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Abstract
T cells speciﬁc for neoantigens encoded by mutated genes in
cancers are increasingly recognized as mediators of tumor
destruction after immune-checkpoint inhibitor therapy or
adoptive cell transfer. Much of the focus has been on identifying epitopes presented to CD8þ T cells by class I MHC.
However, CD4þ class II MHC-restricted T cells have been
shown to have an important role in antitumor immunity.
Unfortunately, the vast majority of neoantigens recognized by
CD8þ or CD4þ T cells in cancer patients result from random
mutations and are patient-speciﬁc. Here, we screened the
blood of 5 non–small cell lung cancer (NSCLC) patients for
T-cell responses to candidate mutation-encoded neoepitopes.
T-cell responses were detected to 8.8% of screened antigens,
with 1 to 7 antigens identiﬁed per patient. A majority
of responses were to random, patient-speciﬁc mutations.

Introduction
T cells can eliminate cancer cells through recognition of peptides derived from the processing of nonmutated or mutated
proteins and presented bound to cell-surface MHC molecules.
T cells speciﬁc for neoantigens encoded by mutated genes have
been implicated as important mediators of antitumor immunity
in patients receiving checkpoint blocking antibodies (1) and
adoptive T-cell transfer (2, 3). Neoantigens are attractive targets
for T cells because they are not subject to central and peripheral
tolerance mechanisms that limit the frequency and function of T
cells speciﬁc for self-antigens (4). Indeed, the burden of somatic
mutations present in non–small cell lung cancer (NSCLC) and
other cancers correlates with response to immune-checkpoint
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However, CD4þ T cells that recognized the recurrent
KRASG12V and the ERBB2 (Her2) internal tandem duplication (ITD) oncogenic driver mutations, but not the corresponding wild-type sequences, were identiﬁed in two
patients. Two different T-cell receptors (TCR) speciﬁc for
KRASG12V and one T-cell receptor speciﬁc for Her2-ITD were
isolated and conferred antigen speciﬁcity when transfected
into T cells. Deep sequencing identiﬁed the Her2-ITD–
speciﬁc TCR in the tumor but not nonadjacent lung. Our
results showed that CD4þ T-cell responses to neoantigens,
including recurrent driver mutations, can be derived from
the blood of NSCLC patients. These data support the use of
adoptive transfer or vaccination to augment CD4þ neoantigen-speciﬁc T cells and elucidate their role in human antitumor immunity.

inhibitors (5, 6), suggesting that reinvigoration of endogenous
neoantigen-reactive T cells contributes to efﬁcacy. Clinical
response in patients with melanoma and cervical cancer treated
with tumor-inﬁltrating lymphocytes (TIL) has also correlated with
the presence of neoantigen-reactive T cells in the TIL product (2,
3). Most neoantigens are derived from random, patient-speciﬁc
mutations that may be heterogeneously expressed in tumors,
which limits their utility as targets for adoptive transfer across
multiple patients (4), and can allow escape of antigen-negative
tumor cells (7). Recurrent oncogenic driver mutations are
expressed homogenously in cancers from many patients and, if
immunogenic, would represent ideal targets for immunotherapy.
Several oncogenic mutations have been described in NSCLC.
Mutations of KRAS that lead to constitutive growth signaling are
present in 20% of NSCLC and 40% of colorectal cancers, with the
recurrent G12V mutation making up 20% to 40% of activating
KRAS mutations across tumor types (8). A four-amino acid inframe insertion in exon 20 of Her2 leads to constitutive growth
signaling in 2% to 4% of NSCLC (9). Unfortunately, unlike other
driver mutations, such as ALK, ROS1, and EGFR in lung cancer,
effective inhibitors of KRAS and Her2 oncoproteins are not
available for patients (10). Efforts to identify T-cell responses
arising from oncogenic mutations have largely focused on class I
MHC to CD8þ T cells and are rarely successful, perhaps as a
consequence of immune selection based on HLA genotype (11,
12), or the development of irreversible T-cell exhaustion that
precludes detecting reactive T cells using functional assays (13). A
role for CD4þ class II MHC-restricted T cells in human antitumor
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immunity is increasingly being appreciated, despite the absence of
class II MHC on many tumors. CD4þ T cells can recognize tumor
antigen presented by professional antigen-presenting cells (APC)
and support the priming and expansion of CD8þ T cells in
lymphoid tissues, and the effector function of T cells and innate
immune cells in the tumor microenvironment. Recent work in
mouse models has suggested that CD4þ T cells at the site of the
tumor and systemically are a critical component of immunemediated tumor rejection (14), and that vaccination to augment
class II MHC-restricted CD4þ T cells to neoantigens can have
potent therapeutic effects (15). CD4þ T-cell responses to neoantigens are common in patients with melanoma (16), and a study in
melanoma patients vaccinated with candidate neoantigen peptides intending to induce CD8þ T-cell responses instead led to
CD4þ T-cell responses to 60% of the peptides, with evidence of
antitumor activity (17). Peritumoral CD4þ T cells have also been
associated with an improved prognosis in NSCLC (18–20). Here,
we report that neoantigen-speciﬁc CD4þ T-cell responses can be
detected in patients with NSCLC, and we identiﬁed driver mutations in KRASG12V and Her2-ITD as targets for CD4þ T cells. The
isolation of T-cell receptors (TCR) speciﬁc for these mutations
makes it feasible to evaluate adoptive transfer of TCR-engineered
T cells to augment immunity in cancers with the appropriate MHC
type driven by these mutations.

Materials and Methods
Clinical protocol
This study was performed at the Fred Hutchinson Cancer
Research Center (FHCRC) using NSCLC tissue and nonadjacent
lung tissue (as far removed from the malignant lesion as possible,
at least 3 cm) obtained after informed consent from 4 patients
(1347, 1490, 1238, and 1139) enrolled on a protocol, including
patients undergoing curative intent resections for stage I–III
NSCLC approved by the institutional review board (IRB). Formalin-ﬁxed, parafﬁn-embedded tissue from a lymph node resection was obtained from one patient (511), and peripheral blood
samples were obtained from patients 511, 1139, and 1238 on a
protocol enrolling adult patients with a cancer diagnosis who
were willing to donate blood and tumor samples. Leukapheresis
products were obtained from patients 1347 and 1490 on a
protocol enrolling adult patients with a cancer diagnosis
approved by the IRB. All studies excluded patients with a medical
contraindication to blood donation or leukapheresis, and were
conducted in accordance with the Belmont Report.
Patient information
Patient 511 was a 73-year-old woman former smoker who
presented at the age of 70 with lung adenocarcinoma metastatic to
lymph nodes and bone. She was treated with carboplatin and
pemetrexed followed by pemetrexed monotherapy, and was in a
period of long-term disease stability 3 years after diagnosis when
blood donation occurred.
Patient 1347 was a 64-year-old male former smoker who
presented with a stage IIB squamous cell carcinoma treated with
surgical resection followed by adjuvant carboplatin and paclitaxel. At the time of blood donation, he was in surveillance with no
evidence of disease.
Patient 1490 was a 62-year-old female former smoker who
initially presented with pT2a lung adenocarcinoma that was
resected, but subsequently had perihilar and mediastinal local
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recurrence. She donated blood following the initiation of deﬁnitive chemoradiation treatment with carboplatin and paclitaxel.
Patient 1139 was a 69-year-old female former smoker who
initially had resection of a stage I lung adenocarcinoma and
subsequently had local recurrence and brain metastasis treated
with stereotactic radiosurgery followed by carboplatin and pemetrexed for 4 cycles followed by pemetrexed maintenance for 6
cycles. Disease progression occurred, and she was treated with
nivolumab, and this was followed by disease progression. The
patient donated blood while being treated with nivolumab.
Patient 1238 was a 68-year-old nonsmoking man who initially
presented with stage IIIA lung adenocarcinoma treated with
resection followed by adjuvant pemetrexed and cisplatin, which
was followed by progression to metastatic disease 1 year later. The
patient was treated with afatanib followed by progression and
pembrolizumab followed by progression. The patient then had
docetaxel and ramicirumab followed by ramicirumab maintenance, which he was on at the time of his blood donation.
Selection of mutations for screening
For each patient, single-nucleotide variants (SNV) were determined by comparison with normal DNA samples and ranked by
variant allele frequency and expression to select candidate peptides for screening. For patient 511, mutations called by MuTect
1.1.7 (21) and Strelka 1.0.14 (22) with variant allele frequency
greater than 20% were ranked by mean expression in The Cancer
Genome Atlas (TCGA) for lung adenocarcinoma, and the top 45
mutations were screened. For patient 1490, all SNVs identiﬁed by
both MuTect 1.1.7 and Strelka 1.0.14 had variant allele frequencies of 10% to 40%. These were ranked by mean expression in the
TCGA for lung adenocarcinoma, and the top 46 mutations were
screened. For patient 1139, SNVs called by both MuTect 1.1.7 and
Strelka 1.0.14 with variant allele frequency of greater than 20%
were ranked by mean expression in the TCGA for lung adenocarcinoma, and the top 46 mutations were screened. For patient
1238, <50 mutations were detected, so SNVs called by either
MuTect 1.1.7 or Strelka 1.0.14 were ranked by mean expression in
the TCGA for lung adenocarcinoma, and SNVs with expression
greater than 3 transcripts per million (TPM) were screened.
Somatic variant calling for patient 1347 revealed a large number (>10,000) of C>A/G>T transversions, with low variant allele
frequency. A similar number of variants with similar properties
were found in the corresponding normal sample as well, suggesting that these were artifacts likely due to oxidation during DNA
shearing (20). To avoid this issue with this particular sample, we
leveraged RNA-seq data from the corresponding patient-derived
xenograft (PDX). We ﬁrst aligned the PDX RNA-seq to the mouse
genome (mm9 release of the mouse genome) to suppress reads
arising from the mouse. Variant calling on the remaining reads
was performed according to the Broad Institute's GATK "Best
Practices" RNA-seq variant calling workﬂow, including two-pass
STAR alignment, splitting of spliced reads, and application of
the HaplotypeCaller (23) ignoring soft-masked bases (https://
software.broadinstitute.org/gatk/documentation/article.php?id¼
3891). The HaplotypeCaller was also used to call germline variants
in the corresponding normal blood exome sample. We retained
variants found by RNA-seq and not observed in the germline
exome capture. To capture additional candidate variants, we also
used the MuTect somatic variant caller to compare the analysisready PDX RNA-seq BAM ﬁle or the PDX exome-capture BAM ﬁle
against the normal blood exome BAM ﬁle. Missense mutations
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identiﬁed through all of the above processes were merged into a
set of 235 candidate variants that were all manually inspected
with the Integrative Genomics Viewer (IGV; ref. 23) to retain
those supported by the resected tumor exome and the PDX but
not observed in the normal blood exome data. Variants were
ranked by number of RNA-seq reads supporting the alternate
allele at each position, and the top 57 mutations were selected
for peptide synthesis.
Unlike MuTect 1.1.7, the Strelka variant caller reports candidate somatic insertions and deletions. The fewer than 25
indels reported were manually inspected and subjected to
similar ﬁltering criteria as the above point mutations, including
variant allele frequency and expected expression of containing
gene (aggregated from TCGA lung adenocarcinoma or measured directly from 1347 PDX). Frameshifts likely to cause the
resulting protein to be subject to nonsense-mediated decay
were also excluded. Apart from the Her2-ITD found in patient
1238, no protein-coding indels not predicted to be subject to
nonsense-mediated decay were identiﬁed. The criterion for
induction of nonsense mediate decay is the creation of a stop
codon before the terminal exon of the transcript.
T-cell culture
Peripheral blood mononuclear cells (PBMC) were isolated
from the blood of patients and normal donors using gradient
density centrifugation using lymphocyte separation medium
(Corning), and washed 3 times with PBS supplemented with
EDTA (3.6 mmol/L). Patient PBMCs were stimulated with overlapping 20-mer peptides (synthesized by Elim Biopharma). Two
peptides spanning each mutation with the mutated residue at
position þ7 or þ13 of the 20-amino acid sequence were used for
stimulation, with pools of up to 100 peptides encompassing 50
mutations used for stimulations. Subsequent experiments to
analyze T-cell reactivity were performed with single 27-mer peptides (>80% purity), with the mutant or wild-type amino acid at
position þ13.
Cryopreserved PBMCs (30–120 million) were thawed and
rested overnight in RPMI media with L-glutamine (300 mg/L)
and HEPES (25 mmol/L; both Gibco) supplemented with 10%
human serum (produced in house from pooled healthy donors
who provided informed consent and heat-inactivated), 50
mmol/L beta-mercaptoethanol, penicillin (100 U/mL), streptomycin (100U/mL), an additional 4 mmol/L L-glutamine
(termed CTL media), and recombinant human IL7 (2 ng/mL;
PeproTech). The following morning, PBMCs were washed, and
107 cells were plated in individual wells of a 6-well plate in 5
mL CTL media containing a pool of each peptide (1 mg/mL)
without cytokines. Recombinant IL2 (PeproTech) was added to
a ﬁnal concentration of 10 U/mL on day þ3, and half-media
changes with supplemental IL2 were performed on days þ3,
þ6, and þ9. On day þ13, cells from individual wells were
harvested and assayed by ELISA and/or cytokine staining
assays, as described below.
Enrichment of T cells identiﬁed to be reactive in the initial assay
was performed following a stimulation of PBMCs using one or
several (as many as 5 pooled) puriﬁed mutant peptides and
additional cytokines that improved the efﬁciency of growth with
initial stimulation and in subsequent limiting dilution cultures.
Brieﬂy, PBMCs were ﬁrst stimulated with 27-mer mutant peptides
(1 mg/mL) in the presence of IL21 (30 ng/mL), IL7 (5 ng/mL), IL15
(1 ng/mL), and IL2 (10 U/mL; all cytokines from PeproTech) for
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13 days, and the cultures were then restimulated with autologous
B cells (isolated and stimulated as described below) pulsed with a
single 27-mer peptide (20 mg/mL) for 4 hours, followed by
staining and sorting live, IFNg-secreting T cells (Interferon secretion kit APC, Miltenyi; cat. 130-090-762, with included capture
and detection reagents), as well as with anti-CD4–paciﬁc blue
(clone RPA 14, BioLegend; cat. 300521) and anti CD8–FITC
(clone HIT8a, BD Pharmingen; cat. 555634) on a FACS Aria2
(BD Biosciences).
Sorted T cells included antigen-speciﬁc cells, as well as cells that
nonspeciﬁcally produced IFNg, with unknown purity. In order to
isolate clonal or oligoclonal cell populations that were antigenspeciﬁc, sorted cells (3 or 10 cells per well) were expanded at
limiting dilution in a 96-well plate in the presence of 1.0  105
irradiated allogeneic PBMCs, phytohemagglutinin (2 mg/mL;
Sigma), and IL2 (100 U/mL) for 14 to 20 days, with additional
IL2 supplemented at day 14. After expansion, T cells (10,000–
100,000 cells) were incubated with autologous B cells (100,000)
pulsed with mutant peptides (10 mg/mL), and IFNg production
was measured by ELISA (as described below) to identify those
with antigen speciﬁcity. Reactive lines were then expanded using a
rapid expansion protocol described previously and cryopreserved
(in CTL medium supplemented with 10% DMSO and additional
10% human serum (for a ﬁnal concentration of 20% human
serum; ref. 24). Cryopreserved cells were thawed and rested
overnight in CTL media supplemented with IL2 (10 U/mL) prior
to assays.
For culture of TILs, we used methods described previously (25).
Brieﬂy, 6 to 12 fragments of patient-derived tumor tissue (2  2 
2 mm) were cultured in 24-well plates in T-cell media (RPMI1640, 10% fetal calf serum, 10 mmol/L HEPES, 100 U/mL penicillin, 100U/mL streptomycin, 50 mg/mL gentamicin, 50 mmol/L
beta-mercaptoethanol) in the presence of IL2 (6,000 U/mL) for 35
days. TILs were passaged when conﬂuent. Following the conclusion of the 35-day expansion protocol, cells were cryopreserved
prior to use in immunologic assays.
Cell lines
HLA-typed B lymphoblastoid cell lines (B-LCL) BM14, DEM,
LUY, CB6B, and DEU were obtained from the research cell bank.
The remainder of the B-LCL lines were a generous gift from Marie
Bleakley, FHCRC. B-LCL lines were cultured for fewer than 10
passages in CTL medium and split twice weekly. Cell lines were
not authenticated, and were tested for Mycoplasma monthly while
in culture.
Antigen-presenting cells
Autologous B cells were isolated from PBMCs using positive
selection with magnetic beads coated with antibodies recognizing
CD19 (Miltenyi; cat. 130-050-301) according to the manufacturer's instructions (Miltenyi). B cells were cultured for 7 days in
B-cell media composed of IMDM media (Life Technologies)
supplemented with 10% human serum (in house), penicillin
(100 U/mL; Life Technologies), and streptomycin (100 mg/mL;
Life Technologies), 2 mmol/L L-glutamine (Life Technologies),
and IL4 (200 U/mL; PeproTech) in the presence of 3T3 cells
expressing human CD40L as described. B cells were then restimulated with irradiated (5,000 Gy) 3T3 expressing human
CD40L cells, and fresh medium containing IL4 was added every
3 days. B cells were used in assays at day þ3 after stimulation. For
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KRAS-speciﬁc T cells, we used a B-LCL cell line (CLC) that is HLADRB1 11:04 as APCs in some experiments.
mRNA expression
RNA expression targeted to the endosome was carried out using
the method described by the Sahin group (26), where antigens are
targeted to the endosome by fusion of the antigen to class I MHC
sorting signals. The mRNA expression construct pJV57 (27) was
constructed by gene synthesis (GeneArt, Life Sciences), which
contained a T7 promoter fused to the N-terminal 25 amino acids
of the human HLA-B gene, followed by a BamHI restriction site,
the coding sequence of enhanced GFP, an AgeI restriction site, the
C terminal 55 amino acids of the human HLA-B gene, followed by
the human beta-globin untranslated region followed by a 30nucleotide poly-A tail and then a SapI restriction site directing
cleavage in the poly-A tail. pJV126 was cloned by ligating the
following into AgeI/BamHI digested pJV57: annealed oligonucleotides (Ultramers, Integrated DNA Technologies) encoding
Her2 amino acids 760–787 ﬂanked by a 50 AgeI and 30 BamHI
site. pJV127 was made by ligating annealed oligonucleotides
(Ultramers, Integrated DNA Technologies) encoding Her2 amino
acids 760–787 ﬂanked by a 50 AgeI and 30 BamHI site containing
the YVMA tandem duplication.
pJV128 and pJV129 were synthesized in an analogous manner,
with the ﬁrst 25 amino acids of KRAS or the ﬁrst 25 amino acids of
KRAS with the G12V substitution, respectively.
pJV126 and other plasmids based on JV57 were linearized with
SapI (Thermo Fisher), and mRNA was in vitro transcribed using the
Highscribe T7 ARCA mRNA kit (New England Biolabs) and
puriﬁed by lithium precipitation according to the manufacturer's
instructions.
For RNA transfection, B cells or B-LCL were harvested, washed
1 with PBS, and then resuspended in Opti-MEM (Life Technologies) at 30  106 cells/mL. IVT RNA (10 mg) was aliquoted to the
bottom of a 2-mm gap electroporation cuvette, and 100 mL of
APCs were added directly to the cuvette. The ﬁnal RNA concentration used in electroporations was 100 mg/mL. Electroporations
were carried out using a BTX-830 square wave electroporator:
150 V, 20 ms, and 1 pulse. Cells were then transferred to B-cell
medium supplemented with IL4 for 16 hours prior to
cocultures (28).
ELISA assays
ELISA assays were performed by incubating 50,000 T cells in 96well round-bottom plates with 100,000 autologous B cells or
B-LCL lines pulsed with speciﬁc concentrations of peptides in
RPMI (Gibco) supplemented with 5% heat-inactivated fetal
bovine serum. IFNg in supernatants was diluted 1:1, 1:10, and
1:100 and quantitated using human IFNg ELISA kit (eBioscience)
in technical duplicate or triplicate. HLA-blocking experiments
were carried out by adding anti–class I (20 mg/mL; BioLegend;
cat 311411), anti–HLA-DR (BioLegend clone L243, cat 307611),
or HLA-DQ (Abcam, clone spv-l3, cat. ab23632) to the APCs 1
hour prior to adding peptide.
ELISpot assays
ELISpot assays were performed by incubating 20,000 to
100,000 T cells with 200,000 autologous B cells pulsed with
20 mg/mL of each peptide in CTL medium overnight using the
human IFNg ELISpot-Pro kit (Mabtech) according to the manufacturer's instructions.
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Intracellular cytokine staining assays
PBMCs (100,000) were incubated with autologous B cells
(100,000) pulsed with the indicated peptides (20 mg/mL) in the
presence of brefeldin A (GolgiPlug, BD Biosciences) and then
ﬁxed and permeabilized using the BD intracellular staining kit
(BD Biosciences) and analyzed using a FACS Canto2 ﬂow
cytometer.
Identiﬁcation of T-cell receptor sequences
Total RNA was extracted from T-cell lines with the RNeasy Plus
Mini Kit (Qiagen). RACE-ready cDNA was generated from RNA
using the SMARTer RACE 50 /30 Kit (Clontech) according to the
manufacturer's protocol. CloneAmp HiFi PCR Premix (Clontech)
was used to amplify 30 cDNA fragments. Gene-speciﬁc primers
(Human TCR Cbeta1 Reverse: 50 -CCA CTT CCA GGG CTG CCT
TCA GAA ATC-30 ; Human TCR Cbeta2 Reverse: 50 -TGG GAT GGT
TTT GGA GCT AGC CTC TGG-30 ; Human TCR Calpha Reverse: 50 CAG CCG CAG CGT CAT GAG CAG ATT A-30 ) were designed to
detect alpha and beta TCR bands (1 Kb). The 3-step touchdown
PCR reaction went through 35 cycles of 95 C for 10 seconds, 60 C
for 15 seconds (decreasing by 0.2 C each cycle), and 72 C for 1
minute. The fragments were run on a 1% agarose gel and puriﬁed
(QIAquick Gel Extraction Kit, Qiagen) for pENTR Directional
TOPO cloning (Thermo Fisher). DNA was extracted (QIAprep
Spin Miniprep Kit, Qiagen) from 8 to 10 clones for each TCR alpha
and beta, followed by Sanger sequencing (JV298: 50 -TCG CTT
CTG TTC GCG CGC TT-30 ; JV300: 50 -AAC AGG CAC ACG CTC
TTG TC-30 ). TCR sequencing included in this paper will be
available online at https://www.adaptivebiotech.com/productsservices/immunoseq/immunoseq-analyzer/.
T-cell receptor vector construction
TCR construction was in the vector PRRL (29) further modiﬁed
by introducing six point mutations into the start codon and
putative promoter region of the woodchuck hepatitis virus X
protein as described (30), with the TCR beta gene preceding the
TCR alpha gene separated by a P2A translational skip sequence.
Cysteine residues were introduced to facilitate pairing of introduced TCR chains as described (31). Speciﬁc variable regions and
CDR3 sequences are shown in Supplementary Table S1. Codonoptimized DNA fragments containing the TRBV and CDR3 and
TRBJ sequences followed by TCRB sequence with a cysteine
substituted at residue 57 followed by a P2A skip sequence and
the TRAV and CDR3 sequences followed by TRAJ and TRAC
sequences were synthesized as a genestring (Life Sciences) and
cloned using the NEBuilder cloning kit (New England Biolabs)
into the lentiviral vector PRRL-SIN linearized with PstI and AscI
(Thermo Fisher) and the sequence veriﬁed. One week after transduction, cells were sorted based on Vb expression using speciﬁc
antibodies (Supplementary Table S1) and expanded as described
above. T cells were used in assays or cryopreserved on day 14 after
expansion.
CRISPR-Cas9–mediated gene deletion
CRISPR-Cas9 RNP targeting the ﬁrst exon of the TCR alpha
constant region were created as previously described (32) by
mixing equal volumes of 80 mmol/L TracRNA (IDT) with
80 mmol/L of the gRNA AGAGTCTCTCAGCTGGTACA (25) in
duplex buffer (IDT) and heated to 95 C in a heating block for
5 minutes and allowed to slowly cool. The resulting 40 mmol/L
duplexed RNA was mixed with an equal volume of 24 mmol/L
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Cas9 protein (IDT) and 1/20 volume of 400 mmol/L Cas9 electroporation enhancer (IDT) and incubated at room temperature
for 15 minutes prior to electroporation.
On day 0, CD4þ T cells were isolated from cryopreserved
healthy human donor PBMC from 4 patients who provided
informed consent on an IRB-approved protocol by negative
immune selection using the EasySEP human CD4þ isolation kit
(Stemcell Technologies) and stimulated with anti-CD3/antiCD28 microbeads at a 3:1 bead:cell ratio (Dynabeads, Invitrogen)
in the presence of IL2 (50 U/mL) and IL7 (5 ng/mL) in CTL media
for 2 days. Also, on day 0, Lenti-X cells (Clontech) were transiently
transfected with the TCR vector, as well as psPAX2 (Addgene
plasmid no. 12260) and pMD2.G (Addgene plasmid no. 12259)
packaging plasmids. On day þ2, magnetic beads were removed,
and 1  106 cells were nucleofected using a Lonza 4D nucleofector
in 20 mL of buffer P3 using program EH-115. Cells were allowed to
rest for 4 hours in media prior to lentiviral transduction. Lentiviral
supernatant was harvested from Lenti-X cells, ﬁltered using 0.45mm polyethersulfone (PES) syringe ﬁlters (Millipore), and 900 mL
added to 50,000 activated T cells in a 48-well tissue culture plate.
Polybrene (Millipore) was added to a ﬁnal concentration of 4.4
mg/mL, and cells were centrifuged at 800  g and 32 C for
90 minutes. Viral supernatant was replaced 16 hours later with
fresh CTL supplemented with IL2 (50 IU/mL) and IL7 (5 ng/mL).
Half-media changes were then performed every 48 to 72 hours
using CTL supplemented with IL2 and IL7. Transduced T cells
were sorted on day þ7 or þ8 of stimulation using antibodies
speciﬁc to the transduced TCRVb (Supplementary Table S1) and
grown in a rapid expansion protocol described above for 12 to 14
days prior to conducting of immune assays.
Nucleic acid preparation for exome capture and RNA-seq
Nontumor DNA was isolated from nonadjacent lung for
patients 1490, 1238, and 1139. Blood was used as nontumor
DNA for patients 511 and 1347. Single-cell suspensions derived
from tumor, lung tissue, or PBMCs were processed with the
Qiagen DNA/RNA AllPrep Micro kit to isolate DNA for exome
capture, with RNA reserved for subsequent RNA-seq proﬁling. In
addition to DNA isolated from the initial tumor resection, a PDX
was established from the tumor of patient 1347, and the PDX
tumor was used for DNA and RNA preparation. Genomic DNA
concentration was quantiﬁed on an Invitrogen Qubit 2.0 Fluorometer (Life Technologies-Invitrogen) and Trinean DropSense96 spectrophotometer (Caliper Life Sciences).
TCR Vb sequencing
DNA from clinical samples was isolated using the Qiagen
DNeasy or Qiamp micro DNA kits according to the manufacturer's instructions. TCRB sequencing was carried out using the
human TCRB sequencing kit (Adaptive Biotechnologies) following the manufacturer's instructions and sequenced using a MiSeq
(FHCRC Genomics core) with data analysis carried out by
Adaptive Biotechnologies software.
Whole-exome sequencing
Exome-sequencing libraries were prepared using the Agilent
SureSelectXT Reagent Kit and exon targets isolated using the
Agilent All Human Exon v6 (Agilent Technologies). Genomic
DNA (200 ng) was fragmented using a Covaris LE220 focusedultrasonicator (Covaris, Inc.), and libraries were prepared and
captured on a Sciclone NGSx Workstation (PerkinElmer). Library
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size distributions were validated using an Agilent 2200 TapeStation. Additional library QC, blending of pooled indexed libraries,
and cluster optimization was performed using Life Technologies'
Invitrogen Qubit 2.0 Fluorometer.
The resulting libraries were sequenced on an Illumina HiSeq
2500 using a paired-end 100 bp (PE100) strategy. Image analysis
and base calling was performed using Illumina's Real-Time Analysis v1.18 software, followed by "demultiplexing" of indexed
reads and generation of FASTQ ﬁles using Illumina's bcl2fastq
Conversion Software v1.8.4 (http://support.illumina.com/down
loads/bcl2fastq_conversion_software_184.html). Read pairs
passing standard Illumina quality ﬁlters were retained for further
analysis, yielding an average of 65.2M read pairs for the tumors
and 64.4M read pairs for the normals among samples reported
here. Paired reads were aligned to the human genome reference
(GRCh37/hg19) with the BWA-MEM short-read aligner (33, 34).
The resulting alignment ﬁles, in standard BAM format, were
processed by Picard 2.0.1 and GATK 3.5 (35) for quality score
recalibration, indel realignment, and duplicate removal according
to recommended best practices (36).
To call somatic mutations from the analysis-ready tumor and
normal BAM ﬁles, we used two independent software packages:
MuTect 1.1.7 (21) and Strelka 1.0.14 (22). Variant calls from both
tools, in VCF format, were annotated with Oncotator (37). Annotated missense somatic variants were combined into a single
summary for each sample as follows. First, any mutation annotated as "somatic" but present in dbSNP was removed if it was also
not present in COSMIC or its minor allele frequency was greater
than 1% (according to the UCSC Genome Browser snp150
Common table). Variants supported by both variant callers were
retained, and those supported by only one variant caller were
subject to manual inspection.
RNA-seq data processing
For patient 1347, direct measurements of RNA expression for
candidate mutations were performed using tumor cells from the
PDX. An RNA-seq library was prepared from total RNA using the
TruSeq RNA Sample Prep v2 Kit (Illumina, Inc.) and a Sciclone
NGSx Workstation (PerkinElmer). Library size distributions were
validated using an Agilent 2200 TapeStation (Agilent Technologies). Additional library QC, blending of pooled indexed libraries,
and cluster optimization was performed using Life Technologies'
Invitrogen Qubit 2.0 Fluorometer (Life Technologies-Invitrogen).
The library was sequenced on an Illumina HiSeq 2500 to generate
61 M read pairs (two 50 nt reads per pair). Reads were ﬁrst aligned
to the mouse reference assembly (mm9) to remove reads from the
mouse rather than the engrafted tumor. Remaining reads were
aligned to a human RefSeq-derived reference transcriptome with
RSEM 1.2.19 (38) to derive abundances for each gene in TPM
units.
Statistical analysis
Statistical analysis was conducted using GraphPad Prism 7.0.
ELISpot data were analyzed by one-way ANOVA with the Sidak
correction for multiple comparisons. Enrichment of TCR Vb
templates within tumor tissue was evaluated using the Fisher
exact test.
Data availability
Exome sequencing and RNA-seq of patients 1347, 1238, 1139,
and 1490 are uploaded to dbGaP as allowed by the IRB (patient
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511 did not consent to database upload), accession number
phs001805.v1.p1. Processed TCR sequencing data are available
through a public immuneACCESS project in the immunoseq
analyzer (https://www.adaptivebiotech.com/products-services/
immunoseq/immunoseq-analyzer; Adaptive Biotechnologies).
Plasmids and plasmid sequences have been deposited in Addgene
(www.addgene.org).

Results
We obtained tumor specimens from 4 patients with lung
adenocarcinoma and 1 patient with squamous cell carcinoma
(Table 1), and performed whole-exome sequencing of tumor and
normal germline DNA. Protein-coding variants were ranked by
variant allele frequency and mRNA expression. Based on these
results and feasibility, 20 to 57 mutations were selected per
patient for analysis of T-cell responses (Table 1; Supplementary
Table S2). We initially performed a screening assay for T-cell
responses to candidate neoantigens by stimulating PBMCs with
a pool of overlapping 20-amino acid peptides encompassing each
of the mutations and evaluating reactivity by IFNg ELISpot assay
(Fig. 1A). T-cell cultures with reactivity above background to a
candidate neoantigen were then reassayed for IFNg production in
response to puriﬁed 27-mer peptides corresponding to the mutant
and wild-type sequences (Fig. 1B). In total, T-cell responses to 21
of the 238 neoantigens (8.8%) screened were detected and were
signiﬁcantly elevated compared with wild-type peptide responses
(P < 0.05). ELISpot assays using peptides can have both falsepositive and false-negative results, and additional weak responses
to mutations in KRAS and Her2-ITD were observed and did not
meet the cutoff criteria but were selected for further study because
of the important role of these mutations in oncogenesis.
We further characterized potential neoantigen-reactive T cells
expanded from the blood from patients 1490 and 1347, from
whom additional cryopreserved samples and TILs were available.
PBMCs from these patients were stimulated with puriﬁed 27-mer
peptides for each of the mutants that elicited a response (meeting
the criteria above), and following restimulation, IFNg þ cells were
sorted and expanded by limiting dilution cloning. We isolated a
single CD4þ clone reactive to the mutation GUCY1A3 and two
different CD4þ clones reactive to a mutation in SREK1 from
patient 1490. Each of these clones showed speciﬁcity for the
mutant relative to the wild-type peptides (Fig. 2A). Other isolated
T-cell clones were reactive to mutant SREK1 peptide, but the
response was similar to that seen with SREK1 wild-type peptide
(Supplementary Fig. S1), potentially explaining the reactivity to
the wild-type peptide observed in the screening ELISpot (Fig. 1B).
We were unable to isolate T-cell lines or clones speciﬁc for other
neoantigens from patients 1490 and 1347. Two clones speciﬁc for
SREK1 with different TCRVb sequences were detected in the initial
tumor resection (8/24,095 templates) and were enriched relative
to the nonadjacent lung tissue from the same resection (1/62,424
templates in nonadjacent lung, P ¼ 0.0002). The GUCY1A3
TCRVb was not detected in the tumor resection sample or the
lung. These observations suggested that CD4þ T cells reactive to
neoantigens can be isolated from the blood, and in one case, these
cells can localize to tumor tissue. It is possible that the inability to
isolate additional neoantigen-speciﬁc T cells could reﬂect T-cell
exhaustion or limitations of our methods to expand such cells.
For patients 1490 and 1347, a TIL culture was made from the
initial resection sample by culture of tumor fragments in high-
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dose IL2 (25), and we assayed the TILs for neoantigen reactivity by
ELISpot and intracellular IFNg with 20-mer overlapping peptides
described previously. No reactivity was found to screened antigens from patient 1347, but CD8þ T cells in the TILs from patient
1490 were reactive to a mutation in PWP2 (Fig. 2B). The TCRVb
expressed by sorted PWP2-reactive CD8þ T cells was identiﬁed,
and the frequency of the PWP2-reactive TCRVb was determined in
the initial tumor resection sample, nonadjacent lung, and after
culturing of TILs. The TCRVb sequence was enriched in the tumor
resection relative to the nonadjacent lung (0.2%, 54/24,095
templates vs. 0.03%, 18/62,424 templates, P < 0.0001) and was
further enriched by TIL culture (4.8% of templates; Fig. 2C). A
PWP2-reactive T-cell line was expanded from TILs after IFNg
capture, and reactivity to the mutant, but not wild-type 10-mer
peptide, was conﬁrmed (Fig. 2D). TCRVb sequencing identiﬁed
the TCRVb clonotype following stimulation of peripheral blood
at a frequency of 0.07% of TCRVb templates, which may have
been too low for detection by the IFNg ELISpot assay. Thus, T cells
with different speciﬁcities may be isolated from cultured TIL
products and blood, potentially due to the insensitivity of the
methods or the difﬁculty in expanding T cells that may be
functionally impaired due to the presence of chronic antigen.
The majority of potential neoantigen-speciﬁc T cells identiﬁed
in blood or tumor by our analysis recognized private, patientspeciﬁc mutations consistent with prior studies in other cancers (2,
4, 7, 16). The weak T-cell responses in the blood to the recurrent
driver mutation KRASG12V in patient 1139 and Her2-ITD in
patient 1238 did not reach statistical signiﬁcance, but given the
importance of these proteins to the malignant phenotype, were
worthy of additional efforts to characterize the speciﬁcity. We
stimulated PBMCs from patient 1139 twice with KRASG12V peptide, and then identiﬁed and sorted IFNg-secreting CD4þ T cells,
and expanded these T cells in limiting dilution cultures. Four
T-cell cultures were obtained that secreted IFNg speciﬁcally in
response to low concentrations of KRASG12V peptide but not to
the corresponding wild-type KRAS peptide. TCRVb sequencing
revealed that these represent monoclonal populations with
three distinct TCRVb clonotypes, referred to as clones 3, 5, and
9 (Fig. 3A). IFNg production to KRASG12V was partially blocked by
anti–HLA-DR but not anti–HLA-DQ, suggesting restriction by
HLA-DR (Fig. 3B). The patient's HLA genotype was HLADRB1 11:04/13:01, HLA-DQB1 03:01/06:03. All three T-cell
clones showed reactivity with LCL cell lines expressing HLADRB1 11:01 or 11:04 pulsed with KRASG12V peptide, but not
peptide-pulsed LCL expressing DQB1 03:01 or DQB1 06:01 in
the absence of HLA-DRB1 11, indicating HLA restriction by HLADRB1 11 (Fig. 3C). No KRASG12V-speciﬁc TCRVb clonotypes were
detected in the resection specimen or nonadjacent lung from the
tumor, which were each sequenced to a depth of 10,000 TCRVb
templates.
Reactivity of the KRASG12V-speciﬁc T-cell clones to APCs pulsed
with wild-type peptide at very high peptide concentrations was
observed. Antigens are normally presented to CD4þ T cells after
endogenous processing in the endosome (26). Thus, to determine
whether the KRASG12V-reactive T-cell clones recognized processed
antigen, HLA-matched B-LCLs were transfected with mini-gene
constructs encoding either KRASG12V or wild-type KRAS with
endosomal targeting sequences. Each of the three clones specifically recognized cells expressing KRASG12V but not wild-type
KRAS sequences (Fig. 3D), indicating speciﬁcity for endogenously
processed neoantigen. We next obtained the KRASG12V-speciﬁc
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Table 1. Characteristics of patients in this study mSNVs—missense SNVs

Patient
#
511

Age at
blood
donation
73

1490

62

1347

64

1139

69

1238

68

Diagnosis
Adeno
carcinoma
Adeno
carcinoma

Smoking
history
Yes
Yes

Squamous cell Yes
Carcinoma
Adeno
Yes
carcinoma
Adeno
carcinoma

No

Stage at
resection
IV lymph
node
IB lung
tumor
IIB lung
tumor
Stage IV
lung
tumor
IIIA lung
tumor

Stage at
blood
donation
IV
III

Treatment at
blood
donation
Pemetrexed

mSNVs
505

Mutations
screened
46

Carboplatin,
paclitaxel,
radiation
None

130

46

65

57

No evidence
of disease
IV

10 months

Carboplatin/Paclitaxel

27 months

Carboplatin/
pemetrexed

Nivolumab

388

48

IV

23 months

Cisplatin/pemetrexed,
afatinib,
pembrolizumab,
docetaxel/
ramicirumab

Ramicirumab

34þ
Her2
ITD

20þ Her2
ITD

TCRVb and Va sequences from T-cell clones by 50 RACE, and
constructed lentiviral vectors encoding these TCRs. Transduction
of the TCRs from clones 3 and 9 into CD4þ T cells from two
normal donors conferred speciﬁcity for target cells pulsed with
peptides or those expressing KRASG12V but not wild-type KRAS
sequences (Fig. 3E–G). In these experiments, donor T cells underwent CRISPR-Cas9–mediated disruption of exon 1 of the endogenous TCRa constant region gene (TRAC) prior to gene transfer of
the transgenic TCR (Supplementary Fig. S2A) to minimize background activation of these cells with allogeneic APCs (Supplementary Fig. S2B). As observed for the original T-cell clones, T cells
engineered with the KRASG12V-speciﬁc TCRs exhibited recognition of target cells pulsed with low concentrations of mutant
peptide that were >2 log10 lower than the wild-type KRAS peptide.
Patient 1238 exhibited a weak CD4þ T-cell response to the
recurrent Her2 exon 20 insertion that creates an in-frame duplication of the amino acids YVMA (Her2-ITD; Supplementary Fig.
S3A; Fig. 1B). We took the same approach used to isolate
KRASG12V-speciﬁc T cells and successfully isolated Her2-ITD–
speciﬁc CD4þ T-cell lines. Analysis of multiple T-cell lines by
TCRVb sequencing revealed a single recurrent TCRVb clonotype
present in all 10 T-cell lines (Supplementary Fig. S3B), which was
nearly clonal in one T-cell line (#35). This line recognized the
mutant Her2-ITD peptide at low peptide concentrations but not
the corresponding wild-type Her2 peptide (Fig. 4A), and reactivity
was completely blocked by anti–HLA-DQ, but not anti–HLA-DR
or anti–class I (Fig. 4B). Consistent with the blocking data, the T
cells reacted only with Her2-ITD peptide–pulsed B-LCL lines
expressing HLA-DQB1 05:01 and 05:02, suggesting HLA restriction by HLA DQB1-05 (Fig. 4C). These T cells also speciﬁcally
recognized MHC class IIþ cells transfected with mutant but not
wild-type Her2 sequences targeted to the endosome (Fig. 4D).
TCRVb and Va sequences of the Her2-ITD–speciﬁc line were
obtained by 50 RACE. Lentiviral gene transfer of the TCR
sequences, following the disruption of the endogenous TCRa by
CRISPR-Cas9–mediated gene deletion, conferred speciﬁcity to the
Her2-ITD peptide and MHC class IIþ cells transfected with the
mutant, but not wild-type, Her2 sequences (Fig. 4E and F). The
expression of the transferred TCRs, measured by staining with
a Vb2-speciﬁc antibody, was improved by CRISPR-mediated
deletion of the endogenous TCRa constant region gene TRAC
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Time
between
resection and
blood
donation
Prior treatments
30 months
Carboplatin/
pemetrexed
13 months
None

(Supplementary Fig. S4), consistent with prior reports showing
that downregulation of the endogenous TCR results in greater
expression of the gene-transferred TCR (39).
TCRVb deep sequencing of the initial lung resection sample
from patient 1238 identiﬁed the Her2-ITD–speciﬁc TCRVb clonotype in 3 of 20,179 templates in the tumor resection. Despite
5-fold deeper sequencing of the nonadjacent lung tissue from the
resection, no Her2-ITD–speciﬁc clonotype was observed, showing
enrichment of Her2-reactive CD4þ T cells in the tumor (Fig. 4G;
P ¼ 0.004 for enrichment). The presence of Her2-ITD–speciﬁc
CD4þ T cells in the blood 2 years after tumor resection is
consistent with these cells being part of a persistent memory
T-cell response to the tumor.

Discussion
We set out to characterize whether preexisting T-cell responses
could be expanded from the blood of ﬁve patients with NSCLC
and identiﬁed responses to 8.8% of screened mutations. Neoantigen-speciﬁc T-cell clones could be isolated for four different
mutations in three patients, and in all cases, the T-cell clones
were CD4þ, which has been seen previously in melanoma (16, 17,
40). For two antigens (SREK and Her2-ITD) from two different
patients, neoantigen-speciﬁc CD4þ TCRVb clonotypes had low
detection in tumor samples and were enriched relative to nonadjacent lung samples. The clinical signiﬁcance of these responses
is unknown, but the data are consistent with at least a subset of
neoantigen-speciﬁc CD4þ T cells detected in the blood as part
of an active but ineffective immune response to NSCLC. We
cannot exclude the possibility that some of the other responses
in blood represent in vitro priming of na€ve T cells or crossreactive T-cell responses to unrelated antigens rather than a
memory immune response to the cancer. A report has shown
that similarly low-frequency neoantigen-speciﬁc CD4þ T cells
can be isolated directly from the tumors of patients with
gastrointestinal and ovarian tumors, and these cells express
PD-1, suggesting activation in the tumor microenvironment (41). However, these observations do not establish the
functional importance of these or other neoantigen-speciﬁc
CD4þ T-cell responses in the immune response to NSCLC
relative to other cell types, which still remains unknown.
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Figure 1.
Detection of neoantigen-reactive T cells in lung cancer patients. A, Schematic for detecting neoantigen-reactive T cells. B, PBMCs from 5 different lung cancer
patients were stimulated with pools of mutant peptides (1 mg/mL for each peptide). IFNg-secreting cells from stimulated cultures were quantitated by ELISpot
after incubation with single-mutant or wild-type peptides (10 mg/mL). All experiments included 2 or 3 technical replicates.  , P < 0.05 for comparison with
negative and P < 0.05 for comparison of mutant to wild-type by one-way ANOVA;   , P < 0.0005 for both comparisons by one-way ANOVA. Bars, mean.

Previous attempts to identify and isolate neoantigen-speciﬁc
T-cell responses in lung cancer have focused on CD8þ T cells,
using MHC tetramer technology, or stimulation of blood with
short peptides based on predicted binding to class I MHC. Our
approach using long peptides could, in theory, expand both
CD4þ and CD8þ T-cell responses (42), but may be less effective
for expanding CD8þ T-cell responses due to the need for additional cellular peptide processing for presentation. A relative lack
of CD8þ neoantigen-speciﬁc T cells identiﬁed in peripheral blood
could reﬂect a difference in the frequency of these cells in the
tumor relative to the blood, or a difference in their ability to
expand and be detected with the functional assay used in our
experimental protocol. The culture of TILs from patient 1490 led
to expansion of CD8þ T-cell speciﬁc for the PWP2 mutation, but
not CD4þ T cells speciﬁc for the SREK1 mutation. This is consistent with a report suggesting that multiple neoantigen-speciﬁc
CD4þ responses expanded from unmanipulated tumors are not
detected following tumor fragment culture, and reveals the lim-
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itations of current approaches for assessing neoantigen-speciﬁc T
cells (41).
We chose mutations agnostic of HLA type and computational
prediction algorithms for predicting peptide binding to class II
MHC (43). When we include our prior reported class II–restricted
BRAFV600E-restricted CD4þ T-cell response (27), only one of the
three validated CD4þ T-cell responses to recurrent driver mutations is predicted to have even weak binding to the restricting
MHC allele (best predicted binding 134 nmol/L for KRASG12V,
574 nmol/L for Her2-ITD, and 1,442 nmol/L for BRAFV600E using
NetMHCIIpan). Together, these data suggest that NetMHCIIpan
is not yet sufﬁciently sensitive to screen MHC class II–restricted
neoantigens, although we cannot make inferences about betterstudied class II MHC alleles or other prediction algorithms.
We also report T-cell responses to driver mutations in lung
cancer. The neoantigen created by the KRASG12V mutation recognized by the patients' CD4þ T cells is found in 4% of NSCLC, 10%
of colorectal cancer, 30% of pancreas cancer, and 8% of ovarian
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Figure 2.
Neoantigen-speciﬁc CD4þ T cells detected in blood and CD8þ T cells detected in TIL cultures. A, Monoclonal CD4þ T-cell lines from patient 1490 reactive with a
mutation in SREK1 and GUCY1A3 were expanded in vitro and then incubated with autologous B cells and the indicated concentration of mutant and wild-type
peptide. IFNg secretion was measured by ELISA. B, TILs from the tumor resection of patient 1490 were incubated with long peptides containing mutant
(VVGSKDMSTWVFGTERWDNLIYYALGG) or wild-type (VVGSKDMSTWVFGAERWDNLIYYALGG) sequences from PWP2, and IFNg secretion was measured by
interferon capture (C) TCRVb clonotype frequency of PWP2-reactive CD8þ TCRVb in nonadjacent lung, tumor, following TIL culture, and following IFNg capture
of TIL product. D, IFNg release was measured when the PWP2-reactive T-cell line was incubated with autologous B cells and the indicated concentrations of
mutant (TERWDNLIYY) and wild-type (AERWDNLIYY) PWP2 peptide.

cancer (8), and the HLA-DR11–restricting allele is found in 18%
of patients (44). A second CD4þ T-cell response speciﬁc for the
Her2 exon 20 insertion found in a different patient is present in
2% to 4% of NSCLC (9), and the HLA-DQ5–restricting allele is
found in 30% of patients (44). Combined with our previous
description of a BRAFV600E-speciﬁc CD4þ T-cell response in melanoma (27) and the work of others in different cancers (41, 45),
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these ﬁndings suggest that CD4þ T cells speciﬁc for recurrent
driver mutations might be more common in human cancer than
previously perceived. The ﬁnding that recurrent cancer mutations
predicted to be presented to CD4þ T cells on class II MHC are
underrepresented across multiple tumor types lends support to
the hypothesis that driver mutation–speciﬁc CD4þ T cells could
have a functional role in tumor surveillance (12).
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T-cell clones speciﬁcally recognize KRASG12V. A, Three CD4þ T-cell clones from patient 1139 were incubated in the presence of the indicated concentration of the
N-terminal 26 amino acids of KRAS with either V12 (mutant MTEYKLVVVGAVGVGKSALTIQLIQ) or G12 (wild-type MTEYKLVVVGAGGVGKSALTIQLIQ), and IFNg
production was measured by ELISA. B, T-cell clones were incubated with KRASG12V peptide (1 mg/mL) in the presence of the indicated class II HLA-blocking
antibodies (20 mg/mL), and IFNg production was measured by ELISA. C, T-cell clones were incubated with B-LCL cell lines, which had been pulsed with KRASG12V
peptide (1 mg/mL) and expressed individual class II HLA alleles shared with patient 1139 (HLA-DQB1 11:04/13:01 DQB1 03:01/06:03). D, T-cell clones were
incubated with HLA-DRB1 11:04þ LCLs pulsed with KRASG12V peptide (1 mg/mL) or transfected with RNA encoding wild-type or KRASG12V sequences, and IFNg
production was measured by ELISA. E–G, CD4þ T cells from 2 normal donors were transduced with lentiviral vectors encoding T-cell receptor Va and Vb genes
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T-Cell Responses to Driver Neoantigens in Lung Cancer

Neoantigen vaccination strategies in murine models suggest
that CD4þ responses to neoantigens are more prevalent and
potentially more effective in antitumor immunity than CD8þ
T-cell responses (15). A global analysis of immune subsets in a
mouse model of tumor rejection highlighted changes in Th1
CD4þ T cells distant to the tumor, and showed the ability of
adoptive transfer of these CD4þ T cells to confer antitumor
immunity (14). Adoptive transfer of human CD4þ T cells speciﬁc
for a neoantigen resulted in a clinical response in a patient with
cholangiocarcinoma (28), and early results from neoantigen
vaccination trials that elicited predominantly CD4þ T-cell
responses support the clinical efﬁcacy of these approaches (17,
40). Despite signiﬁcant evidence pointing toward the importance
of CD4þ T-cell responses to neoantigens, many epithelial cancers
lack class II MHC, and the precise mechanisms through which
CD4þ T cells mediate antitumor immunity remain to be fully
elucidated.
The discovery of CD4þ T-cell responses to neoantigens in
NSCLC, including recurrent driver mutations in KRAS and Her2,
suggests that augmenting responses to these antigens through
vaccination or adoptive transfer of TCR gene–modiﬁed T cells
could allow direct interrogation of whether such T-cell responses
have a functional role in antitumor immunity. The isolation of
TCRs speciﬁc for recurrent KRAS and Her2 mutations that confer
speciﬁcity upon gene transfer provides the foundation to examine
the effect of augmenting CD4þ T-cell immunity to neoantigens by
adoptive transfer and potentially elucidate the mechanisms of
CD4þ T cells more broadly in human antitumor immunity.
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