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ABSTRACT

The successful use of expanded tumor-infiltrating lymphocytes (TIL) in
adoptive TIL therapies has been reported, but the effects of the TIL expan-
sion, immunophenotype, function, and T cell receptor (TCR) repertoire
of the infused products relative to the tumor microenvironment (TME)
are not well understood. In this study, we analyzed the tumor samples
(n = 58) from treatment-naïve patients with renal cell carcinoma (RCC),
“pre-rapidly expanded” TILs (pre-REP TIL, n= 15) and “rapidly expanded”
TILs (REP TIL, n = 25) according to a clinical-grade TIL production pro-
tocol, with single-cell RNA (scRNA)+TCRαβ-seq (TCRαβ sequencing),
TCRβ-sequencing (TCRβ-seq), and flow cytometry. REP TILs encom-
passed a greater abundance of CD4+ than CD8+ T cells, with increased
LAG-3 and low PD-1 expressions in both CD4+ and CD8+ T cell com-
partments compared with the pre-REP TIL and tumor T cells. The REP
protocol preferentially expanded small clones of the CD4+ phenotype
(CD, ILR, KLRB) in the TME, indicating that the largest exhausted
T cell clones in the tumor do not expand during the expansion protocol.

In addition, by generating a catalog of RCC-associated TCR motifs from
>1,000 scRNA+TCRαβ-seq and TCRβ-seq RCC, healthy and other can-
cer sample cohorts, we quantified the RCC-associated TCRs from the
expansion protocol. Unlike the low-remaining amount of anti-viral TCRs
throughout the expansion, the quantity of the RCC-associated TCRs was
high in the tumors and pre-REP TILs but decreased in the REP TILs.
Our results provide an in-depth understanding of the origin, phenotype,
and TCR specificity of RCC TIL products, paving the way for a more
rationalized production of TILs.

Significance: TILs are a heterogenous group of immune cells that recog-
nize and attack the tumor, thus are utilized in various clinical trials. In our
study, we explored the TILs in patients with kidney cancer by expanding
the TILs using a clinical-grade protocol, as well as observed their charac-
teristics and ability to recognize the tumor using in-depth experimental and
computational tools.

Introduction
Renal cell carcinoma (RCC) is considered as a highly immunogenic cancer with
an abundance of tumor-infiltrating lymphocytes (TIL; refs. 1–3). However, con-
trastingly to other cancers, the link between increased number of tumor CD8+
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T cells and better patient prognosis is of debate in RCC (4–9). Approximately
30% of patients have metastatic disease at diagnosis, and the majority of the
patients develop metastases later on (10, 11). Furthermore, immune checkpoint
inhibitor (ICI) therapy leads to remission in only a proportion of patients with
RCC (1, 12).
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The reinfusion of TILs in the clinical setting has resulted in striking clinical
responses in patients with metastatic melanoma with the combination of lym-
phodepletion and high-dose IL2 (13, 14). Adoptive TIL therapies have resulted
in objective responses in almost half of the patients with metastatic melanoma
(13, 15), including those refractory to anti-PD-1 therapy (16–18), encouraging
the need for optimization in patients who fail other types of immunotherapies.
Although long-lasting responses have been observed in patients withmetastatic
melanoma (17, 19), only one ongoing clinical trial using adoptive TIL therapy
currently exists for RCC (NCT02926053; ref. 20), despite both tumors being
known to respond to immunotherapies (21, 22). Past studies have reported
weaker immune responses in RCC TILs than in metastatic melanoma (20, 23).
However, a comprehensive understanding of the immunophenotype and func-
tion of the cells in the ex vivo expanded TIL product comparedwith the original
tumor sample is still lacking.

In this study,we characterized the non-expanded and expandedTILs in patients
with RCC and explored differences in the immune phenotype, tumor reactiv-
ity, cytotoxic ability, and T cell receptor (TCR) repertoires. With the use of the
clinical-grade TIL expansion protocol that is currently applied in various clin-
ical trials involving adoptive TIL therapies for patients with cancer (24–26),
we compared the immunological differences between the minimally cultured
“pre-rapid expansion” TILs (pre-REP TILs) and “rapidly expanded” TILs (REP
TILs). We show our REP TIL protocol favors the expansion of CD4+ T cells,
which originate from small T cell clones in the tumor microenvironment
(TME). In contrast, large, expanded tumor CD8+ T cell clones mostly vanish
during the TIL expansion. Furthermore, we identified RCC tumor-associated
TCRmotifs that were validated in multiple TCRβ-sequencing (TCRβ-seq) and
single-cell RNA (scRNA)+TCRαβ-seq (TCRαβ sequencing) datasets. As a re-
sult, T cells carrying the RCC-associated TCR motifs were enriched in the
pre-REP TIL samples, whereas the frequency was reduced in the REP TILs,
suggesting that some tumor-reactive T cell clones are lost during the expansion.

Material and Methods
Patient Cohort and Study Approval
The study included 58 patients with RCC undergoing radical nephrectomy be-
tween 2016 and 2020 (Fig. 1A). Primary tumor tissue (n= 58), adjacent healthy
kidney tissue (n= 30), andmatched peripheral blood (PB;n= 40) sampleswere
obtained. All procedures were conducted in compliance with the Declaration
of Helsinki and the studies were approved by the Helsinki University Hospital
Ethical Committee (Dnro 115/13/03/02/15) and. All samples were obtained after
a written informed consent.

Clinical Data
In total, 18 clinical parameters including tumor size,WorldHealthOrganization
International Society ofUrologic Pathologists (ISUP) 2016 grade, tumor–node–
metastasis (TNM) staging, presence of necrosis, perirenal and peripelvic fat
infiltration, rhabdoid histology, and other medical histories were assessed
(Supplementary Table S1).

Sample Processing
Briefly, the tumor and healthy kidney tissue samples were stored in MACS tis-
sue storage solution (Miltenyi Biotec 130-100-008) at 4°C upon harvest and
processed immediately upon arrival using Miltenyi’s Tumor Dissociation kit
(Miltenyi Biotec 130-095-929). The remaining dissociated cells were viably

frozen in 10% FBS-DMSO freezing solution and kept at −150°C until further
use. Peripheral bloodmononuclear cells (PBMC) were separated from PB sam-
ples with density gradient centrifugation using Ficoll-Paque (GE Healthcare)
and viably frozen in 10% FBS-DMSO at −150°C.

Generation of pre-REP and REP TIL Cultures
pre-REP TILs were isolated in vitro from whole tumor fragments
(1–2 mm3) as described previously (27). Briefly, each tumor fragment was
placed into a single 24-well plate supplementedwithTILmedia: 90%RPMI1640
(Corning 15303561), 10% heat-inactivated human AB serum (Merck H3667),
6,000 IU/mL IL2 (Bio-Techne 202-IL-500), 1% penicillin-streptomycin (Gibco,
15140122), and 1.25 μg/mL Amphotericin B (Gibco 15290018). The fragments
were cultured for 3 weeks to collect the in vitro expanded pre-REP TILs.
The pre-REP TILs were pooled and counted using Trypan Blue and Bürker
chamber. Next, a proportion of the pre-REP TILs (minimum 100,000 cells)
was expanded using a 14-day “rapid expansion” (REP) protocol, as previously
outlined by Andersen and colleagues (20). Briefly, 100,000 pre-REP TILs were
cultured in the presence of 20 million feeder cells consisting of irradiated
PBMCs pooled from 8 different healthy donors (Finnish Red Cross), the
anti-CD3 (OKT3) antibody (30 ng/mL, Miltenyi Biotec 170-076-116), and
IL2 (6,000 IU/mL, Bio-Techne 202-IL-500) for the expansion of T cells.
PBMCs for the feeder cells were isolated by density gradient centrifugation
using Ficoll-Paque (GE Healthcare). The complete pre-REP TIL and REP TIL
protocols have been previously described in detail (27).

Multi-parameter Flow Cytometry and
Immunophenotyping
Freshly dissociated tumor, healthy kidney, and TIL samples were used to ex-
amine the immune cell numbers and immunophenotypes. The samples were
stained for 15 minutes with a comprehensive antibody staining panel as de-
scribed previously (28) and were washed twice with PBS before phenotyping.
A total of 50,000 lymphocytes were acquired per tube with FACS Verse (BD
Biosciences) and analyzed with FlowJo (Version 10.0.8rl, Treestar). A full list of
markers is provided in Supplementary Table S2. All antibodies were purchased
from BD Biosciences unless mentioned otherwise. In addition, the availability
of samples used in each analysis is provided in Supplementary Table S3.

REP TIL and Tumor Co-cultures
Autologous in vitro cultured two-dimensional tumor cells (derived from the
same lesions as the TIL cultures) were established from live frozen tumor
dissociated cells using the Primary Cancer Culture System kit (PromoCell C-
28081) in 12-well plates. Themorphology and growth patterns of the tumor cells
were examined using light microscopy. Mycoplasma tests (MycoAlert PLUS,
Lonza LT07-710) were performed and were negative. After 4–7 weeks of cell
culture maintenance, cells were checked for 90%–100% confluency and used
for the co-cultures. The cocultures included a 6-hour and 48-hour incubation
period, whereby 1 million REP TILs were incubated with the corresponding tu-
mor cells for both timepoints. GolgiStop was added 6 hours before the end of
the experiment to measure intracellular cytokine production. The TILs were
gently pipetted from the wells and phenotyped using the FACS Verse (BD Bio-
sciences). The datawere analyzedwith FlowJo (v.10.8.1, Treestar). All antibodies
were purchased from BD Biosciences unless mentioned otherwise. The full list
of the antibodies and catalog numbers is provided in Supplementary Table S2,
together with details concerning the usage of the samples in Supplementary
Table S3.
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FIGURE 1 Immunophenotypic differences between tumor, healthy kidney tissue, pre-REP TILs, and REP TILs. A, Matching healthy kidney tissue
(n = 30), tumor (n = 58), pre-REP TIL (n = 15), and REP TIL (n = 25) samples were used for flow cytometry immunophenotypic analysis. The median
positive expression levels were compared between each sample type. The pre-REP TILs and REP TILs had a greater abundance of CD4+ T cells
(median 46.8% and 68.4% out of lymphocytes, respectively) than CD8+ T cells (4.8% and 10.5%), compared with the tumor CD4+ (34%) and CD8+

(19.5%) T cells. In contrast, an increased proportion of cells in the tumor (14.4%), healthy kidney (14.4%), and pre-REP TIL (13.5%) samples were NK
cells. B, The CD4+ and CD8+ T cell immunophenotypes were analyzed using CCR7 and CD45RO markers. Most of the pre-REP TIL CD4+ T cells were
of the central memory (TCM; CCR7+ CD45RO+) phenotype (median 64%), and the pre-REP TIL CD8+ T cells were either TCM (37.7%) or effector
memory (TEM; CCR7-CD45RO+, median 40.8%) cells. REP TIL CD4+ T cells were TCM (37%), but more TEM (55.8%) cells, whereas more than half
(61.5%) of the REP TIL CD8+ T cells were TEM cells. TNAIVE = naïve T cells, TCM = central memory T cells, TEM = effector memory T cells, TEMRA =
terminally differentiated effector memory T cells. C, The greatest LAG-3 expression was observed in the REP TIL CD8+ T cells (median 70.7%)
compared with healthy kidney (1.6%), tumor (3.5%), and pre-REP TIL (30%) samples. D, PD-1 expression was (Continued on the following page.)
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(Continued) greatest in the tumor CD4+ (41.6%) and CD8+ (54%) T cells, suggesting an exhausted phenotype compared with the healthy tissue,
pre-REP TILs and REP TILs. E, CD25 expression was highest in both pre-REP TIL (36.5%) and REP TIL (30.1%) CD4+ T cells compared with the tumor
and healthy kidney. F, The highest HLA-DR expression was observed in the pre-REP TILs and REP TILs in both CD4+ (67.6% and 91.9%, respectively)
and CD8+ T cell compartments (69.3% and 82.8%). For all immunophenotypic analyses, Kruskal–Wallis nonparametric test with Dunn’s post hoc test
was used for all analyses. ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

REP TIL T cell Activation Assay
REP TILs were resuspended in RPMI (10% FBS, penicillin, 1% streptomycin,
and 1% l-glutamine; Lonza) and stimulated with anti-CD3 (clone UCHT1),
anti-CD28, anti-CD49d, in the presence of GolgiStop, CD107a and CD107b an-
tibodies (CD107a/b). After 6 or 48 hours of incubation at 37°C, the cells were
harvested and washed. Next, the cells were stained with the following antibod-
ies: CD45, CD3 (clone SK7), CD4, CD8, and CD56. After staining the surface
markers, cells were fixed and permeabilized with Fix/Perm (BD Biosciences,
554714) according to themanufacturer’s instructions. The intracellularmarkers
TNFα, IFNγ, and Granzyme B (GzB) were next stained for. A total of 50,000
CD45+ cells were acquired/tube using FACS Verse (BD Biosciences) and an-
alyzed with FlowJo (v.10.8.1, Treestar). The full list of antibodies and catalog
numbers is provided in Supplementary Table S2, together with details of the
sample usage in Supplementary Table S3.

Bulk TCRβ-seq Data Acquisition and Analysis
Bulk TCRβ-seq was carried out from genomic DNA using the Adaptive
Biotechnologies ImmunoSEQ Assay “Survey” resolution (29). Only produc-
tive (complete, in-frame) TCRβ rearrangements were included in the analysis.
Downstream analyses were performed with VDJTools (ref. 30; v.1.2.1) and
immunarch (ref. 31; v.0.6.7); non-functional clonotypeswere removed and sam-
ples were downsampled to the smallest repertoire in each sample type. Samples
with less than 10,000 reads were excluded from further analysis. Multiple di-
versity metrics (Inverse Simpson, Chao1, and Gini) and clonality indices were
calculated for both the total and downsampled datasets.

Expanded clonotypes between the pre-REP TIL and REP TIL samples were de-
fined from all datasets (no downsampling) using Fisher exact test (two-sided),
with Benjamini-Hochberg–corrected P values. Adjusted P values <0.05 were
considered significant (expanded clonotype). Epitope-specific TCR predictions
were performed using TCRGP (ref. 32; v.1.0.0), with anti-viral and CDR3β
models.

scRNA+TCRαβ-seq Data Acquisition and Analysis
Viable frozen tumor dissociated cells from 3 patients with RCC were thawed
in PBS, 2 mmol/L Ethylenediaminetetraacetic acid (EDTA), and the CD45+

cells were selected with the Sony SH800 cell sorter (Sony Biotechnology Inc.)
for sequencing. Next, single cells were partitioned into the Chromium Con-
troller (10X Genomics). The scRNA-seq+TCRαβ libraries were prepared using
the Chromium Single Cell 5′ Library & Gel Bead Kit (v. 1.1, 10X Genomics) ac-
cording to themanufacturer’s instructions (CG000086 RevD) and as described
previously (33, 34).

Briefly, 12,000 cells from each sample were resuspended in 0.04% BSA-PBS so-
lution and loaded onto the Chromium Single Cell A Chip. Single-cell barcoded
cDNA were produced, and the remainder of the steps were performed accord-
ing to the manufacturer’s instructions. A total of 14 PCR cycles in the Vetri
thermal cycler (Applied Biosystems) were run to amplify the full-length cDNA.
Subsequently, the Chromium Single Cell Human T Cell V(D)J Enrichment Kit

(10X Genomics) was used to amplify the TCR cDNA. The Illumina NovaSeq
6000 S1 Flow Cell [read length configuration: 26 bp (Read 1), 8 bp (i7 Index),
0 bp (i5 Index), and 91 bp (Read 2)] was used to sequence the gene expres-
sion libraries with a sequencing depth of 50,000 read pairs/cell; the Illumina
HiSeq2500, Rapid Runmode (read length configuration: Read1 = 150, i7 = 8,
i5 = 0, Read2 = 150) was used to sequence the TCR-enriched libraries with a
sequencing depth of 5,000 read pairs/cell. The raw data were preprocessed with
the Cell Ranger (v.3.1) software and aligned with the human GRCh38 reference
genome. The scRNA-seq+TCRαβ-seq data were combined and analyzed to as-
sess the phenotype of the expanded pre-REP TIL and REP TIL clonotypes from
the tumor (n= 3) using scvi-tools (ref. 35; v.0.13.0), Seurat (refs. 36, 37; v.4.1.0),
and scRepertoire (38).

scRNA+TCRαβ-seq Data Analysis
The scRNA-seq+TCRαβ-seq data were analyzed to assess the phenotype of
the expanded pre-REP TIL and REP TIL clonotypes from the tumor (n = 3).
Quality control metrics were assessed individually for each sample by visual
inspection and low-quality cells were additionally removed in further stages of
the analysis when identified. We combined the samples and utilized scvi-tools
(ref. 35; v.0.13.0) for batch correction using default parameters, treating each
sample as one batch and correcting for cell-cycle heterogeneity by using scores
calculated with the Seurat “CellCycleScoring” function as covariates. The latent
embeddings were used for graph-based clustering and uniform manifold ap-
proximation and projection (UMAP) dimensionality reduction in Seurat (refs.
36, 37; v.4.1.0) with default parameters. In addition, we used scRepertoire (38)
to combine the TCRαβ-seq data with the Seurat object, where individual clono-
types were definedwith the “CTstrict” criteria, meaning that a clonotype should
share exactly the same nucleotide sequence of the TCR.

For clustering, we visually inspected the results by varying the “resolution” pa-
rameter in the “FindClusters” function between 0.2 and 0.5. This allowed us to
find the optimal number of clusters without overclustering or underclustering,
based on the agreement between UMAPs and the chosen clustering resolution,
together with whether we could find biological phenotypes for each cluster.
Clusters were named and annotated by analysis of canonical markers (39, 40),
differentially expressed genes (DEGs), relationship to other clusters, and TCR
repertoire clonalities. The default parameters in the “RunUMAP” function
were used for all UMAP dimensionality reductions. The “AddModuleScore”
functions, as defined by Tirosh and colleagues (41), were used to calculate
the different scores based on the expression of specific genes. The cytotoxicity
score was calculated using the genes GZMB, GZMA, GZMH, PRF, GNLY, and
FGFBP. The exhaustion score was calculated on the basis of PDCD, LAG,
CTLA, TIGIT, TOX, and HAVCR. We used ITGA, ITGAE, ZNF, CD,
IFNG, and CCR to calculate the tissue resident score. scRepertoire (38) was
used to combine the TCRαβ-seq data with the Seurat objects. DEG analyses
were performed with Wilcoxon rank-sum test and P values were Bonferroni
adjusted and corrected. Genes with adjusted P values <0.05 were considered
significant. Fisher exact test with a two-sided alternative was used to study the
overlapping TCRs between the pre-REP TILs and REP TILs.
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Epitope-specific TCR predictions were performed using TCRGP (ref.
32; v.1.0.0), with anti-viral models (Influenza A M1GILGFVFTL, EBV
BMLF1GLCTLVAML, CMV pp65IPSINVHHY, CMV pp65NLVPMVATV, EBV
BZLF1RAKFKQLL, CMV pp65TPRVTGGGAM, and EBV BRLF1YVLDHLIVV epi-
tope, and SARS-CoV2 S1YLQPRTFLL) and CDR3β models gathered from the
TCRGP GitHub page (https://github.com/emmijokinen/TCRGP). For the
predictions used in all analyses, a false-positive threshold rate of 5% was
determined for each epitope separately from the ROC curves obtained from
the cross-validation experiments in the original publication (32).

Identification and Validation of RCC-associated Motifs
The GLIPH2 (42) algorithm (v.1.0.0) was run separately on the discovery co-
horts of the pooled tumor (n = 42), healthy kidney (n = 24), and PB (n = 32)
TCRβ-seq samples using default parameters. The RCC-associated motifs con-
sisted of those that were exclusive and enriched to the tumor. Tumor-exclusive
motifs were found only in the tumor samples after filtering. Motifs that were
shared between the tumor-healthy kidney and tumor-PB were analyzed using
the two-sided Wilcoxon test; all TCRs with a motif were pooled together, and
TCRs without motifs were noted as 0. P values were corrected with Benjamini-
Hochberg adjustment and only motifs with an adjusted P value <0.05 and
log2fc >1 were annotated as tumor-enriched. The RCC-associated motifs are
listed in Supplementary Table S4.

Validation of RCC-associated Motifs
GLIPH2 (ref. 42; v.1.1.0) was run on validation cohorts that included CD4+

and CD8+ sorted T cell fractions obtained from healthy donor PB samples
(refs. 33, 43; n= 37), CD8+ sorted fractions (ref. 44; n= 37) from patients with
rheumatoid arthritis, and epitope-specific data from VDJdb (45) consisting of
80 different viral motifs. Clusters with at least three different TCRs and motifs
with a minimum length of three were retained. Motifs found in the validation
cohort were removed from the discovery cohort to increase the signal-to-noise
ratio.

Analysis of RCC-associated Motifs in Different TCRβ-seq
and scRNA+TCRαβ-seq Datasets
Bulk TCRβ-seq

RCC-associatedmotifs were analyzed in different cohorts, including the discov-
ery cohort (42 tumor, 24 healthy kidney, and 32 PB samples), validation cohorts
(seven pre-REP TIL samples and seven matching REP TIL samples), and com-
parison cohorts [Emerson and colleagues (46): 786 PB samples from healthy
donors; Huuhtanen and colleagues (47): 226 tumor samples from patients with
metastatic melanoma; The Cancer Genome Atlas (TCGA; ref. 48): 1,190 tumor
samples from various tumors]. Motifs had to be found in the same location of
the CDR3 regions as in the original GLIPH2 run. From PB samples (RCC and
healthy donor cohorts), only the non-singleton TCRs were included (singleton
referring to a TCR with one read). From TCGA cohort (48), only samples with
at least 100 TCR reads were included. From the healthy donor cohort (46), sam-
ples were downsampled to 40,000 reads/sample to allow reliable comparisons
with the RCC samples.

scRNA+TCRαβ-seq

RCC-associated motifs were examined in different cohorts, including the
discovery cohort (three tumor samples) and validation cohorts [Zheng and col-
leagues (49): 82 samples from various tumors; Krishna and colleagues (50): 29
samples from 6 patients with RCC multi-region sampling from tumor, healthy

kidney, PB, and lymph nodes]. Motifs had to be found in the same location in
the TCRβ chain as in the original GLIPH2 run. From the Zheng and colleagues
(49) cohort, only samples with at least 100 TCR reads were included.

Immunophenotype of RCC-associated Motifs in
scRNA+TCRαβ-seq Data
In the validation cohorts, the phenotypes were obtained from the original
publications (49, 50). For each pattern with at least five supporting cells, the
odds ratio (OR) for a pattern with a certain phenotype was calculated, and the
phenotype with the largest OR was assumed to be the dominant phenotype.

Statistical Analysis
Non-parametric Wilcoxon matched-pairs signed rank test was used for paired
analyses. Non-parametric Kruskal–Wallis test with Dunn’s post hoc test and a
familywise alpha threshold, confidence level 0.05 was used to compare differ-
ent sample types (healthy, tumor, pre-REP TIL, REP TIL) with GraphPad Prism
(v.9.4.0). Two-sided Fisher’s exact test with Benjamini-Hochberg adjusted P
values<0.05 was used. For boxplots, the center line corresponds to themedian,
the box corresponds to the interquartile rage (IQR), the whiskers to 1.5xIQR,
and outlier points were individually plotted where present. All other compu-
tational analyses were performed using R (v.4.0.2) (R Core Team (2021). R: A
language and environment for statistical computing. R Foundation for Statisti-
cal Computing, Vienna, Austria. Available from: https://www.R-project.org/),
RStudio (v.2022.02.3) (RStudio: Integrated Development for R. RStudio, PBC.
Available from: http://www.rstudio.com/), and Python (v.3.7.4). For all graphs:
ns, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Data Availability
The raw bulk TCRβ-seq data are available from immuneAccess (DOI:
10.21417/MHL2023CRC). The scRNA+TCRαβ-seq data are available as pro-
cessed in BioStudies, ArrayExpress (E-MTAB-12910) and as raw data in
the European Genome-Phenome Archive (EGAS00001006952S). The Seurat
objects are available in Zenodo (10.5281/zenodo.7386294).

Results
RCC Tumors, Healthy Tissue, Pre-REP TILs, and REP TILs
Display Immunophenotypic Differences
In total, we collected 58 primary tumor samples (Supplementary Fig. S1; Supple-
mentary Table S3). From25 unselected cases fromwhichwe had enough sample
material available, we aimed to expand the pre-REP TILs and REP TILs. The
expansion protocol was successful in all cases, resulting in a total of 25 REP TIL
samples. However, in 10 patients, the number of pre-REP TILs was limited, and
we could only use these cells for the REP protocol. Thus, for the downstream
immunophenotype analyses, we utilized 15 pre-REP TIL and 25 REP TIL sam-
ples (Supplementary Fig. S1; Supplementary Table S3 includes the number of
pre-REP and REPTILs received in each case). In addition, from 58 tumor cases,
30 matching healthy tissue samples were available and thus used for the flow
cytometry analysis (Supplementary Table S3). Representative flow cytometry
gating strategies for the various sample types, marker expressions, and paired
co-culture assays described below are presented in Supplementary Fig. S2–S5.
The initial median proportion of lymphocytes from all dissociated tumor cells
was 1.6% compared with 0.69% in the healthy kidney samples. During the clini-
cal grade TIL expansion protocol, T cells weremassively expanded; over 80% of
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the lymphocytes were CD3+ T cells in the REP TILs and only few natural killer
(NK) cells (0.03%) were observed (Fig. 1A). The overall median proportion of
lymphocytes was 89.2% in the pre-REP TILs and 94.9% in the REP TILs (Sup-
plementary Fig. S6A). In contrast, an increased proportion of cells in the tumor
(14.4%), healthy kidney (14.4%), and pre-REP TIL (13.5%) samples were NK
cells (Fig. 1A). In the tumor samples, CD4+ T cells were already more preva-
lent than CD8+ T cells (34% vs. 19.5%), and in pre-REP TILs and REP TILs,
the CD4+ T cell dominance further increased (46.8% and 68.4%, respectively;
Fig. 1A).

We next analyzed the T cell immunophenotypes between the different samples
using the expression of CCR7 and CD45RO markers. Both tumor and healthy
CD4+ and CD8+ T cells predominantly displayed an effector memory (TEM)
phenotype (Fig. 1B; Supplementary Fig. S3B). Among the pre-REP TILs, CD4+

T cells mostly displayed a central memory (TCM) phenotype (64%), whereas
CD8+ T cells had bothTCM (37.7%) andTEM (40.8%) cells in similar quantities.
In the REP TILs, 37% of CD4+ T cells had a TCM phenotype and approximately
half were TEM cells (55.8%), whereas more than half the CD8+ T cells were
predominantly TEM cells (61.5%; Fig. 1B).

Next, we analyzed clinically relevant immune checkpoint markers (LAG-3 and
PD-1) and found that LAG-3was significantly increased in both REPTILCD4+

(median 24.9%) and CD8+ T cells (70.7%) than in the pre-REP TILs (15.5% and
29.9%) and tumors (2.7% and 3.5%; Fig. 1C). In contrast, PD-1 expression de-
creased in both REP TIL CD4+ (18.8%) and CD8+ T cells (14%) compared with
the pre-REP TILs (28% and 21.4%) and tumors (41.6% and 54%), indicating
that T cells residing in the tumor encompassed the greatest amount of exhaus-
tion (Fig. 1D). Accordingly, in both the pre-REP TILs and REP TILs, CD25 and
HLA-DR expressionswere increased in theCD4+ andCD8+ T cells, suggesting
the activation of T cells during the expansion protocol (Fig. 1E and F).

From the limited number of cases, further analyses with paired sample types
were available (Supplementary Fig. S6C and S6D). Because of the small sam-
ple size, differences between the groups were not significant, but similar trends
(increased LAG-3 and HLA-DR, decreased PD-1 expression) were observed
(Supplementary Fig. S6C and S6D).

The Expansion Potential of TILs Correlates with CD4+

TCM Phenotype
To understand whether the expansion potential was correlated with a distinct
cell type in the product, we calculated the fold change between the number
of REP TILs at the end of the expansion protocol and the starting number of
pre-REP TILs (Supplementary Table S3), then compared the fold change with
the immunophenotyping data. A total of nine pre-REP TIL samples with avail-
able information were compared for their expansion capacities (Supplementary
Fig. S6E–S6G; Supplementary Table S3). A negative correlation was observed
between the pre-REP TIL CD4+ TCM cells and the REP TIL/pre-REP TIL fold-
change (Spearman, R = −0.73, P = 0.03; Supplementary Fig. S6E), suggesting
that a low amount of CD4+ TCM cells initially in the pre-REP TILs led to a
better yield of REP TILs. Accordingly, a higher quantity of CD4+ TEM cells
in the pre-REP TILs led to a better REP TIL expansion although no statistical
significance was observed (Spearman, R = 0.67, P = 0.059). A similar nega-
tive trend was observed between the pre-REP TIL CD8+ TCM cell phenotype
and REP TIL/pre-REP TIL fold-change (Supplementary Fig. S6F). In addition,
a borderline negative correlation between the pre-REP TIL CD4+ T cells and
PD-1 expression and REP TIL/pre-REP TIL fold-change was observed (Spear-

man, R = −0.62, P = 0.06), suggesting that putatively exhausted CD4+ T cells
expressing the marker do not expand well in the REP protocol (Supplementary
Fig. S6G).

REP TIL CD4+ and CD8+ T cells Respond to Tumor Cells
in Coculture Models
To explore how REP TILs react when exposed to tumor cells, we set up a co-
culture system by incubating (6 and 48 hours) the REP TILs with the primary
tumor cells of the same patient (n = 10). First, we measured the ability of the
REP TILs to produce the cytokines IFNγ and TNFα when cocultured with the
tumor cells. Compared with REP TIL baseline measurements, we observed a
moderate increase in IFNγ and TNFα expression in the CD3+ (median 0.34%
vs. 2.27%), CD4+ (0.19% vs. 0.74%), and CD8+ (0.13% vs. 0.78%) T cells af-
ter 48 hours of co-culture (Fig. 2A), but not at 6 hours (Supplementary Fig.
S7A), suggesting that REP TILs increase their tumor reactivity with prolonged
exposure to the matching tumor cells. However, no differences were observed
in CD107a/b and GzB expressions after 6 and 48 hours cocultures (Supplemen-
tary Fig. S7B and S7C). LAG-3 expression decreased inCD4+ (13.55% vs. 1.84%,
P = 0.048) and CD8+ T cells (45.55% vs. 22.94%, P = 0.029) after 6 hours of
co-culture with tumor cells (Fig. 2B), but similar trends were not observed at
48 hours of co-culture (Supplementary Fig. S7D). The changes in PD-1 expres-
sion upon co-culture varied between individuals, and in half of the patients,
PD-1 expression increased (Fig. 2B).

We also stimulated T cells with anti-CD3 and the costimulatory antibodies,
anti-CD28 and anti-CD49d to activate T cell cytokine production and degran-
ulation. REP TILs were able to respond to activation in the presence of tumor
cells; increases in the CD3+ (median 0.72% vs. 1.33%, P = 0.098) and CD4+

(0.46% vs. 1.08%, P = 0.012) T cell IFNγ and TNFα expressions were observed
after 6 hours of co-culture (Fig. 2C). However, after prolonged co-culture con-
ditions (48 hours), anti-CD3+, anti-CD28+, and anti-CD49d+ stimulation of
theT cells no longer led to increased cytokine production, suggesting either that
the immunosuppressive role of the tumor cells, or cytokine production had al-
ready reached its maximum, with only tumor cells as a stimulus to the T cells
(Fig. 2D). Furthermore, a moderate decrease in CD8+ T cell GzB expression
(P = 0.039) at 6 hours was observed, with a borderline increase in the expres-
sion of CD107a/b in CD8+ T cells at 6 and 48 hours of T cell stimulation (P =
0.063; Supplementary Fig. S7E and S7F).

Bulk TCRβ-seq Shows Differences Between Tumor and
TIL T cell Repertoires
First, we analyzed the clonality between the TCR repertoires of the healthy kid-
ney (n = 24), tumor (n = 36), pre-REP TIL (n = 7), and REP TIL (n = 7)
samples using the Gini index, a measure of clonal inequality (values closer
to 1 denote higher clonality). The pre-REP TILs and REP TILs were signif-
icantly more clonal than the tumor and healthy kidney samples, suggesting
that the TCR repertoire diversity was lost during the expansion protocol
(Fig. 3A). When we further explored the differences between the TCR reper-
toires of the various samples, we observed that the pre-REP TIL TCR repertoire
was mostly dominated by the top 10 most abundant clones, whereas in the tu-
mors, the repertoire was more variable, comprised of smaller clones (Fig. 3B;
Supplementary Fig. S8AI–S8V). To better understand what kinds of tumor
T cell clonotypes were expanded in the REP TILs, we tracked the top 20 most
abundant REP TIL clonotypes (CDR3 amino acid sequences) in the matching
tumor, pre-REP TILs and REP TILs from seven samples (three samples addi-
tionally had healthy kidney data). In most cases, the top 20 REP TIL clonotypes
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FIGURE 2 REP TIL T cells co-cultured with tumor cells show differences in IFNγ and TNFα expressions. A, REP TILs were cocultured with the
corresponding tumor cells (n = 10) either for 6 or 48 hours. The cytokine secretion of CD4+ and CD8+ T cells was analyzed with intracellular flow
cytometry staining. The expression of IFNγ and TNFα moderately increased in REP TILs after the co-culture with tumor cells without additional T cell
stimulation. After 48 hours co-culture, IFNγ and TNFα levels were increased in both CD4+ (0.74% vs. 0.19%, P = 0.044) and CD8+ T cells (0.78% vs.
0.13%, P = 0.025) compared with baseline REP TILs without tumor cell co-culture. No differences were observed at 6 hours co-cultures
(Supplementary Fig. S3A). BASELINE_48h = only REP TILs at 48h, CO-CULTURE_48h = cocultured REP TILs without any stimulation at 48 hours.
B, The immunophenotype of T cells after co-culture with tumor cells was analyzed with flow cytometry. The expression of LAG-3 moderately decreased
in the CD4+ (median 13.55% vs. 1.84%, P = 0.048) and CD8+ T cells (45.55% vs. 22.94%, P = 0.029) compared with REP TIL baseline cells at 6 hours.
The same trends were not observed when REP TILs were co-cultured for 48 hours (Supplementary Fig. S3D). Although not significant, the expression
of PD-1 expression increased in half of the patients. BASELINE_6h = only REP TILs at 6h, CO-CULTURE_6h (Continued on the following page.)
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(Continued) co-cultured REP TILs without any stimulation at 6 hours. C, T cell activation potential was assessed by stimulating the cells with anti-CD3
(OKT3), anti-CD28, anti-CD49d antibodies, and IFNγ and TNFα cytokine secretion was measured as described above. When REP TILs were stimulated
and co-cultured for 6 hours, an increase in the CD3+ T cell IFNγ and TNFα expressions was observed between unstimulated and stimulated co-cultures
(median 0.72% vs. 1.33%, P = 0.098). A moderate increase in CD4+ T cell IFNγ and TNFα expressions was also observed (0.46% 1.089%, P = 0.012),
but not in the CD8+ T cells. CO-CULTURE_6h = cocultured REP TILs without any stimulation at 6h, TSTIM_6h = cocultured REP TILs that were T cell
stimulated at 6 hours. D, Prolonged co-culture conditions (48 hours) did not lead to increased IFNγ and TNFα production in the CD3+, CD4+, and CD8+

T cell compartments. CO-CULTURE_48h = cocultured REP TILs without any stimulation at 48h, TSTIM_48h = cocultured REP TILs that were T cell
stimulated at 48 hours. Non-parametric Wilcoxon matched-pairs signed rank test was used for all co-culture analyses. ns, not significant; *, P < 0.05;
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

comprised approximately 5% of the entire TCR repertoire in the tumor sam-
ple (Fig. 3C; Supplementary Fig. S8BI–S8V). Overall, the clonotypes enriched
in the REP TILs were found to be very small clones in the matching samples.
Our results were confirmed when we analyzed the total clonal overlap between
REP TILs and pre-REP TILs, as well as between the tumor and pre-REP TILs
in terms of the total number of clones in each sample repertoire (Fig. 3D;
Supplementary Fig. S9 and S10). To understand whether the expanded clono-
types target common viral antigens, we matched the TCRs to VDJdb (45), a
publicly curated TCR database. Individual matches to numerous viral epitopes
(such as CMV, EBV, Influenza-A, and HIV-1) were discovered; however, these
clonotypes were few and comprised only a small proportion of the entire TCR
repertoire, suggesting that the expanded clones either in the tumor, pre-REP
TILs, and REP TILs did not target common viruses (Fig. 3E; Supplementary
Fig. S11).

Identification and Validation of RCC-associated TCR
Motifs in Large TCRβ-seq and scRNA+TCRαβ-seq
Sample Cohorts
After exploring the TCR repertoires between the tumors and the various sample
types, we sought to further explore the shared TCR clonotypes using machine
learning tools, such as TCRGP (32) and GLIPH2 (42) to discover antigen-
specific TCR clusters enriched in the tumor. First, we ran GLIPH2 for each of
the pooled tumor (n= 42), healthy kidney (n= 24), and PB (n= 32) TCRβ-seq
samples. Similar to previous studies (47), we noticed that although the TCRs
were highly conserved between individuals, the antigen-specific motifs were
shared between the tumor samples. Next, to prune out the TCRs that were
unlikely to target RCC-associated antigens, we filtered out motifs that were
also found in the PB samples of healthy donor CD4+ (n = 37), CD8+ (n =
37) sorted T cells (34), those from patients with rheumatoid arthritis (ref. 44;
n= 37), and motifs associated with 80 different viral epitopes fromVDJdb (ref.
51; Fig. 4A). As a result, we found 7,214 motifs that were found only in the
RCC tumor samples and 221 motifs that were enriched to the tumor samples
(Padjusted < 0.05, log2fc > 1, Benjamini-Hochberg–corrected Wilcoxon test) in
comparison with the healthy kidney and/or PB samples. Together, the “tumor-
exclusive” and “tumor-enriched” motifs comprised of 7,435 motifs, referred to
as RCC-associated motifs henceforth (Supplementary Table S4).

We validated the RCC-associated motifs by calculating their abundance in var-
ious TCRβ-seq and scRNA+TCRαβ-seq datasets. In TCGA cohort (48), the
proportion of TCRs with RCC-associated motifs was higher in RCC (n = 148)
than in 25 different cancer types (n = 1,042; P = 4.0 × 10−4, Wilcoxon test;
Fig. 4B). Similar observations were made in a cohort of TILs from different
scRNA+TCRαβ-seq studies (ref. 49; RCC, n= 6; 14 other cancer types, n= 76;
P = 0.05; Supplementary Fig. S12A). In a scRNA+TCRαβ-seq cohort (50) of
patients with RCC (n = 6), higher levels of RCC-associated TCRs were found

in patients who received nivolumab and ipilimumab combination therapy
(n= 4) than in untreated patients (n= 2, P value not counted due to low n; Sup-
plementary Fig. S12B). The phenotype of the T cells carrying the motifs varied
significantly; different motifs were linked to various phenotypes, but mostly to
exhausted CD8+ T cells, tissue-resident memory T cells, and regulatory T cells
(Supplementary Fig. S12C and S12D).

In TCGA cohort of patients with at least 100 recovered TCR reads from the bulk
RNA-sequencing data, the number of TCRs (and the overall number of T cells)
was associated with worse overall survival (OS) (P = 0.033, log-rank test; Sup-
plementary Fig. S12E–S12G). When the number of TCRs with RCC-associated
motifs was normalized to the number of TCRs in total, the proportion of TCRs
with RCC-associated TCRmotifs was not associated withOS (P= 0.3, log-rank
test between patients with above median proportion of TCRs with RCC mo-
tifs compared with those below median proportion of TCRs with RCC motifs;
Supplementary Fig. S12H).

Pre-REP TILs Carry the Most TCRs with
RCC-associated Motifs
We further utilized the validated RCC-associated TCR motifs to estimate the
proportion of RCC-associated TCRs in our samples using the TCR-epitope
recognitionmachine learning classifier, TCRGP (32). To estimate the frequency
of other antigen-specific clones, we predicted the specificity of the TCRs against
common endemic viruses such as CMV, EBV, Influenza A, and SARS-CoV-2.

In our RCC samples, the proportion of TCRs with RCC-associated motifs
was higher in the PB samples (n = 30) than in the healthy donors (ref. 46;
n = 786, P < 0.0001, Wilcoxon test; Fig. 4C, left; Supplementary Table S4).
Similarly, our cohort of RCC tumors (n = 42) included more TCRs with RCC-
associatedmotifs than themetastatic melanoma patient cohort (ref. 47; n= 226
tumor biopsies, P < 0.0001; Fig. 4C, left). The proportion of TCRs with RCC-
associated motifs was the highest in pre-REP TILs, second in tumors, and third
in the REP TILs. Anti-viral TCRs in the pre-REP TIL and REP TIL samples
were not enriched (Fig. 4C, right). In addition, we noted a patient (pt240) that
underwent two subsequent nephrectomies possessed a higher number of TCRs
with RCC-associated motifs in the right kidney (26.5%) than in the left (11.1%),
reflective of the different histopathologic tumor (TNM) stages (pT3aNX vs.
pT1a; Fig. 4D). The variation in the proportion of TCRs with RCC-associated
motifs was higher in the tumor (mean 23.4%, SD 0.1) than in the final REP
TIL samples (mean 16.5%, SD 0.08), and the baseline amount of TCRs with
RCC-associated motifs was not related to the quantity in the REP TIL products
(Fig. 4D and E). The proportion of TCRs with RCC-associated motifs was 4.3–
84.4 times greater than that of the anti-viral T cells in the REP TILs, indicating
that the anti-viral clonotypes were not enriched in REP TIL samples (Fig. 4E;
Supplementary Table S4).
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FIGURE 3 T cell repertoire differences between the tumor and TIL T cells. A, Healthy kidney (n = 24), tumor (n = 36), pre-REP TIL (n = 7), and REP
TIL (n = 7) samples were sequenced with bulk TCRβ-seq. The clonality of the TCR repertoire was analyzed with the Gini index (values closer to 1
denote increased clonality). The pre-REP TILs were observed to be the most clonal out of the different samples, suggesting the loss of TCR repertoire
diversity during the REP protocol. P < 0.0001, Kruskal–Wallis nonparametric test. B, Two representative cases (pt081 and pt115) showing the relative
abundance of clonotypes in the tumor, pre-REP TILs, and REP TILs. The pre-REP TILs were dominated by the top 10 clones of the entire repertoire.
Clonotype indices represent the rank of the clone (i.e., 1:10 indicates the top 10 most expanded clonotypes). (Continued on the following page.)
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(Continued) Comparisons between the rest of the samples are found in Supplementary Fig. S4A. C, The top 20 most abundant REP TIL clonotypes
were tracked to the corresponding tumor and pre-REP TIL samples in the same representative cases (pt081 and pt115). Overall, the clonotypes ending
up in the REP TILs were very small clonotypes in the other sample types. Comparisons between the rest of the samples are found in Supplementary
Fig. S4B. D, The frequencies of the overlapping T cell clonotypes in one representative case (pt115) between the REP TIL and pre-REP TIL samples
(left), as well as between the tumor and pre-REP TILs (right). Spearman correlation was used to compare the frequencies of the clonotypes in the
samples. The x- and y-axes are logarithmically transformed. R and P values refer to the log-transformed frequencies of the clonotypes. The frequencies
for the rest of the samples are found in Supplementary Fig. S5 and S6). E, Treemaps showing the size of the T cell clonotypes in each sample type
(tumor, pre-REP TIL, and REP TIL) in one representative case (pt081). The size of each box indicates the size of one clonotype in the TCR repertoire.
Colored boxes indicate TCRs matched to viral-specific TCRs found in VDJdb (45). Few matches were discovered and represented as small T cell
clonotypes, indicating that expanded clones in the tumor, pre-REP TILs and REP TILs do not target common viruses. Treemaps for all the samples are
found in Supplementary Fig. S7.

Moreover, the REP TIL samples encompassed a range of different motifs. No-
tably, the sample with the second highest amount of TCRswith RCC-associated
motifs (pt426) had the lowest number of different RCC-associated motifs, as
one motif (SAGLAGE*E) occupied most of the repertoire (21.4% of TCRs,
79.3% of TCRs with RCC-associated motifs; Fig. 4F; Supplementary Table S4).
Similar results were observed in the patient with the third highest number of
TCRs with RCC-associated motifs (pt125, SSGT*GET motif, 17.7% and 68.3%,
respectively; Fig. 4F; Supplementary Table S4).

Single-cell Transcriptomics Reveals Distinct Origins of
pre-REP TIL and REP TIL Clonotypes in RCC Tumors
To further explore the pre-REP TIL and REP TIL clonotypes in greater reso-
lution, paired scRNA+TCRαβ-seq was carried out from lymphocyte-enriched,
CD45+ flow-sorted dissociated tumor samples (n = 3). After removing 5,208
other cells of interest (B cells, monocytes), as well as 4,310 cells representing
NK cells (Supplementary Fig. S13A), we filtered out a total of 10,437 T cells. We
detected eight different T cell clusters present in the tumor (Fig. 5A), that were
annotated on the basis of the canonical marker genes, DEGs, and different gene
module scores (ref. 52; Supplementary Fig. S13A; Supplementary Table S5).

Out of the eight clusters, we identified three different CD4+ clusters [cluster 0:
cytotoxic CD4+ T (TCYTOTOXIC); cluster 4: CD4+ T regulatory (TREG); clus-
ter 7: CD4+ T follicular helper (TFH), and five different CD8+ clusters (cluster
1: exhausted CD8+ T (TEXH); cluster 2: pre-exhausted CD8+ T (TPRE-EXH);
cluster 3: CD8+ T effector (TEFF); cluster 5: CD8+ tissue resident memory
(TTRM); cluster 6: CD8+ TEFF]. The annotated clusterswere also consistentwith
those previously described in RCC-related scRNA-seq publications (39, 50, 53,
54). Although all clusters were present in each patient sample, the samples
displayed distinct phenotypes. We observed the CD8+ TPRE-EXH and CD4+

TFH phenotypes in pt115; pt423 encompassed a more CD8+ TEFF and CD4+

TCYTOTOXIC phenotype; and pt616was characterized byCD8+ TEXH andCD8+

TTRM phenotypes (Fig. 5B and C; Supplementary Fig. S13B).

Most of the CD4+ T cells were of TCYTOTOXIC phenotype, with high expression
of the cytotoxicmarker gene,KLRB, as well as tissue residentmarker genes (ref.
55;MYADM, ITGAE,CD; Fig. 5D and E; Supplementary Fig. S13C and S13D).
The second largest CD4+ T cell cluster corresponded to TREGS (cluster 4), with
high expression of TREG marker genes (FOXP, ILRA/CD, CTLA, TIGIT),
but also the expression of activation genes (TNFRSF/OX, TNFRSF/GITR)
and CCR, which has been proposed as a marker of clonally expanded TREGS

that recognize tumor antigens (56–58). Cluster 7, that was almost exclusive
to pt115, showed high expression of the B cell chemoattractant, CXCL, and
the expression of other markers related to the TFH phenotype (CXCR, CCR,

PDCD), with no FOXP expression, making them plausible TFH cells (Fig. 5D
and E; Supplementary Fig. S13C and S13D).

The CD8+ T cells included two different TEFF populations (cluster 3 and
6), with high expression of cytotoxicity genes (GZMA/B/M/H, PRF, GNLY)
and NK-related receptors (FCGRA/CD, different killer immunoglobulin-
like receptors (KIRs); Fig. 5D and E; Supplementary Fig. S13C and S13D). In
addition, we identified a CD8+ TTRM cluster (cluster 5) with the expression of
TTRM markers (ITGA, ITGAE, and CD). Furthermore, the TPRE-EXH (clus-
ter 2) had the highest expression of TCF (encoding TCF1) out of CD8+ T
cells, along with some other markers related to stem-like properties (refs. 9,
59–64; LEF, GPR, CCR; Fig. 5D and E; Supplementary Fig. S13C and
S13D). This cluster was named pre-exhausted as in other publications, due
to its expression of exhaustion-related markers such as PDCD (encoding
PD-1), but the lack of expression of other immune checkpoint molecules as-
sociated with terminal exhaustion, such as HAVCR (encoding TIM-3) and
TOX (65–70). These terminal exhaustion markers were expressed by clus-
ter 1 (Fig. 5D and E; Supplementary Fig. S13C and S13D). On the basis of
the TCR-repertoire clonality analysis, the terminally exhausted cluster 1 had
the most clonally restricted population (Gini index 0.8), making it plausi-
ble that the TPRE-EXH cluster 2 indeed had stem-like properties, and thus
gave rise to the cells in the terminally exhausted cluster 1 (Supplementary
Fig. S14A and S14B).

We also analyzed the size of the clonotypes in the scRNA+TCRαβ-seq and
TCRβ-seq data. The largest clonotypes found in the scRNA+TCRαβ-seq data
were mainly found in the TCRβ-seq pre-REP TILs, whereas the REP TILs en-
compassed smaller clonotypes in pt115 and pt616 (Fig. 6A).We further analyzed
the size of the clonotypes in the tumor scRNA+TCRαβ-seq data for pt115 and
pt616, as well as from the TCRβ-seq data in the corresponding samples (healthy,
tumor, pre-REP TIL, and REP TIL) and found that the expanded clonotypes
sequestered to distinct parts of the UMAP (Fig. 6B; Supplementary Fig. S14C).
In the third patient (pt423), we did not find matching clones between the tu-
mor scRNA+TCRαβ-seq, pre-REP TIL and REP TIL samples (Supplementary
Fig. S14C), suggesting the result of either sampling bias, or that the dissociated
tumor cells and REP TILs were derived from physically distant regions of the
tumor tissue.

Subsequently, we visualized the shared and expanding clonotypes between the
pre-REP TIL and REP TIL samples as well as their corresponding phenotypes.
We defined the statistically significant expanded clonotypes as those at least
≥0.1% in either one of the pre-REP TIL or REP TIL samples, using Benjamini-
Hochberg–corrected two-sided Fisher’s exact test. In both patients, the largest
clonotypes in the pre-REP TILs resulted from large tumor-infiltrating CD8+
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FIGURE 4 Identification and validation of RCC-associated TCR motifs. A, Strategy for the identification of RCC-associated motifs. First, GLIPH2 was
separately run on the RCC TCRβ-seq samples: tumor (n = 42), healthy kidney (n = 24), and PB (n = 32) samples. The overlap of the motifs is shown on
the Venn diagrams. We subsequently pruned the motifs found in other datasets to increase the likeliness of finding RCC-associated motifs. We
retained motifs that were only exclusive to or enriched to the tumor, resulting in a total of 7,435 RCC-associated motifs (Supplementary Table S4).
RA = Rheumatoid arthritis. B, Validation of RCC-associated TCR motifs. From TCGA cohort (48), we selected samples with at least 100 TCR reads and
were left with RCC samples (n = 148), as well as samples from 25 different tumors (n = 1,042). The P value was (Continued on the following page.)
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(Continued) calculated using the two-sided Wilcoxon test. Tumor sample abbreviations and sample numbers are shown in Supplementary Table S4.
Additional validation results are presented in Supplementary Fig. S8. C, Proportion of TCRs with RCC-associated motifs in different tissues (left). TCRs
with RCC-associated motifs were calculated in samples from our cohort [patients with RCC sampled from PB (n = 32), healthy kidney (n = 24), tumor
(n = 42), pre-REP TIL (n = 7), REP TIL (n = 7), and two comparison cohorts (Emerson and colleagues (46), PB samples (n = 786); Huuhtanen and
collegaues (47), melanoma biopsy samples (n = 216)]. The proportion of anti-viral TCRs was also calculated using TCRGP (ref. 32; right). P values were
calculated with the Wilcoxon test. Raw data are presented in Supplementary Table S4. D, Stacked barplot showing the proportion of TCRs with
RCC-associated motifs and anti-viral TCRs in RCC tumors predicted with TCRGP (32). E, Stacked barplot showing the proportion of TCRs with
RCC-associated motifs and TCRGP (32)-predicted anti-viral TCRs in the REP TIL samples. F, The expansion and number of RCC-associated motifs in
REP TIL samples. On the left, each colored bar denotes the proportion of individual RCC-associated motifs in each REP TIL sample. The legend for the
colors is not shown, as there are 1,790 RCC-associated motifs (please refer to Supplementary Table S4 for all). The right panel shows the total number
of different RCC-associated motifs in each REP sample.

T cell clones (Fig. 6B). However, the CD8+ T cell phenotypes in the patients
were heterogeneous. In pt115, the expanded pre-REP TIL clonotypes weremore
of the CD8+ TPRE-EXH phenotype (cluster 2), whereas in pt616, most of the ex-
panded pre-REP TIL clonotypes were of the CD8+ TEXH (cluster 1) phenotype
(Figs. 5A and 6B). The clonotypes that were expanded in the REP TIL samples
displayed a CD4+ TCYTOTOXIC phenotype (cluster 0) from the original tumor
sample for both cases (Figs. 5A and 6B).

Next, we analyzed the DEGs between the statistically significant clonotypes
expanded in the REP TILs for pt115 and pt616. In pt115, the genes that were
most upregulated in the expanded REP TIL clonotypes in the original tumor
were NKG, CCL, and CDA, but also those related to cytotoxicity, such as
GZMB/H/K (Fig. 6C). In pt616, genes related to activation such as HLA-DRB,
HLA-DRA, chemokines such as CCL and CCLL, as well as LAG- were ob-
served, in line with our previous observations (Fig. 6C). Furthermore, gene
ontology (GO) pathway analysis using clusterProfiler (71) showed T cell acti-
vation and response to IFNγ among the top GO pathways enriched in pt115
pre-REP TIL clonotypes in the original tumor, whereas pathways related to cy-
tokine production and T cell differentiation were found in the original REP TIL
clonotypes (Supplementary Fig. S15A). In pt616, IFNγ signaling, T cell activa-
tion, and regulation were among the most enriched pathways in the pre-REP
TIL clonotypes, whereas cellular pathways related to cotranslational protein
targeting were enriched in the REP TIL clonotypes (Supplementary Fig. S15B).

Finally, we explored the phenotype of T cells with RCC-associatedmotifs found
in the three tumor samples (pt115, pt423, pt616) and observed that the pheno-
types of the T cells with RCC-associatedmotifs were largely distinct (Fig. 6D). T
cells with RCC-associated motifs in pt115 were concentrated in the CD4+ TFH

compartment (cluster 7), pt423 displayed a CD8+ TEXH cell phenotype (clus-
ter 1), and pt616 displayed the CD8+ TPRE-EXH phenotype (cluster 2; Fig. 6D;
Supplementary Fig. S15C). The same clonotypes that carried RCC-associated
motifs were also observed in the pre-REP TIL and REP TIL products for pt115
and pt616 and were among the most expanded clonotypes (Fig. 6B and D). Of
note, all the patients were in remission during the study follow-up after the
surgery, thus the phenotypes could not be linked to clinical outcomes.

Discussion
Adoptive TIL therapies have been successfully used inmelanoma patients, even
in anti-PD-1 therapy refractory cases (16, 18); thus, the interest in applying TILs
to other tumor types has increased. Previous studies have demonstrated that
TILs can be expanded from RCC tumor tissues (20, 72–75). However, the com-
position, possible tumor reactivity, and clinical efficacy of RCC TILs remain

unclear. Some studies have shown that the infiltration of T cells is associated
with good prognosis in RCC (7–9), whereas others have reported contradic-
tory results in which T cell infiltration has been associated with poor prognosis
(4–6, 76). In addition, although the REP TILs are mostly used as the final in-
fusion product in the adoptive TIL therapies, there are only a few studies that
have explored the differences in the phenotype between the original, minimally
cultured pre-REP, and REP TILs (27, 77, 78). Therefore, we performed in-depth
analyses of the pre-REP TILs and REP TILs that were expanded using a clinical
expansion protocol from patients with treatment-naïve RCC. We also com-
pared the TIL phenotype, function, and TCR repertoires with those originating
from the autologous tumor tissue to shed light on the changes that occur dur-
ing the ex vivo culture conditions. Our results show that the immunophenotype
and TCR repertoire drastically change between the tumors, pre-REP TILs, and
REP TILs, suggesting that initially, only a proportion of T cells expand from
the tumor tissue (pre-REP TILs). In addition, from the pre-REP TILs, a smaller
proportion of T cells further expand during the REP protocol.

Phenotypically, the REP TILs displayed a CD4+ TCYTOTOXIC-cell phenotype,
which was drastically different from the T cells found in the TME, where a
significant proportion of T cells exhibited CD8+ TPRE-EXH and TEXH pheno-
types. The elevated expression of PD-1 in the tumor CD4+ and CD8+ T cells
indicates the exhausted nature of T cells in the TME, which may ultimately
hinder their expansion. These exhausted PD-1–expressing CD8+ T cells have
traditionally been known as tumor-reactive and targets of ICI therapies. The ex-
hausted clonotypes were usually large, and by comparing the TCR repertoires
of different sample types, we discovered that the tumor and pre-REP TIL TCR
repertoires overlapped, whereas the REP TILs possessed distinct repertoires.
The most abundant clonotypes in the REP TILs were observed to be small,
and/or unique in the pre-REP TIL and tumor samples, suggesting that many of
the larger clonotypes present in the tumor and pre-REP TILs did not proliferate
during the REP protocol. Accordingly, the scRNA+TCRαβ-seq data confirmed
that the expanded pre-REPTIL clonotypesmostly encompassed aCD8+ TEXH-
cell phenotype in the original tumor samples, whereas the most expanded REP
TIL clonotypes originate from tumor CD4+ TCYTOTOXIC cells.

Many previous studies have not been able to assess the proportion of tumor-
reactive or bystander (such as anti-viral) T cell clonotypes following the
REP expansion. In contrast to metastatic melanoma (47), there is not yet a
database of epitope-specific TCRs against RCC-associated antigens. However,
withmodern bioinformatics tools that assess antigen specificities based onTCR
similarities (42), we were able to cluster TCRs with shared motifs into putative
antigen-specific groups. We discovered RCC-associated TCR motifs and were
able to validate them in multiple TCRβ-seq and scRNA+TCRαβ-seq datasets,
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FIGURE 5 Distinct origins of pre-REP TIL and REP TIL TCR clonotypes in RCC tumors. A, Dissociated tumor samples that were enriched for
lymphocytes and flow-sorted for CD45+ cells (n = 3) were analyzed with sc-RNAseq+TCRαβ-seq. The UMAP shows separately clustered T cells, and
the UMAP including all cell types can be found in the Supplementary Fig. S9A. Eight different T cell clusters present in the tumor were annotated on
the basis of the canonical marker genes, DEGs, and different gene module scores [from Tirosh and colleagues (41)], where each color indicates a
distinct T cell cluster. Cluster 0: cytotoxic CD4+ T (TCYTOTOXIC), cluster 1: exhausted CD8+ T cell (TEXH), cluster 2: pre-exhausted CD8+ T (TPRE-EXH),
cluster 3: CD8+ T effector (TEFF), cluster 4: CD4+ TREG, cluster 5: CD8+ tissue resident memory (TTRM), cluster 6: CD8+ TEFF), cluster 7: CD4+ T
follicular helper (TFH). B, UMAP showing all clusters present in each patient sample (pt115, pt423, and pt616), with distinct T cell phenotypes. The CD8+

TPRE-EXH and CD4+ TFH phenotypes were dominant in pt115, pt423 encompassed a more CD8+ TEFF and CD4+ TCYTOTOXIC phenotype, and pt616 was
characterized by CD8+ TEXH and CD8+ TTRM phenotypes. C, Mapped expanded and singlet TCRαβ clonotypes on the tumor UMAP show that the
clonotypes lie on distinct parts of the UMAP. Most of the non-expanded (singlet) clonotypes have a CD4+ TCYTOTOXIC phenotype (cluster 0), whereas
expanded clonotypes are dominant in the CD8+ TEFF, TPRE-EXH and TEXH phenotypes (cluster 3, 2, and 1, respectively). The relative proportion of the
different clonotypes in each of the UMAP clusters is found in Supplementary Fig. S9B. D, Scaled expression of selected canonical markers related to
stemness, tissue residency, cytotoxicity, and exhaustion in the T cell UMAP representation as in A. E, Dot plot showing the scaled average (scale) and
percentage (dot size) of expression between the selected DEGs for each UMAP cluster. The full list of the top 10 DEGs and their scaled expressions are
found in Supplementary Fig. S9C and S9D).
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FIGURE 6 Expanded clonotypes between the pre-REP TILs and REP TILs show distinct phenotypic differences within the tumor. A, UMAPs
comparing the size of the T cell clonotypes found in the sc-RNAseq+TCRαβ-seq and TCRβ-seq data from 2 patients (pt115 and pt616). Each dot
represents a clone in which the color corresponds to the size of the clone in the sc-RNAseq+TCRαβ-seq (left column), TCRβ-seq data from the
pre-REP TILs (middle column), and TCRβ-seq data from the REP TILs (right column). Representations for all samples, including the available tumor and
healthy kidney samples are found in Supplementary Fig. S10C). B, UMAPs showing the expanded pre-REP TIL and REP TIL clones in pt115 and pt616
(Benjamini-Hochberg–corrected two-sided Fisher’s exact test, Padjusted < 0.05). In both patients, more pre-REP TIL clonotypes were expanded in the
CD8+ TPRE-EXH (pt115) and CD8+ TEXH (pt616) phenotypes, whereas expanded REP TIL clonotypes were mainly characterized by the CD4+ TCYTOTOXIC
cell phenotype. C, Volcano plots showing the DEGs in the expanded REP TIL samples (right) compared with those in the pre-REP TILs (left) in pt115
and pt616. In pt115, genes that were most upregulated (right) in the expanded REP TIL clonotypes were NKG7, CCL5, and CD8A, together with those
related to cytotoxicity, such as GZMB, GZMH, and GZMK. In pt616, genes related to activation such as HLA-DRB1, HLA-DRA, chemokines such as CCL3
and CCL4L2, as well as LAG-3 were upregulated in the expanded REP TIL clonotypes. In both patients, IL7R was among the DEGs in the expanded
pre-REP TIL clonotypes. D, UMAP showing T cells carrying the RCC-associated motifs found in the sc-RNAseq+TCRαβ-seq tumor patients (n = 3).
T cells carrying the RCC-associated motifs showed distinct T cell phenotypes in each individual sample.
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confirming their enrichment specifically in RCC tumors and not in the healthy
or other cancer types. We further utilized the RCC-associated motifs to esti-
mate the proportion of tumor-reactive TCRs, whichwere 4.3–84.4 times greater
than the anti-viral (CMV, Influenza A, EBV, SARS-CoV2) TCR targets. Our
analysis reiterates that REP TILs are specific to targets other than the large, ex-
hausted clones, and without clinical follow-up, it remains unknown whether
the expanded TCRs in the REP TIL products are optimal for efficient tumor
killing.

Studies on pancreatic ductal adenocarcinoma (PDA) tumors have also shown
that the TCR repertoires in TILs vastly change during in vitro expansions, with
the loss of tumor-dominant T cell clones and emergence of new T cell clones
that are barely detectable in the tumor (79). These changes are thought to be
driven by differences in the in vitro expansion capacity of the T cell clones. In
our RCC samples, the expansion potential was inversely correlated with the
CD4+ T cell phenotype in the tumor. In PDA, the heterogeneity of the TILs
resulted in TCR repertoires that were greatly divergent between TIL cultures
derived fromdistant tumor samples of the samepatient, suggesting that culture-
induced changes in clonal composition are likely to affect the tumor reactivity
of TIL preparation (79).

Further studies are necessary to explore how to improve TIL expansion proto-
cols, and whether TIL-based therapies for other T cell–rich tumors in addition
to melanoma, will be effective. When tumor-targeting T cells are better recog-
nized, it would be possible to selectively isolate the cytotoxic or tumor-reactive
CD8+ T cells, and expand them separately, such as with autologous T cells, to
increase the tumor killing potential. In addition, although not analyzed in our
study, the use of NK and NKT cells as well as other immune cell types may hold
potential for combinatorial use with TILs. In conclusion, our study highlights
the differences between pre-REP TILs and REP TILs from primary RCC tumor
samples and provides tools to analyze RCC-associated T cells in other datasets,
such as during ICI therapies.
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5. Şenbabaoğlu Y, Gejman RS, Winer AG, Liu M, Van Allen EM, de Velasco G, et al.
Tumor immune microenvironment characterization in clear cell renal cell car-
cinoma identifies prognostic and immunotherapeutically relevant messenger
RNA signatures. Genome Biol 2016;17: 231.

6. Giraldo NA, Becht E, Vano Y, Petitprez F, Lacroix L, Validire P, et al. Tumor-
infiltrating and peripheral blood T-cell immunophenotypes predict early relapse
in localized clear cell renal cell carcinoma. Clin Cancer Res 2017;23: 4416-28.

1274 Cancer Res Commun; 3(7) July 2023 https://doi.org/10.1158/2767-9764.CRC-22-0514 | CANCER RESEARCH COMMUNICATIONS

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/3/7/1260/3348106/crc-22-0514.pdf by guest on 19 O

ctober 2023

https://aacrjournals.org/cancerrescommun/


TIL Repertoires in RCC

7. Ghatalia P, Gordetsky J, Kuo F, Dulaimi E, Cai KQ, Devarajan K, et al. Prognostic
impact of immune gene expression signature and tumor infiltrating immune
cells in localized clear cell renal cell carcinoma. J Immunother Cancer 2019;7:
139.

8. Guo C, Zhao H, Wang Y, Bai S, Yang Z, Wei F, et al. Prognostic value of the
neo-immunoscore in renal cell carcinoma. Front Oncol 2019;9: 439.

9. Jansen CS, Prokhnevska N, Master VA, SandaMG, Carlisle JW, BilenMA, et al. An
intra-tumoral niche maintains and differentiates stem-like CD8 T cells. Nature
2019;576: 465-70.

10. Kim SH, Park B, Hwang EC, Hong SH, Jeong CW, Kwak C, et al. Retrospec-
tive multicenter long-term follow-up analysis of prognostic risk factors for
recurrence-free, metastasis-free, cancer-specific, and overall survival after cu-
rative nephrectomy in non-metastatic renal cell carcinoma. Front Oncol 2019;9:
859.

11. Frank I, Blute ML, Cheville JC, Lohse CM, Weaver AL, Zincke H. An outcome
prediction model for patients with clear cell renal cell carcinoma treated with
radical nephrectomy based on tumor stage, size, grade and necrosis: the SSIGN
score. J Urol 2002;168: 2395-400.

12. Tran J, Ornstein MC. Clinical review on the management of metastatic renal cell
carcinoma. JCO Oncol Pract 2022;18: 187-96.

13. Rosenberg SA, Restifo NP. Adoptive cell transfer as personalized immunother-
apy for human cancer. Science 2015;348: 62-8.

14. Klapper JA, Downey SG, Smith FO, Yang JC, Hughes MS, Kammula US, et al.
High-dose interleukin-2 for the treatment of metastatic renal cell carcinoma.
Cancer 2008;113: 293-301.

15. Besser MJ, Shapira-Frommer R, Itzhaki O, Treves AJ, Zippel DB, Levy D,
et al. Adoptive transfer of tumor-infiltrating lymphocytes in patients with
metastatic melanoma: intent-to-treat analysis and efficacy after failure to prior
immunotherapies. Clin Cancer Res 2013;19: 4792-800.

16. Sarnaik AA, Hamid O, Khushalani NI, Lewis KD, Medina T, Kluger HM, et al.
Lifileucel, a tumor-infiltrating lymphocyte therapy, in metastatic melanoma. J
Clin Oncol 2021;39: 2656-66.

17. Andersen R, Borch TH, Draghi A, Gokuldass A, Rana MAH, Pedersen M, et al.
T cells isolated from patients with checkpoint inhibitor-resistant melanoma are
functional and can mediate tumor regression. Ann Oncol 2018;29: 1575-81.

18. Rohaan MW, Borch TH, van den Berg JH, Met Ö, Kessels R, Geukes Foppen
MH, et al. Tumor-infiltrating lymphocyte therapy or ipilimumab in advanced
melanoma. N Engl J Med 2022;387: 2113-25.

19. Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan GQ, et al.
Durable complete responses in heavily pretreated patients with metastatic
melanoma using T-cell transfer immunotherapy. Clin Cancer Res 2011;17:
4550-7.

20. Andersen R, Westergaard MCW, Kjeldsen JW, Müller A, Pedersen NW, Hadrup
SR, et al. T-cell responses in the microenvironment of primary renal cell
carcinoma—implications for adoptive cell therapy. Cancer Immunol Res 2018;6:
222-35.

21. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined nivolumab and ipilimumab or monotherapy in previously untreated
melanoma. N Engl J Med 2015;373: 23-34.

22. Escudier B, Porta C, Schmidinger M, Rioux-Leclercq N, Bex A, Khoo V, et al.
Renal cell carcinoma: ESMOClinical Practice Guidelines for diagnosis, treatment
and follow-up†. Ann Oncol 2019;30: 706-20.

23. Gokuldass A, Draghi A, Papp K, Borch TH, Nielsen M, Westergaard MCW,
et al. Qualitative analysis of tumor-infiltrating lymphocytes across human tumor
types reveals a higher proportion of bystander CD8. Cancers 2020;12: 3344.

24. Rohaan MW, Wilgenhof S, Haanen JBAG. Adoptive cellular therapies: the
current landscape. Virchows Arch 2019;474: 449-61.

25. Chandran SS, Somerville RPT, Yang JC, Sherry RM, Klebanoff CA, Goff SL, et al.
Treatment of metastatic uveal melanoma with adoptive transfer of tumour-
infiltrating lymphocytes: a single-centre, two-stage, single-arm, phase 2 study.
Lancet Oncol 2017;18: 792-802.

26. Ben-Avi R, Farhi R, Ben-Nun A, Gorodner M, Greenberg E, Markel G, et al.
Establishment of adoptive cell therapy with tumor infiltrating lymphocytes
for non-small cell lung cancer patients. Cancer Immunol Immunother 2018;67:
1221-30.

27. DoniaM, Junker N, Ellebaek E, AndersenMH, Straten PT, Svane IM. Characteriza-
tion and comparison of ‘Standard’ and ‘Young’ tumour-infiltrating lymphocytes
for adoptive cell therapy at a danish translational research institution. Scand J
Immunol 2012;75: 157-67.

28. Lee MH, Jarvinen P, Nisen H, Bruck O, Ilander M, Uski I, et al. T and NK cell abun-
dance defines two distinct subgroups of renal cell carcinoma. Oncoimmunology
2022;11: 1993042.

29. Robins HS, Campregher PV, Srivastava SK, Wacher A, Turtle CJ, Kahsai O, et al.
Comprehensive assessment of T-cell receptor beta-chain diversity in alphabeta
T cells. Blood 2009;114: 4099-107.

30. Shugay M, Bagaev DV, Turchaninova MA, Bolotin DA, Britanova OV, Putintseva
EV, et al. VDJtools: unifying post-analysis of T cell receptor repertoires. PLoS
Comput Biol 2015;11: e1004503.

31. ImmunoMind. immunarch: an R package for painless analysis of large-scale
immune repertoire data; 2019.

32. Jokinen E, Huuhtanen J, Mustjoki S, Heinonen M, Lähdesmäki H. Predicting
recognition between T cell receptors and epitopes with TCRGP. PLoS Comput
Biol 2021;17: e1008814.

33. Kim D, Park G, Huuhtanen J, Lundgren S, Khajuria RK, Hurtado AM, et al. So-
matic mTOR mutation in clonally expanded T lymphocytes associated with
chronic graft versus host disease. Nat Commun 2020;11: 2246.

34. Huuhtanen J, Bhattacharya D, Lönnberg T, Kankainen M, Kerr C,
Theodoropoulos J, et al. Single-cell characterization of leukemic and non-
leukemic immune repertoires in CD8+ T-cell large granular lymphocytic
leukemia. Nat Commun 2022;13: 1981.

35. Joglekar AV, Li G. T cell antigen discovery. Nat Methods 2021;18: 873-80.

36. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM, et al.
Comprehensive integration of single-cell data. Cell 2019;177: 1888-902.

37. Becht E, McInnes L, Healy J, Dutertre CA, Kwok IWH, Ng LG, et al. Dimension-
ality reduction for visualizing single-cell data using UMAP. Nat Biotechnol 2018
[Online ahead of print].

38. Borcherding N, Bormann NL, Kraus G. scRepertoire: An R-based toolkit for
single-cell immune receptor analysis. F1000Res 2020;9: 47.

39. Au L, Hatipoglu E, Robert de Massy M, Litchfield K, Beattie G, Rowan A,
et al. Determinants of anti-PD-1 response and resistance in clear cell renal cell
carcinoma. Cancer Cell 2021;39: 1497-518.

40. Yang C, Siebert JR, Burns R, Gerbec ZJ, Bonacci B, Rymaszewski A, et al. Het-
erogeneity of human bone marrow and blood natural killer cells defined by
single-cell transcriptome. Nat Commun 2019;10: 3931.

41. Tirosh I, Izar B, Prakadan SM, Wadsworth MH, Treacy D, Trombetta JJ, et al.
Dissecting the multicellular ecosystem of metastatic melanoma by single-cell
RNA-seq. Science 2016;352: 189-96.

42. Huang H, Wang C, Rubelt F, Scriba TJ, Davis MM. Analyzing the M. tuberculosis
immune response by T cell receptor clustering with GLIPH2 and genome-wide
antigen screening. Nat Biotechnol 2020;38: 1194-202.

43. Lundgren S, Keränen MAI, Kankainen M, Huuhtanen J, Walldin G, Kerr CM, et al.
Somatic mutations in lymphocytes in patients with immune-mediated aplastic
anemia. Leukemia 2021;35: 1365-79.

44. Savola P, Kelkka T, Rajala HL, Kuuliala A, Kuuliala K, Eldfors S, et al. Somatic
mutations in clonally expanded cytotoxic T lymphocytes in patients with newly
diagnosed rheumatoid arthritis. Nat Commun 2017;8: 15869.

45. Goncharov M, Bagaev D, Shcherbinin D, Zvyagin I, Bolotin D, Thomas PG, et al.
VDJdb in the pandemic era: a compendium of T cell receptors specific for SARS-
CoV-2. Nat Methods 2022;19: 1017-9.

46. Emerson RO, DeWitt WS, Vignali M, Gravley J, Hu JK, Osborne EJ, et al. Im-
munosequencing identifies signatures of cytomegalovirus exposure history and
HLA-mediated effects on the T cell repertoire. Nat Genet 2017;49: 659-65.

47. Huuhtanen J, Chen L, Jokinen E, Kasanen H, Lönnberg T, Kreutzman A, et al.
Evolution and modulation of antigen-specific T cell responses in melanoma
patients. Nat Commun 2022;13: 5988.

48. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Yang THO, et al. The
immune landscape of cancer. Immunity 2018;48: 812-830.

49. Zheng L, Qin S, Si W, Wang A, Xing B, Gao R, et al. Pan-cancer single-cell
landscape of tumor-infiltrating T cells. Science 2021;374: abe6474.

AACRJournals.org Cancer Res Commun; 3(7) July 2023 1275

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/3/7/1260/3348106/crc-22-0514.pdf by guest on 19 O

ctober 2023



Lee et al.

50. Krishna C, DiNatale RG, Kuo F, Srivastava RM, Vuong L, Chowell D, et al. Single-
cell sequencing links multiregional immune landscapes and tissue-resident
T cells in ccRCC to tumor topology and therapy efficacy. Cancer Cell 2021;39:
662-77.

51. Bagaev DV, Vroomans RMA, Samir J, Stervbo U, Rius C, Dolton G, et al. VDJdb
in 2019: database extension, new analysis infrastructure and a T-cell receptor
motif compendium. Nucleic Acids Res 2020;48: D1057-62.

52. Dufva O, Pölönen P, Brück O, Keränen MAI, Klievink J, Mehtonen J, et al. Im-
munogenomic landscape of hematological malignancies. Cancer Cell 2020;38:
380-99.

53. Borcherding N, Vishwakarma A, Voigt AP, Bellizzi A, Kaplan J, Nepple K, et al.
Mapping the immune environment in clear cell renal carcinoma by single-cell
genomics. Commun Biol 2021;4: 122.

54. Braun DA, Bakouny Z, Hirsch L, Flippot R, Van Allen EM, Wu CJ, et al. Beyond
conventional immune-checkpoint inhibition — novel immunotherapies for renal
cell carcinoma. Nat Rev Clin Oncol 2021;18: 199-214.

55. Kumar BV, Ma W, Miron M, Granot T, Guyer RS, Carpenter DJ, et al. Hu-
man tissue-resident memory T cells are defined by core transcriptional
and functional signatures in lymphoid and mucosal sites. Cell Rep 2017;20:
2921-34.

56. Barsheshet Y, Wildbaum G, Levy E, Vitenshtein A, Akinseye C, Griggs J, et al.
CCR8+FOXp3+ Treg cells as master drivers of immune regulation. Proc Natl
Acad Sci U S A 2017;114: 6086-91.

57. Haruna M, Ueyama A, Yamamoto Y, Hirata M, Goto K, Yoshida H, et al. The im-
pact of CCR8+ regulatory T cells on cytotoxic T cell function in human lung
cancer. Sci Rep 2022;12: 5377.

58. Kidani Y, Nogami W, Yasumizu Y, Kawashima A, Tanaka A, Sonoda Y, et al.
CCR8-targeted specific depletion of clonally expanded Treg cells in tumor tis-
sues evokes potent tumor immunity with long-lasting memory. Proc Natl Acad
Sci U S A 2022;119: e2114282119.

59. Brummelman J, Mazza EMC, Alvisi G, Colombo FS, Grilli A, Mikulak J, et al.
High-dimensional single cell analysis identifies stem-like cytotoxic CD8+ T cells
infiltrating human tumors. J Exp Med 2018;215: 2520-35.

60. Eberhardt CS, Kissick HT, Patel MR, Cardenas MA, Prokhnevska N, Obeng RC,
et al. Functional HPV-specific PD-1+ stem-like CD8 T cells in head and neck
cancer. Nature 2021;597: 279-84.

61. Miller BC, Sen DR, Al Abosy R, Bi K, Virkud YV, LaFleur MW, et al. Subsets of
exhausted CD8+ T cells differentially mediate tumor control and respond to
checkpoint blockade. Nat Immunol 2019;20: 326-36.

62. Sade-Feldman M, Yizhak K, Bjorgaard SL, Ray JP, de Boer CG, Jenkins RW, et al.
Defining T cell states associated with response to checkpoint immunotherapy
in melanoma. Cell 2018;175: 998-1013.

63. Siddiqui I, Schaeuble K, Chennupati V, Marraco SAF, Calderon-Copete S,
Ferreira DP, et al. Intratumoral Tcf1+PD-1+CD8+ T cells with stem-like proper-
ties promote tumor control in response to vaccination and checkpoint blockade
immunotherapy. Immunity 2019;50: 195-211.

64. Kurtulus S, Madi A, Escobar G, Klapholz M, Nyman J, Christian E, et al.
Checkpoint blockade immunotherapy induces dynamic changes in PD-1-CD8+
tumor-infiltrating T cells. Immunity 2019;50: 181-94.

65. Khan O, Giles JR, McDonald S, Manne S, Ngiow SF, Patel KP, et al. TOX transcrip-
tionally and epigenetically programs CD8+ T cell exhaustion. Nature 2019;571:
211-8.

66. Alfei F, Kanev K, Hofmann M, Wu M, Ghoneim HE, Roelli P, et al. TOX reinforces
the phenotype and longevity of exhausted T cells in chronic viral infection.
Nature 2019;571: 265-9.

67. Hudson WH, Gensheimer J, Hashimoto M, Wieland A, Valanparambil RM, Li P,
et al. Proliferating transitory T cells with an effector-like transcriptional sig-
nature emerge from PD-1+ stem-like CD8+ T cells during chronic infection.
Immunity 2019;51: 1043-58.

68. McLane LM, Abdel-Hakeem MS, Wherry EJ. CD8 T cell exhaustion during
chronic viral infection and cancer. Annu Rev Immunol 2019;37: 457-95.

69. Utzschneider DT, Gabriel SS, Chisanga D, Gloury R, Gubser PM, Vasanthakumar
A, et al. Early precursor T cells establish and propagate T cell exhaustion in
chronic infection. Nat Immunol 2020;21: 1256-66.

70. Lugli E, Galletti G, Boi SK, Youngblood BA. Stem, effector and hybrid states of
memory CD8+ T cells. Trends Immunol 2020;41: 17-28.

71. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: a universal
enrichment tool for interpreting omics data. Innovation 2021;2: 100141.

72. Baldan V, Griffiths R, Hawkins RE, Gilham DE. Efficient and reproducible gen-
eration of tumour-infiltrating lymphocytes for renal cell carcinoma. Br J Cancer
2015;112: 1510-8.

73. Guislain A, Gadiot J, Kaiser A, Jordanova ES, Broeks A, Sanders J, et al. Sunitinib
pretreatment improves tumor-infiltrating lymphocyte expansion by reduction
in intratumoral content of myeloid-derived suppressor cells in human renal cell
carcinoma. Cancer Immunol Immunother 2015;64: 1241-50.

74. Van Asten SD, De Groot R, Van Loenen MM, Castenmiller SM, De Jong J,
Monkhorst K, et al. T cells expanded from renal cell carcinoma display tumor-
specific CD137 expression but lack significant IFN-γ, TNF-α or IL-2 production.
Oncoimmunology 2021;10: 1860482.

75. Halbert B, Einstein D, Mcdermott D, Andrianopoulos E, Gupta M, Seery V, et al.
176 Successful generation of tumor-infiltrating lymphocyte (TIL) product from
renal cell carcinoma (RCC) tumors for adoptive cell therapy. J Immunother
Cancer 2021;9: A188.

76. Nakano O, Sato M, Naito Y, Suzuki K, Orikasa S, Aizawa M, et al. Proliferative
activity of intratumoral CD8(+) T-lymphocytes as a prognostic factor in human
renal cell carcinoma: clinicopathologic demonstration of antitumor immunity.
Cancer Res 2001;61: 5132-6.

77. Lee HJ, Kim YA, Sim CK, Heo SH, Song IH, Park HS, et al. Expansion of tumor-
infiltrating lymphocytes and their potential for application as adoptive cell
transfer therapy in human breast cancer. Oncotarget 2017;8: 113345-59.

78. Itzhaki O, Hovav E, Ziporen Y, Levy D, Kubi A, Zikich D, et al. Establishment
and large-scale expansion of minimally cultured “Young” tumor infiltrating
lymphocytes for adoptive transfer therapy. J Immunother 2011;34: 212-20.

79. Poschke IC, Hassel JC, Rodriguez-Ehrenfried A, Lindner KAM, Heras-Murillo I,
Appel LM, et al. The outcome of Ex Vivo TIL expansion is highly influenced by
spatial heterogeneity of the tumor T-cell repertoire and differences in intrinsic
In Vitro growth capacity between T-cell clones. Clin Cancer Res 2020;26: 4289-
301.

1276 Cancer Res Commun; 3(7) July 2023 https://doi.org/10.1158/2767-9764.CRC-22-0514 | CANCER RESEARCH COMMUNICATIONS

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/3/7/1260/3348106/crc-22-0514.pdf by guest on 19 O

ctober 2023


