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ABSTRACT
Background  Expression of CD103 and CD39 has been 
found to pinpoint tumor-reactive CD8+ T cells in a variety 
of solid cancers. We aimed to investigate whether these 
markers specifically identify neoantigen-specific T cells in 
colorectal cancers (CRCs) with low mutation burden.
Experimental design  Whole-exome and RNA sequencing 
of 11 mismatch repair-proficient (MMR-proficient) CRCs 
and corresponding healthy tissues were performed 
to determine the presence of putative neoantigens. In 
parallel, tumor-infiltrating lymphocytes (TILs) were cultured 
from the tumor fragments and, in parallel, CD8+ T cells 
were flow-sorted from their respective tumor digests 
based on single or combined expression of CD103 and 
CD39. Each subset was expanded and subsequently 
interrogated for neoantigen-directed reactivity with 
synthetic peptides. Neoantigen-directed reactivity was 
determined by flow cytometric analyses of T cell activation 
markers and ELISA-based detection of IFN-γ and granzyme 
B release. Additionally, imaging mass cytometry was 
applied to investigate the localization of CD103+CD39+ 
cytotoxic T cells in tumors.
Results  Neoantigen-directed reactivity was only 
encountered in bulk TIL populations and CD103+CD39+ 
(double positive, DP) CD8+ T cell subsets but never in 
double-negative or single-positive subsets. Neoantigen-
reactivity detected in bulk TIL but not in DP CD8+ T cells 
could be attributed to CD4+ T cells. CD8+ T cells that were 
located in direct contact with cancer cells in tumor tissues 
were enriched for CD103 and CD39 expression.
Conclusion  Coexpression of CD103 and CD39 is 
characteristic of neoantigen-specific CD8+ T cells in MMR-
proficient CRCs with low mutation burden. The exploitation 
of these subsets in the context of adoptive T cell transfer 
or engineered T cell receptor therapies is a promising 
avenue to extend the benefits of immunotherapy to an 
increasing number of CRC patients.

BACKGROUND
Immune checkpoint blockade therapy is 
an effective treatment option for colorectal 
cancer (CRC) patients diagnosed with 
mismatch repair (MMR)-deficient tumors, 

while advanced MMR-proficient CRCs are 
generally refractory to immunotherapy.1–4 
These contrasting outcomes can, to a great 
extent, be attributed to the greater avail-
ability of somatically mutated antigens 
(neoantigens) in MMR-deficient CRCs.5 The 
latter only comprise up to 5% of all advanced 
CRCs, thereby explaining the current 
limited applicability of immune checkpoint 
blockade in advanced CRC. Nevertheless, T 
cell responses against neoantigens have been 
extensively reported in patients diagnosed 
with MMR-proficient CRCs6–9 and, impor-
tantly, a proportion of these cancers appears 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Neoantigen-specific T cells infiltrate mismatch 
repair-proficient (MMR-proficient) colorectal can-
cers despite their low to moderate mutation burden. 
Their presence warrants the development of immu-
notherapeutic approaches that leverage their po-
tential for the treatment of patients diagnosed with 
MMR-proficient colorectal cancers.

WHAT THIS STUDY ADDS
	⇒ Coexpression of CD103 and CD39 on CD8+ T cells 
was found to be a feature of neoantigen-specific T 
cells and, therefore, codetection of these markers 
can be employed to enrich for neoantigen-specific 
cytotoxic T cells from bulk tumor-infiltrating T cell 
populations.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The discovery of cell surface markers that pinpoint 
neoantigen-specific CD8+ T cells enables the de-
velopment of adoptive T cell transfer products with 
increased anti-tumor activity and can support the 
discovery and exploitation of relevant T cell recep-
tors for engineered T cell therapies.
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sensitive to immune checkpoint blockade therapy in a 
neoadjuvant setting.3

Naturally occurring antitumor T cell responses have 
been identified in a plethora of cancer types including 
ones with low immunogeneicity (eg, cholangiocarcinoma, 
ovarian, and breast cancer).8 10–14 A major unaddressed 
question in the field is how to optimally leverage natu-
rally occurring anti-tumor T cell responses to expand the 
benefit of immunotherapy to additional cancer patients. 
Adoptive T cell transfer (ACT) where patient’s autologous 
tumor-reactive T cells are isolated and expanded in vitro 
to generate a therapeutic product is a straightforward 
approach to exploit tumor-reactive T cells.15–17 Objective 
clinical responses have been observed in approximately 
50% of melanoma patients on ACT treatment,17–19 and 
encouraging outcomes have also been obtained in other 
solid cancers.14 20 21 The generation of ACT products 
generally results from the uncontrolled expansion of 
polyclonal T cell populations where loss of tumor-reactive 
T cells can occur.22 This undesired outcome may be 
favored when tumor-reactive T cells display dysfunctional 
phenotypes and are outnumbered by rapidly prolifer-
ating, non-tumor-reactive T cells. As previous works have 
shown, the enrichment of T cell populations with anti-
tumor reactivity in ACT products is an attractive path to 
improve their efficacy.11 23

Several groups have proposed molecular surrogates that 
pinpoint T cells with anticancer reactivity, including PD-1, 
TIM-3, LAG-3, OX40, CD39, CD103 and CD137.24–33 Previ-
ously, we reported that combined expression of CD103 
and CD39 identifies tumor-reactive T cells and separates 
those from T cells with other specificities (eg, viral anti-
gens).34 CD103, also known as integrin αE, can dimerise 
to for example, integrin β7 and orchestrate intraepithelial 
residency of T cells by binding to E-cadherin on epithelial 
cells.35 CD39 is an ATP ectonucleotidase that is upregu-
lated on chronically stimulated T cells and, together with 
CD73, produces adenosine which creates an immunosup-
pressive milieu. The expression of CD39 on T cells may 

pinpoint chronic antigen stimulation which is likely to 
occur in the tumor microenvironment.27 36 37 Combined, 
CD103 and CD39 might constitute ideal surrogates to 
pinpoint neoantigen-specific T cells.

We previously demonstrated the existence of double-
positive (DP), CD103+ and CD39+, CD8+ T cells in tumor 
digests of MMR-proficient CRCs, but the enrichment of 
neoantigen-specific CD8+ T cells within this population has 
not yet been demonstrated.34 Therefore, we investigated 
in this study whether neoantigen-reactivity is contained 
within DP CD8+ T cell subsets in MMR-proficient CRCs 
and whether their specific isolation increases the capacity 
to detect neoantigen-specific T cells in comparison to 
reactivity assays performed on bulk tumor-infiltrating 
lymphocyte (TIL) populations.

METHODS
Tumor characterization
The original tumor location, clinical stage and Human 
Leucocyte Antigen (HLA) class I expression in the tumor 
cells are summarized in table 1. Only one patient, NIC16, 
received neoadjuvant chemoradiotherapy to which no 
clinical response was observed. The HLA class I status of 
the tumors was determined through immunohistochem-
ical detection of HLA class I molecules with the HCA2 
(1:3200; Nordic MUbio, Susteren, The Netherlands) and 
HC10 (1:3200; Nordic MUbio) clones, and β2-microglob-
ulin (clone EPR21752-214; 1:4000; Abcam, Cambridge, 
UK), as described previously.38 The MMR status of the 
tumors was determined in a diagnostic setting at the 
department of pathology of the LUMC.

Collection and culturing of patient material
Patients’ peripheral blood samples were obtained prior 
to surgery. Peripheral blood mononuclear cells (PBMC) 
were isolated from the heparinized venous blood by 
Ficoll-Amidotrizoate (provided by the LUMC pharmacy) 
gradient centrifugation. Tumor and corresponding 

Table 1  Tumor characteristics

Patient ID Tumor location TNM stage HLA IHC CMS class

NIC4 Colon ascendens pT3N0M0 Positive 4

NIC5 Sigmoid pT3N2M0 Positive 2

NIC7 Sigmoid pT2N1M0 Weak 2

NIC16 Rectum ypT2N0M0 Positive 2

NIC17 Sigmoid pT1N1M0 Positive 2

NIC20 Splenic flexure pT3N0M0 Positive 2

NIC22 Rectum pT2N0M0 Positive 2

NIC25 Hepatic flexure pT3N1bM0 Defect 4

NIC27 Rectum pT2N0M0 Heterogeneous 2

NIC38 Colon ascendens pT1N0M0 Positive 3

NIC39 Rectum pT3N2bM1 Positive 3

CMS, consensus molecular subtype; IHC, immunohistochemistry; TNM, tumor node metastasis.
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normal colorectal tissue samples were obtained following 
surgery under supervision of a pathologist. Part of the 
tumor materials was snap-frozen, the remaining was 
cut into small fragments. Some small fragments were 
digested to single cell suspensions using 1 mg/mL 
collagenase D (Roche, Basel, Switzerland) and 50 µg/
mL DNAse I (Roche) in IMDM medium (Lonza BioW-
hittaker, Breda, The Netherlands), supplemented with 
2 mM Glutamax (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA), 20% Fetal Bovine Serum (Sigma-
Aldrich, Saint Louis, Missouri, USA), 1% penicillin/
streptomycin (Thermo Fisher Scientific), 1% Fungi-
zone (Thermo Fisher Scientific), 0.1% Ciprofloxacin 
(provided by the LUMC pharmacy), and 0.1% Genta-
micin (Sigma-Aldrich). The fragments were incubated for 
30 min at 37°C and mechanically dissociated on a gentle-
MACS Dissociator (Miltenyi Biotec, Bergisch Gladback, 
Germany) in gentleMACS C tubes (Miltenyi Biotec). The 
suspension was passed through a 70 µm strainer (Miltenyi 
Biotec) and the flow through was cryopreserved.

In addition, 6–12 small tumor fragments were directly 
placed in culture in a 24-well plate with medium (IMDM 
(Lonza BioWhittaker), supplemented with 7.5% heat-
inactivated pooled human serum (Sanquin, Amsterdam, 
The Netherlands), 1% penicillin/streptomycin (Thermo 
Fisher Scientific), and rIL-2 (1000 IU/mL; Aldesleukin, 
Novartis, Basel, Switzerland) for the outgrowth of TIL. 
After 14–21 days of culture, the T cells were counted and 
cryopreserved. To increase the number of T cells avail-
able for neoantigen-reactivity assays, TIL were expanded 
using a rapid expansion protocol in media containing 
rIL-2 (3000 IU/mL), OKT3 (Miltenyi Biotec, 30 ng/mL), 
and irradiated (40 Gy) feeder cells (100–200-fold excess) 
for 4–5 days, after which the culture was continued while 
refreshing medium with rIL-2 (3000 IU/mL), three times 
a week until a total culturing period of 2 weeks. The 
proportion of CD4+ and CD8+ T cells in the final expan-
sion product was assessed by flow cytometry (online 
supplemental table S1).

Sorting and expansion of CD8+ T cell subsets
CD8+ T cell fractions were sorted on a BD FACSAria II 
(BD Biosciences, Franklin Lakes, New Jersey, USA) from 
single cell tumor digests and cultured as described previ-
ously.34 In short, cells were selected for flow cytometric 
cell sorting based on the phenotypic markers CD45+, 
CD4-, CD8+, CD45RA-, CCR7+/-, CD39+/- and CD103+/-. 
Additionally, the markers CD69, CD127 and PD-1 were 
assessed for phenotypic analyses. CD8+ T cells were sorted 
based on the expression of CD39 and/or CD103 (double-
negatives (DN), single-positives (SP), and DP) and each 
subset was cultured separately in RPMI-1640 (Gibco, 
Thermo Fisher Scientific), supplemented with 10 ng/
mL IL-15 (BioLegend, San Diego, California, USA), 
2 mM glutamine (Gibco, Thermo Fisher Scientific), 
1% non-essential amino acids (Gibco, Thermo Fisher 
Scientific), 1% sodium pyruvate (Gibco, Thermo Fisher 
Scientific), penicillin (50 IU/mL) + streptomycin (50 µg/

mL; Gibco, Thermo Fisher Scientific) and 10% pooled 
human serum (in house). T cells were stimulated with 
1 µg/mL PHA (Remel, Dartford, UK) in the presence 
of irradiated (50 Gy) allogeneic feeder cells (2*105 cells/
well) in a 96-well round-bottom plate. If necessary, cells 
were restimulated in order to yield enough cells for down-
stream analysis. Cells were cryopreserved for analyses at 
later stages, after a total culturing period of 2–3 weeks. 
The DP subset of NIC5 and NIC39 did not expand and 
could, therefore, not be inspected for their ability to 
recognize neoantigens.

Neoantigen detection and binding prediction
Genomic DNA was isolated from snap-frozen tumor 
and corresponding normal colorectal tissues in order 
to prepare sequencing libraries as described previously.6 
In brief, the NEBNext Ultra Directional RNA Library 
Prep kit for Illumina (New England Biolabs) and the 
NEBNext rRNA depletion kit (New England Biolabs) 
were employed to generate RNA sequencing libraries 
which were sequenced at Macrogen (Seoul, South-
Korea) or Novogene (Cambridge, United Kingdom). 
The NEBNext Ultra II DNA Library Prep kit for Illumina 
(New England Biolabs, Ipswich, Massachusetts, USA) and 
the IDT xGEN Exome target kit (Integrated DNA Tech-
nologies, Leuven, Belgium) were used for preparation of 
the exome libraries. All kits were used according to the 
manufacturer’s instructions.

RNA sequencing reads were first aligned to the human 
reference genome (build hg38) using STAR (V.2.7.3a).39 
For exome sequencing, the obtained 150 bp paired-end 
reads were mapped against the human reference genome 
(hg38) using the Burrows-Wheeler Aligner 3 algorithm 
(BWA-MEM V.0.7.17) BWA-MEM.40 Picard Tools was 
used to remove duplicate reads41 and the Genome Anal-
ysis Toolkit 7 (GATK V.3.842) for base quality calibration. 
Subsequently, variant calling was done using a combi-
nation of three software tools, muTect 2, varScan and 
Strelka.43–46 The resulting .vcf files were then combined 
into a single file using GATK CombineVariants.42 RNAseq 
read counts for each variable allele was added to the 
identified variant chromosomal positions using the bam-
readcount tool.47

Functional annotation of the variants was done using 
the Ensembl Variant Effect Predictor.48 Variants anno-
tated as protein-altering were further investigated if at 
least one read with the alternative allele was present in 
the RNAseq data. In order to exclude false positives, vari-
ants were visually inspected using Integrative Genomics 
Viewer (IGV, Broad Institute).49–51 The 25-mer peptide 
sequences were generated for all the identified variants 
considered to be true. In case of frameshifts and stop 
loss mutations, several peptide sequences were generated 
which overlapped for at least half of the sequence (online 
supplemental table S2).

T cell reactivity assay
For the T cell reactivity assays, Epstein-Barr virus-
transformed lymphoblastoid B cell lines (EBV-LCL) were 
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used as antigen-presenting cells rather than monocyte-
derived dendritic cells because of the limited availability 
of autologous PBMCs. Autologous PBMC were immor-
talized by incubation with supernatant of the marmoset 
B cell line containing infectious particles of EBV strain 
B95-8 for 1 hour at 37°C in culture medium (RPMI-
1640 (Lonza BioWhittaker), supplemented with 5 µg/
mL PHA (Thermo Fisher Scientific), 10% FCS, L-glu-
tamine (4 mM), 1% penicillin/streptomycin (Thermo 
Fisher Scientific). The EBV-LCL were cultured for at least 
3 weeks while refreshing the medium twice a week and 
cryopreserved for later use.

Neoantigen-directed reactivity of the T cells was inves-
tigated by a coculture assay as described previously.6 In 
short, autologous EBV-LCL were irradiated (60 Gy) and 
cocultured overnight with 20 µg/mL synthetic long 
peptides (25 amino acids). For all the identified variants, 
25-mer peptide sequences were synthesized (Cell and 
Chemical Biology department at the LUMC, or PepScan, 
Lelystad, The Netherlands). T cells were added to the 
EBV-LCL at a 1:2 ratio, that is, respectively 15,000 and 
30,000 cells per well. As negative controls, unloaded EBV-
LCL with or without DMSO corresponding to the peptide 
solution were used. Staphylococcus aureus enterotoxin B 
(SEB; 0.5 µg/mL; Sigma-Aldrich) and PMA/Ionomycin 
(P/I; 20 ng/mL and 1 µg/mL, respectively; Merck, Darm-
stadt, Germany) were used as positive controls.

T cell reactivity was determined by performing ELISA 
to detect IFN-γ and granzyme B (Mabtech, Stockholm, 
Sweden) in the co-culture supernatants. In addition, 
CD137 expression on CD8+ T cells and CD40L and OX40 
expression on CD4+ T cells were measured by flow cytom-
etry on an LSRFortessa (BD Biosciences) making use of 
an antibody panel including anti-CD3-Amcyan (SK7, 1:20, 
BD Biosciences), anti-CD4-PE-CF594 (RPA-T4, 1:50, BD 
Biosciences), anti-CD8-APC-Cy7 (SK1, 1:40, BD Biosci-
ences), anti-CD45-PerCP-Cy5.5 (2D1, 1:20, BD Biosci-
ences), anti-CD40L-PE (TRAP1, 1:10, BD Biosciences), 
anti-CD137-APC (4B4-1, 1:100, BD Biosciences) and anti-
OX40-FITC (ACT35, 1:20, BioLegend) antibodies. If T 
cell reactivity was detected by two independent assays, the 
respective neoantigen was taken along for further valida-
tion using HPLC-purified wild-type and mutant peptide 
sequences.

In order to confirm whether reactivity derived from 
CD4+ or CD8+ T cells in TIL cultures, we analyzed intra-
cellular IFN-γexpression following the reactivity assays. 
Expanded TIL were cocultured with the respective 
neoantigen-loaded EBV-LCLs, as described above, and 
10 µg/mL brefeldin A was added to the medium after 
1 hour of coculture. The next day, T cells were inspected 
for the presence of intracellular IFN-γ-BV421 (4S.B3, 
1:20, Biolegend), in combination with CD4-PE-CF594 
(RPA-T4, 1:50, BD Biosciences), CD8-FITC (SK1, 1:20, 
BD Biosciences) and an APC-Cy7 live-dead marker (1:20, 
Invitrogen, Carlsbad, California, USA). Six thousand 
cells per subset were measured on a LSRFortessa (BD 
Biosciences).

CD8+ T cell characterization by imaging mass cytometry
T cell infiltration was assessed on formalin-fixed paraffin-
embedded tissue sections using a general immunophe-
notyping imaging mass cytometry panel as described 
previously.52 For this study, we focused on the detection 
of CD3, CD4, CD8, CD39 and CD103, from a total of 40 
markers on 18 MMR-proficient CRC patients (online 
supplemental table S3). H&E stains performed on consec-
utive tumor tissue slides were used to determine regions 
of interest. The 1000×1000 µm tissue areas were ablated 
and acquired by the Hyperion mass cytometry system 
(Fluidigm, San Francisco, California, USA). The gener-
ated MCD files were exported and visualized with the 
Fluidigm MCD viewer to set signal threshold per marker 
in order to better separate antibody signal from noise.

Statistics
Paired samples Wilcoxon test was applied to test differen-
tial CD8+ T cell infiltration in epithelial and stromal tissue 
compartments in tumors, as determined by imaging mass 
cytometry. One-way analysis of variance was applied to 
test differences in the relative frequency of cell surface 
markers on the different T cell subsets. Statistical testing 
and graphical representation were performed with 
Graphpad Prism V.9.3.1.

Data availability
Additional data generated in this study are available on 
reasonable request to the corresponding author. RNAseq 
of the studied patients will be made available in the 
Sequence Read Archive of NCBI via PRJNA911749.

RESULTS
Neoantigen reactivity by cytotoxic T cells is contained within 
the CD103+CD39+ subset
In order to evaluate whether neoantigen reactivity is 
associated with CD103+ and CD39+ expression on CD8+ 
T cells, we evaluated T cell responses against synthetic 
peptides corresponding to neoantigens in bulk TIL and 
in CD103-CD39- (DN), CD103+CD39-/CD103-CD39+ 
(SP), and CD103+CD39+ (DP) CD8+ T cell populations, 
isolated from single cell digests, derived from 11 MMR-
proficient CRCs (figure 1A). All tumors retained β2-mi-
croglobulin expression and the majority of tumors were 
found to be proficient in HLA class I expression as deter-
mined by immunohistochemistry (table 1). Loss of HLA 
class I expression was observed in NIC25 while the tumor 
sample from NIC27 presented a heterogeneous pattern 
of HLA class I expression.

The proportion of CD103 and/or CD39-positive CD8+ 
T cell subsets was generally low among the total immune 
cell populations (CD45+ cells) (online supplemental 
figure S1A). Furthermore, the relative frequencies of the 
flow sorted CD8+ T cell populations (DP, SP and DN) were 
highly variable between patients (online supplemental 
figure S1B). In particular, SP CD8+ T cells with CD39 
expression were rare in this cohort which hampered 
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Figure 1  Neoantigen-directed T cell reactivity assessment from bulk TIL and sorted CD8+ T cell subsets according to CD39 
and CD103 expression. (A) Schematic workflow of the experimental setup. (B) A representative example of the IFN-γ and 
granzyme B ELISA measurements obtained in two independent assays performed in NIC16. Potential neoepitopes are depicted 
with the peptide number, for example, ‘L12.1’. (C) Representative example of a validation experiment in NIC16. The differential 
IFN-γ production upon coculture with the mutant peptide (yellow), the corresponding wild-type peptide (black) or a DMSO 
control (grey) was assessed in a peptide titration series ranging from 2.5 to 20 µg/mL. (D) Summary of the number of patient 
samples in which no reactivity was detected (gray), or with T cell responses derived from the DP subset (yellow), bulk TIL (green) 
or both the bulk TIL and DP subset (light blue). (E) IFN-γ production (left) and CD137 expression (right) on coculture of NIC4 
bulk TIL (green) and DP subset (yellow) with the L29 epitope and controls. DP, double-positive; EBV-LCL, Epstein-Barr virus-
transformed lymphoblastoid B cell lines; PBMC, peripheral blood mononuclear cell; TIL, tumor-infiltrating lymphocyte.
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their specific expansion. NIC5 formed an exception as 
both CD103-CD39+ and CD103+CD39- subsets could be 
separately expanded and taken along for neoantigen 
reactivity assays. The number of sorted cells varied from 
18 to 31 000 cells per subset, with a median of 595 cells 
(online supplemental table S4). Most CD8+ T cell subsets 
expanded more than 2000 times (median of 17 973 
times) after culture, with the exception of two samples 
(NIC5 DP and NIC39 DP) which did not expand. Of 
note, the DN subset expanded at a higher rate than the 
subsets expressing CD39 and/or CD103 (online supple-
mental table S4). Also, preferential expansion of CD4+ T 
cells over CD8+ T cells was observed in the expanded bulk 
TIL samples (online supplemental table S1). Phenotypic 
analyses of the CD8+ T cells subsets revealed that CD69 
and PD-1 (traditional activation markers) expression 
were most frequent in the DP subset and less abundant 
in DN CD8+ T cells, in contrast to CD127 (IL-7R) expres-
sion which was found to be enriched in DN CD8+ T cells 
(online supplemental figure S1C-F).

Whole-exome and transcriptome sequencing were 
performed on cancer and healthy tissues for the iden-
tification of putative neoantigens. All CRCs presented 
a low number of non-synonymous mutations, with a 
median of 38 transcribed mutations (21–57, table 2). 
All expressed, non-synonymous mutations were 
considered potential neoantigens. T cell reactivity was 
assessed by measuring the capacity of T cells to secrete 
IFN-γ and granzyme B (measured by ELISA) and to 
upregulate activation markers (measured by flow 
cytometry) after coculture with autologous EBV-LCL, 
loaded with mutated synthetic long peptides (25AA). 
The DN subset produced widespread, unspecific reac-
tivity in the majority (n=6) of samples, which is likely 
explained by the presence of EBV-specific T cells in 
this population. Mutated peptides that consistently 
induced the secretion of IFN-γ and/or granzyme B by 
T cells, in two independent replicate coculture assays, 
were considered as potential immunogenic neoanti-
gens (figure  1B, online supplemental figure S2). For 
example, in patient NIC16, the peptides L12.1, L12.2 
and L15.1 were identified as potential epitopes, while 
L09, L20 and L21 were not pursued further they only 
induced reactivity in one of the assays (figure  1B). 
Reactivities were confirmed by coculture with the 
mutant and the corresponding wild-type HPLC-
purified peptides. Release of IFN-γ or granzyme B, or 
CD137 upregulation on CD8+ T cells with the mutant 
peptide and not the corresponding wild type was 
considered as a bona fide neoantigen-specific T cell 
response (figure 1C).

Neoantigen-specific T cell responses were vali-
dated in five patients (NIC4, NIC16, NIC20, NIC22, 
and NIC38), against 1–3 neoantigens per patient 
(figure 1D, table 2). The tumors of these patients were 
all found to have retained HLA class I expression on 
the surface of cancer cells, while two of the samples 
with no detectable neoantigen-reactivity displayed 

abnormal HLA class I expression which could possibly 
interfere with the persistence of neoantigen-reactive 
CD8+ T cells in the tissue. Interestingly, in these two 
patients the DP CD8+ T cell subsets were also found 
to display suboptimal characteristics as the DP CD8+ 
T cells of NIC25 were PD-1-CD39low and half of the DP 
CD8+ T cells of NIC7 were PD-1-CD127+. These pheno-
types suggest the absence (NIC25) or low abundance 
(NIC7) of properly activated CD8+ T cells. Reactivity 
could only be detected in either the DP CD8+ T cell 
subset or in the bulk TIL samples. None of the SP or DN 
subsets displayed neoantigen-specific T cell responses.

In figure 1C, representative assays are shown corre-
sponding to the detection of neoantigen-specific reac-
tivity in the DP CD8+ T cell subset against two epitopes 
representing the ENGASE c.260T>G (p.C87W, peptide 
L12.1 and L12.2) and SMPD4 c.646G>T (p.V216F, 
peptide L15.1) mutations. No reactivity for this patient 
could be detected in the bulk TIL. The DP CD8+ T 
cell subset of NIC20 recognized two peptides corre-
sponding to the MYOB1 c.801A>C (p.E267D, peptide 
L16.2) and KMT2C c.8950dupA (p.S2984fs, peptide 
L27.2) mutations (online supplemental figure S3). Of 
note, cross-reactivity was also detected to the wild-type 
peptides of NIC20. The bulk TIL of NIC20 recognized 
the same peptide derived from the MYOB1 mutation 
but not the one derived from KMT2C. In NIC4, reac-
tivity against the mutation PDP1 c.1024C>T (p.R342W, 
peptide L29) was detected in both DP CD8+ and TIL 
samples.6

Neoantigen reactivity in bulk TIL samples—without 
concurrent reactivity of the DP CD8+ T cell subset—
was detected in NIC4, NIC22 and NIC38. For NIC22, 
bulk TIL recognized the peptides corresponding to the 
mutations RRP15 c.187A>G (p.I63V, peptide L02) and 
CHEK2 c.1418C>G (p.A473G, peptide L20; table 2). In 
NIC38, bulk TIL reactivity was detected to the epitopes 
from the following mutations: RALGAPB c.3410C>T 
(p.A1137V, peptide L36), GNAS c.557G>A (p.R186H, 
peptide L37) and SHH c.962G>A (p.R321H, peptide 
L48). In addition to the PDP1 mutation that was 
recognized by both DP CD8+ T cell and bulk TIL, two 
peptides showed reactivity only in the bulk TIL from 
NIC4 (ACTR10 p.R213H, peptide L06; RAE1 p.X369W, 
peptide L20).

In total, T cell responses were identified against 12 
unique neoepitopes; 4 neoepitopes were recognized by 
the DP CD8+ T cell subsets, 2 neoepitopes were detected 
by both the DP CD8+ T cells and bulk TIL and, lastly, 
6 neoepitopes were recognized only by the bulk TIL 
(figure  1D). Since a considerable number of neoepi-
topes were only recognized by the bulk TIL samples, 
we hypothesized that recognition of those epitopes 
could be mediated by CD4+ T cells. Flow cytometry 
analyses revealed that all reactivity detected exclusively 
in bulk TIL samples was derived from CD4+ T cells as 
determined by OX40 and/or intracellular IFN-γ upreg-
ulation following coculture with peptides (figure  1 
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(NIC16; online supplemental figure S3 (NIC38); 
online supplemental figure S4 (NIC4, NIC22)).

In sum, CD8+ T cell reactivity in MMR-proficient 
CRC is largely contained within the DP subset and, 
importantly, the specific interrogation of this popula-
tion allowed the discovery of neoantigen-specific reac-
tivity that could not be detected in bulk TIL samples. 
In line with this, the higher levels of IFN-γ production 
and CD137 expressing cells upon peptide stimulation 
reflects a higher frequency of neoantigen-specific cells 
in the DP CD8+ subset than in the bulk TIL sample 
(figure 1E).

CD103+CD39+ CD8+ T cell subsets are enriched in the 
epithelial compartment of CRC
To interrogate the distribution of the different CD8+ 
T cell subsets in the tumor microenvironment of 
CRC, we applied imaging mass cytometry on 18 CRC 
tissues, including the 11 samples for which neoan-
tigen reactivity was investigated (figure  2A,B). The 
relative frequency of the DP cells, in relation to the 
total number of CD8+ T cells, was significantly higher 
(5.7x) in the epithelial compartment of tumor tissues 
than in the stromal areas (figure  2C, paired samples 
Wilcoxon test: p=0.002). In the tumor stroma, CD8+ T 
cells often lacked the coexpression of these markers 
(figure 2B) while the majority of intraepithelial CD8+ 
T cells expressed CD103 and CD39 (figure 2A). This 
observation suggests a direct interaction between the 
DP CD8+ T cells and cancer cells, therefore, supporting 
their important role in cancer immunity.

DISCUSSION
Innovative treatment options are required for patients 
diagnosed with advanced CRC. Since we and others 
identified the presence of neoantigen-specific T cells 
in MMR-proficient CRC patients, there is a realistic 
expectation that T-cell based immunotherapy can 
also be successful in this patient group.6–9 Further-
more, the majority of MMR-proficient colorectal 
tumors are found to retain HLA class I expression,38 
indicating that they remain susceptible to CD8+ T 
cell-mediated tumor eradication. Their general refrac-
toriness to immune checkpoint blockade treatment in 
the advanced setting might be explained by the low 
frequency of neoantigen-specific T cells in tissues but 
also a dominant immunosuppressive microenviron-
ment like the one provided by TGF-β activation in a 
substantial proportion of MMR-proficient CRC.6 53 54

An attractive path worth exploring for the treatment 
of cancers with low immunogenicity is the development 
of ACT protocols that specifically focus on neoantigen-
specific T cells. To achieve optimal ACT treatments for 
those patients, the definition of cellular biomarkers 
that can be used as surrogates of neoantigen-specificity 
but also be targeted in cell sorting procedures is 
paramount.

Previously, CD103 expression on cytotoxic T cells 
was highlighted as a prognostic marker for breast and 
ovarian cancer patient survival,24 55 56 and associated 
to positive treatment outcomes in lung and bladder 
cancer patients who received anti-PD-L1 therapy, 
intratumorally.57 Also, loss of the CD103 ligand, E-cad-
herin, was found to reduce the response to checkpoint 
blockade therapy in murine melanoma.58 Combined 
expression of CD103 and CD39 has been reported to 
pinpoint tumor-reactive CD8+ T cells in melanoma and 
head and neck cancer.9 27 34 DP CD8+T cells were more 
frequently positive for CD69 and negative for CD127 
and expressed higher levels of PD-1. Together, this cell 
surface expression pattern supports a chronic activa-
tion phenotype in the DP CD8+ T cell subset.36 On the 
other hand, the expression of these markers did do 
not provide enough specificity to define neoantigen-
reactive T cells as compared with the codetection of 
CD103 and CD39.

CD103+CD39+ CD8+ T cells were previously found to 
be clonally expanded in tumor tissues and to present 
enhanced granzyme B expression in comparison 
to other CD8+ T cell subsets.27 34 In line with these 
findings, we show that CD8+ T cell-derived neoan-
tigen reactivity is limited to populations expressing 
CD103 and CD39. The relevance of DP CD8 T cells 
in the antitumor response is highlighted by the fact 
that their frequency within the tumor epithelium was 
significantly higher than in the stromal compartment, 
supporting the occurrence of physical interactions 
between this subset and cancer cells. In our study, 1–3 
neoepitopes eliciting T cell reactivity were identified, 
per patient, which translates to a neoantigen detec-
tion rate of 2.6% in relation to the total number of 
expressed mutations. Importantly, the interrogation of 
neoantigen reactivity in the DP CD8+ T cell subsets led 
to the identification of additional epitopes recognized 
by CD8+ T cells as compared with bulk TIL. Further-
more, we observed that DN CD8+ T cells expanded at 
a higher rate than SP and DP CD8+ T cells, suggesting 
that the latter subsets may be under-represented 
in expanded bulk TIL populations. Furthermore, 
we also observed that bulk TIL products were, in 
general, enriched for CD4+ T cells, again, affecting 
the probability that neoantigen-reactive CD8+T cells 
are contained within unselected T cell products. Alto-
gether, our observations highlight the possibility of 
undertaking immunotherapeutic strategies in MMR-
proficient CRC patients through the enrichment of 
CD103+CD39+ neoantigen-specific CD8+ T cells for 
the development of therapeutic T cell products. In 
parallel, it would be important to investigate whether 
clinical responses to immune checkpoint blockade 
therapies in MMR-proficient CRC3 are related to the 
frequency of DP CD8+ T cells. Interestingly, PD-1 
expression on its own did not appear to be an ideal 
biomarker to pinpoint neoantigen-specific T cells in 
this cohort (online supplemental figure S1).
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Figure 2  CD103 and CD39 detection on tumor-infiltrating T cells using imaging mass cytometry. (A, B) Representative tissue 
sections illustrating T cell infiltration (CD8 in red, CD103 in blue, CD39 in green) in relation to cancer cells (keratin, white). 
The arrows highlight DP CD8+ T cells. (C) Quantification of infiltration by DP populations as percentage of the total CD8+ 
T cell infiltrate. The number of cells was measured for the epithelium and stroma separately, and compared between both 
compartments using a paired samples Wilcoxon test. **, P ≤ 0.01. DP, double-positive.
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Whether CD39 expression translates to an ‘exhausted’ 
or ‘dysfunctional’ T cell state that would compromise 
the exploitation of DP CD8+ T cells for ACT, remains 
a point of discussion.34 37 59 In the first days after activa-
tion of naïve T cells, transient CD39 expression takes 
place but, CD39—together with other coinhibitory mole-
cules—can also be expressed by T cells after chronic 
antigen stimulation in the tumor microenvironment.60 
Nevertheless, we were able to expand DP CD8+ T cells in 
vitro (median=7419 times) and their successful applica-
tion in neoantigen reactivity assays demonstrates that this 
subset retains functional activity. Further studies should 
be performed to examine whether DP CD8+ T cells still 
harbor functional cytotoxic capacity in vivo. Alternatively, 
the isolation of DP CD8+ T cells could instead be employed 
for the identification of neoantigen-specific T cell recep-
tors (TCRs) that can then be engineered into donor T 
cells with optimal functionality. Such an approach has 
recently been reported for the treatment of a patient with 
metastatic pancreatic cancer harboring the KRASG12D 
mutation and expressing HLA-C*08:02.61 Specifically, 
the authors genetically engineered the patient’s T cells 
to express two TCRs, previously identified in a metastatic 
CRC patient, with that specific restriction. The infused 
ACT product led to regression of the metastases, which 
was still ongoing 6 months postinfusion. This case study 
illustrates the safety, feasibility and wide applicability of 
using previously identified TCRs in ACT treatments.

In addition to CD8+ T cell-mediated responses, we 
observed CD4+ T cell reactivity among the bulk TIL in 
several patients. This observation is in line with previous 
reports on MMR-proficient CRC where approximately 
half of the T cell reactivity was attributed to CD4+ T cells.6–8 
Importantly, ACT approaches making use of neoantigen-
specific CD4+ T cells were shown to be successful, 
supporting the relevance of including CD4+ T cells in ACT 
products for optimal tumor eradication.11 17 However, 
little is yet known about cell surface markers that specifi-
cally pinpoint tumor-reactive T cell subsets among CD4+ 
T cells. A recent study proposed that CD39 can guide the 
enrichment of tumor-reactive CD4+ T cells.30 62 Single 
cell transcriptomic data from head and neck, cervical 
and ovarian cancer samples revealed similar transcrip-
tional programs between PD-1hiCD39+ CD4+ T cells and 
neoantigen-specific CD8+ T cell subsets,32 63 for example, 
TOX and CXCL13 expression. However, as these markers 
are not expressed at the cell surface they cannot be 
employed for the specific isolation of neoantigen-specific 
CD4+ T cells. Alternatively, combined expression of PD-1 
and ICOS has been proposed to identify populations of 
neoantigen and tumor-associated antigen-specific CD4+ T 
cells.64 The limited availability of patient material in this 
cohort did not allow us to explore this question in more 
detail leaving this topic open for future investigations.

In conclusion, we report here that in MMR-proficient 
CRC patients neoantigen-directed CD8+ T cell reactivity 
is mainly contained in the CD103+CD39+ subset. Their 
isolation can be exploited to enrich ACT products for 

tumor-reactive T cells and, thereby, improve the effi-
cacy of the current ACT strategies. Furthermore, the 
specific focus on this CD8+ T cell population can expe-
dite the identification of therapeutically relevant TCRs. 
These strategies are highly promising to complement the 
current applicability of checkpoint blockade therapies.
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Supporting documents 

Figure S1 | Phenotypic analysis of the flow sorted CD8+ T cell subsets. A,B) Summary of T cell 

subset relative frequencies at flow sorting. The error bars represent the median with 

interquartile range. C-D) Frequency of CD8+ T cells that express CD69 (C), CD127 (D) or PD-1 

(E) in each subset. The error bars represent the median with interquartile range. F) Mean 

fluorescence intensity of PD-1 expression on CD8 T cells. A-F) Each graph includes the result 

of an one-way ANOVA test.  

Figure S2 | T cell reactivity screening. IFN- and granzyme B release was measured by ELISA 

in the supernatant of the co-culture assay for each patient, performed in two independent 

assays. Each T cell product is visualized by a distinct color: DP in yellow, SP39 red, SP(103) in 

blue, DN in black and bulk TIL in green. Potential epitopes are marked by an asterisk *. Positive 

(SEB) and negative (EBV-LCL with DMSO) controls are included at the far right of the graphs.  

Figure S3 | Validation of potential neoantigen-specific T cell responses. The validation 

measurements are visualized for each patient, including IFN-, granzyme B and flow 

cytometric measures CD137 and OX40. T cell responses derived from the bulk TIL (green) or 

DP (yellow) are depicted against the corresponding wild-type peptide (grey) or a DMSO 

control (grey). The respective neo-epitope is listed within each graph.  

Figure S4 | Intracellular IFN- expression in TIL after stimulation with neoepitopes. A) 

Representative sample with increased IFN- expression specifically in the CD4+ T cells. B) Each 

graph depicts the percentage of IFN-+ cells that were determined to be either CD4+ or CD8+ 

T cells per sample. NIC4 L29 was validated as a true CD8-mediated response, as it was also 

detected in the DP CD8+ T cell subset.  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer
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Table S1 | Percentage of CD4+ and CD8+ T cells in expanded bulk TIL cultures. 

Patient ID CD4 (%) CD8 (%)

NIC4 81 19

NIC5 93 7

NIC7 92 8

NIC16 61 39

NIC17 34 66

NIC20 96 4

NIC22 50 50

NIC25 95 5

NIC27 60 40

NIC38 28 72

NIC39 99 1
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Patient ID Mutational position Mutation type Gene SLP ID Peptide sequence

NIC4 chr1_11950386_G/A Missense PLOD1 L01 ADSYDVLFASGPQELLKKFRQARSQ

NIC4 chr11_14818305_G/A Missense PDE3B L02 FPDTADFLNKPSIILQRSLGNAPNT

NIC4 chr11_74374521_C/T Missense PGM2L1 L03 ENLLRNGMNKELQDRLCCRMTFGTA

NIC4 chr11_86446352_G/A Missense ME3 L04 PGVALGVIAGGIWHIPDEIFLLTAE

NIC4 chr12_25245347_C/T Missense KRAS L05 YKLVVVGAGDVGKSALTIQLIQ

NIC4 chr14_58223625_G/A Missense ACTR10 L06 SVPEGVLEDIKAHTCFVSDLKRGLK

NIC4 chr14_73276592_C/T Missense NUMB L07 PSPTNPFSSDLQKTFKIEL

NIC4 chr14_73276674_C/G Missense NUMB L08 TGTCPVDPFEAQCAALENKSKQRTN

NIC4 chr14_80792789_C/A Missense CEP128 L09 KLERALEKQSETFDELTGKNNQILK

NIC4 chr16_28830704_G/C Missense ATXN2L L10 GVRCSSSRGGRPALSSLPPRGPHHL

NIC4 chr17_42787309_A/G Missense WNK4 L11 EMVALGLVCEADCQPVARAVRERVA

NIC4 chr17_44190551_G/A Missense TMUB2 L12 GQESQMKLIYQGHLLQDPARTLRSL

NIC4 chr17_63420571_G/A Missense TANC2 L13 PPPVGGQGKEYPNPPPSPLRRGPQY

NIC4 chr17_7674221_G/A Missense TP53 L14 YMCNSSCMGGMNWRPILTIITLEDSSG

NIC4 chr19_10555328_CCTT/C Inframe deletion KRI1 L15 FGLSTEEILAADDELNRWCSLKKTCM

NIC4 chr19_1093973_G/A Missense POLR2E L16 QFGDKPSEGRPRCTDLTVLVAHNDD

NIC4 chr19_13074002_C/A Missense NFIX L17 YYNINQVTLGRRYITSPPSTSTTKR

NIC4 chr2_219615172_C/T Missense STK11IP L18 TLFLLDEDAAGSLAEPSPPAASGEA

NIC4 chr2_74889415_G/A Missense HK2 L19 AGMAAVVDRIRENHGLDALKVTVGV

NIC4 chr20_57378098_A/G Stop loss RAE1 L20-1 NAAEELKPRNKKWWLETLAQPELFL

L20-2 WWLETLAQPELFLSTLPHLCTNLGP

L20-3 LSTLPHLCTNLGPSLVGLSAMDMDF

L20-4 PSLVGLSAMDMDFNPWRKRCHCSAA

L20-5 FNPWRKRCHCSAAESPGVRGDLPSL

L20-6 SAAESPGVRGDLPSLHSTACCRVFL

NIC4 chr3_11259275_G/A Missense HRH1 L21 SLSVADLIVGAVIMPMNILYLLMSK

NIC4 chr3_192144025_T/G Missense FGF12 L22 SGTPTMNGGKVVTQDST

NIC4 chr3_37298887_G/A Missense GOLGA4 L23 VKTLETLQQRVKHQENLLKRCKETI

NIC4 chr4_143185536_C/T Missense USP38 L24 LKRVIVRKVVESVEHWLDEAQCEAM

NIC4 chr5_103028911_T/A Missense PAM L25 GRFRGKGSGGLNHGNFFASRKGYSR

NIC4 chr5_112838150_GGA/G Frameshift APC L26-1 SSRSEKDRSLERTRNWSRQLPSSNR

L26-2 TRNWSRQLPSSNRKSRNFFKARFAD

L26-3 RKSRNFFKARFADLHHCSPDCQSHG

L26-4 DLHHCSPDCQSHGRSVSHSYLSGRQ

L26-5 PDCQSHGRSVSHSYLSGRQKFWVYH

NIC4 chr7_94400200_C/T Missense COL1A2 L27 PAGDRGPRGERGLPGPPGRDGEDGP

NIC4 chr8_142613268_C/T Missense ARC L28 QYVVGTLQPKLKHFLRHPLPKTLEQ

NIC4 chr8_93923083_C/T Missense PDP1 L29 PKSEAKSVVKQDWLLGLLMPFRAFG

NIC4 chrX_1593799_C/T Missense AKAP17A L30 IKLSGFSDILKVCAAEFKIDFPTRH

NIC5 chr1_171584051_A/C Missense PRRC2C L01 TAIHNFPTVQHQALAKAQSGLAFQQ

NIC5 chr1_207767803_C/T Missense CD46 L02-1 LSHSVSTSSTTKFPASSASGPRPTY

L02-2 KCLKVSTSSTTKFPASSASGPRPTY

L02-3 KCLKVSTSSTTKFPASSASGYPKPE

NIC5 chr1_209783196_G/C Missense C1orf74 L03 LKALVAEIITHLEGLQRDLSLAVSY

NIC5 chr1_46270754_C/T Missense RAD54L L04 AASEADRQLGEEWLRELTSIVNRCL

NIC5 chr1_90027699_T/G Stop lost ZNF326 L05-1 EELEEETAKEEPADFPVEQPEENEI

L05-2 PADFPVEQPEENEI

NIC5 chr10_114575476_T/A Missense ABLIM1 L06 TRCHGCGEFVEGVVVTALGKTYHPN

NIC5 chr10_73915266_C/T Missense PLAU L07 GFGKENSTDYLYLEQLKMTVVKLIS

NIC5 chr11_66020856_T/A Missense CATSPER1 L08 IFTTIFTLFTLLSLDDWSLIYMDSR

NIC5 chr11_67999580_C/T Missense UNC93B1 L09 NYWERYYTLVPSTVALGMAIVPLWA

NIC5 chr11_95783089_T/A Missense FAM76B L10-1 HPKHHHHHHHHHLRHSSSHHKISNL

L10-2 RKTSIIQNIITTIITITFVTAVAIT

NIC5 chr13_45525021_A/G Missense COG3 L11-1 LKTMASQGGPKYALSQQPWAQPAKV

L11-2 VKNNGQSGRPQVCSLTAALGTTSKG

NIC5 chr13_98809435_G/A Missense DOCK9 L12 FERLAHLYDTLHWAYSKVTEVMHSG

NIC5 chr14_103135969_G/A Missense TNFAIP2 L13 VSTASIRRHIQVAPQPLQAGPAMGP

NIC5 chr14_64065516_G/A Missense SYNE2 L14 RQILRLLRLRCTKNDGICLLKIVSA

NIC5 chr15_41669457_A/T Missense MGA L15 FYKLKLTNNTLDLEGHIILHSMHRY

NIC5 chr16_346835_G/A Missense AXIN1 L16 IKGETSTATPRRLDLDLGYEPEGSA

NIC5 chr16_88631239_G/T Missense ZC3H18 L17 ASTLSRREELLKHLKAVEDAIARKR

NIC5 chr17_31233211_TG/T Frameshift NF1 L18 MMGDQGELPIAMALANVVPCSQWMN

NIC5 chr17_39725079_G/A Missense ERBB2 L19 AKGMSYLEDVRLIHRDLAARNVLVK

NIC5 chr17_48860426_T/C Missense CALCOCO2 L20 TSDEGGARQNPGPAYGNPYSGIQES

NIC5 chr17_58357951_G/A Missense RNF43 L21 QVTRSNSAAPSGWLSNPQCPRALPE

NIC5 chr17_7673776_G/A Missense TP53 L22 FEVRVCACPGRDWRTEEENLRKKGE

NIC5 chr19_48441818_C/T Missense GRIN2D L23 FIYDAAVLNYMACKDEGCKLVTIGS

NIC5 chr19_49447035_G/C Missense PIH1D1 L24-1 LEAPDLLLAEVDVPKLDGALGLSLE

L24-2 LEAPDLLLAEIDVPKLDGALGLSLE

Table S2 | All mutant peptide sequences that were investigated for T cell reactivity.  
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L24-3 HLNLWLEAPDLLLAEIDVPKLTLQI

L24-4 LEAPDLLLAEIDVPKLINSHESKAA

NIC5 chr19_55401666_G/A Missense UBE2S L25 RLLLENYEEYAAWARLLTEIHGGAG

NIC5 chr2_110144543_C/G Missense NPHP1 L26 IPAKTYELFLNGATPYEKGIEVDPS

NIC5 chr2_127050828_C/A Missense BIN1 L27 GTVEGGSGAGRLYLPPGFMFKVQAQ

NIC5 chr2_127426153_G/A Missense PROC L28 MEKKRSHLKRDTKDQEDQVDPRLID

NIC5 chr2_240462422_A/T Missense GPC1 L29 LFKQLHPQLLLPVDYLDCLGKQAEA

NIC5 chr2_96298337_G/C Missense SNRNP200 L30 ERIMGKMEADPEVSKFLYQLHETEK

NIC5 chr20_18183172_C/T Missense KAT14 L31 TKPPKLQLLSQICSHLHRSDPHWTP

NIC5 chr20_46374418_C/T Missense ELMO2 L32 DTYIRIVLENSSQEDKHECPFGRSA

NIC5 chr3_197065340_G/A Missense DLG1 L33 MEKDIQEHKFIEVGQYNNHLYGTSV

NIC5 chr4_139370290_G/C Missense NAA15 L34 QRRAQKKAQIEEDKKNAEKEKQQRN

NIC5 chr4_148120260_C/T Missense NR3C2 L35-1 NLGERRCISLPCINYARGCTKSAFS

L35-2 FNEEKMHQSAMYKLCQGMHQISLQF

NIC5 chr5_112839398_AAT/A Frameshift APC L36 CKVSSINQETIQTYCVEDTPMFFKM

NIC5 chr5_112839906_AC/A Frameshift APC L37-1 SPGQTMPPSRSKNLHHLLKQLKPSE

L37-2 KNLHHLLKQLKPSEKYLKIKHLLLK

L37-3 KPSEKYLKIKHLLLKRERVDLSKLQ

NIC5 chr5_138924582_G/A Missense CTNNA1 L38 IALQEKDVDGLDHTAGAIRGRAARV

NIC5 chr5_157809736_G/A Missense CLINT1 L39 WDEEWDKNKSAFLFSDKLGELSDKI

NIC5 chr6_105282511_C/G Missense PREP L40 DFQCAAEYLIKERYTSPKRLTINGG

NIC5 chr6_135463154_G/T Missense AHI1 L41 TEDSMQDDTKPKQKKTKKKTKAVAD

NIC5 chr6_136356706_T/A Missense MAP7 L42 VGSPHVVTSHQSNVTVESTPDLEKQ

NIC5 chr6_168078950_T/A Missense FRMD1 L43 CSQQEPTLGMDALASEHRDVLVLLP

NIC5 chr6_26413488_G/T Missense BTN3A1 L44 GLTDGNKYRTLTDPRTNLKLPKPPK

NIC5 chr7_76625578_T/TTTCTCC Inframe insertion POMZP3 L45 TVLSALKEKKKKEKRTVEEEDQIFL

NIC5 chr7_99454126_C/G Missense CPSF4 L46-1 AGNRGPRPLEQVSCYKCGEKGHYAN

L46-2 AGNRGPRPLEQVSCYKCCCLSLLFP

L46-3 RATGDPGHWSRSAVTSVARKDTTPT

NIC5 chr8_100153299_G/A Missense POLR2K L47 IRCRECGYRIMYKKRTKRLVIFDAR

NIC5 chr8_37899408_C/A Missense RAB11FIP1 L48 MSLMVSAGRGLWAVWSPTHVQVTVL

NIC5 chr8_73673126_G/C Missense STAU2 L49-1 KPFPNYRANYNFGGMYNQRYHCPVP

L49-2 KPFPNYRANYNFGGMYNQRWQHLNG

L49-3 YRPLDPKPFPNYRANYNFGGMYNQR

NIC5 chr9_114169425_A/G Missense COL27A1 L50 FHLAGSTPFPLLVGPPGPKGDCGLP

NIC5 chr9_134050430_G/T Missense BRD3 L51 VTSVPVPPAAAPTPPATPIVPVVPP

NIC5 chr9_134690995_C/T Missense COL5A1 L52 DGITKTTGFCATWRSSKGPDVAYRV

NIC5 chr9_136946680_G/A Missense C8G L53 QIFYFPKYGFCEAADQFHILDEVRR

NIC5 chr9_19378868_C/T Missense RPS6 L54 RISGGNDKQGFPIKQGVLTHGRVRL

NIC5 chrX_49065811_G/A Missense CCDC120 L55 SSFEGRSVPATPILTRGAGPQLCKP

NIC5 chr4_141222377_TA/T Frameshift ZNF330 L56 MPKKRLVRGRRLRTAENVKNN

NIC7 chr1_166858202_C/A Missense TADA1 L01 SHPPPDDAEQQASLLLACSGDTLPA

NIC7 chr1_173984497_A/T Splice RC3H1 L02-1 LALYLKPLSSARGKFVFVSYLKSKT

L02-2 RGKFVFVSYLKSKTAFFKYSVHNPI

NIC7 chr1_206195806_A/C Missense FAM72A L03 CSSCLLSCNNGHVWMFHSQAVYDIN

NIC7 chr1_224294313_C/T Missense NVL L04 SLDPALRRAGRFNREICLGIPDEAS

NIC7 chr1_32091892_C/T Missense TMEM39B L05-1 AMPTHACCLSPSFIRSEVEFLKMDF

L05-2 AHKTAVWPGRHAHPCLLPVTQLHPQ

NIC7 chr1_51302546_G/A Missense TTC39A L06 FVLGTGNVNIEEVEKLLKPYLNRYP

NIC7 chr1_7778152_T/TCAG Inframe insertion VAMP3 L07 KMWAIGITVLVIFSIIIIIVWVVSS

NIC7 chr10_112425377_T/G Missense ACSL5 L08 GTLKIIDRKKNIVKLAQGEYIAPEK

NIC7 chr10_472477_C/A Missense DIP2C L09 PVTPSSASRYHRLRSSGSRDERYRS

NIC7 chr10_47922844_G/T Missense CH17-360D5.1 L10 FAVLWLPLHVFNILEDWHHEAIPIC

NIC7 chr10_50814032_G/A Missense A1CF L11-1 RAIIRAPSVRGAVGVRGLGGRGYLA

L11-2 VREIYMNVPVGAVGVRGLGGRGYLA

NIC7 chr11_59152054_G/A Missense FAM111A L12 EIETHQGQEMLVHGTEGIKEYINLG

NIC7 chr12_16363960_T/G Missense MGST1 L13 HTIAYLTPLPQPKRALSFFVGYGVT

NIC7 chr12_1754359_GAA/G Frameshift ADIPOR2 L14-1 MNEPTAPIGVQQDSRARYKAQKRAP

L14-2 IGVQQDSRARYKAQKRAPTGWYTKR

NIC7 chr12_56257327_G/A Missense ANKRD52 L15 LDQERRTPLHAAVYVGDVPILQLLL

NIC7 chr13_109783442_C/T Missense IRS2 L16 TQPPHPVVPSPVQPSGGRPEGFLGQ

NIC7 chr13_113766192_G/A Missense TMEM255B L17 GSLLLVSVLIVTIGLAATTRTENVT

NIC7 chr16_72950933_C/T Missense ZFHX3 L18-1 LVGGEIPLDMRLRGGQLVSEELMNL

L18-2 MRLRGGQLVSEELMNLGESFIQTND

NIC7 chr17_7676002_TCA/T Frameshift TP53 L19-1 RLGFLHSGTAKSDLHVLPCPQQDVL

L19-2 SDLHVLPCPQQDVLPTGQDLPCAAV

L19-3 DLHVLPCPQQDVLPTGQDLPCAAVG

L19-4 YQGSYGFRLGFLHSGTAKSDLHVLP

L19-5 RLGFLHSGTAKSDLHDVLPTGQDLP

L19-6 HSGTAKSDLHDVLPTGQDLPCAAVG

NIC7 chr19_39879805_G/A Missense FCGBP L20 GGQGVCLPNYEAMCWLWGDPHYHSF
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NIC7 chr19_55093057_C/T Missense PPP1R12C L21 KPAQSLDPSRRPHVPGVENSDSPAQ

NIC7 chr2_240464953_C/A Missense GPC1 L22 RRRGKLAPRERPHSGTLEKLVSEAK

NIC7 chr20_34776325_C/T Missense NCOA6 L23 LRILAQSNNQQLQDLGILSVQIEGE

NIC7 chr20_35044541_A/C Missense TRPC4AP L24 TLLAKNAQQKKSVSLGPSAAEINQA

NIC7 chr22_17108607_C/T Missense IL17RA L25 TRAKWQALLGRGVPVRLRCDHGKPV

NIC7 chr3_101857345_G/T Missense NFKBIZ L26 TALHVAASLQYRFTQLDAVRLLMRK

NIC7 chr4_13602515_C/T Missense BOD1L1 L27 KYAETVKLKHKRNPGKVKDISIDVE

NIC7 chr7_129413686_G/A Missense AHCYL2 L28 VCNMGHSNTEIDMASLRTPELTWER

NIC7 chr8_66429486_C/A Missense RRS1 L29 RPRPLTRWQQFAILKGIRPKKKTNL

NIC7 chrM_15617_G/A Missense MT-CYB L30 TILRSVPNKLGGILALLLSILILAM

NIC7 chrX_54541327_C/T Missense GNL3L L31 KQQAAREQERQKCRTIESYCQDVLR

NIC7 chr19_48195980_G/A Missense C19orf68 L32 WRGAQLHDERAGELRTAEWKGPQSE

NIC7 chr1_18910469_C/T Missense IFFO2 L33-1 CNPTIDLQGELKLATAKSDMNRHLH

L33-2 KEYQETIGQIELKLATAKSDMNRHL

NIC16 chr10_102366504_A/T Missense GBF1 L01 IQRLLEAFTERWLNCNGSPFANSDA

NIC16 chr1_114713909_G/T Missense NRAS L02 ETCLLDILDTAGKEEYSAMRDQYMR

NIC16 chr11_2270166_TTGCGCCGCGCTACGGCCGC/T Frameshift ASCL2 L03 RRPATAETGGGAMSASATA

NIC16 chr1_156956504_C/G Missense ARHGEF11 L04 NTYMSHAGIRLRDARPSNTAEKAQS

NIC16 chr11_65635326_C/A Missense PCNX3 L05 RLVISHEGDPAWSSAILSNTPSLLA

NIC16 chr12_123627113_A/G Missense EIF2B1 L06 LTHAYSRVVLRVPEAAVAAKKRFSV

NIC16 chr12_57769824_C/T Missense METTL1 L07 RAAPAGGFQNIAYLRSNAMKHLPNF

NIC16 chr12_65169982_C/A Missense LEMD3 L08 SLLGGPGGASAAHAAGSKVLLGFSS

NIC16 chr16_15724685_G/T Missense MYH11 L09 LQDQLDEEMEAKKNLERHISTLNIQ

NIC16 chr17_29583013_C/A Missense GIT1 L10.1 TLLQMVHTLASNWANSIWEHSLLDP

L10.2 MVHTLASNWANSIWEHSLLDPAQVQ

NIC16 chr17_75836605_G/A Missense UNC13D L11 IRRFRSVFPLSVLDSPARLQSLLRV

NIC16 chr17_79077832_T/G Missense ENGASE L12.1 PPLSSQRPRTLLWHDMMGGYLDDRF

L12.2 PPLSSQRPRTLLWHDMMGGYLDDRD

NIC16 chr19_57873985_A/T Missense ZNF814 L13 VHAGERPFKCGESVKSFSHKRSLVH

NIC16 chr2_106843518_C/T Missense ST6GAL2 L14 SHTQGTLGFPSPREPGPREGAFPAA

NIC16 chr2_130172479_C/A Missense SMPD4 L15 LITQKPLPVSLHFRTSDCAYFILVD

NIC16 chr2_238140762_G/A Missense KLHL30 L16 MVQNVDDLDFHLPSHAQDMLDGLQR

NIC16 chr22_38699959_TTG/T Frameshift JOSD1 L17 MSCVPWKGEGQI

NIC16 chr2_70088042_T/A Missense PCBP1 L18 TNSTAASRPPVTQRLVVPATQCGSL

NIC16 chr5_112827969_TG/T Missense APC L19 LCSMKGCMRALVPN

NIC16 chr5_37726991_G/A Missense WDR70 L20 KTDDSNPREAILHHAKAAEDSPYWV

NIC16 chr6_33687091_G/A Missense ITPR3 L21 DSENAERILISLQPQELVDVIKKAY

NIC17 chr10_133370734_C/T Missense ECHS1 L01 PFASGANFEYIITEKRGKNNTVGLI

NIC17 chr10_72935651_C/A Missense PLA2G12B L02 TLGCRPFMNSQRAAFICAEEEKEEL

NIC17 chr1_116589057_C/T Missense IGSF3 L03 QVSKSKRTLTLVKNKPIQLNCSVKS

NIC17 chr11_17169117_G/C Missense PIK3C2A L04 SYPLTPATPFHPEGSLPIYRPVVST

NIC17 chr11_2570678_G/C Missense KCNQ1 L05 VVFFGTEYVVRLCSAGCRSKYVGLW

NIC17 chr11_6683217_T/C Missense MRPL17 L06 FRRMGLGPESRIRLLRNLLTGLVRH

NIC17 chr1_26122123_T/C Missense PDIK1L L07.1 TSDLEPTLKVADSGLSKVCSASGQN

L07.2 PDNILISQTRLDTSDLEPTLKVADS

NIC17 chr12_6750194_G/A Missense MLF2 L08.1 GAPKVYQETSEMCSAPGGIRETRRT

L08.2 GAPKVYQETSEMCSAPGGVSWGALL

NIC17 chr13_102821834_A/G Missense BIVM L09 FEDIRFGPFTGNATLMRWFRQINDH

NIC17 chr13_30657546_C/T Missense USPL1 L10 CSERHKKFEVPALEIHIVIWERKIS

NIC17 chr14_21230984_T/A Missense HNRNPC L11.1 KRSAAEMYGSVTDHPSPSPLLSSSF

L11.2 KRSAAEMYGSVTDHPSPSPLLSVYQ

NIC17 chr1_44802975_G/A Missense PLK3 L12 SLGCVMYTLLCGNPPFETADLKETY

NIC17 chr15_44651635_G/C Missense SPG11 L13 ELKCVSVTGFTAVFTWEVERMGYTI

NIC17 chr15_68086601_C/T Missense PIAS1 L14 PQLTYDGHPASSLLLPVSLLGPKHE

NIC17 chr16_19699568_C/T Missense C16orf62 L15 SFFNSILAHGDLCNNKLNQLSVNLW

NIC17 chr16_2175867_G/T Missense TRAF7 L16 KIWDIRTLDCIHFLQTSGGSVYSIA

NIC17 chr1_6469615_G/A Missense PLEKHG5 L17 TDLLLVTKAVKKVERTRVIRPPLLV

NIC17 chr16_67167533_C/T Missense HSF4 L18 GLSPHRARGPIIFDIPEDSPSPEGT

NIC17 chr1_68137792_C/A Missense WLS L19.1 FLYAPSHKNYGEYQSNGDLGVHSGE

L19.2 FLYAPSHKNYGEYQSNGMQLPCKSR

NIC17 chr17_82054677_G/A Missense GPS1 L20 NYKGNSIKESIRHGHDDLGDHYLDC

NIC17 chr18_58919969_C/T Missense ZNF532 L21 QQIKQAIINAAALQPPKKVSRVQVV

NIC17 chr19_11021837_C/T Missense SMARCA4 L22 NTHYVAPRRLLLMGTPLQNKLPELW

NIC17 chr19_3478879_C/T Missense SMIM24 L23 LKPWLVGLAAVVSFLFIVYLVLLAN

NIC17 chr19_47680387_G/T Missense GLTSCR1 L24 PQNLTFMAAGKAVQNVVLSGFPAPA

NIC17 chr19_55092787_G/A Missense PPP1R12C L25 EHRKVGKEWRGPVEGEEAEPADRSQ

NIC17 chr19_55482650_A/C Missense ZNF628 L26 RDHTGERPYQCGACGKAFKRSSLLA

NIC17 chr20_63882783_G/C Missense TPD52L2 L27 QAGQKTSAALSTLGSAISRKLGDMR

NIC17 chr3_136152028_C/A Missense MSL2 L28 VLRSLETVSNTEFCCPNLQPNLEAT

NIC17 chr3_45500451_C/A Missense LARS2 L29 RYTDPHNPHSPFKTAVADYWMPVDL

NIC17 chr4_143538936_A/C Missense SMARCA5 L30 DSDWNPQVDLQALDRAHRIGQTKTV
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NIC17 chr4_76740029_C/A Missense SHROOM3 L31 QAQAWQAGEDKRYSRLSEPWEGDFQ

NIC17 chr6_31888379_C/T Missense EHMT2 L32 ARMVKHHCCPGCDYFCTAGTFLECH

NIC17 chr7_117791275_C/A Missense CTTNBP2 L33 SALATSQVGAWPSATPGLNQPACSD

NIC17 chr7_135209655_C/T Missense WDR91 L34 DYWSYLERRLFSHLEDIYRPTIHKL

NIC17 chr7_143291622_T/A Missense CASP2 L35 KKNRVVLAKQLLMSELLEHLLEKDI

NIC17 chr7_4788195_C/A Missense AP5Z1 L36 APAASERPLWDTYLRAPSCLEAFRD

NIC17 chr7_5715168_C/T Missense RNF216 L37 EQYQKDGQLIECHCCYGEFPFEELT

NIC17 chr7_756863_A/T Missense DNAAF5 L38 VFLKLILSTLKKSPSASGLLVLASA

NIC17 chr7_99035681_G/C Missense SMURF1 L39 ELIIGGLDKIDLKDWKSNTRLKHCV

NIC17 chr9_131475787_G/A Missense PRRC2B L40 RLSNCGYGRRTFISKESPHWQSKSP

NIC17 chr9_72916962_G/C Missense ALDH1A1 L41 FVRRSVERAKKYMLGNPLTPGVTQG

NIC17 chr9_87706564_G/A Missense DAPK1 L42 CRWIHQQSTEGDTDIRLWVNGCKLA

NIC17 chrX_64921864_TC/T Frameshift ZC4H2 L43 YKQEMDLLLQEKWPMWRNSD

NIC20 chr1_220157870_C/T Missense RAB3GAP2 L1 KSPKDRLCRRDVRMSDTAMTSFLGS

NIC20 chr12_25245351_C/G Missense KRAS L2 MTEYKLVVVGARGVGKSALTIQLIQ

NIC20 chr12_56324171_G/A Missense PAN2 L3 QAYRGAGGSFCSLGDSVIGQLFSCE

NIC20 chr12_6529892_G/T Missense NCAPD2 L4 DNFDCFGDKLSDDSIFSAFLSVVGK

NIC20 chr12_6536969_G/A Missense GAPDH L5 KIKWGDAGAEYVMESTGVFTTMEKA

NIC20 chr13_32339480_G/T Missense BRCA2 L6 IFDGQPERINTAYYVGNYLYENNSN

NIC20 chr17_58511460_G/A Missense MTMR4 L7.1 IDSVESRDMFQLYISCKDSKVVRCH

L7.2 SVINVPLRMIDSVESRDMFQLYISC

L7.3 RMIDSVESRDMFQLYISCKDSKVVR

NIC20 chr17_67911137_G/A Missense BPTF L8 LEEKQRLEKIKLKGGIKGIGKTSTN

NIC20 chr17_75960324_G/A Missense ACOX1 L9 GGLSLWIFTWACFCPPCFTRQLRSS

NIC20 chr17_7673764_C/T Missense TP53 L10 VCACPGRDRRTEKENLRKKGEPHHE

NIC20 chr17_7673776_G/A Missense TP53 L11 FEVRVCACPGRDWRTEEENLRKKGE

NIC20 chr18_80135747_G/A Missense ADNP2 L12 IDQELVIPCPNCIFASQPKVVGRHF

NIC20 chr19_46015404_C/A Missense CCDC61 L13 ERSLRARLKTLTRELALYKRGRRTP

NIC20 chr19_57254563_T/C Missense ZNF805 L14 TDVGRPFTSGQTPVNIQELLLGKNF

NIC20 chr21_46389211_A/G Missense PCNT L15 GAGLALSTAPALGETWSDVALPELD

NIC20 chr2_191363763_A/C Missense MYO1B L16.2 RNAMQIVGFMDHDAESVLAVVAAVL

NIC20 chr2_196995406_A/T Missense ANKRD44 L17.1 LLILDKIQDESLNNEKNNALQTPLH

L17.2 KCALLILDKIQDESLNNEKNNALQT

NIC20 chr3_49911685_G/A Missense MON1A L18 TEGDEEDATEAWCLHQKHVFVLSEA

NIC20 chr4_141721984_G/T Missense IL15 L19 KTEANWVNVISDFKKIEDLIQSMHI

NIC20 chr4_89113177_G/A Missense TIGD2 L20 ANSSDPTSGVSKHKSMKSSTYEELD

NIC20 chr5_112838822_T/TGTTTATACTG Frameshift APC L21 DEIKQSEQRQSRNQSTTYPFILCLY

NIC20 chr5_112839978_AAGAG/A Frameshift APC L22 AQTKREVPKNKAPTAEKRVDLSKLQ

NIC20 chr5_176577513_G/A Missense CDHR2 L23 GSASVQVLVRVSTLVDYERQTAMAV

NIC20 chr6_144493316_TTGAG/T Frameshift UTRN L24 DVIQTHLDKCMKLYKTLKSNLKWKL

NIC20 chr6_157672728_A/G Missense ZDHHC14 L25 MYGATQSQSDMCGQDQCIQSTKFVL

NIC20 chr7_102637557_C/T Missense UPK3BL1 L26 GPEEAGSVRRYTTHLTFSTPAEGAS

NIC20 chr7_152176502_G/GA Frameshift KMT2C L27.1 NVTVVSRVNHVFFSGCAGKPRAHSR

L27.2 VSRVNHVFFSGCAGKPRAHSRSINS

NIC20 chr7_93101806_G/A Missense SAMD9 L28 LQPIGLTYQFSELYFLASLLFWPEN

NIC20 chr9_14307385_C/T Missense NFIB L29 KHEKRMSKDEERTVKDELLSEKPEI

NIC20 chrM_6909_G/A Missense MT-CO1 L30 LATLHGSNMKWSTAVLWALGFIFLF

NIC22 chr1_197159613_G/A Missense ZBTB41 L01 PVQMPDTPSDLVCHTTTLPPSSHEI

NIC22 chr1_218302341_A/G Missense RRP15 L02 SEKDHFYSDDDAVEADSEGDAEPCD

NIC22 chr1_99884678_C/A Missense AGL L03 FKSGSLAVDNADTILKIPFASLASR

NIC22 chr10_118040557_C/G Missense RAB11FIP2 L04 FEDKQRRKTEWFTLESKQGKRIKNR

NIC22 chr10_132405164_G/A Missense PWWP2B L05 RELRKPEEPENGKPTAAATARRSKR

NIC22 chr11_59615387_C/T Missense OSBP L06 GSGAGGSGSAREDWLFKWTNYIKGY

NIC22 chr11_68157926_GAA/G Frameshift KMT5B L07 YTEGLHENGVCCSDPLSLGVSNGGG

NIC22 chr13_53050008_C/T Missense OLFM4 L08 SCGHGGVVNISKLSVVQLNWRGFSY

NIC22 chr14_104945557_G/T Missense AHNAK2 L09 DGARLEGDLSLAEKDVTAKDSKFKM

NIC22 chr14_95091301_T/A Missense DICER1 L10 KEEDIEVPKAMGVIFESLAGAIYMD

NIC22 chr16_3677504_G/A Missense TRAP1 L11 SAAPGSLGYQWLLDGSGVFEIAEAS

NIC22 chr16_47669255_C/G Missense PHKB L12 TLGAFGHEEEVICNPLSPRVIQNII

NIC22 chr16_71690689_G/A Missense PHLPP2 L13 IRFYGEKPCHMDCLDRILLSGIYNV

NIC22 chr17_63821516_G/A Missense FTSJ3 L14 QQQQKQQLPQTPLSCLKTEIMSPLY

NIC22 chr17_6525386_C/T Missense PITPNM3 L15 SQWNSNDLVEQIKTMGKLDEHQGEG

NIC22 chr17_7674221_G/A Missense TP53 L16.1 YMCNSSCMGGMNWRPILTIITLEDS

L16.2 EVGSDCTTIHYNYMCNSSCMGGMNW

NIC22 chr19_14161578_G/A Missense ADGRL1 L17 SPPLSTTTTARPMPLTSTASPAATT

NIC22 chr2_127584256_G/A Missense MYO7B L18 NISWDYIHYTDNQPTLDLLALKPMS

NIC22 chr2_31377127_C/A Missense XDH L19 RVLFKPGTTEVQDLALCYGGMANRT

NIC22 chr22_28694075_G/C Missense CHEK2 L20 DLVKKLLVVDPKGRFTTEEALRHPW

NIC22 chr3_52259737_C/T Missense WDR82 L21 GSFIRLIDAFKGMVMHTFGGYANSK

NIC22 chr4_1238321_G/C Missense CTBP1 L22.1 LNKGLPLGVRPPMMNGPLHPRPLVA

L22.2 MSGVRPPMMNGPLHPRPLVALLDGR
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L22.3 MCRRLSDGVRPPMMNGPLHPRPLVA

NIC22 chr5_112839525_A/AG Frameshift APC L23 EADSANTLQIAEIKEKSSIGQLKIL

NIC22 chr5_57249510_G/T Missense GPBP1 L24 LTRMRTDKKSEFFKALKRDRVEEEH

NIC22 chr6_118829150_C/T Missense MCM9 L25 DPQESVSVNIALSSPLLSRFDLILV

NIC22 chr7_45104146_C/T Missense TBRG4 L26 TSGEVAHCAKSFTLLKWLSLPLFEA

NIC22 chr9_23701494_C/T Missense ELAVL2 L27 GQKPPGATEPITIKFANNPSQKTNQ

NIC22 chrM_11031_G/GA Frameshift MT-ND4 L28.1 RHLSSEPLSRKKTLPLYTNLPTNLL

L28.2 LSRKKTLPLYTNLPTNLLNYNIHSH

NIC22 chrM_15731_G/A Missense MT-CYB L29 FRPLSQSLYWLLTADLLILTWIGGQ

NIC22 chrM_9715_G/A Missense MT-CO3 L30 QMIQALLITILLDLYFTLLQASEYF

NIC25 chr10_132777741_C/T Missense INPP5A L01 QYMNTRCPAWCDCILMSPSAKELVL

NIC25 chr10_34470134_C/G Missense PARD3 L02 SRKNPTRWSTTAAFLKQNTAGSPKT

NIC25 chr11_107433697_T/A Missense CWF19L2 L03 DGGLSWLRKSYLSMKEQAEKQSRNF

NIC25 chr11_72014750_C/T Missense NUMA1 L04 QEKMAATSKEVAHLETLVRKAGEQQ

NIC25 chr12_131913767_C/T Missense ULK1 L05 SLMCSGSSLVASVGLESHGRTPSPS

NIC25 chr1_21847754_C/T Missense HSPG2 L06 VEGQTLDLNCVVTRQPQAIITWYKR

NIC25 chr12_25245350_C/A Missense KRAS L07 MTEYKLVVVGAVGVGKSALTIQLIQ

NIC25 chr1_243191320_C/G Missense CEP170 L08 STIHEIPTKDTPTSHITGAGHASFT

NIC25 chr12_56088072_C/T Missense ERBB3 L09 NDSGACVPRCPQSLVYNKLTFQLEP

NIC25 chr13_75286844_C/T Missense TBC1D4 L10 PADALVNCDLLLKDLNCNPNNKAKI

NIC25 chr14_24338294_A/C Missense RIPK3 L11 NRKASTASDVYSVGILMWAVLAGRE

NIC25 chr16_75656305_GGAA/G Inframe deletion TERF2IP L12.1 ETQPDEEEEEEEKVSQPEVGAAIKI

NIC25 L12.2 ETQPDEEEEEEEKVSQPEVSISSQS

NIC25 chr17_20205400_G/GT Frameshift SPECC1 L13 HRERAEQLSQENEKLMNLLQERVKE

NIC25 chr17_7673607_TGCTA/T Splice TP53 L14.1 PHHELPPGSTKRGKQAGQEAVEETK

NIC25 L14.2 KQAGQEAVEETKGAVMPQIHFYHLS

NIC25 L14.3 AVMPQIHFYHLSLPLFTAQQHQLLS

NIC25 L14.4 QHQLLSPAKEETTGWRIFHPSDPWA

NIC25 L14.5 PLFTAQQHQLLSPAKEETTGWRIFH

NIC25 chr19_35738445_G/A Missense IGFLR1 L15 EGQKHIVIFALRHILRGEELTYDYK

NIC25 chr19_4524976_C/T Missense PLIN5 L16 LWGEWGQRPPESHRRSQAELETLVL

NIC25 chr19_46778729_C/T Missense SLC1A5 L17 LIYFLFTRKNPYHFLWGIVTPLATA

NIC25 chr20_38156089_C/T Missense TGM2 L18 ASVDSLTFSVVTDPAPSQEAGTKAR

NIC25 chr20_41484523_C/T Missense CHD6 L19 KDDVEKNLAPKQKTIIEVELTNIQK

NIC25 chr20_50891831_A/C Missense ADNP L20 MHNASDSEVDQDEVVEWKDGASPSE

NIC25 chr20_63930879_C/T Missense DNAJC5 L21 WAKALFVFCGLLMCCYCCCCLCCCF

NIC25 chr2_230467207_G/T Missense SP100 L22 AEASSGALRSKHVEKAPMTSRSTST

NIC25 chr22_35334417_C/T Missense TOM1 L23 RLEDEFDMFALTWGSSLADQRKEVK

NIC25 chr22_40266865_T/TC Frameshift TNRC6B L24 SSGPQPATPKDEEPSGWEEPSPTVN

NIC25 chr2_86478667_A/G Missense KDM3A L25 VHSVRAKWGIKADCPCSNRQFKLFS

NIC25 chr3_24146684_C/T Missense THRB L26.1 ECRFKKCIYVGMTTDLVLDDSKRLA

NIC25 L26.2 QECRFKKCIYVGMTTDCHTFIKKWP

NIC25 chr4_147654416_C/T Missense PRMT9 L27 KSFTQNKDLLSLENEAELCSALANL

NIC25 chr4_733979_G/T Missense PCGF3 L28.1 SEKSFHAKGPVGVVRADEASLRRAK

NIC25 L28.2 QKSHFTLKVLWVLSEQMRPRLGERN

NIC25 chr4_8607369_G/A Missense CPZ L29 LHGGDLVVSYPFNFSKHPQEEKMFS

NIC25 chr5_112840204_CAG/C Frameshift APC L30 QKDVELRIMPPVQENDNGNETIRAA

NIC25 chr5_136063199_A/G Missense TGFBI L31 ELADSALEIFKQASAFSRPLSIRSY

NIC25 chr5_141384779_G/A Missense PCDHGA2 L32 GLFAVGLYTGEVHTARALLDRDALK

NIC25 chr5_180948367_C/T Missense BTNL8 L33 KIFFSKFQWKIQVELDWRRKHGQAE

NIC25 chr6_139166833_C/CCACGGGCTA Inframe insertion HECA L34.1 GGSPGQSPPTGYTGYSILSPAHFSG

NIC25 L34.2 GSPGQSPPTGYTGYSILSPAHFSGP

NIC25 L34.3 SPGQSPPTGYTGYSILSPAHFSGPR

NIC25 chr7_158167215_C/T Missense PTPRN2 L35 AHTSALTYPPGSQTQLREDLLPRTL

NIC25 chr8_126556693_G/T Missense FAM84B L36 LRIGKQPYRLQIKLSAQRSHTLEFQ

NIC25 chr9_83970226_G/A Missense HNRNPK L37 IKIDEPLEGSEDWIITITGTQDQIQ

NIC25 chrX_71250094_G/A Missense ZMYM3 L38 SVCLSLYEAQQQCPIPQSGDPADAT

NIC27 chr10_87170897_A/T Missense SHLD2 L1 GQKQKKVMLTVELAQDQHYALVLWG

NIC27 chr1_114716126_C/T Missense CSDE1 L2 MTEYKLVVVGADGVGKSALTIQLIQ

NIC27 chr11_46778488_C/T Missense CKAP5 L3 DGDEPDDGSNDVIDLLPRTEISDKI

NIC27 chr1_202012640_A/AC Frameshift ELF3 L4.1 AFQEALDPGPFDPGQPLCPGAAGRR

L4.2 PGQPLCPGAAGRRSASQPLPPRQLW

L4.3 AGRRSASQPLPPRQLWRRSPLPWQL

NIC27 chr1_237658004_C/A Missense RYR2 L5 EYFINKYAEHSHEKWSMDKLANGWI

NIC27 chr14_45006152_G/A Missense KLHL28 L6 RGISLLPDKADLNTVGHKKKEPDDI

NIC27 chr16_12069072_G/T Missense SNX29 L7 VGSYSPADAPLGILENGTGPEDHVL

NIC27 chr16_3138989_G/T Missense ZNF213 L8.1 TCFVSGVHGPVAFGDIPFYFSREEW

NIC27 chr16_3138989_G/T Missense ZNF213 L8.2 QEQHSHSGTCGIWRHPILFLPGRMG

NIC27 chr19_3738627_G/A Missense TJP3 L9 EAVQFLLGLPPGKEMELVTQRKQDI

NIC27 chr19_49867076_G/T Missense PNKP L10.1 LVLGRGPLTQVTERKCSRTQVELVA

L10.2 DGQALVLGRGPLTQVTERKCSRTQA

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Immunother Cancer

 doi: 10.1136/jitc-2022-005887:e005887. 11 2023;J Immunother Cancer, et al. van den Bulk J



NIC27 chr20_63590574_C/T Missense GMEB2 L11 RPRLARATSGPATMASQVLTQSAQL

NIC27 chr2_170846011_G/T Missense GAD1 L12 TDNVILIKCNERVKIIPADFEAKIL

NIC27 chr3_15074555_G/A Missense RBSN L13 DLQREQLQMLREWELEREREQFRVA

NIC27 chr3_151199322_T/TA Frameshift MED12L L14.1 VYKDLEPFTYFFLFSFPCWNYWKLF

L14.2 FSFPCWNYWKLFCNLGFYTEEYESQ

L14.3 YWKLFCNLGFYTEEYESQVCEHLLN

NIC27 chr3_97877501_G/A Missense CRYBG3 L15 DDSSQEDILSSEISPGHHGPRKSRD

NIC27 chr4_17501822_GCT/G Frameshift QDPR L16.1 SLFKNCDLMWKQHMDIDHLQKGCPG

L16.2 MDIDHLQKGCPGWDSWYDRVRHGQG

L16.3 WDSWYDRVRHGQGCCSPALPEPGWE

L16.4 GCCSPALPEPGWEEQRHAARGSRHR

L16.5 EQRHAARGSRHRCAPGYPGYPDEQE

L16.6 HAARGSRHRCAPGYPGYPDEQEINA

L16.7 SLFKNCDLMWKQHMDIDHLQPSGYQ

L16.8 MDIDHLQPSGYQASQGRRPPDLGWR

L16.9 ASQGRRPPDLGWRKGCPGWDSWVTL

L16.10 RRPPDLGWRKGCPGWDSWVTLDTPM

NIC27 chr4_17813010_G/A Missense NCAPG L17 LLGSMPENAQIDNDVFDKINKAMLI

NIC27 chr4_8235554_G/A Missense SH3TC1 L18 GAWEREKAVSFYQDRALPLAVTTGN

NIC27 chr4_9890687_G/A Missense SLC2A9 L19 AVFSGLVIEHLGWRPLLIGGFGLMG

NIC27 chr5_150204571_G/A Missense SLC6A7 L20 GMYWLVLLDDYSTSFGLMVVVITTC

NIC27 chr6_33711605_C/A Missense UQCC2 L21 WPVDETKRGRDLCAYLRQRVAQAFR

NIC27 chr7_98984093_C/T Missense TRRAP L22.1 SSIFMWRQHHYQVIVTAYENSSQHD

L22.2 QGKPTWSGMHSSLIVTAYENSSQHD

NIC27 chr8_144057495_G/T Missense OPLAH L23 PLSLEEVAMGFVSVANEAMCRPIRA

NIC27 chr8_144360298_A/G Missense FBXL6 L24 AAGTTPGPDPKACQLLSARSACLLG

NIC27 chr8_28160331_C/T Missense ELP3 L25 PDQDILIGLLRLCKCSEETFRFELG

NIC27 chr8_39918906_C/A Missense IDO1 L26.1 LPPILVYADCVLENWKKKDPNKYVN

L26.2 LPPILVYADCVLENWKKKDPNKPLT

NIC38 chr1_114713909_G/T Missense NRAS L01 ETCLLDILDTAGKEEYSAMRDQYMR

NIC38 chr1_155187338_G/C Missense MUC1 L02.1 AVCQCRRKNYGQVDIFPARDTYHPM

L02.2 GCLSVPPKELRAGGHLSSPGYLPSY

L02.3 WLSVSAAERTTGRWTSFQPGIPTIL

NIC38 chr1_204968350_G/A Missense NFASC L03 VLRGMDLLLECITSGVPTPDIAWYK

NIC38 chr1_52359809_G/A Missense CC2D1B L04 SAQPVSDLDPDPWALLSSRQREYKV

NIC38 chr10_127439193_C/A Missense DOCK1 L05 FEKEFKPTDISLKQSEAVILSETIS

NIC38 chr10_87790413_T/C Missense ATAD1 L06 VDPLNMHVTWSDMAGLDDVITDLKD

NIC38 chr11_114407658_C/T Missense RBM7 L07 PYLADRHYSREQCYTDHGSDHHYRG

NIC38 chr11_68934473_G/A Missense IGHMBP2 L08 EDEQSKGNPGEVHLVSLHIQALVDA

NIC38 chr11_75796404_G/A Missense DGAT2 L09 IFGYHPHGIMGLDAFCNFSTEATEV

NIC38 chr12_100623662_C/T Missense GAS2L3 L10 LLKYDPCRILQFVTLEQKILAFQKG

NIC38 chr12_25245347_C/T Missense KRAS L11 MTEYKLVVVGAGDVGKSALTIQLIQ

NIC38 chr12_50474099_C/T Missense LARP4 L12.1 TTIPVSPPSTTKSSRASTASPCNNN

NIC38 chr12_50474099_C/T Missense LARP4 L12.2 TTIPVSPPSTTKSSREPRKLSYAEV

NIC38 chr12_57268355_C/T Missense R3HDM2 L13 VSQSVQGGLPAARVPVYYSMIPPAQ

NIC38 chr12_6974548_TCA/T Splice EMG1 L14.1 NGRDPGEARPDITHQVTPGTVLTTL

L14.2 DPGEARPDITHQVYIHTQKNVLIEV

L14.3 YIHTQKNVLIEVNPQTRIPRTFDRF

L14.4 PQTRIPRTFDRFCGLMVQLLHKLSV

L14.5 GLMVQLLHKLSVRAADGPQKLLKVI

L14.6 ILLKNGRDPGEARPDITHQFADADG

NIC38 chr13_24883229_C/T Missense CENPJ L15 ANGHQETKYRSGQIRVKDKEGNVLM

NIC38 chr14_64948446_G/A Missense RAB15 L16 QAHRKELEGLRMCASNELALAELEE

NIC38 chr16_2117882_G/T Missense PKD1 L17 ALELVCPSSVQSEESLDLSIQNRGG

NIC38 chr17_42670596_C/T Missense PLEKHH3 L18 PLHPEGLSPDGHKLPFLFEQAHALL

NIC38 chr17_47292436_G/A Missense ITGB3 L19 QQDECSPREGQPICSQRGECLCGQC

NIC38 chr17_72124031_TC/T Frameshift SOX9 L20 PQAHTLTTLSSEPGQSSERTSRRSS

NIC38 chr17_7674229_C/A Missense TP53 L21.1 HYNYMCNSSCMGVMNRRPILTIITL

L21.2 EVGSDCTTIHYNYMCNSSCMGVMNR

NIC38 chr17_81811574_G/A Missense GCGR L22 VSTWLSDGVSPPQRPQAGGWVGSQA

NIC38 chr18_25226861_A/T Missense ZNF521 L23 SNSPSLVTVGYTTVSSTTPDSNLSV

NIC38 chr18_50275897_C/T Missense MBD1 L24 GACSTCLLQLPHNVASGLFCKCERR

NIC38 chr19_3981442_G/A Missense EEF2 L25 QLILDPIFKVFDVIMNFKKEETAKL

NIC38 chr19_44288724_G/T Missense ZNF235 L26 DDNIVHKRDKVHRNSDCGKDTLKVS

NIC38 chr19_49168357_G/GGT Frameshift TRPM4 L27.1 RDHQMASTGGTKWWWPWVWPPGVWS

L27.2 WWPWVWPPGVWSGIETPSSTPRARS

L27.3 IETPSSTPRARSLRGTGGAVTRRTG

L27.4 RGTGGAVTRRTGSSFPWTTTTRPSS

L27.5 SFPWTTTTRPSSWWTTAHTAAWGAR

L27.6 WTTAHTAAWGARTASACAWSPTSHS

L27.7 ASACAWSPTSHSRRRAWEGLELTSL
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L27.8 AWSPTSHSRRRAWEGLELTSLSCSS

L27.9 GPSDGQHWGHQGVVAMGVAPWGVVR

L27.10 PSDGQHWGHQGVVAMGVAPWGVVRN

L27.11 GTIRWPALGAPRCGGHGCGPLGCGP

L27.12 TIRWPALGAPRCGGHGCGPLGCGPE

NIC38 chr19_49909636_C/T Missense NUP62 L28 APFQPATSTPSTSLFSLATQTPATQ

NIC38 chr19_54192199_A/G Missense TSEN34 L29 PRSALLVQLATAGPRPVKARPLDWR

NIC38 chr2_132785077_C/A Missense NCKAP5 L30 QGQGHGRMALNLHLSDTDDNETFDE

NIC38 chr2_218740117_T/C Missense TTLL4 L31 DQAETEDTEEELADGLEDCCSRDEN

NIC38 chr2_25243924_A/T Missense DNMT3A L32 PVPAEKRKPIRVQSLFDGIATGLLV

NIC38 chr2_54850185_G/A Missense EML6 L33 WSLDSKYLQTNDSAGERLFYRMPSG

NIC38 chr2_70088042_T/G Missense PCBP1 L34 TNSTAASRPPVTRRLVVPATQCGSL

NIC38 chr20_25207212_G/A Missense ENTPD6 L35 GVFIYVAYIKWHQATATQAFFSITR

NIC38 chr20_38558332_C/T Missense RALGAPB L36 EPANSRLPPHLIVLDSTIPGFFDDI

NIC38 chr20_58909366_G/A Missense GNAS L37 DYVPSDQDLLRCHVLTSGIFETKFQ

NIC38 chr22_41176347_G/A Missense EP300 L38 PDPLIPCDLMDGQDAFLTLARDKHL

NIC38 chr22_41604044_C/T Missense DESI1 L39 LEYLSSLGESLFQGEAYNLFEHNCN

NIC38 chr3_50276335_C/T Missense SEMA3B L40 QVLAEERTERTAWGLLLRRLRRRDS

NIC38 chr3_77577541_A/G Missense ROBO2 L41 PQSVTVLTVGSYSSTSISVSWDPPP

NIC38 chr4_75969346_C/T Missense SDAD1 L42 LKQLECCKERFEMKMMLMNLISRLV

NIC38 chr5_112839514_TAAAAG/T Frameshift APC L43 IGCNQTTQEADSANTLQIAEIKDWN

NIC38 chr5_140835112_C/A Missense PCDHA7 L44 TVLDNNDNAPVFERTLYTVKLPENV

NIC38 chr5_14610204_T/A Missense OTULINL L45 LEVKIKVFRLFKINSRDFEVCYPEE

NIC38 chr7_100684319_G/A Missense GIGYF1 L46 SPPPLLGNMDQEWLKKQQELAAAAL

NIC38 chr7_1496228_C/T Missense INTS1 L47 ERFVVHITDVLAMSMMLGITAQVKE

NIC38 chr7_155803327_C/T Missense SHH L48 VRPGQRVYVVAEHDGDRRLLPAAVH

NIC38 chr7_5388319_G/A Missense TNRC18 L49 AAKLFGLEPGRPLPTGPEHKWKPFE

NIC38 chr7_98229051_C/T Missense TECPR1 L50 HTAWVYTGGYGGSCFQGLASSTSNI

NIC38 chr8_121617152_C/G Missense HAS2 L51 MLDPASSVEMVKLLEEDPMVGGVGG

NIC38 chr9_106925857_C/T Missense ZNF462 L52 SSLPLENETDSHSSSSNTVKKSQTS

NIC38 chr9_93289156_G/A Missense WNK2 L53 CTPAPEAASTRDTSAPREPLPPPAP

NIC38 chr1_203347520_T/TGTACAGCTG Inframe insertion FMOD L54.1 PDGLPSALEQLYSCTMEHNNVYTVP

NIC39 chr10_118039249_C/T Missense RAB11FIP2 L01 LPRKKNPFEESSKTWDSSMNLFSKP

NIC39 chr11_19933968_A/G Missense NAV2 L02 GIPKPGMKSMPGRSPSAPAPSKEGE

NIC39 chr1_144424696_C/T Missense NBPF15 L03 ALEEKHVGFSLDMGEIEKKGKGKKR

NIC39 chr1_19186599_G/A Missense UBR4 L04 RKGSMSSDASASIDSNTYYEDDFSS

NIC39 chr11_93700058_C/A Missense CEP295 L05 QQDNLGLQKQLDIQREVLHYSQKAQ

NIC39 chr1_202013255_CAA/C Frameshift ELF3 L06.1 GKRKRGRPRKLSRVLGLSRGQEEQA

L06.2 VLGLSRGQEEQARAQRHPPVGVHPG

L06.3 AQRHPPVGVHPGHPHPPGAQRGPHE

L06.4 PVGVHPGHPHPPGAQRGPHEVGESA

NIC39 chr12_121453254_G/A Missense KDM2B L07 LAANRTTAGARRCRTRCRKCEACLR

NIC39 chr12_25245350_C/A Missense KRAS L08 MTEYKLVVVGAVGVGKSALTIQLIQ

NIC39 chr12_58879049_C/T Missense LRIG3 L09 TPMDLTIRAGAMTRLECAAVGHPAP

NIC39 chr13_19659265_T/A Missense MPHOSPH8 L10 GDYITVKVALNSKEEYNLDQEDSSG

NIC39 chr14_104171738_C/T Missense KIF26A L11 NPGSIGKVKVMLWIWPAQGAQRSAE

NIC39 chr14_22902052_C/CGGT Inframe insertion RBM23 L12 QLPSTAAAAAAAPAAQAAALQLNGA

NIC39 chr1_46272733_G/A Missense RAD54L L13 YKRFLRQAKPAEKLLEGKMSVSSLS

NIC39 chr14_88792343_T/C Missense EML5 L14 GVGVVYSPREHRRKFYRGHSDDIIS

NIC39 chr15_34982598_C/A Missense ZNF770 L15 QGGFENGEIGESDENNPLDVHSIYI

NIC39 chr16_22534398_C/T Missense NPIPB5 L16 PLPPSADDNLKTLSERQLTPLPPSA

NIC39 chr16_549404_C/T Missense CAPN15 L17 EGAYQVRLCKDGMWTTVLVDDMLPC

NIC39 chr16_58267555_A/G Missense CCDC113 L18 DKEILLRKELLERIEKETLQVEEDR

NIC39 chr16_90006391_G/A Missense DBNDD1 L19 QSHEKQPLGDPEWQATVLDTFLTVE

NIC39 chr17_47292436_G/A Missense ITGB3 L20 QQDECSPREGQPICSQRGECLCGQC

NIC39 chr17_51041572_C/T Missense SPAG9 L21 GDGLLTPDAQKGRETPGSEQWKFQE

NIC39 chr17_7675088_C/T Missense TP53 L22 YKQSQHMTEVVRHCPHHERCSDSDG

NIC39 chr19_19202339_AGTT/A Inframe deletion RFXANK L23.1 LHKIVDFYPEDNSLQTFPIPAAEVD

L23.2 LHKIVDFYPEDNSLQISCPCFWGGW

NIC39 chr19_3193350_G/C Missense NCLN L24 AMETAVPVYFAVQDEALLSIYKQTQ

NIC39 chr19_41116275_G/T Missense CYP2F1 L25 CLLLTLSSRDKGNLPPGPRPLSILG

NIC39 chr19_6534932_C/T Missense TNFSF9 L26 FQGRLLHLSAGQCLGVHLHTEARAR

NIC39 chr19_9980686_C/G Missense COL5A3 L27 PGATGQPGPKGDLGQDGAPGIPGEK

NIC39 chr20_5922477_C/A Missense CHGB L28 SSRGEAGAPGEEEIQGPTKADTEKW

NIC39 chr2_131052950_G/A Missense FAM168B L29 PVAPHPVTVPTYWAPGTPTYSYVPP

NIC39 chr21_46389270_G/C Missense PCNT L30 LPELDRTLSECAQMSSVAEISSHMR

NIC39 chr2_24024246_G/A Missense MFSD2B L31.1 MVGSTPKTPSRDTSSRLSLRRRTSY

L31.2 LCILMVGSTPKTPSRDTSSRLSLRR

L31.3 MVGSTPKTPSRDTSSRLSLRRVLHH

NIC39 chr22_41177044_G/C Missense EP300 L32 QHTKGCKRKTNGACPICKQLIALCC

NIC39 chr3_129250763_C/T Missense COPG1 L33 SAVLQEASDICSPLAFIINIHHQCN
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NIC39 chr3_133838231_G/A Missense RAB6B L34 DKRQITIEEGEQCAKELSVMFIETS

NIC39 chr3_64615973_G/A Missense ADAMTS9 L35 CSGECNTGGWRYFAWTECSKSCDGG

NIC39 chr4_883459_C/T Missense GAK L36 LDISYITSRIAVISFPAEGVESALK

NIC39 chr4_989975_C/T Missense IDUA L37 QLHKRFGSSVAGNIPTGFMPPQVPE

NIC39 chr5_112839783_GA/G Frameshift APC L38.1 SRCTSVSSLDSFGVVRLPAPFRVNH

L38.2 SVSSLDSFGVVRLPAPFRVNHAVEW

NIC39 chr5_1338974_G/GCACT Frameshift CLPTM1L L39 INLLTGESDTQQIEAEKKPTSECPG

NIC39 chr5_141955118_G/A Missense RNF14 L40 PQRPPASSATLRWQRHLNGKVSPEK

NIC39 chr6_106511835_G/A Missense CRYBG1 L41 HENDSPQLEPLETEGEPFPDATTTA

NIC39 chr6_119348513_G/A Missense MAN1A1 L42 PVDFVPPIGVESWEPADAAIREKRA

NIC39 chr6_1312718_T/C Missense FOXQ1 L43 MKLEAFVPRAAHGDKQGSDLEGAGG

NIC39 chr6_149378140_G/C Missense TAB2 L44 SDDSGISGLRNHITSLNLDLQSQNI

NIC39 chr6_38703045_G/A Missense GLO1 L45 MAESQPPSGGLTDEAALSCCSDADP

NIC39 chr6_4130838_TG/T Frameshift C6orf201 L46 KLKLYALYKQATEGPCNMPNQVYLT

NIC39 chr7_134661775_C/T Missense BPGM L47 WVPVESSWRLNECHYGALIGLNREQ

NIC39 chr7_144363086_T/G Missense ARHGEF5 L48 CPIQSEHLDMAPLSSDLGSEEEEVE

NIC39 chr7_43624714_G/C Missense COA1 L49 TKESIVTEELIVLTSYTLGQCRQSE

NIC39 chr8_39922577_C/T Missense IDO1 L50 LTYENMDVLFSFCDGDCSKGFFLVS

NIC39 chr8_52657517_G/A Missense RB1CC1 L51 MMVESLYSSVINVIDSRRMQDTNVC

NIC39 chr9_106927814_G/T Missense ZNF462 L52 PALKATVTSIMRLAFLDGLIEAGYH

NIC39 chr9_127482955_G/C Missense LRSAM1 L53 SEILKSLENERITMEQLMSITQEET

NIC39 chr9_136854652_G/T Missense PHPT1 L54 AGGPERPSWPRRYHSRNSAQGSFLV

NIC39 chrM_5227_G/A Missense MT-CO2 L55 TPLIPSTLLSLGDLPPLTGFLPKWA

NIC39 chrX_53580849_G/C Missense HUWE1 L56 VANCCIRIALPAARGSGTASDDEFE

NIC39 chrX_70287275_C/A Splice KIF4A L57.1 NDVDFQDIEHSKIIIAKKRGLCTRK

L57.2 IIIAKKRGLCTRKLQPTALHVDSVM

L57.3 IAKKRGLCTRKLQPTALHVDSVMTC

SLP - synthetic long peptide
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Table S3 | 40-marker imaging mass cytometry panel

Target Clone Metal Incubation Time Temp Dilution

B catenin D10A8  89Y Overnight 4C 100

TGFbeta TB21 115In 5h RT 100

HLA-DR TAL 1B5 141 Pr 5h RT 100

CD20 H1 142 Nd Overnight 4C 100

CD68 D4B9C 143 Nd Overnight 4C 100

CD11b D6X1N 144 Nd 5h RT 100

CD4 +2nd Ab EPR6855 145 Nd Indirect ON RT 100

CD8a D8A8Y 146 Nd 5h RT 50

CD31 89C2 147 Sm Overnight 4C 100

TCRgd + 2nd Ab H41 148 Nd Indirect ON 4C 50

CD45  D9M8I 149 Sm Overnight 4C 50

Granzyme B D6E9W 150 Nd 5h RT 100

CD57 HNK-1 / Leu-7 151 Eu Overnight 4C 100

Ki-67 8D5 152 Sm Overnight 4C 100

CD3 EP449E 153 Eu Overnight 4C 50

TIM3 D5D5R 154 Sm 5h RT 100

LAG-3 D2G40 155 Gd 5h RT 50

PD-L1 E1L3N 156 Gd Overnight 4C 50

CD39 EPR20627 157 Gd 5h RT 100

VISTA D1L2G 158 Gd 5h RT 100

FOXP3 D608R 159 Tb Overnight 4C 50

PD-1 D4W2J 160 Gd 5h RT 50

ICOS D1K2T 161 Dy 5h RT 50

IDO D5J4E 162 Dy Overnight 4C 100

CD14 D7A2T 163 Dy 5h RT 100

CD204 J5HTR3 164 Dy 5h RT 50

CD45RO UCHL1 165 Ho Overnight 4C 100

PDPN D2-40 166 Er Overnight 4C 100

CD56 E7X9M 167 Er 5h RT 100

CD103 EPR4166(2) 168 Er 5h RT 50

CD38 EPR4106 169 Tm Overnight 4C 100

Tbet 4B10 170 Er 5h RT 50

CD15 MC480 171 Yb Overnight 4C 100

Cleaved-caspase 5A1E 172 Yb 5h RT 100

CD163 D6U1J 173 Yb 5h RT 50

CD7 EPR4242 174 Yb 5h RT 100

p16ink4a D3W8G 175 Lu Overnight 4C 100

CD11c EP1347Y 176 Yb 5h RT 100

Vimentin D21H3 194 Pt Overnight 4C 50
Keratin C11 and AE1/AE3 198 Pt Overnight 4C 50
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Patient DP SP DN SP39 DP SP DN SP39 DP SP DN SP39 DP SP DN SP39

NIC4 610 1447 1792 353 11,7 37,6 47,3 3,42 157377 32480 42410

NIC5 595 51 185 94 61 7,32 24,1 7,89 882352 145945 797872

NIC7 1110 738 3549 246 25,0 13,9 52,1 9,0 2703 10989 207317

NIC16 8342 301 445 84 91,0 3,3 4,4 1,4 4075 5980 4270

NIC17 2095 727 2677 24 38,6 15,9 44,8 0,7 16809 4296 7703

NIC20 287 418 650 29 29,6 28,6 37,5 4,3 142857 74163 63077

NIC22 31000 649 484 51 96,5 2,0 1,3 0,2 7419 37750 32231

NIC25 224 895 478 18 23,2 50,6 23,5 2,7 2123 17364 232143

NIC27 6574 1602 2070 95 66,5 14,2 16,5 2,8 11409 8115 26962

NIC38 29768 157 409 NA 97,4 0,7 1,6 0,3 2284 40764 18582

NIC39 1400 5337 1821 136 26,6 52,7 18,7 2,1 2248 4723

SP - CD103+CD39-

Table S4 | Number of T cells at sorting and after expansion.

% Primary expansion rate Restimulation expansion rate#Cells
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