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Background: Many kinds of immune cells are involved in malaria infection. yoT cells
represent a special type of immune cell between natural and adaptive immune cells that
play critical roles in anti-parasite infection.

Methods: In this study, malaria infection model was constructed. Distribution of ydT cells
in various immune organs and dynamic changes of YT cells in the spleens of C57BL/6
mice after infection were detected by flow cytometry. And activation status of YoT cells
was detected by flow cytometry. Then y8T cells in naive and infected mice were sorted
and performed single-cell RNA sequencing (sScRNA-seq). Finally, ydTCR KO mice model
was constructed and the effect of ydT cell depletion on mouse T and B cell immunity
against Plasmodium infection was explored.

Results: Here, splenic 0T cells were found to increase significantly on day 14 after
Plasmodium yoelii nigeriensis NSM infection in C57BL/6 mice. Higher level of CD69, ICOS
and PD-1, lower level of CD62L, and decreased IFN-y producing after stimulation by PMA
and ionomycin were found in y8T cells from infected mice, compared with naive mice.
Moreover, 11 clusters were identified in yoT cells by scRNA-seq based t-SNE analysis.
Cluster 4, 5, and 7 in y8T cells from infected mice were found the expression of numerous
genes involved in immune response. In the same time, the GO enrichment analysis
revealed that the marker genes in the infection group were involved in innate and adaptive
immunity, pathway enrichment analysis identified the marker genes in the infected group
shared many key signalling molecules with other cells or against pathogen infection.
Furthermore, increased parasitaemia, decreased numbers of RBC and PLT, and
increased numbers of WBC were found in the peripheral blood from ydTCR KO mice.
Finally, lower IFN-y and CD69 expressing CD4* and CD8" T cells, lower B cell percentage
and numbers, and less CD69 expressing B cells were found in the spleen from ydTCR KO
infected mice, and lower levels of IgG and IgM antibodies in the serum were also observed
than WT mice.
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Conclusions: Overall, this study demonstrates the diversity of y3T cells in the spleen of
Plasmodium yoelii nigeriensis NSM infected C57BL/6 mice at both the protein and RNA
levels, and suggests that the expansion of y8T cells in cluster 4, 5 and 7 could promote
both cellular and humoral immune responses.

Keywords: Plasmodium yoelii nigeriensis NSM, y8T cells, single-cell RNA sequencing, T cell, B cell

INTRODUCTION

Malaria is one of the largest causes of morbidity and mortality in
tropical and subtropical regions of the world (Saavedra-Langer
et al., 2018). It is transmitted to humans through the infected
anopheles mosquitoes. Human malaria is caused by infected with
different Plasmodium species, including Plasmodium falciparum,
Plasmodium malariae, Plasmodium ovale, Plasmodium vivax,
and Plasmodium knowlesi (Ortiz-Ruiz et al., 2018). P. yoelii
nigeriensis NSM is a subspecies of the rodent malaria parasite
that provides an important animal model for studies of malaria
pathogenesis (Li et al., 2016). In the experimental Plasmodium
infection model, Plasmodium development directly enters
erythrocytic cycle. The infected red blood cells (iRBCs) cause
damage to multiple organs through the blood circulatory system,
such as the spleen, liver, and lung (Wei et al., 2021). However,
some of the infected mice could recover without treatment after
about, one month later.

The spleen is a major peripheral immune organ that
performs critical physiological functions. It serves as a quality
control mechanism for removing senescent red blood cells
(RBCs), infected red blood cells (iRBCs), and infectious
microorganisms in the process of dealing with parasite
invasion (Elizalde-Torrent et al., 2021). Differences in the
ability of the spleen to deal with iRBCs are linked to
differences in Plasmodium virulence (Huang et al., 2016).
Malaria infection leads to hyper reactive malarial splenomegaly
syndrome, and the spleen becomes a primary organ for
eliminating iRBCs (White, 2017). Plasmodium infection can
induce significant responses of splenic T cells (Hirunpetcharat
and Good, 1998; Wipasa et al., 2001; Xu et al., 2002). Early
responses in the spleen are key factors modulating the clinical
outcome of malaria infection (Huang et al.,, 2016).

Many kinds of immune cells are involved in the processes and
mechanisms of the malaria-induced immune response (Abel
et al, 2018; Akbari et al, 2018). The patterns of the immune
response display essential roles in malaria progression (Chaves
et al., 2016; Keswani et al., 2016; Lopez et al., 2017). Specifically,
CD4" T-cell responses have been associated with control of
erythrocytic stage parasites, but a small number of studies
indicate a helper role also in pre-erythrocytic immunity
(Perez-Mazliah and Langhorne, 2014). The B cell-mediated
humoral immune response could mediate the antimalarial
response and even induce memory B cell development
(Sundling et al., 2019; Aye et al., 2020).

Although the proportions of Y8T cells are less than 5% in both
mice and human immune cells (Nielsen et al., 2017), Y0 TCR
ligands do not generally require processing or presentation by

major histocompatibility complex (MHC) antigens (Born et al.,
2013). It can function as antigen-presenting cells (APCs) (Tyler
et al,, 2017), expressing numerous APC-related cell surface
markers (Khan et al., 2014). y8T cells can secrete cytokines,
such as IFN-y, IL-4, IL-17, transforming growth factor beta
(TGF-B), and granulocyte macrophage colony stimulating
factor (GM-CSF), to regulate the migration of other immune
cells, bring about lysis of infected cells by secreting granzymes
(granzyme A and B), provide help to B cells and induce IgE
production, present antigen to conventional T cells, activate
antigen presenting cells (APC) maturation, and are also known
to produce growth factors that regulate the stromal cell function
(Silva-Santos et al., 2019; Cha et al., 2020; Seifert et al., 2020). It is
reported that Y3T cells play critical roles in the development of
asthma (Victor et al., 2020), oral mucosa (Hovav et al., 2020),
and tumors immunity (Wu et al., 2017).

YOT cells are a heterogeneous cell population with different
subsets playing specialized and often opposing roles during
immune responses. Human 8T cells can be divided into three
populations based on & chain expression(V31*, V82", and V63"
vOT cells). The V82" T cells can be divided into Vy9"V82* and
VY9'VE2* subsets (Zhou et al., 2020). The major adult YT cell
subsets are the Vy1.1" and V2" y3T cells that can be found in
both epithelial tissues and secondary lymphoid organs in mice
(Carding and Egan, 2002). In response to different cytokines, yd
T cells can shift from one phenotype to another, in a process
referred to as polarization. It has been demonstrated that y6T
cells can be polarized into Y0 T1 cells(producing IFN-y and
TNEF-a), Y8 T2 cells (producing increased IL-4) and Y0 T17 cells
(producing only IL-17) depending on the priming cytokine
milieu (Caccamo et al., 2011). Moreover, it can polarize
towards follicular B-helper T cells (Y8 Tth cells), regulatory
YOT cells (Y0 Treg cells) following stimulation with different
cytokines regulatory yOT cells (y0Treg) (Wu et al., 2017). It was
reported that some YT cells can express CD4 and CDS8
molecules on the surface (Yang et al., 2021). Therefore, CD4
and CD8 can also be used to distinguish the subtype of 3T cells.
Moreover, IL-17A/F producing Vgamma4" Vdelta4" T cells was
found to be a long lasting resident memory T-cell (TRM)
population, which persisted in the dermis for long periods of
time after initial stimulation with Aldara (Hartwig et al., 2015).
CD39" 8T cell was found with tissue-resident memory
phenotype which may contribution to the pathogenesis of IBD
and other inflammatory disorders (Libera et al., 2020).

YOT cells have long been known to rapidly proliferate following
primary malaria infection in humans and mice (Dantzler and
Jagannathan, 2018). P. falciparum infection in children, malaria-
naive adults, and malaria-experienced adults results in the
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expansion of YOT cells (Hviid et al.,, 2001). yOT cells can form
immunological synapses with and lysis iRBCs (Junqueira et al.,
2021), and destroy blood residing P. falciparum (Hernandez-
Castaneda et al., 2020). Mice without y0T cells suppressed and
reduce a primary infection of P. chabaudi with a slight delay in the
time of clearance of the acute phase of infection and significantly
higher recrudescent parasitaemia compared with naive control
mice (Langhorne and Holder, 1998). Plasmodium infection could
induce “memory-like imprints” in y8 T cells to promote ¥d T cell
mediated antigen presentation during subsequent infections
(Kumarasingha et al., 2020). Regulated y0T cell responses may
be critical to balance immune protection with severe pathology
rely on proinflammatory cytokines, such as IFN-y (Pamplona and
Silva-Santos, 2020).

In this study, the properties and roles of YT cells in the spleen
of Plasmodium yoelii nigeriensis NSM infected C57BL/6 mice
were investigated, and the mechanism was explored.

METHODS

Mice

6-8 weeks old female SPF C57BL/6 mice were purchased from
the medical laboratory animal center of Guangzhou University of
Chinese Medicine and the Y0TCR knockout (KO) mice
(B6.129P2-Tcrd ™ ™°™/], 002120) were provided by Jinan
University (Sun et al., 2018). All animal experiments were
performed in strictly accordance with the Regulations for the
Administration of Affairs Concerning Experimental Animals
(1988.11.1). All protocols for animal use were approved to be
appropriate and humane by the institutional animal care and use
committee of Guangzhou Medical University (2015-012). Every
effort was made to minimize suffering.

Parasites and Infection

Plasmodium yoelii nigeriensis NSM was purchased from the
malaria research and reference reagent resource center (MR4).
The frozen Plasmodium yoelii was removed from the liquid
nitrogen tank, followed by 37°C water bath thawing and
resuscitate after 1 min, and placed on the ice. After intra-
peritoneal injection of C57BL/6 mice with Plasmodium yoelii
(200 ul/mice), blood was collected through tail vein and diluted
in 1:1000 proportion to sterile PBS solution when the parasitaemia
up to 10%-15% after 2-3 days. 6-8 weeks female C57BL/6 mice
were divided into two groups (infection group and control group).
1x10° infected red blood cells (iRBC) were injected into the
infection group C57BL/6 mice through tail vein. 24h after
infection, the blood was obtained from the tail tip of mice to
prepare blood film. After being fixed by methanol and stained with
Giemsa, the parasitaemia was examined by optical microscopy.
And the changes of parasitaemia were monitored in WT-mice and
YOTKO-mice every day. In addition the survival rate of the mice
was calculated.

Antibodies
BV-510 conjugated anti-mouse CD3 (145-2C11), PerCP-Cy5.5
conjugated anti-mouse CD4 (RM4-5), APC-cy7 conjugated anti-

mouse CD8 (53-6.7), FITC conjugated anti-mouse YOTCR
(GL3), PE-CD25 conjugated anti-mouse (A7R34), APC-
conjugated anti-mouse CD69 (H1.2F3), APC-conjugated anti-
mouse CD44 (IM7), PE-cy7 conjugated anti-mouse CD278
(ICOS, 15F9), Percp5.5 conjugated anti-mouse CD16/32 (93),
APC conjugated anti-mouse IFN-y (XMG1.2), PE conjugated
anti-mouse IL-4 (11B11), PE conjugated anti-mouse IL-17
(TC11-18H10), PE conjugated anti-mouse IL-10 (JES5-16E3),
APC conjugated anti-mouse IL-5(TRFK5), PE conjugated anti-
mouse IL-2 (561061), PE conjugated anti-mouse CD154 (MR1),
PE conjugated anti-mouse CD183 (CXCR3-173), PE conjugated
anti-mouse CD80 (16-10A1), matched control monoclonal
antibodies (MG1-45) were purchased from BioLegend (San
Diego, CA, USA).

Lymphocyte Isolation

Mice were sacrificed at different time points after malaria
infection. The liver, lung, blood, spleen, and peripheral blood
mononuclear cell (PBMC) were collected, firstly. Then lung was
cut to small pieces and incubated in 5 ml of digestion buffer
(collagenase IV/DNase I mix, Invitrogen Corporation) for 30 min
at 37 °C. The digested lung tissue was pressed through 200-gauge
stainless-steel mesh, and then was suspended in Hank’s balanced
salt solution (HBSS). Liver, lung, spleen, and mesenteric lymph
nodes (MLN) were mechanically dissociated and processed
through a 100-pum cell strainer (BD Falcon), and suspended in
HBSS. Lymphocytes were isolated by Ficoll-Hypaque (DAKEWE)
density gradient centrifugation. Isolated cells were washed twice in
HBSS and re-suspended at 2x10° cells/ml in complete RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum
(FCS), 100 U/ml penicillin, 100 pg/ml streptomycin, 2 mM
glutamine, and 50 UM 2-mercaptoethanol.

Cell Surface Staining

Cells were washed twice with PBS and blocked in PBS buffer
containing 1% BSA for 30 min. Cells were then stained for 30
min at 4 °C in the dark with conjugated antibodies specific for the
cell surface antigens CD3, CD4, CD8, vd T, CD25, CD44, CD69,
Vy2, CD62L, CD40L, CD16/32, and PD-1. Cells were analyzed
using a flow cytometer (Beckman CytoFLEX), and the results
were analyzed using CytExpert 1.1 software (Beckman Coulter,
Inc.). Isotype-matched controls for cytokines were included in
each staining protocol.

Intracellular Cytokines Staining

Single lymphocyte suspensions were isolated from the spleen of
control and infected mice, and the cell concentration was
adjusted to 2x10°/ml. Cells were then stimulated with phorbol
12-myristate 13-acetate (PMA) (20 ng/ml, Sigma) and
ionomycin (1 pg/ml, Sigma) for 5 h (37°C, 5% CO,). Brefeldin
A (BFA, 10 ug/ml, Sigma) was added during the last 4 h of
incubation. Cells were washed twice in PBS and then stained for
30 min at 4°Cin the dark with conjugated antibodies specific for
the cell surface antigens CD3 and Y3TCR. Cells were fixed by 4%
paraformaldehyde and permeabilized overnight at 4°Cin PBS
buffer containing 0.1% saponin (Sigma), 1% BSA and 0.05%
NaNj;. Next, cells were stained with different fluorescence
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conjugated antibodies specific for cytokines IL-4, IFN-y, IL-17,
IL-2, IL-10, and IL-5. Cells were analyzed using a flow cytometer
(Beckman CytoFLEX) and the results were analyzed using
CytExpert 1.1 software (Beckman Coulter, Inc.). Isotype-
matched controls for cytokines were included in each
staining protocol.

10x Genomics Chromium Analysis

Spleens were obtained from three naive and three infected mice
on day 14 post-infection. Due to the low frequency of YOT cells in
mouse spleen, we mixed the splenocytes of three mice in the
same group. Single cell solution was prepared and CD3"ydTCR"
cells were sorted by FACS (Beckman MoFlo). The viability of 0T
cells exceed 90% (hoechst H33342/PI staining). Cells were
collected, and the expression of RNA in each cell were detected
by 10x Genomics Chromium Single Cell RNA Sequencing (See
et al., 2018) by LC biotechnology (LTD, Hangzhou, China). In
brief, GemCode"" Single Cell platform (10x Genomics,
Pleasanton, CA) was used to determine the transcriptomes of
single cells. The Chromium Single Cell 3'Library & Gel Bead Kit
v3 (10xGenomics, 1000075) was used for single-cell barcoding,
cDNA synthesis and library preparation. Libraries were
sequenced on Illumina Nova seq6000 using paired-end 150 bp.

The subsequently scRNA-seq data processing and analysis
was also done by LC biotechnology. In brief, Seurat implements a
graph-based clustering approach. Distances between the cells are
calculated based on previously identified PCs. Seurat approach
was heavily inspired by recent manuscripts which applied graph-
based clustering approaches to scRNA-seq data - SNN-Cliq (Xu
and Su, 2015) and CyTOF data-PhenoGraph (Levine et al.,
2015). To cluster the cells, modularity optimization techniques
-SLM (Subelj and Bajec, 2011) were applied to iteratively group
cells together, with the goal of optimizing the standard
modularity function.

CellRanger (version 3.1.0) was used, aligned reads on the
GRCm38 reference genome for mouse and generated unique
molecular identifier gene expression profiles for every single cell
under standard sequencing quality threshold (default
parameters). Low-quality cells were removed for downstream
analysis when they met the following criteria for retaining cells:
(1) 250,000 sequence reads; (2) 240% of reads uniquely aligned
to the genome; (3) 240% of these reads mapping to RefSeq
annotated exons. Through Seurat (Version 3.6.0) R package, we
processed the UMI counts mentioned above with further
filteration criteria (cells are removed): 1) less than 500 and
more than 4000 expressed genes, 2) higher than 10%
mitochondrial genome transcript, 3) Genes expressed in less
than 3 cells, 4) more than 8000 UMI counts. In total, 3022 cells in
infected group and 6109 cells in normal group were captured and
sequenced, and 27998 genes were analysed.

Differentially expressed genes (DEGs) were identified by
“FindMarkers” function in Seurat using “wilcox” test methods
and Bonferroni correction. Significant DEGs were selected from
genes with P < 0.01 and log processed average fold change
(avg_log2FC) = 0.36 for further analysis and visualization. GO
analysis and KEGG pathway enrichment analysis for these
significant DEGs were performed by clusterProfiler package.

Enzyme Linked Immunosorbent

Assay (ELISA)

Immunoglobulin (Ig) G and IgM antibodies to malaria were
measured by ELISA. Briefly, 13-mer peptide with a sequence
NH2-SCKNEWGWSKSCS-COOH (Dutta et al., 2018) was
synthesized by Ang tuolai biotechnology co. LTD (Zhejiang,
China). The peptide was diluted in 0.05 M sodium bicarbonate
contained coating buffer (pH 9.6), 10 pug/ml (100 pl/well), at 4°C
overnight. The plate was washed twice, and blocked at 4°C for 1
hr. After washing for three times, 100 ul of 100 fold diluted
serum was added to each well, and incubated at 37°C for 2 hr.
After five times washes, 100 pl horseradish peroxidise (HRP)-
conjugated goat anti-mouse IgG (ZB2305, ZSGB-Bio, Beijing,
China) and HRP-conjugated goat anti-mouse IgM (RS030210;
ImmunoWay Biotechnology, Plano, TX, USA) diluted in PBS/
Tween-20 was added and incubated at 37°C for 1h. The plate was
washed five times, TMB Substrate Reagent (555214, BD) (100 pl
per well) was added and incubated for 10 min in the dark. The
reaction was stopped by stop solution and the absorbance of each
well was measured at 450 nm with an ELISA plate reader (Model
ELX-800; BioTek).

Blood Cell Analysis

Blood was collected from mice by using a retro-orbital puncture.
The numbers of Red blood cell (RBC), white blood cell (WBC),
and Platelet (PLT) in the blood were detected and analyzed by an
automatic cellular analyzers (DXH-800, Beckman Coulter)
(Bigorra et al., 2019).

Statistical Analysis

Data were analyzed with SPSS 11.0 software (SPSS Inc., Chicago,
IL, USA) and GraphPad Prism (v8.02). Differences between the
two groups were analyzed in GraphPad Prism (v8.02) using an
unpaired t-tests with equal variance and normal distributions. To
compare more than two groups, one-way ANOVA and LSD test
by SPSS software package and SPSS software were used with
equal variance and normal distributions. In addition, Mann-
Whitney U test was used with unequal variance or abnormal
distributions. The statistical significance was defined as P < 0.05.

RESULTS

Changes of yoT Cells in Different Organs of
C57BL/6 Mice After P. yoelii NSM Infection
To explore the role of Y8T cells in C57BL/6 mice, dynamic
changes in the proportions of Y8T cells in the spleen of mice were
detected by FCM at days 0, 4, 8, 12, 16, 20, 24 and 28 after P.
yoelii NSM infection (Figures 1A, B). As shown in Figure 1C,
the results indicated that the percentage of CD3™ydTCR" cells in
CD3'T cells in the spleens of naive mice was 2.1 + 0.18%. The
percentage of CD3"yOTCR" cells increased slightly from day 4 to
day 8, but significantly increased at days 12, 16 and 20 (P < 0.01),
and then decreased at days 24 and 28. However, the numbers of
detected splenic CD3" YdTCR" cells increased from day 8, peaked
at day 20, and then decreased from day 20 to day 28 (Figure 1C).
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FIGURE 1 | Dynamic changes in y3T cells in the spleen of P. yoeli NSM infected mice. Fourteen days after Plasmodium infection, lymphocytes from the spleen,
MLN, lung, liver, and PBMC of C57BL/6 mice were isolated. Different fluorescence-labelled mAbs against mouse CD3 and ydTCR were used to detect the content of
YOT cells by flow cytometry. (A) All the doublet cells, dead cells, and nonlymphoid cells were excluded from flow cytometry data. (B, C) Dynamic changes in yoT cells
in the spleens of C57BL/6 mice infected with Plasmodium were determined by FCM from day 4 to day 28, simultaneously setting up naive control. (D) Averages of
YoT cells in infected mice in different organs were calculated after FCM analysis. Cell numbers of y8T cells from different organs in infected mice, compared with naive
groups. Representative results of three independent results are shown. The average of three independent experiments with 3-5 mice per group was shown and
repeated three times with similar results. The error bars are SD, *P < 0.05, **P < 0.01.

Therefore, day 14 was selected as the time point to detect the
properties of splenic YT cells in this study.

To explore the alteration of YOT cells in different organs,
C57BL/6 mice were infected with P. yoelii NSM. 14 days later, the
mice were sacrificed, and single-cell suspensions of mesenteric
lymph node (MLN), lung, liver, spleen, and peripheral blood
were prepared and counted. Then, different fluorescence labeled
anti-CD3 and anti-ydTCR monoclonal antibodies were used to

measure the frequency of yOT cells (Figure 1D). As shown in
Figure 1D, the percentage of YT cells in the infected mice spleen
was significantly higher than that in the naive group (P < 0.01).
The percentages of YOT cells in lung, liver, MLN and PBMC of
infected mice were higher than those in naive mice (P < 0.05).
Meanwhile, the absolute numbers of YT cells in the spleen,
MLN, lung, and liver significantly increased (P < 0.05) after
malaria infection.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

January 2022 | Volume 11 | Article 788546


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Xie et al.

3T Cells in Plasmodium Infection

Phenotypic and Functional Changes in
Splenic YOT Cells in P. yoelii NSM Infected
C57BL/6 Mice

To explore the characteristics of YT cells, the splenic single cell
suspension was prepared, and T cell subpopulation (Vy2, CD4,
CD8 and CD44), activation or function (CD25, CD69, CD62L,
CD40L, CD16/32, CD80, PD-1, PDLland PDL2), and migration
(CXCR3, CX3CR1, CXCR6 and CX3CR1) related molecules
were detected by FCM (Figure 2A). As shown in Figure 2B,
the proportion of VY2 expressing YOT cells significantly
decreased after P. yoelii NSM infection (P < 0.01). The
expression of the activation-associated molecule CD62L was
significantly decreased (P < 0.01), while that of CD69 was
increased (P < 0.05). The expression of function-related ICOS
on YOT cells also increased (P < 0.05). Interestingly, the

percentage of PD-1 expressing y0T cells was increased
significantly (P < 0.01). Beyond that, the expression levels of
CD44, CD16/32, CD40L, CD80, PD-L1, PD-L2, CXCR3,
CX3CR1 and CX3CR1 were not significantly different between
the naive group and the infected group (P > 0.05).

vOT cells can secrete multiple cytokines, such as IFN-v, IL-4,
IL-5,IL-6, IL-10, IL-13, IL-17 (Silva-Santos et al., 2019; Cha et al.,
20205 Seifert et al., 2020). Spleen single cell suspensions were
stimulated by PMA plus ionomycin, and intracellular cytokines
were stained to examine cytokine production. As shown in
Figure 2C, the expression of IFN-y, IL-2, IL-4, IL-5, IL-10, and
IL-17 was detected in yOT cells. The proportions of IFN-yand IL-
10 secreting YOT cells were decreased after P. yoelii NSM
infection (P < 0.05) (Figure 2D). In contrast, the percentages
of IL-2-, IL-4-, and IL-17-secreting YOT cells were increased in
the infected group (P < 0.05). There was no significant difference
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FIGURE 2 | Plasmodium infection induced splenic y8T cell activation and differentiation. (A, B) Splenocytes were separated from naive and infected mice (14 days
post infection) and then stained with monoclonal antibodies against mouse CD3, y8TCR, Vy2, CD4, CD8, CD62 L, CD25, CD69, CD44, CD16/32, CD40 L, CD80,
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in the secretion of IL-5 by y3T cells between naive and P. yoelii
NSM infected mice (P > 0.05).

P. yoelii NSM Infection Induces
Transcriptomic Changes at the Single-Cell
Level in Splenic ydT Cells

To explore the properties of splenic YOT cells in the progression
of malaria infection, 14 days after P. yoelii NSM infection,
CD3"ydTCR" cells were sorted by FACS from splenocytes of
both naive and infected C57BL/6 mice, and the RNA expression
profile was determined using single-cell RNA sequencing (10x
Genomics Chromium system). The CD3"ydTCR" cells were
gated firstly, the data were analyzed. As shown in Figure 3A,
the isolated yOT cells were divided into 11 clusters by t-
distributed stochastic neighbour embedding (t-SNE)
visualization analysis. Detailed information on the marker
genes in each cluster was shown in Additional File 1: Table
S1. YOT cells from naive mice mainly contained clusters 0, 1, and
2, whereas YT cells from infected mice mainly included clusters
4,5, and 7 (Figure 3B). At the same time, the ratios of cells from
naive or infected mice in each cluster were compared. More than
90% of YOT cells from naive mice were in clusters 0, 1, 2, and 8. In
contrast, more than 90% of YOT cells from infected mice were in
clusters 4 and 5 (Figure 3C). Moreover, the density of the
marked genes in each cluster was listed and compared, as
shown in a heatmap (Figure 3D).

To define the biological function of the marker genes from
cluster 4, 5, and 7, GO and KEGG pathway enrichment was
performed (Figures 3E, F). The marker genes in the infected
group were mainly involved in the immune response. The GO
enrichment analysis revealed that the marker genes in the
infection group were involved in innate and adaptive
immunity, such as “natural killer cell activation” and “adaptive
immune response” in cluster 4 GO term enrichment; “MHC
class I peptide loading complex”, “inflammatory response”,
“immune system process”, “immune response”, and “adaptive
immune response” in cluster 5 GO term enrichment; and “MHC
class I peptide complex binding”, “inflammatory response”,
“immune system process”, and “immune response” in cluster 7
GO term enrichment (Figure 3E).

Pathway enrichment analysis identified the marker genes in the
infected group that were significantly enriched in “T cell receptor
signalling pathway”, “Th17 cell differentiation”, “Natural killer
cell-mediated cytotoxicity”, and some host defence against
infectious disease processes (Figure 3F). These results suggested
that P. yoelii NSM infection-induced YT cells shared many key
signalling molecules with other cells or against pathogen infection.
This further demonstrated that y3T cells, especially in clusters 4, 5,
and 7, are deeply involved in fighting P. yoelii NSM.

The Effects of 0T Cells on the Infection
Rate and Mortality of Malaria Parasites
To record the percent parasitaemia and percent survival in
C57BL/6 mice infected with P. yoelii NSM, female SPF 6-8
weeks old C57BL/6 mice and yOTCR KO mice were
intraperitoneally infected with P. yoelii NSM (10°). Thin blood

smears were obtained from blood of mice tails, stained with
Giemsa, and counted daily from day 1 to day 26. As shown in
Figure 4A, the level of parasitaemia in YOTCR KO mice was
higher than that in wild-type mice on day 4 (P < 0.05). There was
no significant difference in the survival rates of these two groups.
Death of one Y3T knockout mouse occurred on day 16, while one
wild-type group died on day 21 (Figure 4B). 14 days later, the
spleen was obtained and recorded weight. As shown in
Figure 4C, the spleen weight in the infected mice was
significantly higher than that in the uninfected control (P <
0.05), and the spleen weight in the infected YOTCR KO mice was
lower than that in infected wild-type (WT) C57BL/6 mice (P <
0.05). In addition, blood was collected from these mice, the
numbers of blood cells (WBCs, RBCs and PLTs) were counted.
As shown in Additional File 2: Figure S1, the results indicated
that in the blood of both infected wild-type and infected YOTCR
KO mice, the number of WBCs was increased (P < 0.05)
compared with that in the naive mice, while the numbers of
RBCs and PLTs were significantly decreased (P < 0.01).
Compared with infected WT mice, the number of WBCs was
higher, and the numbers of RBCs and PLTs were significantly
lower in the blood of infected YdTCR KO mice (P < 0.05).

To explore the effect of YOT cells on T cells, single-cell
suspension from spleen in four groups, including WT-infected,
YOTCR KO-infected, WT-naive, YOTCR KO-naive groups, were
stained with fluorescence labelled CD3, CD4 and CD8. Based on
Figure 4D, we found that the distribution of CD4" T cells and
CD8" T cells decreased after P. yoelii NSM infection (P < 0.05).
Interestingly, the YOTCR KO-infected group had lower distributions
of CD4" T cells and CD8" T cells than the WT-infected group (P <
0.05). The absolute numbers of CD4" T cells and CD8" T cells were
higher in the two infected groups (P < 0.05). The proportions of
CD4" T cells and CD8" T cells in the WT-infected group were
higher than those in the Y9TCR KO infected group (P < 0.01).

As shown in Figure 4E, the expression levels of CD69 in the
two infected groups were higher than those in two naive groups on
both CD4" and CD8" cells (P < 0.01). The WT-infected group had
more CD69 expression than the YOTCR KO infected group
(P<0.05). This demonstrated that YT cells could help activate
both CD4 and CD8 T cells in the spleens of P. yoelii NSM infected
mice. Although the expression of CD62L was significantly
decreased in the two infected groups (P < 0.01), no significant
difference was found between the two infected groups (P > 0.05).

To further explore the role of yOT cells in mediating the
splenic T cell immune response, splenocytes were collected from
these four groups of mice, stimulated with PMA and ionomycin,
and intracellular cytokine staining was performed. As shown in
Figure 4F/4G, CD4" T cells were gated first, and the percentages
of IL-2, IL-10, and IFN-y expressing cells in the two infected
groups were significantly increased compared with that in WT
mice (P < 0.01). Notably, the percentage of IFN-y expression cells
in the splenic y8T cells from infected WT mice was higher than
that from infected YOTCR KO mice (P < 0.01). The percentage of
IFN-y expressing CD8" T cells in infected groups was higher
than that in naive mice (P < 0.05), and a lower percentage of IFN-
vy expressing cells was found in CD8" cells from infected YdTCR
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KO mice (P < 0.05). The flow cytometry plots corresponding to
these statistical graph results were in Additional File 3: Figure S2.
These results demonstrated that yOT cells have significant
promotion effects on T cell proliferation and activation after
malaria infection, especially in promoting CD4" T cells and CD8"
T cells to produce IFN-y.

As shown in Figure 4H, the percentages of B cells in infected
groups were lower than those in the naive groups (P < 0.01), and
the percentage of B cells in the group of WT-infected mice was
higher than that in YOTCR KO infected mice (P < 0.01). However,
the absolute numbers of CD19" B cells were significantly increased
in the two infected groups compared with the two naive controls
(P < 0.01). As expected, the number of B cells in the WT infected
group was higher than that in the Y§TCR KO-infected group (P <
0.01). The expression levels of CD80, ICOS and CD69 in B cells
from infected groups were significantly higher than those in B cells
from naive mice (P < 0.05, Figure 4I). Compared with infected
YOTCR KO mice, a higher percentage of CD69 expressing B cells
was found in the group of infected WT mice (P < 0.05). Moreover,
blood was collected from these four groups of mice, serum was
extracted and diluted, and the concentration of malaria specific
antibodies was detected by ELISA. As shown in Figure 4], the
concentrations of malaria specific IgM and IgG were higher in
the serum from malaria-infected mice (P < 0.01). Furthermore, the
concentrations of malaria specific IgM and IgG were significantly
decreased in the serum of the YOTCR KO-infected group,
compared with the WT-infected group (P < 0.01). These results
indicated that yOT cells could promote B cell activation,
proliferation and antibody production.

DISCUSSION

YOT cells play an important role in resisting malaria infection in
humans and mice (Pamplona and Silva-Santos, 2020). In this
study, the properties of YT cells were investigated in P. yoelii NSM
infected C57BL/6 mice. The percentage and numbers of splenic
YOT cells peaked at approximately days 12 to 16 after infection,
which is the middle phase of P. yoelii NSM infection. In addition,
we found that the frequency of YT cells in the spleen was higher
than in the liver, MLN, PBMC and lung of infected mice. This
result indicated that YOT cells participate in the immune response
in P. yoelii NSM infected mice as reported (Nadeem et al., 2019).

VY2 YOT cells is a sub-population of 8T cells based on the type
of the V§ strain (Buus et al., 2016). It was reported that VY2 y0T
cells could recruit neutrophils and deteriorate liver fibrosis
induced by Schistosoma japonicum infection in C57BL/6 mice
(Zheng et al., 2017). Another research indicated that V2 cells
expanded during malaria infection (Deroost and Langhorne,
2018). However, in our study the percentage of splenic Vy2
YOT cells was decreased in P. yoelii NSM infected mice. It implied
that other population of Y3T cells might expand quickly in the
spleen of P. yoelii NSM infected mice.

CD69 (Wang et al., 2014), inducible co-stimulatory molecule
(ICOS) (Liu et al., 2021), programmed death 1 (PD-1) (Iwasaki
et al.,, 2011) and L-selectin (CD62L) (Vassena et al., 2015) were T

cells activation associated molecules. In our study, increased
expression of CD69, ICOS, and PD-1, and the decreased
expression of CD62L on the surface of infection induced
splenic YOT cells demonstrating that P. yoelii NSM infection
could induce y8T cell activation. It was reported that CD40L and
ICOS can help T-B cell adhesion and antibody production by
different manner in human (Liu et al., 2021).Significant higher
percentage of ICOS and lower level of CD40L expressed on the
splenic YOT cells from P. yoelii NSM infected mice, suggesting
that ICOS might be an effective functional molecule for YT cells
in mediating immune responses during P. yoelii NSM infection.
It was reported that YT cells can express APC-related cell
surface markers (Khan et al,, 2014). However, we found that
few of CD80, PD-L1, and PDL2 was expressed on yOT cells from
both WT and infected mice. It implied that CD80, PD-L1, and
PDL2 were not involved in y3T cells mediating P. yoelii NSM
infection induced immune response in the spleen of C57BL/
6 mice.

IFN-y secreted by yOT cells is important for liver-stage
Plasmodium infection (Buus et al., 2016), and the antibodies
and IL-4-producing CD4" T cell response play the major role
during the chronic phase (Comeau et al., 2020). In our study, a
higher percentage of IL-4, and a lower percentage of IFN-y
secreting YOT cells were found in the spleens of P. yoelii NSM
infected mice. It implicated that YOT cells can exhibit Th2
conversion in this model. Together with the increased PD-1
expression, it seemed that functional exhaustion developed in P.
yoelii NSM infection induced splenic YOT cells, as found in
Plasmodium vivax exposed patients (Perez-Mazliah and
Langhorne, 2014). IL-17 can recruit neutrophils, and induce
inflammation (Gogoi et al., 2018). Significantly increased IL-17*
YOT cells was found in the spleens of P. yoelii NSM infected mice,
which implied that y8T cells played roles in inducing
inflammation in this model. IL-10 can inhibit the anti-malarial
response mediated by T cells (Freitas Do Rosario and Langhorne,
2012). It was reported that non-Vy9 y3T cells in the peripheral
blood of patients with naturally acquired immunity against
falciparum malaria had the potential to expand and produce
IL-10 and IFN-y (Taniguchi et al., 2017). Although, decreased of
IL-10" y8T cells was found in the spleen of P. yoelii NSM infected
mice, it convinced that 8T possessed the ability to inhibit T cell
immune response in the spleen of P. yoelii NSM infected mice.

Single-cell RNA sequencing (scRNA-seq) clustering helps
elucidate cell-to-cell heterogeneity and uncover cell subgroups
and cell dynamics at the group level (Peng et al., 2020). By single-
cell RNA sequencing, Pizzolato et al. unveiled the shared and the
distinct cytotoxic hallmarks of human TCRVY1 and TCRV®S2 YT
lymphocytes (Pizzolato et al., 2019). scRNA-seq were performed
to comprehensively catalog the heterogeneity of Y0T cells derived
from murine liver and thymus, and liver hematopoietic progenitor
LSM cells were found able to differentiate into pre-ydT cells and
functionally mature y8T cells (Hu et al, 2021). The sequencing
data in this study provided great information for research in not
only YOT cell differentiation, but also host anti-malaria process.
The purified y3T cells from both naive and infected mice could be
divided into 11 clusters. Y0T cells from naive mice mainly
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contained clusters 0, 1, and 2, whereas y0T cells from infected mice
mainly included clusters 4, 5, and 7. The GO and KEGG
enrichment analysis furtherly revealed that the marker genes in
clusters 4, 5, and 7 were involved in innate and adaptive immunity.
These results not only demonstrated the diversity of YT cells, but
also indicated that Y3T cells have differentiated and participated in
host innate and adaptive anti-malaria immunity process. Similarly,
YOT cells were reported to expand rapidly after resolution of acute
parasitaemia, express specific cytokines, M-CSF, CCL5, CCL3, and
were necessary for preventing parasitaemic recurrence (Mamedov
et al, 2018). YOT cells expressing CD40L could promote dendritic
cell activation and induced clearance of the Plasmodium parasites
(Inoue et al,, 2012). YOT cells were reported to be critical for the
induction of sterile immunity during irradiated Plasmodium
sporozoite vaccinations (Zaidi et al., 2017). Furthermore, the
mechanism about Y8T activation and differentiation induced by
Plasmodium infection was unclear. 60 marker genes were
identified for clusters 4, 5, and 7 in this study. These genes
could provide useful information for exploring the mechanism
of yOT activation and differentiation induced by Plasmodium
infection in the future.

Next, YOTCR KO mice were infected by P. yoelii NSM to
confirm the roles of YOT cells in the course of P. yoelii NSM
infection. A significantly higher parasitaemia was found in
YOTCR KO mice 4 days after infection (P < 0.05), suggesting
that yOT cells played an important role in eliminating invasive P.
yoelii NSM in the early stage of infection. Consisted with us, y0T
cells have been shown to provide immune protection against
blood-stage malaria in a granzyme and granulysin mediated
innate immune mechanism (Hernandez-Castaneda et al.,
2020). The level of parasitaemia in P. yoelii NSM infected WT
and YOTCR KO mice were peaked at about 14 days after
infection, no significant difference was found between these
two groups. It may related to the expression of PD-1 on yoT
cells. PD-1 is highly expressed in exhausted T cells and is
associated with impaired effector function and increased
apoptosis (He and Xu, 2020). It was reported that PD-1
signaling pathways could inhibit the cytotoxicity of human 8T
cells (Hwang et al., 2021). Moreover, the weights of the spleens in
the infected YOTCR KO mice were decreased implied that y0T
cells might promote immune response in the spleen of P. yoelii
NSM infected mice as found in P. berghei XAT infection (Inoue
et al., 2013). However, increased number of WBCs and decreased
numbers of RBCs were found in the blood of infected Y0TCR KO
mice. It might be related to that y8T cells can suppress
Plasmodium falciparum blood-stage infection by forming
immunological synapses with and lysis iRBCs, and destroying
the parasite in patients (Junqueira et al., 2021).

The T cell-mediated immune response plays a key role during
malaria. CD4" Th cells can modulate the type of immune response
(Kumar et al., 2020; Soon et al, 2020), and CD8" Tc cells are
essential for the clearance of intracellular pathogens and serve as
targets for malaria vaccine research (Holz et al., 2020). It has long
been observed that y8T cells can act as antigen-presenting cells
(APCs), which are a bridge between innative and adaptive
immune responses (Tyler et al., 2017). Here, a lower percentage
of CD69 and a higher percentage of CD62L were expressed on

CD4" and CD8" T cells, decreased percentages of IL-2, IL-10, and
IFN-y expressing CD4" Th cells, and lower percentages of IFN-y
expressing CD8" T cells were found in the spleens of Plasmodium
infected YOTCR KO mice than that in the infected WT mice (P <
0.05). It suggested that yOT cells could promote splenic T cell
response in the course of P. yoelii NSM infection.

Moreover, the humoral immune response also plays an
important role in preventing clinical malaria (Joyner et al.,
2019). Decreased numbers of B cells in the spleen, decreased
expression of CD69 on B cells, and lower levels of IgG and IgM
antibodies in the serum were found in P. yoelii NSM infected
YSTCR KO mice compared with infected WT mice. It indicated
that yOT cells could enhance the humoral immune response
against Plasmodium infection. Consistent with our results, y0T
cells were found modulating size and productivity of preimmune
peripheral B cell populations (Huang et al., 2016).

CONCLUSIONS

Overall, our study suggested that the expansion of YT cells in
cluster 4, 5 and 7 could enhance both cellular and humoral
immune responses in the spleen of Plasmodium yoelii nigeriensis
NSM infected C57BL/6 mice.
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