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Abstract

Neoantigens represent a class of tumor specific antigens that are encoded by somatic mutations
which arise in cancer cells. Neoantigens are particularly attractive for the development of
personalized cancer vaccines as they are expected to be both highly specific to tumor cells and
highly immunogenic, as they bypass central tolerance. Like other cellular gene products,
neoantigens have the potential to be presented on human leukocyte antigen (HLA), thus serving
as targets for immune recognition, particularly by T cells.

The Wu lab conducted a phase I clinical trial to determine whether a personalized, multi-
epitope, neoantigen-based vaccine could mount an anti-tumor immune response in patients with
high-risk melanoma. The objective of this work is to determine whether vaccination can expand T
cell populations that preferentially recognize and kill cells presenting neoantigens, particularly
through endogenous processing and presentation. Furthermore, a novel cloning and expression
system is used as proof-of-concept to determine the identity of neoantigen-reactive T cell receptors
(TCRs) and their cognate antigens which can be used to better understand the diversity of the
patient-specific T cell repertoire post-vaccination. This thesis is divided into two parts, the first
focusing on the characterization of the immune response after vaccination, and the second focusing
on the identification of TCR-neoantigen pairs.

Computational pipelines were used to predict immunogenic neoantigens from whole exome
sequencing (WES) data collected from a patient’s tumor and healthy tissue. Up to 20 neoantigens
per patient were packaged into long peptides and were administered to patients using a prime-
boost strategy. Post-vaccination peripheral blood mononuclear cells (PBMCs) were analyzed for
reactivity against neoantigens using exogenous peptide pulsing, and neoantigen-reactive T cell
lines were identified. Autologous B cells isolated from pre-vaccination PBMCs of the 6 patients
were nucleofected with tandem minigene constructs encoding neoantigens or their wild-type
counterparts. Interferon (IFN)-y enzyme linked immunospot (ELISPOT) was performed by co-
culturing these B cells with expanded cell lines of the identified neoantigen-reactive T cells.
Indeed, mutant peptide-reactive CD8" T cells were reactive against autologous antigen presenting
cells (APCs) expressing 15 of 15 (100%) of predicted mutant minigenes, but not their
corresponding wild-type minigenes. Mutant peptide-reactive CD4" T cells were reactive against
APCs expressing 14 of 15 (93%) of mutant minigenes with 13 of 14 recognizing only the mutant

version. Additionally, elevated CD107ap expression, a marker of T cell degranulation and a proxy
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for cytotoxicity, was observed in T cells following exposure to APCs presenting mutant minigene
peptides for both neoantigen-reactive CD4" and CD8" T cell lines, providing evidence of cytotoxic
capacity in the neoantigen-reactive T cells.

A novel cloning and expression system developed in the Wu lab was used to establish the
identity and functional avidity of TCR-neoantigen pairs. IFN-y" T cells from the PBMCs of two
patients after pooled neoantigen stimulation underwent single-cell sequencing. The dominant T
cell clonotypes were cloned and expressed in TCR-deficient reporter T cell lines which were
screened against APCs loaded with candidate antigens. One of 6 cloned CD4" TCRs was
successfully matched to mutant RUSC2 peptide, while 3 of 7 CD8" TCRs were each matched to
the same neoantigen, mutant VPS/6. Functional avidity of the cloned TCRs was established at
~10° pg/ml, which was lower than that observed for identified control TCR-viral peptide pairs.
Each TCR successfully discriminated between mutant and wild-type peptides.

These findings suggest that neoantigens can be endogenously processed and presented by
autologous APCs and that neoantigen-based vaccination successfully expands T cell populations
which preferentially recognize APCs expressing neoantigens. Efforts to deconvolute the breadth
of the T cell responses elicited after vaccination will further elucidate the role of neoantigen-
specific T cell diversity in the setting of an anti-tumor immune response. These results provide
strong evidence to support further investigation of this vaccination strategy, both alone and in

combination with checkpoint blockade or other immunotherapies.



Introduction

Recently, immunologic checkpoint blockade through the deployment of antibodies that block
immune checkpoint receptors, such as CTLA-4 and PD-1, has demonstrated that the immune
system is capable of generating an effective anti-tumor response in patients with cancer.! This
relatively new class of cancer immunotherapy serves to re-establish or augment pre-existing anti-
tumor responses in patients through the downregulation of checkpoint signaling, a suppressive
mechanism which normally serves to inhibit immune responses and ward against autoimmunity.
As only a small fraction of patients currently responds significantly to checkpoint blockade, it is
likely that a pre-existing immune response toward tumor cells is insufficient or absent in a majority
of patients.? Thus, the development of additional therapies which help the host immune system to
better recognize tumor cells is needed. These proposed treatments not only may serve as powerful
combination therapies for current checkpoint blockade regimens, but also may prove to be
effective stand-alone treatments for cancer.

Vaccination has been proposed as a promising approach to generate or mobilize tumor-specific
immune responses in cancer patients.’> Vaccination, as a preventative therapy, has garnered a
history of success in the management of viral and bacterial illnesses.® Such vaccines elicit
immunization through the safe introduction of foreign viral or microbial components to the host
immune system for recognition, typically by B or T cells. Vaccination has been adopted and
implemented as a therapeutic strategy in the setting of cancer in a similar way through the
administration of antigens that are selectively expressed or over-expressed on tumor cells or on
lymphocytes, the latter having been exogenously primed against the target antigen.” However,
cancer vaccines have historically yielded lackluster outcomes in clinical trials.®® The shortcomings
of the earliest clinical trials resulted from several complications, including but not limited to non-
ideal clinical trial designs (e.g., the enrollment of heterogeneous patient populations, some with
late-stage  cancers), weakly immunogenic vaccine components, and unexpected
immunosuppression.” More recent attempts at cancer vaccines have also missed their mark. For
example, GlaxoSmithKline’s anticipated study of the cancer vaccine MAGE-A3 (melanoma
associated antigen-3 encoded by the MAGEA3 gene) failed late-stage clinical trials for non-small
cell lung cancer.'® Additionally, the efficacy and usefulness of the first FDA approved cell-based
cancer vaccine for the treatment of castration-resistant prostate cancer, Sipuleucel-T

(Provenge®),!! has been heavily questioned and scrutinized.'> The ineffectiveness of recent
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vaccines can be attributed to the ongoing use of insufficiently immunogenic antigens, such as
overexpressed, germline-encoded gene products. Ultimately, the success of a cancer vaccine will
depend on the identification and exploitation of potent tumor immunogens that can effectively
generate an anti-tumor response.

Tumor neoantigens, a class of tumor-specific antigens now accessible through advances in
genome sequencing and antigen prediction algorithms, have been identified as attractive targets
for next-generation cancer vaccines.”!*!* Neoantigens are novel proteins which arise from tumor-
specific somatic mutations, such as non-synonymous point mutations and frame-shift mutations,
and are expected to be highly immunogenic as they are not subjected to central tolerance in the
thymus.”!* In this regard, neoantigens stand in stark contrast with other tumor-associated antigens
previously employed in vaccines as neoantigens may be regarded as truly foreign.
Correspondingly, multiple lines of evidence have supported neoantigens as important targets of
tumor-directed immune responses. For example, neoantigen-specific T cells isolated from
peripheral blood have been shown to be capable of recognizing autologous tumor.'> T cells

16,17 \while

targeting neoantigens also have been revealed in the setting of effective clinical response,
the degree of neoantigen burden has been positively correlated prospectively to the likelihood of
response to checkpoint blockade therapy.'® Furthermore, neoantigen-specific T cells have been
shown to exhibit potent cytolytic tumor activity in both mice and humans.!%-*

Identifying neoantigens for use in cancer vaccines is not trivial and requires a comparison of
an individual’s native genome with the mutated genome of the patient’s tumor. Within the past
decade, the efficient and systematic discovery of neoantigens was made possible by the advent of
next-generation sequencing approaches and the improved performance of machine-learning
algorithms. For example, WES was recently employed to systematically identify all personal
leukemia-specific neoantigens in 91 patients with chronic lymphocytic leukemia.?! Complete
screening of tumor exome against the native exome allows for the identification of a large number
of neoantigens (order of 10°).!” However, not every neoantigen identified will be immunogenic,
as immunogenicity is governed by the successful expression, processing, and presentation of the
mutant neoepitope on major histocompatibility complex (MHC) proteins followed by recognition
by lymphocytes (Figure 1).222* Thus, additional prediction strategies are needed to select candidate

neoantigens that will be effectively presented to effector cells. Though this task may seem

overwhelming, the abundance of candidate neoantigens will prove beneficial for vaccine design
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Figure 1: Tumor neoantigens, a class of tumor-specific antigens, arise from somatic mutations in cancer cells.
Mutations generate aberrant protein products that potentially can be processed within the tumor cell and presented on
MHC proteins for recognition by TCRs. This process is akin to the processing and presentation of self- or virally-
derived proteins. (Figure adapted from Purroy & Wu. Cold Spring Harb Perspect Med. 2017.)

as vaccinating with multiple neoantigens will reduce the likelihood of a tumor escaping the
immune response by way of immune-editing.” High-throughput discovery technologies have
helped to set the stage for the technological development of neoantigen-targeted vaccines.

The implementation of a neoantigen-targeted vaccine will require a highly personalized (i.e.,
patient-specific) approach as the majority of neoantigens are expected to be specific to a given
tumor, rather than generally isolated across multiple tumors. ' This personalized approach presents
many challenges regarding vaccine design and outcome assessment. However, personalized
vaccines are attractive given the sheer complexity of cancer and their ability to target multiple,
patient-specific mutations. Ultimately, this approach will disrupt the design of current clinical
trials which typically investigate the effectiveness of one drug aimed at a particular population.?*
Several clinical trials targeting tumor neoantigens have been completed. A dendritic cell vaccine
was investigated in the setting of 3 patients who received prior treatment with ipilimumab, an
inhibitor of CTLA-4.% Though this clinical trial demonstrated that an autologous dendritic cell
vaccine containing 7 neoantigen candidates successfully increased the cellular diversity of the anti-
tumor response,® the efficacy of the vaccine alone was difficult to assess due to the patients’ prior

treatment with ipilimumab. More recently, a vaccine directly targeting dendritic cells using RNA-



lipoplexes encoding neoantigens was reported to effectively induce a potent antigen-specific T cell
response in 3 melanoma patients enrolled in a phase I study.?’” Though preliminary trials have
provided promising results, further comprehensive studies are needed to determine the
effectiveness of a neoantigen-targeted vaccination approach.

The Wu lab at the Dana-Farber Cancer Institute recently pioneered a neoantigen-discovery
pipeline incorporating mutation detection from sequencing data with advanced HLA binding
prediction algorithms to identify tumor neoantigens which are likely to elicit an immune response.
With this pipeline, the Wu lab created NeoVax, a personalized neoantigen vaccine, which consists
of 20 long neopeptide targets per patient, administered together with poly-ICLC, a synthetic
double-stranded RNA immunostimulant. Poly-ICLC is a TLR-3 and MDA-5 agonist shown to be
an authentic viral mimic to induce an innate immune response in humans.?® “Long peptides”
(~15-30 amino acids in length) are attractive vehicles for neoantigens as they have been shown to
undergo efficient internalization, processing, and cross-presentation in professional APCs.?
NeoVax has currently completed a leading phase I study for patients with Stage IIIB/C and
IVMI1a,b melanoma who have undergone surgical resection with curative intent. The overall aim
of the work presented in this thesis is to decipher the immune response elicited by this neoantigen-
based vaccine in 6 patients enrolled in this “first-in-man” clinical trial. In the first Part of this
thesis, I aim to determine (1) whether vaccination by NeoVax can generate a polyclonal, multi-
functional neoantigen-reactive T cell repertoire, (2) whether identified neoantigens are
endogenously processed and presented on MHC, and recognized by neoantigen-reactive T cells
and (3) whether neoantigen-reactive T cells induced by NeoVax have the potential to kill tumor
cells.

Cell-mediated immune responses, as opposed to humoral responses, are required for the
recognition of tumor neoantigens as they are expected to be processed intracellularly by tumor
cells and presented on MHC proteins (i.e., HLA in humans). As T cells are key effectors of cell-
mediated adaptive immunity, the aim of cancer vaccination, as discussed, is to augment the
functional T cell response in a vaccinated patient. Numerous studies have supported the
importance of boosting the T cell response by showing that a greater extent of CD8 -infiltrating T
cells, in particular, predict overall survival in patients with diverse cancers.>**! Thus, detailed

characterization of the T cell immune response is an important parameter used to gauge a vaccine’s



effectiveness and requires that T cells for a given patient be identified and catalogued based on
their antigen-recognition specificity.

T cell specificity toward a given antigen is dictated by the sequence and structure of its TCR.
Characteristically, T cells feature a TCR consisting of two paired protein chains (TCRa and TCRp)
which together recognize a specific peptide bound to MHC proteins on APCs. During
development, T cells undergo somatic diversification, a process that generates immense sequence
variation in TCR genes and which creates T cells with distinct receptors and antigen-specificity.
The diversity is provided by both combinatorial events in which various variable (V), diversity
(D), and joining (J) gene segments are recombined (V-J recombination for the TCRa and V-D-J
recombination for TCRp) and junctional modification in which nucleotides are added or deleted
at the junctions of adjoining gene segments.*? Somatic diversification results in a TCR gene that
encodes a unique TCR, and it is by this mechanism that the adaptive immune system creates its
immense diversity (Figure 2). Some estimates claim that 10'? to 10'® unique TCRs are possible.**
35 The CDR3 region of the TCR, which spans the V(D)J recombined segments exhibits the greatest
diversity and is an important candidate region which can be molecularly targeted and sequenced
to uncover the molecular identity of a TCR.

As specificity and memory capacity of the adaptive immune system occur at the level of a single
TCR, detailing the T cell repertoire after vaccination requires the identification and efficient
tracking of clonal populations of T cells. Spectratyping, a process by which CDR3 lengths were
measured, has been used to gauge T cell population heterogeneity, but provided little information
regarding the TCR gene sequence.’’ Subsequent methods to identify TCRs relied on molecular
cloning and Sanger sequencing, strategies which were limited by their low-throughput.
Furthermore, bulk sequencing strategies could elucidate the sequences of all TCRa and TCRf
chains in a population of T cells, but could not provide the necessary paired information, which is
critical for determining the identity of functional TCRs.?

Recently, the advent of next-generation and single-cell sequencing techniques have enabled the
rapid identification of individual TCR chains and, more importantly, of complete paired
TCRopB.*>* In particular, single-cell sequencing provides a direct route to identify complete
TCRop sequences; given the sequence, any TCR can be reconstructed for further evaluation.*’ In
order to understand how a patient’s T cell population changes after NeoVax vaccination,

neoantigen-specific T cells must be identified. Furthermore, to determine which neoantigens were
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Figure 2: TCRa and TCRp chain recombination and expression to form a paired TCRof3. TCR undergoes V-D-J
recombination whereas TCRo undergoes V-J recombination. The V-D-J and V-J recombined segments, in addition
to junctional diversity which arises from “stitching” V(D)J blocks together, form the CDR3 regions of the TCR which
represents an area of great genomic diversity and which subsequently accounts for a high degree of antigen-
specificity. V = variable; D = diversity; J = joining; C = constant; o and f subscripts designate a chain and 3 chain,
respectively. (Figure reproduced from: Abbas, Lichtman, and Pillai. Cellular and Molecular Immunology, Eighth
Edition. 2015 ISBN: 978-0-323-22275-4.)

dominant, or strongly immunogenic, matching the neoantigen-specific T cells with their cognate
antigens would be particularly helpful. A TCR discovery pipeline can be implemented in which
single T cells in a patient’s peripheral blood are sequenced, then the TCRs are cloned into a reporter
cell line, and finally these cell lines undergo combinatorial screening against APCs pulsed with
the individual candidate antigens of interest. Such a pipeline has been developed in the Wu Lab
and is expected to serve as a powerful tool for identifying the cognate antigens of T cells.

Additionally, the identification of antigen-specific T cells, will enable the tracking of T cell
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populations over time. Thus, this pipeline can be used to further characterize the immune response
after vaccination by matching clonal T cells with their specific neoantigen targets.

The number and diversity of neoantigen-reactive TCRs, their cognate antigens, and their
population kinetics over time are important parameters which can further improve vaccine design
or inform the prioritization schema for antigen selection for future vaccines. The information
gained through matching neoantigen-reactive TCR sequences to their cognate antigens also may
lead to the development of additional therapies in which tumor-reactive T cells are engineered ex
vivo—akin to current CAR-T cell therapies*! or adoptive transfer of transduced autologous
lymphocytes**—and re-administered to patients as means to direct the T cell repertoire toward
achieving an effective response. In Part I of this thesis, I aim to (1) demonstrate proof-of-concept
that the cloning and expression pipeline developed in the Wu lab can be used to match TCRs with
their cognate antigens, (2) use this system to identify patient-specific, neoantigen-reactive TCRs
and their cognate antigens, and (3) measure TCR specificity and functional avidity for mutant

versus wild-type peptides.
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Methods

PartI.
Characterization of the immune response following

personalized neoantigen-based vaccination
The following methods have been adapted from Ott et al. Nature, 2017.

NeoVax study design. Patients with high-risk melanoma provided informed consent and were
enrolled between April 2014 and October 2015 to a single center, phase I clinical trial approved
by the Dana-Farber/Harvard Cancer Center Institutional Review Board (NCT01970358). This
study was conducted in accordance with the Declaration of Helsinki. Key eligibility criteria were
clinically or radiographically evident, pathologically confirmed Stage IIIB/C and IVMla/b
melanoma deemed amenable to complete surgical resection and an Eastern Cooperative Oncology
Group (ECOGQG) performance status of 0 or 1. Full eligibility requirements are provided in
Ott et al.*® The primary endpoints of the study were safety and feasibility; secondary endpoints
were induction of tumor- and neoantigen-specific cellular immune responses and the number of
patients alive at 2 years after melanoma resection. A personal neoantigen-targeting vaccine
consisting of long peptides combined into four distinct immunizing peptide pools with 0.3 mg of
each peptide admixed with 0.5 mg of poly-ICLC per pool in a volume of 1 ml was generated and
was administered subcutaneously on days 1, 4, 8, 15, and 22 (priming phase) and weeks 12 and 20
(booster phase). Each of the four neoantigen vaccine pools per patient was assigned to one of four
“non-rotating” extremities (or the left or right midriff as alternative anatomical locations) for each

injection.

Patient samples. Heparinized blood and serum samples were obtained from patients who were
vaccinated at the Dana-Farber Cancer Institute. Patient peripheral blood mononuclear cells
(PBMCs) were isolated by Ficoll/Hypaque density-gradient centrifugation (GE healthcare) and
cryopreserved with 10% dimethylsulfoxide in fetal bovine serum (FBS) (Sigma Aldrich). Cells
and serum from the patients were stored in vapor-phase liquid nitrogen until time of analysis.
Tumor samples from patients were obtained immediately after surgery. A portion of the sample

was removed for formalin fixation and paraffin embedding. The remainder of the tissue was
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manually minced and digested in a solution of collagenase D and DNase 1. After digestion, any
remaining clumps were removed and a single-cell suspension was recovered, washed, and

immediately frozen in aliquots stored in vapor-phase liquid nitrogen.

Generation of personal neoantigen-based vaccines. Complete methods detailing whole exome
sequencing, RNA sequencing, DNA quality control, and somatic mutation calling are provided in
Ott et al.** Regarding the identification of target epitopes for peptide design: NetMHCpan version
2.4 was used to identify patient-specific mutation-containing epitopes that were predicted to bind
to the MHC class I molecules.***° Thirty peptides of 15-30 amino acids in length (“long peptides”
or “IMPs”) from up to 30 independent mutations were selected and prioritized for peptide
preparation. Epitopes were chosen for inclusion on the basis of a pre-defined set of criteria in the
following rank order: (1) neoORFs (i.e., frame-shift mutations) which included predicted binding
epitopes; (2) high predicted affinity (<150 nM) somatic single nucleotide variations due to anchor
residue changes; (3) high-affinity (<150 nM) somatic single nucleotide variations due to mutations
in positions other than anchor residues; (4) neoORFs with no predicted binding epitopes; (5) lower
affinity (150-500 nM) versions of (2) and (3). Mutations in oncogenes were given highest priority
within each ranked group; otherwise epitopes were ranked by predicted mutated peptide affinity.
Only somatic single nucleotide variations that demonstrated expression of the mutated allele were
used. Additionally, a variety of possible biochemical properties (hydrophobicity, presence of
multiple cysteines) that may have affected the synthesizability or solubility of the long peptides
were considered. Regarding the synthesis of long peptides, pooling, and final vaccine preparation:
GMP peptides were synthesized and purified (CS Bio) using standard solid-phase synthetic peptide
chemistry and reverse-phase high performance liquid chromatography. Up to 20 peptides were
formulated in an aqueous solution containing < 4% DMSO in isotonic dextrose and mixed into a
maximum of four pools (3-5 peptides per pool), with final dose of 0.3 mg per peptide. One the day

of vaccination, each pool was mixed with 0.5 mg poly-ICLC.

ASP and EPT formats for immune monitoring. Assay (ASP) and predicted class I epitope
peptides (EPT) were synthesized and lyophilized (from either JPT Peptide Technologies; or RS
Synthesis, at >80% purity). ASP were 15-16 amino acids in length and overlapped by at least 11

amino acids, covering the IMP sequence. EPT were 9-10 amino acids in length.
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Generation and detection of patient neoantigen-specific T cells. PBMCs were cultured in
RPMI-1640 medium supplemented with L-glutamine, nonessential amino acids, HEPES,
B-mercaptoethanol, sodium pyruvate, penicillin/streptomycin (Gibco), and 10% AB-positive heat-
inactivated human serum (Gemini Bioproduct). For in vitro expansion (“pre-stimulation”) of
antigen-specific T cells, PBMCs were stimulated in 24-well cell culture plates at 5 x 10° cells per
well with peptide (2 pg/ml) or peptide pool (each at 2 pg/ml) with 20 ng/ml IL-7 (R&D Systems).
On day 3, 20 U/ml of clinical grade IL-2 (Amgen) was added. Half-medium change and
supplementation of cytokines were performed every 3 days. After 10-21 days, T cell specificity
was tested against peptide, minigenes, or autologous tumor, by IFN-y ELISPOT or CD107af
degranulation assay in RPMI-1640 medium supplemented with penicillin/streptomycin and 10%
FBS. For deconvolution of CD8" T cell responses, CD8" T cells were enriched with CD8" T cell
Isolation Kit beads (Miltenyi Biotec) before plating for ELISPOT.

Tandem minigene construction. Minigenes for non-synonymous mutations were designed to
encode the mutant amino acid and 10-15 wild-type amino acids upstream and downstream of the
mutant (~25 amino acids total), while minigenes for frame-shift mutations were designed to encode
the corresponding IMP containing the neoantigen sequence. Multiple minigenes (3-7 per plasmid)
for a given patient were arranged in tandem without additional linker sequences and synthesized
as a gBlock (Integrated DNA Technologies). Each tandem minigene construct was inserted into a
pcDNA3.1 vector using available EcoRI and BamHI cut sites. /n vitro transcription was performed
on the tandem minigene plasmids using the nMESSAGE mMACHINE Ultra Kit (Thermo Fisher)
to generate in vitro transcribed (IVT) RNA. Tandem constructs containing the wild-type versions

of the minigenes were similarly designed.

Primary B cell nucleofection with IVT RNA. PBMCs were selected for B cells using human
CD19" magnetic beads (Miltenyi). After selection, the B cells were suspended in B cell media
consisting of RPMI supplemented with 10% fetal bovine serum, 1% PSG, and 200 U/ml IL-4 and
rested at 37 °C in 5% COx: for 1 hour. The rested B cells were washed in PBS and re-suspended in
supplemented V-buffer (Amaxa Cell Line Nucleofector Kit V, Lonza) containing 20 pg of the IVT
RNA. Nucleofection was performed using the Nucleofector II device (Lonza) and the X-001
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program. After nucleofection, the B cells were transferred to B cell media (~6 x 10°/ml) and stored
at 37 °C. The B cells were used within 24 hours of transfection. Transfection efficiency was
typically 70% -85% after overnight culture as gauged by measuring the green fluorescent protein

(GFP) content of B cells transfected with IVT RNA generated using a pcDNA3.1-GFP plasmid.

IFN-y ELISPOT assay. IFN-y ELISPOT assays were performed using 96-well MultiScreen Filter
Plates (Millipore), coated with 2 pg/ml anti-human IFN-y mAb overnight (1-D1K, Mabtech).
Plates were washed with PBS and blocked with complete RPMI before use. For pre-stimulated T
cells, 5x 103 T cells and 1 x 10* CD8" T cells for detection of CD4* and CD8" T cell responses,
respectively, were co-cultured with 1 x 10* autologous CD4"- and CD8"-depleted PBMCs or
8 x 10* B cells, unless otherwise stated. APCs were pulsed with peptides (2-10 pg/ml), or peptides
were directly added to the ELISPOT wells with APCs and incubated overnight in complete RPMI
at 37 °C. For ex vivo ELISPOT, 2 x 10° PBMCs were plated with 2 pg/ml peptide and incubated
overnight. Plates were rinsed with PBS containing 0.05% Tween-20 and then 1 pg/ml anti-human
IFN-y mAb (7-B6-1-Biotin, Mabtech) was added, followed by Streptavidin-ALP (Mabtech). After
rinsing, SIGMA FAST BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium;
Sigma-Aldrich) was used to develop the immunospots, and spots were imaged and enumerated
(Cellular Technology Limited). For some experiments, APCs were cultured on the ELISPOT plate
with HLA blocking anti-bodies [10 pg/ml pan-anti-DR (clone: L243) or anti-HLA I (clone:
W6/32)] for 1-2 h in advance of the addition of peptides and T cells to the wells. Ex vivo responses
were scored positive if >55 spot-forming cells (SFC) were detected and were at least 1.5 standard
deviations (s.d.) over the DMSO control (>3 s.d. over background for patients 5 and 6.) For
Figure 4a, for each patient, the numbers of SFCs were regressed on assay, time, and the interaction
of assay and time using repeated-measures models with an unstructured covariance. P values (¢-
test) for the comparisons of each pool against the mock were adjusted using the Benjamini-

Hochberg procedure to maintain an overall alpha value of 0.05 at each time within each patient.

Intracellular cytokine staining and CD1070f degranulation assay. For pre-sensitized CD8" T
cell cytokine detection, T cells were re-stimulated with APCs (PBMCs that were CD4" and CD8"
T cell depleted) that were pulsed with Spg/ml peptide in complete RPMI for 2 h at 37 °C. T cells
and APCs were cultured at 2:1 ratio in complete RMP with brefeldin A. Subsequently, cells were

14



stained with antibodies against surface markers for 20 min at 4 °C, followed by fixation with 1%
formaldehyde at 4 °C for 20 min, and then stained with antibodies against cytokines in 0.5%
saponin solution at 4 °C for 1 h. Anti-CD4 antibody (conjugated with PerCP-Cy5.5, clone OKT-
4), CDS8 (PE-Cy7, SK1), CD3 (APCCy7, HIT3a), CD14 (BV510, M5E2), CD19 (BV510, HIB19),
IFN-y (APC, 4S.B3), TNF-a (BV421, Mabl11) and IL-2 (PE, MQ1-17H12) were used. Antibodies
were from eBiosciences or Biolegend. CD1070f degranulation assay was performed by culturing
5x 10° T cells and 1.5 x 10° target minigene expressing B cells with Alexa Fluor647-conjugated
CDI107a (H4A3) and CD107p (H4B4) antibodies (BD Biosciences) in complete RPMI for 6 h at
37 °C. Cells were stained with anti-CD4, CD8 and CD69 (Pacific Blue, FN50) antibodies for
30 min at RT, followed by fixation with 4% formaldehyde. Flow cytometry analysis was
performed with BD FACSCanto II HTS.

Part II.
Identification of neoantigen-reactive T cell receptors and their cognate antigens

using a streamlined cloning and expression system

The following methods have been adapted from Hu et al. Blood, 2018.

Generation, detection, and isolation of antigen-reactive T cells. Lyophilized CEF peptides were
purchased as a pool from AnaSpec (Fremont, CA). Individual CEF and neoantigen peptides were
synthesized from either JPT Peptide Technologies (Berlin, Germany) or RS Synthesis (Louisville,
KY) at >80% purity. For expansion of CEF peptide- and melanoma neoantigen-reactive T cells,
PBMCs were stimulated in 24-well cell culture plates at 5 x 10° cells/well with individual or
pooled peptides (each at 2 pg/ml) in the presence of IL-7 (20 ng/ml; R&D Systems). On day 3,
IL-2 (20 U/ml; Amgen) was added. Half-medium exchange and cytokine supplementation were
performed every 3 days. After 10 to 21 days, IFN-y ELISPOT or IFN-y secretion assay were

performed.

Flow cytometry and ex vivo IFN-y catch assays. PBMCs were stimulated with 5 pg/ml peptide
in complete RPMI at 37 °C overnight. For detection of cytokines from pre-stimulated CD8" T
cells, 2 x 10° T cells were re-stimulated overnight with 1 x 10° T-cell-depleted PBMCs pulsed
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with 5 pg/ml peptide in complete RPMI at37 °C. Subsequently, reactive cells were tagged using
IFN-vy secretion assay. Following T cell stimulation culture, cells were washed, tagged with IFN-y
Catch Reagent (Miltenyi, Bergisch Gladbach, Germany) and incubated in 10 ml complete RPMI
at 37 °C for 45 min. PE-conjugated IFN-y Detection Reagent was used to stain cells secreting
cytokine. Cells were then stained with anti-CD4, CD3, and CDS8 antibodies for 20 min at 4 °C,
followed by staining with 7AAD (BD-Bioscience, Franklin Lakes, NJ). IFN-y" single T cells were
then sorted into 384 well polymerase chain reaction (PCR) plates using the FACSAria I SORP
UV Instrument (DFCI Flow Cytometry Core).

Paired TCRoaf chain single-cell sequencing. Linked TCRo/TCRJ Illumina libraries from single
cells were generated using a targeted multi-primer-based approach, followed by Illumina

sequencing. Complete methods can be found in the supplemental materials for Hu et al.*’

TCR cloning from variable chain plasmid library. The variable chain plasmid library included
two types of vectors, encoding the variable segments of the TCR: 46 variable o with constant 3
(Va -CP) and 52 variable  with constant o (VB -Ca). All constructs were synthesized in pUCS57-
Kanamycin backbones (Genscript, Piscataway, NJ). For each TCR, double-stranded
oligonucleotides encoding CDR3a and CDR3p, flanked by Bsal restriction sites designed to the
compatible with the variable chain plasmid library, were custom synthesized on demand
(Integrated DNA Technologies, Coralville, TA). Two library plasmids and a CDR3
oligonucleotide, all digested with Bsal, were assembled using a Golden Gate Assembly mix (New
England Biolabs, Ipswitch, MA) to produce a single vector encoding both TCRa and TCRf
separated by a furin, SGSG, and F2A-peptide sequence. The Golden Gate reaction mix was used
to transform competent cells (NEB) that were then plated on kanamycin and grown overnight.
Colony PCR was performed to select clones. The PCR product and lentiviral backbone PEW were
digested with restriction enzymes Agel and Sall and ligated using T4 DNA ligase (NEB). The
ligation product was used to transform competent cells that were then plated on ampicillin and
grown overnight. Colony PCR was performed to select clones to expand overnight and the TCR

plasmid was isolated by Midi prep (Qiagen).
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TCR expression in reporter cell line. TCRs were expressed in reporter cells by lentiviral
transduction as follows. HEK293T cells were plated in 6 well plates in antibiotic-free DMEM
(DMEM + 10% FBS), and cultured overnight at 37 °C, 5% CO,. HEK293T cells were transfected
with the TCR vector, psPAX2 (Addgene, Cambridge, MA) and VSV (Addgene) at a ratio of
10:10:1 using Lipofectamine 2000 (Thermo Fisher, Waltham, MA). Media was replaced 16 h after
transfection. Supernatant was harvested after 72 h, filtered using a 0.45 um syringe filter and
concentrated using size-exclusion columns (VIVASPIN20 [30,000 MW], Sartorius, Goettingen,
Germany) by centrifugation at 4 °C for 60 min at 2000 rpm. For transduction, JurkatAof} reporter
cells were plated with 8 pg/ml polybrene (Santa Cruz Biotech, Dallas, TX) in complete RPMI, and
transduced with concentrated virus by spin infection (90 min, 2000 rpm, 37 °C). After 16 h, media
was replaced with complete RPMI. All TCRs were expressed in JurkatAof reporter cells with
stable CD8a expression, except TCRs from CD4" T cells from melanoma study Patient 1, which
were expressed in JurkatAaf reporter cells with stable CD8af3 and CD4 expression. Expression of
the TCR was confirmed after 72 h by measuring CD3 expression in transduced reporter cells by

flow cytometry.

TCR activation assays. Autologous APCs derived from CD4"/CD8"-depleted PBMCs (from
either healthy donors for the viral-peptide experiments, or melanoma patients for the neoantigen
experiments) and HLA-expressing cell lines were pulsed with candidate peptide (10 pg/ml unless
specified otherwise) for 2 h in complete RPMI. TCR-expressing reporter cells (5 x 10°) were co-
cultured with pulsed APCs (5 x 10° autologous APC or 2.5 x 10° HLA-expressing cell line) in
96-well U-bottom plate overnight. The addition of PMA (50 ng/mL) and ionomycin (500 ng/ml)
to TCR-expressing reporter cells was used as a positive control. TCR activation was measured by
IL-2 ELISA, luciferase activity or CD69-expression. Supernatant was harvested from co-culture
and diluted 1:2 (unless specified otherwise) with ELISA Assay Diluent (Biolegend) and IL-2
production was measured using the Human IL-2 ELISA Kit II (BD Bioscience) according to the
manufacturer’s instructions. Luciferase production was measured using the Luciferase Assay
System with Reported Lysis Buffer (Promega, Madison, WI), according to the manufacturer’s
instructions. Co-cultured TCR-expressing reporter cells and K562-A2 cells were washed twice
with PBS, then lysed in 20 pl/well for 1X Reporter Lysis Buffer, followed by a single freeze-thaw

cycle in liquid nitrogen. Within one hour of lysis, light production (RLU) was measured (3 seconds
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per wells) using a Luminoskan Ascent Microplate Luminometer (ThermoFisher Scientific,
Walthan, MA). CD69 expression was measured by staining co-cultured TCR-expressing reporter

cells with anti-CD69 antibody for 20 min at 4 °C and analyzing by flow cytometry.

Measurement of functional avidity. TCR-expressing reporter cells were co-cultured as described
above with APCs pulsed with a range of peptide concentrations from 10 pg/ml to 10 pg/ml. IL-2
production was measured by ELISA. Comparison of IL-2 secretion between mutant and wildtype
forms of the peptide was assessed at each concentration using a two-sample #-test with Welch’s

correction, with p-values considered significant at the 0.05 level.
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Results

The results reported here appear in two publications of which I am a co-author: Ott et al. Nature, 2017
and Hu et al. Blood, 2018. Results and figures have been adapted from these publications. My contributions
are described immediately preceding each Part of this thesis. I have included results from my co-authors
for clarity and context, where appropriate.

Part I.
Characterization of the immune response following

personalized neoantigen-based vaccination

Author’s Contributions

D.J.B. designed and carried out the minigene experiments, including developing the protocol for primary
B cell nucleofection which was employed to generate primary B cell samples expressing peptides encoded
by mutant- and wild-type minigenes. These samples were used for ELISPOT and CD1070f assays (with
help from Wandi Zhang and Zhuting Hu, respectively) to demonstrate that the vaccine expands T cell
populations that specifically recognize neoantigens endogenously processed and presented by APCs and
that neoantigen-reactive T cells show evidence of cytotoxic capacity (Figs. 6a,b,c; 7a,b, 8).

The Wu lab used WES to identify somatic mutations in the resected tumors of each patient as
compared to his or her normal tissue (i.e., PBMCs), followed by RNA sequencing to assess the
expression of the identified mutant alleles. Computational techniques were employed to predict
which mutant peptides would bind each patient’s respective HLA-A or HLA-B proteins (for the
complete computational methodology of neoantigen identification and selection, please refer to
Ott et al.*®). From this sorted list, up to 20 neoantigens were synthesized per patient as long
peptides, which are hereafter referred to as immunization peptides (IMPs). The IMPs were divided
into four pools identified as A, B, C, and D and administered to each patient at four different sites
alongside two adjuvants (i.e., Toll-like receptor 3 and poly-ICLC, an agonist of MDA-5) at
timepoints corresponding to the vaccination schedule shown in Figure 3a. Six patients were
vaccinated in total; four of the patients were previously diagnosed with Stage I1IB/C melanoma,
while 2 patients (Patients 2 and 6) were diagnosed with Stage IV disease. All patients had

undergone surgical resection of their tumor with curative intent and were previously untreated.
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Figure 3: a. Tumor mutations were identified by WES and RNA sequencing of surgically resected melanoma tumor
and normal tissue. IMPs were selected based on class I HLA binding predictions (NetMHCpan) and additional criteria
for epitope prioritization (RNA expression, type of mutation, HLA binding of corresponding wild-type peptide). Up
to 20 long peptides were synthesized and administered in pools of up to five peptides, along with adjuvants to four
non-rotating sites using a prime-boost schedule. b. Schema of representative set of IMPs, ASPs, and EPTs is shown.
IMPs are 16-30 amino acids in length. ASPs are 15-16 amino acids in length and overlap at least 11 amino acids,
covering the entire sequence of the immunizing peptide. EPTs are predicted binding peptides that are 9-10 amino
acids in length. (Figure adapted from Ott et al. Nature, 2017.)

After vaccination, three of the patients with Stage I1IB/C disease remained without recurrence
at median follow-up of 25 months. However, the two patients with Stage IV disease did experience
recurrence and were subsequently treated with the PD-1 inhibitor, pembrolizumab. After 4 doses
of the checkpoint inhibitor, the 2 patients experienced complete radiographic responses. Though
our sample size is small (i.e., N = 2), we note that this achievement is remarkable as the rate of
complete radiographic response for patients with metastatic melanoma receiving pembrolizumab
was reported at 6.1%.%

To analyze the immune response elicited by the vaccine, each IMP was partitioned into shorter

peptides having length corresponding to the size of peptides that typically bind class I and class II
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Figure 4: a. Ex vivo IFN-y ELISPOT of PBMCs with duplicate or triplicate wells per time point (error bars, s.e.m.).
b. IFN-y producing CD8" T cells detected by flow cytometry in pre-vaccination samples and at week 16 after
vaccination for all six vaccinated patients. FACS plots were pre-gated on CD8" T cells. Percentages shown in red
(upper left corner) are frequencies of EPT-pool-reactive IFN-y* cells as a proportion of all CD8* T cells. (Figure
adapted from Ott et al. Nature, 2017.)

MHC proteins. Overlapping 15- to 16-mer assay peptides (ASPs) spanning the length of the IMP
were synthesized for each IMP, while 9- to 10-mer epitope peptides (EPTs) were synthesized for
each predicted class I epitope, as illustrated in Figure 3b. The ASPs were divided into four pools
(again labeled A, B, C, and D) corresponding to the original pools to which their parent IMPs
belonged. The EPT peptides were also divided into 2-4 pools per patient (17 total pools) for further
testing. PBMCs collected at multiple timepoints during and after vaccination were exposed
separately to each peptide pool and monitored by ex vivo IFN-y ELISPOT assay. Ex vivo IFN-y
responses for most patients were evident 4-12 weeks after vaccination initiation and were sustained
over time, as shown in Figure 4a. Notably, ex vivo responses to the peptide pools were undetectable
prior to vaccination. Neoantigen-reactive CD8" T cell responses were not observed directly by
IFN-y ELISPOT ex vivo for samples collected both pre- and post-vaccination. However, after one
round of in vitro expansion with the EPTs, 8 of 17 EPT pools across the six patients demonstrated

IFN-vy secretion for samples collected post-vaccination; IFN-y responses were not observed in pre-

vaccination PBMCs that also underwent one round of in vitro expansion with the EPT pools. These
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Figure 5: IFN-y secretion by neoantigen-reactive T cell lines against CD4*/CD8"-depleted PBMCs exogenously
pulsed with mutated and wild-type peptides at doses ranging from 0 to 107 pg/ml. Data collected using individual
neoantigens (non-pooled) generating ex vivo CD4* and pre-stimulated CD8" T cell responses (error bars, s.e.m.).
(Figure adapted from Ott et al. Nature, 2017.)

results indicate that neoantigen vaccination successfully induces multi-functional CD4" and CD8"
responses in patients with high-risk melanoma.

To identify which epitopes in each peptide pool were responsible for eliciting a T cell response,
the pools were deconvoluted by again using ex vivo (for ASPs) or one round of in vitro expanded
(for EPTs) PBMCs pulsed with individual epitopes of the previously identified positive pools and
monitored using IFN-y ELISPOT assay (results not included here but may be found in Ott ef al.*).
Of the 173 EPTs tested, derived from 91 IMPs, CD8" T cells were reactive against EPT from 15
(16%) of the IMPs. Of the 297 ASPs tested, corresponding to 97 IMPs, responses were detected
against ASP from 19 (20%) IMPs ex vivo, with an additional 39 IMP uncovered after one round
of pre-stimulation, for a total of 58 (60%) IMPs. Reactivity was determined positive if greater than

55 SFCs were observed on ELISPOT and if the result was more than 1.5 standard deviations above

the DMSO control. In total, 34 T cell lines with reactivity against ex vivo CD4'- and in vitro
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expanded-CD8" targets were identified and were evaluated further to determine the sensitivity and
specificity of their immune responses to the mutant-type peptide.

Each T cell line was incubated with CD4/CD8"-depleted PBMC loaded exogenously with the
mutated peptide previously identified or its wild-type counterpart over a range of peptide
concentrations as shown in Figure 5. In the case of neoantigens arising from frame-shift mutations,
only the mutated peptide was used. Of the 28 T cell lines with reactivity against neoantigens
contaminating a single amino acid mutation, preferential reactivity was observed for the mutated
peptide over the wild-type in 24 (86%) T cell lines. Of the 6 T cell lines with responses directed
against neoantigens arising from frame-shift mutations, 6 of 6 (100%) demonstrated a response
against the neoantigen observable at concentrations of 10°-10° pg/ml, comparable to those
measured for neoantigens with single amino acid mutations. One T cell line with response against
mutant CASP5 (Patient 1) showed high avidity with a response observable at 10 pg/ml.

These experiments provided insight into the immune response generated via exogenous peptide
loading; however, as processing and presentation of neoantigens by the tumor cell is expected to
occur intracellularly in vivo, we aimed to understand whether the detected T cell responses would
be observed if the neoantigens were generated endogenously. To accomplish this, I designed
tandem minigenes encoding a series of ~25-mer peptides corresponding to the neoantigens
previously identified for each patient, shown in Figure 6a. Each peptide spanned the mutated site
or contained the IMP exclusively in the case of neoantigens arising from frame-shift mutations.
As a control, wild-type minigenes were also designed and contained 25-mer peptides
corresponding to the native sequences. Each minigene subsequently underwent in vitro RNA
transcription and nucleofection into patient-specific B cells for further testing.

We observed that both neoantigen-reactive CD4" (14 of 19 tested) and CD8" (15 of 15 tested)
T cell lines recognized autologous antigen-presenting cells expressing tandem minigenes encoding
peptides spanning the mutated sites, but not of APCs expressing minigenes encoding the
corresponding wild-type peptides, as shown in Figures 6b and 6¢. Notably, in 2 cases, differences
between T cell recognition of neoantigen-presenting APCs were noted in comparing exogenous
loading with endogenous processing and presentation. For mutant VPS76 (Patient 3) and mutant
FAM200A4 (Patient 5), T cell lines with clear specificity for the mutated versus the wild-type
peptide-encoding minigenes were unable to discriminate between cells that were exogenously

loaded with mutated versus wild-type peptides (IFN-y" ELISPOT results are shown in the
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Figure 6: a. Example of a tandem minigene construct for Patient 3 which encodes a string of peptides each featuring
either an identified mutant amino acid residue (shown in green) flanked on both the C- and N- termini by 10-15 wild-
type amino acids or the entire IMP in the case of frame-shift mutations (not shown). The tandem minigenes were
synthesized and cloned into a pcDNA3.1 vector. The number of minigenes per tandem construct varies between 3
and 7, depending upon the patient. b. Example IFN-y ELISPOT wells are shown for mutant-specific T cells co-
cultured with autologous B cells under the following conditions: transfected with wild-type minigene (MG-WT),
transfected with mutant minigene (MG-Mut), transfected with MG-Mut and treated with anti-HLA class I blocking
antibody (cl I blocking Ab). Autologous B cells that were not transfected were also co-cultured with mutant-specific
T cells with either DMSO (control) or exogenous peptide/DMSO. PHA was used as a positive control for the mutant-
specific T cells. ¢. IFN-y ELISPOT SFCs for each neoantigen for all 6 patients. Error bars are provided from data
collected from 3 wells for each trial. (Figure adapted from Ott et al. Nature, 2017.)

“Minigene” inserts in Figure 5 for Patients 3, 4, and 5). We also observed evidence of cytolytic
capacity of these T cell lines as elevated CD107af3 expression was detected after exposure to APCs
presenting the mutated minigenes both for CD4" and CD8" T cells, as shown in Figures 7a and 7b.

We sought to investigate the response of the identified neoantigen-reactive T cells against
autologous patient tumor, as these experiments are the closest proxy of clinically meaningful
results. Additional experiments were performed to test whether neoantigen-reactive T cells post-

vaccination were reactive against autologous tumor which had been cultured after resection.*
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Figure 7: a. T-cell lines were cultured with mutant minigene-nucleofected B cells or non-nucleofected B cells,
followed by CD107af degranulation assay. Representative FACS plot of Patient 3 CD1070af degranulation assay for
VPS16-specific CD8" T cell line; b. FACS data for other neoantigen-specific CD4* and CD8" T cell lines from week
16 against autologous B cells nucleofected with or without mutated minigenes. FACS plots were pre-gated on CD8*
T cells. ¢, d. IFN-y secretion by Patient 6 and Patient 2 neoantigen-specific T cell lines against autologous tumor.
e. IFN-y secretion (experiments in duplicate or triplicate) by Patient 5 neoantigen-specific CD4" T cells (week 16
PBMCs) against autologous dendritic cells co-cultured with irradiated autologous melanoma. (Figure adapted from
Ott et al. Nature, 2017.)

Variable levels of HLA class I and class II expression were observed after flow cytometric
analysis of each patient’s tumor. None of the neoantigen-specific T cells recognized cultured tumor
cells from Patients 1, 3, 4, and 5. For Patient’s 2 and 6 autologous tumor was recognized by
multiple CD4" and CD8" T cell lines (Figure 7c,d). CD4" cells from Patient 5 were reactive against
autologous dendritic cells exposed to irradiated autologous melanoma, which confirmed that
tumor-expressed neoantigens can be naturally presented by patient APC (Figure 7e).

The identified immunogenic ASP and EPTs corresponding to their parent IMPs are compiled
in Figure 8. Additional neoantigens recognized by CD4" T cells which were identified after one
round of stimulation (39 neoantigens) were not analyzed further in this study, but are included in
Figure 8 for completeness. Overall, our results demonstrated that a neoantigen-based vaccine can

successfully expand T cell populations that were specific for neoantigens. Immunogenic responses
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Figure 8: ASPs and EPTs covering the length of their parent IMPs
in this work. Red and blue fonts represent peptides that generated an ex vivo CD4" T cell response and CD8" T cell
response after 1 round of in vitro stimulation, respectively. The mutation site is highlighted by a red box. Peptide-
specific T cells that also recognized mutant minigene are shown in purple triangle. T cell responses that were blocked
by pan anti-HLA-DR and anti-HLA class I antibodies for CD4" and CD8" T cells, respectively, are highlighted with

a black asterisk. (Figure adapted from Ott et al. Nature, 2017.)
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Figure 9: Summary of neoantigen-specific T cell responses after vaccination and after PD-1 blockade for Patients 2
and 6. Example IFN-y ELISPOT results are shown for CD4" T cells specific for mutated CDK13, JPHI, and ADM?2
at week 16 after vaccination and after PD-1 blockade for Patient 2. (Figure adapted from Ott et al. Nature, 2017.)
were observed in the setting of both exogenous peptide loading and endogenous processing and
presentation, the latter providing insight into the effectiveness of the vaccine in addressing the
expected route of neoantigen processing and presentation in vivo.

Additional studies, including examining the effect of checkpoint blockade therapy on the T cell
repertoire have been performed (Figure 9). In brief, the T cell repertoires of Patient 2 and Patient
6 were re-analyzed after each patient received 9-12 months of pembrolizumab, in the setting of
tumor recurrence. CD4" and CD8" T cell responses were detected against 25 of 49 ASPs tested
(with 4 novel responses) and 2 of 18 EPTs for Patient 2. Similarly, CD4 " and CD8" T cell responses
were detected against 15 of 61 ASP (with 2 novel responses) and 4 of 32 EPT (with 2 novel
responses) for Patient 6. (Primary IFN-y ELISPOT data can be found in Ott et al.**) These results
show that the neoantigen-reactive T cell response is preserved in the setting of checkpoint blockade
therapy, and that PD-1 inhibition post-vaccination can broaden a vaccine-induced T cell

response.*?
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Part I1.
Identification of neoantigen-reactive T cell receptors and their cognate antigens

using a streamlined cloning and expression system

Author’s Contributions

D.J.B. helped develop the cloning and expression system for viral- and neoantigen-reactive TCRs. D.J.B.
cloned and expressed candidate TCRs in reporter cell lines and screened those cell lines against candidate
antigens using Human IL-2 ELISA to determine their cognate antigens. D.J.B performed these experiments
both as proof of concept using healthy donor blood and known viral antigens (Figs. 11d,e,f) and for TCR-
neoantigen pair discovery using PBMCs collected from melanoma patients and neoantigens identified
through WES of tumor (Figs. 12c,d,e).

In Part I of this thesis, I showed that neoantigen-based vaccination expanded neoantigen-
reactive T cell populations and demonstrated that this therapeutic strategy can be used to elicit a
multi-functional T cell response. However, the identities of the immunogenic T cells, particularly
their TCRs, were not identified and, furthermore, were not matched to their cognate antigens. The
ability to determine TCR-antigen pairs, particularly in the context of neoantigen-based vaccination
offers benefit as it would allow not only for further monitoring of specific T cell populations (e.g.,
via TCR tracking), but also enable further approaches to engineer a patient’s T cell repertoire
(in vivo or ex vivo) to promote a favorable anti-tumor response.

We developed a functional assay to match TCR sequences which were identified through
single-cell sequencing, with their cognate antigens. In brief, the assay consisted of cloning and
expressing TCRs in a TCR-deficient T cell line and subsequently screening those clones against
candidate antigens, a process further depicted in Figure 10 and described completely in the
Methods section of this thesis. I employed this cloning and expression system with two aims in
mind: (1) to establish proof of concept of our ability to match identified TCR sequences with
cognate antigens and (2) to better understand the identities of the dominant T cell populations of
two patients with melanoma from the neoantigen-based vaccine Phase I study.

PBMCs from two healthy donors (i.e., named “Donor 1” and “Donor 2”’) were stimulated with
a commercially available CEF peptide pool (i.e., a pool of 32 known immunogenic class I-
restricted peptides derived from Cytomegalovirus, Epstein-Barr virus (EBV), and Influenza virus,

see Supplement). This peptide pool often is used as a positive control.*’ The resulting IFN-y" T
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Figure 10: a. Single T cells which are reactive against pools of antigens based on IFN-y production, used as a
measure of antigen-specific reactivity, are isolated. These cells are submitted to barcoded targeted single cell
sequencing of TCRa and f CDR3 regions. b. The discovered paired TCRof} information is used to clone TCRs from
a ready-to-use plasmid library which is expressed in the reporter T cell line. ¢. Antigen specificity can be determined
by combinatorial testing of individual TCRs against candidate antigens presented on APCs. (Figure reproduced from

Hu et al. Blood, 2018.)

cells (12.8% and 6.8%, for Donors 1 and 2, respectively) were sorted by flow cytometry
(Figure 11a). Specific immunogenic peptides were deconvoluted from the pool by stimulating the
pool-reactive CD8" T cells with each individual peptide and measuring reactivity through IFN-y
ELISPOT. For these experiments, we focused on peptides with HLA restriction compatible with
the HLA class I typing of both donors. Given such restrictions, Donor 1 (i.e., HLA-A*02:01, HLA-
A*24:02, and HLA-B*(07:02) and Donor 2 (i.e., HLA-A*02:01 and HLA-A*01:01) had potential
reactivity against 9 and 7 of the 32 CEF peptides, respectively. ELISPOT confirmed that Donor 1
had CD8" T cells specific to 4 of the 9 peptides, while Donor 2 had T cells specific for 5 of 7
peptides (Figure 11b). The IFN-y" CD8" T cells underwent single-cell sequencing to determine the

identities and frequencies of paired TCRaf} chains. We obtained paired chain sequence information
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from 67% and 81% of 368 single CD8" T cells for Donor 1 and 2, respectively (Figure 11c).
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Figure 11: a. CEF-reactive CD8" T cells sorted by IFN-y secretion assay from 2 healthy donors’ PBMC stimulated
with CEF peptides using flow cytometry. b. Deconvolution of the reactivities of donor PBMCs against individual
CEF peptides using IFN-y ELISPOT. IFN-y" spots were quantified as SFC per million of CEF-reactive T cells.
c. Paired TCRa and TCR read counts from the sequencing of CEF-reactive single T cells. d. Multiple paired TCRaf
sequences were enriched in CEF-reactive CD8" T cells compared with nonreactive CD8" T cells. e. Dominant TCRs
were expressed on JurkatAof} reporter cells by lentiviral transduction with stabilized expression of CD3 verified by
flow cytometry. f. Cognate antigens for CEF-reactive TCRs were determined by screening against individual peptides
among the CEF peptide pool, with reactivity detectable by IL-2 ELISA, CD69 staining, or luciferase assay.
g. Comparison of the functional avidity of FluA MIl-specific TCRs identified from Donors 1 and 2. (Figure

reproduced from Hu et al. Blood, 2018.)
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Dominant TCR clones were selected (red bars in Figure 11d; TCR sequences are available in
the Supplement) and were cloned and expressed in JurkatAap reporter cell lines with transduction
efficiencies between 86 and 99.9% (Figure 11e). The reporter cell lines were screened against
APCs (K562-A*02:01 cells; selected as this HLA type was common between donors), pulsed with
individual reactive CEF peptides or CEF pool and evaluated for IL-2 production (Figure 11f). Six
of the reconstructed TCRs for Donor 1 were matched with a cognate antigen, with 4 TCRs
recognizing FluA M1 peptide, 1 TCR recognizing the EBV peptide BMLF1, and 1 TCR
recognizing the EBV peptide LMP2A. Furthermore, 4 TCRs from Donor 2 were matched, with 2
TCRs recognizing BMLF1, 1 TCR recognizing M1, and 1 TCR recognizing LMP2A. These results
were supported with similar findings from CD69" and luminescence assays (Figure 11f). The
unmatched TCRs may be specific for non-HLA-A*02:01-restricted CEF peptides. Two additional
TCRs from donor 1 (D1.7 and D1.8) were selected to be reconstructed as their TCR (TRBV19)

was noted in the literature to be highly prevalent among TCRs specific for M1°°

and they too
matched the M1 peptide. As many of the identified TCRs recognized the M1 protein, we compared
the functional avidity of the M1-specific TCRs from Donor 1 and Donor 2 and found that IL-2
secretion was observable at peptide pulse concentrations as low as 10 pg/ml (Figure 11 g).

The TCR identification protocol was then performed on PBMCs collected from patients with
melanoma at week 16 of the vaccination schedule (Figure 12a). As noted in Part I of this thesis,
some neoantigen-specific CD4" T cell responses were detectable ex vivo while neoantigen-specific
CD8" T cell responses were only detectable after 1 round of in vitro stimulation. CD4" T cells
were studied for Patient 1 by stimulating PBMC samples with a pool of peptides containing ASPs,
whereas CD8" T cells were studied for Patient 3 by stimulating PBMC which underwent 1 round
of in vitro-stimulation with pooled EPTs (Figure 12b). The IFN-y" T cells for each patient again
were sorted and underwent single-cell sequencing to determine the paired TCRaf3 which were
identified and arranged by frequency (Figure 12c). A total of 99 unique clonotypes were detected
in the 106 cells sequenced for Patient 1 and a total of 29 clonotypes were detected in the 119 cells
sequenced for Patient 3. For Patient 1 the maximum frequency of TCRaf clonotypes was 3, which
was significantly lower than that observed in the viral peptide studies or when compared to data
from Patient 3, for which the most dominant clonotype represented 31 IFN-y" wells.

Six dominant TCRs for Patient 1 were cloned and expressed in a reporter cell line and screened

against APCs pulsed with the individual ASPs present in the pool. One TCR of the 6 tested was
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Figure 12: a. TCR repertoire was assessed in PBMCs collected from melanoma patients (Patients 1 and 3) about 16
weeks after initiation of a personal neoantigen-based vaccine. b. Neoantigen-reactive CD4* and CD8" T cells from
Patients 1 and 3, respectively, were isolated based on IFN-y secretion after exposure of PBMCs to pools of 15-to 16-
mer length (CD4") and 9- to 10-mer length (CD8") peptides corresponding to immunogenic IMPs. ¢. Targeted single-
cell TCR sequencing uncovered multiple paired TCR sequences enriched in the neoantigen-reactive repertoires of
Patients 1 and 3. Red for downstream cloning and expression; open triangles for antigen-matched TCRs. d. One of 6
reconstructed CD4™ TCRs from Patient 1 was matched (mapping of peptide within the original IMP indicated) per
detection of reactivity by Human IL-2 ELISA. Functional avidity of the mut-RUSC2-2 specific P1.6 TCR against
mutant and corresponding wild-type (WT) peptide was determined using autologous APCs (P = 0.0003, by 2-sample
t-test with Welch’s correction from 4 technical replicates). e. Three reconstructed CD8" TCRs specific for mut-VPS16
were identified from Patient 3 per screening by IL-2 ELISA and mapping of the cognate peptide within the IMP is
shown. The peptides selected to test against the TCRs were chosen based on reactivities against the peptides in bulk
in vitro cultures (data not shown). Functional avidity for mut- and WT-VPS16 by the P3.3, P3.6, and P3.7 TCRs was
determined using B721.221 HLA-B*27:05 cell line pulsed with VPS16 peptides by IL-2 ELISA. f. HLA-B*27:05
restriction of mut-VPS16 was verified by co-culture of TCR-expressing reporter cells with peptide-pulsed K562 cells
expressing HLA-A*02:01 or B721.221 cells expressing HLA-A*03:01 or HLA-B*27:05. (Figure reproduced from
Hu et al. Blood, 2018.)

matched to a neoantigen, mutant RUSC?2. The low yield of these experiments is likely attributable
to the low frequencies of distinct clonotypes in the population (Figure 12d). When assessed for
specificity, the matched TCR (P1.6) was specific for the mutant peptide at peptide loading
concentrations of 107 pg/ml.

Similarly, 7 dominant TCRs for Patient 3 were cloned and expressed. Three TCRs recognized
mutant VPS16 as their cognate antigen, with clear discrimination between mutant and wild-type
peptide detected at a peptide loading of 10° pg/ml (Figure 12¢). The identification of 3 TCRs which
recognize a single neoepitope demonstrates that the vaccine can induce a polyfunctional T cell
response in patients. Furthermore, HLA-B*27:05 restriction of this mutant epitope was confirmed
as IL-2 production was observed when the mutant peptide was pulsed in HLA-B*27:05-expressing

cell lines, but not on other patient-specific HLA-expressing cell lines (Figure 12f).
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Discussion

Our work demonstrates proof-of-concept that a personalized, multi-epitope neoantigen-based
vaccine can expand CD4" and CD8" T cells that specifically recognize neoantigens. These results
provide evidence that a therapeutic vaccine can direct the T cell repertoire of patients with
melanoma toward an anti-tumor immune response. The strength of the NeoVax approach lies in
its potential to address two important challenges in oncology: the ability to target tumor over
healthy tissues, and the ability to target heterogenous tumors. Furthermore, the approach is not
limited to these two considerations and can be generalized to other tumor types. Recently, our
results were supported by a second NeoVax phase I trial for patients with glioblastoma, which
arrived at similar conclusions.’’ Additionally, the neoantigen-based vaccine strategy is also
showing promise in other tumor types, such as non-small cell lung cancer and bladder cancer
(unpublished work).>

The NeoVax trial described in this thesis is considered to be one of three “first-in-human”
personalized vaccine trials for patients with metastatic melanoma.>®> Two other trials have also
investigated the use of neoantigens as therapy in humans, but utilized different vaccination
strategies: a 2015 trial used neoantigen-loaded dendritic cells?® while another 2017 trial employed
neoantigen-expressing mRNA constructs to elicit immune responses.>’** Here, I will discuss our
results, particularly the characterization of the T cell repertoire both generally and in the context
of these two additional trials.

Neoantigen-based vaccination generates a multi-functional CD4* and CD8" T cell
response. The ability to elicit a multi-functional immune response is an important consideration
for vaccine design as both CD4" and CD8" T cells have been shown to play a role in tumor
killing.!” For example, mice vaccinated with computationally designed synthetic nRNA encoding
multiple MHC class II predicted epitopes experienced complete rejection of established tumors
associated with strong CD4" T cell responses.’®> Additionally, a mouse sarcoma model illustrated
that that the anti-tumor effect of checkpoint blockade was mediated by neoantigen-specific CD8"
T cells, a finding which was reproduced by subsequent vaccination with long synthetic peptides,
the selected neoantigen vehicle for our vaccine.!'® The use of long peptides (i.e., IMPs) in this trial
was not trivial as long peptides have been shown to elicit a meaningful, multi-functional immune
response in several studies including murine models of melanoma>® (i.e., one-third of 50 validated

mutations were found to be immunogenic, with 60% eliciting mutant-specific CD4" and CD8"
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immune responses) and HPV16-induced cervical cancer (i.e., a 35 amino acid long E7 peptide
induced more robust E7-specific CD8" T cell response upon vaccination than did a shorter
peptide).”” Thus, it is not unexpected that our vaccine elicited significant responses from both
CD4" and CD8" T cells. Of note, the overall proportion of tumor neoantigens inducing a T cell
response after vaccination was significantly higher than rates (~1% ex vivo for CD4" and CD8" T
cells) observed in patients who experienced a clinical response to other modes of immunotherapy,
such as checkpoint blockade or tumor-infiltrating lymphocyte therapy.?%%%

As for the proportion of CD4" versus CD8" T cell responses, we observed more class II
responses versus class I responses (~60% versus 20%, respectively), a finding which is consistent
with previous reports.>>>® This finding may be a result of favored class II presentation given
exogenous administration of IMPs or perhaps a consequence of the class II binding groove being
open on both ends, and therefore less restricted. This finding is particularly interesting as
neoantigen selection was based on prediction algorithms which assessed a peptide’s binding to
class I MHC. Given the robust CD4" response observed in our study, one may question the
specificity and furthermore utility of such algorithms as an upstream filter in the selection of
neoantigens.

Our results generally agree with those of a recent dendritic cell vaccine trial.? In their study,
Carreno et al. harvested autologous dendritic cells from 3 patients previously treated with
ipilimumab. These dendritic cells were loaded with 7 9-mer peptides (a total of 21 neoepitopes
were studied) which were class I-restricted and validated to bind HLA-A*02:01 and subsequently
re-administered to the patients. Only class I-restricted antigens were investigated in their study.
The authors observed CD8" T cell responses against 9 of 21 (43%) of neoantigens studied,
approximately twice as many observed in our study, although 3 of their reported immunogenic
neoantigens were also found to be immunogenic in pre-vaccination blood samples.* Carreno et al.
also performed minigene experiments and reported that 7 of the 9 (78%) immunogenic neoantigens
were endogenously processed and presented (based on IFN-y secretion of T cells harvested post-
vaccination and exposed to minigene-expressing APCs), compared to 15 of 15 (100%) in our work.
All immunogenic neoantigens reported by Carreno et al. were specific for the mutant-over wild-
type peptide. Notably, the prior use of ipilimumab by patients enrolled in their study has called

into question the clinical significance of their work.>
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A second trial investigating an RNA-based neoantigen vaccination strategy was published
alongside our trial and also provided findings consistent with our results.>* Sahin et al. reported
results for 13 patients with melanoma in which 10 mutations per patient (synthesized as 27-mers)
were encoded in two RNA constructs and administered to the patients for a total of 20 doses (with
up to 8 of those doses given via direct injection to the inguinal lymph nodes). About 60% of the
neoantigens studied were immunogenic (125 total; only 5 neoantigens were studied for 1 patient),
though about one-third of those responses were pre-existing. It was noted that the pre-existing
responses were weaker than those measured post-vaccination, suggesting that their vaccine
augmented the existing neoantigen-reactive T cell response. Of the immunogenic neoantigens,
CD4" and CD8" T cell responses were elicited by 57% and 17%, respectively, with 26% of the
neoantigens eliciting a response from both CD4" and CD8" T cells. Notably, one fifth of the
immunogenic responses were detectable without in vitro stimulation which is comparable to our
findings (26% of total responses were identified ex vivo in our study). Thus, in accordance with
the results of these additional trials, our results show that a personal neoantigen-based vaccine
serves as an effective method to successfully broaden the repertoire of neoantigen-reactive CD4"
and CD8" T cells.

Discrepancies between exogenous loading and endogenous processing and presentation of
neoantigens. Classically, whether a peptide is presented on class I or class II MHC has been
associated with the location of the to-be-presented peptide relative to the cellular environment,
with some mechanistic exceptions. Class I epitope loading typically occurs through the processing
of endogenous cytosolic proteins in proteasomes and subsequent shuttling and loading of resulting
peptides onto MHC in the endoplasmic reticulum.>? For extracellular proteins, cross-presentation
(e.g., via dendritic cells) is classically required to load exogenous protein onto class I MHC. As
the vaccine consists of extracellularly administered long peptides, the mechanism underlying
downstream CD4" and CD8" T cell activation likely involves internalization of exogenous protein
and subsequent processing (into smaller peptides) and presentation on class II, and cross-
presentation on class I (requiring the participation of dendritic cells).

Of note, differences between exogenous loading and endogenous processing and presentation
were observed between mutant versus wild-type peptides, particularly for neoantigens recognized
by CD8" T cells. For example, Figure 5 shows that mut-FAM200A and wild-type-FAM200A were

both weakly recognized by CD8" T cells when the peptide was loaded exogenously. However, our

36



minigene experiments revealed that only the mutant form is effectively processed and presented
endogenously, thus displaying clear differential reactivity between mutant and wild-type peptides.
Interestingly, in this context exogenous loading of peptide onto class I MHC appeared to be more
promiscuous, as both the mutant- and wild-type peptide were accommodated by MHC, whereas
endogenous processing and presentation was able to discriminate between the two sequences. This
class I MHC promiscuity has been recognized previously and discussed in the literature.®® A
similar pattern was observed for VPS16 where again reactivity against the mutant and wild-type
peptides could be discriminated based on endogenous processing, but not exogenous loading.

As tumor is expected to endogenously process and present antigens, the minigene experiments
better replicate in vivo conditions for antigen recognition than exogenous peptide pulsing.
Furthermore, as an extension of this result, the initial deconvolution of neoantigen-reactive CD8"
T cells and subsequent specificity measurements were performed using exogenous loading, which
may not have been the ideal assay to screen for neoantigen-specificity given the exogenous
promiscuity observed. In revisiting these experiments, perhaps a minigene-like approach could be
employed to screen for the neoantigen-specific immunogens up front, rather than exogenous
loading followed by experiments involving peptide titration to probe for specificity. This could be
accomplished with our current protocol involving the nucleofection of autologous B cells and
adapted to accommodate a larger number of neoantigens per minigene (for pooled experiments for
the purposes of screening).

Combination therapy with checkpoint blockade. Neoantigen-based vaccines are promising
therapies which enrich the immune cell repertoire with neoantigen-reactive T cells. Though the
vaccine can be administered as a monotherapy, it is likely to have significant benefit in
combination with checkpoint blockade, given the latter’s ability to lift suppressive mechanisms on
the immune system. The results of our trial present some evidence to support this claim as 2 of the
patients having received neoantigen-based vaccination and subsequently experiencing tumor
recurrence achieved complete radiographic response after treatment with pembrolizumab.*
Similarly, Sahin et al. report that one patient with tumor recurrence who prematurely discontinued
the vaccination and received pembrolizumab experienced complete remission.>* However, a
second patient, who completed the vaccination protocol and who received pembrolizumab after

recurrence, did not survive.>* Further studies investigating this neoantigen-based vaccine strategy
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are needed to determine whether vaccination with checkpoint blockade proves a more effective
clinical therapy than either alone.

Addressing challenges in neoantigen identification and experimental methods. Our results
demonstrate the promise of neoantigen-based vaccination in the treatment of cancer. However,
challenges exist. Firstly, the identification of immunogenic neoantigens is central to the vaccine
design. In our study, WES followed by computational pipelines were used to predict a list of
candidate mutations that were likely immunogenic. Recent computational studies have shown that
introns can also be a novel source of neoantigens in tumor cells.®' Developing methods to capture
all possible neoantigens for a particular tumor, may not only result in the detection of highly
immunogenic mutant peptides, but also broaden the candidate pool of antigens from which a
vaccine can be designed. Furthermore, the effectiveness of a vaccine-induced T cell response
depends on many factors, several of which are wholly controlled by the cancer cells (i.e., degree
of MHC expression, peptide processing and presentation, PD-1 expression) while others involve
the T cell (i.e., TCR binding avidity, specificity, phenotype, tumor infiltration). Determining which
of these variables matters most in mounting an effective anti-tumor response is difficult as the
system is multi-variable and heterogeneous. Experimental approaches to studying autologous
tumor also prove difficult as tumor cells often behave differently in vitro than in vivo. Clever
approaches to obtain as much data from in vivo experiments, such as ongoing clinical trials, will
likely be the fastest approach to determine the clinical effectiveness of such strategies. Clinical

solutions may precede rigorous explanations.

Functional avidity of neoantigen-reactive T cells. There is a growing interest to develop
methods to monitor antigen-specific T cell responses and to identify TCR sequences capable of
recognizing antigens of interest as both aims could enable the development of next-generation
cancer therapies.®? This thesis presents an approach that accomplishes the latter as we introduce a
novel cloning and expression system to probe TCR specificity. The novelty of our system is the
establishment of a variable chain plasmid library that allows for the reconstruction of virtually any
TCR with stock library components and a custom CDR3 oligonucleotide. Subsequent expression

of the construct in a TCR-deficient reporter cell line allows for not only the identification of TCR-
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antigen pairs, but also facilitates the investigation of functional avidity, as stable, homogeneous
cell lines expressing the TCR of interest are preferred for such experiments. Functional avidity is
not a specific measurement as it is the product of multiple variables including the degree of (i) TCR
expression, (ii) MHC expression, (ii7) MHC-peptide binding, (iv) co-stimulatory interactions, and
(v) intrinsic state of the T cell (e.g., naive or memory).®> However, functional avidity is an
important practical parameter as it has been correlated positively with T cell clearance of infections
and tumors. 546>

Regarding the studies of functional avidity of cloned TCRs, neoantigen-reactive TCRs cloned
and expressed from Patients 1 and 3 (Figure 12) had lower functional avidity (~10° pg/ml) than
viral peptide-reactive TCRs reconstructed from the PBMCs of healthy donors (~10° pg/ml). This
may speak to the inherent differences between the foreignness of a viral peptide as compared to
neoantigens, the latter of which often differs from host native sequences by only one amino acid.
For example, functional avidities of 10* pg/ml have been reported for CD8* T cell responses
against HIV Gag-epitope-MHC complexes.®> In contrast, neoantigen-reactive T cell lines in
ovarian cancer patients have been reported having functional avidities of approximately
10° pg/ml.% Furthermore, the functional avidity of T cell lines expressing a single neoantigen-
reactive TCR is lower than that observed in our previous experiments involving some bulk
neoantigen-reactive T cells (Figure 5). This is likely due to the presence of multiple neoantigen-
reactive TCRs in the bulk T cells, which increase the measured functional avidity as it is practically
a measurement of the number of IFN-y" SFCs for a given T cell population (i.e., contributions
from multiple neoantigen-specific TCRs will be additive in this assay). Thus, higher functional
avidities are expected in experiments involving pooled neoantigen-reactive T cells, having a
diversity of TCRs specific for a given neoantigen.

Functional avidity is an important parameter in the design of effective T cell-based
immunotherapies, as T cells with higher functional avidities may elicit stronger anti-tumor
responses. However, T cells with higher functional avidities may also become more readily
exhausted because of extended antigen activation.®* Perhaps a diverse population of tumor-specific
TCRs with a range of functional avidities is best suited for eliciting an effective clinical response,
as suggested in the literature.%” Additional population-based studies of TCRs are needed to further

investigate this claim.
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Moving toward more efficient and higher throughput methods of neoantigen-reactive
TCR identification and TCR-cognate antigen pair discovery. Interestingly, the most dominant
TCR clones identified after single-cell sequencing of IFN-y" T cells were not matched for Donor
1, Patient 1, and Patient 3, given the known respective candidate pools of pulsed peptides prior to
IFN-y" catch assay. Furthermore, mutant peptides that may be deemed as “more foreign”, such as
those having frame-shift mutations, (i.e., mut-CASP5 of Patient 1) were not identified as a cognate
antigen for the reconstructed TCRs. One may have expected that “more foreign” immunogens
would elicit stronger and more heterogenous immune responses, as observed for the Influenza M
antigen, which may have increased their detection frequency. As the dominant clones for Donor 1
and Patient 3 had frequencies well-above those of the non-stimulated T cells, their selection is
likely the result of either non-specific T cell activation in the presence of either the pooled peptides,
or perhaps the non-specific nature of the IFN-y catch reagent. The “dominant” clone for Patient 1
had low frequency which was similar, in fact, to the typical frequencies of individuals TCRs in the
background bulk T cells without peptide stimulation (results not shown). The low TCR
identification rate (1 of 6) for Patient 1 is likely due to the lack of sufficiently stimulated CD4" T
cells in the population, which could be improved with a longer stimulation protocol. Additionally,
it is unlikely that the cell line chosen for the assay plays a role in the low identification rate as our
JurkatAop cell line expressed both CD4 and CDS8. When transduced, this cell line is expected to
have a functional TCR, complete with co-stimulatory proteins.

Following the cloning and expression protocol detailed in Methods, TCR-expressing reporter
cell lines could be generated within 9 days.*” Practically, the number of TCR-expressing reporter
cell lines generated in one batch of experiments is on the order of 10. Moving forward, given the
complexity of the immune response, it would be favorable to develop a high-throughput protocol
to identify and screen a larger number of TCRs (order of 100 or greater). One approach to
accelerate TCR-neoantigen pair discovery is to eliminate lentiviral transduction (costly and time-
consuming) and move toward a more rapid way to express TCRs in reporter cell lines, such as
TCR-encoding plasmid nucleofection. Initial efforts (unpublished data) revealed that 1 million
JurkatAaf cells nucleofected with 2 pg and 10 pg of TCR-encoded plasmid (4000-5000 base
pairs) gave CD3 expressions (measured by flow cytometry) of 56% and 73%, respectively, though
cell viability was poor (~20%). Such an approach would enable the rapid generation of TCR-

expressing reporter cell lines, which may be sufficiently stable on the time scale of the IL-2 ELISA
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assays. However, a trade-off exists as the nucleofected cells likely would not be stable on the time
scale of the functional avidity measurements. In addition to our work, other cloning and expression
methods have been reported in the literature’*>?; however, the issue of high-throughput analysis

has yet to be properly addressed.
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Conclusions

A multi-epitope, neoantigen-based vaccine can generate a multi-functional, anti-tumor
immune response in patients with melanoma as it expands CD4" and CD8" T cells which
specifically recognize neoantigen-presenting APCs.

Neoantigen-reactive CD4" and CD8" T cells respond to neoantigens which are shown to be
endogenously processed and presented on host MHC and display evidence of cytotoxicity.
Administration of a PD-1 inhibitor (pembrolizumab) in the setting of tumor recurrence post-
vaccination broadens the sustained neoantigen-reactive CD4" and CD8" T cell repertoire.

The cognate neoantigens of 4 neoantigen-reactive TCR sequences were identified using a
novel cloning and expression system featuring an on-demand variable-chain library and
lentiviral-transduced JurkatAof reporter cell line.

The identified neoantigen-reactive TCRs displayed preferential reactivity against mutant
peptide at exogenous peptide concentrations of 10°-107 pg/ml, though the functional avidity of
these TCRs for their cognate antigen was lower than that measured for viral peptide-reactive

TCRs.
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Suggestions for Future Work

The approach of neoantigen discovery followed by vaccine assembly and administration is
general and can be applied in future work to study the immune response against a range of primary
tumor types. The computational pipelines are likely to be more successful in identifying
immunogenic neoantigens if the mutational load of the tumor is high, though low mutational
burdens do not technically exclude our vaccine approach, as evidenced by recent results.’! In fact,
single-peptide vaccines have been administered and studied, for example by Rosenberg et al.* In
addition to studying a greater breath of tumor types, analyzing neoantigen-reactive T cell
repertoires elicited before and after the administration of checkpoint blockade co-therapy would
be helpful in determining the extent by which the vaccine can expand T cells responsible for an
anti-tumor response for a particular tumor. I report here that such studies are ongoing. >

Expanding neoantigen-reactive T cells in the periphery yields convincing evidence of the
vaccine’s ability to mobilize a response; however, correlating whether the vaccine-expanded T
cells can infiltrate the target tumor would provide further evidence supporting a clinically
meaningful response. Anecdotally, our work and the work of others provides some evidence that
the vaccine either alone, or in combination with checkpoint blockade either prevents recurrence or
promotes an anti-tumor response in the presence of recurrence.**>* For patients with recurrent
tumor, it would be interesting to isolate their tumor (if relapse occurs) and compare tumor-
infiltrating lymphocytes with the identities of those in peripheral circulation (pre- and post-
therapeutic intervention). As mentioned, such a study has been performed in a NeoVax trial against
glioblastoma and one TCR expanded after vaccination was observed both in peripheral blood and
the tumor; however, the presence of this TCR did not correlate with a positive clinical response.’!
As glioblastoma is a challenging model given its low mutational burden and its location within the
confines of the blood-brain barrier, the analysis could be prioritized for more peripherally
accessible tumors.

Investigating the kinetics of neoantigen-specific T cell populations over time may help to
answer questions regarding the extent to which we are expanding T cell populations, and which T
cell populations are dominant. I began to develop a system to understand the kinetics of
neoantigen-T cell populations using quantitative PCR (qPCR) and TagMan probes (Thermo Fisher
Scientific) specific for CDR3 sites of identified neoantigen-reactive TCRs. I first sought to

determine the limit for detecting the presence of a single TCR clonotype in a population of
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Figure 13. JurkatAaf cells expressing a neoantigen-reactive TCR were spiked into a sample of patient PBMC at
various concentrations (0.001%-100%). qPCR performed on 20 pl sample containing: 1 pl cDNA (600 ng/pl), 1 ul
TaqMan assay specific for CDR3 region of interest, and balance distilled water. Results suggest that a population of
10,000 cells having the same TCR can be detected in 10 million PBMCs (0.01%).

peripheral blood cells. Reverse transcription was performed on populations of peripheral blood
cells to generate cDNA and the resulting cDNA was combined with TagMan assay and underwent
qPCR (unpublished work). “Spike-in” experiments in which JurkatAaf cells expressing the T cell
of interest were introduced to patient bulk PBMCs at several concentrations, were used to estimate
a detection limit for identifying neoantigen-reactive T cells in a patient’s blood sample. These data,
shown in Figure 13 suggest that we can detect a population of 10,000 cells (having TCR of interest)
in a population of 10 million cells (i.e, estimated detection limit of 0.01%). Smaller populations
likely require a pre-amplification protocol. The system indeed has flaws as quantifying the number
of T cells in a population based on reverse transcription of mRNA introduces the degree of TCR
protein expression in a given cell as a confounder. However, this method establishes an approach

that can be further modified to observe how T cell populations change as a function of time.
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Admittedly, this approach first requires the identification of neoantigen-reactive TCRs (i.e., the
primary aim discussed in Part 2 of this thesis), and so developing more high-throughput approaches
for TCR discovery as previously mentioned will also benefit the development of this assay and

allow for further immune monitoring.
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Lay Summary

Cancer arises from cells which have experienced DNA mutations that disrupt their normal
function. These mutations may give rise to aberrant proteins which are exclusively found in cancer
cells and which we refer to as neoantigens. These neoantigens may be processed and presented
by tumor and, hence, serve as a cancer-specific marker that can be targeted by cancer therapies.
We developed a therapeutic vaccine by which we identified and administered tumor-specific
neoantigens to 6 patients with high-risk melanoma with aim to increase the number of immune
cells, particularly T cells, that can recognize and kill neoantigen-presenting cells (i.e., tumor cells).
Here, we show that neoantigen-based vaccination successfully expands both CD4" and CD8" T
cell populations that specifically recognize targeted neoantigens that are displayed on antigen
presenting cells. Notably, neoantigen-reactive T cell populations were not detected prior to
vaccination and such populations were either sustained or broadened with the addition of
checkpoint blockade therapy, which was initiated in two patients due to tumor recurrence during
the trial. Furthermore, we show that these neoantigens can be effectively processed and presented
on MHC proteins for display from within the cell and that the neoantigen-reactive T cell
populations display evidence of cytotoxic capacity, which is necessary for effective tumor killing.
These promising responses were observed across 6 patients enrolled in the phase I study.
Additionally, we use genomic cloning and expression techniques to clone known TCRs from
neoantigen-reactive T cell populations to identify the specific neoantigen that each TCR
recognizes. Using such techniques, we matched 4 neoantigen-reactive TCRs with their cognate
neoantigens, demonstrated that the TCRs were specific for the mutant peptide over the wild-type,
and established their functional avidity to assess the strength of TCR-neoantigen interactions.
These results provide proof-of-concept that a neoantigen-based vaccine can mount an
individualized immune response against a patient’s tumor and provides a foundation for further

exploration into using neoantigen-based approach as an effective immunotherapy.
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Table S1. Patient-specific mutant and wild-type minigene sequences with example mutant tandem
minigene for Patient 2 prior to insertion of pcDNA3.1 vector.

1 Begin inserting minigene sequences

TCTAGATGAGCTCGGATCCACCGGTCGCCACCATGCGGCCGGCCGGCAGGACTCAGCTCCTGTGGACCCCAGCAGCCCCCACAG

CTATGGCTGAGGTGGGGCCGGGCCACACCCCTECRICACTCACATCCCCARAACCCTCTCCCETAACTTTCCCACCACCTECET
TTCCAACAGCCTCCCCAGCARATAAGGATCTGGGAGAGACCATGGGTCAGGTCACAGAGAAGCTGCAGCCGACTTACATGGAGG
AGACGTGTCGTCACTATGTGGCCHECOROACIATCATCIIIACTCOTACTIIICONANCRANATACACATCOTCCCTCCTCAT

EERAGATEARTAN GG 7GGCGGTGGCAGCGGCGGTGGCGGTTCTGGTGGCGGTGGCAGCGGTAAGCCTATCCCTAACCCTCTCC
TCGGTCTCGATTCTACGTAAAGCGGCCGCGTCGACGAATTCT GCAGATTCTAGAT

Key:

XbaI

BamHI

Agel

Start codon
Mut-ADM2

Mut-ITGA9
Mut-DDX3X
G-S linker
V5 Tag
Stop codon
Sall
EcoRI

XbalI

Patient-specific sequences

Patient-specific mutant minigenes

Patient 1

Mut-RUSC2 TCTGGCTCGCCCCCACTTCGTGTGAGTGTTGGGGACTCCTCCCAGGAGTTCTCACCCATCCA
AGAAGCCCAGCAAGAT

Mut-4ACPP CTTTTTTTCTGGCTAGACCGAAGTGTACTAGCCAAGGAGTTGAAGTTTGTGACTTTGGTGTT
TCGGCATGGAGACCGAAGTCCCATTGAC

Mut-DCAKD ACCAAACGCCAGGTCATCCTCTTGCACACTGAGCTGGAGCGCTCCCTGGAGTACCTGCCGC
TGAGGTTTGGGGTCCTCACA

Mut-CASP5 (frame-shift) CTTTGTCCTCGTGAAGAGTTCCTGAGACTGTGTAAAAAAATCATGATGAGATCTATCCAA

Patient 2

Mut-4ADM?2 (frame-shift) CGGCCGGCCGGCAGGACTCAGCTCCTGTGGACCCCAGCAGCCCCCACAGCTATGGCTGAGG
TGGGGCCGGGCCACACCCCT

Mut-BAZ2A GCTTCAGTGACATCCCCAAAAGCCTCTCCCGTAACTTTCCCAGCAGCTGCCTTTCCAACAGC
CTCCCCAGCAAATAAGGAT

Mut-/TGA9 CTGGGAGAGACCATGGGTCAGGTCACAGAGAAGCTGCAGCCGACTTACATGGAGGAGACG

Mut-DDX3X CGCCACACTATGATGTTTAGTGCTACTTTTCCTAAGAAAATACAGATGCTGGCTCGTGATTT
CTTAGATGAATAT

Patient 3

Mut-KCNC3 GACCGAGCCTGCTTCCTCCTCACCGACTATGCCCTTTCCCCTGATGGCTCCATCCGAAAAGC
CACTGGT

Mut-FAM1904 AAATCTTTTTCATCTCACTATAAATTTTCTAAGCCAGCTCTACAGAGCCAATCCATTTCATT
GGTACAACAGTCT

Mut-GTF3C2 ACTGAAACTGTCAACCATCACTACTTGCTCTTTCAAAACACAGATTTGGGTTCATTCCATGA
TCTGCTCCGT

Mut-ADAMTS7 GAGCTACAATACCGCGGGCGCGAGCTGCGCTTCAACCTGATCGCCAATCAGCACCTGCTGG
CGCCCGGCTTTGTGAGCGAGACGCGG

Mut-CIT AGGGGCCGGCTGCCTGCGGGAGCCGTGAGGACCCTGCTGTCCCAGGTGAACAAGGTCTGG
GACCAGTCTTCA
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Mut-VPS16

GGACATGAGCACCAGCCAGACATGCAGAAGAGTCTGCTCAGGGCCGCCTTCTTCGGAAAG
TGTTTCCTGGACAGATTTCCACCCGACAGC

Patient 4

Mut-ARHGAP29

GGTCATCAGAAACTTCCAGGAAAAATACACTTATTTGAAGCAGAGTTCACACAAGTTGCAA
AAAAGGAACCA

Mut-IDH?2 GGCGACCAGTACAAGGCCACAGACTTTGTGGCAGACTGGGCCGGCACTTTCAAAATGGTCT
TCACCCCAAAAGATGGCAGTGGT

Mut-TNR GAGACCATCCTTGTTGACGGAGTCAGTGAGGAATTTTGGCTTGTTGACCTGCTTCCTAGCAC
CCACTATACT

Mut-PATLI GGACGGATGTCTCCCAGCCAGTTTGCACGGGTCCCTGGATATGTTGGTAGTCCACTTGCTGC
CATGAATCCCAAG

Patient 5

Mut-ZNF281 GCGGCGTCAGCCGCGGCCTTCCCCTCGCAGAGGACCTCCTGGGAGTTCTTGCAGTCTTTGGT
TAGCATCAAACAGGAGAAA

Mut-MAP4K4 TCCCACCTGGCATCTCTCAAGAACAATGTTTCCCCTGTCTTGCGATCCCATTCCTTCAGTGA
CCCTTCTCCCAAATTTGCA

Mut-FAM200A4 AAACTAAGAACTATACCTCTTAGTGATAATACAATATTTCGTCGAATCTGTACGATTGCAA
AACATTTGGAA

Mut-TBX4 GCCCGACTGCAGAGCAAAGAATACCCCGTGATTTTCAAAAGCATCATGAGGCAGAGGCTC
ATCTCCCCCCAGCTC

Mut-GRIN2B CCTGCCTCGGCCAAGTCCCGCAGGGAGTTTGACAAGATCGAGCTGGCCTACCGTCGCCGAC

CGCCCCGCTCC

Mut-COL2241

TTCCCTGTGGTGCAAAGTACTGAGGATGTGTTCCCCCAAGGTTTACCTAATGAGTACGCCTT
TGTCACAACCTTCCGGTTCAGGAAA

Patient 6

Mut-MLL

TCTCGTCTACAGACCCGAAAGAATAAAAAACTTGCTCTCTCTAGTACCCCTTCAAACATTGC
CCCTTCTGAT

Mut-RALGAPB (frame-shift)

TTAAACACTGGATTATTCCGGATAAAATTCAAGGAGCCACTGGAAAATTTAATATGGTCAT
CCCTCTTGTGG

Mut-FAM50B

GGCCTGGTGACCCTGAACGACATGAAGGCCCGGCAGAAGGCCCTGGTCAGGGAGCGCGAG
CGGCAGCTGGCC

Patient-specific wild-type minigenes
*Note, frame-shift mutations not included as a wild-type counterpart does not exist.

Patient 1

WT-RUSC2 TCTGGCTCGCCCCCACTTCGTGTGAGTGTTGGGGACTCCTCCCAGGAGTTCTCACCCATCCA
AGAAGCCCAGCAAGAT

WT-ACPP CTTTTTTTCTGGCTAGACCGAAGTGTACTAGCCAAGGAGTTGAAGTTTGTGACTTTGGTGTT
TCGGCATGGAGACCGAAGTCCCATTGAC

WT-DCAKD ACCAAACGCCAGGTCATCCTCTTGCACACTGAGCTGGAGCGCTCCCTGGAGTACCTGCCGC
TGAGGTTTGGGGTCCTCACA

Patient 2

WT-BAZ2A4 GCTTCAGTGACATCCCCAAAAGCCTCTCCCGTAACTTCCCCAGCAGCTGCCTTTCCAACAGC
CTCCCCAGCAAATAAGGAT

WT-ITGA9 CTGGGAGAGACCATGGGTCAGGTCACAGAGAAGCTGCAGCTGACTTACATGGAGGAGACG
TGTCGTCACTATGTGGCC

WT-DDX3X CGCCACACTATGATGTTTAGTGCTACTTTTCCTAAGGAAATACAGATGCTGGCTCGTGATTT
CTTAGATGAATAT

Patient 3

WT-KCNC3 GACCGAGCCTGCTTCCTCCTCACCGACTATGCCCCTTCCCCTGATGGCTCCATCCGAAAAGC
CACTGGT

WT-FAM190A4 AAATCTTTTTCATCTCACTATAAATTTTCTAAGCCAGTTCTACAGAGCCAATCCATTTCATT
GGTACAACAGTCT

WT-GTF3C2 ACTGAAACTGTCAACCATCACTACTTGCTCTTTCAAGACACAGATTTGGGTTCATTCCATGA
TCTGCTCCGT

WT-ADAMTS7 GAGCTACAATACCGCGGGCGCGAGCTGCGCTTCAACCTGACCGCCAATCAGCACCTGCTGG
CGCCCGGCTTTGTGAGCGAGACGCGG

WT-CIT AGGGGCCGGCTGCCTGCGGGAGCCGTGAGGACCCCGCTGTCCCAGGTGAACAAGGTCTGG
GACCAGTCTTCA

WT-VPS16 GGACATGAGCACCAGCCAGACATGCAGAAGAGTCTGCTCAGGGCCGCCTCCTTCGGAAAG
TGTTTCCTGGACAGATTTCCACCCGACAGC

Patient 4
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WT-4RHGAP29

GGTCATCAGAAACTTCCAGGAAAAATACACTTATTTGGAGCAGAGTTCACACAAGTTGCAA
AAAAGGAACCA

WT-IDH?2 GGCGACCAGTACAAGGCCACAGACTTTGTGGCAGACCGGGCCGGCACTTTCAAAATGGTCT
TCACCCCAAAAGATGGCAGTGGT

WT-TNR GAGACCATCCTTGTTGACGGAGTCAGTGAGGAATTTCGGCTTGTTGACCTGCTTCCTAGCAC
CCACTATACT

WT-PATLI GGACGGATGTCTCCCAGCCAGTTTGCACGGGTCCCTGGATTTGTTGGTAGTCCACTTGCTGC
CATGAATCCCAAG

Patient 5

WT-ZNF281 GCGGCGTCAGCCGCGGCCTTCCCCTCGCAGAGGACCTCCTGGGGGTTCTTGCAGTCTTTGGT
TAGCATCAAACAGGAGAAA

WT-MAP4K4 TCCCACCTGGCATCTCTCAAGAACAATGTTTCCCCTGTCTCGCGATCCCATTCCTTCAGTGA
CCCTTCTCCCAAATTTGCA

WT-FAM200A4 AAACTAAGAACTATACCTCTTAGTGATAATACAATATCTCGTCGAATCTGTACGATTGCAA
AACATTTGGAA

WT-TBX4 GCCCGACTGCAGAGCAAAGAATACCCCGTGATTTCCAAAAGCATCATGAGGCAGAGGCTC
ATCTCCCCCCAGCTC

WT-GRIN2B CCTGCCTCGGCCAAGTCCCGCAGGGAGTTTGACGAGATCGAGCTGGCCTACCGTCGCCGAC
CGCCCCGCTCC

WT-COL2241 TTCCCTGTGGTGCAAAGTACTGAGGATGTGTTCCCCCAAGGTTTACCTGATGAGTACGCCTT
TGTCACAACCTTCCGGTTCAGGAAA

Patient 6

WT-MLL TCTCGTCTACAGACCCGAAAGAATAAAAAACTTGCTCCCTCTAGTACCCCTTCAAACATTG
CCCCTTCTGATTGGTCATCCCTCTTGTGG

WT-FAM50B GGCCTGGTGACCCTGAACGACATGAAGGCACGGCAGGAGGCCCTGGTCAGGGAGCGCGAG

CGGCAGCTGGCC
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Table S2. TRAV and TRBC sequences used in Va-Cp library plasmids.

Segment Leader Sequence Sequence
Constant N/A CTGAACAAGGTGTTCCCACCCGAGGTCGCTGTGTTTGAGCCATCAGAAGCAGAGATCTC
beta (CP) CCACACCCAAAAGGCCACACTGGTGTGCCTGGCCACAGGCTTCTTCCCCGACCACGTGG
AGCTGAGCTGGTGGGTGAATGGGAAGGAGGTGCACAGTGGGGTCAGCACGGACCCGCA
GCCCCTCAAGGAGCAGCCCGCCCTCAATGACTCCAGATACTGCCTGAGCAGCCGCCTGA
GGGTtTCGGCCACCTTCTGGCAGAACCCCCGCAACCACTTCCGCTGTCAAGTCCAGTTCT
ACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAACCCGTCACCCAGAT
CGTCAGCGCCGAGGCCTGGGGTAGAGCAGACTGTGGCTTTACCTCGGTGTCCTACCAGC
AAGGGGTCCTGTCTGCCACCATCCTCTATGAGATCCTGCTAGGGAAGGCCACCCTGTATG
CTGTGCTGGTCAGCGCCCTTGTGTTGATGGCCATGGTCAAGAGAAAGGATTTC
TRAVI-1 ATGTGGGGAGCTTTCCTT | GGACAAAGCCTTGAGCAGCCCTCTGAAGTGACAGCTGTGGAAGGAGCCATTGTCCAGAT
CTCTATGTTTCCATGAAG | AAACTGCACGTACCAGACATCTGGGTTTTATGGGCTGTCCTGGTACCAGCAACATGATG
ATGGGAGGCACTGCA GCGGAGCACCCACATTTCTTTCTTACAATGCTCTGGATGGTTTGGAGGAGACAGGTCGTT
TTTCTTCATTCCTTAGTCGCTCTGATAGTTATGGTTACCTCCTTCTACAGGAGCTCCAGAT
GAAAGACTCTGCCTCTTAC
TRAV1-2 ATGTGGGGAGTTTTCCTT | GGACAAAACATTGACCAGCCCACTGAGATGACAGCTACGGAAGGTGCCATTGTCCAGAT
CTTTATGTTTCCATGAAG | CAACTGCACGTACCAGACATCTGGGTTCAACGGGCTGTTCTGGTACCAGCAACATGCTG
ATGGGAGGCACTACA GCGAAGCACCCACATTTCTGTCTTACAATGTTCTGGATGGTTTGGAGGAGAAAGGTCGTT
TTTCTTCATTCCTTAGTCGGTCTAAAGGGTACAGTTACCTCCTTTTGAAGGAGCTCCAGA
TGAAAGACTCTGCCTCTTAC
TRAV2 ATGGCTTTGCAGAGCACT | AAGGACCAAGTGTTTCAGCCTTCCACAGTGGCATCTTCAGAGGGAGCTGTGGTGGAAAT
CTGGGGGCGGTGTGGCT CTTCTGTAATCACTCTGTGTCCAATGCTTACAACTTCTTCTGGTACCTTCACTTCCCGGGA
AGGGCTTCTCCTCAACTC | TGTGCACCAAGACTCCTTGTTAAAGGCTCAAAGCCTTCTCAGCAGGGACGATACAACAT
TCTCTGGAAGGTTGCAGA | GACCTATGAACGGTTCTCTTCATCGCTGCTCATCCTCCAGGTGCGGGAGGCAGATGCTGC
AAGC TGTTTAC
TRAV3 ATGGCCTCTGCACCCATC | GCTCAGTCAGTGGCTCAGCCGGAAGATCAGGTCAACGTTGCTGAAGGGAATCCTCTGAC
TCGATGCTTGCGATGCTC | TGTGAAATGCACCTATTCAGTCTCTGGAAACCCTTATCTTTTTTGGTATGTTCAATACCCC
TTCACATTGAGTGGGCTG | AACCGAGGCCTCCAGTTCCTTCTGAAATACATCACAGGGGATAACCTGGTTAAAGGCAG
AGA CTATGGCTTTGAAGCTGAATTTAACAAGAGCCAAACCTCCTTCCACCTGAAGAAACCAT
CTGCCCTTGTGAGCGACTCCGCTTTGTAC
TRAV4 ATGAGGCAAGTGGCGAG | CTTGCTAAGACCACCCAGCCCATCTCCATGGACTCATATGAAGGACAAGAAGTGAACAT
AGTGATCGTGTTCCTGAC | AACCTGTAGCCACAACAACATTGCTACAAATGATTATATCACGTGGTACCAACAGTTTCC
CCTGAGTACTTTGAGC CAGCCAAGGACCACGATTTATTATTCAAGGATACAAGACAAAAGTTACAAACGAAGTGG
CCTCCCTGTTTATCCCTGCCGACAGAAAGTCCAGCACTCTGAGCCTGCCCCGGGTTTCCC
TGAGCGACACTGCTGTGTAC
TRAVS ATGAAGACATTTGCTGG GGAGAGGATGTGGAGCAGAGTCTTTTCCTGAGTGTCCGAGAGGGAGACAGCTCCGTTAT
ATTTTCGTTCCTGTTTTTG | AAACTGCACTTACACAGACAGCTCCTCCACCTACTTATACTGGTATAAGCAAGAACCTG
TGGCTGCAGCTGGACTGT | GAGCAGGACTCCAGTTGCTGACGTATATTTTTTCAAATATGGACATGAAACAAGACCAA
ATGAGTAGA AGACTCACTGTTCTATTGAATAAAAAGGATAAACATCTGTCTCTGCGCATTGCAGACACC
CAGACTGGGGACTCAGCTATCTAC
TRAV6 ATGGAGTCATTCCTGGGA | AGCCAAAAGATAGAACAGAATTCCGAGGCCCTGAACATTCAGGAGGGTAAAACGGCCA
GGTGTTTTGCTGATTTTG | CCCTGACCTGCAACTATACAAACTATTCCCCAGCATACTTACAGTGGTACCGACAAGATC
TGGCTTCAAGTGGACTGG | CAGGAAGAGGCCCTGTTTTCTTGCTACTCATACGTGAAAATGAGAAAGAAAAAAGGAAA
GTGAAG GAAAGACTGAAGGTCACCTTTGATACCACCCTTAAACAGAGTTTGTTTCATATCACAGCC
TCCCAGCCTGCAGACTCAGCTACCTAC
TRAV7 ATGGAGAAGATGCGGAG | GAAAACCAGGTGGAGCACAGCCCTCATTTTCTGGGACCCCAGCAGGGAGACGTTGCCTC
GCCTGTCCTAATTATATT | CATGAGCTGCACGTACTCTGTCAGTCGTTTTAACAATTTGCAGTGGTACAGGCAAAATAC
TTGTCTATGTCTTGGCTG | AGGGATGGGTCCCAAACACCTATTATCCATGTATTCAGCTGGATATGAGAAGCAGAAAG
GGCAAATGGA GAAGACTAAATGCTACATTACTGAAGAATGGAAGCAGCTTGTACATTACAGCCGTGCAG
CCTGAAGATTCAGCCACCTAT
TRAVS-1 ATGCTCCTGTTGCTCATA | GCCCAGTCTGTGAGCCAGCATAACCACCACGTAATTCTCTCTGAAGCAGCCTCACTGGA
CCAGTGCTGGGGATGATT | GTTGGGATGCAACTATTCCTATGGTGGAACTGTTAATCTCTTCTGGTATGTCCAGTACCC

TGGTCAACACCTTCAGCTTCTCCTCAAGTACTTTTCAGGGGATCCACTGGTTAAAGGCAT
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TTTGCCCTGAGAGATGCC | CAAGGGCTTTGAGGCTGAATTTATAAAGAGTAAATTCTCCTTTAATCTGAGGAAACCCTC
AGA TGTGCAGTGGAGTGACACAGCTGAGTAC
TRAV8-2 | ATGCTCCTGCTGCTCGTC | GCCCAGTCGGTGACCCAGCTTGACAGCCACGTCTCTGTCTCTGAAGGAACCCCGGTGCT
CCAGTGCTCGAGGTGATT | GCTGAGGTGCAACTACTCATCTTCTTATTCACCATCTCTCTTCTGGTATGTGCAACACCCC
TTTACTCTGGGAGGAACC | AACAAAGGACTCCAGCTTCTCCTGAAGTACACATCAGCGGCCACCCTGGTTAAAGGCAT
AGA CAACGGTTTTGAGGCTGAATTTAAGAAGAGTGAAACCTCCTTCCACCTGACGAAACCCT
CAGCCCATATGAGCGACGCGGCTGAGTAC
TRAVS-3 | ATGCTCCTGGAGCTTATC | GCCCAGTCAGTGACCCAGCCTGACATCCACATCACTGTCTCTGAAGGAGCCTCACTGGA
CCACTGCTGGGGATACAT | GTTGAGATGTAACTATTCCTATGGGGCAACACCTTATCTCTTCTGGTATGTCCAGTCCCC
TTTGTCCTGAGAACTGCC | CGGCCAAGGCCTCCAGCTGCTCCTGAAGTACTTTTCAGGAGACACTCTGGTTCAAGGCAT
AGA TAAAGGCTTTGAGGCTGAATTTAAGAGGAGTCAATCTTCCTTCAATCTGAGGAAACCCTC
TGTGCATTGGAGTGATGCTGCTGAGTAC
TRAV8-4 | ATGCTCCTGCTGCTCGTC | GCCCAGTCGGTGACCCAGCTTGGCAGCCACGTCTCTGTCTCTGAAGGAGCCCTGGTTCTG
CCAGTGCTCGAGGTGATT | CTGAGGTGCAACTACTCATCGTCTGTTCCACCATATCTCTTCTGGTATGTGCAATACCCC
TTTACCCTGGGAGGAACC | AACCAAGGACTCCAGCTTCTCCTGAAGTACACATCAGCGGCCACCCTGGTTAAAGGCAT
AGA CAACGGTTTTGAGGCTGAATTTAAGAAGAGTGAAACCTCCTTCCACCTGACGAAACCCT
CAGCCCATATGAGCGACGCGGCTGAGTAC
TRAVS-6 | ATGCTCCTGCTGCTCGTC | GCCCAGTCTGTGACCCAGCTTGACAGCCAAGTCCCTGTCTTTGAAGAAGCCCCTGTGGA
CCAGCGTTCCAGGTGATT | GCTGAGGTGCAACTACTCATCGTCTGTTTCAGTGTATCTCTTCTGGTATGTGCAATACCC
TTTACCCTGGGAGGAACC | CAACCAAGGACTCCAGCTTCTCCTGAAGTATTTATCAGGATCCACCCTGGTTGAAAGCAT
AGA CAACGGTTTTGAGGCTGAATTTAACAAGAGTCAAACTTCCTTCCACTTGAGGAAACCCTC
AGTCCATATAAGCGACACGGCTGAGTAC
TRAVS-7 | ATGCTCTTAGTGGTCATT | ACCCAGTCGGTGACCCAGCTTGATGGCCACATCACTGTCTCTGAAGAAGCCCCTCTGGA
CTGCTGCTTGGAATGTTC | ACTGAAGTGCAACTATTCCTATAGTGGAGTTCCTTCTCTCTTCTGGTATGTCCAATACTCT
TTCACACTGAGAACCAG | AGCCAAAGCCTCCAGCTTCTCCTCAAAGACCTAACAGAGGCCACCCAGGTTAAAGGCAT
A CAGAGGTTTTGAGGCTGAATTTAAGAAGAGCGAAACCTCCTTCTACCTGAGGAAACCAT
CAACCCATGTGAGTGATGCTGCTGAGTAC
TRAV9-1 | ATGAATTCTTCTCCAGGA | GGAGATTCAGTGGTCCAGACAGAAGGCCAAGTGCTCCCCTCTGAAGGGGATTCCCTGAT
CCAGCGATTGCACTATTC | TGTGAACTGCTCCTATGAAACCACACAGTACCCTTCCCTTTTTTGGTATGTCCAATATCCT
TTAATGTTTGGGGGAATC | GGAGAAGGTCCACAGCTCCACCTGAAAGCCATGAAGGCCAATGACAAGGGAAGGAACA
AAT AAGGTTTTGAAGCCATGTACCGTAAAGAAACCACTTCTTTCCACTTGGAGAAAGACTCA
GTTCAAGAGTCAGACTCCGCTGTGTAC
TRAV9-2 | ATGAACTATTCTCCAGGC | GGAAATTCAGTGACCCAGATGGAAGGGCCAGTGACTCTCTCAGAAGAGGCCTTCCTGAC
TTAGTATCTCTGATACTC | TATAAACTGCACGTACACAGCCACAGGATACCCTTCCCTTTTCTGGTATGTCCAATATCC
TTACTGCTTGGAAGAACC | TGGAGAAGGTCTACAGCTCCTCCTGAAAGCCACGAAGGCTGATGACAAGGGAAGCAAC
CGT AAAGGTTTTGAAGCCACATACCGTAAAGAAACCACTTCTTTCCACTTGGAGAAAGGCTC
AGTTCAAGTGTCAGACTCAGCGGTGTAC
TRAVIO | ATGAAAAAGCATCTGAC | AAAAACCAAGTGGAGCAGAGTCCTCAGTCCCTGATCATCCTGGAGGGAAAGAACTGCAC
GACCTTCTTGGTGATTTT | TCTTCAATGCAATTATACAGTGAGCCCCTTCAGCAACTTAAGGTGGTATAAGCAAGATA
GTGGCTTTATTTTTATAG | CTGGGAGAGGTCCTGTTTCCCTGACAATCATGACTTTCAGTGAGAACACAAAGTCGAAC
GGGGAATGGC GGAAGATATACAGCAACTCTGGATGCAGACACAAAGCAAAGCTCTCTGCACATCACAGC
CTCCCAGCTCAGCGATTCAGCCTCCTAC
TRAVI2-1 | ATGATATCCTTGAGAGTT | CGGAAGGAGGTGGAGCAGGATCCTGGACCCTTCAATGTTCCAGAGGGAGCCACTGTCGC
TTACTGGTGATCCTGTGG | TTTCAACTGTACTTACAGCAACAGTGCTTCTCAGTCTTTCTTCTGGTACAGACAGGATTG
CTTCAGTTAAGCTGGGTT | CAGGAAAGAACCTAAGTTGCTGATGTCCGTATACTCCAGTGGTAATGAAGATGGAAGGT
TGGAGCCAA TTACAGCACAGCTCAATAGAGCCAGCCAGTATATTTCCCTGCTCATCAGAGACTCCAAG
CTCAGTGATTCAGCCACCTAC
TRAVI2-2 | ATGAAATCCTTGAGAGTT | CAGAAGGAGGTGGAGCAGAATTCTGGACCCCTCAGTGTTCCAGAGGGAGCCATTGCCTC
TTACTAGTGATCCTGTGG | TCTCAACTGCACTTACAGTGACCGAGGTTCCCAGTCCTTCTTCTGGTACAGACAATATTC
CTTCAGTTGAGCTGGGTT | TGGGAAAAGCCCTGAGTTGATAATGTTCATATACTCCAATGGTGACAAAGAAGATGGAA
TGGAGCCAA GGTTTACAGCACAGCTCAATAAAGCCAGCCAGTATGTTTCTCTGCTCATCAGAGACTCCC
AGCCCAGTGATTCAGCCACCTAC
TRAVI2-3 | ATGATGAAATCCTTGAG | CAGAAGGAGGTGGAGCAGGATCCTGGACCACTCAGTGTTCCAGAGGGAGCCATTGTTTC
AGTTTTACTGGTGATCCT | TCTCAACTGCACTTACAGCAACAGTGCTTTTCAATACTTCATGTGGTACAGACAGTATTC
GTGGCTTCAGTTAAGCTG | CAGAAAAGGCCCTGAGTTGCTGATGTACACATACTCCAGTGGTAACAAAGAAGATGGAA
GGTTTGGAGCCAA
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GGTTTACAGCACAGGTCGATAAATCCAGCAAGTATATCTCCTTGTTCATCAGAGACTCAC
AGCCCAGTGATTCAGCCACCTAC

TRAVI13-1 | ATGACATCCATTCGAGCT | GGAGAGAATGTGGAGCAGCATCCTTCAACCCTGAGTGTCCAGGAGGGAGACAGCGCTGT
GTATTTATATTCCTGTGG | TATCAAGTGTACTTATTCAGACAGTGCCTCAAACTACTTCCCTTGGTATAAGCAAGAACT
CTGCAGCTGGACTTGGTG | TGGAAAAGGACCTCAGCTTATTATAGACATTCGTTCAAATGTGGGCGAAAAGAAAGACC
AAT AACGAATTGCTGTTACATTGAACAAGACAGCCAAACATTTCTCCCTGCACATCACAGAG

ACACAACCTGAAGACTCGGCTGTCTAC

TRAVI13-2 | ATGGCAGGCATTCGAGC GGAGAGAGTGTGGGGCTGCATCTTCCTACCCTGAGTGTCCAGGAGGGTGACAACTCTAT
TTTATTTATGTACTTGTG TATCAACTGTGCTTATTCAAACAGCGCCTCAGACTACTTCATTTGGTACAAGCAAGAATC
GCTGCAGCTGGACTGGG TGGAAAAGGTCCTCAATTCATTATAGACATTCGTTCAAATATGGACAAAAGGCAAGGCC
TGAGCAGA AAAGAGTCACCGTTTTATTGAATAAGACAGTGAAACATCTCTCTCTGCAAATTGCAGCTA

CTCAACCTGGAGACTCAGCTGTCTAC

TRAV14 ATGTCACTTTCTAGCCTG | GCCCAGAAGATAACTCAAACCCAACCAGGAATGTTCGTGCAGGAAAAGGAGGCTGTGA
CTGAAGGTGGTCACAGC CTCTGGACTGCACATATGACACCAGTGATCCAAGTTATGGTCTATTCTGGTACAAGCAGC
TTCACTGTGGCTAGGACC | CCAGCAGTGGGGAAATGATTTTTCTTATTTATCAGGGGTCTTATGACCAGCAAAATGCAA
TGGCATT CAGAAGGTCGCTACTCATTGAATTTCCAGAAGGCAAGAAAATCCGCCAACCTTGTCATC

TCCGCTTCACAACTGGGGGACTCAGCAATGTAC

TRAV16 ATGAAGCCCACCCTCATC | GCCCAGAGAGTGACTCAGCCCGAGAAGCTCCTCTCTGTCTTTAAAGGGGCCCCAGTGGA
TCAGTGCTTGTGATAATA | GCTGAAGTGCAACTATTCCTATTCTGGGAGTCCTGAACTCTTCTGGTATGTCCAGTACTC
TTTATACTCAGAGGAACA | CAGACAACGCCTCCAGTTACTCTTGAGACACATCTCTAGAGAGAGCATCAAAGGCTTCA
AGA CTGCTGACCTTAACAAAGGCGAGACATCTTTCCACCTGAAGAAACCATTTGCTCAAGAG

GAAGACTCAGCCATGTAT

TRAV17 ATGGAAACTCTCCTGGG AGTCAACAGGGAGAAGAGGATCCTCAGGCCTTGAGCATCCAGGAGGGTGAAAATGCCA
AGTGTCTTTGGTGATTCT | CCATGAACTGCAGTTACAAAACTAGTATAAACAATTTACAGTGGTATAGACAAAATTCA
ATGGCTTCAACTGGCTAG | GGTAGAGGCCTTGTCCACCTAATTTTAATACGTTCAAATGAAAGAGAGAAACACAGTGG
GGTGAAC AAGATTAAGAGTCACGCTTGACACTTCCAAGAAAAGCAGTTCCTTGTTGATCACGGCTTC

CCGGGCAGCAGACACTGCTTCTTAC

TRAVIS ATGCTGTCTGCTTCCTGC GGAGACTCGGTTACCCAGACAGAAGGCCCAGTTACCCTCCCTGAGAGGGCAGCTCTGAC
TCAGGACTTGTGATCTTG | ATTAAACTGCACTTATCAGTCCAGCTATTCAACTTTTCTATTCTGGTATGTCCAGTATCTA
TTGATATTCAGAAGGACC | AACAAAGAGCCTGAGCTCCTCCTGAAAAGTTCAGAAAACCAGGAGACGGACAGCAGAG
AGT GTTTTCAGGCCAGTCCTATCAAGAGTGACAGTTCCTTCCACCTGGAGAAGCCCTCGGTGC

AGCTGTCGGACTCTGCCGTGTAC

TRAVI19 ATGCTGACTGCCAGCCTG | GCTCAGAAGGTAACTCAAGCGCAGACTGAAATTTCTGTGGTGGAGAAGGAGGATGTGAC
TTGAGGGCAGTCATAGC CTTGGACTGTGTGTATGAAACCCGTGATACTACTTATTACTTATTCTGGTACAAGCAACC
CTCCATCTGTGTTGTATC ACCAAGTGGAGAATTGGTTTTCCTTATTCGTCGGAACTCTTTTGATGAGCAAAATGAAAT
CAGCATG AAGTGGTCGGTATTCTTGGAACTTCCAGAAATCCACCAGTTCCTTCAACTTCACCATCAC

AGCCTCACAAGTCGTGGACTCAGCAGTATAC

TRAV20 ATGGAGAAAATGTTGGA GAAGACCAGGTGACGCAGAGTCCCGAGGCCCTGAGACTCCAGGAGGGAGAGAGTAGCA
GTGTGCATTCATAGTCTT | GTCTTAACTGCAGTTACACAGTCAGCGGTTTAAGAGGGCTGTTCTGGTATAGGCAAGAT
GTGGCTTCAGCTTGGCTG | CCTGGGAAAGGCCCTGAATTCCTCTTCACCCTGTATTCAGCTGGGGAAGAAAAGGAGAA
GTTGAGTGGA AGAAAGGCTAAAAGCCACATTAACAAAGAAGGAAAGCTTTCTGCACATCACAGCCCCTA

AACCTGAAGACTCAGCCACTTAT

TRAV21 ATGGAGACACTCTTGGG AAACAGGAGGTGACGCAGATTCCTGCAGCTCTGAGTGTCCCAGAAGGAGAAAACTTGGT
CCTGCTTATCCTTTGGCT TCTCAACTGCAGTTTCACTGATAGCGCTATTTACAACCTCCAGTGGTTTAGGCAGGACCC
GCAGCTGCAATGGGTGA TGGGAAAGGACTCACATCTCTGTTGCTTATTCAGTCAAGTCAGAGAGAGCAAACAAGTG
GCAGC GAAGACTTAATGCCTCGCTGGATAAATCATCAGGACGTAGTACTTTATACATTGCAGCTT

CTCAGCCTGGTGACTCAGCCACCTAC

TRAV22 ATGAAGAGGATATTGGG GGAATACAAGTGGAGCAGAGTCCTCCAGACCTGATTCTCCAGGAGGGAGCCAATTCCAC
AGCTCTGCTGGGGCTCTT | GCTGCGGTGCAATTTTTCTGACTCTGTGAACAATTTGCAGTGGTTTCATCAAAACCCTTG
GAGTGCCCAGGTTTGCTG | GGGACAGCTCATCAACCTGTTTTACATTCCCTCAGGGACAAAACAGAATGGAAGATTAA
TGTGAGA GCGCCACGACTGTCGCTACGGAACGCTACAGCTTATTGTACATTTCCTCTTCCCAGACCA

CAGACTCAGGCGTTTAT

TRAV23 ATGGACAAGATCTTAGG CAGCAGCAGGTGAAACAAAGTCCTCAATCTTTGATAGTCCAGAAAGGAGGGATTTCAAT
AGCATCATTTTTAGTTCT | TATAAACTGTGCTTATGAGAACACTGCGTTTGACTACTTTCCATGGTACCAACAATTCCC
GTGGCTTCAACTATGCTG | TGGGAAAGGCCCTGCATTATTGATAGCCATACGTCCAGATGTGAGTGAAAAGAAAGAAG
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GGTGAGTGGCCAACAGA

GAAGATTCACAATCTCCTTCAATAAAAGTGCCAAGCAGTTCTCATTGCATATCATGGATT

AGGAGAAAAGTGAC CCCAGCCTGGAGACTCAGCCACCTAC
TRAV24 | ATGGAGAAGAATCCTTIT | ATACTGAACGTGGAACAAAGTCCTCAGTCACTGCATGTTCAGGAGGGAGACAGCACCAA
GGCAGCCCCATTACTAAT | TTTCACCTGCAGCTTCCCTTCCAGCAATTTTTATGCCTTACACTGGTACAGATGGGAAAC
CCTCTGGTTTCATCTTGA | TGCAAAAAGCCCCGAGGCCTTGTTTGTAATGACTTTAAATGGGGATGAAAAGAAGAAAG
CTGCGTGAGCAGC GACGAATAAGTGCCACTCTTAATACCAAGGAGGGTTACAGCTATTTGTACATCAAAGGA
TCCCAGCCTGAAGACTCAGCCACATAC
TRAV25 | ATGCTACTCATCACATCA | GGACAACAGGTAATGCAAATTCCTCAGTACCAGCATGTACAAGAAGGAGAGGACTTCAC
ATGTTGGTCTTATGGATG | CACGTACTGCAATTCCTCAACTACTTTAAGCAATATACAGTGGTATAAGCAAAGGCCTG
CAATTGTCACAGGTGAAT | GTGGACATCCCGTTTTTTTGATACAGTTAGTGAAGAGTGGAGAAGTGAAGAAGCAGAAA
AGACTGACATTTCAGTTTGGAGAAGCAAAAAAGAACAGCTCCCTGCACATCACAGCCAC
CCAGACTACAGATGTAGGAACCTAC
TRAV26-1 | ATGAGGCTGGTGGCAAG | GATGCTAAGACCACCCAGCCCCCCTCCATGGATTGCGCTGAAGGAAGAGCTGCAAACCT
AGTAACTGTGTTTCTGAC | GCCTTGTAATCACTCTACCATCAGTGGAAATGAGTATGTGTATTGGTATCGACAGATTCA
CTTTGGAACTATAATT CTCCCAGGGGCCACAGTATATCATTCATGGTCTAAAAAACAATGAAACCAATGAAATGG
CCTCTCTGATCATCACAGAAGACAGAAAGTCCAGCACCTTGATCCTGCCCCACGCTACG
CTGAGAGACACTGCTGTGTAC
TRAV26-2 | ATGAAGTTGGTGACAAG | GATGCTAAGACCACACAGCCAAATTCAATGGAGAGTAACGAAGAAGAGCCTGTTCACTT
CATTACTGTACTCCTATC | GCCTTGTAACCACTCCACAATCAGTGGAACTGATTACATACATTGGTATCGACAGCTTCC
TTTGGGTATTATGGGT CTCCCAGGGTCCAGAGTACGTGATTCATGGTCTTACAAGCAATGTGAACAACAGAATGG
CCTCTCTGGCAATCGCTGAAGACAGAAAGTCCAGTACCTTGATCCTGCACCGTGCTACCT
TGAGAGATGCTGCTGTGTAC
TRAV27 | ATGGTCCTGAAATTCTCC | ACCCAGCTGCTGGAGCAGAGCCCTCAGTTTCTAAGCATCCAAGAGGGAGAAAATCTCAC
GTGTCCATTCTTTGGATT | TGTGTACTGCAACTCCTCAAGTGTTTTTTCCAGCTTACAATGGTACAGACAGGAGCCTGG
CAGTTGGCATGGGTGAG | GGAAGGTCCTGTCCTCCTGGTGACAGTAGTTACGGGTGGAGAAGTGAAGAAGCTGAAGA
C GACTAACCTTTCAGTTTGGTGATGCAAGAAAGGACAGTTCTCTCCACATCACTGCAGCCC
AGCCTGGTGATACAGGCCTCTAC
TRAV29 | ATGGCCATGCTCCTGGGG | GACCAGCAAGTTAAGCAAAATTCACCATCCCTGAGCGTCCAGGAAGGAAGAATTTCTAT
GCATCAGTGCTGATTCTG | TCTGAACTGTGACTATACTAACAGCATGTTTGATTATTTCCTATGGTACAAAAAATACCC
TGGCTTCAGCCAGACTGG | TGCTGAAGGTCCTACATTCCTGATATCTATAAGTTCCATTAAGGATAAAAATGAAGATG
GTAAACAGTCAACAGAA | GAAGATTCACTGTCTTCTTAAACAAAAGTGCCAAGCACCTCTCTCTGCACATTGTGCCCT
GAATGAT CCCAGCCTGGAGACTCTGCAGTGTAC
TRAV30 | ATGGAGACTCTCCTGAA | CAACAACCAGTGCAGAGTCCTCAAGCCGTGATCCTCCGAGAAGGGGAAGATGCTGTCAT
AGTGCTTTCAGGCACCTT | CAACTGCAGTTCCTCCAAGGCTTTATATTCTGTACACTGGTACAGGCAGAAGCATGGTGA
GTTGTGGCAGTTGACCTG | AGCACCCGTCTTCCTGATGATATTACTGAAGGGTGGAGAACAGAAGGGTCATGAAAAAA
GGTGAGAAGC TATCTGCTTCATTTAATGAAAAAAAGCAGCAAAGCTCCCTGTACCTTACGGCCTCCCAGC
TCAGTTACTCAGGAACCTAC
TRAV34 | ATGGAGACTGTTCTGCAA | AGCCAAGAACTGGAGCAGAGTCCTCAGTCCTTGATCGTCCAAGAGGGAAAGAATCTCAC
GTACTCCTAGGGATATTG | CATAAACTGCACGTCATCAAAGACGTTATATGGCTTATACTGGTATAAGCAAAAGTATG
GGGTTCCAAGCAGCCTG | GTGAAGGTCTTATCTTCTTGATGATGCTACAGAAAGGTGGGGAAGAGAAAAGTCATGAA
GGTCAGT AAGATAACTGCCAAGTTGGATGAGAAAAAGCAGCAAAGTTCCCTGCATATCACAGCCTC
CCAGCCCAGCCATGCAGGCATCTAC
TRAV35 | ATGCTCCTTGAACATTTA | GGTCAACAGCTGAATCAGAGTCCTCAATCTATGTTTATCCAGGAAGGAGAAGATGTCTC
TTAATAATCTTGTGGATG | CATGAACTGCACTTCTTCAAGCATATTTAACACCTGGCTATGGTACAAGCAGGAACCTG
CAGCTGACATGGGTCAG | GGGAAGGTCCTGTCCTCTTGATAGCCTTATATAAGGCTGGTGAATTGACCTCAAATGGA
T AGACTGACTGCTCAGTTTGGTATAACCAGAAAGGACAGCTTCCTGAATATCTCAGCATC
CATACCTAGTGATGTAGGCATCTAC
TRAV36 | ATGATGAAGTGTCCACA | GAAGACAAGGTGGTACAAAGCCCTCTATCTCTGGTTGTCCACGAGGGAGACACCGTAAC
GGCTTTACTAGCTATCTT | TCTCAATTGCAGTTATGAAGTGACTAACTTTCGAAGCCTACTATGGTACAAGCAGGAAA
TTGGCTTCTACTGAGCTG | AGAAAGCTCCCACATTTCTATTTATGCTAACTTCAAGTGGAATTGAAAAGAAGTCAGGA
GGTGAGCAGT AGACTAAGTAGCATATTAGATAAGAAAGAACTTTCCAGCATCCTGAACATCACAGCCAC
CCAGACCGGAGACTCGGCCATCTAC
TRAV38-1 | ATGACACGAGTTAGCTTG | GCCCAGACAGTCACTCAGTCTCAACCAGAGATGTCTGTGCAGGAGGCAGAGACTGTGAC
CTGTGGGCAGTCGTGGTG | CCTGAGTTGCACATATGACACCAGTGAGAATAATTATTATTTGTTCTGGTACAAGCAGCC
TCCACCTGTCTTGAATCC | TCCCAGCAGGCAGATGATTCTCGTTATTCGCCAAGAAGCTTATAAGCAACAGAATGCAA
GGCATG
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CGGAGAATCGTTTCTCTGTGAACTTCCAGAAAGCAGCCAAATCCTTCAGTCTCAAGATCT
CAGACTCACAGCTGGGGGACACTGCGATGTAT

TRAV38-2 | ATGGCATGCCCTGGCTTC | GCTCAGACAGTCACTCAGTCTCAACCAGAGATGTCTGTGCAGGAGGCAGAGACAGTGAC
CTGTGGGCACTTGTGATC | CCTGAGCTGCACATATGACACCAGTGAGAGTGATTATTATTTATTCTGGTACAAGCAGCC
TCCACCTGTCTTGAATTT | TCCCAGCAGGCAGATGATTCTCGTTATTCGCCAAGAAGCTTATAAGCAACAGAATGCAA
AGCATG CAGAGAATCGTTTCTCTGTGAACTTCCAGAAAGCAGCCAAATCCTTCAGTCTCAAGATCT

CAGACTCACAGCTGGGGGATGCCGCGATGTAT

TRAV39 | ATGAAGAAGCTACTAGC | GAGCTGAAAGTGGAACAAAACCCTCTGTTCCTGAGCATGCAGGAGGGAAAAAACTATA
AATGATTCTGTGGCTTCA | CCATCTACTGCAATTATTCAACCACTTCAGACAGACTGTATTGGTACAGGCAGGATCCTG
ACTAGACCGCTTAAGTG | GGAAAAGTCTGGAATCTCTGTTTGTGTTGCTATCAAATGGAGCAGTGAAGCAGGAGGGA
GA CGATTAATGGCCTCACTTGATACCAAAGCCCGTCTCAGCACCCTCCACATCACAGCTGCC

GTGCATGACCTCTCTGCCACCTAC

TRAV40 | ATGAACTCCTCTCTGGAC | AGCAATTCAGTCAAGCAGACGGGCCAAATAACCGTCTCGGAGGGAGCATCTGTGACTAT
TTTCTAATTCTGATCTTA | GAACTGCACATACACATCCACGGGGTACCCTACCCTTTTCTGGTATGTGGAATACCCCAG
ATGTTTGGAGGAACCAG | CAAACCTCTGCAGCTTCTTCAGAGAGAGACAATGGAAAACAGCAAAAACTTCGGAGGC
C GGAAATATTAAAGACAAAAACTCCCCCATTGTGAAATATTCAGTCCAGGTATCAGACTC

AGCCGTGTAC

TRAVA41 ATGGTGAAGATCCGGCA | AAAAATGAAGTGGAGCAGAGTCCTCAGAACCTGACTGCCCAGGAAGGAGAATTTATCA
ATTTTTGTTGGCTATTTT | CAATCAACTGCAGTTACTCGGTAGGAATAAGTGCCTTACACTGGCTGCAACAGCATCCA
GTGGCTTCAGCTAAGCTG | GGAGGAGGCATTGTTTCCTTGTTTATGCTGAGCTCAGGGAAGAAGAAGCATGGAAGATT
TGTAAGTGCCGCC AATTGCCACAATAAACATACAGGAAAAGCACAGCTCCCTGCACATCACAGCCTCCCATC

CCAGAGACTCTGCCGTCTAC
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Table S3. TRBV and TRAC sequences used in VB-Ca library plasmids

Segment Leader Sequence Sequence
Constant N/A TGACCCTGCCGTGTACCAGCTGAGAGACTCTAAATCCAGTGACAAGTCTGTCTGCCTATT
alpha (Ca) CACCGATTTTGATTCTCAAACAAATGTGTCACAAAGTAAGGATTCTGATGTGTATATCAC
AGACAAAACTGTGCTAGACATGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCT
GGAGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAA
GACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAAGCTGGTCGAGAAAAGCTTT
GAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCTC
CTGAAAGTGGCCGGGTTTAATCTGCTCATGACGCTGCGGCTGTGGTCCAGC
TRBV2 ATGGATACCTGGCTCGT | GAACCTGAAGTCACCCAGACTCCCAGCCATCAGGTCACACAGATGGGACAGGAAGTGAT
ATGCTGGGCAATTTTTA | CTTGCGCTGTGTCCCCATCTCTAATCACTTATACTTCTATTGGTACAGACAAATCTTGGG
GTCTCTTGAAAGCAGGA | GCAGAAAGTCGAGTTTCTGGTTTCCTTTTATAATAATGAAATCTCAGAGAAGTCTGAAAT
CTCACA ATTCGATGATCAATTCTCAGTTGAAAGGCCTGATGGATCAAATTTCACTCTGAAGATCCG
GTCCACAAAGCTGGAGGACTCAGCCATGTAC
TRBV3-1 ATGGGCTGCAGGCTCCT | ACAGCTGTTTCCCAGACTCCAAAATACCTGGTCACACAGATGGGAAACGACAAGTCCAT
CTGCTGTGTGGTCTTCT TAAATGTGAACAAAATCTGGGCCATGATACTATGTATTGGTATAAACAGGACTCTAAGA
GCCTCCTCCAAGCAGGT | AATTTCTGAAGATAATGTTTAGCTACAATAATAAGGAGCTCATTATAAATGAAACAGTT
CCCTTGGAC CCAAATCGCTTCTCACCTAAATCTCCAGACAAAGCTCACTTAAATCTTCACATCAATTCC
CTGGAGCTTGGTGACTCTGCTGTGTAT
TRBV4-1 ATGGGCTGCAGGCTGCT | GACACTGAAGTTACCCAGACACCAAAACACCTGGTCATGGGAATGACAAATAAGAAGT
CTGCTGTGCGGTTCTCT CTTTGAAATGTGAACAACATATGGGGCACAGGGCTATGTATTGGTACAAGCAGAAAGCT
GTCTCCTGGGAGCAGTT | AAGAAGCCACCGGAGCTCATGTTTGTCTACAGCTATGAGAAACTCTCTATAAATGAAAG
CCCATA TGTGCCAAGTCGCTTCTCACCTGAATGCCCCAACAGCTCTCTCTTAAACCTTCACCTACA
CGCCCTGCAGCCAGAAGACTCAGCCCTGTAT
TRBV4-2 ATGGGCTGCAGGCTGCT | GAAACGGGAGTTACGCAGACACCAAGACACCTGGTCATGGGAATGACAAATAAGAAGT
CTGCTGTGCGGTTCTCT CTTTGAAATGTGAACAACATCTGGGGCATAACGCTATGTATTGGTACAAGCAAAGTGCT
GTCTCCTGGGAGCGGTC | AAGAAGCCACTGGAGCTCATGTTTGTCTACAACTTTAAAGAACAGACTGAAAACAACAG
CCCATG TGTGCCAAGTCGCTTCTCACCTGAATGCCCCAACAGCTCTCACTTATTCCTTCACCTACA
CACCCTGCAGCCAGAAGACTCGGCCCTGTAT
TRBV4-3 ATGGGCTGCAGGCTGCT | GAAACGGGAGTTACGCAGACACCAAGACACCTGGTCATGGGAATGACAAATAAGAAGT
CTGCTGTGCGGTTCTCT CTTTGAAATGTGAACAACATCTGGGTCATAACGCTATGTATTGGTACAAGCAAAGTGCT
GTCTCCTGGGAGCGGTC | AAGAAGCCACTGGAGCTCATGTTTGTCTACAGTCTTGAAGAACGGGTTGAAAACAACAG
CCCATG TGTGCCAAGTCGCTTCTCACCTGAATGCCCCAACAGCTCTCACTTATTCCTTCACCTACA
CACCCTGCAGCCAGAAGACTCGGCCCTGTAT
TRBVS5-1 ATGGGCTCCAGGCTGCT | AAGGCTGGAGTCACTCAAACTCCAAGATATCTGATCAAAACGAGAGGACAGCAAGTGA
CTGTTGGGTGCTGCTTT CACTGAGCTGCTCCCCTATCTCTGGGCATAGGAGTGTATCCTGGTACCAACAGACCCCAG
GTCTCCTGGGAGCAGGC | GACAGGGCCTTCAGTTCCTCTTTGAATACTTCAGTGAGACACAGAGAAACAAAGGAAAC
CCAGTA TTCCCTGGTCGATTCTCAGGGCGCCAGTTCTCTAACTCTCGCTCTGAGATGAATGTGAGC
ACCTTGGAGCTGGGGGACTCGGCCCTTTAT
TRBVS5-3 ATGGGCCCCGGGCTCCT | GAGGCTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGTGA
CTGCTGGGAACTGCTTT | CTCTGAGATGCTCTCCTATCTCTGGGCACAGCAGTGTGTCCTGGTACCAACAGGCCCCGG
ATCTCCTGGGAGCAGGC | GTCAGGGGCCCCAGTTTATCTTTGAATATGCTAATGAGTTAAGGAGATCAGAAGGAAAC
CCAGTG TTCCCTAATCGATTCTCAGGGCGCCAGTTCCATGACTGTTGCTCTGAGATGAATGTGAGT
GCCTTGGAGCTGGGGGACTCGGCCCTGTAT
TRBVS5-4 ATGGGCCCTGGGCTCCT | GAGACTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGTGA
CTGCTGGGTGCTGCTTT CTCTGAGATGCTCTTCTCAGTCTGGGCACAACACTGTGTCCTGGTACCAACAGGCCCTGG
GTCTCCTGGGAGCAGGC | GTCAGGGGCCCCAGTTTATCTTTCAGTATTATAGGGAGGAAGAGAATGGCAGAGGAAAC
TCAGTG TTCCCTCCTAGATTCTCAGGACTCCAGTTCCCTAATTATAGCTCTGAGCTGAATGTGAAC
GCCTTGGAGCTGGACGACTCGGCCCTGTAT
TRBVS5-5 ATGGGCCCTGGGCTCCT | GACGCTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGTGA
CTGCTGGGTGCTGCTTT CTCTGAGATGCTCTCCTATCTCTGGGCACAAGAGTGTGTCCTGGTACCAACAGGTCCTGG
GTCTCCTGGGAGCAGGC | GTCAGGGGCCCCAGTTTATCTTTCAGTATTATGAGAAAGAAGAGAGAGGAAGAGGAAA
CCAGTG
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CTTCCCTGATCGATTCTCAGCTCGCCAGTTCCCTAACTATAGCTCTGAGCTGAATGTGAA
CGCCTTGTTGCTGGGGGACTCGGCCCTGTAT

TRBV5-6 ATGGGCCCCGGGCTCCT | GACGCTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGTGA
CTGCTGGGCACTGCTTT | CTCTGAGATGCTCTCCTAAGTCTGGGCATGACACTGTGTCCTGGTACCAACAGGCCCTGG
GTCTCCTGGGAGCAGGC | GTCAGGGGCCCCAGTTTATCTTTCAGTATTATGAGGAGGAAGAGAGACAGAGAGGCAAC
TTAGTG TTCCCTGATCGATTCTCAGGTCACCAGTTCCCTAACTATAGCTCTGAGCTGAATGTGAAC

GCCTTGTTGCTGGGGGACTCGGCCCTCTAT

TRBV5-7 ATGGGCCCCGGGCTCCT | GACGCTGGAGTCACCCAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCACGTGA
CTGCTGGGTGCTGCTTIT | CTCTGAGATGCTCTCCTATCTCTGGGCACACCAGTGTGTCCTCGTACCAACAGGCCCTGG
GTCCCCTAGGAGAAGG | GTCAGGGGCCCCAGTTTATCTTTCAGTATTATGAGAAAGAAGAGAGAGGAAGAGGAAA
CCCAGTG CTTCCCTGATCAATTCTCAGGTCACCAGTTCCCTAACTATAGCTCTGAGCTGAATGTGAA

CGCCTTGTTGCTAGGGGACTCGGCCCTCTAT

TRBVS5-8 ATGGGACCCAGGCTCCT | GAGGCTGGAGTCACACAAAGTCCCACACACCTGATCAAAACGAGAGGACAGCAAGCGA
CTTCTGGGCACTGCTTT | CTCTGAGATGCTCTCCTATCTCTGGGCACACCAGTGTGTACTGGTACCAACAGGCCCTGG
GTCTCCTCGGAACAGGC | GTCTGGGCCTCCAGTTCCTCCTTTGGTATGACGAGGGTGAAGAGAGAAACAGAGGAAAC
CCAGTG TTCCCTCCTAGATTTTCAGGTCGCCAGTTCCCTAATTATAGCTCTGAGCTGAATGTGAAC

GCCTTGGAGCTGGAGGACTCGGCCCTGTAT

TRBV6-1 ATGAGCATCGGGCTCCT | GCTGGTGTCACTCAGACCCCAAAATTCCAGGTCCTGAAGACAGGACAGAGCATGACACT
GTGCTGTGTGGCCTTTT | GCAGTGTGCCCAGGATATGAACCATAACTCCATGTACTGGTATCGACAAGACCCAGGCA
CTCTCCTGTGGGCAAGT | TGGGACTGAGGCTGATTTATTACTCAGCTTCTGAGGGTACCACTGACAAAGGAGAAGTC
CCAGTGAAT CCCAATGGCTACAATGTCTCCAGATTAAACAAACGGGAGTTCTCGCTCAGGCTGGAGTC

GGCTGCTCCCTCCCAGACATCTGTGTAC

TRBV6-2 ATGAGCCTCGGGCTCCT | AATGCTGGTGTCACTCAGACCCCAAAATTCCGGGTCCTGAAGACAGGACAGAGCATGAC
GTGCTGTGCAGCCTTTT | ACTGCTGTGTGCCCAGGATATGAACCATGAATACATGTACTGGTATCGACAAGACCCAG
CTCTCCTGTGGGCAGGT | GCATGGGGCTGAGGCTGATTCATTACTCAGTTGGTGAGGGTACAACTGCCAAAGGAGAG
CCAGTG GTCCCTGATGGCTACAATGTCTCCAGATTAAAAAAACAGAATTTCCTGCTGGGGTTGGA

GTCGGCTGCTCCCTCCCAAACATCTGTGTAC

TRBV6-3 ATGAAATACCTATTGCC | AATGCTGGTGTCACTCAGACCCCAAAATTCCGGGTCCTGAAGACAGGACAGAGCATGAC
TACGGCAGCCGCTGGAT | ACTGCTGTGTGCCCAGGATATGAACCATGAATACATGTACTGGTATCGACAAGACCCAG
TGTTATTACTCGCGGCC | GCATGGGGCTGAGGCTGATTCATTACTCAGTTGGTGAGGGTACAACTGCCAAAGGAGAG
CAGCCGGCCATGGCC GTCCCTGATGGCTACAATGTCTCCAGATTAAAAAAACAGAATTTCCTGCTGGGGTTGGA

GTCGGCTGCTCCCTCCCAAACATCTGTGTAC

TRBV6-4 ATGAGAATCAGGCTCCT | GCTGGGATCACCCAGGCACCAACATCTCAGATCCTGGCAGCAGGACGGCGCATGACACT
GTGCTGTGTGGCCTTTT | GAGATGTACCCAGGATATGAGACATAATGCCATGTACTGGTATAGACAAGATCTAGGAC
CTCTCCTGTGGGCAGGT | TGGGGCTAAGGCTCATCCATTATTCAAATACTGCAGGTACCACTGGCAAAGGAGAAGTC
CCAGTGATT CCTGATGGTTATAGTGTCTCCAGAGCAAACACAGATGATTTCCCCCTCACGTTGGCGTCT

GCTGTACCCTCTCAGACATCTGTGTAC

TRBV6-5 ATGAGCATCGGCCTCCT | AATGCTGGTGTCACTCAGACCCCAAAATTCCAGGTCCTGAAGACAGGACAGAGCATGAC
GTGCTGTGCAGCCTTGT | ACTGCAGTGTGCCCAGGATATGAACCATGAATACATGTCCTGGTATCGACAAGACCCAG
CTCTCCTGTGGGCAGGT | GCATGGGGCTGAGGCTGATTCATTACTCAGTTGGTGCTGGTATCACTGACCAAGGAGAA
CCAGTG GTCCCCAATGGCTACAATGTCTCCAGATCAACCACAGAGGATTTCCCGCTCAGGCTGCTG

TCGGCTGCTCCCTCCCAGACATCTGTGTAC

TRBV6-6 ATGAGCATCAGCCTCCT | AATGCTGGTGTCACTCAGACCCCAAAATTCCGCATCCTGAAGATAGGACAGAGCATGAC
GTGCTGTGCAGCCTTTC | ACTGCAGTGTACCCAGGATATGAACCATAACTACATGTACTGGTATCGACAAGACCCAG
CTCTCCTGTGGGCAGGT | GCATGGGGCTGAAGCTGATTTATTATTCAGTTGGTGCTGGTATCACTGATAAAGGAGAA
CCAGTG GTCCCGAATGGCTACAACGTCTCCAGATCAACCACAGAGGATTTCCCGCTCAGGCTGGA

GTTGGCTGCTCCCTCCCAGACATCTGTGTAC

TRBV6-7 ATGAGCCTCGGGCTCCT | AATGCTGGTGTCACTCAGACCCCAAAATTCCACGTCCTGAAGACAGGACAGAGCATGAC
GTGCTGTGTGGCCTTTT | TCTGCTGTGTGCCCAGGATATGAACCATGAATACATGTATCGGTATCGACAAGACCCAG
CTCTCCTGTGGGCAGGT | GCAAGGGGCTGAGGCTGATTTACTACTCAGTTGCTGCTGCTCTCACTGACAAAGGAGAA
CCAATG GTTCCCAATGGCTACAATGTCTCCAGATCAAACACAGAGGATTTCCCCCTCAAGCTGGA

GTCAGCTGCTCCCTCTCAGACTTCTGTTTAC

TRBV6-8 ATGAGCCTCGGGCTCCT | AATGCTGGTGTCACTCAGACCCCAAAATTCCACATCCTGAAGACAGGACAGAGCATGAC
GTGCTGTGCGGCCTTTIT | ACTGCAGTGTGCCCAGGATATGAACCATGGATACATGTCCTGGTATCGACAAGACCCAG
CTCTCCTGTGGGCAGGT | GCATGGGGCTGAGACTGATTTACTACTCAGCTGCTGCTGGTACTACTGACAAAGAAGTC
CCCGTG
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CCCAATGGCTACAATGTCTCTAGATTAAACACAGAGGATTTCCCACTCAGGCTGGTGTCG
GCTGCTCCCTCCCAGACATCTGTGTAC

TRBV6-9 ATGAGCATCGGGCTCCT | AATGCTGGTGTCACTCAGACCCCAAAATTCCACATCCTGAAGACAGGACAGAGCATGAC
GTGCTGTGTGGCCTTTT | ACTGCAGTGTGCCCAGGATATGAACCATGGATACTTGTCCTGGTATCGACAAGACCCAG
CTCTCCTGTGGGCAGGT | GCATGGGGCTGAGGCGCATTCATTACTCAGTTGCTGCTGGTATCACTGACAAAGGAGAA
CCAGTG GTCCCCGATGGCTACAATGTATCCAGATCAAACACAGAGGATTTCCCGCTCAGGCTGGA

GTCAGCTGCTCCCTCCCAGACATCTGTATAC

TRBV7-1 ATGGGCACAAGGCTCCT | GGTGCTGGAGTCTCCCAGTCCCTGAGACACAAGGTAGCAAAGAAGGGAAAGGATGTAG
CTGCTGGGCAGCCATAT | CTCTCAGATATGATCCAATTTCAGGTCATAATGCCCTTTATTGGTACCGACAGAGCCTGG
GTCTCCTGGGGGCAGAT | GGCAGGGCCTGGAGTTTCCAATTTACTTCCAAGGCAAGGATGCAGCAGACAAATCGGGG
CACACA CTTCCCCGTGATCGGTTCTCTGCACAGAGGTCTGAGGGATCCATCTCCACTCTGAAGTTC

CAGCGCACACAGCAGGGGGACTTGGCTGTGTAT

TRBV7-2 ATGGGCACCAGGCTCCT | GGAGCTGGAGTCTCCCAGTCCCCCAGTAACAAGGTCACAGAGAAGGGAAAGGATGTAG
CTTCTGGGTGGCCTTCT | AGCTCAGGTGTGATCCAATTTCAGGTCATACTGCCCTTTACTGGTACCGACAGAGCCTGG
GTCTCCTGGGGGCAGAT | GGCAGGGCCTGGAGTTTTTAATTTACTTCCAAGGCAACAGTGCACCAGACAAATCAGGG
CACACA CTGCCCAGTGATCGCTTCTCTGCAGAGAGGACTGGGGGATCCGTCTCCACTCTGACGATC

CAGCGCACACAGCAGGAGGACTCGGCCGTGTAT

TRBV7-3 ATGGGCACCAGGCTCCT | GGTGCTGGAGTCTCCCAGACCCCCAGTAACAAGGTCACAGAGAAGGGAAAATATGTAG
CTGCTGGGCAGCCCTGT | AGCTCAGGTGTGATCCAATTTCAGGTCATACTGCCCTTTACTGGTACCGACAAAGCCTGG
GCCTCCTGGGGGCAGAT | GGCAGGGCCCAGAGTTTCTAATTTACTTCCAAGGCACGGGTGCGGCAGATGACTCAGGG
CACACA CTGCCCAACGATCGGTTCTTTGCAGTCAGGCCTGAGGGATCCGTCTCTACTCTGAAGATC

CAGCGCACAGAGCGGGGGGACTCAGCCGTGTAT

TRBV7-4 ATGGGCACCAGGCTCCT | GGTGCTGGAGTCTCCCAGTCCCCAAGGTACAAAGTCGCAAAGAGGGGACGGGATGTAG
CTGCTGGGTGGTCCTGG | CTCTCAGGTGTGATTCAATTTCGGGTCATGTAACCCTTTATTGGTACCGACAGACCCTGG
GTTTCCTAGGGACAGAT | GGCAGGGCTCAGAGGTTCTGACTTACTCCCAGAGTGATGCTCAACGAGACAAATCAGGG
CACACA CGGCCCAGTGGTCGGTTCTCTGCAGAGAGGCCTGAGAGATCCGTCTCCACTCTGAAGAT

CCAGCGCACAGAGCAGGGGGACTCAGCTGTGTAT

TRBV7-6 ATGGGCACCAGTCTCCT | GGTGCTGGAGTCTCCCAGTCTCCCAGGTACAAAGTCACAAAGAGGGGACAGGATGTAGC
ATGCTGGGTGGTCCTGG | TCTCAGGTGTGATCCAATTTCGGGTCATGTATCCCTTTATTGGTACCGACAGGCCCTGGG
GTTTCCTAGGGACAGAT | GCAGGGCCCAGAGTTTCTGACTTACTTCAATTATGAAGCCCAACAAGACAAATCAGGGC
CACACA TGCCCAATGATCGGTTCTCTGCAGAGAGGCCTGAGGGATCCATCTCCACTCTGACGATCC

AGCGCACAGAGCAGCGGGACTCGGCCATGTAT

TRBV7-7 ATGGGTACCAGTCTCCT | GGTGCTGGAGTCTCCCAGTCTCCCAGGTACAAAGTCACAAAGAGGGGACAGGATGTAAC
ATGCTGGGTGGTCCTGG | TCTCAGGTGTGATCCAATTTCGAGTCATGCAACCCTTTATTGGTATCAACAGGCCCTGGG
GTTTCCTAGGGACAGAT | GCAGGGCCCAGAGTTTCTGACTTACTTCAATTATGAAGCTCAACCAGACAAATCAGGGC
CACACA TGCCCAGTGATCGGTTCTCTGCAGAGAGGCCTGAGGGATCCATCTCCACTCTGACGATTC

AGCGCACAGAGCAGCGGGACTCAGCCATGTAT

TRBV7-8 ATGGGCACCAGGCTCCT | GGTGCTGGAGTCTCCCAGTCCCCTAGGTACAAAGTCGCAAAGAGAGGACAGGATGTAGC
CTGCTGGGTGGTCCTGG | TCTCAGGTGTGATCCAATTTCGGGTCATGTATCCCTTTTTTGGTACCAACAGGCCCTGGG
GTTTCCTAGGGACAGAT | GCAGGGGCCAGAGTTTCTGACTTATTTCCAGAATGAAGCTCAACTAGACAAATCGGGGC
CACACA TGCCCAGTGATCGCTTCTTTGCAGAAAGGCCTGAGGGATCCGTCTCCACTCTGAAGATCC

AGCGCACACAGCAGGAGGACTCCGCCGTGTAT

TRBV7-9 ATGGGCACCAGCCTCCT | ACTGGAGTCTCCCAGAACCCCAGACACAAGATCACAAAGAGGGGACAGAATGTAACTTT
CTGCTGGATGGCCCTGT | CAGGTGTGATCCAATTTCTGAACACAACCGCCTTTATTGGTACCGACAGACCCTGGGGC
GTCTCCTGGGGGCAGAT | AGGGCCCAGAGTTTCTGACTTACTTCCAGAATGAAGCTCAACTAGAAAAATCAAGGCTG
CACGCAGAT CTCAGTGATCGGTTCTCTGCAGAGAGGCCTAAGGGATCTTTCTCCACCTTGGAGATCCAG

CGCACAGAGCAGGGGGACTCGGCCATGTAT

TRBV9 ATGGGCTTCAGGCTCCT | GATTCTGGAGTCACACAAACCCCAAAGCACCTGATCACAGCAACTGGACAGCGAGTGAC
CTGCTGTGTGGCCTTTT | GCTGAGATGCTCCCCTAGGTCTGGAGATCTCTCTGTGTACTGGTACCAACAGAGCCTGGA
GTCTCCTGGGAGCAGGC | CCAGGGCCTCCAGTTCCTCATTCAGTATTATAATGGAGAAGAGAGAGCAAAAGGAAACA
CCAGTG TTCTTGAACGATTCTCCGCACAACAGTTCCCTGACTTGCACTCTGAACTAAACCTGAGCT

CTCTGGAGCTGGGGGACTCAGCTTTGTAT

TRBV10-1 | ATGGGCACGAGGCTCTT | GATGCTGAAATCACCCAGAGCCCAAGACACAAGATCACAGAGACAGGAAGGCAGGTGA
CTTCTATGTGGCCCTTT | CCTTGGCGTGTCACCAGACTTGGAACCACAACAATATGTTCTGGTATCGACAAGACCTG
GTCTGCTGTGGGCAGGA | GGACATGGGCTGAGGCTGATCCATTACTCATATGGTGTTCAAGACACTAACAAAGGAGA
CACAGG
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AGTCTCAGATGGCTACAGTGTCTCTAGATCAAACACAGAGGACCTCCCCCTCACTCTGG
AGTCTGCTGCCTCCTCCCAGACATCTGTATAT

TRBV10-2 ATGGGCACCAGGCTCTT | GATGCTGGAATCACCCAGAGCCCAAGATACAAGATCACAGAGACAGGAAGGCAGGTGA
CTTCTATGTGGCCCTTT CCTTGATGTGTCACCAGACTTGGAGCCACAGCTATATGTTCTGGTATCGACAAGACCTGG
GTCTGCTGTGGGCAGGA | GACATGGGCTGAGGCTGATCTATTACTCAGCAGCTGCTGATATTACAGATAAAGGAGAA
CACAGG GTCCCCGATGGCTATGTTGTCTCCAGATCCAAGACAGAGAATTTCCCCCTCACTCTGGAG

TCAGCTACCCGCTCCCAGACATCTGTGTAT

TRBV10-3 ATGGGCACAAGGTTGTT | GATGCTGGAATCACCCAGAGCCCAAGACACAAGGTCACAGAGACAGGAACACCAGTGA
CTTCTATGTGGCCCTTT CTCTGAGATGTCACCAGACTGAGAACCACCGCTATATGTACTGGTATCGACAAGACCCG
GTCTCCTGTGGACAGGA | GGGCATGGGCTGAGGCTGATCCATTACTCATATGGTGTTAAAGATACTGACAAAGGAGA
CACATG AGTCTCAGATGGCTATAGTGTCTCTAGATCAAAGACAGAGGATTTCCTCCTCACTCTGGA

GTCCGCTACCAGCTCCCAGACATCTGTGTAC

TRBV11-1 ATGAGCACCAGGCTTCT | GAAGCTGAAGTTGCCCAGTCCCCCAGATATAAGATTACAGAGAAAAGCCAGGCTGTGGC
CTGCTGGATGGCCCTCT | TTTTTGGTGTGATCCTATTTCTGGCCATGCTACCCTTTACTGGTACCGGCAGATCCTGGGA
GTCTCCTGGGGGCAGAA | CAGGGCCCGGAGCTTCTGGTTCAATTTCAGGATGAGAGTGTAGTAGATGATTCACAGTT
CTCTCA GCCTAAGGATCGATTTTCTGCAGAGAGGCTCAAAGGAGTAGACTCCACTCTCAAGATCC

AGCCTGCAGAGCTTGGGGACTCGGCCATGTAT

TRBV11-2 ATGGGCACCAGGCTCCT | GAAGCTGGAGTTGCCCAGTCTCCCAGATATAAGATTATAGAGAAAAGGCAGAGTGTGGC
CTGCTGGGCGGCCCTCT | TTTTTGGTGCAATCCTATATCTGGCCATGCTACCCTTTACTGGTACCAGCAGATCCTGGG
GTCTCCTGGGAGCAGAA | ACAGGGCCCAAAGCTTCTGATTCAGTTTCAGAATAACGGTGTAGTGGATGATTCACAGT
CTCACA TGCCTAAGGATCGATTTTCTGCAGAGAGGCTCAAAGGAGTAGACTCCACTCTCAAGATC

CAGCCTGCAAAGCTTGAGGACTCGGCCGTGTAT

TRBVI11-3 ATGGGTACCAGGCTCCT | GAAGCTGGAGTGGTTCAGTCTCCCAGATATAAGATTATAGAGAAAAAACAGCCTGTGGC
CTGCTGGGTGGCCTTCT | TTTTTGGTGCAATCCTATTTCTGGCCACAATACCCTTTACTGGTACCTGCAGAACTTGGG
GTCTCCTGGTGGAAGAA | ACAGGGCCCGGAGCTTCTGATTCGATATGAGAATGAGGAAGCAGTAGACGATTCACAGT
CTCATA TGCCTAAGGATCGATTTTCTGCAGAGAGGCTCAAAGGAGTAGACTCCACTCTCAAGATC

CAGCCTGCAGAGCTTGGGGACTCGGCCGTGTAT

TRBVI12-3 ATGGACTCCTGGACCTT | GATGCTGGAGTTATCCAGTCACCCCGCCATGAGGTGACAGAGATGGGACAAGAAGTGAC
CTGCTGTGTGTCCCTTT TCTGAGATGTAAACCAATTTCAGGCCACAACTCCCTTTTCTGGTACAGACAGACCATGAT
GCATCCTGGTAGCGAAG | GCGGGGACTGGAGTTGCTCATTTACTTTAACAACAACGTTCCGATAGATGATTCAGGGA
CATACA TGCCCGAGGATCGATTCTCAGCTAAGATGCCTAATGCATCATTCTCCACTCTGAAGATCC

AGCCCTCAGAACCCAGGGACTCAGCTGTGTAC

TRBV12-4 ATGGGCTCCTGGACCCT | GATGCTGGAGTTATCCAGTCACCCCGGCACGAGGTGACAGAGATGGGACAAGAAGTGA
CTGCTGTGTGTCCCTTT CTCTGAGATGTAAACCAATTTCAGGACACGACTACCTTTTCTGGTACAGACAGACCATG
GCATCCTGGTAGCAAAG | ATGCGGGGACTGGAGTTGCTCATTTACTTTAACAACAACGTTCCGATAGATGATTCAGG
CACACA GATGCCCGAGGATCGATTCTCAGCTAAGATGCCTAATGCATCATTCTCCACTCTGAAGAT

CCAGCCCTCAGAACCCAGGGACTCAGCTGTGTAC

TRBVI12-5 ATGGCCACCAGGCTCCT | GATGCTAGAGTCACCCAGACACCAAGGCACAAGGTGACAGAGATGGGACAAGAAGTAA
CTGCTGTGTGGTTCTTT CAATGAGATGTCAGCCAATTTTAGGCCACAATACTGTTTTCTGGTACAGACAGACCATG
GTCTCCTGGGAGAAGA ATGCAAGGACTGGAGTTGCTGGCTTACTTCCGCAACCGGGCTCCTCTAGATGATTCGGG
GCTTATA GATGCCGAAGGATCGATTCTCAGCAGAGATGCCTGATGCAACTTTAGCCACTCTGAAGA

TCCAGCCCTCAGAACCCAGGGACTCAGCTGTGTAT

TRBV13 ATGCTTAGTCCTGACCT | GCTGCTGGAGTCATCCAGTCCCCAAGACATCTGATCAAAGAAAAGAGGGAAACAGCCA
GCCTGACTCTGCCTGGA | CTCTGAAATGCTATCCTATCCCTAGACACGACACTGTCTACTGGTACCAGCAGGGTCCAG
ACACCAGGCTCCTCTGC | GTCAGGACCCCCAGTTCCTCATTTCGTTTTATGAAAAGATGCAGAGCGATAAAGGAAGC
CGTGTCATGCTTTGTCT ATCCCTGATCGATTCTCAGCTCAACAGTTCAGTGACTATCATTCTGAACTGAACATGAGC
CCTGGGAGCAGGTTCAG | TCCTTGGAGCTGGGGGACTCAGCCCTGTAC
TG

TRBV14 ATGGTTTCCAGGCTTCT GAAGCTGGAGTTACTCAGTTCCCCAGCCACAGCGTAATAGAGAAGGGCCAGACTGTGAC
CAGTTTAGTGTCCCTTT TCTGAGATGTGACCCAATTTCTGGACATGATAATCTTTATTGGTATCGACGTGTTATGGG
GTCTCCTGGGAGCAAAG | AAAAGAAATAAAATTTCTGTTACATTTTGTGAAAGAGTCTAAACAGGATGAGTCCGGTA
CACATA TGCCCAACAATCGATTCTTAGCTGAAAGGACTGGAGGGACGTATTCTACTCTGAAGGTG

CAGCCTGCAGAACTGGAGGATTCTGGAGTTTAT

TRBV15 ATGGGTCCTGGGCTTCT | GATGCCATGGTCATCCAGAACCCAAGATACCAGGTTACCCAGTTTGGAAAGCCAGTGAC

CCACTGGATGGCCCTTT | CCTGAGTTGTTCTCAGACTTTGAACCATAACGTCATGTACTGGTACCAGCAGAAGTCAAG

TCAGGCCCCAAAGCTGCTGTTCCACTACTATGACAAAGATTTTAACAATGAAGCAGACA
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GTCTCCTTGGAACAGGT
CATGGG

CCCCTGATAACTTCCAATCCAGGAGGCCGAACACTTCTTTCTGCTTTCTTGACATCCGCT
CACCAGGCCTGGGGGACACAGCCATGTAC

TRBV16 ATGAGCCCAATATTCAC | GGTGAAGAAGTCGCCCAGACTCCAAAACATCTTGTCAGAGGGGAAGGACAGAAAGCAA
CTGCATCACAATCCTTT | AATTATATTGTGCCCCAATAAAAGGACACAGTTATGTTTTTTGGTACCAACAGGTCCTGA
GTCTGCTGGCTGCAGGT | AAAACGAGTTCAAGTTCTTGATTTCCTTCCAGAATGAAAATGTCTTTGATGAAACAGGTA
TCTCCT TGCCCAAGGAAAGATTTTCAGCTAAGTGCCTCCCAAATTCACCCTGTAGCCTTGAGATCC

AGGCTACGAAGCTTGAGGATTCAGCAGTGTAT

TRBV17 ATGGATATCTGGCTCCT | GAGCCTGGAGTCAGCCAGACCCCCAGACACAAGGTCACCAACATGGGACAGGAGGTGA
CTGCTGGGTGACCCTGT | TTCTGAGGTGCGATCCATCTTCTGGTCACATGTTTGTTCACTGGTACCGACAGAATCTGA
GTCTCTTGGCGGCAGGA | GGCAAGAAATGAAGTTGCTGATTTCCTTCCAGTACCAAAACATTGCAGTTGATTCAGGG
CACTCG ATGCCCAAGGAACGATTCACAGCTGAAAGACCTAACGGAACGTCTTCCACGCTGAAGAT

CCATCCCGCAGAGCCGAGGGACTCAGCCGTGTAT

TRBV18 ATGGACGCCAGAGTACT | AATGCCGGCGTCATGCAGAACCCAAGACACCTGGTCAGGAGGAGGGGACAGGAGGCAA
CTGCTGTGCGGTCATCT | GACTGAGATGCAGCCCAATGAAAGGACACAGTCATGTTTACTGGTATCGGCAGCTCCCA
GTCTTCTGGGGGCAGGA | GAGGAAGGTCTGAAATTCATGGTTTATCTCCAGAAAGAAAATATCATAGATGAGTCAGG
CTCTCA AATGCCAAAGGAACGATTTTCTGCTGAATTTCCCAAAGAGGGCCCCAGCATCCTGAGGA

TCCAGCAGGTAGTGCGAGGAGATTCGGCAGCTTAT

TRBV19 ATGAGCAACCAGGTGCT | GATGGTGGAATCACTCAGTCCCCAAAGTACCTGTTCAGAAAGGAAGGACAGAATGTGAC
CTGCTGTGTGGTCCTTT CCTGAGTTGTGAACAGAATTTGAACCACGATGCCATGTACTGGTACCGACAGGACCCAG
GTTTCCTGGGAGCAAAC | GGCAAGGGCTGAGATTGATCTACTACTCACAGATAGTAAATGACTTTCAGAAAGGAGAT
ACCGTG ATAGCTGAAGGGTACAGCGTCTCTCGGGAGAAGAAGGAATCCTTTCCTCTCACTGTGAC

ATCGGCCCAAAAGAACCCGACAGCTTTCTAT

TRBV20-1 ATGCTGCTGCTTCTGCT GCTGTCGTCTCTCAACATCCGAGCTGGGTTATCTGTAAGAGTGGAACCTCTGTGAAGATC
GCTTCTGGGGCCAGCAG | GAGTGCCGTTCCCTGGACTTTCAGGCCACAACTATGTTTTGGTATCGTCAGTTCCCGAAA
GCTCCGGGCTTGGT CAGAGTCTCATGCTGATGGCAACTTCCAATGAGGGCTCCAAGGCCACATACGAGCAAGG

CGTCGAGAAGGACAAGTTTCTCATCAACCATGCAAGCCTGACCTTGTCCACTCTGACAGT
GACCAGTGCCCATCCTGAAGACAGCAGCTTCTAC

TRBV20 ATGCTGCTGCTTCTGCT AGTGCTGTCGTCTCTCAACATCCGAGCAGGGTTATCTGTAAGAGTGGAACCTCTGTGAAC

OR9-1 GCTTCTGGGGCCAGCAG | ATCGAGTGCCGTTCCCTGGACTTTCAGGCCACAACTATGTTTTGGTATCGTCAGCTCCGG
GCTCCGGGCTT AAACAGAGCCTCATGCTGATGGCAACTTCCAATGAGGGCTCCGAGGTCACATACGAGCA

AGGCGTCAAGAAGGACAAGTTTCCCATCAACCATCCAAACCTGACCTTCTCCGCTCTGA
CAGTGACCAGTGCCCATCCTGAAGACAGCAGCTTCTACATCTGC

TRBV23-1 ATGGGCACCAGGCTCCT | CATGCCAAAGTCACACAGACTCCAGGACATTTGGTCAAAGGAAAAGGACAGAAAACAA
CGGCTGTGCAGCCCTGT | AGATGGATTGTACCCCCGAAAAAGGACATACTTTTGTTTATTGGTATCAACAGAATCAG
GTCTCCTGACAGCAGAC | AATAAAGAGTTTATGCTTTTGATTTCCTTTCAGAATGAACAAGTTCTTCAAGAAACGGAG
TCTTTT ATGCACAAGAAGCGATTCTCATCTCAATGCCCCAAGAACGCACCCTGCAGCCTGGCAAT

CCTGTCCTCAGAACCGGGAGACACGGCACTGTAT

TRBV24-1 ATGGCCTCCCTGCTCTT GATGCTGATGTTACCCAGACCCCAAGGAATAGGATCACAAAGACAGGAAAGAGGATTA
CTTCTGTGGGGCCTTTT TGCTGGAATGTTCTCAGACTAAGGGTCATGATAGAATGTACTGGTATCGACAAGACCCA
ATCTCCTGGGAACAGGG | GGACTGGGCCTACGGTTGATCTATTACTCCTTTGATGTCAAAGATATAAACAAAGGAGA
TCCATG GATCTCTGATGGATACAGTGTCTCTCGACAGGCACAGGCTAAATTCTCCCTGTCCCTAGA

GTCTGCCATCCCCAACCAGACAGCTCTTTAC

TRBV25-1 ATGACTATCAGGCTCCT | GAAGCTGACATCTACCAGACCCCAAGATACCTTGTTATAGGGACAGGAAAGAAGATCAC
CTGCTACATGGGCTTTT | TCTGGAATGTTCTCAAACCATGGGCCATGACAAAATGTACTGGTATCAACAAGATCCAG
ATTTTCTGGGGGCAGGC | GAATGGAACTACACCTCATCCACTATTCCTATGGAGTTAATTCCACAGAGAAGGGAGAT
CTCATG CTTTCCTCTGAGTCAACAGTCTCCAGAATAAGGACGGAGCATTTTCCCCTGACCCTGGAG

TCTGCCAGGCCCTCACATACCTCTCAGTAC

TRBV27 ATGGGCCCCCAGCTCCT | GAAGCCCAAGTGACCCAGAACCCAAGATACCTCATCACAGTGACTGGAAAGAAGTTAA
TGGCTATGTGGTCCTTT CAGTGACTTGTTCTCAGAATATGAACCATGAGTATATGTCCTGGTATCGACAAGACCCA
GCCTTCTAGGAGCAGGC | GGGCTGGGCTTAAGGCAGATCTACTATTCAATGAATGTTGAGGTGACTGATAAGGGAGA
CCCCTG TGTTCCTGAAGGGTACAAAGTCTCTCGAAAAGAGAAGAGGAATTTCCCCCTGATCCTGG

AGTCGCCCAGCCCCAACCAGACCTCTCTGTAC

TRBV28 ATGGGAATCAGGCTCCT | GATGTGAAAGTAACCCAGAGCTCGAGATATCTAGTCAAAAGGACGGGAGAGAAAGTTT
CTGTCGTGTGGCCTTTT TTCTGGAATGTGTCCAGGATATGGACCATGAAAATATGTTCTGGTATCGACAAGACCCA
GTTTCCTGGCTGTAGGC | GGTCTGGGGCTACGGCTGATCTATTTCTCATATGATGTTAAAATGAAAGAAAAAGGAGA
CTCGTA
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TATTCCTGAGGGGTACAGTGTCTCTAGAGAGAAGAAGGAGCGCTTCTCCCTGATTCTGG
AGTCCGCCAGCACCAACCAGACATCTATGTAC

TRBV29-1 ATGCTGAGTCTTCTGCT | AGTGCTGTCATCTCTCAAAAGCCAAGCAGGGATATCTGTCAACGTGGAACCTCCCTGAC
CCTTCTCCTGGGACTAG | GATCCAGTGTCAAGTCGATAGCCAAGTCACCATGATGTTCTGGTACCGTCAGCAACCTG
GCTCTGTGTTC GACAGAGCCTGACACTGATCGCAACTGCAAATCAGGGCTCTGAGGCCACATATGAGAGT

GGATTTGTCATTGACAAGTTTCCCATCAGCCGCCCAAACCTAACATTCTCAACTCTGACT
GTGAGCAACATGAGCCCTGAAGACAGCAGCATATAT

TRBV29 ATGCTGTCTCCTGCTCC AGTGCTGTCATCTCTCAAAAGCCAAGCAGGGATATCTGTCAACGTGGAACCTCCATGAT

OR9-2 TTCTCCGGGGATTAGGT | GATCCAGTGTCAAGTTGACAGCCAAGTCACCATGATGTTCTGGTACTGTCAGCAACCTG
ATGAGCCTTGCTCTGTG | GACAGAGCCTGACACTGATTGCAACTGCAAATCAGGGCTCTGAGGCCACATATGAGAGC
TTC AGATTTGTCATTGACAAGTTTCCCATCAGCCGCCCAAACCTAACATTCTCAACTCTGACT

GTGAGCAACAGGAGGCCTGAAGACAGCAGCATATACCTCTGC

TRBV30 ATGCTCTGCTCTCTCCTT | TCTCAGACTATTCATCAATGGCCAGCGACCCTGGTGCAGCCTGTGGGCAGCCCGCTCTCT
GCCCTTCTCCTGGGCAC | CTGGAGTGCACTGTGGAGGGAACATCAAACCCCAACCTATACTGGTACCGACAGGCTGC
TTTCTTTGGGGTCAGA AGGCAGGGGCCTCCAGCTGCTCTTCTACTCCGTTGGTATTGGCCAGATCAGCTCTGAGGT

GCCCCAGAATCTCTCAGCCTCCAGACCCCAGGACCGGCAGTTCATCCTGAGTTCTAAGA
AGCTCCTTCTCAGTGACTCTGGCTTCTAT
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Table S4. Peptide sequences for CEF peptide pool.

HLA Allele Virus/Antigen Name Peptide Sequence
A*01 Influenza A VSDGGPNLY
Influenza A CTELKLSDY
A*02 Influenza M GILGFVFTL
Influenza A FMYSDFHFI
EBV LMP2A CLGGLLTMV
EBYV BMLF 1359267 GLCTLVAML
A*02:01 HCMYV pp65 NLVPMVATV
A*68 Influenza NP KTGGPIYKR
A*03 Influenza NP RVLSFIKGTK
Influenza A ILRGSVAHK
EBV RVRAYTYSK
EBV RLRAEAQVK
A*03, A*11, A*06 Influenza M SIIPSGPLK
A*11 EBV EBNA 4NP AVFDRKSDAK
EBV IVTDFSVIK
EBV ATIGTAMYK
A*24 EBV RTA DYCNVLNKEF
B*07 Influenza NP LPFDKTTVM
EBV RPPIFIRRL
B*08 Influenza NP ELRSRYWAI
EBV BZLF-1 RAKFKQLL
EBV EBNA 3A FLRGRAYGL
EBV EBNA 3 QAKWRLQTL
B*18 HCMV SDEEEAIVAYTL
B*27 Influenza NP SRYWAIRTR
Influenza M ASCMGLIY
EBV EBNA 3C RRIYDLIEL
B*35 EBV EBNA3A YPLHEQHGM
CMV pp65 IPSINVHHY
B*44 EBV EENLLDFVRF
HCMV EFFWDANDIY
B*07:02 HCMV TPRVTGGGAM
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Table SS. Peptide sequences for selected melanoma neoantigens.

Patient Antigen Name Peptide Sequence
13240-001 Mut-CASP5 IMP: LSPREEFLRLCKKIMMRSIQ
(Patient 1) IMP: SGSPPLRVSVGDFSQEFSPIQEAQQD
ASP RUSC2-1: SGSPPLRVSVGDFSQ
Mut-RUSC2 ASP RUSC2-2: PLRVSVGDFSQEFSP
ASP RUSC2-3: SVGDFSQEFSPIQEA
ASP RUSC2-4: DFSQEFSPIQEAQQD
Mut-LUM IMP: SHNELADSGIPENSFNVSSLVE
13240-003 Mut-CIT IMP: RGRLPAGAVRTLLSQVNKVWDQSS
(Patient 3) EPT4C: VRTLLSQVNK (HLA-B*27:05)
Mut-CASP1 IMP: ERFWRNILLLSLHKGSLYPRIPGLGKE
EPT27A: WRNILLLSLH (HLA-B*27:05)
Mut-VPS16 IMP: GHEHQPDMQKSLLRAAFFGKCFLDR
EPT17C: LRAAFFGKCF (HLA-B*27:05)
Mut-ENDOV IMP: SPGPRTAPRPGSQKQAGKDWQ
Mut-ZNF234 IMP: HASHLQEHQRIYTGEKPFKCDT
Mut-CRY1 IMP: EDLDANLRKLNFRLFVIRGQPAD

Mut-ADAMTS7

IMP: ELQYRGRELRFNLIANQHLLAPGFVSETR
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Table S6. CDR3 oligonucleotide sequences (CDR3a, CDR3p) used to clone TCRs for healthy
donors (D1, D2) and melanoma patients (P1, P2).

TCR

Va-Cb library

Vb-Ca library

Oligo Sequence

Dl1.1

TRAV38-2/DV8

TRBV7-9

TCTAGATGGGGATCCGGTCTCTGTATTTCTGTGCTTATATTCAGGGAGCCCAG
AAGCTGGTATTTGGCCAAGGAACCAGGCTGACTATCAACCCAAATATCCAGA
ACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGGT
GGTTCTGGTGGTGGTCTCTTGTATCTCTGTGCCAGCAGCTTAGGTGGGGGGG
AGGGAGGCCAGTCCTACGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGG
TCACAGAGGACCTAGAGACCAATCAAATCGGATCC

D1.2

TRAV21

TRBV10-2

TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGCTGTCCTCATGGATAGCAAC
TATCAGTTAATCTGGGGCGCTGGGACCAAGCTAATTATAAAGCCAGATATCC
AGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGT
GGTGGTTCTGGTGGTGGTCTCTTGTATTTCTGCGCCAGCAGTTCGGACGGGAT
GAACACTGAAGCTTTCTTTGGACAAGGCACCAGACTCACAGTTGTAGAGGAC
CTAGAGACCAATCAAATCGGATCC

D13

TRAVS

TRBV29-1

TCTAGATGGGGATCCGGTCTCTCTACTTCTGTGCAGAGAGTACAGGCAAACT
AATCTTTGGGCAAGGGACAACTTTACAAGTAAAACCAGATATCCAGAACCCT
GACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGGTGGTTC
TGGTGGTGGTCTCTTATATCTCTGCAGCGTTGGGACCGGGGGCACTAATGAA
AAACTGTTTTTTGGCAGTGGAACCCAGCTCTCTGTCTTGGAGGACCTAGAGA
CCAATCAAATCGGATCC

D1.4

TRAV12-2

TRBV19

TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGCCGGCGACTTTGAAGGCTCT
GGCAACACAGGCAAACTAATCTTTGGGCAAGGGACAACTTTACAAGTAAAA
CCAGATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTC
TGGTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAGCA
TCAGGTCCGCCTACGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCAC
AGAGGACCTAGAGACCAATCAAATCGGATCC

TRAV4

TRBV12-3

TCTAGATGGGGATCCGGTCTCTGTACTACTGCCTCGTGCCCCGGAGAGATGA
CAAGATCATCTTTGGAAAAGGGACACGACTTCATATTCTCCCCAATATCCAG
AACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGG
TGGTTCTGGTGGTGGTCTCTTGTACTTCTGTGCCAGCAGTCCTACCAGGGGCG
GGGGACTTGAAAAACTGTTTTTTGGCAGTGGAACCCAGCTCTCTGTCTTGGA
GGACCTAGAGACCAATCAAATCGGATCC

D1.6

TRAV19

TRBV19

TCTAGATGGGGATCCGGTCTCTATACTTCTGTGCTCTGAGTGAGGCGGGGAC
AGGAGGAAGCTACATACCTACATTTGGAAGAGGAACCAGCCTTATTGTTCAT
CCGTATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTC
TGGTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAGTA
TATTCGGGGGGAAAGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCT
AGAGGACCTAGAGACCAATCAAATCGGATCC

D1.7

TRAV3

TRBV19

TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGCTGTGAGAGATCCATTTCGG
AATTCAGGAAACACACCTCTTGTCTTTGGAAAGGGCACAAGACTTTCTGTGA
TTGCAAATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGT
TCTGGTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAG
TACTTATTCGGGGAGTGGGACTGAAGCTTTCTTTGGACAAGGCACCAGACTC
ACAGTTGTAGAGGACCTAGAGACCAATCAAATCGGATCC

D1.8

TRAV27

TRBV19

TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGGGTATGGAGGAAGCCAAGG
AAATCTCATCTTTGGAAAAGGCACTAAACTCTCTGTTAAACCAAATATCCAG
AACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGG
TGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAGTATTCGTTCGAGCT

ACGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACAGAGGACCTAG
AGACCAATCAAATCGGATCC

D2.1

TRAV21

TRBV10-2

TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGCTGTCCTCATGGATAGCAAC
TATCAGTTAATCTGGGGCGCTGGGACCAAGCTAATTATAAAGCCAGATATCC
AGAACCCTGACTGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGT
GGTGGTTCTGGTGGTGGTCTCTTGTATTTCTGCGCCAGCCAAGCGGACGGGA
TGAACACTGAAGCTTTCTTTGGACAAGGCACCAGACTCACAGTTGTAGAGGA
CCTTGAGACCAATCAAATCGGATCC

D2.2

TRAV38-2/DV8

TRBV11-1

TCTAGATGGGGATCCGGTCTCTGTATTTCTGTGCTTATAGGAGTATGTATTCA
GGAGGAGGTGCTGACGGACTCACCTTTGGCAAAGGGACTCATCTAATCATCC
AGCCCTATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGT
TCTGGTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTGTATCTCTGTGCCAGCAG
CCTAGGGTACGGCAATCAGCCCCAGCATTTTGGTGATGGGACTCGACTCTCC
ATCCTAGAGGACCTAGAGACCAATCAAATCGGATCC
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D23

TRAV2

TRBVY9

TCTAGATGGGGATCCGGTCTCTTTACTACTGTGCTGTGGACAACCAGGCAGG
AACTGCTCTGATCTTTGGGAAGGGAACCACCTTATCAGTGAGTTCCAATATC
CAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGG
TGGTGGTTCTGGTGGTGGTCTCTTGTATTTCTGTGCCAGCAGCGTAGAAGGG
ACGTTCAACGGCTACACCTTCGGTTCGGGGACCAGGTTAACCGTTGTAGAGG
ACCTAGAGACCAATCAAATCGGATCC

D2.4

TRAV12-1

TRBV27

TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGTGGTGAACAAACCTAACGA
CTACAAGCTCAGCTTTGGAGCCGGAACCACAGTAACTGTAAGAGCAAATATC
CAGAACCCTGACTGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGG
TGGTGGTTCTGGTGGTGGTCTCTTGTACTTCTGTGCCAGCAGCAGTGGGACTA
GCGGGTATTACAATGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCT
AGAGGACCTTGAGACCAATCAAATCGGATCC

D2.5

TRAV3S8-1

TRBV19

TCTAGATGGGGATCCGGTCTCTGTATTTCTGTGCTTTCATGACGAATGCTGGT
GGTACTAGCTATGGAAAGCTGACATTTGGACAAGGGACCATCTTGACTGTCC
ATCCAAATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGT
TCTGGTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTCTATCTCTGTGCCAGTAG

TGCCGGAAGCTATGGCTACACCTTCGGTTCGGGGACCAGGTTAACCGTTGTA
GAGGACCTAGAGACCAATCAAATCGGATCC

D2.6

TRAV12-3

TRBV29-1

TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGCAATGCACTCTAATAACGA
CTACAAGCTCAGCTTTGGAGCCGGAACCACAGTAACTGTAAGAGCAAATATC
CAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGG
TGGTGGTTCTGGTGGTGGTCTCTTATATCTCTGCAGCGTCCCAGGCCTTTTGA
ACACTGAAGCTTTCTTTGGACAAGGCACCAGACTCACAGTTGTAGAGGACCT
AGAGACCAATCAAATCGGATCC

PI1.1

TRAV20

TRBVS5-1

TCTAGATGGGGATCCGGTCTCTTTATCTCTGTGCTGGTGCTGGTGGTACTAGC
TATGGAAAGCTGACATTTGGACAAGGGACCATCTTGACTGTCCATCCAAATA
TCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCT
GGTGGTGGTTCTGGTGGTGGTCTCTTTTATCTTTGCGCCAGCAGCTCCGGGAC
AGGGGGAAACACCGGGGAGCTGTTTTTTGGAGAAGGCTCTAGGCTGACCGT
ACTGGAGGACCTAGAGACCAATCAAATCGGATCC

P1.2

TRAV22

TRBV29-1

TCTAGATGGGGATCCGGTCTCTTTATTTCTGTGCTTGCGGCCTTTATAACCAG
GGAGGAAAGCTTATCTTCGGACAGGGAACGGAGTTATCTGTGAAACCCAAT
ATCCAGAACCCTGACTGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTC
TGGTGGTGGTTCTGGTGGTGGTCTCTTATATCTCTGCAGCGCTCGACAGGGCC
TCGATCAGCCCCAGCATTTTGGTGATGGGACTCGACTCTCCATCCTAGAGGA
CCTTGAGACCAATCAAATCGGATCC

P13

TRAV29/DV5S

TRBV29-1

TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGCAGCAAGCGCTAATGCTGG
TGGTACTAGCTATGGAAAGCTGACATTTGGACAAGGGACCATCTTGACTGTC
CATCCAAATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGG
TTCTGGTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTATATCTCTGCAGCACAT
CCGGGACAGGGTTCCCCGGGGAGCTGTTTTTTGGAGAAGGCTCTAGGCTGAC
CGTACTGGAGGACCTAGAGACCAATCAAATCGGATCC

P14

TRAVS8-4

TRBV11-1

TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGCTGTGAGTGAATCAGGAAC

CTACAAATACATCTTTGGAACAGGCACCAGGCTGAAGGTTTTAGCAAATATC
CAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGG
TGGTGGTTCTGGTGGTGGTCTCTTGTATCTCTGTGCCAGCAGCTTAGTTCCGG
AAACCTACGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACAGAGG
ACCTAGAGACCAATCAAATCGGATCC

P1.5

TRAVS-6

TRBV10-3

TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGCTGTGATCCCCACCTCAGGA
ACCTACAAATACATCTTTGGAACAGGCACCAGGCTGAAGGTTTTAGCAAATA
TCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCT
GGTGGTGGTTCTGGTGGTGGTCTCTTGTACTTCTGTGCCATCAGGGGAAAGA
CGGGCACCTACGAGCAGTACTTCGGGCCGGGCACCAGGCTCACGGTCACAG
AGGACCTAGAGACCAATCAAATCGGATCC

Pl.6

TRAV9-2

TRBV6-6

TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGCTCTGAGAGTCCCTTCTGGT
TCTGCAAGGCAACTGACCTTTGGATCTGGGACACAATTGACTGTTTTACCTG
ATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGT
TCTGGTGGTGGTTCTGGTGGTGGTCTCTTGTACTTCTGTGCCAGCAGTTTCCA
GGGGGCGGCGAACACCGGGGAGCTGTTTTTTGGAGAAGGCTCTAGGCTGAC
CGTACTGGAGGACCTAGAGACCAATCAAATCGGATCC

P3.1

TRAV21

TRBV29-1

TCTAGATGGGGATCCGGTCTCTCTACCTCTGTGCTCCTACTAGCAACACAGG
CAAACTAATCTTTGGGCAAGGGACAACTTTACAAGTAAAACCAGATATCCAG
AACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGG
TGGTTCTGGTGGTGGTCTCTTATATCTCTGCAGCGTTTTTGGCGGTGGCCTCT
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TCTACAATGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCTAGAGGA
CCTAGAGACCAATCAAATCGGATCC

P32

TRAV12-1

TRBV27

TCTAGATGGGGATCCGGTCTCTCTACCTCTATCATAACCAGGGAGGAAAGCT
TATCTTCGGACAGGGAACGGAGTTATCTGTGAAACCCAATATCCAGAACCCT
GACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTGGTGGTTC
TGGTGGTGGTCTCTTGTACTTCTGTGCCAGCAGTCCCTCGTTGGCCGGGGAGC
TGTTTTTTGGAGAAGGCTCTAGGCTGACCGTACTGGAGGACCTAGAGACCAA
TCAAATCGGATCC

P3.3

TRAV3S8-1

TRBV18

TCTAGATGGGGATCCGGTCTCTGTATTTCTGTGCTTTCATGAAGCCCCCTACA
GGTAACCAGTTCTATTTTGGGACAGGGACAAGTTTGACGGTCATTCCAAATA
TCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCT
GGTGGTGGTTCTGGTGGTGGTCTCTCTTATTTCTGTGCCAGCTCACCGTACGG
ACAGAACACTGAAGCTTTCTTTGGACAAGGCACCAGACTCACAGTTGTAGAG
GACCTAGAGACCAATCAAATCGGATCC

P3.4

TRAV14/DV4

TRBVS5-4

TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGCAATGAGAGAGGGTAATAA
TGCAGGCAACATGCTCACCTTTGGAGGGGGAACAAGGTTAATGGTCAAACC
CCATATCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTG
GTTCTGGTGGTGGTTCTGGTGGTGGTCTCTTGTATCTCTGTGCCAGCAGCTTG
GGTGGAGGCCCCCAGCATTTTGGTGATGGGACTCGACTCTCCATCCTAGAGG
ACCTAGAGACCAATCAAATCGGATCC

P3.5

TRAVS-2

TRBV12-3

TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGTTGTGAGTGAGTACAACAA
TGACATGCGCTTTGGAGCAGGGACCAGACTGACAGTAAAACCAAATATCCA
GAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTGGTG
GTGGTTCTGGTGGTGGTCTCTTGTACTTCTGTGCCAGCAGTACCGCTAGAGG

GGGCGTACGTCAGCCCCAGCATTTTGGTGATGGGACTCGACTCTCCATCCTA
GAGGACCTAGAGACCAATCAAATCGGATCC

P3.6

TRAV38-1

TRBV6-2

TCTAGATGGGGATCCGGTCTCTGTATTTCTGTGCTTTCATGAAGCCGGGCAAC
TTCAACAAATTTTACTTTGGATCTGGGACCAAACTCAATGTAAAACCAAATA
TCCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCT
GGTGGTGGTTCTGGTGGTGGTCTCTTGTACTTCTGTGCCAGCACCTTGACAGG
GCATTCTAGTGAGCAGTTCTTCGGGCCAGGGACACGGCTCACCGTGCTAGAG
GACCTAGAGACCAATCAAATCGGATCC

P3.7

TRAVS-2

TRBV15

TCTAGATGGGGATCCGGTCTCTGTACTTCTGTGTTGTGAGTGACCAGGGACC
CAATGACATGCGCTTTGGAGCAGGGACCAGACTGACAGTAAAACCAAATAT
CCAGAACCCTGACAGAGACCATGCGGTGGTGGTGGTTCTGGTTCTGGTTCTG
GTGGTGGTTCTGGTGGTGGTCTCTTGTACCTGTGTGCCACCAGCAGCCCGCTG
GGCGGGACTAGGGGGCCCCAGCATTTTGGTGATGGGACTCGACTCTCCATCC
TAGAGGACCTAGAGACCAATCAAATCGGATCC
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