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Various forms of immunotherapy, such as checkpoint blockade
immunotherapy, are proving to be effective at restoring T cellmediated immune responses that can lead to marked and sustained
clinical responses, but only in some patients and cancer types1–4.
Patients and tumours may respond unpredictably to immunotherapy
partly owing to heterogeneity of the immune composition and
phenotypic profiles of tumour-infiltrating lymphocytes (TILs)
within individual tumours and between patients5,6. Although there
is evidence that tumour-mutation-derived neoantigen-specific T
cells play a role in tumour control2,4,7–10, in most cases the antigen
specificities of phenotypically diverse tumour-infiltrating T cells
are largely unknown. Here we show that human lung and colorectal
cancer CD8+ TILs can not only be specific for tumour antigens (for
example, neoantigens), but also recognize a wide range of epitopes
unrelated to cancer (such as those from Epstein–Barr virus, human
cytomegalovirus or influenza virus). We found that these bystander
CD8+ TILs have diverse phenotypes that overlap with tumourspecific cells, but lack CD39 expression. In colorectal and lung
tumours, the absence of CD39 in CD8+ TILs defines populations
that lack hallmarks of chronic antigen stimulation at the tumour
site, supporting their classification as bystanders. Expression of
CD39 varied markedly between patients, with some patients having
predominantly CD39− CD8+ TILs. Furthermore, frequencies
of CD39 expression among CD8+ TILs correlated with several
important clinical parameters, such as the mutation status of lung
tumour epidermal growth factor receptors. Our results demonstrate
that not all tumour-infiltrating T cells are specific for tumour
antigens, and suggest that measuring CD39 expression could be a
straightforward way to quantify or isolate bystander T cells.
Using mass cytometry and a panel dedicated to the detailed profiling
of tumour infiltrating T cells we observed that, consistent with previous
reports5,6,11, CD8+ TILs constitute a highly heterogeneous cell population both within individual tumours (Fig. 1a) and among patients
with lung and colorectal tumours (n = 144 patient tumours analysed
by mass cytometry in this study) (Fig. 1b and Extended Data Fig. 1).
We therefore decided to investigate the antigen specificity of CD8+
TILs to better understand the basis for this heterogeneity. In total, we
screened for 1091 putative neoantigens, 123 tumour-associated antigens (TAA) and 46 cancer-unrelated epitopes (mostly virus-derived)
using mass cytometry coupled to multiplex major histocompatibility
complex (MHC)-tetramer staining, as reported previously12 (Fig. 2,
Extended Data Fig. 2 and Supplementary Tables 1–3). Two positive
hits were detected for neoantigen epitopes from a total of 24 patients
tested (Fig. 2b, c and Supplementary Table 4). As 0.18% of the 1,091
computationally-predicted putative neoantigens could be confirmed

experimentally, these data are in line with other publications reporting
identification rates for neoantigen-specific CD8+ T cells from predicted neoantigens of between 0% and 0.5%13–15. The small number of
neoantigen-specific T cell populations detected may also be related to
the relatively low mutational burden of these tumours (Supplementary
Table 4), even though neoantigen-specific T cell responses have previously been reported in the context of other tumours with low mutational burden13,16. Nevertheless, these results highlight the challenge of
accurately predicting and validating neoantigens for therapeutic purposes9. We also detected two tumour-specific CD8+ TIL populations
in an unusual case of lung cancer associated with Epstein–Barr virus
(EBV) infection (lymphoepithelioma-like carcinoma, LELC) (Extended
Data Fig. 3). Despite testing 40 patient tumours with large panels of
TAA-derived epitopes, we failed to identify TAA-specific CD8+ TILs.
Data from in vitro expanded CD8+ T cells have shown that these
cells can be detected by MHC-tetramer staining17–19. MART-1 and
NY-ESO-1 epitope-specific T cells have also been detected in unexpanded TILs20,21. It is possible that TAA-specific CD8+ TIL cells were
absent or present at undetectably low frequencies in all of the samples
we tested.
Unexpectedly, we detected cancer-unrelated MHC-tetramer+ cells
(n = 46 CD8+ T cell populations) in cohorts of patients with lung cancer
or colorectal cancer (in 9 of 24 lung cancer patients, 37.5%; and in 21
of 42 colorectal cancer patients, 50%) (Fig. 2b). In these cases, MHCtetramer+ CD8+ TILs were specific for various Epstein Barr virus
(EBV), human cytomegalovirus (HCMV) or influenza virus epitopes
that were presented by three different HLA alleles (Fig. 2d). Frequencies
for individual epitopes varied between 0.07% and 3.3% of total CD8+
TILs, and 11 examples of these were validated using fluorescence flow
cytometry (Fig. 2d, e, Extended Data Fig. 4). The expression of CD69
and/or CD103 in many of these cancer-unrelated CD8+ TILs suggests
that they are not derived from blood contamination (Extended Data
Fig. 4). These data therefore show that CD8+ TILs are not all specific
for tumour antigens, but can include bystander CD8+ TILs that are
specific for cancer-unrelated epitopes.
Having identified cancer-unrelated bystander and tumour-specific
CD8+ TILs, we next compared the phenotypes of these two populations with those of remaining CD8+ TILs of unknown specificity. All
the tumour-specific CD8+ TILs that we identified displayed resident
memory T cell-like phenotypes and expressed various co-stimulatory
and inhibitory receptors, such as PD-1 (Fig. 3a and Extended Data
Fig. 3, 5). Surprisingly, we observed overlapping but diverse phenotypic profiles for cancer-unrelated CD8+ TILs with respect to these
markers. Many of the bystander CD8+ TILs also expressed resident
memory T cell-like phenotypes as well as various co-stimulatory
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and activation marker molecules. The inhibitory receptors TIGIT
and PD-1, two markers that were previously shown to be expressed
by tumour-antigen-specific CD8+ T cells22, were also expressed by
many of these cells (Fig. 3a, c). Although PD-1 has been proposed as
a marker of tumour-specific CD8+ T cells23, our results are consistent with previous reports of virus-specific CD8+ T cells infiltrating
tumours that express PD-1 in mice24. However, we observed a striking
lack of CD39 expression in bystander CD8+ TILs (5.2 ± 8.4% (s.d. is
used throughout), n = 46). By contrast, CD39 was highly expressed
by tumour-specific CD8+ TILs and variably expressed by cells of
unknown specificity (40.4 ± 27.2%, P < 0.0001) (Fig. 3b, c). CD39
is a transmembrane extracellular ATPase that is widely expressed by
regulatory T cells, B cells and some tumour cells. In conjunction with
the enzymatic activity of CD73, CD39 can catalyse the conversion of
ATP to adenosine, which has been shown to have immunosuppressive activity25,26. Based on these data, we hypothesize that the lack of
CD39 could be used to enrich for cancer-unrelated bystander CD8+
TILs. Conversely, though we think that these results suggest that CD39
could also be a useful marker of tumour-specific CD8+ TILs, this link
could be observed only in two neoantigen responses from two patients
and two tumour-specific CD8+ TIL populations in an unusual LELC
tumour.
To better compare the characteristics of CD39– CD8+ and CD39+
CD8+ TILs, we performed transcriptomic profiling. Using principal
component analysis (PCA) and gene set enrichment analysis (GSEA),
we found that CD39+ CD8+ TILs were enriched in expression of genes
related to cell proliferation and exhaustion, which are characteristics
of chronically stimulated T cells27–29 (Fig. 4a, b and Extended Data
Fig. 6), consistent with previous reports in both cancer25 and infectious disease26. In line with this, T cell receptor (TCR) sequencing
indicated a skewed and reduced diversity of TCR sequence diversity
in CD39+ CD8+ TILs (Extended Data Fig. 7), supporting the notion
of enrichment for cells that have undergone tumour-antigen-driven

clonal expansion29,30. At the protein level, compared to their CD39–
counterparts, CD39+ CD8+ TILs from colon and lung tumours showed
hallmarks of exhausted cells in terms of both phenotypic and functional markers (Fig. 4c, d and Extended Data Fig. 8), consistent with
the transcriptomic profiling data. Thus, expression of CD39 defines
a population of highly exhausted cells; whereas the absence of CD39
in CD8+ TILs defines a population whose phenotype is inconsistent
with chronic antigen stimulation at the tumour site, consistent with a
bystander role.
Next, we investigated whether expression of CD39 by CD8+ TILs
was linked to clinical parameters measured in either of the studied
patient cohorts. In colorectal tumours, we detected highly heterogeneous frequencies of CD39 expression among CD8+ TILs (n = 94;
mean, 44.5 ± 23.7%; minimum, 0.2%; maximum, 85.8%) (Fig. 4e
and Extended Data Fig. 9). No significant correlations with any
clinical parameters (tumour mutational burden, driver mutational
status or consensus molecular subtype (CMS)) were obtained from
this cohort (Extended Data Fig. 9). However, based on the transcriptomic profiles of adjacent frozen tumour sections, we found
that tumours with higher percentages of CD39+ CD8+ TILs had
gene expression profiles indicative of T cell inflammation and
expression of pathways associated with antigen processing and
presentation (Extended Data Fig. 10). In lung cancer patients, the
expression of CD39 in CD8+ TIL cells was also highly heterogeneous across patients (n = 50; mean, 21.9 ± 23.23%; minimum, 0%;
maximum, 88.5%) (Fig. 4e and Extended Data Fig. 9). For this type
of cancer, the frequency of CD39+ CD8+ TIL cells clearly correlated with the epidermal growth factor receptor (EGFR)-mutation
status, an oncogenic driver mutation that is especially common in
East Asian patients with lung cancer31. Preliminary reports suggest that patients with EGFR-mutated tumours are relatively poor
responders to anti-PD-1 treatment and have low CD8 + T cell
density compared to patients with EGFR-wild-type tumours32.
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In our study cohort, the frequency of CD39+ CD8+ TIL cells was
significantly higher in patients with EGFR-wild-type tumours
(32.3% ± 20.35%) in comparison to those with EGFR-mutant
tumours (16.24% ± 23.51%), where these cells were virtually absent
(<2% of CD8+ TIL cells) in 50% of these patients (Fig. 4f). These
data suggest that the poor observed response to anti-PD-1 treatment
could be associated with the abundance of bystander CD39– CD8+
TIL cells in patients with EGFR-mutant tumours.
We also obtained peripheral blood from a patient with microsatellite-instable metastatic colorectal cancer who realized a rapid clinical
and radiological response with anti-PD-1 treatment (pembrolizumab).
The proliferation marker Ki67 enables identification and monitoring
of the immunological response during anti-PD-1 treatment in peripheral blood33. Of note, the proliferating CD8+ T cells in the blood from
this patient were characterized by high expression of CD39 (Fig. 4g).
These data are consistent with an expansion of a CD39+ population in
the peripheral blood of a patient responding to anti-PD1 treatment.

This suggests that serial changes in CD39+ T cells may be an early
blood-based readout of anti-tumour-specific CD8+ responses and may
indicate a promising role for CD39 in monitoring immune checkpoint
therapy.
In summary, our results demonstrate that human CD8+ TILs can not
only be specific for tumour antigens but may also contain a population
that recognizes cancer-unrelated epitopes, characterized by an absence
of CD39 expression. Our data show that tumours can possess a wide
range of frequencies and phenotypes of bystander infiltrating CD8+
T cells. Conversely, although partially based on very limited examples
of tumour-specific T cell populations (two neoantigen-specific populations from two patients and two tumour-specific populations from
an uncommon LELC tumour), our data also suggest that CD39 could
be useful as a marker of tumour-specific CD8+ T cells, which could
be exploited for the development of novel biomarkers or therapeutics.
Future work will determine the extent to which CD39 is a useful marker
of tumour specificity.
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Methods

No statistical methods were used to predetermine sample size. The experiments
were not randomized and the investigators were not blinded to allocation during
experiments and outcome assessment.
Human samples. PBMCs, adjacent normal and tumour samples (lung and
colon) were obtained from patients with colorectal cancer or lung cancer (See
Supplementary Table 6). The use of human tissues was approved by the appropriate
institutional research boards, A*STAR and the Singapore Immunology Network.
Cell isolation. Samples were prepared as previously described34. In brief, tissues
were mechanically dissociated into small pieces and incubated at 37 °C for 15 to 40
min in DMEM + collagenase IV (1 mg/ml) + DNase (15 µg/ml). Digestion was
stopped by addition of RPMI containing 5% FBS. Dissociated tissues were filtered
and washed in RPMI 5% + DNase (15 µg/ml) FBS. All samples were cryopreserved
in 90% FBS + 10% DMSO and stored in liquid nitrogen.
MHC monomer production and heavy metal labelling of streptavidin and antibodies. Purified antibodies lacking carrier proteins were purchased according to
the list in Supplementary Table 7. Antibody conjugation was performed according to the protocol provided by Fluidigm. Streptavidin was labelled as previously
described12. HLA-A*11:01 and HLA-A*24:02 monomer was refolded with appropriate UV-cleavable peptide and biotinylated as described35,36.
Tumour-associated antigen and neoantigen epitopes prediction. Binding of
epitopes of common TAA protein37 to HLA-A*11:01 or HLA-A*24:02 was predicted using the NetMHC3.4 algorithm38. Candidate epitopes (8 to 11 amino
acids) with an affinity <500 nM were selected. For neoantigens, exome and RNA
sequencing were performed at Genome institute of Singapore (GIS). Tumour and
adjacent normal tissues were harvested by pathologists following surgical resection.
DNA and RNA were extracted from clinical specimens using the Qiagen Allprep
DNA/RNA kit. After the QC step, DNA was sonicated to shorter fragments using
the Covaris system and end-repaired and ligated with sequencing adapters. Agilent
SureSelect Human All Exon V6 was used for exome capture before sequencing.
The Illumina Hiseq 4000 platform was used for whole exome sequencing (WES).
For DNA sequencing, short sequence reads were mapped against human reference genome GRCh37 using BWA-MEM with default parameters39. Following
GATK best practice40, PCR duplicates were first removed and subsequently realigned and recalibrated (available at: https://github.com/gis-rpd/pipelines, GATK
v.3.5). Somatic mutations (SNVs) were identified using MuTect (version 1.1.7)41.
Somatic insertions and deletions (indels) were called using Strelka with default
parameters42. The raw RNA-seq data was mapped to the reference genome using
STAR. The data were ported to RSEM to generate count data and subsequently
normalized using DESeq2. Non-synonymous mutations and indels were used to
predict the mutated protein sequences using ANNOVAR43. A list of peptides 8–11
amino acids in length that are not seen in normal cells (covering either the mutated
position or the novel C-terminal sequence due to frame-shift indels) was generated.
Subsequently, the binding affinity of every mutant peptide and its corresponding
wild-type peptide to the predicted HLA-A alleles was estimated using netMHC3.4.
The putative neo-antigens were identified as the mutant peptide with a predicted
binding strength of <500 nM and lower binding strength than that of its corresponding wild type. All peptides (predicted TAA, published TAA, neoantigens)
were synthetized at Mimotopes and diluted in DMSO to the final concentration
of 10 mM.
mRNA sequencing data analysis. The paired-end RNA-seq reads from HiSeq 4000
were mapped to the human GRCh38/HG19 reference genome using the STAR software tool. The mapped paired-end reads were summarized to gene level using featureCounts v.1.5.0-p1 software tool44 and with GENCODE v26 gene annotation45.
Genes with read count less than five in fewer than two samples in all cell populations were filtered out from further analysis. Limma-voom46 pipeline was used for
differentially expressed gene (DEG) analysis. DEGs from comparisons between
different cell populations were selected with Benjamini–Hochberg adjusted P value
of <0.05. All analyses were done in R v.3.1.247. We ran PCA using the prcomp function from the stats (v.3.4.2) R package, using the whole transcriptomic data. Data
ellipses were drawn using the ordiellipse function of the vegan (v.2.4-5) R package.
We used the HTSanalyzeR package (v.2.26.0) to run GSEA and hypergeometric
tests on gene collections from the Gene Ontology Biological Processes database,
filtered for gene sets with at least 20 genes present in our dataset. For GSEA we used
1000 permutations to estimate P values and applied corrections for multiple tests
using the Benjamini–Hochberg procedure. Results were displayed by plotting the
40 most significant pathways using the enrichment map package.
We performed hierarchical clustering on the Pearson correlation matrix of the
genes whose variance was in the top 25%, using Ward’s linkage criterion and 1−r
as the distance function, where r is a pairwise Pearson’s correlation coefficient. The
resulting dendrogram was cut into 10 subtrees to obtain gene modules.
To compute clonality indices, we first converted the measured counts for TCR
to frequencies. We then computed Shannon’s entropy normalized for the number
of unique pairings n by H = ∑ ni= 1 −log(fi ) × fi /log(n), where fi is the frequency

of the pairing n, as previously proposed48, H varies from 1 for a uniform distribution to 0 for an entirely clonal distribution. Clonality C was thus defined as
C = 1−H and varies from 0 to 1, with 1 indicating high clonality.
Multiplexing tetramer preparation and staining. For multiplex MHC-tetramer
staining, each tetramer was labelled with a combination of three metal-labelled
streptavidins. Using ten different metal-labelled streptavidins, 120 possible combinations (10 choose 3) were generated. Each specific combination was associated
with a different peptide. Each metal-labelled streptavidin (50 μg/ml, 20 μl) was
mixed for each combination using an automated pipetting device (TECAN). In a
96 well plate, 5 μl peptide (1 mM) was add to 100 μl HLA monomer (100 μg/ml,
diluted in PBS), with a different peptide in each well. The plate was exposed to
UV (365 nm) for 10 min for peptide exchange and left overnight at 4 °C. For the
tetramerisation, each peptide–MHC complex–metal-labelled streptavidin combination (50 μg/ml) was added in three steps (3 × 10 μl) according to the coding
scheme. Then, tetramerized peptide-MHC complexes were incubated with free
biotin for 10 min (10 μM) (Sigma). All different tetramers were combined and
concentrated using a 50-kDa Amicon filter (Millipore) to a final volume of 500 μl.
Then, 500 μl PBS, 1% BSA, 0.02% sodium azide was added. Before staining, the
tetramer cocktail was filtered using a 0.1-μm filter (Millipore).
Frozen samples were thawed and washed in RPMI, 10% FBS, 15 μg/ml DNase.
Cells were incubated for 1 h at room temperature with the tetramer cocktail. Cells
were then stained with 5 µM cisplatin (viability marker) in PBS for 5 min as pre
viously described34. Cells were then incubated with antibody cocktail for 15 min
(See Supplementary Table 5 for clone list and metals) and fixed in 2%PFA.
Data analysis and t-SNE. After mass cytometry (CyTOF) acquisition, which was
performed as previously described49,50, any zero values were randomized using
a uniform distribution of values between zero and −1 using an R script (as was
the default operation of previous CyTOF software). Note also that all other integer values measured by the mass cytometer are randomized in a similar fashion
by default. The signal of each parameter was then normalized based on the EQ
beads (Fluidigm) as previously described51. Cells were manually de-barcoded
using FlowJo (Tree Star). Samples were then used for t-SNE analysis similar to
that previously described49,50 using custom R scripts based on the ‘flowCore’ and
‘Rtsne’ (using CRAN R packages that perform the Barnes–Hut implementation of
t-SNE)52,53. In R, all data were transformed using the logicleTransform function
(flowCore package) using parameters: w = 0.25, t = 16409, m = 4.5, a = 0 to roughly
match scaling historically used in FlowJo. For heatmaps, median intensity corresponds to a logical data scale using formula previously described54. The colours in
the heat map represent the measured means intensity value of a given marker in
a given cluster. A four-colour scale is used with black–blue indicating low expression values, green–yellow indicating intermediately expressed markers, and red
representing highly expressed markers.
Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.
Data availability. Sequence data that support the findings of this study have been
deposited in the Gene Expression Omnibus under accession number GSE113590.
Mass cytometry data have been deposited in FlowRepository (https://flowrepository.org) under accession link FR-FCM-ZYWM. Further data that support the
findings of this study are available from the corresponding authors upon reasonable
request.
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Extended Data Fig. 1 | Tumour-infiltrating CD8+ T cells are
heterogeneous. a, Mass cytometry dot plots showing expression
of markers expressed by tumour-infiltrating CD8+ TILs (gated on
CD45+ cisplatin−). Data from at least 10 independent mass cytometry
experiments. Representative data from one patient. b, For highdimensional assessment of CD8+ T cell heterogeneity, we used t- SNE,
which accounts for nonlinear relationships between markers and projects
high dimensional data into a low dimensional space by making a pairwise
comparison of cellular phenotypes to optimally plot similar cells near
each other (see Methods). Parallel analysis of CD8+ T cells from PBMCs
(blue), tumour-adjacent tissue (yellow) and tumour tissue (red) from lung

high

or colorectal cancer patients was performed, which allows for accurate
comparison of the phenotypes of cells from each of these sample types.
t-SNE map of CD8+ T cells isolated from PBMC (blue), tumour adjacent
tissue (lung or colon, yellow) and tumour (red). t-SNE was performed
separately on each patient. Data are from at least 10 independent mass
cytometry experiments. Representative data from three patients for
each malignancy. c, t-SNE analyses focusing only on CD8+ T cells from
tumour infiltrates to explore the heterogeneity of CD8+ TILs within
individual patient tumours. t-SNE map of CD8+ TILs isolated from a
colorectal tumour. Data are from at least 10 independent mass cytometry
experiments. Representative data from one patient.
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Extended Data Fig. 2 | Multiplex tetramer staining by mass cytometry.
To investigate the antigen specificity of CD8+ TILs, we performed
multiplex MHC-tetramer staining as reported previously (see Methods).
By using a three-metal coding scheme, we encoded up to 120 different
tetramers specific for neoantigens, tumour-associated antigens (TAA)

and cancer-unrelated epitopes (peptide list is shown in Supplementary
Tables 1–3). Data are from at least 10 independent mass cytometry
experiments (See Fig. 2). Representative data from three patients. Each
MHC tetramer+ cell population is positive for a unique code, composed of
three differently-labelled streptavidin populations.
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Extended Data Fig. 3 | Identification and phenotypic profiles of
LELC tumour-specific CD8+ TILs. a, Immunohistochemistry of lung
adenocarcinoma and lung from LELC, stained with haematoxylin (blue)
and EBV-encoded small RNA in situ hybridation (EBERish, brown).
Primary LELC is rare and often associated with EBV infection in lung
epithelial cells. Using EBERish staining on tissue sections, we confirmed
the presence of EBV virus in tumour cells from patient A311. Data are
from one experiment. b, Flow dot plot representing two populations
specific for EBV-derived peptides (parts of the BRFL1 and BMFL1
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specific. Frequency of MHC tetramer+ cells among CD8+ TILs. Data are
from two independant experiments. Data from patient A311. c, Flow dot
plot representing expression of CD69, CD103 and CD39 by LELC-specific
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of memory, co-activatory or inhibitory markers by cancer-unrelated CD8+
TILs (blue, EBV-specific MHC tetramer+, SSCSSCPLSK), neo-antigen

Tumor-specific CD8 (tetramer+ mutAHR)

specific CD8+ TILs (red, mutAHR tetramer+, GISQELPYK) and total
CD8+ TILs cells from colorectal tumour (See Fig. 2). Data are from at least
ten independent mass cytometry experiments. Representative data from
one individual, patient 1053.
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Extended Data Fig. 6 | Differential gene expression profiles of CD39−
and CD39+ CD8+ TILs. a, In order to better characterize CD39+ CD8+
TIL cells, we sorted and performed transcriptomic profiling on CD39−
and CD39+ CD8+ TILs. Using PCA on the complete transcriptomic data
we observed a natural ordering of samples from naive to effector memory
PBMCs, then CD39− CD8+ TILs, and finally CD39+ CD8+ TILs along
the PC1 axis (See Fig. 4). We then used GSEA to biologically interpret
PC1. Among all pathways that were significantly upregulated, we found
CD39+ CD8+ TILs were enriched in pathways related to cell proliferation

CD39– CD8 TILs CD39+ CD8 TILs

c

and the adaptive immune response, which suggests that these cells were
subjected to higher TCR signalling (See detailed list on Supplementary
Table 5). b, To obtain a more comprehensive overview of the difference
between CD39− and CD39+ CD8+ TILs, we studied gene sets specific
for exhaustion, a pathway characteristic of chronically stimulated T
cells28,29. In line with the hypothesis that CD39 marks CD8+ TILs for
chronic antigen stimulation, the gene set described for exhaustion (c) was
significantly enriched in CD39+ CD8+ TILs in both colorectal and lung
cancer (See Fig. 4).
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Extended Data Fig. 7 | Skewed TCR repertoire between CD39− and
CD39+ CD8+ TILs. To further explore the specificity of CD39+ CD8+
TILs, we performed TCRα and TCRβ sequencing of CD39− and
CD39+ CD8+ TILs. We assume that a less diverse TCRα or TCRβ
profile in CD39+ CD8+ TILs would suggest tumour antigen-driven
clonal expansion, as suggested23. a, The clonality index, incorporating
the frequency of each unique TCRα or TCRβ clone in paired samples
(n = 8 patients), indicated a lower TCRα and TCRβ diversity in CD39+

CD8+ TILs. Two-tailed paired t-test. Data are from two independent
experiments. b, c, We also compared TCRα repertoires between these
populations and found that the most highly represented clones were not
shared between CD39− and CD39+ CD8+ TILs. Taken together, the less
clonal and skewed TCRα profile of CD39+ CD8+ TILs supports the notion
that these cells underwent tumour antigen-driven clonal expansion.
Data are from two independent experiments.
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CD8+ TILs in lung tumours. Data are from at least ten independent
mass cytometry experiments. Data are means ± s.d. Two-tailed paired
t-test (n = 12 to n = 30 patients). b, t-SNE map of CD39+ CD8+ TILs
cells isolated from a colorectal tumour. t-SNE was performed on data
from one patient. Despite the phenotypic differences between CD39+
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CD8+ TILs in lung and colorectal tumours. Representative data from
two patients. Data are from at least ten independent mass cytometry
experiments. b, CD39+ cells as a percentage of CD8+ TILs stratified
by microsatellite-stable (MSS) (n = 3 patients) or microsatelliteinstable (MSI) (n = 33 patients) status. Data are means from at least
ten independent mass cytometry experiments. c, Mutation rate (in
mutational events per megabase, plotted on a log scale) versus CD39+
CD8+ TIL frequencies in colorectal tumours (n = 26 patients). Data
from at least ten independent mass cytometry experiments. d, Box plots
representing CD39+ frequencies among CD8+ TILs stratified by the
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Extended Data Fig. 10 | Gene set enrichment in tumours with high
CD39+ CD8+ TIL count. We investigated transcriptomic profiles of whole
tumours using bulk RNA sequencing in conjunction with the percentage
CD39 expression in CD8+ TILs as measured by mass cytometry.
Among the 25% most varying genes, we identified ten gene modules by
performing hierarchical clustering on the Pearson correlation matrix of the
genes. Notably, a cluster whose expression correlated with the frequency of
CD39+ TILs was enriched in genes related to ‘adaptive immune response’,
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‘T cell receptor signalling pathway’ and ‘interferon-gamma mediated
signalling pathway’ (see also Supplementary Table 4). Pathways related to
peptide presentation by MHC molecules were also overrepresented in this
cluster, which contained genes such as class I MHC molecules, TAP1 and
TAP2 molecules and proteasome-related genes. n = 46 patients. Data are
from at least five independent experiments.
Two-sided hypergeometric test.
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Experimental design

1. Sample size
Describe how sample size was determined.

Sample size were were chosen according to sample availability. Human colorectal
and lung tumors were collected over the last four years.
Among all samples analyzed we include data from 94 colorectal tumors and 50
lung tumors
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2. Data exclusions
Describe any data exclusions.

Poor quality samples (low cells number, high dead cells number) were not included
in the study.

3. Replication
Describe whether the experimental findings were
reliably reproduced.

We reproduce our analysis using 94 colorectal tumor and 50 lung tumor

4. Randomization
Describe how samples/organisms/participants were
allocated into experimental groups.

The data presented did not require the use of randomization.

5. Blinding
Describe whether the investigators were blinded to
group allocation during data collection and/or analysis.

The data presented did not require the use of blinding.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6. Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the
Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same
sample was measured repeatedly
A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more
complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars

June 2017

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

See the web collection on statistics for biologists for further resources and guidance.

1

Software

Policy information about availability of computer code

7. Software
Describe the software used to analyze the data in this
study.

See the methods section for details. Flowjo 9.3.2, Flowjo 10, NetMHC3.4 algorithm,
ANNOVAR, featureCounts (v 1.5.0-p1),GENCODE (v26), GATK (v3.5), MuTect (v
1.1.7), Strelka, DESeq2, STAR, R studio, Microsoft Excel, Graphpad Prism.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for
providing algorithms and software for publication provides further information on this topic.

`

Materials and reagents

Policy information about availability of materials

8. Materials availability
Indicate whether there are restrictions on availability of
unique materials or if these materials are only available
for distribution by a for-profit company.

See the methods section for details. MHC class I monomer and streptavidin
proteins were produced in our laboratory. These materials are available upon
reasonable request to the corresponding authors. Others materials are available by
a for-profit company.
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`

9. Antibodies
Describe the antibodies used and how they were validated See Extended Table 7 for details. Antibody name (Clone Vendor).
for use in the system under study (i.e. assay and species). CD45 (Hi30 Fluidigm), CD14 (M5E6 Invitrogen), CD57 (HCD57 Biolegend), TCRVa7.2 (3C10 Biolegend), CD56 (559043 BD), HLA-DR (L243 Biolegend), CD49a
(TS2/7 Biolegend), Perforin (B-D48 Abcam), TIGIT (MAB7898 R&D), CD69 (FN50
Biolegend), CD8 (SK1 Biolegend), CD4 (SK3 Biolegend), CD45RO (UCHL1 Biolegend),
OX-40 (Ber-ACT35 Biolegend), KLRG1 (13F2F12 eBioscience), CD27 (LG.7F9
Biolegend), ICOS (C398.4A Biolegend), CD103 (B-Ly7 Biolegend),TCRgt-FITC (B1
Biolegend), Anti-FITC (FIT-22 Biolegend), T-bet (eBio4B10 eBioscience), CD3
(UCTH1 Biolegend), TCRgt-APC (B1 Biolegend), Anti-APC (APC003 Biolegend),
CD161 (HP-3G10 Biolegend), PD-1 (eBioJ105 eBioscience), CD38 (HIT2 Biolegend),
Ki67 (B56 R&D), CD127 (AO19D5 Biolegend), CTLA-4 (BNI3 BD), TIM-3 (F38-2E2
Biolegend), CCR7 (150503 R&D), CD25 (M-A251 Biolegend), 2B4 (C1.7 Biolegend),
FoxP3-biotin (PCH101 eBioscience), CD94 (DX22 Biolegend), CD39 (A1 Biolegend),
CD28 (CD28.2 Biolegend).

10. Eukaryotic cell lines

`

a. State the source of each eukaryotic cell line used.

No eukaryotic cell lines were used

b. Describe the method of cell line authentication used.

No eukaryotic cell lines were used

c. Report whether the cell lines were tested for
mycoplasma contamination.

No eukaryotic cell lines were used

d. If any of the cell lines used are listed in the database
of commonly misidentified cell lines maintained by
ICLAC, provide a scientific rationale for their use.

No eukaryotic cell lines were used

Animals and human research participants

Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived
materials used in the study.

No animals were used in this study.
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12. Description of human research participants
Describe the covariate-relevant population
characteristics of the human research participants.

See Extended Table 4 and 6 for details. Additional information can be provided as
needed.
- Lung cohort
Sex: 50% Male; 50% Female
Age: 65.8 years old (± 8.7)
Histology type: "84% Adenocarcinoma (42/50); 6% Squamous cells carcinoma
(3/50); 2% Small cell carcinoma (1/50); 8% n/a (4/50)"
EGFR status: 50% Mutant (25/50); 34% WT (17/50); 16% n/a (8/50)
ALK status: 2% Mutant (1/50); 80% WT (40/50); 18% n/a (9/50)
ROS status: 2% Mutant (1/50); 80% WT (40/50); 18% n/a (9/50)
cMET status: 14% Mutant (7/50); 56% WT (28/50); 30% n/a (15/50)
Stage: 54% Stage I (27/50); 22% Stage II (11/50); 16% Stage III (8/50); 4% Stage IV
(2/50)
Patient ID - Mutational burden (Mutations per exome megabase)
A139 - 1.5
A167 - 0.7
A182 - 0.5
A248 - 2.1
A250 - 4.8
A252 - 0.5
A255 - 1.2
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Source: Singapore General Hospital

- Colorectal cancer cohort
Sex: 58% Male; 42% Female
Age: 64.1 years old (± 10.6)
Histology type: 40% Adenocarcinoma (38/94); 5% Mucinous adenocarcinoma; 55%
n/a (51/94)
BRAF status: 3% Mutant (3/94); 39% WT (39/94); 58% n/a (54/94)
MSS/MSI status: 6% MSI (6/94); 80% MSS (75/94); 14% n/a (13/94)
Stage: 14% Stage I (13/94); 21% Stage II (20/94); 33% Stage III (31/94); 21% Stage
IV (20/94); 11% n/a (10/94)
Patient ID - Mutational burden (Mutations per exome megabase)
974 - 2.5
980 - 5.6
1011 - 4.0
1053 - 3.8
1054 - 52.0
1138 - 4.5
1144 - 3.7
1201 - 4.8
1218 - 6.7
1226 - 4.9
1227 - 2.7
1235 - 9.1
1277 - 4.4
1386 - 5.0
1399 - 4.4
1504 - 4.8
1550 - 3.1
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Flow Cytometry Reporting Summary
Form fields will expand as needed. Please do not leave fields blank.

`

Data presentation

For all flow cytometry data, confirm that:
1. The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
2. The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of
identical markers).
3. All plots are contour plots with outliers or pseudocolor plots.
4. A numerical value for number of cells or percentage (with statistics) is provided.

`

Methodological details

5. Describe the sample preparation.

Information provided in Methods section

6. Identify the instrument used for data collection.

FACS: BD LSR II flow cytometer
CyTOF: Fluidigm CyTOF2, Helios

7. Describe the software used to collect and analyze
the flow cytometry data.

FlowJo, R, R studio

8. Describe the abundance of the relevant cell
populations within post-sort fractions.

n/a

9. Describe the gating strategy used.

Information available on Extended Data Fig. 1
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Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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