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Abstract

Purpose T cell receptor (TCR) usually determines the specificity and unique function of T cells. Recently, the uncon-
ventional T cells with a unique TCR have attracted great attentions because of their clinical importance. TCR Va7.2*
cells, that consist of the CD161% mucosal associated invariant T (MAIT) cells and CD161~ non-MAITT cells, have

been reported to play crucial roles in immune defenses. However, their characterizations in human blood are still
obscure. This study aims to investigate the signatures and functions of circulating TCR Va7.2*CD161" MAIT and TCR
Va7.2"CD161~ cells under steady state.

Methods The TCRVa7.2*CD161" and TCRVa7.2*CD1617 cells were separately sorted from healthy donor peripheral
blood mononuclear cells (PBMCs) and send for single cell RNA sequencing (scRNA-seq). Flow cytometry analysis
was used to verify the findings obtained from scRNA-seq analysis.

Results Our findings demonstrated that there are more TCRVa7.2*CD1617" cells than TCRVa7.2*CD1617 cells

in healthy donor PBMCs and revealed the differences between them. Under steady state, 4 TCRVa7.2*CD161*

MAIT clusters existed in peripheral blood. Pseudotime analysis further implied the development trajectory of these
MAIT cells, which was ordered from CCR7" resting cluster to LGALS3™ transitional cluster, followed by KLRGT™ clus-
ter and ending with CX3CRT* terminally differentiated cytotoxic cluster. In addition, our results revealed that TCR
Va7.2"CD161~ cells consist of different kind of conventional T cells. These TCR Va7.2*CD161~ non-MAIT cells showed
a higher level of Granzyme B expression and upregulated genes associated with cytotoxicity, which implicated their
roles in immune defense.

Conclusion Our findings advanced the understandings of the evolution of circulating MAIT cells. We also preliminar-
ily defined the TCRVa7.2*CD161~ PBMCs as a combination of versatile CD4* and CD8" populations with cytotoxicity.
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1 Introduction

The role of T cell receptor (TCR) in lymphocyte-medi-
ated reaction is well known. TCR not only promotes the
homeostasis, but also decides the specificity and func-
tion of T cells (Courtney et al. 2018; Irla 2022; Shah
et al. 2021). To face the complicated challenges, conven-
tional T cells (CD4" and CD8") usually acquire a highly
diverse TCR repertoire through the rearrangement dur-
ing thymic development (Irla 2022). However, the uncon-
ventional T cells, such as natural killer T (NKT) cells,
and yd T cells, which express a semi-invariant TCR have
also been reported to serve critical roles in the immune
defenses and autoimmune responses (Constantinides and
Belkaid 2021; Li et al. 2022; Pellicci et al. 2020). Among
these unconventional populations, mucosal associated
invariant T (MAIT) cells which are defined by a unique
TCR o chain (TRAV1-2, TCR Va7.2 in human) and
other surrogate markers (CD161, IL-18R), have rapidly
got attractions and showed potential clinical impor-
tance (Godfrey et al. 2019; Provine and Klenerman 2020).
The conserved TCR decides MAIT cells are selectively
restricted to MHC class I like molecule MR1 (Legoux
et al. 2020). Dominantly, MR1 presents the microbiota-
derived vitamin B2 (riboflavin) metabolites to MAIT
cells. MAIT cells depend on this presentation to keep
development and in turn to constrain the pathogenic
invasion (Hinks and Zhang 2020; Legoux et al. 2020).

MAIT cells are enriched in non-lymphoid tissues
(liver, lung, intestine), and their percentages were highly
different between individuals (Chiba et al. 2021; Pro-
vine and Klenerman 2020). This tendentious distribu-
tion facilitates MAIT cells eradicate pathogens and even
promote the tissue repair (Constantinides et al. 2019;
Legoux et al. 2020). Considering peripheral MAIT cells
lack the expression of lymphoid homing receptors, the
most probable scenario of their migration is transfer
from blood to tissues and then to lymph and finally back
to the blood (Beura and Masopust 2014; Legoux et al.
2020; Provine and Klenerman 2020). Compared to mice,
human blood contains abundant MAIT cells (up to 9%),
and their ratio usually decrease in diseases (Godfrey et al.
2019; Provine and Klenerman 2020). Determination the
properties of blood MAIT cells may help us grasp the
general alterations of this unconventional population and
hint the progression of immune diseases (De Biasi et al.
2021). Although lots of works have done (De Biasi et al.
2021; Park et al. 2019; Vorkas et al. 2022), the characteri-
zations of human blood MAIT cells are still obscure.

In different subset of T cells, similar TCR repertoire
usually means the identical reactivity and implies the
same functions (Schattgen and Thomas 2018). Except
the CD161" cells (MAIT), TCR Va7.2" cells also
include CD161~ populations (Ben Youssef et al. 2018;
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Merlini et al. 2019; Park et al. 2019). However, in previ-
ous works, TCR Va7.2*CD161~ cells were used as MAIT
cells control, while their phenotypes and functions were
less studied. It is necessary to make a definition for
these TCR Va7.2*CD161~ cells, and find out if there is
a relation between the TCR Va7.2*CD161% and TCR
Va7.2tCD161~ populations.

In this research, we characterized the human blood
TCR Va7.2* cells in steady state by single cell RNA
sequencing (scRNA-seq) and analyzed the CD1617
(MAIT) and CD161" cells in them, separately. Different
from previous findings, our work delineated a develop-
ment trajectory of MAIT cells in the mode of activation.
Moreover, the different clusters of physiological TCR
Va7.27CD161" cells were also studied. These findings
demonstrated the heterogeneity of TCR Va7.2% cells and
will help us understand the development of peripheral
MAIT cells.

2 Methods and materials

2.1 Human subjects

Healthy donors (aged from 20 to 40 years old) who wasn't
diagnosed with underlying diseases in the recent half
year and had a normal result in the examinations of rou-
tine blood test and biochemical test, were recruited in
the study. The residues of routine blood tests were col-
lected to prepare the peripheral blood mononuclear cells
(PBMCs) using Ficoll based density gradient centrifuga-
tion. Briefly, after a centrifugation at 800 g for 15 min
(room temperature), the PBMCs were enriched at the
interface of plasma layer and ficoll layer. All procedures
were performed in compliance with the ethical guidelines
and approved by the Institutional Committee for Human
Research of Beijing Friendship Hospital, China (approval
no. 2020-P2-196). A written informed consent was rou-
tinely obtained from all individuals.

2.2 Flow cytometry analysis

Antibodies against TCR Va7.2 (3C10), CD3 (OKT3),
CD161 (HP-3G10), IL-18R (H44), CD69 (FN50), CD62L
(DREG-56), IFN-y (4S.B3), IL-17A (BL168), Granzyme
B (GB11), Perforin (B-D48), CCR7 (G043H7), KLRG1
(SA231A2), CX3CRI1 (2A9-1), Galectin-3 (M3/38), CD4
(OKT4), and CD8A (HIT8a) were purchased from Bio-
legend. The MR1-tetramer was kindly supplied by NIH
Tetramer Core Facility. PBMCs obtained by density
gradient centrifugation were used for the further flow
cytometry analysis. Before cell staining, Zombie Aqua’"
and Human TruStain FcX™ were used to exclude the
dead cells and block nonspecific binding. For intracellu-
lar staining of cytokines, the cells were stimulated with
Cell Activation Cocktail (with Brefeldin A) from Bioleg-
end. Six hours later, the cells were stained with antibodies
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against surface molecules and prepared according to
the instructions of the Cyto-Fast" Fix/Perm Buffer Set
(Biolegend).

2.3 Cell culture

CCR7* and CCR7~ CD3*TCR Va7.2*CD161" PBMCs
were sorted using flow cytometry and cultured for 5 d
with IL-2 (2 ng/mLl) in 96-well plate. Antibodies against
CD3 (10 pg/mLl) and CD28 (1 pug/mL) were also added.
To determine the proliferation, cells were preparedly
incubated with CellTrace Violet (Thermal Fisher) accord-
ing to the instructions. For examining cytokine produc-
tions, cells were further stimulated with Cell Activation
Cocktail and stained as described above.

2.4 Sample preparation for single cell RNA sequencing
Circulating TCR Va7.27CD1617CD3"7-AAD™ and TCR
Va7.27CD161~ CD377-AAD" live cells were sorted from
4 male donors respectively using a BD FACSAria" III
Flow Cytometer and sent to Annoroad Gene Technology
(Beijing) for 10X Genomics single cell RNA sequencing.
The Chromium Single Cell 3° GEM, Library & Gel Bead
Kit v3 were used according to the instructions for library
construction. Subsequently, the qualified library was
sequenced using Illumina Novaseq6000 platform.

2.5 Data processing

R package Seurat (version 3.0.2) was used to process files
derived from Cell Ranger. Cells with detected genes <200
and genes expressed in cells fewer than 3 were firstly
excluded. According to the gene expressions, we further
removed low quality cells with a threshold (detected
genes < 200 or detected genes > 4000 or percentage of
mitochondrial genes > 20%). Finally, we refined our data
by applying a gene expression signature (CD3G>0 &
CD3E>0 & CD3D >0).

2.6 Batch correcting of scRNA-seq data by integration
analysis

We used Seurat integration analysis to correct the batch
effects (Stuart et al. 2019). Before data integration, the
standardizations of data and selections of highly variable
genes were performed. Then, “FindIntegrationAnchors”
and “IntegrateData” were carried out to identify anchors
of different samples and integrate samples, respectively.

2.7 Cell clustering and visualization

After using linear transformations to scale the data,
we made dimensionality reduction using principal
component analysis (PCA). The first 10 dimensions of
PCA embeddings were selected to construct a Shared
Nearest Neighbor (SNN) Graph by “FindNeighbors”
function. Subsequently, we applied the “FindClusters”
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function (resolution=0.5) to identify cell clusters by
SNN modularity optimization based on Louvain algo-
rithm. And the clustering results were further visualized
using uniform manifold approximation and projection
(UMAP) (Becht et al. 2019).

2.8 Differential expression and enrichment analysis

Using Wilcoxon rank sum test to compare current clus-
ter with each other, we employed the “FindAllMarkers”
function (min.pct=0.25 & logfc.threshold=0.25) to
identify differentially expressed genes [DEGS, P,y cq
(P,g;)<0.05] for each cluster. The upregulated DEGs
are defined as highly expressed genes (HEGs). The
HEGs were imported to perform enrichment analysis
with differential gene sets annotated with GO database
(http://geneontology.org/) or KEGG pathway database
(https://www.kegg.jp/kegg/) using clusterProfiler pack-
age (v.3.18.1). Enrichment pathways were obtained with
P,y <0.05.

2.9 Pseudotime analysis

To study and simulate the dynamic biological processes
of cells, we adopted Monocle (version 2.18.0) (Trapnell
et al. 2014) using differentially expressed genes from each
cluster (P,4;.<0.01) to produce trajectory of cell develop-
ment. DDRTree and “orderCells” function were used to
reduce the dimensionality of dataset and re-order the
cells, respectively. Finally, we showed the results by the
alterations of feature genes, Seurat clusters, and pseudo-
time on the trajectory.

2.10 Statistical analysis

GraphPad Prism 8 software was applied to perform the
statistical analysis. Student’s ¢ test was used to evaluate
the significance of the difference between two groups. For
comparisons between multiple groups, the RM one-way
ANOVA with Tukey’s multiple comparisons test was per-
formed. In addition, Akima spline curves were generated
to show the tendency of cell alterations along age. Data
were presented as the meants, and P <0.05 was con-
sidered significant (*P <0.05, **P <0.002, ***P<0.0002,
###% P <0.0001).

3 Results
3.1 Peripheral blood of healthy donors possessed higher
percentage of CD161* cells in TCRVa7.2" cells
than CD161~ cells
To characterize human blood TCR Va7.2" cells, we
firstly collected blood sample from healthy donors, and
determined the expressions of CD161 and TCR Va7.2
in CD3" peripheral blood mononuclear cells (PBMC)
(Fig. 1A). Within the limited samples, the percent-
ages of TCR Va7.2*, TCR Va7.2"CD161%*, and TCR
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Fig. 1 Determinations of circulating TCR Va7.2*, TCRVa7.2*CD161* and TCRVa7.2*CD161™ cells in different individuals. A The gating strategy

of TCRVa7.2*, TCRVa7.2*CD161*" and TCRVa7.2*CD161~ cells in human PBMCs. B Analysis of correlations between age and the percentage

of TCRVa7.2*, TCRVa7.2*CD161" and TCRVa7.2*CD161~ cells in CD3* T cells (n=38). Akima spline curves were generated to show the tendencies
of cell percentages alterations in donors with different age. C Flow cytometry analysis of CD161 expression in TCR Va7.2*CD3* PBMCs (n=36).
The comparisons between genders of CD161% cell proportions in TCRVa7.2* PBMCs and TCR Va7.2*CD161* cell proportions in CD3* T cells

are also shown respectively (n=11). The Student’s ¢ test was used to compare the differences mentioned above. D Analysis of the correlation
between age and CD1617 cell proportions in TCR Va7.2* PBMCs (n=43). An akima spline curve was generated to show the alteration tendency

of CD161" cells. Each experiment was repeated at least three times

Va7.27CD161" cells in CD3" cells showed no correla-
tions with age. However, the fitted Akima spline curve
implied the ratio of TCR Va7.2* and TCR Va7.27CD161*
cells reached a peak level after age 30, which was con-
sistent with previous reports (Gherardin et al. 2018;
Walker et al. 2014) (Fig. 1B). In addition, the statisti-
cal analysis also shown that TCR Va7.2* PBMCs con-
tained significantly more CD161% cells (58.33% + 20.57%)
than CD1617 cells (39.83+20.04%) (Fig. 1C). And there
showed no significant differences between genders in the
CD161 expression of TCR Va7.2" cells or the percentage
of TCR Va7.2"CD161% cells in CD3" T cells. Similarly,
as shown in Fig. 1D, the ratio of CD161" cells in TCR
Va7.2"1 populations didn’t correlate with donors ages.

3.2 ScRNA-seq revealed the differences between TCR
Va7.2tCD161* and TCRVa7.2*CD161~ PBMCs

To assess the heterogeneity in TCR Va7.2" cells,
we separately sorted TCR Va7.2tCD161% and TCR
Va7.2tCD161~ PBMCs from 4 healthy donors, and
sequenced them wusing 10X Genomics Chromium
system. Through the quality control (200« feature
RNA <4000&percent mt<20%), 21,398 feature genes
across 30,784 cells were prepared for the further analysis
(Figure S1A). After the correction of batch effect, uniform
manifold approximation and projection (UMAP) analysis
segregated 4 clusters in the integrated TCR Va7.2* popu-
lations (Fig. 2A). All the 4 donors TCR Va7.2" PBMCs
included these 4 clusters (Figure S1B). The CD1617
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Fig. 2 ScRNA-seq analysis of TCRVa7.2"CD161" and TCR Va7.2"CD161" cells obtained from peripheral blood of healthy donors. A UMAP
visualization of cell clusters obtained from TCRVa7.2*CD161" and TCR Va7.2*CD161~ PBMCs. Each plot represented one cell (n=30,784 cells, cluster
0=18,697 cells, cluster 1=5473 cells, cluster 2=3554 cells, cluster 3=3060 cells). B Expressions of selected feature genes in cell clusters identified
above. C Heatmap of top 20 highly expressed genes (HEGs) in each cluster. D Comparisons of MR1-tetramer (n=6), IL.-18R (n=5), CD69 (n=5),
and CD62L (n=7) expressions in TCRVa7.2*CD161" and TCR Va7.2*CD161~ PBMCs were performed. E The percentages of IFN-y* (n=10), IL-17A*
(n=10), Granzyme B* (n=8) cells in TCRVa7.2*CD161* and TCRVa7.2*CD161~ populations are shown. The paired t test was performed to compare

the differences described above
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MAIT cells distributed mainly in cluster 0 and cluster
3, while CD161~ cells primarily existed in cluster 1 and
cluster 2 (Figure S1C). In accordance with the segregated
clusters, MAIT cells feature genes, KLRB1(CD161) and
ZBTB16 (PLZF) were highly expressed in cluster 0 and
cluster 3. And CD4 was shown in cluster 1 and cluster 2,
as MAIT cells comprised mainly CD8* and double nega-
tive T cells (Figs. 2B and S2A). As shown in Fig. 2A-C,
cluster 0 comprised the most proportion of TCR Va7.2*
cells (60.74%), showed higher expression of MAIT
cell signature genes (Yao et al. 2020), such as CEBPD,
SLC4A10, NCR3, and KLRBI. Cluster 1 were cytotoxic
cells, which upregulated genes associated with cell kill-
ing (GZMH, GZMB, GNLY, NKG7, FCGR3A, and ZEB2).
Cluster 2 demonstrating the increased SELL, CCR7,
LEF1, TCF7, were defined as resting cells correspond-
ing to naive or central memory T cells (Fig. 2B and C).
In addition, we also observed a cluster of LGALS3™ cells
(cluster 3) (Fig. 2B and C). The proportions of these clus-
ters revealed the heterogeneity within TCR Va7.2% cells.

We next determined the phenotypes of TCR
Va7.2*CD161" and TCR Va7.2*CD161~ PBMCs. Flow
cytometry showed the majority of TCR Va7.27CD161%
cells (73.37+12.89%) recognized MRI1-tetramers,
whereas the CD161™ cells barely captured the tetram-
ers. Moreover, the CD161" populations had a higher
expression of IL-18R (Figs. 2D and S2A). These findings
indicated the TCR Va7.2"CD1617" cells may represent
MAIT cells. Similar to previous reports (Ben Youssef
et al. 2018; Gherardin et al. 2018), CD161" cells had
an increased expression of CD69 and contained fewer
CD62LM cells, demonstrating the TCR Va7.2*CD161"
MAIT cells were kept in a pre-activated state (Figs. 2D
and S2A). We also detected cytokine productions in
TCR Va7.2" PBMCs. There was no difference in IFN-y
production between CD161" and CD161~ cells, while
CD161" MAIT cells included more cells with positive
expression of IL-17A, although the quantity of IL-17A
production was limited. Interestingly, Consistent with
our scRNA-seq results, TCR Va7.2*CD161" cells con-
tained an increased percentage of Granzyme B™ cells
(Figs. 2B, E, S2B). This enhanced cytotoxicity implied
the CD161™ populations may play a potential role in
killing pathogens. Together, these data demonstrated
the different clusters in TCR Va7.2* PBMCs, and com-
pared the differences between TCR Va7.2tCD161"
MAIT cells and TCR Va7.2*CD161~ cells.

3.3 Distinctive subpopulations existed in human
circulating TCRVa7.2*CD1611 MAIT cells

To characterize MAIT cells in human peripheral

blood, we further analyzed the scRNA-seq data of TCR

Va7.2tCD161" PBMCs. 4 clusters were found in TCR
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Va7.2tCD161" cells derived from the 4 healthy donors
(Figs. 3A and S3A). As the largest population (86.77%),
cluster 0 expressed higher level of KLRG1, CD69, CCLS,
AP-1 subunits (JUN, FOS, FOSB), and MAIT signature
genes (SLC4A 10, CEBPD), was thought to be the classi-
cal activated MAIT cells (Figs. 3B and S3B). Distributed
closely with cluster 0, cluster 1 (accounted for 8.62%
of TCR Va7.27CD161" PBMCs), showed a distinctive
expression of LGALS3 (Galectin-3) and LGALS1, while
lack the expression of effector molecules (Figs. 3B and
S3B). In addition, highly expressed genes (HEGs) of
cluster 1 were mainly enriched in pathways such as T
cell activation and lymphocyte differentiation (Fig. 3C).
Considering the role of Galection-3 in T cell activa-
tion (Amani et al. 2020; Gilson et al. 2019; Srejovic and
Lukic 2021), cluster 1 were defined as the “transitional
MAIT cells™

Notably, the rest two minor clusters of TCR
Va7.2tCD161" MAIT cells both showed unique
features. Cluster 2 (accounted for 2.6% of TCR
Va7.27CD161" PBMCs) selectively upregulated the
expressions of GZMB, GZMH, FCGR3A, CX3CRI,
NKG7, ZEB2, and GNLY (Figs. 3B and S3B). And path-
ways (cell killing, T cells mediated cytotoxicity, etc.)
enriched by gene ontology (GO) analysis further dem-
onstrated cluster 2 were terminally differentiated
cytotoxic MAIT cells (Fig. 3C). Similar to MAIT cells
reported by Vorkas et al. (Vorkas et al. 2022), we
also identified a small percentage of cells (cluster 3,
accounted for 2.0%) sharing the features of resting
cells (upregulated Sell, CCR7, and LEFI), unexpectedly
expressed increased level of CD4 (Figs. 3B and S3B).
In addition, GO analysis implied the cluster 3 had an
enhanced ability in lymphocyte proliferation and cell
chemotaxis (Fig. 3C). Hence, we supposed these CCR7"
cells may be the repository for TCR Va7.27CD161%
cells in peripheral blood, waiting for activations.

To validation the identified clusters, we further per-
formed flow cytometry using the signature markers
of each cluster. Expectedly, most TCR Va7.2*CD161%"
MAIT cells possessed a phenotype of KLRG1" (Fig. 3D).
The CCR7" (resting cells) and CX3CR1" (which iden-
tify the effector memory Granzyme BTCDS8* cells
(Bottcher et al. 2015; Gerlach et al. 2016)) populations
also evidently existed, while the expression of CCR7 and
CX3CRI1 were dominantly shown in KLRG1™ MAIT cells
(Fig. 3D). Similar to CD8* T cells reported previously
(Kaur et al. 2018), peripheral MAIT cells principally
expressed Galectin-3 intracellularly rather than on the
cell surface (Figure S3C). The percentage of Galectin-3"
cells was much higher in TCR Va7.2*CD161" cells than
in TCR Va7.2*CD161~ cells (Figure S3C). Within the
peripheral MAIT cells, KLRG1"CCR7~CX3CR1~ MAIT
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cells (N=12). The expression of Galectin-3 in different MAIT clusters are also shown below (N=9). E Flow cytometry analysis of Perforin (N=14),
Granzyme B (N=8), IFN-y (N=9), and IL-17A (N=9) expression in CCR7*, CCR7-CX3CR17KLRG1 N and CX3CR1* MAIT cells. At least three independent
experiments were performed and a RM one-way ANOVA with Tukey's multiple comparison was performed to compare the differences described
above
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cells expressed the highest level of Galectin-3, while
CCR7" resting MAIT cells showed the minimum expres-
sion (Fig. 3D). Given the role of Galectin-3 in T cell acti-
vation (Amani et al. 2020; Kaur et al. 2018), these findings
suggested the importance of Galectin-3 in the transition
of MAIT clusters.

We also examined the cytokine productions in TCR
Va7.2*CD16117 PBMCs. In accordance with scRNA-
seq results, CX3CR1" populations had the highest level
of Perforin and Granzyme B expression, while con-
tained fewer cells with positive expression of IFN-y
(Figs. 3E and S3D). There was no difference in IFN-y
production between KLRGIMCCR7"CX3CR1™ and
CCR7*CX3CR1"~ cells. However, CCR7" CX3CR1~ pop-
ulations included the highest percentage of IL-17A™ cells,
although all clusters of MAIT cells produced limited
IL-17A (Figs. 3E and S3D). Together, we preliminarily
proved the existence of clusters with distinctive pheno-
types and functions in TCR Va7.27CD161" PBMCs.

3.4 Pseudotime analysis revealed a development
trajectory of TCRVa7.27CD1617 cells in human
peripheral blood

Given the signature genes and enriched pathways (T cell

activation/differentiation) of TCR Va7.2*CD161" clus-

ter, we speculated there may be a development trajec-
tory in circulating TCR Va7.2"CD161% cells. Hence, we
performed a pseudotime analysis. Along the generated
trajectory, TCR Va7.27CD161" cells were ordered from

CCR7* resting clusters to LGALS3" transitional clus-

ters, followed by KLRGI' majorities and ending with

CX3CRI" terminally differentiated cytotoxic clusters

(Fig. 4A and B). This order matched the increased expres-

sion of effector molecules and the decreased resting cell

features (Fig. 4B).

As CCR7" populations distributed at the onset point
of trajectory sharing the features of resting cells (upreg-
ulated Sell, LEFI), we supposed these cells were central
memory T cells which contributed to the homeostasis of
peripheral MAIT cells. Thus, we determined their pheno-
types and functions. Consistent with scRNA-seq analysis,
The CD4™" cells percentage was found clearly higher in
CCR7* MAIT cells than in CCR7~ classical MAIT cells
(Figs. 3B and 4C). As shown in Fig. 4D-F, we next sepa-
rately sorted the CCR7* and CCR7~ TCR Va7.27CD1617"
cells and cultured them in vitro. After five days stimu-
lation, the proliferating cells (CellTrace Violet™) were
higher in cells derived from CCR7* cells, while CCR7~
population derived cells hardly expanded (Fig. 4D).
Moreover, CCR7" derived cells showed more IFN-y and
IL-17A productions than CCR7™ derived cells (Fig. 4E
and F). These findings indicated CCR7* populations
share the features of central memory cells and implied
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their potential roles in keep homeostasis of peripheral
MAIT cells when facing challenges. Together, we found a
development trajectory of TCR Va7.2tCD161% PBMCs,
which started with the CCR7™ cells.

3.5 Characterization of TCRVa7.2*CD161~ PBMCs
by scRNA-seq

TCR Va7.2*CD161" cells were usually used as control
for TCR Va7.2¥CD161" MAIT cells in lots of works
(Ben Youssef et al. 2018; Park et al. 2019). However,
the definitions for them are still lack. Therefore, we
also characterized them by scRNA-seq alone. 7 clus-
ters were demonstrated in TCR Va7.2*CD161~ PBMCs
from 4 healthy donors (Figs. 5A and S4A). As shown
in Figs. 5B and S4B, the resting cell signatures (CCR?,
SELL, LEF1, TCF7) were found in cluster 0 (CD8A™)
and cluster 3 (CD4"). GO analysis showed these rest-
ing cells upregulated genes associated with transla-
tional initiation, confirming they are in a prepared
state waiting for motivations (Fig. 5C). Both feature
genes and enrichment analysis indicated the rest of
cells included activated CD8A™ (cluster 2) and CD4"
(cluster 4) cells which upregulated CD69, FOS, JUN,
JUNB. We also observed a group of CD8A™ or CD4"
cytotoxic cells (cluster 1) expressing cell killing related
genes (PRF1, GZMB, CX3CR1, ZEB2) and a small por-
tion of cells (cluster 5) sharing the signatures (FOXP3,
IL2RA, IKZF2, CTLA4, TIGIT, CTLA4) of Treg cells
(Figs. 5B, C, S4B). Different from other activated TCR
Va7.2*CD161~ populations, cluster 6 showed an
exhausted phenotype (upregulated TIGIT, HAVCR?2,
CTLA4, LGALS3, CD69, JUNB), which may contribute
to their lack of enrichment in lymphocyte proliferation
pathways (Figs. 5B, C, S4B).

We further performed flow cytometry analysis to vali-
dated the findings of scRNA-seq. As shown in Fig. 5D,
KLRGIMCCR7™ activated T cells, CCR7*KLRG1~
naive T cells, CCR7*KLRGI"M central memory T
cells, and CX3CRI*KLRGI1" effector T cells were
found in TCR Va7.2*CD161 PBMCs. The ratio of
KLRG1MCCR7-CX3CR1™ activated cells were higher
in TCR Va7.27CD161” T cells than CCR7* resting
cells and CX3CR1* effector cells (Fig. 5D). Consist-
ent with scRNA-seq results, CX3CR1% populations
expressed the highest level of Granzyme B, while
KLRG1MCCR7-CX3CR1™ activated T cells contained
more cells with positive expression of IFN-y compared
to the resting or cytotoxic subpopulations (Figs. 5E and
S4C). All the TCR Va7.27CD1617 T cells from healthy
donors showed a limited production of IL-17A, which
was similar to TCR Va7.2TCD161" MAIT cells (Figs. 3E,
5E, and S4C). In addition, a fraction of CD4" cytotoxic
cells expressing perforin was certainly found in TCR
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Va7.2*CD161~ PBMCs. Although the difference didn’t
show a statistical significance, the frequency of CD4*
cytotoxic cells was tendentiously lower compared to
CD8* cytotoxic cells (Fig. 5F). Collectively, these data
preliminarily demonstrated that the TCR Va7.27CD161~
PBMCs were a combination of versatile CD4" and CD8™"
cells. However, more delicate works are needed to give
them a further definition.

4 Discussion

MAIT cells play critical roles in pathogen clearance, tis-
sue repairment, autoimmunity, and even cancer (Con-
stantinides et al. 2019; Toubal et al. 2019). Here, we
made an explicated characterization of human blood
TCR Va7.2*CD161" MAIT cells by scRNA-seq. Differ-
ent from previous works (Vorkas et al. 2022), except the
distinctive clusters, we demonstrated a development
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above, respectively

trajectory of MAIT cells ordered from CCR7" rest-
ing cluster to LGALS3™ transitional cluster, followed by
KLRGI" majorities and ending with CX3CRI" termi-
nally differentiated cytotoxic cells. In addition, we also

preliminarily defined the TCR Va7.2*CD161~ PBMCs
and showed their differences from MAIT cells.

Human possessed much higher frequency of MAIT
cells in circulation compared to mice (Gherardin et al.
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2018; Rahimpour et al. 2015). Through the lifespan
of human, MAIT cells arise with age after birth and
markedly decrease in elder individuals (Novak et al.
2014; Walker et al. 2014). This tendency may provide
the protection from pathogen invasions when youth
facing increasing exposures and prevent the autoim-
mune injury elderly. Within the limited samples, we
did not find the correlations of the percentages of TCR
Va7.2*CD161" and TCR Va7.27CD161™ cells with age
or gender. However, compared to TCR Va7.2*CD161~
cells with a steady percentage, our results implied that
TCR Va7.27CD1617 MAIT cells in blood reached a
peak level after age 30, which was consistent with pre-
vious reports (Gherardin et al. 2018; Novak et al. 2014;
Walker et al. 2014). Accordingly, we selected samples
from 4 male donors (aged 30/32/34/38) for further
sequencing analysis.

Through scRNA-seq analysis, we revealed peripheral
MAIT cells comprised 4 clusters and ordered by CCR7*
resting clusters, LGALS3" transitional clusters, KLRGI"
activated clusters and ending with CX3CRI" termi-
nally differentiated cytotoxic clusters in a development
trajectory. MAIT cells usually leave thymus with a pre-
activated phenotype and lack the expression of lymph-
directed CCR7 and CD62L (Dusseaux et al. 2011; Salou
et al. 2019). Moreover, MAIT cells in circulation seem
further expand to reach the high frequency which is not
observed in thymus (Godfrey et al. 2019). Interestingly,
similar to MAIT cells reported by Vorkas et al. (Vorkas
et al. 2022), we demonstrated a population of CCR7*TCR
Va7.27CD161% cells expressing CD4, SELL, and LEFI,
distributed at the onset of the development timeline.
After stimulation, these CCR7" derived cells showed
augmented proliferation and cytokine productions, while
CCR7~ MAITs hardly proliferated and produced limited
cytokines. It suggested the CCR7" MAIT clusters may
contribute to the homeostasis of peripheral MAIT cells
and keep their abundance in blood. Once exposed to the
challenges, these central memory cells will be motivated
to amplify MAIT-mediated immune reactions. In addi-
tion, we also found the CCR7* MAIT cells contained a
higher percentage of CD4" cells. Indeed, Koay et al. dis-
covered a portion of CD4TLEF1" MAIT cells in the stage
3 of immature thymic MAIT cells which bridge the stage
2 and the bulk stage 3 thymic MAIT cells. These thymo-
cytes share similar features (CD4, LEF1, TCF7, ITM2A)
with our CCR7* peripheral MAIT cells (Koay et al.
2016, 2019). We inevitably guess the relations between
these two populations and suppose a small fraction of
CD4TLEF1" thymic MAIT cells may leave thymus at an
early age and constitute or develop into the peripheral
CCR7' MAIT cells. However, the hypothesis still needs
to be testified.
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Galectin-3 (encoded by LGALS3) is expressed by the
activated T cells and essential for the memory CD8" T
cells development (Amani et al. 2020; Kaur et al. 2018).
During the activations, the intracellular galectin-3 is
recruited to the immune synapse and help constrain the
proliferation and cytokine productions (Kaur et al. 2018).
Similar to previous findings, the circulating MAIT cells
showed clearly upregulated expression of Galectin-3
than TCR Va7.27CD161~ cells, due to their activated
phenotypes. In the KLRG1™ MAIT cells, almost 90%
cells expressed Galectin-3, while the CCR7" populations
with higher proliferating ability and CX3CR1™ cytotoxic
populations contained slightly fewer cells with positive
expression of Galectin-3. These findings suggested the
importance of Galectin-3 in the transition of MAIT clus-
ters. However, because of the generally high expression of
activation-driven Galectin-3 and lack other surface sur-
rogate markers, we failed to validate cluster 2 MAIT cells
precisely by Galectin-3 in the protein level. Works for
defining the cluster 2 MAIT cells are still urgent in the
future.

The rearrangements proceeded in thymus guarantee
the diversity of TCR repertoire and decide the fate of T
cells (Irla 2022; Pellicci et al. 2020). T cells expressing
similar TCRs may have complementary functions. TCR
Va7.2" populations contained both CD161" MAIT cells
and CD161™ cells (Ben Youssef et al. 2018; Park et al.
2019). Compared to the well-known MAIT cells, TCR
Va7.2tCD161" cells are less studied and their features
are obscure. We illustrated the TCR Va7.2TCD161~
PBMCs included naive clusters, activated clusters,
exhausted cluster, and FOXP3*" cluster. Most impor-
tantly, we found the TCR Va7.2*CD161~ cells con-
tained a high percentage of cytotoxic cells including both
CD4" and CD8™ populations. It indicated their potential
roles in defensing the invasions. Indeed, HIV infected
patients displayed significantly higher levels of perforin
and a tendentiously upregulated Granzyme B expres-
sion in Va7.2tCD161-CD8* cells (Merlini et al. 2019),
which partially supported our speculations. In addi-
tion, after anti-CD3/CD28 stimulation in vitro, TCR
Va7.27CD161" cells hardly upregulate the level of CD161
expression (data not shown). This finding and works from
other group suggested the CD161" and CD161~ cells
are different populations (Merlini et al. 2019; Park et al.
2019), although some similar features are shown in them.
Further determination of TCR Va7.2*CD161" cells in
the pathological states will help better define them and
reveal their clinical applications.

There are limitations in our work. Firstly, the small
sample size of scRNA-seq data with male donors and
flow cytometry data may hamper the ability to discover
the correlation of distinctive TCR Va7.27CD161% and
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TCR Va7.27CD161~ clusters with age and gender.
Further examinations of the effect of age and gender
on these cells are need. Secondly, due to the limited
amount of MAIT cells and lack the proper way to sim-
ulate MR-1 mediated activation, we did not validate
the CCR7* clusters-derived development trajectory in
vitro. Experiments are required to forwardly validate
the pseudotime analysis result of circulating MAIT
cells.

Taken together, our work characterized the human cir-
culating TCR Va7.2*CD161% and TCR Va7.2*CD161~
cells in the physiological state and a development
trajectory of MAIT cells order from CCR7™ resting cells
to CX3CR1" terminally differentiated cytotoxic cells was
demonstrated to advance the understandings in the evo-
lutions of peripheral MAIT cells. Explorations of differ-
ent TCR Va7.2" clusters in the condition of pathology
are required to further underline their importance in
immune diseases.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/544194-023-00026-1.

Additional file 1: Figure S1. scRNA-seq of TCRVa7.2tCD161+ and TCR
Va7.2tCD161~ PBMCs. (A) The quality control strategy for scRNA-seq data
from TCRVa7.2*CD161% and TCRVa7.2tCD161™ cells. (B) The identified
clusters are shown in the 4 healthy donors. (C) The distribution of TCR
Va7.2TCD161% and TCRVa7.27CD1617 cells are displayed in the clusters
described above, respectively. Figure S2. Comparison of the circulat-
ing TCRVa7.27CD161% and TCRVa7.27CD1617 cells. (A) Flow cytometry
analysis of MR1-tetramer, CD4, CD8A, CD62L, and CD6&9 expression in
the CD1611 and CD161~ populations (n=5-7). (B) Comparisons of IFN-y
(n=10), IL-17A (n=10), and Granzyme B (n=8) expression in CD161%
and CD1617 populations. The experiments were repeated at least three
times. Figure S3. Characterization of TCRVa7.2tCD161% MAIT cells in
circulation. (A) The identified MAIT clusters are shown in the 4 donors.
(B) Heatmap of the top 20 HEGs in TCRVa7.2tCD161+ MAIT clusters.

(C) Flow cytometry analysis of the membrane and intracellular Galec-
tin-3 expression in TCRVa7.2CD161% and TCRVa7.2tCD161~ cells. (D)
Determination of Granzyme B, Perforin, IFN-y and IL-17A production

in CCR7*, CCR7-CX3CR17KLRG1", and CX3CR1* MAIT cells (n=8-14).
The experiments described above were repeated at least three times.
Figure S4. Characterization of TCRVa7.2*CD161~ PBMCs. (A) The
identified TCRVa7.2*CD161~ clusters are shown in the 4 donors. (B)
Heatmap of the top 20 HEGs in each TCRVa7.2*CD161~ cluster. (C)

Flow cytometry analysis of Granzyme B, IFN-y and IL-17A production in
CCR7*, CCR7~CX3CR17KLRG1", and CX3CR1* TCR Va7.2tCD161~ PBMCs
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