHC construction by generating SCTs targeted
against epitopes derived from various structural proteins of SARS-CoV-2, which
may allow for capture of antigen-specific CD4+ T cells from patient blood samples.

2.2.2 Methods

2.2.2.1 SCT template production

The construction of plasmids was initiated by designing Class II SCT-encoded
fragments to be inserted into a pcDNA3.1 vector for subsequent protein expression
using the Expi293 transfection kit (Thermo Fisher Scientific). All ordered fragments
(Twist Bioscience) were codon-optimized for human species protein expression ac-
cording to Expi293 expression guidelines. The Zhu et al. fragment design (SCT-Z)
consists of protein subunits encoded in the following order: secretion signal, pep-
tide, peptide-β chain linker (L1), β chain, β-α chain linker (L2), α chain, AviTag,
6xHisTag (Fig. 2.17A). The Thayer et al. fragment design (SCT-T) consists of
protein subunits encoded in the following order: α chain secretion signal, α chain, α
chain-invariant chain linker (L1), invariant chain fragment, peptide, peptide-β chain
linker (L2), β chain, AviTag, 6xHisTag (Fig. 2.17B). For the SCT-Z designs, Gibson
assembly overlaps (40 bp) were introduced within the initial 30 aa region of the post-
signal sequence alpha chain for HLA alleles from each of the three loci (Fig. 2.18).
HLA protein sequences at this region are invariant within each locus, which enables
the ability to swap β and α chain of the first and second fragments of each construct,
respectively, to generate new α/β pairs. For the SCT-T designs, the invariant chain
region is a fixed sequence across all α/β pairs, so this part of the fragment encodes a
Gibson assembly overlap (40 bp) to allow for HLAmodularity (Fig. 2.19). Alterna-
tively, one can make use of the Bsu36I recognition site embedded within to generate
new α/β pairs by restriction enzyme digest (Fig. 2.19). The protein sequences of
each HLA allele were obtained from an FTP server hosted by The Immuno Polymor-
phism Database (ftp://ftp.ebi.ac.uk/pub/databases/ipd/imgt/hla/fasta/). The peptide
sequence derived from the invariant chain spans position 74-101, obtained from
uniprot.org (P04233). The mouse MHC alleles for I-Ab α and β chains were ob-
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tained from uniprot.org (P14434 and P14483, respectively). The ordered fragments
were PCR-amplified by KOD Hot Start DNA Polymerase (MilliporeSigma) and
paired together as described above using NEBuilder HiFi DNA Assembly Master
Mix (New England Biolabs). The complete SCT-encoded fragment was subse-
quently double digested at the flanking regions by EcoRI and XhoI (New England
Biolabs), and ligated into the MCS region of pcDNA3.1 vector. This process can
be iterated for every unique α/β pairing under either Z or T designs to generate a
template plasmid upon which additional molecular engineering steps are performed
to substitute the encoded peptide for library production.

pep β chain α chain AviTag HisTagL2L1signal

pep β chainα chain AviTag HisTagL1 L2signal invariant

α chain L1signal pep β chain AviTag HisTagL2

pep β chain L2L1signal AviTag HisTagA

B

Figure 2.17: HLA Modularity of Class II SCT Designs
A. Linear map of Class II SCT design as reported by Zhu et al. with color-matched

cartoon of expressed SCT construct (right). The fragment is split for Gibson
assembly within the α chain to enable modular assembly of any α/β-encoded

fragment. B. Linear map of Class II SCT design as reported by Thayer et al. with
color-matched cartoon of expressed SCT construct (right). The fragment is split
for Gibson assembly within the invariant chain to enable modular assembly of any

α/β-encoded fragment.

2.2.2.2 SCT peptide library production

Traditional PCR methods were implemented for substitution of peptides into SCT-
Z constructs. Universal binding sites for reverse primer (peptide_sub.REV, 5’-
AGCAAGAGCAAGAGGAG-3’) and forward primer (peptide_sub.FOR, 5’-GGTG
GAGGAGGTTCTC-3’) are implemented into the regions upstream and downstream
of the peptide, respectively. Reverse complement codons encoding the target antigen
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Figure 2.18: Detailed map of SCT-Z Gibson region
Top: Linear map of SCT-Z design. Bottom: Detailed view of the highlighted
region from top, highlighting DNA sequence of Gibson overlap and invariant

amino acids encoding α chain of DRA*01:01.

Figure 2.19: Detailed map of SCT-T Gibson region
Top: Linear map of SCT-T design. Bottom: Detailed view of the highlighted

region from top, showing Gibson overlap and the restriction enzymes selected for
peptide sequence ligation.

are appended onto the 5’ end of the reverse primer. Inverse PCR of the Class II SCT
with a peptide-encoded reverse primer (peptide_sub.REV appended with peptide)
and universal forward primer (peptide_sub.FOR), followed by treatment of the PCR
product with T4 DNA ligase, T4 polynucleotide kinase, and DpnI (New England
Biolabs) allowed for re-construction of a plasmid with the replaced peptide. The
plasmid was transformed into TOP10 chemically competent cells (Thermo Fisher
Scientific) (Fig. 2.20A).

An alternative method to substitute peptides was utilized for SCT-T designs. For
any given peptide, a pair of primers are designed in which the first primer encodes
the carboxy-terminal region of the invariant chain and the former half of the peptide,
while the second primer encodes the latter half of the peptide and the amino-terminal
region of L2. These primers are designed to overlap and bind together at the region
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peptide L1signal
L2peptideinvariant

L2invariant

L2peptideinvariant

peptide

peptide

peptide L1signal

Bsu36I BspEIA B

Figure 2.20: Peptide Modularity of Class II SCT Designs
A. Peptide substitution for SCT-Z plasmids using inverse PCR. A reverse primer
encoding the reverse complement codons of a target peptide (blue) is used with a
universal forward primer that binds to L1. B. Peptide substitution for SCT-T
plasmids. Two ssDNA primers encoding a target peptide (pink) are used to

assemble a dsDNA construct, which is digested by Bsu36I and BspEI to be ligated
into the SCT template.

where the middle of the peptide is encoded, such that PCR amplification will result
in a dsDNA product encoding the terminal region of the invariant chain, the entirety
of the peptide, and the initial region of L2. The invariant chain and L2 are fixed
sequences across all templates, and are encoded with Bsu36I and BspEI restriction
enzyme cut sites, respectively. Double digest with these enzymes is conducted on
both the template plasmid and the dsDNA PCR product (Fig. 2.20B). The desired
products are gel-purified, ligated together, and transformed into TOP10 chemically
competent cells.

2.2.2.3 SCT expression

Purified SCT plasmids were transfected into Expi293 cells within 24-well (2.5 ml
capacity) plates. Briefly, 1.25 µg of plasmid was mixed with 75 µl Opti-MEM
reduced serum media. 7.5 µl of ExpiFectamine Reagent was mixed with 70 µl
Opti-MEM reduced serum media, incubated at room temperature for 5 minutes, and
combinedwith the plasmidmixture. After a 15minute room temperature incubation,
the solutionwas added to 1.25ml of Expi293 cells at 3million cells/ml into a 24-well
plate, which was then shaken at 225 RPM at 37 ◦C in 8% CO2 overnight. Twenty
hours later, a solution containing 7.5 µl of ExpiFectamine Transfection Enhancer 1
and 75 µl of ExpiFectamine Transfection Enhancer 2 was added to each well. The
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plate was kept on the shaker using aforementioned settings for a total of 4 days from
start of transfection.

2.2.2.4 SCT biotinylation & purification

On day 4 of transfection, Expi293 cells were pelleted to enable collection of the
supernatant (containing secreted SCTs). An aliquot of this supernatant was saved
for SDS-PAGE gel analysis. If the SCTs were to be used for functional assays, they
were re-suspended into 20 mM bicine PBS buffer to allow for biotinylation, purified
by HisTag column-loaded pipet tips in an MEA 2 automated purification system
(PhyNexus), and subsequently desalted into PBS buffer using Zeba 7k MWCO
columns. SCTs that were used for downstream experiments involving tetrameriza-
tion were stored at -20 ◦C in PBS buffer with 20% glycerol. SCTs that were to be
used for thermal stability measurements were instead stored at 4 ◦C in PBS buffer.

2.2.2.5 Thermal stability characterization

SYPRO™ Orange Protein Gel Stain was purchased from ThermoFisher Scientific
and diluted with H2O to give a 100X working solution. To each 19 µl aliquot of
Class II SCT protein solution (diluted to 10 µM, if possible), 1 µl of the 100X
dye solution was added. A Bio-Rad thermal cycler equipped with a CFX96 real-
time PCR detection system was used in combination with Precision Melt Analysis
software to obtain melting curves of each SCT sample. Thermal ramp settings were
25 ◦C to 95 ◦C, 0.2 ◦C per 30 seconds.

2.2.2.6 De-glycosylation

De-glycosylation of SCTs was conducted with the PNGase F kit (New England
Biolabs). Briefly, 20 µg of SCT was mixed with 1 µl of Glycoprotein Denaturing
Buffer (10X) in a 10 µl H2O solution. The mixture was denatured at 100 ◦C for
10 min, chilled on ice, and centrifuged for 10 seconds. To this solution, 2 µL
GlycoBuffer 2 (10X), 2 µl 10% NP-40, and 6 µl H2O was added. 1 µl PNGase F
was mixed, and the entire solution was incubated at 37 ◦C for 1 hour. For analysis
of non-denatured proteins, 1 µl PNGase F was added directly to the 10 µl H22O
solution without the addition of the mix containing GlycoBuffer 2 and NP-40.
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2.2.2.7 Antigen-specific CD4+ T cell isolation

Method 1: SCT-tetramer pool based. The monomer SCTs were individually
tetramerized with PE or APC labeled streptavidin at a 4:1 molar ratio for 30 min
at RT (or overnight at 4 ◦C). Biotin was added at an 8:1 molar ratio to streptavidin
to block unoccupied biotin binding sites on streptavidin prior to mixing with the
different tetramer samples. Each of the SCT-tetramers were pooled together and
maintained at an individual tetramer concentration of 50 nM. The thawed PBMCs
then were re-suspended in complete R10 media supplemented with IL-2 (50 IU/ml)
and incubated for overnight recovery. On the next day, the PBMCs were washed
and incubated in PBS added with tyrosine kinase inhibitor (Dasatinib, 50 nM)
for 30 min. The PBMCs were then stained with Annexin V-BV421 (1µg/ml) and
CD4-FITC antibody (1µg/ml) for 10 min at 4 ◦C followed by incubation with a
pool of SCT-tetramers (each, 20 nM). Antigen-specific CD4+ T cells captured by
SCT-tetramer-PE were sorted into the tube using FACS sorter.

Method 2: Peptide stimulation based. A vial containing 1 million peripheral
blood mononuclear cells (PBMCs) was thawed and incubated in complete R10
media (500 ml of RPMI 1640; 50 ml heat-inactivated fetal bovine serum (FBS); 5
ml of Pen/Strep (100 U/ml penicillin and 100 ug/ml streptomycin); 1x GlutaMAX)
by adding 1µM of 15-mer peptide (or equivalent peptide pool, 15-mer with 11 aa
overlap) and anti-CD40 antibody (1µg/ml) for 16 hrs. On the next day, the cells
were washed and stained with Annexin V-BV421 (1µg/ml) and CD4-FITC antibody
(1µg/ml) and CD154-PE antibody (1µg/ml) for 10 min at 4 ◦C. Activation-induced
expression of CD154 by peptide stimulation permits the sorting of antigen-specific
T-cells expressing these biomarkers.

2.2.2.8 Antigen-specific T cell functional assay

Method 1: SCT-Tetramer based. A vial of 0.5 M antigen-specific CD4+ T cells
suspended in serum-free cell culture media (CTL-Test™ Medium, Immunospot)
was stimulated with SCT tetramers (0.1 µM final concentration) at 37 ◦C. After 16
hours of incubation, the supernatant of the cell solution was extracted for analysis by
standard ELISA protocols for TNF-α (RDSystems, DY210-05), IFN-γ (RDSystems,
DY285B-05), and IL-2 (BioLegend, 431804).

Method 2: Peptide stimulation based. 105-106 PBMCs or cloned CD4+ T cells
were incubated in 100 µL of serum-free cell culture media (CTL-Test™ Medium,
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Immunospot) by adding 1 µM of 15-mer peptide (or equivalent peptide pool, 15-
mer with 11 overlap) for 16 hrs. After 16 hours of incubation, the supernatant of
the cell solution was extracted for analysis by standard ELISA protocols for TNF-α
(RD Systems, DY210-05), IFN-γ (RDSystems, DY285B-05), and IL-2 (BioLegend,
431804).

2.2.2.9 CD4+ T cell expansion

The FACS-sorted antigen-specific CD4+ T cell T cells were directly transferred to
the Rapid Expansion Protocol (REP) media [47]. REP media is composed of 2.5M
irradiated PBMCs (4000 RAD), 0.5M TM-LCL (8000 RAD), IL-2 (50 IU/ml)
and anti-CD3 antibody (30 ng/ml) per ml. On Day 3, half of the medium was
removed without disturbing cells, and replaced with an equivalent volume of REP
medium and cytokines. On Day 6-12, this media replacement step was repeated
approximately every 2 days. On Day 14, cells were sorted with SCT tetramers
to isolate the antigen-specific T cell populations. Multiple aliquots of cells were
either frozen down or REP cycles were repeated to continue expansion, if needed
for further analyses.

2.2.2.10 Sorting & TCR sequencing of expanded T cells

The expanded CD4+ T cells were analyzed by flow cytometry using SCT-tetramers
to enumerate individual antigen-specific T cell populations. 100k CD4+ T cell were
stained with Annexin V-BV421 (1 µg/ml) and CD4-FITC antibody (1 µg/ml) for 10
min at 4 ◦C followed by incubation with three tetramers with different dyes (PE,
PE/Cy7, and APC) at 20 nM. The frequency of antigen-specific T cell population
was measured by FlowJo software. The sorted cells were collected by antigen
specificity in a 96-well plate, lysed, and RT-PCR was conducted to amplify the TCR
α/β chains. The PCR product was extended with sequencing primers and the library
was analyzed by Miseq software to extract antigen-paired TCR sequencing data.
The sequencing data was further analyzed by customized R code and MIXCR.

2.2.3 Results & Discussion

To demonstrate viable SCT expression under these two designs, five initial SCTs
were constructed (Fig. 2.21A). The first plasmid used an SCT-T template with
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the Eα (52-68) peptide (ASFEAQGALANIAVDKA) and mouse MHC alleles I-
Ab α/β as selected by Thayer et al. This sample was transfected as a biological
triplicate to demonstrate reproducibility of the transfection method (Fig. 2.21B).
Another four plasmids, designed under the SCT-Z template for the HLA allele
pair DRA*01:01/DRB1*01:01, consist of a small library of peptides selected from
citations identified through IEDB.org [48–50]. A positive control SCT consisting of
a Class I SCT encoding HLA-A*02:01 with the WT1 (RMFPNAPYL) peptide was
used to confirm transfection and to indicate the expected size for a Class I pMHC
construct (approximately 50 kDa). The first Class II SCT plasmid produced a mass
of approximately 60 kDa as previously reported, and all three biological replicates
showed high and consistent yield. For the SCT-Z plasmids, we observed that the
detected masses were also within the same range, but the last sample, interestingly,
revealed a larger mass, which we attributed to the presence of an additional glycan
group on this pMHC, given the presence of the NQT glycosylation motif within its
peptide sequence (APIYNVLPTTSLVLGKNQTL). Furthermore, the expression
yield of SCTs based on the Zhu et al. design appears to be peptide-dependent,
implying that the degree of stabilization afforded by the selected peptide has a
significant impact on expression level of the SCT construct.

Thermal shift assay measurements of the aforementioned five plasmids were per-
formed to assess stability. As seen in Figure 2.21C, regardless of the template or
peptide used, melting temperature (Tm) values based upon the absolute minimum of
the derivative for fluorescence over temperature was approximately the same (70-75
◦C). The high Tm values of these Class II SCTs compared to their Class I SCT
counterparts (typically 50-65 ◦C) [51] suggests that these expressed Class II SCTs
may be more stable than most Class I SCTs.

For SCT-T and SCT-Z designs, we expected masses of 55 kDa and 51 kDa, re-
spectively. However, we observed SCT masses closer to the 75 kDa marker of the
protein ladder (Fig. 2.21B). We suspected that this was a result of glycosylation.
De-glycosylation of SCTs from both designs using PNGase treatment demonstrated
a similar extent of decreased mass, closer to the calculated range of 51-55 kDa (Fig.
2.22).

Based upon characterization assays indicating higher yield and perhaps improved
stability of SCT-T compared to SCT-Z, we chose SCT-T as the template to use
for performing downstream functional validation assays. Toward this end, we re-
built an SCT-T template to encode human MHC (HLA-DRA*01:01/DRB1*01:01),
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well ID SCT pep�de MHC α chain MHC β chain
1
2
3
4 RFYKTLRAEQASQ
5 SMRYQSLIPRLVEFF
6 VGSDWRFLRGYHQYA
7 APIYNVLPTTSLVLGKNQTL

T ASFEAQGALANIAVDKA I-Ab α I-Ab β

Z HLA-DRA*01:01
HLA-

DRB1*01:01

1 2 3 4 5 6 7+

75 kDa

50 kDa

A

B

C

Figure 2.21: SCT Protein Expression & Thermal Stability
A. Table of the initial five SCT plasmids created using SCT-T and SCT-Z

templates. B. SDS-PAGE of transfected SCTs. (+) represents positive control
Class I SCT (A*02:01 with WT1 peptide, RMFPNAPYL). C. Thermal melting
profiles of proteins expressed using SCT-T and SCT-Z templates. The negative of
change in fluorescence over change in temperature is shown at each temperature.

For (B) and (C), ID numbers correspond to the column "well ID" in (A).

and inserted a previously identified influenza virus peptide (PKYVKQNTLKLAT)
as well as an irrelevant peptide (TRFQTLLALHRSYLT, from SARS-CoV-2 spike
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75 kDa

50 kDa

37 kDa

NR R R-PNG NR R R-PNG

SCT-T SCT-Z

PNGase F
(36 kDa)

Figure 2.22: SCT De-glycosylation
SDS-PAGE of SCT-T and SCT-Z proteins de-glycosylated with PNGase F reveals
that both class II SCTs display similar mass changes due to glycosylation. NR,

non-reduced. R, reduced. R-PNG, reduced with PNGase F treatment.

protein). A CD4+ T cell line specific to the influenza peptide and cognate pMHC-
tetramers (produced by traditional methods requiring exogenous loading of peptide)
were purchased fromBenaroya Institute (BRI) to validate the SCT tetramers. Peptide
specificity of theCD4+ Tcell linewas confirmed via ELISAcytokine assay following
overnight stimulation using influenza SCT tetramers (Fig. 2.23), which showed a
significant increase in IFN-γ and TNF-α secretion only from the CD4+ T cells.
Flow cytometry assays indicated that the SCT tetramers performed similarly to the
BRI tetramer variants in terms of binding sensitivity with the influenza-specific
CD4+ T cell line (Fig. 2.24). When both tetramer variants were incubated with a
Jurkat cell line expressing an irrelevant TCR, however, the SCT tetramers showed
significantly less binding, indicating reduced non-specific binding. Taken together,
the class II SCT variants demonstrated similar capabilities as BRI variants in terms
of binding to cognate TCRs, and are perhaps “cleaner” reagents as they appear to
have less cross-reactivity. This difference may be due to the fact that SCTs undergo
intracellular packaging and so can make use of native folding mechanisms, whereas
for BRI variants, the class II α and β chains were co-expressed, extracted as an empty
MHC construct, and then exogenously loaded with peptide. This additional in vivo
step required for BRI tetramers may cause higher susceptibility to misfolding that
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could explain the increased non-specificity.

Figure 2.23: Tetramer Stimulation of Influenza-specific CD4+ T Cells
ELISA cytokine assay measuring secretion of IFN-γ, TNF-α, and IL-2. "CD4+ T
cells" refers to influenza peptide-specific CD4+ T cell line. "Tetramer" refers to

SCT-T loaded with influenza peptide (PKYVKQNTLKLAT).

After validation of SCT-T design, we sought to utilize class II SCTs in a high-
throughput application to demonstrate their implementation in a practical use case.
Recently, CD4+ T cells have been highlighted in numerous studies for their immuno-
protective role against SARS-CoV-2. In order to better understand the functional
role played by these T cells, we wanted to identify their antigen specificity and
cognate TCR sequences. Toward this end, we identified 19 peptide candidates
from SARS-CoV-2 structural proteins demonstrated by others to be immunogenic
in patients with the paired HLA-DRA*01:01/DRB1*01:01 alleles (Fig. 2.25A)
[52–55]. These peptides were substituted into the SCT-T template for transfection
into Expi293 cells. Eighteen of the plasmids resulted in detectable SCT protein
expression, although to varying degrees. Peptide #14, corresponding to an envelope
protein epitope, resulted in no expression.

We plan to use these reagents to enumerate antigen-specific CD4+ T cells from
PBMCsofCOVID-19 patients in futureworks. The SCTmonomerswill be tetramer-
ized, pooled together, and then used to sort antigen-specific T cells from those patient
samples. We will follow previously published expansion protocols to selectively ex-
pand these captured cells over two weeks [47] prior to individual tetramer sorting to
isolate T cells by single antigen specificity. This will allow us to perform NGS bulk
sequencing or 10X single-cell sequencing on the samples to obtain antigen-paired
TCR sequences, which will then be cloned into CD4+ T cell lines to demonstrate
specificity and functionality. We will pulse APCs with the immunogenic peptides,
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Figure 2.24: Class II SCT Flow Cytometry Validation
Flow cytometry assay of SCT-T tetramers against influenza-specific CD4+ T cell

line. SCT-T tetramers assembled with either an influenza peptide
(PKYVKQNTLKLAT) or an irrelevant peptide were incubated with either

influenza-specific CD4+ T cells (top left) or Jurkat cells transduced with a TCR
specific to ELAGIGILTV (MART-1) peptide (top right). The same experiment is
performed (bottom row) with BRI tetramers loaded with the influenza peptide.
Percentages in the corners of each plot represent the fraction of cells associated

with each quadrant.

incubate them with the cell lines, and measure surface level and intracellular ex-
pression of activation/inflammation marker proteins. ELISA assays will be used to
measure increases of activation/inflammatory protein secretion upon stimulation by
the correct peptide. In summary, we plan to follow similar validation protocols as
discussed in our COVID studies on HLA Class I epitopes (Section 3.1.3).
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well ID pep�de an�gen affinity (nM) source
1 CTFEYVSQPFLMDLE SP_166–180 22.5 ◊
2 ITRFQTLLALHRSYL SP_235-249 8.6 ○
3 TRFQTLLALHRSYLT SP_236-250 7.5 ▪
4 FNFNGLTGTGVLTES SP_541-555 9.3 ▪
5 NLLLQYGSFCTQLNR SP_751-765 64.6 ◊▪
6 TQLNRALTGIAVEQD SP_761-775 9.7 ▪
7 CAQKFNGLTVLPPLL SP_851-865 14 ▪
8 TDEMIAQYTSALLAG SP_866–880 17.8 ◊
9 WTFGAGAALQIPFAM SP_886-900 6.1 ▪
10 IPFAMQMAYRFNGIG SP_896-910 9.8 ▪
11 TLVKQLSSNFGAISS SP_961-975 8.3 ▪
12 VQIDRLITGRLQSLQ SP_991-1005 11.3 ▪
13 LITGRLQSLQTYVTQ SP_996-1010 6.1 ▪
14 LAILTALRLCAYCCN E_31-45 16.8 ▪
15 SWFTALTQHGKEDLK N_51–65 21.9 ▫
16 KDGIIWVATEGALNT N_127-141 10 ○
17 AIVLQLPQGTTLPKG N_156-170 25 ○
18 GAVILRGHLRIAGHHLGR M_141–158 26.1 ◊
19 PKEITVATSRTLSYYKL M_165–181 23.4 ◊
IF PKYVKQNTLKLAT HA_306-318 116.7

Sources: Peng et al.  (◊); Nelde et al.  (○);  Mateus et al.  (▪); Le Bert et al.  (▫)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 IF+

75 kDa

50 kDa

37 kDa

A

B

Figure 2.25: SCT Library for Structural Protein Epitopes of SARS-CoV-2
A. Table of peptides selected from the literature for assembly into SCT-T template

plasmids. B. SDS-PAGE of SCT expression. Lane values correspond to the
column "well ID" of table in (A). (+) represents positive control Class I SCT

(A*02:01 with WT1 peptide, RMFPNAPYL).

2.3 Assembly of TCR Chains for Cloning

2.3.1 Introduction

The personalization aspect of antigen-based immunotherapies presents several ma-
jor impediments not found in other therapeutic fields of development. Due to the
peptide-based nature of personalized therapies, there have been numerous efforts to
implement platforms that streamline production of peptide-bound major histocom-
patbility complex (pMHC) molecules to facilitate high-throughput enumeration of
the identified cognate T-cell receptors. These technologies must be high-throughput
by default to enable researchers to thoroughly assess the neoantigen landscape for
any given patient, for which there may exist tens or hundreds of peptide candidates.
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While the pMHC side of this workflow has recently seen successful improvements
due to major contributions such as UV-facilitated peptide exchange or single-chain
trimer technologies, TCR construction must also be concomitantly streamlined to
accommodate the scale of therapeutic personalization. Any given pMHC, if found
to be immunogenic and capable of capturing antigen-specific T cells, most likely
will capture multiple TCR clonotypes, defined here as a pair of unique TCR α and β
chains. Furthermore, unlike pMHCs which have 98% protein sequence consensus
amongst those encoding for the same HLA allele, TCRs are extraordinarily diverse,
consisting of an α and a β chain, each uniquely composed of a combination of
variable (V) gene segment, a hyper-variable complementarity-determining region
(CDR3), and a junctional (J) gene segment; this variability altogether accounts for at
least 40% of the protein sequence. Therefore, there is an additional, daunting mul-
tiplicative factor of complexity to TCRs when considering methods to implement
for their high-throughput generation. Additional constraints may arise depending
on experimental requirements, such as the need for exclusion of restriction enzyme
recognition sites and codon-optimization for human expression or for GC percent
composition compatible with manufacturer recommendations.

Herein we introduce a standalone platform for the automated design and subsequent
construction of TCR-encoded DNA constructs. One of the primary features of our
platform is a user-friendly script that enables input of TCR sequences from various
sources (e.g. bulk sequencing, 10X single-cell sequencing, or manually curated)
toward generation of a plasmid library to clone into T cells for functional assessment
and validation. The script is capable of using the TCR sequencing data to design
optimized DNA fragments according the criteria previously outlined. Further, it can
identify repeat alpha and beta chains within the library that may appear for certain
cloning strategies (e.g. bulk and single-cell sequencing results often identify two
alpha chains and two beta chains derived from the same cell). For such dual receptor
results, there is no clear way to predict the correct α/β pairing that confers the desired
antigen-specificity, and so one must assess all four potential α/β pairings. A system
that can account for redundancy of unique chainswill require the design and purchase
of only four total chains versus eight, therefore significantly reducing reagent costs
and production time. Accompanying this script is a generalized protocol outlining
the experimental steps needed to assemble these fragments into DNA constructs
compatible for cloning using traditional lentiviral plasmid systems or CRISPR/Cas9
methods.
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Toward generation of these fragments, an explanation of the design scheme follows
and may be visualized in Figure 2.26A. For the lentiviral strategy (blue path), four
fragments are required per clonotype, two of which (f2_L and f4_L) are universal
across all lentiviral TCR constructs because they encode only TCR constant gene
segments. For the CRISPR strategy (red path), five fragments are required per
clonotype, three of which (f0_C, f2_L, and f4_L) are universal across all CRISPR
TCR constructs because they encode either TCR constant gene segments or universal
CRISPR segments. Therefore, for each clonotype, the only variable fragments are
f1_L, f1_C, and f3. Fragment f3 may be shared across both transduction strategies
as it encodes the TCR alpha chain and contains sequences compatible with both
transduction strategies. While both f1_L and f1_C fragments encode identical TCR
beta chain sequences, f1_C must additionally encode CRISPR handle sequences
upstream in order to overlap with f0_C. Therefore, f1_L and f1_C fragments must
be uniquely created per clonotype. For each of the f2 fragments (f2_L and f2_C),
there are two variants to account for TRBC1 and TRBC2 genes, which encode the
two variations of Cβ. In order to construct lentiviral chains for each clonotype,
four fragments are assembled together, and the flanking regions of the product
may be digested either with restriction enzymes (AscI/SalI) or (EcoRI/XhoI) to
allow for insertion into pRRL or pcDNA3.1 vectors, respectively. In order to
construct CRISPR chains for each clonotype, five fragments are assembled together,
and the flanking regions of the product may be digested with restriction enzymes
(EcoRI/XhoI) to allow for insertion into a compatible vector (e.g. pcDNA3.1 or
pAAV). This vector serves to amplify the chain for sequencing verification and for
the user to generate enough dsDNA for use in CRISPR transduction.

2.3.2 Methods

2.3.2.1 Data input

The design of TCR-encoded fragments requires the user to first generate a csv
file containing a list of unique TCR clonotypes. As shown in Figure 2.27A,
for each clonotype of interest, the user must designate a TCR identification code
(TCR_ID), DNA consensus sequences encoding CDR3 regions along with partial
sequences of the flanking variable and junctional regions (alpha_consensus and
beta_consensus), and a string identifier (unique_tcr) which encapsulates all of the
information regarding each gene segment constituting the clonotype. This file can
readily be run in a Python terminal using the file name as an argument within the
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Figure 2.26: Schematic of TCR chain assembly
A. TCR clonotypes may be split into fragments for modular assembly into

lentiviral or CRISPR transduction strategies. B. Diagram showing construction of
lentiviral chains. C. Diagram showing construction of CRISPR chains.

function.
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Figure 2.27: TCR chain generation script inputs and outputs
A. Example table of input required for TCR chain generation. B. Output table is
generated (middle) that identifies the unique f1 and f3 chains (left and right,

respectively) associated with each TCR clonotype.
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Figure 2.28: Gel electrophoresis of TCR chain assembly
A. Individual TCR chain fragments are amplified by PCR. B. Gibson assembly of
each clonotype. C. Gel-purified and PCR-amplified Gibson assembly products
from (B). D. Restriction enzyme digested TCR chains from (C). Numbers above
lane correspond to the TCR_ID of input table in Fig. 2.27A and of Appendix K.
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2.3.2.2 Data output

Three output csv files are generated (Fig. 2.27B). The first file serves as a reference
file, where each unique clonotype is assigned one f1 fragment and one f3 fragment.
This output accounts for redundant TCRα or TCRβ chains, so there may be cases
where f1 or f3 chains are shared across clonotypes, as indicated by example entries
which share the same color (middle table in Fig. 2.27B). Each clonotype also
contains a column entry reporting the DNA sequence of the fully assembled TCR
chain (with or without flanking restriction sites) to allow for the user to readily
generate a Snapgene file. The second and third files report the DNA sequences of
each designed f1 and f3 fragment (left and right tables of Fig. 2.27B, respectively).
Two variants of the f1 fragments for each clonotype are generated to account for
insertion into either CRISPR or lentiviral plasmid constructs. Sequences from
fragments f0, f2, and f4 are constant, and so may be re-purchased and re-used for
any desired clonotype. These sequences are reported in Table G.1.

2.3.2.3 Assembly of TCR chains

Sequences from DNA output files are ordered as dsDNA fragments (Twist Bio-
science). They are amplified by PCR (KOD HiFi Polymerase) and then mixed
together in appropriate combinations for Gibson assembly. The assembled prod-
ucts are then gel-purified and PCR-amplified. Subsequently, they are digested by
appropriate restriction enzymes for incorporation into the designated vector. For
fragments which are designed to be used with lentiviral transduction and therefore
encode the entire TCR chain, they may be double digested by two different pairs of
enzymes, to be inserted either into a lentiviral vector (AscI/SalI) or into a pcDNA3.1
vector for transfection (EcoRI/XhoI). For fragments which are designed to be used
with CRISPR/Cas9 and therefore contain unique regions required for CRISPR trans-
duction, the assembled fragments are digested by the enzyme pair (EcoRI/XhoI), to
be inserted into pcDNA3.1 or pAAV vectors.

2.3.2.4 Functional validation of TCR chains

SeeSection 3.1.3.4 for results from an example application of this TCR cloning strat-
egy, where constructed TCR fragments are cloned into CD8+ T cells and validated
for antigen specificity and functionality.
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C h a p t e r 3

ENUMERATION OF ANTIGEN-SPECIFIC T CELLS AGAINST
SARS-COV-2

3.1 HLA Haplotype Influence in Antigen-specific Cytotoxic T cell Responses
against SARS-COV-2 Spike & PLpro Proteins

3.1.1 Introduction

In December 2019, an outbreak of unexplained pneumonia was recognized to be
associated with an open market in Wuhan, China and reported to the World Health
Organization (WHO) by mid-January. The causative agent of the disease outbreak,
termedCOVID-19, was noted to be a novel coronavirus [1]. Clinical features include
fever, cough, and dyspnea with some individuals progressing to viral pneumonia and
acute respiratory distress syndrome [2, 3]. The overall case fatality rate is estimated
to be around 2.3%, but has also been reported to vary with age, sex [4], ethnicity
[5], and comorbidities. These factors can influence immune responses against
SARS-CoV-2 in both clear and subtle fashions. For example, certain autoimmune
diseases, such as diabetes, can lead to altered immune responses against COVID-
19 infections and more severe patient outcomes [6]. More subtle is the influence
of HLA haplotype, which varies among different ethnic groups, and can dictate
which T cell antigens elicit immune responses. For example, in North America,
the HLA-A*02:01 allele is commonly expressed in Caucasian, Hispanic, African
American, and Native American populations, while the A*24:02 allele is more
commonly expressed within specific Native American and Asian populations. It
has been documented that, for certain viral infections [7], including SARS 2002
[8], infection severity could be correlated with HLA haplotype. Here we report on
the development and application of a method that allows for the rapid analysis and
tracking of SARS-CoV-2 antigen-specific CD8+ T cell populations in COVID-19
patients, for three different Class I HLA alleles.

We first describe the prediction of putative antigens derived from SARS-CoV-2
recognized by CD8+ T cells, followed by the production of the single-chain trimer
(SCT) libraries. We then describe results from the analysis of peripheral blood
mononuclear cells (PBMCs) from COVID-19 participants using various assays to
enumerate antigen-specific T cell populations. Finally, we validate the captured T
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Figure 3.1: SCT-facilitated identification of antigen-specific TCRs
A. Schematic of SCT capture reagent production. The SCT platform allows for the
production of pMHC libraries that may be multimerized for various downstream
functional applications. The SDS-PAGE image (bottom right) depicts standard
SCT proteins either directly from transfection supernatant (SN) or after HisTag
purification (P). B. Scatterplot of SCT expression yield (band intensity) versus
predicted binding affinity for each of the A*02:01 SARS-CoV-2 epitopes from

spike protein or PLpro (Nsp3). “CMV” refers to the positive control A*02:01 SCT
loaded with the peptide NLVPMVATV. C. SCT multimers are used in two rounds
of PBMC sorting and expansion to identify antigen-specific T cells, whose TCRs
are then sequenced. D. TCRs are cloned into CD8+ T cells, purified by tetramer
sorting, and expanded. E. Pure, antigen-specific T cell lines are functionally
validated through various assays measuring cytokine and surface cell markers.

cell populations by cloning sequenced TCRs and demonstrating functional activity
against specific SARS-CoV-2 epitopes.
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3.1.2 Methods

3.1.2.1 Study design

The objective of this study was to explore the role of the antigen-specific adaptive
immune response against SARS-CoV-2. To this end, pMHCs were designed in the
form of a plasmid-encoded single-chain trimer comprising a candidate SARS-CoV-
2-derived spike protein or Nsp3 epitope, β-2 microglobulin subunit of theMHC, and
the human leukocyte antigen (HLA) subunit of the MHC. The optimized platform
was utilized to express approximately 118 viable SCT constructs against the spike
protein, and 75 against Nsp3. We then incorporated 88 of the spike SCTs and
75 of the Nsp3 SCTs as tetramers into our nanoparticle nucleic acid cell sorting
(NP-NACS) system to generate high-avidity TCR capture agents. Last, NP-NACS
was applied toward the identification and analysis of antigen-specific T cells derived
from blood draws of eight COVID-19 participants covering three HLA alleles of
interest, as well as from four HLA-matched healthy donor PBMC samples.

3.1.2.2 Study approval & sample collection

All human samples (blood) were obtained after approval from the Providence St.
Joseph’s Health IRB and participant-written informed consent, in accordance with
45 CFR 46, as part of the Swedish Institute’s INCOV trial to study COVID-19
participants. Peripheral blood mononuclear cells (PBMCs) were isolated and cry-
opreserved by Bloodworks Northwest (North Seattle Donor Center, Seattle). They
were collected from participants at up to three timepoints: T1 (diagnosis), T2 (4-5
days after diagnosis), and T3 (convalescence). 186 unique participant samples were
submitted for HLA haplotyping (Cisco Genetics) (Fig. H.1 & H.2). Among all
samples, we identified A*02:01, A*24:02, and B*07:02 alleles as the most preva-
lent, and therefore filtered for participants with these alleles for further analysis
using SCT constructs.

3.1.2.3 SCT plasmid construction & protein expression

Single-chain trimer pMHC reagents consist of a peptide covalently linked to the β-2
microglobulin subunit, which is covalently linked to the HLA subunit (Fig. 3.1A).
In order to build SARS-CoV-2 SCT libraries, identified peptides were encoded
into primers for insertion into template SCT plasmids (Sections 2.1.3.1, 2.1.3.2,
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Appendix B). The peptide-substituted SCT plasmid libraries were subsequently
transfected into Expi293 cells for approximately four days. Secreted SCT proteins
were collected from the supernatant, biotinylated, and purified by HisTag column.

3.1.2.4 SCT multimer assays

SCT monomer libraries can be biotinylated and incorporated into standard tetramer
scaffolds for various downstream assays. The SCT tetramers can then be assem-
bled onto the surface of magnetic nanoparticles to form pMHC-nanoparticle (pNP)
libraries for hemocytometry fluorescence microscopy assays (Fig. 3.1A), similar
to our previous reports [9, 10], or used in standard flow cytometry assays (Fig.
3.1C). Furthermore, these SCTs can be used with Immudex Klickmer reagents to
form dextramers for use in 10X single-cell sequencing experiments. Each of the
three platforms for antigen-specific T cell analysis has its own advantages and dis-
advantages. pNP libraries are advantageous in that all analysis is done in solution,
thus avoiding risks from aerosolized COVID-19 patient biospecimens. Our prior
work using the NP-NACS system highlights the enhanced sensitivity of this plat-
form, which allows for its use with non-expanded CD8+ T cells directly extracted
from PBMCs. However, enumeration of TCR sequences from captured cells is
difficult, and requires further microfluidic adaptations to enable single-cell sequenc-
ing [10, 11]. Compared to NP-NACS, flow cytometry assays making use of SCT
tetramers are higher throughput and can be combined with bulk sequencing assays
to identify antigen-specific TCR sequences, but the degree of specific binding by
tetramers is more difficult to resolve as one cannot visualize tetramer staining at
the microscopic level. Dextramer/10X assays are utilized in a similar manner to
tetramers for flow cytometry and allow for antigen-pairing of TCR sequences, but
compared to the other approaches is relatively more expensive and lower through-
put, enabling analysis of only up to 10,000 cells per run. In order to maximize
confidence that sequenced TCRs are derived from antigen-specific T cells, the latter
two assays worked with CD8+ T cells which had been expanded after either SCT
capture or peptide stimulation.
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3.1.2.5 Production of cysteine-modified streptavidin-DNA (SAC-DNA)
conjugates

The SAC-DNA conjugate was produced following a previously published protocol
[12]. Briefly, SACwas first expressed from the pTSA-C plasmid containing the SAC
gene (Addgene). Before conjugation to DNA, SAC (1 mg/ml) was buffer exchanged
to PBS containing Tris(2-Carboxyethyl) phosphine hydrochloride (TCEP, 5mM) us-
ing Zeba desalting columns (Pierce). Then 3-N-Maleimido-6-hydraziniumpyridine
hydrochloride (MHPH, 100 mM, Solulink) in DMF was added to SAC at a molar
excess of 300:1. In the meantime, succinimidyl 4-formylbenzoate (SFB, 100mM,
Solulink) in DMF was added to 5’-amine modified ssDNA (500 µM) in a 40:1
molar ratio. After reacting at rt for 4 hours, MHPH-labeled SAC and SFB-labeled
DNAwere buffer exchanged to citrate buffer (50 mM sodium citrate, 150 mMNaCl,
pH 6.0), and then mixed at a 20:1 ratio of DNA to SAC to react at RT overnight.
SAC-DNA conjugate was purified using the Superdex 200 gel filtration column (GE
health) and concentrated with 10K MWCO ultra-centrifuge filters (Millipore).

3.1.2.6 COVID SCT pNP library construction

Streptavidin-coated NPs (500 nm radius, Invitrogen Dynabeads MyOne T1) were
prepared according to the manufacturer’s recommended protocol for biotinylated
nucleic acid attachment. These NPs were mixed with barcoded biotin-ssDNA (100
µM) at 1:20 volume ratio to obtain NP-DNA. Excess DNA was removed by washing
the NPs three times. In parallel, the SCT monomer library was added to SAC-
DNA at a 4:1 ratio to form the SCT tetramer-DNA. To generate fluorescent pNPs,
equimolar amounts (in terms of DNA ratio) of NP-DNA and pMHC tetramer-DNA
were hybridized at 37°C for 20 min, along with 0.25 µl of 100 µM ssDNA bound to
AlexaFluor 750, AlexaFluor 488, or Cy5 (IDT-DNA), and washed once with buffer
(0.1% BSA, 2 mM MgCl2 PBS). The use of three dyes allows for multiplexing of
up to three unique antigen pNPs per analysis. Typically, each NP-barcoded NACS
analysis of <100,000 cells uses 2.5 µL of stock NPs (28.2 million particles total) per
library element.
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3.1.2.7 Preparation and isolation of CD8+ T cells from PBMC suspensions

PBMCs were thawed and incubated in RPMI 1640 media supplemented with 10%
FBS and IL2 (100 U/mL) for overnight recovery at 37 ◦C, 5% CO2. Recovered
cell viability was measured at >95% for all samples. CD8+ T cell population was
negatively selected using the CD8+ T Cell Isolation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany). Briefly, recovered cells were incubated with a biotinylated
antibody cocktail that captures CD8- cells in PBMCs followed by streptavidin-coated
microbeads. The untouched CD8+ T cells were separated in a 15 mL Falcon tube
using an LS column. The tube containing CD8+ T cells was then centrifuged at 500
g for 5 minutes and the pellet was re-suspended in PBS buffer.

For the multiplex cell labeling, CD8+ T cells were individually stained with Calcein
Blue, AM (Thermo Fisher Scientific) or CellTracker™Orange CMRADye (Thermo
Fisher Scientific) at the concentration of 4 µM and 400 nM, respectively. After
incubation for 10 minutes at 37◦C under 5% CO2, cells were washed twice with
PBS and re-suspended in a cell suspension buffer (0.1% BSA, 2 mM MgCl2 in
PBS).

3.1.2.8 Identification of antigen-specific CD8+ T cells by NP-NACS

The pNP library was combined into groups of 3 pNPs, with each pNP element in
the group stained with one of three barcode dyes. From each pNP group, 7.5 µl was
incubated with each aliquot of stained CD8+ T cells at RT for 30 minutes. Antigen-
specific cells were enriched by magnetic pulldown and re-suspended into 6 µl of
0.1% BSA 2 mMMgCl2 PBS buffer. Captured cells were then loaded into a 4-chip
disposable hemocytometer (Bulldog-Bio). The entire area in the hemocytometer
chip was imaged to obtain the total pulldown cell number. Identification of antigen-
specific T cells, including the detection and exclusion of non-specific binding events,
was conducted with cellSens Olympus software and R programming language.

3.1.2.9 Tetramer binding flow assay

For use of SCTs in tetramer format for flow assays, see prior protocols (Section
2.2.2.7). Use of SCTs in dextramer format for 10X also followed similar protocols,
where streptavidin was replaced with Immudex dextramer/Klickmer reagents, and
downstream protocols for staining and washing were identical. For 10X single-cell
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sample submission, we adhered to manufacturer’s recommendations and protocols
for best results.

3.1.3 Results & Discussion

3.1.3.1 SCT libraries enable rapid discovery of potential SARS-CoV-2
epitopes

To broadly survey antigen-specific CD8+ T cell response against SARS-CoV-2,
PBMCsamples of hospitalizedCOVIDparticipantswere collected fromblood draws
across three timepoints, starting from diagnosis (T1) to 4-5 days post-diagnosis (T2)
to convalescence (T3). ELISpot assays based on stimulation with peptide pools of
SARS-CoV-2 structural proteins showed significantly increased IFN-γ production
from two COVID participant PBMC samples versus health donor controls (Fig.
3.2). Among the INCOV participants, the increased IFN-γ signature primarily was
detected at T2, indicating that an epitope-specific response against SARS-CoV-2
developed over time after infection.

peptide pool stimulation

no stimulation

Figure 3.2: Peptide pool stimulation of PBMCs elicits cytokine response
ELISpot assay of IFN-γ secreting CD8+ T cells from PBMCs of COVID-19
participants and healthy donors stimulated with peptide pools derived from

SARS-CoV-2 structural proteins.

Recent reports have indicated that the SARS-CoV-2-specific T cell repertoire of
hospitalized COVID patients consists of a large proportion of the exhausted phe-
notype and overall low CD8+ T cell counts correlated with disease severity. To
enumerate the epitope landscape of SARS-CoV-2-specific CD8+ T cells, including
those which are potentially rare or exhausted, we opted to initiate our search by
probing the PBMCs directly instead of relying on a stimulation/expansion-based
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method. This approach prevents any potential bias against antigen-specific T cells
with non-expandable phenotypes, which could skew the distribution of detected
epitopes. To account for the absence of an expansion step, capture sensitivity was
maximized using our NP-NACS platform, which affixes thousands of tetramers onto
magnetic particles, enabling highly sensitive magnetic isolation and detection of
clonal CD8+ T cells at frequencies as low as 0.001% [9]. To capture as many anti-
gen specificities as possible among unexpanded CD8+ T cells, capture breadth was
broadened using our SCT platform to generate hundreds of pMHCs. 9- to 11-mer
peptide sequences from a protein of interest were entered into the NetMHC4.0 bind-
ing prediction algorithm [13]. For the spike protein, we identified 96, 33, and 51
peptides for HLA-A*02:01, B*07:02, and A*24:02 alleles, respectively, with 500
nM or stronger binding affinity (Tables I.1, I.2, & I.3). These matched to varying
degrees with published lists of putative antigens [14–16].

This filtered peptide list was used to develop pMHC-encoded plasmids using our
SCT platform. The distribution of SCT protein expression for epitopes along the
spike protein domain map were unique for each haplotype. A*02:01 SCTs showed
relatively heterogeneous levels of expression for epitopes throughout all domains
except TM (weak expression) (Fig. 3.3). B*07:02 SCT expression showed pref-
erence for NTD, S1/S2 cleavage site, and parts of the S2 subunit, while highly
expressed A*24:02 SCTs appeared to be concentrated around NTD, RBD, and TM
regions (Fig. I.1). These distributions are partially skewed by artificial selection
bias due to our use of NetMHC4.0 as a filtering step prior to SCT production. There-
fore, the expression of these SCTs to some degree are a reflection of the prediction
strength of the algorithm. Additionally, the results may be seen as an interpretation
of the biological differences that exist across the HLA alleles. Differences in hy-
drophilic/hydrophobic preference within each HLA’s binding will bias the stability
of each pMHC construct for certain peptide motifs found in the spike domains.

3.1.3.2 SCT multimers can identify antigen-specific T cells from healthy and
COVID-19 donors

We first asked whether immunogenic epitopes derived from the spike protein were
shared among HLA-matched COVID participants. The highest expressing SCTs
from each of the three libraries were utilized as NP-NACS reagents to identify
antigen-specific T cells among COVID PBMCs from two participants and at least
one healthy control per haplotype (Fig. 3.4). For each HLA haplotype, the NP-
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Figure 3.3: Expression of SCTs for A*02:01 SARS-CoV-2 spike protein epitopes
A. Schematic of the spike protein domains. S, signal sequence; NTD, N-terminal
domain; RBD, receptor binding domain; FP, fusion peptide; HR1, heptad repeat 1;

CH, central helix; CD, connector domain; HR2, 5 heptad repeat 2; TM,
transmembrane domain; CT, cytoplasmic tail; subunits denoted by S1 and S2.
Shaded boxes denote relative position and expression yields of SCT proteins.

Peptide ID numbers are indexed in descending order of predicted binding affinity.
B. Reduced SDS-PAGE of a subset of spike epitope SCTs from (A). Lane number
indicates peptide ID, with domain-matched background color. +, purified WT1
SCT. C. Barplots comparing relative SCT yield (quantified against WT1 SCT
lanes) and predicted affinity for each peptide from the subset in (B). D. Crystal
structure of spike monomer (24). Domain colors match those of the regions in

schematic (A); S1 and S2 subunit backbones in white. Amino acids containing the
30 A*02:01 tested epitopes of Fig. 3A in red.

NACS assay was able to identify antigen-specific T cells against a shared subset of
epitopes per library, regardless of disease state of the samples. However, COVID
participants contained significantly higher frequencies of antigen-specific T cells
against each of the top epitopes relative to their healthy controls. These shared
immunodominant epitopes were detected at both time points of sample collection
for the COVID participants with variations in relative frequency for each, indicating
perhaps fluctuations in clonotype expansion against each epitope throughout the
immune response. Here, our findings suggest that immunodominant epitopes are
present among individuals of the sameHLAhaplotype, even among healthy controls,
and that the degree of detection evolves throughout the course of disease state.

Although antigen-specific T cells were detected by NP-NACS, the degree to which
these cells can be induced by those epitopes to produce an actual immune response
remained in question. Five peptides comprising epitopes detected from either
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Figure 3.4: Spike protein-specific T cell populations from COVID-19 participants
via NP-NACS
Peptides are plotted according to position on the spike protein, with dashed lines
pointing to position along the domain map. In each plot, counts are from two
COVID-19 participants and one HLA-matched donor sample (top: A*02:01,

middle: B*07:02, bottom: A*24:02).
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the A*02:01 or B*07:02 assay were synthesized and used in an ELISpot assay to
stimulateHLA-matched PBMCs. In theA*02:01 assay (Fig. 3.5A), IFN-γ secretion
was upregulated upon exposure to the peptides in both disease and healthy PBMCs.
However, there was variation in the degree of IFN-γ upregulation per peptide.
RLDKVEAEV induced the strongest response in the INCOV PBMCs, whereas for
healthy PBMCs, KLPDDFTGCV elicited the strongest response, and to a greater
extent when compared to other peptide responses seen in the INCOV samples. The
fact that the KLPDDFTGCV SCT captured the highest frequency of cells in NP-
NACS but gave a significantly reduced IFN-γ response in INCOV samples, while
the healthy donor produced opposite results, indicates that this peptide perhaps is
immunogenic but might cause T cell exhaustion in a disease state. We performed a
similar assay for B*07:02 PBMCs using another set of peptides (Fig. 3.5B). Here we
saw that the healthy B*07:02 donor PBMCs had no response to stimulation by any
peptide, while the INCOV PBMCs secreted IFN-γ only with peptide stimulation.
However, we did not expect KLPDDFTGCV to induce IFN-γ secretion for these
PBMCs, as it was a predicted binder only to A*02:01 HLA alleles. A deeper HLA
analysis of the INCOV-004 sample revealed that this participant also was positive
for A*02:01, so activation by this peptide was expected. INCOV-006, however,
did not possess the A*02:01 haplotype. One speculation to reconcile results with
HLA haplotypes may be that the KLPDDFTGCV peptide can presented by this
participant’s other HLA alleles.

We next wanted to observe whether other regions of the SARS-CoV-2 proteome
could elicit strong immune responses from patients in the form of higher antigen-
specific T cell counts. As reported in other virus studies, non-structural proteins
tend to be preferential for CD8+ T cell activation. This finding, if applicable to
the context of SARS-CoV-2, would be highly informative towards targeted vaccine
developments. One such domain of interest, Nsp3, encodes for papain-like protease
(PLpro), which has been identified in other coronavirus strains to play a significant
role in the early stages of the infection cycle, processing other non-structural ele-
ments that are responsible for infection and assembly of structural virus elements.
As such, Nsp3 is expressed much earlier than structural elements such as the spike
protein. Therefore, we hypothesized that Nsp3 epitopes might be also be surveyed
by the immune system earlier than epitopes derived from structural proteins. 191
Nsp3 peptide-encoded HLA-A*02:01 SCT plasmids were produced, approximately
100 of them expressed to a sufficient degree for biotinylation and tetramerization,
and the top 75 expressed SCTswere utilized in NP-NACS to identify antigen-specific
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Figure 3.5: SARS-CoV-2 spike epitopes induce cytokine secretion inHLA-matched
PBMCs
Peptides identified to be immunogenic from the NP-NACS assay were synthesized
and used to stimulate HLA-matched PBMCs from InCoV participants and healthy

donors for HLA-A*02:01 (A) and HLA-B*07:02 (B).

T cells in two COVID participants and two healthy controls (Fig. 3.6 & Table I.4).
Again, we observed that both healthy and COVID PBMCs showed reactivity to the
same epitopes. However, the relative counts for PLpro epitopes are much higher
than for spike epitopes. Surprisingly, for some epitopes, healthy PBMCs gave just
as high of a response. This finding implies perhaps prior exposure to coronavirus
strains harboring similar epitopes.



109

Figure 3.6: PLpro-specificT cell populations fromA*02:01COVID-19 participants
via NP-NACS
Peptides are plotted along x-axis according to relative position on nsp3 protein and

color-coded by nsp3 subunit (UBL: ubiquitin-like domain, Ac: Glu-rich
acidic-domain, ADRP: ADP-ribose-1’-phosphatase domain, SUD: SARS unique
domain, PLpro: papain-like protease, NAB: nucleic acid binding domain, G2M:
marker domain, TM: transmembrane domain, ZF: zinc finger domain, Y1-Y2-Y3:

Y domains preceding PLpro cleavage site).
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3.1.3.3 SCTs enable high-throughput discovery of SARS-CoV-2-specific
TCR sequences

While the NP-NACS platform allowed us to rapidly identify immunogenic antigens
from primary CD8+ T cells, we needed to enumerate their TCR sequences by flow
cytometry to provide additional functional validation. Without the additional avidity
conferred by the NP-NACS nanoparticle scaffold, we expected tetramer/dextramer
binding assays to have some inherent degree of non-specific binding. This would
render identification of antigen specificity difficultwhenworkingwith primaryCD8+

T cells due to their low frequency and generally lower cell quality. Therefore, we first
sorted for primary CD8+ T cells using SCT tetramer pools for each patient (tetramer
pools consisted of all SARS-CoV-2 SCTs synthesized matching the participant’s
HLA haplotype) (Fig. 3.1C). Each of the sorted populations were then expanded
for approximately two weeks to improve quantity and viability. The cells were
subsequently sorted by individual SCT tetramers within their respective libraries,
such that we could associate each sorted population of TCR clonotypes with a
targeted antigen. NGS bulk sequencing of the samples revealed antigen-specific
populations against a subset of spike and PLpro antigens across most patients (Fig.
3.7). Of the 21 unique peptides which had detectable T cell populations, eight
of them were found across multiple patients. Two of the patient samples had no
cells captured by bulk sequencing after the expansion process, perhaps due to poor
viability or biased expansion of non-specific T cells after low counts of tetramer-
binding cells were collected during the pooled tetramer sorting step.

To complement the bulk sequencing approach, we wanted to perform single-cell
sequencing on the expanded T cell populations to identify any prevalent clonotypes
that may have been missed. The expanded cells were stained with a DNA hashtag to
encode patient identity. Then, they were stained with a designated set of SCT dex-
tramers, each containing an antigen-encodedDNAbarcode. After excess dextramers
were washed, the stained T cells from multiple patients were combined together and
submitted for 10X single-cell sequencing. To assess the quality of SCT capture,
we quantified dextramer binding frequency and heterogeneity. We first sorted the
10X data to identify the top 20 clonotypes which had the highest frequency of ho-
mogeneous dextramer binding (signal only from one unique dextramer barcode per
cell), encompassing a frequency range of 24 to 959 antigen-specific cells detected
against the dominant dextramer per clonotype (Fig. 3.8). The dextramer IDs of
these 20 clonotypes were traced back to their associated SCT identities to reveal
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high low

antigen-speci�c T cell frequency

Figure 3.7: Enumeration of expanded antigen-specific T cell populations from
COVID-19 participants via bulk sequencing
Frequencies of antigen-specific T cell populations identified by individual tetramer
sorting from expanded T cells for COVID-19 participants (y-axis) of three HLA
alleles (top, A*02:01; middle, B*07:02; bottom, A*24:02). The example flow and
TCR data shown in Fig. 3.1C is obtained from InCoV001-CV sample for the

peptide FAMQMAYRF (indicated by arrow).

specificity to six unique epitopes across A*02:01 and B*07:02. Five of the six
epitopes are derived from spike protein, and one from PLpro. For each clonotype,
cells with heterogeneously bound dextramers (non-specific) displayed a dominant
dextramer signal derived from the same SCT as that of the homogeneously bound
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cells (Fig. J.1), but this signal comprised a significantly smaller fraction of the
total dextramer signal. This indicates that our expansion step, followed by dex-
tramer signal filtering, allows for successful reduction of background noise caused
by non-specific dextramer binding. A comparison of the captured TCR data from
single-cell against bulk sequencing revealed an overlap of six TCR clonotypes. The
identified SCT specificity from five of these six clonotypes, whether in tetramer
format (bulk sequencing) or dextramer format (10X single cell), were in agreement.

3.1.3.4 Identified TCRs are functionally responsive against SARS-CoV-2
peptides

In order to functionally validate our TCRs, sequencing results from bulk and 10X
single-cell methods were sorted by prevalence, and 86 unique SARS-CoV-2-specific
TCRs were selected for cloning into primary CD8+ T cells by CRISPR/Cas9 trans-
duction (Figs. 2.28 & 3.1D; Tables K.1, K.2). In order to thoroughly scan the most
prevalent clonotypes for peptide specificity, several of the selected TCR clonotypes
consist of different combinations of α/β pairs for cells in which dual TCR receptors
were detected (e.g. TCR 087 & 092 share the same TCR β chain). The transduced
T cells were sorted with SCT tetramers of corresponding antigen-specificity, and
expanded for at least two weeks to generate cell lines. Of the 86 TCR sequences, we
were able identify at least 13 which could specifically bind to SCT tetramers after
expansion (Fig. 3.9). The lack of strong tetramer binding by the other T cell lines
could be explained by the following causes: 1) non-productive TCR pairs derived
from cells with dual TCRs; 2) collection of background cells from initial sorting of
T cells from PBMCs via 10X or bulk method; 3) biased expansion of non-productive
T cells. We found that a larger proportion of 10X-derived TCR sequences were pro-
ductive versus bulk-derived TCR sequences, which is not surprising due to enhanced
precision of the single-cell sequencing approach.

Initial functional validation of TCRs 001 and 002, which were obtained from healthy
donors, demonstrated that peptide stimulation could induce CD137 expression (Fig.
3.10). This indicates that the TCRs identified are indeed capable of binding to bio-
logical pMHCs and inducing downstream activation signals. Furthermore, ELISA,
ELISpot, and flow cytometry assays demonstrated that peptide-stimulated T cells
could be induced to release cytokines (specifically, TNF-αwas observed but not IFN-
γ) and proteases (granzyme B), characteristic of a cytotoxic response from CD8+

T cells upon activation (Fig. 3.10). We anticipate performing similar functional
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A

Pa�ent Status HLA An�gen Dextramer
InCoV003-CV T3 A*24:02 KWPWYIWLGF 47
InCoV047-CV T3 A*02:01 FCLEASFNYL 53
InCoV047-CV T3 A*02:01 MLAKALRKV 54
InCoV047-CV T3 A*02:01 YLQPRTFLLK 55
InCoV047-CV T3 A*02:01 KQIYKTPPI 56
InCoV005-CV T3 A*02:01 MLAKALRKV 59
InCoV005-CV T3 A*02:01 RLITGRLQSL 62
InCoV002-CV T3 A*02:01 MLAKALRKV 67
InCoV002-CV T3 A*02:01 RLITGRLQSL 73
InCoV002-CV T3 A*02:01 KQIYKTPPI 75
InCoV006-CV T3 B*07:02 FPQSAPHGVVF 77
InCoV006-CV T3 B*07:02 LPPAYTNSF 79
InCoV006-CV T3 B*07:02 RARSVASQSI 80
InCoV006-CV T3 B*07:02 YPDKVFRSSV 81
InCoV006-CV T3 B*07:02 SPRRARSVA 82

GB17457 healthy A*02:01 RLITGRLQSL 83
GB17457 healthy A*02:01 LLFNKVTLA 88
GB18622 healthy A*02:01 RLITGRLQSL 90
GB18622 healthy A*02:01 LLFNKVTLA 95

CATEDNAGNMLTF_CASSLGEPQHF (071)

CAVSDDKLIF_CASGQGGGTEAFF (082)

CAVQAAREYNFNKFYF_CASSQEGDRVTEAFF (083)

CLVDNNAGNMLTF_CASSLRSYEQYF (046)

CAAQSNMEYGNKLVF_CASSSPDRGGTNEKLFF (084)

CAVNADRDDKIIF_CASSLGTSGGAPETQYF (085)

CAGHPKTSYDKVIF_CSARDPGLEQNIQYF (086)

CALKTIKAAGNKLTF_CASSSLDGRLGYTF (048)

CVVRDGGYNKLIF_CATFTGNTEAFF (042)

CAASDDNYGQNFVF_CASSPDDRESSYNEQFF (087)

CAVLNYGGSQGNLIF_CASIRLAGSPYEQYF

CAGNYGQNFVF_CASSSGLAGRWATQYF

CAASAGSGTYKYIF_CATEAFF (089)

CAVSSGGYQKVTF_CASSPDGGNTEAFF (090)

CAFSQGGSEKLVF_CASSLVLNYEQYF (091)

CAPDSNYQLIW_CASSLRSGGEETQYF

CAGLNQGAQKLVF_CASSPDDRESSYNEQFF (092)

CAFMEVEGVMNRDDKIIF_CASSLEGWDLPLHF (093)

CAGPIGTSYDKVIF_CASSSAHYGYTF (094)

CAFMKLWTGNQFYF_CASSLETEKSYEQYF (095)
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Figure 3.8: Enumeration of expanded antigen-specific T cell populations from
COVID-19 participants via 10X single-cell sequencing, filtered for homogeneously
binding cells

A. Frequencies of antigen-specific T cell populations among the top 20 most
common detected clonotypes, identified by multiplexed dextramer sorting from
expanded T cells for COVID-19 participants. B. Table of dextramers used per

patient sample, along with associated participant sample, antigen, and HLA allelle
of SCT. “Dextramer” column refers to the ID of the dextramer used for the legend

in (A).

assays for the entire library of TCR-transduced cells in order to confirm peptide
specificity. Further functional assays, such as cell-killing assays using APCs trans-
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Figure 3.9: Transduced TCRs are specific to SARS-CoV-2 antigens
TCRs obtained by 10X or bulk sequencing methods from healthy donor or

COVID-19 participant-derived T cells were transduced into HLA-matched CD8+ T
cells and selectively expanded after SCT tetramer binding to generate cell lines.
Shown here are the tetramer binding results of the expanded cells, demonstrating

SCT specificity and purity of the cell lines. Each cell line’s TCR number
corresponds to the TCR ID found in Tables K.1-K.2. Each cell line’s

HLA-restriction and antigen specificity is also labeled.

duced with spike protein or PLpro, will also be performed to assess cytotoxicity
of these TCRs. Because these TCRs have been isolated using large SCT libraries
against PBMCs from participants of different HLA haplotypes, we anticipate seeing
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a spectrum of T cell responses that may highlight peptide-dependent, SARS-CoV-2
protein domain-dependent, or HLA-dependent immunogenicity.
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Figure 3.10: Functional validation of TCR-transduced T cells
T cells transduced with TCRs 001 & 002 corresponding to peptides 1 & 2 (table),
respectively, are functionally assessed after 16-hour overnight peptide stimulation.
Top: ELISA assay measuring cytokine release. Middle: ELISpot assay counting
cells with granzyme B expression. Bottom: Flow cytometry assay measuring

percentage of cells activated (CD137+) and cytotoxic (granzyme B+).

3.2 Future Directions

3.2.1 SARS-CoV-2 Proteomic Analysis

In the work above, we have demonstrated the capacity for the SCT platform to be
utilized in a timely manner to identify immunogenic antigens from SARS-CoV-2
proteins. However, some of the primary limitations in this study are that the libraries
assessed were restricted to a few hundred total SCTs encompassing only two pro-
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teins of SARS-CoV-2 (Tables I.1, I.2, I.3, I.4) and that the number of participants
studied was small. It would be prudent, especially in the context of a pandemic, to
develop a platform capable of assessing all potential epitopes from the SARS-CoV-2
proteome and to have the capability to screen more than just a handful of partici-
pants for T cell response with peptide-level resolution. Toward the former objective,
this required the implementation of higher throughput approaches to each step of
SCT production in our workflow to accommodate generation of 1,000+ proteins
(Appendix B-D). Primarily, reduction of error in plasmid production, automation
of plasmid sequence verification, and adaptation of 96-sample instruments across
bottlenecking steps (PCR purification, transfection, SCT purification, protein de-
salting, etc.) are some of the major changes we adopted. Toward the latter objective,
significant changes to our 10X single-cell sequencing methodology were required.
Given the cost limitations of ordering a large multiplexed set of DNA-barcoded
dextramers (approximately $50,000 for a set of 64 unique dextramers), multiple
rounds of 10X sequencing are required to enable assessment of hundreds of SCTs
covering the SARS-CoV-2 proteome. Furthermore, we needed to combinatorially
assign participant-associated DNA hashtags to our samples, such that one could
accommodate on the order of 10-20 participant T cell samples per round of 10X
analysis. In this manner, the sample round, dextramer ID detected, and participant
DNA hashtag detected would delineate the peptide-participant information associ-
ated with a TCR sequence. To our knowledge, this scale of pMHC tetramer-guided
peptide/TCR mapping has not been implemented in the literature, primarily due to
scaling and cost issues that exist for traditional technologies.

We anticipate that this platformwill shed light on the question of immunodominance
in SARS-CoV-2 antigens. Specifically, while recent literature and our study have
focused on identifying immunogenic peptides from the spike protein, the question
of which peptides throughout the proteome actually are primarily responsible for
induction of an immunogenic response still remains to be answered. The com-
plexity of this question is compounded by the biological origins of these peptides
dictating mechanisms and efficiency of peptide presentation to CD8+ T cells (for
instance, do they derive from non-structural or structural proteins, are they involved
in early or later stages of infection?), the analysis of participant samples at various
checkpoints in their individual disease chronology, and the potential bias on peptide
immunogenicity caused by HLA variation among the entire INCOV cohort, among
numerous other factors. To narrow down this complexity, therefore, we assessed
only A*02:01 participants and their respective peptides (covering approximately
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40% of all participants due to the high prevalence of this allele, Fig. H.1). Addi-
tionally, we opted to study only PBMCs taken from samples at convalescent stage.
Our rationale here was that SARS-CoV-2-specific T cells from samples at this time-
point should primarily consist of the memory subtype, whose antigen specificity
arguably is of greater immunoprotective significance than that of exhausted or for-
merly active subtypes. In other words, examining convalescent stage PBMCs should
filter only for T cells that have played an important role in establishing recovery and
maintenance of protection.

We are currently developing such a platform to thoroughly assess all predicted
peptides from the SARS-CoV-2 proteome in HLA-A*02:01 participants. The SCT
platform has been advanced recently to improve production capacity by roughly
an order of magnitude, such that approximately 1,000 SCTs were produced for
this purpose (Fig. B.3). 9-mer and 10-mer epitopes were identified from the
SARS-CoV-2 proteome using the same strategies previously discussed, and, in
approximately two to three months, starting from a list of 951 peptides (Tables
L.1-L.4), we produced SCT plasmids for every element and carried out transfection
to identify those which expressed and could be used for antigen/TCR pairing assays.
As seen in Figure 3.11, expressed SCTs included peptide elements from nearly
all domains/proteins of SARS-CoV-2 without signficant bias for either 9-mer or
10-mer lengths. Altogether, 553 of the 951 SCTs were expressed to sufficient
yields for downstream use. For TCR analysis, we have selected approximately 40
HLA-matched INCOV participants and 10 HLA-matched healthy donor samples as
controls. Currently, we are optimizing barcoding configurations of dextramers and
sample hashtags, and expect to report on antigen/TCR pairing results soon.

On a final note, based on the large size of the SCT proteome library, we wondered if
the protein expression results might have correlation with NetMHC4.0 prediction.
An initial plot of the data showed SCT expression to appear almost randomized for
binding predictions made within this 0-500 nM window (Fig. 3.12A). A moving
average plot to smoothen yield fluctuations when traversing across binding affinity
demonstrated an extremely weak correlation (Fig. 3.12B). These results point to a
need for further optimization of prediction software, and serve as a starting point
for further expansion of these yield vs. prediction experiments. Given the ease of
high-throughput SCT production as established herein, we anticipate future SCT
expression datasets to be massive enough for sufficient training and testing of new
and existing machine learning algorithms.
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Figure 3.11: Expression of SCTs for A*02:01 SARS-CoV-2 proteomic epitopes
Barplots of SCT protein band intensity (yield) for 9-mer (A) or 10-mer (B)
epitopes predicted by NetMHC4.0 to have < 500 nM binding affinity.
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Figure 3.12: A*02:01 SCTs predicted for the SARS-CoV-2 proteome display poor
correlation with yield
A. Scatterplot of SCT expression versus NetMHC4.0 predicted binding affinity. B.
Moving average of expression yield (20 points) plotted against binding affinity.

3.2.2 Exploring HLA-B SCTs in the context of SARS-CoV-2

Another question we sought to explore during the onset of SCT development was
whether our developed templates could be readily used in HLA alleles other than
HLA-A. Given that the vast majority of existing Class I SCT literature focused on
HLA-A, much of our initial proof-of-concept experiments implemented SCTs in the
same context. However, the weight of HLA-A’s role in disease protection relative
to other Class I alleles is largely unknown, and it would be of great interest and
importance to apply the sample principles of SCT design toward HLA-B and HLA-
C. We had the opportunity to perform such an analysis for HLA-B with the study of
B*07:02 SCTs against the spike protein (Fig. I.1 & Table I.2). While the presented
data shows SCT yield only for the DS-SCT template of B*07:02, we actually settled
on using this template only after exploring one of the traditional templates (Fig.
3.13), discovering that D3 generated relatively poor yield for this peptide library.
In a deeper comparison of various B*07:02 templates (Fig. 4.2), the yields of this
peptide library for all templates aside fromDS-SCTwere significantlyworse, moreso
than those seen in similar template comparison experiments conducted for HLA-A
alleles (Fig. 2.2B), such that we contemplated whether this failure by non-DS-SCT
templates to give good SCT yields was due to template mutation incompatibilities
with the binding groove of B*07:02 or with all HLA-B alleles in general. The greater
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sensitivity of HLA-B alleles to these modifications is corroborated by other studies
concluding that minor mutations to binding grooves of HLA-B alleles tend to more
drastically impact the peptide-binding repertoire compared to those of other Class I
HLA alleles [17]. Our decision to use DS-SCT B*07:02 SCTs for further analysis
of participant samples was made on the assumption that higher protein yields with
this template indicated better stability of these constructs during protein translation
and export. Better stability of such constructs would therefore be the preferred
candidates for use in antigen-pairing assays to avoid non-binding or non-specific
binding events.

B0702_PROS1_B_Y84C (D3)

+   1    2    3    4    5    6    7   8    9  10  11     +   12  13 14  15 16  17  18 19 20  21 22       +   23 24 25  26  27 28 29 30  31 33 

1       +    2    3    4    5    6    7   8    9   10  11  12     +  13  14  15 16  17 18 19 20  21  22 23       +   24 26  25  27 28  29 30  31 32 33
B0702_PROS1_A_Y84C_A139C (D9)

Pep�de ID

0 (low)

1.0 (high)

A

B ID pep�de D3 D9
1 SPRRARSVA
2 SPRRARSVAS
3 NSPRRARSVA
4 MIAQYTSAL
5 YPDKVFRSSV
6 IPTNFTISV
7 FPQSAPHGVV
8 LPVSMTKTSV
9 TNSPRRARSVA
10 SPRRARSVASQ
11 RARSVASQSI
12 QPYRVVVLSF
13 LPPAYTNSF
14 FPNITNLCPF
15 WPWYIWLGF
16 TPINLVRDL
17 VPVAIHADQL

ID pep�de D3 D9
18 TPCSFGGVSV
19 YPDKVFRSSVL
20 KPFERDISTEI
21 RAAEIRASA
22 SIIAYTMSL
23 LPQGFSALEPL
24 MIAQYTSALL
25 NSPRRARSVAS
26 AIPTNFTISV
27 SEPVLKGVKL
28 APGQTGKIA
29 FPQSAPHGV
30 FPQSAPHGVVF
31 ITRFQTLLAL
32 VVNQNAQAL
33 SLSSTASAL

Figure 3.13: Comparison of B*07:02 spike SCT expression for two templates
A. Reduced SDS-PAGE of B*07:02 spike epitope SCTs using two templates
(B_Y84C corresponds to template D3 and A_Y84C_A139C corresponds to

template D9 (DS-SCT) of table in Figure 2.2B). +, purified WT1 SCT. B. SCT
yield heatmap comparing relative expression results for the two templates.

In a recent collaboration with Dr. Owen Witte’s lab at UCLA, we sought to ex-
plore T cell immunity against the RNA-dependent RNA polymerase (RdRp) protein
domain (Nsp12) of SARS-CoV-2. This non-structural protein plays a significant
role in the early stages of infection, primarily dictating RNA translation. Our col-
laborators were able to identify A*02:01-restricted TCRs against RdRp epitopes
through traditional peptide stimulation and T cell activation screening assays, and
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plan to use SCTs from our proteomic library matching those epitopes to further
verify functional binding (Tables L.1-L.4).

The Witte lab is also interested in exploring RdRp-specific T cells from B*35:01
participants. Taking the lessons learned from B*07:02 library development, we im-
plemented the DS-SCT template toward production of the top 50 B*35:01 epitopes
as predicted by NetMHCpan 4.1 algorithms, which uses EL_rank as a measure of
peptide binding affinity (lower value is higher binding strength). Approximately
70% of the prepared elements resulted in high SCT expression (Fig. 3.14), and
the magnitude of the protein yields was in agreement with DS-SCT B*07:02 re-
sults, supporting the notion that DS-SCT is a template design cross-compatible with
HLA-B alleles in general, to a better extent than other traditional templates.
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1 2 3 4 5 6 7 8 9 10 11

12 13 14 15 16 17 18 19 20 21 22

23 24 25 26 27 28 29 30 31 32 33

34 35 36 37 38 39 40 41 42 43 44

45 46 47 48 49 50

ID pep�de EL_rank len
1 VPFVVSTGY 0.0234 9 0.38
2 YPLTKHPNQEY 0.0389 11 0.78
3 FVVEVVDKY 0.0552 9 0.90
4 FVSLAIDAY 0.1066 9 0.65
5 HPNQEYADVF 0.123 10 0.78
6 NPHLMGWDY 0.1539 9 0.44
7 NVIPTITQM 0.2217 9 0.84
8 SGVPVVDSY 0.2315 9 0.30
9 NAAISDYDY 0.2401 9 0.13

10 FVVSTGYHF 0.2907 9 0.68
11 EPEFYEAMY 0.3196 9 0.00
12 DVFHLYLQY 0.3204 9 0.17
13 SSGDATTAY 0.3515 9 0.00
14 AALTNNVAF 0.3537 9 0.10
15 AAISDYDYY 0.354 9 0.10
16 CPAVAKHDF 0.3581 9 0.34
17 LSFKELLVY 0.3635 9 0.27
18 LPYPDPSRI 0.4073 9 0.46
19 MVMCGGSLY 0.422 9 0.45
20 LVYAADPAM 0.4237 9 0.26
21 LTNDNTSRY 0.4243 9 0.00
22 QALLKTVQF 0.4809 9 0.00
23 TGTSTDVVY 0.483 9 0.13
24 EYADVFHLY 0.5551 9 0.00
25 YIKWDLLKY 0.5567 9 0.00

yield ID pep�de EL_rank len
26 MPILTLTRAL 0.5711 10 0.55
27 TITQMNLKY 0.5809 9 0.15
28 VVIGTSKFY 0.6073 9 0.09
29 DAVVCFNSTY 0.6205 10 0.29
30 RLYYDSMSY 0.6342 9 0.07
31 HAASGNLLL 0.6439 9 0.21
32 TVVIGTSKF 0.6869 9 0.06
33 MSYEDQDAL 0.6977 9 1.29
34 TSSGDATTAY 0.7888 10 0.09
35 TTAYANSVF 0.798 9 0.10
36 LSDDAVVCF 0.8008 9 0.14
37 YADVFHLYL 0.8417 9 0.23
38 MPILTLTRA 0.853 9 0.57
39 YFKYWDQTY 0.8779 9 0.00
40 YWEPEFYEAMY 0.9286 11 0.00
41 MPNMLRIMA 0.9344 9 0.69
42 NAAISDYDYY 0.9574 10 0.11
43 YPDPSRILG 0.966 9 0.33
44 ECAQVLSEM 0.9717 9 0.00
45 EAMYTPHTV 0.9985 9 0.00
46 LANECAQVL 1.0253 9 0.22
47 DFVNEFYAY 1.0524 9 0.08
48 HVDTDLTKPY 1.0802 10 0.00
49 MSYEDQDALF 1.0927 10 1.10
50 AVVCFNSTY 1.1125 9 0.00

yield

A

B

Figure 3.14: Expression of SCTs for B*35:01 SARS-CoV-2 RdRp protein epitopes
A. Reduced SDS-PAGE of a RdRp epitope SCTs. Lane number indicates peptide
ID (refer to (B) for peptide sequence). +, purified WT1 SCT. B. Quantified yield

heatmap for SCTs from (A).
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C h a p t e r 4

AN EXPLORATION OF TUMOR ANTIGENS FOR SCT
PRODUCTION

4.1 Introduction

A long-sought goal in the field of cancer immunotherapy is to develop technologies
which may enable the rapid isolation and enumeration of tumor-specific T cells
from patient tissue. Given the numerous side effects associated with radiotherapy
and chemotherapy (weakened immunity, damage to healthy tissue, neuropathy, etc.),
it would be advantageous to make use of immunotherapeutic approaches such as
adoptive cell transfer (ACT) therapy, which can harness the antigen-specific nature of
CD8+ T cell cytotoxicity to eliminate tumor burden without off-target consequences.
Toward this goal, advancement of ACT requires the identification of TCRs with
tumor specificity, which may be defined as reactivities targeted against various
types of antigens, either tumor-associated (TAAs) or tumor-specific (TSAs). TAAs
are generally peptides over-expressed in tumor cells due to dys-regulated proteins
in upstream pathways. In terms of amino acid sequence, they are no different from
those of proteins found in healthy cells. Prominent examples include NY-ESO-1 and
MART-1 peptides [1]. On the other hand, TSAs are, by definition, peptides found
uniquely in tumor cells, and therefore contain mutated amino sequences. TSAs are
further stratified into two groups, public and private. Public TSAs are found in high
prevalence in cancer populations, and tend to contain so called “driver” mutations
in certain proteins that play key roles in regulation of growth and metabolism. Such
proteins have the capacity to become oncogenic if their normal functionality is either
over- or under-regulated, resulting in uncontrolled cellular growth and expansion
into healthy tissue. These protein “hotspots”, or amino acid sequences that are
particularly susceptible to oncogenicity if altered, are therefore the most prominent
locations where one can identify public TSAs from the protein sequence. Private
TSAs, in contrast, consist of “passenger” mutations, which are typically amino acid
mutations that sporadically occur secondary to an initial driver mutation that triggers
oncogenicity. Passenger mutations, as implied by the name, are typically non-
oncogenic alterations to a protein sequence that nevertheless result in a sequential
change and enable one to utilize epitopes containing such sequences as a specific
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biomarker for tumor tissue. Because they tend to play a non-oncogenic role, they
do not significantly contribute to selective pressure for tumor escape, and therefore
are highly diverse, such that their presence across various tumor types and patients
is essentially individualized.

From a commercial standpoint, the primary criterion to avoid off-target side effects
favors an ACT approach that makes use of TSAs rather than TAAs. In terms of cost
reduction and efficiency, the use of TCRs targeting public TSAs over private TSAs is
strongly preferred, as it may enable off-the-shelf approaches to ACT administration
with minimal patient customization required. There are a number of reviews which
highlight the drawbacks of TAAs, implying that TSAs are perhaps themore favorable
approach [2]. As for determining whether public or private TSAs are the best
targets, however, there remains much room for insight, research, and development.
The primary bottleneck to research output here is the limited capacity for high-
throughput TCR enumeration, cloning, and validation of on-target cytotoxicity.
The ACT workflow becomes vastly complex when one must take into account the
broad TCR diversity which exists for any given epitope and the potentially large
number of epitopes to assess for any patient. Here, the choice of public TSAs
would address the peptide scope issue by focusing only on hotspot peptides rather
than the individualized repertoire of passenger mutations. Public TSAs might
also alleviate throughput concerns once viable TCRs have been selected, as their
large prevalence across patient populations might only require the optimization of
a few TCRs per peptide/HLA combination, which would circumvent the need to
repeatedly identify and validate antigen-specific TCRs per individual patient. The
SCT platformwould also serve as a tool to streamline the aforementioned limitations
behind TCR capture, as it enables high-throughput generation of capture reagents for
large peptide libraries to such an extent where hundreds of SCTs may be generated
within several weeks.

Using the SCT technologies outlined in the prior chapters, I discuss in this chapter an
outgrowth of various projects emerging from our initial SCT library developments.
While these projects are so far incomplete to various extents, the primary purpose is
to inform the reader of the potential for SCT technology to impact ACT development
and to lay the foundation for future SCT projects. The first section on TAAs
demonstrates how the SCT platformmay complement an existing method to identify
prostate cancer epitopes (mass spectrometry) for additional validation. As for
TSAs, I demonstrate the capacity of the high-throughput SCT platform to enable
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rapid discovery of immunogenic hotspot peptides for public TSAs on a per-HLA
basis for the p53 and KRAS proteins. Next, the SCT platform can also be used
in an individualized manner to identify potentially immunogenic private TSAs, as
exemplified by its application for a melanoma patient. In all cases, the SCTs used
can be further extended for use as tetramer reagents to identify cognate TCRs to
these antigens, and some examples are provided for the above projects. Given the
universality of SCT technologies for the study of any peptide/HLA pairing, these
projects provide a small glimpse into the potential space of tumor antigen targets that
can be explored, whether they originate from self-derived TAAs, public TSAs, or
private TSAs. Furthermore, some of these projects will expand upon earlier research
directions explored in the labs, such as glycosylation of peptides (Fig. 2.22), CD8-
inhibiting mutations (Fig. 2.8), SCT mutation engineering (Fig. 2.2), or NP-NACS
(Fig. 3.4). Their implementations, results, and potential future directions will also
be discussed.

4.2 Tumor-Associated Antigens

We have so far assessed SCT expression for tumor-associated antigens (TAAs) in at
least two different contexts. In the first case, we and our collaborators at the Fred
Hutch (Dr. Roland Strong) have been able to express A*02:01 SCTs loaded with
a Wilms Tumor 1 (WT1) antigen (RMFPNAPYL), which has been associated with
certain leukemias and is of therapeutic interest at the level of clinical trials [3]. A
functional analysis of these SCTs can be found in Figures 2.4 & 2.8. TAAs are also
promising targets in the context of prostate cancer. We have worked with another
Fred Hutch collaborator (Dr. John Lee) to assess prevalent A*02:01 and B*07:02
TAA candidates from various proteins (NKX3.1, prostatic acid phosphatase (PAP),
etc) associatedwith prostate tumors. Our collaborators have identified these peptides
to be potentially immunogenic in terms of activating CD8+ T cell responses, and
we have been able to confirm that these peptides can lead to pMHC expression
in the SCT format. As seen in Figure 4.1, A*02:01 SCT libraries produced using
various templates result in consistent expression patterns for a small library of twelve
peptides. As for the B*07:02 library, we observed that SCT expression was overall
much lower for this set of peptides (Fig. 4.2). We expected that this may be due to
structural restrictions behind the SCT templates, rather than a true biological barrier
(these peptides were detected by mass spectrometry assays by the Lee lab). This
was confirmed by the last set of the B*07:02 library, in which the D9 design was
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found to recover SCT yield for at least seven of the twelve SCTs.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 11 12

B_Y84C B_H74L_Y84C

B_H74L_Y84C_A245VB_Y84C_A245V

34 35 36 37 38 39 40 41 42 43 44 45 46 4724 25 26 27 28 29 30 31 32 33

1 2 3 4 5 6 7 8 9 10
11 12 1 2 3 4 5 6 7 8 9 10 11 12

Red # = bad well (pellet 
fragmented/reduced in size), 
#36 pelleted on Day 1

Yellow # = Well ID

Black # = Pep�de ID

A

B ID an�gen
1 PAP
2 PAP
3 PAP
4 PAP
5 PAP
6 SLC45a3
7 SLC45a3
8 SLC45a3
9 SLC45a3

10 SLC45a3
11 SLC45a3
12 NKX3.1

Figure 4.1: Expression of A*02:01 prostate cancer antigen SCT library (Lee).
A. Reduced SDS-PAGE of SCT transfection results. Title above each bar

represents the SCT template used for expression (B_Y84C is equivalent to D3 of
Fig. 2.2B; B_H74L_Y84C is equivalent to D8 of Fig. 2.2B; A245V indicates a
template with additional CD8-inhibiting mutation applied). Letters below each
lane indicate the peptide ID, as referenced in (B). B. Table of indexed peptides
used for SCT library assembly (protein origin is given, peptide sequences not

disclosed due to pending publication from collaborators).

Our analysis of SCT expression in the context of prostate cancer TAAs extends
to our collaboration with Dr. Owen Witte’s lab at UCLA. In a parallel survey of
PAP TAAs, they performed mass spectrometry of tumor samples to identify 27
peptides as potential candidate binders to A*02:01 MHC proteins. We utilized
the SCT expression platform to assess whether these peptides could favorably bind
with A*02:01’s peptide groove to enable high SCT protein yield. SCT expression
yields did not appear to correlate well with popular peptide prediction algorithms
(NetMHC4.0 or NetMHCpan) (Table 4.1). The peptide library consisted of a broad
range of predicted affinities, anywhere fromwithin a probable binding range (5-1,000
nM) to an excessively high range indicative of poor binding prediction (> 15,000
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+     1     2     3     4     5     6      7     8     9    10   11       +    12  CMV    

B_Y84C (D3)

1      2     3      4     5     6      7     8     9

A_Y84 (D1)

+   10    11   12 CMV 

1    2      3      4     5     6     7            +    8      9    10  11   12  CMV    

A_Y84A (D2)

+    1     2     3     4    5     6     7     8     9    10   11       + 12  CMV    
DS-SCT (D9)

Figure 4.2: Expression of B*07:02 prostate cancer antigen SCT library (Lee).
Reduced SDS-PAGE SCT transfection results (left) are displayed for a library of
B*07:02 PAP peptides (indexed 1-12) substituted into various B*07:02 templates
as indicated above each bar (template design in parentheses refers to designs from
Fig. 2.2). Heatmap (right) compares the relative SCT yield for each combination

of peptide and template. +, positive control lane using A*02:01 WT1
(RMFPNAPYL) SCT.

nM). It was surprising then, that some SCTs containing peptides within probable
predicted binding did not express (e.g. PAP_A2_27), while there were several
SCTs containing peptides outside of predicted binding range (e.g. PAP_A2_01,
15, 25) that gave among the highest expression yield. These results indicate a
potential limitation of prediction algorithms, that theymay only be reliable predictors
of conventional peptide lengths/motifs for a designated HLA allele, but may not
have been trained with sufficient biological data to properly assess unconventional
peptides that might still be functional binding candidates. Of note is the peptide pair
PAP_A2_01 and PAP_A2_02, which differ in length by one amino acid, yet give
extremely different expression yields. The large difference in SCT expression for
this pair indicates that perhaps the C-terminal end of the peptide plays a significant
role in determining stabilization of the binding groove, implying that the frames
of these rather long peptides which interact with the binding groove might be
biased toward the C-terminal region. In summary, the mass spectrometry-derived
peptide list served as an experimental filter prior to tetramer production to highlight
peptides which might be missed by simply adhering to prediction scores. Our SCT
expression assay serves to complement themass spectrometry data by demonstrating
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that some of the poorly predicted peptides can indeed lead to successful production
of a soluble pMHC construct. Beyond the scope of both of these assays is the
ability to ascertain whether these peptides are truly functional from an immunogenic
standpoint. Toward this end, future work with Lee and Witte labs will aim to utilize
the SCTs to capture antigen-specific T cells using conventional methods and to
functionally validate their TCR sequences for peptide specificity.

Name Peptide subtypes Length Start 
position

End 
position

NetMHC 
A2(nM)

NetMHC 
A2(%)

NetMHCpa
n A2(%)

PAP_A2_01 YSAHDTTVSGLQMA 14 286 299 19437.6 27 19.7418 0.75 0.27
PAP_A2_02 YSAHDTTVSGLQM 13 286 298 27417.1 41 33.2593 0.14 0.00
PAP_A2_03 LSELSLLSLYGIHK 14 238 251 13302.65 19 74.375 0.00 0.00
PAP_A2_04 DFIATLGKLSG 11 186 196 28979.5 44 85 0.00 0.00
PAP_A2_05 DFIATLGK 8 186 193 36583.3 70 65.5 0.00 0.00
PAP_A2_06 IATLGKLSGLHGQDL 15 188 202 18809.84 #N/A #N/A 0.00 0.00
PAP_A2_07 IATLGKLSGLHGQD 14 188 201 32159.8 55 95 0.00 0.00
PAP_A2_08 LSGLHGQDL 9 194 202 28193 42 42.8333 0.00 0.00
PAP_A2_09 MEQHYELGEY 10 75 84 32300.7 55 34.8462 0.00 0.00
PAP_A2_10 GEYFVEMYYR 10 323 332 21514.3 30 26.7288 0.03 0.00
PAP_A2_11 SPIDTFPTDPIK 12 48 59 35161.7 65 41.3333 0.02 0.00
PAP_A2_12 FQKRLHPYK 9 177 185 31660.2 55 32.2069 0.02 0.00
PAP_A2_13 IRSTDVDRTL 10 104 113 25456.7 37 18.2108 0.00 0.00
PAP_A2_14 ILLWQPIPV 9 135 143 5.2 0.04 0.1557 0.77 0.51
PAP_A2_15 WQPIPVHTVPLS 12 138 149 22400.3 31 44 0.68 0.29
PAP_A2_16 DVYNGLLPPYA 11 301 311 21620.5 30 8.6579 0.00 0.00
PAP_A2_17 KELKFVTL 8 33 40 25341.8 36 24.7662 0.00 0.00
PAP_A2_18 KELKFVTLVFRHGD 14 33 46 18618.7 25 85 0.00 0.00
PAP_A2_19 IWSKVYDPLY 10 205 214 29598 46 35.1818 0.00 0.00
PAP_A2_20 KVYDPLYCESV 11 208 218 615.5 3 0.401 0.62 0.39
PAP_A2_21 LLLARAASLSL 11 6 16 977.9 4 5.1611 0.34 0.32
PAP_A2_22 TLMSAMTNL 9 112 120 9.4 0.1 0.0794 0.69 0.72
PAP_A2_23 LLFFWLDRSVLA 12 21 32 647.2 3.5 2.2948 0.08 0.00
PAP_A2_24 SVHNFTLPSW 10 217 226 21204.2 29 24.2338 1.50 1.03
PAP_A2_25 IMYSAHDTTV 10 284 293 82.3 0.9 0.8042 0.52 0.49
PAP_A2_26 RHGDRSPIDTFPTD 14 43 56 37378.7 75 81 0.00 0.00
PAP_A2_27 VLAKELKFV 9 30 38 51.2 0.7 0.1858 0.07 0.08

B_H74L_Y84C 
(D8) yield

B_H74L_Y84C
_A245V yield

Table 4.1: Expression of A*02:01 PAP SCT library (Witte).
Summary of SCT expression results for each of the PAP peptides as identified

using mass spectrometry. SCT expression is quantified for each of the two template
designs tested per peptide (rightmost two columns) to show relative yield.

We have preliminary assays confirming functionality of prostate cancer TAA-loaded
SCTs. TCRs of various affinities specific to PAP_A2_14 were identified from both
PBMCs and artificial thymic organoids by the Witte lab. They were sequenced and
cloned into CD8+ Jurkat cell lines, and subsequently used in flow cytometry staining
assays against SCT tetramers to measure binding efficiency. Negative and positive
control assays utilizing non-PAP pMHC tetramers (SCT and refolded variants)
showed expected binding interactions with affiliated TCR targets (Fig. 4.3). When
comparing the performance of our control tetramers in SCT and refolded format,
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we noted that the refolded tetramer variants appeared to give stronger positive
signal (Fig. 4.4C vs. 4.4F), but when they were incubated against T cells which
were not transduced with the target TCR, these refolded tetramers tended to give
higher background signal (Fig. 4.4A&B vs. 4.4D&E). The “cleaner” background
signal of SCTs was again seen when we examined PAP SCTs, which gave minimal
binding signal against off-target cell lines (Fig. 4.5A-C). When the PAP-specific
TCR cell lines (PAP-TCR-135) were used instead, we observed gradually increased
efficiencies in binding by the PAP SCTs (Fig. 4.5D-F), which positively correlated
with the known level of reactivity of these TCRs against antigens based on IFNγ
ELISA assays (data not shown). PAP pMHCs generated by refolding also displayed
the same staining pattern when using the same peptide against these three TCRs
(data not shown), supporting the notion that our TAA-loaded SCTs are capable of
behaving in a manner similar to their biological counterparts. We further assessed
the sensitivity of these SCT-tetramers by staining PAP-TCR-53 diluted into 1G4
(both on Jurkat-CD8 cells) across a range of dilutions (Fig. 4.6), showing that
sensitivity was retained down to even 0.01% dilution. These results indicate that
our SCT platform may be used as a discovery/validation assay for additional TAAs
in terms of identifying ones which may stably bind onto MHC and be functionally
useful for TCR identification.

Two of the PAP TAAs were also utilized in a separate direction of experiments to
assess the relationship between SCT template and expression/functionality. As seen
in Figure 4.7A-B, SCT templates incorporating several linker and HLA mutations
(Fig. 2.2B) were used for the insertion of peptides ILLWQPIPV and SVHN-
FTLPSW. The SCT yields for both peptides varied in a template-dependent manner,
but to differing capacities. For ILLWQPIPV, all templates showed some degree
of expression, but appeared to give larger bands for templates containing cysteine
linker modifications, implying that the additional dithiol stabilization may improve
transfection yield (template D8 was not included in the gel in this figure, but was
expressed and tabulated in (Table 4.1), providing a similar degree of expression to
D3 and D4). For SVHNFTLPSW, this behavior was accentuated to a further extent,
where the non-cysteine linker templates give much lower yields. When comparing
this subset of templates for this peptide, it appears that yields for D1 and D2 are
almost imperceptible, while a moderate yield still exists for D6 and D7. This sug-
gests that perhaps, for this particular peptide, the H74L mutation serves to better
stabilize the SCT construct, enabling yield recovery. The yield recovery obtained
by the inclusion of cysteine linkers, however, are much higher than that of the H74L
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A

B

C

D

E

Figure 4.3: NY-ESO-1 tetramers (refolded and SCT variant) specifically stain 1G4
TCR-transduced Jurkat cells.
Jurkat cells transduced with 1G4 TCR (A), which is specific to the NY-ESO-1
antigen, were stained with either MART-1 (B & D) or NY-ESO-1 (C & E)

tetramers. Tetramer variants utilized were either refolded (B & C) or SCT (D & E).
Dashed line represents binding threshold of 103 MFI (mean fluorescence intensity)

from tetramer staining.

mutation, as seen with the other designs (D3, D4, D5, D8, & D9) for this peptide.
These expression correlations with SCT template appear to match our observations
for a library previously explored (Fig. 2.2B).

To show that these SCTs are functional, we selected five of the ILLWQPIPV SCT
variants of Figure 4.7A for tetramer binding assays against PAP TCR 53 (the D8
variant of this SCT was assessed already against this TCR in Fig. 4.5F). Despite the
variations in SCT expression, we saw that all five of these SCT tetramers, in addition
to the UV-exchanged tetramer variant, performed identically in terms of binding to
the target TCR (Fig. 4.8). This particular assay’s results stand in contrast to that
of the WT1 SCT variants (Fig. 2.4 & 2.8B), where these same templates resulted
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Figure 4.4: NY-ESO-1 SCTs have less background staining than refolded variants.
Jurkat T cells without TCR transduction were stained with either NY-ESO-1

refolded tetramer or NY-ESO-1 SCT tetramer (A & D, respectively). The same
procedure was performed with Jurkat T cells transduced with NGFR (B & E) and
with Jurkat T cells transduced with the NY-ESO-1-specific 1G4 TCR (C & F).

Dashed line represents binding threshold of 103 MFI (mean fluorescence intensity)
from tetramer staining.

in significantly different tetramer binding efficiencies to the C4 TCR. This indicates
that for the ILLWQPIPV-TCR interaction, SCT template modifications appear to
have little impact on epitope presentation and interaction with the TCR. Whether
this observation can be extended to other TCRs of the same antigen specificity is
beyond the scope of our current work, but would be interesting to further explore.

Glycosylation of SCTs was another aspect that we were able to observe in Figure
4.7B. Glycosylation of the NXT motif in SVHNFTLPSW SCTs resulted in notice-
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Figure 4.5: PAP SCTs stain PAP TCR-transduced Jurkat cells with variable degrees
of efficiency.
SCT tetramers containing PAP_A2_14 peptide in the D8 template were used to
stain Jurkat cells, which were either not transduced (A) or transduced with NGFR
(B), 1G4 TCR (C), or a TCR specific to the PAP_A2_14 peptide (D-F). Dashed
line represents binding threshold of 103 MFI (mean fluorescence intensity) from

tetramer staining.

ably increased mass, as indicated by the upward shifted protein bands compared
to WT1 control lane or to the MART-1 SCT. The increased mass of this SCT was
attributed solely to glycosylation of the peptide’s NXT motif in a de-glycosylation
step Figure 4.7C, where SCTs containing peptides with and without the glycosy-
lation motif (SVHNFTLPSW and IMYSAHDTTV, respectively) were treated with
peptide-N-glycosidase (PNGase). Before PNGase treatment, reduced SDS-PAGE
revealed that the former SCT was of a larger mass than the latter SCT, but after PN-
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Figure 4.6: PAP SCTs capture PAP-TCR-53-transduced Jurkat cells with high
sensitivity.

SCT tetramers (constructed with either streptavidin-PE or streptavidin-APC)
containing PAP_A2_14 peptide in the D8 template were used to stain
PAP-TCR-53-transduced Jurkat cells across a range of dilutions into

1G4-TCR-transduced Jurkat cells. Percentages indicate the proportion of cells
double-stained by PAP SCT tetramer within each dilution.
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A0201_A_Y84 (D1)
A0201_A_H74L_Y84 (D6)
A0201_A_Y84A (D2)
A0201_A_H74L_Y84A (D7)
A0201_B_Y84C (D3)
A0201_B_H74L_Y84C (D8)
A0201_C_Y84C (D4)
A0201_D_Y84C (D5)
A0201_A_Y84C_A139C (D9)

Figure 4.7: Template variants of PAP peptide SCTs.
Template variants of PAP peptide SCTs. A & B. Reduced SDS-PAGE gel showing
expression of SCT template variants for ILLWQPIPV (A) and SVHNFTLPSW (B).
Template designs (labeled in bold in the legend) refer to mutations from Figure
2.2B. +, positive control lane using A*02:01 WT1 (RMFPNAPYL) SCT. C.

Reduced SDS-PAGE gel of SCTs designed under template D8 for SVHNFTLPSW
(SCT128) and IMYSAHDTTV (SCT129). For lanes containing SCTs treated with
PNGase, the protein mass between 31kd and 38kd markers is the PNGase protein.

Gase treatment, the masses of the two were approximately identical. This indicates
that the additional mass of the former must be due to an alteration on the peptide,
given that the rest of these A*02:01 SCTs encoded the same protein sequence. Fur-
ther, all expressed template variants of the SVHNFTLPSWSCTs contained the same
mass increase, as depicted by a uniform protein band per lane at approximately the
same position (Fig. 4.7B), which suggests that the type and degree of glycosylation
is identical regardless of other SCTmutations. An interesting future direction would
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Figure 4.8: Template variants of PAP peptide SCTs.
SCT tetramers containing PAP_A2_14 peptide in various templates (Fig. 4.7A)
were used to stain Jurkat cells, which were either transduced with a negative

control 1G4 TCR (top row) or a TCR specific to the PAP_A2_14 peptide (bottom
row). Dashed line represents binding threshold of 103 MFI (mean fluorescence
intensity) from tetramer staining used to determine positive/negative signal.

be to utilize these SCTs for TCR discovery. Unlike traditional experimental meth-
ods to capture antigen-specific TCRs, which involve an initial peptide-facilitated
stimulation/expansion step and subsequent tetramer binding, methods for the identi-
fication of glycosylated antigen-specific TCRs in a similar manner are not available
due to the difficulty of synthesizing glycosylated peptides in vitro that mimic bio-
logical glycosylation. This bottleneck precludes the use of peptide stimulation and
expansion to selectively enrich for cognate TCRs. Furthermore, this also renders
the use of traditional refolding methods to synthesize pMHCs incompatible, as they
would be presenting non-glycosylated epitopes in search of TCRs that may not be
biologically relevant against glycosylated variants of the same target peptide. The
use of SCTs, therefore, which enable eukaryotic glycosylating modifications to the
peptides, is advantageous for this purpose. To our knowledge, there is no other ex-
isting alternative reagent containing glycosylated components that can be generated
in such a facile manner.

4.3 Tumor-Specific Antigens

While TAAs have been shown to be promising antigenic targets for ACT, there
have been cases reported in which TAA-specific ACT therapy induces cytotoxicity
against healthy tissue, resulting in lifelong auto-immune symptoms that require
maintenance by immunosuppression [2]. An alternative target for ACT therapies has
been explored in the form of tumor-specific antigens (TSAs), which are only found in
cancer tissue and in practice should reduce off-target T cell cytotoxicity and obviate
the need for lifelong immune maintenance mediated by chemotherapeutic drugs. As
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summarized previously, the primary attraction to employing TCRs targeting public
versus private TSAs is the possibility of using a population-wide TSA-specific TCR
repertoire to treat cancers containing these antigens. It would be advantageous
then, to hone in on those public TSAs which occur frequently across populations of
patients when accounting for HLA prevalence, as these might be the targets which,
when functional cognate TCRs are identified, provide the best value in terms of
broad applicability at the population rather than individual scale. Furthermore,
because public TSAs encode driver mutations, they should have a high probability
of being found homogeneously across tumor tissue, and therefore should be the most
effective anti-tumor targets for ACT in terms of reducing immune escape.

4.3.1 Public TSAs - KRAS hotspot epitopes

Chief amongst these public TSAs for research interest are those encoding hotspot
mutations from the KRAS protein. As a member of the GTPase family of proteins,
KRAS relays cell proliferation signals to the nucleus when it is activated in a
GTP-bound state. To reduce cell proliferation, KRAS is inactivated in a self-
regulatory step where GTP is converted to GDP. Mutations to the KRAS protein,
however, particularly at the G12 position, result in an inability to convert GTP to
GDP, thus forcing KRAS to remain in an activated state, permanently inducing
cell proliferation. It is estimated among all cancer cases which contain a KRAS
mutation, 86% of them will contain a KRAS G12X mutation (X = D, V, C, R, S, A)
[4]. If cognate TCRs against these KRAS G12X hotspot epitopes can be identified
and shown to be cytotoxic against tumor cells expressing mutated KRAS, then these
TCRs might serve as attractive off-the-shelf ACT candidates due to their potential
broad applicability across multiple tumor types and large populations.

4.3.1.1 A*11:01-restricted KRAS G12D-specific TCRs may be captured by
SCTs

The identification of such TCR candidates against A*11:01-restricted G12D and
G12V peptides has been previously reported in the context of murine TCRs isolated
from HLA-A*11:01 transgenic mice [5]. Recently, our collaborators at the Green-
berg lab were able to identify A*11:01-restricted KRAS G12D- and G12V-specific
TCRs, but from healthy human donors. A*11:01-positive healthy donors PBMCs
were initially stimulated with various KRAS peptides, T cells reactive to particular
G12X variants (Fig. 4.9A, peptides #1 & #2) were identified by measurement of
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cell activation markers such as CD137, and their TCRs were sequenced and trans-
duced into T cell lines for further functional validation via tests such as intracellular
cytokin staining (IFN-γ), flow-based analysis, and cell-killing assays (Fig. 4.10).
While the biological performance of these cell lines indicated that G12X peptides
were properly loaded onto the MHC for activation of their TCRs, demonstration of
the expected pMHC-TCR interaction in vitro by refolded tetramer binding assays
often failed. In our initial proof-of-concept work with the Greenberg lab, we ad-
dressed this shortcoming of the refolded pMHCs by generating SCT variants against
several of these peptides using our previously reported template D8 (Fig. 2.2B).
We observed that SCTs containing the 10mer G12D peptide could specifically bind
to T cells transduced with the cognate G12D-specific TCR4 with minimal off-target
binding to G12V-specific TCRs (Fig. 4.9C, top row (D8 SCT variant); Fig. 4.11A,
D9 SCT variant). This stands in contrast to the refolded pMHC tetramer variant
of the G12D peptide (Fig. 4.11B), which binds to G12D-specific TCR4 to the
same capacity as the refolded pMHC tetramer variant of the G12V peptide (Fig.
4.11C), indicating that the binding mechanism is essentially non-specific. Inter-
estingly, in our comparison of SCT vs refolded pMHC performance for the G12V
peptide (Fig. 4.9C, middle and bottom rows, respectively), both tetramers did
not show expected on-target binding to G12V-specific T cell lines. However, the
mechanism of failure between the two G12V constructs was different. Whereas the
G12V SCT variant showed minimal binding against the G12V-specific TCRs, the
refolded pMHCs exhibited a large degree of non-specific binding to all cell lines,
including T cells transduced with A*02:01-restricted TCRs and T cells without any
TCR. These results demonstrate two circumstances where SCTs may be favorably
used as alternatives to the gold standard of refolded tetramers. In the first scenario
(G12D), SCT tetramers give desired functionality where refolded tetramers show
complete failure (Fig. 4.11A & D, respectively). In the second scenario (G12V),
both reagent types fail, but refolded tetramers generate such a high false positive
rate that their usage would obfuscate any capacity to identify truly G12V-specific
TCRs from tetramer-bound populations.

4.3.1.2 A*11:01 and A*02:01 KRAS SCT libraries can be assessed across
multiple variables to tune functionality

Due to the improved performance of G12D SCTs versus their refolded counterparts,
we next wanted to investigate whether we could further tune the functionality of
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Figure 4.9: A*11:01 SCT with KRAS G12D peptide can bind specifically to
cognate TCRs.
A. Reduced SDS-PAGE gel of A*11:01 SCTs expressed for three KRAS peptides

using design D8 of Figure 2.2B. B. Tetramer binding positive and negative
controls for flow cytometry. Tetramer used for WT1 is a refolded variant. C.

Functional testing of various tetramers against TCR-transduced primary CD8+ T
cells from donor 1416565. Tetramers used include the G12D SCT tetramer as

shown in (A, #1) (top row), G12V SCT tetramer as shown in (A, #2) (middle row),
and a refolded variant of G12V tetramer (bottom row of flow plots). Primary CD8+
T cells (column labels) are either transduced with G12D-specific TCRs (green

boxes), G12V-specific TCRs (blue boxes), WT1-specific TCR (purple box), or no
TCR (gray box). Number in each flow plot refers to the percentage of cells

captured by the circled region to indicate tetramer staining.
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Figure 4.10: A*11:01-restricted G12D-specific TCR4-transduced T cells kill
KRAS G12D-expressing tumor lines.
Panc-1 cells expressing the KRAS G12D mutation were measured for apoptosis
(quantified by “Total Green + Red Cell area overlap”) over time. The Panc-1 cells
were incubated with CD8+ T cells from healthy donors (3:1 T cell to target ratio),

which were transduced with three different TCRs (TCR4: G12D-specific
(VVVGADGVGK), A*11:01-restricted; TCR8: G12V-specific (VVVGAVGVGK),
A*11:01-restricted; A2/WT1_37: WT1-specific (WT1_37-45 = VLDFAPPGA),

A*02:01-restricted.

KRAS SCTs, given their facile capacity to accommodate numerous linker and
HLA mutations. Heuristic analysis of the modified SCTs’ binding performance
against various G12X-specific cell lines might perhaps indicate an overall superior
template design for epitope presentation. The most favorable SCT template design
could subsequently be employed across a number of KRAS epitopes to generate
highly effective tetramers for TCR enumeration in future patient samples. A library
of nine A*11:01 SCT plasmids was first produced to encode several previously
explored template designs (Fig. 2.2B). Next, based on NetMHC4.0 peptide binding
affinity predictions, we identified fourteen favorable peptideKRASG12Xcandidates
(X = G, A, C, D, R, S, V) to HLA-A*11:01 (Table 4.2A), ’peptide’ column).
These peptide/HLA combinations resulted in 126 SCT-encoded plasmids that were
synthesized and then transfected into Expi293 cells for SCT expression (Fig. 4.12).
A heatmap of the relative SCT expression yield (Table 4.2B) revealed that SCT
expression was dependent on numerous factors. Successful SCT expression beyond
detectable thresholds in SDS-PAGE could only be achieved if the peptide length was
ten amino acids (this is true for all templates exceptD6, which showed nearly uniform
expression across all fourteen peptides). SCT expression was also dependent on the
choice of template utilized, generally giving expression for 10mers for all templates
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Figure 4.11: KRAS G12D A*11:01 SCTs specifically bind to cognate TCRs more
efficiently than folded counterparts.
Tetramerized SCT #123 (refer to SCT ID in Fig. 4.16 & Table M.1A) was used to

stain G12D-specific T cells (TCR4) (A). The TCR4 cell line was additionally
stained with a folded tetramer variant of SCT #123 (B) and a folded G12V variant

of the tetramer (C). Tetramerized SCT #123 was also used to stain a clonal
population of G12V-specific T cells (TCR8) (D).

except D1 and D2. In addition, SCT yield was generally higher when a thiolated
linker was utilized in the template (D3, D8, D4, D5, D9). These results mirror our
prior observations with A*02:01 libraries, where D1 and D2 give poor expression,
while thiolated templates give high expression (Fig. 2.2B & Fig. 4.7B). Another
variable, the identity of G12X mutation, also seemed to play a role in affecting
SCT expression. The expression data suggests that the G12 wildtype peptide may
provide a baseline degree of stability given its minimal residue size. Substitution at
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this position with a charged amino acid appears to give high SCT expression (G12D
and G12R), while substitution with uncharged amino acids reduced SCT expression,
implying a charge-dependent manner of stabilization between the G12X peptide and
binding groove of HLA-A*11:01. Our claims should be further substantiated with
additional experiments to assess peptide identity and SCT yield. The insertion of
other amino acids into the G12 position, even those which have a low probability of
occurring based on codon assignment of G12 in the human species, should serve to
elucidate the phenomena discussed. Deeper insights might be revealed with thermal
stability measurements and crystallography of select SCTs.

+ +1 2 3 4 5 6 7 8 9 10 11 12 13 14 Μ1

 SCT ID

Peptide ID

A

B

1 2 3 4 5 6 7 8 9 10 11+

12 13 14 15 16 17 18 19 20 21 22+

67 68 69 70 71 72 73 74 75 76 77+

78 79 80 81 82 83 84 85 86 87 88+

89 90 91 92 93 94 95 96 97 98 99+

100 101 102 103 104 105 106 107 108 109 110+

111 112 113 114 115 116 117 118 119 120 121+

122 123 124 125 126+

23 24 25 26 27 28 29 30 31 32 33+

34 35 36 37 38 39 40 41 42 43 44+

45 46 47 48 49 50 51 52 53 54 55+

56 57 58 59 60 61 62 63 64 65 66+

Figure 4.12: SDS-PAGE results for A*11:01 KRAS SCTs.
A. Reduced SDS-PAGE for initial A*11:01 KRAS SCT library. Number above
each lane corresponds to SCT index as indicated by the matrix in Table 4.3A. B.
Reduced SDS-PAGE for A*11:01 KRAS SCTs designed using a new template
(D10), which is D9 with the additional D74L mutation. Number above each lane
corresponds to the peptide ID number as indicated by ID column of Table 4.3A.
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ID pep�de an�gen

netMHC 
affinity (nM)

 A_Y84 (D
1)

 A_Y84A (D
2)

 B_Y84C (D
3)

 A_D74L_
Y84 (D

6)

 A_D74L_
Y84A (D

7)

 B_D74L_
Y8

4C (D
8)

 C_Y84C (D
4)

 D_Y8
4C (D

5)

A_Y84C_A139C (D
9)

01 VVGAGGVGK G12_8-16 154.38 1 15 29 43 57 71 85 99 113

02 VVGAAGVGK G12A_8-16 147.74 2 16 30 44 58 72 86 100 114

03 VVGACGVGK G12C_8-16 134.97 3 17 31 45 59 73 87 101 115

04 VVGADGVGK G12D_8-16 368.19 4 18 32 46 60 74 88 102 116

05 VVGARGVGK G12R_8-16 163.14 5 19 33 47 61 75 89 103 117

06 VVGASGVGK G12S_8-16 114.36 6 20 34 48 62 76 90 104 118

07 VVGAVGVGK G12V_8-16 65.47 7 21 35 49 63 77 91 105 119

08 VVVGAGGVGK G12_7-16 299.73 8 22 36 50 64 78 92 106 120

09 VVVGAAGVGK G12A_7-16 243.11 9 23 37 51 65 79 93 107 121

10 VVVGACGVGK G12C_7-16 278.8 10 24 38 52 66 80 94 108 122

11 VVVGADGVGK G12D_7-16 429.98 11 25 39 53 67 81 95 109 123

12 VVVGARGVGK G12R_7-16 308.51 12 26 40 54 68 82 96 110 124

13 VVVGASGVGK G12S_7-16 213.1 13 27 41 55 69 83 97 111 125

14 VVVGAVGVGK G12V_7-16 137.28 14 28 42 56 70 84 98 112 126

ID pep�de an�gen

netMHC 
affinity 
(nM)

 A_Y84 (D
1)

 A_Y84A (D
2)

 B_Y84C (D
3)

 A_D74L_
Y84 (D

6)

 A_D74L_
Y84A (D

7)

 B_D74L_
Y8

4C (D
8)

 C_Y84C (D
4)

 D_Y8
4C (D

5)

A_Y84C_A139C (D
9)

01 VVGAGGVGK G12_8-16 154.38 0.8

02 VVGAAGVGK G12A_8-16 147.74

03 VVGACGVGK G12C_8-16 134.97

04 VVGADGVGK G12D_8-16 368.19

05 VVGARGVGK G12R_8-16 163.14

06 VVGASGVGK G12S_8-16 114.36

07 VVGAVGVGK G12V_8-16 65.47

08 VVVGAGGVGK G12_7-16 299.73

09 VVVGAAGVGK G12A_7-16 243.11

10 VVVGACGVGK G12C_7-16 278.8

11 VVVGADGVGK G12D_7-16 429.98

12 VVVGARGVGK G12R_7-16 308.51

13 VVVGASGVGK G12S_7-16 213.1

14 VVVGAVGVGK G12V_7-16 137.28 0

norm
alized rela�ve SCT band intensity

A

B

Table 4.2: A*11:01 SCT expression for KRAS peptides across various templates.
A. SCT index table for 126 A*11:01 SCTs covering 14 KRAS peptides (peptide
index in leftmost column) and 9 design templates (design ID refers to templates

from Fig. 2.2B). B. Relative SCT expression heatmap as quantified by SDS-PAGE
band intensity.

Examination of the reduced SDS-PAGE results showed that there were periodic
SCT elements in the expression assay which display an irregular mass relative to
the other expressed SCTs (Fig. 4.12A). In particular, SCTs #42, 65, 70, 84, 98, 112,
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and 126 all showed a uniformly down-shifted protein mass. Intriguingly, this subset
consists of all expressed SCTs encoding the 10mer G12V peptide. Regardless of
the template selected for this peptide, expression resulted in a consistently smaller
mass relative to other peptides. There are a number of hypotheses which might
explain this finding. First, the G12V mutation version of the SCT may be curtailing
some part of the protein translation or post-translational modification steps (e.g. a
mass addition step like glycosylation) seen in the other SCT elements. Second,
because the SCT signal peptide is appended directly before the peptide sequence
(Fig. 2.1A), signal peptide cleavage might be occurring further downstream directly
within the G12V peptide. This hypothesis might be validated by comparison ofmass
spectrometry analysis for an SCT from the G12V subset versus any other library
element. Detection of the full sequence from a non-G12V peptide and detection
of truncation from a G12V peptide would imply differences in protein processivity.
Crystallography results from any element of this subset might display exotic epitope
configurations on the peptide-binding groove of the SCT, to such an extent where
it might substantially differ from the in vivo epitope configuration that leads to
reactivity against the G12V-specific T cell lines.

KRAS SCTs which had sufficiently expressed to a moderate yield for purification
were subsequently used for tetramer binding assays against the G12D-specific TCR4
cell line (Fig. 4.3A). All variants of the G12D SCTs were capable of binding to
TCR4. Some other SCTs, primarily those containing the 10mer wildtype G12
peptide, were also found to bind to TCR4 beyond background levels. Some of
these off-target binding results may have been due to human error or reagent quality
issues over time, given the large binding differences for some SCTs when the assay
was repeated (Fig. 4.4). In addition, while these results imply off-target binding
of TCR4 against non-G12D peptides, functional testing of TCR4 against wildtype
KRAS-expressing cells, for example, showed no upregulation of cytotoxic behavior
(data not shown). Therefore, we interpreted the off-target results from the tetramer
binding assay to be indicative of either human error, reagent quality issues, or epitope
configurational artifacts introduced by particular peptide/template combinations in
the SCT design that do not reflect true biological presentation.

When the SCTs were tested for binding against G12V-specific TCR8, no significant
binding was observed. The negative binding results of all 10mer G12V variants ex-
pands upon the initial finding with the D8 variant (Fig. 4.3B). In the later course of
this experiment, a newSCTdesign templatewas constructed, inwhich theD74Lmu-
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G12D-specific TCR4

ID pep�de an�gen

netMHC 
affinity 
(nM)  B_Y84C (D

3)

 A_D74L_
Y84 (D

6)

 A_D74L_
Y84A (D

7)

 B_D74L_
Y8

4C (D
8)

 C_Y84C (D
4)

 D_Y8
4C (D

5)

A_Y84C_A139C (D
9)

01 VVGAGGVGK G12_8-16 154.38

02 VVGAAGVGK G12A_8-16 147.74

03 VVGACGVGK G12C_8-16 134.97

04 VVGADGVGK G12D_8-16 368.19 1.08

05 VVGARGVGK G12R_8-16 163.14

06 VVGASGVGK G12S_8-16 114.36

07 VVGAVGVGK G12V_8-16 65.47 2.42

08 VVVGAGGVGK G12_7-16 299.73 50.7 1.79 21.5 46.6 30.3

09 VVVGAAGVGK G12A_7-16 243.11 75.9

10 VVVGACGVGK G12C_7-16 278.8 5.2

11 VVVGADGVGK G12D_7-16 429.98 92 85.8 97.3 96.6 93.6 91.3 90

12 VVVGARGVGK G12R_7-16 308.51 1.12 2.95 4.18 2.13 5.43 1.29 2.58

13 VVVGASGVGK G12S_7-16 213.1

14 VVVGAVGVGK G12V_7-16 137.28 0.71

G12V-specific TCR8

ID pep�de an�gen

netMHC 
affinity 
(nM)  B_Y84C (D

3)

 A_D74L_
Y84 (D

6)

 A_D74L_
Y84A (D

7)

 B_D74L_
Y8

4C (D
8)

 C_Y84C (D
4)

 D_Y8
4C (D

5)

A_Y84C_A139C (D
9)

01 VVGAGGVGK G12_8-16 154.38

02 VVGAAGVGK G12A_8-16 147.74

03 VVGACGVGK G12C_8-16 134.97

04 VVGADGVGK G12D_8-16 368.19 0.9

05 VVGARGVGK G12R_8-16 163.14

06 VVGASGVGK G12S_8-16 114.36

07 VVGAVGVGK G12V_8-16 65.47 1.1

08 VVVGAGGVGK G12_7-16 299.73 0.27 0.57 0.07 0.2 0.57

09 VVVGAAGVGK G12A_7-16 243.11 0.74

10 VVVGACGVGK G12C_7-16 278.8 0.74

11 VVVGADGVGK G12D_7-16 429.98 0.23 0.63 1.1 0.43 0.64 0.14 0.53

12 VVVGARGVGK G12R_7-16 308.51 0.1 1.24 1.04 0.4 0.64 0.44 1.08

13 VVVGASGVGK G12S_7-16 213.1

14 VVVGAVGVGK G12V_7-16 137.28 0.13

A

B

Table 4.3: KRAS A*11:01 SCT tetramer binding performance.
A*11:01 SCTs containing various KRAS peptides were purified, tetramerized, and

used to stain either a G12D-specific TCR-transduced cell line (A) or a
G12V-specific TCR-transduced cell line (B). Values in each cell of the matrix
represent the percentage of cells captured by tetramer staining. In (A), green
numbers indicate expected positive binding, while red numbers indicate

unexpected positive binding. Cells in which no values are present indicate SCTs
which were not used for staining assay.
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G12D-specific TCR4

ID pep�de An�gen  B_Y84C (D
3)

 A_D74L_
Y84 (D

6)

 A_D74L_
Y84A (D

7)

 B_D74L_
Y8

4C (D
8)

 C_Y84C (D
4)

 D_Y8
4C (D

5)

A_Y84C_A139C (D
9)

A1101_A_D74L_
Y8

4C_A139C

01 VVGAGGVGK G12_8-16 1.34 3.69

02 VVGAAGVGK G12A_8-16 6.42

03 VVGACGVGK G12C_8-16 0.59 10.7

04 VVGADGVGK G12D_8-16 0.89 1.99

05 VVGARGVGK G12R_8-16 0.75 4.18

06 VVGASGVGK G12S_8-16 1.59 5.16

07 VVGAVGVGK G12V_8-16 1.69 2.79

08 VVVGAGGVGK G12_7-16 44 0.8 16.6 0 29.2 7.23

09 VVVGAAGVGK G12A_7-16 64.2 1.94 1.94 2.14 68.4 49.2 60.6 4.42

10 VVVGACGVGK G12C_7-16 4.98 0.7 2.54 6.67 1.19 3.67 8.24

11 VVVGADGVGK G12D_7-16 85.6 62.8 91 91.4 87.9 83.4 87 92.2

12 VVVGARGVGK G12R_7-16 2.23 2.53 2.49 5.58 2.34 1.74 15.1 8.4

13 VVVGASGVGK G12S_7-16 79.8 1.49 4.49 86.5 77 7.04

14 VVVGAVGVGK G12V_7-16 3.56 1.75 1.29 2.23 15.1 7.48

ID pep�de An�gen  B_Y84C (D
3)

 A_D74L_
Y84 (D

6)

 A_D74L_
Y84A (D

7)

 B_D74L_
Y8

4C (D
8)

 C_Y84C (D
4)

 D_Y8
4C (D

5)

A_Y84C_A139C (D
9)

A1101_A_D74L_
Y8

4C_A139C

01 VVGAGGVGK G12_8-16 100

02 VVGAAGVGK G12A_8-16

03 VVGACGVGK G12C_8-16

04 VVGADGVGK G12D_8-16

05 VVGARGVGK G12R_8-16

06 VVGASGVGK G12S_8-16

07 VVGAVGVGK G12V_8-16

08 VVVGAGGVGK G12_7-16

09 VVVGAAGVGK G12A_7-16

10 VVVGACGVGK G12C_7-16

11 VVVGADGVGK G12D_7-16

12 VVVGARGVGK G12R_7-16

13 VVVGASGVGK G12S_7-16

14 VVVGAVGVGK G12V_7-16 0

%
 tetram

er bound

A

B

Table 4.4: KRAS A*11:01 SCT tetramer binding performance for TCR4 (repeated
with inclusion of D10 SCT series).
A. A*11:01 SCTs containing various KRAS peptides were purified, tetramerized,
and used to stain a G12D-specific TCR-transduced cell line. Values in each cell of
the matrix represent the percentage of cells captured by tetramer staining. In (A),
green numbers indicate expected positive binding, while red numbers indicate
unexpected positive binding. B. Heatmap of tetramer binding values from (A).

tationwas inserted intoD9. This template, labeledA1101_A_D74L_Y84C_A139C,
was employed in a similar manner to insert all G12X peptides for SCT expression



148

(Fig. 4.12B). The combination of the DS-SCT template with D74L appeared to have
recovered SCT expression yield for all 14 variants, which had not been observed for
any one of the prior design templates. Furthermore, the G12V SCT variants now
displayed masses equivalent to SCTs for all other peptide variants. Binding assay
results for this new series against TCR4 and TCR8 showed that these changes did
not significantly change binding behavior versus previous designs ((Table 4.4 &
4.5). Only on-target binding to TCR4 by the 10mer G12D SCT was detected, and
none of the SCTs could bind to the G12V-specific TCR8. Now that the assay was
repeated with the inclusion of this new D74L template, another key feature could be
seen from the binding assay. A heatmap of binding efficiency emphasizes the bind-
ing capacities of each peptide/template combination, showing a clear bifurcation of
SCT binding behavior to TCR4 (Table 4.4B). All templates which lack the D74L
mutation show off-target binding by G12, G12A, and G12S SCTs to TCR4. All
templates which contain the D74L mutation, however, will only present the G12D
peptide to TCR4 in a favorable manner. This data strongly denotes the importance
of the D74L mutation, at least in the context of A*11:01 KRAS peptides, in terms of
influencing epitope configuration on the binding groove for presentation to TCRs.
In other words, SCTs with certain peptides and certain design templates may present
the G12X epitopes in a manner to off-target TCRs that mimics on-target recognition
or binding. D74L might serve to constrain these epitopes in such a way that en-
hances configurational weight of the G12 position to favor binding of TCRs only by
the intended peptide target. One could then rationalize that in the search for a TCR
specific to a particular G12X peptide, it might be best to utilize SCTs containing the
D74L mutation, so as to enhance the SCT’s capacity for identifying truly specific
TCRs and to enrich the clonotype pool for productive TCR sequences.

Our collaboration with the Greenberg lab also extended to cover KRAS hotspot
epitopes for A*02:01-restricted TCRs. G12V-specific, A*02:01-restricted TCRs
with various degrees of cytotoxicity (Fig. 4.13) were identified and validated using
methods similar to those described above forA*11:01-restrictedTCRs. A small SCT
library consisting of various KRAS hotspot peptides predicted to bind to A*02:01
or reported in the literature was prepared (Fig. 4.14A & B). These peptides are of
various lengths (8-10 aa) and share the same initial KLVV motif. Based on a report
that investigated A*02:01 compatibility with splice variants of the KRAS peptide,
peptides #2, 6, and 7 of Figure 4.14A were included into the list to assess whether
the identified TCRs might also respond to spliced G12X variants.



149

G12V-specific TCR8

ID pep�de An�gen  B_Y84C (D
3)

 A_D74L_
Y84 (D

6)

 A_D74L_
Y84A (D

7)

 B_D74L_
Y8

4C (D
8)

 C_Y84C (D
4)

 D_Y8
4C (D

5)

A_Y84C_A139C (D
9)

A1101_A_D74L_
Y8

4C_A139C

01 VVGAGGVGK G12_8-16 1.2 1.14

02 VVGAAGVGK G12A_8-16 2.14

03 VVGACGVGK G12C_8-16 0.54 3.77

04 VVGADGVGK G12D_8-16 0.55 0.84

05 VVGARGVGK G12R_8-16 0.69 1.19

06 VVGASGVGK G12S_8-16 0.95 1.75

07 VVGAVGVGK G12V_8-16 1.09 1.19

08 VVVGAGGVGK G12_7-16 1 0.45 0.05 0 0.45 1.44

09 VVVGAAGVGK G12A_7-16 0.45 0.8 0.54 0.35 0.35 0.25 0.25 1.14

10 VVVGACGVGK G12C_7-16 0 0.45 0.15 0.2 0.05 0.3 2.93

11 VVVGADGVGK G12D_7-16 0.35 0.45 0.3 0.7 0.5 0.25 0.4 5.13

12 VVVGARGVGK G12R_7-16 0.6 1 0.2 1.68 0.45 0.55 5.51 2.39

13 VVVGASGVGK G12S_7-16 0.5 0.9 0.55 0.15 0.35 1.64

14 VVVGAVGVGK G12V_7-16 0.1 0.7 0.3 0.05 0.55 3.22

Table 4.5: KRAS A*11:01 SCT tetramer binding performance for TCR8 (repeated
with inclusion of D10 SCT series).
A. A*11:01 SCTs containing various KRAS peptides were purified, tetramerized,
and used to stain a G12V-specific TCR-transduced cell line. Values in each cell of

the matrix represent the percentage of cells captured by tetramer staining.

The protein masses of the expressed SCTs in the reduced SDS-PAGE results bear
striking resemblance to those of the A*11:01 KRAS library, as all G12V SCTs
displayed a significantly down-shifted mass compared to their G12D counterparts
(Fig. 4.14B, lanes 4 vs. 5, and 6 vs. 7). All eight SCTs were used in downstream
tetramer binding assays against G12V-specific TCRs (Fig. 4.14C), demonstrating
on-target binding by the desired SCT construct against all TCRs. There were three
other SCTs which showed some appreciable degree of binding against some of the
TCRs beyond background signal. SCTs #1 and #4 contain G12 and G12D variants
of the target peptide. Because these TCRs were functionally shown to respond
only to the G12V peptide, any binding of the TCRs with the G12 or G12D SCTs
is indicative of off-target epitope configurational mimicry, an artifact of the SCT
design. The third SCT to have significant levels of off-target binding was SCT #7,
which is a splice variant of the G12V 10mer. Its binding efficiency against the TCR
series reveals that the G12V-specific TCRs may all have some capacity to recognize
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Figure 4.13: A*02:01-restricted G12V-specific TCR2 kills KRAS G12V-
expressing CFPAC-1 tumor line.
CFPAC-1 cells expressing the KRAS G12V mutation were measured for apoptosis
(quantified by “Total Green + Red Cell area overlap”) over time. The CFPAC-1
cells were incubated with CD8+ T cells from healthy donors (10:1 T cell to target
ratio), which were transduced with various TCRs (see SCT binding performance in

Fig. 4.14). WT1: WT1-specific (WT1_37-45 = VLDFAPPGA),
A*02:01-restricted T cell line.

the splice variant, with TCR20 perhaps unable to distinguish between the splice
and non-splice epitopes of G12V. When SCT and refolded variants of the tetramer
were functionally validated by staining the TCR2 cell line, capture efficiency was
virtually identical (Fig. 4.15). The excellent performance of this SCT reagent in
spite of its low expression yield relative to G12D 10mer A*11:01 SCT (see Fig.
4.16 for a direct comparison of yield for A*02:01 G12V 10mer SCT (#15) against
A*11:01 G12V 10mer SCT (#129)) suggests no relationship between the degree
of protein yield from SCT transfection and binding efficiency of the tetramerized
construct.

In summary, we initially showed that SCTs may be utilized to capture A*11:01-
restricted, G12D-specific TCRs. A subsequent expansion of the A*11:01 SCT
library to encompass multiple KRAS G12X epitopes and various SCT template
designs demonstrated that successful SCT expression could be achieved with careful
selection of peptide length, peptide identity, and SCT template. A potential causative
relationship between SCTmass and functionwas primarily hypothesized based upon
the correlated mass and flow cytometry results for G12D and G12V SCTs in the
A*11:01 assays. However, in the A*02:01 assay, we observed the same phenomenon
of lower SCT mass for G12V SCTs whether the G12V peptide register was shifted
to accommodate A*02:01 or A*11:01 binding grooves, and yet those A*02:01 SCTs



151

+ M11 2 3 4 5 6 7 8index pep�de an�gen
1 KLVVVGAGGV wt-10
2 KLVVGAGGV wt-9s
3 KLVVVGAG wt-8
4 KLVVVGADGV G12D-10
5 KLVVVGAVGV G12V-10
6 KLVVGADGV G12D-9s
7 KLVVGAVGV G12V-9s
8 KLVVVGAV G12V-8

index pep�de an�gen TCR1 TCR2 TCR3 TCR4 TCR5 TCR6 TCR7 TCR8 TCR9 TCR15 TCR16 TCR17 TCR20 WT1 UNTR
1 KLVVVGAGGV wt-10 1.64 35.7 94.8 97.4 8.16 11.1 2.49 70.2 45.5 1.16 13.7 40.3 93.9 0.3 0.34
2 KLVVGAGGV wt-9s 0.046 0.095 0.17 0.07 0 0.023 0.046 0.21 0.14 0.093 0.069 0.023 0.16 0.2 0.22
3 KLVVVGAG wt-8 0.046 0.092 0 0.051 0 0.046 0.099 0.026 0.099 0.025 0.025 0.075 0.29 0.08 0.06
4 KLVVVGADGV G12D-10 0.67 1.12 5.8 97.6 2.67 97.3 15.2 5.19 14.2 1.13 21.5 89.4 1.85 0.3 0.23
5 KLVVVGAVGV G12V-10 99.3 99.7 99.6 99.5 99.5 99.1 99.5 99.7 99.6 98.8 98.9 98.4 99.5 2.73 2.49
6 KLVVGADGV G12D-9s 0.12 0.83 0.18 0.076 0.049 0.026 0.18 0.13 0.1 0.27 0.52 0.2 0.11 0.08 0.05
7 KLVVGAVGV G12V-9s 57.4 34.8 33.2 15.1 23.7 8.9 22.2 13.6 5.89 9.21 8.39 9.59 97 2.22 3
8 KLVVVGAV G12V-8 0.051 0.5 0.026 0 0.12 0.025 0.05 0.17 0.05 0.13 0.025 0.05 3.67 0.15 0.05

A B

C

M1 = MART1 (ELAGIGILTV)
A0201_A_Y84C_A139C (D9)

Figure 4.14: KRAS A*02:01 SCT expression and tetramer staining performance.
A. Table of KRAS peptides selected for SCT expression into template D9 (Fig.
2.2B). Within peptide sequences, underlined amino acids represent a splice

location, red letters represent G12 mutation. B. Reduced SDS-PAGE results of
SCT expression. Numbers above lane correspond to indices of (A). +, positive
control lane using A*02:01 WT1 (RMFPNAPYL) SCT. M1, MART-1 peptide

(ELAGIGILTV). C. The expressed SCTs from (B) were purified, tetramerized, and
used to stain multiple A*02:01-restricted, G12V-specific TCR-transduced cell

lines (all specific to KLVVVGAVGV). Values in each cell of the matrix represent
the percentage of cells captured by tetramer staining. WT1: WT1-specific

TCR-transduced, A*02:01-restricted T cell line (WT1_37-45 = VLDFAPPGA).
UNTR: non-transduced T cell line (no TCR). NOTE: TCR IDs in this figure may
share the same indices as those of the A*11:01-restricted TCRs (Fig. 4.9C), but do

not represent the same clonotypes.

proved to be highly functional. Coupled with the observation that our tenth template
in the A*11:01 library (A_D74L_Y84C_A139C) recovers this mass for the 10mer
G12V, it remains an open question as to whether these mass alterations in any way
contribute to functional failure in anHLA-dependent manner. Overall, we show here
that SCT platform can be used to design proteins according to a matrix of variables,
enabling heuristic tuning for optimal yield or binding behavior. The insights we
gained from downstream tetramer binding assays indicate that this library approach
may allow one to stratify TCRs based on binding selectivity or behavior against
particular peptide sequences, length, or splice variants.
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Figure 4.15: KRAS G12V A*02:01 folded and SCT tetramer variants display
similar performance.
G12V-specific T cells (transduced with TCR2 of Fig. 4.13 & 4.14) were analyzed

by flow cytometry using either no tetramer stain (left), a folded G12V
(KLVVVGAVGV) tetramer variant (middle), or SCT G12V tetramer variant (same
peptide, #5 of Fig. 4.14A or #15 of Table M.1) (right). Values in each flow plot
represent the percentage of cells captured within bounding box, indicating tetramer

binding efficiency.

4.3.1.3 A semi-biased approach to identify potentially immunogenic
peptide/HLA pairs

The promising results from the KRAS SCTs covering peptides reported for A*02:01
and A*11:01 prompted us to subsequently investigate whether the library approach
could be adapted for use in a broader manner to thoroughly assess more pairs of
peptide and HLA haplotypes. Based on the demand for SCT template production
from other projects, we generated SCT plasmids to cover a total of 24 Class I HLA
haplotypes. This select list of haplotypes should be enough to overlap with at least
one HLA from any given individual, according to HLA prevalence statistics from
our COVID dataset (Fig. H.1). For all SCT templates, we chose to use the D9
design instead of its modified D74L counterpart (as studied in Fig. 4.12B) on the
basis that we were still investigating the impact of the 74L mutation to a binding
groove. Because this modification directly affects the interface between peptide
and binding groove, unlike other linker or HLA mutations, it was not included due
to our aim of demonstrating peptide/HLA interactions with the closest biological
accuracy.

Given the high prevalence of KRAS G12 mutations among cancer cases worldwide,
particularlyG12D,G12R, andG12V,wewanted to focus on these particular peptides
for SCT production to maximize clinical scope. Peptide fragments of 9 to 11 amino
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acids in length and encompassing each of thesemutations (and thewild-type variant)
were identified, with the G12X position allowed to reside anywhere from the first
to last position of the peptide. In total, this selection of peptides and HLAs would
theoretically yield 2,880 potential SCT constructs for production (120 peptides
x 24 HLAs). As we had learned from the expression of p53 hotspot encoded
SCTs (Fig. 4.19), a completely unbiased approach to peptide selection (in other
words, without assistance from peptide binding prediction algorithms) resulted in
a very low expression rate (approximately 10%). To perform such an assay for
2,880 constructs (versus 240 constructs for the p53 library) within an academic
setting most likely would also result in a similarly low expression rate but at an
excessively high time cost due to lack of automation assistance. Thus, we aimed
to reduce our final library size while simultaneously enriching for peptide/HLA
pairs of high likelihood for stability (and therefore high expression) by conducting a
semi-biased approach in which the peptide/HLA pairs were first passed through the
NetMHCpan 4.1 peptide binding prediction algorithm. We ranked the results based
on NetMHCpan’s percentile EL_rank score, which served as a proxy for favorable
binding affinity, for each peptide/HLA pair. Most predictions showed quite poor
binding, with the best binder being an A*11:01-restricted, 9mer G12V variant, SCT
#138 of Table M.1 at EL_rank of 0.1277 (equivalent to NetMHC4.1 affinity of 65
nM), so we maximized the library size by selecting to express only peptide/HLA
pairs which produced an EL_rank percentile of 20 or lower. This filter resulted in
a final library size of 344 SCT elements, with the worst predicted one being SCT
#290 (GARGVGKSA with B*44:02) (Table M.3), at EL_rank = 19.9, or equivalent
to 29,927 nM binding affinity. By relaxing our filter parameter to encompass even
pairs with such poor predictions, we hoped to find false negative pairs that could
yield sufficient SCT expression.

The SCT library generated for the KRAS G12X library (Fig. 4.16) revealed some
broad trends across HLAs. SCT expression was primarily observed for peptides
paired with HLA-A alleles, with a few cases of measurable but low expression for
those paired HLA-B alleles, and no instance of strong expression among those tested
for the three HLA-C alleles. Cases of high SCT yield for each peptide appeared
to be a function of peptide sequence and HLA. For example, HLA-A*02:01 and
HLA-A*02:03, whose binding grooves are highly similar, generally were biased
for better expression of peptides having the KLV motif in the initial region of their
sequence, while A*03:01 and A*11:01’s preferred peptides start with the VVV
motif. A*02:11, whose binding groove is also similar to those of other A*02
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alleles, appeared to be significantly more compatible for these peptides, as almost
all selected candidates resulted in expression. These findings serve to reinforce the
notion that traditionalmechanisms bywhich peptides stabilize eachHLA’s respective
binding groove may play a role in the SCT system by influencing expression, and
that therefore, the degree of SCT expression may serve as a proxy to understand
and measure peptide/HLA interactions. While the expression of these constructs
does appear to have a correlation with peptide/HLA compatibility, expression yield
does not appear to play a significant role necessarily in determining the functional
capacity of these reagents as tetramers. As discussed in earlier sections, A*02:01
and A*11:01 SCT candidates from this library (SCTs #15 & #129), which generate
low and moderate yields, respectively, both have been shown to functionally behave
in a desired manner, binding only to their cognate TCR-transduced cell lines, which
have been shown to have peptide-specific cytotoxic functionality.

An interesting case of multiple register compatibility can be seen with A*23:01 and
A*24:02 alleles, where we observe high SCT expression across multiple peptide
registers (SCT #140-151) (Fig. 4.16). The similar degrees of expression across
these two alleles for the same peptide subset is most likely due to consensus of their
peptide-binding groove protein sequences (only 3 amino acids different). One excep-
tion, SCT #145 for A*23:01, failed to express to a similar manner as SCT #151 for
A*24:02; this may be a case where the binding groove differences between the two
HLAs are highly sensitive against this particular peptide (ARGVGKSAL). We note
here two primary findings within these A*23:01 and A*24:02 SCTs. First, while
some of these peptides have been identified as immunogenic for other HLA alleles,
this report is, to our knowledge, the first instance where they have been identified
as possibly immunogenic for A*23:01 and A*24:02 based on SCT expression and
inference of potential peptide/HLA binding compatibility. The prediction scores
of these identified peptides (e.g. A(V/R)GVGKSAL) for A*24:02 are extremely
low (EL_rank from NetMHCpan: 19.5, binding affinity from NetMHC4.0: 40,000
nM), which may explain why they may not have been included for experimental
assessment in prior works. Even in this experiment, in which we applied an ex-
tremely generous cut-off threshold of EL_rank = 20 (binding affinity = 40,000 nM)
for all peptides containing the G12X mutations, the G12 and G12D versions of this
peptide fell outside of the threshold (42,000 nM predicted binding) and were not
initially included in this library. Given the high expression observed for G12V and
G12R and assuming that high SCT expression implies stability and functionality, we
believe that experimental analysis yields far more accurate insight into peptide-HLA



155

12
2
12

3
12

4
12

5
12

6
12

7
12

8
12

9
13

0
13

1
13

2
+

13
3
13

4
13

5
13

6
13

7
13

8
13

9
14

0
14

1
14

2
14

3
+

14
4
14

5
14

6
14

7
14

8
14

9
15

0
15

1
15

2
15

3
15

4
+

15
5
15

6
15

7
15

8
15

9
16

0
16

1
16

2
16

3
16

4
16

5
+

16
6
16

7
16

8
16

9
17

0
17

1
17

2
17

3
17

4
17

5
17

6
+

17
7
17

8
17

9
18

0
18

1
18

2
18

3
18

4
18

5
18

6
18

7
+

18
8
18

9
19

0
19

1
19

2
19

3
19

4
19

5
19

6
19

7
19

8
+

19
9
20

0
20

1
20

2
20

3
20

4
20

5
20

6
20

7
20

8
20

9
+

21
0
21

1
21

2
21

3
21

4
21

5
21

6
21

7
21

8
21

9
22

0
+

22
1
22

2
22

3
22

4
22

5
22

6
22

7
22

8
22

9
23

0
23

1
+

23
2
23

3
23

4
23

5
23

6
23

7
23

8
23

9
24

0
24

1
24

2
+

12
13

14
15

16
17

18
19

20
21

22
+

23
24

25
26

27
28

29
30

31
32

33
+

34
35

36
37

38
39

40
41

42
43

44
+

45
46

47
48

49
50

51
52

53
54

55
+

56
57

58
59

60
61

62
63

64
65

66
+

67
68

69
70

71
72

73
74

75
76

77
+

78
79

80
81

82
83

84
85

86
87

88
+

89
90

91
92

93
94

95
96

97
98

99
+

10
0
10

1
10

2
10

3
10

4
10

5
10

6
10

7
10

8
10

9
11

0
+

11
1
11

2
11

3
11

4
11

5
11

6
11

7
11

8
11

9
12

0
12

1
+

1
2

3
4

5
6

7
8

9
10

11
+++++

24
3
24

4
24

5
24

6
24

7
24

8
24

9
25

0
25

1
25

2
25

3
+

25
4
25

5
25

6
25

7
25

8
25

9
26

0
26

1
26

2
26

3
26

4
+

26
5
26

6
26

7
26

8
26

9
27

0
27

1
27

2
27

3
27

4
27

5
+

27
6
27

7
27

8
27

9
28

0
28

1
28

2
28

3
28

4
28

5
28

6
+

28
7
28

8
28

9
29

0
29

1
29

2
29

3
29

4
29

5
29

6
29

7
+

29
8
29

9
30

0
30

1
30

2
30

3
30

4
30

5
30

6
30

7
30

8
+

30
9
31

0
31

1
31

2
31

3
31

4
31

5
31

6
31

7
31

8
31

9
+

32
0
32

1
32

2
32

3
32

4
32

5
32

6
32

7
32

8
32

9
33

0
+

33
1
33

2
33

3
33

4
33

5
33

6
33

7
33

8
33

9
34

0
34

1
+

34
2
34

3
34

4
34

5
34

6
34

7
34

8
34

9
35

0
+

A
*0
1:
01

A
*0
2:
01

A
*0
2:
03

A
*0
2:
07

A
*0
2:
11

A
*0
3:
01

A
*1
1:
01

A
*2
3:
01

A
*2
4:
02

A
*2
6:
01

A
*3
3:
03

B*
07

:0
2

B*
08

:0
1

B*
15

:0
1

B*
18

:0
1

B*
35

:0
1

B*
40

:0
1

B*
40

:0
2

B*
44

:0
2

B*
44

:0
3

B*
51

:0
1

C*
04

:0
1

C*
07

:0
1

C*
07

:0
2

Figure 4.16: Multi-HLA KRAS SCT expression.
Reduced SDS-PAGE results of SCT expression for various KRAS peptide/HLA

combinations using D9 template. Number above each lane corresponds to the SCT
ID (Table M.1-M.3). Colored bars below each SCT correspond to HLA identity
of the SCT, as depicted in legend (right). +, positive control lane using A*02:01
WT1 (RMFPNAPYL) SCT. SCT transfection yield is additionally quantified in

Table M.1-M.3.
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binding dynamics than current prediction algorithms. We therefore proceeded to
generate G12 and G12D SCT variants for A*24:02 using these peptide registers
to test these assumptions. As seen in the supplemental six SCTs of (Fig. 4.16 &
Table M.3), these variants also led to high SCT expression. A rearrangement of
these SCTs in reduced SDS-PAGE is depicted in (Fig. 4.17) to better highlight
the similarities in SCT expression based on peptide register, regardless of G12X
mutation.

A B ID pep�de
345 GGVGKSALTI 1.26
346 DGVGKSALTI 1.37
146 VGVGKSALTI 1.36
148 RGVGKSALTI 1.35
347 EYKLVVVGAG 0.72
348 EYKLVVVGAD 0.87
147 EYKLVVVGAV 0.63
149 EYKLVVVGAR 0.60
349 AGGVGKSAL 1.36
350 ADGVGKSAL 1.30
150 AVGVGKSAL 1.48
151 ARGVGKSAL 1.32

yield345 346 146 148 347 348 147 149+

349 350 150 151+

A*24:02

Figure 4.17: A*24:02 KRAS peptides with poor prediction can express as SCTs.
A. SDS-PAGE results for A*24:02 SCTs from Figure 4.16. Number above each
lane corresponds to SCT ID (B). +, positive control lane using A*02:01 WT1
(RMFPNAPYL) SCT. B. Table of selected SCTs, showing peptide sequence

associated with each SCT and SCT expression yield.

The second major finding from these results is that the registers of the peptides
which stabilize A*23:01/A*24:02 is quite diverse. Of the six peptides tested, two
contain G12X at the N-terminus, two at the C-terminus, and two contain mutations
nestled within the peptide. Most reported immunogenic hotspot peptides contain
the mutation in the middle of the peptide, but it would be interesting if one could
identify cognate TCRs against hotspot peptides with terminally-located mutations.
A worrisome possibility is that TCRs identified against C-terminus hotspot pep-
tides may have higher non-specificity. We have seen numerous cases where the
C-terminus of the peptide in an SCT can be extended beyond its natural assumed
9-11mer limit, and still provide high SCT expression or functionality. In the case of
the YML series (Section 2.1.6.2), the Strong lab at Fred Hutch showed that A*02:01
SCTs loaded with the 14mer displayed the same conformation as the 12mer (data
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not shown, manuscript in preparation). Most likely, a subset of their cognate TCRs
would share similar contact points with the pMHC. For the case of hotspot peptides,
if the mutation is located at the C-terminus, and the wild-type variant of peptide
can also bind to the HLA groove in a similar manner, then the mutant SCT may
possibly capture TCRs cross-specific to the wild-type peptide. Thus, the best pep-
tide candidates containing C-terminus hotspot mutations are most likely those in
which the terminus is presented in a configurationally distinct manner compared to
the wildtype, resulting in capture of cognate TCRs distinct from those which might
cross-react with the wild-type epitope. We intend to further assess this phenomenon
by utilizing the crystallography approaches developed by the Strong lab to obtain
crystal structures against these particular SCTs. The discovery of potentially favor-
able peptide/HLA interactions for this A*24:02 subset is intriguing given the high
prevalence of this HLA allele (approximately 20% of world population). We plan to
further validate the immunogenicity of these peptides by working together with the
Greenberg lab to capture antigen-specific T cells from healthy donors and patient
samples.

With regards to the lack of expression across HLA-B and HLA-C alleles, we provide
two potential explanations. One possibility is that our SCT platform recapitulates
findings in the literature stating higher sensitivities of these binding grooves to
peptide repertoires, which might be exacerbated by linkers present in SCT design. A
second possibility is that our A_Y84C_A139C (D9) template may have preferential
expression compatibility for HLA-A alleles. This can be assessed by identifying
commonly reported peptides compatiblewith theseB andC alleles, and producing an
SCT library of these peptide/HLA pairs using this template and a different template.
Significant differences in SCT expression between the templates for each peptide
would reveal stabilizing/destabilizing effects of the template mutations. If indeed
higher SCT stability could be found with other mutations, it would require a more
thorough, HLA-tailored approach to identify allele-dependent template-stabilizing
mutations, similar to the experiments performed for A*02:01 (Fig. 2.2). Third,
the observed failure of HLA-C alleles to express for KRAS peptides may simply
be due to our decision to only assess three such alleles so far. A prudent follow-up
experiment would be to generate a C*08:02 allele to test the KRASG12V peptide as
identified by Sim et al [6]. Expression of an SCT variant for this peptide/HLA pair
would serve to validate our approach given that their report demonstrates biological
functionality for the native construct.
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In summary, the findings of the KRAS library demonstrate the power of a high-
throughput SCT production platform for rapid identification of compatible pep-
tide/HLA pairings against hotspot mutations from a highly prevalent oncogenic
protein. We first performed a search for the best predicted G12X (X = G, D, R,
V) peptide binders to 24 Class I HLA alleles. To avoid a low-yield result from a
completely non-biased scan approach, we opted here for a semi-biased method in
which we only tested peptide/HLA pairings that fell within the top 20th percentile
of prediction scores. With the SCT platform, SCT-encoded plasmids against all 344
candidates were prepared in two weeks, and two additional weeks of transfection
generated the primary results of this assay. Themismatch between predicted binding
and actual SCT expression underscores the need for improved prediction algorithms
or high-throughput experimental approaches similar to the SCT system for rapid
testing. Our identification of significant SCT expression for peptide/HLA pairings
at the prediction threshold (e.g. A*24:02 pairs, Fig. 4.17) indicates that this library
is most likely not complete, and that there may be more false negative predictions
not reported here that fell outside the range of our selection criteria. Much more
work will be required, possibly requiring a full scan for some alleles (similar to p53,
Fig. 4.19), especially those for which diverse frames were identified as leading to
SCT expression. The methods outlined in this work, including the Python scripts
covering peptide generation, primer generation, and SCT expression analysis, can
be readily applied to any choice of protein, hotspot mutations, and HLA alleles as
defined by the user.

4.3.2 Public TSAs - p53 hotspot epitopes

Whereas KRAS is considered a proto-oncogenic protein due to its role as a gate-
keeper of cellular growth, the p53 protein is considered to be a tumor suppressor
protein, acting as a supervisor of DNA damage to facilitate repair of faulty nu-
cleotides. As such, the primary hotspot mutation locations within p53 are localized
on the domains which make contact with DNA.Mutations within these p53 domains
generally result in an increased propensity to acquire more mutations due to a lack
of proofreading, thus giving way to immune escape and metastasis. Thus, there
have been several efforts recently to examine the immunogenicity of epitopes aris-
ing from these hotspot mutations. Unlike KRAS, whose G12X mutations dominate
the overall landscape of potential driver mutations, p53 hotspot mutations are quite
diverse and tend to be spread out across the length of the entire protein, as depicted in



159

Figure 4.18, where the top 10 most prominent hotspot mutations of p53 are mapped
out according to data from the COSMIC database of tumor patient genomes. These
p53 hotspot mutations also tend to individually occur at a lower frequency, but taken
altogether appear in approximately 50% of cancer cases.

P53 hotspots
R175H
Y220C
G245S
G245D
R248Q
R248W
R249S
R273C
R273H
R282W

R175H: SQHMTEVVRHCPHHERCSD

RHCPHHERC RHCPHHERCS RHCPHHERCSD

VRHCPHHER VRHCPHHERC VRHCPHHERCS

VVRHCPHHE VVRHCPHHER VVRHCPHHERC

EVVRHCPHH EVVRHCPHHE EVVRHCPHHER

TEVVRHCPH TEVVRHCPHH TEVVRHCPHHE

MTEVVRHCP MTEVVRHCPH MTEVVRHCPHH

QHMTEVVRHC QHMTEVVRHCP

SQHMTEVVRHC

HMTEVVRHC HMTEVVRHCP HMTEVVRHCPH

9mer 10mer 11mer

Figure 4.18: p53 hotspot epitope selection
The top 10 most prominent hotspot mutations of p53 (top right table) are

color-coded and displayed on a linear map of the protein (not to scale). For any
given hotspot (R175H is depicted for example), peptides of length 9-11 aa and
which contain the mutation within an internal position are selected for A*02:01

SCT production.

Recent efforts by members of the Rosenberg lab from the NIH have revealed that
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antigen-specific T cells targeting p53 mutations can be isolated and demonstrated
to have therapeutic potential. Deniger et al. first showed that p53-specific CD4+

or CD8+ T cells could be isolated from metastatic ovarian cancer patients [7]. The
minimal epitope for T cell reactivity was elucidated using peptide stimulation assays
to measure IFNγ upregulation. Subsequent HLA characterization of the samples
revealed that p53 hotspot peptides were restricted to HLA-B, -C, -DP, -DQ, and
-DR alleles. The authors concluded that the identified p53-specific TCRs might
serve as potential candidates for ACT based on in vitro demonstrations of on-target
cytotoxicity with no cross-reactivity to the wildtype p53 peptides. In a follow-up
study, shared TCR recognition of an HLA-A*02:01-restricted p53 hotspot TSA
harboring the R175H mutation was reported [8]. The minimal epitope was revealed
to be HMTEVVRHC, a surprising find given that binding prediction algorithms
deem this sequence to be a low affinity binder to A*02:01’s binding groove. In other
words, the authors here demonstrated that in the search for TCR recognition of key
public TSAs such as p53 R175H-derived peptides, it is worthwhile to thoroughly
comb the search space of potential peptides by synthesizing each one to perform
in vitro assays. A complete reliance on prediction algorithms to guide peptide
selection would have resulted in numerous false negatives which would have been
dismissed from synthesis and downstream analysis. The drawback to such an
approach, however, is the tedious synthesis of all potential peptide sequences and
usage in peptide stimulation assays. Faced with this potential limitation, their report
assessed only five R175H peptide candidates rather than all potential combinations
if an unbiased approach were used.

4.3.2.1 An unbiased approach to rapidly identify potentially immunogenic
peptide/HLA pairs

Herein, we demonstrate that the SCT platform may allow one to circumvent the
experimental bottleneck of hotspot peptide synthesis, enabling a faster experimental
approach to assess peptide/HLA binding interaction and identification of the best
p53 hotspot epitope candidates for further testing. We systematically generated a
list of 240 p53 epitopes which encompassed the top 10 hotspot mutations, ranging
from 9 to 11 amino acids in length, and allowing for the mutated amino acid to
reside within all amino acid positions of a peptide except the first and last position.
These peptides were substituted into our A*02:01 SCT D9 template plasmids using
molecular technologies previously discussed (Fig. B.2). The sequence-verified
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plasmids were then transfected into Expi293 cells, and protein expression was
analyzed by SDS-PAGE.

The SCT yield of this library (Fig. 4.19) shows that the majority of p53 epitopes
do not successfully express for A*02:01 SCTs. This is an expected finding, due to
the fact that we utilized all potential peptide sequences under the aforementioned
criteria without implementing any prediction bias. As tabulated in Tables N.1 &
N.2, virtually all of the 240 peptide candidates are predicted to be non-binders
to A*02:01, with only one single peptide (#113) predicted to have less than 500
nM binding affinity, which is considered to be a weak binder by the NetMHC 4.0
algorithm. Therefore, it was interesting to see at least twenty peptides produce a
moderate degree of SCT expression. Even more surprising was the observation
that two of these peptides (#177 YMCNSSCMGSM and #186 YMCNSSCMGDM)
resulted in a very high degree of SCT expression. For these two peptides, the
reduced SDS-PAGE results showed a double band (Table 4.6), indicating potentially
secondary products, whichmight be due to the dithiol present in both of these peptide
sequences. Ultimately, their expression hints at potential biological compatibility
between these peptides and the native A*02:01 MHC construct. The fact that
both of these peptides, essentially identical in sequence but encoding either G245D
or G245S mutations, give very similar SCT yields is a strong indication of the
consistency behind our platform. The strong influence of these short 9-11 amino
acid sequences on the degree of expression of a 50 kDa protein should warrant
further investigation into the quality control mechanisms within eukaryotic cells
that govern acceptance or rejection for further protein processing and secretion.

Taken altogether the unbiased approach to SCT library production performed here
enabled us to thoroughly scan the broad p53 hotspot peptide repertoire for favorable
binders to A*02:01. A ranked list of the highest expressing SCTs from the library
reveals at least 26 potential candidates for subsequent functional analysis (Table
4.6). A strong positive indication of the reliability of our assay comes from the
observation that among all of the possible R175H SCTs that were assembled, the
best expressing one contained the same exact peptide (#007 HMTEVVRHC) as that
reported by Lo et al. to be the most immunogenic [8]. In addition, we also observed
that the other SCTs encoding R175H antigens which led to high expression shared
the same register (Table 4.6, #157 & #077), which were also assessed by Lo et al. to
elicit an elevated degree of IFNγ response from T cells relative to background. We
anticipate SCT #007 (and perhaps #157 and #077) to be a functional reagent that can
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127 128 129 130 131 132 133 134 135 136 137+

138 139 140 141 142 143 144 145 146 147 148+

149 150+

151 152 153 154 155 156 157 158 159 160 161+

162 163 164 165 166 167 168 169 170 171 172+

173 174 175 176 177 178 179 180 181 182 183+

184 185 186 187 188 189 190 191 192 193 194+

195 196 197 198 199 200 201 202 203 204 205+

206 207 208 209 210 211 212 213 214 215 216+

217 218 219 220 221 222 223 224 225 226 227+

228 229 230 231 232 233 234 235 236 237 238+

239 240+

18 19 20 21 22 23 24 25 26 27 28+

29 30 31 32 33 34 35 36 37 38 39+

40 41 42 43 44 45 46 47 48 49 50+

51 52 53 54 55 56 57 58 59 60+

61 62 63 64 65 66 67 68 69 70 71+

72 73 74 75 76 77 78 79 80 81 82+

83 84 85 86 87 88 89 90 91 92 93+

94 95 96 97 98 99 100 101 102 103 104+

122 123 124 125 126+ 116 117 118 119 120 121

105 106 107 108 109 110 111 112 113 114 115+

12 13 14 15 16 17+ 7 8 9 10 11

1 2 3 4 5 6+

Figure 4.19: p53 hotspot A*02:01 SCT expression.
Reduced SDS-PAGE results for expression of the p53 hotspot A*02:01 SCT
library using D9 template. +, positive control lane using A*02:01 WT1
(RMFPNAPYL) SCT. The SCT ID (number above each lane) and SCT

transfection yield are tabulated in Appendix N.

be utilized in conjunction with peptide stimulation, expansion, and tetramer binding
experiments to find more cognate TCRs than those previously reported. In the same
vein, we hope to perform such TCR enumeration assays with our collaborators at the
Fred Hutch from Dr. Greenberg’s lab using the other peptides of Table 4.6. Most
of these peptides have never been functionally reported for A*02:01 compatibility,
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again most likely because they were dismissed from experimental follow-up on the
basis of poor binding prediction and due to the tedium and cost associated with
library-scale peptide synthesis.

ID muta�on pep�de len nM
186 G245D YMCNSSCMGDM 11 5350.3 0.98
177 G245S YMCNSSCMGSM 11 3144.8 0.91
079 Y220C PCEPPEVGSD 10 43910 0.38
163 Y220C VVVPCEPPEVG 11 18368.6 0.37
007 R175H HMTEVVRHC 9 7826.1 0.34
087 G245S GSMNRRPILT 10 15779.7 0.32
082 Y220C VVVPCEPPEV 10 1510.9 0.29
157 R175H HMTEVVRHCPH 11 28604.7 0.27
231 R273H LLGRNSFEVHV 11 1473.9 0.21
036 R248W NWRPILTII 9 21658.4 0.20
081 Y220C VVPCEPPEVG 10 12861.8 0.19
077 R175H HMTEVVRHCP 10 16852.8 0.18
160 Y220C PCEPPEVGSDC 11 42642.6 0.18
008 Y220C PCEPPEVGS 9 42356.1 0.18
169 G245S GSMNRRPILTI 11 9222 0.17
199 R248W GGMNWRPILTI 11 1919 0.16
061 R273H NSFEVHVCA 9 7518 0.16
039 R248W GGMNWRPIL 9 22084.4 0.15
010 Y220C VVPCEPPEV 9 681 0.15
015 G245S GSMNRRPIL 9 21588.2 0.15
037 R248W MNWRPILTI 9 7504 0.15
162 Y220C VVPCEPPEVGS 11 30681.9 0.14
201 R248W CMGGMNWRPIL 11 4245 0.14
164 Y220C SVVVPCEPPEV 11 10286.8 0.14
069 R282W ACPGRDWRT 9 32101.7 0.14
116 R248W CMGGMNWRPI 10 178.5 0.13

yield 186
177

079
163

007

087
082

157

231
036

081

077
160

008

169
199

061

039
010

015
037

162

201
164

069

116

Table 4.6: Top p53 hotspot A*02:01 SCTs ranked by expression.
SCT expression is ranked by quantified SCT band and the top 26 are highlighted in
table (left). Reduced SDS-PAGE results from Figure 4.19 for each of these 26

SCTs are depicted (right).
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4.3.3 Private TSAs

Wells, D. K. et al. Key Parameters of Tumor Epitope Immunogenicity Revealed
Through a Consortium Approach Improve Neoantigen Prediction. Cell (2020)
doi:10.1016/j.cell.2020.09.015.

Finally, we have also oriented our SCT technologies toward the study of private
TSAs. In our collaborative efforts with the Parker Institute for Cancer Immunother-
apy (PICI) and members of the Tumor Neoantigen Selection Alliance (TESLA)
consortium, we experimentally validated putative neoantigens identified by pre-
diction methods from various TESLA researchers. The main objective from this
endeavor was to identify which prediction method was the most accurate in this re-
gard, such that future prediction methods might be improved using their algorithms.
The primary general findings of the combined effort by the TESLA consortium may
be found in the published report cited above. Here, I summarize key contributions
from the SCT technologies within this context.

TIL and PBMC samples from a melanoma cancer patient were obtained from our
collaborators at the PICI. The samples were haplotyped and identified to be positive
for HLA-A*01:01 and HLA-A*03:01. Lists of top private TSAs as predicted
by members of the TESLA consortium for each of these two HLA alleles were
also provided. Primers encoding predicted peptides for both of these HLAs were
purchased and utilized in our SCT platform to generate two SCT libraries. The
A*01:01 SCT library was subsequently utilized to identify antigen-specific T cells
via hemocytometry analysis. This approach involves adaptation of the SCTs into
our magnetic nanoparticle platform, termed NP-NACS, as previously discussed.
For the A*03:01 SCT library, a library consisting of UV-exchanged pMHCs for the
same peptides was prepared in parallel to allow for comparisons of SCT expression
against UV-pMHC stability.

4.3.3.1 Enumeration of private TSA-specific T cells via SCT & NP-NACS
technologies

Of the 27 A*01:01 peptides, 15 were able to be expressed as SCTs across at least
one of the two templates (D3 and D8) tested. NP-NACS analysis of patient PBMC
samples demonstrated that each of the peptides in SCT format, for either D3 or D8
designs, was capable of enumerating antigen-specific T cells (Fig. 4.20A). Due
to the ease of cell visualization by optical microscopy for this assay, the measured
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AF488

Cy5
Cy7

YTDKSEHATY

MIDNETLLVEY

YTDKSEHATY

MIDNETLLVEY
ESEPYTFSY WSFPYEFLY

(B)

(C)

B

A

C

Figure 4.20: Enumeration of A*01:01-restricted, antigen-specific T cells from a
melanoma patient via NP-NACS.
A. Counts of antigen-specific T cells per peptide as identified by NP-NACS assay
using nanoparticles assembled with A*01:01 SCTs for each peptide. B. Example of
hemocytometry analysis to identify T cells specific to the peptide YTDKSEHATY
based on peptide/fluorophore associations. C. Example of hemocytometry analysis

to identify T cells specific to the peptide WSFPYEFLY based on
peptide/fluorophore associations. For B & C, each column represents one single
cell isolated by NP-NACS. For B & C, from top to bottom row, hemocytometry
images are displayed for cells imaged using brightfield, Cy3 filter (cell viability

stain), AF488 filter, Cy5 filter, or Cy7 filter, to demonstrate coverage by
nanoparticles, viability, and specificity to only one SCT reagent. In the table below
B & C, peptide/fluorophore associations are provided for each of the two assays.
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frequencies were declared to be antigen-specific with high confidence. Shown in
Figure 4.20B & C are two examples of the NP-NACS hemocytometry counting
results, whereby nanoparticle-coated objects within a chip may be individually
isolated and confirmed to be healthy cells with a viability stain. The cells are then
checked for specific binding to only one of three unique SCT elements per round of
analysis due to each SCT element being associated with a particular fluorophore on
the NP scaffold. While all SCTs could identify some T cells, the frequencies were
quite low for all of them except WSFPYEFLY. This suggests possibly that T cells
with reactivity to this peptide were prominently activated and proliferated in a biased
manner compared to T cells of other specificities. Whether they play an immuno-
protective role or might play a more active role during response to tumors within
the time frame of sample extraction is beyond the scope of this work. However, it
would be intriguing to further answer these questions by using these SCTs to further
isolate TCRs for subsequent sequencing, characterization, and functional analysis.

4.3.3.2 Comparison of private TSA A*03:01 SCT expression and UV-pMHC
stability

For the A*03:01 peptides, we initially generated an SCT library and saw various
degrees of expression for each one under the same D3 and D8 designs (Table 4.7,
col. 1 & 2). We questioned whether the expression variation might in some way be
correlated with the stability of the peptide and binding groove interaction in a folded
construct. Therefore, UV-labile pMHCs were expressed, and UV-facilitated peptide
exchange was conducted to generate a UV-pMHC for each peptide element. The
UV-pMHC library was then assessed by an ELISA assay to identify whether a strong
positive absorbance signal could be detected from an anti-β2m antibody. Presence of
the signal indicates retention of the β2m chain in the complex, whose HLA α chain is
tethered on the ELISA plates. If β2m remains bound to the α chain, then this implies
that the peptide is a compatible binder for the HLA’s peptide groove, such that the
three-component complex maintains stability and functionality. The absorbance
data was normalized against background signal from a UV-labile pMHC exposed
to UV light in the absence of peptide in solution (this will lead to complete pMHC
instability), and the UV exchange efficiency of each construct was then assessed
(Table 4.7, col. 3). The SCT expression data and UV exchange efficiencies were
re-interpreted in a binary format. If SCTs expressed to such an extent where the
quantified band intensity was above our cutoff score of 0.15, they were considered to
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be robust and qualified for purification toward downstream analysis. If UV-pMHCs
showed exchange efficiency beyond 30%, then its exchanged peptide was interpreted
to be a favorable binder to the HLA construct so as to confer stability.

The results of this re-interpretation are shown in Table 4.7 (col. 4, 5, & 6), and
revealed a surprisingly high degree of agreement, where both SCT and UV-pMHC
formats showed high expression and stability, respectively, or where both failed
to generate a stable construct. Comparing D3 SCTs with UV-pMHCs (Table 4.7,
col. 4 vs. 6), 29 of the 37 SCTs (78%) showed agreement (Table 4.7, col. 7).
Comparing D8 SCTs with UV-pMHCs (Table 4.7, col. 5 vs 6), 31 of the 37 SCTs
(84%) showed agreement (Table 4.7, col. 8). The difference between these two
comparisons can be attributed to expression differences between the SCT designs
for some peptides. In general, the D8 template appeared to increase SCT expression
for most peptides (Table 4.7, col. 9), to such an extent where five of them were
elevated from low or no expression status for D3 to moderate expression or better
under D8 (peptides #12, 18, 20, 28, 36). However, peptide #26 was one instance
where the D8 template appeared to have a negative impact, completely abolishing
expression. The presence of D74L, which distinguishes the D8 template from theD3
template, most likely explains these expression differences. A further exploration
of the impact this change has on various peptides that fall within the two subsets
above (increased or decreased expression under D8 relative to D3) would highlight
the motifs that causes such sensitivities to emerge within peptide sequences. As for
the three UV-pMHCs (2, 3, 10) which were considered to be efficiently exchanged
but could not be generated as an SCT under D3 or D8 formats (Table 4.7, compare
col. 6 to col. 4 & 5), we caution over-interpretations of the biological nature of the
UV-pMHCs based on these results. These three UV-pMHCs are close to the 30%
threshold for efficient exchange, indicating perhaps that they may not be stable or
functional reagents. Further interpretations into the peptide/HLA relationships of
this data will require functional applications to identify antigen-specific TCRs for
validation of pMHC stability.

4.3.4 Concluding Remarks on TSAs

In conclusion, I first presented in this section a proof-of-concept demonstration of
our SCT platform in the context of two proteins harboring strong public TSA can-
didates for ACT therapy. For KRAS, we implemented a semi-biased approach in
order to broadly account for numerous HLA alleles, and ranked the quality of pep-
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tide/HLA pairings on the basis of SCT expression, some of which to our knowledge
have not been previously reported. For p53, a completely unbiased approach was
utilized, which, while more laborious per HLA, enabled us to definitively examine
all potential p53 hotspot interactions with the prominent HLA-A*02:01 allele. The
methodologies behind these two approaches can be readily implemented for the
further study of other driver mutations in other proteins of major significance to
the field (e.g. PIK3CA, BRAF, EGFR) [9]. The primary objective behind these
protocols is to streamline the identification of key public TSA targets, which may
accelerate TCR discovery and lead to translational applications of hotspot-oriented
immunotherapeutics.

In addition, the SCT platform was used in the context of private TSAs across two
HLAs for a melanoma patient. Here, we used the expressed SCT elements to
augment our NP-NACS procedure for T cell enumeration. The SCTs were also
characterized against UV-pMHC counterparts to demonstrate similarities between
the two technologies.

The robustness of the SCT reagents across these projects was shown in various
ways. KRAS reagent quality was demonstrated by our collaborators (Greenberg
lab), who had hotspot-specific T cell lines for flow cytometry validation. As for
p53, validation was assumed on the basis of observing high SCT expression for
previously reported A*02:01 epitopes. The A*01:01 private TSA experiments used
NP-NACSmethods to showcase the technology’s capacity for enabling visualization
of clean specific binding between SCT and cognate TCRs. Finally, the A*03:01
private TSA experiments demonstrated that the degree of SCT expression was
strongly correlated with UV-pMHC construct stability. A more complete approach
to validation on these fronts will ensue upon resumption of cancer research after our
efforts on COVID-19 projects.
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Table 4.7: A*03:01-restricted private neoantigens show agreement in stabilization
of SCT or folded pMHC constructs.
Thirty-seven A*03:01-restricted private neoantigens predicted by collaborators of
the TESLA consortium for a melanoma patient were used to generate SCTs (using
templates D3 or D8 of Fig. 2.2B) or UV-exchanged pMHCs. Relative expression

of D3 and D8 SCTs were quantified in a heatmap (Table 4.7, col. 1 & 2).
Stabilization of the UV-exchanged pMHCs was correlated with an ELISA assay

measuring peptide exchange efficiency (column 3). This initial data was converted
into a binary format to identified stable pMHCs; for SCTs, high

expression/stability was defined as relative expression above 0.15 ratio to WT1
positive control SCT (Table 4.7, col. 4 & 5); for UV pMHCs, stabilized pMHC
product was defined as ELISA efficiency > 30%. Agreement of stabilization

between SCT and UV-pMHC per peptide was assessed agreement (Table 4.7, col.
7 & 8). Significant differences in SCT yield between D3 and D8 templates per

peptide was also assessed (Table 4.7, col. 9).
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5.1 Summary

Neoantigen-specific T cells are increasingly viewed as important immunotherapy
effectors, but physically isolating these rare cell populations is challenging. Here, we
describe a sensitive method for the enumeration and isolation of neoantigen-specific
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CD8+ T cells from small samples of patient tumor or blood. The method relies on
magnetic nanoparticles that present neoantigen/MHC tetramers at high avidity via
barcodedDNA linkers. Themagnetic particles provide a convenient handle to isolate
the desired cell populations, and the barcoded DNA enables multiplexed analysis.
The method exhibits superior recovery of antigen-specific T cell populations relative
to literature approaches. We applied the method to profile neoantigen-specific T-cell
populations in the tumor and blood of patients with metastatic melanoma over the
course of anti-PD1 checkpoint inhibitor therapy. We show that the method has value
for monitoring clinical responses to cancer immunotherapy, and may help guide the
development of personalized mutational neoantigen-specific T-cell therapies and
cancer vaccines.

5.2 Introduction

Tumor neoantigens have been implicated in T-cell recognition of tumors, and are
useful in the design of personalized cancer vaccines [1–3] and T-cell receptor (TCR)-
engineered adoptive cell therapies [4, 5]. Neoantigens are mutation-containing
peptide fragments of tumor-associated mutant proteins that can be presented by
major histocompatibility complex (MHC) class I protein complexes for CD8+ T-cell
surveillance. These neoantigens are potentially recognized by highly specific TCRs,
thus avoiding off-target interactions. The tumor-specificity of neoantigens, coupled
with the ability of neoantigen-specific T cells to selectively kill cancer cells [6–8],
have made them increasingly important for cancer immunotherapy.

Putative neoantigen peptides can be predicted by analyzing the tumor exome for
mutated genes that may result in the presentation of a mutational peptide to T cells
[7–11]. Candidates are typically ranked according to level of expression and the
predicted peptide (p)-MHC binding affinity [12, 13]. Experimental testing of which
candidate neoantigens are actually generating an anti-tumor T cell response is chal-
lenging. For example, considering only somatic mutations, a given tumor might
yield 50 or more putative neoantigens with 500 nM or lower calculated binding
constant (kd) to a given HLA allele, and each patient will have 6 or so such alleles.
Second, any given neoantigen-specific T-cell clone is likely to exist in low abun-
dance. Yet, harnessing neoantigen-specific T-cells for therapy has yielded promising
clinical results, highlighting the value ofmeeting these challenges. One approach in-
volves directly expressing putative neoantigenswithin antigen-presenting target cells
that are HLA-genotype matched with the patient, and then incubating those cells
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with tumor infiltrating lymphocytes (TILs) or T cells from peripheral bloodmononu-
clear cells (PBMCs) to identify neoantigen reactive T-cell populations [8, 14]. This
approach can identify such populations, but not quantitatively enumerate them. A
second approach involves the use of multi-color labeled MHC tetramers for mul-
tiplex flow cytometry [15]. pMHC tetramers labeled for mass cytometry analysis
[16, 17], or DNA-labeled tetramers designed for sequencing analysis [18, 19], have
also been reported. These flow cytometry methods typically require reasonably
large cell populations for analysis, and are often used to analyze in vitro expanded T
cells [20]. Such expansion can significantly alter T-cell population profiles. Never-
theless, these methods have been used to identify neoantigen-specific CD8+ T-cell
populations in high mutation burden tumors [21].

A further measurement challenge is to match the neoantigen-specificity of a T cell
with the TCR α and β chains. The (single cell) pairSEQ technique [22] provides an
elegant approach for assembling the full TCR gene sequence, but does not establish
the antigen specificity of that gene [23, 24]. In general, the dual challenge of
identifying neoantigen-specific T cells and matching them with their cognate TCR
genes increases in difficulty as abundance of the individual T-cell populations drops.

Here, we report on the method of nanoparticle (NP)-barcoded nucleic acid cell
sorting (NACS), for the sensitive enumeration and isolation of antigen-specificCD8+

T cells from small samples of patient tumor cells or blood. This method relies on
peptide (p) MHC tetramers coupled, via DNA linkers, to magnetic nanoparticles
(NPs). The NPs provide a convenient handle to isolate the desired cell populations
and permit a high loading of pMHC tetramers on the NP surface to increase tetramer
avidity. The DNA linkers can be further used as barcodes for multiplexed antigen-
specific T-cell population profiling. We first demonstrate that the approach exhibits
significantly superior recovery of antigen-specific T cells spiked in to a background
of healthy human PBMCs, relative to the multi-color tetramer-based flow cytometry
gold standard method [15]. We then apply the method to profile neoantigen-specific
T-cell populations in the tumor and blood from patients with melanoma over the
course of their treatment with anti-PD1 immunotherapy. We also demonstrate TCR
gene sequencing of captured antigen- and neoantigen-specific T cells. These results
demonstrate that NP-barcoded NACS is a sensitive tool for antigen specific CD8+ T-
cell capture and analysis. They also indicate that such analysis can provide a valuable
and highly specific immune profiling tool for monitoring cancer immunotherapy
responses in patients.
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5.3 Results

5.3.1 Construction of NP-barcoded NACS reagents and sensitivity analysis
for antigen-specific T-cell capture

The basic components of a NP-barcoded NACS reagent are shown in Figure 5.1A.
The reagent is comprised of pMHC tetramers linked to magnetic NPs via ssDNA
oligomers, and each component is designed for one or more specific purposes.
The biotin-labeled pMHC components were prepared as described in the literature
[5, 25, 26]. For the tetramer scaffold, we used cysteine-modified streptavidin (SAC)
[27], which is engineered for ssDNA-labeling in a site-specificmanner [28] that does
not interfere with biotin binding. We explored a size range of iron oxide magnetic
NPs to find that a radius (r) = 500 nm was optimal. Smaller particles (r = 50 nm)
require strong magnetic fields and extensive processing for cell enrichment, which
reduces cell recovery. Particles of r > 1 micrometer rapidly precipitate, making
them difficult to manipulate. Each NP can present up to 300,000 ssDNA oligomers,
which provide handles for hybridization with DNA-functionalized SAC molecules.
This modularity of components, coupled with DNA-directed assembly, makes the
preparation of a pNP library straightforward; most components can be prepared
ahead of time and cryogenically stored until ready for use. In addition, as elaborated
below, the sequence of each DNA oligomer can serve as a barcode for the identity
of a specific peptide antigen, thus enabling multiplexed analysis. An assembled
NP-barcoded NACS reagent is called a pNP. Each pNP presents >20,000 pMHC
tetramers (Fig. 5.5A). To capture and enumerate a single antigen-specific T-cell
population using NP-barcoded NACS, a small cocktail of pNPs is prepared, each
with a different fluorophore. One pNP is specific to the T cell population of interest,
and the others serve as controls. That cocktail is mixed with viability-stained CD8+

T cells (Fig. 5.1B). The pNP-bound cells and free particles are then isolated with
a magnet, and the captured cells are imaged and counted on a hemocytometer chip
(Fig. 5.1B, top right). A cell is considered specific to the neoantigen of interest if it
is decorated with a multiplicity (typically 5-20) NPs of a single fluorescent color. To
enumerate mixed populations of antigen-specific T cells, one can either repeat this
type of analysis in a serial manner (Fig. 5.1B, bottom right), or implement a parallel
NP-barcoded NACS protocol using the oligomer barcode, as described below.

We first tested the sensitivity of a pNP reagent for antigen-specific CD8+ T-cell
capture by comparing its capture efficiency against the gold standard multi-color
flow cytometry method [15] (Fig. 5.1C). For this comparison, we used the realistic
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background of healthy donor CD8+ PBMCs. Into this background we spiked a
known number of anti-MART-1 (F5) TCR engineered T cells [29]. To engineer
those cells, we used recently reported high efficiency CRISPR gene editing methods
to knock out the endogenous TCR and knock in the F5 TCR [30]. The efficiency of
that preparation, as assessed by flow cytometry analysis of CD3+ cells, was around
34% (Figure 5.5B). Between 8 and 128 of these engineered cells were spiked into
10,000 CD8+ donor PBMCs. The analysis preparation included viability staining as
well as MART-1 and control pMHC to help differentiate spiked-in and background
cells, and exclude non-specific cells (Fig. 5.5C-5.5F).We observed that non-specific
binding of pNPs to cells is easily distinguished from specific cells (Fig. 5.5D-
5.5F). Both NP-barcoded NACS and flow cytometry yielded linear performance
for detecting the MART-1 specific T cells spiked into healthy donor PBMCs (Fig.
5.1C). However, the NP-barcoded NACS method captured 94% of the expected
MART-1 specific T cells, while the flow method detected only 52%. The increased
capture efficiency of the pNPs likely arises from the increased avidity enabled by the
NP scaffold. A few individual cells identified as expressing MART-1-specific TCRs
by either the NP-barcoded NACS method (n=3) or by the multicolor flow method
(n=5) were analyzed and found, in fact, to express the F5 TCR. This analysis shows
that while both methods capture the targeted T cell populations, the NP-barcoded
NACS method exhibits an almost 2-fold increased capture efficiency.

5.3.2 Multiplexed analysis of TILs from biopsies of patients with metastatic
melanoma using NP-barcoded NACS

We applied the NP-barcodedNACS approach to enumeratemultiple antigen-specific
T-cell populations from biopsies of four patients with metastatic melanoma respond-
ing to anti-PD1 (pembrolizumab) cancer immunotherapy within a phase I trial [31].
To this end, we constructed libraries of putative neoantigens by analyzing the ex-
ome and transcriptome of pre-therapy resected tumor materials from three patients
expressing HLA-A*02:01 allele (Table 5.1). The fourth patient expressed the
HLA-A*03:01 allele. The analysis provided input for in silico prediction of putative
neoantigens, rank-ordered by p-MHC binding affinity, and filtered for gene expres-
sion. The putative neoantigen lists for the patients, along with gene expression and
wild type peptide information, are found in Table 5.2. For the fourth patient, we did
a more limited search to demonstrate the generality of the approach, as described
below.
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We developed a parallel NP-barcoded NACS protocol by modifying the process flow
of Figure 5.1B in twoways, as illustrated inFigure 5.2. First, we created a barcoded
pNP library with each library element defined by a 3-position, 3-color barcode, to
yield 27 distinct DNA barcodes to be paired to a unique putative neoantigen (Fig.
5.2A). Second, we developed a microfluidic chip to trap individual pNP-labeled
(barcoded) cells (Fig. 5.2B & 5.6A) for decoding. The chip design contained a
series of 60 microchambers, each with 10 cell traps, and connected via microfluidic
channels. This chip design permitted about 10% capture efficiency of barcoded
cells, which is suitable to sample population trends of expanded T-cell specimens.
A near term goal is the design of a cell-trapmicrochip that permits more efficient cell
capture. By comparison, the hemocytometer chip yielded near 100% cell capture.

We carried out the parallel NP-barcoded NACS protocol on patient #1 CD8+ TILs
by mixing a 27-element barcoded pNP library with the specimen (Fig. 5.2A).
The barcoded cells were isolated from unbound cells using a magnet, purified of
free NPs using a transwell membrane, and immobilized in individual traps on the
microchip. To decode the barcodes, a set of dye-labeled ssDNA was hybridized
to the first position and read out using fluorescence microscopy. The dye-labeled
ssDNAs were removed using displacement ssDNAs, and a second set of dye-labeled
ssDNAs was added to read position two and so forth, until all 3 positions were
decoded for each cell (Fig. 5.2A & 5.2C). Each of the 27 antigen-specificities was
associated with a unique barcode sequence (Fig. 5.2D). The chemistry associated
with barcode readout, along with validation data, is provided in Figures 5.6B-5.6E.
The sample sorting scheme prior to analysis is provided in Figure 5.6F. For the full
list of the ssDNA reagents and their corresponding barcode usage, refer to Table
5.3.

Figures 5.2B-5.2D are representative data from the analysis of TILs from patient
#1. The fluorescent micrographs (Fig. 5.2C) are sequential reads of the 9 trapped
cells seen in Figure 5.2B. The DNA barcode key (Fig. 5.2D) pairs the 27 color
sequences with the pNP antigen identity. For example, the cell at position iii reads
‘YRG’, which assigns it as a neoantigen #12-specific CD8+ T cell. Typically, we
obtained either a high fidelity read (position viii) or a nonsense read to be discarded
(position ix). In some instances, a trap may capture two cells (see position iv),
which can be separately barcoded by microscopic inspection. The combination of
fluorescent barcoding plus cell imaging thus yields a high fidelity to the approach.

We tested the reproducibility of parallel NP-barcoded NACS approach by separately
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analyzing 2 separate vials of TILs from the same tumor biopsy, using freshly
prepared reagents each time, and carrying out each analysis more than 1 week
apart. From these analyses, we determined that 4% of the CD8+ TILs exhibited
specificity to library elements 1-27 (Fig. 5.7A). We also recorded a 0.5% non-
selective capture rate, based upon testing the library against CD4+ T cells from
the same sample. Importantly, both analyses yielded the same seven neoantigen-
specific T-cell populations (Fig. 5.7B). Here, we define neoantigen-specific T-cell
populations as detected if identified by 3 or more unambiguous reads, or identified
in more than one analysis of patient #1 TILs.

The above TIL analyses revealed a larger number of neoantigen-specific T-cell
populations than have been reported using flow cytometry [1, 2, 21, 32]. This
prompted us to analyze expanded TILs from patient #1 using the multiplexed flow
cytometry method [15]. For this analysis, we prepared a 14-element tetramer library
presenting a subset of 13 putative neoantigens (9 of which were detected using
parallel NP-barcoded NACS) and MART-1. With a conservative gating scheme
reflective of the multiplexed flow method [15], we only identified neoantigen #12 in
patient #1TILs (Fig. 5.7C-5.7E).With a non-conservative gating scheme (Fig. 5.7F
& 5.7G), we identified neoantigen #12, plus signals (>7 cells) for 3 populations (5,
15, and 27). The 7 cell cutoff, for the non-conservative gating scheme, was selected
based upon a background level of 7 cells identified as specific for the conditional (J)
pMHC tetramer.

We also used the serial hemocytometer NP-barcoded NACS method (Fig. 5.1B)
to analyze patient TILs. We first established the selectivity of this method using
the full pNP library (Table 5.2) associated with patient #1 to analyze TILs from
a different patient with metastatic melanoma on the same clinical trial, as well as
PBMCs from a healthy donor. The list of neoantigens is unique to patient #1 and
should not capture T-cell populations from the other specimens. The results for
both controls were similar. The patient #1 pNP library captured on average 2 cells
per library element from a total of 10,000 CD8+ TILs, with a standard deviation of
1.4 (Fig. 5.7H & 5.7I). Thus, we set a detection threshold of 5 cells (2 standard
deviations above the mean). For either control sample, no library element captured
more than 5 cells, and there was no correlation between the controls, indicating
that none of the patient #1 library elements exhibited intrinsically low selectivity.
This finding was consistent with the analysis of spiked specimens. We used serial
NP-barcoded NACS to analyze patient #2 TILs and observed a similar number of
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neoantigen-specific T cell populations as were found for patient #1 (Fig. 5.8A
& 5.8B). In contrast, serial analysis of patient #3 TILs yielded fewer populations
compared to patients #1 and #2 (Fig. 5.8C-5.8E).

5.3.3 Kinetics of neoantigen-specificT-cell populations in apatientwithmetastatic
melanoma responding to anti-PD1 immunotherapy

Since therapeutic responses were mediated by tumor infiltrating CD8+ cells [33], we
reasoned that the kinetics of neoantigen-specific T-cell populations might provide
insights into cancer patient responses to anti-PD1 checkpoint inhibitor treatments.
We thus carried out a comparative analysis of neoantigen-specific TILs and PBMCs
from patient #1, and explored how those detected neoantigen-specific T cell popu-
lations evolved over time, and how they related to independent measures of tumor
volume in that patient. The response of patient #1 to therapy is documented in the
computed tomography (CT) scans of Figure 5.3A, and in the lesion size timeline
of Fig. 5.3B.

The above described data sets from the patient #1 TILs analyses are combined in the
top histogram of Figure 3C, along with a third parallel NP-barcoded NACS analysis
that employed a pNP library built from 23 additional putative neoantigens predicted
to be more weakly binding (Fig. 5.7B). Each bin on the histogram is associated with
a specific putative neoantigen. The numerical identifier of each neoantigen indicates
its rank order of calculated antigen-MHC binding strength. A lower numerical index
indicating a stronger binder. In the histograms, the neoantigens are arranged, from
left to right, according to the measured expression level of the associated transcript
(bottom histogram of Fig. 5.3C). The transcriptome analysis was from a tumor
biopsy collected 28 days prior to the start of therapy (start of Fig. 5.3B timeline).
For the ten rightmost putative neoantigens (nos. 3, 5, 11, etc.), zero transcripts were
detected.

In addition to TILs analyzed at day 187 following the start of anti-PD1 therapy, we
performed serial NP-barcoded NACS to analyze non-expanded PBMCs from patient
#1 at days 41, 187, 208, and 439 (middle three histograms of Fig. 5.3C). There
are several things to note about Figure 5.3C. First, all but one of the neoantigen-
specific T cell populations observed in the TILs were also observed in at least one
PBMC analysis. Second, for the neoantigen-specific T-cell populations seen in more
than one analysis, the detectable numbers of T cells were strongly correlated with
the relevant transcript expression level (R2=0.76) (Fig. 5.7J), and only loosely
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correlated with the predicted pMHC binding affinity (R2=0.20) (Fig. 5.7K). Of
the 10 putative neoantigens predicted from rare transcripts below the RNA-seq
detection limit, only T cells specific to the strongly binding neoantigen #5 were
detected. Third, the detected numbers of neoantigen-specific CD8+ TILs strongly
correlated with measured lesion size (Fig. 5.3B). By day 439, no T-cell populations
were detected at all (Fig. 5.7L). By contrast, for PBMCs collected at day 41, when
the tumors appeared to be growing even after the start of therapy (an effect known as
pseudo progression [34], neoantigen-specific T cells were present in their greatest
relative abundance.

We also performed serial NP-barcoded NACS analysis of PBMCs from patient #3
(Fig. 5.8C-5.8E). For this patient, two neoantigen-specific T-cell populations (nos.
13 and 20) were detected in TILs. The most dominant population (13) was also
detected in PBMCs at day 25 following start of therapy, along with four additional
neoantigen-specific populations. Only T-cell populations specific to neoantigens 13
and 14 were detected at the time point (Day 87) closest to maximum therapeutic
response. Although patient #3 was participating in the sample trial as patient #1
and #2, patient #3 showed a very different response profile to anti-PD1 therapy, and
had a lower abundance of neoantigen-specific T cells.

5.3.4 Functional and genetic validation of identifiedneoantigen-specificT cells

To validate the neoantigen-specific populations identified by NP-barcoded NACS,
we analyzed functional activity by an ELISpot cell secretion assay, and, for one
population, carried out single cell TCR gene sequencing. Exposure of antigen-
specific CD8+ T cells to their cognate antigen-MHC leads to functional activation,
which is commonly detected by interferon gamma (IFN-γ) release. To confirm
functional activation of the neoantigen-specific CD8+ populations from patient #1
PBMCs collected at day 41, we prepared a 14-element tetramer library, stimulated
the PBMCs with the individual tetramers, and measured IFN-γ secretion with an
ELISpot single cell assay (Fig. 5.3D). The baseline (dashed line) was established
as the average background level using an identical number of CD8+ T cells from
a healthy donor. Of the 12 neoantigen-specific elements in the 14-element library,
11 of them exhibited ELISpot counts above background, while no ELISpots were
detected in the negative controls (neoantigen nos. 1 and 10).

We also used NP-barcoded NACS to isolate a single neoantigen-specific cell from
patient #1 PBMCs, and determined both its antigen specificity and TCRα/β genes
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(Fig. 5.4). For this experiment, we designed a cell capture microchip with a
low-density of cell traps so that the cell could be barcoded to identify the antigen
specificity (Fig. 5.4A), and then punched out of the device for TCR sequencing.
For this case, the identity of the cell was neoantigen #12. The sequenced TCR
genes were cloned into a retroviral vector. Jurkat cells (a CD3+ T cell immortalized
line) that were transduced to express the TCR were found to bind to the neoantigen
#12 tetramer (Fig. 5.4B), demonstrating that matched TCR-antigen pairs can be
identified from single cells isolated by NP-barcoded NACS. Importantly, these
two neoantigen-specific T-cell characterization assays confirm that the populations
detected byNP-barcodedNACS are, in fact, present in the patient-derived specimens
and are functionally active.

5.3.5 Extension to HLA-A*03:01

Wecarried out a limited library analysis (patient #4, 5 neoantigens +MART-1,Table
5.2) of non-expanded PBMCs from the patient expressing the HLA-A*03:01 allele,
and, using the hemocytometry approach, identified a single neoantigen-specific T
cell population (Fig. 5.8F & 5.8G). The neoantigen identified (SLHAHGLSYK,
gene F5) had a high predicted p-MHC binding strength (8.22 nM), although cell
populations for putative neoantigens with similar binding strength (7.44, 16.23
nM) were not found. We subsequently expanded the neoantigen-specific cells and
used tetramer staining to sort single cells of that same neoantigen-specific T cell
population into individual microwells for TCR sequencing [24]. Of 24 wells where
single cells were sorted, TCR β chains were sequenced from 10 wells (Fig. 5.8H).
One β chain was identified from 4 different wells and another β chain was identified
in 3 different wells, demonstrating a polyclonal response to this neoantigen, but also
demonstrating generality of this method beyond HLA-A*02:01.

5.4 Discussion

Individual populations of neoantigen-specific T cells are typically scarce in patient
tumor tissues or blood, and this can make them extremely challenging to study.
Nevertheless, knowledge about those populations can provide guidance for various
vaccination [2] or cell-based cancer immunotherapies [35]. TheNP-barcodedNACS
approaches described here are simple to implement, and yet outperform state-of-the-
art multi-color flow cytometry for the detection of these low-abundance cells. The
high capture efficiency of the NP-barcoded NACS approach likely arises from the
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increased avidity of the NP-presentation format for the pMHC tetramers, which is
especially useful for small sample sizes. The parallel and serial NP-barcoded NACS
approaches used similar reagents for cell capture, but with distinct advantages.
The serial approach has limited multiplexing, but features near unity cell capture
efficiency (Fig. 5.1C, while the parallel approach has excellent multiplexing (Fig.
5.2), but lower capture efficiency. The captured cells remain viable for further
functional or genetic investigations (Fig. 5.4).

In the analysis of TILs and/or PBMCs collected frompatients responding to anti-PD1
therapy, we made three major observations. First, we observed that 6-32% of the
top predicted neoantigens for HLA-A*02:01 can be paired with T-cell populations
(Fig. 5.3, 5.7B, 5.8B, & 5.8D). Including additional HLA alleles for each patient
(Table 5.1), as well as including weaker binding neoantigens would almost certainly
yield additional T-cell populations. The implication is that a few tens of % of the
CD8+ TILs within these patient tumors may be neoantigen-specific. This number
is high relative to previous reports from patient sample analyses [1, 21], but is
consistent with a prior result in mice [2]. The neoantigen-specific T-cell population
numbers detected here are consistent with immune responses to tumor antigens that
have been observed in healthy donors [36]. In that work, PBMCs from the healthy
donor were expanded in the presence of a library of neoantigens, so as to amplify
those rare populations that exhibit specificity against library elements. With the
additional sensitivity gained by the NP-barcoded NACS method, cell expansion and
the associated distortion of T-cell populations may no longer be necessary.

A second observation is that the measured spectrum of neoantigen-specific T-cell
populations only correlates loosely with the calculated antigen-MHC binding affin-
ity, but there is a strong correlation with mRNA expression levels (Fig. 5.7J &
5.7K), which is consistent with recent work on antigen profiling [37]. These data
should provide guidance for the refinement of neoantigen prediction algorithms [38].

A third observation is that the same neoantigen-specific populations detected in the
tumor are also found in the blood, albeit at a lower abundance relative to all CD8+

PBMCs. This is consistent with a recent observation in patients with melanoma
[39]. In patient #3, a neoantigen-specific T cell population was found in blood 25
days after the start of checkpoint inhibitor immunotherapy, which was also observed
in TILs a month prior to start of therapy (Fig. 5.8D ). In the analysis of patient
#1, neoantigen-specific populations were detected in blood a full 2 months prior
to observation of actual tumor shrinkage via CT scan (Fig. 5.3B & 5.3C). In this
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patient, we observed a strong correlation between the kinetics of tumor shrinkage,
and the abundance kinetics of neoantigen-specific T cells in PBMCs. The NP-
barcoded NACS method for enumeration is currently challenging to integrate with
flow-cytometry for single cell isolation and sequencing of TCRs due to the NP light
scattering properties. It is likely that smaller diameter NP scaffolds may be useful
for this purpose [18].
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5.8 Figure Captions

Figure 5.1: Peptide-MHC (pMHC) tetramer functionalizedmagnetic nanopar-
ticles (NPs) for antigen-specific T-cell enumeration. (A) Biotinylated pMHC,
DNA-labeled cysteine-modified streptavidin (SAC-DNA), and anNP decorated with
DNA (NP-DNA) are coupled, via biotin-streptavidin interaction andDNAhybridiza-
tion. This produces a pMHC tetramer NP (pNP), with each particle presenting at
least 20,000 pMHC tetramers. In addition to a SAC hybridization site, the DNA on
theNP also has a fluorescent oligo docking site (barcode) for hybridizing dye-labeled
ssDNA. (B) In a typical antigen-specific T-cell enumeration, a specific pNP reagent
(e.g. peptide 1) is mixed with around 10,000 viability-stained CD8+ T cells. For
sensitivity comparison in panel (C), two irrelevant pNPs labeled with different oligo
dyes are also added to characterize non-specific binding. After incubating the pNP
reagents with the CD8+ T cells, pNP-bound cells and free particles are isolated with
a magnet, and spread across a hemocytometry chip for enumeration via microscopy.
The optical/fluorescent micrograph series shows a typical antigen-specific T cell
(top right). In the bright field image, the T cell appears black due to the pNPs that
decorate its surface. In fluorescent images, the viability stain (green) confirms the
presence of a live cell, and its co-localization with only peptide 1 pNP (red) confirms
its specificity. Scale bars are 10 µm. Serial NP-barcoded NACS: To analyze more
than one antigen-specific population using this method, the supernatant containing
the free cells is sequentially analyzed with different pNPs (e.g, peptide 2, 3, n). (C)
Plots comparing sensitivity of pNP capture (left, n=4) and flow cytometry (right,
n=3) for the analysis of MART-1 TCR-engineered T cells spiked into 10,000 CD8+

donor PBMCs. Each plot includes a straight-line fit, the slope, percent recovery,
and the R2 fitting metric. See also Figure 5.5.

Figure 5.2: Parallel NP-barcoded NACS and sample TILs analysis. (A) A
barcoded pNP library is formed, with each library element containing a unique
peptide and 3-position oligo docking site (barcode). Each position can be one of
three unique sequences for hybridizing green, yellow, or red-labeled ssDNA, creating
27 (3×3×3) unique DNA barcodes. All elements of the barcoded pNP library are
combined and mixed with CD8+ cells, and the particle-bound cells (barcoded cells)
are isolated and physically immobilized in an array of microfluidic cell traps. To
decode the barcode, sets of dye-labeled ssDNA are sequentially hybridized, imaged,
and displaced for three rounds (one for each position). Thus, each of the 27 unique
peptides is associated with a unique sequence of three colors from the fluorescent



185

readout. (B) Optical micrograph shows a microfluidic chamber equipped with 10
cell traps, 9 of which contain single barcoded T cells. This microchip has 60 such
cell capture microchambers. Scale bar is 50 µm. (C) The fluorescent micrograph
series are the sequential reads of the three barcode positions, with the fluorescent
readouts for the 9 trapped cells provided to the right (R = red, G = green; Y = yellow).
The cell at position viii does not provide a clean read, while the cell at position ix
was lost during the process. Some traps contain 2 cells (for example, iv), and so
reads are only done on those cells that are clearly delineated in the images. Scale bar
is 5 µm. (D) The DNA barcode key shows each of the 27 color sequences and their
corresponding neoantigen identity or, at position #8, the MART-1 tumor antigen.
For example, the cell at position #3 reads ‘YRG’ and corresponds to neoantigen 12.
The Y(D) notation (red font) implies a Y for D mutation in the neoantigen sequence.
See also Figure 5.6.

Figure 5.3: Analysis of neoantigen-specific CD8+ T-cell populations from pa-
tient #1 TILs and PBMCs over the course of treatment with anti-PD1 therapy.
(A) Representative CT scan of patient #1, who had metastatic melanoma to the chest
wall, pleura and lung progressing after three prior lines of therapy with high dose
interleukin-2, vemurafenib, and TIL adoptive cell therapy. Upon administration
of pembrolizumab, the patient had a transient progression for three months, with
increase in size of the chest wall masses and pleural effusion (Dec 2012), followed
by a long-lasting tumor regression. (B) Timeline of the lesion size and neoantigen-
specific T-cell counts in CD8+ PBMCs. Day 0 is the start of treatment. A baseline
tumor biopsy was collected for genomic and transcriptomic analysis at day -28 (star
symbol). Black dots represent CT-scan measurement of lesion size (left y-axis),
while black squares represent total neoantigen-specific T cells counted from 104
CD8+ PBMCs (right y-axis). PBMCs analyzed at day 439 yielded no detectable
neoantigen-specific populations. Earlier points of analyses are represented by ar-
rows, color-coded for the bar graphs in panel (C). (C) Neoantigen-specific T-cell
populations detected from Day 187 TILs (top graph) and PBMCs (middle graphs)
over the course of the therapy, along with mutation-containing mRNA read counts
for the mutant proteins (bottom graph) from the baseline RNA-seq. All plots are
arranged by descending mRNA read counts, and putative neoantigens with unde-
tectable transcripts (on the right) are controls. The horizontal dashed lines in the
TIL and PBMC plots represent the signal threshold above which the identification
of a T-cell population is statistically significant. (D) ELISpot assays of IFN-γ se-
cretion from each of the neoantigen-specific T-cell populations detected from Day



186

41 PBMCs. The baseline (dashed line) was established as the average background
level using an identical number of CD8+ T cells from a healthy donor. The left
y-axis represents the neoantigen-specific cells detected in panel (C) and the right
y-axis represents, in an analysis of a different vial of Day 41 CD8+ PBMCs, the
numbers of ELISpots detected. Neoantigens nos. 1 and 10 (red font x-axis label)
are controls. Micrographs of representative ELISpot assays are shown for a healthy
donor and for a neoantigen-specific T-cell population. Scale bar is 500 µm. See also
Figures 5.6, 5.7, & 5.8.

Figure 5.4: Determination of T-cell receptor (TCR) genes for a corresponding
neoantigen-specific T cell using NP-barcoded NACS. (A) The optical micrograph
show a captured barcoded T cell from patient #1, followed by the 3 sequential
fluorescent readout steps to identify specificity against neoantigen 12. Scale bars
are 20 µm. The captured single T cell was punched out for RT-PCR to obtain
TCRα and TCRβ gene sequences (DNA ladder: 100bp). The TCR gene was then
assembled and inserted into a retroviral vector, and transduced into Jurkat T cells
for analysis by flow cytometry. (B) Flow cytometry results for untransduced Jurkats
(left), Jurkats transduced with LNGFR expression reporter only (center), and Jurkats
transduced with both LNGFR and the TCR specific for neoantigen 12 (right). See
also Figures 5.7 & 5.8.

Figure 5.5: Characterization of NP and engineered T cells and sample analysis
of NP-barcoded NACS and flow cytometry. Related to Figure 5.1. (A) Plot of
bicinchoninic acid assay (BCA) calibration curve fitted using a cubic polynomial
(R2=1.0), resulting in a limit of detection of 1.64 µg/mL. The standards were
prepared and analyzed in triplicates. The number of pMHC tetramers per NP was
measured to be 20270, assuming that the molecular weight of pMHC tetramer is
236.8 kDa. (B) Flow cytometry analysis of CRISPR-Cas9-based TCR gene-editing
T cells. CD3 was used as an indirect measure of TCR gene editing efficiency since
TCR-CD3 complexes are presented on the cell surface only when both CD3 and
TCR subunits are co-expressed. Density plots of donor cells are shown for no
electroporation conditions (control), knock out-knock in at endogenous TCR-alpha
locus using F5 TCR homology-directed repair template, knock out at endogenous
TCR-beta locus, and simultaneous alpha knock out and in and beta knock out (TCR
engineered cells). The gene editing efficiency for the TCR engineered cells is
about 34%. Only 2% of these cells expressed endogenous TCR (IP26). (C) Gating
scheme for flow cytometry analysis of a spiked specimen. MART-1 specific T
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cells are defined as Calcein green positive, NY-ESO tetramer negative, and double
MART-1 tetramer positive. (D-F) NP-barcoded NACS analysis of aMART-1 spiked
specimen. Cells imaged in the hemocytometer can either be (1) specific, (2) non-
specific, or (3) unbound. (D) Representative fluorescent plots with each type of cell
highlighted. (E) Representative x-y coordinate map of the hemocytometer chip. (F)
Representative bright field and fluorescent images. Scale bars are 10 µm. Here,
MART-1 pNP (stained red) is accompanied by two irrelevant pNP (stained yellow
and purple). Thus, specific cells must be coated with black pNP in bright field
microscopy, stain positive for red and Calcein green, and stain negative for yellow
and purple.

Figure 5.6: Parallel NP-barcoded NACS device design, readout validation, and
sample selection. Related to Figures 5.2 & 5.3. (A) Design of microchip for the
capture and isolation of antigen-specific T cells. Cells are injected into the input,
and flow through one of 5 channels, before exiting to waste. Each channel contains
12 microchambers, each of which has 10 cell traps. The micrograph at right shows
one of those microchambers, with 9 of the 10 cell traps filled. The trapped cells
appear black because of the pNPs that coat the cell surface. Scale bar is 50 µm.
(B) Illustration and (C) test data of the DNA sequential barcode readout process,
reflecting 3 fluorescent read-out steps, and 3 displacement steps. The fluorescence
images illustrate this process for DNA barcodes appended to nanoparticles. Scale
bar is 50 µm. (D) Barcode cross reactivity evaluation. To check for cross reactivity
of displacement and read DNA during the decoding process, an equal mixture of
three DNA-barcoded 10-µm beads is analyzed after isolating individual beads in
the cell traps of a microfluidic chip. Scale bar is 40 µm. (E) Histogram of the
three labeled barcode positions as read out from beads isolated within a single
column of cell traps in the microchip of panel D. The counts for each of the three
barcoded identities 8, 12, and 22 (inset) indicated that each population accounted
for approximately 1/3 of the trapped beads, as expected. Negligible reads (<2) were
detected from absent barcodes. (F) Sample density plots of CD8+ T cells from
patient #1 TILs sorted for parallel NP-barcoded NACS analysis.

Figure 5.7: Patient #1 analysis. Related to Figures 5.3 & 5.4. (A) Number of
neoantigen-specific CD8+ T cells captured for patient #1 expanded TILs from two
independent analyses using pNP library 1-27. Non-selective capture is estimated
to be around 0.5%, as gauged by the numbers of CD4+ T cells that were captured
using the same method. The two independent captures were carried out more than
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one week apart. (B) Neoantigen populations detected in expanded TILs from the
tumor of patient #1. For each run, approximately 10,000 CD8+ TILs were analyzed
by NP-barcoded NACS, resulting in around 500 cells pulled down by pNPs. After
free particles are removed using a 5 µm pore transwell membrane, the pNP-bound
cells are loaded into the microfluidic chip (Figure S2A), and cells are isolated
within the cell capture chambers of the microfluidic chip for fluorescence-based
readouts of the attached pNPs. Capture efficiency within the microfluidic chip
was about 10% (i.e. of the 500 cells that are loaded, 50 cells can be captured for
analysis). Runs #1 and #2 used the same 27-element NP-barcoded NACS library,
corresponding to the top-ranked 27 putative neoantigens. All populations shown
for runs #1 and #2 were detected in both runs, except neoantigen #5, which was
detected in 4 clean reads only in run #2. Run #3 utilized a NP-barcoded NACS
library designed to capture CD8+ T cells specific to neoantigens rank ordered 28-
50. (C-G) Multiplexed flow cytometry analysis of patient #1 expanded TILs and
detection statistics for two selections of CD8+ T cells. (C) Color encoding scheme
of neoantigen-MHC tetramers. For example, neoantigen #7 tetramer is stained with
QD605 and PE. The CD8++ subpopulation is analyzed in panels D and F, while the
CD8+ T cells are analyzed in panels E and G. Each panel incorporated either a tight
or loose gating condition for counting those cells that stain with exactly 2 colors.
Each panel provides the numbers of cells analyzed (single stain positive for CD8), as
well as the numbers of cells that stained positive for single stains and two stains. Note
that neoantigen #12 specific CD8+ T cells are almost completely localized within
the CD8++ subpopulation. (H and I) Results of serial NP-barcoded NACS control
experiments in which the pNP library designed for patient #1 was used to capture
CD8+ T cells from a different patient with melanoma (blue) and from a healthy
donor (orange). (H) Average numbers of pulled-down T cells, per library element,
from healthy donor PBMC and PBMC from an unrelated patient with melanoma, on
the same clinical trial as patient #1. Data is presented as mean ± standard deviation.
(I) Number of pulled-down T cells for each library element. The numerical labels
on the x-axis corresponds to the rank-order of the putative neoantigens. The data
has been sorted according to frequency of detection for the patient, so as to illustrate
that there is no correlation between these two controls. A correlation would likely
indicate capture by non-selective library elements. The noise threshold was set at
the average plus twostandard deviations. (J and K) Correlation analysis between the
number of neoantigen-specific T-cell populations and measured neoantigen-related
mRNA levels (J), or calculated binding constant for neoantigen-MHC (K). The total
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T cell numbers are a summation of each neoantigen-specific population counts from
PBMCs (day 41, 187, and 207) and TILs at day 187 (Figure 5.3C). Only neoantigen
populations that appeared in more than one analysis are included in this correlation
(i.e. neoantigen #1, 9, 30, and 35 were excluded). (L) Analysis of patient #1 PBMCs
from a blood draw collected 439 days following the start of anti-PD-1 therapy. No
populations above two standard deviations of the mean (2.2±1.4 cells per library
element) were recorded.

Figure 5.8: Patient #2, #3, and #4 analysis. Related to Figures 5.3 & 5.4. (A
and B) TIL analysis of patient #2. (A) The timeline of the lesion size of subcarinal
lymph node, supraclavicular lymph node, and neck in patient #2. Day 0 corresponds
to the start of anti-PD-1 therapy. A baseline tumor biopsy (indicated by the purple
arrow) was collected for genomic and transcriptomic analysis at day -11. Black
markers represent CT-scan measurement dates, while the green arrow corresponds
to the time point of analysis. (B) Serial NP-barcoded NACS analysis of patient #2
TILs using a pNP library formed from the top 28 putative neoantigens predicted
for patient #2, plus the MART-1 tumor antigen. Only T-cell populations detected at
more than 5 cells per 3000 TILswere considered statistically significant. The bottom
graph shows the mRNA copies measured for the mutated proteins from which the
neoantigens are derived. (C-E) TIL and PBMC analysis of Patient #3 over the course
of response to anti-PD-1 therapy. (C) The timeline of the lesion size of chest, lung,
liver and intraabdominal in Patient #3. Day 0 corresponds to the start of anti-PD-1
therapy. A baseline tumor biopsy (indicated by the purple arrow) was collected for
genomic and transcriptomic analysis at day -29. Black markers represent CT-scan
measurement dates, while the arrows correspond to the time points of analysis, and
are color coded for the bar graphs in panel D. (D) Results of serial NP-barcoded
NACS analysis using patient #3 specific 34-element pNP library. The plots are
neoantigen specific T-cell populations detected from expanded TILs collected from
baseline (top graph), PBMCs over the course of the therapy (middle two graphs),
and mutation-containing mRNA read counts for the mutant proteins (bottom graph)
from the baseline RNA-seq. The horizontal dashed lines in the TIL and PBMC
analysis graphs represent the signal threshold above which the identification of a
T cell population is statistically significant, which is determined in panel E. The
vertical gray dashed lines indicate T cell populations detected across the different
time points and patient materials, and their correlation with RNA transcripts reads.
(E) Results of control experiments in which a patient #3 specific 34-element pNP
library was used to capture CD8+ PBMCs from a healthy donor. The average pulled-
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down T cells numbers from healthy donor PBMCs was 0.9 ± 1.1 (mean ± standard
deviation). The noise threshold was set at average plus two standard deviations.
(F-H) Detection and single cell TCR sequencing results of a neoantigen-specific T
cell population from a patient expressing the HLA-A*03:01 allele (patient #4). (F)
Of 5 potential neoantigens, the second highest predicted binder was detected above
the signal threshold. (G) Micrographs showing a representative neoantigen-specific
cell in bright field and fluorescence channels. Scale bars are 10 µm. (H) Cells were
tetramer-sorted using the neoantigen SLHAHGLSYK into 24 wells. TCR β chains
were identified in 10 wells, and 7 wells shared one of two repeated TCR β sequences.



191

5.9 Figures & Tables
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(NPs) for antigen-specific T-cell enumeration.
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Figure 5.3: Analysis of neoantigen-specific CD8+ T-cell populations from patient
#1 TILs and PBMCs over the course of treatment with anti-PD1 therapy.
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Figure 5.4: Determination of T-cell receptor (TCR) genes for a corresponding
neoantigen-specific T cell using NP-barcoded NACS.
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Figure 5.5: Characterization of NP and engineered T cells and sample analysis of
NP-barcoded NACS and flow cytometry. Related to Figure 5.1.
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Figure 5.6: Parallel NP-barcoded NACS device design, readout validation, and
sample selection. Related to Figures 5.2 & 5.3.
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Figure 5.7: Patient #1 analysis. Related to Figures 5.3 & 5.4.

Table S1. Patient Information. Related to Figures 2, 3, and 4. 
 3# tneitaP 2# tneitaP 1# tneitaP 

irRECIST Partial Response Partial Response Partial Response 
Study Merck MK-3475-001 Merck MK-3475-001 Merck MK-3475-001 

Age at Tx start  07 07 16
Sex  M M M

ECOG Status at Baseline  0 0 0
Disease Status at Baseline  c1M b1M c1M

BRAF/NRAS BRAF V600E NRAS G13D NRAS Q61K 
Melanoma Sub-Type Cutaneous Cutaneous Cutaneous 

HLA Type 

HLA-A*02:01, HLA-
A*68:01 

HLA-B*15:07, HLA-
B*44:02 

HLA-C*03:03, HLA-
C*07:04 

HLA-A*02:01, HLA-
A*24:02 

HLA-B*51:01, HLA-
B*58:01 

HLA-C*01:02, HLA-
C*03:02 

HLA-A*02:01, HLA-
A*03:01 

HLA-B*07:02, HLA-
B*51:01 

HLA-C*02:02, HLA-
C*07:02 

Prior Systemic Therapies 

1. Vemurafenib 
2. Ipilimumab  

3. Chemotherapy+IL-2  
4. TIL adoptive cell 

transfer 

1. Adjuvant GM-CSF 1. Ipilimumab 

Date of first evidence of tumor 
regression Day 166 Day 134 Day 87 

Date of first irRECIST Response (-50%) Day 250 Day 280 Day 186 

Site of Baseline Biopsy Left Chestwall Subclavicular Lymph 
Node Right Chestwall 

Date of Baseline Biopsy for 
Exome/RNA-seq Day -28 Day -11 Day -29 

# Somatic Nonsynonymous Mutations  066 547 053
Date of Biopsy for TIL collection Day 187 Day 23 Day -29 

Date of PBMCs Sampled Day 41, Day 187, Day 
208, Day 439 N/A Day 25, Day 87 

 

Table 5.1: Patient Information. Related to Figures 5.2, 5.3, & 5.4.
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Figure 5.8: Patient #2, #3, and #4 analysis. Related to Figures 5.3 & 5.4.
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Patient 
# HLA neoantig

en Gene Protein_Chang
e FPKM Mut_RNA_

Reads_ pepLen mutantpep
Position peptideTumor Kd (nM) peptideNormal Kd (nM) DeltaAbs 

(nM) 

1 A2:01 1 DYM p.S434F 20.5835 53 9 1 FLGSLLILV 5 SLGSLLILV 13 -8
1 A2:01 2 SLC8A2 p.P719S 0.025223 4 9 3 RLSSCFDYV 9 RLPSCFDYV 15 -6
1 A2:01 3 IFNA7 p.P133S 0 0 9 1 SLMNEDFIL 11 PLMNEDFIL 820 -809
1 A2:01 4 DYM p.S434F 20.5835 53 10 1 FLGSLLILVV 11 SLGSLLILVV 33 -22
1 A2:01 5 IFNA7 p.P133S 0 0 10 1 SLMNEDFILA 11 PLMNEDFILA 550 -539
1 A2:01 6 RFTN1 p.G348D 5.27924 36 9 4 SLHDLTDGV 12 SLHGLTDGV 36 -24
1 A2:01 7 PRRC2C p.S2260F 27.70395 179 9 6 KAWENFPNV 14 KAWENSPNV 22 -8
1 A2:01 8 FASTKD1 p.S159F 10.8846 26 9 6 LLSEFFSCL 18 LLSEFSSCL 26 -8
1 A2:01 9 FASTKD1 p.S159F 10.8846 26 10 7 KLLSEFFSCL 20 KLLSEFSSCL 32 -12
1 A2:01 10 LDHD p.R148Q 4.41145 20 10 2 LQDSGLWFPV 21 LRDSGLWFPV 2629 -2608
1 A2:01 11 IFNA7 p.P133S 0 0 11 1 SLMNEDFILAV 25 PLMNEDFILA 94 -69
1 A2:01 12 USP7 p.D789Y 41.2267 259 9 1 YLYHRVDVI 28 DLYHRVDVI 10865 -10837
1 A2:01 13 PLS1 p.P376L 4.53658 19 10 10 FVANLFNTYL 29 FVANLFNTYP 3399 -3370
1 A2:01 14 CPVL p.R25H 5.87024 2 10 4 GLFHSLYRSV 29 GLFRSLYRSV 49 -20
1 A2:01 15 PCDHB6 p.G327E 11.7725 91 9 4 GLSEKCSLV 36 GLSGKCSLV 132 -96
1 A2:01 16 LDHD p.R148Q 4.41145 20 11 3 HLQDSGLWFPV 39 HLRDSGLWF 126 -87
1 A2:01 17 GOSR1 p.P213S 14.3655 84 9 7 TLANRFSAV 45 TLANRFPAV 13 32
1 A2:01 18 CHD8 p.A866V 10.04205 64 10 5 FLVIVPLSTI 48 FLVIAPLSTI 38 10
1 A2:01 19 PCDHB6 p.G327E 11.7725 91 10 4 GLSEKCSLVV 57 GLSGKCSLVV 107 -50
1 A2:01 20 ENTHD2 p.P110F 2.401075 47 11 1 FLHGNSLYQKV 61 PLHGNSLYQK 1934 -1873
1 A2:01 21 PPFIA4 p.S43F 0.305613 6 9 1 FLRESQETL 65 SLRESQETL 522 -457
1 A2:01 22 FASTKD1 p.S159F 10.8846 26 10 6 LLSEFFSCLA 66 LLSEFSSCLA 133 -67
1 A2:01 23 LGALS8 p.P29S 11.86285 6 9 4 QLDSGTLIV 67 QLDPGTLIV 70 -3
1 A2:01 24 OSGIN1 p.P233L 7.949295 84 9 5 WMGLLDLEV 67 WMGLPDLEV 202 -135
1 A2:01 25 NUMA1 p.D136E 29.5143 144 9 4 FVLEHEDGL 71 FVLDHEDGL 79 -8
1 A2:01 26 PCLO p.P2787L 0.07751 0 10 2 TLVSLATETV 75 TPVSLATETV 20558 -20483
1 A2:01 27 SNRNP200 p.H1175Y 51.15825 540 10 7 KMGKTIYKYV 76 KMGKTIHKYV 117 -41
1 A2:01 28 PLS1 p.P376L 4.53658 19 9 7 NLFNTYLCL 77 NLFNTYPCL 42 35
1 A2:01 29 MCM6 p.A630V 11.7303 33 9 5 RLSEVMARM 82 RLSEAMARM 117 -35
1 A2:01 30 DYM p.S434F 20.5835 53 10 6 VLTEIFLGSL 105 VLTEISLGSL 185 -80
1 A2:01 31 IGSF1 p.G718E 0.029302 0 11 6 ALYKEEEQEPV 133 ALYKEGEQEP 133 0
1 A2:01 32 TAOK1 p.D299V 9.740685 32 11 11 VLIDLIQRTKV 134 VLIDLIQRTKD 21537 -21403
1 A2:01 33 QSER1 p.R1185C 9.301975 41 10 3 MVCTFCPPPL 138 MVRTFCPPPL 1307 -1169
1 A2:01 34 FAM83B p.P127S 0.003497 0 10 5 LLFHSPRAHL 139 LLFHPPRAHL 222 -83
1 A2:01 35 KIF1C p.M81V 26.47415 744 11 1 VLLHAFEGYNV 147 MLLHAFEGYN 73 74
1 A2:01 36 PCLO p.P2787L 0.07751 0 9 8 VTSSIVTLV 158 VTSSIVTPV 57 101
1 A2:01 37 C8orf86 p.P192L 0 0 10 2 SLAPPRTPEL 212 SPAPPRTPEL 26625 -26413
1 A2:01 38 RETSAT p.S492F 55.40045 200 9 1 FFVEASMSV 223 SFVEASMSV 2721 -2498
1 A2:01 39 ADCK1 p.C379S 4.45008 22 11 1 SMLTARSWDSV 248 CMLTARSWD 729 -481
1 A2:01 40 NUMA1 p.D136E 29.5143 144 11 4 FVLEHEDGLNL 261 FVLDHEDGLN 358 -97
1 A2:01 41 RPL13 p.A112T 403.4245 23 9 4 SLQTNVQRL 273 SLQANVQRL 152 121
1 A2:01 42 COPS7A p.Y113F 48.0616 372 9 7 KVKCIPFAV 313 KVKCIPYAV 465 -152
1 A2:01 43 LYST p.R395C 36.5952 55 10 7 FVFSKYCHRA 366 FVFSKYRHRA 1426 -1060
1 A2:01 44 SLC39A10 p.N393S 20.23725 86 10 1 SLVPEDEANI 368 NLVPEDEANI 1530 -1162
1 A2:01 45 DUSP4 p.L203F 54.64275 803 10 5 ILPFFYLGSA 380 ILPFLYLGSA 786 -406
1 A2:01 46 SNTG1 p.N127I 0 0 11 2 RIAGEEVTLTV 416 RNAGEEVTLT 7235 -6819
1 A2:01 47 TTC34 p.A88T 0.016071 1089 10 3 VLTRLALLQL 418 VLARLALLQL 146 272
1 A2:01 48 F13A1 p.S305I 0.51986 0 11 6 LLEYRISENPV 440 LLEYRSSENP 813 -373
1 A2:01 49 PIAS2 p.P138Q 7.271005 27 11 7 MQQPSPQIPPV 449 MQQPSPPIPP 367 82
1 A2:01 50 CPVL p.R25H 5.87024 2 9 4 GLFHSLYRS 463 GLFRSLYRS 1048 -585
2 A2:01 1 LRBA p.S1325L 1.881915 6 9 8 LLTDLLFLI 4 LLTDLLFSI 4 0
2 A2:01 2 TK2 p.H137Y 4.86209 18 10 8 RLMERSIYSA 7 RLMERSIHSA 19 -12
2 A2:01 3 PKD1 p.S3220L 6.81945 7 9 8 FLVNDWLLV 8 FLVNDWLSV 7 1
2 A2:01 4 ATMIN p.S715C 8.58103 43 10 5 FLDSCPHLPL 8 FLDSSPHLPL 9 -1
2 A2:01 5 CASK p.H512Y 2.38613 9 9 7 KMNELNYCI 10 KMNELNHCI 24 -14
2 A2:01 6 LRBA p.S1325L 1.88192 6 10 9 RLLTDLLFLI 10 RLLTDLLFSI 8 2
2 A2:01 7 PIGT p.R570W 161.945 228 9 7 RLANLIWRA 11 RLANLIRRA 763 -752
2 A2:01 8 LRBA p.S1325L 1.881915 6 9 9 RLLTDLLFL 12 RLLTDLLFS 909 -897
2 A2:01 9 EPHB1 p.R90C 1.78296 2 10 7 RIYTEMCFTV 13 RIYTEMRFTV 41 -28
2 A2:01 10 TRAPPC9 p.P181L 5.145625 5 9 2 VLFEKKDFV 16 VPFEKKDFV 18017 -18001
2 A2:01 11 MROH2A p.S1064F 0.257644 18 9 7 KIFCASFRI 17 KIFCASSRI 261 -244
2 A2:01 12 LRBA p.S1325L 1.881915 6 9 2 FLIETDIQM 17 FSIETDIQM 4758 -4741
2 A2:01 13 ELOVL3 p.P17L 0.64389 1 10 5 QLFQLYNFEL 23 QLFQPYNFEL 35 -12
2 A2:01 14 POMT2 p.H664N 8.53243 135 10 5 VLYFNHYFPA 24 VLYFHHYFPA 22 2
2 A2:01 15 SLC5A8 p.S76F 0.112721 1 9 7 TVLGTPFEV 26 TVLGTPSEV 391 -365
2 A2:01 16 TK2 p.H137Y 4.86209 18 10 3 SIYSARYIFV 26 SIHSARYIFV 205 -179
2 A2:01 17 DYDC2 p.H39Y 0.328192 1 9 8 YLAHWLYYY 27 YLAHWLYHY 99 -72
2 A2:01 18 SASH1 p.P981S 3.694035 10 9 3 KISSQPPPV 28 KIPSQPPPV 51 -23
2 A2:01 19 TERF1 p.S252L 7.794875 20 9 2 KLSTFLMKA 29 KSSTFLMKA 9473 -9444
2 A2:01 20 TTC39B p.S634F 1.13525 4 9 8 FTLFELAFL 31 FTLFELASL 55 -24
2 A2:01 21 CDK12 p.S433I 3.62697 1 10 8 FLPRKENISV 31 FLPRKENSSV 75 -44
2 A2:01 22 EPB41L4A p.R127C 3.31517 3 10 5 VLQGCLPCPV 31 VLQGRLPCPV 75 -44
2 A2:01 23 CCDC61 p.S469F 10.9458 51 9 1 FLANSGGWV 33 SLANSGGWV 300 -267
2 A2:01 24 EPDR1 p.D100N 18.869 27 9 7 YILLYKNGV 37 YILLYKDGV 59 -22
2 A2:01 25 TTC39B p.S634F 1.13525 4 9 1 FLYKSQGEI 40 SLYKSQGEI 286 -246
2 A2:01 26 TUBG1 p.P350S 30.40205 39 9 3 FISWGPASI 44 FIPWGPASI 74 -30
2 A2:01 27 PCDHA4 p.S608L 0.590446 3 9 2 LLYELQPGT 44 LSYELQPGT 11654 -11610
2 A2:01 28 B3GALNT p.H304Y 5.16678 14 9 3 NLYEEDALL 45 NLHEEDALL 273 -228
3 A2:01 1 DDHD1 p.S873F 0.71471 5 9 1 FLDVALFLL 6 SLDVALFLL 19 -13
3 A2:01 2 TTC28 p.S1823F 2.30807 2 9 1 FLLGLPNPA 7 SLLGLPNPA 34 -27
3 A2:01 3 STAG3 p.P212S 0.88299 2 9 1 SMDDLISLL 7 PMDDLISLL 371 -364
3 A2:01 4 KLHL13 p.G441E 2.77748 7 9 4 ALKEYLYAV 7 ALKGYLYAV 12 -5
3 A2:01 5 TTC28 p.S1823F 2.30807 2 10 1 FLLGLPNPAL 8 SLLGLPNPAL 26 -18
3 A2:01 6 SUSD2 p.M155I 20.3220 7 9 3 SMIEKSELV 9 SMMEKSELV 5 4
3 A2:01 7 NAV2 p.V2374I 23.3417 2 10 6 YLLEAIREGL 9 YLLEAVREGL 10 -1
3 A2:01 8 ABCC1 p.R1046C 7.15493 18 9 5 ILASCCLHV 10 ILASRCLHV 26 -16
3 A2:01 9 KIAA0556 p.S707L 2.72127 6 9 2 TLMGDMPSA 10 TSMGDMPSA 4711 -4701
3 A2:01 10 MCHR1 p.P377S 65.2719 164 9 4 CLNSFVYIV 12 CLNPFVYIV 14 -2
3 A2:01 11 RAC1 p.P29S 158.091 363 9 2 FSGEYIPTV 14 FPGEYIPTV 294 -280
3 A2:01 12 NBPF1 p.V1130I 1.31404 4 10 10 TLMGTSLHLI 14 TLMGTSLHLV 6 8
3 A2:01 13 SLC22A23 p.E456K 3.92437 7 9 6 SMMGHKVKV 15 SMMGHEVKV 9 6
3 A2:01 14 UTRN p.G1513R 1.29967 1 9 1 RMDEQLTSL 15 GMDEQLTSL 17 -2
3 A2:01 15 SLC7A4 p.A348V 1.366 5 10 2 MVADGLFFQV 15 MAADGLFFQV 34 -19
3 A2:01 16 SLC9A1 p.P598L 23.1068 176 9 3 KILSAVSTV 16 KIPSAVSTV 107 -91
3 A2:01 17 SULT1A2 p.P19L 0.06452 11 9 1 LLIKYFAEA 17 PLIKYFAEA 917 -900
3 A2:01 18 SNX14 p.P253S 4.52371 2 10 8 KLTELLFSYI 19 KLTELLFPYI 10 9
3 A2:01 19 IQGAP3 p.S1429F 9.07844 14 10 6 SLTAHFLLPL 21 SLTAHSLLPL 27 -6
3 A2:01 20 STAG3 p.P212S 0.88299 2 9 2 FSMDDLISL 22 FPMDDLISL 603 -581
3 A2:01 21 UQCC2 p.E15K 47.996 660 10 7 FLKLCEKWPV 26 FLKLCEEWPV 13 13
3 A2:01 22 NUBPL p.L266F 1.84902 1 10 6 KLAQTFGLEV 27 KLAQTLGLEV 30 -3
3 A2:01 23 AKR1B15 p.R46C 0.03659 1 9 3 LLCPYPASL 28 LLRPYPASL 135 -107
3 A2:01 24 GRIK2 p.P6S 0.74939 4 10 8 IIFSILSNPV 31 IIFPILSNPV 31 0
3 A2:01 25 NBPF1 p.V1130I 1.31404 4 9 9 LMGTSLHLI 32 LMGTSLHLV 9 23
3 A2:01 26 ABCB4 p.G1054R 0.94703 2 9 4 VLQRLSLEV 32 VLQGLSLEV 19 13
3 A2:01 27 SLC9A1 p.P598L 23.1068 176 9 6 GMGKILSAV 41 GMGKIPSAV 125 -84
3 A2:01 28 RXRG p.A425V 17.8726 29 9 8 KLLLRLPVL 43 KLLLRLPAL 19 24
3 A2:01 29 NBPF1 p.V1130I 1.31404 4 10 5 SLHLIFQMGV 45 SLHLVFQMGV 49 -4
3 A2:01 30 STAG3 p.P212S 0.88299 2 10 2 FSMDDLISLL 45 FPMDDLISLL 688 -643
3 A2:01 31 PPAN p.P165S 35.152 123 10 8 TMFQNLFSSI 46 TMFQNLFPSI 20 26
3 A2:01 32 NBAS p.R2365C 2.47855 20 9 3 ALCAAQHWV 49 ALRAAQHWV 301 -252
3 A2:01 33 TLN1 p.S714F 46.3297 50 9 1 FQLVACTKV 50 SQLVACTKV 783 -733
3 A2:01 34 ISLR p.E163K 117.196 4 10 4 TLAKGTFTPL 50 TLAEGTFTPL 14 36
4 A3:01 1 PHF1 p.L356F N/A N/A 10 3 RLFSALNSHK 7 RLLSALNSHK 12 -5
4 A3:01 2 F5 p.E1728K N/A N/A 10 10 SLHAHGLSYK 8 SLHAHGLSYE 8527 -8519
4 A3:01 3 HPN p.E393K N/A N/A 9 9 KMFCAGYPK 16 KMFCAGYPE 12755 -12739
4 A3:01 4 SLC4A3 p.P411L N/A N/A 10 2 KLHVASLSFR 47 KPHVASLSFR 9042 -8995
4 A3:01 5 A2M p.E1248K N/A N/A 9 9 KAPVGHFYK 244 KAPVGHFYE 21524 -21280

 

Table 5.2: Analysis of binding affinity and gene expression of putative neoantigens
in patients. Related to Figures 5.2, 5.3, & 5.4.
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DNA for NP modification (5’-biotin-) 
Barcode Name DNA sequence Fluorescence 
1 D1-D4-D7 AA AAA AAA A GTG ATG AGT TTC AA ATC AGT CAA GAG AA CTC GTT CAC TAT 

AA CTG AAT CCT CGG GAT GCC TA D1 D4 D7 

2 D1-D4-D8 AA AAA AAA A GTG ATG AGT TTC AA ATC AGT CAA GAG AA CTT ACG AGT GTA 
AA CTG AAT CCT CGG GAT GCC TA D1 D4 D8 

3 D1-D4-D9 AA AAA AAA A GTG ATG AGT TTC AA ATC AGT CAA GAG AA TGT CTC TAA GTG 
AA CTG AAT CCT CGG GAT GCC TA D1 D4 D9 

4 D1-D5-D7 AA AAA AAA A GTG ATG AGT TTC AA GTA TTC GTC ATC AA CTC GTT CAC TAT 
AA CTG AAT CCT CGG GAT GCC TA D1 D5 D7 

5 D1-D5-D8 AA AAA AAA A GTG ATG AGT TTC AA GTA TTC GTC ATC AA CTT ACG AGT GTA 
AA CTG AAT CCT CGG GAT GCC TA D1 D5 D8 

6 D1-D5-D9 AA AAA AAA A GTG ATG AGT TTC AA GTA TTC GTC ATC AA TGT CTC TAA GTG 
AA CTG AAT CCT CGG GAT GCC TA D1 D5 D9 

7 D1-D6-D7 AA AAA AAA A GTG ATG AGT TTC AA GTC AGA TAG TTC AA CTC GTT CAC TAT 
AA CTG AAT CCT CGG GAT GCC TA D1 D6 D7 

8 D1-D6-D8 AA AAA AAA A GTG ATG AGT TTC AA GTC AGA TAG TTC AA CTT ACG AGT GTA 
AA CTG AAT CCT CGG GAT GCC TA D1 D6 D8 

9 D1-D6-D9 AA AAA AAA A GTG ATG AGT TTC AA GTC AGA TAG TTC AA TGT CTC TAA GTG 
AA CTG AAT CCT CGG GAT GCC TA D1 D6 D9 

10 D2-D4-D7 AA AAA AAA A CTA TGT CGA TAC AA ATC AGT CAA GAG AA CTC GTT CAC TAT 
AA CTG AAT CCT CGG GAT GCC TA D2 D4 D7 

11 D2-D4-D8 AA AAA AAA A CTA TGT CGA TAC AA ATC AGT CAA GAG AA CTT ACG AGT GTA 
AA CTG AAT CCT CGG GAT GCC TA D2 D4 D8 

12 D2-D4-D9 AA AAA AAA A CTA TGT CGA TAC AA ATC AGT CAA GAG AA TGT CTC TAA GTG 
AA CTG AAT CCT CGG GAT GCC TA D2 D4 D9 

13 D2-D5-D7 AA AAA AAA A CTA TGT CGA TAC AA GTA TTC GTC ATC AA CTC GTT CAC TAT 
AA CTG AAT CCT CGG GAT GCC TA D2 D5 D7 

14 D2-D5-D8 AA AAA AAA A CTA TGT CGA TAC AA GTA TTC GTC ATC AA CTT ACG AGT GTA 
AA CTG AAT CCT CGG GAT GCC TA D2 D5 D8 

15 D2-D5-D9 AA AAA AAA A CTA TGT CGA TAC AA GTA TTC GTC ATC AA TGT CTC TAA GTG 
AA CTG AAT CCT CGG GAT GCC TA D2 D5 D9 

16 D2-D6-D7 AA AAA AAA A CTA TGT CGA TAC AA GTC AGA TAG TTC AA CTC GTT CAC TAT 
AA CTG AAT CCT CGG GAT GCC TA D2 D6 D7 

17 D2-D6-D8 AA AAA AAA A CTA TGT CGA TAC AA GTC AGA TAG TTC AA CTT ACG AGT GTA 
AA CTG AAT CCT CGG GAT GCC TA D2 D6 D8 

18 D2-D6-D9 AA AAA AAA A CTA TGT CGA TAC AA GTC AGA TAG TTC AA TGT CTC TAA GTG 
AA CTG AAT CCT CGG GAT GCC TA D2 D6 D9 

19 D3-D4-D7 AA AAA AAA A TAC ATC CAA GAC AA ATC AGT CAA GAG AA CTC GTT CAC TAT 
AA CTG AAT CCT CGG GAT GCC TA D3 D4 D7 

20 D3-D4-D8 AA AAA AAA A TAC ATC CAA GAC AA ATC AGT CAA GAG AA CTT ACG AGT GTA 
AA CTG AAT CCT CGG GAT GCC TA D3 D4 D8 

21 D3-D4-D9 AA AAA AAA A TAC ATC CAA GAC AA ATC AGT CAA GAG AA TGT CTC TAA GTG 
AA CTG AAT CCT CGG GAT GCC TA D3 D4 D9 

22 D3-D5-D7 AA AAA AAA A TAC ATC CAA GAC AA GTA TTC GTC ATC AA CTC GTT CAC TAT 
AA CTG AAT CCT CGG GAT GCC TA D3 D5 D7 

23 D3-D5-D8 AA AAA AAA A TAC ATC CAA GAC AA GTA TTC GTC ATC AA CTT ACG AGT GTA 
AA CTG AAT CCT CGG GAT GCC TA D3 D5 D8 

24 D3-D5-D9 AA AAA AAA A TAC ATC CAA GAC AA GTA TTC GTC ATC AA TGT CTC TAA GTG 
AA CTG AAT CCT CGG GAT GCC TA D3 D5 D9 

25 D3-D6-D7 AA AAA AAA A TAC ATC CAA GAC AA GTC AGA TAG TTC AA CTC GTT CAC TAT 
AA CTG AAT CCT CGG GAT GCC TA D3 D6 D7 

26 D3-D6-D8 AA AAA AAA A TAC ATC CAA GAC AA GTC AGA TAG TTC AA CTT ACG AGT GTA 
AA CTG AAT CCT CGG GAT GCC TA D3 D6 D8 

27 D3-D6-D9 AA AAA AAA A TAC ATC CAA GAC AA GTC AGA TAG TTC AA TGT CTC TAA GTG 
AA CTG AAT CCT CGG GAT GCC TA D3 D6 D9 

DNA for barcoding 
Name DNA sequence 
M1 5-Cy5-AGC ACA GGG AAA CTC ATC AC 
M2 5-Cy3(or Alex Fluor 750)- GCA TCA TCG TAT CGA CAT AG 
M3 5-Alex488-ATG GTT CGG TCT TGG ATG TA 
M4 5-Cy5-CGC CAA TGC TCT TGA CTG AT 
M5 5-Cy3(or Alex Fluor 750)- AGG ACT TCG ATG ACG AAT AC 
M6 5-Alex488-ATC CTT GCG AAC TAT CTG AC 
M7 5-Cy5-GCC GTA TCA TAG TGA ACG AG 
M8 5-Cy3(or Alex Fluor 750)- CCA GCG ATT ACA CTC GTA AG  
M9 5-Alex488-CAG ACC TGC ACT TAG AGA CA 
DNA for displacement 
Name DNA sequence 
M1 comp GTG ATG AGT TTC CCT GTG CT 
M2 comp CTA TGT CGA TAC GAT GAT GC 
M3 comp TAC ATC CAA GAC CGA ACC AT 
M4 comp ATC AGT CAA GAG CAT TGG CG 
M5 comp GTA TTC GTC ATC GAA GTC CT 
M6 comp GTC AGA TAG TTC GCA AGG AT 
M7 comp CTC GTT CAC TAT GAT ACG GC 
M8 comp CTT ACG AGT GTA ATC GCT GG 
M9 comp TGT CTC TAA GTG CAG GTC TG 
DNA for streptavidin labeling 
Name DNA sequence 
DNA-SAC 5-NH2-AAA AAA AAA A TAG GCA TCC CGA GGA TTC AG 

 

Table 5.3: DNA sequence for library construction and barcoding. Related to Figure
5.2.
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Vα-gene-specific primers for cloning TCRα genes 
TRAV gene Signal peptide sequence TRAV gene-specific sequence 
TRAV1-1*01 5'-TACAGGAAGCCTCAGCA GGACAAAGCCTTGAGCAGCCCTC-3' 
TRAV1-2*01 5'-TACAGGAAGCCTCAGCA GGACAAAACATTGACCAGCCCACTG-3' 
TRAV2*01 5'-TACAGGAAGCCTCAGCA AAGGACCAAGTGTTTCAGCCTTCCAC-3' 
TRAV3*01 5'-TACAGGAAGCCTCAGCA GCTCAGTCAGTGGCTCAGCCGGA-3' 
TRAV4*01 5'-TACAGGAAGCCTCAGCA CTTGCTAAGACCACCCAGCCCATC-3' 
TRAV5*01 5'-TACAGGAAGCCTCAGCA GGAGAGGATGTGGAGCAGAGTCTTTTCC-3' 
TRAV6*01 5'-TACAGGAAGCCTCAGCA AGCCAAAAGATAGAACAGAATTCCGAGGC-3' 
TRAV6*03 5'-TACAGGAAGCCTCAGCA GAGGCCCTGAACATTCAGGAGGG-3' 
TRAV7*01 5'-TACAGGAAGCCTCAGCA GAAAACCAGGTGGAGCACAGCCC-3' 
TRAV8-1*01 5'-TACAGGAAGCCTCAGCA GCCCAGTCTGTGAGCCAGCATAACC-3' 
TRAV8-2*01 5'-TACAGGAAGCCTCAGCA GCCCAGTCGGTGACCCAGCTTG-3' 
TRAV8-2*02 5'-TACAGGAAGCCTCAGCA GCCCAGTCGGTGACCCAGCTTAG-3' 
TRAV8-3*01 5'-TACAGGAAGCCTCAGCA GCCCAGTCAGTGACCCAGCCTG-3' 
TRAV8-4*06 5'-TACAGGAAGCCTCAGCA CTCTTCTGGTATGTGCAATACCCCAACC-3' 
TRAV8-4*07 5'-TACAGGAAGCCTCAGCA GTTGAACCATATCTCTTCTGGTATGTGCAATACC-3' 
TRAV8-6*01 5'-TACAGGAAGCCTCAGCA GCCCAGTCTGTGACCCAGCTTGAC-3' 
TRAV8-7*01 5'-TACAGGAAGCCTCAGCA ACCCAGTCGGTGACCCAGCTTG-3' 
TRAV9-1*01 5'-TACAGGAAGCCTCAGCA GGAGATTCAGTGGTCCAGACAGAAGGC-3' 
TRAV9-2*01 5'-TACAGGAAGCCTCAGCA GGAAATTCAGTGACCCAGATGGAAGG-3' 
TRAV9-2*02 5'-TACAGGAAGCCTCAGCA GGAGATTCAGTGACCCAGATGGAAGG-3' 
TRAV10*01 5'-TACAGGAAGCCTCAGCA AAAAACCAAGTGGAGCAGAGTCCTCAGTC-3' 
TRAV11*01 5'-TACAGGAAGCCTCAGCA CTACATACACTGGAGCAGAGTCCTTCATTCC-3' 
TRAV12-1*01 5'-TACAGGAAGCCTCAGCA CGGAAGGAGGTGGAGCAGGATCC-3' 
TRAV12-2*01 5'-TACAGGAAGCCTCAGCA CAGAAGGAGGTGGAGCAGAATTCTGG-3' 
TRAV12-2*03 5'-TACAGGAAGCCTCAGCA GGACCCCTCAGTGTTCCAGAGGG-3' 
TRAV12-3*01 5'-TACAGGAAGCCTCAGCA CAGAAGGAGGTGGAGCAGGATCCTG-3' 
TRAV13-1*02 5'-TACAGGAAGCCTCAGCA GGAGAGAATGTGGAGCAGCATCCTTC-3' 
TRAV13-2*01 5'-TACAGGAAGCCTCAGCA GGAGAGAGTGTGGGGCTGCATCTTC-3' 
TRAV14/DV4*01 5'-TACAGGAAGCCTCAGCA GCCCAGAAGATAACTCAAACCCAACCAG-3' 
TRAV14/DV4*04 5'-TACAGGAAGCCTCAGCA CAGAAGATAACTCAAACCCAACCAGGAATG-3' 
TRAV16*01 5'-TACAGGAAGCCTCAGCA GCCCAGAGAGTGACTCAGCCCGA-3' 
TRAV17*01 5'-TACAGGAAGCCTCAGCA AGTCAACAGGGAGAAGAGGATCCTCAGG-3' 
TRAV18*01 5'-TACAGGAAGCCTCAGCA GGAGACTCGGTTACCCAGACAGAAGG-3' 
TRAV19*01 5'-TACAGGAAGCCTCAGCA GCTCAGAAGGTAACTCAAGCGCAGACTG-3' 
TRAV20*01 5'-TACAGGAAGCCTCAGCA GAAGACCAGGTGACGCAGAGTCCC-3' 
TRAV21*01 5'-TACAGGAAGCCTCAGCA AAACAGGAGGTGACGCAGATTCCTGC-3' 
TRAV22*01 5'-TACAGGAAGCCTCAGCA GGAATACAAGTGGAGCAGAGTCCTCCAG-3' 
TRAV23/DV6*01 5'-TACAGGAAGCCTCAGCA CAGCAGCAGGTGAAACAAAGTCCTCA-3' 
TRAV23/DV6*04 5'-TACAGGAAGCCTCAGCA CAGCAGGTGAAACAAAGTCCTCAATCTTTG-3' 
TRAV24*01 5'-TACAGGAAGCCTCAGCA ATACTGAACGTGGAACAAAGTCCTCAGTCAC-3' 
TRAV25*01 5'-TACAGGAAGCCTCAGCA GGACAACAGGTAATGCAAATTCCTCAGTACC-3' 
TRAV26-1*01 5'-TACAGGAAGCCTCAGCA GATGCTAAGACCACCCAGCCCCC-3' 
TRAV26-1*02 5'-TACAGGAAGCCTCAGCA GATGCTAAGACCACCCAGCCCACC-3' 
TRAV26-2*01 5'-TACAGGAAGCCTCAGCA GATGCTAAGACCACACAGCCAAATTCAATG-3' 
TRAV27*01 5'-TACAGGAAGCCTCAGCA ACCCAGCTGCTGGAGCAGAGCC-3' 
TRAV29/DV5*01 5'-TACAGGAAGCCTCAGCA GACCAGCAAGTTAAGCAAAATTCACCATC-3' 
TRAV30*01 5'-TACAGGAAGCCTCAGCA CAACAACCAGTGCAGAGTCCTCAAGC-3' 
TRAV34*01 5'-TACAGGAAGCCTCAGCA AGCCAAGAACTGGAGCAGAGTCCTCAG-3' 
TRAV35*01 5'-TACAGGAAGCCTCAGCA GGTCAACAGCTGAATCAGAGTCCTCAATC-3' 
TRAV36/DV7*01 5'-TACAGGAAGCCTCAGCA GAAGACAAGGTGGTACAAAGCCCTCTATCTC-3' 
TRAV36/DV7*02 5'-TACAGGAAGCCTCAGCA GAAGACAAGGTGGTACAAAGCCCTCAATC-3' 
TRAV38-1*01 5'-TACAGGAAGCCTCAGCA GCCCAGACAGTCACTCAGTCTCAACCAG-3' 
TRAV38-1*04 5'-TACAGGAAGCCTCAGCA GCCCAGACAGTCACTCAGTCCCAGC-3' 
TRAV38-2/DV8*01 5'-TACAGGAAGCCTCAGCA GCTCAGACAGTCACTCAGTCTCAACCAGAG-3' 
TRAV39*01 5'-TACAGGAAGCCTCAGCA GAGCTGAAAGTGGAACAAAACCCTCTGTTC-3' 
TRAV40*01 5'-TACAGGAAGCCTCAGCA AGCAATTCAGTCAAGCAGACGGGC-3' 
TRAV41*01 5'-TACAGGAAGCCTCAGCA AAAAATGAAGTGGAGCAGAGTCCTCAGAAC-3' 
Vβ-gene-specific primers for cloning TCRα genes 
TRBV gene Signal peptide sequence TRBV gene-specific sequence 
TRBV1*01 5'-CAGGAGGGCTCGGCA GATACTGGAATTACCCAGACACCAAAATACCTG-3' 
TRBV2*01 5'-CAGGAGGGCTCGGCA GAACCTGAAGTCACCCAGACTCCCAG-3' 
TRBV3-1*01 5'-CAGGAGGGCTCGGCA GACACAGCTGTTTCCCAGACTCCAAAATAC-3' 
TRBV3-2*01 5'-CAGGAGGGCTCGGCA GACACAGCCGTTTCCCAGACTCCA-3' 
TRBV4-1*01 5'-CAGGAGGGCTCGGCA GACACTGAAGTTACCCAGACACCAAAACAC-3' 

Table 5.4: Single cell TCRα and TCRβ cloning primers.



202

TRBV4-1*02 5'-CAGGAGGGCTCGGCA CACCTGGTCATGGGAATGACAAATAAGAAG-3' 
TRBV4-2*01 5'-CAGGAGGGCTCGGCA GAAACGGGAGTTACGCAGACACCAAG-3' 
TRBV4-3*04 5'-CAGGAGGGCTCGGCA AAGAAGTCTTTGAAATGTGAACAACATCTGGG-3' 
TRBV5-1*01 5'-CAGGAGGGCTCGGCA AAGGCTGGAGTCACTCAAACTCCAAGATATC-3' 
TRBV5-1*02 5'-CAGGAGGGCTCGGCA AGGGCTGGGGTCACTCAAACTCC-3' 
TRBV5-3*01 5'-CAGGAGGGCTCGGCA GAGGCTGGAGTCACCCAAAGTCCC-3' 
TRBV5-4*01 5'-CAGGAGGGCTCGGCA GAGACTGGAGTCACCCAAAGTCCCAC-3' 
TRBV5-4*03 5'-CAGGAGGGCTCGGCA CAGCAAGTGACACTGAGATGCTCTTCTCAG-3' 
TRBV5-4*04 5'-CAGGAGGGCTCGGCA ACTGTGTCCTGGTACCAACAGGCCCT-3' 
TRBV5-5*01 5'-CAGGAGGGCTCGGCA GACGCTGGAGTCACCCAAAGTCC-3' 
TRBV5-8*01 5'-CAGGAGGGCTCGGCA GAGGCTGGAGTCACACAAAGTCCCAC-3' 
TRBV5-8*02 5'-CAGGAGGGCTCGGCA AGGACAGCAAGCGACTCTGAGATGC-3' 
TRBV6-1*01 5'-CAGGAGGGCTCGGCA AATGCTGGTGTCACTCAGACCCCA-3' 
TRBV6-4*01 5'-CAGGAGGGCTCGGCA ATTGCTGGGATCACCCAGGCAC-3' 
TRBV6-4*02 5'-CAGGAGGGCTCGGCA ACTGCTGGGATCACCCAGGCAC-3' 
TRBV7-1*01 5'-CAGGAGGGCTCGGCA GGTGCTGGAGTCTCCCAGTCCCTG-3' 
TRBV7-2*01 5'-CAGGAGGGCTCGGCA GGAGCTGGAGTCTCCCAGTCCCC-3' 
TRBV7-2*04 5'-CAGGAGGGCTCGGCA GGAGCTGGAGTTTCCCAGTCCCC-3' 
TRBV7-3*01 5'-CAGGAGGGCTCGGCA GGTGCTGGAGTCTCCCAGACCC-3' 
TRBV7-3*05 5'-CAGGAGGGCTCGGCA TGGGAGCTCAGGTGTGATCCAATTTC-3' 
TRBV7-4*01 5'-CAGGAGGGCTCGGCA GGTGCTGGAGTCTCCCAGTCCC-3' 
TRBV7-6*01 5'-CAGGAGGGCTCGGCA GGTGCTGGAGTCTCCCAGTCTCCC-3' 
TRBV7-9*01 5'-CAGGAGGGCTCGGCA GATACTGGAGTCTCCCAGAACCCCAG-3' 
TRBV7-9*03 5'-CAGGAGGGCTCGGCA GATACTGGAGTCTCCCAGGACCCCAG-3' 
TRBV7-9*04 5'-CAGGAGGGCTCGGCA ATATCTGGAGTCTCCCACAACCCCAGAC-3' 
TRBV7-9*07 5'-CAGGAGGGCTCGGCA CACAACCGCCTTTATTGGTACCGACAG-3' 
TRBV9*01 5'-CAGGAGGGCTCGGCA GATTCTGGAGTCACACAAACCCCAAAGC-3' 
TRBV10-1*01 5'-CAGGAGGGCTCGGCA GATGCTGAAATCACCCAGAGCCCAAG-3' 
TRBV10-2*01 5'-CAGGAGGGCTCGGCA GATGCTGGAATCACCCAGAGCCCA-3' 
TRBV10-2*02 5'-CAGGAGGGCTCGGCA AAGGCAGGTGACCTTGATGTGTCACC-3' 
TRBV11-1*01 5'-CAGGAGGGCTCGGCA GAAGCTGAAGTTGCCCAGTCCCC-3' 
TRBV11-2*01 5'-CAGGAGGGCTCGGCA GAAGCTGGAGTTGCCCAGTCTCCCAG-3' 
TRBV11-3*01 5'-CAGGAGGGCTCGGCA GAAGCTGGAGTGGTTCAGTCTCCCAGA-3' 
TRBV11-3*03 5'-CAGGAGGGCTCGGCA GGTCTCCCAGATATAAGATTATAGAGAAGAAACAGC-3' 
TRBV12-1*01 5'-CAGGAGGGCTCGGCA GATGCTGGTGTTATCCAGTCACCCAGG-3' 
TRBV12-2*01 5'-CAGGAGGGCTCGGCA GATGCTGGCATTATCCAGTCACCCAAG-3' 
TRBV12-3*01 5'-CAGGAGGGCTCGGCA GATGCTGGAGTTATCCAGTCACCCC-3' 
TRBV12-5*01 5'-CAGGAGGGCTCGGCA GATGCTAGAGTCACCCAGACACCAAGG-3' 
TRBV13*01 5'-CAGGAGGGCTCGGCA GCTGCTGGAGTCATCCAGTCCCC-3' 
TRBV14*01 5'-CAGGAGGGCTCGGCA GAAGCTGGAGTTACTCAGTTCCCCAGC-3' 
TRBV15*01 5'-CAGGAGGGCTCGGCA GATGCCATGGTCATCCAGAACCCAAG-3' 
TRBV16*01 5'-CAGGAGGGCTCGGCA GGTGAAGAAGTCGCCCAGACTCCA-3' 
TRBV17*01 5'-CAGGAGGGCTCGGCA GAGCCTGGAGTCAGCCAGACCC-3' 
TRBV18*01 5'-CAGGAGGGCTCGGCA AATGCCGGCGTCATGCAGAAC-3' 
TRBV19*01 5'-CAGGAGGGCTCGGCA GATGGTGGAATCACTCAGTCCCCAAAG-3' 
TRBV20-1*01 5'-CAGGAGGGCTCGGCA GGTGCTGTCGTCTCTCAACATCCGAG-3' 
TRBV20/OR9-2*01 5'-CAGGAGGGCTCGGCA AGTGCTGTCGTCTCTCAACATCCGAG-3' 
TRBV21-1*01 5'-CAGGAGGGCTCGGCA GACACCAAGGTCACCCAGAGACCTAGAC-3' 
TRBV21/OR9-2*01 5'-CAGGAGGGCTCGGCA GACACCAAGGTCACCCAGAGACCTAGATTTC-3' 
TRBV23-1*01 5'-CAGGAGGGCTCGGCA CATGCCAAAGTCACACAGACTCCAGG-3' 
TRBV24-1*01 5'-CAGGAGGGCTCGGCA GATGCTGATGTTACCCAGACCCCAAG-3' 
TRBV25-1*01 5'-CAGGAGGGCTCGGCA GAAGCTGACATCTACCAGACCCCAAGATAC-3' 
TRBV26*01 5'-CAGGAGGGCTCGGCA GATGCTGTAGTTACACAATTCCCAAGACACAG-3' 
TRBV26/OR9-2*01 5'-CAGGAGGGCTCGGCA GATGCTGTAGTTACACAATTCTCAAGACACAGAATC-3' 
TRBV27*01 5'-CAGGAGGGCTCGGCA GAAGCCCAAGTGACCCAGAACCC-3' 
TRBV28*01 5'-CAGGAGGGCTCGGCA GATGTGAAAGTAACCCAGAGCTCGAGATATC-3' 
TRBV29-1*01 5'-CAGGAGGGCTCGGCA AGTGCTGTCATCTCTCAAAAGCCAAGC-3' 
TRBV29-1*03 5'-CAGGAGGGCTCGGCA ACGATCCAGTGTCAAGTCGATAGCCAAG-3' 
TRBV30*01 5'-CAGGAGGGCTCGGCA TCTCAGACTATTCATCAATGGCCAGCG-3' 
TRBV30*04 5'-CAGGAGGGCTCGGCA ACTATTCATCAATGGCCAGCGACCC-3' 

 

Table 5.5: Single cell TCRα and TCRβ cloning primers (continued).
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A p p e n d i x A

DNA OPTIMIZATION METHODS

Codon optimization of proteins for various applications in this work was performed
using a Python script. Here, I will describe how the script generally behaves,
highlighting the method by which codons are selected, and how user-defined criteria
are considered.

Codon selection: Starting from an initial peptide or protein sequence, DNA frag-
ments are created using codons that adhere to three criteria:

1. occur at high frequencies in the human species

2. maintain a specified GC percentage along user-defined base intervals

3. avoid incorporation of any restriction digest cut sites that are found at flanking
regions of the product for use in downstream steps

Criteria 1: Codon selection. Fixed codon assignment for every amino acid is
non-optimal for primer design (as detailed in [refer to neosub section of Ap-
pendix]), and also for DNA fragment design due to incompatibilities with man-
ufacturer guidelines. Therefore, the approach I used was to probabilistically select
codons for every amino acid by referencing a table of codon frequencies. Prior
to selection, low-frequency codons were removed from the codon table, and fre-
quencies were recalculated. For example, arginine’s cumulative frequency array
is [.08, .26, .37, .57, .78, 1] for the codons [’cgt’, ’cgc’, ’cga’,
’cgg’, ’aga’, ’agg’]. ‘cgt’ and ‘cga’ occur at a low frequency (0.08
and 0.11, respectively), so those are removed, generating the frequency array
[.225, .475, .7375, 1] for the codons [’cgc’, ’cgg’, ’aga’, ’agg’].
For each amino acid in a given protein sequence, a random float value between 0
and 1 is generated, and the associated codon is selected according to the frequency
table. This selection process occurs in a segmented manner user-defined by the
peptide length for a given protein sequence.

Criteria 2: GC content. After a DNA fragment is generated for a segment, the
GC content is calculated and checked for adherence to a user-defined range. If it
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falls outside of that range, the codon selection process is looped (up to 1,000 cycles)
until criteria is met. The decision to optimize codon selection and GC content in
a segmented manner is crucial to avoid imbalances in GC content throughout the
length of a protein sequence. For example, it is theoretically possible to achieve
50% GC content in two extremes. In one scenario, without a segmented approach,
the initial half of the protein could consist of 75% GC content while the latter
half consists of 25% GC content, averaging out to 50% overall GC content. In
the alternative scenario, with a segmented approach to codon selection and content
optimization, the entire length of the protein for any given window of bases (e.g.
30-60 bp) would approximate 50% GC content. The second scenario is desired to
overcome manufacturing hurdles and potential hairpin formation.

Criteria 3: Sequence avoidance. A table of most available restriction digest
enzymes and their recognition sites serves as a reference. Enzymeswhich are crucial
to downstream steps, and therefore whose recognition sites must not be present in
the designed DNA fragment, may be listed within an array. The designed DNA
sequence is checked for overlap with entries within this array using the reference
table, and codon selection is repeated if any recognition sites are present.

Examples demonstrating codon optimization and experimental execution of assem-
bly these fragments may be found in Figures A.1A & A.2, respectively. In Figure
A.1A, a linear map of an example Class I SCT design as reported in subsection
2.1.2 is shown, and below it is a plot showing the calculated GC content of each 30
bp window for its DNA sequence. The results of codon optimization of the HLA
allele for a GC content of 40-60% are shown by the region of the plot encapsulating
the optimized segment (between the dashed vertical lines). The contrast of larger
GC content variance in non-optimized regions of the SCT map demonstrate that the
script is indeed capable of tuningGCcontent to user-defined ranges. Experimentally,
this optimization translates to faster turnaround times for ordering and constructing
dsDNA structures. For an example set of twelve HLA alleles (Fig. A.2), the f2
fragment (encoding the HLA) for each unique HLAwas ordered, amplified by PCR,
and Gibson assembled with a universal f1 fragment (encoding the upstream half
of the SCT). The Gibson products were subsequently gel-purified, PCR-amplified,
double-digested into pcDNA3.1 vector, and sequenced to validate integrity. These
template plasmids were later used in constructing a KRAS library to show that they
could lead to expressed SCT proteins when re-encoded with compatible peptides
(Fig. 4.16).
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Figure A.1: Codon optimizations to Class I SCT design
A. Linear map of Class I SCT design (top) and GC content calculations (bottom)
performed on a 30 bp window. The HLA region (darker blue in top diagram, and
encapsulated by vertical dashed lines in bottom plot) was designed using codon

optimization script. B. Detailed view of L1 segment, highlighting codon selection
of GGGGS motifs. C. Detailed view of L2 segment, highlighting codon selection

of GGGGS motifs. In (B) and (C), the third base of each glycine residue is
emphasized in upper-case.
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Figure A.2: Demonstration of Class I SCT Gibson assembly
DNA fragments encoding the latter half of Class I SCTs are purchased and

PCR-amplified (top left gel), and assembled together with initial half of Class I
SCTs (top right diagram and gel). These fragments are gel-purified, PCR-amplified
(bottom right gel), and then double-digested for ligation into pcDNA3.1 vector

(bottom left gel). Numbers above each lane correspond to the HLA identity of each
fragment, as referenced by the table (bottom left).
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A p p e n d i x B

PCR PRIMER OPTIMIZATION

B.1 single-codon assignment

Given the objective of designing SCT libraries encompassing large numbers of
peptides, initial attempts to streamline the primer production process for extension
PCR used Python scripts to automate generation of peptide-encoded primers. These
primers consist of two regions (Fig. B.1A): 1) a constant binding site to the plasmid
template (in the case of a peptide-encoded reverse primer, the constant binding site
is found on the IFNα2 signal, upstream of the peptide region on the plasmid), and
2) a variable DNA region consisting of codons encoding the desired peptide. The
constant region of the primer encodes the initial 19 bases of the L1 region and
required careful codon selection so as to not significantly overlap with any of the
GGGGS motifs found in the rest of L1 or in the L2 region. This was an important
consideration, as all codons encoding glycine residues are highly similar (ggx), and
L1 and L2 together contain up to seven such repeats of this motif. Off-target primer
binding was avoided by ensuring that each GGGGS motif in L1 and L2 contained a
different combination glycine codons (this is highlighted in Figures A.1B & A.1C,
for L1 and L2 regions, respectively, by upper-case letters denoting the third base
of each glycine codon). The variable region of the primer was designed according
to automatic single codon assignment for any given amino acid, selected based on
the highest frequency in the human species. Primer sequences generated for any
given peptide sequence were therefore pre-determined, and PCR experiments for
small library sizes (e.g. 10-100) generally produced electrophoresis product bands
in approximately 70% of samples, reflecting the efficiency of appropriate primer
binding and initiation of PCR.

Subsequent repeat PCR experiments to obtain bands across all elements of a library
required at least two additional rounds of PCR, in which only primers which failed
to produce an initial product band in electrophoresis were used, and eventually could
result in a visible gel product. After re-ligating the dsDNAproduct into a plasmid and
Sanger sequencing, errorswere often detected in the peptide region, generating either
multi-base deletions (possible hairpin within primer’s peptide-encoded region) or
failed peptide replacement (Fig. B.1C). As seen in Figure B.2A-D, for an especially
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large library, such as the 240-element p53 A*02:01 SCT library, using primers
designed in a such a manner proved to be extremely laborious, requiring up to four
rounds of PCR until all reactions generated a band. Furthermore, repeated PCR
rounds to obtain the correct sequence would not necessarily be successful even if
PCR product bands were observed and plasmids were isolated after transformation
due to the unique failuremechanism behind these primers (Fig. B.1C). The difficulty
in arriving at a product arose from issues inherent to each primer’s unique free energy
structure. NUPACK software predicted hairpin structures for many of these primers
at 60 ◦C (Fig. B.1D). Therefore, even though bands could be obtained for difficult
primers after many PCR attempts, it does not necessarily mean that the sequence
obtained was correct from the plasmid, and consequently required selection of a
large number of colonies for culture and sequencing.

B.2 probabilistic codon assignment & mean free energy optimization

Based on this finding, a revised script was written to heuristically obtain primers
that could avoid the structural trappings of hairpin structures which prevent proper
PCR amplification. This Python script utilizes NUPACKmodules to design ssDNA
strands whose mean free energies (MFE) at 60 ◦C result in linearized conformations
(Fig. B.1D). Briefly, the primer generation process was no longer fixed, in the sense
that each amino acid was no longer assigned to a specific codon. Instead, codons
were selected in a probabilistic manner according to a revised frequency table for
the human species (rare codons were eliminated and probabilities re-calculated, in
a manner similar to methods discussed in Appendix A). The variable region of the
peptide was constructed from these codons, linked to the constant binding site, and
then its MFE was calculated for the target structure of a linearized ssDNA strand.
This calculation was conducted approximately 1,000 times per peptide through
randomized codon selection per round, requiring about 45 seconds per peptide, and
selects the result with the lowest MFE to be the final output. The decision to run
1,000 optimization cycles was made after showing that designed primers under this
parameter were sufficiently capable of generating PCR products consistently (Fig.
B.3). In theory, the ideal approach for finding the best primer for any peptide would
be to scan the entire space of potential codon combinations, calculating MFE of
each structure. However, this approach is impractical for certain peptides which
contain highly degenerate amino acids. For example, the peptide FLTENLLLYI
has 2 x 6 x 4 x 2 x 2 x 6 x 6 x 6 x 2 x 3 = 248,832 potential codon combinations
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Figure B.1: Primer optimization
A. Setup of primers for PCR peptide substitution. A reverse primer encodes the
entirety of the peptide sequence (FLTENLLLYI), while the universal forward
primer binds to L1 region of Class I SCT. B. 5’-to-3’ orientation of the reverse

primer, with codons color-coded according to amino acids in (A). C. Examples of
PCR failure mechanisms when primers are un-optimized. D. Comparison of MFE
structures for primers that are not optimized (left, using single codon assignment

method) versus those which are optimized (right, using randomized codon
assignment and NUPACK MFE calculations).

(after eliminating low-frequency codons). This is a 250-fold increase in the number
of MFE calculations required, and would require approximately three hours per
peptide, versus the 45-second, 1,000 cycle method using randomized combinations.
Primer optimization for a 100-element library would therefore require weeks versus
an overnight computation session.

The finalized script was designed to accommodate any desired constant binding
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Figure B.2: Neoantigen substitution PCR for p53 A*02:01 library
A 240-element primer library encoding 9-11mer peptides for various p53 hotspot
mutations was utilized for inverse PCR. The neoantigen-substituted PCR product
bands are depicted in electrophoretic gels, numbered according to peptide ID of
the library (Table N.1-N.2). After the first attempt with the entire library (A),

failed PCR reactions from the prior round are repeated (B-D). The final library is
obtained after approximately four rounds. This experiment was conducted using

single-codon assignment for each amino acid during primer design.
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site provided by the user, and to allow for peptide-encoded primers to be designed
in forward or reverse direction. Therefore, its applications extend beyond peptide
substitution for SCTs, and should be appropriate for usage in any site-directed mu-
tagenesis experiments where a series of short peptides must be substituted or added
into a protein-encoding DNA sequence. As seen in Figure B.3, for large libraries
of approximately 900 elements, PCR experiments achieved visible product in the
first attempt for any given primer pair. Subsequent transformation and sequencing
of the plasmids produced approximately 80% success rate within the first round.
Additional rounds of sequencing for repeats of the wrong plasmids maintained 80%
success rate, such that typically three rounds of sequencing was sufficient to achieve
a full plasmid library with correctly sequenced insertions. The main source of
error detected in these plasmids occurred at the 3’-terminus of the inserted pep-
tide, typically a single base deletion. Most likely, this sort of deletion occurred
during the KL-D step (kinase, ligase, and DpnI treatment to re-circularize plasmid
and eliminate initial template plasmid), when the final base of either end of the
dsDNA PCR product was phosphorylated and ligated. This single-base deletion
was sometimes detected in the first base of the non-peptide side of the dsDNA as
well, indicating that the error source arose from the KL-D reaction, and not from a
hairpinned peptide-encoded primer during PCR extension. To date, after over 2,000
PCR experiments using peptide-encoded primers designed with probabilistic codon
selection and NUPACK-facilitated structural optimization, we have yet to observe
a case where a PCR product band failed to form and where subsequent sequencing
repeatedly failed to produce the correct sequence. From a practical standpoint,
to generate an SCT library of approximately 200-300 plasmids, the total time re-
quired, starting from PCR to correctly sequenced plasmid for every library element,
is about 3-5 weeks using the original method, while the new script requires only
1-1.5 weeks. It is important to emphasize that not only was there a primary benefit
achieved from just obtaining PCR product bands with consistency (compare Figure
B.2 with Figure B.3), but also that Sanger sequencing results were significantly
improved to drastically reduce turnaround times. The script has been converted into
a user-friendly executable file, requiring the user to only provide a list of peptides
within a csv file and input of the constant binding site. Full documentation of the
script is provided in the Jupyter notebook and Python scripts.
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B.3 alternative methods

The above two sections chronologically detail how I first started with a rather
simplistic codon assignment approach and later attempted to heuristically find the
most linearized primer as determined by random selection of codons. These two
approaches made use of the inverse PCR method, whereby a single primer per
peptide needed to be purchased, while the other primer facilitating PCR may be
constant regardless of peptide identity (Fig. 2.20A. The only case where the constant
primer must be changed is when a different SCT template is selected, particularly
one in which the identity of the L1 region is changed (for instance, GGGGS linker
to GCGGS linker, thus altering the primer binding site). In this manner then, the
inverse PCRapproach significantly reduces the cost of primer reagents. For n peptide
elements andm unique templates (on the basis of different L1 identities), one requires
only n + m total primers to be purchased. This stands in contrast to other methods
explored by others. For example, a common alternative approach to substitute short
DNA regions is to utilize two primers to encode the desired insert bases, and then to
insert the PCR product of the two primers either by Gibson assembly or restriction
enzyme ligation (Fig. 2.20B) into the template SCT fragment. In the context ofClass
I SCT production, where the impact of the L1 linker on SCT stability is still being
explored (Section 2.1.4.1) and has been shown to influence TCR binding efficiency
(Section 2.1.4.2), such a method is not optimal, as it requires every peptide/L1
combination to have a unique second primer encoding a different L1, resulting in
n + nm total primers. Furthermore, these methods are generally more tedious for
larger libraries, as they require gel purification of the dsDNA PCR product prior to
assembly/digest/ligation into the template plasmid. The primary advantages of this
approach, on the other hand, include the fact that they can accommodate substitution
of longer peptides, due to the fact that the peptide information is split across two
primers, enabling a longer peptide to be encoded within two primers instead of
one primers, when primers must be below 60 bp in length to reduce costs. One
additional advantage of this approach is that the product plasmid’s sequencing result
tends to more frequently show correct peptide substitution. With these advantages
in mind, this method was more appropriate for the Class II SCT-T design (Fig.
2.20B), due to the fact that Class II pMHCs make use of longer peptides that would
be cumbersome to entirely encode in a single primer, and that the identity of the
peptide linker is fixed for Class II SCTs (at least so far, as we haven’t yet begun
to explore TCR interactions), therefore obviating the need to account for n + nm
complexity. A natural extension of this alternative approach for SCT-T designs then



221

is to incorporate the same optimizations developed in Appendix A. SCT-T primers
will be longer, and surely will also encounter similar hairpin issues hampering
downstream steps as observed for Class I SCT experiments. Implementation of
MFE optimization and randomized codon assignments for the Class II SCT system
is currently in-progress.
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Figure B.3: Antigen substitution PCR for SARS-CoV-2 A*02:01 proteome library
An 889-element primer library encoding 9-10mer peptides predicted by

netMHC4.0 to favorably bind to A*02:01 was utilized for inverse PCR. The
antigen-substituted PCR product bands are depicted in electrophoretic gels

(numbers correspond to peptide ID of proteome library in Table L.1-L.4), showing
that all reactions generate product after one single attempt. Peptides #592-652
were not included in this experiment due to manufacturer mistake during primer
production. This experiment was conducted using probabilistic codon assignment

and NUPACK MFE optimization for each peptide during primer design.
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A p p e n d i x C

HIGH-THROUGHPUT METHODS FOR SCT PLASMID
PRODUCTION

reverse primer
peptide-encoded

forward primer template plasmid

PCR

PCR purify
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Figure C.1: Plasmid production workflow
Schematic of plasmid preparation workflow, beginning from PCR reagents (top
left) and ending with purified, sequence-verified SCT plasmid constructs (top

right).

C.1 Transformation

Traditionally, generation of a plasmid library requires transformation of a circu-
larized PCR product, selecting colonies to culture, plasmid purification from the
culture, and submission of the plasmid for Sanger sequencing. Given the large size
of our library and the need to select multiple colonies per plasmid (due to error rates
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associated with site-directed mutagenesis), there were a number of optimizations
required to our workflow to accommodate this platform into an academic setting,
where automation is generally not common. Our general workflow for plasmid pro-
duction is shown in [FIGURE]. In general, most processes in plasmid production
(e.g. PCR, kinase/ligase/DpnI (KL-D) treatment, etc.) have been commercially
streamlined with the use of 96-well plates. The steps following plasmid production,
however, where they must next be transformed into TOP10 chemically competent
cells, required a significant change to the workflow to enable high-throughput pro-
cessing. Traditionally, TOP10 chemically competent cells are transformed in single
1.7 ml tubes, and are difficult to work in a large library format due to the delicate
time-sensitive steps that would be cumbersome to perform on a per-sample basis.
To facilitate high-throughput transformation, heat shock, and immediate transfer of
samples onto ice, 3D-printed racks were designed to reduce down-time during each
step. TOP10 cells were aliquoted into 8-tube PCR strips to be compatible with this
rack design, and, coupled with the use of multi-channel pipettes, allow for the user to
achieve transformation and plating of hundreds of samples in one day. Transformed
cultures were plated onto agarose plates overnight. Subsequently, colonies were
picked and cultured in 48-well plate format overnight in 3 ml media.

C.2 Culture Selection & Submission

The submission of purified plasmids for sequencing when working with error-prone
libraries can be expensive if there are many elements in the library, as it will
require excessive purification rounds per plasmid and excessive sequencing costs for
subsequent rounds. To reduce the labor required for sample prep, we opted to submit
bacterial cultures instead for rolling circle amplification and subsequent sequencing.
By submitting only an aliquot of the bacterial culture first and freezing down the
pellet, the user can wait to receive sequencing results before deciding whether to
proceed with plasmid prep of the pellet. Therefore, obtaining correct plasmids
through multiple rounds of sequencing can minimize costs, where in each round,
only one colony per unique plasmid is cultured, with subsequent rounds filtering
down the colony set to include only plasmids which are still incorrect. Plasmid prep
therefore is only performed for pellets whose cultures have been sequence-verified.
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C.3 Plasmid Sequencing

A third bottleneck in the plasmid production process is sequence verification. Typ-
ically, upon receiving DNA chromatographs from a sequencing source, the user
must use DNA sequencing software (e.g. Snapgene) to first generate a template
against which their sequencing results may be compared. This process is tedious
and time-consuming to conduct for large libraries (typically requires 4-6 hours of
labor for a 200 element library), and due to its repetitive nature, most likely will
result in occasional false positive or negative declarations. To significantly reduce
the labor needed for this process, Python scripts have been written to automate DNA
template sequence generation, import of chromatography data, and assessment of
the peptide-substituted region within any SCT-encoded DNA sequence, requiring
less than one minute to conduct all steps. These scripts require the user to provide
a reference csv file of the plasmids with peptide information, and the sequencing
abs files from commercial sources (e.g. MCLAB).

C.4 Plasmid Purification

Once the correct plasmid copies have been determined, the next step is to perform
plasmid purification. In our experience, we had found commercial 96-well DNA
purification kits to be quite variable in terms of yield and volume retention following
EB buffer addition. For steps in this workflow where final DNA yield and volume
do not matter (e.g. PCR purification of the antigen-substituted SCT template), the
use of Qiagen 96-well PCR purification plates was appropriate. However, adapta-
tion of these kits for subsequent plasmid purification generated mediocre results.
Significant variations in the expected post-purification volume, as well as large vari-
ances in measured DNA absorbance, hindered ease of plasmid normalization for
downstream transfection steps. Therefore, plasmid purificationwas performed using
traditional QiagenMiniPrep tubes, whereby single samples were individually loaded
into each tube for batch processing using a 24-sample vacuum manifold. Although
this approach was much more tedious, requiring more attention to sample labeling
and arrangement, yields were always high enough after purification (> 200 ng/µl)
to facilitate re-dilution to normalized concentration, and post-purification volumes
were also consistently at approximately 48 µl. Re-visiting this bottleneck to identify
a protocol that makes use of high-throughput plates for plasmid purification while
also enabling consistent yield retention should be a priority in future attempts to
optimize this process.
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A p p e n d i x D

HIGH-THROUGHPUT METHODS FOR SCT PROTEIN
PRODUCTION

The adaptation of conventional transfection methods for high-throughput sample
processing a necessary component in streamlining SCT library preparation. Down-
stream steps, such as sample filtration, concentration, and purification, also required
protocol changes to reduce turnaround times for practicality. In this section, I will
briefly list some of the major changes to each of these steps from traditional trans-
fection workflows. An accompanying diagram of the workflow is seen in Figure
D.1.

D.1 Transfection

• Use of 96-well plates andmulti-channel pipettes across all transfection reagent
preparation steps.

• Final mixtures of plasmid with Expi293 cells may be prepared in 24-well or
96-well plates, incubated using multi-plate shakers or single-plate shakers,
respectively.

D.2 Filtration and concentration

The filtration of supernatant collected from transfection medium is required prior
to downstream sample concentration steps. Toward this end, there are commercial
reagents available, such as 96-well plates equipped with filters, to facilitate the pro-
cess. However, our experience has shown that these plates often lead to inconsistent
volume pass-through during centrifugation, and oftentimes will causing clogging
and require pre-filter fluid transfer into another plate to ensure complete filtration
through an unclogged filter. Furthermore, at medium-scale transfection capacities
(1.25 ml transfection in a 24-well plate), commercial plates are currently equipped
to handle only 1 ml maximum, and so will require repeat use to fully filter sample.
Therefore, we had to resort to using traditional Luer-Lok syringe tips equipped with
filters in order to filter supernatant into Amicon concentration tubes. The syringe
tips, although stated to be 1 ml capacity, are capable of handling up to 1.25 ml,
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Figure D.1: SCT protein production workflow
SCT-encoded plasmid reagents (top left) are transfected into Expi293 cells in 24 or

96-well plate format. The secreted proteins are collected and individual
supernatant is filtered with the assistance of 3D-printed racks designed to hold 1

ml, filter-equipped syringes. The filtered supernatant is concentrated down to 200
µl for the SCT biotinylation reaction. Finally, the SCTs are HisTag-purified with

the assistance of a 96-sample Phynexus MEA-2 automated system..

and due to the larger design of syringe-compatible filters (versus plate filters), they
generally will not clog. One demerit of using these syringe tips is that they are
generally low throughput, allowing for only one sample to be manually processed
at a time due to syringe setup and filtration. This was overcome by designing a
3D-printed syringe rack, where the 3-component setup (as depicted in bottom left
of [FIGURE]) may be securely attached (syringe+filter attached to upper compo-
nents of the removable top piece, and Amicon concentration tube inserted into lower
rack). With the assistance of a multichannel, width-adjustable pipette (e.g. Integra
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6-channel ViaFlow), transfection supernatant may be directly pipetted from 24-well
plates into each syringe and immediately filtered into the receiving Amicon tubes.
This set-up allows for up to 36 samples to be filtered per rack, with no volume loss
to retain maximum protein yield.

D.3 Purification

Traditional approaches to purify HisTag proteins typically involve the use of an
FPLC system equipped with a nickel resin column. Such systems are usually
appropriate for collecting a large amount of a single type of protein, whereas our
workflow and objectives call for a system that enables purification of small amounts
of many different proteins. Therefore, we adopted the PhyNexus MEA 2 HisTag
purification system. SCTs that have been concentrated in Amicon tubes may be
directly transferred into 96-well plates on the MEA 2 system. Up to twelve samples
at a time may be purified at once, requiring 16-18 minutes per cycle. The purified
samplesmay be directly stored in the eluted buffer, or re-suspended into PBS/glycerol
mixtures with the use of Zeba 96-well spin desalting plates.
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A p p e n d i x E

SDS-PAGE ANALYSIS

Here I explain the design of a Python-based script to enable gel image analysis
for DNA or protein gels. It utilizes several Python packages to facilitate gel band
detection, intensity measurement, and standardization against a control lane. These
scripts were designed with the intent of streamlining protein expression yield com-
parison.

E.1 Methods

Existing software for gel analysis is either quite outdatedwith cumbersome graphical
user interfaces or is lacking in parameter flexibility to allow for broad applicability
of gel analysis. For example, ImageJ allows for the user to crop areas of interest to
identify one band per lane. However, the user is forced to use the same crop area for
each subsequent band. This design choice renders sample selection difficult when
lanes are too close together (causing crop boxes to overlap and acquire partial gel
bands from other lanes in the edge of the box) or when the protein yield in some lanes
is so high that it overstretches into the boundaries of nearby lanes. Furthermore, the
downstreamprocessing of the data after band selection is cumbersome and difficult to
reproduce, as it requires the additional steps of measuring integral of each band peak
based upon manually outlining the peak widths. In another instance, other software
for gel band detection requires the user to select a large rectangular crop area, in
which the bands of interest across all lanes are encapsulated within one selection.
This design choice is also non-ideal, as the user must either work with proteins all at
approximately the same mass (in order for a crop box to fit all of them), or the user
must select a large range of the gel image, essentially the entire area of the gel, to
accommodate multiple proteins of variable masses. Furthermore, this design choice
will lead to band detection of undesired proteins as well due to their inclusion in the
selected area, and if gel detection is based upon normalized thresholds, detection
of low-expression protein among undesired, but highly expressing proteins may be
problematic.

To address this issue, a Python script was written to facilitate capture and identifica-
tion of only desired bands from a gel. This script was designed with the purpose of
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enabling one to compare relative expression of hundreds of protein samples across
multiple gels. To achieve this goal, two important parametersmust be experimentally
satisfied before running the script.

First, it is strongly recommended to use Bio-Rad Stain-Free gels for sample loading
and image acquisition. The use of UV-sensitive, trihalo compounds to measure
protein concentration is a highly reproducible process compared to the traditional
Coommassie staining methods. The degree of Coommassie staining is typically
inconsistent across samples, where protein band intensity can significantly change
based on small variations in staining and washing times, stain concentrations, and
microwave times, requiring the user to strictly adhere to standardized timings that
are unsuitable or unwieldy when preparing many gels simultaneously. Stain-free
gels, on the other hand, are designed to allow for fast image acquisition using
Bio-Rad imaging machines immediately after electrophoresis is complete. The
imaging process is typically conducted in less than one minute, and gel activation
and exposure times are automated by the image acquisition software.

Secondly, a key step for stain-free imaging is to use a pure protein standard of known
mass and concentration as a reference point for measuring sample yields. In our
case, we use a purified single-chain trimer compound representing a peptide-MHC
complex of approximately 52 kDa. The inclusion of this sample in one lane of
every gel allows for acquired bands from other samples to be normalized against
the band intensity of this control, enabling the user to back-calculate expected
yield/concentration of each sample in their gel. When the control sample is applied
in the same manner to all subsequent gels, all samples are essentially normalized
to the same control protein, and the use of Stain-free gels essentially removes all
background noise. We have utilized this script on over 200 gels to measure protein
expression/yield of over 1,000 SCT proteins.

E.2 Results & Discussion

E.2.1 Object detection thresholds

One important consideration during design of the script was the identification of a
compatible thresholding technique for object detection. Using a sample gel with
protein bands across a range of concentrations, we focused on the quality of band
detection of the lower concentration samples by various threshold techniques. These
concentrations represent biologically reasonable levels of protein expression for
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SCTs, and therefore required careful imaging calibration for accurate measurement.
Among the threshold techniques tested, several either detected too much noise in
the background or were unable to accurately capture a region representative of
the true band size. Threshold techniques otsu, mean, and triangle were the best
candidates. The latter two appeared to overestimate the boundaries of the band
regions, especially for those which are at higher concentrations. Therefore, otsu
was selected as our thresholding technique of choice for use in the script.

E.2.2 Band intensity correlation with protein concentration

In order to demonstrate that measured band intensities correlate with the true pro-
tein concentration of each sample, A*02:01 WT1 SCTs were expressed in Expi293
cells. After four days, the supernatant, containing secreted SCTs, was collected,
re-suspended into PBS solution, and concentration was measured using a Nanodrop
instrument. Using the absorbance value, aliquots of the SCTs were diluted down
into various concentrations across a range representative of biologically-relevant
possible levels of SCT expression. This range encapsulates a 55-fold concentration
difference, from approximately 0.35 to 20 µM. A sample from each aliquot was
then run using Stain-Free gels, imaged, and protein band intensity was calculated
using our script. As seen in [FIGURE], there is a 99% correlation between nor-
malized levels of absorbance (as measured by Nanodrop) and band intensity (as
measured by script). This indicates that our script is a suitable substitute to tradi-
tional Nanodrop instruments for measurement of protein concentration. Whereas
the Nanodrop approach requires manual pipeting and measurements are performed
in lower throughput (typically single or up to eight samples), band intensitymeasure-
ment is entirely digital, simply requiring selection of bands by the user, and batch
measurements are calculated immediately. Furthermore, the Nanodrop approach
typically will be very sensitive to measurement of proteins directly from cell media
solutions such as RPMI (due to laser interference by media components), necessi-
tating tedious re-suspension and concentration of the sample into a suitable buffer
(e.g. PBS) prior to use. On the other hand, automated measurements of protein
band intensity allow for measurement directly using an aliquot of the supernatant
media, as it has no interference with image quality in SDS-PAGE. This allows for
the user to obtain an immediate concentration measurement directly from the trans-
fection culture without post-processing steps (e.g. re-suspension, concentration,
purification) that may distort the actual biological yield of the protein.
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threshold_local(block_size=21)

threshold_local(block_size=301)

threshold_mean()

threshold_niblack(k=0.05)

threshold_niblack(k=0.2)

threshold_sauvola(im_phase_sub, window_size=15, k = 0.1)

threshold_triangle(im_phase_sub, nbins=256)

A

B

Figure E.1: Band detection optimization
A. SDS-PAGE image of titrated WT1 SCT. Bands within red box (top) serve as
reference bands for subsequent intensity calculations. (Middle) Reference bands

manually cropped using script. (Bottom) Identification of band areas from
references above, using threshold_otsu method. Integers below the middle row
represent the relative calculated intensity of each identified band (bottom). B.
Band area identification results using various threshold techniques against the

reference bands in (A).
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Figure E.2: Protein band intensities are highly correlated with actual concentration
A. SDS-PAGE image of titrated WT1 SCTs, titrated across a range of

approximately 2.0 to 0 absorbance units (280 nm). B. Manually cropped areas of
each band from reference gel (top). Isolated regions of bands identified by script
(bottom). Integers below the top row represent the relative calculated intensity of
each identified band (bottom). C. Scatterplot showing correlation of A280 values

and calculated band intensity from SDS-PAGE for each reference band.
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A p p e n d i x F

PEPTIDE SOURCES FOR SCT LIBRARY OPTIMIZATION

ID pep�de protein PubMed ref ID
1 YMLDLQPET E7 (PPV-9) 29669936
2 YMLDLQPETTDL E7 (PPV-9) 27693214
3 LLMGTLGIV E7 (PPV-9) 26418056
4 TLGIVCPI E7 (PPV-9) 8617954
5 SLLQHLIGL MART 22424782
6 VLQELNVTV Myeloblas�n PMC1534319
7 SVAPALALFPA LB-ADIR-1F 17234742
8 FLKANLPLL MTG8b 11122105
9 KLSAMQAHL Foxp3 23812418

10 LQLPTLPLV Foxp3 19456276
11 VLHDDLLEA HA-1/A2 18698046
12 VFEEPEDFL Foxp3 23812418
13 AIQDLCLAV nucleophosmin 31291378
14 AIQDLCVAV nucleophosmin 31291378
15 ALYVDSLFFL PRAME PMC2195886
16 RMFPNAPYL WT1 PMC5722674
17 SLLMWITQV NY-ESO-1 PMC5941317
18 ELAGIGILTV MART-1 16860654

Table F.1: Table of peptide sources for use in initial SCT library template optimiza-
tion studies.
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Table F.2: Table of viral peptides selected for expression in A*02:01 & A*24:02
templates.

‘Yield’ column denotes the relative expression of each SCT based on ratio of
protein gel band intensity to positive control band (see Fig. S1 for example).
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A p p e n d i x G

TCR DNA FRAGMENT SEQUENCES FOR CLONING

fragment DNA

f0_crispr

TTGCTGGGCCTTTTTCCCATGCCTGCCTTTACTCTGCCAGAGTTATATTGCTGGGGTTTTGAAGAAGATCCTATTAAATAAAAG
AATAAGCAGTATTATTAAGTAGCCCTGCATTTCAGGTTTCCTTGAGTGGCAGGCCAGGCCTGGCCGTGAACGTTCACTGAAATC
ATGGCCTCTTGGCCAAGATTGATAGCTTGTGCCTGTCCCTGAGTCCCAGTCCATCACGAGCAGCTGGTTTCTAAGATGCTATTT
CCCGTATAAAGCATGAGACCGTGACTTGCCAGCCCCACAGAGCCCCGCCCTTGTCCATCACTGGCATCTGGACTCCAGCCTGGG
TTGGGGCAAAGAGGGAAATGAGATCATGTCCTAACCCTGATCCTCTTGTCCCACAGATATCCAGAACCCTGACCCTGCCTCCGG
ATCCGGAGAGGGCAGGGGATCTCTCCTTACTTGTGGCGACGTGGAGGAGAACCCCGGCCCC

f2_len�_trbc1

GTGGCTGTCTTTGAACCATCAGAAGCCGAGATCTCTCACACCCAAAAAGCCACATTGGTTTGCTTGGCCACTGGATTCTTTCCA
GATCACGTTGAGTTGAGTTGGTGGGTGAACGGGAAGGAAGTTCATTCTGGTGTCTGTACCGACCCACAACCCCTTAAAGAACAG
CCTGCTCTGAATGATAGTCGGTACTGTCTGAGCTCCAGACTTAGAGTGTCTGCTACTTTCTGGCAGAATCCCCGGAATCACTTC
CGGTGTCAAGTCCAATTCTACGGACTGTCCGAGAATGACGAGTGGACACAAGATAGAGCTAAACCTGTCACCCAAATTGTGAGC
GCCGAAGCTTGGGGAAGAGCTGATTGTGGCTTCACTAGCGTGAGTTACCAGCAAGGTGTGTTGTCCGCCACAATACTCTACGAG
ATTTTGCTCGGCAAGGCCACCTTGTATGCTGTTCTGGTTAGCGCTCTTGTGCTCATGGCTATGGTTAAGAGGAAAGACTTCGGC
TCTGGGGCTACCAATTTCAGCCTCCTCAAACAAGCTGGCGACGTTGAAGAGAATCCAGGTCCA

f2_len�_trbc2

GTGGCTGTCTTTGAACCATCAGAAGCCGAGATCTCTCACACCCAAAAAGCCACATTGGTTTGCTTGGCCACTGGATTCTACCCA
GATCACGTTGAGTTGAGTTGGTGGGTGAACGGGAAGGAAGTTCATTCTGGTGTCTGTACCGACCCACAACCCCTTAAAGAACAG
CCTGCTCTGAATGATAGTCGGTACTGTCTGAGCTCCAGACTTAGAGTGTCTGCTACTTTCTGGCAGAATCCCCGGAATCACTTC
CGGTGTCAAGTCCAATTCTACGGACTGTCCGAGAATGACGAGTGGACACAAGATAGAGCTAAACCTGTCACCCAAATTGTGAGC
GCCGAAGCTTGGGGAAGAGCTGATTGTGGCTTCACTAGCGAAAGTTACCAGCAAGGTGTGTTGTCCGCCACAATACTCTACGAG
ATTTTGCTCGGCAAGGCCACCTTGTATGCTGTTCTGGTTAGCGCTCTTGTGCTCATGGCTATGGTTAAGAGGAAAGACTCAGGC
TCTGGGGCTACCAATTTCAGCCTCCTCAAACAAGCTGGCGACGTTGAAGAGAATCCAGGTCCA

f2_crispr_trbc1

GTGGCTGTCTTTGAACCATCAGAAGCCGAGATCTCTCACACCCAAAAAGCCACATTGGTTTGCTTGGCCACTGGATTCTTTCCA
GATCACGTTGAGTTGAGTTGGTGGGTGAACGGGAAGGAAGTTCATTCTGGTGTCAGCACCGACCCACAACCCCTTAAAGAACAG
CCTGCTCTGAATGATAGTCGGTACTGTCTGAGCTCCAGACTTAGAGTGTCTGCTACTTTCTGGCAGAATCCCCGGAATCACTTC
CGGTGTCAAGTCCAATTCTACGGACTGTCCGAGAATGACGAGTGGACACAAGATAGAGCTAAACCTGTCACCCAAATTGTGAGC
GCCGAAGCTTGGGGAAGAGCTGATTGTGGCTTCACTAGCGTGAGTTACCAGCAAGGTGTGTTGTCCGCCACAATACTCTACGAG
ATTTTGCTCGGCAAGGCCACCTTGTATGCTGTTCTGGTTAGCGCTCTTGTGCTCATGGCTATGGTTAAGAGGAAAGACTTCGGC
TCTGGGGCTACCAATTTCAGCCTCCTCAAACAAGCTGGCGACGTTGAAGAGAATCCAGGTCCA

f2_crispr_trbc2

GTGGCTGTCTTTGAACCATCAGAAGCCGAGATCTCTCACACCCAAAAAGCCACATTGGTTTGCTTGGCCACTGGATTCTACCCA
GATCACGTTGAGTTGAGTTGGTGGGTGAACGGGAAGGAAGTTCATTCTGGTGTCAGCACCGACCCACAACCCCTTAAAGAACAG
CCTGCTCTGAATGATAGTCGGTACTGTCTGAGCTCCAGACTTAGAGTGTCTGCTACTTTCTGGCAGAATCCCCGGAATCACTTC
CGGTGTCAAGTCCAATTCTACGGACTGTCCGAGAATGACGAGTGGACACAAGATAGAGCTAAACCTGTCACCCAAATTGTGAGC
GCCGAAGCTTGGGGAAGAGCTGATTGTGGCTTCACTAGCGAAAGTTACCAGCAAGGTGTGTTGTCCGCCACAATACTCTACGAG
ATTTTGCTCGGCAAGGCCACCTTGTATGCTGTTCTGGTTAGCGCTCTTGTGCTCATGGCTATGGTTAAGAGGAAAGACTCAGGC
TCTGGGGCTACCAATTTCAGCCTCCTCAAACAAGCTGGCGACGTTGAAGAGAATCCAGGTCCA

f4_len�

TCCAGAACCCTGACCCTGCGGTGTACCAGCTGAGAGACTCTAAATCCAGCGATAAGAGCGTCTGCCTGTTTACAGACTTCGATT
CCCAGACCAATGTGTCCCAGTCTAAGGACTCCGATGTCTACATCACCGACAAGTGTGTGCTTGACATGAGGTCCATGGACTTCA
AGAGCAACAGCGCTGTCGCATGGTCTAATAAGTCCGACTTCGCTTGTGCCAACGCCTTCAACAATAGCATCATACCCGAGGATA
CCTTTTTCCCTTCACCCGAAAGCTCATGTGACGTCAAGCTCGTTGAGAAGAGCTTCGAGACCGACACCAATCTGAACTTCCAGA
ACCTGTCAGTGATTGGTTTCCGCATCCTGCTTCTGAAGGTCGCCGGCTTTAACTTGCTTATGACCTTGAGGCTTTGGTCAAGCT
GAGTCGACAATCAACCTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTCTTAACTATGTTGC

f4_crispr

TCCAGAACCCTGACCCTGCGGTGTACCAGCTGAGAGACTCTAAATCCAGTGACAAGTCTGTCTGCCTATTCACCGATTTTGATT
CTCAAACAAATGTGTCACAAAGTAAGGATTCTGATGTGTATATCACAGACAAAACTGTGCTAGACATGAGGTCTATGGACTTCA
AGAGCAACAGTGCTGTGGCCTGGAGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACA
CCTTCTTCCCCAGCCCAGGTAAGGGCAGCTTTGGTGCCTTCGCAGGCTGTTTCCTTGCTTCAGGAATGGCCAGGTTCTGCCCAG
AGCTCTGGTCAATGATGTCTAAAACTCCTCTGATTGGTGGTCTCGGCCTTATCCATTGCCACCAAAACCCTCTTTTTACTAAGA
AACAGTGAGCCTTG

Table G.1: TCR DNA fragment sequences
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A p p e n d i x H

HLA HAPLOTYPES OF INCOV STUDY PARTICIPANTS

SCT template assembled

SCT template not assembled

Figure H.1: Prevalence of Class I HLA haplotypes from InCOV study participants
Sorted frequencies of Class I HLA-A, HLA-B, & HLA-C haplotypes from InCOV

study participants.
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Figure H.2: Prevalence of Class II HLA haplotypes from InCOV study participants
Sorted frequencies of Class II HLA-DR, HLA-DP, & HLA-DQ haplotypes from
InCOV study participants. For HLA-DQ & HLA-DP haplotypes, due to potential

cross-pairing of α and β chains, paired frequencies were assessed instead of
individual allelic frequencies, and are reported in the tables.
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Table I.1: Top HLA-A*02:01 9-mer to 11-mer epitopes from SARS-CoV-2 spike
protein predicted by NetMHC4.0

The peptides selected for expression as SCTs are listed in this table, indexed
according to binding affinity. ‘Yield’ column denotes the calculated relative

expression of each SCT based on ratio of its protein gel band intensity to positive
control band (see Fig. S1 for example).
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ID pep�de domain span length
predicted 

nM affinity ID
1 SPRRARSVA S1/S2 680-688 9 4.2 0.25 1
2 SPRRARSVAS S1/S2 680-689 10 18.4 0.27 2
3 NSPRRARSVA S1/S2 679-688 10 20.1 0.09 3
4 MIAQYTSAL S2 869-877 9 28.9 0.36 4
5 YPDKVFRSSV NTD 38-47 10 50.2 0.60 5
6 IPTNFTISV S2 714-722 9 95.1 0.47 6
7 FPQSAPHGVV S2 1052-1061 10 99.6 0.44 7
8 LPVSMTKTSV S2 727-736 10 100 0.22 8
9 TNSPRRARSVA S1/S2 678-688 11 104.1 0.12 9

10 SPRRARSVASQ S1/S2 680-690 11 136.2 0.23 10
11 RARSVASQSI S1/S2 683-692 10 147 0.21 11
12 QPYRVVVLSF RBD 506-515 10 163.1 0.00 12
13 LPPAYTNSF NTD 24-32 9 168 0.32 13
14 FPNITNLCPF RBD 329-338 10 175.2 0.00 14
15 WPWYIWLGF TM 1212-1220 9 193.4 0.00 15
16 TPINLVRDL NTD 208-216 9 202.5 0.59 16
17 VPVAIHADQL S1 620-629 10 210.8 0.19 17
18 TPCSFGGVSV S1 588-597 10 249.9 0.35 18
19 YPDKVFRSSVL NTD 38-48 11 255.4 0.59 19
20 KPFERDISTEI RBD 462-472 11 286 0.50 20
21 RAAEIRASA CH 1014-1022 9 317.7 0.08 21
22 SIIAYTMSL S2 691-699 9 328 0.29 22
23 LPQGFSALEPL NTD 216-226 11 337.2 0.68 23
24 MIAQYTSALL S2 869-878 10 350.9 0.41 24
25 NSPRRARSVAS S1/S2 679-689 11 361.2 0.08 25
26 AIPTNFTISV S2 713-722 10 381 0.88 26
27 SEPVLKGVKL CP 1261-1270 10 388.2 0.08 27
28 APGQTGKIA RBD 411-419 9 407.8 0.38 28
29 FPQSAPHGV S2 1052-1060 9 409.9 0.45 29
30 FPQSAPHGVVF S2 1052-1062 11 413.7 0.62 30
31 ITRFQTLLAL NTD 235-244 10 444.5 0.10 31
32 VVNQNAQAL HR1 951-959 9 472.6 0.05 32
33 SLSSTASAL HR1 937-945 9 492.4 0.00 33

yield

Table I.2: Top HLA-B*07:02 9-mer to 11-mer epitopes from SARS-CoV-2 spike
protein predicted by NetMHC4.0

The peptides selected for expression as SCTs are listed in this table, indexed
according to binding affinity. ‘Yield’ column denotes the relative expression of

each SCT based on ratio of protein gel band intensity to positive control band (see
Fig. S1 for example).
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Table I.3: Top HLA-A*24:02 9-mer to 11-mer epitopes from SARS-CoV-2 spike
protein predicted by NetMHC4.0

The peptides selected for expression as SCTs are listed in this table, indexed
according to binding affinity. ‘Yield’ column denotes the relative expression of

each SCT based on ratio of protein gel band intensity to positive control band (see
Fig. S1 for example).
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Figure I.1: Expression of SCTs for B*07:02&A*24:02 SARS-CoV-2 spike protein
epitopes
Schematic of the spike protein domains. S, signal sequence; NTD, N-terminal

domain; RBD, receptor binding domain; FP, fusion peptide; HR1, heptad repeat 1;
CH, central helix; CD, connector domain; HR2, 5 heptad repeat 2; TM,

transmembrane domain; CT, cytoplasmic tail; subunits denoted by S1 and S2.
Shaded boxes denote relative peptide position and expression yields of SCT

proteins (top: B*07:02; bottom: A*24:02).
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Table I.4: Top HLA-A*02:01 9-mer to 11-mer epitopes from SARS-CoV-2 Nsp3
predicted by NetMHC4.0

The peptides selected for expression as SCTs are listed in this table, indexed
according to binding affinity. ‘Yield’ column denotes the calculated relative

expression of each SCT based on ratio of its protein gel band intensity to positive
control band (see Fig. S1 for example).
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CATEDNAGNMLTF_CASSLGEPQHF (071)

CAVSDDKLIF_CASGQGGGTEAFF (082)

CAVQAAREYNFNKFYF_CASSQEGDRVTEAFF (083)

CLVDNNAGNMLTF_CASSLRSYEQYF (046)

CAAQSNMEYGNKLVF_CASSSPDRGGTNEKLFF (084)

CAVNADRDDKIIF_CASSLGTSGGAPETQYF (085)

CAGHPKTSYDKVIF_CSARDPGLEQNIQYF (086)

CALKTIKAAGNKLTF_CASSSLDGRLGYTF (048)

CVVRDGGYNKLIF_CATFTGNTEAFF (042)

CAASDDNYGQNFVF_CASSPDDRESSYNEQFF (087)

CAVLNYGGSQGNLIF_CASIRLAGSPYEQYF

CAGNYGQNFVF_CASSSGLAGRWATQYF

CAASAGSGTYKYIF_CATEAFF (089)

CAVSSGGYQKVTF_CASSPDGGNTEAFF (090)

CAFSQGGSEKLVF_CASSLVLNYEQYF (091)

CAPDSNYQLIW_CASSLRSGGEETQYF

CAGLNQGAQKLVF_CASSPDDRESSYNEQFF (092)

CAFMEVEGVMNRDDKIIF_CASSLEGWDLPLHF (093)

CAGPIGTSYDKVIF_CASSSAHYGYTF (094)

CAFMKLWTGNQFYF_CASSLETEKSYEQYF (095)

CD
R3

α_
CD

R3
β 

(T
CR

 ID
)

0 200 400 600 800 1000 1200 1400
Count

Figure J.1: Enumeration of expanded antigen-specific T cell populations from
COVID-19 participants via 10X single-cell sequencing, filtered for heteregeneously
binding cells
Frequencies of antigen-specific T cell populations among the top 20 most common
detected clonotypes, identified by multiplexed dextramer sorting from expanded T
cells for COVID-19 participants. “Dextramer” refers to the ID of the dextramer
used in the legend of Fig. 3.8B. Compare results with homogeneously binding

cells (Fig. 3.8A).
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CLONED SARS-COV-2-SPECIFIC TCR SEQUENCES

TCR_ID pep�de HLA protein TRAV CDR3a TRAJ TRBV CDR3b TRBJ TRBC sample status expansion
001 LLFNKVTLA A*02:01 S 9-2 CALNDYKLSF 20 28 CASSLTGGGYEQYF 2-7 2 GB18622 healthy pep s�m
002 RLITGRLQSL A*02:01 S 39 CAVDANNDMRF 43 12-4 CASSPSYNEQFF 2-1 2 GB18622 healthy pep s�m
009 GYLQPRTFLL A*24:02 S 24 CAPGSAGNMLTF 39 7-6 CASYGGGLNTEAFF 1-1 1 InCoV_003 T3 tet pool
010 GYLQPRTFLL A*24:02 S 24 CAPGSAGNMLTF 39 29-1 CSVEVGEGYEQYF 2-7 2 InCoV_003 T3 tet pool
011 GYLQPRTFLL A*24:02 S 19 CALSDNDYKLSF 20 7-6 CASYGGGLNTEAFF 1-1 1 InCoV_003 T3 tet pool
012 GYLQPRTFLL A*24:02 S 19 CALSDNDYKLSF 20 29-1 CSVEVGEGYEQYF 2-7 2 InCoV_003 T3 tet pool
013 VYSSANNCTFE A*24:02 S 12-1 CVVHSHGSSNTGKLIF 37 14 CASSQQTGRIQYF 2-4 2 InCoV_009 T3 tet pool
014 KYEQYIKWPW A*24:02 S 24 CARNSGGYQKVTF 13 5-6 CASSLMVNEQYF 2-7 2 InCoV_009 T3 tet pool
015 QYIKWPWYI A*24:02 S 8-2 CVVSLNYQLIW 33 27 CASSQNGETQYF 2-5 2 InCoV_009 T3 tet pool
016 FAMQMAYRF A*24:02 S 38-2/DV8 CAYRRLEYGNKLVF 47 12-3 CASSFPGEGNIQYF 2-4 2 InCoV_001 T3 tet pool
017 FAMQMAYRF A*24:02 S 38-2/DV8 CAYRRLEYGNKLVF 47 5-6 CASSLALAGIWSNQPQHF 1-5 1 InCoV_001 T3 tet pool
018 FAMQMAYRF A*24:02 S 38-2/DV8 CAYRRLEYGNKLVF 47 5-6 CASSLAWYREGESVSYTF 1-2 1 InCoV_001 T3 tet pool
019 FAMQMAYRF A*24:02 S 4 CLVGETGANNLFF 36 12-3 CASSFPGEGNIQYF 2-4 2 InCoV_001 T3 tet pool
020 FAMQMAYRF A*24:02 S 4 CLVGETGANNLFF 36 5-6 CASSLALAGIWSNQPQHF 1-5 1 InCoV_001 T3 tet pool
021 FAMQMAYRF A*24:02 S 4 CLVGETGANNLFF 36 5-6 CASSLAWYREGESVSYTF 1-2 1 InCoV_001 T3 tet pool
022 YYVGYLQPRTF A*24:02 S 8-4 CAVVPRSDYKLSF 20 20-1 CSARGPTSGREEQYF 2-7 2 InCoV_001 T3 tet pool
023 YYVGYLQPRTF A*24:02 S 8-4 CAVVPRSDYKLSF 20 19 CASSTHTDNYGYTF 1-2 1 InCoV_001 T3 tet pool
024 YYVGYLQPRTF A*24:02 S 3 CAVRDSYYGNNRLAF 7 20-1 CSARGPTSGREEQYF 2-7 2 InCoV_001 T3 tet pool
025 YYVGYLQPRTF A*24:02 S 3 CAVRDSYYGNNRLAF 7 19 CASSTHTDNYGYTF 1-2 1 InCoV_001 T3 tet pool
026 KYEQYIKWPW A*24:02 S 27 CAGDPSWGKFQF 24 6-1 CASSEAGPAWAFF 1-1 1 InCoV_001 T3 tet pool
027 KYEQYIKWPW A*24:02 S 27 CAGDPSWGKFQF 24 25-1 CASSEGQGYEQYF 2-7 2 InCoV_001 T3 tet pool
028 KYEQYIKWPW A*24:02 S 1-2 CAVKDSNYQLIW 33 5-1 CASSFGSSYEQYF 2-7 2 InCoV_001 T3 tet pool
029 KYEQYIKWPW A*24:02 S 8-6 CAVSDEARLMF 31 5-1 CASSFGSSYEQYF 2-7 2 InCoV_001 T3 tet pool
030 NYNYLYRLFR A*24:02 S 1-2 CAVMDSNYQLIW 33 9 CASSVGDSLNYGYTF 1-2 1 InCoV_001 T3 tet pool
031 NYNYLYRLFR A*24:02 S 1-2 CAPMDSNYQLIW 33 9 CASSVGDSLNYGYTF 1-2 1 InCoV_001 T3 tet pool
032 YPDKVFRSSV B*07:02 S 27 CAGGYNNNDMRF 43 9 CASSVGGGGSTDTQYF 2-3 2 InCoV_006 T3 tet pool
033 RLITGRLQSL A*02:01 S 13-1 CAASPNNNDMRF 43 3-1 CASSQEQEPHQETQYF 2-5 2 InCoV_002 T3 tet pool
034 RLITGRLQSL A*02:01 S 10 CVVSPINYGQNFVF 26 3-1 CASSQEQEPHQETQYF 2-5 2 InCoV_002 T3 tet pool
035 RLITGRLQSL A*02:01 S 17 CATDLKTSYDKVIF 50 3-1 CASSQEQEPHQETQYF 2-5 2 InCoV_002 T3 tet pool
036 RLITGRLQSL A*02:01 S 12-2 CAGRPYDKIIF 30 3-1 CASSQEQEPHQETQYF 2-5 2 InCoV_002 T3 tet pool
037 RLITGRLQSL A*02:01 S 13-1 CAASPNNNDMRF 43 20-1 CSARSPGELNIQYF 2-4 2 InCoV_002 T3 tet pool
038 RLITGRLQSL A*02:01 S 10 CVVSPINYGQNFVF 26 20-1 CSARSPGELNIQYF 2-4 2 InCoV_002 T3 tet pool
039 RLITGRLQSL A*02:01 S 17 CATDLKTSYDKVIF 50 20-1 CSARSPGELNIQYF 2-4 2 InCoV_002 T3 tet pool
040 RLITGRLQSL A*02:01 S 12-2 CAGRPYDKIIF 30 20-1 CSARSPGELNIQYF 2-4 2 InCoV_002 T3 tet pool
041 MLAKALRKV A*02:01 P 14/DV4 CAMRDEDSNYQLIW 33 10-3 CAISESQSGGASETQYF 2-5 2 InCoV_002 T3 tet pool
042 RARSVASQSI B*07:02 S 8-2 CVVRDGGYNKLIF 4 10-3 CATFTGNTEAFF 1-1 1 InCoV_006 T3 tet pool
043 RARSVASQSI B*07:02 S 4 CLVDNNAGNMLTF 39 10-3 CATFTGNTEAFF 1-1 1 InCoV_006 T3 tet pool
044 RARSVASQSI B*07:02 S 9-2 CALGWRSGTDKLIF 34 10-3 CATFTGNTEAFF 1-1 1 InCoV_006 T3 tet pool
045 RARSVASQSI B*07:02 S 8-2 CVVRDGGYNKLIF 4 7-9 CASSLRSYEQYF 2-7 2 InCoV_006 T3 tet pool
046 RARSVASQSI B*07:02 S 4 CLVDNNAGNMLTF 39 7-9 CASSLRSYEQYF 2-7 2 InCoV_006 T3 tet pool
047 RARSVASQSI B*07:02 S 9-2 CALGWRSGTDKLIF 34 7-9 CASSLRSYEQYF 2-7 2 InCoV_006 T3 tet pool
048 LPPAYTNSF B*07:02 S 16 CALKTIKAAGNKLTF 17 5-5 CASSSLDGRLGYTF 1-2 1 InCoV_006 T3 tet pool
049 LPPAYTNSF B*07:02 S 8-4 CAVLNYGGSQGNLIF 42 5-5 CASSSLDGRLGYTF 1-2 1 InCoV_006 T3 tet pool

Table K.1: SARS-CoV-2-specific TCRs for cloning
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TCR_ID pep�de HLA protein TRAV CDR3a TRAJ TRBV CDR3b TRBJ TRBC sample status expansion
050 LPPAYTNSF B*07:02 S 16 CALKTIKAAGNKLTF 17 12-3 CASSKKGLSNEQFF 2-1 2 InCoV_006 T3 tet pool
051 LPPAYTNSF B*07:02 S 8-4 CAVLNYGGSQGNLIF 42 12-3 CASSKKGLSNEQFF 2-1 2 InCoV_006 T3 tet pool
052 FPQSAPHGV B*07:02 S 27 CAGGYNNNDMRF 43 10-3 CATFTGNTEAFF 1-1 1 InCoV_006 T3 tet pool
054 FPQSAPHGV B*07:02 S 27 CAGGYNNNDMRF 43 7-6 CASSLAFVSTGLASGANVLTF 2-6 2 InCoV_006 T3 tet pool
055 FPQSAPHGV B*07:02 S 4 CLVDNNAGNMLTF 39 7-6 CASSLAFVSTGLASGANVLTF 2-6 2 InCoV_006 T3 tet pool
056 FPQSAPHGV B*07:02 S 27 CAGGYNNNDMRF 43 7-9 CASSLRSYEQYF 2-7 2 InCoV_006 T3 tet pool
058 FPQSAPHGV B*07:02 S 27 CAGGYNNNDMRF 43 7-9 CASSLETEKSYEQYF 2-7 2 InCoV_006 T3 tet pool
059 FPQSAPHGV B*07:02 S 4 CLVDNNAGNMLTF 39 7-9 CASSLETEKSYEQYF 2-7 2 InCoV_006 T3 tet pool
060 KQIYKTPPI A*02:01 S 4 CLVPSEQAGTALIF 15 20-1 CSASSTHSNQPQHF 1-5 1 InCoV_002 T3 tet pool
061 KQIYKTPPI A*02:01 S 1-2 CAVRDGDSNYQLIW 33 20-1 CSASSTHSNQPQHF 1-5 1 InCoV_002 T3 tet pool
062 KQIYKTPPI A*02:01 S 24 CALDGAGSYQLTF 28 20-1 CSASSTHSNQPQHF 1-5 1 InCoV_002 T3 tet pool
063 YLQPRTFLLK A*02:01 S 12-3 CAIHNTDKLIF 34 20-1 CSARSPGELNIQYF 2-4 2 InCoV_002 T3 tet pool
064 YLQPRTFLLK A*02:01 S 3 CAVRRYGANNLFF 36 20-1 CSARSPGELNIQYF 2-4 2 InCoV_002 T3 tet pool
065 YLQPRTFLLK A*02:01 S 12-3 CAIHNTDKLIF 34 4-2 CASSPEEGAGELFF 2-2 2 InCoV_002 T3 tet pool
066 YLQPRTFLLK A*02:01 S 3 CAVRRYGANNLFF 36 4-2 CASSPEEGAGELFF 2-2 2 InCoV_002 T3 tet pool
067 LPPAYTNSF B*07:02 S 9-2 CALTPYSSASKIIF 3 2 CASTGREQFF 2-1 2 InCoV_022 T3 tet pool
068 LPPAYTNSF B*07:02 S 8-4 CAVSVAPVNTGFQKLVF 8 2 CASTGREQFF 2-1 2 InCoV_022 T3 tet pool
069 LPPAYTNSF B*07:02 S 9-2 CALTPYSSASKIIF 3 3-1 CASSKRGGGSSYNEQFF 2-1 2 InCoV_022 T3 tet pool
070 LPPAYTNSF B*07:02 S 8-4 CAVSVAPVNTGFQKLVF 8 3-1 CASSKRGGGSSYNEQFF 2-1 2 InCoV_022 T3 tet pool
071 RLITGRLQSL A*02:01 S 17 CATEDNAGNMLTF 39 6-6 CASSLGEPQHF 1-5 1 InCoV_047 T3 tet pool
073 YLQPRTFLLK A*02:01 S 17 CATDRNTNAGKSTF 27 12-3 CASSLVQYNEQFF 2-1 2 InCoV_005 T3 tet pool
074 YLQPRTFLLK A*02:01 S 1-2 CAVDKDSNYQLIW 33 12-3 CASSLVQYNEQFF 2-1 2 InCoV_005 T3 tet pool
075 YLQPRTFLLK A*02:01 S 17 CATDRNTNAGKSTF 27 7-8 CASSLDIPSYNEQFF 2-1 2 InCoV_005 T3 tet pool
076 YLQPRTFLLK A*02:01 S 1-2 CAVDKDSNYQLIW 33 7-8 CASSLDIPSYNEQFF 2-1 2 InCoV_005 T3 tet pool
077 YLQPRTFLLK A*02:01 S 24 CACPPGDYKLSF 20 7-8 CASSLDIPSYNEQFF 2-1 2 InCoV_005 T3 tet pool
078 RLITGRLQSL A*02:01 S 19 CALSEGYNFNKFYF 21 20-1 CSARDPGLEQNIQYF 2-4 2 InCoV_005 T3 tet pool
079 RLITGRLQSL A*02:01 S 19 CALSEGYNFNKFYF 21 20-1 CSGEGGDTEAFF 1-1 1 InCoV_005 T3 tet pool
080 MLAKALRKV A*02:01 P 16 CAPDSNYQLIW 33 13 CASSLRSGGEETQYF 2-5 2 InCoV_005 T3 tet pool
081 MLAKALRKV A*02:01 P 1-2 CAVRDYSGAGSYQLTF 28 13 CASSLRSGGEETQYF 2-5 2 InCoV_005 T3 tet pool
082 LLFNKVTLA A*02:01 S 12-2 CAVSDDKLIF 34 4-1 CASGQGGGTEAFF 1-1 1 GB17457 healthy pep s�m
083 RLITGRLQSL A*02:01 S 20 CAVQAAREYNFNKFYF 21 3-1 CASSQEGDRVTEAFF 1-1 1 GB18622 healthy pep s�m
084 RLITGRLQSL A*02:01 S 22 CAAQSNMEYGNKLVF 47 5-4 CASSSPDRGGTNEKLFF 1-4 1 GB17457 healthy pep s�m
085 MLAKALRKV A*02:01 P 8-1 CAVNADRDDKIIF 30 11-2 CASSLGTSGGAPETQYF 2-5 2 InCoV_047 T3 tet pool
086 RLITGRLQSL A*02:01 S 25 CAGHPKTSYDKVIF 50 20-1 CSARDPGLEQNIQYF 2-4 2 InCoV_005 T3 tet pool
087 MLAKALRKV A*02:01 P 29/DV5 CAASDDNYGQNFVF 26 7-9 CASSPDDRESSYNEQFF 2-1 2 InCoV_002 T3 tet pool
088 MLAKALRKV A*02:01 P 36/DV7 CAGNYGQNFVF 26 27 CASSSGLAGRWATQYF 2-3 2 InCoV_002 T3 tet pool
089 MLAKALRKV A*02:01 P 29/DV5 CAASAGSGTYKYIF 40 12-4 CATEAFF 1-1 1 InCoV_002 T3 tet pool
090 MLAKALRKV A*02:01 P 12-2 CAVSSGGYQKVTF 13 18 CASSPDGGNTEAFF 1-1 1 InCoV_002 T3 tet pool
091 MLAKALRKV A*02:01 P 38-1 CAFSQGGSEKLVF 57 7-9 CASSLVLNYEQYF 2-7 2 InCoV_002 T3 tet pool
092 MLAKALRKV A*02:01 P 35 CAGLNQGAQKLVF 54 7-9 CASSPDDRESSYNEQFF 2-1 2 InCoV_002 T3 tet pool
093 MLAKALRKV A*02:01 P 38-1 CAFMEVEGVMNRDDKIIF 30 11-2 CASSLEGWDLPLHF 1-6 1 InCoV_002 T3 tet pool
094 MLAKALRKV A*02:01 P 35 CAGPIGTSYDKVIF 50 12-4 CASSSAHYGYTF 1-2 1 InCoV_002 T3 tet pool
095 SPRRARSVA B*07:02 S 38-1 CAFMKLWTGNQFYF 49 7-9 CASSLETEKSYEQYF 2-7 2 InCoV_006 T3 tet pool

Table K.2: SARS-CoV-2-specific TCRs for cloning (continued)
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SCT EXPRESSION OF SARS-COV-2 PROTEOME EPITOPES
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Table L.1: Top HLA-A*02:01 9-mer or 10-mer epitopes from SARS-CoV-2 pro-
teome predicted by NetMHC4.0 (#1-240)
Peptides selected for SCT expression are indexed according to relative proteomic
position. Epitopes from accessory proteins are listed at the end of table. ‘Yield’
column denotes the relative expression of each SCT based on ratio of protein gel

band intensity to positive control band (see Appendix E for example).
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Table L.2: Top HLA-A*02:01 9-mer or 10-mer epitopes from SARS-CoV-2 pro-
teome predicted by NetMHC4.0 (#241-480)
Peptides selected for SCT expression are indexed according to relative proteomic
position. Epitopes from accessory proteins are listed at the end of table. ‘Yield’
column denotes the relative expression of each SCT based on ratio of protein gel

band intensity to positive control band (see Appendix E for example).
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Table L.3: Top HLA-A*02:01 9-mer or 10-mer epitopes from SARS-CoV-2 pro-
teome predicted by NetMHC4.0 (#481-720)
Peptides selected for SCT expression are indexed according to relative proteomic
position. Epitopes from accessory proteins are listed at the end of table. ‘Yield’
column denotes the relative expression of each SCT based on ratio of protein gel

band intensity to positive control band (see Appendix E for example.
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Table L.4: Top HLA-A*02:01 9-mer or 10-mer epitopes from SARS-CoV-2 pro-
teome predicted by NetMHC4.0 (#721-951)
Peptides selected for SCT expression are indexed according to relative proteomic
position. Epitopes from accessory proteins are listed at the end of table. ‘Yield’
column denotes the relative expression of each SCT based on ratio of protein gel

band intensity to positive control band (see Appendix E for example).
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Table M.1: Top 9-mer to 11-mer epitopes from KRAS G12X hotspot mutations
predicted by NetMHCpan 4.1 against various HLA alleles (SCT ID #001-144).

‘SCT ID’ corresponds to numbered lanes of Figures 4.16 & 4.17. ‘EL_rank’
denotes the predicted percentile output for binding score compared to a set of

random natural peptides. ‘Yield’ column denotes the relative expression of each
SCT based on ratio of protein gel band intensity to positive control band (see

Appendix E for example).
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Table M.2: Top 9-mer to 11-mer epitopes from KRAS G12X hotspot mutations
predicted by NetMHCpan 4.1 against various HLA alleles (SCT ID #145-288).

‘SCT ID’ corresponds to numbered lanes of Figures 4.16 & 4.17. ‘EL_rank’
denotes the predicted percentile output for binding score compared to a set of

random natural peptides. ‘Yield’ column denotes the relative expression of each
SCT based on ratio of protein gel band intensity to positive control band (see

Appendix E for example).
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Table M.3: Top 9-mer to 11-mer epitopes from KRAS G12X hotspot mutations
predicted by NetMHCpan 4.1 against various HLA alleles (SCT ID #289-350).

‘SCT ID’ corresponds to numbered lanes of Figures 4.16 & 4.17. ‘EL_rank’
denotes the predicted percentile output for binding score compared to a set of

random natural peptides. ‘Yield’ column denotes the relative expression of each
SCT based on ratio of protein gel band intensity to positive control band (see

Appendix E for example).



257

A p p e n d i x N

A*02:01 SCT EXPRESSION OF P53 HOTSPOT MUTATION
EPITOPES



258

ID
m

ut
a�

on
pe

p�
de

le
n

nM
00

1
R1

75
H

R
H
C
P
H
H
E
R
C

9
41

55
1.

3
0.

16
00

2
R1

75
H

V
R
H
C
P
H
H
E
R

9
41

75
1.

4
0.

11
00

3
R1

75
H

V
V
R
H
C
P
H
H
E

9
35

76
9.

9
0.

11
00

4
R1

75
H

E
V
V
R
H
C
P
H
H

9
40

64
0.

3
0.

11
00

5
R1

75
H

T
E
V
V
R
H
C
P
H

9
39

58
9.

1
0.

12
00

6
R1

75
H

M
T
E
V
V
R
H
C
P

9
32

07
2.

6
0.

14
00

7
R1

75
H

H
M
T
E
V
V
R
H
C

9
78

26
.1

0.
34

00
8

Y2
20

C
P
C
E
P
P
E
V
G
S

9
42

35
6.

1
0.

18
00

9
Y2

20
C

V
P
C
E
P
P
E
V
G

9
38

21
3.

7
0.

10
01

0
Y2

20
C

V
V
P
C
E
P
P
E
V

9
68

1
0.

15
01

1
Y2

20
C

V
V
V
P
C
E
P
P
E

9
31

85
7.

1
0.

10
01

2
Y2

20
C

S
V
V
V
P
C
E
P
P

9
25

05
7.

7
0.

00
01

3
Y2

20
C

H
S
V
V
V
P
C
E
P

9
29

58
8.

1
0.

11
01

4
Y2

20
C

R
H
S
V
V
V
P
C
E

9
34

73
5.

6
0.

0 0
01

5
G2

45
S

G
S
M
N
R
R
P
I
L

9
21

58
8.

2
0.

15
01

6
G2

45
S

M
G
S
M
N
R
R
P
I

9
32

04
8.

6
0.

00
01

7
G2

45
S

C
M
G
S
M
N
R
R
P

9
32

15
8.

7
0.

00
01

8
G2

45
S

S
C
M
G
S
M
N
R
R

9
34

53
1.

7
0.

00
01

9
G2

45
S

S
S
C
M
G
S
M
N
R

9
33

95
8.

2
0.

00
02

0
G2

45
S

N
S
S
C
M
G
S
M
N

9
40

72
4.

3
0.

00
02

1
G2

45
S

C
N
S
S
C
M
G
S
M

9
29

76
7

0.
00

02
2

G2
45

D
G
D
M
N
R
R
P
I
L

9
36

30
1.

3
0.

12
02

3
G2

45
D

M
G
D
M
N
R
R
P
I

9
29

63
3.

6
0.

00
02

4
G2

45
D

C
M
G
D
M
N
R
R
P

9
30

39
5.

7
0.

00
02

5
G2

45
D

S
C
M
G
D
M
N
R
R

9
36

01
7.

3
0.

00
02

6
G2

45
D

S
S
C
M
G
D
M
N
R

9
35

08
1.

2
0.

00
02

7
G2

45
D

N
S
S
C
M
G
D
M
N

9
40

49
1.

9
0.

00
02

8
G2

45
D

C
N
S
S
C
M
G
D
M

9
31

99
4.

6
0.

00
02

9
R2

48
Q

N
Q
R
P
I
L
T
I
I

9
12

81
3.

2
0.

14
03

0
R2

48
Q

M
N
Q
R
P
I
L
T
I

9
19

71
9.

3
0.

16
03

1
R2

48
Q

G
M
N
Q
R
P
I
L
T

9
47

75
0.

00
03

2
R2

48
Q

G
G
M
N
Q
R
P
I
L

9
33

91
1.

5
0.

10
03

3
R2

48
Q

M
G
G
M
N
Q
R
P
I

9
29

72
7

0.
12

03
4

R2
48

Q
C
M
G
G
M
N
Q
R
P

9
27

00
1.

7
0.

11
03

5
R2

48
Q

S
C
M
G
G
M
N
Q
R

9
34

32
3.

1
0.

11
03

6
R2

48
W

N
W
R
P
I
L
T
I
I

9
21

65
8.

4
0.

20
03

7
R2

48
W

M
N
W
R
P
I
L
T
I

9
75

04
0.

15
03

8
R2

48
W

G
M
N
W
R
P
I
L
T

9
19

68
0.

13
03

9
R2

48
W

G
G
M
N
W
R
P
I
L

9
22

08
4.

4
0.

15
04

0
R2

48
W

M
G
G
M
N
W
R
P
I

9
20

22
8.

2
0.

08
04

1
R2

48
W

C
M
G
G
M
N
W
R
P

9
13

63
9.

8
0.

09
04

2
R2

48
W

S
C
M
G
G
M
N
W
R

9
30

36
7.

1
0.

12
04

3
R2

49
S

R
S
P
I
L
T
I
I
T

9
20

99
2.

6
0.

12
04

4
R2

49
S

N
R
S
P
I
L
T
I
I

9
23

76
2

0.
10

04
5

R2
49

S
M
N
R
S
P
I
L
T
I

9
20

55
5.

8
0.

12
04

6
R2

49
S

G
M
N
R
S
P
I
L
T

9
44

59
.4

0.
14

04
7

R2
49

S
G
G
M
N
R
S
P
I
L

9
23

56
9.

4
0.

14
04

8
R2

49
S

M
G
G
M
N
R
S
P
I

9
30

68
2.

5
0.

12yi
el

d
ID

m
ut

a�
on

pe
p�

de
le

n
nM

04
9

R2
49

S
C
M
G
G
M
N
R
S
P

9
28

49
1.

6
0.

00
05

0
R2

73
C

V
C
V
C
A
C
P
G
R

9
31

77
0.

4
0.

11
05

1
R2

73
C

E
V
C
V
C
A
C
P
G

9
26

13
4.

3
0.

00
05

2
R2

73
C

F
E
V
C
V
C
A
C
P

9
16

59
8.

4
0.

00
05

3
R2

73
C

S
F
E
V
C
V
C
A
C

9
16

41
0

0.
00

05
4

R2
73

C
N
S
F
E
V
C
V
C
A

9
33

33
.3

0.
00

05
5

R2
73

C
R
N
S
F
E
V
C
V
C

9
31

99
3.

2
0.

00
05

6
R2

73
C

G
R
N
S
F
E
V
C
V

9
21

37
9.

3
0.

13
05

7
R2

73
H

V
H
V
C
A
C
P
G
R

9
36

00
0.

6
0.

12
05

8
R2

73
H

E
V
H
V
C
A
C
P
G

9
27

33
5.

1
0.

04
05

9
R2

73
H

F
E
V
H
V
C
A
C
P

9
21

88
2.

9
0.

14
06

0
R2

73
H

S
F
E
V
H
V
C
A
C

9
23

74
0.

7
0.

00
06

1
R2

73
H

N
S
F
E
V
H
V
C
A

9
75

18
0.

16
06

2
R2

73
H

R
N
S
F
E
V
H
V
C

9
35

24
5.

9
0.

12
06

3
R2

73
H

G
R
N
S
F
E
V
H
V

9
20

04
3.

7
0.

13
06

4
R2

82
W

D
W
R
T
E
E
E
N
L

9
39

86
1.

2
0.

00
06

5
R2

82
W

R
D
W
R
T
E
E
E
N

9
41

57
6.

5
0.

11
06

6
R2

82
W

G
R
D
W
R
T
E
E
E

9
41

73
5.

1
0.

13
06

7
R2

82
W

P
G
R
D
W
R
T
E
E

9
43

88
5.

8
0.

13
06

8
R2

82
W

C
P
G
R
D
W
R
T
E

9
41

21
3.

3
0.

13
06

9
R2

82
W

A
C
P
G
R
D
W
R
T

9
32

10
1.

7
0.

14
07

0
R2

82
W

C
A
C
P
G
R
D
W
R

9
38

92
6.

5
0.

11
07

1
R1

75
H

R
H
C
P
H
H
E
R
C
S

10
45

10
8.

1
0.

11
07

2
R1

75
H

V
R
H
C
P
H
H
E
R
C

10
43

07
4.

8
0.

12
07

3
R1

75
H

V
V
R
H
C
P
H
H
E
R

10
38

29
6.

5
0.

10
07

4
R1

75
H

E
V
V
R
H
C
P
H
H
E

10
39

95
9.

2
0.

10
07

5
R1

75
H

T
E
V
V
R
H
C
P
H
H

10
40

15
7.

7
0.

10
07

6
R1

75
H

M
T
E
V
V
R
H
C
P
H

10
32

60
5.

4
0.

13
07

7
R1

75
H

H
M
T
E
V
V
R
H
C
P

10
16

85
2.

8
0.

18
07

8
R1

75
H

Q
H
M
T
E
V
V
R
H
C

10
15

55
8.

1
0.

12
07

9
Y2

20
C

P
C
E
P
P
E
V
G
S
D

10
43

91
0

0.
38

08
0

Y2
20

C
V
P
C
E
P
P
E
V
G
S

10
39

63
5.

8
0.

11
08

1
Y2

20
C

V
V
P
C
E
P
P
E
V
G

10
12

86
1.

8
0.

19
08

2
Y2

20
C

V
V
V
P
C
E
P
P
E
V

10
15

10
.9

0.
29

08
3

Y2
20

C
S
V
V
V
P
C
E
P
P
E

10
32

75
3.

6
0.

12
08

4
Y2

20
C

H
S
V
V
V
P
C
E
P
P

10
26

84
4.

7
0.

12
08

5
Y2

20
C

R
H
S
V
V
V
P
C
E
P

10
32

86
6.

1
0.

11
08

6
Y2

20
C

F
R
H
S
V
V
V
P
C
E

10
22

98
2.

4
0.

10
08

7
G2

45
S

G
S
M
N
R
R
P
I
L
T

10
15

77
9.

7
0.

32
08

8
G2

45
S

M
G
S
M
N
R
R
P
I
L

10
23

16
6.

2
0.

11
08

9
G2

45
S

C
M
G
S
M
N
R
R
P
I

10
91

00
.3

0.
11

09
0

G2
45

S
S
C
M
G
S
M
N
R
R
P

10
36

88
1.

3
0.

00
09

1
G2

45
S

S
S
C
M
G
S
M
N
R
R

10
36

48
2.

1
0.

11
09

2
G2

45
S

N
S
S
C
M
G
S
M
N
R

10
37

70
5.

7
0.

10
09

3
G2

45
S

C
N
S
S
C
M
G
S
M
N

10
37

58
2.

3
0.

10
09

4
G2

45
S

M
C
N
S
S
C
M
G
S
M

10
16

48
0.

8
0.

12
09

5
G2

45
D

G
D
M
N
R
R
P
I
L
T

10
18

12
9.

1
0.

12
09

6
G2

45
D

M
G
D
M
N
R
R
P
I
L

10
31

93
8.

2
0.

13yi
el

d
ID

m
ut

a�
on

pe
p�

de
le

n
nM

09
7

G2
45

D
C
M
G
D
M
N
R
R
P
I

10
57

04
.2

0.
11

09
8

G2
45

D
S
C
M
G
D
M
N
R
R
P

10
35

29
5.

5
0.

11
09

9
G2

45
D

S
S
C
M
G
D
M
N
R
R

10
36

90
4.

1
0.

12
10

0
G2

45
D

N
S
S
C
M
G
D
M
N
R

10
37

83
1.

5
0.

10
10

1
G2

45
D

C
N
S
S
C
M
G
D
M
N

10
38

62
4.

8
0.

10
10

2
G2

45
D

M
C
N
S
S
C
M
G
D
M

10
18

95
6.

7
0.

11
10

3
R2

48
Q

N
Q
R
P
I
L
T
I
I
T

10
22

52
3.

6
0.

09
10

4
R2

48
Q

M
N
Q
R
P
I
L
T
I
I

10
10

88
3.

1
0.

11
10

5
R2

48
Q

G
M
N
Q
R
P
I
L
T
I

10
13

24
.5

0.
11

10
6

R2
48

Q
G
G
M
N
Q
R
P
I
L
T

10
14

06
8.

6
0.

11
10

7
R2

48
Q

M
G
G
M
N
Q
R
P
I
L

10
32

92
5.

2
0.

09
10

8
R2

48
Q

C
M
G
G
M
N
Q
R
P
I

10
32

76
.9

0.
11

10
9

R2
48

Q
S
C
M
G
G
M
N
Q
R
P

10
32

45
7.

6
0.

09
11

0
R2

48
Q

S
S
C
M
G
G
M
N
Q
R

10
36

71
7.

3
0.

11
11

1
R2

48
W

N
W
R
P
I
L
T
I
I
T

10
27

55
0.

7
0.

12
11

2
R2

48
W

M
N
W
R
P
I
L
T
I
I

10
91

32
.1

0.
10

11
3

R2
48

W
G
M
N
W
R
P
I
L
T
I

10
18

1
0.

12
11

4
R2

48
W

G
G
M
N
W
R
P
I
L
T

10
86

16
.8

0.
13

11
5

R2
48

W
M
G
G
M
N
W
R
P
I
L

10
22

22
4.

6
0.

10
11

6
R2

48
W

C
M
G
G
M
N
W
R
P
I

10
17

8.
5

0.
13

11
7

R2
48

W
S
C
M
G
G
M
N
W
R
P

10
19

47
5

0.
09

11
8

R2
48

W
S
S
C
M
G
G
M
N
W
R

10
33

40
1

0.
10

11
9

R2
49

S
R
S
P
I
L
T
I
I
T
L

10
36

05
.6

0.
11

12
0

R2
49

S
N
R
S
P
I
L
T
I
I
T

10
26

11
6.

7
0.

13
12

1
R2

49
S

M
N
R
S
P
I
L
T
I
I

10
20

61
7.

3
0.

13
12

2
R2

49
S

G
M
N
R
S
P
I
L
T
I

10
99

6.
1

0.
12

12
3

R2
49

S
G
G
M
N
R
S
P
I
L
T

10
15

36
8.

7
0.

11
12

4
R2

49
S

M
G
G
M
N
R
S
P
I
L

10
25

02
8.

4
0.

12
12

5
R2

49
S

C
M
G
G
M
N
R
S
P
I

10
36

78
.8

0.
10

12
6

R2
49

S
S
C
M
G
G
M
N
R
S
P

10
32

64
7.

8
0.

13
12

7
R2

73
C

V
C
V
C
A
C
P
G
R
D

10
37

18
8.

7
0.

00
12

8
R2

73
C

E
V
C
V
C
A
C
P
G
R

10
31

49
3.

1
0.

00
12

9
R2

73
C

F
E
V
C
V
C
A
C
P
G

10
12

15
8.

9
0.

00
13

0
R2

73
C

S
F
E
V
C
V
C
A
C
P

10
19

82
8.

8
0.

00
13

1
R2

73
C

N
S
F
E
V
C
V
C
A
C

10
83

53
.9

0.
13

13
2

R2
73

C
R
N
S
F
E
V
C
V
C
A

10
43

40
.8

0.
00

13
3

R2
73

C
G
R
N
S
F
E
V
C
V
C

10
32

69
2

0.
00

13
4

R2
73

C
L
G
R
N
S
F
E
V
C
V

10
22

87
2

0.
00

13
5

R2
73

H
V
H
V
C
A
C
P
G
R
D

10
39

15
4.

6
0.

00
13

6
R2

73
H

E
V
H
V
C
A
C
P
G
R

10
32

86
8.

6
0.

00
13

7
R2

73
H

F
E
V
H
V
C
A
C
P
G

10
15

08
9.

7
0.

00
13

8
R2

73
H

S
F
E
V
H
V
C
A
C
P

10
26

14
6.

7
0.

00
13

9
R2

73
H

N
S
F
E
V
H
V
C
A
C

10
13

48
2

0.
00

14
0

R2
73

H
R
N
S
F
E
V
H
V
C
A

10
11

56
7.

9
0.

00
14

1
R2

73
H

G
R
N
S
F
E
V
H
V
C

10
33

46
0.

7
0.

00
14

2
R2

73
H

L
G
R
N
S
F
E
V
H
V

10
22

04
7.

1
0.

00
14

3
R2

82
W

D
W
R
T
E
E
E
N
L
R

10
43

33
8.

4
0.

10
14

4
R2

82
W

R
D
W
R
T
E
E
E
N
L

10
32

91
2.

8
0.

00yi
el

d

Table N.1: Top 9-mer to 11-mer epitopes from p53 hotspot mutations predicted by
NetMHC 4.0 against HLA-A*02:01 (SCT ID #001-144).
‘ID’ corresponds to numbered lanes of Figure 4.19. ‘nM’ denotes the predicted
nanomolar binding affinity. ‘Yield’ column denotes the relative expression of each

SCT based on ratio of protein gel band intensity to positive control band (see
Appendix E for example).
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Table N.2: Top 9-mer to 11-mer epitopes from p53 hotspot mutations predicted by
NetMHC 4.0 against HLA-A*02:01 (SCT ID #145-240).
‘ID’ corresponds to numbered lanes of Figure 4.19. ‘nM’ denotes the predicted
nanomolar binding affinity. ‘Yield’ column denotes the relative expression of each

SCT based on ratio of protein gel band intensity to positive control band (see
Appendix E for example).


