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More T cell receptors to the RAScue in cancer?
Eric Tran

Earle A. Chiles Research Institute, a division of Providence Cancer Institute, Portland, Oregon, USA.

T cell receptor–based cell 
therapies against solid cancers
The administration of in vitro–expanded 
tumor-infiltrating lymphocytes (TILs) 
was the first T cell receptor–based (TCR-
based) cellular therapy to target solid 
cancers. This approach was pioneered 
by Rosenberg and colleagues at the 
National Cancer Institute (NCI) (1) and 
entails obtaining tumor material from a 
patient, followed by large-scale in vitro 
expansion of T cells within the TIL and 
infusion of these cells into the patient 
followed by interleukin-2 (2). Notably, 
this therapy can mediate durable clinical 
responses in some patients with meta-
static melanoma (3–5), which led to its 
approval by the FDA for this indication 
in February 2024. TIL therapy also has 
mediated clinical responses in epithelial- 
derived cancers, and like in melanoma, 
responses largely were driven by T cells 
harboring TCRs that target tumor anti-
gens, such as neoantigens derived from 
cancer mutations (6).

The ability to isolate tumor-reactive 
TCR sequences and advances in T cell 
engineering permitted the development 
of TCR-gene therapy (TCR-T), a strate-
gy that involves the in vitro genetic inser-
tion of a tumor antigen–reactive TCR into 
the peripheral blood T cells of a patient, 
followed by expansion and infusion of 
the gene-modified T cells back into the 
patient (2). This process can generate a 
large number of tumor-antigen–reactive T 
cells. Unlike TIL therapy, which can only be 
used to treat the autologous patient, TCR-T 
allows for an “off-the-shelf ” TCR that can 
be used to treat any patient whose tumors 
express the targeted antigen and matching 
HLA-restriction element of the TCR.

The targeted antigen is a key consider-
ation for TCR-T; optimal tumor antigens are 
tumor specific, to avoid toxicity in healthy 
tissue, and essential for maintenance of the 
malignant phenotype. Oncogenic viruses 
and driver mutations fulfill these criteria. 
Indeed, regression of metastatic epithe-
lial-derived cancer has been observed in 

patients receiving TCR-T targeting onco-
genic HPV16-E6 or E7 (7, 8) or the hotspot 
mutations KRAS G12D (9) or TP53 R175H 
(10). A major limitation of TCR-T, how-
ever, is that a given TCR only can treat an 
often-small subset of patients due to the 
dual requirement of the specific tumor anti-
gen and HLA expression. For example, less 
than 5% of USA White and Black patients 
with pancreatic ductal adenocarcinoma 
(PDAC) would be eligible for TCR-T using 
the HLA-C*08:02–restricted KRAS G12D 
targeting TCRs of Leidner and colleagues 
(9). One strategy to extend TCR-T eligibil-
ity to more patients is to identify additional 
TCRs that target tumor antigens restricted 
by different HLA, thereby building a library 
of off-the-shelf TCRs.

Identification and 
characterization of mutant 
KRAS-reactive TCRs
In this issue of the JCI, Bear et al. (11) 
add to the expanding library of promising 
TCRs targeting oncogenic KRAS muta-
tions (12–15). The authors further charac-
terize two TCRs from their past study (16) 
derived from healthy donors’ peripheral 
blood T cells. These TCRs targeted KRAS 
G12V in the context of HLA-A*03:01 or 
HLA-A*11:01, which are common HLA 
alleles found in individuals identified as 
White, Black, and Asian in the US. Bear 
and authors also reported an addition-
al KRAS G12V-reactive, HLA-A*11:01–
restricted TCR from one of the healthy 
donors. Notably, the authors explored 
the potential of isolating mutant KRAS–
reactive (mKRAS-reactive) TCRs from 
patients who received a mKRAS vaccine in 
a phase 1 trial. The vaccine comprised an 
autologous mature DC vaccine given intra-
venously in the adjuvant setting in patients 
with PDAC. Nine patients received two 
doses of the vaccine (prime and boost), 
which consisted of DCs exposed to (aka 
pulsed with) various long and/or short 
mKRAS peptides. Some patients received 
a vaccine that contained other KRAS G12 
mutations in addition to the KRAS G12 
mutation expressed by the autologous 
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Treatment with T cells genetically engineered to express tumor-reactive T 
cell receptors (TCRs), known as TCR-gene therapy (TCR-T), is a promising 
immunotherapeutic approach for patients with cancer. The identification 
of optimal TCRs to use and tumor antigens to target are key considerations 
for TCR-T. In this issue of the JCI, Bear and colleagues report on their use of 
in vitro assays to characterize four HLA-A*03:01– or HLA-A*11:01–restricted 
TCRs targeting the oncogenic KRAS G12V mutation. The TCRs were derived 
from healthy donors or patients with pancreatic cancer who had received a 
vaccine against mutant KRAS. The most promising TCRs warrant testing in 
patients with KRAS G12V–positive cancers.
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testing to determine whether the TCRs rec-
ognize any other HLA molecule in an anti-
gen-independent manner (known as HLA 
alloreactivity) would be prudent. Bench-
marking the antitumor activity of the TCRs 
against other published HLA-A*03:01– and 
HLA-A*11:01–restricted KRAS G12V-tar-
geting TCRs (12, 13) would be interesting. 
It also is unknown whether vaccination of 
patients is a superior approach to obtain 
potent antitumor mKRAS-reactive TCRs 
compared with current in vitro or preclini-
cal in vivo methods. However, even when 
equipped with seemingly optimal TCRs, 
TCR-T faces challenges. Expression of the 
targeted antigen can be heterogeneous 
and low, which could lead to suboptimal 
tumor recognition in vivo. Indeed, the 
abundance of the targeted KRAS G12V 
peptide/HLA complex on the surface of 
in vitro–cultured tumor cells in this study 
was variable, often between four and 242 
copies per cell even in cell lines that were 
engineered to constitutively express the 
restricting HLA molecule. Targeting a sin-
gle antigen with TCR-T runs the risk of 
tumor evasion through downregulation or 
genetic loss of the restricting HLA element, 
a phenomenon observed in some patients 
treated with TCR-based cell therapy (8, 10, 
17). Overlayed on top of these and other 
tumor-intrinsic factors is the suppressive 
tumor microenvironment (TME).

While these challenges may be daunt-
ing, there is reason for optimism. Even 
when targeting a single antigen, TCR-T 
has mediated clinical responses in some 
patients, perhaps best exemplified by the 

10-to-100-fold lower potency compared 
with the KRAS G12V peptide. The authors 
did not identify any concerning cross-re-
activity of the TCRs against a select panel 
of peptides derived from the human pro-
teome that were structurally related to the 
G12V peptide.

Coculture experiments of the TCR- 
engineered T cells with peptide-pulsed anti-
gen-presenting cells and various tumor cell 
lines as targets revealed that T cells with 
TCR A11Va had high functional avidity 
and were the most potent at killing tumor 
cell lines in vitro. In CD4+ T cells, the three 
HLA-A*11:01 restricted TCRs were partial-
ly functional while the A3V TCR was not 
functional, which has implications if the 
TCR is to be introduced into CD4+ T cells 
for therapy. Interestingly, the TCR A11Vc 
derived from the vaccinated patient rec-
ognized a nonamer KRAS peptide, while 
the other three TCRs recognized a decam-
er KRAS peptide. This finding is import-
ant because targeted mass spectrometry 
revealed that the decamer was more abun-
dantly presented than the nonamer at the 
surface of the cancer cell lines tested, sug-
gesting that TCRs targeting the decamer 
KRAS G12V peptide may be more effective 
than nonamer targeting TCRs due to a 
higher density of target antigen.

Considerations and outlook
Four KRAS G12V-reactive TCRs from 
Bear et al. (11) have the potential for use 
in TCR-T (Table 1). The authors selected 
the A11Va TCR as the lead candidate for 
clinical development, but additional safety 

tumor. The vaccine was safe, with no 
grade 3 adverse events observed, and five 
of nine patients were alive at the median 
follow-up of about 25 months. The vaccine 
elicited T cell responses against mKRAS in 
six of nine patients as determined by IFN-γ 
ELISPOT assay, and the inclusion of long 
mKRAS peptides appeared to enhance 
immunogenicity of the vaccine, likely 
through stimulation of CD4+ T cells.

In an exemplary case, a patient with 
the HLA-A*03:01 and HLA-A*11:01 gen-
otype was vaccinated with mature DCs 
pulsed with a nonamer (nine amino acid) 
and decamer (10 amino acid) KRAS G12V 
peptide. Two weeks later, the authors 
detected an elevated frequency of T cells 
in the peripheral blood that specifically 
recognized mKRAS G12V and not wild-
type KRAS in the context of HLA-A*11:01. 
A mKRAS-reactive TCR sequence was iso-
lated from an oligoclonal population of T 
cells in this patient (designated A11Vc).

This TCR alongside three other KRAS 
G12V–reactive TCRs derived from periph-
eral blood T cells of two healthy donors 
underwent in vitro testing for specific-
ity, cross-reactivity, functional avidity, 
function in CD4+ T cells (CD8 coreceptor 
dependency), and tumor cell-line recogni-
tion. Three of the four KRAS G12V-reac-
tive TCRs were restricted by HLA-A*11:01 
(A11Va, A11Vb, and A11Vc), while one 
TCR was restricted by HLA-A*03:01 
(A3V). All four TCRs did not recognize 
wild-type KRAS, but interestingly, the 
three HLA-A*11:01–restricted TCRs rec-
ognized the KRAS G12C peptide, albeit at 

Table 1. Summary of mKRAS G12V-reactive TCRs in this study

TCR A3V TCR A11Va TCR A11Vb TCR A11Vc
Source of TCR Healthy donor Healthy donor Healthy donor Patient with PDAC after mKRAS vaccine

HLA restriction element HLA-A*03:01 HLA-A*11:01 HLA-A*11:01 HLA-A*11:01

Approximate HLA frequency in UEW, UA, UC populationsA UEW: 28% 
UA: 16% 
UC: 3%

UEW: 12% 
UA: 2% 
UC: 55%

UEW: 12% 
UA: 2% 
UC: 55%

UEW: 12% 
UA: 2% 
UC: 55%

KRAS G12V peptide recognized VVVGAVGVGK VVVGAVGVGK VVVGAVGVGK VVGAVGVGK

Length of peptide (position in KRAS) 10 amino acids (7–16) 10 amino acids (7–16) 10 amino acids (7–16) 9 amino acids (8–16)

HLA/peptide presentation on select cancer cell lines (copies/cell) 10.6 to 80.5 34.6 to 242.2 34.6 to 242.2 4.8 to 67.8

Dependent on CD8 coreceptor Yes Partial Partial Partial

Relative in vitro cytotoxicity against select cancer cell lines  
in CD8+ or CD4+ T cells

CD8+: medium 
CD4+: none

CD8+: highest 
CD4+: medium

CD8+: high 
CD4+: low

CD8+: high 
CD4+: low

AFrom the Allele Frequency Net Database (http://allelefrequencies.net/). UEW, USA European White; UA, African; UC, Chinese.

https://doi.org/10.1172/JCI184782
http://allelefrequencies.net/


The Journal of Clinical Investigation   C O M M E N T A R Y

3J Clin Invest. 2024;134(21):e184782  https://doi.org/10.1172/JCI184782

ogous tumor-infiltrating lymphocytes and T-cell 
receptor-engineered T cells targeting common 
p53 neoantigens in human solid tumors. Cancer 
Immunol Res. 2022;10(8):932–946.

 11. Bear AS et al. Natural TCRs targeting KRAS 
G12V display exquisite specificity and sen-
sitivity to human solid tumors. J Clin Invest. 
2024;134(21):e175790.

 12. Cafri G, et al. Memory T cells targeting onco-
genic mutations detected in peripheral blood 
of epithelial cancer patients. Nat Commun. 
2019;10(1):449.

 13. Choi J, et al. Systematic discovery and valida-
tion of T cell targets directed against onco-
genic KRAS mutations. Cell Reports Methods. 
2021;1(5):100084.

 14. Levin N, et al. Identification and validation of 
T-cell receptors targeting RAS hotspot mutations 
in human cancers for use in cell-based immuno-
therapy. Clin Cancer Res. 2021;27(18):5084–5095.

 15. Yossef R, et al. Enhanced detection of neoanti-
gen-reactive T cells targeting unique and shared 
oncogenes for personalized cancer immunother-
apy. JCI Insight. 2018;3(19):e122467.

 16. Bear AS, et al. Biochemical and functional char-
acterization of mutant KRAS epitopes validates 
this oncoprotein for immunological targeting. 
Nat Commun. 2021;12(1):4365.

 17. Tran E, et al. T-cell transfer therapy target-
ing mutant KRAS in cancer. N Engl J Med. 
2016;375(23):2255–2262.

 18. Lu YC, et al. Treatment of patients with meta-
static cancer using a major histocompatibility 
complex class II-restricted T-cell receptor tar-
geting the cancer germline antigen MAGE-A3.  
J Clin Oncol. 2017;35(29):3322–3329.

 19. Foy SP, et al. Non-viral precision T cell receptor 
replacement for personalized cell therapy. 
Nature. 2023;615(7953):687–696.

 20. Parkhurst M, et al. Adoptive transfer of per-
sonalized neoantigen-reactive TCR-trans-
duced T cells in metastatic colorectal can-
cer: phase 2 trial interim results. Nat Med. 
2024;30(9):2586–2595.

Acknowledgments
I thank Walter J. Urba for helpful advice. 
This work was supported by the Providence 
Portland Medical Foundation.

Address correspondence to: Eric Tran, 
4805 NE Glisan St., Ste 2N83, Portland, 
Oregon 97213, USA. Phone: 503.215.7229; 
Email: Eric.Tran@providence.org.

 1. Rosenberg SA, et al. Use of tumor-infiltrating lym-
phocytes and interleukin-2 in the immunotherapy 
of patients with metastatic melanoma. A prelimi-
nary report. N Engl J Med. 1988;319(25):1676–1680.

 2. Rosenberg SA, Restifo NP. Adoptive cell transfer 
as personalized immunotherapy for human can-
cer. Science. 2015;348(6230):62–68.

 3. Goff SL, et al. Randomized, prospective evalu-
ation comparing intensity of lymphodepletion 
before adoptive transfer of tumor-infiltrating 
lymphocytes for patients with metastatic mela-
noma. J Clin Oncol. 2016;34(20):2389–2397.

 4. Rohaan MW, et al. Tumor-infiltrating lympho-
cyte therapy or ipilimumab in advanced melano-
ma. N Engl J Med. 2022;387(23):2113–2125.

 5. Sarnaik AA, et al. Lifileucel, a tumor-infiltrating 
lymphocyte therapy, in metastatic melanoma.  
J Clin Oncol. 2021;39(24):2656–2666.

 6. Tran E. Neoantigen-specific T cells in adoptive 
cell therapy. Cancer J. 2022;28(4):278–284.

 7. Doran SL, et al. T-cell receptor gene therapy for 
human papillomavirus-associated epithelial 
cancers: a first-in-human, phase I/II Study.  
J Clin Oncol. 2019;37(30):2759–2768.

 8. Nagarsheth NB, et al. TCR-engineered T 
cells targeting E7 for patients with metastatic 
HPV-associated epithelial cancers. Nat Med. 
2021;27(3):419–425.

 9. Leidner R, et al. Neoantigen T-cell receptor 
gene therapy in pancreatic cancer. N Engl J Med. 
2022;386(22):2112–2119.

 10. Kim SP, et al. Adoptive cellular therapy with autol-

FDA approval in August 2024 of the first-ev-
er TCR-T product, which targets MAGE-A4, 
for patients with synovial sarcoma. Thus, 
there is opportunity for improvement, and 
a multitude of innovative strategies are 
being investigated to enhance TCR-T effi-
cacy. More potent T cells can be generated 
through modification of cell culture con-
ditions and/or genetically knocking in or 
knocking out molecules that modulate T cell 
function, survival, or proliferation, and/or 
stimulate other cells within the TME. Har-
nessing HLA-II–restricted TCRs from CD4+ 
T cells may promote systemic antitumor 
immunity and overcome defects in HLA-I 
expression in tumors, and on its own, CD4+ 
TCR-T has mediated tumor regression in 
humans (18). Tumor heterogeneity could be 
addressed by targeting multiple patient-spe-
cific tumor antigens using a TCR-T product 
containing multiple TCRs (19, 20). TCR-T 
also could be combined with the in vivo 
administration of agents that may promote 
T cell function, such as cytokines, vaccines, 
immune-checkpoint inhibitors, immune 
agonists, and tumor-targeting small mole-
cules, such as inhibitors or proteolysis-tar-
geting chimeras (PROTACs). But regardless 
of how TCR-T is enhanced, at the core of 
any effective TCR-T are the requirements 
for a good tumor target and a good TCR. 
Clinical translation of Bear et al. (11) will 
determine whether KRAS G12V and any of 
the four specific TCRs fulfill these require-
ments and will provide additional insights 
into the druggability of the undruggable 
KRAS by T cells (9).
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