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Single-cell RNA-sequencing of
peripheral blood mononuclear
cells reveals the transcriptome
profile of Microtus fortis
immune cells during the early
phase of infection with
Schistosoma japonicum
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Introduction: The reed vole, Microtus fortis, is the only known natural non-
permissive mammalian host of Schistosoma japonicum. However, the molecular
mechanisms underlying this resistance have not been fully understood.
Methods: We performed single-cell RNA-seq to investigate the peripheral blood
mononuclear cells (PBMCs) responses to S. japonicum in M. fortis and the
susceptible host, Kunming mice. The samples were collected from uninfected
animals (control group) and infected animals at 10 dpi.

Results: The major cell types identified in the PBMCs of the two species were
monocytes, dendritic cells (DCs), T cells, NK cells, B cells, and erythrocytes. We
observed that the population of monocytes decreased considerably in the
bloodstream after infection in both M. fortis and Kunming mice. However,
differential gene expression analysis revealed that Cxcl9 was upregulated in M.
fortis monocytes after infection, while it was not detected as a DEG in Kunming
mice. In addition, we observed that infection induced the upregulation of IL2 and
IL4 in M. fortis CD4+ T cells, and the expansion of the Th2 cell population.
Regarding B cells, we did not observe any significant alteration among M. fortis B
cell subpopulations after infection compared to the control. However, DEG
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analysis revealed that Igha, Ighgl, and Ighg3 were upregulated in M. fortis
antibody secreting cells (ASCs) but not in Kunming mice.

Discussion: Together, our results suggest that both the innate and adaptive
immune responses were activated in the peripheral blood of M. fortis at 10 dpi,
while their activation was not obvious in Kunming mice at the same moment.

KEYWORDS

Microtus fortis, natural resistance, peripheral blood mononuclear cells, S. japonicum,
single-cell RNA sequencing

1 Introduction

Schistosomiasis, caused by the blood flukes of the genus
Schistosoma, is a neglected tropical disease prevalent in tropical
and subtropical regions. Humans become infected when the
cercaria form of the parasite penetrates the skin during contact
with infected water, mostly in rural communities lacking access to
potable water and adequate sanitation (LoVerde, 2019). Although
great efforts have been made in schistosomiasis control, its
elimination as a public health problem remains a daunting
challenge in many countries due to the insurmountable side
effects and the potential drug resistance risk of the only
commercially available antischistosomal drug, praziquantel
(PZQ), and the lack of an effective vaccine to prevent reinfection
(Molehin et al., 2022).

An alternative route for vaccine development and new therapy
discovery is to elucidate the cellular and molecular basis of
protective immunity displayed by animal models (Amaral et al,
2021). Microtus fortis, commonly known as the reed vole, is a
unique mammal in which S. japonicum cannot complete its
development. After skin penetration, the worm’s larvae migrate to
the lungs of M. fortis within 2 days and then to the liver within 4
days, where their development is inhibited at 12 dpi, and the
immature worms die by 3 weeks post-infection without causing
significant damage (Li et al., 2000) (He et al., 2001). Both
experimental and epidemiological studies strongly suggest that M.
fortis is naturally resistant to S. japonicum, and this resistance
cannot be affected by the environment (wild and laboratory-bred)
(He et al., 1999b) (Shen et al., 2020).

The PBMCs, which include T lymphocytes, B lymphocytes,
natural killer (NK) cells, and mononuclear phagocytes (MPs), allow
researchers to analyze both innate and adaptive immune responses
within a single sample (Khan and Kaihara, 2019). As these cells
circulate throughout the body, their dynamics and transcriptomic
profiles can provide insight into the host’s overall, system-wide
immune engagement with the invading pathogens (Wang et al,
2025) (Hertaeg et al., 2025). They detect pathogen antigens through
pattern recognition receptors (PRRs), transmitting signals into the
cell to activate the expression of pro-inflammatory cytokines and
chemokines, which regulate the host immune response (Derbois
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et al,, 2023). Therefore, PBMCs are influential biological sensors of
infection, making them suitable for studying immune responses
against pathogenic infection (Zilionis et al., 2019). Previous studies
have suggested that serum and lymphocytes from M. fortis exhibit
Schistosoma-killing effects both in vivo and in vitro (He et al., 1999a)
(Hu et al,, 2012). It has also been reported that immunodeficient
mice receiving a bone marrow transplant (BMT) from M. fortis,
which increased total B and T lymphocytes, exhibited inhibition of
S. japonicum development (Hu et al., 2014a). However, the
transcriptional program of the immune cells has not been
investigated. Single-cell next-generation sequencing is a powerful
method that can analyze the host’s immune response at the single-
cell level, providing a more efficient tool for deciphering the host’s
immune responses (Wang et al., 2023). In this study, we compared
the immune characteristics of M. fortis with those of the highly
susceptible host Kunming mice using scRNA-Seq. The study
enabled us to decipher the heterogeneity of M. fortis PBMCs and
provide detailed information on the transcriptome programs of the
difterent cell types. It will significantly contribute to understanding
the molecular basis of M. fortis resistance to S. japonicum infection,
and also lay the foundation for identifying vaccine candidates and
novel drug targets against schistosome infection.

2 Materials and methods
2.1 Ethics statement

All the experimental procedures involved were performed
strictly in accordance with the protocols (code 2021 KT-53)
approved by the Ethics Committee of Xiangya School of Basic
Medical Sciences, Central South University, Changsha, China. The
protocols of housing, breeding, and care of the animals followed the
ethical requirements of the government of China.

2.2 Animal infection and sample collection

Six M. fortis and six Kunming mice were used in this study. The
Chinese mainland strain of S. japonicum, maintained by serial
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passage through O. hupensis snails and inbred Chinese Kunming
mice in our laboratory, was used to infect the animals. For each
species, three animals were infected with 100 cercariae, and three
others were kept as a control group. The animals with free access to
food and water were housed under specific-pathogen-free
conditions at the experimental animal center. The peripheral
blood was collected from uninfected and infected animals at 10
dpi. For sequencing cost reduction and processing a larger number
of cells, we pooled the biological replicates to perform
scRNA sequencing.

2.3 Single-cell isolation and preparation

The PBMCs were isolated by density gradient centrifugation
using Ficoll-Paque Plus medium (GE Healthcare) and washed with
Ca/Mg-free PBS. 2 mL GEXSCOPE® red blood cell lysis bufier
(RCLB, Singleron) was added at 25 °C for 10 min to remove the red
blood cells. The solution was then centrifuged at 500 g for 5 min and
suspended in PBS. The samples were centrifuged at 400g for 5 min
at 4 °C, and the supernatant was discarded. After removing red
blood cells, the PBMCs were resuspended in PBS and centrifuged at
400 g for 10 min at 4 °C to collect the cells after discarding the
supernatant. Finally, the samples were stained with Trypan Blue,
and the cell viability was evaluated microscopically.

2.4 Library preparation and Illumina
sequencing

Single-cell suspensions (2x10° cells/mL) with PBS (HyClone)
were loaded onto a microwell chip using the Singleron Matrix®
Single Cell Processing System. Barcoding Beads were subsequently
collected from the microwell chip, followed by reverse transcription
of the mRNA captured by the barcoding beads to obtain cDNA and
PCR amplification. The amplified cDNA is then fragmented and
ligated with sequencing adapters. The scRNA-seq libraries were
constructed according to the protocol of the GEXSCOPE® Single
Cell RNA Library Kits (Singleton). Individual libraries were diluted
to 4 nM, pooled, and sequenced on Illumina Novaseq 6000 with 150
bp paired-end reads.

2.5 Single-cell data analysis

Raw reads from scRNA-seq were processed to generate a gene
expression matrix using CeleScope (https://github.com/singleron-
RD/CeleScope) v1.9.0 pipeline. Briefly, raw reads were firstly
processed with CeleScope to remove low-quality reads, trim poly-
A tail, and adapter sequences with Cutadapt v1.17 (Martin, 2011).
STAR v2.6.1a was used to map the reads from the two species to the
mouse reference genome GRCm38 (Ensembl version 92
annotation) (Dobin et al,, 2013), because the current annotated
reference genome of M. fortis (M_Fortis_MF-2015_v1) available in
the National Center for Biotechnology Information (NCBI) is

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2025.1739541

incomplete (Li et al., 2020). Each cell's UMI and gene counts
were acquired with feature Counts v2.0.1 software to generate
expression matrix files for subsequent analysis (Liao et al., 2014).

For each sample dataset, we filtered the expression matrix by the
following criteria: 1) cells with a gene count less than 200 were
excluded; 2) cells with a top 2% UMI count were excluded; 3) cells
with mitochondrial content > 20% were excluded; 4) genes
expressed in less than 5 cells were excluded. The raw count
matrix was normalized by total counts per cell and
logarithmically transformed into a normalized data matrix. Seurat
was used to cluster the merged object into subsets of cells. This
workflow includes finding variable genes, running principal
component analysis on variable genes, and running Uniform
Manifold Approximation and Projection on Principal
Components (UMAP) (Mangiola et al., 2021). In the first round
of cells clustering (pre-clustering), resolution = 0.3 was used to
identify major cell types, and resolution = 0.2 was used for the
second round to identify mononuclear phagocytes (MPs), T and B
cell subsets. Cell cluster identity was determined by finding DE
genes for each cluster using Seurat’s FindAllMarkers () function and
by comparing those markers to known cell-type-specific genes in
the SynEcoSys database, combined with knowledge from the
literature (Zhang et al, 2023) (Zhang et al., 2023). Differential
gene expression analysis between conditions was performed using
Seurat’s ‘findmarkers’ function based on the Wilcox likelihood-ratio
test with default parameters. The genes with an avg_log2FC value
greater than 0.25 and adjusted p-value less than 0.05 were
considered differentially expressed genes (DEGs).

2.6 qPCR

We further collected PBMCs from uninfected and infected M.
fortis at 10 dpi to perform qPCR for the validation of some potential
candidate genes. Total RNA was extracted from M. fortis PBMCs
using a Trizol reagent (Rio et al., 2010).

SYBR Green using Master Mix on a CFX96 Touch System
(BioRad) was used to determine the expression level of IL2, IL4,
Cxcl9, and Fegrt (Table 1) in uninfected and infected M. fortis. Beta-
actin (ACTB) was used as an internal control, and the relative
expression was calculated using the 2 AAC method. The data
obtained for analysis were reported as mean values and standard
deviation (SD), with 95% confidence intervals (CI); P >0.05 was
considered statistically significant. All statistical analyses were
conducted using GraphPad Prism 10.4.1.

3 Results

3.1 Major cell types identified in the PBMCs
of the two species

The total number of valid reads obtained in the different pools

of samples varied from 349,110,435 to 412,975,949, and the
mapping ratio varied from 70.68% to 80.92% (Table 2). After

frontiersin.org


https://github.com/singleron-RD/CeleScope
https://github.com/singleron-RD/CeleScope
https://doi.org/10.3389/fcimb.2025.1739541
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Dibo et al.

TABLE 1 list of primer used for qPCR.

Gene Forward/reverse Primer sequence (5°->3’)
12 F TTGGGAAACTGAAGGGCTCTG
R TCCACCACAGTTACCGTCTCA
IL4 F GGTCACAGACAAAGGGACGC
R AAGTTCCCTCTCCGTGGTGT
Cxd9 F CCAGTGTGGGGTTCAAGGAAA
R GACCTGTAGGAGGGGATCGT
Fegrt F AGGCCTGGGTTCCTAGTTCTG
R GACCCAGCCTTGCTGATTCT
ACTB F GCAGGAGTACGATGAGTCCG
R AAACGCAGCTCAGTCACAGT

quality control, we recovered 20667 cells in M. fortis and 23147 cells
in Kunming mice, respectively (Table 2). Based on the UMAP plot
and the conserved marker genes, we grouped the PBMCs into T
cells, natural killer (NK) cells, B cells, mononuclear phagocytes
(MPs), and erythrocytes in both M. fortis and Kunming mice
(Figures 1A-D). T cells were identified by the expression of II7r
and Tcf7, and NK cells were distinguished from T cells by the
relatively high expression of Xcll and Nkg7 (Figures 1C, D). B cells
were identified by the expression of Cd19 and Cd22, MPs by the
expression of Irf7, Cdl4, and Cebpb, and erythrocytes by the
expression of Alas2 and Bpgm (Figures 1C, D). Cell type
percentage comparison revealed that the percentage of T cells and
MPs decreased in the blood of both M. fortis and Kunming mice at
10 dpi. In contrast, the percentage of B cells increased, suggesting
that infection can induce dynamic changes in peripheral immune
cell populations (Figures 1E, F).

3.2 Mononuclear phagocytes
characterization

Next, we considered the MPs to dissect their heterogeneity.
Based on the conserved markers, we divided the MPs into

TABLE 2 Quality control metrics.

10.3389/fcimb.2025.1739541

monocytes, characterized by the expression of Cd14, and DCs,
characterized by the expression of FIt3 (Figures 2A-D). To identify
additional markers, we generated a heatmap displaying the top
differentially expressed genes between monocytes and DC in the
two species. We found that Fnl and Clgb were highly expressed in
M. fortis monocytes, while Kunming mice monocytes highly
expressed Ace and Fcgr4. Similarly, M. fortis DC highly expressed
Fxyd5, Lsp1, and Napsa, while the DC from Kunming mice highly
expressed Ccr2, S100a6, F13al, and Sell (Figures 2E, F). By
comparing the percentage change of the MPs before and after
infection, we observed that the percentage of DCs increased after
infection, but that of monocytes decreased in both M. fortis and
Kunming mice (Figures 2A, B). However, there were more DCs in
the PBMCs of M. fortis when compared to Kunming mice, while the
number of monocytes was more elevated in Kunming mice
(Figures 2A, B).

We further performed DEG analysis in monocytes and DC to
identify the genes responding to the invading worm. Interestingly,
we found that the Ccr2 was upregulated in both M. fortis and
Kunming mice monocytes (Supplementary Files 1, 2), but Cxcl9
was only detected as DEG in M. fortis (Supplementary File 1).
Regarding DC, we observed that infection induced the upregulation
of Irf7 and Fegrt in M. fortis DC (Supplementary File 3), but not in
Kunming mice, suggesting that the two species exhibit distinct
responses to the invading worms (Supplementary File 4).

3.3 T cell characterization

We further performed unsupervised clustering on T cell data to
identify the T cell subsets present in PBMCs of the two species.
Based on the expression of Cd3d, Cd4, Cd8a, Cd44, Maf and Prfl,
we grouped the T cells from M. fortis into four T cell subsets,
including CD4 naive T cells, CD4 effector T (CD4 Teff) cells
characterized by the specific expression of Maf, cytotoxic T cells
characterized by the expression of Cd8a and Prfl, and double
negative T (DNT) characterized by the lack of Cd4 and Cd8a
markers but expressing Cd3d (Figures 3A, C). Similarly, we grouped
Kunming mice T cells into 5 subsets, including those identified in
M. fortis and CD8 naive T cells expressing Cd8a but not expressing

Raw Valid Uniquely mapped Multi-mapped Number of Total Median genes per
reads reads reads reads cells genes cell
ME-0D | 375,169,016 | 349,110,435 | 240,294,537 50,513,859 2043 16123 -
(93.05%) (71.13%) (14.95%) ? ’
ME- 372,800,999 | 344,277,132 | 236,965,044 49,309,739
12624 16,427 1,516
10D (92.35%) (70.68%) (14.71%)
KM- 390,777,764 | 360,391,044 | 277,053,845 40,778,327
8062 24,355 15,085
0D (92.22%) (80.92%) (11.91%)
KM- 454,584,306 | 412,975,949 | 283,649,891 39,806,830
15085 24,746 931
10D (90.85%) (73.98%) (10.38%)
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FIGURE 1
Clustering and cell type labeling of the PBMCs identified in the two species. (A) UMAP plot of M. fortis PBMCs. (B) UMAP plot of Kunming mouse
PBMCs. (C) Dot plot of the top markers used to define M. fortis cell types. (D) Dot plot of the top markers used to define Kunming mouse cell types.
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the effector molecule Prfl (Figures 3B, D). By comparing the T cell
subpopulations across conditions, we observed that the percentage
of CD4+ T effector cells increased in M. fortis at 10 dpi, but not in
Kunming mice. In contrast, the percentage of cytotoxic T cells
decreased in both M. fortis and Kunming mice (Figures 3E, F).
We further considered the CD4 Teft cells to decipher their
heterogeneity. Based on the UMAP plot and marker genes, we
identified 3 distinct clusters in M. fortis: a cluster with high
expression of Tnf that we annotated as Th1 cells, a cluster highly
expressing Gata3, IL4, and IL5 that we annotated as Th2, and a
cluster highly expressing Foxp3 and Ctla4 that we annotated as Treg
(Figures 4A, C, E). By performing similar analysis in Kunming
mice, we identified 2 stable clusters: a cluster with a relatively high
expression of Tnf, IL4 and IL5, but low expression of Gata3 that we
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annotated as Th cells because the unsupervised clustering and
marker genes failed to distinguish the Th cell subsets, and a
cluster with high expression of Foxp3 and Ctla4 that we
annotated as Treg (Figures 4B, D, F). By comparing the cell type
percentages before and after infection, we observed that the
percentage of Th2 cells increased, while that of Thl cells
decreased after infection.

We further merged the data from clusters expressing CD4
markers and those expressing CD8a markers to perform a DEGs
analysis across conditions, providing a better understanding of the
transcriptome profiles of CD4 and CD8 T cells. Interestingly, we
found that IL2 and IL4 were upregulated in M. fortis CD4 T cells
(Supplementary File 5), while they were not detected as DEGs in
Kunming mice (Supplementary File 6). In addition, we observed
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that Ccr2 and Tcf7 were upregulated in M. fortis CD8 T cells
(Supplementary File 5), but not detected as DEG in Kunming mice
CD8 T cells (Supplementary File 6).

3.4 B cell subsets and responses

To determine whether the humoral immune response was
significantly activated at 10 dpi, we characterized B cells in the
two species. Based on the marker genes, we grouped the B cells into
three subsets in both M. fortis and Kunming mice. These include
naive B cells characterized by the high expression of Cd19, Cd79a,
Pax5, Ms4al and Cr2, marginal zone (MZ) B cells characterized by
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the high expression of Cd44, Cd80 and Cd86 when compared to
naive B cells, and antibody secreting cells (ASC) characterized by
the high expression of Cd27 and Cd38 and decreased expression of
Cd19, Cd79a, Pax5 and Ms4al (Figures 5A-D). By comparing the
cell type percentage changes across conditions, we did not observe
considerable alteration among the B cell subsets in M. fortis;
however, the total number and percentage of naive B cells
increased in Kunming mice at 10 dpi (Figures 5A, B).

As ASCs are the terminally differentiated B cells that play the
key role in humoral immunity, we further screened the DEGs across
conditions in this B cell subset. We found that the immunoglobulin
genes Igha, Ighgl, and Ighg3 were upregulated in M. fortis at 10 dpi,
while IghM was downregulated (Figure 6A). However, those
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FIGURE 3

detected in Kunming mice, including Igha, Ighg2c, were
downregulated (Figure 6B).

3.5 Validation of the expression patterns of
some key genes

Due to the lack of M. fortis-specific antibodies to perform flow
cytometry, we selected 4 potential candidate genes, including IL2,
IL4, Cxcl9, and Fcgrt, and examined their expression patterns by
qPCR in M. fortis to validate our scRNA-seq analysis. The qPCR
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results demonstrated that the expression level of the selected genes
increased significantly after infection, suggesting the reliability of
the scRNA-seq data (Figure 7).

4 Discussion

Although bulk RNA sequencing provided some fundamental
insights into M. fortis immune system, the specific mechanism of its
natural resistance to schistosome infection remains unknown (Hu
et al,, 2014b) (Li et al.,, 2020). In this study, we have performed
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single-cell RNA sequencing to characterize and compare the
transcriptomic landscape of M. fortis and Kunming mice PBMCs
at 10 dpi. Based on the conserved marker genes, we identified 6
major cell types in the peripheral blood of the two species, including
monocytes, DCs, T cells, NK cells, B cells, and erythrocytes.

By characterizing the MPs, we observed a significant depletion of
monocytes in the PBMCs of the infected animals, which may be closely
related to the recruitment and adhesion of large numbers of monocytes
to the sites of infection, where they can differentiate into macrophages
to combat the invading worms (Chen et al., 2022) (Girgis et al., 2014).
In addition, we found that Cxcl9 was significantly upregulated in M.
fortis. As a pro-inflammatory chemokine responsible for the
recruitment of Thl cells and macrophages to the site of infection,
Cxcl9 may play an important role in the mechanism of M. fortis
resistance (Tian et al, 2022) (Hasegawa et al, 2021) (Barron and
Wynn, 2011). A previous study reported that a large number of
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macrophages adhered to the surface of S. japonicum from the second
week post-infection in M. fortis, contributing to worm killing through
trogocytosis (Shen et al,, 2023). However, it has been reported that
Schistosoma antigens decrease Cxcl9 production in human PBMCs
during human T cell lymphotropic virus type 1 (HTLV-1) infection,
suggesting that the migrating schistosomula can downregulate Cxcl9 in
the permissive host to prevent immune attack (Lima et al., 2017).
Dendritic cells act as immune sentinels and are essential for
capturing the worm’s antigens and initiating the adaptive immunity
(Houlder et al., 2023) (Mickael et al., 2025). Our scRNA-seq data
suggest that the population of DC increased in the peripheral blood
of both M. fortis and Kunming mice after infection. This increase
indicates the systemic mobilization of the immune system to deal
with the migrating schistosomula (Peng et al.,, 2022). However,
Fcgrt and Irf7 were only upregulated in M. fortis. Previous studies
have also reported that Irf7 was upregulated in M. fortis liver at 10

frontiersin.org


https://doi.org/10.3389/fcimb.2025.1739541
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Dibo et al. 10.3389/fcimb.2025.1739541
A PBMCOD PBMC10D B PBMCOD PBMC10D 100
A ” 75
° Cluster ~ = Cluster
® NaveB 3 { ® NaveB S
o Mzg W oo g ° MzB 5 %0 =;2":E
e AsC  § W vze E o asc  §
% 0 asc H [ sc
8 e
K a—) 25
-10 ‘
5051 50 510 PBMCOD  PBMC10D 4 0 4 8 40 4 8 PBMCOD PEMC10D
umap_1 umap_1
c _
D
AsC1 © @ L ] . [ ] L Average Expression ascl @ . e © . . . Percent Expressed
1.0 . 20
05 ® 40
z o
= 0. =
S MZB L] L ] - =
g (I L 10 cwe{ @ o © @ - ° A E i
Percent Expressed 2 ve:aoge Xpression
. 25 .
o 05
Naive B Y @75 .
ave L ‘ L4 Naive B1 @ L] [ I ) . '?;’
@ o O D Lo S e
& C},;\‘a PC &@ FEEE S E 083' é‘y < £ y\ & R o Q§’° O§,6 Ob,b«
Features © N
Features
FIGURE 5
Characterization of B cells. (A) UMAP plot and percentage change of B cell subsets across conditions in M. fortis. (B) UMAP plot and percentage
change of B cell subsets across conditions in Kunming mice. (C) Expression patterns of the marker genes used to distinguish M. fortis B cell subsets.
(D) Expression patterns of the marker genes used to distinguish Kunming mice B cell subsets.

dpi (Li et al, 2020). Although the role of Irf7 has not been
elucidated in schistosomiasis, it is well established that Irf7
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Expression pattern of immunoglobulin genes in the ASCs. (A) M.
fortis ASC. (B) Kunming mice ASC.

contributes to host defense against viral and bacterial infection by
stimulating the production of the type I interferon (IFN-I), thereby
promoting an inflammatory response (Qing and Liu, 2023). Fegrt
code for the neonatal Fc receptor (FcRn), a molecule essential for
extending the life of immunoglobulin G (IgG) and facilitating their
transport, suggesting that Fcgrt upregulation could promote the
humoral immunity against the migrating schistosomula
(Roopenian and Akilesh, 2007) (Baker et al., 2013).

Regarding T and B lymphocytes, we found that IL2 and IL4
were significantly upregulated in M. fortis CD4+ T cells. Previous
studies have also reported that the level of IL2 and IL4 was much
higher in the serum of M. fortis than in C57BL/6 mice after
infection with S. japonicum (Hu et al., 2017). IL2 acts as a T cell
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Relative expression of some potential candidate genes selected to
validate the scRNA-seq analysis. *P < 0.05, **P < 0.01.
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growth factor, while IL4 drives Th2 cells differentiation (Tatsumi
and Kumamoto, 2025) (Allen and Sutherland, 2014). This Th2
response is essential for B cell activation, resulting in antibody
production that contributes to worm Kkilling by triggering
complement activation and antibody-dependent cell-mediated
cytotoxicity, leading to the formation of membrane attack
complexes (Shen et al., 2020) (Torben et al., 2012). Our scRNA-
seq data revealed that the genes encoding IgA, IgG1, and IgG3 were
specifically upregulated in M. fortis ASCs, which supports the
above-mentioned statement (Li et al., 2020). However, it has been
reported that the natural level of IgG3 is much higher in the serum
of M. fortis than in the serum of mice, indicating that the
production of the aforementioned antibodies may be due to the
natural background activity of M. fortis’s immune system (Jiang
et al., 2008). In addition, we found that Tcf7, which modulates the
differentiation and function of mature CD8+ T cells, was
significantly upregulated in M. fortis (Zhang et al, 2021). Tcf7
may also promote the differentiation of naive CD4+ T cells into
Th2, suggesting that Tcf7 can play an important role in the
mechanism of M. fortis resistance (Zhu et al., 2015).

This study analyzed the overall immune response of two species
with different susceptibilities to schistosomiasis using scRNA-seq of
the PBMCs. The data generated in the study provide a valuable
comparative cellular atlas, revealing differences in immune gene
expression and cellular population dynamics between the two
species. However, the study has many shortcomings. The main
limitation is the sample size resulting from budget constraints,
which limits the statistical power of the study. In addition, the raw
read data of M. fortis were mapped to a mouse reference genome,
and our analysis focuses solely on 10 dpi, but lacks earlier or later
time points and a cellular atlas from the lung and liver, where the
invading worms migrate. These limitations lead to underestimation
of gene counts and reduced power to detect weakly expressed genes,
making it difficult to capture the full immune dynamics. Also, the
lack of traditional immunochemical validation assays presents a
methodological limitation of this study. However, qPCR provided
indirect validation by detecting the expression of some key genes.
For further studies, we recommend investigating lung and liver
immune responses using scRNA-seq and flow cytometry with a
large sample size. This approach will help better understand the
immune response at the site of infection and target the cells of
interest for a follow-up study.

5 Conclusion

Our study provided the PBMCs” immune landscape of M. fortis
during the early phase of infection. We found that the expression
level of Cxcl9 increased significantly in M. fortis after infection. In
addition, we observed that the population of CD4+ effector T cells
and the expression level of IL2 and IL4 increased specifically in M.
fortis after infection. However, further study is needed to validate
our findings using a large sample size, which could increase the
statistical power. We plan to develop M. fortis-specific antibodies in
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the future and investigate the immune cell signature in the lung and
liver of M. fortis by combining scRNA-seq and flow cytometry,
which will allow us to draw a stronger conclusion.
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