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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 E. coli (rEgAgB) 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 µg 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)-α, interleukin (IL)-6] and regulatory cytokines [IL-10, transforming growth factor beta (TGF-β)] 
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)-α 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-β), 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-γ) 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-α, IL-1β, 
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 

dysfunction [16]. Some M2 macrophages are not acti-
vated by IL-4 and IL-13, but express high levels of IL-10, 
TGF-β, and arginase-I (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-κB 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-β 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.

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 XhoI 
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 × g, 4 ℃ 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 1 × 106 cells for 
each group: (i) control group incubated with complete 
1640 medium (RPMI 1640); (ii) incubated with rEgAgB 
(1  μg/ml) (rEgAgB); (iii) incubated with LPS (100  ng/
ml) (LPS); and (iv) incubated with LPS (100  ng/ml) in 
the presence of rEgAgB (1  μg/ml) (rEgAgB + LPS). Cell 
culture supernatant and cells were collected 24  h after 
incubation. The levels of TNF-α, IL-6, IL-10, and TGF-β 
in the culture supernatant were detected using individual 
enzyme linked immunosorbent assay (ELISA) detec-
tion kits (Mouse TNF-α, IL-6, and IL-10 ELISA Kits 
from Dakewe Biotech, China and Mouse TGF-β 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  μg of 
rEgAgB in a total volume of 100 µl 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, 

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-α, IL-6) 
and regulatory cytokines (IL-10 and TGF-β) 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 0

 < 25% liver involvement 1

25–50% liver involvement 2

50–75% liver involvement 3

˃ 75% liver involvement 4
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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-β-
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 β-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. 

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+ (Fig1a). 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, c, 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, c, 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-α and IL-6) compared with 
RPMI1640 group (Fig.  2). Co-incubation with rEgAgB 
decreased the levels of proinflammatory cytokines (ANOVA: 
F(3, 20) = 57.20, P < 0.0001; F(3,20) = 188.20, P < 0.0001, respec-
tively) and enhanced the levels of regulatory cytokines IL-10 
and TGF-β (ANOVA:F(3, 20) = 53.17, P < 0.0001; F(3,20) = 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 

Table 2  Kidney injury score parameters

Tubular injury and glomerular atrophy Injury scores

No pathology 0

 < 25% kidney involvement 1

25–50% kidney involvement 2

50–75% kidney involvement 3

˃ 75% kidney involvement 4

Table 3  Lung injury score parameters

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

Injury scores

No pathology 0

 < 25% lung involvement 1

25–50% lung involvement 2

50–75% lung involvement 3

˃ 75% lung involvement 4
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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 

Fig. 1  rEgAgB protein inhibited LPS-induced differentiation of M1 macrophages and promoted M2-like type macrophages. a The flow cytometry 
was applied to gate dead cells, adhere cells, and F4/80+ peritoneal macrophages (PMs). The PMs were incubated with rEgAgB (1 μg/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
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with 5 µg of rEgAgB (CLP + rEgAgB), which was signif-
icantly higher compared with the untreated CLP group 
(CLP + PBS) (Kaplan–Meier analysis: χ2 = 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-α, IL-6) and regula-
tory cytokines (IL-10, TGF-β) 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-α and IL-6 were signifi-
cantly increased in mice with CLP procedure (CLP + PBS 
group). After being treated with 5  µg 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(3, 20) = 127.40, P < 0.0001; 
F(3,20) = 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: F(3, 20) = 39.28, P < 0.0001; 
F(3,20) = 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.

Fig. 2  The culture supernatant was collected to measure levels of M1 cytokines (TNF-α, IL-6) and M2 cytokines (IL-10, TGF-β) by ELISA. The results 
were shown as the mean ± SEM for each group (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001
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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: 
F(3, 20) = 77.09, P < 0.0001; F(3,20) = 40.11, P < 0.0001;F(3, 

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: F(3, 16) = 97.97, P < 0.0001; 
F(3, 16) = 45.89, P < 0.0001;F(3, 16) = 26.95, P < 0.0001; F(3, 

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: 
F(3, 20) = 49.88, P < 0.0001; F(3, 20) = 39.06, P < 0.0001;F(3, 

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) 

Fig. 3  rEgAgB treatment improved the survival rate of mice with CLP-induced sepsis. The survival rate was determined using Kaplan–Meier method 
and compared by log-rank test (n = 10 mice per group). *P < 0.05, **P < 0.01, ***P < 0.001
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(ANOVA: F(3, 20) = 24.99, P < 0.0001; F(3, 20) = 31.72, 
P < 0.0001;F(3, 20) = 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: F(3, 8) = 5.065, P = 0.0296; F(3,8) = 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 

Fig. 4  Treatment with rEgAgB reduced the proinflammatory cytokines (TNF-α, IL-6) and induced the regulatory cytokines (IL-10, TGF-β) in sera 
of mice with CLP-induced sepsis measured by ELISA. The results were shown as the mean ± SEM for each group (n = 6). *P < 0.05, **P < 0.01, 
***P < 0.001
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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, 8) = 7.784, P = 0.0093; F(3,8) = 43.65, 
P < 0.0001; F(3, 8) = 135.3, P < 0.0001, respectively) and 
Myd88 (ANOVA: F(3, 8) = 24.71, P = 0.0002; F(3,8) = 14.98, 
P = 0.0012; F(3, 8) = 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]. 

Fig. 5  Treatment with rEgAgB alleviated tissue injury in liver, kidney, and lung of mice with CLP-induced sepsis. a The histochemical sections of liver, 
kidney, and lung tissue in mice from different group. b Treatment with rEgAgB improved injury score of liver, kidney, and lung in septic mice. The 
magnification × 200, scale bar = 100 µm. The results were shown as the mean ± SEM for each group (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001
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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 

Fig. 6  The serum levels of liver (ALT, AST) and kidney function markers (BUN, Cr) in mice of each group were measured by a fully automated 
biochemical analyzer. The results were shown as the mean ± SEM for each group (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 7  The expression levels of iNOS was reduced and Arg-1 increased in liver (a), kidney (b), and lung (c) tissues of septic mice treated with rEgAgB. 
The results were shown as the mean ± SEM for each group (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 8  The expression of TLR2 and MyD88 in PMs detected by western blot. rEgAgB downregulated TLR2 and MyD88 expression in LPS-induced 
PMs. β-actin was measured as a control. The results were shown as the mean ± SEM for each group (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001

Fig. 9  The expression of TLR2 and MyD88 in liver (a), kidney (b), and lung (c) of mice with CLP-induced sepsis detected by western blot. 
Treatment with rEgAgB downregulated TLR2 and MyD88 expression in liver, kidney, and lung tissues of septic mice 12 h after CLP surgery. β-actin 
was measured as a control. The results were shown as the mean ± SEM for each group (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001
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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-α, IL-6) mainly secreted by M1 macrophages. 
On the contrary, the levels of IL-10 and TGF-β, 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-β 
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 

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 (Ts-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-κB and further regulates 
the expression of inflammatory genes such as TNF-α 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/NF-κB 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.
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