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Purpose: Immunotherapies mediate the regression of human
tumors through recognition of tumor antigens by immune cells that
trigger an immune response. Mutations in the RAS oncogenes occur
in about 30% of all patients with cancer. These mutations play an
important role in both tumor establishment and survival and are
commonly found in hotspots. Discovering T-cell receptors (TCR)
that recognize shared mutated RAS antigens presented on MHC
class I and class II molecules are thus promising reagents for
“off-the-shelf” adoptive cell therapies (ACT) following insertion
of the TCRs into lymphocytes.

Experimental Design: In this ongoing work, we screened for
RAS antigen recognition in tumor-infiltrating lymphocytes (TIL) or
by in vitro stimulation of peripheral blood lymphocytes (PBL).

Introduction

Most approaches to cancer immunotherapy, including adoptive
cellular therapy (ACT), rely on T-cell target-specific recognition (1-3).
Neoantigens, which are encoded by mutated genes that exist only in
cancer cells, can be a good target for T cells (4-6). Administration of
tumor-infiltrating lymphocytes (TIL) enriched with T cells, which
recognize tumor-specific neoantigens, can mediate long-term objec-
tive responses in patients with various metastatic cancers, including
complete remissions, which are dependent on specific T-cell receptor
(TCR) recognition of the MHC-cancer antigen complex (6-17).
Although the majority of cancer antigens are unique and specific only
to the patients in which they are found (18), a relatively small group of
mutations occurs at specific amino acid positions in genes that play a
critical role in tumorigenesis, referred to as hotspot or driver muta-
tions. Hotspot mutations in members of the RAS family represent
proteins that are involved in the transduction of signals that are
essential for tumor establishment and survival and therefore are likely
to be clonally expressed in all tumor cells present in a patient with
cancer (19, 20).
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TCRs recognizing mutated RAS were identified from the reactive T
cells. The TCRs were then reconstructed and virally transduced into
PBLs and tested.

Results: Here, we detect and report multiple novel TCR
sequences that recognize nonsynonymous mutant RAS hotspot
mutations with high avidity and specificity and identify the specific
class-I and -Il MHC restriction elements involved in the recognition
of mutant RAS.

Conclusions: The TCR library directed against RAS hotspot
mutations described here recognize RAS mutations found in
about 45% of the Caucasian population and about 60% of the
Asian population and represent promising reagents for “off-the-
shelf” ACTs.

The incidence of RAS mutations varies with cancer histology;
however, they are found in about 30% of all patients with cancer
(20-23). Up to 94% of pancreatic cancers and up to 45% of colon
cancers express a RAS mutation (19-21, 23-28). The human RAS
super-family proteins (KRAS/NRAS/HRAS) have an identical
amino acid sequence in positions 1 through 86 (20, 25), and more
than 99% of all mutations in this gene family occur at positions
12, 13, or 61 (COSMIC database; ref. 29) within the domains
responsible for GTP dephosphorylation into GDP, resulting in
constitutive activation of the RAS protein (20-23, 25, 28, 30).
Because these are gain-of-function mutations, one mutated allele
expressed at normal level is sufficient to support cancer growth and
establishment (22, 31, 32). Mutations in RAS predominantly occur
in KRAS (85%), but also in NRAS or HRAS (11% and 4%, respec-
tively). The most common mutations in KRAS are G12D (35%),
G12V (24%), G13D (13%), G12C (12%), G12A (6%), G12S (5%),
and GI2R (3%; ref. 22). While a small molecule targeting the
RASS2C mutation is currently being evaluated in patient clinical
trials, there is no available treatment for other more common RAS
hotspot mutations, such as G12D or G12V (33-35).

Previously, we have shown that ACT with TILs targeting a KRAS
neoepitope, recognized in the context of the HLA-C*08:02 restric-
tion element expressed by approximately 3% of the patient popu-
lation, resulted in durable tumor regression in a patient with
metastatic colon cancer, who is still alive and disease-free over
4 years later (17). In most patients bearing RAS-mutant tumors,
screening of TILs has failed to result in the identification of mutant
RAS-specific T cells, which is likely due to the low frequency of such
T cells (18).

The administration of peripheral blood lymphocytes (PBL) viral-
ly transduced with genes encoding for TCRs or chimeric antigen
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Translational Relevance

Approximately 30% of all cancers comprising the most common
malignancies possess a RAS hotspot mutation. In this article, we
characterize a library of TCRs directed against mutant RAS epi-
topes that can potentially be used for the evaluation of TCR-based
adoptive cell transfer therapies in the 45%-60% of patients where
tumors bear RAS mutations.

receptors (CAR) can mediate regression of established cancers
(36-40). Although specific TCRs recognizing RAS hotspot muta-
tions could potentially be used in ACT as an “off-the-shelf” reagent
in an allogeneic setting for patients whose tumors express the
relevant hotspot mutation and appropriate MHC restriction ele-
ment, there are few RAS hotspot mutation-reactive TCRs isolated
from TILs reported in the literature (41, 42). The use of a patient’s
PBLs, which will be genetically engineered to express a specific
anti-RAS TCR, has the potential advantage of generating highly
enriched tumor-reactive cells in a less differentiated state than
cells present in TILs. Here we describe the identification of multiple
CD4 and CD8 T-cell reactivities targeting RAS hotspot antigens
by TIL screening and in vitro stimulation (IVS) of PBLs from
patients with cancer harboring a RAS mutation in their tumor. We
report the TCR sequences and cognate MHC restrictions of a
validated TCR library targeting products of RAS mutations
with little to no reactivity against wild-type (WT) RAS. This library
has the potential to treat about 45% of the Caucasian population
and about 60% of the Asian population in the United States bearing
RAS-mutant cancers.

Materials and Methods

Cell media and reagents

The following media and buffers were used: RPMI1640, DMEM,
AIM-V, PBS, and Opti-MEM. The following media supplementary
materials were used: penicillin and streptomycin (Pen/Strep), L-
glutamine, HEPES buffer saline, gentamicin, MEM nonessential ami-
no acid, and 2-mercaptoethanol (all purchased from Gibco, Thermo
Fisher Scientific), ethylenediaminetetraacetic acid (EDTA; Corning),
human AB serum (Valley Biomedical, Inc), FBS (Sigma-Aldrich),
recombinant IL2 (Prometheus), recombinant IL4 (PeproTech), and
recombinant GM-CSF (Leukine).

RPMI complete media was comprised of RPMI1640 supplemented
with 5% human AB serum, 100 U/mL penicillin, 100 pg/mL strep-
tomycin, 2 mmol/L 1-glutamine, 25 mmol/L HEPES, and 10 ug/mL
gentamicin.

Dendritic cell (DC) media was comprised of RPMI complete media
supplemented with 800 ITU/mL GM-CSF and 200 U/mL IL4.

Tissue culture media was comprised of RPMI1640 supplemented
with 10% FBS, nonessential amino acid, 1 mmol/L sodium pyruvate,
100 U/mL penicillin, 100 pg/mL streptomycin, 2 mmol/L 1-glutamine,
10 pg/mL gentamicin, and 55 umol/L 2-mercaptoethanol.

Cell line media was comprised of DMEM containing 10% FBS,
100 U/mL penicillin, 100 pg/mL streptomycin, 12.5 mmol/L HEPES,
110 mg/mL sodium pyruvate, and 2 mmol/L L-glutamine.

T-cell media was comprised of a 1:1 mix of RPMI1640 and AIM-V
supplemented with 5% human AB serum, 2 mmol/L L-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, 12.5 mmol/L HEPES,
10 ug/mL gentamicin, and 5% human serum. Unless otherwise noted,
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TILs were grown in T-cell media supplemented with 3,000 IU/mL
IL2 and PBLs were grown in T-cell media supplemented with
300 IU/mL IL2.

FACS buffer was comprised of sterile PBS, 1% FBS, and 2 mmol/L
EDTA.

Freezing media was comprised of 90% FBS and 10% DMSO.

All media were 0.22 pum filtered.

Antibodies, flow cytometry, and cell sorting

The antimouse TCRP (mTCR)- PerCp-Cy5.5, CD8a-eFluor 450,
were purchased from eBioscience. CD3-APC-Cy7, CD4- PE/FITC/
APC, 41BB- APC/PE, CD8- PE-Cy7/FITC, OX40- FITC/PE-Cy7,
CD62L-PE, and CD45RO-APC/BV421 were purchased from BD
Biosciences. CD3-Alexa Fluor 700, CD62L-PE-Cy7, and the live/dead
stains- DAPI/PI were purchased from BioLegend.

For FACS sample preparation, cells were harvested and washed
with FACS buffer. Cells were resuspended in FACS buffer at a
concentration of 1-50 x 10° cells/mL and extracellular fluores-
cence-conjugated primary antibodies were added and mixed in.
After a 20- to 60-minute incubation at 4°C, which was also protected
from light exposure, the samples’ cells were washed and resuspended
with FACS bulffer.

The flow cytometry assays were performed on FACSCanto I/II (BD
Biosciences) and the acquired data were analyzed with Flow]Jo software
(TreeStar). Cells were sorted to: Live/CD3™, separated for CD4" or
CD8", Temra/Tem/Teym based on sorting out CD62L"/CD45RO ™
(naive T cells). Cocultures were sorted for enrichment or into single
reactive cells based on 41BB*/OX40" (both double- and single-
positive cells), Live/CD3™, separated for CD4" or CD8" by
SH800S/MA900 instrument (Sony Biotechnology) or by FACSAria
1II (BD Biosciences).

Construction of genes, peptides, and in vitro transcription

The amino acid sequences from peptides used are shown in
Supplementary Fig. S1. Minimal epitope (ME) sequence predictions
were generated for RAS-mutated sequences (NetMHC/4.0) and ME
(9-12 amino acids short peptides) predicted to attach to common
MHC-T or to multiple MHC:s. Peptides with predicted binding affinity
percentage ranks of less than 0.5 are generally denoted as strong
binders while peptides with ranks of between 0.5 and 2 are denoted as
weak binders. Long peptides (LP) were 24-25-mer, designed with the
mutated amino acid in the middle, and 12 normal amino acids
upstream and downstream. LPs were ordered for RAS hotspot muta-
tions found in more than 0.5% of patients with RAS-mutated cancer
(G12D, G12V, G12C, G124, G12S, G13D, G13R, G13V, Q61R, Q61L,
Q61K, and Q61H) and the equivalent WT (G12, G13, Q61). All
peptides were ordered from GenScript or JPT and were HPLC purified
(>90%). For tandem minigenes (TMG) construction, each RAS hot-
spot mutation and the equivalent WT minigene encoding the same LP
sequences were composed sequentially into one gene (Supplementary
Fig. S1) and cloned into the pcRNA2SL-GFP plasmid. Full-length (FL)
RAS genes encoding to the mutated or wild type KRAS were synthe-
sized and cloned into pcRNA2SL-GFP using EcoRI and BamHI. Gene
synthesis and cloning was done by GenScript. For mRNA in vitro
transcription (IVT), we used mMessage mMachine T7 Ultra kit
(Thermo Fisher Scientific) and all procedures were followed as per
the manufacturer’s instructions. Briefly, the pcRNA2SL constructed
plasmids were linearized with Not-I restricted enzyme, followed by
ethanol precipitation. Next, we used 1 pg of linearized DNA to
generate IVT mRNA. The mRNA was ethanol precipitated and
resuspended at 1 pg/uL.
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Generation of TiLs
TILs were generated as described elsewhere (18, 43). For details, see
Supplementary Materials and Methods.

Generation of antigen-presenting cells

Immature DCs were generated in the laboratory using a standard
protocol of adherence method. Apheresis samples were thawed,
washed, set to 5-10 x 10° cells/mL with AIM-V media (Life Tech-
nologies), and 1.75-2 x 10° viable cells were incubated in T175 flasks
(Corning Inc.) at 37°C. After 2 hours, the flasks were washed two to
three times vigorously with sterile PBS to collect nonadherent cells for
T-cell sorting. For the adherent cells, 30 mL DC media were added, and
cells were incubated at 37°C, 5% CO,. On day 4 or 5, cells were
harvested and used or frozen for further use. DCs were seeded into
low-attachment 96-, 12-, or 6-well plates for peptide loading with
0.1-10 pg/uL peptide for 2 to 12 hours at 37°C, 5% CO,. Alternatively,
mRNA transfection with TMG or FL was done with mMessengerMAX
reagent (Life Technologies) according to the manufacturer’s
instructions, and cells were incubated for 8 to 20 hours at 37°C, 5%
CO,. Before the coculture experiment (for analysis/sorting/IVS),
DCs were harvested by washing twice with 0.9 mmol/L EDTA in
PBS. DCs were resuspended in T-cell media at a concentration of
2.5 x 10°-1 x 10° cells/mL.

Memory T-cell preparation

Nonadherent cells [from the antigen-presenting cells (APC) pro-
tocol] were spun down, resuspended in T-cell medium, and rested
overnight at 37°C, 5% CO,. Cells were prepared and sorted (as
described above) for T memory (Tpmra/Tem/Tcm) cells. Sorted CD4
or CD8 T memory cells were collected, counted, and washed. T cells
were resuspended in T-cell medium containing 60 ng/mL IL21 at a
concentration of 2 x 10° cells/mL.

IVS to memory T cells
This method is published in detail elsewhere (41). For details, see
Supplementary Materials and Methods.

Coculture screening assays: IFN+y ELISpot, ELISA, and flow
cytometry for 0X40 and 41BB activation markers’ staining
DCs or cell-line cells were used as target cells, with 3 x 10°-1 x10°
cells/well in 96-well plates. Effector T cells (2 x 10*-5 x 10* cells/well)
were used in 96-well plates. All cocultures were performed in T-cell
media in the absence of exogenously added cytokines. Phorbol
12-myristate 13-acetate: ionomycin mixture (eBioscience) or CD28/
CD3 Dynabeads (Thermo Fisher Scientific) were used as a positive
control. In HLA-blocking assays, target cells were incubated with 20-
50 ug/mL blocking antibodies for 2 hours at 37°C, 5% CO,, and then
effector cells were added and incubated for 12 to 18 hours. IFNy
ELISpot assays were performed in MultiScreen-IP filter plates (EMD
Millipore). Each plate was pretreated with 50 UL 70% ethanol/well for
less than 2 minutes, washed three times with PBS and then coated with
10 pug/mL of an IFNYy capture antibody (60 pL/well, clone: 1-D1K,
Mabtech, diluted in PBS) overnight at 4°C. At the day of coculture,
each plate was washed three times with PBS and blocked with complete
media without IL2 for 2 hours at room temperature. After overnight
coculture (18-24 hours), the cells were harvested and transferred into a
round-bottom 96-well plate for flow cytometry staining and analysis.
Each ELISpot plate was washed five times with PBS containing
0.05% Tween 20 (MP Biomedicals) and then incubated for 2 hours
with 1 pg/mL, 0.22 umol/L-filtrated antihuman-IFNy detection
antibody (clone: 7-B6-1, Mabtech, 100 uL/well, diluted in PBS +
0.5% FBS). Next, each plate was washed five times with PBS containing
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0.05% Tween 20 and incubated for 1 hour with streptavidin-ALP
(Mabtech, 100 puL/well, 1:3,000 diluted with PBS + 0.5% FBS), followed
by three washes with PBS and development with 0.45-um-filtered
5-bromo-4-chloro-3-indolyl phosphate (BCIP)-nitroblue tetrazolium
(NBT) substrate solution (KPL, 100 uL/well) for 5 to 15 minutes. The
reaction was stopped by rinsing thoroughly with cold tap water. After
the plates dried completely, each ELISpot plate was scanned and
counted using an ImmunoSpot plate reader and associated software
(Cellular Technologies Limited). The harvested cells from the cocul-
ture ELISpot wells prior to IFNYy spot development were spun down
and the media discarded. Cells were resuspended in the remaining
liquid and stained for flow cytometry and surface expression of 41BB
and OX40 in Live/CD3™", CD4" or CD8", and mTCR" (when iTCR
was tested in the experiment) was assessed using BD FACSCantol or
BD FACSCantoll (BD Biosciences). All flow cytometry data were
analyzed using FlowJo software (TreeStar Inc). Cell media were
analyzed to IFNy by human IFNy Duoset ELISA (R&D Biosystems)
and completed as the protocol instructed.

Reactivity was defined by a higher percentage of cells either:
expressing 41BB and/or OX40 or demonstrating an increased number
of spots in the IFNY ELISpot when the RAS mutated antigen was tested
in comparison to the WT and DMSO. Reactivity could be in the gene
(FL/TMG), the LP levels, or in both.

Single-cell sorting and single-cell RT-PCR

T cells were sorted to single-cell cultures by identifying their
reactivity as reflected by the expression of 41BB/OX40 above the
background to target cells (single- or double-positive) as described
previously (44, 45). Cells were sorted into a 96-well plate containing
RT-PCR buffer (CellsDirect One-Step qRT-PCR kit, Thermo Fisher
Scientific), with each well containing one primer to the Co. and CB
regions (1.2 pmol/L for these gene-specific RT primers) and multiple
Vo and VB primers (0.6 wmol/L) in 10 uL volume. Cycling conditions
were: 50°C for 15 minutes, 95°C for 2 minutes, and 18 cycles of 95°C
for 15 seconds, 55°C for 30 seconds, and 72°C for 1 minute. The second
PCR was performed separately for TCRa and TCRp chains. Platinum
II Hot-Start PCR master mix (2X) was used for both PCRs for a total of
25 pL volume that included 2.5 pL of the RT-PCR mix with several
nested primers (0.6 umol/L each) for either TCRo. or TCRP targeting
the extended CDR3 regions of both chains. The PCR programs were:
95°C for 7 minutes, 5 cycles of 95°C for 15 seconds, 65°C for 15
seconds, and 72°C for 30 seconds, followed by 5 cycles of 95°C for 15
seconds, 60°C for 15 seconds, and 72°C for 30 seconds. This was
followed by 40 cycles of 95°C for 15 seconds, 65°C for 15 seconds, and
72°C for 30 seconds; then incubation at 72°C for 7 minutes; and finally
incubation at 4°C. The PCR products were purified and sequenced by
Sanger methods within internally nested Co and CP region primers
(Beckmann Coulter).

TCR reconstruction and subcloning into a retroviral vector
The Sanger sequencing method produced sequencing data that
contained the 3’ end of the variable region and the full CDR3 region of
matching TCRo. and TCRp genes. The data were analyzed using
IMGT/V-Quest tool (http://www.imgt.org/IMGT_vquest/vquest).
The pairing methods used herein are described elsewhere (16, 46, 47)
and are further explained at Supplementary Materials and Methods.
The full iTCR construct was cloned into a pMSGV11 retroviral vector.

T-cell transduction

T-cell stimulation was done by thawing autologous or healthy donor
apheresis nonadherent cells (from the APC protocol), resuspended in

CLINICAL CANCER RESEARCH


http://www.imgt.org/IMGT_vquest/vquest

T-cell medium and rested overnight at 37°C, 5% CO,. Cells were
harvested and stimulated by concentrating 3.75 x 10° cells/mL in
T-cell media containing 50 ng/mL soluble OKT3 (Miltenyi Biotec) and
300 IU/mL IL2 (Chiron), and every 2 mL (7.5 x 10° cells) were seeded
in a single well of a 24-well plate for 2 days. Retroviral supernatants
were generated (44) by seeding 2 mL of 6 x 10° cells/mL (cell
line medium) HEK-293GP packaging cell line in 6-well poly-p-
lysine—coated plates. After 24 hours, the media were changed to 2 mL
cell line media without antibiotic. HEK293 GPs were cotransfected
with 2 pg/well pMSGV-1 cloned plasmid and 1.4 pg/well envelope-
encoding plasmid RD114 using Lipofectamine 2000 (Life Technolo-
gies). Retroviral supernatants were collected 48 hours later and then
centrifuged onto Retronectin-coated (20 pug/mL; Takara) nontissue
culture-treated 6-well plates at 2000 G for 2 hours at 32°C. Stimulated
T cells were then washed, concentrated (2 x 10° per well at 0.5 x 10°
cells/mL in IL2 containing T-cell media), and spun onto the retrovirus
plates for 10 minutes at 1,500 rpm with the acceleration and brake set
at 1. After 12 to 48 hours of incubation at 37°C, 5% CO,, the cells were
removed from the plates and further cultured in rIL2 containing T-cell
media. GFP and mock transduction controls were included in trans-
duction experiments. The TCR transduction efficacy was confirmed by
using mouse TCRp antibody 8 to 16 days after day of stimulation. The
transduced TCR was tested in reactivity and avidity experiments.

TCR survey and deep sequencing

TCR-Vp deep sequencing was performed by immunoSEQ (Adap-
tive Biotechnologies) on genomic DNA isolated from peripheral blood
T cells and frozen tumor tissues. T-cell numbers in sequenced samples
ranged from approximately 2 x 10* to 1 x 10° cells. TCRB chain
clonality and productivity were analyzed using immunoSEQ Analyzer
3.0 (Adaptive Biotechnologies). Only productive TCR rearrangements
were used in the calculations of TCR frequencies.

Patient-derived xenografts

Fresh tumor tissues from patients were mechanically separated into
fragments of 2 mm in dimension. One fragment was then implanted
subcutaneously at the flank of an NOD/SCID gamma (NSG) mouse
using a 20-gauge needle. Tumor growth was monitored weekly.
Patient-derived xenografts (PDX) were harvested when their sizes
were greater than 1 cm in dimension.

Tumor cell line derived from PDXs

Freshly harvested PDXs were cut into small fragments and placed
in GentleMACS c-tubes containing 20 mL of tissue culture media.
The tumor cells were then mechanically dissociated by GentleMACS
dissociator (Miltenyi Biotec) using the “mouse implanted tumor 1.01”
program. The resulting cell suspension was run through a 100-um cell
strainer and washed once with culture media before being placed in
tissue culture flasks. Media were refreshed every 3 to 7 days and cells
were split when confluence reached 70%. The PDX-derived tumor cell
lines were characterized in more detail in the Supplementary Materials
and Methods.

Coculture of PDX-derived tumor cells with neoantigen-specific
TCR-transduced T cells

One day prior to coculture, tumor cells were placed into a 96-well
plate in concentration of 1 x 10 cells in 200 UL of culture media per
well. On the day of assay, 100 UL of fresh culture media with or without
peptides was added. T cells (1 x 10 cells in 100 uL of culture media)
were added to the tumor cells. The coculture was incubated at 37°C,
5% CO, for 16 hours. Supernatants from the coculture wells were
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collected from IFNy ELISA and nonadherent cells were harvested for
surface 41BB and OX40 marker detection by FACS.

Results

We prospectively tested TILs from 20 patients with gastrointestinal
cancer enrolled in clinical trials at the NCI Surgery Branch over the last
2 years whose tumors expressed RAS mutations. The general scheme
for identifying and validating TCRs targeting RAS hotspot mutations
is shown in Fig. 1. Briefly, to identify T-cell reactivity against RAS
hotspot mutations, patient TILs were cocultured with APCs either
transfected with IVT RNAs or pulsed with 24- or 25-mer LPs flanked
on either side of the hotspot mutation with 11 or 12 residues from
the normal RAS protein sequence (Supplementary Fig. S1A). The IVT
RNAs encoded either the FL mutant, the FL WT KRAS gene, TMG
encoding 12 of the RAS hotspot mutations or corresponding WT
residues (Supplementary Fig. S1A and S1B). Generally, LPs were
more efficient at detecting CD4 reactivities and transfected IVT
RNA was more efficient for the detection of reactive CD8 T
cells (18). To test CD8 T-cell reactivity, we also used a library of
predicted ME peptides from the RAS mutations for common
MHC-I using the prediction algorithm NetMHC 4.0 (DTU Bio-
informatics; Supplementary Fig. SIC). As positive controls, we took
advantage of an HLA-A*11*01-restricted mouse TCR recognizing
RAS®"P and the human HLA-A*11:01-restricted TCR recognizing
RAS'2Y that our group previously reported (refs. 41, 48; Supplementary
Fig. S2.). Reactivity was tested by IFNYy secretion and by 41BB and
OX40 coreceptors upregulation. Although, we always tested and gated
for both 41BB and OX40 upregulation, as expected, 41BB upregulation
usually detects CD8 reactivity and OX40 upregulation usually detects
CDS8 reactivity.

Identification of anti-RAS T-cell reactivity from TIL

As an example of this approach, 24 tumor fragments dissected from
a metastatic colon cancer deposit from patient 4391 that expressed the
KRASS'?Y mutation were initially cultured in the presence of 112 as
described previously (49). Lymphocytes generated from these frag-
ments were subsequently cocultured with autologous DCs loaded with
RAS peptides/TVT RNA (Fig. 2). One TIL fragment (F1) demonstrated
reactivity against RAS'?Y based on the upregulation of 4-1BB and
0X40 (Fig. 2A and B) and by ELISpot measuring IFNY secretion levels
(Fig. 2C).

A prediction algorithm (NetMHCpan4.0) was then used to
identify candidate MEs from RAS®'?Y potentially able to bind to the
HLA class I restriction elements (RE) present in patient 4391 (Fig. 2D).
In addition to the VVGAVGVGK and VVVGAVGVGK peptides,
previously shown to be recognized in the context of HLA-A*11:01 (48),
the AVGVGKSAL peptide (ME8) was predicted to be a weak binder to
C*01:02 and the peptide GAVGVGKSA was predicted to bind weakly
to HLA-B*55:01 (Fig. 2E). When F1 was tested against DCs loaded
with RASS'?Y MEs (listed in Supplementary Fig. S3A), reactivity was
found against ME8 (Fig. 2F; Supplementary Fig. S3B). Reactivity was
also detected against the RAS®*? LP but not the RAS™™ LP (Fig. 2F).
To identify the RE responsible for presentation of the RAS MES
peptide, F1 TILs were cocultured with peptide-pulsed COS7 cells that
had been transfected individually with plasmids to encoding the
patient’s HLA class I alleles. The results demonstrated that COS7
cells expressing HLA-C*01:02 but not any of the additional HLA REs
expressed by patient 4391 were recognized by TIL F1 T cells that had
been pulsed with the MES peptide or the RAS®’?Y LP (Fig. 2G). To
evaluate the avidity of the recognition, TIL F1 was cocultured with
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Identification and validation of RAS hotspot mutation-reactive T cells from cancer patients with RAS mutations. A, Patient apheresis is collected. The blood is
separated into adherent cells that are used to generate immature DCs (imDC). The imDCs are loaded with short predicted ME or with LP or are transfected with mRNA
of the FL gene of the specific RAS mutation or with TMG containing all the common (more than 0.5%) RAS mutations. These Ag-loaded DCs are used for activating and
testing T cells in all stages. B, Nonadherent cells (PBLs) are sorted into CD4 or CD8 T (CD3), central/effector memory (Tem/Tem), or effector (Temra) cells (excluding
naive T cells) by using CD45R0 and CD62L. This subset is used for IVS with RAS Ag-loaded DCs by coculture for 3 days with IL21 and then expanded with media
containing IL21+IL2 every 2 days. Cells are restimulated and sorted for high expression of 41BB/0X40 and rapidly expanded (REP) for another 14 days. C, Tumor
metastases are resected and cut into 24 fragments. TILs collected from each fragment are expanded in media containing IL2 until there are enough cells for testing
(usually about 4-6 weeks). D, T cells are tested for reactivity to RAS mutations by IFNy ELISpot, and 41BB/OX40 flow cytometry assays. The positive cultures are
sorted to enrich the RAS reactive cells and then single cells are sequenced. The TCRs are reconstructed (iTCR) using mouse constant TCR elements to enhance the
iTCR 0,/B pairing. The iTCR are transduced into autologous/healthy donor PBLs and tested for specific RAS-mutated and WT reactivity. Specific RAS-mutated TCRs
with good avidity could then be used to treat the patient (as neoantigen treatment). E, After identifying the MHC restriction, the TCR could potentially be used to treat

other patients having the same RAS mutation and MHC. All TCRs are saved in a library as prepared GMP vectors.

autologous DCs loaded with different peptide concentrations. Recog-
nition of the ME8 peptide by TIL F1 was seen in concentrations as low
as 10 ng/mL based on IFNYy ELISpot (Supplementary Fig. S3C). To
identify TCR(s) reactive with the RAS®'?Y C*01:02 epitope, F1 T cells
that had been stimulated with DC transfected with the mutated TMG,
were sorted for single-cell sequencing which revealed one functional
TCR. The TRA and TRB chain sequences (TCR data in Supplementary
Table S6) were cloned into the MSGV1 retroviral vector, which was
then used to generate transient retroviral supernatants, which were
used to virally transduce into healthy donor PBLs. The resulting bulk
population was then evaluated for its ability to recognize DCs pulsed
with the ME8 and corresponding WT peptides. On the basis of IFNy
ELISpot, the TCR recognized the mutated ME-loaded cells at con-
centrations as low as 10 ng/mL, similar to the minimum concentration
recognized by TIL F1 T cells (Fig. 2H). Although the transduced cells
were not separated into CD4 and CD8, the reactivity appeared to be at
least partially CD8 coreceptor dependent as shown by FACS analysis of
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the gated populations (Supplementary Fig. S3D and S3E). Although
the TCR was isolated from TILs, there was a potential risk that the
TCRs recognizing the synthetic peptides/TMG would not recognize
the tumor or would cross-react to an unknown antigen expressed in
normal tissues. In an attempt to address this potential issue, 4391-
TCR-transduced cells were tested for recognition against multiple
tumor cell (TC) lines that either did or did not express HLA*C01:02 or
RASS'2Y. TCR-transduced cells only recognized xenograft cell lines
from patients 4391 and 4385, both of which expressed HLA-C*01:02
and RAS®"?Y, but not six additional cell lines that lacked expression of
either RAS®'?Y or HLA-C*01:02. Pulsing the 4391 and 4385 TC lines
with the ME8 peptide further enhanced recognition of the lines by
4391-TCR-transduced T cells, and in addition led to recognition of
4327, a colorectal TC line that expressed HLA-C*01:02 but not the
RASS'?Y mutation (Fig. 2I; Supplementary Fig. S3F and S3G).
Similar analyses were carried out in other patients with tumors
bearing RAS mutations. Screening of TIL fragment cultures from
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Figure 2.

TCR-recognized RAS®™? hotspot mutation discovered by TIL screening. TIL fragments were screened for reactivity against autologous DCs transfected with RAS
TMG (WT/Mutated) or loaded with 24-mer long peptide (RAS®™?V/RASWT). Coculture with DCs loaded with DMSO was used as a negative control. Anti-CD28/CD3
beads were used as a positive control. A, Most fragments, after gating on the live/CD3 " cells and including fragment 1(F1), primarily contained CD8™ cells. Fragment
reactivity tested in flow cytometry assays measured upregulation of 41BB* and OX40™" (B) or by IFN-y ELISpot (C). D, Table containing the patient 4391 MHC-I
restriction elements. E, Table with the best-predicted RAS®'?Y minimal epitopes (low % rank) to bind to the patient MHCs by the NetMHC 4.0. F, To determine which
ME is recognized by TIL F1, cells were cocultured with autologous DC preloaded with RAS®™?Y MES, with LP (RAS®?Y/RASYT), or with DMSO at an equivalent
concentration. Reactivity was determined by upregulation of 41BB and 0X40 surface markers in live/CD3*/CD8" by flow cytometry. G, For testing the MHC-|
restriction element, TIL F1 were cocultured with COS7 cells pretransfected with patient’s class | HLA DNA plasmids and loaded with LP (RAS®™V/RASYT) or MES.
Reactivity was determined by IFNy ELISpot. One TCR was identified from patient 4391 TIL fragment F1after single-cell sequencing. This TCR was virally transduced to
healthy donor (HD) PBLs. H, The TCR avidity was tested in the transduced cells by coculture with DCs loaded with different concentrations of RASC®™?Y/RASWT 9-mer
ME8 or the equivalent WT sequence WT4. The cells were tested via IFNy ELISpot, with anti-CD28/CD3 beads used as a positive control. I, The TCR specificity and
tumor recognition tested by coculturing the TCR-transduced HD cells with different TC lines with or without (&) RAS®'?Y and HLA-C*01:02. TC lines were loaded with
RAS®'2Y MES8, or not peptide-loaded (media). Unloaded TC lines expressed their native peptidomes (including RAS®'?"). The reactivity was tested by IFNy ELISA and
by flow cytometry assay for 41BB/OX40 surface marker upregulation in live/CD3*/mTCR"/CD8™ cells. Untransduced HD loaded with ME8 was used as a negative
control.

patient 4385 TIL demonstrated that Fragment 11 also recognized
RAS®™?Y in the context of HLA-C*01:02 (Supplementary Fig. S4A-
$41). The single dominant TCR identified from the reactive fragment
was then cloned into the MSGV1 recombinant retroviral construct, and
transient retroviral supernatants used to transduce healthy donor PBLs.
The results of a peptide titration assay demonstrated that the TCRs from
patient 4385 possessed a similar avidity as the TCRs isolated from 4391
(Supplementary Fig. S4E-S4M). In addition, patient 4373 TIL Frag-
ment 8 recognized the RAS®'?" (Supplementary Fig. $5A), and PBLs
transduced with TCR-2 isolated as described above were reactive to
RAS'?P in the context of HLA-A*11:01 (Supplementary Fig. S5B).
Peptide titration assays indicated that TCR recognized the RASS'*P
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10-mer VVVGADGVGK at a minimal concentration of 1 ng/mL, but
recognized the 9-mer VVGADGVGK at approximately 1,000 fold
higher concentration (Supplementary Fig. S5C and S5D). Finally, CD4
reactivity against RAS®"*" was detected in patient 4400 TIL fragments
(Supplementary Fig. S6A-S6C). From six isolated TCRs, two specifi-
cally recognized RAS®"*P (Supplementary Fig. S6D-S6F) in the context
of HLA-DQA1*05:01/HLA-DQB1*03:01 (Supplementary Fig. S7A and
S7B) at a minimum concentration of 1 ng/mL (Supplementary
Fig. S7C-S7F). Overall screening of TIL fragments from 20 patients
with tumors bearing RAS mutations for anti-RAS reactivity demon-
strated reactivity in 25% (5/20) of the screened patients and in 2.2%
(8/370) of total fragments screened (Supplementary Table S1).
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Identification of anti-RAS T-cell receptors from PBLs

Recently, we demonstrated that reactivities that were not readily
detected by screening TIL could be detected by stimulating patient’s
PBL using DCs presenting the mutated antigens (41, 50, 51). This
IVS was required due to the low frequency of neoantigen-specific T
cells in the blood. On the basis of studies of the sequence of the V-
chain of human TCR, these reactive T cells can be as rare as 0.001%
in PBLs and can be below the threshold of detection of our reactivity
test (51). We used this method to search for additional RAS-specific
TCRs directed against nonsynonymous RAS mutations from patients’
PBL. Initial screening of TIL fragments from colorectal cancer patient
4360 whose tumor bore a RASS'? failed to demonstrate reactivity
against the mutated RAS long peptide or minigene antigen (Supple-
mentary Fig. S9). PBL [(nonadherent peripheral blood mononuclear
cells (PBMC)] collected by apheresis were subject to IVS by a
method (Fig. 1B) involving electronic sorting of the Tcp, Tem, and

A Sort gating after memory PBL LP IVS
} ; 754
|

DMSO

Trmra populations of the patient’s bulk PBL (41). Sorted T cells were
cocultured with autologous DC loaded with RAS antigens for 14 days
and screened for reactivity by flow cytometry following antigen
stimulation (Fig. 3A). T cells upregulating 41BB and OX40 costimu-
latory molecules following RAS®*?Y LP IVS that had been sorted
and subjected to a rapid expansion protocol (REP) and were then
tested for reactivity. CD4 reactivity against the mutated LP and
lesser reactivity against the WT peptide were seen (Fig. 3B and C).
Following IVS with the RASS'*Y LP recognized DCs loaded with
the mutant RASS'?Y LP down to a concentration of 100 pg/mL.
Although the RASYT LP was recognized at a minimal concentration
of 10 ng/mL, reactivity against RAS®'?Y LP was higher in all con-
centrations except 10 pg/mL, indicating specificity for the mutant
neoepitope (Fig. 3D and E).

To identify the MHC-II restriction elements recognized by the
reactive cells, the cells following LP IVS were cocultured with COS7 cell
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Figure 3.

TCR discovered by PBL IVS. PBL were sorted into CD4 or CD8 memory and effector T cells and IVS with DCs loaded with RAS®™?Y LP. After the stimulation period, T
cells were restimulated with the same target cells. A, Flow cytometry assay dot plot showing the gating strategy in which CD4 cells were sorted for high expression of
0X40 and 41BB surface markers following RAS®™?Y LP IVS, with DMSO used as a negative control. Band C, The sorted cells were rapidly expanded (REP) following the
IVS protocol (LP IVS), and were tested for reactivity against RAS by coculturing with DC transfected with WT/Mut TMG or loaded with RAS®'2Y/RASYT LP or an
equivalent amount of DMSO. Cells that were stimulated but did not sort (no sort) or unstimulated cells (no stimulation) were used as a control for the IVS. T cell only
and with anti-CD28/CD3 beads used as negative and positive controls, respectively. After overnight coculturing, cells were analyzed for IFNy ELISpot (B) and 41BB/
0X40 (C) surface marker upregulation in the live/CD3%/CD4* gated population by flow cytometry analysis. D and E, CD4 cells after RAS®™Y LP IVS (including one
REP after sorting) were tested for avidity to RAS®™?Y. The cells were cocultured with DCs loaded with RAS®'2Y/RASWT LP at various concentrations. After overnight
coculturing, cells were analyzed via IFNy ELISpot (B) and 41BB/0OX40 (C) surface marker upregulation in the live/CD3*/CD4* gated population by flow cytometry
analysis. F, The MHC-Il restriction element recognized by 4360 CD4 PBL after RAS®'?Y LP IVS was determined via IFNy ELISpot (left axis and bars) and 41BB/0X40
flow cytometry assay (right axis and circles). The cells were cocultured with COS7 transfected with DNA plasmids containing the different combinations of the
patient’s MHC-Il o and B chains and loaded with RAS®™2 LP.
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LP pg/mL

4360 TCRs recognized RAS hotspot mutation: validation, avidity, and reactivity. A=K, Two TCRs (TCR1, TCR2) identified from patient 4360 CD4 PBL after LP
IVS single-cell sequencing. A, Deep sequencing (Adaptive Biotechnologies) of DNA extracts from four tumor fragments (FrTu) revealed TCR1 existed in one
of these fragments (5.7 repeats in 100,000 cells) while TCR2 did not exist in any. B, Both TCRs were mRNA transfected or C, virally transduced into a Jurkat-
CD4-NFAT-Luciferase cell line and then cocultured with DC loaded with RAS®'?Y/RASYT LP or the equivalent amount of DMSO. Luciferase activity was
measured and presented in Luminescence units. TCR1 (D-G) and TCR2 (H-K) were virally transduced into patient 4360 PBLs. The cells were enriched to
CD3%/CD4" cells (D, F, H, J) or enriched to CD3"/CD8" cells (E, G, I, K). The transduced cells were cocultured with DCs loaded with different concentrations
of RAS®™2Y/RASWT LP. TCR avidity in live/CD3*/mTCR™ cells was analyzed by fow cytometry for 41BB/0X40 surface marker upregulation (D, E, H, 1) and

IFNy ELISpot (F, G, J, K).

lines transfected with DNA plasmids encoding the MHC-1I o and 3
chains of patient 4360 and loaded with RAS®'?Y LP. Results showed
that the recognition was restricted to DPB1%03:01. Interestingly,
reactivity was seen when DPB1¥03:01 was cotransfected with either
DPA1*01:03 or DPA1*02:02 (Fig. 3F). In the United States, about 20%
of the Caucasian population has the DPB1*03:01 allele (Allele Fre-
quency Net Database: allelefrequencies.net). Reactive cells were sorted
and single-cell sequencing resulted in the identification of two
candidate reactive TCRs (TCRI and TCR2). Deep sequencing of
four tumor fragments (Adaptive Biotechnologies) showed that the
TCR1 (CDR3 B chain) sequence was detected in only one of the
tumor fragments at the frequency of 5.7 x 107 (specific TCR in
total TCRs), whereas TCR2 was not detected in any of the tested
tumor fragments (Fig. 4A). These two TCRs were tested in a
reporter system (see Materials and Methods and ref. 45). The TCRs
were either IVT RNA-transfected or retrovirally transduced into
Jurkat cells containing the Luciferase reporter gene under the
regulation of NFAT and cocultured with DCs loaded with the
RASS'?Y or RASYT LP. Luciferase activity showed that TCRI1
specifically recognized the RASS'?V-mutated peptide, whereas

AACRJournals.org

TCR2 had higher specificity to the RAS"" peptide (Fig. 4B and
C). These results were supported by carrying out peptide titration
assays of autologous PBLs that were enriched for CD4 or CD8 cells,
followed by transduction of the 4360 TCRs (Fig. 4D-K). These
results showed that TCR1 is highly specific against the RASS'?Y LP-
loaded autologous DCs, and indicated that this reactivity was partly
CD4 coreceptor dependent (Fig. 4D-G). Overall, by using the PBL
IVS method, mutated RAS-specific reactivity was found in 3 of 7
patients in whom this reactivity was not previously detected by TIL
fragment screening (Supplementary Table S2).

Our current clinically relevant and validated TCRs recognizing a
RAS mutation in high avidity are presented here in tables: one for CD8
(Table 1) and for CD4 (Table 2) cell recognition. This library of TCRs
against RAS mutations has the potential for use as off-the-shelf
reagents for patient treatment. Among patients having RAS-
mutated cancers, at least one TCR (CD4 or CD8) is available for use
in treatment for about 45% of the Caucasian and about 60% of
the Asian populations in the United States. Further data regarding
receptors’ sequences and antigens are also available (Supplementary
Table S6).

Clin Cancer Res; 27(18) September 15, 2021
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Note: CD8 TCR Supplementary table showing columns (from left to right): the hotspot mutation recognized by the TCR and the percentage of this mutation among RAS-mutated cancer patients; number of TCRs

discovered from the same patient recognizing the same target; the HLA-I restriction each TCR recognizes; percentage of the allele frequency (taken from allelefrequencies.net) and calculation of the percentage of the
individuals in the Caucasian or Asian populations (*); percentage of patients eligible for treatment, calculated by multiplying the frequency of individuals that have the allele with the frequency of this RAS mutation (asinthe

first column) with the sum of percentages from all TCRs (the bottom of this column); ME sequence recognized by the TCR; patient number; the method used to find the TCR (TIL screen/PBL IVS); patient cancer diagnosis in

which TCR was found; reference if the TCR has been published before and, if so, where.

Discussion

ACT using autologous TILs can mediate objective responses in
about half of patients with metastatic melanoma, including a quarter
with durable complete responses (7, 9). As described elsewhere, this
method involves the excision of a metastatic tumor and culture of
tumor fragments in the presence of IL2 to enable the growth of TILs.
After adequate growth occurs, these TILs are tested for recognition of
tumor antigens by either coculture with autologous DCs pulsed with
peptide pools or transfection with mRNA encoding mutations iden-
tified from the whole-exome sequencing of the patient’s tumor. Using
this method, we found T-cell reactivity in about 80% of patients with
metastatic cancers across multiple histologies that include melanoma,
colon, pancreas, ovary, and breast (4, 8, 13, 15, 18). However, this
process can fail to identify reactivities to antigens recognized by a low
percentage of T cells.

RAS mutations can potentially serve as good targets for immu-
notherapies because the mutations are usually in hotspot mutations
and are common among cancer patients with various types of
cancers (19-28). We have previously detected T-cell reactivity against
RAS hotspot driver mutations and identified the accompanying TCRs
from reactive TILs from 3 patients (17, 52). We also showed that
administration of TILs targeting a KRAS mutation could induce the
regression of metastatic cancer in a patient with colon cancer who is
now living disease-free over 4 years later (17).

Here, we are describing an efficient and sensitive means to identify
anti-RAS reactivities using two methods established in our lab. Unlike
our previous screening of TIL fragments against all somatic mutations,
here the TIL screening and stimulations were performed specifically
against the known RAS hotspot mutations by using available and
validated reagents specifically for RAS mutations. By using this
method, we found that 25% (5/20) of newly screened patients had
TIL reactivity to a RAS hotspot mutation (Supplementary Table S1.).

A second method, employing a PBL IVS approach, enabled the
identification and isolation of additional RAS-reactive T cells that were
present at very low frequencies in PBLs of patients with metastatic
cancer (41). Using the PBL IVS method, we were able to identity RAS
reactive T cells in 43% (3/7) of the patients tested. Notably, these
reactivities to RAS were not found by screening TIL (Supplementary
Table S2). An advantage of identifying TCRs from PBL is that it does
not require invasive procedures to harvest patients’ tumor lesions and
thus it also helps reduce the time needed to produce a cell product for
treatment (50).

We previously showed that administration of PBL retrovirally
transduced with TCRs targeting MART-1 or gp100 melanocyte/mel-
anoma antigens can mediate regression in patients with metastatic
melanoma (53). In addition, we demonstrated that the transduction of
a TCR targeting the NY-ESO-1, a cancer germline antigen, could
mediate regression of metastatic synovial cell sarcomas (54, 55). An
advantage of using PBLs transduced with TCRs is the ability to create
less differentiated effector cells. This contrasts with the senescent state
of antigen-reactive TILs where the effector cells have been repetitively
stimulated by antigen in vivo and have lost much of their proliferative
and effector potential.

Because all T cells underwent negative selection in the thymus,
TCRs discovered from human T cells are less likely to recognize patient
self-antigens. However, IVS method has a risk of producing de novo
reactivity that did not previously exist in vivo and might generate
T cells with TCRs that recognized normal as well as TCs. To address
this risk, the cells used for IVS were solely memory cells. These cells had
already been stimulated in vivo and likely differentiated and
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Colon

PBL IVS

4238

32% (*16.6% U.S. San Francisco Caucasian)

25.5% (14.5%)
20% (10%)
18% (9%)

DRB3*02

6

1

KRAS p.G12D (35%)
KRAS p.G12V (24%)

52

Endometrial

Colon

TIL screening

PBL IVS

4148
4360
4304

6.12
4.8

DRB1*07:01

DPB1*03:01
DRB1*01:01

Colon

TIL screening
TIL screening

4.32
4.55
1.05

1.05

Colon

35.1% (19.1%) 4400
35.1% (19.1%)

DQAT*05:01/D@B1*03:01

2

KRAS p.G13D (13%)
KRAS p.G12R (3%)

Colon

TIL screening
TIL screening

4268
4270

DQAT*05:05(05:01)/DQB1*03:01

DRB5*01

Pancreatic

35% (*18% U.S. San Francisco Caucasian)

33.09

Note: CD4 TCR Supplementary table showing columns (from left to right): the hotspot mutation recognized by the TCR and the percentage of this mutation among RAS-mutated cancer patients; number of TCRs
discovered from the same patient recognizing the same target; the HLA-II restriction each TCR recognizes; percentage of the allele frequency (taken from allelefrequencies.net) and calculation of the percentage of the

individuals in the Caucasian or subpopulations (*); percentage of patients eligible for treatment, calculated by multiplying the frequency of individuals that have the allele with the frequency of this RAS mutation (as in the
first column) with the sum of percentages from all TCRs (the bottom of this column); patient number; the method used to find the TCR (TIL screen/PBL IVS); patient cancer diagnosis in which TCR was found; reference if the

TCR has been published before and, if so, where.
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proliferated following infection or malignancy. Addition to the higher
chance of finding a reactive cell, it is less likely that de novo reactivity
will be generated by using this IVS approach. Using our methods, the
TCRs were discovered using TIL or memory T cells that by definition
developed naturally by the patient in vivo. This approach is, therefore,
less likely to recognize self-antigens compared with the use of normal
healthy donors as described by others (56, 57). The TCRs identified
through IVS of PBL from patient 4360 failed to recognize autologous
APC pulsed with RAS WT peptides. In addition, through deep
sequencing of tumor fragments we detected mutant RAS-reactive
TCR1 at low concentrations, further supporting that the IVS we
performed did not introduce a de novo reactivity but rather enriched
the RAS-reactive TILs that preexisted. Our data showed that PBLs
expressing anti-mutant RAS TCRs specifically recognized not only the
autologous patient-derived tumor cell line but also allogenic tumor
cell lines with matching MHC restriction and RAS mutation, which
suggests that these TCRs can potentially be used as “off-the-shelf”
reagents for inmunotherapy (Fig. 3D). Further studies are needed to
demonstrate their ability to treat tumor cells in vivo.

The library of TCRs presented here are those that were identified to
have strong avidity to mutant RAS and little to no self or RAS WT
recognition. We focused on RAS®*°/RAS'?Y mutations because
they are the most common; however, we also successfully isolated
TCRs targeting less common RASS*® and RAS®'?%, Taken together,
among patients with cancer whose tumor cells contain a RAS muta-
tion (about 30% of all patients with cancer), about 45% of the
Caucasian and about 60% of the Asian populations in the United
States could potentially benefit from the RAS-specific TCR library we
have developed. In on-going research, we are attempting to identify
additional TCRs that can be used to treat additional populations. We
have recently received permission to treat patients with the allogeneic
anti-mutant RAS TCRs from the TCR library described in this article
under the NCI clinical protocol (NCI-18-C-0049) and are making all
TCR sequences we have identified in this report now widely available.
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