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CD8" T cell-Dependent Remodeling of the Tumor

Microenvironment Overcomes Chemoresistance
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The therapeutic efficacy of chemotherapy is in part a result of its
ability to enhance adaptive antitumor immune responses. However,
tumor cells exploit various evasion mechanisms to escape the
immune attack and blunt chemosensitivity. Herein, we report that
through single-cell profiling of the tumor immune microenviron-
ment, we identified a subset of CD161-overexpressing CD8" T cells
enriched in chemoresistant tumors. CD161 engagement repressed
the calcium influx and cytolytic capacity of CD8" T cells through

Introduction

Despite achieving clinical benefits in some patients, conventional
antitumor chemotherapy regimens face nonnegligible challenges,
among which chemoresistance continues to be the principal limiting
factor for achieving cures in patients with cancer (1-3). Increasing
evidence has shown that in addition to directly affecting neoplastic
cells, chemotherapy can enhance adaptive antitumor immunity either
by inducing immunogenic cell death and activating effector T cells or
by inhibiting immunosuppressive cells and augmenting T-cell infil-
tration into tumors (4-7). However, tumor cells can evade the
immune-related benefits of chemotherapy and continue to progress
by remodeling the intricate tumor microenvironment to their own
advantage and subverting antitumor immune surveillance (8, 9).
Therefore, in recent years, new strategies of combining chemotherapy
with immunotherapy, such as immune-checkpoint blockade, have
been proposed and shown promise in improving chemosensitivity in
clinical practice (10-12). Unfortunately, substantial individual vari-
ability is seen in treatment efficacy, and many patients do not benefit
from the combination therapies (10-12), suggesting that in addition to
the well-known immune checkpoints, there are still some enigmatic
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acid sphingomyelinase activation and ceramide generation. Target-
ing CDI161 in adoptively transferred cytotoxic T lymphocytes
enhanced antitumor immunity and reversed chemoresistance in
patient-derived xenografts in vivo. Clinically, CD161 expression on
CD8" T cells was associated with chemoresistance and shortened
patient survival. Our findings provide insights into novel immu-
nosuppressive mechanisms in chemoresistance and highlight tar-
geting CD161 as a potential therapeutic strategy.

immune evasion mechanisms involved in nonresponsiveness to che-
motherapy. As a consequence, there is an urgent need for a compre-
hensive dissection of the chemoresistant tumor immune microenvi-
ronment and a detailed analysis of all cell subsets and molecules with a
possible role in immune escape to achieve precise targeting of che-
moresistance mechanisms and complete reversal of nonresponsive-
ness to chemotherapy.

Here, we report single-cell dissection of tumor-infiltrating immune
cell heterogeneity in chemosensitive and chemoresistant breast cancer
patients. We identified a distinct CD8" T-cell subset enriched in
chemoresistant tumors and showed how this population affects anti-
tumor immunity and responses to chemotherapy.

Materials and Methods

Patients and samples

Samples were collected from 535 patients undergoing breast sur-
geries at the Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University
between 2008 and 2020. After a definite diagnosis with puncture
specimens, all the patients received neoadjuvant chemotherapy.
Tumor samples obtained via large core-needle biopsy before neoad-
juvant chemotherapy were kept in paraffin blocks for all patients. For
patients in the discovery cohort (10 cases), validation cohort 1
(18 cases), and some patients in validation cohort 2 (48 cases), part
of the biopsy specimens were dissociated for single-cell suspensions
and preserved in liquid nitrogen for subsequent RNA sequencing
(RNA-seq), flow cytometry, polymerase chain reaction (PCR), or
western blot analyses (Supplementary Fig. S1A). After 6 to 8 courses
of neoadjuvant chemotherapy, breast cancer patients underwent
surgical tumor resection. For all patients, surgically removed tumor
samples were collected and stored in paraffin blocks. The neoadjuvant
chemotherapeutic regimens were as follows: four cycles of doxorubicin
60 mg/m® plus cyclophosphamide 600 mg/m* (AC) every 3 weeks,
followed by paclitaxel (80 mg/m?) weekly for 12 weeks; or four cycles of
docetaxel 75 mg/m” plus cyclophosphamide 600 mg/m® (TC) every
3 weeks. The therapeutic efficacy of neoadjuvant chemotherapy was
evaluated based on Response Evaluation Criteria in Solid Tumors
(RECIST). Complete remission (CR) and partial remission (PR) were
classified as chemotherapy-sensitive, whereas stable disease (SD) and
progressive disease (PD) were classified as chemotherapy-resistant. All
experiments using human samples in this research were performed in

AAC_R American Association
for Cancer Research’

AACRJournals.org | 320


http://crossmark.crossref.org/dialog/?doi=10.1158/2326-6066.CIR-22-0356&domain=pdf&date_stamp=2023-2-16
http://crossmark.crossref.org/dialog/?doi=10.1158/2326-6066.CIR-22-0356&domain=pdf&date_stamp=2023-2-16

accordance with the Declaration of Helsinki. All data related to clinical
samples were approved by the internal review and ethics board of Sun
Yat-Sen Memorial Hospital, and informed written consent for the use
of samples for research purposes was obtained from patients.

Primary cell isolation from tumor tissue

Primary CD45" immune cells, CD8" tumor-infiltrating lympho-
cytes (TIL), and breast cancer cells were isolated from breast carci-
noma samples obtained from biopsies or surgery. Briefly, tissues were
cut into fragments of approximately 1 mm® and then digested by
enzymatic hydrolysate [DMEM (Gibco, #C11995500BT) supplemen-
ted with 10% FBS (Gibco, #10099141C), 1.5 mg/mL collagenase type I
(Worthington, #LS004196), 1.5 mg/mL collagenase type III
(Worthington, #LS004182), and 1.5 mg/mL hyaluronidase (Sigma-
Aldrich, #H3506)] at 37°C with gentle agitation for 2 hours for cancer
cell isolation and 1 hour for immune cell isolation. The dissociated
tissues were resuspended and filtered through a 70-pm cell strainer to
obtain single-cell suspensions. Thereafter, cancer cells were acquired
through centrifugation at 250 x g for 5 minutes and purified using
EpCAM Microbeads (Miltenyi Biotec, #130-061-101). To isolate
immune cells, primary cell suspensions were centrifuged at 400 x g
for 5 minutes and then CD8* TILs were purified using CD8 Microbe-
ads (Miltenyi Biotec, #130-045-201). CD45" immune cells were
isolated by fluorescence-activated cell sorting (FACS) using a BD
Influx flow cytometer (see “FACS”). After isolation, cell purity was
determined by flow cytometry (>95%).

Cell culture

Isolated primary cancer cells were cultured in DMEM (Gibco,
#C11995500BT) supplemented with 10% FBS (Gibco, # 10099141C)
and immune cells in RPMI-1640 (Gibco, #C11875500BT) supplemen-
ted with 10% FBS and 25 U/mL IL2 (PeproTech, #200-02). Cell lines
MDA-MB-231, SaoS2, and MCF-7 were obtained from the American
Type Culture Collection (https://www.atcc.org) in 2019 to 2022 and
cultured in DMEM supplemented with 10% FBS. Experiments were
performed with cells passaged between 5 and 20 times. All the cell lines
were reauthenticated by short tandem repeat of profiling each year.
Cells were tested for Mycoplasma contamination routinely and con-
firmed negative before use. Protocol for cell line manipulations is
shown in “Lentivirus-mediated expression.”

FACS

Using a BD Influx flow cytometer, immune cell populations were
selected by flow-cytometric cell sorting (FACS). Before cell sorting, prim-
ary cells were resuspended in PBS containing 1% FBS and incubated with
Fixable Viability Dye (eBioscience, #65-0865-18) and fluorescent-linked
antibodies for 30 minutes at 4°C. Pentamers were stained prior to the
antibodies for 10 minutes at room temperature. To isolate CD45"CD14 "
and CD45"CD14~ immune cells for single-cell RNA-seq (scRNA-seq),
fluorescent-linked antibodies against CD45 (BioLegend, #982304) and
CD14 (BioLegend, #367104) were used (Supplementary Fig. S1B).
MUC1 pentamer (Proimmune, #F208-2A-G) and primary antibodies
against CD3 (BioLegend, #317321), CD8 (BioLegend, #344718), CD161
(BioLegend, #339906), CD56 (BioLegend, #362503), Vat7.2 (BioLegend,
#351707), and V024 (BioLegend, #342907) were used to purify CD161"
and CD161" pentamer” T cells. To separate CD161" CTLs from
periphery blood or TIL expansions, fluorescent-linked antibodies
against CD3 (BioLegend, #317321), CD8 (BioLegend, #344718), CD161
(BioLegend, # 339906), CD56 (BioLegend, #362503), Vo.7.2 (BioLegend,
#351712), and Vo024 (BioLegend, #360004) were used. The purity of
the sorted populations was verified by flow cytometry.
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scRNA-seq

CD45" immune cells from tumor-cell suspensions of breast
cancer patients in the discovery cohort were isolated through FACS.
CD14" and CD14" counterparts were mixed at a ratio of 3:2 for
each patient in RNase-free tubes. At least 5,000 cells were collected
per patient and cells from 5 patients with the same chemothera-
peutic efficacy were mixed as a sequencing sample. The cells were
then resuspended at approximately 20,000 cells/mL with a final
viability of > 90% as determined by flow cytometry.

Single-cell capture, lysis, cDNA library construction, generation of
gel beads in emulsion (GEM), barcoding, post GEM-reverse transcrip-
tion cleanup and cDNA amplification were performed using the
Chromium system from 10X Genomics, with the following Kkits:
Chromium Single-Cell 3’ Library and Gel Bead Kit v2 kit (10X
Genomics, # 120237) and Chromium Single-Cell A Chip Kits (10X
Genomics, #1000009). Briefly, cell suspensions were loaded on a 10X
Genomics GemCode Single-cell instrument that generates single-cell
Gel Bead-In-EMlusion (GEM), upon dissolution of the Gel Bead in a
GEM, primers containing (i) an Illumina R1 sequence (read 1
sequencing primer), (ii) a 16-nt 10x barcode, (iii) a 10-nt Unique
Molecular Identifier (UMI), and (iv) a poly-dT primer sequence were
released and mixed with cell lysate and Master Mix. Barcoded full-
length cDNAs were then reverse-transcribed from poly-adenylated
mRNA. Silane magnetic beads were used to remove leftover biochem-
ical reagents and primers from the post GEM reaction mixture. Full-
length barcoded cDNAs were then amplified by PCR to generate
sufficient mass for library construction. R1 (read 1 primer sequence)
was added to the molecules during GEM incubation. P5, P7, a sample
index, and R2 (read 2 primer sequence) were added during library
construction via end repair, A-tailing, adaptor ligation, and PCR.
Amplified ¢cDNA was purified using SPRIselect beads (Beckman
Coulter, #B23317) and sheared to 250 to 400 bp. Qualification was
performed using Qubit 3.0 Fluorometer. Libraries were sequenced on
an [llumina NovaSeq 6000 system, the single-cell 5’ 16-bp 10x barcode
and 10-bp UMI were encoded in read 1, whereas read 2 was used to
sequence the cDNA fragment. Sample index sequences were incor-
porated as the i7 index read. Read 1 and read 2 were standard Illumina
sequencing primer sites used in paired-end sequencing. 10X Genomics
Cell Ranger software (version 3.0.2) was used to convert raw BCL files
to FASTQ files, and for alignment and quantification. Briefly, reads
with low-quality barcodes and UMIs were filtered out and then
mapped to the reference genome. Reads uniquely mapped to the
transcriptome and intersecting an exon at least 50% were consid-
ered for UMI counting. The cell-by-gene matrices were produced
via UMI counting and cell barcodes calling. The cell-by-gene
matrices for each sample were individually imported to Seurat
version 2.2.1 for downstream analysis. Cells with an unusual
number of UMIs (220,000 or <600) or high mitochondrial gene
percent (25%) were filtered out. We also excluded cells with fewer
than 300 or more than 4,000 genes detected. Additionally, doublet
GEMs also should be filtered out. It was achieved by using the tool
DoubletFinder (v2.0.3) by the generation of artificial doublets, using
the PC distance to find each cell’s proportion of artificial k nearest
neighbors (pANN) and ranking them according to the expected
number of doublets. After removing unwanted cells from the data
set, we used a global-scaling normalization method “LogNormalize”
that normalizes the gene-expression measurements for each cell by
the total expression, multiplies this by a scale factor (10,000 by
default), and log-transforms the results. The raw data have been
deposited in NCBI’s Sequence Read Archive (SRA) database and are
accessible through accession number PRJNA890914.
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scRNA-seq data processing

Preprocessing of raw data from our study was initially performed
using the Cell Ranger software pipeline (version 3.0.2). The resulting
fastq files were passed to CellRanger’s count, which aligned all reads
against the GRCh38 genome using the STAR aligner. For each sample,
the gene-barcode matrix was passed through the R (v3.5.3) software
package Seurat (v2.2.1; ref. 13). We set up conservative cutoffs
according to the number of genes/cell (>300) and the percentage of
mitochondrial UMI counts (<5%) for quality control. Integration of
the scRNA-seq data was done using Seurat functions FindIntegratio-
nAnchors and IntegrateData after library-size normalization of each
cell using NormalizeData function with default parameters. The cells
were clustered using FindClusters in Seurat. T-distributed stochastic
neighbor embedding (t-SNE) and modularity heat maps were created
for graph-based cluster identification and subsequent dimensionality
reduction. Marker genes for the individual clusters were identified
using Seurat’s FindAllMarkers.

Preprocessing of scRNA-seq data of 26 treatment-naive breast
cancers from the GEO data set GSE176078 (14) was performed using
R software package Seurat. After integration of the scRNA-seq data
and unsupervised clustering of the cells based on the condition Wu SZ
and colleagues used (14), we reclustered the CD8" T cells and
visualized the expression profiles of specific genes by t-SNE. Patients
were grouped according to CD161 expression in CD8" T cells. The
lymphocyte activation score of each patient was evaluated with the
AddModuleScore function built in the Seurat R package according to
the gene set ‘GOBP_LYMPHOCYTE_ACTIVATION’ (15). Then the
cells labeled as “T cells CD8” were selected and divided into
“CD161™#" donors,” “CD161°" donors,” and “indefinable donors”
groups according to the rate of CD161" cells/CD8™" T cells in each
patient. To explore differences in the lymphocyte activation score
between the “CD161"" donors” and “CD161'% donors” groups, gene
set enrichment analysis (GSEA) was conducted by the clusterProfiler
package in R software. First, the differential analysis of all genes
between the two groups was generated, and these genes were ordered
by the value of log2 fold change. Then GSEA was performed to
investigate the lymphocyte activation score correlated with different
subgroups. Gene sets with P < 0.05 and FDR < 0.25 were considered
significant.

Bulk RNA-seq

Bulk RNA-seq was performed on CD8" T1ILs isolated from 18 breast
cancer patients (6 ER', 6 HER2", and 6 TNBC patients) with differ-
ent responses to chemotherapy (validation cohort 1). Purity of isolated
cells was confirmed by flow-cytometric analysis before sequencing
(>95%; Supplementary Fig. S1I). Total RNA was extracted from the
CD8" TILs using TRIzol Reagent (Thermo Fisher Scientific, # A33251)
and mRNA was enriched by Oligo(dT) beads following the manu-
facturer’s instructions. NanoDrop ND-2000 spectrophotometer was
used to assess the quality of extracted RNA. Then we prepared
the RNA library with total RNA as previously described (16). Briefly,
the enriched mRNA was fragmented into short fragments using
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fragmentation buffer and reversely transcribed into cDNA by using
NEBNext Ultra RNA Library Prep Kit for Illumina (New England
Biolabs, # 7530). The purified double-stranded cDNA fragments were
end repaired, A base added, and ligated to Illumina sequencing
adapters. The ligation reaction was purified with the AMPure XP
Beads (1.0X), and PCR was amplified. The resulting cDNA library was
sequenced using Illumina Novaseq6000 by Gene Denovo Biotechnol-
ogy Co. Reads obtained from the sequencing machines were further
filtered by fastp (version 0.18.0) to get high-quality clean reads. Short
reads alignment tool Bowtie2 (version 2.2.8) was used for mapping
reads to the ribosome RNA (rRNA) database, the rRNA mapped reads
then were removed. The remaining paired-end clean reads were
mapped to the reference genome using HISAT2.2.4. The mapped
reads of each sample were assembled by using StringTie v1.3.1 in a
reference-based approach. For each transcription region, a fragment
per kilobase of transcript per million mapped reads (FPKM) value was
calculated to quantify its expression abundance and variations, using
RSEM software. The raw data have been deposited in NCBI's SRA
database and are accessible through accession number PRJNA890913.

Flow cytometry

For the detection of specific markers, cells from tumor digestions,
peripheral blood, or TIL expansions (see “Tumor-specific T-cell
expansion from tumor specimens”) were suspended in PBS containing
1% FBS and 2 mmol/L EDTA and treated with FcR blocking reagent
(Miltenyi Biotec, #130-059-901). Live/Dead Fixable Viability Dye-
eFluor780 (eBioscience, #65-0865-18) or Zombie Aqua Fixable Via-
bility Kit (BioLegend, #423101) was used to distinguish live cells. The
fluorescent-linked antibodies were as follows: CD45 (BioLegend,
#982304), CD14 (BioLegend, #367104), CD3 (BioLegend, #317314
and 317321), CD56 (BioLegend, #362512), CD8 (BioLegend, #344722,
344718, and 344724), CD161 (BD Biosciences, #562615; BioLegend,
#339906), Vo7.2 (BioLegend, #351712), V024 (BioLegend, #360004),
CD45RA (BioLegend, #983002), CD45RO (BioLegend, #983102),
CCR7 (BioLegend, #353213), CD62 L (BioLegend, #304840),
CD69 (BioLegend, #310905), CD103 (BioLegend, #350215), CD4
(BioLegend, #317416), IL17 (BioLegend, #512305), PD-1 (BioLegend,
#135215), CTLA-4 (BioLegend, #349905), TIM-3 (BioLegend, #345005),
LAG-3 (BioLegend, #369311), TIGIT (BioLegend, #372714), ICOS
(eBioscience, #35-9948-41), 4-1BB (BioLegend, #309817), DR3
(BioLegend, #307105), IFNY (eBioscience, #12-7319-42), perforin
(eBioscience, #48-9994-42), granzyme B (BioLegend, #372204), CD107a
(BioLegend, #328620), CD38 (BioLegend, #303506), EpCAM
(BioLegend, #324214), CLEC2D (R&D Systems, #FAB3480P),
HLA-A2 (BioLegend, #343304), Ki67 (BioLegend, #151210), MUC1
pentamer (Proimmune, #F208-2A-G), HER2 pentamer (Proimmune,
#F214-2A-G), NY-ESO-1 pentamer (Proimmune, #F049-2A-G),
HLA-A*02:01-negative control pentamer (Proimmune, #FNO01-2A-
G). Intranuclear staining was performed with True-Nuclear Transcrip-
tion Factor Buffer Set (BioLegend, #424401), and intracellular staining
was performed using an Intracellular Fixation and Permeabilization kit
(eBioscience, #88-8824) according to the manufacturers’ instructions.

Figure 1.

Landscape of tumor-infiltrating immune cells in chemosensitive and chemoresistant patients. Single-cell transcriptomic analysis was performed on the intratumoral
immune cells of 5 chemosensitive and 5 chemoresistant breast cancer patients. A, t-SNE visualization of 16,152 immune cells in 5 chemosensitive and 5 chemoresistant
breast cancers. B, t-SNE plot colored by chemosensitivity (upper) and the proportions of different types of cells in sensitive and resistant patients (lower). C, Heat
map displaying a scaled expression of key genes for each cell type. D, Representative immunofluorescence images of CD45 and CD8 in chemosensitive or resistant
tumors. Scale bar, 50 um. Right, quantification stratified by subtypes (mean + SEM; n = 45 for ER*, n = 32 for HER2* and n = 23 for TNBC). E, Violin plots indicating
the expression of cytotoxic genesin CD8™ TILs of chemosensitive or chemoresistant patients. F, t-SNE plot of CD8™ T cells colored by clusters. G, t-SNE plot of CD8™* T
cells colored by chemosensitivity (upper) and the fractions of different CD8™" T-cell subclusters in chemosensitive and chemoresistant patients (lower). H, Heat map
displaying the expression of discriminating genes for each subcluster of CD8™ T cells. **, P < 0.01; ***, P < 0.001 by Student t test (D, E).
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For intracellular cytokine staining of tumor-specific T cells, cells
were restimulated in vitro with autologous tumor cells, NY-ESO-1"
CLEC2D* MCF-7 cells, or PDX-derived tumor cells at an effector/
target ratio of 1:1 for 16 hours. In the last 4 hours, brefeldin A
(BioLegend, # 420601) was applied to the coculture. In some experi-
ments, propidium iodide (# 00-6990-50, eBioscience) was used to
detect the death of tumor cells. After that, flow cytometry analysis
was performed immediately using Attune NxT flow cytometry
analyzer instrument (Invitrogen, A24858). Data were analyzed by
FlowJo software (version 10).

Immunofluorescence

For the immunostaining of paraffin sections (see “Patients and
samples” for paraffin specimen collection), samples were deparaffi-
nized first, and then antigen retrieval was performed in 0.01M citrate
buffer (pH 6.0) or EDTA buffer (pH 8.0). For the immunostaining of
cultured cells, cells were fixed with paraformaldehyde and then
permeabilized by 0.1% Triton X-100 on ice for 15 minutes. Nonspecific
antigen epitope blocking was performed using phosphate buffer
containing 5% BSA for 1 hour. After that, sections or cells were probed
with specific primary antibodies overnight at 4°C. The primary anti-
bodies used were: mouse-anti-human CD8 (Abcam, #ab17147, 1:100),
rabbit-anti-human CD45 (Abcam, #ab10558, 1:100), rat-anti-human
CD3 (Abcam, #ab11089, 1:100), rabbit-anti-human CD161 (Abcam,
#ab259916, 1:50), mouse-anti-human Vo7.2 (BioLegend, #351702,
1:50), mouse-anti-human Vo024 (BioLegend, #342902, 1:50), rabbit-
anti-human EpCAM (Abcam, #ab223582, 1:500), MUCI pentamer
(Proimmune, #F208-2A-G, 1:5), HER2 pentamer (Proimmune, #
F214-2A-G, 1:5), HLA-A*02:01-negative control pentamer (Proim-
mune, #FNO1-2A-G, 1:5), rabbit-anti-human ASM (Abcam,
#ab227966, 1:100), rabbit-anti-human IFNy (Abcam, #ab231036,
1:500), and rabbit-anti-human granzyme B (Abcam, #ab134933,
1:100). Binding of antibody to antigen was visualized using Alexa
Fluor 488 donkey anti-mouse secondary antibody (Invitrogen, #
A21202, 1:200), Alexa Fluor 555 donkey anti-mouse secondary anti-
body (Invitrogen, #A31570, 1:200), Alexa Fluor 488 donkey anti-rabbit
secondary antibody (Invitrogen, #A21206, 1:200), Alexa Fluor 555
donkey anti-rabbit secondary antibody (Invitrogen, #A32794, 1:200),
Alexa Fluor 647 donkey anti-rabbit secondary antibody (Invitrogen,
#A31573, 1:200), Alexa Fluor 488 goat anti-rat secondary antibody
(Invitrogen, # A11006, 1:200), and Alexa Fluor 555 goat anti-rat
secondary antibody (Invitrogen, #A21434, 1:200). For multiplex
immunofluorescent staining, Opal 4-color manual THC kit (Perki-
nElmer, #NEL840001KT) was used according to the manufacturer’s
instructions. DAPI (Thermo Fisher Scientific, # D3571) was used
for nuclei counterstaining, and laser-scanning confocal microscopy
(Zeiss, LSM780) was used for imaging. In the representative immu-
nofluorescent images, asterisks denote the area of higher magnifi-
cation images.

Primary cell isolation from peripheral blood

Peripheral blood mononuclear cells were isolated by Ficoll
density gradient centrifugation from blood samples from breast
cancer patients or healthy donors from the Guangzhou Blood
Center. Briefly, blood samples diluted 1:1 with PBS were gently
layered over Ficoll-Paque PLUS (TBDscience, #LTS1077). After
centrifugation at 450 x g for 20 minutes with the brake off
(Beckman, X-15R), mononuclear cells were collected from the
interface, washed 3 times with PBS and resuspended in DMEM.
After 20 minutes of incubation at 37°C, the nonadherent cells
(periphery blood lymphocytes) were removed to acquire mono-
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cytes. Monocyte-derived dendritic cells (mo-DC) were generated by
culturing monocytes with 20 ng/mL IL4 (PeproTech, # 200-04-20)
and 50 ng/mL GM-CSF (PeproTech, # 300-03-20) for 6 days. CD8"
T cells and natural killer (NK) cells were isolated by magnetic-
activated cell sorting using direct CD8 and CD56 Isolation Kits
(Miltenyi Biotec, #130-094-156 and 130-050-401) according to the
manufacturer’s instructions. CD8" T cells and NK cells were
cultured in RPMI-1640 medium supplemented with 25 mmol/L
HEPES (Thermo, # 15630080), 4 mmol/L L-glutamine (Thermo, #
A2916801), 25 pmol/L 2-mercaptoethanol (Thermo, # 21985023),
and 10% FBS. Media were replaced every 2 days.

Tumor-specific T-cell expansion from tumor specimens

Tumor-specific T cells were generated from tumor specimens with a
well-established two-step method, as described previously (17, 18).
During the initial outgrowth [pre-rapid expansion protocol (REP)],
single-cell suspensions of digested primary breast tumor tissue gen-
erated as aforementioned (see “Primary cell isolation from tumor
tissue”) were cultured in RPMI-1640 medium supplemented with 10%
FBS and 6000 IU/mL of IL2 (Novartis) to allow TIL outgrowth for 14 to
21 days. In some experiments, CD161" CTLs were isolated via FACS
and edited by Cas9 protein with control or CD161 gRNA (see
“CRISPR-mediated gene knockout”). In the second step, cells were
further expanded using a standard small-scale REP with irradiated
allogeneic feeder cells (40 Gy, 200:1), CD3 antibody (Miltenyi Biotec,
#130-093-387, clone OKT3, 30 ng/mL), and 6,000 IU/mL of IL2.
Periphery blood lymphocytes from healthy donors were irradiated
(Rad Source, Rs2000) and served as feeder cells. One cycle of REP
(14 days) resulted in massive T-cell expansion.

Lentivirus-mediated expression

Human T cells freshly isolated from peripheral blood were infected
with recombinant lentiviral particles for CD161 or NY-ESO-1 TCR
(the TCR recognizing the NY-ESO-1:157-165 epitope presented by
HLA-A*02:01) and MCEF-7 cells were infected with lentiviral expres-
sion vectors for NY-ESO-1 or CLEC2D with 8 pg/mL polybrene
(Biosharp, # BL628A) overnight at 37°C. The transduced cells were
selected with 2.5 ug/mL puromycin (Asegene, # 43137) for 2 weeks to
obtain the CD161/NY-ESO-1 TCR-expressing T cells and NY-ESO-1/
CLEC2D-expressing MCF-7 cells, respectively. Lentivirus packaging
was provided by GenePharma Inc using LV3/LV5 lentiviral vectors.
The sequences of NY-ESO-1-TCRo. and NY-ESO-1-TCRf were as we
previously described (19).

Western blot analysis

Western blot analysis was performed to assess the expression of the
proteins of interest using standard procedures. Briefly, lentivirus-
treated cells or cells isolated from tumor suspensions were lysed by
RIPA (Millipore, # 20-188) with protease and phosphatase inhibitor
(Thermo Fisher Scientific, #78444), protein concentration was mea-
sured by a Pierce BCA Protein Assay kit (Thermo Fisher Scientific,
#23225). Equal protein amounts were resolved by 10% SDS-PAGE and
then blotted onto PVDF membranes. After blocking by 5% BSA, PVDF
membranes were incubated with primary antibodies at 4°C overnight
and then secondary antibody for 1 hour at room temperature. The
primary antibodies used were: anti-CLEC2D (Abcam, #ab151738,
1:1,000), anti-ASM (Abcam, # ab227966, 1:1,000), anti-CD161 (BD,
# 940283, 1:50), anti-NY-ESO-1 (Proteintech, #19521-1-AP, 1:1,000),
and anti-GAPDH (Proteintech, #HRP-60004, 1:10,000). The second-
ary antibodies used were: HRP-linked anti-rabbit antibody (Cell
Signaling Technology, #7074, 1:3,000), HRP-linked anti-mouse
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antibody (Cell Signaling Technology, #7076, 1:3,000), and HRP-linked  /n situ hybridization
anti-rat antibody (Cell Signaling Technology, # 7077, 1:3,000). Signals In situ RNA hybridization was performed using the RNAscope
were detected by chemiluminescence (Thermo Fisher Scientific, ~Multiplex Fluorescent Reagent Kit (Advanced Cell Diagnostics,
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Figure 2.

The CD1617CD8" T-cell subset is enriched in chemoresistant tumors. CD161 expression was examined in tumor-infiltrating CD8" T cells of tumor suspensions or
paraffin sections from pretreatment biopsies of breast cancer patients. A, Representative gating strategy for flow cytometry of CD161" CTLs. Voi7.2 was used
to exclude MAIT cells and Va24 to exclude NKT cells. B, Representative flow cytometry of CD161 expression gated as A in paired tumor samples and peripheral
blood (n = 24 different patients). See stratified quantification in Supplementary Fig. S2E. € and D, Representative immunofluorescence images (C) and quantifica-
tion (D) for CD3, CD8, CD161, V7.2, and Va24 in serial sections of breast cancer biopsies (n = 28 different patients). Arrows indicate CD161" CTLs. Scale bar, 50 um.
E and F, Quantitative RT-PCR (E) and representative western blot (F) for CD161 expression in FACS-isolated conventional CD8™" T cells from tumor suspensions (n = 8
different patients for E and 3 for F). See quantification of F in Supplementary Fig. S2G. Results are mean & SEM. ***, P < 0.001 by Student t test (B-E).
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sections of breast cancer patients obtained via large core-needle biopsy
before neoadjuvant chemotherapy were first treated with RNAscope
Hydrogen Peroxide, and then antigen retrieval was performed in
RNAscope Target Retrieval Reagent. Hs-NPM1-X-CLEC2D (Advanced
Cell Diagnostics, #419751) probes were added to the tissue and hybrid-
ized for 2 hours at 40°C. A series of signal amplification steps were
performed using RNAscope Multiplex Fluorescent Reagent Kit. After
that, the EpCAM immunostaining and nuclei counterstaining
were performed as described before (see “Immunofluorescence”).
Finally, sections were cover-slipped for examination on a Zeiss
LSM780 confocal microscope.

IHC

Paraffin sections of tissue samples obtained from reduction
mammaplasties, breast cancer biopsies, breast tumor resections, or
patient-derived xenografts (PDX; see “PDX implantation”) were
deparaffinized first and then antigen retrieval was performed in
0.01M citrate buffer (pH 6.0) or EDTA buffer (pH 8.0). After 3%
hydrogen peroxide treatment and blocking, a primary antibody for
MUC1 (Abcam, #ab45167, 1:500), HER2 (Abcam, #ab134182,
1:300), ERot (Abcam, #ab32063, 1:200), or PR (Abcam, #ab32085,
1:100) was incubated overnight at 4°C and the signaling was
amplified via incubation for 1 hour at room temperature with
HRP-conjugated secondary antibodies from an anti-mouse/rabbit
THC Secondary Antibody Kit (Dako, # GK500710). After washing,
DAB peroxidase substrate (Dako, # GK500710) was dropped on top
of the slides and visualized under a microscope (Olympus, BX-63)
for brown staining. The reaction was stopped by dipping slides into
a large amount of PBS. Images were taken with Olympus BX-63
microscope.

GqRT-PCR

Total RNA was extracted from isolated T cells by using the CellAmp
Direct RNA Prep Kit for RT-PCR KIT (TaKaRa, # 3732). For each
sample, 100 pg of total RNA was reversely transcribed into cDNA
using PrimeScrip RT Master Mix (TaKaRa, # RR036A). And then
quantitative PCR was performed using SYBR Premix Ex Taq kit
(TaKaRa, # RR820A) according to the manufacturer’s instructions.
At least three replicates were included in each analysis. Data were
collected and analyzed with a LightCycler 480 instrument (Roche).
GADPH was used for normalization and relative gene expression was
determined by the 27T method. The primer sequences were listed
in Supplementary Table S1.

Generation of tumor-specific DCs and T cells

To generate antigen-specific DCs, mo-DCs, generated as described
in “Primary cell isolation from peripheral blood,” were matured
through incubation with 100 ng/mL LPS (Invitrogen, # 00-4976-93)
and 500 U/mL IFNy (PeproTech, # 300-02) for 48 hours and then

A Subset of CD161" CTLs Promotes Chemoresistance

pulsed for 24 hours with cancer cell lysates generated by five freeze—
thaw cycles (200 ug protein/1 x 10° cells/mL) from autologous tumor
cells. To generate tumor-specific CTLs, we incubated CD8" T cells
with antigen-specific DCs (5:1) for 6 days.

ELISA

Primary tumor cells, NY-ESO-1" CLEC2D" MCEF-7 cells, or
tumor cells isolated from PDXs were seeded in triplicate into 96-
well plates prior to the addition of autologous CD161" CTLs, ESO
CTLs (CD161" CTLs isolated from peripheral blood of healthy
donors and introduced with an NY-ESO-1—specific TCR) or
CD161" CTLs for adoptive transfer (see “Adoptive T-cell transfer
therapy”) at an effector/target ratio of 1:1. After 72 hours, the
supernatants were collected by centrifugation for subsequent ELISA
detection. IL2 and IFNy human ELISA kits (Thermo Fisher Sci-
entific, #BMS221-2, KHC4021) were used according to the man-
ufacturer’s instructions. For some experiments, CD161-blocking
mADb (BioLegend, #339902) or mouse IgG control Ab (BioLegend, #
401402) was added to the coculture at a final concentration of 10
ug/mL. The OD values were measured with a Mithras microplate
reader (Berthold, LB 940).

Cytotoxicity of CD8" T cells

To assess the cytotoxicity of ESO CTLs, MCEF-7 breast cancer cells
were transduced with NY-ESO-1 and CLEC2D lentiviral vectors (NY-
ESO-1* CLEC2D™ MCF-7). NY-ESO-1"CLEC2D™ MCF-7 cells were
labeled by CellTracker CMFDA Dye (Thermo Fisher Scientific,
#C7025) and passed through Dead Cell Removal Microbeads (Miltenyi
Biotec, #130-090-101), then cocultured with ESO CTLs at an effector/
target ratio of 1:1 for 8 hours. For the cytotoxicity of TILs, primary
breast cancer cells were isolated from tumor tissue and purified by
EpCAM Microbeads (Miltenyi Biotec, #130-061-101). Then cell-
tracker-labeled primary tumor cells were passed through Dead Cell
Removal Microbeads and cocultured with autologous pentamer®
CTLs (CTLs isolated by FACS using MUC1 pentamer) at an effec-
tor/target ratio of 1:1 and autologous CD161" CTLs at an effector/
target ratio of 10:1 for 12 hours. In some experiments, CD161" and
CD161" T cells were separated and seeded into 96-well plates via FACS
(BD Influx). At the end of the coculture, all cells were stained with PI
(eBioscience, # 00-6990, 1:50) and analyzed by flow cytometry imme-
diately. In some experiments, T cells were preincubated with imipra-
mine (Sigma-Aldrich, #10899, 100 umol/L) for 1 hour before cocultur-
ing with autologous tumor cells.

CRISPR-mediated gene knockout

CRISPR-mediated gene knockout was performed as we previously
described (20). The sequences targeting CD161 were CD161 gRNA1
(5'-AATTAAAGCCACTTACCCCG-3') and CDI61 gRNA2 (5'-
TTACCCCGAGGAAGAGATGA-3'). Freshly isolated human T cells

Figure 3.

CD161 is preferentially expressed in tumor-specific CD8™ T cells and associated with compromised T-cell cytotoxicity. Tumor-specific CD8™ T cells of HLA-A*02:01
breast cancer patients, determined by pentamer staining, were detected for CD161expression. Then CD161" and CD161” pentamer™ CTLs were purified and analyzed
for their antitumor capacity. A and B, Flow cytometry for CD161 in pentamer™ and pentamer™ CTLs from chemosensitive and resistant tumors (n = 8 different
patients). C and D, Representative immunofluorescent images and quantification for CD161 expression in pentamer* CTLs of chemosensitive and resistant tumors
(n =28 different patients for Cand 20 for D). Scale bar, 50 um. E, Representative images and quantification of FISH for CLEC2D and immunofluorescence for EpCAM
in breast cancer (n = 30 for sensitive group and 31 for resistant). Scale bar, 10 um. F, Representative western blot for CLEC2D expression of MACS-sorted EpCAM™
cells from chemoresistant and chemosensitive tumors (n = 3). G and H, Representative plots and quantification of cytotoxicity of CD161" and CD161” pentamer™
tumor-specific CTLs from TIL expansions against autologous tumor cells (n = 4 different patients). I-K, Flow cytometry for IFNy, CD107a (I), perforin, granzyme B (J),
and ELISA for IFNy and IL2 (K) of CD161" and CD161” pentamer™ CTLs from chemoresistant patients against autologous tumor cells (n = 4 different patients). See
quantification of I-J in Supplementary Fig. S3K. Results are mean 4 SEM. ***, P< 0.001 by paired Student ¢ test compared with pentamer™ CTLs (A, B) or CD161" cells
(G-K). ***, P < 0.001 by an unpaired Student ¢ test compared with chemosensitive patients (C-E).
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or ESO CTLs were transduced with the Cas9 lentivirus and
CD161 gRNA1/2 lentivirus purchased from GenePharma. Briefly,
cells were plated at 5 x 10° cells per mL in 24-well plates and
transduced with lentiviral particles (MOI of 50) with 8 pug/mL poly-
brene (Biosharp, # BL628A) overnight at 37°C. The transduced cells
were selected with 2.5 ug/mL puromycin (Asegene, # 43137) for
2 weeks to obtain the CD161 knockout T cells.

Ceramide production

T cells were lysed in lysis buffer (50 mmol/L sodium acetate [pH 5],
0.5% Nonidet P-40). 10 ug cell lysates from T cells was incubated with
0.2 mg sphingomyelin (Sigma-Aldrich, # 85615, dissolved in a 1:1
mixture of chloroform and methanol) for 2 hours and then loaded
30 uL onto a silica gel 60 thin-layer chromatography plate (EMD
Millipore, #99570) along with known concentrations of ceramide
(natural ceramide, APExBIO, #A4534). Then the thin-layer chro-
matographic separation was performed using a solvent system of
chloroform and methanol (3:2) for 40 to 80 minutes until the solvent
front was 1 to 2 cm from the top. Ceramide was visualized in iodine
vapor and scanned by a high-resolution gel imaging system (Bio-Rad,
Gel Doc XR). ImageJ software (NIH) was used to evaluate relative
ceramide levels. In some experiments, T cells were preincubated with
imipramine (Sigma-Aldrich, # 10899, 100 umol/L) for 1 hour before
microbead-mediated CD161 cross-linking (see “Intracellular Ca*"
measurements”) and ceramide production measurements.

Intracellular Ca*" measurements

Intracellular calcium fluxes were measured as described previous-
ly (21). Briefly, CTLs with ASM or CD161 silencing were labeled with
Fura-2-AM (Beyotime, #S1052, 1 umol/L) for 30 minutes at 37°C.
For CD161 cross-linking, T cells were incubated with anti-biotin
microbeads (Miltenyi Biotec, #130-092-357) loaded with biotinylated
anti-CD161 antibody (Miltenyi Biotec, #130-092-906) or isotype-
biotin control (BioLegend, # 400104) for 3 minutes at 37°C. Intracel-
lular Ca** was recorded at 500 nm emission in response to 340 nm/
380 nm excitation using a fluorescence spectrophotometer (RF-5000;
Shimadzu). T cells were stimulated by the addition of 40 ug/mL
biotinylated anti-CD3e (Miltenyi Biotec, #130-093-377, clone OKT3)
followed by 20 ug/mL streptavidin (Thermo Fisher Scientific,
#434301). For flow-cytometric analysis, T cells were labeled with
Fura-3-AM (Beyotime, #51056, 1 mmol/L) and Live/Dead Fixable
Viability Dye-eFluor780. Calcium fluorescence was monitored at an
emission wavelength of 530 nm with excitation at 488 nm. For
fluorescent microscopy imaging, cells were loaded with Furo-3-AM,
Hoechst 33342 (Thermo Fisher Scientific, # 62249), and PE-
conjugated anti-human CD8a antibody (BioLegend, #301008) on a
confocal dish and analyzed on an LSM 780.

shRNA-mediated silencing
Lentivirus containing shRNAs against acid sphingomyelinase
(ASM) were constructed by GenePharma and then used to transduce

A Subset of CD161" CTLs Promotes Chemoresistance

CD161" CTLs from TIL expansions with 8 pg/mL polybrene over-
night at 37°C. The transduced cells were then selected with 2.5 ug/mL
puromycin for 2 weeks. The shRNA target sequences are listed as
follows: human ASM (shl), 5-GTCTATTCACCGCCATCAA-3';
human ASM (sh2), 5'-CTACCT ACATCGGCCTTAA-3". To rescue
the expression of ASM in ASM-silenced T cells, ASM-silenced T cells
were infected with recombinant lentiviral particles (LV5 lentiviral
vectors carrying ASM) custom-made by GenePharma Inc.

PDX implantation

PDX implantation was performed as previously described (22).
Primary tumor samples were obtained from patients with breast
cancer by tumor resection at the Sun Yat-Sen Memorial Hospital
from 2018 to April 2020. PDX transplantation was performed using
4-week-old female NOD-SCID mice purchased from the Jackson
Laboratory and at least three mice per experimental group. All the
animal experiments were performed in accordance with the ethics
boards and the Clinical Research Committee at Sun Yat-Sen Memorial
Hospital. All mice were maintained under defined conditions at the
Animal Experiment Center of Sun Yat-Sen University. The primary
breast tumor samples were minced into fragments of 1 to 2 mm”.
The skin on the abdomen of anesthetized mice was lifted, and a
stainless-steel precision trochar was used to implant the tumor
fragments into the inguinal mammary glands. Tumor growth was
monitored every 4 days with calipers. Tumor volumes were calcu-
lated with the formula 0.5 x length x (width)®>. When palpable
PDXs had been established, NOD-SCID mice were treated with
adriamycin and cyclophosphamide (Sigma-Aldrich, #D1515 and
#C0768) intraperitoneally at doses of 2 and 100 mg/kg, respectively.
Two days later, autologous T cells and DCs were infused through
tail-vein injection. Simultaneously and repetitively, an anti-CD161
antibody or control IgG was administered intravenously in model
A, whereas IL2 was administered subcutaneously in model B (see
“Adoptive T-cell transfer therapy”). Tumor volume record started
from the day of cell transfer (d0) and lasted until 28 days after that
(d28). On day 28, mice were harvested and PDX samples were
collected for paraffin embedding and cell disassociation.

Adoptive T-cell transfer therapy

Adoptive T-cell transfer therapy was performed as previously
described (23). In model A, CD8" T cells purified from patient blood
were transduced with CD161-overexpression lentivirus and then
cocultured with autologous mo-DCs that had been pulsed by tumor
lysates as aforementioned (see “Generation of tumor-specific DCs and
T cells”). 0.5 x 10° DCs and 2.5 x 10° CTLs were transferred into
NOD-SCID mice that formed autologous PDXs through tail-vein
injection 2 days after chemotherapy. CD161 blocking mAb (clone
HP-3G10, BioLegend, # 339902) or mouse IgG control Ab (IgGl, x
Isotype, BioLegend, #401408) were intravenously injected 1 day before
ACT and repeated every 3 days. In model B, CD161" CTLs were sorted
from tumor-specific T cells expanded from TILs and edited with

Figure 4.

CD161 serves as an inhibitory receptor in tumor-specific CD8™" T cells. CD161 was inactivated genetically or pharmaceutically in CD8™" TILs expanded from cancer
patients or engineered CTLs from healthy individuals before their cytolytic functions were analyzed in vitro. A, Schematic of the experimental design for two coculture
models. B, Flow cytometry for CD161and NY-ESO-1TCR 3 days after CD161inactivation and/or NY-ESO-1TCR introduction. C, Western blot for NY-ESO-1and CLEC2D
in MCF-7 cells with NY-ESO-1and CLEC2D overexpression. The data are representative of n = 3. D, Tumoricidal effects of ESO CTLs with or without CD161inactivation
against NY-ESO-1"CLEC2D ™" MCF-7 cells. E, Tumoricidal effects of CD161" CTLs from TIL expansions with or without CD161 deletion against autologous tumor cells.
F and G, Flow cytometry for IFNy, perforin, granzyme B, CD107a and CD38 expression (F) and ELISA for IL2 and IFNy (G) of TIL-derived CD161" CTLs in response to
autologous tumor cells. Hand I, Representative plots and quantification of tumoricidal effects of CD161" CTLs against autologous tumor cells with control IgG or CD161
blocking antibody (HP-3G10) treatment. See quantification of C=F in Supplementary Fig. S4E-S4H. Results are mean 4+ SEM of n = 5 (B, D) or 4 (E-1) different
individuals. **, P < 0.01; ***, P < 0.001 by two-sided one-way ANOVA with the Tukey test (D-I).
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control or CD161 gRNA. 5 x 10° CTLs and 1 x 10° autologous DCs
were transfused intravenously per mouse and recombinant human IL2
(45,000 IU, Novartis) was subcutaneously administrated daily after
CTL transfer.

TUNEL assay

Paraffin sections of tumor samples from 535 patients in valida-
tion cohort 2 were deparaffinized first and then cell death was
detected by using the In Situ Cell Death Detection Kit POD (Roche,
#11684817910) according to the manufacturer’s instruction. A
confocal laser-scanning microscope (Carl Zeiss, LSM780) was used
to scan images.

Statistical analysis

The details of statistical information are indicated in the figure
legends or Materials and Methods. Unless otherwise described in the
figure legends or Materials and Methods, statistical values were
determined using GraphPad Prism 8.0. For quantification of immu-
nofluorescent analysis, each data point is the mean of five fields for
each patient. In validation cohort 2, numbers of CD161" CTLs and
TUNEL" apoptotic tumor cells per field were quantified by Image].
Pearson correlation was used to assess the association between the
infiltration of CD161" CTLs and TUNEL" tumor cells. For survival
analysis, X-tile statistical software version 3.6.1 (Yale University
School of Medicine) was applied to determine the optimal cutoff
point based on the minimum P value calculated by the highest  value.
Patients in validation cohort 2 were divided into two groups based on
the CD161" proportions of CD3"CD8" tumor-infiltrating cells
(CD1617% in CTLs) and according to the cutoff point by X-tile.
Pvalues for survival analysis were calculated with a two-sided log-rank
test. All in vitro experiments were performed for at least three
independent experiments and the specific numbers are indicated in
the figure legends. All experiments using human samples were
performed with three experimental replicates for each individual
and each data point represents the mean of triplicates from each
human. Some functional experiments were performed in triplicate
from 3 to 5 donors and yielded similar results. Data related to
PDX-bearing mice were representative of three independent experi-
ments using 3 to 5 mice per group. Two-tailed Student ¢ tests
were used to identify significant differences between two groups and
two-tailed one-way ANOVA with Dunnett test was used to deter-
mine the statistical difference in the experiments with more than
two groups. All bar graphs show means and error bars (indicating
SEM or SD), as mentioned in each figure legend. P < 0.05 was
considered statistically significant.

Data availability

The sequence data generated have been deposited in NCBI's SRA
database and are accessible through accession numbers PRINA890913
(RNA-seq) and PRJNA890914 (scRNA-seq). All other data are

A Subset of CD161" CTLs Promotes Chemoresistance

available in the main text or the supplementary materials or are
available from the corresponding author upon reasonable request.
Online breast cancer scRNA-seq data were obtained from GEO:
GSE176078.

Results

Landscape of tumor-infiltrating immune cells in chemosensitive
and chemoresistant patients

To dissect the tumor microenvironment of breast cancer patients
with different responses to chemotherapy, we dissociated tumor
specimens acquired prior to neoadjuvant chemotherapy via large
core-needle biopsy from 5 patients who were subsequently determined
to be chemosensitive and 5 who were subsequently determined to be
chemoresistant (discovery cohort; Supplementary Fig. SIA). Detailed
clinical information for these patients is listed in Supplementary
Table S2. The intratumoral immune cells from each patient were
purified by FACS (Supplementary Fig. S1B) and profiled by full-length
scRNA-seq. After quality control filtering and outlier cell exclusion, a
total of 16,152 cells were obtained for subsequent analyses, with
averages of 6,400 UMIs and 1,880 genes per cell (Supplementary
Fig. S1C and S1D).

Using the t-SNE method, 18 clusters of cells were visualized
(Fig. 1A), among which stable expression of housekeeping genes was
observed (Supplementary Fig. S1E). We identified 6 types of cells,
including macrophages, T cells, B cells, DCs, and granulocytes
(Fig. 1A-C; Supplementary Fig. S1F). Chemosensitive and chemore-
sistant patients exhibited a similar composition of intratumoral
immune cell types, but the fraction of CD8™" T cells in chemoresistant
tumors was much lower than that in chemosensitive tumors (7.6% vs.
16.4%; Fig. 1B). Immunofluorescence staining for CD45 and CD8 in
tumor specimens acquired prior to neoadjuvant chemotherapy via
large-core needle biopsy from another cohort of 100 patients validated
the reduction in CD8" T cells in chemoresistant tumors (Fig. 1D;
Supplementary Table S3).

In further analysis, signature genes associated with T-cell cytotox-
icity (GZMA, GZMB, CST7, NKG?7, PRF1, and CD69) showed a weaker
signal in CD8™ T cells from chemoresistant patients than in those from
chemosensitive ones (Fig. 1E; Supplementary Fig. S1G). Reclustering
of CD8* T-cell subsets revealed 7 populations including CO_CXCR3,
C1_GZMK, C2_CCR7, C3_CD161, C4_HMGN2, C5_GZMA, and
C6_LAG3 (Fig. 1F-H; Supplementary Fig. S1H). In comparison with
chemosensitive patients, chemoresistant patients displayed a marked
reduction in cytotoxic C1_GZMK cells and a slight increase in
unresponsive CO_CXCR3 cells (Fig. 1G). Intriguingly, a distinct subset
(C3_CD161 cells) was sparse in chemosensitive patients but accounted
for a considerable proportion of the CD8" TILs in chemoresistant
patients (1.9% vs. 21.1%; Fig. 1G), suggesting that these cells may
provide a clue for the processes involved in immune evasion and
treatment resistance.

Figure 5.

CD161 engagement blocks calcium influx in CTLs through ASM activation and ceramide generation. A, Representative immunofluorescence staining for CD161
and ASM in TIL-derived CD161" CTLs treated with microbeads loaded with control IgG or CD161 cross-linking mAb (CD161 activation). Scale bar, 5 um. Right,
quantification of colocalization percentage of ASM and CD161 signals. B, Relative intracellular ceramide level of CD161" CTLs treated with control or CD161
stimulating microbeads. C, Representative fluorescent images for calcium entry of Fura-3 loaded CD161" CTLs pretreated with control or CD161 cross-linking
microbeads upon TCR activation by CD3 stimulating mAb (OKT3). Scale bar, 10 um. D, Representative tracings for intracellular Ca®* concentrations in Fura-2-loaded
CD161" CTLs pretreated with control or CD161 cross-linking microbeads and activated by CD3 mAb. E, Representative fluorescent images for calcium influx of
CD161" CTLs edited with different sShRNAs upon TCR stimulation. Scale bar, 10 um. F and G, Tumoricidal effects of TIL-derived CD161" CTLs edited with different
shRNAs (F) or treated with vehicle or imipramine (G) against autologous tumor cells. H, Tumoricidal effects of shASM-1-treated CD161" CTLs with or without
ASM reconstitution. See the quantification of G, H in Supplementary Fig. S5F and S5H. Shown are representative or mean + SEM of n = 4 (A, B, F-H) orn = 3 (C-E)
different patients. ***, P < 0.001 by the Student t test (A, B, G) or two-sided one-way ANOVA with the Tukey test (F, H).
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A validation cohort of 18 patients (6 ER*, 6 HER2", and 6 TNBC
patients) with different responses to chemotherapy was enrolled
(validation cohort 1; Supplementary Table S4) and CD8" TILs were
isolated from their primary tumors for bulk RNA-seq (Supplementary
Fig. S1I). Consistent with the data from the discovery cohort, signif-
icantly more CD1617CD8" TILs infiltrated chemoresistant tumors
compared with the chemosensitive ones across all subtypes of breast
cancer (Supplementary Fig. S1J and S1K).

CD161°CD8™ T cells are enriched in chemoresistant tumors

CD161 (encoded by KLRBI) is a C-type lectin that was initial-
ly identified to be expressed by NK cells (24). Nevertheless, its
distribution in CD8" T cells has been known for decades, in not
only unconventional T cells (25) like mucosal-associated invariant
T (MAIT) cells and NKT cells but also some non-MAIT conven-
tional CD1617CD8" T cells (CD161" CTLs; refs. 26-29). Using the
scRNA-seq data, we found that in C3_CD161 cells, semi-invariant
TCRs characteristic of MAIT cells and NKT cells were not detect-
ed (Supplementary Fig. S2A). Instead, these cells exhibited great
diversity in TCR Vof} segments (Supplementary Fig. S2B). Some
CD1617" T cells have been reported to exhibit a Th17 phenotype
(30, 31), but we found IL17A and IL22 were rarely observed in
C3_CD161 cells (Supplementary Fig. S2C). These findings corrobo-
rated that the CD1617 cells enriched in chemoresistant tumors were
not unconventional CD8" T cells.

After unconventional T-cell exclusion (Fig. 2A; Supplementary
Fig. S2D), flow-cytometric analysis of tumor suspensions revealed
that CD161 identified a CD8* T-cell subset that was notably increased
in chemoresistant tumors compared with chemosensitive ones in all
subtypes of breast cancer (Fig. 2B; Supplementary Fig. S2E and
Supplementary Table S5). The specificity of the antibody was inves-
tigated by isotype control staining and staining of cells with CD161
introduction or deletion (Supplementary Fig. S2F). Furthermore,
immunofluorescence staining of tumor sections, qRT-PCR, and west-
ern blot analyses of FACS-isolated cells from tumor suspensions
verified the upregulation of CD161 within CD8" T cells of chemore-
sistant tumors (Fig. 2C-F; Supplementary Fig. S2G). Phenotypic
analysis of the CD161" CTLs by flow cytometry revealed that they
showed lower levels of markers associated with exhausted signatures
like CTLA4, TIGIT, and TIM-3 than the CD161” counterparts. For
costimulatory receptors, downregulation of 4-1BB but upregulation
of DR3 were observed (Supplementary Fig. S2H). These findings sug-
gested that the CD1617CD8" T cells in breast cancer displayed a
unique phenotype from classic exhausted T cells.

CD161 is preferentially expressed in tumor-specific CD8" T cells
and associated with compromised T-cell cytotoxicity
Pentamer staining was used to identify tumor-specific CD8" T cells
in HLA-A*02:01" breast cancer patients whose tumor cells overex-
pressed either the MUC1 or HER2 antigen (Supplementary Fig. S3A
and S3B). By both MUC1 and HER2 pentamer staining, tumor-specific
CD8" TILs were significantly less abundant in chemoresistant tumors

A Subset of CD161" CTLs Promotes Chemoresistance

than chemosensitive ones (Supplementary Fig. S3C-S3E). Among
chemoresistant patients, the proportion of CD161-expressing cells in
MUCI or HER?2 pentamer CTLs was significantly higher than that in
their pentamer™ counterparts (Fig. 3A and B; Supplementary Fig. S3F).
Consistent with these data, immunofluorescence staining showed
the expression of CD161 in pentamer” CTLs and its preferential
distribution in tumor-specific T cells of chemoresistant patients
(Fig. 3C and D).

CLEC2D, the ligand of CD161, is an inhibitory ligand for NK
cells that restrains NK cell-mediated cytotoxicity after cross-linking
CD161 (32, 33). In breast cancer patients, CLEC2D expression was
observed in malignant cells by double staining with fluorescence
in situ hybridization (FISH) for CLEC2D and immunofluorescence
staining for EpCAM (Fig. 3E). Western blot analysis of EpCAM ™"
cells from tumors confirmed the expression of CLEC2D in primary
breast cancer cells (Fig. 3F; Supplementary Fig. S3G). Furthermore,
chemoresistant tumors exhibited higher expression of CLEC2D
than chemosensitive tumors (Fig. 3E and F; Supplementary
Fig. S3G), suggesting potential roles for CLEC2D in immune escape
and chemoresistance in breast cancer patients.

To investigate the contribution of the CD161-CLEC2D pathway to
antitumor immunity, we expanded CD8" T cells from TILs with a
standard small-scale REP (17, 34) and separated the CD161" and
CD161" pentamer-stained T cells by FACS with the aforementioned
gating strategy (Supplementary Fig. S3C and S3H). After dead cell
removal, tumor cells were purified by MACS, and the CLEC2D™"
status was confirmed by flow cytometry before coculturing with
autologous T cells (Supplementary Fig. S31 and S3J). Compared
with the CD161" fraction, tumor-specific CD161" CTLs displayed
compromised cytotoxicity to autologous neoplastic cells (Fig. 3G
and H), with lower synthesis and secretion of proinflammatory
cytokines, including IFNY, perforin, granzyme B, and IL2 (Fig. 3I-
K and Supplementary Fig. S3K). In summary, these data indicate
that CD161 is predominantly expressed in tumor-specific CD8*
TILs and associated with attenuated T cell-mediated anticancer
responses in chemoresistant patients.

CD161 serves as an inhibitory receptor in tumor-specific CD8"
T cells

To further investigate the functional significance of CD161, we
generated two different coculture models (Fig. 4A). In the first system,
CD161" CTLs were sorted from the peripheral blood of healthy
donors (Supplementary Fig. S4A). Then, a CRISPR/Cas9 method
was used to knock out CD161 (Supplementary Fig. S4B). A TCR
recognizing the NY-ESO-1 antigenic peptide (NY-ESO-1:157-165
epitope) presented by HLA-A*02:01 was introduced into the sorted
CD161" CTLs to generate NY-ESO-1-specific lymphocytes (ESO
CTLs; Fig. 4B; Supplementary Fig. S4C). Flow-cytometric analysis
showed that CD161 inactivation and NY-ESO-1 TCR introduction did
not affect the phenotype of the T cells (Supplementary Fig. $4D). Then,
we overexpressed NY-ESO-1 antigen and CLEC2D in MCF-7 breast
tumor cells (Fig. 4C; Supplementary Fig. S4E), which are HLA-A2". In

Figure 6.

CD161silencing in adoptive T-cell therapy potentiates antitumor responses and chemosensitivity in the PDXs. A, Schematic of the experimental design for two mouse
models. B, Tumor growth curves of SYMHTO2 PDXs in model A (top) and model B (bottom) with or without chemotherapy, T-cell transfer, or CD161 interference.
C, Representative immunofluorescence images for TUNEL and CK in the xenografts in model B. Scale bar, 50 um. See gquantification in Supplementary Fig. S6D.
D, Representative immunofluorescence images for CD8, IFNy, and granzyme B in the xenografts in model B. Arrows denote CD8IFNy™ or CD8*granzyme B™ cells.
Scale bar, 50 um. See quantification in Supplementary Fig. S6E. E, ELISA for IL2 and IFNy of CD8™ T cells from PDXs in model B in response to autologous tumor cells.
Results are mean + s.e.m of n = 3 (model A) or 5 (model B) mice per group for each donor. *, P<0.05; **, P< 0.01; ***, P< 0.001 by two-sided one-way ANOVA with

the Tukey test.
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the second model, CD161 was knocked out in CD161" CTLs sorted
from the initial outgrowth (pre-REP) of TILs, followed by a standard
small-scale REP (Fig. 4A). The T cells were then cocultured with
autologous tumor cells (Fig. 4A), which were confirmed to be
CLEC2D™ by flow cytometry (Supplementary Fig. S3]).

CD161 deletion reinforced the cytotoxic activity of both TIL-
derived CD161" CTLs and ESO CTLs against tumor cells, whereas
control treatment produced no such effect (Fig. 4D and E; Supple-
mentary Fig. S4F and S4G). Furthermore, cellular degranulation and
cytokine secretion of CD161%° lymphocytes were upregulated rela-
tive to control-edited cells (Fig. 4F and G; Supplementary Fig. S4H).
In addition, when HP-3G10, a CD161-specific monoclonal antibody,
was applied to block CD161 in cocultures, T cells displayed strength-
ened cytotoxicity (Fig. 4H and I; Supplementary Fig. S4I) and cytokine
release (Supplementary Fig. S4] and S4K). These observations shed
light on the inhibitory effect of CD161 on T-cell functions and provide
a rationale for the therapeutic potential of CD161-targeting strategies.

CD161 engagement blocks calcium influx in CTLs through ASM
activation and ceramide generation

In NK cells, the cytoplasmic tail of CD161 interacts with and
activates ASM after ligation (35). However, it has been reported that
CD161 mediates distinct or even opposing effects on T cells and NK
cells (32, 36). We, therefore, investigated whether ASM participates in
the cross-linking of CD161 in CD8™ T cells. After CD161 activation
through microbeads loaded with an agonistic anti-CD161 antibody,
confocal analysis of immunofluorescence staining showed that ASM
colocalized with CD161 in TIL-derived CD161" CTLs (Fig. 5A). ASM
is a fundamental enzyme in ceramide generation through the catabolic
pathway (37). We found that the intracellular ceramide level in
CD161" CTLs was remarkably upregulated in response to CD161
stimulation (Fig. 5B). These data supported the perspective that
CD161 engagement in CTLs facilitated the activation of ASM and
subsequent enhancement of ceramide production.

Ceramide has been implicated in the regulation of a variety of
intracellular signaling pathways, including calcium mobilization (37).
Calcium influx is crucial for lymphocytic functions, including not only
T-cell activation, differentiation, and cytokine synthesis but also
immune synapse formation and vesicle exocytosis (38, 39). Therefore,
we examined the intracellular Ca®>" concentration following CD161
cross-linking. TCR stimulation resulted in prominent Ca>* entry. But
CD161 engagement curbed Ca*" influx, and this was abrogated in
CD161%° CTLs (Fig. 5C and D; Supplementary Fig. S5A).

Next, we silenced ASM expression in CD161" CTLs using shRNA
(Supplementary Fig. S5B). Knocking down ASM sharply decreased the
production of ceramide (Supplementary Fig. S5C). In TIL-derived
CD161" CTLs, silencing ASM abrogated the Ca>" entry impediment
induced by CD161 engagement (Fig. 5E; Supplementary Fig. S5D
and S5E) and augmented the cytolytic effects of the T cells against
autologous cancer cells (Fig. 5F). Similar results were obtained
with the administration of imipramine, an ASM inhibitor (Fig. 5G;

A Subset of CD161" CTLs Promotes Chemoresistance

Supplementary Fig. S5F and S5G). In contrast, reconstitution of
ASM expression in ASM-knockdown cells restored ceramide levels,
repressed Ca>" influx and cytotoxic capacity of T cells (Fig. 5H;
Supplementary Fig. SSH-S5]). These observations suggest that CD161
cross-linking in CTLs results in the subversion of calcium influx and
impairments in cytotoxic functions through ASM activation and
ceramide generation.

CD161 silencing in adoptive T-cell therapy potentiates
antitumor responses and chemosensitivity in PDXs

To evaluate the therapeutic potential of CD161 targeting in vivo, we
designed two mouse models (Fig. 6A), both of which were based on the
inoculation of PDXs from breast cancer patients into immunocom-
promised NOD-SCID mice. PDX engraftment was successfully estab-
lished with 3 of 19 fresh primary breast cancer resection samples
(15.8%) from chemoresistant patients (Supplementary Table S6;
Luminal B and TNBC subtypes). Paired blood samples and TILs were
collected from the three patients. As shown by IHC staining, the major
characteristics of the PDXs remained consistent with those of the
original primary malignancies (Supplementary Fig. S6A). In model A,
CD8"' T cells isolated from patient blood were transduced with a
CD161-overexpressing lentivirus and cocultured with blood-derived
DCs pulsed with autologous tumor lysates (Fig. 6A). PDX-bearing
mice received chemotherapy after palpable tumor formation. Then, we
infused corresponding T cells and DCs into the mice through tail-vein
injection. A blocking anti-CD161 or control IgG was administered
intravenously 1 day before transfer and then every 3 days (Supple-
mentary Fig. S6B). To generate a more humanized environment and
better target CD161, in model B, CD161 was inactivated in TIL-derived
CD161" CTLs by CRISPR/Cas9. After PDX establishment and che-
motherapy, control or CD161%® CTLs and autologous DCs were
transfused into the PDX-bearing NOD-SCID mice with simultaneous
and repetitive subcutaneous IL2 administration each day (Fig. 6A;
Supplementary Fig. S6B).

Combining chemotherapy and CD161 silencing in T cells, through
either genetic or pharmaceutical method, effectively retarded PDX
growth (Fig. 6B; Supplementary Fig. S6C and S7A). As shown by
immunofluorescence staining, targeting CD161 markedly upregulated
cytokine production of CD8" TILs and increased the apoptosis of
tumor cells (Fig. 6C and D; Supplementary Figs. S6D, S6E, and S7B-
S7E), implying that CD161 silencing promoted antitumor immune
responses. Without CD161 interventions, the application of chemo-
therapy failed to exert immunostimulatory effects on TILs. In contrast,
silencing CD161 in mice receiving chemotherapy and CTL infusion
resulted in robust cytotoxic immune responses and remarkable tumor
cell death (Fig. 6C and D; Supplementary Figs. S6D, S6E, and S7B-
S7E). These findings indicated that CD161 expression in CTLs pre-
vented chemotherapy from inducing antitumor immunity activation,
while targeting CD161 in tumor-specific CD8" T cells could work
synergistically with chemotherapy to reinstate the immune benefits of
chemotherapy and support anticancer immunosurveillance. Further

Figure 7.

CD161 expression in CTLs indicates poor therapeutic responses and patient outcomes. Paraffin tumor sections of 535 patients in validation cohort 2 were
analyzed for CD161" CTL infiltration and its relation to tumor cell apoptosis and clinical outcomes. A, Representative immunofluorescent staining of CD3,
CD8, CD161, CK, and TUNEL in breast cancer specimens. Arrows indicate CD161" CTLs. Scale bar, 50 um. B, The proportions of CD161" CTLs in patients with
different responses to chemotherapy (mean + s.e.m.; CR, n = 88; PR, n = 237; SD, n =180; PD, n = 30). C, Correlation between CD161 expression in CTLs and
tumor cell apoptosis. D, Receiver operator characteristic (ROC) curves to predict neoadjuvant chemotherapeutic responses from intratumoral CD161"
CTL enrichment. AUC, area under the curve. E, Kaplan-Meier survival curves for disease-free survival of breast cancer patients with low or high CD161
proportions of CD8" T cells. HR, hazard ratio. F, Schematic diagram of our main findings. n = 535 (A-D) or 529 (E) patients. P values were calculated by
two-sided one-way ANOVA with Tukey test (B), two-tailed Pearson correlation coefficient test (C) or two-sided log-rank test (E).
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analysis of cell disassociation from PDXs confirmed the successful
targeting of CD161 in T cells (Supplementary Fig. S6F) and equivalent
CLEC2D expression in xenograft tumor cells as primary cancer
(Supplementary Fig. S6G). Mice receiving CD161-specific blocking
antibody or control IgG exhibited a similar amount, proliferation, and
apoptosis of CD161" CTLs (Supplementary Fig. S7F-S7H), suggesting
the antibody did not affect the survival of CD161" cells in vivo.
Moreover, functional analyses showed the enhanced production of
cytokines like IFNy and IL2 in T cells from mice receiving chemo-
therapy and CD161° CTLs (Fig. 6E; Supplementary Fig. S6H). These
data provide evidence that targeting CD161 serves as an effective
anticancer approach for sensitizing recipients to chemotherapeutic
treatments and limiting tumor development.

CD161 expression in CTLs indicates poor therapeutic responses
and patient outcomes

To evaluate the clinical significance of CD161" CTLs in mam-
mary malignancies, we performed coimmunofluorescence staining
for CD3, CD8, and CD161 in 535 breast cancer patients (validation
cohort 2; Fig. 7A). CD161 expression in CD8" TILs of patients
resistant to neoadjuvant chemotherapy, that is, those with PD
or SD after treatment, was conspicuously higher than that in pati-
ents who achieved CR or PR (Fig. 7B). Moreover, tumor cell
apoptosis after chemotherapy exhibited a negative correlation with
the level of CD161 in CTLs (Fig. 7A and C). A higher proportion of
CD161" CTLs in breast cancers was an independent variable
associated with chemotherapeutic resistance (area under the receiv-
er operating characteristic curve, 0.779; Fig. 7D). To further assess
the association of CD161" T-cell abundance with patient outcome,
X-tile statistical software was applied to determine the optimal
cutoff point. Enrichment of CD161" CTLs within tumors was cor-
related with shorter patient disease-free survival (Fig. 7E), inde-
pendent of breast cancer subtype (Supplementary Fig. S8A). And
among the patients with low, moderate, and high total CD8™" T-cell
infiltration, the upregulation of CD161 in CTLs was indicative of an
adverse prognosis (Supplementary Fig. S8B). These observations
suggest that high expression of CD161 in CD8" TILs is associated
with poor chemotherapeutic efficacy and patient prognoses in
breast cancer.

In addition, we analyzed publicly available scRNA-seq data for 26
treatment-naive breast cancers from GSE176078 (14). Consistent with
our observations, the CD8" T cells with higher CD161 expression
exhibited a weaker cytotoxic signature (Supplementary Fig. S8C).
Patients with a high proportion of CD161"CD8" cells showed com-
promised lymphocyte activation than those with low CD161" CTL
enrichment (Supplementary Fig. S8D-S8F). These observations ver-
ified and extended our conclusion that CD161 was associated with low
immune efficacy (Fig. 7F).

Discussion

Given the role of immunologic clearance in the response to
chemotherapy (5, 6), immune evasion exerts crucial influences on
chemotherapeutic efficacy (8). Through single-cell dissection of the
immune cell heterogeneity in primary breast cancers sensitive or
resistant to neoadjuvant chemotherapy, we found that a subset of
CD161-overexpressing CD8" CTLs was dramatically enriched in
chemoresistant tumors. Notably, CD161 was preferentially distrib-
uted in tumor-specific T cells and acted to inhibit cytotoxic effects
through calcium influx blockade. Targeting CD161 potentiated the
antitumor efficacy of tumor-specific lymphocytes and improved

336 Cancer Immunol Res; 11(3) March 2023

chemosensitivity in vivo. This suggests an attractive prospect of
combining CD161-based immune-activating interventions with
chemotherapy or adoptive T-cell therapies to prevent immune
evasion and reverse chemoresistance.

CD161 is expressed in several immune cells, including NK cells,
CD4* T cells, CD8" T cells, and unconventional T cells such as MAIT
cells, Y0 T cells, and NKT cells (27, 40-42). CD161 expression in
different types or clusters of cells can be related to different functional
and prognostic significance (29, 43, 44). Prior studies found CD161 asa
favorable prognostic factor in several cancers including breast cancer
by pan-cancer resource computational analysis (45) and individual
cancer studies (46, 47). However, some recent scRNA-seq analyses
identified that CD161 was associated with adverse outcomes in diverse
tumors (48, 49). CD161 was found characteristically expressed in the
innate-like, low cytotoxic, and low clonal-expansive CD8" TILs in
early-relapsed liver cancer. These CD161"CD8" TILs failed to lyse
recurrent tumor cells and inhibited the recruitment of effector
CD8" T cells, making an immune-evasive ecosystem (49). In
addition, CD161 expression in chimeric antigen receptor (CAR)
T cells was accompanied by a CD8" T-to-NK-like transition and
dysfunction (50). Blocking CD161 or its key regulators can enhance
the tumoricidal capacity of CTLs against diffuse glioma (48) and
pancreatic cancer (50), suggesting CD161 as an inhibitory receptor
for antitumor CD8" T-cell responses and a potential target to
improve therapeutic effects (48). These studies suggest that neo-
plastic progression and therapeutic responses are closely linked to
the heterogeneity of infiltrating immune cells, including cellular
constitution, subpopulation distribution and molecular expression,
which deserves further dissection. Herein, our single-cell landscape
revealed that GZMK"CD8" CTLs were the most reduced subset in
chemoresistant tumors compared with chemosensitive ones. In
contrast, CD161"CD8" CTLs were markedly increased in chemore-
sistant tumors, suggesting the CD1617CD8™" subset of CTLs as a
protumor factor, unlike classic antitumor CTLs. Upon CLEC2D
engagement, CD161 activated ASM and promoted ceramide pro-
duction, ultimately inhibiting calcium influx and impairing cyto-
toxic functions. The abundance of CD161 in CD8" T cells was
associated with a poor prognosis in breast cancer. Importantly,
interfering with CD161 was able to remodel the tumor immune
microenvironment by changing the balance from protumor to
antitumor effects for tumor-specific CTLs and thus serves as a
tantalizing approach to improve chemotherapy.

Our findings identified a chemoresistance-associated CD161"
CD8" T-cell subset and shed light on its immunosuppressive mech-
anism and therapeutic potential. Targeting CD161 can combat
tumor immune evasion and resistance to chemotherapies or other
immunogenic adjuvant treatments. In addition to its functions in
tumors, CD161 participates in the attenuated cytotoxicity of T cells
in infectious disease patients. CD161 is found in CD8" T cells
specific to hepatitis C virus, hepatitis B virus, human immunode-
ficiency virus, and Epstein-Barr virus (EBV), exhibiting impaired
proliferation and cytolytic molecule production (51-54). These
observations reveal that CD161-targeted strategies have the poten-
tial not only to improve the efficacy of immune-dependent anti-
tumor treatments but also to boost host immune defense against
exogenous pathogens. The enhancement of the antiviral T cell-
mediated immune response is instrumental and imperative, espe-
cially today with the new coronavirus pandemic.

In summary, we reveal that a subset of CDI161-overexpressing
CD8" T cells is enriched in chemoresistant tumors and associated
with poor prognosis. Mechanistically, CD161 activates ASM and
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ceramide generation in tumor-specific CTLs, mediating calcium
influx blockade and T-cell dysfunction. These data highlight CD161
as an attractive therapeutic target to potentiate antitumor efficacy and
reverse treatment resistance.
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