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Single-cell immune profiling reveals functional
diversity of T cells in tuberculous pleural effusion
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Orchestration of an effective T lymphocyte response at infection sites is critical for protection against Mycobacterium
tuberculosis (Mtb) infection. However, the local T cell immunity landscape in human tuberculosis is poorly defined. Tuberculous
pleural effusion (TPE), caused by Mtb, is characterized by an influx of leukocytes to the pleural space, providing a platform
suitable for delineating complex tissue responses to Mtb infection. Using single-cell transcriptomics and T cell receptor
sequencing, we analyzed mononuclear cell populations in paired pleural fluid and peripheral blood of TPE patients. While all
major cell clusters were present in both tissues, their relative proportions varied significantly by anatomic location. Lineage
tracking analysis revealed subsets of CD8 and CD4 T cell populations with distinct effector functions specifically expanded at
pleural sites. Granzyme K-expressing CD8 T cells were preferentially enriched and clonally expanded in pleural fluid from TPE,
suggesting that they are involved in the pathogenesis of the disease. The findings collectively reveal the landscape of local

T cell immunity in tuberculosis.

Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb)
infection, remains a global health problem, with millions of
deaths each year (Floyd et al., 2018). Decades of immunological
studies on TB, performed in both humans and animal models,
have revealed several cell-mediated immune mechanisms that
are critical for protection against Mtb infection (Bold and Ernst,
2012; Canaday et al., 2001; Caruso et al., 1999; Lalvani et al., 1998;
Lewinsohn et al., 1998; Scanga et al., 2000). However, most
previous studies of human TB were based on the analysis of cells
from peripheral blood (Berry et al., 2010), which might not ac-
curately reflect Mtb-specific immune responses that occur at
local sites of infection. Understanding the inflammatory medi-
ators and immune cells present locally in Mtb-infected tissues in
humans has lagged.

Pleural effusion is a common disease with multiple known
etiologies. Tuberculous pleural effusion (TPE) is characterized
by intense accumulation of exudative fluid and inflammatory
cells in the pleural space of Mtb-infected individuals (Vorster
et al., 2015; Wang et al., 2018). Parapneumonic effusion (PPE)
and malignant pleural effusion (MPE) are the other two ex-
udative non-TPE conditions. PPE is mainly associated with

bacterial infections and is characterized by neutrophil-dominant
inflammation (Light, 2006). MPE is accompanied by the pres-
ence of malignant cells or tissues. The majority of MPE cases are
caused by metastatic disease: lung cancer is one of the most
common malignancies causing MPE worldwide (Porcel et al.,
2015). It is documented that TPE, MPE, and PPE show indistin-
guishable blood biochemistry and routine examination (Hooper
et al., 2010; Vorster et al., 2015).

Lymphocytes have been shown to dominate the leukocyte
infiltrates in TPE, although neutrophils and macrophages may
also be presented (Mitra et al., 2005). Lymphocytic pleural fluid
(PF) is observed in ~90% of TPE cases (Lee et al., 2016). The
inflammation can resolve spontaneously within a few weeks or
months without chemotherapy (San José et al., 1999; Shaw
et al., 2019). The mechanism underlying the successful self-
elimination of PF in TPE is incompletely understood but be-
lieved to be mediated by the compartmentalized T helper 1 cells
(Thl) immune response (Jalapathy et al., 2004). Indeed, various
studies have demonstrated that the lymphocyte population in PF
predominantly comprises Thl cells capable of producing high
levels of IFN-y (da Cunha Lisboa et al., 2019; Sharma et al.,
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2002). Therefore, understanding the heterogeneity, clonotype,
migration, and effector functions of T cells in PF from TPE will
provide important insights into antimycobacterial responses at
the tissue level. The compartmentalized immune response in the
pleural space of patients with TPE provides an excellent clinical
setting to dissect the local immune response to Mtb.

Single-cell RNA sequencing (scRNA-seq) can be used to re-
liably identify and analyze closely related cell populations, in-
cluding cells in complex microenvironments (Zhang et al., 2018;
Zheng et al., 2017). Single-cell TCR sequencing (scTCR-seq) is a
powerful tool that can define the dynamics of clonal expan-
sion within T cell populations, which is particularly useful
in situations where high cellular turnover is expected. scTCR-
seq can thus be used to measure clonal expansion and track
clonal lineages across tissues.

By combining scRNA-seq and scTCR-seq data from individual
cells, in this study we correlated transcriptional status with
antigen specificity, modeled clonal expansion dynamics along-
side T cell populations, and investigated T cell phenotypic
plasticity in different contexts. We identified 25 unique T cell
subsets with distinct tissue distribution patterns and deter-
mined the connectivity and potential developmental paths of
these subsets. Importantly, these studies uncovered a previously
unknown strong association between granzyme K (GZMK)-
expressing CD8 T cells and TPE disease.

Results

scRNA-seq profiling reveals high T cell heterogeneity in PF
from patients with TPE

Although the lymphocyte population in PF favors a Thl response
(da Cunha Lisboa et al., 2019; Sharma et al., 2002), the T cell
populations in PF are complex (Tong and Shi, 2013). Single-cell
technologies are powerful tools that can reveal the composition
of T cell populations to further understand the T cell response to
Mtb infection. We first aimed to explore the cellular diversity in
PF from patients with TPE. We obtained fresh PF and paired
blood samples from four patients with TPE (Fig. 1 A and Table S1)
before anti-TB treatment. We then performed coupled scRNA-
seq and scTCR-seq on these samples. One peripheral blood
mononuclear cell (PBMC) sample did not pass quality control
due to poor unique molecular identifiers (UMIs) and median
gene counts (Table S2). Therefore, the analysis included three
PBMC and four pleural fluid mononuclear cell (PFMC) samples.
After filtering the scRNA-seq data (see Materials and methods),
we retained a total of 64,517 cell transcriptomes for analysis
across the four patients (Fig. S1 A and Table S3).

Consistent with our previous report (Cai et al., 2020), among
PBMC s, 63.9, 24.7, and 11.4% were T, myeloid, and B cells, re-
spectively. However, the PFMCs largely comprised T cells
(93.5%), followed by B and myeloid cells (5.1 and 1.3%, respec-
tively; Fig. S1, B-F; and Table S3). Therefore, we investigated this
T cell fraction further. Unsupervised clustering using the Seurat
package (Butler et al., 2018) and based on gene expression
identified five distinct clusters: CD4, CD8, NK or other T (NK|T),
y8T cells, and cell cycle from the T cell fraction from the
four TPE patients (Fig. 1 B). T cells from PBMCs and PFMCs

Cai et al.
Single-cell profiling of T cell in TPE

(n = 52,268) consisted largely of CD4 T cells (46.8% in PBMCs
and 58.0% in PFMCs), followed by CD8 T cells (31.7% in PBMCs
and 28.2% in PFMCs) and NK|T cells (16.4% in PBMCs and 7.8%
in PFMCs; Fig. S1, G and H; and Table S2).

Further subclustering revealed a high level of heterogeneity
within the T cell compartment, with 25 different subsets (Figs.
1B and S2 A). Most subsets were present in PBMCs and PFMCs,
although the relative proportions varied in a tissue-dependent
manner (Fig. 1, C and D; and Table S2). Among the 25 different
clusters, we identified 11 subsets of CD4 T cells, 7 subsets of CD8
T cells, 4 subsets of NK|T cells, and 3 additional clusters corre-
sponding to y8T cells (expressing TRDVI and TRDV2 and en-
riched in the y8T signature; Savas et al., 2018), and cells
enriched in the cycling signature gene expression (MKI67; Fig. 1
E; Fig. S2, A-C; and Table S4).

For detailed annotation of the CD4 T and CD8 T subsets,
marker-gene signatures collected from published datasets (Ta-
ble S5; Zemmour et al., 2018; Zhang et al., 2018; Leruste et al.,
2019; Li et al., 2019; Cano-Gamez et al., 2020; Ren et al., 2021)
were used for the cell identity or phenotyping determination.
Based on these published cell marker references, we identified
two naive CD4 T cell subsets, CD4_C02 and CD4_C04, that highly
expressed CCR7 and LEFI and were enriched in naive signatures
(Fig. 1 F and Table S4). Two subsets, CD4_C03 and CD4_CO5,
exhibited a stress phenotype (Fig. 1 F; Li et al., 2019) and were
predominant in PFMCs (Fig. 1 C). CD4_C06 and CD4_CO7 were
enriched in a central memory signature with high ANXA1 and
INPP4B expression in CD4_C06 and high levels of CREM and
KLF6 in CD4_C07 (Fig. S2, B and C; and Table S4). Two effector
memory or effector subsets, CD4_C08 and CD4_C09, differed in
marker gene expression. CD4_C08, a CD4 CTL subset charac-
terized by high KLRBI, GZMK, GZMA, and PRFI expression, was
enriched in PF, while CD4_C09 displayed Thl phenotype based
on high IFNG expression with a Thl signature (Fig. 1 F; Zhang
et al., 2018); Th17 (CD4_C11, expressing KLRBI and CCR6; Maggi
et al., 2010); and CD4 regulatory T cell (CD4_Cl1, expressing
FOXP3 and IL2RA/CD25; Fig. 1 F and Table S4; Zemmour et al.,
2018). Gene signatures of CD4_C01, which specifically highly
expressed NABPI, were not enriched in any of the referenced
signatures (Fig. 1 F). We further explored the functions of these
subsets by pathway analysis. Gene set enrichment analysis
(GSEA) showed that CD4_CO08 and CD4_CO09 exhibited similar
patterns, with up-regulation in Myc-targets, strong IFN-y and
IFN-a responses, and high rates of transcriptional activity,
suggesting immune activity (Fig. 1 G). Interestingly, two clus-
ters, CD4_C03 and CD4_CO5, with stress phenotypes that dif-
fered in the IFN-y and IFN-a response, IL2-Stat5 signaling, were
suggestive of different responses to IFNs (Fig. 1 G).

We noted a similarly high level of diversity among the CD8
T cell subsets. Compared with the referenced gene signatures,
we also identified naive CD8 T cells (CD8_CO1 and CD8_C02),
central memory CD8 T cells (CD8_C03), CD8 effector memory
T cells (CD8_CO05), and three terminal effector CD8 T cells
(CD8_C04, CD8_C06, and CD8_CO07; Fig. 1 H). Two blood-
enriched terminal effector CD8 T cell subsets, CD8_C04 and
CD8_C07, both expressed high levels of GZMH, ZEB2, GZMB,
NKG7, and FGFBP2, but the latter subset exhibited a higher level
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Figure 1. Single-cellimmune profiling of T cell heterogeneity in TPE. (A) The experimental workflow for defining and comparing T cells between the blood
and PF in TPE. (B) tSNE of the T cell profile, with each cell color-coded for the main cell types and associated cell subsets from four TPE patients (PBMC, n = 3;
PFMC n = 4). (C) The fraction of cells for CD4 T cell subsets in blood and PF from four TPE patients. (D) The fraction of cells for CD8 T cell subsets in blood and
PF from four TPE patients. (E) tSNE plot of expression levels of selected genes in different clusters indicated by the colored oval. (F and G) Individual cell
enrichment of indicated selected signatures or marker genes from published dataset; the enrichment scores are shown in the heatmap. (F) CD4 subsets.
(G) CD8 subsets. Temra, effector memory or effector; Teff, effector; Trm, tissue resident memory. (H) Differences in pathway activities scored per cell by GSEA
between the different CD4 T clusters from four TPE patients. (I) Differences in pathway activities scored per cell by GSVA between the different CD8 T clusters
from four TPE patients.
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of HLA-DRs and CX3CRI (Table S4), while PF-enriched CD8 ef-
fector T cells (CD8_CO06) exhibited high expression of GZMA,
GZMK, GZMH, CCL5, and NKG7, with low expression of GZMB
(Fig. 1, D and H; and Fig. S2 C). We noted that CD8_CO05 and
CD8_CO06 shared a tissue-resistant phenotype (Fig. 1 H). We
found that some pathways were differentially regulated among
the CD8 T cell subsets. For example, CD8_C05 and CD8_CO06
exhibited high mTORCI signaling and strong IFN-y and IFN-a
responses, indicating cell activation (Fig. 1I). Although CD8_C04
and CD8_CO07 were both enriched in terminal effector sig-
natures, the functions of these subsets differed based on their
GSEA results. Similar to CD8_C06, CD8_C07 showed high
mTORCI signaling and strong IFN-y and IFN-a responses, while
CD8_C04 exhibited low Myc targets, reactive oxygen species
pathways, and fatty acid metabolism, indicating low transcrip-
tional and metabolic activity (Lambrechts et al., 2018).

NK|T_01, NK|T_03, and NK|T_04 cells highly expressed the
circulating NK (cNK) cell markers FCGR3A, FGFBP2, and SPON2
(Cai et al., 2020) and the transcription factor T-bet (TBX21). NK|
T_02 cells highly expressed the tissue-resident NK (rNK) cell
marker CD69, as well as XCLI and XCL2, but a low level of FCGR3A
(Fig. S2, B and C; and Table S4). NK|T_C02 (cNK) and NK|T_C03
(rNK) were enriched in cells from the PF compared with cells
from the blood, indicating the existence of both cNK cells and
rNK cells in the PF.

A validation cohort of a further 27,212 single cells from two
additional patients with TPE (two CD3-enriched PBMCs and
paired PFMCs) revealed that most of the CD4 and CD8 subsets
detected in the original set of four patients could also be iden-
tified in these two additional patients (Fig. S3, A and B), indi-
cating that the vast majority of cell subtypes originally identified
could be readily recovered in TPE from the two additional pa-
tients (Table S6). Importantly, the enrichment of Thi-like CD4
and GZMK-expressing CD8 T cells in PF was also replicated in
the additional two patients with TPE (Fig. S3, C-G).

Together, these unbiased analyses delineated the extent of
T cell heterogeneity at the site of Mtb infection in TPE and
identified that Thi-like CD4 cells and GZMK-expressing CD8
cells predominated in the PF.

Pseudo-time analysis reveals distinct CD4 and CD8 T cell
differentiation trajectories in PBMCs and PFMCs

The complete transcriptome data for many T cells allowed us to
gain insights into the functional states and relationships among
these cells. To analyze global connectivity and the potential
trajectory topology in the T cell state transitions, we applied
partition-based graph abstraction (PAGA; Wolf et al., 2019),
which provides an interpretable, graph-like map of the data
manifold, to order CD4 or CD8 T cells in pseudo-time and de-
termine their differential trajectories. The PAGA map revealed
several nodes with high connectivity between CD8 T cell subsets
that represented potential trans-differentiation bridges. Specif-
ically, CD8_CO03 seemed to be an intermediate state, connecting
to all other clusters with naive (CD8_C01 and CD8_C02) to ac-
tivated CD8 T cell subsets. In particular, we observed high
connectivity between CD8_C03 and CD8_CO5 and between
CD8_C04 and CD8_C07 (Fig. 2, A and B).
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To understand the biological processes driving pseudo-time
components, we investigated which genes covaried in expres-
sion with pseudo-time. We clustered the top 20 genes identified
as significantly covarying with PAGA pseudo-time and identi-
fied groups of genes that were expressed early, mid/mid to late,
and late (Fig. 2 C). In keeping with the cluster distribution, naive
markers, such as CCR7 and SELL, were expressed early, while
effector markers (FGFBP2, NKG7, GNLY, and CTSW) were ex-
pressed late (Fig. 2 C). Interestingly, we observed distinct dif-
ferentiation pathways of blood-enriched CD8 subsets (CD8_C04
and CD8_C07) and PF-enriched CD8 subsets (CD8_C03, CD8_CO5,
and CD8_C06). We then analyzed blood-enriched and PF-enriched
CD8 subsets separately. We found distinct differentiation patterns
between blood and PF. For example, the genes expressed late
in blood CD8 T cells were FGFBP2, GZMB, and CCL4, while
those expressed late in PF CD8 T cells were GZMK, LYAR, and
CCL5 (Fig. 2 B; and Fig. S4, A and B).

We next traced the lineage relationships of CD4 T cells using
the same approach. The PAGA analysis revealed a gradient of
T cell differentiation from the naive clusters (CD4_C02 and
CD4_C04) to activated clusters and a potential conversion
among CD4 subsets (Fig. 2, D and E). The CD4_C03 cells (mainly
from PFMCs) and CD4_CO06 cells (mainly from PBMCs) were in
different directions in the pseudo-time trajectory node and were
connected with other CD4 subsets. CD4_CO08 and CD4_C09 were
positioned at the opposite end of naive CD4 clusters (Fig. 2 D).
These identified differentiation trajectories were associated
with gradually increased CCL5, KLRBI, and CST7 expression or
decreased CCR7 and SELL expression, both of which are associ-
ated with CD4 T cell activation (Fig. 2 F). An intriguing obser-
vation was the identification of CD4_CO8 representing a
potential intermediate T cell state on a Thi-like cell differential
pathway and gradually progressing toward the CD4_C09 cluster
(Fig. 2 D). We confirmed a gradual differentiation of the Thi-like
lineage, leading to the temporal acquisition of cytotoxic cells
expressing KLRBI, GZMK, GZMA, and PFRI in CD4_CO8 and the
terminal differentiation of a subset with a Thl-like profile
(CD4_C09). In addition, we observed a specific signal for T cell
activation markers (CXCR6, IFNG, GBP5, and HLA-B) in the PF
CD4 subset, as suggested by the pseudo-time cluster distribution
(Fig. S4, C and D).

Based on the trajectory analyses, we revealed a specific dif-
ferential feature of CD4 and CD8 T cells in PF, which suggests a
differential impact of the PF microenvironment on the differ-
entiation of T cells, conceivably reflecting differential avail-
ability of antigen or differential exposure to Mtb between blood
and PF. In addition, we inferred that CD8_C03 and CD4_C08
cells might serve as intermediate populations in the PF, which
could be useful for therapeutic strategies targeting these inter-
mediate populations.

TCR analysis provides evidence of clonal expansion in TPE

Interactions between TCRs and antigens presented by the MHC
are critical for adaptive immunity. When T cells recognize
cognate antigen, they undergo clonal expansion (Mayer et al.,
2019). Therefore, the relative abundance of TCR sequences
may indicate T cell clonal expansion patterns and T cell
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Figure 2. Pseudo-time analysis reveals distinct CD4 and CD8 T cell differentiation trajectories in PBMCs and PFMCs. (A and B) PAGA analysis of CD8
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differentiation history (Han et al., 2015). The scTCR-seq of
PBMCs and PFMCs from the same TPE samples enabled us to
understand the extent of T cell clonal expansion and lineage
plasticity.

We recovered 5,900 and 18,007 coupled, full-length TCR
sequences from PBMCs and PFMCs, respectively (Fig. 3 A and
Table S7). While most TCRs were unique, 30.7 and 25.4% of the
TCRs in PBMCs and PFMCs, respectively, were present in at
least two cells (Fig. 3 B and Table S7). The clonally expanded cells
were mostly CD8 T cells (65%), although we also detected CD4
T cell clones in nearly all patients (Fig. 3 C and Table S7). In-
terestingly, we found several identical TCRs across different CD8
or CD4 T cell clusters, suggesting that these cells might have had
common ancestors but developed into different cell types (Fig.
S5, A and B; and Table S8). We observed highly expanded clones
(n = 5) distributed in CD4 and CD8 subsets (Fig. 3, D and E).
These highly expanded CD8 clones were in both PBMCs (30.2%)
and PFMCs (69.8%). Conversely, most of the highly expanded
CD4 clones were observed in the PF rather than in the blood.
Together, these data suggest different clonal expansion patterns
between the blood and PF in TPE.

Single T cell analysis by RNA sequencing and TCR tracking
(STARTRAC) has recently been used in other studies to analyze
scTCR-seq data (Bhatt et al., 2021; Zhang et al., 2018), so we next
performed STARTRAC analysis of the TCRs to study the re-
lationships among different T cell subsets. STARTRAC in-
corporates several unique indices to quantitatively describe
the degree of clonal expansion (expa), migration (migr), and

Cai et al.
Single-cell profiling of T cell in TPE

developmental transition (tran) of T cell clusters upon TCR
tracking (Zhang et al., 2018). Focusing on CD8 T cells, the
STARTRAC-expa index revealed that naive T cell clusters,
CD8_C01 and CD8_C02, displayed negligible clonal expansion, as
expected. In contrast, other clusters had undergone clonal ex-
pansion. Among them, CD8_CO07 (effector cells) exhibited the
highest degree of clonal expansion (Fig. 3 F). We also compared
the clonal expansion rate by directly calculating the percentage
of T cells with clonal TCRs in each cluster. Similar results were
observed, with CD8_CO1 and CD8_C02 showing low clonal ex-
pansion and CD8_CO07 showing high clonal expansion (Fig. S5 C).
Pairwise (p) STARTRAC-migr analysis revealed a high degree of
TCR sharing between CD8_C04 cells found in the blood and PF,
whereas the cluster with the highest level of clonal expansion
(CD8_C07) exhibited tissue exclusivity (Figs. 3 G and S5 D).
Accordingly, CD8_C04 cells expressed different sets of genes
associated with migration, including those encoding chemokines
and other trafficking-related molecules (CCL5, SIPR5, F2R, and
CCL4; Table S4), which supports their capability of circulating in
the periphery and homing to the site of infection in TPE. No-
tably, pSTARTRAC-tran analysis of CD8 subsets indicated that
CD8_C03 was highly associated with the other four CD8 clusters
(CD8_C04, CD8_CO5, CD8_CO06, and CD8_C07; Fig. 3 H), which
was also observed by directly calculating the shared clonotypes
among CD8 subsets (Fig. S5 E). These results suggest that CD8_C03
represents a transitional state shared by multiple effector-cell
populations. This result further supported the pseudo-time analy-
sis that CD8_CO3 is connected with these CD8 subsets.
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Figure 3. TCR distribution and clonality analysis. (A) The TCR distribution of T cells. Gray (n = 0), red (n = 1), and blue (n > 1). (B and C) TCR distribution in
different tissue types (B) and cell types (C). (D and E) Phenotypic analysis of low expanded (TCR <5) and high expanded (TCR =5) clonotypes in CD4 and CD8
T cell subsets. Individual T cells are grouped by TCR sequence; each bar above the heatmaps represents a distinct TCR sequence. (F) Clonal expansion levels of
CD8 T cell clusters quantified by STARTRAC-expa for each patient (n = 4); Kruskal-Wallis H tests were performed to analyze differences in the STARTRAC
results. (G) Migration potentials of CD8 subsets by pSTARTRAC-migr indices between blood and PF. The shared clonotypes in each CD8 subset (all patients
combined) between blood and PF was analyzed by pSTARTRAC-migr. (H) Developmental transition of CD8_CO3 cells with other CD8 cells, quantified by
pSTARTRAC-tran indices for each patient (n = 4); Kruskal-Wallis H tests were performed to analyze differences. (1) Clonal expansion levels of CD4 T cell
clusters quantified by STARTRAC-expa for each patient (n = 4); Kruskal-Wallis H tests were performed to analyze differences. (J) Migration potentials of CD4
subsets by pSTARTRAC-migr indices between blood and PF. The shared clonotypes in each CD4 subset (all patients combined) between blood and PF was
analyzed by pSTARTRAC-migr. (K) Developmental transition of CD4_C08 cells with other CD4 cells quantified by pairwise STARTRAC-tran indices for each
patient (n = 4). Kruskal-Wallis H tests were performed to analyze differences.

In contrast to CD8 cells, CD4 cells exhibited lower levels of highly expressed CCR6 (Table S4), suggesting that the clusters may
clonal expansion overall (Fig. 3, C and D). Among all the CD4 be enriched with distinct Th cell populations, such as Thl and
clusters, CD4_C09 exhibited the highest level of clonal expan-  Thl7. Finally, pPSTARTRAC-tran analysis suggested that TCR pairs
sion, followed by CD4_C08 (Fig. 3, D and I; and Fig. S5 F). The cells  were shared between CD4_C08 and CD4_C09 and between
comprising these two clusters were mainly from the PF (Fig. 1C). CD4_CO08 and CD4_CO5 (Fig. 3 K), which supported the trajecto-
PSTARTRAC-migr analysis of CD4 clusters revealed that CD4_C09  ries analysis that CD4_CO8 cells were developmentally linked to
cells were associated with the highest level of mobility between CD4_CO05 and CD4_C09 cells (Fig. 2 D).
blood and PF, followed by CD4_C10 cells (Fig. 3 J). Consistently, We also calculated shared clonotypes in each cluster and in
CD4_CO09 highly expressed CXCR6 and CXCR3, while CD4_C10 different clusters between blood and PF to evaluate the extent of
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tissue migration and state transition, respectively. The results
showed that CD4_C09 and CD8_C04 shared more clonotypes
between blood and PF (Fig. S5, D and G) and that CD4_C08 and
CD8_C03 shared more clonotypes with other CD4 and CD8
subsets, respectively (Fig. S5, E and H). These results were
consistent with our STARTRAC results. Altogether, these data
enabled us to link TCR information to various T cell activation
and differentiation states and to reveal a previously unknown
clonal expansion landscape in CD4 and CD8 T cell subsets in TPE.

Distinct highly expanded T cell clonotypes in PF-enriched

T cell subsets

The above results suggested that several subsets, such as
CD4_C08, CD4_C09, CD8_C03, CD8_C05, and CD8_C06, domi-
nated the PF with clonal expansion (Fig. 1 C and Fig. 3, F and I).
We therefore further analyzed the TCR characteristics of these
subsets from the PF, which potentially represented locally ex-
panded clonotypes and likely Mtb-specific T cells. We thus
performed STARTRAC analysis on these cells and observed that
CD4_C08 and CD4_C09 were enriched with highly clonally ex-
panded clones among PF CD4 clusters (Fig. 4 A). Similarly,
among the CD8 cells in the PF, CD8_C03, CD8_CO05, and
CD8_CO06 exhibited signs of clonal expansion among the PF-
infiltrating CD8 clusters (Fig. 4 B). Notably, clones with high
levels of expansion (n = 5) in the PF were CD8_C03, CD8_CO5,
and CD8_CO06 clusters and Thl-like CD4 T cell clusters
(CD4_C09; Fig. 4 C). All other clusters in the PF showed low
levels of clonal outgrowth (Fig. 4 C). Notably, only PF CD8_C03
shared some TCR clonotypes from blood; most of the expanded
TCR clonotypes in the Thl-like CD4 T cells, PF CD8_CD5, and PF
CD8_C06 differed from those seen in the blood (Fig. 4 D and Fig.
S5, B and E). This unexpected finding suggested that T cells at
the site of infection do not simply originate from passive traf-
ficking through the peripheral lymph organs. Our data thus
suggest that the clonal accumulation of both CD4_C09 and PF-
infiltrating CD8 T cells is likely a result of local T cell prolifer-
ation and activation in the PF. However, we could not formally
rule out the possibility that these clonal T cells were amplified in
the lung and then percolated into the pleura.

We next used STARTRAC to analyze the transition potential
between the PF-infiltrating clusters. pPSTARTRAC-tran indicated
that PF CD4_CO08 shared TCRs with other CD4 subsets, while PF
CD8_C03 shared TCRs with CD8_C05 and CD8_C06, indicating
their transitional status in the PF (Fig. 4, E and F). Overall, our
TCR repertoire analysis of PF T cells identified distinct, highly
expanded T cell clonotypes in PF-enriched T cell subsets. In
addition, most of the highly expanded clonotypes were exclusive
to the PF, indicating their potential for recognizing Mtb-
associated antigens and undergoing local expansion.

Gene expression profiling of PF-enriched T cells reveals a
distinct transcriptional profile

Having identified high levels of T cell heterogeneity and clonal
expansion at the site of Mtb infection in TPE by scRNA-seq and
scTCR-seq, we next wanted to understand the gene expression
signature of these subsets from PF. We therefore analyzed the
differential gene expression profile of these subsets. Among the

Cai et al.
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CD4 clusters enriched in the PF, we found that the CD4_C09
subset expressed high levels of IFNG (Table S4). scRNA-seq al-
lowed us to analyze the gene expression signature of this cluster
isolated from the PF. We found 49 differentially expressed genes
(DEGs; adjusted P value <0.01 and fold-change >1.5) specifically
expressed in PF CD4_C09 compared with other CD4 cells (Fig. 5
A and Table S9). Besides known IFN-y-associated genes (HLA-
DRA, IFNG, GBP5, and CCL5), we also identified novel genes up-
regulated in this cluster, including ALOX5AP, LGASL3, and GZMA,
indicating that these cells might also have cytotoxic functions
(Table S9; Maehara et al., 2020). Gene ontology (GO) enrichment
analysis showed that the up-regulated genes in PF CD4_C09
were associated with antigen processing, positive regulation of
lymphocyte proliferation, and positive regulation of myeloid
leukocyte differentiation (Fig. 5 B). In addition, we found higher
IFNG and CXCR6 expression levels in cells from PF CD4_C09 than
in cells from blood CD4_C09, indicative of a high terminal-
effector Thl cell response in the PF (Table S10). Besides
CD4_C09, we identified another cluster as a specific PF-enriched
CD4 CTL cluster (Fig. 1 C): CD4_C08, which highly expressed 39
genes associated with CTL functions, such as GZMA, NKG7,
GZMK, PRF1, KLRBI, and GNLY (Fig. 5 C and Table S9). GO results
confirmed that these cells were highly activated compared with
other CD4 cells and were involved in mediating cytolysis
(Fig. 5 D). This finding was further confirmed by flow cytometry
analysis of PFMCs from patients with TPE. In line with the RNA-
seq data, we detected a subset of GZMA- and GZMK-expressing
CD4 T cells in PF, supporting the presence of this CTL CD4 subset
in PF (n = 22, cohort II in Table SI; and Fig. 5, E and F).

To gain insights into the function of PF-enriched CD8 T cell
subsets, we identified genes specifically expressed in PF-
enriched CDS8 clusters. We obtained 14, 17, and 20 DEGs in PF-
enriched CD8_C03, CD8_C05, and CD8_C06, respectively (Fig. 5,
G-I; and Table S9). Interestingly, we found that all three clusters
expressed low levels of FGFBP2, GZMH, and GZMB, but high
levels of LYAR and GZMK, which have not been well character-
ized in the context of TB (Fig. 5, G-J). In addition, we observed a
gradual increase in PRFI expression in CD8_C03, CD8_CO05, and
CD8_C06, indicating different levels of cytotoxic activity in
these clusters (Fig. S2 C).

In summary, these data not only confirmed that the IFN-y
response is increased in the PF from TPE compared with the
response in blood but also uncovered PF-specific gene signatures
of CD4 CTLs and GZMK-expressing CD8 T cells, which could be
further explored as additional markers to define PF-enriched
CD4 and CD8 T cell clusters.

GZMK is produced in PF of TPE patients and inducible in CD8
T cells upon activation in vitro

Our data thus far showed that GZMK is specifically and highly
expressed by PF-enriched CD8 T cells, while GZMB is almost
absent in these cells (Fig. S2 C). We validated the scRNA-seq
results using flow cytometry. Consistent with the scRNA-seq
data, we found that the frequency of GZMK-expressing CD8
T cells was significantly increased in PF compared with that in
blood, whereas the frequency of GZMB CD8 T cells was de-
creased in PF (Fig. 6, A and B). It has previously been reported
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that GZMK can be secreted by CD8 T cells (Mogilenko et al.,
2021), we asked whether GZMK was specifically increased in
PF. By determining the levels of GZMK in paired plasma and PF
samples from TPE patients (n = 12), we found that the GZMK
level was significantly increased in PF (Fig. 6 C), suggesting that
GZMK is specifically expressed at the site of Mtb infection (co-
hort II in Table SI). We next explored whether GZMK was
specifically increased in PF from TPE. To do this, the GZMK
levels in PF from TPE were compared with those from non-TPE
in two independent cohorts (cohort ITI, TPE, n = 98; PPE, n = 36;
MPE, n = 31; and cohort IV, TPE, n = 88; non-TPE, n = 73; Table
S1). In line with previous studies that showed that levels of ad-
enosine deaminase (ADA) and lactate dehydrogenase (LDH) are
increased in TPE (Daniil et al., 2007; Valdés et al., 2015; Wang
et al., 2018), we found that the level of ADA and LDH were
significantly increased in TPE in both cohorts (Fig. 6, D and E).

Cai et al.
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Of note, we found that GZMK levels in PF from TPE were sig-
nificantly higher than those from non-TPE in both of the two
independent cohorts (Fig. 6, F and G). The area under the curve
for GZMK was 0.91 and 0.87 in cohorts III and IV, respectively
(Fig. 6, H and I), indicating that GZMK is useful for dis-
tinguishing TPE from non-TPE.

The impressive enrichment of GZMK-expressing CD8 T cells
in PF prompted us to further characterize the potential function
of GZMK-expressing CD8 T cells in TPE. However, due to limi-
tations of the technique, we could not isolate GZMK-expressing
CD8 T cells for the purpose of defining their functions. We
therefore first investigated whether GZMK-expressing CD8
T cells contribute to the increasing level of GZMK in PF. We
isolated CD8 T cells from PFMCs and stimulated them with anti-
CD3/CD28. As expected, we found that GZMK was induced in
CD8 T cells derived from PFMCs following anti-CD3/CD28
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stimulation (Fig. 6 J), indicating that the increased level of GZMK
in TPE is, at least partially, secreted by activated GZMK-
expressing CD8 T cells. In addition, we determined the cyto-
toxic and bactericidal activity of purified GZMK and GZMB us-
ing an in vitro macrophage infection model. We found that
GZMK and GZMB have cytotoxic and bactericidal activity in
Mtb-infected macrophages (Fig. 6, K and L).

In summary, our experimental data corroborated our tran-
scriptomics findings suggest that GZMK protein could be in-
duced in CD8 T cells by Mtb. These findings provide new insights
into the potential functions of these cells and suggest that the

Cai et al.
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accumulation of GZMK-expressing CD8 T cells is an intrinsic
and possibly key feature at sites of Mtb infection.

Discussion

Our understanding of the mechanisms orchestrating local im-
mune responses to pathogens in humans is limited due to a lack
of information about the immune landscape in tissues. Taking
advantage of the nature of the localized immune response in
TPE, we mapped the T cell landscape, identified novel T cell
populations, and defined the dynamics of clonal expansion
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Figure 6. GZMK is produced in PF of TPE patients and is inducible in CD8 T cells upon activation in vitro. (A) Gating strategy of GZMK* or GZMB* CD8
T cells by flow cytometry. FSC, forward scatter. (B) The frequency of GZMK* CD8 or GZMB* CD8 T cells in paired PBMCs and PFMCs from TPE patients (n = 22).
A paired t test was used to analyze differences in paired samples; ****, P < 0.0001. (C) The level of GZMK protein expression in paired plasma and PF samples
(n = 12); A paired t test was used to analyze differences in paired samples; ****, P < 0.0001. (D) The level of ADA in the PF from TPE, PPE, MPE, and non-TPE
patients. Left: Cohort Il (TPE, n = 98; PPE n = 36; and MPE n = 31). Right: Cohort IV (TPE, n = 88; and non-TPE, n = 73); One-way ANOVA Newman-Keuls
multiple comparison test was used to compare differences among multiple groups; ****, P < 0.0001; unpaired t test was used to analyze differences between
two groups; ****, P < 0.0001. (E) The level of ADA in the PF from TPE, PPE, MPE, and non-TPE patients. Left: Cohort II. Right: Cohort IV. One-way ANOVA
Newman-Keuls multiple comparison test was used to compare differences among multiple groups; ****, P < 0.0001; unpaired t test was used to analyze
differences between two groups; **, P < 0.0L (F) The level of GZMK protein in the PF from TPE, PPE, and MPE patients in cohort Ill. (G) The level of GZMK
protein in the PF from TPE and non-MPE patients in cohort IV. One-way ANOVA Newman-Keuls multiple comparison test was used to compare differences
among multiple groups; ****, P < 0.0001; unpaired t test was used to analyze differences between two groups; ****, P < 0.0001. (H) Receiver operater
characteristic curve for GZMK to separate TPE from non-TPE in cohort IIl. (1) Receiver operater characteristic curve for GZMK to separate TPE from non-TPE in
cohort IV. (J) The level of GZMK protein in CD8 from PFMCs (n = 4) with or without anti-CD3/CD28 stimulation; unpaired t test was used to analyze differences
between two groups; *, P < 0.05. (K) The cytotoxicity of GZMK and GZMB with or without perforin in THP-1-derived macrophages. Purified GZMK (10 pg/ml)
and GZMB (10 pg/ml) with or without Perforin 1 were added to THP-1-derived macrophages. Cytotoxicity was determined by WST-1 assays; one-way ANOVA
Newman-Keuls multiple comparison test was used to compare differences among multiple groups; ns, P > 0.05. (L) The bactericidal activity of GZMK and
GZMB in Mtb-infected THP-1-derived macrophages. Purified GZMK (10 ug/ml) and GZMB (10 pg/ml) with or without perforin 1 were added to Mtb-infected
macrophages. CFUs were determined in 24 h. The experiments were replicated three times. One-way ANOVA Newman-Keuls multiple comparison test was
used to compare differences among multiple groups; **, P < 0.01. The data represent means + SEM.
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within T cell populations at the site of Mtb infection. By ana-
lyzing >52,900 cells from the PF and blood, we identified 25
subsets, including different types of PF-associated CD4 and CD8
cells. Our data not only recapitulated many of the T cell subsets
in PF identified in previous studies (Cai et al., 2020; Chen et al.,
2010), but also revealed highly heterogeneous T cell subsets with
diverse functions at the site of infection. We further identified
the gene expression signature in cell subsets contributing to the
IFN-y response and genes associated with CD8 subset-enriched
PF. Combined with TCR data, we revealed the connectivity and
potential developmental path of T cell subsets in TPE. Going
forward, our transcriptomics data, together with the paired TCR
information for individual T cells, ultimately constitutes a
comprehensive resource for multidimensional T cell character-
ization, especially local T cell immunity in the context of Mtb
infection.

Previous studies have shown that the lymphocyte population
in the PF from TPE favors a Thl response, with high levels of
IFN-y and other related cytokines (Hooper et al., 2009; Mitra
et al., 2005; Seiscento et al., 2010; Sharma et al., 2002). The PF
has a markedly higher proportion of Thl cells than the periph-
eral blood, a phenomenon termed “compartmentalization,”
which is thought to be responsible for the paucibacillary nature
of these effusions and low yield on Mtb culture (Mitra et al.,
2005; Rossi et al., 1987; Sharma et al., 2002). Consistent with
these studies, we found a Thi-like CD4 cluster (CD4_C09) that
showed high IFNG, TBX21, and CXCR3 expression (Di Cesare et al.,
2009) and was predominant in the PF compared with its pres-
ence in blood. Although the single-cell sequencing approach may
potentially underestimate the extent of anti-TB T cell responses,
especially in peripheral blood, our coupled scRNA-seq and
scTCR-seq data allowed us to perform in-depth analyses of this
cluster, including its gene expression signature and clonality.
Interestingly, we found that this cluster also highly expressed
HLA-DRs and GZMA, indicating that these cells are likely mul-
tifunctional, as CD4 cells expressing HLA-DRs contribute to
disease-associated inflammation by compromising regulatory
T cell-mediated suppression in human TB (Viallard et al., 2001).
We also found that PF CD4_C09 cells were clonally expanded,
with most clonotypes in the PF differing from those found in the
blood, suggesting that these cells do not simply originate from
passive trafficking through the peripheral lymph organs, namely
compartmentalization. Those PF-specific clones might recognize
Mtb antigens at the site of infection. The amplification of these
clones most likely augments their immune response functions,
further magnifying the Thi cell response in PF.

We also identified a CTL CD4 cluster (CD4_C08) enriched in
the PF that shared similar gene expression characteristics with
cytotoxic CD8 T cells (GZMK, KLRBI, GZMA, and PRFI; Li et al.,
2019; Maehara et al., 2020). This CD4 cluster has not previously
been reported in TPE. It has been hypothesized previously that
CTL CD4 T cells, possibly generated through repeated antigen
stimulation (Appay et al., 2002; Brown et al., 2006; Casazza
et al., 2006), play a protective role against infectious diseases
and cancer (Brown et al., 2009; Haabeth et al., 2014; Zheng et al.,
2017). CTL CD4 T cells have been proposed to use various
mechanisms to kill the target cells, with most underlying
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pathways not being mutually exclusive (Brown et al., 2009). The
exact molecular mechanism shared by CD4_C08 and CD4_C09
cells remains unclear. Our data showed that CD4_CO8 and
CD4_C09 are closely linked to each other in that they both ex-
press GZMA and CXCRs, the latter being a chemokine receptor
that is expressed by T cells upon activation (Kim et al., 2001),
suggesting similarities in the function and trafficking patterns
between the two populations. Interestingly, another study re-
vealed that CTL CD4 T cells can produce Thi cytokines, IFN-v,
and TNF-a upon ex vivo PMA/ionomycin stimulation (Hashimoto
et al., 2019). It would be interesting to examine whether ther-
apeutic strategies targeting these intermediate populations could
promote the killing and/or activation of Mtb-infected macro-
phages. Regardless, our results clearly highlight an ongoing
adaptive immune response in the PF from TPE and invite
further investigations into the role played by CTL CD4 T cells
in TB.

Increasing evidence supports the notion that CD8 T cells play
pivotal roles in controlling Mtb infection through TCR-mediated
cytotoxicity via granzymes (Kamath et al, 2004; Lewinsohn
et al., 2003; Woodworth et al., 2008). A previous study dem-
onstrated that GZMB can kill Mtb directly in the presence of
granulysin, via multiple mechanisms (Dotiwala et al., 2017). In
our study, we observed that heterogeneous CD8 T cell subsets
in the PF displayed different phenotypes from those observed
in the blood. Of note, clonally expanded CD$ subsets (CDS_CO03,
CD8_C05, and CD8_C06) in the PF expressed high levels of
GZMK but low levels of GZMB. The preferential accumulation of
GZMK-expressing CD8 T cells in the PF but not peripheral blood
samples from patients with TPE, suggesting a locally induced
differentiation process (at the very least, GZMK is up-regulated
at the site of infection) possibly depending on TCR triggering, as
we demonstrated that GZMK was induced in CD8 T cells upon
anti-CD3/CD28 stimulation in vitro. Indirect support for this
model comes from our observation that most clonotypes in these
cells (based on scTCR-seq data) were exclusively observed in the
PF, which is likely a result of local T cell proliferation and ac-
tivation in PF rather than migration from the blood. This finding
suggests an impact of the PF environment on the development of
GZMK-expressing CD8 T cells, conceivably reflecting the dif-
ferential availability of antigens or tissue factors or bacteria in
the blood and PF.

Several recent studies have also observed a GZMK-
expressing CD8 T subset in human tumors and aging in-
dividuals by using scRNA sequencing (Zheng et al., 2017; Guo
et al., 2018; Zhang et al., 2018; Li et al., 2019; Mogilenko et al.,
2021). Those GZMK-expressing CD8 T cells also express low
levels of GZMB. GZMK-expressing CD8 T cells were shown to be
enriched in tumor lesion sites and adjacent nontumorous mu-
cosa (Zhang et al., 2018; Zheng et al., 2017). GZMK-expressing
CD8 T cells have been reported to accumulate in tissues due to
aging and contribute to the inflammatory response through the
secretion of GZMK (Mogilenko et al., 2021). Based on our tra-
jectory and TCR lineage results, GZMK-expressing CD8 T cells in
TPE represent a late developmental stage with cytotoxic capa-
bility (based on the expression of PRFI). Our data demonstrated
that purified GZMK has cytotoxic and bactericidal activity in
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Mitb-infected macrophages. Thus, the enrichment of GZMK-
expressing CD8 T cells in PF may represent an active tissue-
specific effector mechanism mediating tissue inflammation
and provide a backup for the loss of GZMB-expressing cells at
the site of Mtb infection. However, we cannot rule out the
possibility that GZMK-expressing CD8 T cells promote immu-
nopathology, as GZMK has the ability to induce macrophage cell
death and increase the inflammatory response (Mogilenko et al.,
2021; Turner et al., 2019), both of which could result in tissue
damage in TB. Therefore, defining the exact role that GZMK-
expressing CD8 T cells play during the course of TB disease
warrants further investigation.

In summary, the results of this study provide crucial insights
into the spectrum of T cell heterogeneity at the site of Mtb in-
fection and yield several important findings that advance our
understanding of T cell diversity in TPE. Our scRNA-seq and
scTCR lineage tracing identified: (1) differential T cells in the blood
and PF from TPE; (2) heterogeneous T cell subsets with diverse
functions in the PF from TPE; and (3) distinct, highly expanded
T cell clonotypes in T cell subsets enriched in the PF and a strong
association between GZMK and TPE disease. This characterization
provides a useful framework to now examine the role of T cell
subsets in TB disease progression and to guide further inves-
tigations into the underlying characteristics that modulate T cell
heterogeneity at the site of infection. This new knowledge con-
cerning T cell composition and function at the site of infection
might help us to identify new antigens for vaccine development.

Materials and methods

Ethics statement

This study was approved by the Institutional Review Board of
the Shenzhen University School of Medicine, China, and written
informed consent was obtained from each participant. All ex-
periments and samplings were performed in accordance with
ethical and biosafety protocols approved by our institution.

Participants, clinical samples, and diagnostic criteria

The patients recruited to this study were those with known
causes that contributed to their PFs. The four study cohorts were
recruited from Shenzhen Third People’s Hospital (China),
Shenzhen Baoan People’s Hospital (China), and Yuebei Second
People’s Hospital (China) between August 2017 and December
2020. Cohort I included six patients with TPE whose PBMCs and
PFMCs were collected for scRNA-seq and scTCR-seq. Cohort II
included 22 patients with TPE from whom paired blood and PF
samples were obtained for flow cytometry analysis. Cohort III
included 98 cases of TPE, 36 cases of PPE with pneumonia, and
31 cases of MPE with PF available for evaluating GZMK levels.
Cohort IV included 88 cases of TPE and 73 cases of non-TPE (23
cases of PPE and 50 cases of MPE). The diagnosis of TPE was
confirmed if a patient had exudative effusion and was culture-
positive for Mtb (using PF, a pleural biopsy specimen, or sputum)
and/or had evidence of TB based on pleural biopsy specimens
positive for granulomatous inflammation with acid-fast bacilli.
PPE was diagnosed as any effusion associated with bacterial
pneumonia, based on the following: (a) lavage fluid or sputum
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cultures were Mtb negative during clinical follow-up, (b) new
infiltration and clinical signs on chest radiography were evident
and completely resolved following treatment with appropriate
antibiotics, and (c) viral pathogens were not detected. A diag-
nosis of MPE was established by demonstration of malignant
cells in PF and/or pleural biopsy specimens; histologically, there
were 25 cases of adenocarcinoma and 6 of squamous cell carci-
noma. Patients were excluded if they had received any invasive
procedures directed into the pleural cavity or if they had suffered
chest trauma within 3 mo before hospitalization. At the time of
sample collection, none of the patients had received any anti-TB
therapy, anticancer treatment, antibiotic therapy, corticosteroids,
or nonsteroidal anti-inflammatory drugs. The characteristics of
all cohorts are summarized in Table S1.

PBMC and PFMC isolation

Heparinized whole-blood samples were collected by venipunc-
ture from all participants, and PF samples were collected from
patients with TPE, pneumonia, or lung cancer. PBMCs were
obtained by gradient separation of whole-blood samples over
Ficoll-Hypaque density gradient (Ficoll-Paque Plus; Amersham
Biosciences). PFMCs and supernatants were separated by cen-
trifugation of <50 ml PF at 300 g for 5 min at 4°C. Isolated
PBMCs and PFMCs were immediately used for flow cytometry
or stored at -150°C. The plasma and supernatants from PF were
stored at -80°C until further use.

10x Genomics single-cell sample processing and cDNA library
preparation

Four paired PBMCs and PFMCs were subjected to 10x Genomics
single-cell sequencing. For the validation cohort, cell suspen-
sions from two paired PBMCs and PFMCs were enriched for CD3
using human CD3-microbeads, according to the manufacturer’s
instructions (Miltenyi Biotec). CD3* enriched single-cell sus-
pensions were subjected to 10x Genomics single-cell sample
processing and cDNA library preparation. Briefly, cell viability
was assessed by trypan blue staining, and samples with viability
>90% were prepared using Chromium Single Cell 5’ Library and
Chromium Single Cell V(D)] Enrichment Kits, Human (10x Ge-
nomics), according to the manufacturer’s instructions. The
PBMCs and PFMCs were washed once with PBS containing
0.05% BSA and resuspended in PBS containing 0.05% BSA to a
final concentration of 700-1,200 cells/ul, as determined using a
hemocytometer. Single cells were captured in droplets and
subjected to reverse transcription (53°C for 45 min, 85°C for
5 min). The emulsions were broken, and the cDNA was purified
before PCR amplification (98°C for 45 s; 13 cycles of 98°C for 20 s,
67°C for 30 s, and 72°C for 1 min; 72°C for 1 min). Amplified cDNA
was then purified by SPRIselect beads and used for both 5’ gene
expression library construction and TCR enrichment. For gene
expression library construction, 50 ng purified cDNA was
fragmented and end-repaired, double-sided size-selected with
SPRIselect beads, PCR-amplified with sample indexing primers
(98°C for 45 s; 14 cycles of 98°C for 20 s, 54°C for 30 s, and 72°C
for 20 s; 72°C for 1 min), and double-sided size-selected again
with SPRIselect beads. For TCR library construction, TCR tran-
scripts were enriched from 2 ul amplified cDNA by PCR (98°C
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for 45s; 10 cycles of 98°C for 20s, 67°C for 30 s, and 72°C for
1 min; 72°C for 1 min). The scRNA-seq and scTCR-seq libraries
were sequenced on an Illumina HiSeq X Ten system (Illumina).

Single-cell data preprocessing, gene expression quantification,
and cell-type determination
The raw data from each sample were demultiplexed and aligned
to the GRCh38 reference genome, and the UMI counts were
quantified using the 10x Genomics Cell Ranger pipeline (v3.1.0).
Data analysis continued with the filtered barcode matrix files
using the Seurat package (v3.2.0) after cells were recognized
from droplets by DropletUtils (v1.6.1; Lun et al., 2019). One
PBMC sample was removed due to the poor quality of median
gene and UMI counts (Table S2). On average, 1,365 genes and
4,793 UMIs were obtained per cell, which is comparable with
previously published droplet-based scRNA-seq studies of human
cells (Zhang et al., 2019). Cells with >200 detected genes and
<10% mitochondrial reads were considered valid and used for
downstream analysis. To prevent clusters from being biased by
mitochondrial transcript content, the gene expression values
were scaled based on the cell mitochondrial transcript content.
Next, SCTransform was applied to normalize and find vari-
able features within the single-cell gene expression data
(Hafemeister and Satija, 2019). Clustering and differential ex-
pression analyses were performed using the R package Seurat,
with default parameters (Wolock et al.,, 2019). Based on the
PCEIbowPlot, a certain number of principal components (PCs)
were selected for the clustering analysis when that number
reached the baseline of the SD of the PCs. Cell clusters were
visualized using t-distributed stochastic neighbor embedding
(tSNE; Satija et al., 2015). Cells were represented in a 2D tSNE
plane, and clusters were identified and annotated according to
known biological cell types using canonical marker genes or
published reference gene signatures (Table S5). For differential
gene expression, a model-based analysis of single-cell tran-
scriptomics (MAST) test (Finak et al., 2015; log fold-change
20.25, minimum percentage 0.1, and minimum differential
percentage >0.15) was used to select only those genes with an
adjusted P value <0.05. For pathway enrichment analysis, the
enrichGO function within clusterProfiler (v3.14.3) was used,
with gene sets from the GO knowledge base. To identify T cell
subtypes, T-like cells were extracted from the global data for
downstream analyses. To prevent clusters from being biased by
mitochondrial, ribosomal, metallothionein, or transcript content,
gene expression values were scaled after deleting the relevant
gene family. Then, LogNormalize and mean.var.plot were ap-
plied to normalize and find variable features within the single-
cell gene expression data. Next, the downstream analysis was
run in the same way as described above, including dimensional
reduction, clustering, and finding cluster biomarkers. Signatures
used for subset identity determination or phenotyping already
published are referenced in each figure. See Table S5 for details.

Trajectory analysis

Trajectory analysis was calculated using PAGA in Scanpy (v1.5.1)
with default parameters (Wolf et al., 2019), using the 20 most
significant DEGs compared with the others for each selected
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cluster. The lineage trajectory analysis revealed a continuous
cell type transition from the assigned discrete cell types.

GSEA

Pathway analyses were performed on the 50 hallmark pathways
annotated in the molecular signature database (Subramanian
et al., 2005). The gene sets we used were from the database
MSigDB48 (v7.4). In the single-cluster enrichment analysis, the
normalized and centered expression data were transformed to
z-scores. For each cluster, the z-scores across cells were averaged per
gene. The Wilcoxon rank sum test in the presto package (v1.0.0) was
performed to obtain the rank of all genes. Then, we used the fgsea
package (v1.17.1) to calculate GSEA enrichment scores and P values
for each collection of gene sets. Briefly, the activity scores for each
cell were compared using a generalized linear model. The outputs of
these generalized linear models were visualized in heat maps.

TCR data analysis

The raw TCR data from each sample were demultiplexed and
aligned to the GRCh38 reference genome, and clonotype counts
were quantified using the 10x Genomics Cell Ranger pipeline
(v3.1.0). For clonal expansion levels of CD4 and CD8 subsets, the
percentage of cells with clonal TCR for each patient was calcu-
lated. Then, STARTRAC (v0.1.0) was applied to analyze different
aspects of T cells based on paired single-cell transcriptomes and
TCR sequences (Zhang et al., 2018). The STARTRAC indices,
STARTRAC-expa, STARTRAC-migr, and STARTRAC-tran, mea-
sure the degree of clonal expansion, tissue migration, and state
transition of T cell clusters upon TCR tracking, respectively. The
details of the formulae for STARTRAC-expa, STARTRAC-migr,
and STARTRAC-tran were described previously (Zhang et al.,
2018). STARTRAC-expa ranges from O to 1, with 0 indicating
no clonal expansion and 1 indicating that the cluster contains
only one clonally expanded clonotype. If a cluster contains
multiple clonotypes with distinct degrees of clonal expansion,
STARTRAC-expa will be between O and 1, with a high
STARTRAC-expa indicating high clonality. Both STARTRAC-
migr and STARTRAC-tran are defined at two different levels
(clonotypes and clusters), with clonotype-level definitions de-
scribing the extent of migration and state transition of a given
clonotype and cluster-level definitions depicting the summary of
such properties of all clonotypes within a cluster. For two T cell
clusters with similar clonal expansion and clonal size, the one
with clonal cells broadly distributed throughout various tissues
would probably be more mobile (Zhang et al., 2018). Pairwise
STARTRAC-migr (pSTARTRAC-migr) and pSTARTRAC-tran
indices were also used for precise quantification between tis-
sues or cell clusters. pSTARTRAC-migr uses the same formula as
STARTRAC-migr and is used to measure the migration potential
between two tissues. pPSTARTRAC-tran uses the same formula as
STARTRAC-migr and is used to measure the transition between
two clusters (Zhang et al., 2018). All analyses were performed in
the R v3.6.1 environment and Python v3.7.4.

Flow cytometry and intracellular cytokine staining
PBMCs and PFMCs from TPE were obtained for flow cytometry
as previously described (Cai et al., 2020). The samples were then
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stained with antibodies against CD3 (SK7), CD4 (RPA-T4), and
CD8 (SKL; BD Biosciences) plus ghost dye (Tonbo Biosciences)
for 30 min at 4°C. Following fixation and permeabilization for
30 min at room temperature, the cells were stained with mAbs
against GZMB (GM26E7), GZMK (GBI11), and GZMA (CB9; BD
Biosciences) for 30 min at room temperature. All antibodies
were validated by the manufacturer for flow cytometry appli-
cation. The cells were resuspended in 200 pl of 2% parafor-
maldehyde, acquired using FACSDiva software (BD Biosciences),
and analyzed using FlowJo software v10.

ELISA

The levels of GZMK (Multi Sciences) and GZMB (Neobioscience)
in plasma and PF samples were determined by ELISA, according
to the manufacturer’s instructions.

ADA and LDH assay

The activity of ADA and LDH in PF was measured on a fully
automated chemistry analyzer (AU5800; Beckman Coulter). The
operation was performed in strict accordance with the standard
SOP. All experiments were performed in accordance with the
manufacturers’ protocols.

Primary human CD8 T cell isolation and in vitro activation
PFMCs from patients with TPE were used to isolate CD8 T cells.
CD8 T cells were isolated from four TPE PFMCs using magnetic
beads (Miltenyi Biotec), according to the manufacturer’s pro-
tocol. Isolated CD8 T cells were cultured in RPMI 1640 supple-
mented with 10% heat-inactivated FBS. Then, CD8 T cells were
activated with anti-CD3/CD28 (Gibco) for at 37°C for 12 h. GZMK
levels were measured in cell culture supernatants by ELISA, as
described above.

GZMK and GZMB activity assay

Human monocytic THP-1 cells (TIB-202; ATCC) were grown in
RPMI 1640 supplemented with r-glutamine (2 mM) and 10%
heat-inactivated FBS (all from Gibco Life Technologies). The
THP-1 cells were treated with 40 ng/ml PMA (Sigma-Aldrich) in
12-well plates at 37°C for 24 h and allowed to differentiate into
macrophages. The cells were then incubated with fresh pre-
warmed RPMI 1640 (10% FBS and 2 mM L-glutamine), infected
with virulent Mtb H37Rv at a multiplicity of infection of 5 for4 h
and then washed three times with PBS. Purified GZMK or GZMB
(gifts from Dr. Feng Shao of the National Institute of Biological
Sciences, Beijing, China) were then added with or without
Perforinl (RPB317Hu01; Cloud-Clone Corp). Cell cytotoxicity was
measured by an LDH assay using a Cytotoxicity Assay kit
(Promega) in 24 h. For the CFU assay, the cells were lysed in 0.1%
SDS, plated at various dilutions on 7H10 plates, and incubated at
37°C for 2 to 4 wk.

Statistical analyses

A one-way ANOVA Newman-Keuls multiple comparison test
was used to compare differences among multiple groups. An
unpaired t test was used to analyze differences between two
groups. A paired t test was used to analyze differences in paired
samples. All statistical analyses were performed in GraphPad
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Prism (v7.0). Two-tailed statistical tests were conducted, and a
P value <0.05 was considered statistically significant.

Online supplemental material

Fig. S1 shows the consistency of cell capture and the cell markers
for cell subsets. Fig. S2 shows the marker genes for CD4 and CD8
T cell subsets. Fig. S3 shows the comparison between the orig-
inal dataset and the validation dataset. Fig. S4 shows the pseudo-
time of CD4 and CD8 differentiation trajectories in PBMCs and
PFMCs. Fig. S5 shows the TCR expansion and sharing status
between subsets or tissues. Table S1 shows the demographic
characteristics of the study populations. Table S2 shows the
characteristics of scRNA-seq of the eight samples. Table S3
shows the cell numbers and frequencies of all subsets in PBMCs
or PFMCs from TPE. Table S4 shows the marker genes of all
subsets identified by scRNA-seq. Table S5 shows the reference
gene signature list. Table S6 shows the comparison of CD4 and
CD8 subsets between the original and validation datasets. Table
S7 shows the TCR distribution in PBMCs or PFMCs. Table S8
shows the identical TCRs shared between the CD8 and CD4
subsets. Table S9 shows the gene expression characterization
associated with PF-infiltrating T subsets. Table S10 shows the
DEGs of PBMC CD4_C09 versus PFMC CD4_C09.

Data availability

The sequencing raw data and processed data used in this paper
are available in GSA (Genome Sequence Archive in the BIG Data
Center, Beijing Institute of Genomics, Chinese Academy of Sci-
ences) under accession numbers HRA000910 and HRA00036.
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Figure S1. scRNA-seq of cells from TPE. (A) Consistency of cell capture and identification in scRNA-seq. Number of UMIs (nUMIs) and genes (nGene)
identified and fraction of reads mapped to mitochondrial (mt) genes across all samples (n = 4). (B) All samples merged single cells with the associated main cell
types. (C) All samples merged single cells with the corresponding tissues (PBMCs and PFMCs). (D) tSNE plot of expression levels of selected genes in different
cell types indicated by the colored ovals. (E) Violin plot of expression levels of selected genes in different cell types. (F) The relative proportion of cells for main
cell types in blood and PF from TPE (n = 4). (G) The relative proportion of cells for T cell subsets in the T cell fraction in blood and PF from TPE (n = 4). (H) The
relative proportion of cells for NK|T subsets in blood and PF from TPE (n = 4).
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Figure S2. Expression of marker genes for T cell subsets. (A) Differential expression analysis comparing CD4 subsets (left) and CD8 subsets (right) from
the blood and PF. Heatmaps indicate the up- and down-regulated genes in CD4 T cell and CD8 T cell subsets, respectively. (B) tSNE plot of expression levels of
selected genes in different cell subsets. (C) Violin plot of expression levels of selected genes in different cell subsets.
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Figure S3. Analysis of the validation dataset. (A and B) tSNE of the combined original (n = 4) and validation (n = 2) data with each cell color-coded for the
different datasets (A) or associated cell subsets (B). For integrating two datasets, the datasets were normalized to find variable features using the R package
Seurat (v3.2.0) with default parameters, and 30 PCs were selected for the tSNE analysis, with default parameters. CD4/CD8 from the original dataset; vCD4/
vCD8 from the validation dataset. (C) tSNE of the GZMK-expressing CD8, GZMB-expressing CD8, Th1 CD4, and CTL CD4 T cells from the original and validation
datasets. (D) The relative proportion of cells of the CD4-cell subsets in the T cell fraction of the validation dataset (n = 2). (E) The fraction of cells for Th1 CD4
and CTL CD4 in CD4 T cells from blood and PF in the validation dataset (n = 2). (F) The relative proportion of cells of the CD8 T cells subsets in the T cell fraction
of the validation dataset (n = 2). (G) The fraction of cells of the GZMB-expressing CD8 and GZMK-expressing CD8 T cells in CD8 T cell from blood and PF in the

validation dataset (n = 2).
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Figure S4. Pseudo-time analysis of CD4 and CD8 differentiation trajectories in PBMCs and PFMCs. (A) Reconstructed PAGA paths for differentiation of

the identified CD8 T cells from blood (n = 3). (B) Reconstructed PAGA paths for differentiation of the identified CD8 T cells from PF (n = 4). (C) Reconstructed
PAGA paths for differentiation of the identified CD4 T cells from blood (n = 3). (D) Reconstructed PAGA paths for differentiation of the identified CD8 T cells
from PF (n = 4).
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Figure S5. Analysis of TCR expansion and sharing status between subsets or tissues. (A) The spatial distribution of cells, showing only those CD8 T cells
sharing the same TCRs in colors. (B) The spatial distribution of cells, showing only those CD4 T cells sharing the same TCRs in colors. Four different clonotypes
are shown, with different colors. (C) The percentage of clonal expansion in CD8 T cell clusters. Clonal expansion rate = total of cells in expansion clonotypes
(TCR > 1) cells + total of cells with TCR. (D) Analysis of shared clonotypes in CD8 T cells between PBMCs and PFMCs. Left: PBMC specific TCRs (top), shared
PBMC and PFMC TCRs (middle), and PFMC-specific TCRs (bottom) in CD8 T cell subsets. Middle: The number of cells with identical TCRs for each clonotype
from the left panel. Right: The distribution of different clonotypes in PBMCs and PFMCs (PBMC, n = 3, PFMC, n = 4). (E) Analysis of shared clonotypes in CD8
subsets. Left: TCR sequences are grouped by CD8 subsets; each bar in the heatmaps represents a distinct TCR sequence. Middle: The distribution of cells with
identical TCRsin CD8 T cell subsets. Right: The number of cells with identical TCRs for each clonotype from left panel. (F) The percentage of clonal expansion in
CD4 T cell clusters. (G) Analysis of shared clonotypes in CD4 T cell between PBMCs and PFMCs. Left: PBMC-specific TCRs (top), shared PBMC and PFMC TCRs
(middle), and PFMC-specific TCRs (bottom) in CD4 T cell subsets. Middle: The number of cells with identical TCRs for each clonotype from the left panel. Right:
The distribution of different clonotypes in PBMCs and PFMCs. (H) Analysis of shared clonotypes in CD4 subsets. Left: TCR sequences are grouped by CD4
subsets; each bar in the heatmaps represents a distinct TCR sequence. Middle: The distribution of cells with identical TCRs in CD4 T cell subsets. Right: The
number of cells with identical TCRs for each clonotype from the left panel.
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Provided online are 10 tables. Table S1 shows the demographic characteristics of the study populations. Table S2 shows the
characteristics of scRNA-seq of the eight samples. Table S3 shows the cell numbers and frequencies of all subsets in PBMCs or
PFMCs from TPE. Table S4 shows the marker genes of all subsets identified by scRNA-seq. Table S5 shows the reference gene
signature list. Table S6 shows the comparison of CD4 and CD8 subsets between the original and validation datasets. Table S7 shows
the TCR distribution in PBMCs or PFMCs. Table S8 shows the identical TCRs shared between the CD8 and CD4 subsets. Table S9
shows the gene expression characterization associated with PF-infiltrating T subsets. Table S10 shows the DEGs of PBMC CD4_C09
versus PFMC CD4_C09.
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