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ABSTRACT
To develop a practically applicable method for T-cell receptor (TCR)-engineered T cell immunotherapy
targeting neoantigens, we have been attempting to identify neoantigen-specific T cell receptors (TCRs)
and establish TCR-engineered T cells in a 3–4-month period. In this study, we report the characterization
of T cell repertoires in tumor microenvironment (TME) and identification of neoantigen-specific TCRs
after stimulation of patient-derived T cells. We screened 15 potential neoantigen peptides and success-
fully identified two CD8+HLA-dextramer+ T cells, which recognized MAGOHBG17A and ZCCHC14P368L. All
three dominant TCR clonotypes from MAGOHBG17A-HLA dextramer-sorted CD8+ T cells were also found
in T cells in TME, while none of dominant TCR clonotypes from ZCCHC14P368L-HLA dextramer-sorted
CD8+ T cells was found in the corresponding TME. The most dominant TCRA/TCRB pairs for these two
neoantigens were cloned into HLA-matched healthy donors’ T lymphocytes to generate TCR-engineered
T cells. The functional assay showed MAGOHBG17A TCR-engineered T cells could be significantly acti-
vated in a mutation-specific, HLA-restricted and peptide-dose-dependent manner while ZCCHC14P368L
TCR-engineered T cells could not. Our data showed neoantigen-reactive T cell clonotypes that were
identified in the patient’s peripheral blood could be present in the corresponding TME and might be
good TCRs targeting neoantigens.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) is the
sixth most common cancer type and has a very poor
prognosis.1 Despite advances in diagnosis and therapeutic
modalities, the 5-year survival rate is still ~50% and improved
very slightly in the last few decades.2,3 Development of novel
treatments with higher efficacy is therefore urgently required.
There are evidences that HNSCC can be targeted by immu-
notherapy: HNSCCs associated with HPV infection carry
virus-related antigens that might be detected by T cells4,5

and HNSCC tumors carry a relatively high number of somatic
mutations which might lead to a substantial number of immu-
nogenic neoantigens.6,7 However, HNSCCs often cause dys-
function of the immune system, particularly in their tumor
microenvironment (TME).8-10 Hence, the development of
adoptive immunotherapies using T cells engineered with
neoantigen-specific T cell receptors (TCRs) might be a new
therapeutic option for this type of cancer.

Adoptive cell therapies (ACT) using tumor-infiltrating lym-
phocytes (TILs) achieve complete and durable regression in
a subset of melanoma patients with thousands of mutations.11-13

However, ACT with TILs showed very limited efficacy in other
types of solid tumors, which may correlate with the lower

mutational burden in these cancers and, potentially, a lower num-
ber of neoantigen-specific T cells in the TIL populations.14-16

Based on the success of ACT using T cells engineered with
chimeric antigen receptors (CARs),17-21 ACT with T cells engi-
neered with neoantigen-specific TCRs is considered as
a promising immunotherapeutic strategy.22-24 To facilitate engi-
neering of T cells with neoantigen-specific TCRs for ACT, we
previously developed a six-step protocol including: (1) prediction
of neoantigen epitopes through exome and transcriptome ana-
lyses, (2) isolation of neoantigen-specific T cells after stimulation
of CD8+ peripheral blood lymphocytes (PBLs) with neoantigen-
loaded dendritic cells (DCs), (3) identification of a neoantigen-
specific TCR sequences, (4) production of viral vectors for transfer
of neoantigen-specific TCR genes, (5) engineering of T cells with
neoantigen-specific TCRs and (6) functional evaluation TCR-
modified T cells.25,26

While engineering of T cells has become a well-established
technique, identification of cancer neoantigens as therapeutic
targets and isolation of neoantigen-specific TCRs remain challen-
ging. Our screening system allows to identify neoantigen-specific
TCRs after one stimulation of CD8+ T cells with neoantigen
peptides.25,26 In our previous reports, we focused on the isolation
of neoantigen-specific T cells from peripheral bloodmononuclear
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cells (PBMCs) derived from healthy donors, because (1) advanced
cancer patients often suffer from myelosuppression caused by
multiple regimens of chemotherapy27 and (2) such cancer patients
might also have a smaller T cell diversity when compared to the
T cell repertoire of healthy donors.27 In this study, we attempted to
examine whether our screening approach is similarly applicable to
identify neoantigen-reactive T cells in peripheral blood ofHNSCC
patients by stimulating patient-derived PBMCs with autologous
neoantigen-loaded DCs. We further investigated whether neoan-
tigen-reactive T cell clonotypes that were identified in the patient’s
peripheral blood could be present in the corresponding TME.

Results

HNSCCS harbor a varying number of somatic mutations
and are infiltrated by T cells

To analyze neoantigen-specific T cell responses inHNSCCTME,
we performed whole exome sequencing (WES) and TCR

repertoire analysis using tumor samples isolated from 10
HNSCC patients (Table 1), eight HPV-positive and two
HPV-negative tumors (nine stage IV and one stage III tumors);
these tumors were located at tongue, tonsils, mouth or larynx.
WES analysis of these samples (normal and tumorDNAs) had an
average sequencing depth of 78.9 × per base and identified a total
number of 750 non-synonymous mutations (11–175 mutations
per sample, Supplementary Table 1, Figure 1(a)). We then used
available algorithms to predict neoepitopes based on the binding
affinity of mutant peptides to the HLA-A alleles (estimated
binding affinity of ≤500 nM, Figure 1(a), Table 2). Possible
neoantigen epitopes that were predicted to bind to all HLA
class I molecules are summarized in Supplementary Table 2
(the estimated binding affinity of ≤500 nM).

The TCR sequence analysis of TILs in the TME yielded total
sequence reads of 395,399 ± 187,399 (mean ± one standard
deviation (SD)) for TCRα and 593,294 ± 186,696 for TCRβ.
These sequences included 15,944 ± 10,980 unique TCRα and

Table 1. Clinicopathological characteristics of 10 HNSCC patients.

Patient Gender Age
Smoking
status (py) Stage TNM

HPV
status Anatomic site

Adjuvant
chemoradiotherapy Prognosis

A1 Female 27 0–10 IVA T4N1 Positive Left lateral tongue FHX-based* chemoradiotherapy No recurrence
A2 Male 67 >10 IVA T1N2b-c Positive Right tonsil FHX-based* chemoradiotherapy No recurrence
A3 Male 58 >10 IVA T4N2b-c Positive Base of tongue FHX-based* chemoradiotherapy No recurrence
A4 Male 59 0–10 IVA T3N2b-c Positive Base of tongue FHX-based* chemoradiotherapy No recurrence
A5 Male 57 0–10 IVA T2N2b-c Positive Base of tongue FHX-based* chemoradiotherapy No recurrence
A6 Male 69 >10 IVA T4N2b-c Positive Floor of mouth FHX-based* chemoradiotherapy Lung metastasis
A7 Male 66 0–10 IVA T3N2b-c Positive Left tonsil FHX-based* chemoradiotherapy No recurrence
A8 Male 59 0–10 IVA T2N2b-c Positive Left tonsil FHX-based* chemoradiotherapy No recurrence
A9 Male 74 0–10 IVA T1N2b-c Negative Base of tongue FHX-based* chemoradiotherapy No recurrence
A10 Male 70 >10 III T3N0 Negative Larynx (true vocal cords) FHX-based* chemoradiotherapy No recurrence

py: packs/year.
*FHX; F: 5-fluorouracil, H: hydroxyurea, X: radiotherapy.

Figure 1. TCR repertoire analysis in TME.
(a) Distribution of both TCRA and TCRB CDR3 unique clonotypes, the numbers of mutations, the numbers of neoantigens restricted to HLA-A (the estimated binding affinity
of ≤500nM) in individual tumors as well as TCRB DIs of TILs in HNSCC tumors. Pie charts depict clonotypes with the frequency of 0.1% or higher in each patient. Common
colors among different pie charts do not represent identical clonotypes. The light gray portion of each pie chart contains clonotypes with the frequency of less than 0.1%. (b)
Correlation analysis between the numbers of predicted neoantigen candidates and TCRB diversity index (DI). (R= −0.69, P= 0.03, n = 10).
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31,213 ± 13,751 unique TCRβ complementarity determining
region 3 (CDR3) sequences (Supplementary Table 1). The indi-
vidual number and frequency of T cell clonotypes (Figure 1(a),
pie charts) were used to determine the diversity index (DI) of
TILs (Figure 1(a)), which represents the clonal expansion status
of T cells in the TME (higher clonal expansion results in lower
DI). Interestingly, the DI calculated for TCRβ clonotypes nega-
tively correlated with the number of predicted neoantigens
(R= −0.69, P= 0.03, Figure 1(b)), implying that dominance of
certain T clones in the TME of HNSCC might be indicative for
T cell responses against neoantigens.

Based on previous studies demonstrating the importance of
high peptide-HLA-A affinity28 and high neoantigen expression
levels for the success of adoptive T cell therapy,29,30 we selected
neoantigen peptides that were predicted to have higher binding
affinity to HLA-A molecules and revealed high RNA expression
(RNA sequencing: ≥10 reads among nearly 20,000,000
sequence reads). To this end, we selected 15 candidate mutant
peptides to induce neoantigen-specific T cells from PBMCs of
the HNSCC patients (1–3 peptides per patient, Table 3).

Neoantigen-specific T cells can be captured from
peripheral blood of HNSCC patients

We applied our previously established protocol to stimulate
neoantigen-specific T cells using CD8+ cells from the patients
as starting materials. Among the 15 selected peptides, 2 induced
the expansion of neoantigen-specific CD8+ T cell after in vitro
stimulation as measured by staining with peptide-loaded HLA-
dextramers (Figure 2(a–b)). The peptides MAGOHBG17A and
ZCCHC14P368L were identified in patient A6 (predicted IC50:
53 nM, presented by HLA-A*24:02) and patient A10 (predicted
IC50: 44 nM, HLA-A*02:01), respectively.

In the in vitro-stimulated T cells of patient A6 with autolo-
gous dendritic cells (DCs) pulsed with MAGOHBG17A peptide,
the proportion of CD8+HLA-dextramer+ T cells was 0.23%
(Figure 2(a) (left)). A total of 489 cells were captured and used
for TCRα and TCRβ sequencing as previously described.31 The
TCR sequencing revealed an oligoclonal T cell population with
three dominant clones (Figure 2(a) (middle)). The clonotype
with the highest TCRα frequency (33%) in the CD8+HLA-
dextramer+ T cell population was identified as the most abun-
dant clonotype in the patient’s TME (1.8%). Similarly, the most
dominant TCRβ sequence (40%) after in vitro stimulation was
detected to be most abundant in the TME (1.83%). The two
other clonally expanded TCRα (19.9% and 19.4%) and TCRβ
sequences (16.9% and 16.8%) were also found in the TME with
the lower frequency (0.25–0.60%) as shown in Figure 2(a)
(right). The simultaneous analysis of T cells after neoantigen-
specific expansion in vitro and those in the TME provides
evidence that the tumor has some levels of T cell response
against the MAGOHBG17A peptide and that the predicted neoe-
pitope is very likely to be processed and presented by cells in the
TME. We selected the dominant TCR alpha and beta pair for
generating TCR-encoding vectors and further performed func-
tional analysis using TCR-engineered T cells.

After stimulation with a neoepitope ZCCHC14P368L, we sorted
626 CD8+HLA-dextramer+ T cells (0.026% of the cultured lym-
phocytes, Figure 2(b) (left)). TCR sequencing revealed a single
dominant TCRα clonotype (93.0%) and oligoclonal TCRβ clono-
types with the most abundant one of 44% frequency (Figure 2(b)
right). In contrast to the in vitro-stimulation with the
MAGOHBG17A peptide, these TCR sequences were not found in
the TME of patient A10. However, we selected the most abundant
TCRα and TCRβ sequences in the CD8+HLA-dextramer+ T cell
population for generation of TCR-engineered T cells.

Table 2. Summary of patients’ predicted HLA A-restricted neoepitopes.

Number of predicted neoepitopes

Patient
Nonsynonymous

mutation
Affinity
(IC50) ≦10 nM ≦50 nM ≦100 nM ≦500 nM

Affinity
(IC50) ≦10 nM ≦50 nM ≦100 nM ≦500 nM

Total
number

A1 11 A*32:01 0 0 0 0 A*32:01 homozygous 0
A2 62 A*02:01 2 0 1 4 A*68:01 0 5 3 7 22
A3 139 A*11:01 0 10 8 12 A*24:02 0 1 3 7 41
A4 28 A*01:01 0 0 0 0 A*30:01 1 1 0 1 3
A5 12 A*24:02 0 0 0 0 A*24:02 homozygous 0
A6 70 A*02:01 1 3 3 3 A*24:02 0 1 1 1 13
A7 63 A*02:02 2 2 1 10 A*23:01 0 2 0 3 20
A8 105 A*02:01 1 3 4 10 A*68:01 2 19 4 8 51
A9 175 A*01:01 0 1 0 3 A*03:01 0 5 6 19 34
A10 85 A*01:01 0 1 0 2 A*02:01 1 4 2 9 19

Table 3. List of predicted neoepitopes tested with patients’ PBMC.

Mutant peptide Wild-type peptide

Patient Gene Amino acid substitution Sequence
Affinity to HLA-A

(IC50 nM) Sequence
Affinity to HLA-A

(IC50 nM) Tumor_var (RNA) Mutation ratio HLA alleles

A2 BRE S170L FLARFLLKL 9 FSARFLLKL 1711 8 16% A*02:01
KRT18 D238H LTVEVHAPK 21 LTVEVDAPK 22 145 17% A*68:01

A3 FASN E2113K MVLSSFVLAK 15 MVLSSFVLAE 10204 42 15% A*11:01
EXOC3 A111T ATAVENLK 24 AAAVENLK 81 10 24% A*11:01

A6 DHRS7 I194V SILGVISVPL 85 SILGIISVPL 74 47 15% A*02:01
MAGOHB G17A RYYVGHKAKF 53 RYYVGHKGKF 119 13 20% A*24:02

A7 ATP2C1 T806S TMSFTCFVF 39 TTMTFTCFV 18 132 30% A*23:01
IFITM3 P70T LFMNTCCLGF 42 FMNPCCLGFI 5 7 22% A*23:01
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Specificity of TCRs obtained from HNSCC patients can be
analyzed using TCR-engineered T cells

Retroviral vectors encoding either the MAGOHBG17A or the
ZCCHC14P368L-specific TCR cDNA sequences were used to
engineer T cells isolated from blood of healthy donors. TCR
expression was verified using antibodies directed against the
TCRβ mouse constant region of the optimized TCR
sequences. Transgenic TCR expression in the CD8+ T cell
population was 20.9% and 10.9% for the MAGOHBG17A- or
the ZCCHC14P368L-specific TCR, respectively (Figure 3(a)).
We then examined whether the TCR-engineered T cells spe-
cifically bind to the neoantigen-loaded HLA-dextramers.
MAGOHBG17A-specific TCR-engineered T cells were only
stained when HLA-dextramers were loaded with the mutant
peptide but not when loaded with the wild-type peptide
(Figure 3(b) (upper)). T cells engineered with the TCR raised
against ZCCHC14P368L, on the other hand, were not stained
by either the mutant or the wild-type peptide-loaded HLA
dextramer (Figure 3(b)(lower)).

To obtain further proof for neoantigen-specific reactivity
of the TCR-engineered T cells, we used C1R cells expres-
sing either HLA-A*24:02 (A24) or HLA-A*02:01 (A2) as
antigen-presenting cells (APCs). C1R cells were loaded
with high concentrations of either the mutant or wild-
type peptide (10−5 M) and incubated with the TCR-

engineered T cells. T cell activation was measured by an
IFN-γ ELISPOT assay. Comparable to the HLA dextramer-
binding assay, MAGOHBG17A-specific TCR-engineered
T cells secreted IFN-γ only when incubated with HLA-
matched C1R-A24 cells loaded with the mutant peptide.
No obvious IFN-γ secretion was detected when the T cells
were incubated with HLA-mismatched C1R-A2 cells or
with C1R-A24 cells loaded with the wild-type MAGOHB
peptide. Incubation of the C1R cell panel with T cells
engineered with the TCR raised against ZCCHC14P368L
confirmed that the isolated TCR was probably not specific
or the establishment of TCR-engineered T cells was not
functional (Supplementary Figure 1).

MAGOHBG17A-specific TCR-engineered T cells recognize
low concentrations of neoantigen

To determine the functional activity of TCR-engineered T cells
targeting theMAGOHBG17A neoantigen, we performed sensitivity
assays and analyzed dose-dependent cytokine secretion, T cell
activation, and cytotoxicity. C1R-A24 cells were loaded with
different concentrations of the MAGOHBG17A peptide (ranging
from 10−6 M to 10−11 M). The concentration of 10−8 M seemed to
be sufficient to induce IFN-γ secretion as measured by an
ELISPOT assay (Figure 4(a)). This sensitivity was confirmed
when determining quantitative amounts of the TH1 cytokines

Figure 2. Induction of neoantigen-specific CTLs and identification of TCRA and TCRB sequences of sorted CD8+/Dextramer+ T cells.
(a) Peptide-HLA dextramer assay for CD8+ T cells co-cultured with autologous DCs with/without MAGOHBG17A (left); the pie-chart showed the frequencies of unique
TCRA and TCRB CDR3 sequences of sorted CD8+/Dextramer+ T cells (Middle); the line-chart showed the rank and frequency of TCRA/TCRB of HLA-dextramer-sorted
cells in their corresponding TME (right). Antigen peptide of CMV pp65 for HLA-A*24:02 was used as a positive control. (b) Peptide-HLA dextramer assay for CD8+

T cells co-cultured with autologous DCs with/without ZCCHC14P368L (left); the pie-chart showed the frequencies of unique TCRA and TCRB CDR3 sequences of sorted
CD8+/Dextramer+ T cells (right). Antigen peptide of CMV pp65 for HLA-A*02:01 was used as a positive control.
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IFN-γ (Figure 4(b)), IL-2 (Figure 4(c)), and TNF-α (Figure 4(d)).
Cytokine levels were at background levels when TCR-engineered
T cells were incubated with C1R-A24 cells loaded with the wild-
type MAGOHB peptide (Figure 4(a–d)). We also evaluated the
activation of TCR-engineered T cells after incubation with
MAGOHBG17A peptide-loaded C1R-A24 cells by staining for the
surface molecule CD137, which is upregulated upon T cell
activation. CD137 upregulation was dependent on the presence
of the MAGOHBG17A peptide and 10−9–10−10 M concentrations
were sufficient to induce T cell activation (Figure 4(e)). To validate
the cytotoxic activity of the MAGOHBG17A-specific TCR-
engineered T cells, we explored peptide-dependent target cell
killing. C1R-A24 cells were loaded with 10−6 M of either the
mutant or the corresponding wild-type peptide, and co-cultures
with TCR-engineered T cells were performed at different effector/
target cell ratios. Cytotoxic activity was restricted to C1R-A24 cells
loaded with the mutant peptide and could be titrated when
decreasing the effector/target cell ratio (Figure 4(f)). Very modest
cytotoxicity was observed when TCR-engineered T cells were
incubated with C1R-A24 cells (E/T ratio of 50:1) pulsed with the
wild-type peptide (Figure 4(f)).

Discussion

HNSCC, which is classified to a highly immunosuppressive
type, is poorly infiltrated by lymphocytes (including neoanti-
gen-specific T cells).8 The transfer of ex vivo-activated TCR-
engineered T cells that target cancer-specific neoantigens
would be a promising option to overcome the suppression
of endogenous immune responses. To facilitate neoantigen-
specific ACT, our group established an effective and rapid

method to identify neoantigen-specific TCRs and to generate
TCR-engineered T cells for the clinical application. This strat-
egy of in vitro-induction of neoantigen-specific T cells was
based on whole exome and RNA sequencing of a tumor
sample followed by a selection of predicted neoantigens. In
a previous study using PBMCs derived from healthy donors,25

we showed that the approach is time-efficient as only two
weeks were required from the T cell stimulation with neoanti-
gen peptides to the identification of a neoantigen-specific
TCR. These results were corroborated with neoantigen candi-
dates from seven ovarian tumors, for which we identified
neoantigen-specific TCRs, generated TCR-engineered T cells
and confirmed their neoantigen-specific function.26 The study
focusing on ovarian cancer showed that our approach would
also be applicable for tumors with a relatively low mutational
load.26

In our previous studies, we used T cells of HLA-matched
healthy donors that were considered to be more efficient for
the isolation of neoantigen-specific T cells because advanced
cancer patients often suffer from myelosuppression by multi-
ple regimens of chemotherapy. However, previous studies also
showed that neoantigen-reactive TCRs could be isolated from
the peripheral T cell pool of melanoma patients by tetramer
staining32 or by using PD-1 as a selective marker.33 In the
present study, we, therefore, addressed whether neoantigen-
reactive T cells are present in peripheral blood and/or TME of
HNSCC patients and whether these cells can be activated and
expanded from PBMCs using cognate neoantigen peptides for
stimulation.22,34,35 We further examined whether TCRs of
these in vitro-stimulated T cells were included in TILs of
corresponding patients.

Figure 3. Peptide-HLA-dextramer staining for TCR-engineered T cells.
(a) The proportion of T cells expressing MAGOHBG17A- (upper panels) and ZCCHC14P368L- (lower panels) specific TCRs that were stained with an antibody against the
mouse constant region of TCRβ. (b) MAGOHBG17A- (upper panels) and ZCCHC14P368L- (lower panels) TCR-engineered T cells stained with an HLA-dextramer loaded
with the corresponding wild-type or mutant peptides.
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Among the 15 peptides that we selected for in vitro-
stimulation of neoantigen-specific T cells, only one led to
the isolation of a functional TCR targeting a mutation
identified in the HNSCC patient A6 (MAGOHBG17A).
T cells engineered with this TCR recognized the mutant
peptide, but not its corresponding wild-type peptide. When
comparing these results to our previous screening efficiency
(15–25%) using PBMCs from healthy donors,26 the effi-
ciency of isolating neoantigen-specific TCRs from patients’
PBMCs was lower. As the MAGOHBG17A-specific TCR
sequences were also the most frequent in the TME,
a paralleled TCR repertoire analysis of in vitro-stimulated
T cells and tumor samples might be advantageous for
selecting functional TCRs. Along these lines, the TCR
sequences identified after stimulating peripheral CD8+

T cells of patient A10 with the ZCCHC14P368L neoantigen
peptide were not functional and not detected in the TME.
And ZCCHC14P368L-TCR-engineered T cells could not
recognize the ZCCHC14P368L-dextramer and were not acti-
vated by the exposure to ZCCHC14P368L-pulsed APCs
although the TCR was identified from CTLs sorted out by
ZCCHC14P368L-dextramer. One of the possibilities for this
unexpected result could be the use of the mouse TCR
constant regions for cloning of TCR. There are 38 (21%)
and 50 (36%) amino-acid differences in the C regions of
TCRα and TCRβ, respectively, between human and mouse.
By replacing the human TCRα and TCRβ constant regions
with their murine counterparts, the structure of the anti-
gen-recognition site of TCR may be slightly influenced and
TCR possibly reduced the binding affinity to the HLA-
neoantigen complex.

In the present study, the screening for neoantigen-specific
TCRs was limited to the patients’ HLA-A alleles due to the
availability of dextramers that are needed for T cell sorting.

The probability to detect neoantigen-reactive T cells in the
patient’s blood would further improve, when considering all
potential six MHC Class I alleles of individual patients.

In summary, the experiments have provided the first evidence
that neoantigen-reactive T cells are present in the peripheral
blood of HNSCC patients. Our screening approach facilitated
the identification of neoantigen-specific TCR genes targeting
a mutation in the cellular gene MAGOHB. Functional and
specificity testing was done by generating TCR-engineered
T cells using PBMCs of healthy donors. As the TCR proved to
be mutation-specific and was isolated from the autologous host,
its clinical application would bear virtually no toxicity risk asso-
ciated with the chosen TCR and target antigen.36 Our strategy
will also support the identification of targetable neoantigens for
immunotherapy of HNSCC.

Methods and materials

Patient

Ten patients with HNSCC who were previously treated with or
without platinum-based chemotherapy were enrolled from
October 2016 till April 2017 at the University of Chicago. The
clinicopathological characteristics of these patients are summar-
ized in Table 1. Frozen tumor samples were collected either
during diagnostic biopsies or during definitive surgery from 10
patients (A1-A10) and were used for extraction of DNA and
RNA. DNA of peripheral blood was also extracted as a normal
control. PBMCs from 50 mL of peripheral blood were separated
for induction of neoantigen-specific CTLs. The study protocol
was approved by the Institutional Review Board of the
University of Chicago (approval number 8980, 13-0797, and
13-0526). All patients provided written informed consent for
research use. This study’s involvement with human subjects
complies with the Declaration of Helsinki.

Figure 4. Functional assay of MAGOHBG17A-TCR-engineered T cells.
(a) IFN-γ ELISPOT assay of MAGOHBG17A TCR-engineered T cells stimulated by C1R-A24 cells pulsed with different concentrations of mutant or wild-type peptide. (b)
IFN-γ ELISA assay of MAGOHBG17A TCR-engineered T cells stimulated by C1R-A24 cells loaded with different concentrations of the mutant or wild-type peptide. (c) IL-
2 ELISA assay of MAGOHBG17A TCR-engineered T cells stimulated by C1R-A24 cells loaded with different concentrations of the mutant or wild-type peptide. (d) TNF-α
ELISA assay of MAGOHBG17A TCR-engineered T cells stimulated by C1R-A24 cells loaded with different concentrations of the mutant or wild-type peptide. (e) CD137
staining of MAGOHBG17A TCR-engineered T cells stimulated by C1R-A24 cells pulsed with different concentrations of mutant or wild-type peptide. (f) Cytotoxic activity
of MAGOHBG17A TCR-engineered T cells with different effector cell/target cell ratios. Four different ratios (5:1, 10:1, 20:1 and 50:1) were tested and the MAGOHBG17A
TCR+CD8+ cell/target cell ratios were calculated to be approx. 1:1, 2:1, 4:1, 10:1 based on the peptide-dextramer staining. The asterisks indicate the statistically
significant difference (p < 0.05) between two groups.
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Cell line

C1R cells stably expressing HLA-A*02:01 (C1R-A02) or HLA-
A*24:02 (C1R-A24) were kindly provided by OncoTherapy
Science, Inc (Kawasaki, Japan). Briefly, the cDNA encoding
an open reading frame of HLA-A*02:01 or HLA-A*24:02 gene
was amplified by PCR and inserted into an expression vector,
pCAGGSn3FC. The C1R cells were transfected with these
HLA-A expression vectors by electroporation with Neon
Transfection System (Invitrogen) and then cultured in the
presence of 1.0 mg/mL of G418 (Invitrogen) for 14 days.
The expression of transfected HLA class I on the C1R cells
was confirmed by flow cytometry analysis with BD
FACSCanto II (BD Biosciences).

Whole-exome and transcriptome analysis

Genomic DNAs and total RNAs were extracted from frozen
tumors using the AllPrep DNA/RNA mini kit (Qiagen, Catalog
number 80204) according to the manufacturer’s instructions.
Control genomic DNAs were extracted from peripheral blood
samples using QIAamp DNA Blood Midi Kit (Qiagen, Catalog
number 51183).Whole-exome libraries were built up as described
previously37 and sequenced by 100-bp paired-end reads on
HiSeq2500 Sequencer (Illumina, San Diego, CA, USA). The
obtained sequence data were analyzed by an in-house pipeline
as described previously.38 Somatic variants (single nucleotide
variations (SNVs) and indels) were called using the following
parameters, (i) base quality of ≥15, (ii) sequence depth of ≥10,
(iii) variant depth of ≥4, (iv) variant frequency in tumor of ≥10%,
(v) variant frequency in normal of <2%, and (vi) Fisher P value of
<0.05.39 SNVs and indels were annotated based on RefGene using
ANNOVAR.40

Identification of potential neoantigens

HLA class I genotypes of these patients were determined by
OptiType algorithm41 using whole-exome data of normal sam-
ples. We then examined the binding affinities of all possible 8- to
11-mer peptides harboring each amino acid substitution to HLA
class I molecules and filtered out with the predicted binding
affinity to HLA molecules lower than 500 nM, using
NetMHCv3.4 software.42-44 In addition, we used the transcrip-
tome data to further select non-synonymously mutant peptides
with a defined level (at least 10 reads among ~20,000,000
sequence reads) of gene expressions in tumor cells for induction
of neoantigen-specific T cells. The neoantigen candidate pep-
tides were synthesized by Innopep Inc. (San Diego, CA, USA).

Induction of neoantigen-specific cytotoxic T lymphocytes
(CTLs)

Induction of neoantigen-specific T cells was performed by the
protocol we developed previously.25,26 Antigen peptides of
CMV pp65 for HLA-A*24:02 or HLA-A*02:01 were used as
a positive control. Briefly, on day 1, 1 × 108 patient-derived
PBMCs were collected using Vacutainer CPT Cell Preparation
Tube (BD Biosciences, Catalog number 362761). Dynabeads
CD8 Positive Isolation Kit (Thermo Fisher Scientific, Catalog
number 11333D) were used to isolate CD8+ T cells from

PBMCs and the remaining CD8− cells were used to generate
monocyte-derived dendritic cells (DCs) using a plastic-
adherence method. CD8− cells were cultured in CellGro DC
(Cellgenix, Catalog number 20801-0500) medium containing
1% human AB serum (ABS, Thermo Fisher Scientific, Catalog
number 34005-100), 500 U/mL of IL-4 (Thermo Fisher
Scientific, Catalog number 11846-HNAE-25) and 1,000 U/
mL of GM-CSF (Thermo Fisher Scientific, Catalog number
PHC2015) for 72 h in 6-well plate (Thermo Fisher Scientific,
Catalog number 353046) at 37°C, 5% CO2.

On day 4, 100 U/mL of IFN-γ (Thermo Fisher Scientific,
Catalog number PHC4031) and 10 ng/mL of Lipopolysaccharides
(LPS, Millipore-Sigma, Catalog number L4391-1MG) were added
into the culture medium to induce the maturation of DCs. A total
of 5.0 × 105 matured DCs were seeded into one well of 24-well
plate and respective peptides with 10 µM final concentration were
added to the culture medium to pulse the DCs for 16 h at 37°C.
On day 5, pulsed DCs were treated with 30 µg/mL of mitomycin
C (Millipore-Sigma, Catalog numberM4287-5X2MG) at 37°C for
30 min, then co-cultured with autologous CD8+ T cells/expanded
TILs in CellGro DC/5% ABS with 30 ng/mL of IL-21 (Thermo
Fisher Scientific, Catalog number PHC0214) (each well in a 48-
well plate contained 1.0 × 105 peptide-pulsed DCs and 5 × 105

CD8+ T cells). On day 8, day 10, and day 12, IL15 (Novoprotein,
Catalog number C016) and IL7 (R&D Systems, Catalog number
207-IL-200) (final concentration 5 ng/mL) were newly added into
the respective wells.

On day 15, neoantigen-specific T cells were stained using
peptide-HLA dextramers (Immudex, Copenhagen, Denmark)
for each neoantigen peptide and analyzed by flow cytometry
technology. CD8+/Dextramer+ T cells were sorted out and
used for the following TCR sequencing analysis.

TCR sequencing analysis of original tumor and sorted
neoantigen-specific T cells

TCR sequencing was performed using the methods described
previously.31,43,45 In brief, total RNAs were extracted from
tumors with AllPrep DNA/RNA mini kit (Qiagen, Catalog
number 80207) or sorted CD8+/Dextramer+ T cells with
PicoPure RNA Isolation Kit (Life Technologies, Catalog number
KIT0204). The cDNAs with common 5ʹ-RACE adapters were
synthesized from total RNA using SMART library construction
kit (Clontech, Catalog number 634901). The TCRA and TCRB
cDNAs were amplified by PCR using a forward primer for
the SMART adapter and reverse primers corresponding to the
constant regions of each of TCRA and TCRB. After adding the
Illumina index sequences with barcodes using the Nextera XT
Index kit (Illumina, Catalog number FC-131-2004), the prepared
libraries were sequenced by 300-bp paired-end reads on Illumina
MiSeq platform, using MiSeq Reagent v3 600-cycles kit
(Illumina, Catalog number MS-102-3003). Obtained sequence
reads were analyzed using Tcrip software.31

Engineered-TCR T cells

Both TCRA and TCRB sequences were codon-optimized, synthe-
sized by GeneArt (ThermoFisher Scientific, Waltham, MA) and
cloned into pMP71-PRE vector as described previously.46 To
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increase TCR surface expression, we used TCRs with mouse
constant regions.47 Transient retroviral supernatants were gener-
ated and PBMCs from healthy donors were transduced as
described previously.48

Enzyme-linked immunospot (ELISPOT) and enzyme-linked
immunosorbent assay (ELISA) assay

Interferon (IFN)-γ secretion of T cells were detected by ELISPOT
usingHuman IFN-γ ELISpotPRO kit (MABTECH, Catalog num-
ber 3420-2APW-10) according to the manufacturer’s instruction.
Briefly, APCs (C1R-A24 or C1R-A02 cells) were pulsed with each
respective peptide before co-culture for 16 h at 37°C, 5% CO2.
T cells were pre-treated with IL-2 (35 U/mL) for 16 h and then
co-cultured with the peptide-pulsed APCs (2 × 104 APCs and
5 × 104 engineered T cells/well) at 37°C for 20 h in 96-well plate.
Spots were captured and analyzed by an automated ELISPOT
reader, ImmunoSPOT S4 (Cellular Technology Ltd, Shaker
Heights, OH) and the ImmunoSpot Professional Software pack-
age, Version 5.1 (Cellular Technology Ltd).

OptEIA Human IFN-γ ELISA set, OptEIA Human IL2
ELISA set, OptEIA Human TNFα ELISA set (BD Biosciences,
Catalog number 555142, 555190, 555212) were used to measure
the secreted IFN-γ, IL2, and TNFα levels in the supernatant of
co-cultured engineered T cells and APCs. Briefly, APCs were
pulsed with respective peptides at 37°C for 16 h and 5% CO2.
T cells were pre-treated with IL-2 (35 U/mL) for 16 h and then
cocultured with the peptide-pulsed APCs (2 × 104 cells/well) at
37°C for 20 h in a 96-well plate. The supernatant was transferred
into another 96-well plate, and the concentration of each protein
was measured according to the manufacturer’s instruction.

Cytotoxic assay

The cytotoxic assay was performed using CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit (Promega, Catalog number
G1780) according to the manufacturer’s instruction. Briefly,
C1R-A24 cells were pulsed with each of respective peptides
(10−6 M) at 37°C for 16 h and used as target cells. Effector cells
and target cells were incubated in 96-well plate at 5:1, 10:1, 20:1
and 50:1 ratios for 4 h at 37°C, 5% CO2. Experiments were
conducted in triplicate. Maximum lactate dehydrogenase (LDH)
release from target cells was measured by the addition of lysis
solution. The spontaneous LDH release of effector and target cells
wasmeasured by separate incubation of the respective population.
After 4-h incubation, the platewas centrifuged at 250× g for 4min.
The supernatant was transferred to another 96-well plate. The
substrate was added to each well, and the plate was incubated for
30 min in the dark at room temperature. Stop solution was added
to terminate the reaction and absorbance at 490 nmwas recorded.
The percentage of cytotoxic activity was calculated according to
the following formula: % Cytotoxicity = [(Experimental-Effector
Spontaneous-Target Spontaneous)/(Target Maximum-Target
Spontaneous)] × 100.

Statistical analysis

Correlation analysis and data description were done using
GraphPad Prism version 7.01 (GraphPad software, La Jolla,
CA). P value of <0.05 was considered to be statistically significant.
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