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The adoptive transfer of neoantigen-reactive tumor-infiltrating
lymphocytes (TILs) can result in tumor regression in patients
with metastatic cancer. To improve the efficacy of adoptive
T cell therapy targeting these tumor-specific mutations, we
have proposed a new therapeutic strategy, which involves
the genetic modification of autologous T cells with neoanti-
gen-specific T cell receptors (TCRs) and the transfer of these
modified T cells back to cancer patients. However, the current
techniques to isolate neoantigen-specific TCRs are labor inten-
sive, time consuming, and technically challenging, not suitable
for clinical applications. To facilitate this process, a new
approach was developed, which included the co-culture of
TILs with tandem minigene (TMG)-transfected or peptide-
pulsed autologous antigen-presenting cells (APCs) and the
single-cell RNA sequencing (RNA-seq) analysis of T cells to
identify paired TCR sequences associated with cells expressing
high levels of interferon-g (IFN-g) and interleukin-2 (IL-2).
Following this new approach, multiple TCRs were identified,
synthesized, cloned into a retroviral vector, and then trans-
duced into donor T cells. These transduced T cells were shown
to specifically recognize the neoantigens presented by autolo-
gous APCs. In conclusion, this approach provides an efficient
procedure to isolate neoantigen-specific TCRs for clinical
applications, as well as for basic and translational research.
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INTRODUCTION
Adoptive cell therapy (ACT) using autologous tumor-infiltrating
lymphocytes (TILs) can be an effective immunotherapy for patients
with metastatic melanoma.1,2 Recent clinical trials have extended the
reach of this therapy to patients with additional types of metastatic
cancer.3,4 Post-treatment analyses of ACT, as well as immune
checkpoint blockade therapies, have suggested that effective cancer
immunotherapies are strongly associated with the activation of
neoantigen-reactive T cells.3,5–14 However, most patients with
common epithelial cancers do not respond to current immunotherapy
approaches, including ACT.14 To improve the efficacy of ACT target-
ing tumor-specific mutations, we have proposed a new therapeutic
strategy that involves the following steps: (1) neoantigen-specific
T cell receptors (TCRs) are isolated from TILs grown from a cancer
patient’s resected tumors, (2) T cells obtained from the patient’s own
peripheral blood are genetically modified to express these neoanti-
gen-specific TCRs, and (3) autologous T cells with the new neoantigen
specificities can then be transferred back to the cancer-bearing patient
following host manipulations to enhance the activity of T cells.8,14

One of the major challenges for this proposed strategy is the efficient
isolation of neoantigen-specific TCRs. In humans, a TCRa chain
comprises a variable (V) gene segment, a joining (J) gene segment,
and a constant (C) gene segment. A TCRb chain contains an addi-
tional diversity (D) gene segment between V and J gene segments.
Human TCR nucleotide sequences are highly diverse due to the
recombination of V(D)J gene segments, the imprecise joining of
nicked segments, the addition of non-germline nucleotides, and the
pairing of TCRa chain and TCRb chain.15,16 The specificity of the
TCR is predominantly determined by the peptide contact region
complementarity-determining region 3 (CDR3), which encompasses
the highly diverse V(D)J junction. Because of the high diversity of
CDR3, the CDR3 nucleotide sequences can be used as unique signa-
tures for each individual TCR.

To isolate paired TCRa/b sequences, the conventional approach
involves T cell cloning by limiting dilution, identification of reactive
T cell clones, and subsequent isolation and sequencing of TCR
cDNA.17 This approach is time consuming and technically chal-
lenging, with a high failure rate. These challenges can be summa-
rized in the following four points. (1) T cell cloning by limiting
dilution can take 2–4 weeks to grow T cell clones in 96-well plates.
Because of T cell exhaustion, some antigen-specific T cell clones
may fail to grow to a sufficient number of cells for testing reactivity
and the subsequent molecular cloning. In addition, more than one
T cell clone may grow from the same well, leading to unclear or
incorrect TCR-sequencing results. (2) Molecular cloning can be
challenging because of the low amount of cDNA isolated from
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Figure 1. Schema for a New Approach to Identify Neoantigen-Specific TCRs

(A) Polyclonal tumor-infiltrating lymphocytes (TILs) were cultured from fresh tumor fragments and screened against tandem minigenes (TMGs) or a peptide library to identify

neoantigen-reactive TIL populations. (B) Once a neoantigen-reactive TIL populationwas identified, this polyclonal TIL populationwas co-culturedwith neoantigen-transfected/

pulsed antigen-presenting cells (APCs) for 4 hr, and it was subjected to single-cell RNA-seq sample preparation and sequencing, followed by bioinformatics analysis.
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T cell clones. Universal primers are used to identify V gene seg-
ments, and then specific V segment primers are used to amplify
and clone the full-length TCRs. Due to the similarity between
some of the V gene segments, wrong V gene segments might be
identified because of the errors produced by the conventional
Sanger sequencing. (3) TCRa and b chains must be paired
correctly, otherwise T cells expressing an incorrectly paired TCR
may lose specificity or gain unwanted specificities.18 If more than
one T cell clone grows from the same well after limiting dilution,
it may lead to incorrect pairing. (4) Up to one-third of mature
T cells may express two functional TCRa chains, and likely only
one of the TCRa chains contributes the anticipated specificity.19

The conventional Sanger sequencing results may become uninter-
pretable because of the mixed TCRa nucleotide sequences.
Additional molecular cloning steps, which include cloning the
PCR product into a vector and sequencing individual bacteria
colonies, may take an additional week to identify the correct
TCRa sequences.

In this study, we attempted to overcome these technical challenges
and to establish an efficient procedure to identify paired TCRa/b
specific to neoantigens. Utilizing this new approach, multiple TCRs
were identified, and their specificities against mutations were tested.
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RESULTS
The procedure for isolating a neoantigen-specific TCR is summarized
in Figure 1. First, tumor specimens were resected from a cancer pa-
tient, and TIL fragment cultures were grown individually to generate
multiple TIL populations, each containing a sufficient number of TILs
(>5 � 106 cells).20,21 Nonsynonymous mutations were identified by
whole-exome sequencing of tumor specimens and normal tissues,
such as the patient’ peripheral blood lymphocytes (PBLs). As
described in detail previously, tandem minigenes (TMGs) and/or
peptides encoding mutated amino acids, flanked on both sides by
12 additional amino acids present in the normal proteins, were
synthesized and pulsed onto autologous antigen-presenting cells
(APCs) to identify the potential polyclonal TIL populations contain-
ing the neoantigen-reactive T cells (Figure 1A).7

Once the polyclonal TIL populations containing neoantigen-reactive
T cells were identified, the TMG-transfected or peptide-pulsed APCs
were then co-cultured with the identified TILs for 4 hr. The stimu-
lated T cells were subjected to a Fluidigm C1 system to prepare
single-cell RNA sequencing (RNA-seq) samples. Each Fluidigm
integrated fluidic circuit (IFC) plate could capture approximately 70
individual single T cells in 96 individual reaction chambers. To
simplify the process, all 96 samples were barcoded, pooled, and



Figure 2. Isolation of a Mutated USP8-Specific TCR

(A) TIL4090F7 T cells were screened against a TMG library. The reactivity of T cells against TMG was measured by IFN-g ELISPOT assay. (B) TIL4090F7 T cells were

co-cultured with TMG-5-transfected autologous DCs for 4 hr, and then they were subjected to single-cell RNA-seq analysis. The expression of IFN-g and IL-2 mRNA in each

single cell was obtained by bioinformatics analysis. FPKM, fragments per kilobase of transcript per million mapped reads. (C) 4090TCR was transduced into donor T cells,

and then transduced T cells were co-culturedwith TMG-transfected autologous DCs. Error bars represent SD. (D) Mutated 25-mer peptides corresponding to eachminigene

within TMG-5 were pulsed on autologous DCs for 24 hr, and peptide-pulsed DCs were co-cultured with transduced T cells. (E) Purified 25-mer WT or mutated USP8 peptide

(WAKFLDPITGTFHYYHSPTNTVHMY, R > H) was pulsed on autologous DCs for 24 hr, and peptide-pulsed DCs were co-cultured with transduced T cells. The secretion of

IFN-g from T cells was determined by ELISA.
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deep-sequenced by Illumina MiSeq, regardless of whether each indi-
vidual reaction chamber contained a single cell or not. Single-cell
RNA-seq samples with high expressions of T cell activation markers,
such as interferon (IFN)-g and interleukin-2 (IL-2), were selected,
and paired TCRa/b chain sequences from these samples were identi-
fied (Figure 1B).

To test this new approach, four polyclonal TIL populations isolated
from four cancer patients were used in this study. TIL4090 cultures
were grown from a metastatic lung lesion resected from a patient
with colorectal cancer. Seventeen TMGs encoding 201 mutated mini-
genes were synthesized, and TMG mRNAs were made by in vitro
transcription (Table S1). TIL4090 cultures were co-cultured with
autologous dendritic cells (DCs) transfected with the TMG library,
and one of the cultures, TIL4090F7, was found to be strongly reactive
to TMG-5, determined by an IFN-g enzyme-linked immunospot
(ELISPOT) assay (Figure 2A).

To isolate the potential neoantigen-specific TCR, TIL4090F7 cells
were co-cultured with TMG-5-transfected autologous DCs for 4 hr,
and then they were subjected to single-cell RNA-seq analysis. Among
all 96 samples, two samples contained high levels of IFN-g mRNA
(74,105 and 37,316 fragments per kilobase of transcript per million
mapped reads [FPKM]), while the remaining samples contained
low levels of IFN-gmRNA (0–716 FPKM). None of the samples con-
tained any detectable IL-2 mRNA using this approach (Figure 2B).
The data suggested that these two single T cells specifically reacted
to neoantigens presented by DCs. In the next step, the TCRa/b
variable regions and CDR3 sequences were identified from the
single-cell RNA-seq data of these two samples. TCRa/b chain
sequences from both samples were identical. The unique CDR3
sequences of 4090TCR are shown in Table 1.

To test the reactivity of this 4090TCR, the full-length TCRa and
TCRb sequences with modified mouse constant regions, linked by a
furinSGSGP2A linker, were synthesized and cloned into a murine
stem cell virus-based splice-gag vector (MSGV) retroviral expression
vector. Peripheral blood T cells were transduced with 4090TCR and
co-cultured with TMG-5-transfected autologous DCs overnight.
Based on the secretion of IFN-g by T cells, 4090TCR-transduced
T cells recognized TMG-5-transfected DCs, but not DCs transfected
with irrelevant TMG (Figure 2C). TMG-5 contained 12 minigenes
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Table 1. The CDR3 Sequences of Four TCRs

TCR No. TCR Variable Region CDR3 (Nucleotide Sequence; 50–30) CDR3 (Amino Acid Sequence)

4090
AV3 TGTGCTGTGAGAGACCATAGCAACTATCAGTTAATCTGG CAVRDHSNYQLIW

BV14 TGTGCCAGCAGCCAATCCGGTGGGGGCGGGTTCTCCTACAATGAGCAGTTCTTC CASSQSGGGGFSYNEQFF

4095
AV4 TGCCTCGTGGGTGACATGGACCAGGCAGGAACTGCTCTGATCTTT CLVGDMDQAGTALIF

BV5-6 TGTGCCAGCAGCTTGGGGAGGGCAAGCAATCAGCCCCAGCATTTT CASSLGRASNQPQHF

4112
AV38-1 TGTGCTTTCATGTGGGGATTAGGTCAGAATTTTGTCTTT CAFMWGLGQNFVF

BV28 TGTGCCAGCAGTGTGGAGCGGGAGAACACCGGGGAGCTGTTTTTT CASSVERENTGELFF

4171
DV3 TGTGCCTTTACCCCAACTGGAGCCAATAGTAAGCTGACATTT CAFTPTGANSKLTF

BV7-8 TGTGCCAGCAGCGGACGGTCAGGGGGTGAGCAGTTCTTC CASSGRSGGEQFF
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encoding 12 nonsynonymous mutations. Each 25-mer peptide, corre-
sponding to each minigene, contained the nonsynonymous mutation
flanked on both sides by 12 normal amino acids. These 25-mer pep-
tides were individually pulsed on autologous DCs for 24 hr, and pep-
tide-pulsed DCs were then co-cultured with 4090TCR-transduced
T cells overnight. 4090TCR-transduced T cells reacted only to
mutated ubiquitin-specific peptidase 8 (USP8, WAKFLDPITGT
FHYYHSPTNTVHMY [R > H])-pulsed DCs, suggesting that
4090TCR recognized mutated USP8 (Figure 2D). Lastly, high-perfor-
mance liquid chromatography (HPLC)-purified mutated USP8 long
peptide and the wild-type (WT) counterpart were pulsed on autolo-
gous DCs for 24 hr, and then peptide-pulsed DCs were co-cultured
with 4090TCR-transduced T cells overnight. 4090TCR-transduced
T cells reacted to mutated USP8 peptide at a minimum of 0.1 mM,
but no significant recognition of WT USP8 peptide was observed
(Figure 2E).

In a similar context, TIL4095 cultures were also grown from metasta-
tic lung lesions resected from the second patient with colorectal can-
cer.22 Screening of 5 TMGs encoding 61 mutated minigenes showed
that one of the cultures, TIL4095F5, recognized TMG-1 (Table S2).
To isolate the potential neoantigen-specific TCR, TIL4095F5 cells
were co-cultured with TMG-1-transfected autologous DCs for 4 hr,
and they were subjected to single-cell RNA-seq analysis. All seven
samples with high levels of IFN-gmRNA (4,550–22,522 FPKM) con-
tained identical TCRa/b CDR3 sequences (Figure 3A). Only two
samples contained detectable IL-2 mRNA (15.62 and 233.5 FPKM),
and these two samples co-expressed IFN-g at high levels (6,755 and
6,469 FPKM, respectively) (Figures 3A and 3B).

To test the function of this TCR, the full-length TCRa and TCRb
chains were synthesized and cloned into an MSGV retroviral expres-
sion vector, and then they were transduced into donor T cells. In a
previous study, we isolated an HLA-C*0802-restricted, mutated
KRAS(G12D)-specific TCR from a patient with colorectal cancer.4

Because patient 4095 was found to be positive for HLA-C*0802 and
mutated KRAS(G12D) was encoded in TMG-1, we tested whether
this 4095TCR could also recognize HLA-C*0802-restricted KRAS
(G12D). As shown in Figure 3C, 4095TCR-transduced T cells were
co-cultured with full-length KRAS(WT) or (G12D) mRNA-trans-
382 Molecular Therapy Vol. 26 No 2 February 2018
fected autologous DCs overnight. 4095TCR-transduced T cells recog-
nized KRAS(G12D)-transfected DCs, but not DCs transfected with
KRAS(WT). Lastly, autologous DCs were pulsed with the minimal
epitope of HLA-C*0802-restricted KRAS(G12D) (GADGVGKSA)
for 2 hr. 4095TCR-transduced T cells recognized KRAS(G12D)
epitope at a minimum of 0.01 mM, but not the WT counterpart
(Figure 3D).22

TIL4112 cultures were also grown from a metastatic liver lesion
resected from a patient with cholangiocarcinoma. Twenty TMGs
encoding 263 mutated minigenes were synthesized (Table S3). One
of the cultures, TIL4112F5, recognized TMG-9, based on the results
of TMG library screening. To identify the potential neoantigen-spe-
cific TCR, TIL4112F5 cells were co-cultured with TMG-9-transfected
autologous DCs for 4 hr, and they were subjected to single-cell RNA-
seq analysis. Twenty-two samples contained high levels of IFN-g
mRNA (10,857–47,741 FPKM) (Figure 4A), and all these samples
contained the identical TCRb CDR3 sequence (Table 1). Nine sam-
ples contained the identical TCRa CDR3 sequence (Table 1), but
the other 13 samples did not contain any detectable TCRa CDR3
sequence. On the other hand, eight samples contained detectable
IL-2 mRNA (9.526–619.3 FPKM) (Figure 4A). Among them, six sam-
ples had the same TCRa and TCRb CDR3 sequences (Table 1). One
additional sample had the same TCRb CDR3 sequence, but this sam-
ple did not contain any detectable TCRa sequence. The other sample
did not have any detectable TCRa or b sequence.

To test the reactivity of the TCR isolated from TIL4112F5, the
full-length TCRa and TCRb sequences with modified mouse
constant regions were synthesized and then transduced into donor
T cells. 4112TCR-transduced T cells recognized TMG-9-transfected
autologous DCs, but not DCs transfected with irrelevant TMG (Fig-
ure 4C). Next, individual 25-mer peptides, corresponding to each
minigene in TMG-9, were synthesized and tested, but none of the
25-mer peptides presented by DCs was significantly recognized by
4112TCR. Additionally, autologous DCs were no longer available.
Therefore, autologous Epstein-Barr virus (EBV)-transformed B cells
were generated and used in the subsequent experiments. Next, the
mutated amino acid sequence of TMG-9 was submitted to the
Immune Epitope Database (IEDB) and NetMHC websites to predict



Figure 3. Identification of a Mutated KRAS-Specific TCR

(A and B) TIL4095F5 T cells were co-cultured with TMG-1-transfected autologous DCs for 4 hr, and then they were subjected to single-cell RNA-seq analysis. The expression

of IFN-g and IL-2 mRNA of each single cell is shown in the dot plots (A) and the scatter plot (B). (C) 4095TCR was transduced into donor T cells, and then transduced T cells

were co-cultured with full-length WT or mutated KRAS mRNA-transfected autologous DCs. Error bars represent SD. (D) Purified 9-mer WT or mutated KRAS peptide

(GADGVGKSA, G > D) was pulsed on autologous DCs for 2 hr, and then peptide-pulsed DCs were co-cultured with transduced T cells. The secretion of IFN-g from T cells

was determined by ELISA.

www.moleculartherapy.org
potential peptides with high affinity to the six major histocompatibil-
ity complex class I (MHC class I) molecules identified from patient
4112. Totally, 67 predicted high-affinity peptides from IEDB
(rank < 1%) and NetMHC (rank < 2%) were synthesized and
combined into 10 pools (Table S4). 4112TCR-transduced T cells
recognized short-peptide pool (SPP)-9 pulsed on autologous EBV-
transformed B cells (Figure 4D). In the subsequent experiment,
mutated neuroblastoma amplified sequence (NBAS) peptide
WSYDSTLLAY (C > S) was identified as the minimum epitope
recognized by 4112TCR-transduced T cells (Figure 4E). The
4112TCR-transduced T cells recognized mutated NBAS peptide,
but not the WT counterpart (Figure 4F).

In the last example, TIL4171 cultures were grown from a metastatic
lung lesion resected from a patient with colorectal cancer. 128 long
peptides (25-mer) were synthesized, and each peptide contained a
nonsynonymous mutation flanked on both sides by 12 normal amino
acids (Table S5). TIL4171 cultures were screened against the peptide
library, and one of the cultures, TIL4171F6, recognized peptide pool 3
(PP-3) (Figure 5A). TIL4171F6 cells were then co-cultured with PP-3-
pulsed autologous DCs for 4 hr, and they were subjected to single-cell
RNA-seq analysis. Nine samples contained high levels of IFN-g
mRNA (2,209–24,845 FPKM). Among them, six samples had the
same TCRb CDR3 sequence (Table 1). Two samples did not contain
any detectable TCRb, and one sample contained two different TCRb
CDR3 sequences, which likely resulted from contamination by
another T cell. However, none of these samples contained any detect-
able TCRa chain sequences. Similarly, four samples contained detect-
able IL-2 mRNA (331.2–1,497 FPKM). These samples all contained
the identical TCRb CDR3 sequence, but none of the samples had
any detectable TCRa chain sequence.

In an attempt to discover the missing TCRa chain, we further inves-
tigated the single-cell RNA-seq data in this experiment, and we found
that four IFN-g+ single cells and two IL-2+ single cells expressed a
unique TCR chain, which comprised a V gene segment DV3, a
J gene segment AJ56, and a C gene segment AC. It has been known
that several V gene segments are shared between TCRa and TCRd
chains, including AV14/DV4, AV23/DV6, AV29/DV5, AV36/DV7,
and AV38-2/DV8.23 These V gene segments have been found to be
Molecular Therapy Vol. 26 No 2 February 2018 383
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Figure 4. Isolation of a Mutated NBAS-Specific TCR

(A and B) TIL4112F5 T cells were co-cultured with TMG-9-transfected autologous DCs for 4 hr, and single-cell RNA-seq was performed. The expression of IFN-g and IL-2

mRNA of individual single cells is shown in dot plots (A) and the scatter plot (B). (C) 4112TCRwas transduced into donor T cells, and then transduced T cells were co-cultured

with TMG-transfected autologous DCs overnight. Error bars represent SD. (D) 67 predicted short peptides were combined into 10 short-peptide pools (SPPs) and pulsed on

autologous EBV-transformed B cells for 2 hr. Peptide-pulsed EBV-transformed B cells were then co-cultured with 4112TCR-transduced T cells overnight. (E) 7 predicted

short peptides from SPP-9 were individually pulsed on autologous EBV-transformed B cells for 2 hr. Peptide-pulsed EBV-transformed B cells were then co-cultured with

4112TCR-transduced T cells overnight. (F) Purified mutated NBAS peptide (WSYDSTLLAY, C > S) or its WT counterpart was pulsed on autologous EBV-transformed B cells

for 2 hr, and then peptide-pulsed B cells were co-cultured with 4112TCR-transduced T cells overnight. The secretion of IFN-g from T cells was determined by ELISA.
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rearranged to AJ-joining gene segments for TCRa and to be rear-
ranged to DD diversity gene segments and DJ-joining gene
segments for TCRd. Notably, the orientation of DV3 transcription
is inverted. So far, it has not been reported that a TCRa chain can
utilize a DV3 gene segment.

To test the function of this unique TCR chain, this TCR chain was
linked to the identified TCRb chain and then cloned into a retroviral
vector. 4171TCR-transduced T cells were strongly reactive to PP-3
(Figure 5D). This peptide pool PP-3 contained 14 mutated 25-mer
peptides (Table S5). In the next step, autologous DCs were pulsed
with individual peptides, and 4171TCR recognized mutated peptide
SIN3 transcription regulator family member A (SIN3A)-pulsed
DCs (Figure 5E). Lastly, 4171TCR-transduced T cells were shown
to specifically recognize mutated SIN3A peptide (LGKFPELFNW
FKIFLGYKESVHLET, N > I), but not the wild-type counterpart
(Figure 5F). Therefore, this unique TCR was functional, and it could
specifically recognize mutated SIN3A. Similar to other V gene
segments, our data suggested that the DV3 gene segment could be
shared between TCRa and TCRd chains.
384 Molecular Therapy Vol. 26 No 2 February 2018
DISCUSSION
In this report, we describe a new approach to isolate the sequences of
neoantigen-specific TCRs. We further demonstrated that these TCRs
could recognize neoantigens presented by autologous APCs in four
examples. We found that the early T cell activation marker IFN-g
mRNA was a valuable marker to identify T cells that had been
activated by a specific neoantigen. Although another early T cell
activationmarker, IL-2 mRNA, was an alternative indicator of neoan-
tigen-specific TCRs, it appeared to be less useful because of its low
expression levels. 4-1BB (CD137) cell surface protein was originally
identified as a late T cell activation marker with the optimal protein
expression at approximately 24–48 hr.24,25 In our previous studies,
4-1BB protein was demonstrated as a good cell surface marker to
isolate neoantigen-reactive T cells after 16-hr stimulation with neoan-
tigens presented by autologous DCs.26 Additionally, programmed cell
death-1 (PD-1, CD279) protein was a valuable cell surface marker to
enrich neoantigen-reactive T cells from peripheral blood or tumors,
but notably PD-1 was also expressed on self-antigen-reactive
T cells.27 However, TILs in this study were only stimulated for a short
period of time (4 hr). As a result, the expression of PD-1 and 4-1BB



Figure 5. Isolation of a Mutated SIN3A-Specific TCR

(A) TIL4171F6 T cells were screened against a library of 25-mer long-peptide pools (PPs) encoding mutations. The reactivity of T cells against mutation was measured by

IFN-g ELISPOT assay. (B and C) TIL 4171 F6 T cells were co-cultured with PP-3-pulsed autologous DCs for 4 hr, and then they were subjected to single-cell RNA-seq

analysis. The expression of IFN-g and IL-2mRNA of each single cell is shown in dot plots (B) and the scatter plot (C). (D) 4171TCRwas transduced into donor T cells, and then

transduced T cells were co-cultured with PP-pulsed DCs. Error bars represent SD. (E) Individual mutated 25-mer peptides corresponding to PP-3 were pulsed on autologous

DCs for 24 hr, and peptide-pulsed DCs were co-cultured with 4171TCR-transduced T cells. (F) Purified 25-mer WT or mutated SIN3A peptide (LGKFPELFNWFKIFLGYK

ESVHLET, N > I) was pulsed on autologous DCs for 24 hr, and peptide-pulsed DCs were co-cultured with transduced T cells. The secretion of IFN-g from T cells was

determined by ELISA.
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mRNA was relatively low at this early time point, and PD-1 and
4-1BB were poor indicators for neoantigen-specific TCRs in this
specific experimental setting.

In the past few years, several research groups have attempted to
improve the process of TCR identification. The first approach involved
sorting single T cells into individual wells of 96-well plates by fluores-
cence-activated cell sorting (FACS), followed by conventional PCR
amplification and Sanger sequencing.28 Although this approach
removed the step of T cell cloning, it still required sub-cloning if a
T cell expressed two TCRa chains. A subsequent study solved this
problem by utilizing next-generation sequencing (NGS) techniques
to analyze amplified TCR sequences.29 This NGS technique could
obtain TCRa chain sequences from a single T cell expressing either
one or two TCRa chains. The second approach involved the deep
sequencing of TCRa/b CDR3 from an oligoclonal population, and
then TCRa andb chains were paired based on frequency-basedmatch-
ing.30 However, this approach was not useful to T cells with more than
one functional TCRa chain, as well as T cells in a highly diverse pop-
ulation. The latest approach, called pairSEQ, involved splitting a pool
of T cells into a 96-well plate. TCR cDNA from individual wells was
then barcoded and deep-sequenced. The pairing of TCRa/b chains
was predicted by finding the same paired TCRa/b CDR3 sequences
found in several individual wells.31 Although these new approaches
could overcome some of the difficulties mentioned in the Introduction,
these approaches still required significant labor and time.

Similar to our study, a recent study used a mouse model of Salmonella
infection to study the expansion and phenotypes of clonal CD4+

T cells after infection.32 At different time points after infection,
CD4+ T cells from spleens were sorted by FACS, and single-cell
RNA-seq data were obtained using Illumina HiSeq2500 (paired-end
100-bp reads). To obtain TCR sequences, RNA-seq data weremapped
against all possible combinations of mouse V and J regions. In addi-
tion, ambiguous “N” nucleotide sequence characters were introduced
into the junction between V and J regions to improve the alignments
of reads. Lastly, single cells from the same TCRa/b were grouped to
analyze the gene expression profile. In contrast to this published
method, we took advantage of known TCR biology, allowing us to
develop a simplified bioinformatics approach. As detailed in the
Materials and Methods, the single-cell RNA-seq data were aligned
by human V region sequences, and TCR sequences with the same
Molecular Therapy Vol. 26 No 2 February 2018 385

http://www.moleculartherapy.org


Molecular Therapy
CDR3 nucleotide sequences were piled up and counted. In addition,
longer sequences (paired-end 250-bp reads by Illumina MiSeq)
enabled us to identify CDR3 sequences and assemble full-length
TCRs more easily. Most importantly, we went further to test the
specificity of these TCRs by expressing these newly identified TCRs
in donor T cells, and we showed that these TCR-transduced T cells
could recognize neoantigens presented by autologous APCs.

The technology for single-cell transcriptome analysis has evolved
significantly in the past few years, and it’s likely to continue to
improve in the near future.33 New single-cell technologies may help
to overcome some of the current technical limitations, such as the
number and percentage of single cells that can be captured and
analyzed in each experiment. In addition, better data quality may
help to identify TCRs expressed at low levels. In the future, these
improvements may enable us to identify TCRs frommore challenging
specimens, such as isolating TCRs directly from uncultured, unex-
panded TILs from tumor specimens.

Although this study significantly improved the technique for TCR isola-
tion, it remains labor intensive and time consuming in some other parts
of the process. As a result, it may take 3–5 months to prepare the good
manufacturing practice (GMP)-grade cell products for this highly
personalized TCR therapy targeting neoantigens. In comparison, it
took 103 days (range of 89–160 days) to prepare the personalized
RNA vaccines targeting neo-epitopes.34 We are actively developing
new approaches and utilizing new technologies in the attempts to
simplify andoptimize several stepsof this process. For instance, currently
it can take 3–6weeks to expand TILs in order to obtain a sufficient num-
ber of cells for screening, and then an additional week to screen against a
TMG/peptide library (Figure 1A). Despite the amount of time and labor
in this current approach, we could identify approximately 1–6 TIL cul-
tures containing neoantigen-reactive T cells among 24 TIL cultures
generated from a tumor specimen, and we were able to identify neoanti-
gen-reactive T cells from 42 of 54 patients with gastrointestinal cancer
(M.R. Parkhurst, F.R. Robbins, E.T., R.P. Somerville, J.J.G., L. Jia,
T.D.P., Y.F.L., S.R., L.T. Ngo, S.A.R., unpublished data).4,14 We will
continue to streamline the entire process, such as utilizing new technol-
ogies to reduce the number of cells required for screening, so it will take
less time to expand TILs. Ultimately, we hope to reduce the time, labor,
and cost to the minimum; thus, this type of T cell therapy can become
feasible and affordable to the majority of cancer patients.

We plan to initiate this proposed neoantigen-specific TCR clinical trial
in the near future. This trial will allow us to test the hypothesis that
neoantigen-reactive T cells can induce tumor regressions. A
potential limitation is that tumors may resist this therapy through
the loss of antigens or the components in the antigen presentation
pathway, such as b-2-microglobulin, as demonstrated in several recent
studies.22,34–37 Targeting multiple antigens or MHC class II-restricted
antigens at the same timemay overcome such resistance. Additionally,
combining checkpoint blockade therapy with T cell therapy may help
to enhance the clinical efficacy by preventing T cell exhaustion.38–40

These hypotheses should be tested in the future clinical trials.
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MATERIALS AND METHODS
Generation of TILs, DCs, and EBV-Transformed B Cells

All patient materials were obtained from a clinical trial approved by
the National Cancer Institute Institutional Review Board (Clinical
Trial registration ID: NCT01174121). The method to generate TILs
has been described in detail previously.20,21 Briefly, a tumor specimen
was cut into 24 tumor fragments (2–3 mm), which were then cultured
in RPMI 1640 media containing human serum (10%) and IL-2 (6,000
IU/mL) in 24-well plates. Half of the medium was changed on day 5
after the initiation of TIL culture and every 2–3 days thereafter. TILs
were split to 2 wells when reaching confluence. It took approximately
3–6 weeks to obtain a sufficient number of TILs (>5 � 106 cells) for
screening and TCR isolation.

To generate autologous DCs and EBV-transformed B cells, we fol-
lowed the protocols described in theCurrent Protocols in Immunology
(Units 7.32 and 7.22), with minor modifications. Briefly, CD14+

monocytes were purified from patients’ peripheral blood mononu-
clear cell (PBMC) samples by anti-human CD14 magnetic particles
(BD Biosciences, Franklin Lakes, NJ). Purified monocytes (1 � 107

cells) were cultured in 10 mL RPMI 1640 media containing 10% fetal
calf serum (FCS), 50 ng/mL granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), and 20 ng/mL IL-4 (R&D Systems, Minneap-
olis, MN) in a Petri dish. 5 mL fresh medium was added on day 3, and
then the non-adherent DCs were harvested on day 6. To generate
EBV-transformed B cells, patients’ PBMCs (1 � 107 cells) were
cultured in 4 mL complete RPMI 1640 medium (10% FCS) and
1 mL B95-8 culture supernatant containing EBV (ATCC, Manassas,
VA) for approximately 3 weeks. The EBV-containing culture medium
was then removed, and the EBV-transformed B cell lines were
expanded and maintained in complete RPMI 1640 medium.
Screening of Neoantigen-Reactive TILs

The polyclonal TIL populations were screened to identify neoantigen-
reactive TILs. As described in detail previously, nonsynonymous
mutations in tumors were identified by whole-exome sequencing, and
patients’ PBL samples were used as the normal control.7 The screening
process started with synthesizing TMG and peptide libraries encoding
mutated amino acids, flanked on both sides by 12 additional normal
amino acids (GenScript, Piscataway, NJ). Each TMG mRNA was syn-
thesized by in vitro transcription using an mMESSAGE mMACHINE
T7 ultra transcription kit (Ambion, ThermoFisher Scientific,Waltham,
MA). TMG mRNA was then transfected by electroporation using a
Neon Transfection System (1,500 V, 30 ms, 1 pulse) by following the
manufacturer’s instructions (Invitrogen, ThermoFisher Scientific,
Waltham, MA). TMG-transfected or peptide-pulsed DCs were then
co-cultured with TILs for 16 hr. Upon stimulation, neoantigen-reactive
TILs produced IFN-g, which was detected by an ELISPOT assay.
Identification of Neoantigen-Specific TCR Sequences from

Single-Cell RNA-Seq Data

The main purpose of this new approach was to reduce the total
process time with minimum labor. To achieve this, several steps
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were eliminated or simplified, but data with reasonable quality were
obtained. After a polyclonal TIL population was identified by
screening, 1 � 106 TILs were co-cultured with 1 � 106 TMG-trans-
fected or peptide-pulsed DCs for 4 hr. After co-culture, T cells were
re-suspended and washed extensively, and then they were loaded
on a small-sized (5–10 mm) IFC plate. Lysis buffer, reverse-transcrip-
tion reaction mix, and PCR reaction mix were also loaded on an IFC
plate, according to the manufacturer’s instruction (Fluidigm, South
San Francisco, CA). Single cells were automatically captured, and
single-cell RNA-seq samples were also prepared automatically within
the Fluidigm C1 system. All 96 single-cell RNA-seq samples were
barcoded by Nextera XT DNA Library Preparation Kit (Illumina,
San Diego, CA), and then they were sequenced by Illumina MiSeq
system using reagent kit V3 (2 � 250 bp).

The following bioinformatics pipelines were used for NGS data
analysis. The FPKM values of single-cell RNA-seq samples were
calculated by a Partek Flow pipeline using STAR 2.4.1d and Cufflinks
2.2.1 (Partek, St. Louis, MO). Individual single cells with high levels
of IFN-g or IL-2 mRNA were selected to identify the TCR chain
sequences in the subsequent steps. Next, selected single-cell RNA-
seq data were aligned by Burrows-Wheeler Aligner (BWA) using
the TCRa/b V region sequence database from the international
immunogenetics information system (IMGT).41 Using an in-house
bioinformatics pipeline, CDR3 region sequences were identified
and analyzed based on the conservative amino acid residuals
(Cys.Phe/Trp) near the C terminus of the V region.42 TCR chains
with non-productive (out-of-frame) sequences were removed from
the analysis. Additionally, some samples might contain more than
one T cell due to the imperfect capturing mechanism of the Fluidigm
C1. To streamline the process, samples with more than one TCRb
CDR3 sequence were eliminated. Individual CDR3 sequences with
less than four reads within a sample were considered as sequencing
noise. To assemble full-length TCR chain sequences, the partial V
gene segment sequences were assembled with the identified human
full-length TCR V gene segment sequences obtained from the
IMGT database. To enhance pairing and avoid mispairing of
TCRa/b, the partial C gene segment sequences were replaced by
modified mouse constant region sequences (Figure 1B).43–45

Functional Testing of Neoantigen-Specific TCRs

The detailed protocol has been described previously, with some
minor modifications described here.46 Full-length TCRa and TCRb
sequences with modified mouse constant regions, linked by a fur-
inSGSGP2A linker (RAKRSGSGATNFSLLKQAGDVEENPGP),
were synthesized and cloned into anMSGV retroviral expression vec-
tor.47 MSGV-TCR plasmid (1.5 mg) and 0.75 mg vesicular stomatitis
virus glycoprotein (VSV-G; RD114) plasmid were co-transfected
into 1 � 106 293GP cells in each 6-well plate using Lipofectamine
2000 Transfection Reagent (Invitrogen, Thermo Fisher Scientific).
After 48 hr, the supernatant was harvested and spun at 3,000 rpm
for 10 min to remove debris. The retrovirus supernatant was loaded
on RetroNectin- (Takara, Otsu, Japan) coated 6-well plates by centri-
fugation at 2,000 � g for 2 hr.
Separately, 1 � 106/mL PBMCs from health donors were stimulated
with 50 ng/mL anti-CD3 mAb OKT3 and 1,200 IU/mL IL-2 in AIM
Vmedium containing 5% human serum. After 2 days, stimulated cells
were harvested and re-suspended in the samemedium without OKT3.
Stimulated PBMCs were added to each retrovirus-loaded well at
2 � 106 cells/well and spun at 1,000� g for 10 min. Plates were incu-
bated overnight at 37�C, and the next day the PBMCs were transferred
to new retrovirus-loaded wells and the transduction procedure was
repeated. TCR-transduced T cells were continuously cultured in
AIM V medium with 1,200 IU/mL IL-2 and 5% human serum for 5
additional days before performing co-culture experiments.

To test the specificity of TCR-transduced T cells, autologous DCs
were transfected with TMG mRNA by a Neon Transfection System.
Alternatively, autologous DCs or EBV-transformed B cells were
pulsed with peptides. 1 � 105 T cells were then co-cultured with
1 � 105 autologous DCs or EBV-transformed B cells overnight in
96-well U-bottom plates. The supernatant was harvested, and the
secretion of IFN-g fromT cells was determined by an ELISA (Thermo
Fisher Scientific).
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