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Summ a r y

We identified a polyclonal CD8+ T-cell response against mutant KRAS G12D in 
tumor-infiltrating lymphocytes obtained from a patient with metastatic colorectal 
cancer. We observed objective regression of all seven lung metastases after the infu-
sion of approximately 1.11×1011 HLA-C*08:02–restricted tumor-infiltrating lym-
phocytes that were composed of four different T-cell clonotypes that specifically 
targeted KRAS G12D. However, one of these lesions had progressed on evaluation 
9 months after therapy. The lesion was resected and found to have lost the chro-
mosome 6 haplotype encoding the HLA-C*08:02 class I major histocompatibility 
complex (MHC) molecule. The loss of expression of this molecule provided a direct 
mechanism of tumor immune evasion. Thus, the infusion of CD8+ cells targeting 
mutant KRAS mediated effective antitumor immunotherapy against a cancer that 
expressed mutant KRAS G12D and HLA-C*08:02.

A doptive cell therapy using ex vivo expanded tumor-infiltrat-
ing lymphocytes has led to durable complete regression of tumors in 20 to 
25% of patients with metastatic melanoma.1,2 This effect is probably medi-

ated by T cells that specifically target mutant peptides encoded by de novo somatic 
mutations, which are known as neoepitopes.3-8 Correlative evidence suggests that 
clinical responses in patients with cancer after the administration of immune 
checkpoint inhibitors may also be mediated by neoepitope-reactive T cells.9-14 Di-
rect evidence of the therapeutic utility of the targeting of neoepitopes was ob-
served in a patient with metastatic cholangiocarcinoma who had tumor regression 
that lasted for 35 months after the infusion of a 95% pure population of CD4+ T cells 
that targeted a mutated ERBB2IP epitope expressed by her tumors.15 Thus, strat-
egies that harness a T-cell response against mutated tumor antigens may be of 
clinical benefit in patients with cancer.

The targeting of driver mutations is conceptually attractive, since they are tumor-
specific, biologically important for tumor progression, and likely to be expressed 
by all tumor cells.16 Mutations in the KRAS oncogene are frequent and contribute 
to the formation and progression of many human cancers. The vast majority of 
KRAS mutations are recurrent “hot-spot” driver mutations that occur at codon 12, 
13, or 61, with codon 12 being the most frequent site of mutation. A conversion 
of the amino acid glycine (G) to aspartic acid (D) at this site, hereafter referred to 
as KRAS G12D, is the most frequent KRAS mutant in human gastrointestinal 
cancers and has been identified in approximately 45% of pancreatic cancers and 
13% of colorectal cancers.17,18 Despite decades of study, there is currently no drug 

From the Surgery Branch, National Can‑
cer Institute, National Institutes of Health, 
Bethesda, MD. Address reprint requests 
to Dr. Rosenberg at the Surgery Branch, 
National Cancer Institute, 10 Center Dr., 
MSC 1201, Bethesda, MD 20892, or at 
 sar@  nih . gov.

N Engl J Med 2016;375:2255-62.
DOI: 10.1056/NEJMoa1609279
Copyright © 2016 Massachusetts Medical Society.

T-Cell Transfer Therapy Targeting Mutant 
KRAS in Cancer

Eric Tran, Ph.D., Paul F. Robbins, Ph.D., Yong‑Chen Lu, Ph.D., 
Todd D. Prickett, Ph.D., Jared J. Gartner, M.Sc., Li Jia, M.Sc., Anna Pasetto, Ph.D., 
Zhili Zheng, Ph.D., Satyajit Ray, Ph.D., Eric M. Groh, M.D., Isaac R. Kriley, M.D., 

and Steven A. Rosenberg, M.D., Ph.D.  

The New England Journal of Medicine 
Downloaded from nejm.org at University of Chicago Library on July 25, 2023. For personal use only. No other uses without permission. 

 Copyright © 2016 Massachusetts Medical Society. All rights reserved. 



n engl j med 375;23 nejm.org December 8, 20162256

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

or vaccine that can effectively target the KRAS 
G12D protein in humans. Here, we describe the 
clinical and biologic findings in a patient with 
metastatic colorectal cancer who underwent tu-
mor regression after the administration of cyto-
toxic T cells targeting mutant KRAS G12D.

C a se R eport

A 50-year-old woman with metastatic colorectal 
cancer (Patient 4095) was enrolled in our on-
going phase 2 trial (ClinicalTrials.gov number, 
NCT01174121), which was designed to test wheth-
er the adoptive transfer of ex vivo expanded 
tumor-infiltrating lymphocytes containing T cells 
targeting personalized cancer neoepitopes (cell 
therapy) can mediate regression of metastatic 
solid cancers. (Details about the trial are pro-
vided in the protocol, available with the full text 
of this article at NEJM.org.) In this trial, we 
screen cultures of tumor-infiltrating lymphocytes 
obtained from each patient for reactivity against 
all identified mutant neoepitopes expressed by 
their autologous tumor. If we identify neoepitope-
reactive cultures, these cultures are selected and 
used in autologous cell therapy, regardless of the 
identity of the targeted neoepitope.

In Patient 4095, baseline computed tomogra-
phy (CT) revealed lung disease as the sole source 
of cancer progression. Three of 10 lung lesions 
(with maximum diameters of 0.6 cm, 0.8 cm, 
and 1.0 cm) were resected with the use of video-
assisted thoracoscopic surgery (VATS), and 24 
individual cultures of tumor-infiltrating lympho-
cytes were generated from multiple tumor frag-
ments. Samples of the 3 lesions also underwent 
whole-exomic sequencing (median sequencing 
depth of lesions: 128, 131, and 163) and tran-
scriptome sequencing to identify mutations ex-
pressed by the tumors. (See the Methods section 
and Table S1 in the Supplementary Appendix, 
available at NEJM.org. The whole-exome and tran-
scriptome sequence data are available through 
the National Center for Biotechnology Informa-
tion BioProject database at identification number 
PRJNA342632.)

We evaluated each culture for reactivity against 
these mutant neoepitopes and found that the 
tumor-infiltrating lymphocytes contained CD8+ 
T cells that specifically recognized mutant KRAS 
G12D (Fig. S1A and S1B in the Supplementary 
Appendix). We selected the culture that showed 
the highest frequency of CD8+ T cells that were 

reactive to the G12D mutant and expanded it for 
treatment (Fig. S1B and S1C in the Supplemen-
tary Appendix). Before cell infusion, the patient 
received a nonmyeloablative, lymphodepleting 
chemotherapy regimen consisting of cyclophos-
phamide (at a dose of 60 mg per kilogram of 
body weight) for 2 days, followed by fludarabine 
(25 mg per square meter of body-surface area) 
for 5 days.19

The patient received a single infusion of 
1.48×1011 tumor-infiltrating lymphocytes, which 
consisted of approximately 75% CD8+ T cells 
(1.11×1011 cells) that were reactive to mutant 
KRAS G12D and that had no detectable reactivity 
against the patient’s other mutations (Fig. S1C in 
the Supplementary Appendix). The majority of 
these T cells produced multiple effector cytokines 
(interferon-γ, tumor necrosis factor, and interleu-
kin-2) and showed cytolytic potential (Fig. 1A). 
This therapy was followed by the administration 
of five doses of interleukin-2 (720,000 IU per 
kilogram), which was limited because of fatigue 
reported by the patient.

All seven metastatic lung lesions had regressed 
at the first follow-up visit conducted 40 days after 
cell therapy, and the patient had a 9-month par-
tial response (according to the Response Evalua-
tion Criteria in Solid Tumors) until one lesion 
(lesion 3) had progression (Fig. 1B). This lesion 
was resected, and the patient remained clinically 
disease-free 4 months after the lung resection.

Figure 1 (facing page). Adoptive Transfer of KRAS 
G12D–Specific T Cells.

Panel A shows the flow cytometric analysis of the effec‑
tor function of tumor‑infiltrating lymphocytes in the 
 infusion product with the use of intracellular cytokine 
staining (including interferon‑γ [IFN‑γ], tumor necro‑
sis factor [TNF], and interleukin‑2 [IL‑2]), and cell‑sur‑
face mobilization of the degranulation marker CD107a 
after 6‑hour coculture with autologous dendritic cells 
incubated overnight with wild‑type (WT) KRAS or 
KRAS G12D peptides consisting of 24 amino acids. 
Data are gated on CD8+ T cells. Pie charts represent 
the percentages of CD8+ cells that expressed the in‑
dicated number of effector functions. Panel B shows 
contrast‑enhanced computed tomographic scans of 
the chest of Patient 4095 before and approximately  
6 weeks and 9 months after the infusion of 1.48×1011 
tumor‑infiltrating lymphocytes; at least 75% of these 
cells were specific for mutant KRAS G12D. Arrows 
highlight lung lesions before and after therapy. Shown 
are four of seven lesions; the remaining three lesions 
(not shown) had completely regressed at 9 months.
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 Me thods

 Identification of Neoepitope-Reactive T Cells 
and Generation of Infusion Product

To test whether tumor-infiltrating lymphocytes 
that were obtained from the patient recognized 

somatic neoepitopes expressed by the metastatic 
lung tumors, we used a method that has been 
described previously.3,15,20 (Details are provided 
in the Methods section in the Supplementary 
Appendix.) Culture number 6 of the tumor-infil-
trating lymphocytes contained the highest fre-
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quency of CD8+ T cells that were reactive to the 
KRAS G12D mutant; these cells underwent a 
2-week rapid-expansion procedure before cell 
infusion, as described previously.15

In Vivo Tracking of T-Cell Clones

We performed deep sequencing on the variable 
region of the T-cell receptor beta chain on ge-
nomic DNA isolated from the patient’s infu-
sion product, on three separate lung nodules 
before treatment, on the progressing lesion 
(lesion 3), and on peripheral blood before and 
at various times after cell infusion (Adaptive 
Biotechnol ogies) to interrogate the frequency of 
T-cell receptors that were reactive to the G12D 
mutant.

Assessing Reactivity of T-Cell Receptors

We identified four T-cell receptors that were re-
active to mutant KRAS G12D. (See the Methods 
section and Figs. S2 and S3 in the Supplemen-
tary Appendix.) We synthesized the alpha- and 
beta-chain sequences of the T-cell receptors, 
which were then cloned into the MSGV1 retrovi-
ral vector (GenScript). Retroviral supernatants 
encoding the T-cell receptors were generated 
and used to transduce autologous peripheral-
blood T cells, as described previously.20 T cells 
that were transduced with the T-cell receptors 
were then cocultured with autologous peripheral-
blood mononuclear cells (PBMCs) loaded with 
titrated doses of various KRAS peptides or KRAS 
G12D–positive pancreatic-cancer cell lines that 
either stably expressed or did not express the 
restricting HLA-C*08:02 allele.20 T-cell reactiv-
ity was determined the next day by means of 
interferon-γ enzyme-linked immunosorbent spot 
(ELISPOT) assay and flow cytometric analysis of 
the T-cell activation markers 4-1BB and OX40.20

Chromosomal Copy-Number Analysis

We used Sequenza software21 to determine aber-
rations in tumor chromosome copy numbers, 
with normal samples as reference and hg19 co-
ordinates. We determined tumor HLA-C allele 
frequencies as described in the Methods section 
in the Supplementary Appendix.

R esult s

Clinical Evaluation

At the first follow-up 40 days after cell therapy, 
we found that all seven lung metastases had re-

gressed on CT. Of these lesions, six had either 
completely regressed or showed continuing re-
gression 9 months after therapy (Fig. 1B). The 
therapy had no adverse effects after the patient 
had recovered from the effects of interleukin-2 
treatment. The patient was discharged from the 
hospital 2 weeks after cell therapy. A VATS resec-
tion of the left lower lung was performed at ap-
proximately 9 months after cell therapy to remove 
the sole progressing lesion (lesion 3) as well as 
a responding lesion (lesion 2), which was nega-
tive on positron-emission tomography. Patho-
logical analysis of tissue sections from lesion 2 
(performed with hematoxylin and eosin stain-
ing) showed extensive necrosis and no live tu-
mor cells.

Figure 2 (facing page). In Vivo Persistence and Reactivity 
Profile of KRAS G12D–Specific T-Cell Clones  
in the Infusion Product.

Panel A shows the results of deep sequencing of the 
variable region of the T‑cell receptor (TCR) beta chain 
to measure the frequency of each of the four identified 
KRAS G12D–reactive T‑cell clones in the infusion prod‑
uct (Rx1), in three metastatic lung samples before cell 
transfer (designated Tu‑1, Tu‑2A, and Tu‑2B), in the one 
progressing lesion after cell therapy (designated Tu‑Pro), 
and in the peripheral blood of Patient 4095 before and 
at various times after cell therapy. T‑cell receptors are 
identified according to their gene names (TRBV5‑6 and 
TRBV10‑02, with A, B, and C denoting different T‑cell 
receptor clonotypes that share the same T‑cell receptor 
beta variable gene family). The numbers in parentheses 
indicate the rank of the T‑cell receptor sequence in the 
given sample. A circle with an X and ND denote not 
detected (<0.0002%). Autologous peripheral‑blood  
T cells were genetically engineered to express each of 
the indicated KRAS G12D–reactive T‑cell receptors that 
were present in the infusion product. Panel B shows 
the expression of the T‑cell activation marker 4‑1BB on  
T cells engineered with the indicated T‑cell receptor 
 after overnight coculture with autologous peripheral‑
blood mononuclear cells that were incubated with ti‑
trated amounts of wild‑type KRAS or G12D mutant 
peptides consisting of either 9 or 10 amino acids 
(9mer or 10mer). Panel C shows interferon‑γ (IFN‑γ) 
production (left) and 4‑1BB expression (right) of T cells 
that were genetically engineered with the indicated  
T‑cell receptor after overnight coculture with two KRAS 
G12D–positive pancreatic‑cancer cell lines not express‑
ing the HLA‑C*08:02 allele (mock) or expressing the 
HLA‑C*08:02 allele with the use of enzyme‑linked im‑
munosorbent spot (ELISPOT) assay and flow cytome‑
try, respectively. MDA denotes MDA Panc48 cell line, 
and HP HPAC cell line. Flow cytometry data are gated 
on CD8+ KRAS G12D–reactive cells. Values of more 
than 500 on the ELISPOT assay were not considered  
to be accurate.
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In Vivo Frequency of KRAS G12D–Reactive 
CD8+ T Cells

The infusion product contained at least four T-cell 
clonotypes that were reactive against the G12D 
mutant. The three highest-frequency T-cell recep-
tors in the infusion product were reactive to 
KRAS G12D and made up 49.5%, 19.1%, and 
6.9% of the infusion bag, respectively. A fourth 
KRAS G12D–reactive T-cell receptor was the 45th 
most frequent and was present at only 0.04% of 
the infusion bag (Fig. 2A, and Table S2 in the 
Supplementary Appendix). None of these KRAS 

G12D–reactive T-cell receptors were detected in 
the patient’s peripheral blood 1 week before in-
fusion (frequency, <0.0002%). After cell therapy, 
dramatic differences in the engraftment of the 
KRAS G12D–reactive T-cell receptors were ob-
served. The most dominant infused T-cell clono-
type (approximately 7.3×1010 cells) was not detect-
ed in the blood 40 days after cell therapy, whereas 
the remaining KRAS G12D–reactive T-cell clones 
were detected at this time point. The T-cell 
clones that persisted in the peripheral blood 
represented 10.4%, 4.5%, and 0.005% of all pe-
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ripheral-blood T cells at approximately 9 months 
after cell therapy, and the most dominant T-cell 
clone in the peripheral blood at that time was the 
TRBV10-02 mutant KRAS G12D–reactive T-cell 
receptor (Fig. 2A, and Table S2 in the Supple-
mentary Appendix). There did not appear to be 
an enrichment of the T-cell clones that were re-
active against KRAS G12D in the progressing 
tumor relative to the peripheral blood.

Specificity and Sensitivity of KRAS G12D–
Reactive T-Cell Receptors

We cloned the four KRAS G12D–reactive T-cell 
receptors and genetically modified autologous 
peripheral-blood T cells to express each of these 
receptors (Fig. S4 in the Supplementary Appen-
dix). Three of the four T-cell receptors were 
preferentially reactive against the KRAS G12D 
peptide GADGVGKSA (consisting of 9 amino 
acids [9mer]), whereas one T-cell receptor was 
reactive only against the KRAS G12D peptide 
GADGVGKSAL (consisting of 10 amino acids 
[10mer]) (Fig. 2B). All T-cell receptors were spe-
cific for the mutant and did not recognize the 
wild-type KRAS peptides. In peptide titration 
experiments, we found that the T-cell receptors 
recognized peptides at concentrations ranging 
from 1 nM to 10 nM when pulsed onto autolo-
gous PBMCs (Fig. 2B). Although we did not have 
any autologous tumor cell lines to use as targets, 
we found that the T-cell receptors specifically 
recognized allogeneic pancreatic-cancer cell lines 
only when they expressed both mutant KRAS 
G12D and the HLA-C*08:02 allele (Fig. 2C).

Genetic Analysis of Tumors

Whole-exome and transcriptome sequencing re-
vealed that the sole progressing lesion still ex-
pressed the KRAS G12D mutation (Table S3 in the 
Supplementary Appendix). This finding showed 
that the loss of the targeted antigen was not 
responsible for the progressive nature of the le-
sion. However, chromosomal copy-number analy-
sis showed that the progressing lesion harbored 
several genetic abnormalities distinct from the 
other tumors that had been resected before cell 
therapy, including a copy-neutral loss of hetero-
zygosity at chromosome 6, which encodes the 
HLA locus (Fig. S5 in the Supplementary Appen-
dix). The copy of chromosome 6 that was lost 
encoded the HLA-C*08:02 allele (Fig. 3). Thus, 
the genetic loss of the HLA-restriction element 

that was required for recognition by the KRAS 
G12D–reactive T cells provided a direct mecha-
nism of immune evasion by the progressing 
lesion.

Discussion

We report the regression of metastatic colon can-
cer followed by immune evasion of one lesion 
after the adoptive transfer of T cells specifically 
targeting mutant KRAS G12D. The four identified 
KRAS G12D–specific T-cell clonotypes showed 
highly variable levels of engraftment in the pe-
ripheral blood after treatment. Flow cytometric 
analysis of the infused tumor-infiltrating lym-
phocytes with the use of KRAS G12D–specific 
tetramers showed that the highest persisting 
reactive T-cell clone, which recognized the KRAS 
G12D 10mer epitope, contained an increased 
frequency of T cells expressing CD28 and CD57 
as well as T cells that had a central memory 
phenotype (CD45RO+CD62L+) that was less dif-

Figure 3. Analysis of the Frequency of HLA-C Alleles  
in Tumor Samples.

Shown is the frequency of the two HLA‑C alleles in a 
representative metastatic lesion resected from Patient 
4095 before cell therapy (Tu‑1) and in the progressing 
lesion (Tu‑Pro). The Tu‑1 and Tu‑Pro samples were es‑
timated to contain 53% and 34% tumor, respectively, 
and thus contained some normal cells that also contrib‑
uted to the calculation of the HLA‑C allele frequency. 
As shown, the progressing lesion harbored cells with a 
genetic loss of the HLA‑C*08:02 allele, which provided 
a direct mechanism of immune evasion by the tumor, 
since the infused KRAS G12D–reactive T cells require 
this molecule for direct tumor recognition. The I bars 
represent standard errors. The P value for the compari‑
son of the allele frequency of a metastatic lesion before 
therapy and the progressing lesion after therapy was 
calculated with the use of the Wilcoxon matched‑pairs 
signed‑rank test.
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ferentiated than those of other T cells in the 
infusion product (Fig. S6 in the Supplementary 
Appendix).

Currently, 12 patients with metastatic gastro-
intestinal cancers have been treated with various 
frequencies of prospectively identified T cells 
targeting personalized mutated neoantigens. 
However, the patient who is described in this 
report was the only one who was treated with an 
enriched population of T cells targeting mutant 
KRAS. We have identified endogenous CD8+ T-cell 
reactivity against mutant KRAS in only one 
other patient with metastatic colon cancer (Pa-
tient 3995),20 and this patient did not have a re-
sponse to cell therapy. However, in Patient 3995, 
only 0.002% of the infused cells targeted KRAS 
G12D, a possible reason for the absence of an 
antitumor response. The KRAS G12D–specific 
T-cell receptor that was isolated from Patient 
3995 was also restricted by HLA-C*08:02 and, 
intriguingly, shared the identical T-cell receptor 
alpha-chain complementarity determining re-
gion 3 (CDR3) sequence with two of the KRAS 
G12D–reactive T-cell receptors that were identi-
fied from Patient 4095 (Table S2 and Fig. S7 in 
the Supplementary Appendix). The sharing of 
identical T-cell–receptor chains between individ-
uals is thought to be an extremely rare event but 
can occur in so-called public T-cell responses, 
which can dominate a response to a given shared 
antigen, such as those derived from common 
viruses.22

The identification of HLA-C*08:02–restricted 
T-cell receptors that target KRAS G12D neoepi-
topes provides an opportunity to develop T-cell–
receptor gene therapy directed against a com-
mon driver mutation found in multiple cancer 
types. Such therapy has the advantage of target-
ing a molecule that is biologically important for 
tumor progression and that is likely to be clon-
ally expressed in the tumor while not being ex-
pressed in normal tissues. In the United States, 

the HLA-C*08:02 allele is expressed in approxi-
mately 8% of whites and 11% of blacks, whereas 
the KRAS G12D mutation is most frequently 
found in pancreatic cancers (approximately 45%) 
and colorectal cancers (approximately 13%). Thus, 
the high incidence of KRAS G12D expression in 
these and other cancers means that in the United 
States alone, thousands of patients per year 
would potentially be eligible for T-cell–based im-
munotherapy targeting KRAS G12D. HLA-A*11:01–
restricted KRAS G12D and KRAS G12V–reactive 
T-cell receptors have been isolated from immu-
nized HLA-A*11:01 transgenic mice,23 although 
these receptors have not yet been evaluated in 
clinical trials.

In Patient 4095, we found direct evidence of 
tumor immune evasion in one lesion through 
loss of heterozygosity of the copy of chromo-
some 6 that encoded HLA-C*08:02 (Fig. 3, and 
Fig. S5 in the Supplementary Appendix). The 
presence of this molecule is required for direct 
tumor recognition by the transferred KRAS 
G12D–specific T cells. Loss of heterozygosity at 
the HLA locus has been observed in human can-
cers and may represent a hurdle that needs to be 
overcome to enhance immunotherapeutic effi-
cacy in some patients.24 In such cases, targeting 
antigens that are presented by the remaining 
HLA class I alleles or exploiting the CD4+ T-cell 
response or the innate immune system against 
cancer may be necessary to induce a durable 
clinical response.
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