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ABSTRACT 

CD39+ tissue-resident memory CD8+ T cells mediate  

anti-tumor immunity in breast cancer 

 

Jee Ye Kim 

 

Department of Medicine 

The Graduate School, Yonsei University  

 

(Directed by Professor Seung Il Kim) 

 

Despite being a standard treatment option in breast cancer, immune checkpoint inhibitors 

currently show efficacy for only a subset of patients. To gain a better understanding of the 

anti-tumor immune response, we examined the heterogeneity of CD8+ T cells in tumors, 

metastatic lymph nodes (mLNs), and peripheral blood from early breast cancer patients 

(n=131). Among tissue-resident memory CD8+ T (TRM) cells, including virus- and tumor-

specific CD8+ T cells, CD39 expression was observed in a tumor-specific and exhausted 

subpopulation in both tumors and mLNs. CD39+ TRM cell clonotypes overlapped with 

clonotypes of other CD8+ T-cell subpopulations both in and across different compartments, 

implying that CD39+ TRM cells are clonally connected to systemic anti-tumor immunity. 

CD39+ TRM cell enrichment was heterogenous among molecular subtypes, which is 

associated with the different role of anti-tumor immune responses in each subtype. In vitro 

blockade of PD-1 and/or CTLA-4 effectively restored proliferation of CD39+ TRM cells 

and enhanced cytokine production by CD8+ T cells from tumors or mLNs, particularly in 

the presence of CD39+ TRM enrichment, suggesting that CD39+ TRM cells have a capacity 

for functional restoration upon ICI treatment. 

                                                                 

Key words : breast cancer, CD39+ Tissue-resident memory CD8+ T cell, anti-tumor 
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CD39+ tissue-resident memory CD8+ T cells mediate  

anti-tumor immunity in breast cancer 

 

Jee Ye Kim 
 

Department of Medicine 

The Graduate School, Yonsei University  
 

(Directed by Professor Seung Il Kim) 
 

 

 

I. INTRODUCTION 

Immune checkpoint inhibitors (ICIs), including PD-1 and PD-L1 blockers, have 

demonstrated clinical efficacy in patients with advanced or metastatic breast cancer, 

especially in those with the triple negative breast cancer (TNBC) subtype(1, 2). In addition, 

the combination of ICIs with neoadjuvant chemotherapy leads to improved event-free 

survival and an increased pathological complete response (PCR) rate in TNBC, suggesting 

that neoadjuvant ICIs are a promising treatment option for early breast cancer patients(3-

5). However, the treatment response to ICIs is low in patients with non-TNBC subtypes, 

which account of >80% of breast cancers(6-8), and the underlying mechanisms remain to 

be elucidated. In addition, the clinical value of immunological markers, including tissue 

expression of PD-L1 or the abundance of tumor-infiltrating lymphocytes (TILs), has not 

been clearly defined for predicting ICI treatment responses, indicating that our current 

knowledge of anti-tumor immune responses is limited in breast cancer. 

Despite being initially considered as poorly immunogenic, breast cancer is an 

immunologically heterogeneous disease depending on the molecular subtype(9). Higher 

numbers of TILs have been observed in human epithelial growth factor receptor 2-positive 

(HER-2+) or TNBC subtypes compared to hormone receptor-positive/HER-2-negative 

(HR+/HER-2-) subtypes(10, 11). Moreover, the abundance of TILs, especially CD8+ TILs, 

has been shown to have a positive prognostic value only in patients with HER-2+ or TNBC 
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subtypes(12-15), indicating heterogeneous roles of TILs among molecular subtypes of 

breast cancer. 

Accumulating evidence implies heterogeneity among CD8+ TILs in human cancers, 

especially in terms of antigen specificity. Low and variable tumor reactivity of the intra-

tumoral T-cell receptor (TCR) repertoire has been reported in high-grade ovarian cancer 

(OVC) and microsatellite stable colorectal cancer (CRC)(16). Instead, tumor-nonspecific 

bystander CD8+ T cells, including viral antigen-specific CD8+ T cells, are abundant in 

tumor infiltrates from non-small-cell lung carcinoma (NSCLC) and CRC(17). In previous 

studies of OVC and NSCLC, CD8+ TILs with phenotypes of tissue-resident memory CD8+ 

T (TRM) cells, which typically express CD69 and CD103, exhibited more tumor-specific 

features(18, 19). In breast cancer, previous studies have reported that CD103+CD8+ TILs 

are spatially located adjacent to tumor cells and associated with improved prognosis(20, 

21). However, no study has comprehensively evaluated the heterogeneity of CD8+ TILs in 

the context of tumor-specificity and its relationship with the anti-tumor immune response 

in breast cancer. 

Previous studies have proposed CD39 as a marker for tumor antigen specificity(17, 22-25) 

or exhaustion(26), especially terminal exhaustion(27, 28). Although these concepts are 

related, their implications in the anti-tumor immune response can be interpreted differently. 

Enrichment of CD39+CD8+ TILs has shown a disparate prognostic significance(22, 23, 29) 

and different predictive abilities for the response to immune checkpoint blockade(30, 31) 

depending on the type of cancer. In this context, it is meaningful to characterize the 

phenotypes and functionalities of CD39+CD8+ T cells in depth and to investigate their 

significance on prognosis and ICI treatment in breast cancer. 

In the current study, we examined the heterogeneity of CD8+ T cells obtained from different 

compartments, including primary tumors, metastatic lymph nodes (mLNs), and peripheral 

blood, by recruiting multi-center cohorts of early breast cancer patients who underwent 

curative-aimed surgery.  
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II. MATERIALS AND METHODS 

 

1. Characteristics of study patients   

Clinical samples were prospectively obtained from 131 patients with early breast cancer 

who underwent surgical resection for curative aim between March 2015 and December 

2020 at Severance Hospital, Gangnam Severance Hospital, Seoul St. Mary Hospital, and 

Daejeon St. Mary Hospital. All patients were given sufficient information on the study 

protocol and provided written informed consent. This study was approved by the 

Institutional Review Board of Severance Hospital (IRB Number: 4-2014-0054), Gangnam 

Severance Hospital (IRB Number: 3-2015-0342), Seoul St. Mary Hospital (IRB Number: 

KC18TEDI0854), and Daejeon St. Mary Hospital (IRB Number: DC18TESI0068).  

 

2. Sample preparation 

Adjacent normal and tumor breast tissue and LNs for which metastasis was confirmed by 

intraoperative frozen section examination were collected from patients. We also collected 

peripheral venous blood from each patient in sodium-EDTA tubes. Peripheral blood 

mononuclear cells (PBMCs) were isolated from peripheral venous blood by density 

gradient centrifugation using lymphocyte separation medium (Corning). Normal breast 

tissue, tumor breast tissue, and mLNs were mechanically divided into segments using the 

gentleMACS Dissociator and MACS C-tubes (Miltenyi Biotec), and enzymatically 

dissociated into single-cell suspensions using the Tumor Dissociation Kit (Miltenyi Biotec) 

according to the manufacturer’s instructions. Dissociated single-cell suspensions were 

dispersed through a 70-μm filter. Isolated PBMCs and single-cell suspensions were 

cryopreserved in fetal bovine serum (FBS; Corning) with 10% dimethyl sulfoxide (Sigma 

Aldrich) and stored in liquid nitrogen at -80°C. Cryopreserved samples were thawed in a 

37°C water bath and DNase (Thermo Fisher Scientific) added for 5 minutes at room 

temperature. Cells were washed with RPMI 1640 (Corning) + 10% FBS + 1% penicillin and 

streptomycin. After washing, cells were resuspended in appropriate medium for further 
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experiments. 

 

3. Flow cytometry and data analyses 

After thawing, dead cells were gated out using the LIVE/DEAD fixable dead cell stain kit 

(Invitrogen). Cells were washed once by stain buffer (BD) and stained with fluorochrome-

conjugated antibodies against surface protein for 30 minutes at 4°C, and then washed again. 

For intra-cellular staining, the cells were fixed and permeabilized with the Foxp3 staining 

buffer kit (Thermo Fisher Scientific) and stained with fluorochrome-conjugated antibodies 

against intracellular protein. The following monoclonal antibodies were used for multi-

color flow cytometry : anti-hCD3 BV510 (clone UCHT1, cat# 563109, 1:100), anti-hCD3 

APC (clone HIT3a, cat# 300312, 1:100), anti-hCD4 BV605 (clone RPA-T4, cat# 562358, 

1:100), anti-hCD4 FITC (clone RPA-T4, cat# 555346, 1:100), anti-hCD4 PerCP™Cy5.5 

(clone RPA-T4, cat# 560650, 1:100), anti-hCD8 APC-Cy7 (clone SK1, cat# 560179, 1:100), 

anti-hCD8 BV605 (clone SK1, cat# 564116, 1:100), anti-hCD8 BV711 (clone RPA-T8, 

cat# 563677, 1:100), anti-hCD8 FITC (clone RPA-T8, cat# 301050, 1:100), anti-hCD14 

PE-CF594 (clone MφP9, cat# 562335, 1:100), anti-hCD14 PE-Cy7 (clone MφP9, cat# 

562698, 1:100), anti-hCD19 PE-CF594 (clone HIB19, cat# 562294, 1:100), anti-hCD69 

PE-Cy7 (clone FN50, cat# 557745, 1:100), anti-hCD69 PerCP™Cy5.5 (clone FN50, cat# 

560738, 1:100), anti-hCD137 APC (clone 4B4-1, cat# 550890, 1:100), anti-hCD137 PE 

(clone 4B4-1, cat# 309804, 1:100), anti-hIFN-γ PE-Cy7 (clone 4S.B3, cat# 557844, 1:100), 

anti-hIL-2 APC (clone MQ1-17H12, cat# 554567, 1:100), anti-hKi-67 BV786 (clone B56, 

cat# 563756, 1:100), anti-hKi-67 BV711 (clone Ki-67, cat# 350516, 1:100), anti-hTNF 

AF700 (clone Mab11, cat# 557996, 1:100), anti-hCCR7 PerCP™Cy5.5 (clone G043H7, 

cat# 353220, 1:100), anti-hCD45RA APC-Cy7 (clone HI100, cat# 304128, 1:100), anti-

hPD-1 BV421 (clone EH12.2H7, cat# 329920, 1:100), anti-hCD103 BB515 (clone Ber-

ACT8, cat# 564578, 1:100), anti-hCD56 BV786 (clone NCAM16.2, cat# 564058, 1:100), 

anti-hCD11b BV510 (clone ICRF44, cat# 563088, 1:100), anti-hCD11c FITC (clone B-ly6, 

cat# 561355, 1:100), anti-hCD15 BV650 (clone HI98, cat# 564232, 1:100), anti-hCD39 
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BB515 (clone Tü66, cat# 565469, 1:100), anti-hCD39 BV711 (clone Tü66, cat# 563680, 

1:100), anti-hCD45 AF700 (clone HI30, cat# 560566, 1:100), anti-hTIM-3 BV785™ 

(clone F38-2E2, cat# 345031, 1:100), anti-hHLA-DR BV785™ (clone L243, cat# 307642, 

1:100), anti-hCTLA-4 PerCP-eFluor 710 (clone 14D3, cat# 46-1529-42, 1:100), anti-

hTOX PE (clone TXRX10, cat# 12-6502-82, 1:100), anti-hEomes PE-Cy7 (clone WD1928, 

cat# 25-4877-42, 1:100), and anti-hT-bet APC (clone eBio4B10, cat# 17-5825-82, 1:100) 

from BD Biosciences, BioLegend, or Invitrogen. Flow cytometry analyses were performed 

on an LSR II instrument using FACSDiva software (BD Biosciences). The data were 

analyzed by FlowJo software (Treestar).  

 

4. Multimer staining 

After thawing, cells were incubated with dasatinib (50 nM, Sigma-Aldrich) for 15 minutes 

at 37°C, and then stained with fluorochrome-conjugated HLA-A*0201 dextramers for NY-

ESO-1157-165 (SLLMWITQV; Immudex) or HLA-A*0201 pentamers for CMV pp65495-503 

(NLVPMVATV; Proimmune) or Flu M158-66 (GILGFVFTL; Proimmune) for 15 minutes at 

room temperature. After washing once by stain buffer, the cells were incubated with 

purified anti-phycoerythrin (PE; Biolegend), purified anti-fluorescein (FITC; Biolegend), 

or anti-allophycocyanin (APC; Biolegend) antibodies for 15 minutes at room temperature, 

and then washed again. Surface proteins or intracellular proteins were stained by 

fluorochrome-conjugated antibodies as above and flow cytometry analyses were performed. 

 

5. RNA-sequencing and data analyses 

After thawing, single-cell suspensions of tumors were enriched using CD8 Microbeads and 

manual MACS magnetic separators (Miltenyi Biotec) following the manufacturer’s 

instructions. Enriched tumor-infiltrating CD8+ T cells were sorted into CD103-CD39-, 

CD103+CD39-, and CD103+CD39+ subpopulations using a FACSAria II cell sorter (BD 

Biosciences). The SMART-Seq® v4 Ultra® Low Input RNA kit for sequencing (Takara 

Bio USA) was used to extract total RNA, to synthesize cDNA from mRNA, to amplify 
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cDNA, and to construct a library following the manufacturer’s instructions. The amplified 

cDNA quality was validated using Agilent high sensitivity DNA kit and the Agilent 2100 

bioanalyzer. Libraries were pooled and high-throughput sequencing was performed by 

paired-end 100 bp x 2 running scale using the Hiseq 2500 (Illumina). Raw reads were 

trimmed using Trimmomatic v.0.38, and the trimmed reads were aligned to the human 

genome using HISAT2 v.2.1.0 with default parameters. The aligned reads were used to 

assemble transcripts and counted using StringTie v.1.3.4d. Read counts were normalized 

by effective library size and differentially expressed genes (DEGs) determined using R 

package DESeq2(61). DEG analysis was performed using a generalized linear model with 

the Wald statistical test. DEGs were defined by a false discovery rate (FDR) <0.01 and a 

log2fold change >1. Clustering of DEGs was performed with unsupervised hierarchical 

clustering primarily to segregate up-regulated and down-regulated genes. Gene ontology 

(GO) biological pathway analysis was conducted with the R package clusterProfiler using 

up-regulated DEGs in CD39+ TRM cells compared to CD39- TRM cells, with a Bonferroni 

correction and an adjusted p value of 0.05.  

 

6. Gene set enrichment analysis and survival analysis using an extra dataset 

GSEA was used to assess the enrichment of specific gene sets extracted from previous 

studies. Up-regulated genes in the CD8+ TRM-like cluster or CD8+ TEM-like cluster were 

obtained from the previous single-cell RNA-seq analysis using breast tumor samples (data 

available at https://doi.org/10.5281/zenodo.1169607 and https://doi.org/10.5281/ 

zenodo.1170580)(20). Up-regulated genes in exhausted CD8+ T cells versus memory CD8+ 

T cells were obtained from the previous study using the mouse lymphocytic 

choriomeningitis virus (LCMV) model (data available at 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse9650)(38). Up-regulated genes 

in expanding versus non-expanding CD8+ T cells upon neoadjuvant anti-PD-1 treatment 

were obtained from the previous single-cell RNA-seq analysis using pretreatment tumor 

samples from a clinical trial of human breast cancer (data available at https://ega-
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archive.org/studies/EGAS00001004809)(5). GSEA was performed using the R package 

clusterProfiler. The single-cell RNA-seq data for T cells in tumors were obtained from a 

clinical trial (IMPASSION131 trial) of 22 patients with TNBC who underwent anti-PD-L1 

treatment (data available at 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE169246)(45). Enrichment 

scores for our CD39+ TRM gene signature were calculated in each subpopulation of T cells 

using the AddModuleScore function of the R package Seurat. 

To assess the expression and prognostic value of the CD39+ TRM signature, we referred to 

the survival analysis pipeline in the previous paper(20). Gene expression and survival data 

from the METABRIC dataset(43), TCGA dataset, and GSE46141(44) (data available at 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46141) were accessed through 

cBioPortal(62) (data available at https://www.cbioportal.org/) or Gene Expression 

Omnibus(63) (data available at https://www.ncbi.nlm.nih.gov/geo/) and analyzed in R. 

Breast cancer samples were classified by molecular subtype based on the expression of 

hormone receptors and HER-2 receptor. Gene expression from the METABRIC dataset was 

assessed using Kaplan–Meier survival curves generated by stratifying cases in a 50:50 split 

based on the ranked signature expression, which was determined using the ‘sig.score’ 

function in R package genefu.  

 

7. TCR sequencing and data analyses 

After thawing, PBMCs and single-cell suspensions of tumors and LNs were enriched using 

CD8 Microbeads and manual MACS magnetic separators (Miltenyi Biotec) following the 

manufacturer’s instructions. Enriched CD8+ T cells were sorted into various CD8+ T-cell 

subpopulations using a FACSAria II cell sorter (BD Biosciences). CD8+ T cells were 

primarily sorted into CCR7+CD45RA+ TN, CCR7+CD45RA- TCM, CCR7-CD45RA- TEM, 

and CCR7-CD45RA+ TEMRA cells. In tumors and mLNs, CCR7-CD45RA- TEM cells were 

further sorted into CD103-CD39-, CD103+CD39-, and CD103+CD39+ subpopulations. 

After being sorted by a FACSAria II cell sorter, diverse CD8+ T-cell subpopulations from 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46141/
https://www.cbioportal.org/
https://www.ncbi.nlm.nih.gov/geo/
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tumors, mLNs, and blood were constructed into libraries. Sequencing libraries were 

prepared using the SMARTer Human TCR a/b Profiling Kit (Takara Bio USA). Briefly, 

after synthesizing cDNA from extracted mRNA and amplifying the synthesized cDNA, we 

constructed a library following the manufacturer’s instructions. The quality of the amplified 

cDNA was validated using an Agilent high sensitivity DNA kit and the Agilent 2100 

bioanalyzer. Illumina HT indexes were used as indexing adapters. Resulting TCRα/β 

libraries were pooled and sequenced on an Illumina MiSeq system (paired-end 150 bp). 

Raw reads of sequence data were aligned and subsequently assembled by MiXCR with 

default parameters(64). Extracted TCR-alpha or -beta CDR3 repertories were analyzed in 

R version 4.1.0. Detailed information on TCR sequencing statistics is given in Table S1 

and Fig. S3A. A distinct CDR3 nucleic-acid sequence of the TCR-beta chain was 

considered as a clonotype of CD8+ T cells in this study. The population diversity of the T-

cell repertoire was quantified using the Shannon entropy index(65). The degree of clonal 

overlap between two populations was calculated using the Morisita-horn overlap index in 

R package Immunarch(66, 67). 

 

8. Proliferation assays 

After thawing, single-cell suspensions of tumors and LNs rested overnight. We then stained 

the single-cell suspensions using the Cell Trace Violet (CTV) cell proliferation kit (Thermo 

Fisher Scientific) according to the manufacturer’s instructions to assess cellular 

proliferation. Stained cells were seeded in round-bottom 96-well plates (0.2M/well) and 

stimulated ex vivo with anti-CD3 antibody (10 ng/ml; clone OKT3; eBioscience). Cells 

were cultured in RPMI 1640 (Corning) containing 10% FBS and 1% penicillin-

streptomycin. For the T-cell restoration assay, anti-PD-1 antibody (10 µg/ml, Biolegend) 

and/or anti-CTLA-4 antibody (10 µg/ml, Biolegend) was added. For the control well, 

mouse IgG1 isotype control antibody (10 µg/ml, Biolegend) was added. After 108 hours, 

the cells were harvested and the dilution of CTV measured by flow cytometry. The mitotic 

index was calculated by dividing the total number of mitotic events by the absolute number 
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of precursor cells. 

For tumor-specific stimulation, tumor cells were depleted from single-cell suspensions of 

tumors using CD326 (EPCAM) Microbeads and manual MACS magnetic separators 

(Miltenyi Biotec). CD8+ TILs were then isolated from tumor-depleted single-cell 

suspensions using CD8 Microbeads and manual MACS magnetic separators (Miltenyi 

Biotec), and remnant single-cell suspensions were irradiated for use as feeder cells. Isolated 

CD8+ TILs were stained with CTV, seeded in 96-well plates (0.1M - 0.2M/well), and 

stimulated with NY-ESO-1 OLPs (1 µg/ml/peptide, JPT) or autologous tumor cells (0.1M 

- 0.2M/well) in the presence of irradiated feeder cells (0.1 - 0.2M/well). Cells were cultured 

in RPMI 1640 (Corning) containing 10% FBS and 1% penicillin-streptomycin. For T-cell 

restoration assays, anti-PD-1 antibody and/or anti-CTLA-4 antibody was added. For the 

control well, mouse IgG1 isotype control antibody (10 µg/ml, Biolegend) was added. After 

incubation for 144 hours, CD8+ TILs were harvested and proliferation measured as 

indicated above. 

 

9. Intracellular cytokine staining 

For cytokine production assays, single-cell suspensions of tumors and LNs that had rested 

overnight or sorted subpopulations of CD8+ TILs (CD39+CD103+, CD39-CD103+, and 

CD39-CD103-) were seeded in 96-well plates (0.2M/well) and stimulated ex vivo with anti-

CD3 antibody (10 µg/ml; clone OKT3; eBioscience). Cells were cultured with Brefeldin A 

(1:1000, BD Biosciences) and Monensin (1:1000, BD Biosciences) in RPMI 1640 (Corning) 

containing 10% FBS and 1% penicillin-streptomycin. After 6 hours, cells were harvested 

and stained with fluorochrome-conjugated antibodies against surface markers. After being 

fixed and permeabilized, cells were stained with fluorochrome-conjugated anti-IFN-, anti-

TNF- , or IL-2 antibodies and cytokine production measured by flow cytometry. 

For T-cell restoration assays, single-cell suspensions of tumors and LNs were thawed and 

rested overnight. The single-cell suspensions were then seeded in 96-well plates (0.2M/well) 

and stimulated ex vivo with anti-CD3 antibody (10 µg/ml; clone OKT3; eBioscience). 
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Anti-PD-1 antibody (10 µg/ml, Biolegend) and/or anti-CTLA-4 antibody (10 µg/ml, 

Biolegend) was added, and mouse IgG1 isotype control antibody (10 µg/ml, Biolegend) 

was added to a control well. After 24 hours, cells were incubated with Brefeldin A (1:1000, 

BD Biosciences) and Monensin (1:1000, BD Biosciences). After another 12 hours, cells 

were harvested and stained with fluorochrome-conjugated antibodies against surface 

markers. After being fixed and permeabilized, cells were stained with fluorochrome-

conjugated anti-IFN-, anti-TNF-, or IL-2 antibodies and cytokine production measured 

by flow cytometry. 

 

10. Statistics and reproducibility 

Categorical data are presented as frequencies with percentages. Continuous data are 

presented as means with standard deviations. The intergroup differences were analyzed 

using the unpaired Student’s t-test or Mann-Whitney U-test depending on whether the data 

satisfied the assumption of a normal distribution. The paired Student’s t-test or Wilcoxon 

signed-rank test were used to compare matched samples depending on whether the data 

satisfied the assumption of a normal distribution. One-way analysis of variance (ANOVA) 

was used to compare parametric data between multiple unpaired groups. Kaplan-Meier 

survival curves were analyzed by two-sided log-rank tests. All tests were two-sided. P < 

0.05 was considered significant, and confidence intervals (CIs) were calculated at the 95th 

percentile. For all statistical tests involving multiple comparisons, an FDR-adjusted P < 

0.05 was considered significant. GraphPad Prism ver. 7 (GraphPad Software, La Jolla, Ca) 

or R (version 4.1.0) were used for statistical analyses and to present the analyzed data as 

graphs. In flow cytometry, if there were fewer than 100 events of gated subpopulations, 

data were excluded from the analyses. Otherwise no data was excluded from the analyses. 

No statistical method was used to predetermine sample sizes. Experiments were not 

randomized, and investigators were not blinded. Experiments did not include replicates, as 

all participants and their data are unique. 
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III. RESULTS 

 

1. CD39 expression enriches a tumor-specific subpopulation of TRM cells 

 

We examined the composition of immune cells in peripheral blood and tumor tissues from 

patients with early breast cancer (n=131) using multi-color flow cytometry. Among live 

CD45+ cells, T cells were the major immune cell subset in tumors. The percentage of CD8+ 

T cells among T cells was significantly higher in tumors than in the peripheral blood). We 

examined TRM markers, such as CD69 and CD103, on CD8+ T cells. The percentage of 

CD69+CD103+ TRM cells among CD8+ T cells was significantly higher in tumors than the 

peripheral blood (Fig. 1). CD103 was co-expressed by a subpopulation of CD69+CD8+ T 

cells in tumors.  

          (a)                                (b) 

 

Fig. 1. Representative flow cytometry plots of TRM marker expression (a) and frequencies 

of CD69+CD103+ cells among CD8+ T cells (b) in blood (n = 122) and tumors (n = 131) 

from patients with breast cancer. Bars represent means. Two-sided unpaired Student’s t test. 

 

We also examined the antigen-specificity of CD8+ T cells. We detected virus-specific 

bystander CD8+ T cells that are unrelated to tumor antigens using human leukocyte antigen 
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(HLA)-A*02 multimers loaded with human cytomegalovirus (HCMV) pp65495-503 or 

influenza A virus (IAV) M158-66 peptide (Fig. 2). Although the percentages of HCMV- or 

IAV-specific cells among CD8+ T cells varied across patients, the percentage of IAV-

specific cells among CD8+ T cells was significantly increased in tumors compared to 

peripheral blood, but we found no difference in the percentage of HCMV-specific cells (Fig. 

2). This difference could be explained by the fact that approximately half of IAV-specific 

cells were CD69+CD103+ TRM cells, whereas <10% of HCMV-specific cells were TRM 

cells.  

(a)                  (b)                  (c) 

 

Fig. 2. (a, b) Representative flow cytometry plots showing ex vivo detection of HLA-A*02-

multimer+ CD8+ T cells in two patients. pt, patient. a: HCMV-specific CD8+ T cells. b: IAV-

specific CD8+ T cells. (c) Frequencies of HCMV-specific CD8+ T cells (n = 21) or IAV-

specific CD8+ T cells (n = 6) identified by multimer staining in blood and tumors.  

 

Next, we used an HLA-A*02 multimer loaded with NY-ESO-1157-165 peptide to detect 

tumor antigen-specific CD8+ T cells. NY-ESO-1 is a cancer-testis antigen that is 

overexpressed across various types of tumors, including breast cancer, particularly the 

TNBC subtype (32, 33). NY-ESO-1-specific cells were only detected among CD8+ TILs 

from patients with TNBC and were simultaneously detected in peripheral blood CD8+ T 

cells from certain cases. CD69+CD103+ TRM cells were the dominant population in NY-

ESO-1-specific CD8+ TILs but were absent in NY-ESO-1-specific peripheral blood CD8+ 
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T cells (Fig. 3a, 3b). In addition, the percentage of CD69+CD103+ TRM cells was 

significantly increased among NY-ESO-1-specific CD8+ TILs compared to total CD8+ TILs 

(Fig. 3c), indicating that TRM cells are preferentially enriched in tumor antigen-specific 

CD8+ TILs but also found among IAV-specific CD8+ TILs. As CD103 was expressed 

exclusively by CD69+CD8+ cells, CD103+CD8+ T cells were regarded as TRM cells.  

(a)                                               

                         (b) 

 

Fig. 3. Ex vivo detection of NY-ESO-1–specific CD8+ T cells and their expression of TRM 

markers. Representative flow cytometry plots (a) and frequencies of CD69+CD103+ cells 

among NY-ESO-1–specific CD8+ TILs or total CD8+ TILs (b, n = 4). Numbers that are 

colored in red in gating plots indicate the percentages of gated subsets among NY-ESO-1–

specific CD8+ T cells. Numbers that are colored in gray in gating plots indicate the 

percentages of gated subsets among total CD8+ T cells. 
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To better define tumor antigen-specific CD8+ T cells, we stained CD39, which was 

previously reported to be a marker of tumor antigen-specific CD8+ T cells in several types 

of cancers (17, 22-25). CD39 expression was restricted in CD103+ TRM cells, and 

CD39+CD103+ TRM cells were observed only in NY-ESO-1-specific CD8+ TILs, but not 

in IAV- or HCMV-specific CD8+ TILs (Fig. 4). We also compared the expression of CD39 

between CD8+ T cells from tumor and tumor-adjacent normal tissues. Although the 

percentage of CD103+ TRM cells among CD8+ T cells was not different between tumor 

and normal tissues, the percentage of CD39+CD103+ TRM cells was significantly increased 

in tumor tissues compared to normal tissues (Fig.5). Taken together, these results indicate 

that CD39 expression enriches tumor antigen-specific TRM cells in breast cancer.  

 

(a)                                          (b) 

 

Fig. 4. Comparison of CD39 and CD103 expression among multimer+ CD8+ TILs. 

Representative flow cytometry plots (a). Frequencies of CD39+CD103+ cells among 

multimer+ CD8+ TILs (b): HCMV-specific (n = 21), IAV-specific (n = 5), and NY-ESO-1–

specific (n = 5). Bars represent means. 
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(a)             (b) 

 

Fig. 5. Frequencies of CD103+ cells (a) and CD39+CD103+ cells (b) among CD8+ T cells 

in normal tissues (n = 30) and tumors (n = 131). Two-sided unpaired Student’s t test. *P ≤ 

0.05 and ****P ≤ 0.0001. NS, not significant. 

 

2. CD39+ TRM cells are exhausted in both tumors and mLNs 

 

To comprehensively investigate the transcriptomic characteristics of CD39+CD103+ TRM, 

we sorted CD8+ TILs into three subpopulations to perform bulk mRNA-seq: CD39+ TRM 

(CD39+CD103+), CD39- TRM (CD39-CD103+), and non-TRM (CD39-CD103-) cells. Gene 

clustering analysis showed that CD39+ TRM cells had distinct transcriptomic profiles 

compared to CD39- TRM and non-TRM cells (Fig. 6). CD39+ TRM cells highly expressed TOX, 

the gene encoding a DNA-binding factor that programs T-cell exhaustion(34-37), and 

immune checkpoint-related genes, including LAYN, CXCL13, HAVCR2, and TIGIT, 

compared to CD39- TRM or non-TRM cells. In addition, CD39+ TRM cells exhibited 

upregulation of genes related to effector functions, including GZMB and IFNG, and genes 

related to T-cell activation, including TNFRSF9, HLA-DRA, and HLA-DRB1. In contrast, 

CD39+ TRM cells exhibited downregulation of IL7R and CCR7, which are associated with 

naïve or central memory CD8+ T cells compared to CD39- TRM or non-TRM cells. Gene 
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Ontology (GO) biological pathway analysis revealed cell activation features in CD39+ 

TRM cells compared to CD39- TRM cells (Fig. 7).  

 

Fig. 6. Heat map comparing gene signatures derived from bulk RNA-seq and unsupervised 

clustering of the DEGs among three subpopulations of CD8+ T cells in tumors (HER-2+, n 

= 2; TNBC, n = 2); CD39+ TRM cells (39+ TRM), CD39− TRM cells (39− TRM), and non-

TRM cells (Non-TRM).  

Fig. 7. Bar plots showing enrichment P values for the top 10 GO biological pathways in 

CD39+ TRM cells for up-regulated genes compared with CD39− TRM cells.  
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We also performed gene set enrichment analysis (GSEA) using gene sets from recently 

identified CD8+ T-cell clusters based on single-cell RNA-seq analysis in breast cancer(20). 

Interestingly, up-regulated genes in the TRM-like cluster were enriched in CD39+ TRM cells 

compared to CD39- TRM cells, but up-regulated genes in the effector memory T (TEM)-like 

cluster were enriched in CD39- TRM cells compared to CD39+ TRM cells (Fig. 8a). GSEA 

also revealed that up-regulated genes in exhausted CD8+ T cells from a model of chronic 

viral infection were enriched in CD39+ TRM cells compared to CD39- TRM or non-TRM 

cells(38) (Fig. 8b). 

(a)                          (b) 

 

Fig. 8. GSEA of CD8+ TRM cluster gene sets from previous scRNA-seq data for human 

breast cancer (20) (a) or up-regulated gene sets in exhausted T cells versus memory T cells 

from a mouse LCMV model (38) (b) in CD39+ TRM and CD39− TRM cells. NES, 

normalized enrichment score.  

 

Flow cytometric analysis of TILs confirmed the results of the transcriptomic analysis. The 

frequencies of PD-1+ and PD-1bright cells were significantly higher in CD39+ TRM cells than 

in CD39- TRM and non-TRM cells and were significantly higher in CD39- TRM cells than in 

non-TRM cells. The frequencies of TIM-3+ and CTLA-4+ cells were also significantly higher 

in CD39+ TRM cells than in CD39- TRM and non-TRM cells (Fig. 9). Moreover, the expression 

of TOX was significantly higher in CD39+ TRM cells than in CD39- TRM or non-TRM cells 
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(Fig. 10). Upon anti-CD3 stimulation, CD39+ TRM cells produced interferon- (IFN-), 

tumor necrosis factor- (TNF-), and interleukin-2 (IL-2) to a lesser extent than CD39- 

TRM or non-TRM cells (Fig. 10). Analysis of the polyfunctionality index(39), which scores 

the ability to simultaneously produce multiple cytokines, yielded similar results, 

confirming that CD39+ TRM cells are functionally exhausted. 

 

(a)                                          (b) 

 

Fig. 9. Representative flow cytometry plot of PD-1 expression on CD8+ T cell 

subpopulations in blood or tumors (a). PD-1bright is defined by higher expression of PD-

1 on CD8+ T cells in tumors than the expression level of PD-1 on CD8+ T cells in blood. 

Frequencies of PD-1+ cells or PD-1bright cells among each fraction (n = 46). (b) 

Frequencies of TIM-3+ cells and CTLA-4+ cells among CD8+ T cell subpopulations in 

tumors (n = 46). Bars represent means. Two-sided unpaired Student’s t test.  
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(a)                          (b)                             (c) 

 

Fig. 10. (a) Representative flow cytometry plot of TOX expression (left) and the expression 

levels of TOX on CD8+ T cell subpopulations in tumors (right, n = 20). Values inside the 

plot indicate the median fluorescence intensity (MFI) of TOX. Bars represent means. Two-

sided unpaired Student’s t test. Tumor lysates were stimulated with anti-CD3 antibody (1 

μg/ml) for 6 hours and intracellular cytokine staining performed. Representative flow 

cytometry plots showing cytokine production by CD8+ T cell subpopulations upon anti-

CD3 stimulation (b). A polyfunctionality index was calculated using a formula that 

accounted for the combinatorial production of IFN-γ, TNF-α, and IL-2 (c, n = 4) (39). Bars 

represent means. Mann-Whitney test.  

 

Next, we examined whether the characteristics of CD39+ TRM cells found in primary tumors 

are also observed in paired mLN tissues (Fig. 11). Tumor metastasis to LNs was confirmed 

by intraoperative frozen section examination. The frequencies of CD39+ TRM cells in 

primary tumors closely correlated with the frequencies of CD39+ TRM cells in paired mLN 

tissues. In addition, the transcriptional characteristics of mLN CD39+ TRM cells and tumor 

CD39+ TRM cells were similar to each other but distinct from CD39- TRM cells and non-TRM 

cells. Among CD8+ T cells from mLNs, CD39+ TRM cells exhibited a significantly higher 

frequency of PD-1+, TIM-3+, and CTLA-4+ cells than CD39- TRM and non-TRM cells (Fig. 
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12). In addition, anti-CD3-induced polyfunctionality was significantly reduced in CD39+ 

TRM cells compared to CD39- TRM and non-TRM cells among CD8+ T cells from mLNs, 

confirming that CD39+ TRM cells in mLNs share a common feature with CD39+ TRM cells 

in primary tumors. 

(a) (b) 

 

Fig. 11. Comparison of CD39 expression and CD103 expression on CD8+ T cells between 

tumors and mLNs. (a) Representative flow cytometry plots from a patient. (b) Association 

of frequencies of CD39+CD103+ cells among CD8+ T cells between primary tumors and 

paired mLNs (n = 9). ρ denotes Spearman correlation. P value obtained from two-sided t 

tests.  

   (a)                                       (b) 

Fig. 12. (a) Frequencies of PD-1+ cells, TIM-3+ cells, and CTLA-4+ cells in CD8+ T cell 
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subpopulations in mLNs (n = 6). Bars represent means. Mann-Whitney test. (b) mLN 

lysates were stimulated with anti-CD3 antibody (1 μg/ml) for 6 hours and intracellular 

cytokine staining performed (n = 5). Bars represent means. Mann-Whitney test. *P ≤ 0.05, 

**P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. SSC-A, side scatter area. 

 

3. CD39+ TRM cells clonally overlap with other CD8+ T-cell subpopulations within a 

compartment 

 

To examine the clonality of CD39+ TRM cells, we performed TCR analysis. To 

comprehensively compare CD8+ T cells among different compartments (i.e., primary 

tumors, mLNs, and peripheral blood), we sorted CD8+ T cells into various CD8+ T-cell 

subpopulations and performed RNA-based bulk TCR sequencing (TCR-seq). We defined 

CD8+ T-cell subsets using CCR7 and CD45RA according to the standard classification of 

human CD8+ T cells (40-42). CD8+ T cells were primarily sorted into CCR7+CD45RA+ 

naïve (TN), CCR7+CD45RA- central memory T (TCM), CCR7-CD45RA- effector 

memory T (TEM), and CCR7-CD45RA+ terminally differentiated effector memory T 

(TEMRA) cells. In tumors and mLNs, TEM cells were the predominant population and 

CD103+ TRM cells were largely detected in the TEM population (Fig. 13). Accordingly, 

we further sorted tumor or mLN TEM cells into CD39+ TRM, CD39- TRM, and non-TRM 

cells (Fig. 14).  
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(a)                      (b)                      (c) 

             

Fig. 13. Frequencies of each subpopulation among CD8+ T cells in tumors (a) or mLNs 

(b). Frequencies of CD103+ TRM cells among each CD8+ T-cell subset in tumors and 

mLNs (N=9)(c). Bars represent means 

 

 

Fig. 14. Sorting strategy for CD8+ T cells in tumors or mLNs for TCR-seq.  

 

We analyzed the CDR3 sequences of the TCR-beta chains and found that CD39+ TRM cells 

were not clonally distinct, but overlapped with other subpopulations within a compartment, 

such as tumors and mLNs, indicating that clonally identical CD8+ T cells exhibit a 

heterogeneous differentiation status within tumors or mLNs (Fig. 15). Depending on the 

sample, >50% of CD39+ TRM clonotypes, including high-rank clonotypes, overlapped 

with CD39- TRM or non-TRM clonotypes (Fig. 16).  
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Fig. 15. Proportion of clonotypes in each CD8+ T cell subpopulation that overlapped with 

other subpopulations in the same compartment: tumor (n = 3) and mLN (n = 4). Box plots 

show the median, box edges represent the first and third quartiles, and the whiskers extend 

to 1.5× the interquartile range.  

 

Fig. 16. Tumor CD39+ TRM clonotypes (top) and mLN CD39+ TRM clonotypes (bottom). 

Bar plots for each patient (left) show the frequencies of each clonotype among the total 

CD39+ TRM clonotypes in each compartment. Each clonotype is colored according to the 

pattern of intersubpopulation clonal overlap. Bar plots for each patient (right) show the 

proportions of clonotypes by the pattern of inter-subpopulation clonal overlap.  

 

Next, we examined whether a CD8+ T cell clonal connection exists among different 

compartments. Investigation of the inter-compartmental overlap of CD8+ T-cell clonotypes 
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showed that a considerable proportion (9% - 62%) of clonotypes from tumors or mLNs 

were also detected in other compartments (Fig. 17). Moreover, >80% of inter-

compartmentally overlapping clonotypes were detected in the peripheral blood (Fig. 17), 

implying the presence of a CD8+ T cell clonal connection between local tissue 

compartments and systemic blood. Inter-compartmental clonal overlaps between tissue 

compartments were largely observed between the same subpopulations of each 

compartment; for example, 6-49% of tumor CD39+ TRM clonotypes overlapped with mLN 

CD39+ TRM clonotypes. In addition, clonotypes of TEM cells in tumors or mLNs, 

including CD39+ TRM, CD39- TRM, and non-TRM cells, mostly overlapped with TEM 

clonotypes in peripheral blood (Fig. 18). Overlapping CD39+ TRM clonotypes between 

tumors and mLNs were frequently detected in blood TEM clonotypes, whereas non-

overlapping CD39+ TRM clonotypes were minor or undetectable in the blood (Fig. 19). 

Also, overlapping CD39- TRM or non-TRM clonotypes between tumors and mLNs were 

readily detected in blood TEM clonotypes, whereas non-overlapping CD39-TRM or non-

TRM clonotypes were less detected in the blood. Taken together, these findings suggest a 

CD8+ T cell clonal connection across different compartments, including local tissues and 

peripheral blood.  

(a)                                           (b) 

 

Fig. 17. Venn diagram for each patient (a) showing the shared clonotypes across 

compartments. Values below patient numbers indicate the total number of unique 

clonotypes detected among all compartments for each patient. Values in the Venn diagram 
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indicate the numbers of unique clonotypes in each compartment or shared clonotypes 

among compartments in the overlapping regions. Bar plots for each patient (b) show the 

proportions of shared clonotypes among compartments by the pattern of inter-

compartmental clonal overlap.  

(a) 

(b)                                 (c) 

 

Fig. 18. Proportion of clonotypes in each CD8+ T cell subpopulation of tumors that 

overlapped with CD8+ T cell subpopulations of mLNs (a, n = 3). Proportion of clonotypes 

in each CD8+ T cell subpopulation of tumors (b, n = 3) and mLNs (c, n = 3) that overlapped 
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with CD8+ T cell subpopulations in blood (lower). Box plots show the median, box edges 

represent the first and third quartiles, and the whiskers extend to 1.5× the interquartile range.  

 

 

Fig. 19. Bar plots show proportions of tumor or mLN clonotypes by presence or rank in the 

TEM subpopulation in blood. 

 

4. Tissue CD39+ TRM clonotypes with inter-subpopulational overlap are systemically 

connected with tumor reactivity 

 

As described above, tumor or mLN CD39+ TRM cells clonally overlap with blood TEM cells 

which do not include CD39+ cells. We further analyzed the clonal connection between 

peripheral blood and tumors or mLNs. Large clonotypes in blood TEM cells, such as the top 

100 clonotypes, were detected in considerable counts in tissue compartments. We examined 

the subpopulation distribution of overlapping clonotypes in tumors and mLNs and found 

that both the top 100 and other blood TEM clonotypes were distributed among various CD8+ 

T-cell subpopulations in tumors and mLNs, including CD39- TRM or CD39+ TRM cells, 

suggesting that blood TEM cells may differentiate to CD39- TRM or CD39+ TRM cells in 
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tumors and mLNs. 

We further examined whether inter-subpopulationally overlapping clones in tumors or 

mLNs are readily detected in other compartments. We classified tumor CD39+ TRM 

clonotypes into inter-subpopulationally overlapping and non-overlapping clones and 

tracked these clones into other compartments. In particular, we analyzed the ranks of these 

clones in blood TEM cells and the subpopulation distribution in mLNs. We also performed 

a similar analysis using mLN CD39+ TRM clonotypes (Fig. 20). Notably, tumor CD39+ TRM 

clonotypes with inter-subpopulation clonal overlap were more readily detected in blood 

TEM cells as large clones than those without inter-subpopulation clonal overlap (Fig. 21). 

In addition, tumor CD39+ TRM clonotypes with inter-subpopulation clonal overlap were 

distributed among various subpopulations in mLNs, whereas those without inter-

subpopulation clonal overlap had a restricted subpopulation distribution in mLNs. Similar 

results were observed in the analysis of mLN CD39+ TRM clonotypes with or without inter-

subpopulation clonal overlap (Fig. 21). Tumor or mLN CD39+ TRM clonotypes with inter-

subpopulation clonal overlap existed as CD39+ TRM clonotypes with inter-subpopulation 

clonal overlap in the other tissues. Given the tissue-resident property of TRM cells, it can be 

inferred that blood TEM cells undergo a differentiation process to CD39+ TRM cells in both 

tumors and mLNs. 

 

 

Fig. 20. Classification of tumor (upper) and mLN (lower) CD39+ TRM clonotypes in 
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tumors, blood, and mLNs (right). Tumor CD39+ TRM clonotypes were classified according 

to intersubpopulation clonal overlap in tumors, their presence or rank in blood TEM 

subpopulations, and their presence or subpopulation distribution in mLNs. Bar plots (left) 

show tumor CD39+ TRM clonotypes arranged by their rank. In three bar plots for each 

patient, bars at the same position represent the classification of an identical clonotype in 

each compartment.  

 

 

Fig. 21. Tracking of tumor CD39+ TRM clonotypes or mLN CD39+ TRM clonotypes across 

different compartments. Horizontal lines separate the absence and presence of clonotypes 

within a compartment. Values in the graph indicate the numbers of clonotypes detected in 

each compartment. Dots represent the frequencies of clonotypes and are colored by the 

classification of clonotypes in each subpopulation. Small gray dots in the graph indicate 
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the frequencies of total clonotypes in each subpopulation. Identical clonotypes are 

connected by lines, which are colored by their presence or rank in blood TEM 

subpopulations, across compartments.  

Collectively, we concluded that tumor or mLN CD39+ TRM clones, especially with inter-

subpopulation clonal overlap, are not compartmentalized, but systemically connected 

across blood and other tissues. Next, we asked whether CD39+ TRM cells recognize tumor 

antigens. To this end, we co-cultured sorted mLN CD39+ TRM cells with autologous 

EPCAM+ cells sorted from tumor single-cell suspensions and examined the upregulation 

of 4-1BB, an activation-induced marker, to detect tumor-reactive CD39+ TRM cells. We 

found that the frequency of 4-1BB+ cells was increased by co-culturing with tumor 

EPCAM+ cells (Fig. 22). We further sorted tumor-reactive 4-1BB+CD39+ TRM cells, 

performed TCR-seq analysis, and mapped 4-1BB+CD39+ TRM clonotypes to mLN CD39+ 

TRM clonotypes from the same patient (pt57). In a clonal tracking analysis, tumor-reactive 

4-1BB+CD39+ TRM clonotypes with inter-subpopulation clonal overlap were readily 

detected in blood TEM cells as large clones and broadly distributed among various 

subpopulations in tumors compared to those without inter-subpopulation clonal overlap 

(Fig. 22). This result demonstrates that tissue CD39+ TRM clonotypes include tumor antigen-

specific TCR clones and are involved in systemically connected anti-tumor immune 

responses. 

 

 

 

 

 

 

 

 

 



３０ 

 

(a) 

(b) 

 

Fig. 22. Detection of CD39+ TRM clonotypes reactive to autologous tumor cells (a). 

Fluorescence-activated cell sorting–sorted mLN CD39+ TRM cells were cultured for 

expansion for 2weeks and then cocultured with autologous tumor EPCAM+ cells. Tumor 

reactivity was confirmed by measuring 4-1BB+ cells after coculture. Tumor-reactive 

clonotypes were obtained by TCR-seq of sorted 4-1BB+CD39+ TRM cells. Tumor-reactive 

4-1BB+CD39+ TRM clonotypes were mapped to the mLN CD39+ TRM clonotype from the 

identical patient (pt57) and tracked across different compartments (b). 
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5. The CD39+ TRM signature is enriched in TNBC and predicts patient survival  

 

As tumor CD39+ TRM cells exhibit systemically connected clonotypes with tumor reactivity, 

we examined the enrichment of CD39+ TRM cells and the CD39+ TRM gene signature in 

tumor tissues among the molecular subtypes of early breast cancer, including HR+/HER-2-, 

HER-2+, and TNBC (Fig. 23). Although the percentages of CD8+ cells among CD3+ TILs 

and CD103+ TRM cells among CD8+ TILs were not significantly different for different 

subtypes, the percentage of CD39+ TRM cells among CD8+ TILs was highest in TNBC 

tumors and lowest in HR+/HER-2- tumors (Fig. 24). The frequencies of CD39+ TRM cells 

were not affected by other clinical characteristics, including tumor Ki-67 expression, 

neoadjuvant chemotherapy, pathological tumor stage, and LN metastasis. When we 

counted patients with >10% CD39+ TRM cells among CD8+ TILs as CD39+ TRM cell-

enriched cases, 36.4% of patients with TNBC were CD39+ TRM cell-enriched cases, 

whereas 6.7% and 14.8% of patients with HR+/HER-2- and HER-2+ were CD39+ TRM cell-

enriched cases, respectively (Fig. 25). This result indicates that enrichment of CD39+ TRM 

cells in tumor tissues is qualitatively different among molecular subtypes of breast cancer, 

with the highest enrichment in TNBC.  

 

Fig. 23. Patient statistics according to molecular subtype of breast cancer (n = 131). pts, 

patients.  
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(a)                     (b)                     (c) 

 

Fig. 24. Frequencies of CD8+ T cells among CD3+ TILs (a), CD103+ cells among CD8+ 

TILs (b), and CD39+CD103+ cells among CD8+ TILs (c). Box plots show the median, box 

edges represent the first and third quartiles, and the whiskers extend to the minimum or 

maximum. Two-sided unpaired Student’s t test.  

 

Fig. 25. Proportions of CD39+ TRM cell–enriched cases, which were defined by >10% 

CD39+ TRM cells among CD8+ TILs in each subtype. The text above the bar indicates the 

number of CD39+ TRM cell–enriched cases divided by the number of total patients.  
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To substantiate our findings in large independent cohorts, we extracted a gene set called 

the CD39+ TRM signature that comprised 48 genes that were significantly up-regulated in 

CD39+ TRM cells compared to CD39- TRM cells from our bulk RNA-seq data and applied it 

to public datasets. Using gene expression data from the METABRIC consortium(43), we 

evaluated enrichment of the CD39+ TRM signature among normal breast tissue and primary 

breast tumors. Consistent with data from flow cytometry, enrichment scores for the CD39+ 

TRM signature in primary tumors were highest in TNBC tumors and lowest in HR+/HER-2- 

tumors or normal breast tissue. These findings were recapitulated in an analysis using gene 

expression data from the TCGA dataset. Moreover, high enrichment of the CD39+ TRM 

signature in TNBC subtypes compared to HR+/HER-2- subtypes was observed in a 

metastatic tissue cohort of breast cancer(44) (Fig. 26). 

 

(a)                          (b)                      (c) 

 

Fig. 26. Box plot showing the relative enrichment of the CD39+ TRM signature in each 

subtype. Results were derived from the publicly available METABRIC (43) dataset for 

primary tumors (a, n = 1904), TCGA dataset for primary tumors (b, n = 873), and 

GSE46141 (44) dataset for metastatic tumors (c, n = 90). Box plots show the means and 

SD. Values above the box indicate the numbers of each subtype. Statistical analysis was 

performed by oneway ANOVA or two-sided unpaired Student’s t test.  

 

Next, we investigated whether the enrichment score for the CD39+ TRM signature in tumors 
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is associated with the survival of patients with breast cancer. To this end, we investigated 

the prognostic power of the CD39+ TRM signature using the METABRIC dataset of primary 

breast tumors. Among patients with HR+/HER-2- or HER-2+ tumors, cancer-specific 

survival was not different between patients with high and low scores for the CD39+ TRM 

signature (Fig. 27). However, among patients with TNBC subtypes, a high CD39+ TRM 

signature score had significantly better cancer-specific survival than a low CD39+ TRM 

signature score. Thus, enrichment of a CD39+ TRM feature that is different among molecular 

subtypes predicts the prognosis of patients with breast cancer, indicating that CD39+ TRM 

cells directly contribute to anti-tumor immune responses. 

(a)                      (b)                      (c) 

 

Fig. 27. Kaplan-Meier survival curves for cancer-specific survival among patients with 

HR+/HER-2− (a, n = 874), patients with HER-2+ (b, n = 192), and patients with TNBC (c, 

n = 241) in the METABRIC dataset. Cases were stratified into two groups according to 

CD39+ TRM signature enrichment. *P ≤ 0.05 and ****P ≤ 0.0001. CSS, cancer-specific 

survival. 

 

6. CD39+ TRM cells are reinvigorated by blockade of PD-1 and CTLA-4 in vitro 

 

Finally, we investigated whether tumor CD39+ TRM cells can be reinvigorated by the 

blockade of immune checkpoint receptors. We performed ex vivo functional assays of 
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CD8+ TILs in the absence or presence of ICIs. We sorted CD8+ TILs from a TNBC patient 

who was confirmed to have NY-ESO-1-specific CD8+ TILs and stimulated them ex vivo 

with NY-ESO-1 overlapping peptides (OLPs) in the presence of autologous irradiated 

(3,000 rad) CD8-depleted tumor single-cell suspension. We confirmed PD-L1 expression 

on dendritic cells and macrophages in the tumor single-cell suspension. NY-ESO-1-induced 

proliferation of CD8+ TILs was observed in CD39+ TRM cells (Fig. 28), supporting our 

previous finding that CD39+ TRM cells include tumor-reactive cells. Furthermore, anti-PD-

1 with or without anti-CTLA-4 enhanced NY-ESO-1-induced proliferation of CD39+ TRM 

cells, but not CD39- TRM or non-TRM cells. We also performed ex vivo proliferation assays 

by stimulating CD8+ TILs from another TNBC patient with autologous tumor cells instead 

of NY-ESO-1 OLPs and obtained similar results (Fig. 28).  

 

(a)                                  (b) 

 

Fig. 28. Flow cytometry plots showing reinvigoration of CD39+ TRM cells by ICIs. Sorted 

CD8+ TILs from two TNBCs were stimulated in the presence of irradiated autologous 

feeder cells with NY-ESO-1 OLPs (a) or autologous EPCAM+ tumor cells (b).  

 

Next, we stimulated T cells with anti-CD3 in the absence or presence of ICIs using tumor 
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or mLN single-cell suspensions from various molecular subtypes and evaluated the 

functions of CD8+ T cells, including the proliferation and production of IFN- and TNF-. 

Both the cell proliferation and cytokine production of CD8+ T cells were significantly 

increased by anti-PD-1 and further enhanced by combination with anti-CTLA-4 (Fig. 29/6, 

C and D). In further analysis, we examined the association between enrichment of CD39+ 

TRM cells and ICI-induced restoration of cytokine production. Two HR+/HER-2- cases 

showed low frequencies of CD39+ TRM cells and limited restoration upon anti-PD-1 or anti-

PD-1/anti-CTLA-4 treatment. However, HER-2+ and TNBC cases exhibited broad-range 

distribution in both the frequency of CD39+ TRM cells and ICI-induced restoration of 

cytokine production. Overall, the restoration of IFN- and TNF- production by anti-PD-

1 or anti-PD-1/anti-CTLA-4 treatment significantly correlated with enrichment of CD39+ 

TRM cells (Fig. 30/6E). This result implies that CD39+ TRM cells have a capacity for 

functional restoration upon ICI treatment and may be an ICI-responding subpopulation. 

 

(a)                               (b) 

 

Fig. 29. After culturing in the absence or presence of anti–PD-1 and/or anti–CTLA-4 for 

144 hours, proliferation of each CD8+ T cell subpopulationwas analyzed by CTV dilution 

and Ki-67 expression. The underlined values in bold represent the frequencies of 

proliferated CD8+ T cells among each subpopulation. Tumor or mLN single cell 

suspensions from various molecular subtypes were stimulated with anti-CD3 antibodies in 

the absence or presence of anti–PD-1 and/or anti–CTLA-4. The proliferation of CD8+ T 
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cells was analyzed by CTV dilution after 108 hours of culture (HER-2+ tumors, n = 7; 

TNBC tumors, n = 10; TNBC mLNs, n = 3), and the cytokine production by CD8+ T cells 

(HR+/HER-2− tumors, n = 2; HER-2+ tumors, n = 3; TNBC tumors, n = 7; TNBC mLNs, 

n = 3) was analyzed by intracellular staining of IFN-γ and TNF-α after 36 hours. 

Representative flow cytometry plots are presented in (a). (b) Data are presented as the fold 

change relative to isotype controls. The mitotic index was calculated as follows: total 

number of mitotic events divided by absolute number of precursor cells. Wilcoxon 

matched-pairs signed rank test.  

 

 

Fig. 30. Association between the frequencies of CD39+ TRM cells among CD8+ T cells and 

ICI-induced restoration of cytokine production.  

 

To substantiate our in vitro findings in a clinical setting, we performed GSEA by applying 

a gene set obtained from a clinical trial of neoadjuvant anti-PD-1 treatment in breast cancer 

patients(5) to our bulk RNA-seq data. In this study, the single-cell transcriptomes of 

expanding versus non-expanding CD8+ TILs were analyzed using pre-treatment tumors. 

Up-regulated genes in expanding CD8+ TILs were significantly enriched in CD39+ TRM 

cells compared to CD39- TRM cells (Fig. 31). We also examined our CD39+ TRM signature 

in a public scRNA-seq dataset obtained from a clinical trial of anti-PD-L1 treatment in 

patients with advanced TNBC(45). The single-cell transcriptomes were achieved from 

breast tumors or metastatic tumors from patients with TNBC treated with paclitaxel alone 
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or in combination with atezolizumab. The CD39+ TRM signature genes were unregulated in 

CXCL13+CD8+ T cells, which was associated with the response to PD-L1 blockade 

therapies (Fig. 31). Taken together, these findings provide a rationale for considering ICI 

blockade of PD-1/PD-L1 and/or CTLA-4 in the treatment of breast cancer, particularly in 

the presence of CD39+ TRM cell enrichment. 

 

(a)                            (b) 

 

Fig. 31. GSEA of up-regulated genes (a) in expanding versus nonexpanding CD8+ T cells 

upon neoadjuvant anti–PD-1 treatment in CD39+ TRM and CD39− TRM cells. The up-

regulated gene set was derived from scRNA-seq analyses using pretreatment tumor 

samples from a clinical trial of neoadjuvant anti–PD-1 treatment in patients with breast 

cancer (5). Ridge plot (b) showing the enrichment score of our CD39+ TRM signature genes 

in each T cell cluster of breast tumors. scRNA-seq data were obtained from a clinical trial 

of anti–PD-L1 treatment in patients with TNBC (45). ρ denotes Spearman correlation. P 

values were obtained from two-sided t tests. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. 
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IV. DISCUSSION 

In the current study, we report following findings: a) CD39 is expressed in a tumor-specific 

and exhausted TRM subpopulation in both tumors and mLNs; b) CD39+ TRM cell clonotypes 

clonally overlap both in and across different compartments, implying their connection to 

systemic anti-tumor immunity; c) the CD39+ TRM signature is enriched in TNBC and 

predicts patient survival; and d) CD39+ TRM cells can be reinvigorated by ICIs and the 

restoration of CD8+ T-cell effector functions by ICIs correlates with the relative frequency 

of CD39+ TRM cells. 

Local anti-tumor immune responses in the tumor microenvironment have largely been 

investigated in tumor immunology(16, 46-48). However, local anti-tumor immune 

responses are not isolated from systemic and peripheral immunity(49-51). Thus, tracking 

CD8+ T-cell clones across different compartments, including local tissues and peripheral 

blood, can provide new insights into understanding systemic anti-tumor immunity. 

Interestingly, CD39+ TRM cells in tumors or mLNs are not clonally distinct, but overlap with 

other CD8+ T-cell subpopulations in the same compartment, revealing a differentiation 

process of CD8+ T cells in tissues that is likely induced by encountering tumor antigens. In 

line with a recent finding that neoantigen-specific CD8+ T cells are detected in both primary 

tumors and draining LNs in human NSCLC(52), CD39+ TRM cells were not only clonally 

connected, but also exhibited shared features between mLNs and primary tumors. In 

addition, tumor or mLN CD39+ TRM clonotypes, especially with inter-compartmental 

overlap, were readily detected in TEM cells in the peripheral blood, where TRM cells hardly 

exist. This finding suggests that blood TEM cells undergo a differentiation process toward 

CD39+ TRM cells in both tumors and mLNs, requiring further studies. Furthermore, tumor 

CD39+ TRM clonotypes that have reactivity to autologous tumor cells were detected in blood 

and mLNs, implying that they do not only influence local anti-tumor immunity, but also 

have significance in systemic anti-tumor immunity. 

Recent evidence from several types of human solid tumors indicates that bystander CD8+ 

T cells that are specific to viral antigens are abundant in tumor tissues(16, 17, 52). However, 
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the presence of bystander CD8+ TILs in breast cancer has not been investigated. In the 

current study, we detected CMV- and IAV-specific CD8+ T cells in breast tumor tissues and 

peripheral blood and found that those in tumor tissues exhibit TRM features. Proof-of-

principle studies suggested that tumor-infiltrating CD103+ TRM cells localize in the 

proximity of breast tumor cells and are associated with a favorable prognosis in patients 

with TNBC (20, 21, 53). However, IAV-specific CD8+ T cells in tumor also expressed 

CD103 and CD103+ TRM cells were detected in tumor-adjacent normal tissue to a similar 

extent with tumor tissue, implying that a further dissection of CD103 TRM cells is needed 

for measurement of anti-tumor immune response in breast cancer. We found that most NY-

ESO-1-specific CD8+ TILs co-express CD39 and CD103, in contrast to virus-specific CD8+ 

TILs, which lack CD39 expression. The proliferation of CD8+ T cells responding to OLPs 

of NY-ESO-1 or autologous tumor cells was observed mostly in CD39+ TRM cells, further 

supporting their tumor-specific features. In line with tumor-specific features, CD39+ TRM 

cells in tumors or mLNs were dysfunctional cells with decreased cytokine production and 

reduced polyfunctionality. Also, CD39 TRM signature, which is derived from bulk RNA-

seq data comparing CD39+ TRM cells with CD39- TRM cells, is related to better prognosis in 

TNBCs. Collectively, we confirmed that, in breast cancer, co-expression of CD39 and 

CD103 provided better understanding on the anti-tumor immune response elicited by CD8+ 

T cells in tumors or mLNs than CD103 expression. 

Patients with breast cancer have distinct risk profiles and pursue different treatment 

strategies according to molecular subtype(54). Previous studies have suggested the 

possibility of a different role of T cell-mediated anti-tumor immune responses among 

molecular subtypes(10-15). However, no studies have clearly demonstrated the differences 

in tumor-infiltrating CD8+ T-cell characteristics among molecular subtypes. In this study, 

we showed that the enrichment levels of CD39+ TRM cells are significantly different among 

molecular subtypes. Particularly in HR+/HER-2+ subtypes, tumors included few CD39+ TRM 

cells and the enrichment level of the CD39+ TRM gene signature did not have prognostic 

value in predicting cancer-specific survival, suggesting a limited anti-tumor immune 
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response elicited by CD8+ TILs. However, TNBC tumors contained considerable numbers 

of CD39+ TRM cells, which may be caused by higher immunogenicity compared to other 

subtypes and can be associated with previous observations of a better response to 

immunotherapy than other subtypes in clinical trials(55). 

Neoadjuvant ICIs have been shown to enhance the anti-tumor immune response by eliciting 

a stronger and broader T-cell response compared to adjuvant ICIs in a mouse model or 

several types of human cancers(56-60). In addition, a single-cell analysis focusing on TCR 

showed that pre-existing T-cell clones in tumors can expand after neoadjuvant anti-PD-1 

treatment in early breast cancer(5). Considering the known mechanism of ICIs, which 

reinvigorate tumor antigen-specific exhausted CD8+ T cells, patient selection based on the 

enrichment level of CD39+ TRM cells in tumors could be optimal practice for implementing 

immunotherapy. In the present study, CD39+ TRM cells in tumors from early breast cancer 

patients responded to ICIs in vitro. Accordingly, active application of neoadjuvant ICIs 

could be considered in CD39+ TRM cell-enriched tumors. Because CD39+ TRM clonotypes 

are not only compartmentalized in tumors or mLNs, but also clonally connected to 

peripheral blood, neoadjuvant ICIs may enhance systemic anti-tumor immunity across 

multiple compartments. In our in vitro functional assays, combined blockade of CTLA-4 

and PD-1 showed enhanced efficacy over the blockade of PD-1 alone, justifying the clinical 

application of combined CTLA-4 and PD-1/PD-L1 blockade for patients with CD39+ TRM 

cell-enriched breast cancer. In contrast, therapeutic strategies that stimulate antigen priming 

and tumor infiltration of tumor-specific T cells may precede ICI treatment in the case of 

CD39+ TRM cells-depleted tumors. 

This study has some limitations. First, in the analysis of TCR clonal overlap, a sorted cell 

population can be contaminated by unwanted cells and, thus, minor clonotypes can 

potentially originate from contaminating cells. Although we confirmed that the effect of 

contaminating clonotypes was minimal, this issue should be considered with caution when 

interpreting our clonotype analysis. Second, our in vitro T-cell reinvigoration assays 

assessed the capacity of T cells for functional restoration in the presence of anti-PD-1 but 
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did not reflect the real in vivo responses to anti-PD-1 treatment. Further clinical studies are 

warranted among ICI-treated patients with breast cancer. 

 

 

V. CONCLUSION 

In summary, we dissected the heterogeneity of TRM cells in terms of antigen specificity and 

found the CD39+ TRM subpopulation, which underlies a disparate role of the anti-tumor 

immune response among molecular subtypes of breast cancer. To the best of our knowledge, 

this is the first study tracking clonotypes of various CD8+ T-cell subpopulations across 

multiple compartments, including tumors, mLNs, and blood, revealing the clonal 

connection of CD39+ TRM cells with systemic anti-tumor immunity. Thus, the functional 

reinvigoration of CD39+ TRM cells upon ICIs offers insights into the feasibility of 

neoadjuvant ICI treatment, particularly the combination of anti-PD-1/PD-L1 and anti-

CTLA-4, in early breast cancer. Lastly, our findings have potential implications for 

different immuno-therapeutic strategies according to the enrichment level of CD39+ TRM 

cells. 
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ABSTRACT(IN KOREAN) 

CD39+ 조직 상주 기억 CD8+ T 세포는  

유방암에서 항종양 면역 반응을 매개한다 
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면역 관문 억제제는 유방암 표준 치료의 하나로 자리 잡았으나, 일부 

환자군에서만 그 효과를 보이고 있다. 유방암에서 항종양 면역 반응을 더 잘 

이해하기 위해, 본 연구에서는 수술 받는 131명의 조기 유방암 환자로부터 

구득한 유방암 조직, 전이가 확인 된 액와 림프절 그리고 말초 혈액으로부터 

CD8+ T 세포의 이질성을 탐색하고자 하였다. CD8+ 조직 상주 기억 T 세포 

에는 유방암 비특이적인 바이러스 특이 CD8+ T 세포와 유방암 특이적인 CD8+ 

T 세포가 모두 존재하였고, 이 중 CD39 발현은 유방암 및 전이성 액와 

림프절 모두에서 종양 특이적이고 기능적으로 탈진한 세포군에서 관찰되었다. 

CD39+ 조직 상주 기억 세포의 클로노타입은 동일 구역 내의 CD8+ T 세포 

소집단 클로노타입 및 서로 다른 구역의 클로노타입과 공통된 부분을 보여 

주었고, 이는 CD39+ 조직 상주 기억 세포가 항종양 면역 반응에 전신적으로 

연결되어 있음을 시사한다. 또한, CD39+ 조직 상주 기억 세포의 발현 빈도는 

유방암의 아형에 따라 다르게 분포하였고 삼중 음성 유방암에서 그 빈도가 

가장 높았다. 생체 외 실험에서 유방암 혹은 전이성 액와 림프절의 CD8+ T 

세포는 PD-1 과 동시에 혹은 따로 CTLA-4 항체를 처리 하였을 때, CD39+ 

조직 상주 기억 T 세포의 존재 하에서 그 분열과 사이토카인 생성이 

회복됨을 확인하였다. 결론적으로, CD39+ 조직 상주 기억 세포는 면역 관문 
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억제제 치료에 대한 기능 회복에 중요한 역할을 하며, 항종양 면역 반응의 

매개체로 작용할 것으로 생각된다. 
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