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Abstract

Background Sepsis is a potentially fatal systemic inflammatory response syndrome (SIRS) that threatens millions

of lives worldwide. Echinococcus granulosus antigen B (EgAgB) is a protein released by the larvae of the tapeworm. This
protein has been shown to play an important role in modulating host immune response. In this study we expressed
EgAgB as soluble recombinant protein in £. coli (rfEgAgB) and explored its protective effect on sepsis.

Methods The sepsis model was established by cecal ligation and puncture (CLP) procedure in BALB/c mice. The
therapeutic effect of rEgAgB on sepsis was performed by interperitoneally injecting 5 ug rEgAgB in mice with CLP-
induced sepsis and observing the 72 h survival rate after onset of sepsis. The proinflammatory cytokines [tumor
necrosis factor (TNF)-q, interleukin (IL)-6] and regulatory cytokines [IL-10, transforming growth factor beta (TGF-{3)]
were measured in sera, and the histopathological change was observed in livers, kidneys, and lungs of septic mice
treated with rEgAgB compared with untreated mice. The effect of rEgAgB on the macrophage polarization was per-
formed in vitro by incubating rEgAgB with peritoneal macrophages. The levels of TLR2 and MyD88 were measured

in these tissues to determine the involvement of TLR-2/MyD88 in the sepsis-induced inflammatory signaling pathway.

Results In vivo, we observed that treatment with rEgAgB significantly increased the survival rate of mice with CLP-
induced sepsis up to 72 h while all mice without treatment died within the same period. The increased survival was asso-
ciated with reduced pathological damage in key organs such as liver, lung, and kidneys. It was supported by the reduced
proinflammatory cytokine levels and increased regulatory cytokine expression in peripheral blood and key organ tissues.
Further study identified that treatment with rEgAgB promoted macrophage polarization from classically activated mac-
rophage (M1) to regulatory M2-like macrophage via inhibiting TLR2/MyD88 signal pathway.

Conclusions The therapeutic effects of rEgAgB on mice with sepsis was observed in a mice model that was associated
with reduced inflammatory responses and increased regulatory responses, possibly through inducing polarization of mac-
rophages from proinflammatory M1 to regulatory M2 phenotype through inhibiting TLR2/MyD88 inflammatory pathway.
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Background

Sepsis is a life-threatening complication caused by the
overwhelming immune response to bacterial infection [1,
2]. It is estimated that there are nearly 50 million cases of
sepsis worldwide annually, and the mortality rate of sep-
sis is as high as 30-70% [3, 4]. High mortality and high
treatment cost place it as a great burden on the health-
care and world economy.

Sepsis involves multiple organ injuries, most com-
monly in liver, kidney, and lung, which can lead to acute
damage and functional failure of these key organs and
eventual dead [5-7]. The pathophysiological mechanism
of sepsis is extremely complex and involves many dif-
ferent aspects of inflammatory responses, immune dis-
orders, mitochondrial disorders, coagulation disorders,
neuroendocrine abnormalities, and so on, among them,
the overwhelming inflammatory responses including
the proinflammatory cytokine storm are the corner-
stone of sepsis and the major cause of death [8]. A series
of repeated stimuli from pathogens promote host mac-
rophages to phagocytose pathogens and produce a lot
of proinflammatory cytokines, mostly the tumor necro-
sis factor (TNF)-a and interleukin (IL)-6, which play an
important role in the development of systemic inflamma-
tory response [9, 10]. This acute immune response is fol-
lowed by the release of IL-10, transforming growth factor
beta (TGF-P), and other antiinflammatory cytokines as
a protective mechanism against inflammation-caused
pathology and damage especially in key organs [11]. If
this strong inflammatory response gets out of control, it
will lead to organ dysfunction and death. Therefore, how
to control the overwhelming release of proinflammatory
cytokines and balance the immune responses has been
considered as an important strategy to treat sepsis and
reduce its mortality.

Macrophages are a class of innate immune cells derived
from monocytes, which are distributed in different tis-
sues throughout the body and regulate homeostasis and
adaptive immune responses [12]. Macrophages activated
by interferon gamma (IFN-y) or lipopolysaccharide (LPS)
are known as M1 macrophages, while those activated
by IL-4 and IL-13 are called alternatively activated mac-
rophages (AAM) or M2 cells [13]. Under conditions of
sepsis, macrophages respond rapidly to the infection and
are activated to M1, kill and eliminate pathogens through
phagocytosis and secretion of inflammatory cytokines,
constituting the body’s first line of defense against exog-
enous infection [14, 15]. M1 macrophages highly express
proinflammatory cytokines, including TNF-a, IL-1(,
IL-6, inducible nitric oxide synthase (iNOS), and reac-
tive oxygen species (ROS), promoting inflammatory
responses to clean invaded pathogens, at the same time
aggravating tissue immunological damage and organ
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dysfunction [16]. Some M2 macrophages are not acti-
vated by IL-4 and IL-13, but express high levels of IL-10,
TGEF-B, and arginase-1 (Arg-I) involved in the regulation
and control of immune response and the tissue repair and
tissue remodeling [17, 18] This type of M2 macrophage is
called M2-like macrophages [19].

In normal immune response, M1 and M2 phenotype
macrophages are well orchestrated and highly regulated
[20]. Induction of M2-like macrophages has been found
to attenuate hyper-inflammation and immunopathology
in sepsis [21, 22]. Therefore, regulation and balance of
macrophage M1 and M2 during sepsis may have impor-
tant implications for controlling septic infection and
reducing mortality.

Toll-like receptors (TLRs) are a family of receptors
expressed on the surface of immune cells and involved in
cell recognition [23]. TLRs play crucial roles in pathogen
recognition and host immune response and are closely
related to the occurrence and development of sepsis
[24, 25]. As an important part of the TLRs family, TLR2
is mainly expressed on lymphocytes and macrophages.
It has remarkable characteristics in recognizing patho-
gens and initiating immune responses and inflammation.
When TLR2 binds to pathogen-associated molecular pat-
terns (PAMP), it activates downstream transcription fac-
tors such as NF-kB through the linker molecule MyD88
to initiate the expression of inflammatory mediators,
thereby promoting the immune system to initiate cellu-
lar and humoral immunity against pathogens. The signal-
ing of TLR2/MyD88 pathway is strictly controlled. If this
pathway is continuously activated, it will lead to exces-
sive release of inflammatory mediators and trigger severe
inflammatory response and even autoimmune diseases,
causing tissue damage. Blocking the expression and acti-
vation of TLR2 can inhibit the release of inflammatory
factors and avoid the occurrence of excessive inflamma-
tory responses [26].

It has been identified that helminth infections not
only cause disease but also participate in regulating
or modulating host immune response as a survival
strategy. Helminth secretes a variety of proteins that
interact with host immune system and play immu-
nomodulatory role in reducing host hypersensitivity
status. As a result, helminth infection or helminth-
derived proteins have been experimentally used in the
treatment of inflammatory or autoimmune diseases
[27-30]. Further studies demonstrated that helminth-
derived proteins stimulated regulatory T cells (Tregs)
and the release of antiinflammatory factors such
as TGF-p and IL-10 to reduce excessive inflamma-
tory responses [31]. Helminth infection or its derived
proteins were also able to modulate macrophages to
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M2-like macrophages as an approach to treat inflam-
matory diseases including sepsis [32].

Echinococcosis is a serious parasitic disease caused
by tapeworms Echinococcus spp. It includes two main
types of the disease: cystic echinococcosis and alveo-
lar echinococcosis [33]. Cystic echinococcosis (CE) is
a severe zoonotic parasitic disease caused by the larval
stage of Echinococcus granulosus. When humans are
infected with E. granulosus, it forms many encysted
cysts in the body, most in the liver and lungs [34]. The
hydatid cyst contains a variety of proteins secreted by
the parasitic larvae, and antigen B (EgAgB) is the main
component of the proteins secreted in the cyst fluid.
It is a polymeric lipoprotein with 160 kDa in molecu-
lar size, which can be disassociated to several subunits
with molecular weights of 8, 16, 24, and 32 kDa. Total
five subunits have been identified that are encoded
by five gene subfamilies (EgAgB8/1-EgAgB8/5) with
genetically related 8-kDa subunit monomers. Even
though these subunits are genetically related, each of
them contains sequence variation and different struc-
ture [35]. EgAgB is highly specific and immunogenic
during infection, in which EgAgB subunit 2 is more
immunogenic and specific than others, and is there-
fore used as immunodiagnostic antigens [35-37].
Except for its immunodiagnostic property, a recent
study revealed that EgAgB was able to bind to mono-
cytes and macrophages to reduce their inflammatory
responses, indicating its immunomodulatory function
on host immune system [37]. The results are consistent
with our previous study that demonstrated the poten-
tial role of E. granulosus cyst fluid (EgCF) in promot-
ing M2-like macrophage polarization and modulating
the inflammatory response [38]. Further study using
EgAgB demonstrated its therapeutic effect on inflam-
matory bowel disease by regulating intestinal fora or
microbiome and modulating macrophage differentia-
tion toward M2-like [39]. In this study we would like
to further explore the therapeutic potential of EgAgB,
using recombinant EgAgB subunit 2 protein as a repre-
sentative in sepsis based on its potential immunomod-
ulatory property.

Methods

Animals

The specific pathogen-free male BALB/c mice
(6—8 weeks old with weight of 18-22 g) were purchased
from the Animal Center of Bengbu Medical College.
All mice were maintained in a facility with temperature
controlled between 20 °C and 25 °C and free access to
food and water. All animals were handled and raised in
accordance with the Ethics Committee guidelines of the
Bengbu Medical College.
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Expression and purification of recombinant EgAgB protein
(rEgAgB)

The DNA encoding EgAgB (GenBank: ACZ51457) was
amplified from the total cDNA of Echinococcus granu-
losus hydatid cysts, and cloned in frame into E. coli
expression vector pPET-28a(+) using EcoRI and Xhol
restriction sites [40]. The constructed plasmid EgAgB/
pPET-28a(+) was transformed into expression host
E. coli BL21(DE3). The rEgAgB with a His tag at C-ter-
minus was expressed under induction of 1 mM IPTG and
purified by immobilized metal ion affinity chromatogra-
phy (IMAC) using a nickel column. The contaminated
endotoxin was removed using an endotoxin removal kit
(ToxOut Endotoxin Removal Kit) (BioVision, USA) and
the residual endotoxin was measued by ToxinSensor
Chromogenic LAL Endotoxin Assay Kit (GenScript Bio-
tech, Nanjing, China). The purified rEgAgB was stored in
PBS buffer without imidazole and quantitated using BCA
protein quantification kit (Biosharp, Hefei, China) and
analyzed by SDS-PAGE before being stored at —80 °C
until use.

Isolation and culture of mouse peritoneal macrophages
Peritoneal macrophages (PMs) are one of the most stud-
ied macrophage populations and play an important role
in the control of pathological processes such as infec-
tion and inflammation [41]. To extract PMs from healthy
mice, BALB/c mice were sacrificed and 5 mL pre-cooled
RPMI 1640 medium was injected into peritoneal cav-
ity of each mouse. The peritoneal lavage solution was
extracted. The cells were pelleted by centrifugation at
500 X g, 4 °C for 5 min and resuspended in complete 1640
medium containing 10% fetus bovine serum. Peritoneal
macrophages were incubated in RPMI at 37 °C for 3 h,
non-adherent cells were removed and PMs were obtained
by their adhesion properties [42].

Effect of rEgAgB on macrophage polarization in vitro

PM cells were collected from the adherent peritoneal
cells after being cultured in RPMI 1640 for 3 h. Collected
PMs were divided into four groups with 1x10° cells for
each group: (i) control group incubated with complete
1640 medium (RPMI 1640); (ii) incubated with rEgAgB
(1 ug/ml) (rEgAgB); (iii) incubated with LPS (100 ng/
ml) (LPS); and (iv) incubated with LPS (100 ng/ml) in
the presence of rEgAgB (1 pg/ml) (rEgAgB+LPS). Cell
culture supernatant and cells were collected 24 h after
incubation. The levels of TNF-«, IL-6, IL-10, and TGF-p
in the culture supernatant were detected using individual
enzyme linked immunosorbent assay (ELISA) detec-
tion kits (Mouse TNF-a, IL-6, and IL-10 ELISA Kits
from Dakewe Biotech, China and Mouse TGF- ELISA
Kit from ABclonal, USA). The M1-related marker CD86
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and M2-related marker CD206 on the cultured PMs were
measured by flow cytometry.

Flow cytometry

The cultured PMs were treated with fixable viability dye
efluor 510 (BioLegend, USA) for 10 min to differentiate
dead/live cells, then blocked with Fc receptor blocker for
10 min. Cells were then incubated with FITC-anti-F4/80,
BV605-anti-CD11b, and APC-anti-CD86 antibodies
(BioLegend, USA) for 25 min for surface marker staining.
After being fixed and permeabilized by using Thermo
Fixation/Permeabilization Kit (Thermo Fisher Scientific,
USA), the cells were stained with PE-anti-CD206 (BioLe-
gend, USA) for 30 min. All labeling steps were performed
in the dark. The isotype-matched immunoglobulins (Bio-
Legend, USA) and FMO were used as a control for non-
specific staining as a baseline. Flow cytometry acquisition
was performed with DxP Athena™ flow cytometer (Cytek
Biosciences Inc., CA, USA) and data were analyzed using
FlowJoRV10 software.

Establishment of mouse sepsis model by cecal ligation

and puncture (CLP)

To induce the clinical course of sepsis, CLP surgery was
performed in mice to establish mouse sepsis model [43].
Male BALB/c mice were fasted for 12 h with only access
to water. After being anesthetized with isoflurane inha-
lation, the mice were stabilized in the supine position
and the abdominal cavity was opened. The cecum was
pulled out and ligated at about 1.0 cm from the end of the
cecum with 3.0 silk thread, then pierced with an 18-gauge
sterile needle to squeeze out a little intestinal content to
ensure the exposed infection. The cecum was returned to
the abdominal cavity and each layer of opened tissue was
sutured with 4.0 silk. The sham control group underwent
the same open surgery without CLP. The general condi-
tion and survival rate of mice were observed up to 72 h
after CLP.

Treatment of mouse sepsis with rEgAgB

Mice were randomly divided into 4 groups with 16 mice
each: (i) sham procedure control group treated with
PBS only (sham + PBS); (ii) sham control group treated
with rEgAgB (sham + rEgAgB); (iii) CLP group treated
with PBS (CLP + PBS); and (iv) CLP group treated with
rEgAgB (CLP +rEgAgB). In rEgAgB treatment groups,
the mice were intraperitoneally injected with 5 pg of
rEgAgB in a total volume of 100 pul 30 min after surgery.
In PBS control groups, mice were given with the same
volume of PBS after surgery; 12 h after treatment, six
mice from each group were euthanized; the serum sam-
ples were collected for detecting the levels of cytokines
and biological function markers; and the liver, kidney,
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and lung organs were collected for evaluating the his-
topathological changes. The remaining ten mice were
kept for observation for up to 72 h to calculate the sur-
vival rate using the Kaplan—Meier method.

Serological assays

The levels of proinflammatory cytokines (TNF-a, IL-6)
and regulatory cytokines (IL-10 and TGF-f) were meas-
ured in sera collected from six mice euthanized 12 h
after CLP surgery using the same ELISA detection kits
mentioned above. The levels of alanine transaminase
(ALT) and aspartate transaminase (AST), as well as the
blood urea nitrogen (BUN) and creatinine (Cr) were
measured by an automatic chemistry analyzer (Beck-
man Coulter, Brea, USA) to evaluate sepsis-caused
acute injury of liver and kidney, respectively.

Histopathological examination in tissues of liver, kidney,
and lung

Parts of liver, kidney, and lung organs harvested from
six euthanized mice in each group was fixed in 4% para-
formaldehyde, followed by paraffin embedding, section-
ing, and staining with hematoxylin and eosin (HE) for
histopathological examination. The pathological changes
were observed under the light microscope, six slices were
examined for each group, and were scored on the basis of
the injury degree in liver listed in Table 1, kidney listed in
Table 2 [44], and lung listed in Table 3 [45].

Expression of iNOS and Arg-1 in liver, kidney, and lung
tissues

Parts of liver, kidney, and lung tissues harvested from
each group were rinsed in physiological saline solution,
and then homogenized using an ultrasonic cell crusher.
The homogenate of these tissues was obtained by centri-
fuging at 4500 rpm, 4 °C, for 15 min. The protein concen-
tration in the supernatant was determined using a BCA
protein quantification kit, and the levels of iNOS (M1
marker) and Arg-1 (M2 marker) were measured using
specific ELISA detection kits (ABclonal, USA).

Table 1 Liver injury score parameters

Hepatocyte cytoplasmic vacuolation, sinusoidal
congestion, hepatocyte necrosis

Injury scores

No pathology

<25% liver involvement
25-50% liver involvement
50-75% liver involvement

A w N = O

> 75% liver involvement
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Table 2 Kidney injury score parameters

Tubular injury and glomerular atrophy Injury scores

No pathology
<25% kidney involvement

0
1
25-50% kidney involvement 2
50-75% kidney involvement 3

4

> 75% kidney involvement

Table 3 Lung injury score parameters

Alveolar congestion, alveolar edema, neutrophil
infiltration, alveolar septal thickening

Injury scores

No pathology
<25% lung involvement
25-50% lung involvement

50-75% lung involvement

A W N = O

> 75% lung involvement

Expressions of TLR2 and MyD88 in PMs and tissues of mice

The total proteins were extracted from PMs and tissues of
liver, kidney, and lung of mice from each group with RIPA
lysis buffer containing 0.1% PMSF and quantitated using
BCA Protein Quantitation Kit. Equal amount of protein
from each mouse was loaded and separated by 10% SDS-
PAGE gels, then transferred to 0.45 um polyvinylidene flu-
oride (PVDF) membrane. The membranes were blocked
with 5% skim milk at room temperature for 3 h and then
incubated with rabbit anti-TLR2 antibody (1:1500) (Abcam,
Cambridge, UK), or rabbit anti-MyD88 antibody (1:1000)
(Affinity Biosciences, Cincinnati, USA) overnight at 4 °C
followed by incubation with horseradish peroxidase (HRP)-
conjugated secondary antibody secondary antibody (1:5000)
(Biosharp, Hefei, China) at room temperature for 1 h. The
same amount of tissue lysate was reacted with rabbit anti-p-
actin antibody (1:2000) (Cell Signaling Technology, Massa-
chusetts, USA) as baseline control. The specific bands were
visualized by chemiluminescent substrate and semi-quan-
titated by Image Lab System. The results are expressed as
ratios of TLR2 and MyD88 to -actin control.

Statistical analysis

Data were obtained from at least three independent
experiments for all studies. GraphPad Prism version 8.0
software (GraphPad Software, Inc., USA) was used to
analyze statistical differences between groups. Results
were expressed as the mean+SEM. Statistical analy-
sis was performed using Shapiro—Wilk normality test,
and one-way analysis of variance (ANOVA) followed by
Tukey—Kramer or Tamhane’s multiple comparisons test.
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The difference in survival rates among the groups were
compared using Kaplan—Meier survival analysis. P-value
less than 0.05 was considered as statistically significant.

Results

Expression and purification of rEgAgB

rEgAgB was successfully expressed as a soluble recom-
binant protein in E. coli BL21 under induction of 1 mM
IPTG and purified with IMAC. SDS-PAGE showed the
size of purified rEgAgB as about 10.0 kDa as expected
on the basis of the sequence (9.40 kDa) (Supplementary
Fig. 1). The level of contaminated endotoxin in IMAC
purified rEgAgB (2000 EU/mg) was significantly removed
after running through Endotoxin Removal Resin to less
than 0.06 EU/mg in the final purified product in PBS.

rEgAgB reduced LPS-induced macrophage inflammatory
responses in vitro

To observe the effect of rEgAgB on LPS-induced inflamma-
tory responses in PMs, the inflammatory M1-related marker
CD86 and the M2-related marker CD206 were measured on
these treated PMs using flow cytometry, and flow cytom-
etry with a gating strategy was used to differentiate firstly
dead cells and adhered cells and then PMs labeled with
CD11b*F4/80" (Figla). After being induced with LPS, most
of peritoneal macrophages expressed F4/80*CD11b*CD86*
(compared with RPMI1640 medium control) (ANOVA:
F (3, 8)=54.59, P<0.0001) (Fig. 1b, ¢, d). Co-incubation
with rEgAgB effectively reduced the F4/80*CD11b*CD86*
macrophages stimulated by LPS and increased the
F4/80*CD11b"CD206" macrophages compared with
macrophages without rEgAgB treatment (ANOVA: F (3,
8)=54.59, P<0.0001;F (3, 8)=30.66, P<0.0001, respectively)
(Fig. 1b, ¢, d).

The levels of inflammatory cytokines in the cell culture
supernatant of each group were measured by ELISA. LPS-
stimulated macrophages secreted higher levels of proin-
flammatory cytokines (TNF-a and IL-6) compared with
RPMI1640 group (Fig. 2). Co-incubation with rEgAgB
decreased the levels of proinflammatory cytokines (ANOVA:
F3, 20=57.20, P<0.0001; F3,0=188.20, P<0.0001, respec-
tively) and enhanced the levels of regulatory cytokines IL-10
and TGF-B (ANOVA:F3 »,,=53.17, P<0.0001; F{3,,,=15.73,
P<0.0001, respectively) (Fig. 2).

All above results indicated that rEgAgB was able to
inhibit LPS-induced M1 macrophages and promote
their differentiation from M1 to M2-like in vitro.

Treatment with rEgAgB improved the survival rate

of CLP-induced sepsis in mice

rEgAgB was used to treat mice with CLP-induced sep-
sis to determine whether it improves the survival rate
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was applied to gate dead cells, adhere cells, and F4/80" peritoneal macrophages (PMs). The PMs were incubated with rEgAgB (1 ug/ml), LPS
(100 ng/ml), rEgAgB + LPS, or RPMI1640 medium for 24 h, and the M1-related marker CD86 (b, d) and M2-related marker CD206 (c, d) were
measured by flow cytometry. The results were shown as the mean + SEM for each group (n=3). *P<0.05, **P<0.01, **P<0.001

of septic mice. All mice in sham operation groups with
or without rEgAgB treatment (sham+rEgAgB and
sham + PBS) survived up for 72 h period, and all mice

with CLP procedure without treatment died within
55 h after surgery (CLP +PBS). However, 40% of CLP
surgery mice survived up to 72 h after being treated
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Fig. 2 The culture supernatant was collected to measure levels of M1 cytokines (TNF-g, IL-6) and M2 cytokines (IL-10, TGF-) by ELISA. The results
were shown as the mean + SEM for each group (n=6). *P<0.05, **P<0.01, ***P<0.001

with 5 ug of rEgAgB (CLP +rEgAgB), which was signif-
icantly higher compared with the untreated CLP group
(CLP +PBS) (Kaplan—Meier analysis: y, =6.468, df=1,
P=0.011). This result suggests that rEgAgB treatment
improves the survival rate of mice with sepsis (Fig. 3).

Treatment with rEgAgB inhibited proinflammatory
cytokines and stimulated regulatory cytokines in mice

with CLP-induced sepsis

CLP-induced sepsis causes inflammatory cytokine
storm in mice that is the major cause of mortality [46].
To determine whether rEgAgB improved survival rate
of septic mice is related to the inhibition of the sepsis-
induced inflammatory cytokine storm, the levels of
proinflammatory cytokines (TNF-a, IL-6) and regula-
tory cytokines (IL-10, TGF-f) in the sera of each group
of mice were measured. Compared with the mice in
the sham +PBS control group, the serological levels of

proinflammatory cytokine TNF-a and IL-6 were signifi-
cantly increased in mice with CLP procedure (CLP +PBS
group). After being treated with 5 pg of rEgAgB, the
levels of these proinflammatory cytokines in the sera
of septic mice (CLP+rEgAgB group) were significantly
reduced compared with the septic group without treat-
ment (CLP+PBS) (ANOVA: F 5 =127.40, P<0.0001;
F300=169.20, P<0.0001, respectively) (Fig. 4). Mean-
while, the serological levels of regulatory cytokines
in the CLP+rEgAgB treatment group were markedly
higher than those in the group without rEgAgB treat-
ment (CLP+PBS) (ANOVA: F3 ,3,=39.28, P<0.0001;
F30=34.20, P<0.0001, respectively). rEgAgB itself
had no effect on the production of proinflammatory
or regulatory cytokines in mice with sham surgery
(sham +rEgAgB) (Fig. 4). These results suggest that
rEgAgB inhibits the release of proinflammatory cytokines
and stimulates the secretion of regulatory cytokines.
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Treatment with rEgAgB reduced the sepsis-caused
pathological injury in liver, kidney, and lung of septic mice
Sepsis causes tissue damage in vital organs of septic mice
[29]. To determine the protective effect of rEgAgB on
the pathological damage caused by sepsis, the liver, kid-
ney, and lung were collected from mice in each group
and the histopathological changes in these tissues were
observed under microscope. In mice with CLP-induced
sepsis, the tissue of liver, kidney, and lung demonstrated
significant injury including the disruption of tissue struc-
ture, infiltration of inflammatory cells, local necrosis,
and congestion, or edema. Treatment with rEgAgB sig-
nificantly reduced the inflammation and tissue damage
in septic mice (Fig. 5a). The pathological injury scores in
liver, kidney, and lung of septic mice treated with rEgAgB
(CLP +rEgAgB) were also remarkably reduced compared
with mice without treatment (CLP+PBS) (ANOVA:
Fi, 50)=77.09, P<0.0001; Fj3y,,=40.11, P<0.000L;F;
20=43.41, P<0.0001, respectively) (Fig. 5b). There
was not any pathological change in these organs from
mice with sham procedure regardless of treatment
(sham + PBS or sham + rEgAgB).

The serological levels of AST and ALT were used as
markers for liver function damage, and the BUN and Cr
measured for kidney function. Consistent with the tis-
sue damage, the levels of these markers were significantly
higher in the sera of mice with CLP operation compared
with mice with sham operation, indicating that sep-
sis seriously damages the functions of liver and kidney
(Fig. 6). However, treatment with rEgAgB significantly

decreased the levels of AST, ALT, BUN, and Cr in the
sera of mice with CLP (CLP+rEgAgB) compared with
the group mice with CLP procedure without treat-
ment (CLP+PBS) (ANOVA: F3 14=97.97, P<0.0001;
Fi, 16=45.89, P<0.000L;F5 15=26.95, P<0.0001; Fy,
16)=>54.41, P<0.0001, respectively) (Fig. 6). The above
results indicate that rEgAgB is able to ameliorate key
organ injury in septic mice and possess certain therapeu-
tic or protective effect on CLP-induced sepsis in mice.

Treatment with rEgAgB reduced iNOS and boosted Arg-1

expression in liver, kidney, and lung tissues of septic mice

To further explore whether rEgAgB ameliorates CLP-
induced sepsis in mice by regulating inflammation in
septic tissue, the protein expression levels of iNOS and
Arg-1 were measured in liver, kidney, and lung tissue of
septic mice using a ELISA kit. The results demonstrated
that the expression level of iNOS in liver, kidney, and
lung tissues of mice with CLP induced sepsis (CLP + PBS)
was significantly increased compared with the mice with
sham procedure (Fig. 7). The expression level of Arg-1
was also increased in mice with CLP but not as obvious
as iNOS (Fig. 7). After being treated with rEgAgB, the
expression of iNOS was significantly reduced in these
tissues of septic mice (CLP+rEgAgB) compared with
the group without treatment (CLP+PBS) (ANOVA:
Fis, 20=49.88, P<0.0001; F5 5,=39.06, P<0.0001;Fy,
20=109.1, P<0.0001, respectively) (Fig. 7). Notice-
ably, the expression of Arg-1 was significantly increased
compared with group without treatment (CLP+ PBS)
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(ANOVA: F5 ,=24.99, P<0.0001; Fj ,=3172,
P<0.0001;F 3 59 =63.60, P<0.0001, respectively) (Fig. 7).
These results are consistent with the changes in serum
inflammatory and regulatory cytokine levels, indicating
that rEgAgB alleviates sepsis by inhibiting the inflamma-
tory response closely related to the polarization M1-like
to M2-like.

Incubation with rEgAgB suppressed TLR2 and MyD88

on PMs

Recent studies suggested TLR2/MyD88 signal path-
way played a critical role in modulation of macrophage
polarization [47]. To determine whether TLR2/MyD88
signal pathway were involved in the rEgAgB-triggered
M2-like macrophage polarization, we evaluated the
expression levels of TLR2 and MyD88 in PMs in each
treatment group in vitro. The results demonstrated
that LPS group contained higher protein expression

levels of TLR2 and MyD88 compared with RPMI1640
group (Fig. 8). Co-incubation with rEgAgB significantly
decreased the protein expression levels of TLR2 and
MyD88 in LPS+rEgAgB group compared with LPS
group (ANOVA: Fj; ¢ =5.065, P=0.0296; F(35=11.70,
P=0.0027, respectively) (Fig. 8). These results indi-
cated that rEgAgB could downregulate TLR2/MyD88
signal pathway in PMs accompanied with reduced
LPS-induced M1 polarization and increased M2-like
polarization.

Treatment with rEgAgB alleviated polymicrobial sepsis
associated with downregulation TLR2 and MyD88 pathway
in septic mice

We have identified that rEgAgB could affect mac-
rophage polarization through TLR2/MyD88 signal
pathway in vitro (Figs. 1, 2, 8). To investigate whether
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TLR2 and Myd88 signal pathway is involved in the
treatment of rEgAgB on sepsis, the expression levels of
TLR2 and Myd88 in liver, kidney, and lung tissues were
examined. The results showed that the expression of
TLR2 and Myd88 in tissues of septic mice (CLP +PBS)
was significantly increased compared with the mice
with sham procedure (sham + PBS) (Fig. 9), while treat-
ment with rEgAgB effectively reduced the expression of
TLR2 (ANOVA: F(3 5 =7.784, P=0.0093; F3 g =43.65,
P<0.0001; F(3’ ) =135.3, P<0.0001, respectively) and
Myd88 (ANOVA: F5 g =24.71, P=0.0002; F3 5= 14.98,
P=0.0012; F(3, )= 17.75, P=0.0007, respectively)
(Fig. 9), which was similar to the results found in

PMs in vitro. The results indicate that treatment with
rEgAgB had the ability to regulate macrophage polari-
zation possibly through suppressing TLR2 and MyD88
expressions, thus protecting tissues from being injured
by the inflammatory storm of sepsis.

Discussion

Sepsis is a systemic inflammatory response syndrome
(SIRS) caused by serious bacterial infection. When
infection occurs, pathogens multiply and release
internal and external toxins such as LPS, which acti-
vate multiple inflammation-related signaling path-
ways and trigger inflammatory immune responses and
the release of various inflammatory mediators [48].
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Excessive inflammatory response and the imbalance
of proinflammatory/antiinflammatory factors trigger
systemic inflammatory response and cascade amplifi-
cation, eventually leading to multiple key organ dam-
age such as liver, kidney, and lung [49]. In this study,
we successfully established a mouse sepsis model using
the CLP procedure [50], and observed the damage to
the structure and function of important organs such as
liver, kidney, and lung, as well as the increased levels of
proinflammatory cytokines in the blood of mice with
CLP-induced sepsis. These results are consistent with
the clinical manifestations of sepsis in clinical patients.

Our previous studies confirmed that EgCF plays
a role in promoting polarization of M2-type mac-
rophages [38], and EgAgB is the most immunogenic
and abundant component of the protein in EgCF [39].
It has been shown that EgAgB is able to bind to the
cell membranes of macrophages and monocytes, and
induces a noninflammatory phenotype; in addition,

EgAgB has been shown to potentially treat inflamma-
tory bowel disease by modulating macrophage differen-
tiation towards M2-like [37, 39]. Thus we speculate that
EgAgB may affect macrophage polarization. It is known
that EgAgB is encoded by five gene subunits, of which
EgAgB subunit 2 is very immunogenic [51]. In this
experiment we recombinantly expressed EgAgB subunit
2 to observe its effect on macrophage polarization. Our
preliminary results showed that incubation of rEgAgB
with PMs significantly inhibited LPS-induced M1-type
polarization, meanwhile, IL-10 secretion was signifi-
cantly increased in the culture supernatant, suggest-
ing that M2-like macrophages were induced (Figs. 1,
2). As we know, macrophages are critically involved in
the cleanup of invaded microbial infection and there-
after the pathology of sepsis [52, 53]. Since we have
showed the regulation of rEgAgB on macrophage M1/
M2-like polarization in vitro, we would like to observe
whether rEgAgB is able to alleviate M1-dominated
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septic inflammation in vivo. Our results show that
rEgAgB treatment improves the survival rate of mice
with sepsis (Fig. 3). Serological test also showed signifi-
cantly reduced levels of the proinflammatory cytokines
(TNF-«, IL-6) mainly secreted by M1 macrophages.
On the contrary, the levels of IL-10 and TGE-, the
regulatory cytokines secreted mainly by the regulatory
immune cells including M2 macrophages, were sig-
nificantly increased (Fig. 4). The serological cytokine
results are consistent with the in vitro results that show
rEgAgB stimulate M1/M2-like macrophage polariza-
tion. As we know, during microbial infection in sep-
sis, the first line of immune cells, including activated
M1 macrophages, secreted proinflammatory cytokines
that further amplify the inflammatory responses, lead-
ing to the multiple organ damage while controlling
the infection. M2 macrophages secrete regulatory or
antiinflammatory cytokines such as IL-10 and TGF-f
to reduce excessive inflammation and promote tissue
repair [54, 55]. The histopathological examination on
the key organs, including livers, kidneys, and lungs, of
septic mice demonstrated significantly reduced infil-
tration of inflammatory cells and tissue damage after
being treated with rEgAgB (Fig. 5). The biomarkers
of liver damage (ALT and AST) and kidney function
(BUN and Cr) were also significantly improved (Fig. 6).
These improved pathological results may explain the
increased survival rate in rEgAgB-treated septic mice.
The improved immunopathological changes are also
correlated with the decrease M1 macrophages marker
iNOS and increased M2 macrophages marker Arg-1 in
these tissues of mice after being treated with rEgAgB
(Fig. 7), further indicating that the therapeutic effect of
rEgAgB on the inflammatory sepsis is associated with
the M1/M2-like polarization systematically or locally
in these impacted key organs. However, we cannot
exclude the possibility of the expression of Arg-1 and
iNOS by other cells in tissues besides macrophages.
Therefore, test on the macrophages isolated from
these tissues would provide direct evidence of effect
of rEgAgB on the local macrophages, and it has been
included in our next experiment. The above results
suggest that M1 macrophages play an important role
in the pathogenesis of sepsis, therefore, inhibiting the
activation of M1 macrophages and inducing M2-like
macrophages may be involved in the reduced excessive
activation of inflammatory responses in sepsis.

There is increasing evidence that demonstrates that
helminth infection or helminth-derived proteins can
ameliorate hyperinflammation by inhibiting Th1/Th17
responses and inducing Th2-type response, including
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the phenotypic changes of macrophage from M1 to M2
[56—58]. The results in this study are consistent with our
previous studies that showed Schistosoma japonicum-
secreted cysteine protease inhibitor (rSj-Cys) and secre-
tory/excretory products from Trichinella spiralis adult
worms (75-AES) ameliorated sepsis-caused tissue pathol-
ogy and damage through similar immunomodulatory
mechanism targeting M1/M2 macrophage polarization
[28, 59]. The immunomodulatory property of E. granu-
losus infection and its cyst fluid proteins on human
immune system have been demonstrated previously in
the treatment of ovalbumin (OVA)-induced asthma in
mice by increasing IL-10 and Tregs and down-regulat-
ing IL-5, IL-17 [60—62]. As the main antigen secreted by
E. granulosus, EgAgB exhibits a series of immunomodula-
tory properties and regulates a variety of innate immune
system cells, including lymphocytes, neutrophils, mono-
cytes, and dendritic cells [35, 63-65]. The results in
this study further confirm that E. coli-expressed solu-
ble recombinant EgAgB protein exhibits similar immu-
nomodulatory effects of the native E. granulosus on the
M1/M2 polarization and reduces inflammation activated
by serious bacterial infection.

During bacterial infection, TLRs on the macrophage
and other immune cells play important roles in the rec-
ognition of LPS on bacteria and initiating the immune
responses to clean the invaded microbial pathogens [24,
65], in which TLR2 recognizes a wide range of microbial
ligands and is one of the powerful targets for the treat-
ment of sepsis [66]. The TLR-mediated cascade immune
response use Myd88 as a bridge to transmit inflamma-
tory signals downstream, which leads to the activation of
nuclear transcription factor NF-kB and further regulates
the expression of inflammatory genes such as TNF-a and
IL-6 [67]. Previous studies have shown that helminth-
derived proteins regulate macrophages through inhib-
iting TLR2/MyD88 pathway [46, 59]. In this study, we
demonstrated that the reduced inflammation and tissue
injury in septic group treated with rEgAgB was consist-
ent with reduced expression levels of TLR2 and MyD88
in liver, kidney, and lung tissues, indicating that immu-
nomodulation of rEgAgB may take effect through inhi-
bition of TLR2/MyD88 pathway. Combined with the
results of in vitro studies on macrophages, the potential
mechanism by which rEgAgB ameliorates sepsis-induced
hyperinflammatory response may be to shift the M1-like
to M2-like phenotype of macrophages through inhibiting
TLR2 and MyD88 pathways. However, the detail inflam-
matory pathway affected by EgAgB including TLRs/
MyD88/NEF-«B should be further investigated.
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Conclusions

In this study, we demonstrated the important roles of
inflammatory macrophages in the pathogenesis of sepsis.
rEgAgB subunit 2 was able to inhibit the excessive inflam-
matory response, thereby attenuating the immunopatho-
logical damage of vital organs such as liver, kidney, and
lung in septic mice. This effect may go through immu-
nomodulating host immune responses by inhibiting the
production of proinflammatory cytokines and inducing
regulatory cytokines. The mechanism underlying the
immunomodulatory effect of rEgAgB subunit 2 possi-
bly involves the polarization of macrophages from pro-
inflammatory M1 to regulatory M2 phenotype through
inhibiting TLR2/MyD88 inflammatory pathway. This
provides a clear direction for our future research and also
suggests that EgAgB subunit 2 may play an important
role in the modulation and regulation of host immune
responses as an immunological escape strategy.

Abbreviations

SIRS Systemic inflammatory response syndrome

EgAgB  Echinococcus granulosus Hydatid cyst-secreted antigen B
CLP Cecal ligation and puncture

AAM Alternatively activated macrophages

TLRs Toll-like receptors

PAMP  Pathogen-associated molecular patterns
Tregs Regulatory T cells

CE Cystic echinococcosis

HLBP Hydrophobic ligand binding protein

EgCF E. granulosus Cyst fuid

IMAC Immobilized metal ion affinity chromatography
PMs Peritoneal macrophages

ALT Alanine transaminase

AST Aspartate transaminase

BUN Blood urea nitrogen

Cr Creatinine

HE Hematoxylin and eosin

PVDF Polyvinylidene fluoride

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-024-06540-x.

Supplementary material 1: Figure 1: SDS-PAGE of purified rEgAgB. Total
3 ug of purified rEgAgB was separated by 12% polyacrylamide gel
electrophoresis

Acknowledgements
Not applicable.

Author contributions

R.Z,XD.Y., and D.H.J. conceived and designed the study; Y.Y.Q, FFH, S.C,
WX.Z,YW, GL,WB.D, and LQ. performed the experiments; Y.Y.Q, PF.D,
and L.C. analyzed the data; Y.Y.Q. and FFH. wrote the manuscript; and B.Z,,
R.Z, XD.Y, and D.H.J. critically revised the manuscript. All authors read and
approved the final manuscript.

Funding

This project was supported by 512 Talents Development Project of Bengbu
Medical College (no. by51201205, no. by51201306); Program of Natu-

ral Science Foundation of the Anhui Higher Education Institutions (no.
KJ2021A0742, no. KJ2021A0687); Key Research Platform Open Project of
Bengbu Medical College (no. AHIAI2022K02); Major Project of Wuxi Municipal

Page 150f 17

Health Commission (no. z202114); and Postgraduate Scientific Research Inno-
vation Program of Bengbu Medical College (no. Byycx21087).

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
The animal study was reviewed and approved by Animal Care and Use Com-
mittee of Bengbu Medical College (approval no. LAEC-2023-458).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'First Affiliated Hospital of Bengbu Medical University, Bengbu 233000,

China. 2Anhui Key Laboratory of Infection and Immunity of Bengbu Medical
University, Bengbu 233000, China. *First People’s Hospital of Changzhou,
Changzhou 213000, China. “Wuxi School of Medicine, Jiangnan University,
Wuxi 214028, China. >Department of Critical Care Medicine, Affiliated Hospital
of Jiangnan University, Wuxi 214122, China. ®National School of Tropical Medi-
cine, Baylor College of Medicine, Houston, TX 77030, USA. ’Second Affiliated
Hospital of Bengbu Medical University, Bengbu 233000, China. ®Department
of Critical Care Medicine, First People’s Hospital of Haidong, Haidong 810600,
China.

Received: 8 June 2024 Accepted: 17 October 2024
Published online: 15 November 2024

References
1. MayrF, Yende S, Angus D. Epidemiology of severe sepsis. Virulence.
2014;5:4-11.

2. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D,
Bauer M, et al. The thirdinternational consensus definitions for sepsis and
septic shock (Sepsis-3). JAMA. 2016;315:801-10.

3. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR, et al.
Global, regional, and national sepsis incidence and mortality, 1990-2017:
analysis for the Global Burden of Disease Study. Lancet. 2020,395:200-11.

4. Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlatt-
mann P, et al. Assessment of global incidence and mortality of hospital-
treated sepsis. Current estimates and limitations. Am J Respir Crit Care
Med. 2016;193:259-72.

5. Savio LEB, de Andrade MP, Figliuolo VR, de Avelar Aimeida TF, Santana PT,
Oliveira SDS, et al. CD39 limits P2X7 receptor inflammatory signaling and
attenuates sepsis-induced liver injury. J Hepatol. 2017,67:716-26.

6. Deng Z He M,HuH, Zhang W, Zhang Y, Ge Y et al. Melatonin attenuates
sepsis-induced acute kidney injury by promoting mitophagy through
SIRT3-mediated TFAM deacetylation. Autophagy. 2024;20:151-65.

7. Drechsler S, Weixelbaumer KM, Weidinger A, Raeven P, Khadem A, Red|
H, et al. Why do they die? Comparison of selected aspects of organ injury
and dysfunction in mice surviving and dying in acute abdominal sepsis.
Intensive Care Med Exp. 2015;3:48.

8. Huang M, Cai S, Su J. The pathogenesis of sepsis and potential therapeu-
tic targets. Int J Mol Sci. 2019;20:5376.

9. Karakike E, Giamarellos-Bourboulis EJ. Macrophage activation-like syn-
drome: a distinct entity leading to early death in sepsis. Front Immunol.
2019;10:55.

10. LiY, Zhang H, Chen C, Qiao K, Li Z, Han J, et al. Biomimetic immunosup-
pressive exosomes that inhibit cytokine storms contribute to the allevia-
tion of sepsis. Adv Mater. 2022;34:e2108476.

11. Almalki WH. The sepsis induced defective aggravation of immune cells:
a translational science underling chemico-biological interactions from
altered bioenergetics and/or cellular metabolism to organ dysfunction.
Mol Cell Biochem. 2021;476:2337-44.


https://doi.org/10.1186/s13071-024-06540-x
https://doi.org/10.1186/s13071-024-06540-x

Qian et al. Parasites & Vectors

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

(2024) 17:467

. Ardura JA, Rackov G, Izquierdo E, Alonso V, Gortazar AR, Escribese MM.

Targeting macrophages: friends or foes in disease? Front Pharmacol.
2019;10:1255.

. Abdelaziz MH, Abdelwahab SF, Wan J, Cai W, Huixuan W, Jianjun C, et al.

Alternatively activated macrophages; a double-edged sword in allergic
asthma. J Transl Med. 2020;18:58.

. LiuYC, Zou XB, Chai YF, Yao YM. Macrophage polarization in inflammatory

diseases. Int J Biol Sci. 2014;10:520-9.

. Kumar V. Targeting macrophage immunometabolism: dawn in the dark-

ness of sepsis. Int Immunopharmacol. 2018;58:173-85.

. Liang X, LiT, Zhou Q, Pi S, LiY, Chen X, et al. Mesenchymal stem cells

attenuate sepsis-induced liver injury via inhibiting M1 polarization of
Kupffer cells. Mol Cell Biochem. 2019;452:187-97.

. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage polariza-

tion: tumor-associated macrophages as a paradigm for polarized M2
mononuclear phagocytes. Trends Immunol. 2002;23:549-55.

. Martinez FO, Gordon S.The M1 and M2 paradigm of macrophage activa-

tion: time for reassessment. F1000prime Rep. 2014;6:13.

. Wang S,Wang J, Chen Z, Luo J, Guo W, Sun L, et al. Targeting M2-like

tumor-associated macrophages is a potential therapeutic approach to
overcome antitumor drug resistance. NPJ Precis Oncol. 2024;8:31.

Wynn TA, Chawla A, Pollard JW. Macrophage biology in development,
homeostasis and disease. Nature. 2013;496:445-55.

Dang CP, Leelahavanichkul A. Over-expression of miR-223 induces M2
macrophage through glycolysis alteration and attenuates LPS-induced
sepsis mouse model, the cell-based therapy in sepsis. PLoS ONE.
2020;15:20236038.

Yao M, Cui B, Zhang W, Ma W, Zhao G, Xing L. Exosomal miR-21 secreted
by IL-13-primed-mesenchymal stem cells induces macrophage M2
polarization and ameliorates sepsis. Life Sci. 2021;264:118658.
Jiménez-Dalmaroni MJ, Gerswhin ME, Adamopoulos IE. The critical role
of toll-like receptors—From microbial recognition to autoimmunity: a
comprehensive review. Autoimmun Rev. 2016;15:1-8.

Kumar V. Toll-like receptors in sepsis-associated cytokine storm and their
endogenous negative regulators as future immunomodulatory targets.
Int Immunopharmacol. 2020;89:107087.

Yang J, LiuW, Xu M, Yu L. Long non-coding RNA CRNDE and toll-like
receptor 3 correlate with disease severity, inflammation, and mortality in
sepsis. J Clin Lab Anal. 2020;34:¢23360.

Zhang X, Zhang M, Zhou M, Zhang T, Gao Y, Li S, et al. Tetrahedral-frame-
work nucleic acids carry small interfering rna to downregulate toll-like
receptor 2 gene expression for the treatment of sepsis. ACS Appl Mater
Interfaces. 2022;14:6442-52.

Wang M, Wu L, Weng R, Zheng W, Wu Z, Lv Z. Therapeutic potential of
helminths in autoimmune diseases: helminth-derived immune-regula-
tors and immune balance. Parasitol Res. 2017;116:2065-74.

Gao X, Mao C, Zheng T, Xu X, Luo X, Zhang S, et al. Schistosoma
Jjaponicum-derived peptide SIMHET ameliorates allergic symptoms

and responses in mice with allergic rhinitis. Front Cell Infect Microbiol.
2023;13:1143950.

Xie H,Wu L, Chen X, Gao S, Li H, Yuan Y, et al. Schistosoma japonicum cys-
tatin alleviates sepsis through activating regulatory macrophages. Front
Cell Infect Microbiol. 2021;11:617461.

Yang H, Li H, Chen W, Mei Z, Yuan Y, Wang X, et al. Therapeutic effect of
Schistosoma japonicum cystatin on atherosclerotic renal damage. Front
Cell Dev Biol. 2021;9:760980.

Okakpu OK, Dillman AR. Review of the role of parasitic nematode
excretory/secretory proteins in host immunomodulation. J Parasitol.
2022;108:199-208.

Hubner MP, Layland LE, Hoerauf A. Helminths and their implication in
sepsis - A new branch of theirimmunomodulatory behaviour. Pathog Dis.
2013;69:127-41.

Woolsey ID, Miller AL. Echinococcus granulosus sensu lato and Echinococ-
cus multilocularis: a review. Res Vet Sci. 2021;135:517-22.

Wang Y, Ma BC, Wang LY, Quzhen G, Pang HS. Effects of management of
infection source of echinococcosis in Linzhi, Tibet Autonomous Region of
China. Infect Dis Poverty. 2021;10:25.

Mamuti W, Sako Y, Nakao M, Xiao N, Nakaya K, Ishikawa Y, et al. Recent
advances in characterization of Echinococcus antigen B. Parasitol Int.
2006;55:557-62.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

58.

Page 16 of 17

Rialch A, Raina OK, Tigga MN, Anandanarayanan A, Ganaie ZA, Aftab

A, et al. Evaluation of Echinococcus granulosus recombinant EgAgB8/1,
EgAgB8/2 and EPC1 antigens in the diagnosis of cystic echinococcosis in
buffaloes. Vet Parasitol. 2018;252:29-34.

Silva-Alvarez V, Folle AM, Ramos AL, Kitano ES, Iwai LK, Corraliza |, et al.
Echinococcus granulosus Antigen B binds to monocytes and mac-
rophages modulating cell response to inflammation. Parasit Vectors.
2016;9:69.

Wang S, Jiang D, Huang F, Qian 'Y, Qi M, Li H, et al. Therapeutic effect of
Echinococcus granulosus cyst fluid on bacterial sepsis in mice. Parasit Vec-
tors. 2023;16:450.

Bao J, Qi W, Sun C, Tian M, Jiao H, Guo G, et al.Echinococcus granulosus-
sensu stricto and antigen B may decrease inflammatory bowel disease
through regulation of M1/2 polarization. Parasit Vectors. 2022;15:391.
Zhang W, Li J, Jones MK, Zhang Z, Zhao L, Blair D, et al. The Echinococcus
granulosus antigen B gene family comprises at least 10 unique genes

in five subclasses which are differentially expressed. PLoSNegl Trop Dis.
2010;4:e784.

Cassado Ados A, D'Império Lima MR, Bortoluci KR. Revisiting mouse peri-
toneal macrophages: heterogeneity, development, and function. Front
Immunol. 2015;6:225.

LiH,Wang S, Zhan B, He W, Chu L, Qiu D, et al. Therapeutic effect of Schis-
tosoma japonicum cystatin on bacterial sepsis in mice. Parasit Vectors.
2017;10:222.

Dejager L, Pinheiro |, Dejonckheere E, Libert C. Cecal ligation and punc-
ture: the gold standard model for polymicrobial sepsis? Trends Microbiol.
2011;19:198-208.

Li YF, Xu BY, An R, Du XF, Yu K, Sun JH, et al. Protective effect of anisoda-
mine in rats with glycerol-induced acute kidney injury. BMC Nephrol.
2019;20:223.

Wang L, Cao Y, Gorshkov B, Zhou Y, Yang Q, Xu J, et al. Ablation of
endothelial Pfkfb3 protects mice from acute lung injury in LPS-induced
endotoxemia. Pharmacol Res. 2019;146:104292.

LiH, Qiu D, Yuan Y, Wang X, Wu F, Yang H, et al. Trichinella spiralis cystatin
alleviates polymicrobial sepsis through activating regulatory mac-
rophages. Int Immunopharmacol. 2022;109:108907.

Wang B, Wu'Y, Liu R, Xu H, Mei X, Shang Q, et al. Lactobacillus rhamnosus
GG promotes M1 polarization in murine bone marrow-derived mac-
rophages by activating TLR2/MyD88/MAPK signaling pathway. Anim Sci J.
2020;,91:213439.

Lelubre C, Vincent JL. Mechanisms and treatment of organ failure in
sepsis. Nat Rev Nephrol. 2018;14:417-27.

NiJ, ZhaoY, Su J, Liu Z, Fang S, Li L, et al. Toddalolactone protects lipopol-
ysaccharide-induced sepsis and attenuates lipopolysaccharide-induced
inflammatory response by modulating HMGB1-NF-«B translocation. Front
Pharmacol. 2020;11:100.

Drechsler S, Osuchowski M. Cecal ligation and puncture. Methods Mol
Biol. 2021;2321:1-8.

Bashiri S, Nemati Mansoor F, Valadkhani Z. Expansion of a highly sensitive
and specific ELISA test for diagnosis of hydatidosis using recombinant
EgB8/2 protein. Iran J Basic Med Sci. 2019;22:134-9.

Chen C, Zhao D, Fang S, Chen Q, Cheng B, Fang X, et al. TRIM22-mediated
apoptosis is associated with Bak oligomerization in monocytes. Sci Rep.
2017;7:39961.

Xie DL, Zheng MM, Zheng Y, Gao H, Zhang J, Zhang T, et al. Vibrio
vulnificus induces mTOR activation and inflammatory responses in mac-
rophages. PLoS ONE. 2017;12:e0181454.

Funes SC, Rios M, Escobar-Vera J, Kalergis AM. Implications of mac-
rophage polarization in autoimmunity. Immunology. 2018;154:186-95.
Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M,
Esmaeili SA, Mardani F, et al. Macrophage plasticity, polarization, and
function in health and disease. J Cell Physiol. 2018;233:6425-40.
Schramm G, Suwandi A, Galeev A, Sharma S, Braun J, Claes AK, et al.
Schistosome eggs impair protective Th1/Th17 immune responses against
salmonella infection. Front Immunol. 2018;9:2614.

. Radovic |, Gruden-Movsesijan A, llic N, Cvetkovic J, Mojsilovic S, Devic M,

et al. Immunomodulatory effects of Trichinella spiralis-derived excretory-
secretory antigens. Immunol Res. 2015;61:312-25.

Ho CH, Cheng CH, Huang TW, Peng SY, Lee KM, Cheng PC. Switched
phenotypes of macrophages during the different stages of Schistosoma



Qian et al. Parasites & Vectors (2024) 17:467 Page 17 of 17

Jjaponicum infection influenced the subsequent trends of immune
responses. J Microbiol Immunol Infect. 2022;55:503-26.

59. LiH, QiuD,Yang H, YuanY,Wu L, Chu L, et al. Therapeutic efficacy of
excretory-secretory products of Trichinella spiralis adult worms on sepsis-
induced acute lung injury in a mouse model. Front Cell Infect Microbiol.
2021;11:653843.

60. Wang H, Li J, Pu H, Hasan B, Ma J, Jones MK, et al. Echinococcus granulosus
infection reduces airway inflammation of mice likely through enhancing
IL-10 and down-regulation of IL-5 and IL-17A. Parasit Vectors. 2014;7:522.

61. Kim HJ, Kang SA, Yong TS, Shin MH, Lee KJ, Park GM, et al. Therapeutic
effects of Echinococcus granulosus cystic fluid on allergic airway inflam-
mation. Exp Parasitol. 2019;198:63-70.

62. Jeong MJ, Kang SA, Choi JH, Lee DI, Yu HS. Extracellular vesicles of Echino-
coccus granulosus have therapeutic effects in allergic airway inflamma-
tion. Parasite Immunol. 2021;43:e12872.

63. Siracusano A, Margutti P, Delunardo F, Profumo E, Rigano R, Buttari B, et al.
Molecular cross-talk in host-parasite relationships: the intriguing immu-
nomodulatory role of Echinococcus antigen B in cystic echinococcosis. Int
J Parasitol. 2008;38:1371-6.

64. Rigano R, Buttari B, Profumo E, Ortona E, Delunardo F, Margutti P, et al.
Echinococcus granulosus antigen B impairs human dendritic cell differen-
tiation and polarizes immature dendritic cell maturation towards a Th2
cell response. Infect Immun. 2007;75:1667-78.

65. Ludwig-Portugall |, Layland LE. TLRs, Treg, and B Cells, an interplay of
regulation during helminth infection. Front Immunol. 2012;3:8.

66. Sato M, Takeuchi S, Moriya R, Kito T, Soga S, Aoyama K, et al. Novel
TLR2xTLR4 bispecific antibody inhibits bacterial sepsis. Monoclon Antib
Immunodiagn Immunother. 2021;40:6-10.

67. Castoldi A, Braga TT, Correa-Costa M, Aguiar CF, Bassi FJ, Correa-Silva
R, et al. TLR2, TLR4 and the MYD88 signaling pathway are crucial for
neutrophil migration in acute kidney injury induced by sepsis. PLoS ONE.
2012;7:€37584.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Therapeutic effect of recombinant Echinococcus granulosus antigen B subunit 2 protein on sepsis in a mouse model
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals
	Expression and purification of recombinant EgAgB protein (rEgAgB)
	Isolation and culture of mouse peritoneal macrophages
	Effect of rEgAgB on macrophage polarization in vitro
	Flow cytometry
	Establishment of mouse sepsis model by cecal ligation and puncture (CLP)
	Treatment of mouse sepsis with rEgAgB
	Serological assays
	Histopathological examination in tissues of liver, kidney, and lung
	Expression of iNOS and Arg-1 in liver, kidney, and lung tissues
	Expressions of TLR2 and MyD88 in PMs and tissues of mice
	Statistical analysis

	Results
	Expression and purification of rEgAgB
	rEgAgB reduced LPS-induced macrophage inflammatory responses in vitro
	Treatment with rEgAgB improved the survival rate of CLP-induced sepsis in mice
	Treatment with rEgAgB inhibited proinflammatory cytokines and stimulated regulatory cytokines in mice with CLP-induced sepsis
	Treatment with rEgAgB reduced the sepsis-caused pathological injury in liver, kidney, and lung of septic mice
	Treatment with rEgAgB reduced iNOS and boosted Arg-1 expression in liver, kidney, and lung tissues of septic mice
	Incubation with rEgAgB suppressed TLR2 and MyD88 on PMs
	Treatment with rEgAgB alleviated polymicrobial sepsis associated with downregulation TLR2 and MyD88 pathway in septic mice

	Discussion
	Conclusions
	Acknowledgements
	References


