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Abstract

Neoantigens can be predicted and in some cases identified using the data obtained from the
whole exome sequencing and transcriptome sequencing of tumor cells. These sequencing
data can be coupled with single-cell RNA sequencing for the direct interrogation of the tran-
scriptome, surfaceome, and pairing of a3 T-cell receptors (TCRap) from hundreds of single
T cells. Using these 2 large datasets, we established a platform for identifying antigens rec-
ognized by TCRafs obtained from single T cells. Our approach is based on the rapid
expression of cloned TCRaf genes as Sleeping Beauty transposons and the determination
of the introduced TCRas’ antigen specificity and avidity using a reporter cell line. The plat-
form enables the very rapid identification of tumor-reactive TCRs for the bioengineering of T
cells with redirected specificity.

Introduction

Two lines of evidence suggest that the immune cell population in the tumor microenvironment
is correlated with clinical outcome [1-3]. First, the infiltration of T cells, especially CD8" T cells,
is positively correlated with a favorable outcome in many types of cancer [4]. Second, the thera-
peutic immune checkpoint blockade of CTLA-4 or PDL1/PD1 reinvigorates exhausted tumor-
infiltrating lymphocytes (TILs) and has anti-tumor effects in a subset of patients [5]. TILs typi-
cally recognize neoantigens that are derived from tumor cell-specific mutations and expressed
on tumor cells as peptides in the context of human leukocyte antigens (HLAs) [6]. Recognition
of neoantigens by TILs is supported by clinical findings demonstrating that successful immune
checkpoint blockade therapy is correlated with high mutation loads in tumor cells [7-10]. That
CD8PD1* T cells are enriched in the tumor microenvironment also supports a role for neoan-
tigen-specific TILs as mediators of immune checkpoint blockade [11, 12].

These clinical observations provide a blueprint for using the adoptive transfer of neoantigen-
specific T cells with diverse o T-cell receptors (TCRofs) to improve immunotherapy [13]. The
use of TILs numerically expanded ex vivo has shown promise for the treatment of metastatic
melanoma and other solid tumors [14-17]. However, an inherent limitation of TIL-based
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immunotherapy is that ex vivo culture and numeric expansion typically leads to the clonal and/
or oligoclonal expansion of terminally differentiated T cells. Together, these clinical data suggest
that the administration of “young” T cells that are sourced from peripheral blood and geneti-
cally modified to be neoantigen-specific offers an advantage over TIL-based immunotherapy.

The bioengineering of neoantigen-specific T cells requires identifying individual TCRafs
and determining their antigen specificity. Next-generation sequencing (NGS) was used to
identify non-synonymous tumor-specific mutations and single-cell RNA sequencing (scRNA-
seq) to identify paired full-length TCRo.f sequences [18]. This enabled us to reconstruct
tumor-specific TCRs and evaluate their antigen specificity to engineer clinical-grade T cells.
This was undertaken by very rapidly constructing a library of TCRo genes expressed in DNA
plasmids from the Sleeping Beauty (SB) transposon/transposase system and then inducing the
expression of cloned TCRofs in a reporter cell line to determine their antigen specificity and
avidity. These reporter cells were co-cultured with genetically edited HLA™ HEK293 cells
and genetically modified with monoallelic HLA and the putative neoantigen as a minigene
construct to serve as artificial antigen-presenting cells. This suite of technologies could be used
to determine the antigen specificity of TCRs retrieved from primary tumors. In summary, this
platform serves as a resource for the very rapid, robust, and high-throughput identification of
immunogenic neoantigens and their cognate antigen-specific TCRs.

Materials and methods
Ethical statement

Peripheral blood mononuclear cells (PBMCs) were obtained from patients who had provided
written informed consent in accordance with a protocol established and approved by MD
Anderson’s Institutional Review Board (#LAB07-0296, Acquisition of Peripheral Blood from
Healthy Donors). The identities of all patients were kept private. Animals were handled in
accordance with strict guidelines established by MD Anderson’s Institutional Animal Care
and Use Committee (IACUC), which specifically approved this study (#00001131-RN02,
Adoptive Immunotherapy with Genetically Modified T Cell Clones). Mice were housed in
pathogen-free conditions and were monitored daily for welfare-related assessments in accor-
dance with IACUC guidelines. Moribund mice were humanely euthanized by CO2 inhalation
as per IACUC guidelines. All efforts were made to minimize animal suffering, and inhaled iso-
flurane was administered for anesthesia as required.

Cells and cell culture

CD8" T cells were isolated from PBMCs using CD8-specific microbeads (Miltenyi Biotec,
Auburn, CA). The Jurkat 76 cell line was kindly provided by Dr. Mirjam Heemskerk (Leiden
University, Netherlands). The Jurkat 76 cell line is a subclone of the human CD4" T-acute leu-
kemia cell line, Jurkat, which has disrupted TCRo. and TCRP chains. The Jurkat 76 cell line and
its derivatives were maintained in complete medium consisting of RPMI-1640 media (HyClone,
GE Healthcare Life Science, Pittsburgh, PA), 10% heat-inactivated fetal bovine serum (FBS;
Lonza, Walkersville, MD), and 2 mmol/L L-glutamine (Glutamax-1; Thermo Fisher Scientific,
Waltham, MA). The human B-lymphoblastoid cell line 721.221, which lacks HLA-A, -B, and -C
expression, and 721.221 cells transduced with HLA-A*02:01 were maintained in complete
medium. The HLA-A2" NY-ESO-1-expressing human myeloma cell line U266 was maintained
in complete medium. The large T-transformed human embryonic kidney cell line HEK293T
was maintained in Iscove’s modified Dulbecco’s medium (Thermo Fisher Scientific) supple-
mented with 10% FBS and 2 mmol/L L-glutamine. STR profiling was used to verify all cell lines,
and all cell lines were periodically tested for Mycoplasma contamination.
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Flow cytometry

Cells were stained with fluorescence-conjugated monoclonal antibodies (mAbs) for 20 min-
utes at 4°C or with pentamers for 20 minutes at room temperature. Data were acquired using a
FACS Caliber (BD Biosciences, San Jose, CA), MACSQuant (Miltenyi Biotec), or iQue (Intelli-
Cyt, Albuquerque, NM) flow cytometer and analyzed using FlowJo version 10.1 (Flow]Jo, LLC,
Ashland, OR) or ForeCyt (IntelliCyt).

Phycoerythrin (PE)- or allophycocyanin (APC)-conjugated CD3 (clone SK7), PE- or APC-
conjugated CD8 (clone SK1), APC-conjugated HLA-A, -B, and -C (clone G46-2.6), and PE-con-
jugated HLA-A2 (clone BB7.2) mAbs were from BD Biosciences. The PE-conjugated CMVpp65
(NLVPMVATYV)/HLA-A2 pentamer and PE-conjugated NY-ESO-1 (SLLMWITQV)/HLA-A2
pentamer were from Proimmune (Sarasota, FL).

Paired CDR3 sequencing of TCR from single T cells

CD8" T cells isolated from PBMCs were stained with the CMV pp65 (NLVPMVATYV,
HLA-A*0201) pentamer and CD8-specific mAbs. Pentamer " CD8" T cells were sorted by fluo-
rescence-activated cell sorting using a FACS Aria (BD Biosciences) into 96-well plates (1 cell
per well) preloaded with water and 5 units of proteinase inhibitors (Thermo Fisher Scientific)
per well. TCRo and TCRB CDR3 regions in individual T cells were amplified using a modified
protocol described previously [19]. In brief, the sequences of the TCR CDR3 regions were
identified through 4 steps (S3 Fig):

1) We performed reverse transcription and the first amplification with the One-Step
RT-PCR kit (Qiagen, Germantown, MD) using multiplex PCR. We used 38 Vo primers
(0.06 uM each) and 1 Co region primer (0.3 pM) to reverse-transcribe and amplify TCRo
CDR3 regions (S1 Table). We used 36 V3 primers (0.06 uM each) and 1 C region primer
(0.3 uM) to reverse-transcribe and amplify TCRB CDR3 regions (S1 Table). The reaction was
performed in a total of 25 ul of reaction mix in 1 well.

2) We performed multiplex PCR using the Multiplex PCR Kit (Qiagen) and multiple Vo
and VP region primers and Co. and CP region primers (S2 Table) in a total 10 pl of reaction
mix. To add specific barcodes for each TCR3 region, we added common sequences (lower
case) to the 5" ends of the primers.

3) We performed an eighth cycle of PCR using barcoding primers (S3 Table). The 3’ bar-
coding primers contained sequences that match the common sequences of the second amplifi-
cation products, and the 5’ barcoding primers contained 8 nt of specific sequences (bold) The
combination of the 5’ and 3’ barcoding primers was used to uniquely label each individual well
(i.e., single T cells) in a 96-well plate.

4) We used the pooled PCR products of the third amplification for NGS with the MiSeq sys-
tem (Illumina, San Diego, CA) to retrieve each T cell’s CDR3 sequences of TCRa and TCRp.

Rapid assembly of the TCR construct in the sleeping beauty transposon/
transposase system

Individual CDR3 gene fragments generated by PCR contained a 15-bp overlap sequence at the 3’
end of each oligonucleotide. To assemble the 4 gene fragments, we mixed 50 ng of TRAV-TRBC2-
PSB linear DNA, 9.4 ng of TRAC-TRBYV linear DNA, 1.4 ng of TCRa CDR3, 1.4 ng of TCRf
CDR3, and 2x Gibson Assembly mix (New England Biolabs, Ipswich, MA) in a 0.2-mL PCR tube.
After 1 hour of incubation at 50°C, 5 uL of the sample was used to chemically transform 25 uL of
competent cells (E. Cloni; Lucigen, Middleton, WI). Colonies were selected and expanded in
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lysogeny broth containing kanamycin. SB DNA plasmids were isolated using the Miniprep kit or
Midiprep kit (Qiagen), and coding sequences were verified by Sanger sequencing.

Gene transduction

DNA plasmids were introduced into the Jurkat 76 cell line and its derivatives using Nucleofec-
tor IT or 4D (Lonza). In brief, 1-2 x 10° cells were resuspended in 100 pL of kit V buffer and
DNA plasmid (or mRNA transcribed in vitro) and then cuvette-pulsed using program X-001
(Nucleofector II) or resuspended in SE buffer and cuvette-pulsed using program CL-120
(Nucleofector 4D). We used the same number of cells in 100 pL of buffer. The DNA plasmid
ratio of SB transposon to SB transposase (SB11 or SB100x) was 3:1. After electroporation, cells
were transferred to a well in a 12-well plate containing 3 mL of complete medium and main-
tained at 37°C in 5% CO,. After the SB system was used to transfect Jurkat 76 cells with the
CD8 ap heterodimer, CD8" clones were isolated by limiting dilution. Enrichment of the cells
transfected with the NR4A1 reporter construct was done by selection mediated by a neomycin
analogue (G418; Sigma-Aldrich, St. Louis, MO). Resting CD8" T cells and CD8" T cells acti-
vated by stimulation with a CD3-specific mAb (clone OKT3, eBiosciences, San Diego, CA)
and CD28-specific mAb (clone CD28.2; eBiosciences) for 48 hours were used for electropora-
tion. Electroporation was done in Nucleofector 4D with P3 buffer using the FI-115 program
for resting T cells and the EO-115 program for activated T cells.

Reporter assay

Minor histocompatibility antigen HA2/HLA-A2-specific TCRos [20] and low- and high-
affinity NY-ESO-1/HLA-A2-specific TCRofs [21] were used for the reporter assay. TCRo3-
modified reporter cells were mixed with stimulator cells at a 1:1 ratio in 15-mL round-bottomed
tubes or in 96-well U-bottomed plates. The tubes or plates were briefly spun at 300 x g for 3
minutes, and the cells were cultured at 37°C at 5% CO,. For CD3-mediated stimulation, the sur-
face of 15-mL round-bottomed tubes or in 96-well U-bottomed plates was coated with 10 ug/
mL OKTS3 antibody for 3 hours at 37°C or overnight at 4°C and then washed 3 times with PBS.
After 24, 48, 72, and 96 hours, the cells were stained with CD3-specific and CD8-specific mAbs
for 15 minutes at 4°C. Data were acquired using a MACSQuant or iQue flow cytometer and
analyzed using FlowJo version 10.1 or ForeCyt. Statistical significance was analyzed with the
Student t-test in GraphPad Prism 7 (GraphPad Software, Inc. San Diego, CA).

*Chromium release assay

Target cells were labeled with 0.1 mCi of >!Cr (Perkin Elmer, Boston, MA) for 2 hours. The
labeled cells were washed 3 times with ice-cold complete medium, diluted, and plated in

100 uL of complete medium in 96-well V-bottomed plates at 1 x 10° cells/well. T cells were
added at 100 puL/well at the indicated effector-to-target ratios, and the plates were spun (180 x
g for 3 minutes without brake) to facilitate cell-to-cell contact. After a 4-hour incubation at
37°Cin 5% CO,, 50 pL of the supernatants were counted on TopCount (Perkin Elmer). All
assays were performed in triplicate. The percentage of specific lysis was calculated as follows:
[(experimental cpm—spontaneous cpm) / (maximum cpm—spontaneous cpm)] x 100. Statis-
tical significance was analyzed with the Student t-test in GraphPad Prism 7.

In vivo analysis

Fifteen 10-week-old female NOD-scid ILZR\(““ll (NSG) mice (The Jackson Laboratory, Bar
Harbor, ME) were injected with 5 x 10° U266 cells modified with firefly luciferase as described
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previously [22] on day 0. On day 1, the mice received tail vein injections of 1 x 10° T cells mod-
ified with HLA-A2-restricted NY-ESO-1-specific TCRos (1 x 10° NY-ESO-1/HLA-A2 pen-
tamer™ cells). Tumor expansion was periodically monitored using the Xenogen IVIS Spectrum
in vivo imaging system (Caliper Life Sciences, Waltham, MA) 10 minutes after subcutaneous
injection of 215 ug p-luciferin potassium salt (Caliper Life Sciences). Tumor flux (photons/sec-
ond/cm?/steradian) was measured using Living Image software (version 2.50; Caliper Life Sci-
ences). The mice were monitored daily for early signs of morbidity (ruffled fur, weakness, and
hunched posture) throughout the course of the experiment. Moribund mice were immediately
euthanized at presentation of hyperpnea, weight loss exceeding 20%, and hind limb paralysis.

Endogenous HLA class I disruption from HEK293T cells and expression of
HLA class I cloned by locus specific primers

CRISPR-Cas9 targeting consensus sequences (GGCTACTACAACCAGAGCG [AGG], [AGG]:
PAM sequence) specific to classic HLA class I genes were generated in a DNA plasmid (px330;
Addgene, Watertown, MA). DNA plasmids were transfected into HEK293T cells using poly-
ethylenimine. HLA class I"*® HEK293T cells were isolated by negative selection using an LD
column (Miltenyi Biotec) with APC-conjugated mAbs specific for HLA-A, -B, and -C (clone
G46-2.6; BD Biosciences) and APC microbeads (Miltenyi Biotec). The sequences of the HLA
cloning primers were as follows (lower case indicates the overlap sequence for Gibson assem-
bly; upper case indicates the locus-specific sequence):

HLA-A forward: cgcagtcagtgctctagagctagcg GATTCTCCCCAGACSCCGAGG
HLA-A reverse: gtaatccagaggttgattgtcgacgec ACAAGGCAGCTGTCTCACA
HLA-B forward: cgcagtcagtgctctagagctageg CACCCGGACTCARARTCTCCT
HLA-B reverse: gtaatccagaggttgattgtcgacgc CCTTTTCAAGCTGTGAGAG
HLA-C forward: cgcagtcagtgctctagagctagecg TTCTCCCCAGASGCCGAGATG
HLA-C reverse: gtaatccagaggttgattgtcgacgc GTCTCAGGCTTTACAAGYGA

We amplified 50 ng of cDNA by PCR using KOD Xtreme DNA polymerase (EMD Milli-
pore, Burlington, MA) according to the manufacturer’s instructions. The PCR product was
used for Gibson assembly with the pCDH (EF1) MCS (PGK) Puro lentivirus plasmid (SBI Sys-
tem Biosciences, Palo Alto, CA) linearized by restriction enzyme (EcoRV and NotI) and subse-
quent mung bean nuclease (New England Biolabs) treatment.

The pCDH plasmid encoding HLA, along with pMD2.VSVG and psPAX2 (Addgene), was
transfected into HEK293T cells by polyethylenimine. Two days after transfection, half of the
culture medium was removed and stored at -80°C as lentivirus particles. The remaining
medium was amended with 8 pg/mL polybrene and cultured overnight. The next morning, the
medium was replaced with Iscove’s modified Dulbecco’s medium supplemented with 10%
FBS and further cultured at 37°C in 5% CO,.

Results
Generation of a DNA library for the rapid assembly of TCRaf genes in the
SB system

scRNA-seq can identify hundreds of unique paired CDR3 sequences of TCRo. and TCR
chains from single T cells. We developed a method to clone and express large numbers of
TCRs in a high-throughput manner by generating a TCR library in SB-derived DNA
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transposons (plasmids). The SB system, which is being evaluated in clinical trials, has advan-
tages over clinical-grade virus-based systems in that it is rapid, scalable, and inexpensive [23,
24]. The library consists of 48 TCRa. sequences as SB plasmids, each assembled from an indi-
vidual TCR alpha variable (TRAV) gene paired with a consensus TCR beta constant 2
(TRBC2) gene sequence. Similarly, a library of 59 TCRp sequences encoding consensus TCR
alpha constant (TRAC) genes linked with 59 unique TCR beta variable (TRBV) genes by the
furin-SGSG-P2A ribosome-skipping sequence was constructed (Fig 1A and 1B and S1 Fig).
These DNA plasmids were designed to be linearized by 2 blunt-end restriction enzymes
(EcoRV and FspI). CDR3 sequences retrieved from NGS were generated by the PCR of 2 sin-
gle-strand DNAs with a 15-bp overlap (S2 Fig). The complete SB DNA plasmid was created by
using Gibson assembly [25] to join 4 DNA fragments, including an approximately 130-bp
TCRa CDR3 gene fragment, an approximately 130-bp TCRP CDR3 gene fragment, a linear-
ized TRAC-TRBV fragment, and a linearized TRAV-TRBC2 fragment (Fig 1C). Each resultant
SB transposon encodes a unique assembled TCRof gene and can be integrated into primary T
cells or cell lines with a SB transposase.

Tetramer-guided isolation of CMVpp65/HLA-A2-specific TCR by paired
single-cell TCRaf cloning and rapid assembly of TCRaf} genes

To test our approach to constructing the TCRof library, we used tetramer-guided single-cell
sorting to isolate T cells expressing CMVpp65/HLA-A2-specific TCRaBs from HLA-A2"
PBMCs. We performed multiplex PCR with barcoded primer sets [19] followed by NGS with
the Illumina MiSeq system to determine CDR3 sequences (S3 Fig). We identified 10 unique
TCRaf CMVpp65/HLA-A2-specific paired CDR3 sequences (Table 1), which we used to
generate 10 full-length TCRof genes as SB transposons in 3 days. Thus, Gibson assembly of
SB-derived DNA plasmids encoding individual TCR genes proved to be an efficient and robust
method for rapidly generating TCRof constructs from CDR3 sequences obtained from
scRNA-seq data.

Generation of reporter cell lines for measuring the antigen specificity of
introduced TCRs

To enable the measurement of the antigen specificity of introduced TCRofs, we used the Jur-
kat 76 cell line, which is deficient in both TCRo and TCRp [20]. First, we modified Jurkat 76
cells to express CD8of} heterodimer to stabilize their expression of TCRs with HLA class I mol-
ecules (Fig 2A). Next, we cloned NR4A1 promoter sequences from healthy donor T-cell geno-
mic DNA to express EGFP under the control of this TCR-dependent activation promoter (Fig
2B). We tested NR4A1 promoter sequences of varying lengths, including those with regions
for binding the transcription factors CREB (cAMP response element binding protein) and
MEF2 (myocyte enhancer factor-2) [26]. Constructs of 1,919 bp (from -1,800 to +119 of the
transcription start site) and 365 bp (from -319 to +46 of the transcription start site) (Fig 2B
and S4 Fig) were tested using HA2/HLA-A2 minor histocompatibility antigen—specific
TCRafs [20]. The minimal 365-bp promoter sequence was sufficient to induce GFP expres-
sion when the introduced TCRof was stimulated with a cognate antigen and OKT3 antibody
(Fig 2C). The level of GFP expression induced by the NR4A1 minimal promoter element was
sufficient to be detected by flow cytometry and fluorescence microscopy at the single-cell level
(S5 Fig). On the basis of these data, we selected the 365-bp NR4A1 promoter—driven GFP as
our reporter construct and designated our reporter cell clone Jurkat reporter for TCR
(JRETCR).
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Fig 1. TCR plasmid libraries used for the rapid construction of the TCRap gene in the Sleeping Beauty system. a.
The plasmid maps for the TRAV-TRBC2 (left) and TRAC-TRBV (right) plasmid libraries. We prepared and stored 45
TRAV-TRBC2 and 48 TRAC-TRBV plasmid libraries for the rapid construction of the TCRaf gene. IR/DR, inverted
repeats/direct repeats (a transposase binding site). b. Linearized TRAV-TRBC2 and TRAC-TRBV plasmids, along with
the TCRa chain CDR3 sequence (CDR3a) and TCRP chain CDR3 sequence (CDR3p), were joined using Gibson
assembly. O/L, overlap sequence (necessary for Gibson assembly). c. Isothermal 1-hour Gibson assembly resulted in a
single SB DNA plasmid encoding the TCRaf gene.

https://doi.org/10.1371/journal.pone.0228112.g001

JRFTCR GFP expression reflects TCR avidity and function in vitro and in
vivo

To evaluate the kinetics of GFP expression in JRETCRs after antigen stimulation, we compared
high- and low-affinity NY-ESO-1/HLA-A2 TCRafs [21]. JRFTCRs expressing NY-ESO-1/
HLA-A2-specific TCRo were stimulated with HLA-A2 transduced 721.221 cells pulsed with
graded levels of NY-ESO-1-derived peptide and were serially assessed for GFP expression and
intensity (Fig 3A and S6 Fig). After 24 hours of co-culture with the antigen-presenting cells,
JRETCRs expressing NY-ESO-1/HLA-A2-specific TCRaf showed GFP expression. The CD3
expression of TCR" JRFTCRs stimulated through TCR or the CD3 complex was significantly
lower than that of unstimulated TCR* JRETCRs or TCR* JRFTCRs stimulated with irrelevant
antigens. CD3 expression usually returned within 5 days after stimulation (S7 Fig). The per-
centage of GFP" reporter cells and the mean fluorescence intensity of GFP expression were
correlated with TCR affinity. JRETCRs transduced with high-affinity NY-ESO-1/HLA-A2—--
specific TCRap (1 uM-100 nM) showed significantly higher GFP expression and mean fluo-
rescence intensity than those transduced with low-affinity NY-ESO-1/HLA-A2—-specific
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Table 1. Unique CMV (CMVpp65/HLA-A2: NLVPMVATYV) specific TCRaf sequences obtained from CMYV seropositive donor.

UCN CDR3 TCR assembly
CMV1 TRAV3*01 | TRAJ26%01 Success
TGCGCTGTATACTATGGTCAGAATTTTGTCTTT
CAVYYGQONFVF
TRBV28°01 | TRBD1*01 TRBJ1-1*01
TGCGCCAGCAGTAACCAGGGGTACACTGAAGCTTTCTTT
CASSNQGYTEAFF
CMV2 TRAV*3*01 | TRAJ26*01 Success
TGCGCTGACTACTATGGTCAGAATTTTGTCTTT
CADYYGQNFVF
TRBV28*01 | TRBD1*01 TRBJ1-1701
TGCGCCAGCAGTTACCAGGGTTACACTGAAGCTTTCTTT
CASSYQGYTEAFF
CMV3 TRAV25*01 | TRAJ39*01 Success
TGCGCCACTAATGCAGGCAACATGCTCACCTTT
CATHAGNMLTF
TRBV28"01 | TRBD1*01 TRBJ2-3°01
TGCGCCAGCAGTTTCTTGACAGGGGTGGGGGATACGCAGTATTTT
CASSFLTGVGDTQYF
CMV4 TRAV3*01 | TRAJ31°01 Success
TGCGCTGTGAGAGACATAAATGCCAGACTCATGTTT
CAVRDINARLMF
TRBV12-3*01 | TRBD TRBJ1-1701
TGCGCCAGCAGTTCAGTGAACGAAGCTTTCTTT
CASSSVNEAFF
CMV5 TRAV3*01 | TRAJ31*01 Success
TGCGCTGTGAGAGACGTGAATGCCAGACTCATGTTT
CAVRDVNARLMF
TRBV12-3°01 | TRBD TRBJ1-1*01
TGCGCCAGCAGTTCGGTCAATGAAGCTTTCTTT
CASSSVNEAFF
CMV6 TRAV35°01 | TRAJ50*01 Success
TGCGCTGGCCCAACGAAAACCTCCTACGACAAGGTGATATTT
CAGPTKTSYDKVIF
TRBV12-3*01 | TRBD TRBJ1-2*01
TGCGCCAGCAGTTCGGCCTACTATGGCTACACCTTC
CASSSAYYGYTF
CMV7 TRAV26-2*01 | TRAJ49*01 Success
TGCATCCTGAGTGGCTCAGAGGGCCAGTTCTATTTT
CILSGSEGQFYF
TRBV29-1°01 | TRBD TRBJ2-2*01
TGCAGCGTCCACTCTTATGGGGACACCGGGGAGCTGTTTTTT
CSVHSYGDTGELFF
(Continued)
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Table 1. (Continued)

UCN CDR3 TCR assembly
CMV8 TRAV26-2*01 TRAJ4701 Success
TGCATCCTGAGACAGGAATATGGAAACAAACTGGTCTTT
CILRQEYGNKLVF
TRBV16*01 TRBD TRBJ2-7%01
TGCGCCAGCAGCCAAGGGGAGCTAGGGACTAGCGGGAGCCACGAGCAGTACTTC
CASSQGELGTSGSHEQYF
CMV9 TRAV3*01 TRAJ4701 Success
TGCGCTGTGGAATATGGAAACAAACTGGTCTTT
CAVEYGNKLVF
TRBV27%01 TRBD TRBJ2-7%01
TGCGCCAGCAGCCCCGTAGCGGGAGCCCCCCACGAGCAGTACTTC
CASSPVAGAPHEQYF
CMV10 TRAV24*01 TRAJ43*01 Success
TGCGCCTTCCCGTACAATAACAATGACATGCGCTTT
CAFPYNNNDMRF
TRBV27*01 TRBD2*02 TRBJ1-1%01

https://doi.org/10.1371/journal.pone.0228112.t001

TGCGCCAGCAGTTTAGAGGGTTACACTGAAGCTTTCTTT
CASSLEGYTEAFF

TCRop did. When the amount of peptide was decreased to less than 10 nM, GFP expression
was abolished, revealing the assay’s limit of detection.

Next, we tested whether the observed differences in GFP expression and intensity were cor-
related with the in vitro and in vivo function of peripheral blood T cells genetically modified to
express high- or low-affinity NY-ESO-1/HLA-A2-specific TCRap. T cells were stimulated
with OKT3 and an anti-CD28 mAb for 2 days and then nucleofected with the SB DNA plas-
mids. NY-ESO-1/HLA-A2-specific TCR expression was present on 14% and 20% of the T
cells transfected with low- or high-affinity NY-ESO-1/HLA-A2-specific TCR, respectively
(Fig 3B).

U266, a multiple myeloma cell line that co-expresses HLA-A2 and NY-ESO-1, was used as
a target for primary T cells expressing NY-ESO-1/HLA-A2-specific TCR. We performed a
*ICr release killing assay and an in vivo anti-tumor assay using xenograft mice. High-affinity
TCRoB" T cells tended to lyse the target U266 cells more efficiently than low-affinity TCRo3"
T cells did, especially at an increased effector-to-target ratio, although this difference was not
statistically significant (Fig 3C). Among mice injected with luciferase-transduced U266 cells,
those left untreated showed tumor engraftment as early as day 30; by day 47, these mice had to
be euthanized owing to the rapidly growing tumors. Compared with these control mice, the
mice that received TCRo" T cells on day 1 had delayed tumor engraftment. High-affinity
TCRof" T cells suppressed tumor engraftment better than low-affinity TCRof* T cells did.
The therapeutic efficacy of the TCRoB-expressing T cells against the U266 cells was in good
agreement with the in vitro data (Fig 3A and 3D-3F).

Use of locus-specific primer pairs for rapid cloning of HLA class I and I in
HLA"® HEK293T cells

By stimulating them with antigen-presenting cells, JRETCRs can be used as an antigen-discov-
ery platform. To be used in a high-throughput system, antigen-presenting cells must have a
high transfection efficiency for the introduction of both HLA and potential tumor antigens
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https://doi.org/10.1371/journal.pone.0228112.9002

and should be adherent cells, so as to minimize contamination of the flow-cytometric evalua-
tion in the reporter assay. To establish such stimulator cells for this assay, we generated a sys-
tem to rapidly express a patient’s HLA molecules on HEK293T cells whose endogenous HLA
class I expression has been disrupted by CRISPR-Cas9 gene editing. Other investigators have
used the CRISPR-Cas9 system to target B,M to globally disrupt HLA class I expression. How-
ever, disruption of this locus adversely affects the expression of introduced HLA class I con-
structs, unless those constructs comprise a single-chain HLA molecule containing $,M and an
antigen-derived peptide [28]. To avoid this complexity, we targeted a sequence that is common
to all HLA class I genes expressed on HEK293T cells (HLA-A*02:01, A*03:01, HLA-B*07:02,
B*07:61, HLA-C*07:02, and C*07:50; Fig 4A). Single transduction of DNA plasmid encoding
the guide RNA and wild type S. pyrogenes Cas9 (SpCas9) nuclease eliminated HLA class I
expression in up to 40% of HEK293T cells. By negative selection and single-cell cloning of the
HLA" population, we established HLA class I"*® HEK293T cells, which do not express HLA
class I, even after they have been cultured with interferon-y and tumor necrosis factor-o. for 2
days (Fig 4B).
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Tumor xenografts in NSG mice.

https://doi.org/10.1371/journal.pone.0228112.9003
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Next, we used locus-specific universal PCR-based cloning and subsequent Gibson assembly
to generate lentivirus vector plasmids for inducing the expression of HLA molecules. Primers
were designed as described previously [29] and modified to amplify either coding sequences or
coding sequences plus short 5’UTR sequences, depending on the availability of the consensus
sequence in each HLA class I locus. The HLA class I coding sequences were cloned from
cDNA (Fig 4C). The HLA-A, -B, -C alleles were authenticated through direct use of the PCR
product for Gibson assembly and by subsequent Sanger sequencing. Transfecting HLA class-
1" HEK293T cells with the HLA-coding lentivirus plasmid and helper plasmids produced
lentivirus particles in the culture media. Briefly culturing the transfected cells with polybrene
generated HEK293T cells that had sustained expression of a single HLA class I molecule (Fig
4D and 4E). These cells could stimulate TCR-transfected JRETCRs in 96-well plates (Fig 4F).
Using this system, we also designed sets of universal primers specific for HLA class II and effi-
ciently amplified HLA-DRA, -DRB, -DQA, -DQB, -DPA, and -DPB (S8 Fig).

Discussion

We established a rapid, robust, high-throughput platform for generating and expressing paired
TCRo and TCRp identified by single-cell TCR sequencing. scRNA-seq technology has
immensely improved the high-throughput characterization of TILs and other disease-related
T cells [18]. The combined evaluation of transcriptome and paired TCR (CDR3) sequencing
can provide in-depth information on hundreds to thousands of T cells of interest [30-33].
Typically, the paired CDR3 sequences obtained from these assays have been used to evaluate
T-cell clonality. Expanding such knowledge to assess infiltrating T cells’ antigen specificity
would be advantageous in designing and improving antigen-specific tumor immunotherapy
and minimizing the potential toxicities effected by the binding promiscuity of TCR. To achieve
this, we established a system for rapidly assembling TCRo. genes constructed as SB transpo-
sons. Once the paired CDR3 sequences were obtained, TCRof library was constructed in only
a few days. Others have assembled a library of TCRof DNA species using Golden Gate cloning
and subsequent cloning into a lentivirus vector [34]. Our Gibson assembly method typically
takes only 1 hour with isothermal incubation, making assembly relatively quick and easy.
Moreover, our SB system has an added advantage over virus-based systems, as once the DNA
plasmid has been assembled and generated, it can be used with a transposase plasmid to gener-
ate TCRoB-transduced cells. This rapid assembly of TCRo genes has the potential for clinical
translation. Accumulating evidence suggests that immune checkpoint blockade cannot sustain
reinvigorated tumor-specific T cells [35]. A better way to target solid tumors may be the in
vitro generation and subsequent administration of young T cells that have been genetically
modified to express tumor-specific TCRofs [36]. The rapid generation of hundreds of tumor-
specific TCRofs is an important step towards achieving this immunotherapy goal.

NGS of TCR revealed that 14% of T cells have 2 functional (productive) TCRo. transcripts
[19]. In the present study, we found that of 86 single T cells, 2 (2.3%) expressed 2 functional
TCRais and 1 (1.1%) expressed 2 functional TCRps. These T cells” antigen specificity needs to
be determined by making 4 possible TCR heterodimers. However, considering the small per-
centage of those T cells and our very rapid TCR gene assembly method, the evaluation of the
antigen specificity of those T cells would be feasible.

In other TCR reporter systems, luciferase activity [37] or cytokine production [38] are used
to measure signaling. In one fluorescence-based reporter system [39, 40], the use of flow
cytometry or fluorescence microscopy enabled the direct detection of reporter cells responding
to antigen-mediated stimulation. This detection facilitated the fluorescence-based single-cell
isolation of antigen-specific TCRs. In general, researchers have used nuclear factor of activated
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Fig 4. HLA cloning and expression in HLA class I-disrupted HEK293T cells. a. Guide RNA was designed to bind
consensus sequences of HLA class I (HLA-A, -B, and -C) expressed in HEK293T cells. The target sequence is
highlighted in yellow; the PAM sequence for SpCas9 nuclease is highlighted in blue. b. Elimination of HLA class I
expression in HEK293T cells. Data in the left panel are from HEK293T cells transfected with a single DNA plasmid
encoding guide RNA and Cas9. Three days after transfection, the HEK293T cells were stained with mAbs against
HLA-A2 and HLA-A, -B, and -C. Numbers indicate the percentages of HLA class I-negative HEK293T cells. Data in
the right panel are from cells cultured with 600 IU/mL interferon-y (IFNy) and 10 ng/mL tumor necrosis factor o
(TNFa) for 2 days. c. Representative agarose gel image of HLA class I cloning from cDNA generated from PBMCs. d.
Transfection of the HLA-encoding lentivirus plasmid along with helper plasmids into HEK293T cells and subsequent
culture to generate HEK293T cells expressing the HLA of interest. e. Representative expression of cloned HLA class I
on HEK293T cells. Each number represents the expression of the introduced HLA on HLA class I-negative HEK293T
cells. f. Mean fluorescence intensity (MFI) of JRETCRs transfected with NY-ESO-1/HLA-A2-specific TCR and then
stimulated with peptide-pulsed or irrelevant peptide—pulsed HEK293T cells. “p < 0.01; “**p < 0.005; ***p < 0.001.

https://doi.org/10.1371/journal.pone.0228112.9004

T cells (NFAT) inducible elements to generate reporter cell lines to conditionally measure anti-
gen-specific activation through TCRafs [34, 41, 42]. However, NFAT expression does not rely
on only the TCR signal; it is also influenced by cytokine stimulation [43, 44], which increases
the signal-to-noise ratio. Furthermore, NFAT elements alone do not induce strong down-
stream gene expression. To maximize the detection of induced gene expression, researchers
have combined the minimal CMV or IL-2 promoter with multiple repeats of NFAT elements
and have deployed luciferase expression as a reporter [37, 45]. As an alternative to NFAT, we
chose NR4A1, a nuclear orphan receptor whose expression is induced by the activation-
induced membrane depolarization and subsequent increase of intracellular Ca®* [46]. NR4A1
was initially identified as a mediator of apoptosis in response to TCR engagement in immature
T cells [47]. NR4A1 also appears to act as a fate-determination molecule in T-cell differentia-
tion [48-50]. Recent mouse experiments revealed the rapid and robust expression of NR4A1
in T cells and even higher expression of the protein in regulatory T cells. Other investigators
showed that the genetic insertion of a GFP reporter downstream of the NR4A1 promoter
induces fluorescence after TCR-mediated stimulation [51]. Furthermore, we simplified the
NR4A1 construct by using a 365-bp sequence as a short regulatory element within the NR4A1
promoter, which was sufficient and necessary to drive conditional GFP expression. In a previ-
ous study using a different mouse model, NR4A1 promoter—mediated GFP expression peaked
at 24 hours [52]. In the present study, using the short NR4A1 promoter, we found that GFP
expression increased for 72 hours, which may have been due to continuous TCR stimulation.
We found this NR4A1 promoter system to be superior to NFAT-based reporter systems, and
we were able to detect GFP expression at the single-cell level. Moreover, we found that the
GFP expression level correlated well with TCRo affinity and with the functions of the identi-
fied TCR in primary T cells.

T-cell specificity screening is a time-consuming and laborious process. Computer algo-
rithms have been used to predict immunogenic neoantigens from tumor whole-exome
sequencing and transcriptome sequencing. Refining these algorithms will enable them to iden-
tify neoantigens more precisely. [Au: A transition is needed here, I think.] By stimulating them
with peptide-pulsed cells or subjecting them to peptide/HLA multimer staining, our JREFTCRs
can be used to evaluate whether cloned TCRs recognize predicted neo-epitopes. However, we
can also use a flow cytometry—based approach to interrogate minigene constructs in a high-
throughput manner [53]. The use of stimulator cells pulsed with synthetic peptides may not
reflect intracellular protein degradation and HLA loading machinery. Instead, a plasmid-
encoding minigene can be used, as the presentation of the neoantigen as a peptide-HLA com-
plex on the cell surface requires the intracellular processing of the translated peptide. To per-
form this screening, we used HEK293T cells as founder antigen-presenting cells, given the
easy maintenance and efficient expression of the introduced DNA plasmids. Because the
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neoantigens are presented as peptide-HLA complexes, the promiscuous binding of endoge-
nously expressed HLA class I to the introduced TCRos would increase the background noise.
Accumulating evidence suggests that TCRos promiscuously bind to non-cognate peptide-
HLA complexes [54, 55]. To eliminate this background stimulation in TCRo" JRFTCR, we
established HLA class I"*® HEK293T cells. Combined with our rapid HLA cloning system,
these edited HEK293 T cells can be used for screening.

Because they do not express endogenous TCRo or TCRP chains, our JRETCRs can be used
to measure the specificity of the introduced TCR specifically. However, the introduction of
tumor-specific TCRofs into T cells may induce unintended specificity mediated through chi-
meric TCRop heterodimers owing to the 2 TCRo and 2 TCR transcripts in single T cells [56-
58]. This may also affect the functions of TCR™ T cells owing to competition for the CD3 com-
plex [59]. Those problems may be solved by using gene editing technologies to eliminate
endogenous TCR expression [60]. In addition, our platform allows the targeted introduction
of TCR constructs into TRAC and TRBC genes, which may enhance current TCR* T-cell ther-
apy while preventing unintended immune reactions [61].

In summary, we established a platform for cloning and determining the specificity of
TCRafs identified by scRNA-seq of single tumor-infiltrating T cells. This system is applicable
to current efforts to evaluate the T-cell transcriptome, correlate with TCRaf} sequence, and
discover the antigen landscape of TILs (Fig 5).
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