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Background: Cystic echinococcosis, caused by the larval stage of Echinococcus
granulosus, remains a global health challenge. Mesenchymal stem cells (MSCs)
are renowned for their regenerative and immunomodulatory properties. Given
the parasite’s mode of establishment, we postulate that MSCs likely play a
pivotal role in the interaction between the parasite and the host. This study
aims to explore the response of MSCs to antigens derived from Echinococcus
granulosus, the etiological agent of hydatid disease, with the hypothesis that
exposure to these antigens may alter MSC function and impact the host's
immune response to the parasite.

Methods: MSCs were isolated from mouse bone marrow and co-cultured
with ESPs, HCF, or pLL antigens. We conducted high-throughput sequencing
to examine changes in the MSCs" mRNA expression profile. Additionally, cell
cycle, migration, and secretory functions were assessed using various assays,
including CCK8, flow cytometry, real-time PCR, Western blot, and ELISA.

Results: Our analysis revealed that hydatid antigens significantly modulate the
MRNA expression of genes related to cytokine and chemokine activity, impacting
MSC proliferation, migration, and cytokine secretion. Specifically, there was
a downregulation of chemokines (MCP-1, CXCL1) and pro-inflammatory
cytokines (IL-6, NOS2/NO), alongside an upregulation of anti-inflammatory
mediators (COX2/PGE2). Furthermore, all antigens reduced MSC migration, and
significant alterations in cellular metabolism-related pathways were observed.

Conclusion: Hydatid disease antigens induce a distinct immunomodulatory
response in MSCs, characterized by a shift towards an anti-inflammatory
phenotype and reduced cell migration. These changes may contribute to the
parasite’s ability to evade host defenses and persist within the host, highlighting
the complex interplay between MSCs and hydatid disease antigens. This study
provides valuable insights into the pathophysiology of hydatid disease and may
inform the development of novel therapeutic strategies.
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Background

Mesenchymal stem cells (MSCs) are multipotent cells derived from
the mesoderm and are widely distributed in various tissues such as
bone marrow, adipose tissue, and umbilical cord. They possess the
ability to differentiate into osteoblasts, adipocytes, chondrocytes, and
other cell types (Mollentze et al., 2021). In addition to their regenerative
potential, recent research has indicated that MSCs also play a significant
role in immunomodulation (Hu and Li, 2019). Through the release of
a complex extracellular secretome containing multiple cytokines,
chemokines, and extracellular vesicles (EVs), MSCs participate in the
regulation of the inflammatory microenvironment and mediate
interactions with other immune cells (Dabrowska et al., 2021).

Hydatid disease, also known as echinococcosis, is a zoonotic
infectious disease caused by parasites belonging to the Echinococcus
genus. One form of this parasitic infection, caused by Echinococcus
granulosus, is referred to as cystic echinococcosis and can affect any part
of the body (Brunetti et al., 2010). The cyst, a vesicle-like structure, is the
characteristic focus of cystic echinococcosis and is found in the
parenchymal organs of the host. Composed of materials produced by the
parasite and host immune responses, the cysts have a multilayered
structure (Gottstein et al., 2017). They contain various antigenic types
and have been implicated in the modulation of the host immune
response (Carmena et al., 2004; Kanan and Chain, 2006; Diaz et al., 2011).

In clinical practice, bone hydatid disease manifests when hydatid
lesions infiltrate the bones, predominantly affecting the spine, pelvis,
and femur, thereby significantly impairing patient health and
functionality (Monge-Maillo et al., 2017). MSCs, known for their
application in orthopedics and cardiovascular diseases, have shown
potential therapeutic value through their immunomodulatory effects
in parasitic infections, aiding in the efficacy of anthelmintic drugs via
multiple pathways (Kian et al., 2022). Given that bone tissue harbors
a rich supply of MSCs alongside diverse immune cells, previous
studies have highlighted the close interaction between MSCs and
immune cells (Fernandez-Francos et al., 2021). Moreover, parasitic
infections have been found to alter the gene expression profile of bone
marrow cells (Zheng et al., 2021), with further research indicating the
immunomodulatory capabilities of MSCs during such infections,
potentially enhancing the effectiveness of antiparasitic treatments
(Chulanetra and Chaicumpa, 2021; Su et al., 2023). Given the potential
for hydatid disease foci to implant in various locations throughout the
body, the widespread distribution of mesenchymal stem cells (MSCs)
across tissues and organs similarly extends the significance of this
research. The confluence of MSC distribution and hydatid lesion sites
suggests that MSCs may demonstrate varied biological responses to
different antigen types within the lesions, a factor that could influence
the survival of the hydatid parasite within the host and the
disease’s progression.

Abbreviations: MSCs, Mesenchymal stem cells; ESPs, excretory secretion products;
HCF, hydatid cyst fluid; pLL, particles from the laminated layer; EVs, extracellular
vesicles; BMSCs, bone marrow-derived mesenchymal stem cells; GO, Gene
Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSEA, Gene Set
Enrichment Analysis; PPI, protein—protein interactions; DEGs, differentially
expressed genes; TF, transcription factor; ELISA, enzyme linked immunosorbent
assay; MF, molecular function; CC, cellular component; BP, biological process.;

NETs, neutrophil extracellular trapping networks.
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In this study, we characterized three major crude antigen types
found in hydatid disease foci: excretory-secretory products (ESPs),
hydatid cyst fluid (HCF), and particles from the laminated layer of
Echinococcus granulosus (pLL), all of which are unpurified antigens
comprising a diverse array of proteins and non-protein components
(Maleki et al., 2023). Sheep are a common source of fertile cysts in
studies on hydatid disease, while mice serve as a widely used model
organism with a well-characterized genome. These antigens were
co-cultured with mouse bone marrow-derived MSCs. High-
throughput sequencing technology was employed to observe their
impact on the mRNA expression profile of MSCs. Additionally, the
secretory function of MSCs, as well as changes in cell cycle and cell
migration under the stimulation of parasite antigens, were
experimentally validated. These findings provide a reference for
further investigation into the regulatory roles of MSCs in hydatid
disease and the mechanisms of immune evasion.

Materials and methods

Collection and preparation of hydatid
antigens

Sheep livers infected with Echinococcus granulosus cysts were
sourced from Urumgi butcheries and transported to our laboratory
under sterile conditions. Cysts were processed to extract the
protoscolices-laden fluid, centrifuged, and washed. The purified
protoscolices were cultured in o-MEM medium (Gibco) at 7500
protoscolices/ml and incubated for 24h at 37°C in a 5% CO,
atmosphere. Post-incubation, the medium was centrifuged at 1000 x g
for 10min to harvest ESPs. C57BL/6 mice, provided by Xinjiang
Medical University’s Laboratory Animal Center, were intraperitoneally
injected with protoscolices. Six months later, mice were euthanized,
and cystic fluid was collected post-cyst removal. The pLL was obtained
by freeze-thawing the inner cyst walls, followed by mechanical
disruption under a microscope. The lysate was centrifuged, and the
supernatant containing pLL was filtered through a 0.22pum filter
(Millipore). Aliquots of ESPs, pLL, and HCF were stored at —80°C
after supplementation with exosome-free fetal bovine serum
(VivaCell) and antibiotics (HyClone).

Isolation and cultivation of bone marrow
MSCs (BMSCs)

BMSCs were isolated from 6- to 8-week-old C57BL/6 mice via the
adherence screening method. Bones were processed to expose the
marrow, which was then cultured in a-MEM with 10% fetal bovine
serum and antibiotics at 37°C in 5% CO,. Adherent cells were
expanded with media changes every 2 days until the third passage,
which was used for flow cytometric analysis of MSC surface markers.

Protein quantification, visualization, and
cell proliferation detection

Protein quantification of hydatid antigens was performed using
the BCA kit. Proteins were visualized as protein bands by dye-free
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polyacrylamide gel electrophoresis. Cell proliferation and activity
were measured using the CCK8 assay. BMSCs were inoculated in
96-well plates and treated with ESPs, HCE and pLL at different
concentrations. CCK-8 solution was added and the absorbance at
450 nm was measured.

Cell cycle and apoptosis detection

After 48-h co-culture with HCE, BMSCs were stained with
Annexin V-FITC and PI and analyzed by flow cytometry for apoptosis
rates. Cell cycle distribution was determined after 48-h co-culture by
fixing cells with ice-cold 75% ethanol, RNase A treatment, and
propidium iodide staining, analyzed using ModFit LT 3.2 software.

Cell migration assay

Cell scratch assays assessed the migratory response of BMSCs to
hydatid antigens, with quantitative analysis performed using Image
] software.

Sequencing analysis preparation

For transcriptomic analysis, BMSCs were treated with 2 pg/ml
ESPs, HCE, or pLL for 48h. Total RNA was subsequently extracted
with TRIzol, quality-assessed, and used to construct cDNA libraries
for Illumina NovaSeq sequencing. Differential expression analysis was
conducted using Deseq2.

Total RNA extraction and cDNA library
construction

Total RNA was extracted, and its purity and concentration were
assessed. mRNA was isolated and reverse transcribed to cDNA, which
served as the template for library synthesis. The cDNA library
underwent Mumina

high-throughput sequencing on the

NovaSeq platform.

Bioinformatics and expression analysis

Differentially expressed genes (DEGs) were identified using
Deseq2, and the clusterProfiler R package performed GO and KEGG
enrichment analyses. The STRING database established PPI networks,
and transcription factor interactions were examined using the
TRRUST database and NetworkAnalyst.

Real-time PCR validation

Five DEGs were selected for validation by quantitative PCR (JLM
QX600). Total RNA was extracted from BMSCs and cDNA was
reverse transcribed. QRT-PCR was performed using SYBR Green
Master Mix, and the ACt method was used to calculate the relative
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expression of target genes. The primer sequences used in PCR
experiments are listed in Table 1.

Western blots test

Protein lysates were prepared from BMSCs and separated by
SDS-PAGE electrophoresis. The proteins were transferred to a PVDF
membrane and blocked with skimmed milk. Primary and secondary
antibodies were added, and immunoreactivity was detected using
chemiluminescence. The relative expression level of the target protein
was analyzed using ImageLab software.

Enzyme linked immunosorbent assay and
nitric oxide concentration detection

Cell supernatants were collected from BMSCs and subjected to
specific assays to measure the concentrations of cytokines and nitric
oxide (NO). ELISA was performed to detect the concentration levels
of MCP-1, TNF-a, IL-6, PGE2, and IL-4 using commercially available
ELISA kits. In addition, the NO content in the cell supernatant was
measured using a NO colorimetric test kit.

Statistical analysis

The data in this study were analyzed and visualized using
GraphPad Prism software (version 8.0). Measurement data were
presented as mean + standard deviation. An independent sample
t-test was employed for comparing two groups, while one-way
analysis of variance was used for comparing multiple groups.
Statistical significance was denoted as *p<0.05, **p<0.01,
5 <0.001, and ****p < 0.0001.

Results

Protein profiles and concentrations of
hydatid antigens

The Protoscolex, ESPs, HCF and pLL were extracted from the liver
of affected sheep and the intraperitoneal cavity of C57BL/6 mice
(Figures 1A-C). BCA protein assays revealed that 24-h ESPs from
7,500/ml protoscolices yielded approximately 10 pg/ml, while mouse
intraperitoneal HCF and pLL averaged 900 pg/ml and 300 pg/ml,
respectively. SDS-PAGE analysis indicated protein molecular weights
for ESPs (55-180kDa), HCF (40-100kDa), and pLL (25-135kDa)
(Figure 1D).

BMSCs phenotypic confirmation
Through flow cytometry analysis, the phenotype of BMSCs was
confirmed, revealing expression levels of CD29 (96.1%) and CD90

(96.7%), while negative markers CD45 and CD11b were minimally
expressed at 0.17 and 1.43%, respectively (Figure 1]).
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TABLE 1 Primer sequences used in qRT-PCR.

10.3389/fmicb.2024.1381401

Genes Forward (5'-3") Reverse (5'-3)

NOS2 ATCTTGGAGCGAGTTGTGGATTGTC TAGGTGAGGGCTTGGCTGAGTG
cox2 TGGTGCCTGGTCTGATGATGTATG GTCTGCTGGTTTGGAATAGTTGCIC
MMP3 ACGATGATGAACGATGGACAGAGG GCCTTGGCTGAGTGGTAGAGTC
L6 CTCCCAACAGACCTGTCTATAC CCATTGCACAACTCTTTTCTCA
MCP-1 ACTCACCTGCTGCTACTCATTCAC TTCTTTGGGACACCTGCTGCTG
CXCLI TGGCTGGGATTCACCTCAAGAAC GTGTGGCTATGACTTCGGTTTGG
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FIGURE 1

Extraction of hydatid and cell samples and their effect on the proliferation of BMSCs. (A) Extracted Protoscolex of Echinococcus granulosus.

(B) Parasitized hydatid cysts in the paraspinal and abdominal cavities of mice. (C) Hydatid cysts used to extract pll after extraction of cyst fluid.

(D) Distribution of bands of hydatid antigenic proteins on stain-free gel. CM, complete medium; ESPs, excretory-secretory products; HCF, hydatid cyst
fluid; FBS, fetal bovine serum; pLL, particles from the Echinococcus granulosus laminated layer. (E—G) Absorbance at 450 nm after treated BMSCs with
three different concentrations of hydatid antigen for 24-72h in CCK8 experiments. (H) Survival rates of BMSCs cells treated with different
concentrations of HCF over 24-72 h. (I) Absorbance at 450 nm of control and 7.8 pg/ml HCF-treated BMSCs for 24-72 h in CCK8 experiments.

(J) Expression of the surface antigens CD45, CD29, CD11b, and CD90 on extracted mouse bone marrow-derived MSCs as provided by flow cytometry.
The data are presented as the mean + SD. *p < 0.05, **p <0.01, ***p <0.001, significantly different from control group.
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Influence of hydatid antigens on BMSCs
proliferation

The proliferation assays demonstrated that ESPs (0-2 pg/ml)
and pLL (0-60pg/ml) had a negligible impact on BMSCs
proliferation across all tested time points. Conversely, HCF showed
IC50 values of 80.6, 71.6, and 64.2pg/ml at 24, 48, and 72h,
respectively, indicating a dose-dependent inhibitory effect on cell
proliferation (Figures 1E-I).

Effects of hydatid antigens on BMSCs
apoptosis and cell cycle

Exposure to HCF at 7.2pg/ml did not significantly alter
apoptosis rates in BMSCs. However, a concentration of 81 pg/ml

10.3389/fmicb.2024.1381401

was associated with an increase in apoptosis rates (Figures 2A,C).
Cell cycle analysis across control, ESPs, HCFE, and pLL groups
revealed no significant differences, suggesting that these antigens
do not markedly affect cell cycle progression in BMSCs
(Figures 2B,D).

Differential gene expression analysis

After 48-h antigen co-culture, notable gene expression changes
were observed: 376 genes in ESPs group (183 up, 193 down), 259 in
HCEF group (107 up, 152 down), and 560 in pLL group (346 up, 214
down). Common up- and down-regulated genes were identified
between groups (Figure 3 and Table 2), indicating significant and
distinct effects of different echinococcal antigens on gene transcription
in BMSCs.
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FIGURE 2
Apoptosis, cycle and migration of BMSCs in each group. (A) Apoptosis of BMSCs after treatment with different concentrations of HCF provided by flow
cytometry. (B) Cell cycle distribution of the four groups. (C) Comparison of apoptosis rates of the three groups. (D) Cell cycle distribution of the four
groups presented by stacked bar graphs. (E) 0-24 h cell scratch experiments. (F) Cell migration rate of the different groups counted in the scratch
experiments and the differences between groups. The data are presented as the mean + SD. *p < 0.05, **p <0.01, ***p <0.001, significantly different
from control group.
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FIGURE 3

Distribution of differentially expressed genes. (A—C) Venn diagram two-by-two comparison of three groups of differentially expressed genes grouped
according to up-/down-regulation and showing the number and proportion of overlapping genes. (D) Volcano plot of differentially expressed genes in
the ESPs group. (E) Volcano plot of differentially expressed genes in the HCF group. (F) Volcano plot of differentially expressed genes in the pLL group.

GO and KEGG pathway analysis of DEGs

GO analysis highlighted that DEGs were primarily enriched in
molecular functions such as cytokine activity, chemokine activity, and
oxidoreductase activity; cellular components like the extracellular
matrix and receptor complex; and biological processes including cell
chemotaxis and leukocyte migration. KEGG pathway analysis revealed
involvement in cytokine-cytok receptor interaction, TNF signaling
pathway, and IL-17 signaling pathway, indicating the antigens’ impact
on immune response pathways (Figures 4, 5).

Protein—protein interaction network
analysis

The protein-protein interaction (PPI) network analysis identified
key hub genes (IL-6, Ccl2, Cxcll, Cxcl5, Mmp3) and transcription
factor-target gene interactions, suggesting these genes play central
roles in the response of BMSCs to hydatid antigens. This analysis
underscores the complexity of the immunomodulatory effects exerted
by the antigens on BMSCs (Figure 6 and Table 3).

Migration and cytokine expression
alterations in BMSCs

The scratch assay revealed that all hydatid antigens significantly
reduced BMSCs migration, indicating a potential mechanism by
which the parasite evades host immune responses (Figures 2E,F).
qRT-PCR and Western blot analyses showed downregulation of
MCP-1, CXCL1, NOS2, IL-6, and MMP3, alongside an upregulation
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of COX2 in the ESPs and pLL groups, suggesting a shift towards an
anti-inflammatory phenotype in BMSCs (Figure 7).

Changes in cytokine concentrations in cell
supernatants

ELISA results indicated significant reductions in MCP-1 and
IL-6 in ESPs and HCF groups, with elevated PGE2 in ESPs and pLL
groups. No significant alterations were observed for TNF-a and IL-4
(Figures 8A-E), suggesting that echinococcal antigen may decrease
the expression of chemotactic factors and some pro-inflammatory
factors, but not entirely in the conventional sense of anti-
inflammatory/pro-inflammatory cytokines.

NO concentration changes in cell
supernatants

A significant decrease in NO content was noted in the ESPs and
HCEF groups post 48-h antigen exposure, with no changes in the pLL
group (Figure 8F), suggesting the potential for echinococcal antigen
to exert regulatory effects through mechanisms outside of cytokine
signaling pathways.

Discussion

Parasitic infections pose significant health challenges, particularly
in underdeveloped regions. Hydatid disease, characterized by a wide
range of infections and severe consequences, has gained significant
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TABLE 2 Top 10 genes in the three groups with differential expression.

10.3389/fmicb.2024.1381401

Group Gene ID baseMean log2FC adj.p.Value Type
Gm49601 121.511 10.360 0.045 Up
Krt6b 42.152 8.833 0.104 Up
Krt16 100.407 5.488 0.093 Up
Egr3 849.406 3.460 0.000 Up
Nr4a3 63.130 3.237 0.000 Up
Nr4al 2900.618 3.137 0.000 Up
Haplnl 276.004 3.098 0.000 Up
Krtl 208.927 2.956 0.049 Up
Egr2 697.165 2.653 0.000 Up
Eid3 280.298 2.540 0.000 Up

ESP/Control
Nos2 2475917 —4.248 0.000 Down
Scd3 35.323 —3.760 0.000 Down
Saa2 204.533 -3.116 0.000 Down
Saal 784.297 —2.852 0.000 Down
Mmpl0 99.850 —2.655 0.000 Down
Mmp3 60042.417 —2.557 0.000 Down
Saa3 134519.037 —2.447 0.000 Down
Tnfrsfo 27.032 —2.369 0.008 Down
Vnn3 66.181 —2.148 0.000 Down
Len2 55866.798 —2.133 0.000 Down
Krt6b 50.525 9.115 0.007 Up
Gpr20 11.257 6.948 0.001 Up
Nppa 7.277 6.319 0.010 Up
Paqr6 11.086 5.051 0.014 Up
Stmn4 14310 4.408 0.016 Up
Calca 28.547 3.762 0.001 Up
Chdh 20.550 3.209 0.019 Up
Hapln1 247.747 2.947 0.000 Up
Krt6a 59.854 2.709 0.036 Up
Cnmd 709.598 2.193 0.000 Up

HCF/Control
Mucl3 10.734 —6.859 0.001 Down
Nmurl 10.172 —6.782 0.002 Down
Zglpl 8.918 —6.591 0.038 Down
1700016H13Rik 8.388 —6.504 0.004 Down
Txndc2 7.942 —6.424 0.011 Down
Cyp2j9 7.669 —6.375 0.008 Down
Minarl 7.014 —6.244 0.014 Down
Krtap6-5 6.199 —6.068 0.029 Down
Trhde 5.947 —6.007 0.035 Down
Chrna2 5.257 —5.830 0.050 Down

attention. The disease occurs when Echinococcus granulosus eggs are
accidentally ingested by intermediate hosts, including humans. The
eggs release oncospheres in the host’s intestinal tract, which then enter
the systemic vascular system via the portal vein and eventually

Frontiers in Microbiology
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colonize various sites in the body (Gottstein et al., 2014). Skeletal
hydatid disease, though relatively rare, is a serious form of the disease.
Patients typically experience local pain, bone destruction, nerve
compression, and pathological fractures around the affected area.
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TABLE 2 (Continued)

10.3389/fmicb.2024.1381401

(€17e]0] ) Gene ID baseMean log2FC adj.p.Value Type
Prnd 31.725 8.523 0.000 Up
Egrd 16.314 7.563 0.000 Up
Knll 14.395 7.382 0.000 Up
Secl 11.893 7.105 0.000 Up
Dpp6 9.487 6.778 0.001 Up
Fibed1 8.403 6.607 0.002 Up
Crmpl 8.088 6.553 0.003 Up
Gpr61 7.333 6.404 0.006 Up
Rpp25 7.126 6.368 0.004 Up
Lypdl 6.551 6.246 0.042 Up

pll/Control
Gm49368 1144.477 —7.966 0.000 Down
Plek2 12.435 —6.996 0.000 Down
Mag 9.096 —6.545 0.002 Down
Htrld 8.520 —6.449 0.002 Down
B3gnt5 7.890 —6.339 0.004 Down
Ly6god 7.690 —6.303 0.005 Down
Nxpe2 6.241 —6.002 0.019 Down
Spn 6.108 —5.970 0.012 Down
Lcelal 5.848 —5.906 0.019 Down
Clec2h 5.042 —5.693 0.036 Down

Surgical and pharmacological treatments have limitations, making
complete eradication of the lesions challenging and leading to
catastrophic impacts on patients’ ability to work and overall health
(Steinmetz et al., 2014).

Considering the transvascular route of hydatid disease infection
in vivo, we hypothesized that tissue cells surrounding blood vessels in
parenchymal organs, such as MSCs, may be exposed to hydatid
antigens over an extended period (Crisan et al., 2014; Murray et al.,
2014). Bone tissue, rich in MSCs and immune cell types, led us to
propose that hydatid antigens can exert important regulatory
functions through MSCs during the course of bone encysted disease.

Our experiments used three crude antigen types, all of which were
found to interact with the host’s internal environment in previous
studies. This was evident from the presence of characteristic antigenic
species in secretions and vesicular fluids of PSCs circulating in
patients’ blood, as well as the direct contact between immune cells and
the laminated layer (Casaravilla et al., 2014; Pan et al., 2014, 2017;
Mohammed et al., 2018). We observed significant differences in gene
expression in BMSCs co-cultured with the three antigens compared
to the control group, indicating that BMSCs can sense and respond to
different hydatid antigens. Notably, ESPs showed a higher proportion
of overlapping differentially expressed genes (DEGs) with HCE,
suggesting similar regulatory effects. This aligns with the expectation
that HCF contains excretory secretion products of PSCs. On the other
hand, pLL, with its distinct chemical composition and tissue
distribution, exhibited distinct regulatory patterns.

The differential expression of cytokines is particularly noteworthy
as it plays a crucial role in the paracrine regulatory capacity of MSCs.
Chemokines, pro-inflammatory cytokines, and anti-inflammatory

Frontiers in Microbiology

cytokines are among these cytokines. Pathway enrichment analysis
revealed significant differences in the expression levels of chemokines,
such as MCP1, CXCL1, and CXCL5, following intervention with ESPs
and HCE

To validate our findings, we conducted sequencing and confirmed
a decrease in the mRNA and protein expression of certain chemokines,
highlighting the physiological significance of chemokine expression
in MSCs. Chemokines are known to regulate immune cell recruitment,
including monocytes and neutrophils, which are typically the first to
be recruited around the parasite (Legler and Thelen, 2016).
Neutrophils exhibit anti-parasitic effects through phagocytosis,
degranulation, and the formation of neutrophil extracellular trapping
networks (NETs) (Diaz-Godinez and Carrero, 2019; Omar and
Abdelal, 2023). Similarly, macrophages may hinder parasite survival
through phagocytosis, NO production, and pro-inflammatory
cytokine release (Silva-Alvarez et al., 2016; Lin et al., 2021). Therefore,
the downregulation of chemokine expression in MSCs induced by
parasite antigens may facilitate the innate immune evasion of parasites.
Additionally, certain chemokines, such as CCL2, have been implicated
in regulating the recruitment of MSC-osteoprogenitor cells and
protecting against apoptosis induced by the external environment
(Yao etal,, 2021; Zhang et al., 2023). Thus, alterations in chemokine
expression in MSCs can have multiple biological effects and are closely
associated with lesion development.

Our sequencing and experimental results validate that exposure
of BMSCs to ESPs and HCF antigens leads to a decrease in the
expression of NOS2/NO and IL-6. NOS2 facilitates the conversion of
arginine to NO, which directly eliminates parasites and significantly
impacts their survival through immunomodulatory mechanisms such
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FIGURE 4
The results of GO enrichment analysis of differential genes are presented as histogram graphs. (A) GO enrichment analysis of the ESPs group. (B) GO
enrichment analysis of the HCF group. (C) GO enrichment analysis of the pLL group.
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Lcn2

as the differentiation of Th1- and Th17-type cells and T cell infiltration
(James, 1995). Previous studies have suggested that as hydatid disease
progresses, there appears to be a tendency to induce a low NOS2-
expressing phenotype in host immune cells like macrophages, T cells,
and B cells (Steers et al., 2001; Soufli et al., 2015). Our experiments
demonstrate that this phenomenon also manifests in MSCs.
Interestingly, protein interaction network analysis indicated that
the cytokine IL-6 ranked highest in association among all three groups
of DEGs after antigenic intervention. This suggests that IL-6 likely
plays a crucial role in the immunomodulatory effects of MSCs induced
by hydatid antigens. The role of IL-6 in parasite immunomodulation
is multifaceted and controversial. On one hand, IL-6 has been
implicated in promoting macrophage differentiation towards the M2
subtype, which is more favorable for chronic parasite infection and
increases host susceptibility (Philipp et al., 2018). On the other hand,
high expression of IL-6 may have a positive impact on the recruitment,
migration, and survival of monocytes, macrophages, MSCs, and
neutrophils (Wen et al., 2021). The low expression of IL-6 and NO in
MSCs indicates a tendency for anti-inflammatory secretion. However,
this tendency appears to be limited, as we did not observe differences
in the concentration of more typical pro—/anti-inflammatory
cytokines, such as TNF-a or IL-4, in the cell supernatants.
Furthermore, our sequencing and experimental results confirm
that the antigens ESPs and pLL significantly enhance the expression
of COX2/PGE2 in MSCs. PGE2 plays a crucial role in the
immunomodulatory function of MSCs, including promoting the
differentiation of immune cells towards anti-inflammatory and
reparative phenotypes while inhibiting the activation of T cells and the
secretion of pro-inflammatory cytokines (Duffy et al., 2011; English,
2013). Therefore, the upregulation of COX2/PGE2 expression
indicates the transformation of MSCs into a phenotype that possesses
anti-inflammatory regulatory capabilities (Kulesza et al., 2022). This
discovery highlights the potential mechanism by which hydatid
antigens exert their regulatory influence on host adaptive immunity.
Furthermore, based on TF gene prediction, Nfkb1(p50) is
identified as a major transcription factor that exhibits significant
differences in the three antigens compared to controls, forming part of
the NF-kB dimer. Activation of NF-kB is closely associated with the
expression of various chemokines and cytokines (Tanaka et al., 2014;
Chadha and Chadee, 2021). Studies conducted on other hydatid
disease foci have also shown high expression of Nfkb1 around the foci,
suggesting its involvement in the establishment of parasite immune
evasion (Tilioua et al., 2020). Hence, the NF-kB signaling pathway may
play a crucial role in mediating the immune effects of hydatid antigens.

Frontiers in Microbiology

11

The protein distribution between certain groups in gel
electrophoresis appears similar, mainly due to the dominance of high-
concentration fetal bovine serum over lower-concentration antigen
proteins. Fetal bovine serum plays a crucial role in preserving
low-concentration proteins and maintaining consistency with the
protein concentration in the control group. Our study observed a
significant decrease in the migration capacity of MSCs following all
three antigenic stimuli. Additionally, we found that both the ESPs and
exhibited decreased
metalloproteinase 3 (MMP3), which plays a role in breaking down

HCF  groups expression of matrix
various types of proteins, such as collagen and fibronectin, facilitating
cell movement through the extracellular matrix (Assis-Ribas et al.,
2018; Chang et al., 2021). However, it remains uncertain whether the
altered cell migration ability is directly linked to MMP3 expression, as
the pLL group, which did not show significant changes in expression,
also demonstrated reduced cell migration ability. Further investigation
into the role of MSC migration and matrix metalloproteinase
expression in parasitic infections may yield intriguing findings.

Lastly, significant enrichments related to cellular metabolism,
such as steroid and carbohydrate metabolism, as well as oxidoreductase
activity, were consistently observed in all sequencing results. Prior
studies have suggested that Echinococcus granulosus infection may
exert immunomodulatory effects by influencing the oxidoreductase
class of host immune cells (Wang et al., 2019). The metabolism of
MSCs plays a crucial role in cellular differentiation and immune
function. For instance, MSCs exhibit a preference for glycolysis during
proliferation but shift towards oxidative phosphorylation-based
metabolism during osteoblastic and lipogenic differentiation (Denu
and Hematti, 2016; Reichert et al, 2021). To induce immune
polarization, MSCs require a metabolic shift towards aerobic glycolysis
(Rahimi etal., 2021; Zhuang et al., 2021). This intriguing information
suggests the possibility that hydatid antigens exert biological effects by
altering cellular energy metabolism.

However, it is important to acknowledge certain limitations of
our study. Hydatid lesions, as confined solid foci, display an antigenic
distribution influenced by spatial distance, with varying
concentrations of the same antigen in different extracellular
environments. Therefore, our interventions were based on the cell
proliferation assay results, ensuring the antigen concentration did not
impact cellular activity. In future research, it is essential to consider
the regulatory roles of other active factors, such as complement
components, in cellular functions to gain a comprehensive
understanding of the interactions involved. The complexity of protein

types and non-protein metabolites in hydatid crude antigens presents
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TABLE 3 TF genes and their overlapping genes in each group of DEGs.

Overlapped List of overlapped genes
genes
Nfkb1 17 0.000 Ptgs2, Mmp3, Tnfrsf25, Nos2, Ppargcla, Slcla2, Cend3, Cxcll, Cxcl2, Perl, Dmpl, Egr2, Atpl2a, Ccl2, Hesl, 116, Lcn2
Rela 10 0.000 Mmp3, Hes1, Ptgs2, Cxcr4, Nos2, Ccl2, Atp12a, 116, Slc1a2, Dmpl
Jun 10 0.000 Ccnd3, Ptgs2, Cxcll, Mmp3, Tnfsf11, Nos2, Fosl1, Ccl2, Cxcl2, 116
Spl 9 0.003 Slc7a5, Egrl, Cend3, Ccl2, 116, Atp12a, Tnfsf11, Ptgs2, Col2al
Trp53 8 0.001 Ptgs2, Pmp2, Btg2, KIf2, Agtrla, Col2al, P1k3, Egrl
ESP/Control
Runx2 6 0.000 Col2al, Tnfsf11, Panx3, Hesl, Axin2, Tg
Ep300 6 0.000 Col2al, Axin2, Flt4, Ptgs2, 116, Nos2
Cebpb 5 0.000 Ptgs2, 116, Btg2, Cxcr4, Ppargcla
Foxol 5 0.000 Ppargcla, Egrl, Gek, Klf2, Ccl2
Nr3cl 4 0.000 Npas4, Ccnd3, Ptgs2, Hesl
Ntkb1 15 0.000 Mmp3, Nos2, Slcla2, Cxcll, Ankrd2, Sod2, Dmpl, Bcl2ald, Selp, 1123a, Atp12a, Cd38, Ccl2, 116, Len2
Rela 12 0.000 Cd38, Sod2, Mmp3, Selp, Nos2, Ccl2, Atp12a, Bcl2ald, 116, Slcla2, Dmpl, 1123a
Jun 9 0.000 Prdml, Cxcll, Mmp3, Tnfsf11, Penk, Nos2, I123a, Ccl2, 116
Spl 8 0.010 Csrp2, Ccl2, 116, Sod2, Atp12a, Tnfsf11, Col2al, Kenn3
Rel 5 0.000 Sod2, Nos2, 1123a, Ccl2, Bel2ald
HCF/Control
Ep300 5 0.000 Col2al, Flt4, 116, Mt1, Nos2
Stat3 5 0.002 Nos2, Prdm1, Mtl, 116, 1123a
Nfe2l2 4 0.003 Krt16, Tnfsf11, Sod2, Mtl
Fos 4 0.003 Mtl, 116, Nos2, Penk
Runx2 4 0.003 Col2al, Tnfsf11, Panx3, Ibsp
Spl 16 0.001 Myhll, Fos, Bglap2, Cd55, Egrl, Ccnd3, Abcal, 116, Hmgcr, Ptgs2, Tall, Socs3, Proc, Cadm1, Nrgn, Gfap
Trp53 15 0.000 Ptgs2, Cenb2, Fos, Uhrfl, Lif, Gap43, Btg2, Foxm1, Cenbl, Ccna2, Krt19, Ankrdl, Duspl, Plk3, Egrl
Nfkb1 15 0.000 Ptgs2, Nos2, Ppargcla, Cend3, Lif, Ednl, Fos, Ccl20, Duspl, Egr2, Cd38, Junb, Nfkbiz, Hmgcr, 116
Jun 11 0.000 Hmgcr, Nefl, Cend3, Ptgs2, Fos, Penk, Nos2, Fosll, 116, Socs3, Gfap
Fos 10 0.000 Bdnf, Socs3, Nefl, Tinagl1, Fos, 116, Egr1, Nos2, Penk, Hmgcr
pll/Control
Stat3 9 0.000 Nos2, Cend3, Gfap, 116, Socs3, Ccl20, Egrl, Fos, Lif
Ep300 8 0.000 Fos, Ptgs2, Ccnb2, 116, Ednl, Mef2c, Nos2, Socs3
Cebpb 7 0.000 Ptgs2, 116, Btg2, Cxcr4, Ppargcla, Socs3, Fos
Rela 7 0.027 Cd38, Fos, Ptgs2, Cxcr4, Ccl20, Nos2, 116
Crebl 6 0.000 Fos, Noct, Ppargcla, Nfkbiz, Penk, Ptgs2
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FIGURE 7

significantly different from control group.

Validation of expression of relevant genes in cells at mMRNA and protein levels using gRT-PCR and Western blots. (A) NOS2 mRNA expression in three
groups of BMSCs after antigen stimulation. (B) COX2 mRNA expression in three groups of BMSCs after antigen stimulation. (C) MMP3 mRNA
expression in three groups of BMSCs after antigen stimulation. (D) IL-6 mRNA expression in three groups of BMSCs after antigen stimulation. (E) MCP-1
MRNA expression in three groups of BMSCs after antigen stimulation. (F) CXCL1 mRNA expression in three groups of BMSCs after antigen stimulation.
(G) Protein expression levels of NOS2, COX2, MMP3, IL-6, MCP-1, and CXCL1 in the BMSCs cells after antigen treatment. (H) Protein expression
statistics of NOS2. (I) Protein expression statistics of COX2. (J) Protein expression statistics of MMP3. (K) Protein expression statistics of IL-6. (L) Protein
expression statistics of MCP-1. (M) Protein expression statistics of CXCL1. The data are presented as the mean + SD. *p <0.05, **p < 0.01, ***p <0.001,

challenges in deciphering the specific pathways of action for different
antigens. Given that the modulatory effect of antigens likely arises
from multiple antigenic responses, the selected antigenic species in
our study are believed to partially replicate the specific
microenvironment of MSCs in hydatid disease, offering a
foundational and evidence for further

point supporting

mechanistic investigations.

Conclusion

Our study elucidates the biological impact of hydatid disease
antigens on BMSCs, indicating that these antigens can induce a

Frontiers in Microbiology

13

significant shift in MSC cytokine profiles and migration patterns,
The
upregulation of COX2/PGE2 and downregulation of chemokines

favoring an anti-inflammatory secretion phenotype.
and pro-inflammatory cytokines, such as IL-6 and NOS2/NO,
suggest that MSCs may play a role in the immunomodulatory
mechanisms of Echinococcus granulosus to evade host immune
responses. The decrease in MSC migration and changes in gene
expression related to cellular metabolism highlight the potential for
hydatid antigens to alter cellular energy metabolism and contribute
to the persistence of infection. These findings enhance our
understanding of the pathophysiology of hydatid disease and may
guide the development of novel therapeutic approaches targeting
the interaction between MSCs and hydatid antigens. Further

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1381401
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Wang et al. 10.3389/fmicb.2024.1381401

A B C
. 600 * 800 *k*k 600 * k%
- * —_ sk 3 %
£ = e00
"B 400 g rokx g 400
2 ) )
: & 400+ N
E): 200 \E 200 % 200
= 0- - 0- A 0-
S 28y S 28 Y 28 Y
Q Q Q
CEFe CEFe CEFe
D E F
150 "

3200- —_ D
£ = = s *
Sp 150 g 100 ~§ ’2“
= 100- g‘n £ 2o
& 50 E ] 2 Z 4
E = g

0- 0- ©

0_

S8 S .Y s RSy
SSE Y SSTE Y SFE

FIGURE 8

Determination of cytokines and NO content in cell supernatants using ELISA and assay kits. (A) Protein expression statistics of MCP-1 in the cell
supernatant. (B) Protein expression statistics of IL-6 in the cell supernatant. (C) Protein expression statistics of PGE2 in the cell supernatant. (D) Protein
expression statistics of TNF-« in the cell supernatant. (E) IL-4 expression statistics in cell supernatants. (F) NO concentration statistics in cell
supernatants. The data are presented as the mean + SD. *p < 0.05, **p < 0.01, ***p <0.001, significantly different from control group.

research is warranted to dissect the specific molecular pathways Fundi ng
involved and their implications for disease progression
and treatment. The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by National Natural Science Foundation of China
Data avallablllty statement (82260409), Natural Science Foundation of Xinjiang Uygur
Autonomous (2021D01D19), and Graduate Student Research
The data presented in the study are deposited in the GEO  Innovation Projects of Autonomous Regions (X]J2023G165).
database, accession number GSE256257.
Conflict of interest
Ethics statement
The authors declare that the research was conducted in the
The animal study was approved by laboratory animal ethics  absence of any commercial or financial relationships that could
committee of first affiliated hospital of Xinjiang Medical University. ~ be construed as a potential conflict of interest.
The study was conducted in accordance with the local legislation and

institutional requirements. Publisher’s note

Author contributions All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,

XW: Writing - review & editing, Writing — original draft,  or those of the publisher, the editors and the reviewers. Any product

Supervision, Software, Resources, Methodology, Funding acquisition, ~ that may be evaluated in this article, or claim that may be made by its

Data curation. WM: Writing - review & editing, Investigation, Formal =~ manufacturer, is not guaranteed or endorsed by the publisher.

analysis. ZY: Writing - review & editing, Project administration,

Investigation. QJ: Writing - review & editing, Resources, Methodology, Su PP lementa ry mater ial

Funding acquisition. JM: Writing — review & editing, Resources,

Investigation. ZX: Investigation, Project administration, Resources, The Supplementary material for this article can be found online

Software, Supervision, Validation, Visualization, Writing — original  at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1381401/

draft, Writing - review & editing. full#supplementary-material

Frontiers in Microbiology 14 frontiersin.org


https://doi.org/10.3389/fmicb.2024.1381401
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1381401/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1381401/full#supplementary-material

Wang et al.

References

Assis-Ribas, T., Forni, M. E, Winnischofer, S. M. B., Sogayar, M. C., and
Trombetta-Lima, M. (2018). Extracellular matrix dynamics during mesenchymal stem
cells differentiation. Dev. Biol. 437, 63-74. doi: 10.1016/j.ydbio.2018.03.002

Brunetti, E., Kern, P, and Vuitton, D. A. (2010). Expert consensus for the diagnosis
and treatment of cystic and alveolar echinococcosis in humans. Acta Trop. 114, 1-16.
doi: 10.1016/j.actatropica.2009.11.001

Carmena, D., Martinez, J., Benito, A., and Guisantes, J. A. (2004). Characterization of
excretory-secretory products from protoscoleces of Echinococcus granulosus and
evaluation of their potential for immunodiagnosis of human cystic echinococcosis.
Parasitology 129, 371-378. doi: 10.1017/S0031182004005670

Casaravilla, C., Pittini, A., Riicker], D., Seoane, P. I, Jenkins, S. J., MacDonald, A. S.,
etal. (2014). Unconventional maturation of dendritic cells induced by particles from the
laminated layer of larval Echinococcus granulosus. Infect. Immun. 82, 3164-3176. doi:
10.1128/IA1.01959-14

Chadha, A., and Chadee, K. (2021). The nf-kb pathway: modulation by entamoeba
histolytica and other protozoan parasites. Front. Cell. Infect. Microbiol. 11:748404. doi:
10.3389/fcimb.2021.748404

Chang, C,, Lin, Y,, Tyan, Y., Chiu, Y,, Liang, Y., Chen, C,, et al. (2021). Interleukin-1p-
induced matrix metalloproteinase-3 via erk1/2 pathway to promote mesenchymal stem
cell migration. PLoS One 16:¢252163. doi: 10.1371/journal.pone.0252163

Chulanetra, M., and Chaicumpa, W. (2021). Revisiting the mechanisms of immune
evasion employed by human parasites. Front. Cell. Infect. Microbiol. 11:702125. doi:
10.3389/fcimb.2021.702125

Crisan, M., Corselli, M., Chen, C., and Péault, B. (2014). Multilineage stem cells in the
adult. Organogenesis 7, 101-104. doi: 10.4161/0rg.7.2.16150

Dabrowska, S., Andrzejewska, A., Janowski, M., and Lukomska, B. (2021).
Immunomodulatory and regenerative effects of mesenchymal stem cells and
extracellular vesicles: therapeutic outlook for inflammatory and degenerative diseases.
Front. Immunol. 11:591065. doi: 10.3389/fimmu.2020.591065

Denu, R. A., and Hematti, P. (2016). Effects of oxidative stress on mesenchymal stem
cell biology. Oxidative Med. Cell. Longev. 2016, 1-9. doi: 10.1155/2016/2989076

Diaz, A., Casaravilla, C., Irigoin, E, Lin, G., Previato, J. O., and Ferreira, E. (2011).
Understanding the laminated layer of larval echinococcus i: structure. Trends Parasitol.
27, 204-213. doi: 10.1016/j.pt.2010.12.012

Diaz-Godinez, C., and Carrero, J. C. (2019). The state of art of neutrophil extracellular
traps in protozoan and helminthic infections. Biosci. Rep. 39:BSR20180916. doi: 10.1042/
BSR20180916

Duffy, M. M., Pindjakova, J., Hanley, S. A., McCarthy, C., Weidhofer, G. A.,
Sweeney, E. M., et al. (2011). Mesenchymal stem cell inhibition of t-helper 17 cell-
differentiation is triggered by cell-cell contact and mediated by prostaglandin e2 via the
ep4 receptor. Eur. J. Immunol. 41, 2840-2851. doi: 10.1002/€ji.201141499

English, K. (2013). Mechanisms of mesenchymal stromal cell immunomodulation.
Immunol. Cell Biol. 91, 19-26. doi: 10.1038/icb.2012.56

Fernandez-Francos, S., Eiro, N., Costa, L. A., Escudero-Cernuda, §.,
Fernandez-Sanchez, M. L., and Vizoso, F. J. (2021). Mesenchymal stem cells as a
cornerstone in a galaxy of intercellular signals: basis for a new era of medicine. Int. J.
Mol. Sci. 22:3576. doi: 10.3390/ijms22073576

Gottstein, B., Soboslay, P., Ortona, E., Wang, J., Siracusano, A., and Vuitton, D. A.
(2017). Immunology of Alveolar and Cystic Echinococcosis (AE and CE). Adv. Parasitol.
96, 1-54. doi: 10.1016/bs.apar.2016.09.005

Gottstein, B., Wang, J., Blagosklonov, O., Grenouillet, E, Millon, L., Vuitton, D. A.,
et al. (2014). Echinococcus metacestode: in search of viability markers. Parasite 21:63.
doi: 10.1051/parasite/2014063

Hu, C,, and Li, L. (2019). The immunoregulation of mesenchymal stem cells plays a
critical role in improving the prognosis of liver transplantation. J. Transl. Med. 17:412.
doi: 10.1186/512967-019-02167-0

James, S. L. (1995). Role of nitric oxide in parasitic infections. Microbiol. Rev. 59,
533-547. doi: 10.1128/mr.59.4.533-547.1995

Kanan, J. H. C., and Chain, B. M. (2006). Modulation of dendritic cell differentiation
and cytokine secretion by the hydatid cyst fluid of Echinococcus granulosus. Immunology
118, 271-278. doi: 10.1111/j.1365-2567.2006.02375.x

Kian, M., Mirzavand, S., Sharifzadeh, S., Kalantari, T., Ashrafmansouri, M., and
Nasri, E (2022). Efficacy of mesenchymal stem cells therapy in parasitic infections: are
anti-parasitic drugs combined with MSCs more effective? Acta Parasitol. 67, 1487-1499.
doi: 10.1007/s11686-022-00620-7

Kulesza, A., Zielniok, K., Hawryluk, J., Paczek, L., and Burdzinska, A. (2022).
Ibuprofen in therapeutic concentrations affects the secretion of human bone marrow
mesenchymal stromal cells, but not their proliferative and migratory capacity.
Biomolecules 12:287. doi: 10.3390/biom12020287

Legler, D. F, and Thelen, M. (2016). Chemokines: chemistry, biochemistry and
biological function. Chimia 70:856. doi: 10.2533/chimia.2016.856

Lin, K., Zhou, D., Li, M., Meng, J., He, E, Yang, X,, et al. (2021). Echinococcus
granulosus cyst fluid suppresses inflammatory responses by inhibiting traf6 signalling
in macrophages. Parasitology 148, 887-894. doi: 10.1017/S0031182021000548

Frontiers in Microbiology

15

10.3389/fmicb.2024.1381401

Maleki, E, Akhlaghi, L., and Tabatabaie, F. (2023). Evaluation of hydatid cyst antigen
for serological diagnosis. Med. J. Islam Repub. Iran 37:87. doi: 10.47176/mjiri.37.87

Mohammed, A. A., Allen, J. T,, and Rogan, M. T. (2018). Echinococcus granulosus
cyst fluid enhances epithelial-mesenchymal transition. Parasite Immunol. 40:e12533. doi:
10.1111/pim.12533

Mollentze, J., Durandt, C., and Pepper, M. S. (2021). An in vitro and in vivo
comparison of osteogenic differentiation of human mesenchymal stromal/stem cells.
Stem Cells Int. 2021, 1-23. doi: 10.1155/2021/9919361

Monge-Maillo, B., Chamorro Tojeiro, S., and Lopez-Vélez, R. (2017). Management of
osseous cystic echinococcosis. Expert Rev. Anti-Infect. Ther. 15, 1075-1082. doi:
10.1080/14787210.2017.1401466

Murray, L. R., West, C. C., Hardy, W. R,, James, A. W,, Park, T. S., Nguyen, A., et al.
(2014). Natural history of mesenchymal stem cells, from vessel walls to culture vessels.
Cell. Mol. Life Sci. 71, 1353-1374. doi: 10.1007/s00018-013-1462-6

Omar, M., and Abdelal, H. (2023). Netosis in parasitic infections: a puzzle that
remains unsolved. Int. J. Mol. Sci. 24:8975. doi: 10.3390/ijms24108975

Pan, W,, Hao, W. T, Shen, Y. ], Li, X. Y., Wang, Y. ], Sun, E E, et al. (2017). The excretory-
secretory products of Echinococcus granulosus protoscoleces directly regulate the
differentiation of bl0, bl7 and th17 cells. Parasit. Vectors 10:348. doi: 10.1186/
513071-017-2263-9

Pan, W,, Shen, Y., Han, X., Wang, Y,, Liu, H,, Jiang, Y., et al. (2014). Transcriptome
profiles of the protoscoleces of Echinococcus granulosus reveal that excretory-secretory
products are essential to metabolic adaptation. Plos Neglect. Trop. Dis. 8:€3392. doi:
10.1371/journal.pntd.0003392

Philipp, D., Suhr, L., Wahlers, T., Choi, Y. H., and Paunel-Gorgiilii, A. (2018).
Preconditioning of bone marrow-derived mesenchymal stem cells highly strengthens
their potential to promote il-6-dependent m2b polarization. Stem Cell Res. Ther. 9:286.
doi: 10.1186/513287-018-1039-2

Rahimi, B., Panahi, M., Saraygord-Afshari, N., Taheri, N., Bilici, M., Jafari, D., et al.
(2021). The secretome of mesenchymal stem cells and oxidative stress: challenges and
opportunities in cell-free regenerative medicine. Mol. Biol. Rep. 48, 5607-5619. doi:
10.1007/s11033-021-06360-7

Reichert, C. O., de Freitas, E A., Levy, D., and Bydlowski, S. P. (2021). Oxysterols and
mesenchymal stem cell biology. Vitam. Horm. 116, 409-436. doi: 10.1016/bs.vh.2021.02.004

Silva-Alvarez, V., Folle, A. M., Ramos, A. L., Kitano, E. S., Iwai, L. K., Corraliza, L, et al.
(2016). Echinococcus granulosus antigen b binds to monocytes and macrophages modulating
cell response to inflammation. Parasites Vectors 9:69. doi: 10.1186/s13071-016-1350-7

Soufli, I., Toumi, R., Rafa, H., Amri, M., Labsi, M., Khelifi, L., et al. (2015). Crude
extract of hydatid laminated layer from Echinococcus granulosus cyst attenuates mucosal
intestinal damage and inflammatory responses in dextran sulfate sodium induced colitis
in mice. J. Inflamm. 12:19. doi: 10.1186/512950-015-0063-6

Steers, N. J., Rogan, M. T., and Heath, S. (2001). In-vitro susceptibility of hydatid cysts
of Echinococcus granulosus to nitric oxide and the effect of the laminated layer on nitric
oxide production. Parasite Immunol. 23, 411-417. doi: 10.1046/j.1365-3024.2001.00385.x

Steinmetz, S., Racloz, G., Stern, R., Dominguez, D., Al-Mayahi, M., Schibler, M., et al.
(2014). Treatment challenges associated with bone echinococcosis. J. Antimicrob.
Chemother. 69, 821-826. doi: 10.1093/jac/dkt429

Su, Y., Xu, C, Cheng, W, Zhao, Y., Sui, L., and Zhao, Y. (2023). Pretreated
mesenchymal stem cells and their secretome: enhanced immunotherapeutic strategies.
Int. J. Mol. Sci. 24:1277. doi: 10.3390/ijms24021277

Tanaka, T., Narazaki, M., and Kishimoto, T. (2014). II-6 in inflammation, immunity, and
disease. Cold Spring Harb. Perspect. Biol. 6:a16295. doi: 10.1101/cshperspect.a016295

Tilioua, S., Mezioug, D., Amir-Tidadini, Z. C., Medjdoub, Y. M., and Touil-Boukoffa, C.
(2020). Potential role of nf-kb pathway in the immuno-inflammatory responses during
human cystic echinococcosis. Acta Trop. 203:105306. doi: 10.1016/j.actatropica.2019.105306

Wang, H., Zhang, C. S., Fang, B. B., Li, Z. D,, Li, L., Bi, X. J., et al. (2019). Thioredoxin
peroxidase secreted by echinococcus granulosus (sensu stricto) promotes the alternative
activation of macrophages via PI3K/AKT/mTOR pathway. Parasites Vectors 12:542. doi:
10.1186/s13071-019-3786-z

Wen, T., Tsai, K., Wu, Y., Liao, M., Lu, K., and Hu, W. (2021). The framework for
human host immune responses to four types of parasitic infections and relevant key jak/
stat signaling. Int. J. Mol. Sci. 22:13310. doi: 10.3390/ijms222413310

Yao, Z., Chen, P, Fan, L., Chen, P, Zhang, X, and Yu, B. (2021). CCL2 is a critical
mechano-responsive mediator in crosstalk between osteoblasts and bone mesenchymal
stromal cells. FASEB J. 35:€21851. doi: 10.1096/1].202002808RR

Zhang, Z., Xie, Z., Lin, J., Sun, Z., Li, Z., Yu, W,, et al. (2023). The m6a methyltransferase
mettl16 negatively regulates mcpl expression in mesenchymal stem cells during
monocyte recruitment. JCI Insight. 8:¢162436. doi: 10.1172/jci.insight.162436

Zheng, W. B., Zou, Y, Liu, Q.,, Hu, M. H,, Elsheikha, H. M., and Zhu, X. Q. (2021).
Toxocara canis infection alters IncRNA and mRNA expression profiles of dog bone
marrow. Front. Cell Dev. Biol. 9:688128. doi: 10.3389/fcell.2021.688128

Zhuang, W. Z,, Lin, Y. H,, Su, L. J, Wu, M. S, Jeng, H. Y., Chang, H. C, et al. (2021).
Mesenchymal stem/stromal cell-based therapy: mechanism, systemic safety and biodistribution
for precision clinical applications. /. Biormed. Sci. 28:28. doi: 10.1186/s12929-021-00725-7

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1381401
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ydbio.2018.03.002
https://doi.org/10.1016/j.actatropica.2009.11.001
https://doi.org/10.1017/S0031182004005670
https://doi.org/10.1128/IAI.01959-14
https://doi.org/10.3389/fcimb.2021.748404
https://doi.org/10.1371/journal.pone.0252163
https://doi.org/10.3389/fcimb.2021.702125
https://doi.org/10.4161/org.7.2.16150
https://doi.org/10.3389/fimmu.2020.591065
https://doi.org/10.1155/2016/2989076
https://doi.org/10.1016/j.pt.2010.12.012
https://doi.org/10.1042/BSR20180916
https://doi.org/10.1042/BSR20180916
https://doi.org/10.1002/eji.201141499
https://doi.org/10.1038/icb.2012.56
https://doi.org/10.3390/ijms22073576
https://doi.org/10.1016/bs.apar.2016.09.005
https://doi.org/10.1051/parasite/2014063
https://doi.org/10.1186/s12967-019-02167-0
https://doi.org/10.1128/mr.59.4.533-547.1995
https://doi.org/10.1111/j.1365-2567.2006.02375.x
https://doi.org/10.1007/s11686-022-00620-7
https://doi.org/10.3390/biom12020287
https://doi.org/10.2533/chimia.2016.856
https://doi.org/10.1017/S0031182021000548
https://doi.org/10.47176/mjiri.37.87
https://doi.org/10.1111/pim.12533
https://doi.org/10.1155/2021/9919361
https://doi.org/10.1080/14787210.2017.1401466
https://doi.org/10.1007/s00018-013-1462-6
https://doi.org/10.3390/ijms24108975
https://doi.org/10.1186/s13071-017-2263-9
https://doi.org/10.1186/s13071-017-2263-9
https://doi.org/10.1371/journal.pntd.0003392
https://doi.org/10.1186/s13287-018-1039-2
https://doi.org/10.1007/s11033-021-06360-7
https://doi.org/10.1016/bs.vh.2021.02.004
https://doi.org/10.1186/s13071-016-1350-7
https://doi.org/10.1186/s12950-015-0063-6
https://doi.org/10.1046/j.1365-3024.2001.00385.x
https://doi.org/10.1093/jac/dkt429
https://doi.org/10.3390/ijms24021277
https://doi.org/10.1101/cshperspect.a016295
https://doi.org/10.1016/j.actatropica.2019.105306
https://doi.org/10.1186/s13071-019-3786-z
https://doi.org/10.3390/ijms222413310
https://doi.org/10.1096/fj.202002808RR
https://doi.org/10.1172/jci.insight.162436
https://doi.org/10.3389/fcell.2021.688128
https://doi.org/10.1186/s12929-021-00725-7

	Immunomodulatory effects of hydatid antigens on mesenchymal stem cells: gene expression alterations and functional consequences
	Background
	Materials and methods
	Collection and preparation of hydatid antigens
	Isolation and cultivation of bone marrow MSCs (BMSCs)
	Protein quantification, visualization, and cell proliferation detection
	Cell cycle and apoptosis detection
	Cell migration assay
	Sequencing analysis preparation
	Total RNA extraction and cDNA library construction
	Bioinformatics and expression analysis
	Real-time PCR validation
	Western blots test
	Enzyme linked immunosorbent assay and nitric oxide concentration detection
	Statistical analysis

	Results
	Protein profiles and concentrations of hydatid antigens
	BMSCs phenotypic confirmation
	Influence of hydatid antigens on BMSCs proliferation
	Effects of hydatid antigens on BMSCs apoptosis and cell cycle
	Differential gene expression analysis
	GO and KEGG pathway analysis of DEGs
	Protein–protein interaction network analysis
	Migration and cytokine expression alterations in BMSCs
	Changes in cytokine concentrations in cell supernatants
	NO concentration changes in cell supernatants

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

