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Original Article

Stem-like exhausted CD8 T cells in pleural effusions predict 
improved survival in non-small cell lung cancer (NSCLC) and 
mesothelioma 
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Background: Anti-tumor CD8 T cells are important for immunity but can become ‘exhausted’ and hence 
ineffective. Tumor-infiltrating exhausted CD8+ T cells include less differentiated stem-like exhausted T 
(Texstem) cells and terminally exhausted T (Texterm) cells. Both subsets have been proposed as prognostic 
biomarkers in cancer patients. In this study, we retrospectively investigated their prognostic significance in 
patients with metastatic non-small cell lung cancer (NSCLC) and validated our findings in a mesothelioma 
cohort.
Methods: Pre-treatment malignant pleural effusions (PEs) from 43 NSCLC (41 non-squamous,  
2 squamous) patients were analyzed by flow cytometry. The percentages of Texstem and Texterm CD8 T cells 
were correlated with overall survival (OS) after adjusting for clinicopathological variables. Findings were 
validated using a mesothelioma cohort (n=49). Mass cytometry was performed on 16 pre-treatment PE 
samples from 5 mesothelioma and 3 NSCLC patients for T-cell phenotyping. Single-cell multi-omics 
analysis was performed on 4 pre-treatment PE samples from 2 NSCLC patients and 2 mesothelioma patients 
for analysis of the transcriptomic profiles, surface markers and T cell receptor (TCR) repertoire. 
Results: Higher frequency of Texstem was associated with significantly increased OS [median 9.9 vs.  
3.4 months, hazard ratio (HR) 0.36, 95% CI: 0.16–0.79, P=0.01]. The frequency of Texterm was not associated 
with OS. These findings were validated in the mesothelioma cohort (high vs. low Texstem, median OS 32.1 vs.  
19.8 months, HR 0.31, 95% CI: 0.10–0.96, P=0.04). Detailed single-cell sequencing and mass cytometry 
profiling revealed that exhausted T cells from NSCLC expressed greater stem-likeness and less inhibitory 
markers than those from mesothelioma and that Texstem cells also contained ‘bystander’ virus-specific T cells. 
Conclusions: This study demonstrates that PE CD8 Texstem cell abundance is associated with better 
survival outcomes, and thus may be a useful prognostic biomarker.
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Introduction

Cancers harbour somatic mutations that can be presented as 
novel antigens to the immune system and engage cytotoxic 
CD8 T cells (1). The number, location and functional 
status of intratumoral CD8 T cells has been shown to affect 
clinical outcomes in multiple solid tumors (2-5). 

However, successful elimination of cancer cells by CD8 
T cells is hampered by a broad set of immunosuppressive 
pathways in the tumor microenvironment (TME), one of 
which is T-cell exhaustion (6,7). Understanding the nature 
and degree of this exhaustion in tumor-associated T cells 
is crucial, as it could inform immunotherapy treatment 
regimens. It is well recognised that tumor infiltrating 
lymphocytes (TILs) exhibit an exhausted phenotype and 
impaired effector function, partly driven by long term T-cell 

receptor (TCR) engagement by cancer antigens (6-10). 
Based on work in chronic viral infections in mouse models, 
a nuanced view of T-cell exhaustion has emerged which 
recognises that T-cell exhaustion is a progressive state. 
Instead of being a homogenous population, exhausted CD8 
T (Tex) cells exhibit a gradient of phenotypic and functional 
states with distinct transcriptional and epigenetic signatures 
(11-15). These cell states are delimited by progenitor 
or ’stem-like’ exhausted T (Texstem) cells which retain 
proliferation and cytotoxic abilities. Following chronic 
antigenic stimulation, Texstem cells gradually transition 
through a series of poorly defined intermediary states into 
terminally exhausted T (Texterm) cells that are functionally 
inefficient and have limited reinvigoration capacity. 

Several studies have identified Texstem and Texterm cells 
within the TME (16-19), and in animal models, Texstem cells 
are associated with improved tumor control (14). Across a 
series of cancers, Texstem cells are associated with improved 
outcomes following immune checkpoint blockade (ICPB) 
(14,18,19), whilst there is evidence in vitro that Texterm cells 
can be associated with a poor prognosis (20). In a cohort 
of 14 non-small cell lung cancer (NSCLC) patients, single 
cell sequencing was used to demonstrate that a higher ratio 
of ‘pre-exhausted’ to exhausted T cells was associated with 
better prognosis (21). 

One of the unique TME in advanced cancers, especially 
thoracic malignancies, is malignant pleural effusions (PE). 
Malignant PEs usually result from pleural dissemination 
of cancer cells, they are typically lymphocyte-rich (22), 
providing an interface between tumor cells and immune 
cells, and thus a ‘window’ on tumor-immune events. These 
samples also allow sequential investigation in some patients 
and have the benefit of requiring minimal laboratory 
manipulations prior to cell phenotyping. We therefore 
sought to determine if PE can be used to measure T-cell 
exhaustion and then to determine if the T-cell exhaustion 
status can potentially serve as a prognostic biomarker. 

The field lacks a single, agreed-upon definition of 
Tex subsets. Researchers have distinguished Tex subsets 
phenotypically based on the expression levels of various 
combinations of inhibitory and costimulatory receptors and 
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transcription factors (15,23-25). In this study, we chose to 
use the markers employed by Jansen and colleagues when 
sorting stem-like and terminally exhausted T cells from 
human tumors (23). Texstem cells are defined by intermediate 
expression of the inhibitory receptor programmed death 1  
(PD1), undetectable expression of CD39 and positive 
expression of CD28, while high PD1 and CD39 co-
expression indicated a Texterm phenotype. CD39 is an 
ectonucleotidase in the adenosine pathway and is marker 
of terminal T-cell exhaustion (26,27). In melanoma and 
kidney cancer, CD39 differentiates terminally exhausted 
TIM3 expressing cells from TIM3− cells (23,25). CD28 
is a costimulatory molecule that is co-expressed with the 
transcription factor TCF1 in Texstem and is a critical marker 
of functional TCF1+ stem-like CD8 T cells in both chronic 
viral infection and cancer (12,23,28). Using these makers, 
Texstem and Texterm cells were defined in the malignant PE 
from NSCLC patients to assess their prognostic relevance 
and were again used in a validation study in a mesothelioma 
patient cohort. We also performed mass cytometry and deep 
single cell RNA and TCR sequencing on Texstem and Texterm 
cells isolated from the PE of NSCLC and mesothelioma 
patients to dissect the phenotypic and functional 
complexities of these cell subsets and examine their antigen 
specificity. We present this article in accordance with the 
STROBE reporting checklist (available at https://tlcr.
amegroups.com/article/view/10.21037/tlcr-24-284/rc).

Methods

Patients and PE samples

To characterise Tex subsets and their prognostic significance, 
we accessed the National Centre for Asbestos Related 
Diseases Biobank which has collected consecutive PE 
samples from patients attending Sir Charles Gairdner 
Hospital, Perth, Australia since 2012. For CyTOF analysis, 
five mesothelioma and three lung cancer samples were 
selected based on sample availability of each tumor type. For 
scRNA-seq two samples were selected for each tumor type 
based on sample availability and adequate frequencies of Tex 
cell subsets for data analysis. PE samples were processed 
and cryopreserved in RPMI-1640 media, 50% newborn 
calf serum (NCS) and 10% dimethyl sulfoxide. For some 
samples, CD45+ cells were positively selected using EasySep 
Human CD45 Depletion Kit (Stemcell, cat17898) following 
the manufacturer’s instructions before cryopreservation. For 
the present study, all cases with a confirmed pathological 

diagnosis of NSCLC or mesothelioma and a malignant PE 
sample available within three months of diagnosis and prior 
to treatment were identified and analysed. No patients had 
prior pleurodesis. For a subset of cases, multiple PE samples 
were available. 

Clinical data including age, gender, smoking history 
(ex/current or never), Eastern Cooperative Oncology 
Group (ECOG) performance status (0–1 or 2–4), Charlson 
Comorbidities Index (7–9 or 10–13), histological subtype 
[NSCLC (squamous or non-squamous); mesothelioma 
(epithelioid, sarcomatoid or biphasic)] and treatment 
[number of lines of systemic therapy received (0, 1 or ≥2) 
and treatment regimens] were collected from hospital 
records. For non-squamous NSCLC cases, epidermal 
growth factor receptor (EGFR), Kirsten rat sarcoma virus 
(KRAS), ALK, ROS1 mutation status and PD-L1 total 
proportion score (TPS) were recorded. The prognostic 
outcome measure was OS, calculated from the day of 
histological diagnosis until death or date of census. The 
study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). All participants provided 
written informed consent. This study was approved 
by the Human Research Ethics Committees of Sir 
Charles Gairdner Osborne Park Health Care Group 
(RGS0000001516), the University of Western Australia 
and the Fred Hutchinson Cancer Centre Human Subjects 
Committee (IRB file/approval number 10422).

Flow cytometry

PE samples were thawed, washed, filtered using a 100 µm  
cell strainer to remove clumps and debris, and then 
resuspended in PBS 1 mM EDTA. Cells were stained with 
Fixable viability dye eFluor 780 (eBioscience, Carlsbad, 
USA) for 20 minutes at room temperature (RT) followed 
by cell surface staining. For cell surface staining, cells were 
stained with fluorochrome conjugated anti-CD3–BV510 
(BioLegend, UCHT1, San Diego, USA), anti-CD4–BV711 
(BD Biosciences, SK3, Milpitas, USA) or –BB515 (BD 
Biosciences, RPA-T4), anti-CD8–BB700 (BD Biosciences, 
RPA-T8), anti-PD1–PE-Cy7 (BD Biosciences, EH12.1), 
anti-CD39–PE (BD Biosciences, Tu66), anti-CD28–APC 
(BioLegend, CD28.2) antibodies prepared in Brilliant Stain 
Buffer (BD Biosciences, cat# 566349) for 30 minutes at 4 ℃. 
For intracellular staining, cells were fixed and permeabilised 
for 20 minutes using the Foxp3 Transcription Factor 
Staining Buffer Set (eBioscience), and then incubated with 
fluorochrome conjugated anti-TCF1 antibody–AF488 (Cell 
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Signalling, C63D9, Danvers, USA) in 1x Permeabilization 
Buffer (eBioscience) for 30 minutes at RT. After washing 
twice, samples were collected and analysed using LSR 
Fortessa or FACS Melody. Data were analysed with FlowJo 
software version 10.6. 

Percentages and ratios of Texstem (PD1mid CD39− CD28+) 
and Texterm (PD1hi CD39+) CD8 T cells were reported. All 
Tex subsets were gated on live CD3+ CD8+ CD4− T cells. 
Gating strategy is shown in Figure S1. 

Serum mesothelin

Pre-treatment serum samples were available for 26 patients 
with epithelioid mesothelioma from the National Centre 
for Asbestos Related Diseases Biobank. Mesothelin 
concentrations were determined following the manufacturer’s 
instructions using the MESOMARK assay (Fujirebio 
Diagnostics, Malvern, USA).

Mass cytometry 

Purified antibodies lacking carrier proteins were purchased 
as shown in Table S1. Antibody conjugation was performed 
according to the protocol provided by Fluidigm (Markham, 
Canada). PE samples were thawed, washed, and stained 
with cisplatin (5 mM) in PBS for 5 minutes on ice, and 
incubated with primary and secondary surface antibody 
cocktails for 20 minutes each on ice and fixed overnight in 
2% paraformaldehyde. The next day, cells were washed and 
permeabilised using permeabilization buffer (eBioscience) 
and stained with intracellular antibodies for 30 minutes 
at RT followed by DNA staining (Cell-ID intercalator-Ir, 
Fluidigm) for 30 minutes at RT. Cells were lastly washed 
three times with water and run on CyTOF (Helios, 
Fluidigm). After CyTOF acquisition, any zero values 
were randomised using a uniform distribution of values 
between 0–1 using R and the signal of each parameter was 
normalised based on EQ bead values (Fluidigm). CD8 T 
cells were manually gated and subjected to UMAP analysis 
similar to that previously described using customised R 
scripts based on the ‘flowCore’ and ‘uwot’ R packages. Data 
were transformed using the logicleTransform function with 
parameters: w=0.25, t=16409, m=4.5, a=0 to match scaling 
historically used in Flowjo. 

Single cell sequencing 

We used scRNA-seq to profile four pre-treatment PE 

samples from two lung adenocarcinoma and two epithelioid 
mesothelioma patients (Table S1). PE samples were stained 
with TotalSeq-C antibody cocktails along with fluorescent 
antibody cocktails (Table S1). T cells were isolated by FACS 
sorting and loaded onto the 10x Chromium controller using 
Chromium Next GEM Single Cell 5’ Reagent Kits v2 (Dual 
Index) with Feature Barcoding technology for Cell-Surface 
Protein and Immune Receptor Mapping (10x Genomics) 
according to the manufacturer’s protocol. Quality of final 
libraries was assessed using Agilent 2200 TapeStation with 
High Sensitivity D5000 ScreenTape, quantified using a 
Qubit Fluorometer (ThermoFisher) and KAPA library 
quantification kit (Roche), and carried through to sequencing 
with Novaseq S1 on Illumina sequencer. Raw fastq files were 
pre-processed through CellRanger Pipeline (10x Genomics) 
and aligned to the reference genome (refdata-gex-GRCh38-
2020-A). Seurat package in R library, was used to remove 
RNA features that appeared in less than 10 cells: VDJ 
and BCR genes and cells with less than 200 or more than 
4,000 RNA features. Then RNA data was normalised using 
LogNormalize across features and the FindVariableFeatures 
function with 500 variables using variance-stabilizing 
transformation method (29). Antibody-derived tag (ADT) 
data was normalised using centred log ratio transformation 
across cells. To account for batch effect, Seurat’s data 
integration workflow was applied on RNA and ADT data 
separately (29). We perform weighted nearest neighbour 
analysis, which entails performing principal component 
analysis (PCA) on integrated RNA and integrated ADT 
datasets and using FindMultiModalNeighbors function 
to define and construct weighted nearest neighbour 
graphs (29). We used 30 principal components (PCs) from 
integrated RNA data and 18 PCs from integrated ADT 
data. Clustering was performed using SLM algorithm on 
shared nearest neighbour with resolution of 2.0.

Statistics

Descriptive summaries included frequency distributions 
and means, standard deviations or medians and ranges for 
categorical and continuous data, respectively. Associations 
between T-cell subsets and categorical patient or disease 
variables were analysed using Mann-Whitney U tests or 
Kruskall Wallis H tests as appropriate. Pearson’s correlation 
was used to calculate the correlation between T-cell 
subsets, age and mesothelin. Median OS was estimated 
using the Kaplan-Meier method and different groups 
compared via log-rank test. Cox regression analysis was 
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performed with T-cell subset percentages as a continuous 
variable, as well as a dichotomous variable stratifying into 
‘high’ or ‘low’ abundance according to the median value, 
respectively. Multivariate analyses of the Cox regression 
model were applied to estimate hazard ratios (HRs) and 
95% confidence intervals (CIs). Regression coefficient 
analysis was performed to analyse the change in Tex over 
time. Statistical analyses were conducted with IBM SPSS 
Statistics version 28.0 and GraphPad Prism software version 
9. All hypotheses were two-sided and P values <0.05 were 
considered statistically significant.

Results

NSCLC patient characteristics

Analysis was performed on a cohort of 43 NSCLC patients 
with histo- and/or cyto-logically confirmed malignant 
PE. The median age of the cohort was 73 and there were 
22 females (51.2%). Most patients were former (55.8%) 
or current (30.2%) smokers. The majority of patients 
had non-squamous carcinomas (39 adenocarcinomas, 
one adenosquamous and one poorly differentiated) and  
two patients had squamous cell carcinomas. Of the 41 non-
squamous carcinomas, molecular testing was performed for 
39 patients and 11 (28.2%) had a KRAS mutation, seven 
(17.9%) had an EGFR mutation and one (2.6%) had a 
ROS1 fusion. Tumor PD-L1 tumor proportion score was 
available for 22 patients and was <1%, 1–49% and ≥50% 
in six (27.2%), eight (36.4%) and eight (36.4%) patients, 
respectively (Table 1). Twenty patients received at least one 
line of systemic therapy. The treatment regimens used 
are listed in Table 1. In the first line setting, 11 patients 
received platinum doublet chemotherapy with or without 
maintenance pemetrexed, only five patients received ICPB 
(four single agent and one chemoimmunotherapy) and four 
received an EGFR tyrosine kinase inhibitor. In subsequent 
line therapies, four patient received chemotherapy and five 
received single agent ICPB.

Distinct T-cell exhaustion subsets can be identified in 
malignant PEs in NSCLC 

In order to assess T-cell exhaustion, we focused on Texstem 
and Texterm cells defined here, and previously (23), as 
CD3+CD4−CD8+CD39−PD1midCD28+ and CD3+CD4−

CD8+CD39+PD1hi T cells, respectively (Figure 1A and 
Figure S1). We explored the feasibility of using PEs to 

Table 1 Clinicopathological characteristics of non-small cell lung 
cancer cohort (n=43)

Patient characteristic Category Data

Age (years) 73 [47–95]

Sex M 21 (48.8)

F 22 (51.2)

Smoking Former 24 (55.8)

Current 13 (30.2)

Never 6 (14.0)

ECOG 0–1 25 (58.1)

2–4 18 (41.9)

Charlson Comorbidities 
Index

6–9 20 (46.5)

10–13 23 (53.5)

Histology Adenocarcinoma 39 (90.7)

Squamous 2 (4.7)

Adenosquamous 1 (2.3)

Poorly differentiated 1 (2.3)

Mutation  
(non-squamous n=39)†

KRAS 11 (28.2)

EGFR 7 (17.9)

ROS1 1 (2.6)

Tumour PD-L1 TPS 
(n=22)‡

<1% 6 (27.2)

1–49% 8 (36.4)

≥50% 8 (36.4)

Lines of therapy (n=41)§ 0 21 (51.2)

1 10 (24.4)

≥2 [2–5] 10 (24.4)

Treatment regime

First line Chemotherapy 11 (25.6)

Single agent ICPB 4 (9.3)

Chemoimmunotherapy 1 (2.3)

EGFR TKI 4 (9.3)

Subsequent line Chemotherapy 4 (9.3)

Single agent ICPB 5 (11.6)

Data are presented as n (%) or median [range]. †, 2 patients 
not done; ‡, 21 patients not done; §, excludes patients having 
ongoing treatment at time of censoring. M, male; F, female; 
ECOG, Eastern Cooperative Oncology Group; KRAS, Kirsten rat 
sarcoma virus; EGFR, epidermal growth factor receptor; PD-L1, 
programmed death ligand 1; TPS, tumor proportion score; ICPB, 
immune checkpoint blockade; TKI, tyrosine kinase inhibitor.
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Figure 1 Characterization and clinical significance of exhausted CD8 T cell subsets in malignant pleural effusions of NSCLC patients. (A) 
Identification of exhausted CD8 T cell subsets in malignant pleural effusions of NSCLC patients. Representative flow cytometry plot of Texstem 
and Texterm CD8 T cell subsets according to PD1, CD39 and CD28 expression in a NSCLC patient. Gated on live CD3+CD4–CD8+ pleural 
effusion T cells. (B) Frequency of T cell subsets within the PE are consistent over short time periods. Data are T cell subsets from pleural 
effusions of four patients. (C) Percentages of Texstem and Texterm cells within CD8 T cells from malignant pleural effusions of NSCLC (n=43). 
The median value is presented. Comparisons made between groups were performed using Mann-Whitney U test. (D) MFI of TCF1 by Texstem, 
and Texterm cell subsets in NSCLC. Data are presented as mean ± SD. Comparisons made between groups were performed using independent 
samples t-test. (E) Texstem, but not Texterm or PD1+ cells correlate with improved survival in NSCLC patients (n=43). Multivariate Cox regression 
analysis of overall survival plotted according to abundance of pleural effusion exhausted CD8 T cell subsets dichotomized at the median. 
NSCLC, non-small cell lung cancer; Texstem, stem-like exhausted CD8 T cells; Texterm, terminally exhausted CD8 T cells; PD1, programmed 
death 1; MFI, mean fluorescence intensity; TCF1, T cell factor 1; SD, standard deviation.
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characterize the phenotype of exhausted T cells. To assess 
the short-term stability of Tex cell populations, we collected 
PE from four patients. Each patient underwent serial 
sampling, where 2–3 samples were collected independently 
across a period of 4–8 days. In these samples, CD4 and 
CD8, Texstem and Texterm cell subsets were consistent across 
the sampling period, indicating remarkable short-term 
stability of T cells within the PE (Figure 1B). 

Next, as TCF1 is a key transcription factor for Texstem cells, 
we analyzed the TCF expression of Texstem and Texterm cells in 
these samples to confirm that they are representative of the 
stem-like and terminally exhausted populations, respectively. 
As expected, Texstem cells were enriched in TCF1 expression 
compared to Texterm in all patients (Figure S2). 

We next sought to survey the Texstem and Texterm cells 
across the entire cohort of 43 NSCLC patients. Consistent 
with the short term data, Texstem cells were more prevalent 
than Texterm cells (mean 10.9% vs. 1.5%) (Figure 1C, Table 2). 
Again, in this larger cohort, TCF1 expression was significant 
higher in Texstem compared to Texterm (Figure 1D).

Texstem but not Texterm T cells correlate with improved 
overall survival (OS)

Having determined that CD8 Texstem and Texterm cells were 
present and stable within PE of NSCLC patients, we next 
sought to determine if the prevalence of either population 
correlated with OS. In the NSCLC cohort, 41 of 43 patients 
had died by the date of census, all due to cancer progression. 
The median duration of follow-up was 55 months (range, 
1–117 months). Univariate and multivariate analysis were 

performed using clinicopathological variables that can 
potentially influence clinical outcomes, including sex, age, 
smoking status, ECOG, comorbidities, number of lines of 
systemic therapy and ICPB treatment (Table 3). We were 
unable to adjust for histological subtype as there were only 
two patients with squamous carcinomas in our cohort. 
As well, we did not include PD-L1 expression levels in 
the multivariable analysis due to a significant number of 
missing data (only 22 patients had PD-L1 expression data). 
Multivariate analysis showed that patients with higher 
frequency (above median) of Texstem cells had significantly 
higher median OS than those with a lower frequency 
(below median) (median 9.9 vs. 3.4 months, HR 0.36, 95% 
CI: 0.16–0.79, P=0.01) (Figure 1E, Table 3). Among the non-
squamous subgroup (n=41), we also adjusted for EGFR and 
KRAS mutation status and targeted therapy. An association 
between Texstem cells and OS was observed irrespective of 
these characteristics (Table S2, Figure S3). Higher Texterm 
cells was associated with worse OS in univariate but not 
multivariate analyses. Higher Texstem to Texterm cell ratios also 
predicted longer OS. Notably, PD1+ CD8 T cells as a broad 
population did not correlate with OS (Figure 1E, Table 3).

The prognostic significance of Texstem cells is validated in 
mesothelioma

To validate our findings from NSCLC, we examined 
Texstem and Texterm cell frequencies in PE from a cohort of 
49 mesothelioma patients (Table 4). The median age of 
the cohort was 70 and the majority (91.8%) were males. 
Nineteen (44.2%) and two (4.6%) patients were former 
and current smokers, respectively. Forty-one (83.6%) cases 
were mesothelioma of the epithelioid subtype and four 
(8.2%) cases were of the sarcomatoid subtype. Twenty-nine 
patients received at least one line of systemic therapy. In 
the first line setting, 21 patients received platinum doublet 
chemotherapy, five patients received chemoimmunotherapy 
and three patients received doublet ICPB with ipilimumab 
and nivolumab. Subsequent line therapies included 
chemotherapy (n=17), chemoimmunotherapy (n=1), doublet 
ICPB (n=3), single agent ICPB (n=4), FGFR inhibitor (n=2) 
and anti-CD80 antibody (n=1) (Table 4). 

A representative flow cytometry plot for mesothelioma 
is presented in Figure 2A. As seen in NSCLC, the 
percentage of Texstem cell was higher than Texterm cells in 
mesothelioma (mean 14.9% vs. 3.5%) (Figure 2B). The 
absolute percentages of Texstem and Texterm cells was greater 
in mesothelioma compared to NSCLC, however the 

Table 2 Frequencies of T-cell subsets in non-small cell lung cancer 
and mesothelioma pleural effusions

Cell subset
NSCLC (%),  

median (range)
Mesothelioma (%),  

median (range)

CD8a 18.7 (3.6–69.4) 18.7 (3.0–69.3)

CD4a 74.2 (24.4–95.2) 75.5 (25.4–96.0)

PD1+b 25.7 (6.0–75.0) 46.2 (8.3–84.5)

Texstem b 10.9 (1.6–37.1) 14.9 (2.1–47.5)

Texterm b 1.5 (0.3–39.2) 3.5 (0.02–47.6)
a, CD4 and CD8 T cells as a percentage of total CD3+ T cells; b, 
PD1+ and Tex cells as a percentage of CD3+CD8+CD4− T cells. 
NSCLC, non-small cell lung cancer; PD1, programmed death 
1; Tex

stem
, stem-like exhausted CD8 T cells; Tex

term
, terminally 

exhausted CD8 T cells.
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Table 3 Cox regression model showing hazard ratios for overall survival conferred by variables in non-small cell lung cancer patients

Variable
Univariate Multivariatea

HR 95% CI P HR 95% CI P

Age (per unit decrease) 1.01 0.98–1.03 0.62 0.93 0.89–0.98 0.005

Sex (M vs. F) 1.08 0.58–2.02 0.80 1.96 0.92–4.15 0.08

Smoking (former/current vs. never) 2.22 0.91–5.42 0.08 3.70 1.29–10.65 0.01

ECOG (2–4 vs. 0–1) 2.12 1.09–4.12 0.03 3.96 1.28–12.20 0.02

Charlson Comorbidities Index (10–13 vs. 6–9) 1.06 0.57–1.98 0.85 0.72 0.26–2.02 0.53

Lines of therapy (vs. 0)

1 0.48 0.22–1.06 0.07 0.64 0.19–2.15 0.47

≥2 0.16 0.06–0.41 <0.001 0.19 0.04–0.90 0.04

ICPB treatment (yes vs. no) 0.37 0.17–0.83 0.01 0.49 0.15–1.56 0.23

Texstem (high vs. low) 0.49 0.24–0.99 0.048 0.36 0.16–0.79 0.01

Texterm (high vs. low) 2.07 1.07–4.01 0.03 1.62 0.71–3.68 0.25

Texstem:Texterm ratio (per unit increase) 0.97 0.95–0.99 0.004 0.96 0.94–0.99 0.008

PD1+ (high vs. low) 0.66 0.33–1.29 0.22 0.62 0.29–1.30 0.20
a, multivariate cox regression analysis adjusted for age, sex, smoking, ECOG, Charlson Comorbidities Index, number of lines of systemic 
therapy and ICPB use. HR, hazard ratio; CI, confidence interval; M, male; F, female; ECOG, Eastern Cooperative Oncology Group; ICPB, 
immune checkpoint blockade; Tex

stem
, stem-like exhausted CD8 T cells; Tex

term
, terminally exhausted CD8 T cells; PD1, programmed death 1.

proportion of Texstem and Texterm relative to total CD8 T cells 
were similar across both cancers (Table 2). Mesothelioma 
Texstem cells also had higher TCF1 MFI compared to Texterm 
cells (Figure 2C). 

We next sought to determine if high Texstem cell 
proportion was also predictive of increased OS. From 
these 49 mesothelioma patients, 40 had died from cancer 
progression by the date of census and the median duration of 
follow-up was 51 months (6–122 months). In mesothelioma, 
as in NSCLC, increased Texstem cells was an independent 
predictor of improved OS irrespective of age, sex, 
histological subtype, smoking history, ECOG, number of 
lines of systemic therapy and ICPB treatment. Patients with 
a high abundance of Texstem cells had significantly longer 
OS compared to those with low abundance (median 32.1 
vs. 19.8 months, HR 0.31, 95% CI: 0.10–0.96, P=0.04) 
(Figure 2D, Table 5). Higher Texstem to Texterm cell ratio 
also predicted longer OS. Increased Texterm cells was not 
associated with prognosis in univariate or multivariate 
analyses (Figure 2D, Table 5). As seen in NSCLC, PD1+ 
CD8 T cells as a broad population did not correlate with 
OS (Figure 2D, Table 5).

Correlation of exhausted CD8 T-cell subsets with clinical 
and pathological characteristics 

The heterogeneous Tex cell landscape observed between 
patients indicates that there may be clinical or biological 
factors that influence the progression to terminal T-cell 
exhaustion. To explore the potential factors that may affect 
this pathway, we next asked whether the abundance of Tex 
cell subsets correlated with clinicopathological features. 

In NSCLC, higher Texstem was observed in never smokers 
compared to former or current smokers (mean 20.2% vs. 
11.9%, P=0.02) (Figure 3A). No difference in Texterm was 
observed between the two groups. Smoking pack years data 
were available for 28 of the 37 current or former smokers, 
but no correlation was observed between the number of 
pack years and Texstem cells. Increased Texterm cells were 
observed in EGFR wild type non-squamous carcinomas 
compared to EGFR mutant tumors (P=0.04) (Figure 3B). 
There was no difference in Texstem when stratified by EGFR 
mutation status. No associations were found between any 
of the Tex subsets and patient age, sex, or KRAS mutation 
status. In our cohort, there were only two patients with 
squamous cell carcinomas so we could not evaluate the 
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Table 4 Clinicopathological characteristics of mesothelioma cohort 
(n=49)

Patient characteristic Data

Age (years) 70 [46–90]

Sex

M 45 (91.8)

F 4 (8.2)

Smoking (n=43, 6 patients unknown)

Former 19 (44.2)

Current 2 (4.6)

Never 22 (51.2)

ECOG

0–1 39 (79.6)

2–4 10 (20.4)

Charlson Comorbidities Index

6–9 35 (71.4)

10–13 14 (28.6)

Histology

Epithelioid 41 (83.6)

Sarcomatoid 4 (8.2)

Biphasic 4 (8.2)

Lines of therapy (n=41)*

0 20 (48.8)

1 5 (12.2)

≥2 [2–5] 16 (39.0)

Treatment regimen

First line

Chemotherapy 21a (42.8)

Chemoimmunotherapy 5 (10.2)

Doublet ICPB 3 (6.1)

Subsequent line

Chemotherapy 17 (34.7)

Chemoimmunotherapy 1 (2.0)

Doublet ICPB 3b (6.1)

Single agent ICPB 4c (8.2)

FGFR inhibitor 2 (4.1)

Anti-CD80 antibody 1 (2.0)

Data are presented as n (%) or median [range]. a, two patients 
received chemotherapy +/- vascular endothelial growth factor 
inhibitor, one patient received chemotherapy plus pegylated 
arginine deiminase; b, one patient received doublet immunotherapy 
plus UV1 vaccine; c, one patient received single agent 
immunotherapy plus mesothelin antibody; *, excludes patients 
having ongoing treatment at time of censoring. M, male; F, female; 
ECOG, Eastern Cooperative Oncology Group; ICPB, immune 
checkpoint blockade; FGFR, fibroblast growth factor receptor.

correlation between Tex cell subsets with histological 
subtype. Furthermore, as tumor PD-L1 expression results 
were only available in 22 patients, we did not examine the 
correlation between PD-L1 expression and Tex subsets. 

In mesothelioma, there were no associations between 
Tex cell subsets and patient age, sex, histological subtype. 
Smoking history was available for 43 patients. There was no 
association between smoking history and Tex cell subsets.

To investigate whether the degree of T-cell exhaustion 
correlated with tumor burden, we analysed pre-treatment 
serum mesothelin levels of 26 patients with epithelioid 
mesothelioma, as a surrogate marker for tumor burden (30). 
There was a statistically significant correlation between 
Texterm cells and serum mesothelin concentration (Pearson’s 
r=0.525, P=0.006), but this result was mainly driven by a 
single patient with the highest proportion of Texterm cells 

and mesothelin levels (data not shown). There was no 
correlation between mesothelin levels and Texstem cells.

No significant changes in Tex subset frequency in PEs 
during disease progression 

In a smaller cohort of treatment-naïve patients we had 
access to samples over a 25-month period allowing us to 
perform an exploratory longitudinal analysis of T-cell 
exhaustion in the PE in the setting of cancer progression in 
the absence of any systemic therapy. Samples were collected 
at diagnosis and at a minimum of 1-month intervals, from 
eight patients with mesothelioma and two patients with 
NSCLC. Patient characteristics are described in Table S3. 
Two to six samples were available from each patient ranging 
from 1 to 22 months post diagnosis (Figure S4A). The 
median follow-up was 73.5 months (range, 31–110 months). 
At the time of data analysis, both NSCLC patients and six 
mesothelioma patients have died, with survival of 17 and  
25 months for the two NSCLC patients and ranging from 
18 to 102 months for those with mesothelioma. 

Statistical power was limited in this small cohort, but a 
regression coefficient analysis showed that overall, there 
was no significant change in the frequencies of Texstem cells 

(Cohens d −0.49, P=0.16), Texterm cells (Cohens d 0.18, 
P=0.58) and the Texstem:Texterm cell ratio (Cohens d −0.31, 
P=0.35) over time (Figure S4B). 

Texstem and Texterm cells display distinct phenotypes and 
intrinsic heterogeneity

To gain a comprehensive understanding of the immunological 
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Figure 2 Characterization and clinical significance of exhausted CD8 T cell subsets in malignant pleural effusions of mesothelioma patients. 
(A) Identification of exhausted CD8 T cell subsets in malignant pleural effusions of mesothelioma patients. Representative flow cytometry 
plot of Texstem and Texterm CD8 T cell subsets according to PD1, CD39 and CD28 expression in a mesothelioma patient. Gated on live 
CD3+CD8+ pleural effusion T cells. (B) Percentages of Texstem and Texterm cells within CD8 T cells from malignant pleural effusions of 
mesothelioma (n=49) patients. The median value is shown. Comparisons made between groups were performed using Mann-Whitney U 
test. (C) MFI of TCF1 by Texstem, and Texterm cell subsets in mesothelioma. Data are presented as mean ± SD. Comparisons made between 
groups were performed using independent samples t-test. (D) Texstem, but not Texterm or PD1+ cells correlate with improved survival in 
mesothelioma patients (n=49). Multivariate Cox regression analysis of overall survival plotted according to abundance of pleural effusion 
exhausted CD8 T cell subsets dichotomized at the median. Texstem, stem-like exhausted CD8 T cells; Texterm, terminally exhausted CD8 T 
cells; PD1, programmed death 1; MFI, mean fluorescence intensity; TCF1, T cell factor 1; SD, standard deviation.
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features of malignant PE, we performed high dimensional 
mass cytometry (a.k.a., cytometry by time-of-flight; CyTOF) 
profiling using 30 cellular markers dedicated to T cells of PE 
samples. We analysed a total of 16 PE samples from eight 

patients (five mesothelioma and three lung adenocarcinoma), 
collected at two time points per patient ranging from 1 to 
8 months apart. Consistent with previous reports (31,32), 
our mass cytometry profiling revealed that malignant PE 



Ye at al. Texstem predict improved prognosis in NSCLC and mesothelioma2362

© AME Publishing Company.   Transl Lung Cancer Res 2024;13(9):2352-2372 | https://dx.doi.org/10.21037/tlcr-24-284

Table 5 Cox regression model showing hazard ratios for overall survival conferred by variables in mesothelioma patients

Variable
Univariate Multivariatea

HR 95% CI P HR 95% CI P

Age (per unit decrease) 1.04 1.01–1.08 0.02 0.99 0.92–1.07 0.86

Sex (M vs. F) 0.60 0.18–1.99 0.40 0.79 0.12–5.05 0.81

Smoking (former/current vs. never) 1.26 0.46–3.42 0.65 0.55 0.19–1.55 0.25

ECOG (2–4 vs. 0–1) 2.18 0.95–5.01 0.07 1.41 0.50–3.93 0.51

Charlson Comorbidities Index (10–13 vs. 6–9) 3.18 1.51–6.71 0.002 2.57 0.66–10.11 0.17

Lines of therapy (vs. 0)

1 1.11 0.40–3.04 0.84 1.23 0.33–4.60 0.76

≥2 0.72 0.36–1.43 0.35 1.09 0.40–2.94 0.86

Histology

Epithelioid

Sarcomatoid 1.90 0.57–6.35 0.30 5.76 1.02–32.59 0.048

Biphasic 1.90 0.57–6.35 0.30 5.76 1.02–32.59 0.048

ICPB treatment (yes vs. no) 0.46 0.21–1.01 0.053 0.38 0.11–1.34 0.13

Texstem (high vs. low) 0.56 0.28–1.13 0.11 0.31 0.10–0.96 0.04

Texterm (high vs. low) 0.86 0.45–1.63 0.64 0.99 0.44–2.24 >0.99

Texstem:Texterm ratio (per unit increase) 1.00 0.99 - 1.01 0.56 0.98 0.97–1.00 0.01

PD1+ (high vs. low) 0.46 0.24–0.87 0.02 0.38 0.14–1.03 0.06
a, multivariate cox regression analysis adjusted for age, sex, smoking, ECOG, Charlson Comorbidities Index, number of lines of systemic 
therapy, histology and ICPB treatment. HR, hazard ratio; CI, confidence interval; M, male; F, female; ECOG, Eastern Cooperative Oncology 
Group; ICPB, immune checkpoint blockade; Tex

stem
, stem-like exhausted CD8 T cells; Tex

term
, terminally exhausted CD8 T cells; PD1, 

programmed death 1.

were enriched in T cells; predominantly CD4 T cells  
(Figure S5A,S5B). The distributions of key immune cell subsets 
in NSCLC and mesothelioma are presented in Figure S5C. 
Since we observed conserved immune cell distribution and  
T cell phenotypes across timepoints, only data from the 
initial time point was further presented (Figure 4).

We then examined the detailed profiles of CD8 T cell 
populations present in malignant PE from NSCLC patients. 
To accomplish this, we manually gated CD8 T cells and 
employed Uniform Manifold Approximation and Projection 
(UMAP) dimensionality reduction, followed by clustering 
with the Louvain graph-based clustering algorithm (see 
Methods). This method allowed us to identify and resolve 
various cell types, including mucosal-associated invariant 
T (MAIT, MR-1+CD161+Va7.2+), exhausted (PD1+CD39+), 
and resident memory-like cells (CD103+) (Figure 4A,4B and 
Figure S6A). 

Next, we examined the cellular phenotypes of the 
different Tex states by manually gating on Texstem (PD1mid 

CD39–CD28+) and Texterm (PD1+CD39+) (Figure S6B). 
Texstem cells from NSCLC patients displayed a range 
of phenotypes, including: canonical Texstem (cluster 11, 
approximately 32.5%), central memory (CM)-like (cluster 
4, approximately 23.8%), effector-memory (EM)-like 
(cluster 5, approximately 21.9%), MAIT-like (cluster 
10, approximately 5.0%) and Va7.2+ Texstem (cluster 12, 
approximately 3.3%). In contrast, the majority of Texterm 

cells clustered into a single group (cluster 13, approximately 
76.8%) and exhibited greater expression of immune 
inhibitory molecules including TIGIT and ICOS. Notably, 
the Texterm cell population, characterised by high levels of 
CD39, also co-expressed tissue resident markers CD103 
and CD69 (33-35). Of note, a small fraction of Texstem and 
Texterm cells were MAIT cells (cluster 10) (Figure 4B,4C and 
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Figure 3 Correlation of exhausted CD8 T cell subsets with clinicopathological characteristics. (A) Comparison of frequencies of Texstem and 
Texterm cells between never smokers (n=6) and ever smokers (n=37) in NSCLC patients. (B) Comparison of frequencies of Texstem and Texterm 
cells between EGFR mutant (n=7) and EGFR wild type (n=32) non-squamous NSCLC patients. The median value is shown. Comparisons 
made between groups were performed using Mann-Whitney U test. Texstem, stem-like exhausted CD8 T cells; Texterm, terminally exhausted 
CD8 T cells; NSCLC, non-small cell lung cancer; EGFR, epidermal growth factor receptor.

Figure S6C), indicating that both conventional T cells and 
MAIT cells can exhibit markers of exhaustion, as previously 
shown in colorectal cancer and in lung cancer tumor 
infiltrates (36,37).

A similar analysis of malignant PE samples obtained 
from mesothelioma patients showed comparable findings, 
reinforcing the consistency of our findings (Figure S7). 
Texstem cells were associated with CD57+ Texstem (cluster 15, 
approximately 27.6%), CD57– Texstem (cluster 14, approximately 
20.8%), EM-like (cluster 5, approximately 20.2%) and MAIT-
like (cluster 11, approximately 3.8%). Meanwhile, Texterm cells 

exhibited greater expression of activation/exhaustion markers 
(e.g., CD38, HLA-DR, TIGIT and ICOS) and tissue resident 
markers (e.g., CD69 and CD103). Specifically, these Texterm 
cells were identified as CD57– Texterm (cluster 16, approximately 
61.1%) and CD57+ Texterm (cluster 17, approximately 47.9%) 
(Figure 4D-4F). These consistent patterns indicate distinct 
phenotypic characteristics of Texstem and Texterm cells.

Interestingly, the phenotypic features of Tex cells 
varied between NSCLC and mesothelioma. Compared 
to their mesothelioma counterparts, NSCLC Texstem and 
Texterm cells displayed a more stem-like phenotype with 
enrichment of CCR7 chemokine receptor and CD127 (IL-
7 receptor) (38), as well as displayed lower expression of the 
immune inhibitory/senescence marker CD57 (Figure 4G). 
Longitudinal profiling across the two time points showed 
that these phenotypic differences persisted consistently over 
an extended period (Figure S8). 

Single cell multi-omics reveals phenotypic and clonotypic 
heterogeneity of Texstem and Texterm cells

To gain a more comprehensive understanding of phenotypic 
and clonotypic variation within Tex cells, we performed 
10x Genomics Chromium single-cell multi-omics analysis 
on four patients (two mesothelioma and two NSCLC). By 
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Figure 4 Mass cytometry based phenotypic profiling identifies heterogeneity of Texstem and Texterm CD8 T cells in pleural effusions of NSCLC and 
mesothelioma patients. (A) UMAP projections of CD8 T cell derived from malignant pleural effusions of NSCLC patients (n=3) at the early timepoint. 
Normalized intensity of individual markers. Gated on DNA+cisplatin–CD45+CD14–CD16–CD3+gdTCR–. (B) Heatmap depicting normalized mean 
marker intensity measured by mass cytometry in each cluster of NSCLC patients. (C) Distribution of phenotypes in Texterm (top) and Texstem (bottom) of 
NSCLC patients. Each bubble represents cells with specific phenotypes, with bubble size reflecting their frequency among total cells, and bubble color 
indicating distinct cluster types. (D) UMAP projections of CD8 T cell derived from malignant pleural effusions of mesothelioma patients (n=5) at the 
early timepoint. Normalized intensity of individual markers. Gated on DNA+cisplatin–CD45+CD14–CD16–CD3+gdTCR– of mesothelioma patients. 
(E) Heatmap depicting normalized mean marker intensity measured by mass cytometry in each cluster of mesothelioma patients. (F) Distribution of 
phenotypes in Texterm (top) and Texstem cells (bottom) of mesothelioma patients. Each bubble represents cells with specific phenotypes, with bubble size 
reflecting their frequency among total cells, and bubble color indicating distinct cluster types. (G) Heatmap depicting normalized mean marker intensity 
measured by mass cytometry in Texterm and Texstem cells. NSCLC, non-small cell lung cancer; Texstem, stem-like exhausted CD8 T cells; Texterm, terminally 
exhausted CD8 T cells; UMAP, uniform manifold approximation and projection; SCM, memory stem cell; CM, central memory; EM, effector memory; 
EMRA, effector memory re-expressing CD45RA; MAIT, mucosal-associated invariant T. 
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incorporating mRNA sequencing analysis, 50 oligo-tagged 
(CITE-seq) surface antibodies (39) and TCR sequences, 
this multimodal analysis facilitated the characterization of 
T-cell subsets based on gene expression, surface protein 
markers, and TCR diversity. We performed a weighted 
nearest neighbour analysis with UMAP to visualise the 
high-dimensional multi-omics (protein and gene expression) 
profiles in a lower-dimension embedding (Figure 5A,5B and 
Figure S9A-S9C) (29). 

Expanding upon our findings from the CyTOF analysis, 
CD8 T cells infiltrating malignant PE were heterogeneous 
and Texstem and Texterm cells exhibited differential expression 
of proteins and genes (Figure 5C and Figure S9D,S9E). 
Differential expression analysis of Texterm cells in comparison 
to Texstem cells showed enrichment of genes and proteins 
related to immune inhibitory receptors (LAG3, ENTPD1, 
PDCD1, HAVCR2, TIGIT), and cytotoxicity (NKG7) but 
lower in pluripotent stemness (KLRG1, RORA, IL7R), 
indicating Texstem cells and Texterm cells are transcriptionally 
distinct (Figure 5D).

Given that Texstem cells are thought to act as progenitors 
for Texterm cells (40) and those cells are chronically exposed 
and proximal to the tumor site, we hypothesise that both 
Texstem cells and Texterm cells are enriched for cognate tumor-
reactive TCRs. To test this hypothesis, we first analysed 
diversity of TCR clonotypic repertoires of Texstem and Texterm 
cells. In line with previous findings (23), Texstem cells exhibited 
more diverse TCR repertoires, as indicated by the clone size 
and effective number of clonotypes, whereas Texterm cells 
showed comparatively less TCR diversity (Figure 5E,5F). To 
understand the developmental relatedness between Texstem 
and Texterm cell states, we examined the extent of overlap in 
TCR repertoires between these cell populations using the 
Morisita-Horn index. Interestingly, though not reaching 
statistical significance, Texstem exhibited a higher degree of 
overlap with non-Tex cells compared to Texterm (Figure 5G). 
There was minimal overlap of TCR clonotypes between 
Texstem and Texterm cells, suggesting that only a small fraction 
of Tex cells transition between the Texstem and Texterm 
phenotypes (Figure S9F).

To extend these findings, we investigated whether TCR 
sequences from Tex cells exhibited any overlap with TCRs 
of known cancer-unrelated specificities (e.g., Epstein-Barr 
virus-, cytomegalovirus-, or influenza virus-specific T cells) 
in the VDJ database (41). Out of the 153 clones identified 
from Texstem, 61 TCRs were found within the database. In 
contrast, out of the 209 clones from Texterm, only 10 clones 
were detected in the database (Figure 5H). These results 

indicate that Texstem in the TME partially consist of cancer-
unrelated antigen-specific bystander T cells, while this 
phenomenon is not observed to the same extent in the 
Texterm cell population.

Discussion

In this study, we demonstrate that an increase in the 
proportion of Texstem cells in PE is associated with improved 
OS and may present a useful prognostic biomarker. 
Importantly, our findings were demonstrated in two distinct 
tumor types, supporting the importance of Texstem cells 
in anti-tumor immunity irrespective of cancer type. In 
addition, we used mass cytometry and single-cell multi-
omics data to explore the phenotype of T cells within the 
PE of NSCLC and mesothelioma patients in finer detail.

CD8 TILs have been associated with clinical outcomes 
in several cancers (5,42,43). However, there are limited 
studies that address the functional heterogeneity of the 
Tex cell population. In this study, higher frequency of PE 
Texstem CD8 T cells were independently associated with a 
favourable prognosis in both NSCLC and mesothelioma. 
The Texstem cell population was enriched for TCF1 
expression compared to Texterm cell population, as well as 
compared to the non-naive PD1midCD39-CD28- T cell 
population (data not shown). These results are consistent 
with previous reports of transcriptomic analysis of TCGA 
lung adenocarcinoma and melanoma cohorts, where 
increased CD8 TIL expression of TCF7 (encoding TCF1) 
in combination with PDCD1 (encoding PD1) was associated 
with improved clinical outcomes (21,44). PD1 expression on 
TILs has been associated with poor patient survival across 
a number of different cancer types (45-50). Notably, in our 
study there was no significant association between PD1+ 
CD8 T cells and OS, demonstrating that the prognostic 
relevance was specifically associated with the Texstem cell 
subset. Our results are in agreement with studies in other 
cancer types (14, 18, 19) that demonstrate that Texstem can 
be associated with improved outcomes. Texstem, with lower 
inhibitory receptor expressions, are less differentiated and 
retain self-renewal capacity and effector function. As a 
result, the observed improved prognosis associated with an 
increased frequency of Texstem cells is likely be attributed to 
their ability to generate more effective anti-cancer immune 
response. These results support the clinical significance 
of this cell subset and highlight their role as a crucial 
component of the anti-tumor immune response. 

On the contrary, the frequency of Texterm cells did not 

https://cdn.amegroups.cn/static/public/TLCR-24-284-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-24-284-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TLCR-24-284-Supplementary.pdf
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Figure 5 Single-cell analysis of Texterm and Texstem CD8 T cells in pleural effusions of NSCLC and mesothelioma patients. (A) UMAP 
projection of single cell gene expression (scRNAseq) and surface protein expression measured with antibody derived tags (scADT). Each 
point is a single cell colored based on 22 phenotypes derived from Leiden clustering of normalized scRNAseq and scADTseq data across 
four samples (resolution =2.0). (B) Heatmap depicting normalized mean marker intensity measured scRNA (left) and scADT (right) in 
each cluster. (C) UMAP projection of Texterm (violet) and Texstem (orange) cells onto total CD8 (grey). (D) Volcano plot of differential gene 
expression upregulated in Texterm (purple) and Texstem (orange). Genes with 0.5-fold change and –log10(q.value) >1.5 are highlighted. (E) 
UMAP projection colored by clone size of each cell. (F) Effective number of clonotypes from Texstem and Texterm cells. Wilcoxon test, **, 
P<0.01. (G) Morisita-Horn indices with non-Tex from Texstem and Texterm cells. Wilcoxon test. (H) Venn diagram showing the numbers of 
shared and unique clonotypes among VDJdb, Texstem, and Texterm cells. Texstem, stem-like exhausted CD8 T cells; Texterm, terminally exhausted 
CD8 T cells; NSCLC, non-small cell lung cancer; UMAP, uniform manifold approximation and projection; scRNAseq, single-cell RNA 
sequencing; scADT, single-cell antibody-derived tag; SCM, memory stem cell; CM, central memory; EM, effector memory; EMRA, effector 
memory re-expressing CD45RA; MAIT, mucosal-associated invariant T; ex, exhausted; ns, not significant (P>0.05).
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impact OS, highlighting Texstem and Texterm as unique 
Tex cell populations with distinct prognostic relevance. 
Texterm are known to lose their expansion capacity and 
are functionally less efficient (44). Therefore, Texterm cells 
may not have prognostic implications because they are 
functionally impaired and continually deleted from the 
TME. An additional finding from our study was that 
in NSCLC, an increased proportion of Texterm cells was 
observed in EGFR wild type adenocarcinoma compared to 
EGFR mutant tumors and an increased proportion of Texstem 
cells was observed in never smokers compared to current or 
former smokers. This suggests that lower levels of terminal 
exhaustion and the stem-like exhaustion state of CD8 T 
cells may be related to the lower tumor mutational burden 
associated with EGFR mutant and non-smoking related 
lung cancer (51,52). We did not have genomic sequencing 
data for our patient cohort and further studies are currently 
being undertaken to delineate this relationship.

Our longitudinal data demonstrate stability of the 
frequency of Tex subsets in PE over time, supporting the 
utility of PE as a sample site for biomarker studies. Our 
longer term longitudinal exploratory analysis showed no 
statistically significant difference in Tex frequencies over 
time but given the small sample size, no conclusions can 
be drawn from this analysis and further study in a larger 
population is required.

Within the individual subsets of Texstem and Texterm there 
is evidence of considerable heterogeneity in phenotype; 
and this is seen across cancer types and in chronic infection 
models (53,54). Here in a subset of patients we were 
able to use multi-dimensional CyTOF and single cell 
sequencing to interogate the phenotype of cells within the 
PE in fine detail. We noted considerable heterogeneity 
within the Texstem and Texterm populations and across cancer 
types. Texstem and Texterm cells from patients with NSCLC 
had greater expression of CCR7 and CD127, and lower 
expression of CD57 compared to those from patients with 
mesothelioma. A low frequency of circulating CCR7+ CD8 
T cells is a significant risk factor for tumor recurrence 
in patients with head and neck cancer (55). CD127, also 
known as the IL-7α chain, forms part of the IL-7 receptor 
complex. IL-7 signalling promotes human CD8 T cell 
generation and cytolytic reactivity (38). Our findings 
suggest that exhausted T cells in NSCLC patients may have 
improved functionality compared to those present within 
mesothelioma patients. These differences may contribute 
to, or be indicative of the level of immune reactivity in the 
TME and the responsiveness to immunotherapy of these 

two cancer types. 
High expression of CD39 and CD103 have been 

suggested as markers for tumor-specific T cells (34,56) 
within tumors. Previous studies have implicated that 
those markers are useful in isolating tumor-specific cells 
in malignant PE as well (33,35). These results suggest 
that tumor antigen specific CD8 T cells have a Texterm 

phenotype. Surprisingly, in spite of the likelihood that 
Texterm cells are tumor specific, increased Texterm cells were 

not associated with improved clinical outcomes, perhaps 
due to their hypo-functionality. Our results revealed 
that a significant proportion of Texstem cell population is 
composed of cancer-unrelated, virus-specific, bystander T 
cells. The role of bystander T cells in anti-tumor immunity 
is not yet well understood. However, evidence from viral 
infection models suggest that T cells lacking disease 
relevant specificities can also participate in the immune 
response, driven by proinflammatory cytokines in the 
immune environment (57-60). These T cells can adopt 
effector functions, for example through the production 
of interferon γ (IFNγ) and GZMB, without the need for 
antigen recognition (61). The abundance of bystander T 
cells in the TME may also be a proxy for the degree of 
immune reactivity and T cell recruitment. Lastly, it has 
been proposed that some bystander T cells also recognise 
tumor antigens through TCR cross reactivity (62-64), and 
hence an increased abundance of bystander T cells may 
lead to direct anti-tumor immunity. Our results however 
do not exclude the possibility that tumor-specific T cells 
are also present in the Texstem cell population. Our group 
and others have previously identified T cells directed 
against tumor neoantigens in PE by testing for IFNγ T-cell 
responses against bioinformatically predicted neoantigens, 
using methods such as IFNγ ELISpot assays (65,66) and 
neoantigen peptide-MHC tetramer staining (unpublished 
data). Further work is underway to delineate the exhaustion 
phenotype of these neoantigen-specific T cells.In advanced 
thoracic malignancies, patients often develop PE during 
the course of their disease (22,67). PE provides a valuable 
sample source for translational research because it is 
proximal to tumor cells and is relatively easy to access 
compared to tumor biopsies. In addition, some patients 
require routine drainage of PE which allow longitudinal 
analysis that could reveal dynamic changes without the need 
for serial biopsies. Our study provides a proof of concept 
that PE can be used for immune analysis and that the data 
generate can have clinical relevance. In addition, PE is an 
unique immune microenvironment and its immunological 
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characteristics do not necessarily mirror those of tumor 
tissue or peripheral blood, allowing greater insight into the 
complex landscape of the anti-tumor immune response. 
For example, the expression of inhibitory molecules such as 
PD1, TIM3 and LAG3 are greater on PE T cells compared 
to peripheral blood, but lower compared to TILs (31,68-74). 
These data suggest that PE should not at this stage be relied 
upon as a surrogate for tumor or peripheral blood T-cell 
analysis but rather as an adjunct for studies into anti-tumor 
immunity.

Our study has several limitations. Our NSCLC cohort 
comprised almost entirely of non-squamous cell carcinomas 
so the results cannot be generalised to the squamous cell 
carcinoma subtype, in which precursor exhausted T cells have 
previously been reported to have no effect on prognosis (21). 
In addition, the retrospective nature of our study predisposes 
it to potential biases. However, we validated our findings in 
a separate patient cohort, strengthening the validity of our 
results. Our multi-dimensional studies, in particular, the 
single cell sequencing studies were performed on a limited 
subset of patients. However, these studies are hypothesis 
generating and allow more focused studies in the future to 
determine, for example, which subset of Texstem cells are most 
protective in NSCLC and mesothelioma.

Conclusions

Overall, in this study, we demonstrated that increased 
abundance of Texstem CD8 T cells is associated with significantly 
improved prognosis in NSCLC and mesothelioma. We 
also further characterised the T-cell exhaustion landscape in 
malignant PE of NSCLC and mesothelioma patients using 
mass cytometry and single cell RNA sequencing. Together, 
these findings suggest that Texstem cells are a key population for 
cancer control and regression. 
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Supplementary

5. PD1+ CD8 T cells

8. Texstem

6. Texterm

1. Lymphocytes 2. Single cells 3. Live T cells 4. CD8 T cells

7. Texterm TCF1+

9. Texstem TCF1+

L/D: live/dead, PD1: programmed death 1, Texstem: stem-like exhausted CD8 T cells, Texterm: terminally exhausted CD8 T cells, TCF1: T cell factor 1
Figure S1 Gating strategy for flow cytometry assay. Representative flow cytometry plots from pleural effusion showing the gating scheme 
for isolating (8) Texstem, (6) Texterm, (9) Texstem TCF1+, (7) Texterm TCF1+ and (5) PD1+ CD8 T cells. PD1, programmed death 1; Tex

stem
,  

stem-like exhausted CD8 T cells; Tex
term

, terminally exhausted CD8 T cells; TCF1, T cell factor 1.



Table S1 Reagents and resources

Reagent or resource Source Identifier

Antibodies

Flow cytometry

7-AAD BD Biosciences 559925

PE streptavidin biolegend Cat#405204

eFluor 780 Fixable viability dye eBiosciences Cat#65-0865-14

APC/Cyanine7 anti-human CD14 Antibody (clone: M5E2) biolegend 301820

APC/Cyanine7 anti-human CD19 Antibody (clone: HIB19) biolegend 302218

BUV395 CD3 Mouse anti-Human (clone: UCHT1) BD Biosciences 563546

BV510 CD3 Mouse anti-Human (clone: UCHT1) biolegend 300448

BUV805 CD4 Mouse anti-Human (clone: RPA-T4) BD Biosciences 742000

BB515 CD4 Mouse anti-Human (clone: RPA-T4) BD Biosciences 564419

BV711 CD4 Mouse anti-Human (clone: SK3) BD Biosciences 563028

BV650 CD8 Mouse anti-Human (clone: RPA-T8) BD Biosciences 563821

PeCy7 PD1 Mouse anti-Human (clone: EH12.1) BD Biosciences 561272

PE CD39 Mouse anti-Human (clone: TU66) BD Biosciences 555464

APC CD28 Mouse anti-Human (clone: CD28.2) biolegend 302912

AF488 TCF1 Rabbit anti-Human (clone: C63D9) Cell Signalling 6444S

CyTOF

89 - CD45 (clone: HI30) Fluidigm Cat# 3089003, RRID:AB_2661851

112 - CD14 (clone: TuK4) Thermofisher
Cat# MHCD1400, 

RRID:AB_10371749

115 - CD57 (clone: HNK-1) Biolegend 359602

141 - CD56 (clone: REA196) Miltenyi Biotec 130-108-016

142 - HLA-DR (clone: L243) Biolegend Cat# 307602, RRID:AB_314680

143 - CD103 (clone: B-Ly7) Thermofisher Cat# 14-1038-80, RRID:AB_467411

144 - TIGIT (clone: MBSA-43) Thermofisher 16-9500-82

145 - CD69 (FN50) Biolegend 310902

146 - CD8a (clone: RPA-T8) Biolegend Cat# 301002, RRID:AB_314120

147 - CD4 (clone: RPA-T4) Biolegend Cat# 300502, RRID:AB_314070

148 - CD45RO (clone: UCHL1) Biolegend Cat# 304202, RRID:AB_314418

149 - 4-1BB (clone: 4B4-1) Biolegend 309802

150 - KLRG1 (clone: 13F2F12) Thermofisher
Cat# 16-9488-85, 
RRID:AB_2637116

151 - CD27 (clone: O323) Biolegend 302802

152 - ICOS (clone: C398.4A) Thermofisher 14-9949-82

155 - Va7.2 (clone: 3C10) Biolegend 351702

156 - CD3 (clone: UCHT1) Biolegend Cat# 300402, RRID:AB_314056

160 - PD-1 (clone: eBioJ105) Thermofisher Cat# 14-2799-80, RRID:AB_763476

161 - CD38 (clone: HIT2) Biolegend Cat# 303502, RRID:AB_314354

162 - CD161 (clone: HP-3G10) Biolegend Cat# 339902, RRID:AB_1501090

166 - CD127 (clone: AO19D5) Biolegend 351302 

168 - CCR7 (clone: 150503) R&D Cat# MAB197, RRID:AB_2072803

169 - CD25 (clone: M-A251) Biolegend 356102

170 - CD71 (clone: CY1G4) Biolegend 334102

171 - anti-PE (clone: PE001) Biolegend 408102

TCR gamma/delta Monoclonal Antibody (clone: 5A6.E9) Thermofisher MHGD04

173 - CD28 (clone: CD28.2) Biolegend 302937

176 - CD39 (clone: A1) Biolegend 328202

209 - CD16 (clone: 3G8) Fluidigm Cat# 3209002B, RRID:AB_2756431

10x CITEseq

TotalSeq-C0034 anti-human CD3 (clone: UCHT1) Biolegend 300479

TotalSeq-C0053 anti-human CD11c (clone: S-HCL-3) Biolegend 371521

TotalSeq-C0063 anti-human CD45RA (clone: HI100) Biolegend 304163

TotalSeq-C0072 anti-human CD4 (clone: RPA-T4) Biolegend 300567

TotalSeq-C0080 anti-human CD8 (clone: RPA-T8) Biolegend 301071

TotalSeq-C0081 anti-human CD14 (clone: M5E2) Biolegend 301859

TotalSeq-C0083 anti-human CD16 (clone: 3G8) Biolegend 302065

TotalSeq-C0084 anti-human CD56 (clone: QA17A16) Biolegend 392425

TotalSeq-C0085 anti-human CD25 (clone: BC96) Biolegend 302649

TotalSeq-C0087 anti-human CD45RO (clone: UCHL1) Biolegend 304259

TotalSeq-C0088 anti-human CD279 (PD-1) (clone: EH12.2H7) Biolegend 329963

TotalSeq-C0089 anti-human TIGIT (VSTM3) (clone: A15153G) Biolegend 372729

TotalSeq-C0100 anti-human CD20 (clone: 2H7) Biolegend 302363

TotalSeq-C0139 anti-human TCR γ/δ (clone:B1) Biolegend 331231

TotalSeq-C0140 anti-human CD183 (CXCR3) (clone: G025H7) Biolegend 353747

TotalSeq-C0141 anti-human CD195 (CCR5) (clone: J418F1) Biolegend 359137

TotalSeq-C0143 anti-human CD196 (CCR6) (clone: G034E3) Biolegend 353440

TotalSeq-C0144 anti-human CD185 (CXCR5) (clone: J252D4) Biolegend 356939

TotalSeq-C0145 anti-human CD103 (Integrin αE) (clone: Ber-ACT8) Biolegend 350233

TotalSeq-C0146 anti-human CD69 (clone: FN50) Biolegend 310951

TotalSeq-C0148 anti-human CD197 (CCR7) (clone: G043H7) Biolegend 353251

TotalSeq-C0149 anti-human CD161 (clone: HP-3G10) Biolegend 339947

TotalSeq-C0151 anti-human CD152 (CTLA-4) (clone: BNI3) Biolegend 369621

TotalSeq-C0152 anti-human CD223 (LAG-3) (clone: 11C365) Biolegend 369335

TotalSeq-C0154 anti-human CD27 (clone: O323) Biolegend 302853

TotalSeq-C0156 anti-human CD95 (Fas) (clone: DX2) Biolegend 305651

TotalSeq-C0158 anti-human CD134 (OX40) (clone: Ber-ACT35) Biolegend 350035

TotalSeq-C0159 anti-human HLA-DR (clone: L243) Biolegend 307663

TotalSeq-C0168 anti-human CD57 (clone: QA17A04) Biolegend 393321

TotalSeq-C0169 anti-human CD366 (Tim-3) (clone: F38-2E2) Biolegend 345049

TotalSeq-C0170 anti-human CD272 (BTLA) (clone: MIH26) Biolegend 344527

TotalSeq-C0176 anti-human CD39 (clone: A1) Biolegend 328237

TotalSeq-C0179 anti-human CX3CR1 (clone: K0124E1) Biolegend 355705

TotalSeq-C0180 anti-human CD24 (clone: ML5) Biolegend 311143

TotalSeq-C0189 anti-human CD244 (2B4) (clone: C1.7) Biolegend 329529

TotalSeq-C0250 anti-mouse/human KLRG1 (MAFA) (clone: 2F1/KLRG1) Biolegend 138433

TotalSeq-C0355 anti-human CD137 (4-1BB) (clone: 4B4-1) Biolegend 309839

TotalSeq-C0366 anti-human CD184 (CXCR4) (clone: 12G5) Biolegend 306533

TotalSeq-C0386 anti-human CD28 (clone: CD28.2) Biolegend 302963

TotalSeq-C0389 anti-human CD38 (clone: HIT2) Biolegend 303543

TotalSeq-C0390 anti-human CD127 (IL-7Rα) (clone: A019D5) Biolegend 351356

TotalSeq-C0394 anti-human CD71 (clone: CY1G4) Biolegend 334125

TotalSeq-C0396 anti-human CD26 (clone: BA5b) Biolegend 302722

TotalSeq-C0397 anti-human CD193 (CCR3) (clone: 5E80 Biolegend 310733

TotalSeq-C0577 anti-human CD73 (Ecto-5'-nucleotidase) (clone: AD2) Biolegend 344031

TotalSeq-C0581 anti-human TCR Vα7.2 (clone: 3C10) Biolegend 351735

TotalSeq-C0815 anti-human CCR10 (clone: 6588-5) Biolegend 341507

TotalSeq-C0830 anti-human CD319 (CRACC) (clone: 162.1) Biolegend 331823

TotalSeq-C0844 anti-human CD45RB (clone: MEM-55) Biolegend 310211

Critical commercial assays

Chromium Next GEM Single Cell 5' Kit v2 10x Genomics PN-1000263

Library Construction Kit 10x Genomics PN-1000190

5' Feature Barcode Kit 10x Genomics PN-1000256

Chromium Single Cell Human TCR Amplification Kit 10x Genomics PN-1000252

Chromium Next GEM Chip K Single Cell Kit, 10x Genomics PN-1000286

Dual Index Kit TT Set A 10x Genomics PN-1000215

Dual Index Kit TN Set A 10x Genomics PN-1000250

Software and algorithms

FlowJo BD Biosciences V9.9.4, V10.6.0 and V10.8.0

R
R Foundation for 

Statistical Computing
V4.2.1

GraphPad Prism GraphPad V9

SPSS IBM V28.0
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Figure S2 Flow cytometry analysis of TCF1 expression of Texstem and Texterm in 3 mesothelioma and 1 NSCLC patients. TCF1, T cell factor 
1; Tex

stem
, stem-like exhausted CD8 T cells; Tex

term
, terminally exhausted CD8 T cells; NSCLC, non-small cell lung cancer.



Figure S3 Texstem, but not Texterm, cells correlate with improved survival in non-squamous carcinoma patients (n=41). Multivariate Cox 
regression analysis of overall survival plotted according to abundance of pleural effusion exhausted CD8 T-cell subsets dichotomized at the 
median. Tex

stem
, stem-like exhausted CD8 T cells; Tex

term
, terminally exhausted CD8 T cells.

Table S2 Cox regression model showing hazard ratios for overall survival conferred by variables in NSCLC non-squamous carcinoma patients

Variable Category
Univariate Multivariatea

HR 95% CI P HR 95% CI P

Age Per unit increase 1.00 0.97–1.03 0.972  0.93  0.89–0.98  0.008

Sex M vs. F 1.12 0.59–2.10 0.729  2.09  0.85–5.14  0.107

EGFR Mutant vs. WT 0.49 0.20–1.20 0.120  1.01  0.19–5.42  0.990

KRAS Mutant vs. WT 1.33 0.65–2.73 0.612  1.40  0.40–4.93  0.601

Smoking Former/current vs. never 2.32 0.95–5.67 0.064  3.39  0.15–0.82  0.083

ECOG 2–4 vs. 0–1 2.38 1. 2 - 4.71 0.012  3.80  1.03–13.99  0.045

Charlson Comorbidities Index 10–13 vs. 6–9 0.94 0.50–1.76 0.842  0.68  0.23–2.01  0.488

Lines of therapy 0

1 0.50 0.22–1.11 0.087  0.61  0.17–2.16  0.442

≥2 0.16 0.06–0.43 <0.001  0.17  0.03–0.92  0.039

ICPB treatment Yes vs. No 0.42 0.19–0.93 0.034  0.38  0.08–1.72  0.209

Targeted therapy Yes vs. No 0.26 0.08–0.89 0.032  0.94  0.08–11.66  0.964

Texstem High vs. Low 0.39 0.19–0.81 0.011 0.35 0.15–0.82 0.016

Texterm High vs. Low 1.86 0.96–3.63 0.068 1.18 0.49–2.80 0.714

Texstem:Texterm ratio Per unit increase 0.97 0.95–0.99 0.006 0.96 0.93–0.99 0.005

PD1+ High vs. Low 0.63 0.31–1.24 0.180 0.70 0.29–1.69 0.425
a, multivariate cox regression analysis adjusted for age, sex, smoking, ECOG, Charlson Comorbidities Index, number of lines of systemic 
therapy, molecular status, ICPB treatment and targeted therapy. NSCLC, non-small cell lung cancer; HR, hazard ratio; CI, confidence 
interval; M, male; F, female; EGFR, epidermal growth factor receptor; WT, wild type; KRAS, Kirsten rat sarcoma virus; ECOG, Eastern 
Cooperative Oncology Group; ICPB, immune checkpoint blockade; Tex

stem
, stem-like exhausted CD8 T cells; Tex

term
, terminally exhausted 

CD8 T cells; PD1, programmed death 1.

Texstem Texterm

P=0.016 P=0.714

Texstem: stem-like exhausted CD8 T cells, Texterm: terminally exhausted CD8 T cells
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Table S3 Clinical characteristics of patients included in the longitudinal, CyTOF and 10x analyses

ID Age (years) Sex Histology Smoking OS (mths) Analysis

Mesothelioma

M1 65 M Epithelioid Ex 38 Longitudinal

M2 67 M Epithelioid Never 40 Longitudinal

M3 69 M Epithelioid Ex 43 Longitudinal, CyTOF, 10x

M4 89 M Epithelioid Ex 18 Longitudinal

M5 65 M Epithelioid Never N/Aa Longitudinal

M6 70 M Epithelioid Ex 27 Longitudinal

M7 57 M Epithelioid Ex 102 Longitudinal, CyTOF

M8 75 M Epithelioid Ex N/A Longitudinal

M9 74 M Epithelioid Current 62 Longitudinal, CyTOF

M10 59 M Epithelioid Ex 25 Longitudinal, CyTOF, 10x

M11 70 F NOS Current 23 Longitudinal

NSCLC

L1 62 F Adeno Ex 25 Longitudinal, CyTOF, 10x

L2 89 M Adenosquamous Ex 17 Longitudinal

L3 74 F Adeno Ex 33 Longitudinal, CyTOF

L4 64 M Adeno Never 52 Longitudinal, CyTOF, 10x
a, not applicable as patient still alive. CyTOF, cytometry by time of flight; OS, overall survival; mths, months; M, male; F, female; NOS, not 
otherwise specified; NSCLC, non-small cell lung cancer; Adeno, adenocarcinoma.
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Figure S4 Longitudinal analysis of Texstem and Texterm in malignant pleural effusions of mesothelioma and NSCLC patients. (A) Number and 
timepoints of longitudinal samples collected from 8 mesothelioma and 2 lung cancer patients. (B) Longitudinal changes in the frequency of 
Tex subsets. Tex

stem
, stem-like exhausted CD8 T cells; Tex

term
, terminally exhausted CD8 T cells; NSCLC, non-small cell lung cancer.
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Figure S5 Mass cytometry based phenotypic profiling identifies heterogeneity of CD8 T cells in pleural effusions of mesothelioma and 
NSCLC patients. (A) Gating strategy for mass cytometry. Representative data from one patient. (B) UMAP projection of CD45+ immune 
cells derived from malignant pleural effusions of mesothelioma and NSCLC patients. Normalized intensity of individual markers. Gated 
on DNA + cisplatin–CD45+. (C) Proportion of each immune cell subsets within pleural effusions of mesothelioma (n=5) and NSCLC (n=3). 
The median value is presented. NSCLC, non-small cell lung cancer; UMAP, uniform manifold approximation and projection; MAIT, 
mucosal-associated invariant T; NK, natural killer.

NSCLC: non-small cell lung cancer, UMAP: uniform manifold approximation and projection, MAIT: mucosal associated invariant T, NK: natural killer

A

B C

NSCLC: non-small cell lung cancer, PD-1: programmed death 1, Texstem: stem-like exhausted CD8 T cells, Texterm: terminally exhausted CD8 T cells, SCM: memory stem cell, CM: central 
memory, EM: effector memory, TEMRA: effector memory re-expressing CD45RA, MAIT: mucosal-associated invariant T 
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Figure S6 Mass cytometry based phenotypic profiling identifies heterogeneity of CD8 T cells in pleural effusions of NSCLC patients. (A) 
Marker expression of CD8 T cells derived from malignant pleural effusions of NSCLC patients (n=3). (B) Gating strategy for Texstem and 
Texterm by mass cytometry. Representative data. (C) Cluster frequencies of Texstem (orange), Texterm (violet), and total CD8 T cells (gray) in 
malignant pleural effusions. NSCLC, non-small cell lung cancer; PD-1, programmed death 1; Tex

stem
, stem-like exhausted CD8 T cells; 

Tex
term

, terminally exhausted CD8 T cells; SCM, memory stem cell; CM, central memory; EM, effector memory; EMRA, effector memory 
re-expressing CD45RA; MAIT, mucosal-associated invariant T. 
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Figure S7 Mass cytometry based phenotypic profiling identifies heterogeneity of CD8 T cells in pleural effusions of mesothelioma patients. 
(A) Marker expression of CD8 T cells derived from malignant pleural effusions of mesothelioma patients (n=5). (B) Gating strategy for 
Texstem and Texterm by mass cytometry. Representative data. (C) Cluster frequencies of Texstem (orange), Texterm (violet), and total CD8 T cells 
(gray) in malignant pleural effusions. PD-1, programmed death 1; Tex

stem
, stem-like exhausted CD8 T cells; Tex

term
, terminally exhausted 

CD8 T cells; SCM, memory stem cell; CM, central memory; EM, effector memory; EMRA, effector memory re-expressing CD45RA; 
MAIT, mucosal-associated invariant T. 

PD-1: programmed death 1, Texstem: stem-like exhausted CD8 T cells, Texterm: terminally exhausted CD8 T cells, SCM: memory stem cell, CM: central memory, EM: effector memory, TEMRA: effector memory 
re-expressing CD45RA, MAIT: mucosal-associated invariant T 
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Figure S8 Longitudinal analysis of Texstem and Texterm from pleural effusions. (A,B) Median marker expression of Texstem (A) and 
Texterm (B) from malignant pleural effusions of NSCLC patients (n=3) at two respective TP. (C,D) Median marker expression of 
Texstem (C) and Texterm (D) from malignant pleural effusions of mesothelioma patients (n=5) at two respective timepoint (TP). Tex

stem
,  

stem-like exhausted CD8 T cells; Tex
term

, terminally exhausted CD8 T cells; NSCLC, non-small cell lung cancer; TP, timepoint.
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Texstem: stem-like exhausted CD8 T cells, Texterm: terminally exhausted CD8 T 
cells, NSCLC: non-small cell lung cancer, UMAP: uniform manifold 
approximation and projection, scADT: single-cell antibody-derived tag, scRNA: 
single-cell ribonucleic acid
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Figure S9 Phenotypic and clonotypic profiling of Texstem and Texterm CD8 T cells in pleural effusions of NSCLC and mesothelioma patients 
using single-cell analyses. (A-C) UMAP plot showing the expression of selected markers among CD8 T cells isolated from malignant 
pleural effusions. Selected markers from scADT (A,B) and scRNA (C). (D) Gating strategy for Texstem and Texterm by scADT. (E) UMAP 
projection of Texstem (red) and Texterm (blue) onto total CD8 (gray). (F) Heatmap of Morisita-Horn indices from each sample. Tex

stem
,  

stem-like exhausted CD8 T cells; Tex
term

, terminally exhausted CD8 T cells; NSCLC, non-small cell lung cancer; UMAP, uniform manifold 
approximation and projection; scADT, single-cell antibody-derived tag; scRNA, single-cell ribonucleic acid.
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