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ABSTRACT
Isolation of tumor-specific T cells and their antigen receptors (TCRs) from malignant pleural effusions 
(MPE) may facilitate the development of TCR-transduced adoptive cellular immunotherapy products for 
advanced lung cancer patients. However, the characteristics and markers of tumor-specific T-cells in MPE 
are largely undefined. To this end, to establish the phenotypes and antigen specificities of CD8+ T cells, we 
performed single-cell RNA and TCR sequencing of samples from three advanced lung cancer patients. 
Dimensionality reduction on a total of 4,983 CD8+ T cells revealed 10 clusters including naïve, memory, 
and exhausted phenotypes. We focused particularly on exhausted T cell clusters and tested their TCR 
reactivity against neoantigens predicted from autologous cancer cell lines. Four different TCRs specific for 
the same neoantigen and one orphan TCR specific for the autologous cell line were identified from one of 
the patients. Differential gene expression analysis in tumor-specific T cells relative to the other T cells 
identified CXCL13, as a candidate gene expressed by tumor-specific T cells. In addition to expressing 
CXCL13, tumor-specific T cells were present in a higher proportion of T cells co-expressing PDCD1(PD-1)/ 
TNFRSF9(4-1BB). Furthermore, flow cytometric analyses in advanced lung cancer patients with MPE 
documented that those with high PD-1/4-1BB expression have a better prognosis in the subset of 57 
adenocarcinoma patients (p = .039). These data suggest that PD-1/4-1BB co-expression might identify 
tumor-specific CD8+ T cells in MPE, which are associated with patients’ prognosis. (233 words)
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Background

Lung cancer is one of the most commonly occurring solid 
tumors and one of the leading causes of cancer death 
worldwide1. Malignant pleural effusion (MPE) is a serious 
complication of advanced lung cancer, signifying relatively 
high morbidity, severely affecting patient survival. 
Chemotherapy, targeted therapy, immunotherapy, or combi-
nations thereof are now available as therapeutic options for 
advanced lung cancer patients.2 Of these, the recent develop-
ment of immune checkpoint inhibitors (ICI) has revolutio-
nized treatment success.3 Nonetheless, although lung cancer 
is one of the most ICI-sensitive cancers, this approach is still 
only effective in a fraction of patients.4–6 Therefore, developing 
novel therapeutic strategies for more efficacious immunother-
apy for advanced lung cancer with MPE is urgently needed.

Cell transfer therapies using activated lymphocytes originat-
ing from MPE through intrapleural infusion have been con-
ducted previously, but these strategies did not focus on 
antigen-specific T-cell populations.7 CAR-T therapy for can-
cers expressing targets such as mesothelin has been attempted 
in lung mesothelioma.8 However, lung cancer is void of possi-
ble safe CAR-T targets expressed specifically on the tumor cell 
surface. Cytotoxic CD8+ T cells (CTLs) are critical immune 
cells that can specifically eliminate tumor cells expressing 
tumor antigens.9 Mutation-derived neoantigens are important 
tumor-specific targets for both naturally induced and ICI- 
reactivated CTLs.10 Thus, isolation of tumor-specific CTLs 
from MPE and the characterization of their antigen receptors 
(TCRs) recognizing tumor-specific antigens may guide the 
development of TCR-transduced adoptive cellular 
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immunotherapies11 for advanced lung cancer patients. In addi-
tion, their characterization may also accelerate the develop-
ment of biomarkers for patients’ prognosis.

Several previous studies have attempted to identify tumor- 
specific T cells by repeated lymphocyte stimulation in vitro or 
through the isolation of T cells with activation or exhaustion 
markers such as PD-1, 4-1BB and CD39 expressed on tumor 
infiltrating lymphocytes (TILs).12–14 Recently, we and others 
have reported that single-cell sequencing reveals 
heterogeneous populations of TILs in several different cancer 
entities, and demonstrated that T-cells that recognize tumor 
antigens can be identified by their particular cell surface 
phenotypes.15–18 However, to the best of our knowledge, 
there has been no attempt to perform similar analyses in 
advanced lung cancer MPE.

Accordingly, in the present study, we performed high- 
throughput single-cell RNA sequencing (scRNA-sq) and single- 
cell TCR sequencing (scTCR-seq) on CD8+ T cells in MPE from 
advanced lung cancers. We investigated tumor-specific T-cell 
populations by phenotyping and TCR analyses and their 
responses to mutation-derived neoantigens. We compared the 
tumor antigen-specific T cell genes in MPE to lung TILs from 
surgically resected tumor tissues (Stage I-III). We further inves-
tigated associations between the frequency of putative tumor- 
specific CD8+ T cells in MPE and the patient’s prognosis.

Materials and methods

Patients

Malignant pleural effusions (MPE) and matched blood samples 
were collected from 69 patients with advanced lung cancer 
(Stage IV or recurrent cancer) treated at the Aichi Cancer 
Center, Nagoya University, and the Tokyo Metropolitan 
Cancer and Infectious Disease Center, Komagome Hospital 
between April 2019 and July 2020. All patients underwent 
a standard thoracocentesis procedure to collect MPE. MPE 
cells were centrifuged, washed twice with PBS, filtered through 
a 100-μm strainer (Greiner Bio-One, Frickenhausen, 
Germany), and counted manually in a hemocytometer. MPE 
cells (2–5×106 cells/tube) were cryopreserved with CP-1 
(Kyokutoseiyaku, Tokyo, Japan) and stored at −135°C until 
use. We succeeded in establishing cancer cell lines from six 
cases. Of these six, single-cell analysis was performed in three 
patients from whom abundant MPE cells could be harvested. 
All procedures were in accordance with the ethical standards of 
the institutions and with the 1964 Helsinki Declaration and its 
later amendments or comparable ethical standards. This study 
was approved by the Ethics Committees of Aichi Cancer 
Center (2018-2-20) and other institutions. Written informed 
consent was obtained from all individual participants included 
in the study.

Whole exome sequencing (WES) and RNA sequencing 
(RNA-seq)

WES and RNA-seq were performed as previously 
described.19 Briefly, for WES, sequencing libraries of geno-
mic DNA from three cell lines (KOM002, LK006, and 

LK208 derived from MPE Pt1, MPE Pt2, and MPE Pt3, 
respectively) and matched PBMCs were prepared using the 
SureSelect Human All Exon V6 probe (Agilent 
Technologies) following the manufacturer’s protocols. The 
enriched libraries were sequenced as 150-bp paired-end 
reads using the Novaseq (Illumina, San Diego, CA, USA) 
at Veritas Genetics (Danvers, MA, USA). Exome reads were 
independently mapped to the human genome (GRCh38/ 
hg38) using the Burrows–Wheeler Aligner (BWA, RRID: 
SCR_010910). Putative somatic mutations were detected 
using the EBcall (Empirical Bayesian mutation Calling) 
algorithm.20

For RNA-seq, an RNA-seq library was prepared from the 
three cell lines using the NEBNext® Ultra™ RNA Library 
Prep Kit for Illumina ® (New England Biolabs, Ipswich, 
MA, USA) following the manufacturer’s protocols. The 
enriched libraries were sequenced as 150-bp paired-end 
reads using NovaSeq (Illumina) at Veritas Genetics. RNA- 
seq data were analyzed using Salmon21 and RNA reads were 
mapped to the reference genome (GRCh38/hg38) using 
BWA (RRID:SCR_010910). Gene expression values were 
calculated as transcripts per million (TPM) using 
GENCODE v 33.

Neoantigen prediction

The neoantigen prediction technology applied here was identical 
to our previous study.18 In summary, the immunogenicity of 
tumor-specific mutations was estimated using the NEC Immune 
Profiler (NIP) software from NEC OncoImmunity, comprising 
several proprietary machine-learning (ML) prediction algo-
rithms. The algorithm considers the following features when 
predicting the immunogenicity of a candidate:

(1) The binding affinity of the peptide to HLA alleles. NIP 
exploits several binding affinity ML predictors that 
compute IC50 (nM) scores for each mutated peptide.

(2) The peptide’s ability to be efficiently handled by the 
antigen processing machinery (APM). An ensemble of 
13 Support Vector Machines (SVM) included in NIP 
and trained on validated mass spectrometry immuno-
peptidome datasets determine which peptides have the 
optimal features to be efficiently processed by the APM, 
which include the probability of cleavage by the protea-
some and antigen processing transport (TAP) efficiency.

(3) The expression of the candidate neoantigen. The 
expression of each candidate was computed by sum-
ming the values (TPMs) of all the isoforms coding for 
the specific peptides under consideration. To determine 
the specific abundance of the mutated peptide, the sum 
of the levels of all the isoforms containing the peptide 
was adjusted according to the variant allele frequency 
(VAF) computed at the RNA level.

(4) The ability of the somatic mutation’s originator protein 
to generate peptides with adequate properties to be 
antigen processed.

HLA Class I neoantigen predictions were made for each of the 
three patients for peptides of 9 and 10 residues.
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Flow cytometry

Exhaustion-related markers were stained on 69 lung cancer 
MPE specimens, of which 35 with sufficient sample stock 
were additionally stained for CXCL13 intracellularly. The cryo-
preserved MPE cells were thawed in 2%FBS/PBS and then 
stained after blocking Fc receptors using Human BD Fc 
Block™ (BD Biosciences, San Jose, CA, USA). Antibodies used 
in this study are summarized in Supplementary Table S1. For 
CXCL13 staining, 1 µL of BD GolgiPlug™ Protein Transport 
Inhibitor (BD Biosciences, San Jose, CA, USA) was added to 1  
mL of cell culture medium and incubated for 5 h, followed by 
blocking Fc receptors. After staining cell surface antigens, 
Fixation/Permeabilization solution was added to fix and per-
meabilize the cells. Zombie NIR™ Fixable Viability Kit 
(BioLegend) was used to exclude dead cells. Stained cells 
were analyzed using an LSRFortessa flow cytometer (BD 
Biosciences) and the data processed using FlowJo 10.0.7 
(FlowJo, RRID:SCR_008520).

Preparation of single-cell cDNA libraries

Cryopreserved MPE cells were thawed in RPMI and then 
stained using the following monoclonal antibodies (mAbs): 
APC anti-human CD3 (clone UCHT1; Cat. No. 300439, 
RRID: AB_2562045; BioLegend) and FITC anti-human CD8 
(clone SK1; Cat. No. 344704, RRID: AB_1877178; BioLegend). 
Zombie NIR™ Fixable Viability Kit (BioLegend) was used to 
exclude dead cells. CD3+CD8+ cells were sorted on an Aria III 
(BD Biosciences).

GEM (Gel Bead-In EMulsions) generation and barcoding 
from single-cell suspensions (5,000–10,000 CD8+ T cells) was 
performed using the Chromium Next GEM Single Cell 5’ GEM 
Kit v2 (PN-1000244) on the Chromium Next GEM Chip 
K Single-Cell Kit (PN-1000286) according to the manufac-
turer’s instructions (10× Genomics, Pleasanton, CA). After 
GEMs were broken and pooled cDNAs were amplified, TCR 
target amplification was done using a TCR amplification Kit 
(PN-1000252). The TCR and gene expression cDNA libraries 
were constructed using the Library Construction Kit (PN- 
1000190). The cDNA quality was assessed using an Agilent 
2100 bioanalyzer system (Agilent, Santa Clara, CA) and 
sequenced using a HiSeq System (Illumina, San Diego, CA) 
with a pair-end 150 bp sequencing strategy.

Preprocessing of paired scRNA-seq and scTCR-seq data

Raw sequencing data for RNA expression and VDJ from 
human CD8+ T scRNA sequencing were processed using Cell 
Ranger software (version 6.0.1; 10× Genomics). RNA expres-
sion data were aligned to the GRCh38 reference genome and 
VDJ sequencing data to the GRCh38 VDJ reference pre-built 
by 10X Genomics (refdata-gex- GRCh38–2020-A) (Zheng 
et al., 2017). Gene expression count matrices were imported 
into the R package Seurat [https://doi.org/10.1016/j.cell.2021. 
04.048] (version 4.3.0) using R (version 4.3.0). Genes found to 
be expressed in <3 cells, as well as cells with <200 expressed 
genes, were excluded from the analysis. TCR genes were also 
removed from the count data. Cells filtered to retain those 

with ≤10% mitochondrial RNA content and with several 
unique molecular identifiers (UMIs) numbered between 200 
and 5,000. RNA expression data were normalized against total 
expression per cell and natural log-transformed with a scale 
factor of 10,000.

After batch effect correction, we created an ‘integrated’ data 
assay for downstream analysis. We found a set of anchors using 
the FindIntegrationAnchors function and used these to inte-
grate the three datasets. Counts were log-normalized, scaled, 
and centered. The 2000 most-variable features were calculated 
with variance-stabilizing transformation and used for principal 
component (PC) analysis. Clustering was performed with 
Seurat: FindClusters with the resolution set to 0.4. Dimension 
reduction was performed with uniform manifold approxima-
tion and projection (UMAP). For pseudotime analysis, the 
Seurat object was converted to a CellDataset object and 
Monocle 3 (version 1.3.1) was used to infer and build the 
developmental trajectory using naïve T cells as the root cluster.

Differential Expression (DE) analysis and Gene Set 
Enrichment Analysis (GSEA)

To identify genes differentially expressed between tumor- 
specific T cells (n = 29) and the others (n = 4,954), we used 
the FindMarkers() in Seurat using the “wilcox” (Wilcoxon 
rank sum test). Fast Gene Set Enrichment Analysis (fgsea) 
(version 1.26.0) was performed to evaluate T cell signaling, 
proliferation and cytokine production using gene sets in 
MSigDB v2022.1.HS (https://www.gsea-msigdb.org/gsea/ 
msigdb).

Generation of autologous B cell antigen-presenting cells 
(B-APCs)

Autologous B-APCs were generated from the peripheral blood 
mononuclear cells (PBMCs) of each patient. γ-irradiated (96  
Gy) human CD40L-transfected NIH3T3 cells22 (t-CD40L; 
kindly provided by Dr G. Freeman, Dana-Farber Cancer 
Institute, Boston, MA) were plated in six-well plates and cul-
tured overnight at 37°C in 5% CO2. PBMCs were cultured at 4– 
6×106 cells/well on t-CD40L cells in the presence of IL-4 (4 ng/ 
ml; PeproTech, Cranbury, NJ).

Screening of TCR antigen specificity using 
transcriptionally active PCR (TAP) fragments

Screening of TCR antigen specificity using transcriptionally 
active PCR (TAP) fragments was performed as previously 
reported.23 Briefly, eBlocks genes (IDT) encoding variable 
regions of the TCRα and β chains were amplified by PCR. 
The amplified DNAs were assembled into linearized plas-
mid vectors containing a constant region of a TCRα or 
TCRβ chain by the Gibson Assembly method. TAP frag-
ments of TCRα and TCRβ together with the pGL4.30 
[luc2P/NFAT-RE/Hygro] vector (Promega E8481) were 
transfected into the ΔTCRβ Jurkat cell-line J.RT3-T3.5 
(ATCC Cat# TIB-153, RRID:CVCL_1316) expressing 
CD8α (CD8-J2)24 by electroporation (Neon Electroporation 
System, Thermo Fisher) (CD8-J2-Luc-TCR). 5 × 104 CD8-J2 
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-Luc-TCR cells were cultured overnight in the presence of 
autologous B-APC (2×104) or tumor cell-line cells (5×104) 
with or without antigenic peptides. Activation of the NFAT 
reporter gene was measured by the Steady-Glo Luciferase 
Assay System (Promega).

Generation of CD8-J2 cells stably expressing TCRs (stable 
CD8-J2-TCR cells)

To express TCRs stably, the synthesized TCRβ chain gene 
encoding a VDJ region (eBlocks), codon-optimized gene 
encoding the TCRβ constant region conjugated with the self- 
cleaving P2A peptide, the synthesized TCRα chain gene encod-
ing a VJ region (eBlocks), and the codon-optimized TCRα 
constant region gene were assembled together in a linearized 
pMXs-IRES-puro retroviral vector (Cat. No. RTV-014, CELL 
BIOLABS INC) using the NEBuilder HiFi DNA Assembly 
Master Mix (New England Biolabs, E2621). The constructed 
plasmid vector, pMXs-TCRβ-P2A-TCRα-IRES-puro, was uti-
lized for retrovirus production. We used a retrovirus- 
packaging cell line (PhoenixGP-GaLV)25 to produce 
a retrovirus for transducing TCR genes. The CD8-J2 cells 
retrovirally transduced with TCRs were cultured in the pre-
sence of puromycin (1 µg/ml) for selection (stable CD8-J2- 
TCR cells).

Generation of γδT cells expressing TCRs and their 
specificity against autologous cell lines

The γδT cells in PBMC were expanded with 100 U/ml IL-2 
(PeproTech) and 5 μM zoledronate (Novartis) followed by 
the addition of 25 μg/ml of IL-7 and IL-15 (PeproTech). 
The cloned TCRαβ as well as the CD8 gene were retro-
virally transduced into γδT cells in recombinant human 
fibronectin fragment CH-296 (Retronectin; Takara Bio)- 
coated 24-well plates (FALCON). TCRαβ-transduced γδT 
cells were purified by puromycin selection. TCR-transduced 
γδT cells (6 × 104/ml) were incubated with KOM002 cells 
(6 × 105/ml) in RPMI with 1% FBS overnight, and the 
amount of IFN-γ in the culture supernatant was measured 
in a triplicate assay using an IFN-γ ELISA test kit (Life 
Technologies, Inc) in accordance with the manufacturer’s 
instructions.

Specificity of stable CD8-J2-TCR cells determined using 
autologous cancer cells

Autologous cancer cells (5×104) were plated with stable CD8- 
J2-TCR cells (5×104) transduced with the pGL4.30 [luc2P/ 
NFAT-RE/Hygro] vector. Purified anti-human HLA-A, B, 
C antibody (clone W6/32; Cat. No. 311402, RRID: 
AB_314871; BioLegend) was used for blocking HLA- 
restricted responses. After 4-h incubation, activation of the 
reporter gene driven by the NFAT-response element was mea-
sured by the Steady-Glo Luciferase Assay System according to 
the manufacturer’s instructions (Promega).

Statistical analysis

All data were analyzed using R version 4.3.0 (R Project for 
Statistical Computing, RRID:SCR_001905). The comparison of 
T-cell marker expression was performed using Mann–Whitney 
U-test. Overall survival (OS) was evaluated using the Kaplan– 
Meier method by the log-rank test. A value of p < 0.05 was 
considered statistically significant.

Results

Characteristics of patients included in the single-cell 
analysis cohort

In this study, we performed single-cell analysis on three 
advanced lung cancer patients with malignant pleural effusion 
(MPE). Their characteristics are summarized in Table 1. All 
had Stage IV adenocarcinomas.

Phenotypic and TCR clonal analyses of CD8+ T cells in MPE

The overall approach to identify tumor-specific CD8+ T cells 
and their cognate antigens is shown schematically in Figure 1a. 
We performed high-throughput CD8+ single-cell RNA 
sequencing (scRNA-seq) and single-cell TCR sequencing 
(scTCR-seq) to characterize the phenotype and clonality of 
MPE CD8+ T cells. A total of 4,983 CD8+ T cells (MPE Pt1, 
2,041; MPE Pt2, 1,018; MPE Pt3, 1,924) were classified by the 
UMAP dimensionality reduction algorithm into 10 clusters 
based on the expression of T cell-related genes (Figure 1b,c). 
These clusters were consistent with the T cell subsets desig-
nated C1-LEF1, C2-IL-7 R, C3-RPL13, C4-CX3CR1, C5- 
PDCD1, C5-ZNF683, C7-MKI67, C8-LMNA, C9-IFIT2, and 

Table 1. Characteristics of three patients with single-cell analysis.

ID Histology
T 

status
N 

status
M 

status Stage

No. of non- 
synonymous 

variants
Common 

mutation found HLA-A HLA-B
Treatment before 

tissue procurement
MPE 
Pt1 Adeno 4 1 1a IVA 355 - A *11:01 A *26:03

B *  
46:01

B *  
67:01 No treatment

MPE 
Pt2

Adeno 4 3 1c ⅣB 88 EGFR 
(ex20 
insertion)

A *24:02 - B *  
52:01

- 1st. CBDCA 
+PEM 
+BEV 
2nd. Pembrolizumab

MPE 
Pt3

Adeno 4 3 1c ⅣB 85 EGFR 
(ex19 
deletion)

A *24:02 A *33:03 B *  
35:01

B *  
44:03

1st. CBDCA+PEM 
+Pembrolizumab 2nd. DTX 
+RAM3rd. GEM4th. nab-PTX

Sq, Squamous cell carcinoma; Adeno, Adenocarcinoma; CBDCA, Carboplatin; PEM, Pemetrexed; Bev, Bevacizumab; DTX, Docetaxel; RAM, Ramucirumab; GEM, 
Gemcitabine; nab-PTX, nanoparticle albumin-bound Paclitaxel.
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Figure 1. Phenotypic and TCR clonal analyses of CD8+ T cells from MPE. a. Overall scheme of this study. Schema prepared with BioRender.com. b. Uniform manifold 
approximation and projection (UMAP) of the expression profiles of the 4,983 single CD8+ T cells derived from the 3 MPE. CD8+ T cells are classified into 10 distinct 
clusters. c. UMAPs of CD8+ T cells in each patient. d. The number of T cells in the 10 clusters of each patient. e. The normalized average expression of phenotypic and 
functional signatures for CD8+ T cell subpopulations defined in B. f. Pseudotime trajectory analysis of 4,983 CD8+ T cells. Each dot represents one single cell and each cell 
with a pseudotime score from dark blue to yellow, indicating early and terminal states, respectively. g. Clonality and clone numbers in each cluster for the three patients. 
h. The rate of overlapping clonotypes among different clusters.
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C10-S100A9. The numbers of CD8+ T cells in these 10 clusters 
were highest in C5, C2, and C4 in MPE Pt1, MPE Pt2, and MPE 
Pt3, respectively (Figure 1d). Using hierarchical cluster analy-
sis, we found that C5 exhibited a gene expression pattern 
similar to the Tex cluster in lung TILs of our previous 
study,18 namely, the T cell exhaustion-related genes PDCD1 
(PD-1), CTLA4, ENTPD1 (CD39), ITGAE (CD103) and 
CXCL1315 (Figure 1e and Supplementary Figure S1). Pseudo- 
time trajectory analysis showed that the differentiation of 
CD8+ T cells followed a characteristic trajectory from naive 
T cells to exhausted T cells (Figure 1f).

In single-cell TCR sequence analysis, high numbers of TCRs 
with oligoclonality were observed in clusters C5 and C4 in 
MPE Pt1 and MPE Pt3, respectively, but not in MPE Pt2 
(Figure 1g and Supplementary Table S2–4). The TCRs in C5 
in MPE Pt1 overlapped with those in C2 and C4 clusters 
(Figure 1h and Supplementary Table S2). The TCRs in C4 in 
MPE Pt3 overlapped greatly with those in other clusters, due to 
the presence of one highly clonal TCR (TCRB CDR3: 
CASGSLAGGPMYEQYF, n = 283) in C4 overlapping with 
other clusters’ TCRs including exhausted clusters (Figure 1h 
and Supplementary Table S4).

Identification of tumor antigens recognized by CD8+ T cells

To investigate tumor-specific CD8+ T cell populations, we 
focused on exhausted clusters according to our previous 
study.18 For this, we selected TCR clonotypes represented at 
least twice in descending order of frequency in the cluster C5, 
but also even TCR clonotypes represented only once but over-
lapping with other clusters’ TCRs in MPE Pt1. This resulted in 
the evaluation of a total of 54 TCR clonotypes (Suplementary 
Table S2). To test for recognition of the target antigens, we 
synthesized 56 potential neoantigen peptides predicted from 
the somatic missense mutations, insertion/deletion and fusion 
gene variations (Supplementary Table S5). Fifty-four TCR TAP 
fragment/luciferase-transduced CD8-J2 (TCR TAP/luc-CD8- 
J2) cells were then cocultured with autologous B-APC or the 
autologous cancer cell-line KOM002 pulsed with 11 pooled 
peptides (5–6 peptides/pool) (Figure 2a). After several rounds 
of stimulation, we identified four different Tex-TCRs (ex1, ex7, 
e×12 and ex17) recognizing the same pooled peptides (pool 5). 
We also found that the e×321TCR recognized the KOM002 cell 
line itself (Figure 2a). Subsequent analyses showed that four 
different Tex-TCRs (ex1, ex7, e×12 and ex17) were specific for 
the same neoantigen DOP1B pH1997N. These TCRs did not 
recognize the DOP1B wild-type counterpart peptide 
(Figure 2b). Furthermore, we also confirmed that the TCR- 
transduced γδ T cells recognized the autologous cell-line 
KOM002 and produced IFNγ (Figure 2c), suggesting that the 
four different TCRs recognized mutant DOP1B pH1997N pep-
tide naturally processed in the cancer cells. The e×321TCR also 
recognized the autologous KOM002 cell line, but not other cell 
lines (LK006 and LK208), in an HLA-class I restricted manner 
(Figure 2d).

In the analyses for patients 2 and 3, we performed the same 
screening as for MPE Pt1 (Supplementary Figure S2). For MPE 
Pt2, we tested the reactivity of 30 TCR clonotypes 
(Supplementary Table S3) to 47 neoantigen epitopes 

(Supplementary Table S6) and for MPE Pt3, the reactivity of 
47 TCR clonotypes including highly clonal TCR in C4 
(Supplementary Table S4) to 38 neoantigen epitopes 
(Supplementary Table S7). However, we failed to detect any 
specific responses.

Collectively, these data demonstrate that four different TCR 
clonotypes specific for neoantigens, and one orphan TCR 
specific for the autologous cancer cell line, were identified 
from one of three patients (Supplementary Table S8).

Gene expression analysis of tumor-specific CD8+ T cells 
from MPE

All identified TCR clones (n = 29) from five different clono-
types from MPE Pt1 were projected onto UMAPs 
(Figure 3a). We analyzed the gene expression of tumor- 
specific T cells with each of these TCR (Figure 3b). As 
expected, genes in the C5 cluster, PDCD1, HAVCR2, 
TNFRSF9, ITGAE and CXCL13 were more highly expressed 
in tumor-specific T cells than in the other T cells (Figure 3c). 
Expression of ENTPD1 (CD39), which was identified as 
a tumor-specific marker in lung cancer patients in previous 
studies,18,26 was not differentially expressed. We also per-
formed differential expression (DE) analysis in tumor- 
specific T cells compared to the other T cells, finding that 
CXCL13 was exclusively expressed in the former (p < 3.81E– 
27, avg_log2FC = 1.33) (Figure 3d). Gene Set Enrichment 
Analysis (GSEA) using MSigDB v2022.1.HS revealed that 
gene sets related to HLA class II antigen processing were 
enriched in the tumor-specific T cells. This suggests T cell 
activation was induced in the tumor-specific MPE T cells 
(Figure 3e and Supplementary Table S9).

Comparison of biomarkers for tumor-specific CD8+ T cells 
in MPE and TIL

To further characterize tumor-specific T cells in MPE, we 
compared their gene expression with that of TILs from our 
previous study.18 We combined single-cell data from three 
surgically resected tumors (Stage I-III) to the current data 
from 3 MPE and again performed dimensional reduction 
using UMAP (Figure 4a and Supplemental Figure S3A). The 
tumor-specific TCRs identified in MPE (left) and TILs (right) 
were mostly localized in the newly-created cluster C6-PDCD1 
(Figure 4b and Supplementary Figure S3b). The expression of 
representative genes in this cluster was compared in six 
patients. Overall, the expression of these genes was lower in 
MPE than in TILs. The gene expression pattern in MPE Pt1, 
but not MPE Pt2 or MPE Pt3, appeared similar to that in the 
TILs from three patients (Figure 4c). Some of these gene 
expressions were confirmed by flow cytometry 
(Supplementary Figure S4). For tumor-specific T cells, the 
expression of PDCD1, ENTPD1, and ITGAE was significantly 
lower in MPE than in TILs. On the other hand, HAVCR2, 
TNFRSF9 and CXCL13 expressions were not different between 
them (Figure 4d). Taken together, these data suggest that the 
phenotype of antigen-specific T cells in MPE and TILs was 
similar, except for the lower level of expression of certain genes 
such as ENTPD1 in MPE.
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Figure 2. Identification of tumor antigens recognized by CD8+ T cells. a. Representative data from four separate screenings using 50 TCRs (out of a total 54 TCRs tested) 
by luciferase reporter assay driven by the NFAT-response element in MPE Pt1. Reactivity of each TCR against six representative pools of peptides (5 peptides/pool) (out 
of a total 11 pooled). b. Reactivity of the four different TCRs (ex1, ex7, ex12. and ex17) identified in A tested against B-APC pulsed with mutant DOP1B or wild-type 
peptides at different concentrations. c. Scheme of TCR-transduced γδ T cells co-cultured with the autologous cell line for detection of IFNγ production (left). The results 
of IFNγ ELISA (right). d. Activation of e×321TCR signaling was assessed against the autologous cell line or other cell lines (LK006 and LK208). The e×321TCR-transduced 
CD8-J2 cells were also co-cultured with autologous KOM002 with HLA class I-blocking antibody (50, 100 or 200 μg/ml)
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To identify markers characterizing tumor-specific T cells in 
MPE, we calculated the percentage of such cells within the 
CD8+ T cell population expressing a single marker gene 
(RNA expression, >0.5) (Supplementary Figure S5) or combi-
nation of marker genes (RNA expression of both > 0.5) 
(Supplementary Figure S6), compared to TILs. When limited 
to a single T cell marker, the frequency of tumor-specific T cells 
was highest in the CXCL13+ population (25/271, 9.2%) 

(Figure 4e upper). The same trend was observed in TILs 
(Figure 4e lower). However, the frequency was much higher 
in PDCD1/TNFRSF9 double-positive T cells (6/46, 13.04%) 
among any combinations, even with CXCL13 (Figure 4e 
upper). In TILs, the frequency tended to be higher in 
HAVCR2/TNFRSF9 double-positive T cells, or in combination 
with CXCL13, than in PDCD1/TNFRSF9 double-positives 
(Figure 4e lower). These data suggest that co-expression of 

Figure 3. Gene expression analysis of tumor-specific CD8+ T cells from MPE. a. All identified TCR clones (n = 29) with the five tumor-antigen specific TCRs (ex1, ex7, ex12, 
ex17, and ex321) were projected onto UMAPs. b. Expression of exhaustion-related genes in each tumor-specific T cell clone. c. Expression of representative genes in 
tumor-specific T cells expressing different TCRs compared with the other T cells. Comparison of average expressions of tumor-specific T cells and the others was 
performed using Mann–Whitney U-test. d. Analysis of genes differentially expressed between tumor-specific T cells and other T cells. Volcano plot showing differentially 
expressed genes with adjusted p value < .01 and log2FC >0.5. e. Fast Gene set enrichment analysis (FGSEA) of tumor-specific T cells and others. The top 20 significant 
gene sets with adjusted p value < .01 and NES < 7.5 are shown. *, P < .05; **, P < .01; ***, P < .001; ****, P < .0001; ns, not statistically significant.
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Figure 4. Comparison of tumor specific CD8+ T cells between MPE and TILs. a. UMAP of the expression profiles of the 11,981 (MPE: 4,983 cells + TILs: 6,998 cells) single 
CD8+ T cells derived from 3 MPE and 3 TILs.18 CD8+ T cells are classified into 13 distinct transcriptional clusters. b. All tumor-specific TCR clones with the five tumor- 
specific TCRs from MPE (left) and nine tumor-specific TCRs from TIL (right) were projected onto UMAPs. c. Violin plot showing the expression of representative genes in 
cluster C6-PDCD1 for 3 MPE and 3 TILs. d. Comparison of the expression of T cell subset-defining genes in tumor-specific T cells expressing TCRs different between MPE 
and TILs. Comparison of average expressions of tumor-specific T cells from MPE and TILs was performed using Mann-Whitney U-test. E and F. The ratio of tumor-specific 
T cells in T cell populations expressing a single marker gene (e) or a combination of marker genes (f) in MPE and TILs. *, p < .05; **, p < .01; ***, p < .001; ****, p < .0001; 
ns, not statistically significant.
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PDCD1 and TNFRSF9 may mark tumor-specific T cells in MPE 
but not in TILs.

Tumor-specific CD8+ T cell subsets in MPE are associated 
with patients’ prognosis

We next quantified tumor-specific T cells in 69 patients 
including MPE Pt1, MPE Pt2 and MPE Pt3 by flow cytome-
try and investigated their association with clinical outcome. 
The clinicopathological characteristics of all patients are 
summarized in Table 2. MPE T cells were stained for the 
cell surface markers CD8, PD-1, TIM3, 4-1BB, CD39 and 
CD103 in all patients and for intracellular CXCL13 in 35. 
The frequencies of PD-1+4-1BB+ cells and CXCL13+ cells 
within the CD8+ T cell subset ranged from 0% to 27.8% 
and from 0.034% to 4.76%, respectively (Figure 5a,b). As 
expected, the frequency of positive cells in MPE Pt1 was 
higher than in MPE Pt2 or MPE Pt3.

Finally, we examined whether the frequencies of tumor- 
specific T cells in MPE had any impact on prognosis. We 
divided patients (n = 69) into two groups by median values 
of marker expression. Patients with high PD-1/4-1BB 
expression had no better prognosis than those with low 
expression (p = .062) (Figure 5c upper). However, in 
a subgroup analysis focusing on adenocarcinoma patients 
only (n = 57), the association achieved statistical significance 
(p = .039) (Figure 5c lower). The same analysis using other 
combinations of markers (TIM3/4-1BB or CD39/CD103), 
which tended to be higher in TILs, revealed no differences 
between groups with high and low expression either in the 
whole cohort or in the 57 patients with adenocarcinoma 
(Supplementary Figure S7). Patients with high CXCL13 
expression had no better prognosis either in all lung cancer 
patients or in the 57 patients with adenocarcinoma 
(Figure 5d), similar to other single markers such as PD-1, 
TIM3, 4-1BB, CD39, or CD103 (n = 69 or n=57) 
(Supplementary Figure S8). Collectively, these data suggest 
that the presence of tumor-specific MPE T cells expressing 
surface PD-1/4-1BB may be associated with a better prog-
nosis of advanced lung cancer.

Discussion

Here, we employed single-cell sequencing to phenotype T cells 
from the MPE of advanced lung cancer patients. To identify 
CD8+ T cells recognizing tumor antigens, we selected patients 
from whom cancer cell lines could be established from the 
MPE. This allowed us to predict mutation-derived cancer 
neoantigens. We found that CD8+ T cells with an exhausted 
phenotype, similar to but in some respects different from TILs, 
recognized certain neoantigens, or the autologous cancer cell 
line.

Advanced lung cancer metastasizing to the pleural space 
results in malignant MPE that harbors not only tumor cells 
but many immune cells including diverse lymphoid and mye-
loid subsets.27 Flow cytometric phenotyping of CD8+ T cells in 
MPE revealed that the frequency of effector memory (Tem, 
CCR7(-) CD45RA(-)) and central memory (Tcm, CCR7(+) 
CD45RA(-)) subsets expressing higher levels of PD-1 and 
CD39 was increased in advanced NSCLC.28 In addition, Tem 
and Tcm cells from MPE produced greater amounts of cyto-
kines than terminally differentiated effector memory cells 
(TemRA, CCR7(-) CD45RA(+)) and naïve T cells (Tnaive, 
CCR7(+) CD45RA(+)),28 although the assay was not focused 
on tumor-specific T cells in that study. On the other hand, 
pleural effusion CD8+ T cells that responded to the tumor 
antigens MAGE-A3 and WT-1 (identified as CD137+ 

(4-1BB+) cells) expressed higher levels of PD-1, but not 
TIM3,29 suggesting that tumor antigen-specific MPE T cells 
are not completely exhausted. However, more precise pheno-
typing and T-cell clonality investigations of CD8+ T cells 
recognizing tumor cells or tumor antigens in lung cancer 
MPE had not been performed in these earlier studies.

The advent of single-cell analysis integrating gene expres-
sion and TCR sequencing has allowed tumor-specific CD8+ 

TIL phenotypes in solid cancers to be profiled at high 
resolution.15,17 Tumor antigens, including shared and unique 
antigens, are mostly recognized by CD8+ T cells with an 
exhausted phenotype (dysfunctional differentiated pheno-
types) and rarely by those with memory properties.15,17 We 
also reported similar exhausted phenotypes of CD8+ TILs with 
high clonality recognizing tumor antigens in resected lung 

Table 2. Characteristics of patients with flow cytometric analysis.

　
Malignant pleural effusion with FACS 

(n = 69) Median (range)

OS (days) 2864-1543)
Age (years) 72 (41–85)
Sex Male 42 (60.9%)

Female 27 (39.1)
Histology Adenocarcinoma 57 (82.6%)

Squamous cell carcinoma 4 (5.8%)
Others 8 (11.6%)

EGFR yes 21 (33.3%)
no 42 (66.7%)

ALK yes 4 (7.5%)
no 49 (92.5%)

KRAS yes 2 (4.7%)
no 41 (95.3%)

Treatment 6 months before tissue procurement No treatment 27 (39.1%)
Only Chemotherapy 19 (27.5%)
Only ICI 4 (5.8%)

　 Chemotherapy + ICI 19 (27.5%)

FACS, fluorescence-activated cell sorting; OS, overall survival; ICI, Immune checkpoint inhibitor.
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cancers.18 Here, we applied single-cell analysis to CD8+ T cell 
populations from the MPE of three advanced lung cancer 
patients. It has been reported that particular TCRβ variable 
genes can be overexpressed in MPE T cells,30 suggesting that 
some of them had undergone clonal expansion. Moreover, the 

TCR clonality and the number of expanded TCR clones was 
reported as greater in ICI responders than non-responders,31 

suggesting that these expanded T cells may contribute to anti- 
tumor immune responses re-activated by ICI. We also found 
expanded T cell clones in two patients (MPE Pt1 and Pt3). As 

Figure 5. Associations of tumor specific CD8+ T cell fractions in MPE with patients’ prognosis. a. The expression of PD-1/4-1BB and CXCL13 by CD8+ T cells analyzed by 
flow cytometry in 69 and 35 patients, respectively, showing higher and lower percentages of their expression for 3 MPE patients (MPE Pt1, MPE Pt2, MPE Pt3). b. Flow 
cytometric analyses of all patients are shown as bar graphs. c and d. Kaplan–Meier survival curves for patients stratified into two groups by the median values of the 
expression of PD-1/4-1BB (c) or CXCL13 (d) in all patients and in a subgroup of adenocarcinoma patients.
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we observed for TILs from our previous lung cancer cases, 
MPE Pt1 exhibited CD8+ T cells with relatively high clonality 
in MPE, residing in exhausted cluster C5. We were able to 
identify a tumor antigen recognized by the T cells in this 
cluster. In contrast, we found one highly expanded T cell 
clone present predominantly in the CX3CR1-containing clus-
ter C4, but also present in other clusters, including the 
exhausted cluster, in MPE Pt3. However, we were unable to 
identify the tumor antigens recognized by these T cells, possi-
bly due to the limited number of antigens in our survey, or due 
to these T cells not being tumor-specific [potentially virus- 
specific (e.g. CMV pp65) as previously reported29]. 
Nonetheless, we found five different TCR clonotypes in the 
exhausted T cell cluster in MPE Pt1 that did recognize neoanti-
gens or the autologous cancer cell line. In this study, no tumor 
tissues were available from three MPE patients. It will be 
necessary to verify whether the findings from MPE are repre-
sentative of the whole tumor response if both are obtained 
from the same patient in the future.

Recently, CD39/CD103 or CXCL13 expression has been 
suggested to mark tumor-specific T cells in several 
reports.13,14,26 However, ENTPD1 (CD39) was not highly 
expressed in tumor-specific MPE T cells in our patients. It 
might be due to the limited number of tumor-specific T cells 
against limited antigens. On the other hand, CXCL13 was 
exclusively expressed in tumor-specific MPE T cells, suggesting 
that it may represent such a marker in MPE as well as in TILs. 
Additionally, we showed that PDCD1/TNFRSF9 co-expression 
is a candidate marker for tumor-specific T cells in MPE but not 
in TILs. The frequency of tumor-specific T cells in PDCD1(PD- 
1)/HAVCR2(TIM3) in MPE was not higher than in TILs, con-
sistent with a previous report.29 Using these putative markers 
of tumor-specific T cells, we documented that patients with 
high PD-1/4-1BB tended to have a better prognosis, which 
became statistically significant in the subset of adenocarcinoma 
patients. These findings suggest that the presence of tumor- 
specific T cells and their responses against cancer cells in MPE 
may contribute to longer patients’ survival despite the highly 
immune-suppressive MPE environment.32 These results imply 
that a strategy utilizing antigen-specific T cells from MPE may 
be feasible in advanced lung cancer patients.

A recent clinical trial described the use of T cells derived 
from MPE and malignant ascites in combination with cis-
platin [10]. Infusion of effusion-derived T cells was asso-
ciated with longer progression-free survival and better 
quality of life than cisplatin alone. However, expansion of 
T cells recognizing tumor antigens might be compromised 
due to the exhausted phenotype of such cells, as documented 
in the present study. Nonetheless, approaches using MPE- 
derived T cells may have several advantages over TILs 
derived from surgical resections or biopsies of solid cancers. 
Because MPE is easily obtained in the clinic, the number of 
T-cells that could be isolated is much higher than from 
surgically resected or biopsy-derived samples. Moreover, 
TILs derived from solid tumors display spatial heterogeneity, 
resulting in potential differences in function and specificity 
depending on the location resected. This heterogeneity would 
not be expected in MPE. It is also the case that recurrent 
MPE is common, providing an opportunity for longitudinal 

analysis of the tumor site in a clinical setting. Therefore, 
identification and isolation of tumor-specific T cells from 
MPE may facilitate the development of promising 
approaches such as TCR-transduced adoptive cellular immu-
notherapy, as well as assisting in establishing appropriate 
monitoring for immunotherapy efficacy.

There are several limitations to the present study. We ana-
lyzed only 3 MPE derived from advanced lung cancer patients 
with different treatment backgrounds. Moreover, since 2 of the 
3 patients in this study harbor EGFR mutation-positive lung 
adenocarcinoma, the findings in this study might not be gen-
eralized to other patients with NSCLC with other driver muta-
tions. Given that we could not identify tumor antigens from 
highly clonal T cells in MPE Pt3, broader landscapes of tumor 
antigens33,34 need to be examined. The limited numbers of 
patients, limited clusters of T cells, and limited types of 
tumor antigens analyzed in this study may have resulted in 
biased data for the characterization and markers of tumor- 
specific T cells. Despite these limitations, we demonstrated 
that candidate tumor-specific T cell subsets present in MPE 
may be different from those in TILs. Further investigations will 
be required to validate these findings.
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