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ABSTRACT
Background  Cellular immunotherapies using autologous 
tumor-infiltrating lymphocytes (TIL) can induce durable 
regression of epithelial cancers in selected patients with 
treatment-refractory metastatic disease. As the genetic 
engineering of T cells with tumor-reactive T-cell receptors 
(TCRs) comes to the forefront of clinical investigation, the 
rapid, scalable, and cost-effective detection of patient-
specific neoantigen-reactive TIL remains a top priority.
Methods  We analyzed the single-cell transcriptomic 
states of 31 neoantigen-specific T-cell clonotypes to 
identify cell surface dysfunction markers that best 
identified the metastatic transcriptional states enriched 
with antitumor TIL. We developed an efficient method to 
capture neoantigen-reactive TCRs directly from resected 
human tumors based on cell surface co-expression 
of CD39, programmed cell death protein-1, and TIGIT 
dysfunction markers (CD8+ TILTP).
Results  TILTP TCR isolation achieved a high degree of 
correlation with single-cell transcriptomic signatures 
that identify neoantigen-reactive TCRs, making it a 
cost-effective strategy using widely available resources. 
Reconstruction of additional TILTP TCRs from tumors 
identified known and novel antitumor TCRs, showing that 
at least 39.5% of TILTP TCRs are neoantigen-reactive or 
tumor-reactive. Despite their substantial enrichment for 
neoantigen-reactive TCR clonotypes, clonal dynamics of 
24 unique antitumor TILTP clonotypes from four patients 
indicated that most in vitro expanded TILTP populations 
failed to demonstrate neoantigen reactivity, either by loss 
of neoantigen-reactive clones during TIL expansion, or 
through functional impairment during cognate neoantigen 
recognition.
Conclusions  While direct usage of in vitro-expanded 
CD8+ TILTP as a source for cellular therapy might be 
precluded by profound TIL dysfunction, isolating TILTP 
represents a streamlined effective approach to rapidly 
identify neoantigen-reactive TCRs to design engineered 
cellular immunotherapies against cancer.

INTRODUCTION
Immunotherapies such as checkpoint 
blockade and cellular therapies have 
expanded the landscape of treatment strat-
egies for patients with advanced metastatic 

cancers.1 Studies have shown that muta-
tional burden and, consequently, neoan-
tigen load presented by the tumor are 
associated with response to immune check-
point blockade (ICB) and adoptive cell 
therapy (ACT).2 3 Multiple lines of evidence 
suggest that response to immunotherapy is 
at least in part attributable to recognition of 
patient-specific neoantigens by autologous 
tumor-infiltrating lymphocytes (TIL).4–9

Cellular immunotherapies such as ACT 
using autologous TIL combined with systemic 
interleukin-2 (IL-2) are capable of inducing 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Antitumor T-cell reactivity is an integral component 
of immunotherapy, with key focus on identifica-
tion of neoantigen-reactive T-cell receptors (TCRs). 
Enrichment for tumor-reactive T cells has been 
achieved by sorting T cells co-expressing two or 
more markers of dysfunction, as well as gene sig-
natures, but a more refined surface marker-based 
sort may enhance the ability and efficiency of en-
richment of neoantigen-reactive TCRs from human 
tumor-infiltrating lymphocytes (TIL).

WHAT THIS STUDY ADDS
	⇒ The isolation of TILTP from human tumors provides 
an efficient and high-fidelity method to identify 
neoantigen-reactive TCRs.

	⇒ Despite high enrichment of neoantigen-reactive 
clones within TILTP, the populations themselves are 
terminally differentiated and dysfunctional to be 
used as a direct cell therapy.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The ability to capture neoantigen-reactive TCRs by 
isolating TILTP, as shown in this study, represents a 
rapid and effective method to identify neoantigen-
reactive TCRs, which have the potential to be used 
to genetically engineer targeted, personalized T-cell 
therapies against cancer.

http://bmjopen.bmj.com/
http://orcid.org/0000-0002-4620-5293
http://orcid.org/0000-0002-1260-8123
http://orcid.org/0000-0003-4994-3758
http://dx.doi.org/10.1136/jitc-2022-006264
http://dx.doi.org/10.1136/jitc-2022-006264
http://crossmark.crossref.org/dialog/?doi=10.1136/jitc-2022-006264&domain=pdf&date_stamp=2023-05-31


2 Chatani PD, et al. J Immunother Cancer 2023;11:e006264. doi:10.1136/jitc-2022-006264

Open access�

durable regression of epithelial cancers in patients with 
chemotherapy-refractory metastatic disease,5 10–13 a 
population with a response rate of less than 10% to ICB 
immunotherapies. Success of immunotherapy regimens, 
including ACT, is influenced by T cell-intrinsic factors, 
including cell differentiation states, self-renewing capa-
bility, and resistance to tumor microenvironment inhibi-
tion, as well as tumor-specific factors, such as mutational 
burden, human leukocyte antigen (HLA) expression, and 
tumor clonality.3 14 15 Notwithstanding, antitumor T-cell 
reactivity remains a common denominator to successful 
immunotherapies; therefore, rapid and reliable identifi-
cation of the repertoire of tumor-reactive T-cell receptor 
(TCR) clones remains a top priority for immune moni-
toring and therapeutic targeting. However, the inflam-
matory nature of tumor progression draws non-specific 
‘bystander’ T cells into the tumor environment, making 
the isolation, analysis, and specific expansion of tumor-
reactive TIL challenging.16 17

Analyses of intratumoral lymphocyte populations 
have shown that neoantigen-specific TIL are enriched 
in programmed cell death protein-1 (PD-1)+ and CD39+ 
expressing T cell subsets, likely secondary to oligoclonal 
expansion that occurs on tumor antigen recognition in 
vivo.17–21 While expression of a single inhibitory molecule 
such as PD-1, TIM3, or LAG3 is not restricted to tumor-
reactive TIL, enrichment for tumor-reactive T cells has 
been achieved by sorting T cells co-expressing two or more 
markers of dysfunction.17 18 We and others have recently 
identified common gene programs expressed in CD4+ 
and CD8+ antitumor, neoantigen-reactive T cells (termed 
‘NeoTCR4 and NeoTCR8 gene signatures’, respectively, 
in this study) that enabled us to prospectively identify 
antitumor, neoantigen-reactive TCR clonotypes with high 
accuracy in a multidimensional transcriptomic analysis of 
tumor-reactive TIL in patients with metastatic cancer.22–27 
The NeoTCR8 transcriptomic signature consists of 
several markers of T-cell dysfunction, including ENTPD-1 
(CD39), PDCD1 (PD-1), and TIGIT.22

The differentiation state, proliferative potential, and 
effector function of tumor-reactive T cells identified in fresh 
tumor samples, however, appears to generally limit their 
ability to expand both in vitro and in vivo, which represents 
a challenge for the generation of T cells for adoptive immu-
notherapy.28 In a recent study of the infusion products 
administered as ACT to patients with metastatic melanoma, 
we reported that antitumor TIL predominantly expressed 
CD39 and CD69, markers that appeared to be associated 
with T-cell dysfunction, and T cells that expressed these 
markers had poor persistence post-ACT in patients. In 
contrast, neoantigen-specific TIL lacking these dysfunction 
markers (CD39– CD69−) maintained T-cell stemness, had 
superior proliferative and tumor regression capabilities, 
and persisted long-term in patients post ACT-treatment.14 
Nevertheless, optimal enrichment of the starting antitumor 
TIL population might streamline cell therapy efforts, poten-
tially minimizing the outgrowth of non-reactive TCR clones 
during in vitro expansion, as suggested by prior studies.28 29

Recent studies have shown that peripheral blood 
lymphocytes (PBL) from patients engineered to express 
antitumor, neoantigen-reactive TCRs can mediate 
durable regressions in solid tumors.13 30 31 In this study, 
we evaluated the sensitivity and specificity of detection of 
neoantigen-reactive CD8+ T cells that could be achieved 
from tumor digest samples from patients with metastatic 
epithelial cancers by sorting T cells that co-expressed PD-1, 
CD39, and TIGIT, and compared this method to an effec-
tive, but resource-dependent, transcriptomic approach. 
Subsequently, we further tested the ability of TILs that 
co-expressed PD-1, CD39, and TIGIT to sustain reactivity 
following in vitro expansion under conditions mimicking 
our clinical TIL products used for ACT immunotherapy. 
Our findings demonstrate that TIL co-expressing PD-1, 
CD39, and TIGIT were highly enriched for tumor reac-
tivity, and sorting based on surface marker co-expression 
correlates with single-cell transcriptomic states of anti-
tumor TIL. However, dominant clones in this population 
lack the proliferative capacity to survive a traditional in 
vitro expansion and thus have limited potential as a cell 
therapy product. Thus, the sorting of TIL using PD-1, 
CD39, and TIGIT can potentially facilitate the rapid isola-
tion of CD8+ antitumor neoantigen-reactive TCRs for use 
in cancer cellular therapies.

METHODS
Tumor samples
All tumor samples and antigen presenting cells used 
in this study were obtained from patients enrolled on 
NCT00068003 and NCT00001823 National Institutes 
of Health (NIH) clinical protocols, both approved by 
the Institutional Review Board of the National Cancer 
Institute. Informed consent was obtained and docu-
mented in accordance with the Declaration of Helsinki. 
Patients were required to be 18 years of age or older, 
to have measurable metastatic disease, to be of good 
Eastern Cooperative Oncology Group (ECOG) perfor-
mance status, and to be free of systemic infections. Meta-
static tumor samples were obtained from patients who 
had been off therapy for at least 1 month at the time of 
metastasectomy (online supplemental table 1). Patients 
had undergone a wide range of prior therapies relevant 
to their particular tumor histology including surgery, 
chemotherapy, radiotherapy, or immunotherapy. Tumor 
samples were processed as previously described32 using a 
combination of mechanical separation, enzymatic diges-
tion, and gentleMACS dissociation technology (Miltenyi 
Biotec); single-cell suspensions were cryopreserved until 
analysis. Thawed digest samples were rested overnight in 
media with DNAse (Genentech), without any cytokines, 
prior to isolation of a lymphocyte-dense fraction over a 
Ficoll-Hypaque gradient (LSM; ICN Biomedicals).

Antibodies, cell sorting, and transcriptomic analysis
Fluorescently conjugated antibodies were purchased 
from BD Bioscience (CD3 (OKT3), CD4 (OKT4), 
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CD8 (RPA-T8), CD137 (4B4-1)) and BioLegend (PD-1 
(EH12.2H7), CD39 (A1), TIGIT (A15153G), and inte-
grin αE (Ber-ACT8, CD103)). An overview of the tran-
scriptomic experimental pipeline is shown in figure 1A. 
Single-cell tumor digest samples were thawed and rested 

overnight in media without cytokines and, following 
Ficoll-Hypaque separation (LSM; ICN Biomedicals) were 
stained and sorted by flow cytometry with a Sony SH800S 
multi-application cell sorter (SONY Biotechnology). 
Gates for sorting were set according to isotype controls. 

Table 1  Known-reactive TCR clones in 10× transcriptomic analysis (figure 1)

Patient CDR3b TCR reactivity Cells with clonotype in UMAP

4323

CASSPRVPNTEAFF HIATL1 75

CATSGTGHSYEQYF PPP2R1A 34

CATSDTGRPYEQYF PPP2R1A 31

CATSATGRSYEQYF PPP2R1A 25

CASSELAGGSGANVLTF PPP2R1A 7

CASSLDADGRSRETQYF HIATL1 4

CSAATWAINQPQHF PPP2R1A 3

CASSLYTEKWAGYTF PPP2R1A 1

CASSQSDRVWNTEAFF PPP2R1A 1

CATSDTGLPYEQYF PPP2R1A 1

CATSDTGKPYEQYF PPP2R1A 1

Total known-reactive 183

4400

CASSELAGGNYNEQFF PDX tumor 13

CASSQDPGARDYGYTF PDX tumor 13

CASSLLATGNFNEQFF PDX tumor 11

CASSFPASGGAVDNEQFF PDX tumor 7

CAWSRVRPNEQFF PDX tumor 6

CASTTSPGPEYGYTF PDX tumor 6

CASSPGSGGTDTQYF PDX tumor 5

CAWSMGAGYEQYF PDX tumor 5

CAWSAGSSYEQYF PDX tumor 5

Total known-reactive 71

4385

CASSQDVTSEWVDTIYF KRAS 2

CASSMMNTEAFF TMG6 1

Total known-reactive 3

4317

CASSIWATNTGELFF AURKAIP1 41

CASSAGAEQYF PIK3CA 25

CASNSGGPTVEQYF PIK3CA 15

CSVVLASGDEEEQYF AURKAIP1 15

CSVEDGGRDTGELFF AURKAIP1 2

CASSPGGFEAFF PIK3CA 1

Total known-reactive 99

4382 CASSEAGASNYGYTF SMARCA4 36

CASSQSTGALETQYF SMARCA4 18

CASSEAGASQETQYF SMARCA4 1

Total known-reactive 55

PDX, patient-derived xenograft; TCR, T-cell receptor; UMAP, Uniform Manifold Approximation and Projection.
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An example of the sorting strategy is shown in online 
supplemental figure 1.

For single-cell transcriptomic T-cell analyses, bulk 
CD4+ and CD8+ TIL from tumors 4317, 4323, 4382, 
4385, and 4400 were sorted and single-cell gene 
expression libraries were sequenced on a NextSeq 
550 sequencer with output processed using the Cell 
Ranger V.3.0 pipeline (10× Genomics, USA) and anal-
ysis completed with R package Seurat V.4 as previously 
described.14 22 Briefly, Cell Ranger count and VDJ were 
used under default conditions to generate h5 files 
which were used as input to Seurat gene expression 
pipeline. High quality cells with at least 250 detected 
genes, less than 20% mitochondrial RNA content and 
unique molecular identifier (UMIs) greater than or 
equal 500 were retained for downstream analysis. Low 
expressed genes, with total UMI count across all cells 
less than 4, and TRAV, TRBV genes were removed 
prior to analysis. For individual patient TIL single-
cell RNA (scRNA), elbowplots were used to determine 
optimal PC cut-off for clustering. For integration of 
CD8+ TIL from the five patients, a combined R object 
encompassing all five samplers was created, Seurat 
SCTransform function was performed. For gene signa-
ture analyses (NeoTCR8 and other single and multiple 
gene combinations), single-cell gene set enrichment 
analysis (scGSEA) was performed as described previ-
ously,19 22 and cells scoring within the top decile (90th 
percentile) were used for downstream analysis.

Single-cell sorting and single-cell RT-PCR
Single-cell sorting into 96-well plates for TCRα/β pair 
sequencing was performed first for CD8+CD39+PD-
1+TIGIT+ ‘triple-positive’ TIL (CD8 TILTP) cells using a 
Sony SH800S cell sorter (SONY Biotechnology). Cells 
were sorted directly into a 96-well plate with reverse 
transcription-polymerase chain reaction (RT-PCR) 
buffer (CellsDirect One-Step qRT-PCR kit; Thermo 
Fisher) and TCR sequences from the sorted single 
cells were obtained by a series of two nested PCR reac-
tions, previously described in detail.33 Briefly, a shared 
initial PCR reaction was performed with the following 
cycling conditions: 50°C for 15 min, 95°C for 2 min, 18 
cycles of 95°C for 15 s, 55°C for 30 s, 72°C for 1 min, 
and incubation at 4°C. The second PCR was performed 
separately for TCRα and TCRβ chains using dedicated 
nested primers for either TCRα or TCRβ targeting 
extended CDR3 regions of both chains (cycling condi-
tions: 95°C for 7 min, 5 cycles of 95°C for 15 s, 65°C 
for 15 s, 72°C for 30 s, 5 cycles of 95°C for 15 s, 60°C 
for 15 s, 72°C for 30 s, 40 cycles of 95°C for 15 s, 65°C 
for 15 s, 72°C for 30 s, 72°C for 7 min, and final 4°C 
incubation). The PCR products were purified and 
sequenced by Sanger methods using internally nested 
Cα and Cβ primers.

The output of Sanger sequencing was used to recon-
struct CD8 TILTP TCRα/β pairs for testing against 
tumor-specific neoantigens (described below), and 

as a surrogate for pre-REP clone-frequency within the 
corresponding population. Clones were selected for 
reconstruction if they appeared two or more times in 
the 96-well plate. TCR sequences that were seen once 
but also appeared within the NeoTCR8 cluster by 
transcriptomic analysis were similarly in silico recon-
structed and cloned. In several instances, TCRα/β 
pairs were unable to be reconstructed due to failures 
of Sanger sequencing methods.

Rapid expansion and functional assessment of TIL 
populations
Following the sort for TCRα/β sequencing of the 
TILTP populations, CD8+ TILTP and bulk CD8+ TIL 
were sorted into separate tubes. Immediately after 
sorting, cells (6,000–15,000 CD8+ TILTP) were plated 
in a G-Rex 24-well cell culture plate (Wilson Wolf, 
Minnesota, USA) under ‘Rapid Expansion Protocol’34 
conditions: IL-2 (6000 IU/mL), anti-CD3 (OKT3, 
50 ng/mL), and 1×107 irradiated healthy-donor PBL. 
Cells were cultured for 2 weeks with media changes and 
expansions performed based on individual population 
requirements. Fourteen days after REP, 2×104 cells 
from each population were co-cultured with patient-
derived xenograft (PDX) tumor line and antigen-
presenting cells that were either electroporated with 
tandem minigene (TMG) constructs or peptide-
pulsed with candidate 25mer neoantigens, as previ-
ously described.35 Briefly, up to 17 non-synonymous 
mutations identified by whole-exome sequencing and 
RNA sequencing, each flanked by 12 amino acids of 
the wild-type protein sequence, were genetically fused 
together to generate a TMG construct. Constructs 
were codon-optimized, synthesized, and cloned into 
pcDNA3.1/V5 by GenScript. Purified linear plasmid 
DNA was used to synthesize messenger RNA (mRNA) 
by IVT (mMESSAGE mMACHINE T8 Ultra kit; Life 
Technologies), which was then purified and adjusted 
to a concentration of 1 µg/µL. Crude long peptides 
(25mers) were synthesized and pooled for in vitro 
screening of T cells. For screening, in addition to 
those electroporated with TMG constructs, separate 
autologous antigen-presenting cells were peptide 
pulsed for 2 hours with 10 µg/mL of pooled long 
peptides (25mers) before co-culture. In parallel to 
patient-specific neoantigen and PDX tumor stimula-
tion, post-REP CD8+ TILTP populations were stimu-
lated overnight with CD3/CD28 Dynabeads (Thermo 
Fisher Scientific), after-which intracellular cyto-
kine staining was done and analysis performed with 
FACSymphony (BD Biosciences).

Sequencing of post-REP populations and post-REP reactive 
TCRs
On day 14 post-REP, in parallel with functional assess-
ment via co-culture, 1×105 T cells from bulk-sorted 
populations (CD8+ TILTP and CD8+) were pelleted, 
snap-frozen, and sent to adaptive technologies for 
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genomic DNA extraction and ImmunoSEQ TCRβ 
survey sequencing.

Following overnight co-culture, T cells upregulating 
CD137 greater than two times background (as deter-
mined by co-culture with vehicle [dimethyl sulfoxide, 
DMSO]-treated or irrelevant-TMG-electroporated 
antigen-presenting cells [APCs]) underwent single-
cell sorting from a duplicate co-culture into a 96-well 
plate using the Sony SH800S cell sorter (SONY 
Biotechnology); Sanger sequencing was used to deter-
mine TCRα/β pairs for reconstruction and testing.

TCR reconstruction, cloning into expression vectors, and TCR 
expression evaluation
The resulting PCR product of Sanger sequencing contains 
the full CDR3 region of matching TCRα and TCRβ genes 
which, when analyzed with IMGT/V-Quest tool (http://
www.imgt.org/), can identify the TRAV and TRBV families 
with the highest likelihood to contain the segment found 
with our pairing methods. Full-length TRAV and TRBV 
regions were reconstructed using the IMGT database, 
and a modified murine TRAC and TRBC sequence was 
used for improved stability and avoidance of mismatches 
within the endogenous human TCR on transduction into 
human T cells. The full-length TCR coding sequence 
was aligned for expression as a single mRNA, with a 
2A peptide between the TCRα and TCRβ chains, and 
subcloned into the pMSGV1 vector by GenScript. Only 
sequences with CDR3β regions beginning with cysteine 
and ending with phenylalanine, without intervening stop 
codons, as determined by IMGT/V-Quest analysis were 
used for TCR reconstruction.

Co-transfection of 293GP cells with pRD114 packaging 
plasmid and pMSGV1 expressing the TCR-of-interest 
resulted in the generation of retroviral supernatants, 
which were collected at 72 hours post-transfection. In 
parallel to transfection, PBLs from a healthy donor were 
stimulated in culture media with anti-CD3 (OKT3, 50 ng/
mL) and IL-2 (300 IU/mL). Retroviral particles were then 
transduced into activated lymphocytes using spinocula-
tion techniques previously described.36 37 TCR transduc-
tion was confirmed using anti-mouse TCRβ fluorescent 
antibody at day 7 post-transduction, as well as at the time 
of reactivity testing via co-culture with patient-specific 
APCs and PDX tumor (14 days post-transduction).

Target cell recognition functional assay
Following overnight co-culture, T cells were stained with 
anti-CD3, anti-CD8, anti-CD4, anti-CD137, and anti-
murine TCRβ fluorescent antibodies to detect trans-
duced TCRs. Target recognition by T cells was assessed 
using 41BB (CD137) upregulation via FACSymphony 
(BD Biosciences) and interferon gamma (IFN-γ) release 
captured by ELISpot analysis. T cells with IFN-γ release or 
CD137 upregulation more than twice the background (as 
determined by co-culture with DMSO or irrelevant-TMG) 
were considered reactive. Data were analyzed with FlowJo 
software (Tree Star).

PDX and tumor cell line preparation
All PDX tumors were implanted on mice approved under 
the Institutional Review Board, NIH, animal protocol 
number SB 194. Fresh human tumor samples from 
patients were mechanically separated into fragments 
and implanted subcutaneously at the flank of NOD-scid-
IL2rgnull (NSG, NCI Frederick) mice using a 20-gauge 
needle. Tumor growth was monitored weekly and PDX 
were harvested when their sizes were greater than 1 cm in 
dimension. The use of animals for this study was approved 
by the National Cancer Institute Animal Care and Use 
Committee. Freshly harvested PDX were fragmented and 
dissociated in a gentleMACS C-tube containing 20 mL of 
tissue culture media (RPMI 1640 with 1×of non-essential 
amino acid, sodium pyruvate, GlutaMAX, penicillin/strep-
tomycin, gentamicin, fungizone and 2-mercaptoethanol; 
Thermo Fisher Scientific). The resulting cell suspension 
was then run through a 100 µm cell strainer and washed 
with culture media before being plated in tissue culture 
flasks. Media was changed every 3–7 days and cells were 
split when confluence exceeded 70%. All tumor cell lines 
were screened for pan-HLA class I and HLA-DR expression 
by flow cytometry (anti-pan HLA class I antibody W6/32 
and anti-human DR antibody). Additional markers such 
as EpCAM and E-cadherin were also examined. Targeted 
neoantigens were confirmed by sequencing gene-specific 
PCR products from complementary DNA or genomic 
DNA of tumor lysate.

Statistical analysis
Wilcoxon rank-sum test was used to determine the statis-
tical significance of TCR clonotype data comparisons. 
Linear regression was used to compare the efficiency of 
TILTP FACS-sorted populations to capture clones within 
NeoTCR8 TIL cluster from patient TIL scRNA. For 
clonal dynamics during in vitro expansion comparing 
TCR clonotypes from individual patient tumors, relevant 
populations were compared using two-tailed paired t-tests 
assuming unequal variance. P values of 0.05 or less were 
considered statistically significant. Statistical calculations 
were performed with Prism program V.9.0 (GraphPad 
Software).

RESULTS
Single-cell transcriptomic analysis of patient TIL reveals 
ENTPD-1 (CD39), PDCD1 (PD-1), and TIGIT co-expression on 
tumor-reactive T cells
We performed single-cell transcriptomic and TCR 
sequencing analysis of CD8+ TIL from five meta-
static human tumor samples with known neoantigen-
reactive TCRs (NeoTCRs) (table  1, figure  1A,B). 
In these 5 TIL samples, 31 neoantigen-specific 
TIL clonotypes (table  1) were largely enriched in a 
single transcriptomic state (cluster 7, 38% out of all 
neoantigen-specific TIL) which corresponded to the 
NeoTCR8 transcriptomic signature (figure 1B, online 
supplemental figure 2). Relative to other TIL states, 
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NeoTCR8 cluster 7 displayed higher gene expres-
sion of TIL dysfunction markers ENTPD-1 (CD39), 
TIGIT, PDCD1 (PD-1), as well as CXCL13, a hallmark 
of dysfunctional human TIL,22–27 with relatively lower 
expression of tissue-residency marker ITGAE (CD103) 
(figure 1B).

Given the previously reported importance of cell surface 
protein expression of CD39 and CD103 in defining 
neoantigen-specific, antitumor TIL,17 we performed a cell 
surface protein expression analysis on CD39+CD103+ and 

CD39+ PD-1+ TIGIT+ TIL (TILTP) subsets (figure 1C, online 
supplemental figure 1). The vast majority (>95%) of TILTP 
co-expressed CD39 and CD103, with <2% comprizing of 
CD39+ CD103– and other TIL subsets (figure 1C, left). In 
contrast, only 43% of CD39+CD103+ TIL concomitantly 
co-expressed PD-1 and TIGIT, with 7.2% being negative 
for both markers (figure 1C, right). These results suggest 
that TILTP populations might represent a more terminally 
differentiated dysfunctional subset within the previously 
reported CD39+CD103+ population of antitumor TIL.17

Figure 1  (A) CD8+ TIL populations were isolated from fresh tumor digest. Single-cell transcriptomic analysis was performed on 
the patient’s TIL from tumor digest and known neoantigen-reactive clonotypes and signature-enriched cells were projected onto 
a Uniform Manifold Approximation and Projection (UMAP). (B) Integrated single-cell transcriptomic analysis showing UMAP-
based projection of CD8+ TIL states from five patient samples (4400, 4385, 4382, 4323, 4317; left, top); cluster 7 (C7) indicated 
by arrow. Back-projection of 31 known neoantigen-reactive TCRs (NeoTCR) clones onto UMAP plot (left, middle). UMAP 
transcriptomic map of CD8+ TIL shows NeoTCR8 transcriptomic state showing co-localization of CXCL13-expressing cells (left, 
bottom). Bar graph indicating the percentage of known neoantigen-reactive TCRs (NeoTCRs) within each cluster, with the bar 
for NeoTCR8 state C7 denoted in red (right, top). Heatmap indicating average transcriptomic expression of inhibitory genes 
within each cluster (right, bottom). (C) Surface marker analysis of CD8+ CD39+CD103+ (double positive) and ‘triple positive’ 
(CD8+ PD-1+ TIGIT+ CD39+) TILTP cells of four patients (4400, 4385, 4323, 4393). Pie chart of proportion of cells expressing TIGIT 
and PD-1 within the CD39+CD103+ TIL subset; bar graph with the median of individual patient data (n=4) represented by black 
dots (left). Pie chart of proportion of cells expressing CD39 and CD103 within the TILTP subset; bar graph with the median of 
individual patient data represented by black dots (right). (D) Heatmap showing the relative frequency of cells within each cluster 
from single-cell RNA from figure 1B, that can be identified by the top decile within each signature. ‘All Cells’ includes all cells 
present in the transcriptomic UMAP. ‘Random50’ and ‘Random500’ represent signatures derived from random genes sets of 50 
and 500 genes as negative control signatures, respectively. TCR, T-cell receptor; TIL, tumor-infiltrating lymphocytes.
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To study the efficacy of using the co-expression of 
CD39, PD-1, and TIGIT in identifying tumor-reactive 
T cells compared with previously reported dysfunc-
tion markers, we evaluated the performance of gene 
signatures composed of individual or multiple genes in 
capturing known NeoTCR clonotype-positive cells as well 
as calling cells within the NeoTCR-enriched cluster 7 by 
ssGSEA (figure 1D, online supplemental figure 2). These 
analyses demonstrate that TILTP gene signature captured 
cells within the NeoTCR8 TIL state representing cluster 
7 better than CD39+CD103+ gene signature (figure 1D). 
Additionally, the NeoTCR8 signature performed best 
in identifying known NeoTCRs from the five patient 
TILs, with the TILTP signature performing second-best 
(online supplemental figure 2 right). Except for CD39, 
individual markers (PD-1, TIGIT, and CD103) did not 
perform as well in identifying known NeoTCR clonotypes 
or cells from cluster 7 but were improved by the inclu-
sion of multiple markers (online supplemental figure 
2, bottom). Together, our results suggest that multiple 
dysfunction markers expressing TILTP gene signature can 
identify the subset of highly dysfunctional antitumor TIL 
corresponding to NeoTCR8 transcriptomic state.

CD39, PD-1, and TIGIT co-expression enriches for NeoTCR8 
clonotypes in CD8+ TIL
Given that the neoantigen-specific TIL scRNA clusters 
from the five patient TILs demonstrated enrichment of 
PD-1, TIGIT, and CD39, we characterized the TILTP clono-
typic repertoire by developing a flow cytometry-based 
gating strategy for single-cell sorting (figure  2, online 
supplemental figure 1). TILTP phenotypic analysis was 
performed on tumor digest samples derived from nine 
metastatic epithelial cancers. There was wide variability 
in the cell surface protein expression of CD39, PD-1, and 
TIGIT between samples (figure 3A). While we observed 
high levels of PD-1 expression across all patients, except 
for 4420, TILTP populations were limited by either the 
CD39 or TIGIT expression. The median percentage of 
TILTP T cells across all nine patients was 14.3% (range, 
1.7–29.7%), with median percentages of PD-1, CD39, and 
TIGIT expression of 61.7% (range, 17.8–78.7%), 25.3% 
(range, 6.02–53.9%), and 26.8% (range, 10.6–62.0%), 
respectively.

We studied five tumors in further detail, focusing on 
clones isolated from TILTP populations. A total of 120 
unique CDR3β sequences were captured by single-cell 
sorting of CD8+ TILTP T cells, with a median of 37.3% 
unique TCRβ clones (range, 25.7–90.1%) sequenced 
from each tumor suggesting oligoclonal expansion 
(figure  3B). To investigate if clones enriched by TILTP 
FACS-sorting represent T-cell clonotypes prevalent within 
the transcriptomic cluster best enriched by the NeoTCR8 
signature signature,22 we analyzed the relative frequency 
of clonotypes captured by both the TILTP plate sort as 
well as the CXCL13 expressing NeoTCR8 cluster C7 of 
the transcriptomic analysis (figure 3C, figure 1B, online 
supplemental figure 3). We observed a strong correlation 

between the two methods of enrichment (figure  3C, 
R2=0.42, slope=0.60, p<0.0001), suggesting that dominant 
TCR clonotypes enriched by TILTP FACS-sorting largely 
represent T-cell clones found within the dysfunctional 
NeoTCR8 transcriptomic state.22

High-frequency CD8+ TILTP TCR clonotypes display tumor and 
neoantigen reactivity
To evaluate whether sorted CD8+ TILTP populations 
are enriched for antitumor neoantigen-specific 
clonotypes from patient tumors, we analyzed both 
known NeoTCR clonotypes and prospectively recon-
structed other TILTP clonotypes by single-cell PCR/
TCR reconstruction19 and retrovirally transduced 
them into healthy donor PBL for testing against 
tumor-specific candidate neoantigens and PDX when 
available (figure  3D). Of the 120 unique CDR3β 
sequences detected across TILTP cells from 5 tumors, 
39 TCR clones (33.3%) were either already known or 
met prospective selection criteria for reconstruction 
based on frequency by plate sorting and presence 
of a matched TCRα chain. Following reconstruction 
and testing of previously unknown TCRs, of the 120 
unique CDR3β sequences, 19 (48.7% of tested clones, 
15.8% of total clones) TILTP TCR clones displayed 
neoantigen (n=14, 35.9% of tested clones, 11.7% of 
total clones) or only autologous tumor reactivity (n=5, 
12.8% of tested clones, 4.2% of total clones).

Figure  3D summarizes the reactivity of top CD8+ 
TILTP clones in four of five patients where TCR clono-
types were either previously known or reconstructed 
for neoantigen and PDX tumor testing. In TILTP 
sorted cells from tumor 4323, 7 of the top 10 CD8+ 
TILTP TCR clones, totaling approximately 82.9% of 
the pre-REP population, were known neoantigen-
reactive clones. Of the reactive TCR clones, two 
targeted mutant HIATL1G380V and five TCRs targeted 
mutant PPP2R1AL487S.

In tumor 4382, two of the top eight CD8+ TILTP 
TCR clones recognized a patient-specific neoantigen 
(SMARCA4R973W), comprizing approximately 20.9% 
of the sorted population. However, multiple TCRs 
were unable to be reconstructed for testing due to 
failures of Sanger sequencing methods (denoted as 
‘Not made’ in figure 3D). In tumor 4400, 5 of the top 
10 CD8+ TILTP TCR clones were previously shown to be 
reactive to the autologous PDX tumor (but not against 
screened candidate neoantigens), comprizing approx-
imately 13.7% of sorted CD8+ TILTP cells (figure 3D). 
The exact antigenic target of these TCRs has not been 
determined and all TCR-transduced T cells were non-
reactive against patient tumor-specific or PDX-specific 
mutations in peptide pools and TMGs, suggesting that 
TILTP clonotypes also encompass orphan antitumor 
T-cell receptors as previously reported.22 38 In tumor 
4317, 5 of the top 11 CD8+ TILTP TCR clones, repre-
senting approximately 27.5% of sorted CD8+ TILTP 
cells, were neoantigen-reactive. Of these TCRs, two 

https://dx.doi.org/10.1136/jitc-2022-006264
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were reactive against mutant PIK3CAP449T and three 
against mutant AURKAIP1R164H. Aside from TCR #9 
(vs PIK3CA, figure 3D) all TCRs in this patient were 
previously undetected through traditional screening 
methods of in vitro-expanded TIL fragments. In tumor 
4385, of the top nine dominant CD8+ TILTP clono-
types, eight TCRs were reconstructed and all failed to 

react against patient-specific candidate neoantigens 
and PDX tumor (online supplemental figure 4). Of 
note, this patient’s TILTP population was remarkably 
oligoclonal, with the top three clones comprizing 
approximately 59.2% of all cells and demonstrating 
corresponding enrichment within the NeoTCR8 
cluster by scRNA analysis.

Figure 2  Overview of experimental pipeline for isolating, sequencing, expanding, and testing TILTP cells from single-cell 
suspensions of epithelial tumors. Single-cell PCR plates of pre-REP TILTP populations were performed to capture candidate 
neoantigen-reactive clones for reconstruction and testing. Survey sequencing was performed on post-REP TILTP to analyze 
clonal dynamics of TILTP clones before and after in vitro REP expansion. In vitro expanded post-REP TILTP populations 
were analyzed for the presence of known neoantigen-reactive clones and to identify new neoantigen-specific TCRs. PD-1, 
programmed cell death protein-1; REP, rapid expansion protocol; TCR, T-cell receptor; TIL, tumor-infiltrating lymphocytes.

https://dx.doi.org/10.1136/jitc-2022-006264
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In vitro-expanded CD8+ TILTP demonstrate limited functional 
tumor and neoantigen reactivity despite presence of known 
reactive clones
Identifying autologous T-cell populations from patient 
tumors that can be directly enriched and expanded 
for antitumor activity remains an important goal for T 
cell-based clinical cancer immunotherapies.4 Given the 
substantial enrichment of antitumor neoantigen-reactive 
T-cell clonotypes from patient tumors within the TILTP 
subset, we evaluated the ability of TILTP to expand and 
retain tumor antigen-specific functions in vitro, as this 
could potentially serve as an effective cell therapy treat-
ment product.

To this end, from the four patients’ tumors, we assessed 
functional antigenic recognition and clonotype frequen-
cies of TILTP -enriched TCR clonotypes prior to and post 
in vitro REP (post-REP) to study the clonal dynamics 
of TILTP (figures  4,5). TILTP populations were subject 
to in vitro expansion similar to our clinical protocols, 
as detailed above (Materials and Methods). At 14 days 
post-REP, in 3/4 patients analyzed, CD8+ TILTP did not 
demonstrate reactivity against patient-specific candidate 
neoantigens by IFN-γ secretion or 4-1BB upregulation 
despite demonstrating functionality at the bulk popu-
lation level in response to phorbol myristate acetate/
ionomycin stimulation (figure  4A–C). The lack of 

Figure 3  (A) TIGIT, CD39, and PD-1 expression by flow cytometry across nine T-cell samples isolated from tumor digest 
demonstrates variability in the surface expression of dysfunction markers between patients. Median PD-1 % across the 
samples is higher than any other single marker (61.7%). (B) Clonality of CD8+ TILTP populations in each patient. Y-axis reflects 
the percentage of unique CDR3β clonotypes with respect to the number of legible TCRs sequenced. (C) Correlation of 69 
clones from five patient TIL samples within the NeoTCR8 cluster by single-cell sequencing compared with their frequencies 
within the TILTP compartment (R2=0.4165).22 (D) TILTP sequenced from each patient’s tumor digest, ranked by frequency based 
on percentage of 96-well plate occupied. Reconstructed and experimentally vetted neoantigen-reactive and tumor-reactive 
TCR clonotypes are indicated. For patient 4317, FACS plots of activated TCR-transduced T cells (4-1BB+cells of CD8+ mTCR+ 
cells) co-culture results for TCR-2, TCR-5, TCR-10, and TCR-11 are shown with corresponded listed antigens (AURKAIP and 
PIK3CA), alongside pertinent negative controls. Unevaluated clones were unable to be reconstructed due to technical difficulties 
in Sanger sequencing. PD-1, programmed cell death protein-1; TCR, T-cell receptor; TIL, tumor-infiltrating lymphocytes.
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recognition was not due to lack of TCR specificity since 
neoantigen-reactive TCR-transduced T cells (eg, HIATL1 
neoantigen-specific TCR four from patient 4323) in the 
same experiment demonstrated neoantigen and tumor 
recognition (figure 4A). In the one patient where neoan-
tigen reactivity was still detected in the in vitro-expanded 
TILTP (4385, figure  4D), ~0.5% of the post-REP CD8+ 
TILTP upregulated CD137 in response to TMG6. Single-
cell sorting and Sanger sequencing led to the identifi-
cation of a single dominant, previously unknown TCR 
clonotype (CASSMMNTEAFF) that, on reconstruction 
and testing, demonstrated neoantigen reactivity against 
both TMG6 and PDX tumor line (figure  4D). TCRβ 
survey sequencing of the post-REP TILTP population 
showed expansion of this reactive clone to 1.3% of the 
total T cells, despite being below the limit of detection 

in the pre-REP sort in that it was not observed within the 
plate-sorted clonotypes (table 2).

To understand the lack of functional neoantigen 
reactivity in TILTP populations which initially contained 
and enriched for neoantigen-reactive TCR clonotypes 
(figure 4), we analyzed the TCR repertoire of TILTP rela-
tive to bulk CD8+ cells, as well as before and after in vitro 
REP expansion (figure 5A). Evaluation of the frequency 
of 19 neoantigen/tumor-reactive TILTP clones from 
the four patients prior to and following TILTP sorting 
revealed that antitumor TCR clones were highly enriched 
in the pre-expansion CD8+ TILTP populations relative to 
the bulk CD8+ TIL population (average fold enrichment 
from four patients=4.5, p=0.0018, paired t-test, figure 5B, 
table 1). However, following in vitro expansion, in three 
out of the four patient TILTP populations, antitumor 

Figure 4  Co-culture of TCRs reconstructed from CD8+ TILTP with tumor-specific TMGs and peptide pools failed to 
demonstrate reactivity via upregulation of 4-1BB and IFN-γ secretion detected by ELISpot assays in samples (A) 4323, (B) 4317, 
and (C) 4400. For 4323 TIL, inset also shows TMG-recognition by TCR4-transduced PBL in the same experiment (present within 
pre-REP TILTP) indicating poor functional response of the same clonotype within TILTP (D) Co-culture of in vitro-expanded post-
REP CD8+ TILTP with tumor-specific TMGs and peptide pools demonstrated reactivity to TMG6 via IFN-γ release and low-level 
4-1BB upregulation. CDR3β sequencing of 4-1BB-upregulating clonotypes resulted in the reconstruction and identification 
of the reactive TCR, which also recognized the patient-specific PDX tumor. Allo, Allogeneic control PDX; DMSO, control 
for peptide; IFN, interferon; Irr TMG, irrelevant control TMG; PMA, phorbol myristate acetate; PP, peptide pools; REP, rapid 
expansion protocol; TCR, T-cell receptor; TIL, tumor-infiltrating lymphocytes; TMG, tandem minigene.
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TCR clonotypes were not maintained by the end of an 
REP, as the average 3.7-fold enrichment of all known 
24 antitumor TCR clones in four patients (p=0.0106, 
paired t-test) fell to 0.1 post-REP (p=0.0074, paired t-test, 
figure 5C, table 1). Despite a relative lack of clonal mainte-
nance in the three patient TILTP populations (4323, 4400, 
and 4317) with no demonstrable neoantigen reactivity in 
their in vitro-expanded TILTP, known reactive TCRs still 
comprised 3.45%, 0.013%, and 9.27% of post-REP CD8+ 
TILTP, respectively, suggesting that lack of functional 
neoantigen recognition was not solely due to complete 
loss of neoantigen-specific T-cell clones during in vitro 
expansion in at least two patient TILTP (figure  5C). To 
understand if in vitro expanded post-REP TILTP subsets 
had broad functional defects in responding to TCR 

stimulation, we compared the intracellular cytokine levels 
of IFN-γ, tumor necrosis factor-α, and IL-2 between bulk 
CD8+ TIL and CD8+ TILTP after in vitro expansion. Intra-
cellular cytokine staining detected no significant differ-
ences in cytokine expression between bulk and TILTP 
post-REP CD8+ TIL following overnight stimulation 
with CD3/CD28 Dynabeads (Thermo Fisher Scientific, 
online supplemental figure 5). This data in conjunction 
with specific neoantigen functional testing from the four 
patient TILTP populations (figure  4A–C) suggests that 
while some cells within the bulk TILTP expanded popu-
lations are capable of cytokine secretion, lack of IFN-γ 
secretion in our neoantigen screening assays is due to the 
functional impairment of antitumor neoantigen-specific 
clones on their cognate neoantigenic stimulation.

Figure 5  (A) Workflow for assessing clonal dynamics of antitumor or neoantigen-specific TCR clonotypes before and after 
in vitro expansion of CD8+ TILTP populations. (B) In vitro tracking of the percentage of neoantigen-reactive and antitumor 
clonotypes (n=19 clones, samples 4323, 4317, 4400, 4385, and 4382) among CD8+ TILTP T cells relative to bulk CD8+ TIL in 
tumor digest. Only clones that were detectable in a TILTP FACS-based plate sort (96 wells) are included in this analysis. (C) In 
vitro clonal tracking of all antitumor, neoantigen-reactive clones (n=24) among bulk CD8+ TIL (left), CD8+ TILTP (middle), and 
post-REP CD8+ TILTP (right) for samples 4323, 4317, 4400, and 4385. The majority of known neoantigen-reactive clonotypes are 
enriched by triple-positive sorting but are unable to expand in the REP. P values indicate paired t-test between bulk versus pre-
expansion (pre-REP) populations, and pre-REP versus post-expansion (post-REP) TILTP populations. Numbers above indicate 
fold-expansion between the populations analyzed. * = p<0.05 ** = p<0.01. REP, rapid expansion protocol; TCR, T-cell receptor; 
TIL, tumor-infiltrating lymphocytes.
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DISCUSSION
ACT with TIL and their TCRs recognizing patient-
specific neoantigens can mediate durable regression of 

metastatic epithelial cancers.5 10–13 15 31 Tumor-reactive 
TCRs expressed by TIL can be isolated, retrovirally trans-
duced into autologous PBL, and administered as ACT, 

Table 2  Frequency of known-reactive TCR clones in pre-REP and post-REP CD8+TILTP populations. Pre-REP frequencies 
taken from transcriptomic analysis of bulk TIL (n.d., not detected, <0.001%). Post-REP TIL n/a for sample 4382

Patient TCR CDR3b TCR reactivity

Pre-REP 
frequency (% 
of CD3+)

Pre-REP 
enrichment (% 
of TP)

Post-REP 
frequency (% 
by CDR3b seq)

4323

1 CATSGTGHSYEQYF PPP2R1A 3.77 24.29 0.002

2 CATSATGRSYEQYF PPP2R1A 2.77 24.29 0.05

3 CATSDTGRPYEQYF PPP2R1A 3.43 18.57 1.1

4 CASSPRVPNTEAFF HIATL1 8.31 10.00 n.d.

6 CASSQLTGAETQYF PPP2R1A 0.11 2.86 n.d.

9 CASSLDADGRSRETQYF HIATL1 0.44 1.43 n.d.

10 CSAATWAINQPQHF PPP2R1A 0.33 1.43 n.d.

(11) CATSDTGKPYEQYF PPP2R1A 0.11 – 2.3

(12) CATSDTGLPYEQYF PPP2R1A 0.11 – 0.002

Total known-
reactive

19.38 82.86 3.45

4400

2 CASSQDPGARDYGYTF PDX tumor 1.48 3.39 n.d.

3 CAWSRVRPNEQFF PDX tumor 0.68 3.39 n.d.

5 CASSELAGGNYNEQFF PDX tumor 1.48 1.69 n.d.

6 CASSLLATGNFNEQFF PDX tumor 1.26 1.69 n.d.

8 CASSFPASGGAVDNEQFF PDX tumor 0.80 1.69 0.003

(15) CASTTSPGPEYGYTF PDX tumor 0.68 – 0.01

Total known-
reactive

6.39 13.73 0.01

4385

10 CASSMMNTEAFF TMG6 0.08 – 1.30

Total known-
reactive

0.08 – 1.30

4317

2 CASSIWATNTGELFF AURKAIP1 3.11 17.65 3.45

5 CASNSGGPTVEQYF PIK3CA 1.14 3.92 1.67

9 CASSAGAEQYF PIK3CA 1.90 1.96 1.94

10 CSVVLASGDEEEQYF AURKAIP1 0.15 1.96 n.d.

11 CSVEDGGRDTGELFF AURKAIP1 0.08 1.96 n.d.

(12) CASSPGGFEAFF PIK3CA 1.14 – 2.22

Total known-
reactive

7.51 27.45 9.27

4382

2 CASSEAGASNYGYTF SMARCA4 0.82 11.63 n/a

4 CASSQSTGALETQYF SMARCA4 0.41 9.30 n/a

Total known-
reactive

1.23 20.93 n/a

FACS, fluorescence-associated cell sorting; PDX, patient-derived xenograft; REP, rapid expansion protocol; TIL, tumor-infiltrating 
lymphocytes; TMG, tandem minigene .
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an approach currently under clinical investigation by 
the NCI Surgery Branch in clinical trial NCT03412877. 
This emphasizes the value of swift, and early, TCR iden-
tification for the treatment of patients with metastatic 
cancers often characterized by rapidly progressive visceral 
disease. In this study, we demonstrate quick and reliable 
identification of tumor-reactive CD8+ TIL based on CD39, 
PD-1, and TIGIT co-expression using widely available 
methodology.

Although numerous combinations of cell surface 
markers have demonstrated the ability to enrich for tumor-
reactive T cells,17 18 identifying optimal marker combina-
tions for the selection of tumor-reactive T cells and their 
receptors remains an open question. We leveraged a previ-
ously described high-dimensional transcriptomic analysis 
of TIL from patients with metastatic epithelial cancers to 
uncover CD39, PD-1, and TIGIT protein co-expression as 
common to antitumor T-cell clones.22 While single-cell 
transcriptomic analysis offers substantially more gran-
ularity when examining T-cell populations, it is compu-
tationally intensive and precludes subsequent use of the 
cells of interest for experimental studies. TILTP sorting 
dispenses with transcriptomic analysis and is therefore 
amenable for wider usage including experimental manip-
ulation. Additionally, in samples with very low frequency 
of antitumor TIL, or when plate-based TCR sequencing 
methods are not available, FACS enrichment of TILTP 
followed by single-cell transcriptomic sequencing might 
improve the identification of additional clonotypes.

Enrichment of T-cell clones by TILTP sorting demon-
strated a strong correlation with that of its parent 
NeoTCR8 gene-signature and, on validation by TCR 
reconstruction, demonstrated specificity of at least 39.5% 
for neoantigen-reactive TCR identification. This is likely 
a conservative estimate, since we did not reconstruct and 
screen every TCR clonotype present in the TILTP subset, 
nor did we screen for every possible tumor antigen repre-
sented in the tumor. Additionally, given the presence of 
autologous tumor-reactive but neoantigen non-reactive 
TCR clonotypes within TILTP (five PDX-reactive TCRs 
from 4400 TIL, figure 3D), our calculation of antitumor 
TCRs is also impacted by the broader landscape of tumor 
antigens, beyond the neoantigens that we screened in 
this study.22 24 25 Despite these limitations, sorting TILTP 
achieved as much as 82.9% enrichment for neoantigen 
reactivity in a single patient (4323) and a median enrich-
ment of 20.9% across all patients (figure 3D). We demon-
strate that neoantigen-reactive CD8+ TCR clonotypes 
can be defined by the TILTP subset in every patient we 
analyzed, including instances of non-clonally expanded 
singleton clones captured on the TILTP plate being 
neoantigen-reactive (TCRs 9 and 10 from 4323, TCRs 5, 
6, and 8 from 4400, and TCRs 9, 10, and 11 from 4317, 
respectively (table 2), suggesting potential advantage of 
direct sorting and identification of antitumor TCRs for 
use in cell therapies. Given that CD39 and TIGIT expres-
sion alternated as the limiting factor of patients’ TILTP 
populations (figure  3A), and PD-1+CD39+ populations 

were more enriched for neoantigen reactivity than their 
single-positive counterparts (figure  1D), our findings 
are congruent with prior studies demonstrating supe-
rior enrichment of tumor reactivity with the addition 
of markers beyond PD-1 and validated our use of three 
markers to achieve optimal enrichment.18 Additionally, 
because we relied on TCR reconstruction and engi-
neering into healthy donor PBL rather than selection, 
growth, and expansion of this subset, this methodology 
overcomes limitations of functional experimental screens 
done on in vitro-expanded TIL material obtained from 
patients.

Prior studies have demonstrated the enrichment of 
tumor reactivity among oligoclonally expanded T cells 
expressing cell surface markers of dysfunction (eg, PD-1, 
or CD39+CD103+), though the ability of these cells to 
undergo expansion into a viable clinical TIL treatment 
product mediating durable tumor regressions remains 
to be evaluated.17–19 21 39 Our phenotypic analyses by cell 
surface profiling, as well as mapping of known neoantigen-
reactive TCR clones to the scRNA states reveal that TILTP 
likely represents a more tightly defined subset within the 
CD39+CD103+ TIL compartment, highly enriched for 
tumor reactive NeoTCRs, but more terminally differenti-
ated, dysfunctional than the CD39+CD103+population as 
a whole (figure 1B–D).17 This might in part explain the 
impaired proliferative potential and lack of functional 
neoantigen recognition in in vitro-expanded cultures 
(figure 4).

While four of five CD8+ TILTP populations were demon-
strably enriched for tumor reactivity, expanded TIL 
from three of four samples failed to maintain reactivity 
through a rapid expansion. CDR3β sequencing of in 
vitro-expanded post-REP populations confirmed a signif-
icant loss, but not absence of, reactive TCRs; known reac-
tive clones comprised up to 9.27% of CD8+ TILTP cells 
after in vitro REP (figure 5C, table 2). The robust post-
stimulation cytokine response exhibited at the bulk level 
by post-REP CD8+ TILTP populations, comparable to that 
of paired bulk TIL controls (online supplemental figure 
5), is very likely driven by the bystander T cells that grow 
out in the REP since antigen-specific stimulation of the 
same populations demonstrated no IFN-γ secretion in our 
screens.

Taken together, these results suggest that in epithelial 
tumors, while TILTP can consistently and selectively enrich 
tumor reactivity, they might lack the proliferative poten-
tial to serve as an enriched cell therapy product. These 
findings are consistent with our prior studies in mela-
noma, in which both responders and non-responders to 
TIL therapy had no differences in the terminally differ-
entiated dysfunctional neoantigen-specific CD39+ TIL 
subset.14 Rather, TIL-ACT responses were associated 
with a smaller pool of less differentiated CD39-negative 
stem-like TILs that were not enriched for neoantigen 
reactivity.14

While these findings strengthen prior claims of 
impaired effector function in post-expansion PD-1+ and 
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CD39+ TIL, the selective expansion of non-dominant 
tumor-reactive clones in all four post-REP CD8+ TILTP 
populations, and demonstration of post-REP reactivity in 
one sample, alludes to a spectrum of dysfunction within 
endogenous TILTP.14 In the sample with post-REP TILTP 
reactivity (4385), tumor recognition was driven by a non-
dominant clone that was below the level of detection in 
the initial sort from tumor digest. Transcriptomic anal-
ysis of such unique TILTP prior to the REP may reveal key 
phenotypic differences that enable them to expand and 
react, although capturing them in sufficient quantities 
represents a significant challenge.

In this study, we evaluated cell surface markers enriching 
neoantigen reactivity within CD8+ T cells from metastatic 
epithelial tumor deposits. Our screening methods did 
not include the examination of cancer germline anti-
gens and other potential tumor-associated antigens when 
assaying the reactivity of TILTP populations, which may 
have provided a better understanding of the intratumoral 
TCR repertoire. In our study, we made no attempts at 
expanding TILTP by modifications to the standard clinical 
in vitro REP expansion, or prolonged rest as suggested by 
some chimeric antigen receptor expansion studies,40 or 
via pharmaceutical intervention targeting epigenetic41 or 
genetic42 engineering of antitumor neoantigen-reactive 
T cells during their in vitro expansion for cell therapy. 
The dysfunctional state of TILTP may also be amenable to 
epigenetic reprogramming, as suggested by some murine 
models43 44. These remain important avenues to pursue in 
future studies to evaluate the potential direct use of TILTP 
based cell therapies.

These data demonstrate that while CD8+PD-
1+CD39+TIGIT+ TIL serve as a highly efficient and reli-
able source of tumor-reactive TCRs, the cells themselves 
are phenotypically exhausted and offer limited utility as 
a treatment product. In an era of ACT where genetically 
engineered PBL can mediate regression of metastatic 
cancers13 30 TILTP sorting enables rapid identification of 
TCR sequences from tumor-reactive TIL using readily 
available and affordable technology, saving patients 
precious time in pursuit of treatment.
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