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Introduction: Alveolar echinococcosis is a lethal zoonosis caused by Echinococcus multilocularis (E.m) larvae. The mechanism by
which E.m evades host immune attacks and ensures long-term survival remains unexplained. The complement system is a cascade of
sequentially activated complement proteins that results in opsonization-related phagocytosis or membrane lysis of invading organisms.
Excretory/secretory proteins (ESPs) of parasites are the main antigens that induce the immune response and play important roles in the
long-term survival.
Methods: We investigated the possibility that E.m inhibits complement activation through ESPs and examined the potential related
mechanism. A haemolysis assay was used to determine if and how in vitro culture medium of E.m containing ESPs can inhibit
complement activation. Potential ESPs were annotated using bioinformatics methods, and one ESP was subsequently expressed as a
recombinant protein with a eukaryotic expression system. The ability of this protein to inhibit complement activation was also tested
by haemolysis assay.
Results: These assays showed that in vitro culture medium of E.m inhibited activation of the complement classical pathway.
EmuJ_000439500 encodes a protein containing seven Sushi domains, which was the only potential E.m-derived complement inhibitor
(Em-CI, UniProt: A0A068Y4F2) annotated among the 653 ESPs. Recombinant Em-CI also displayed the ability to inhibit activation
of the complement classical pathway.
Discussion: The discovery of Em-CI sheds light on the mechanism by which E.m escapes killing by the complement system and
provides potential targets for immunotherapy for parasitic diseases.
Keywords: Echinococcus multilocularis, alveolar echinococcosis, complement inhibition, excretory/secretory protein

Introduction
Alveolar echinococcosis (AE) is a lethal parasitic disease primarily characterized by tumor-like hepatic infiltration caused
by the continuous proliferation of Echinococcus multilocularis (E.m) metacestodes.1 Symptoms including jaundice and
abdominal pain are mostly the results of lesions invading both the biliary and vascular structures. Frequent infiltration of
adjacent or metastases into distant tissues/organs exacerbates the disease.2

The parasitic tissue comprises plentiful tiny, irregular cavities, which are parasitic vesicles containing the actively
proliferating parasites. The border of the invasive parasitic tissue is not clearly outlined from the adjacent normal liver
parenchyma according to macroscopic examinations because the proliferative behavior of the parasitic tissue is partly
contained by the host periparasitic fibro-inflammatory response. The central part of the AE lesion that consists mainly of
fibrous tissue is commonly liquefied or calcified through necrosis due to the deficiency of vascularization and occasional
bacterial infection.3

The natural life cycle of E.m can occasionally involve humans as intermediate hosts, which become infected through
ingestion of tapeworm eggs and subsequently develop into metacestodes (primary infection). Specifically, the E.m
oncosphere is released into the intestine and then penetrates the intestinal wall. Before migrating into the liver via portal
vein blood, the oncosphere must avoid destruction by the complement system. Moreover, E.m must prevent itself from
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being attacked by the complement system during the development of the oncosphere into the metacestode in the liver and
subsequently chronically infects the host.

The complement system, which is the first line of defence against infestor, involves a cascade of sequentially
activated complement proteins that results in opsonization-related phagocytosis or membrane lysis of the invading
pathogen.4 Activation of the complement system is triggered via the classical pathway (CP), the lectin pathway (LP),
or the alternative pathway (AP). The CP is prompted by antibody-antigen complexes.5 The LP is initiated by the
recognition of non-self carbohydrates.6 The AP is continuously active motivated by low-level background enzyme
activation.7,8 Complement activation defects and dysfunction are closely related to the development of various infections
including Taenia taeniaeformis, Necator americanus, Schistosoma mansoni, etc.9,10

Amplification of complement activation is prevented by a family of proteins called complement regulators. C4b-
binding protein (C4BP) is one of the significant complement regulators. This 500 kDa protein can specifically inhibit the
action of the CP and LP by interacting with C4 and C3b to act as a key soluble regulator. The function of C4BP is
accelerating the decay of C3-convertase and cofactor ability of the serine protease factor I, which cleaves C4b and C3b.11

The complement regulators have recently been found to be characterized as Sushi domain-containing (SUSD) protein
family and Human CUB and Sushi multiple domains (CSMD) family, which share homologous structures with known
complement inhibitors and modulate complement activity.12

Previous research on schistosomiasis13 and malaria14 has demonstrated that the corresponding parasites interfere with
the complement system through a variety of mechanisms, leading to diminished local inflammatory responses and
progression into chronic infectious diseases. During Echinococcus granulosus (E.g) infection, the complement system is
activated via the AP, and the protoscolex is thereby lysed to control parasitic infection.15,16 However, parasites can evade
immune attacks by secreting molecules that regulate the complement system.16 Recently, Ferreira et al found that mice
deficient in C5 are more susceptible to E.g infection and exhibit more severe lesions than wild-type mice.17

Excretory/secretory proteins (ESPs) are antigenic substances excreted by parasites. ESPs are directly exposed to the
host’s immune system and are the main antigens that induce host immune responses. Moreover, ESPs play vital roles in
the long-term survival of parasites within hosts. Recognized as virulence factors, ESPs also function as immunomodu-
lators/inhibitors to regulate local and systemic immune responses, inhibit inflammation, and mediate immune escape,
thus creating a microenvironment where parasites can survive for a long time.9,18 Indeed, previous studies on parasites,
such as nematodes, trematodes, and tapeworms (including E.m and E.g), have elucidated that these parasites can impair
the host immune system and promote their own long-term survival by producing ESPs.10

Despite the significant roles of ESPs produced by other helminths in evasive mechanisms, the functions of ESPs in E.
m infection remain undefined. Thus, we aimed to decode the underlying mechanisms of ESPs in E.m-related disease. In
the present study, we discovered, for the first time, that in vitro culture medium (CM) from E.m protoscoleces is able to
inhibit complement activation. Through bioinformatics analysis, we predicted that E.m ESP molecules have structures
similar to those of known complement regulators. Intriguingly, a recombinant ESP produced in a yeast expression system
could inhibit complement activation. To our knowledge, this is the first evidence that complement inhibitors are present
among E.m-secreted proteins.

Methods
Ethics Statement
All protocols concerning animal experiments were approved by the laboratory animal welfare and ethics committee, West
China Hospital, Sichuan University (permit number: 2021275A), in accordance with the ethical guidelines for the care
and use of laboratory animals of the National Institute of Parasitic Diseases, Chinese Center for Disease Control and
Prevention. Human serum was obtained from the author and performed in accordance with the 1975 Declaration of
Helsinki. The study was approved by the ethics committee of West China Hospital of Sichuan University (permit
number: 201738), and informed consent was provided.
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Isolation and Culture of E.m Protoscoleces
E.m was propagated in Mongolian jirds (Meriones unguiculatus) as described previously.33 To isolate protoscoleces,
parasite-containing tissues were procured from infected jirds and homogenized as described by Brehm.34 The homo-
genate was subsequently filtered through a nylon mesh with a 100 µm pore size to remove larger debris. Sequentially, the
filtrate was passed through a nylon mesh with a 40 µm pore size to isolate the protoscoleces from the cellular
components. The protoscoleces were washed off from the meshes with sterile PBS containing 100 U/mL penicillin
and 100 μg/mL streptomycin (PBS-PS). The activity of protoscoleces was determined by 0.1% eosin staining, with dead
protoscoleces staining red.

In vitro culture of E.m protoscoleces was described previously.19 Protoscoleces with ≥95% activity were cultivated in
RPMI 1640 (Gibco, Auckland, New Zealand) containing 0.45% (w/v) yeast extract, 0.4% (w/v) glucose, 25% (v/v) foetal
bovine serum (Gibco, heated under 56°C for 30 min to inactivate complement), 100 U/mL penicillin and 100 μg/mL
streptomycin in a flask at 37°C in 5% CO2. The medium was changed every 3 days. A volume of 2 mL of in vitro CM of
E.m was obtained every day for subsequent haemolytic assay, and the culture flask was replenished with an equal volume
of fresh medium.

Preparation of Sera and Erythrocytes
NHS was prepared from the peripheral blood of healthy donors. The blood was kept at room temperature for 30 min to
coagulate, placed in ice for 60 min, and then centrifuged for 7 min at 700 × g. The serum fraction was collected and
stored at −80°C until use.

REs were purchased from Solarbio (Beijing, China). Using Mg-ethylene glycol tetraacetic acid (EGTA) buffer (2075
mM veronal buffer pH 7.3, 10 mM EGTA, 7 mM MgCl2, 0.083% gelatin, 116 mM glucose, 60 mM NaCl), REs (1.6 ×
109, corresponding to 2 mL of stock solution) were washed until there was no visible haemoglobin in the supernatant.
Then, 1.6 × 109 REs were suspended in 50 μL of Mg-EGTA buffer, and the suspension was used as the stock for the
assays.

ShEs were purchased from Solarbio. Using a dextrose gelatin veronal buffer (DGVB) buffer (2.5 mM veronal buffer,
pH 7.3, 72 mM NaCl, 140 mM glucose, 0.1% gelatin, 1 mM MgCl2, and 0.15 mM CaCl2), ShEs (4 × 108, corresponding
to 1 mL of stock solution) were washed, pelleted and mixed with 2 mL of DGVB containing amboceptor (Solarbio,
Beijing) and diluted 1:200. The mixture was then incubated for 10 min at 37°C with shaking. Subsequently, we washed
the sensitized ShEs twice and resuspended in 500 μL of DGVB, and the suspension was used as the stock for the assays.

CM Haemolytic Assay
To determine whether CM can inhibit activation of the complement AP or CP, REs or ShEs at different concentrations
(corresponding to 50 µL) were incubated in 50 μL of buffers permissive for a given pathway (DGVB or Mg-EGTA) for
30 min in the presence of 50 μL of HI-CM (96°C, 30 min) and 50 μL of NHS at different concentrations. Aliquots of 150
µL of 0.5% Triton X-100 and buffer were used as positive and negative controls, respectively. Thereafter, the
erythrocytes were centrifuged (2000 × g, 10 min), and the released haemoglobin was measured at 541 nm using a
microplate reader (Thermo Scientific). The haemolysis rate was determined by the average absorbance value. The
absorbance value of each sample was calculated as follows: (sample value – negative control group value)/(positive
control value – negative control group value). All samples were tested in quintuplicate.

Bioinformatics Analysis of E.m ESPs
The protein sequences of E.m were extracted from the GeneDB website. We first used TMHMM 2.0 to predict the
transmembrane domains of all the E.m protein sequences and removed proteins with multiple transmembrane domains.34,35

Phobius was further utilized to exclude proteins with single transmembrane domains.35 SignalP 5.0 analysis (selected
organism group: “Eukarya”) was conducted to filter classical ESPs containing signal peptides at their N-termini from
proteins that did not cover any transmembrane regions.36 For proteins without signal peptides, SecretomeP (with the
“Mammalian” setting) was used to screen out non-classical ESPs containing no N-terminal signal peptides. Target (with the
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“Non-plant” setting) and ScanProsite (Prosite: PS00014) were employed to filter out classical and non-classical ESPs with
subcellular localizations, excluding mitochondrial proteins and endoplasmic reticulum proteins.25 Finally, PredGPI
(omega-site prediction mode, “General model” setting, specificity >99%) was used to exclude glycosylphosphatidylino-
sitol-anchored proteins.

The sequences of E.m ESPs were uploaded to the KEGG Automatic Annotation Server (KAAS) and searched by
BLAST using the single-directional best hit (SBH) assignment method. Schistosoma mansoni was selected as the GENES
data set. OmicsBox (Blast2GO) was used to identify the protein domains, families, and functional sites of the ESPs.
Finally, a protein–protein interaction (PPI) network of the ESPs was created with STRING. EmuJ_000439500, which
encodes an ESP (UniProt: A0A068Y4F2) that contains multiple Sushi domains, was the Em-CI predicted with the
highest confidence.

Quantitative Real-Time PCR
RNA was extracted and purified from metacestode tissue freshly harvested from 6 infected and three healthy jirds using
an RNeasy Mini Kit (Qiagen, Hombrechtikon, Switzerland) according to the standard protocol. cDNA synthesis was
performed using an Omniscript Reverse Transcription Kit (Qiagen). EmuJ_000439500 mRNA expression was analysed.
Quantitative real-time PCR was performed using FastStart SYBR Green Master Mix (Roche) and an Eppendorf Realplex
Mastercycler. The primers were designed using the program Primer 5.0 according to EmuJ_000439500 sequence data
and included 5’-ATACAAAATGCGATGGTCATAGAGG-3’, 5’-AATGAGGTGGTAACACACACAGC-3’, 5’-GCAG
TTTGTTGTCACTCGGGT-3’, and 5’-GGACACTTTTACCTTTCACCTC-3’.

Recombinant Em-CI Expression
The Em-CI predicted by bioinformatics analysis was expressed as a recombinant protein in Pichia pastoris. A codon-
optimized synthetic gene encoding the ESP was obtained from Takara Biomedical Technology (Beijing, China) and
subsequently cloned into pPICZαA. The EmuJ_000439500 gene was cloned into the EcoRI and XbaI sites of DH5a
bacteria. The plasmids were extracted using Qiagen plasmid purification systems. The constructed plasmids were verified
by PCR using the forward primer 5’-CCAGTCAACACTACAACAGAAGATG-3’ and the reverse primer 5’-
CTTCTTGTACTTCCACTGGTTGC-3’.

The recombinant plasmid containing the EmuJ_000439500 sequence was then linearized with the SacI restriction
enzyme and transfected into P. pastoris X-33 by electroporation using a Gene Pulser Xcell™ Electroporation System
(Bio-Rad Laboratories, USA) at 1500 V for 10 ms (voltage, 1500 V; resistance, 200 Ω; capacitance, 25 μF). The
transformants were initially selected on YPD (10 g/l yeast extract, 20 g/l peptone, 20 g/l glucose and 20 g/l agar) plates
containing 150 μg/mL zeocin and subsequently reselected on YPD plates containing 500 μg/mL zeocin. Finally, the
transformants that survived at the higher zeocin concentration were used for the production of Em-CI. The P. pastoris
transformants were grown in a liquid medium containing 0.5% methanol for induction of Em-CI expression. Em-CI
secreted into the medium was purified by cation-exchange (HiTrap Heparin HP) chromatography. An AKTA Prime fast
protein liquid chromatography system (GE Healthcare) was used for the purification steps. After separating the proteins
by SDS-PAGE, Western blot analysis was carried out with an anti-His antibody (BD Biosciences) for identification of the
recombinant protein.

Recombinant Em-CI Haemolytic Assay
To determine whether Em-CI can inhibit activation of the complement CP, 1 × 10^7 ShEs (corresponding to 50 µL) were
incubated in 50 μL of DGVB for 30 min in the presence of 50 μL of Em-CI or heat-inactivated Em-CI (HI-Em-CI) (96°
C, 30 min) in different concentrations and 50 μL of NHS (1:50 diluted). Aliquots of 150 µL of 0.5% Triton X-100 and
buffer were used as positive and negative controls, respectively. Thereafter, the erythrocytes were centrifuged (2000 × g,
10 min), and the released haemoglobin was measured at 541 nm using a microplate reader (Thermo Scientific). The
haemolysis rate was determined by the average absorbance value. The absorbance value of each sample was calculated as
follows: (sample value – negative control group value)/(positive control value – negative control group value).
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Summary
This study explored the interaction between Echinococcus multilocularis (E.m) and the host complement system.
Through bioinformatics methods, for the first time, we discovered an excretory protein of E.m playing as a complement
classic pathway inhibitor, which was further confirmed by the haemolysis assay. This study provides research strategies
and insights regarding the interactions between E.m and the innate immune system.

Statistical Analysis
The experimental results are reported as the mean ± SD. Two-way ANOVA analysis was used for multiple comparisons
(GraphPad Prism version 7 for Windows, San Diego, CA, USA). The Bonferroni correction was applied for multiple
comparison. Differences at the * p < 0.0332, ** p < 0.0021, *** p < 0.0002 and **** p < 0.0001 levels were considered
statistically significant.

Results
Identification of the Effects of CM of E.m Protoscoleces on Complement Activity
We first investigated whether CM of E.m could inhibit complement activity in the AP under different RE concentrations.
The serum concentration was initially set at 20%. Rabbit erythrocytes (REs) were incubated with E.m CM obtained on
day 3. The haemolysis rate increased rapidly with decreasing concentrations of REs until the RE concentration reached 2
× 108/200µL (Figure 1A and B). After that, we tested the haemolysis rates when 2 × 108 REs were incubated with E.m
CM obtained on day 3 with different concentrations of normal human serum (NHS) (Figure 1C and D). Finally, we tested
the haemolysis rates of REs (2 × 108) incubated with NHS (1:5 dilution) and CM obtained on different days. There was
little change in haemolysis rates with increasing culture time (Figure 1E and F). All three tests showed no significant
differences in haemolysis rates between CM and CM or heat-inactivated CM (HI-CM) (p > 0.05), suggesting that CM of
E.m might have no inhibitory effects on complement activation through the AP.

We subsequently tested the complement inhibition caused by CM through the CP under different ShE concentrations.
The serum concentration was initially set at 2%. Sheep erythrocytes (ShEs) were incubated with E.m CM obtained on
day 3. The haemolysis rate increased rapidly with decreasing concentrations of REs until the ShE concentration reached
1×107/200µL (Figure 2A and B). The haemolysis rates when 1 × 107 ShEs were incubated with E.m CM obtained on day
3 and different concentrations of NHS were subsequently tested (Figure 2C and D). Finally, we tested the haemolysis
rates of ShEs (1 × 107) incubated with NHS (1:20 dilution) and CM obtained on different days. There was little change in
haemolysis rates with increasing culture time (Figure 2E and F). Intriguingly, the haemolysis rates of CM group are
significantly lower than that of HI-CM group in most tests, suggesting that CM of E.m might have inhibitory effects on
complement activation through the CP.

Analysis and Prediction of the Function of the ESP-Encoding Gene EmuJ_000439500
Based on the above results, we preliminarily speculated that a specific component secreted by E.m in the CM might have
suppressive effects on complement activation. ESPs, which are well-studied factors mediating evasion of the host
immune system, have become popular research topics. Through protein functional annotation, pathway annotation,
Clusters of Orthologous Groups (COGs) functional annotation and Gene Ontology (GO) annotation, we identified protein
sequences for 653 ESPs, including 438 classical ESPs and 215 non-classical ESPs; these sequences accounted for 7.5%
of the total proteome. Moreover, 360 ESPs were annotated and were enriched mainly for the integral component of
membrane and extracellular region terms. These ESPs were associated with various molecular functions, such as protein
binding, ATP binding, and serine-type endopeptidase inhibitor activity. In addition, some ESPs were found to be involved
in several biological processes, including proteolysis, negative regulation of endopeptidase activity, and regulation of
DNA-templated transcription. To better understand the potential functions of the ESPs, we conducted a protein domain
enrichment analysis by searching the InterPro database. Of the 653 ESPs, 434 (66.5%) were successfully annotated in at
least one database. A total of 490 ESPs were annotated in 300 InterPro protein families (Supplementary Table S1). The
most enriched protein families include the pancreatic trypsin inhibitor Kunitz domain superfamily, the immunoglobulin-
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like fold superfamily, and the Taeniidae antigen family. A total of 332 ESPs were annotated with 206 domains
(Supplementary Tables S2 and S3). The most enriched domains included the pancreatic trypsin inhibitor Kunitz domain,
the peptidase C1A, papain C-terminal domain, and the papain-like cysteine endopeptidase domain. The ESP (UniProt:

Figure 1 Determining complement alternative pathway inhibition ability of in vitro culture medium (CM) of Echinococcus multilocularis (E.m) protoscoleces through
haemolytic assay. (A and B) Assay examining CM-mediated haemolysis in REs at different concentrations. NHS was diluted 1:5, and the CM was obtained on day 3. As the RE
concentration decreased, the haemolysis rate increased rapidly until the RE concentration reached 2×108. (C and D) Assay examining CM-mediated haemolysis under
different NHS concentrations. The RE concentration was 2 × 108, and the CM was obtained on day 3. The haemolysis rate increased rapidly as the NHS concentration
increased until it reached 20%. (E and F) Assay examining CM-mediated haemolysis by CM obtained on different days. The RE concentration was 2 × 108, and the NHS was
1:5 diluted. There was little change in haemolysis rate with increasing culture time. After all, there was no significant differences in haemolysis rates between CM and HI-CM
(p>0.05).
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A0A068Y4F2)-encoding gene EmuJ_000439500 was annotated with the IPR000436 domain (Sushi domain/short
consensus repeat/complement control protein), which suggests that A0A068Y4F2 is a potential complement inhibitor.

Figure 2 Determining complement classic pathway inhibition ability of in vitro culturemedium (CM) of Echinococcus multilocularis (E.m) protoscoleces through haemolytic assay. (A and
B) Assay examining CM-mediated haemolysis in ShEs at different concentrations. NHS was 1:50 diluted, and the CM was obtained on day 3. As the ShE concentration decreased, the
haemolysis rate increased rapidly until the RE concentration reached 1×107. (C and D) Assay examining CM-mediated haemolysis under different NHS concentrations. The RE
concentration was 1×107, and the CMwas obtained on day 3. The haemolysis rate increased rapidly as the NHS concentration increased until it reached 5%. (E and F) Assay examining
CM-mediated haemolysis by CM obtained on different days. The RE concentration was 1×107, and the NHS was 1:20 diluted. Therewas little change in haemolysis rate with increasing
culture time. After all, the haemolysis rates of CM group are significantly lower than that of HI-CM group. *p < 0.0332, ***p < 0.0002 and ****p < 0.0001.
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See supplementary files for more information about the GO annotation, KEGG pathway analysis (Supplementary
Figure S1), InterPro analysis, and PPI network analysis (Supplementary Figure S2).

EmuJ_000439500 encodes an ESP (UniProt: A0A068Y4F2, registration name: “C4b binding protein beta chain”) that
is composed of 682 amino acids (Supplementary Table S4). The inferred molecular formula is C3265H5052N924O994S51,
and the entire amino acid sequence contains 7 Sushi domains located at amino acids 111–168, 171–241, 242–313,
314–371, 372–434, 508–595 and 596–667. The amino acid sequence includes 68 negatively charged amino acid residues
(Asp + Glu) and 72 positively charged amino acid residues (Arg + Lys). The relative molecular weight of E.m-derived
complement inhibitor (Em-CI) was determined to be 74788.69, the theoretical isoelectric point was 7.85, and the
instability coefficient was 39.55, suggesting that this ESP is a stable protein. The average hydrophilicity index, or
grand average of hydropathicity (GRAVY), was −0.374, suggesting that Em-CI is hydrophilic. The estimated half-life of
Em-CI was determined to be 30 hours in mammalian reticulocytes (in vitro), while it was predicted to be >20 hours in
yeast (in vivo) and >10 hours in Escherichia coli (in vivo).

To further evaluate the hydrophilicity/hydrophobicity of Em-CI, we used ProtScale online software to analyse the
protein. The approximate region of amino acids 5–20 was the most hydrophobic, while amino acid sites 100–115 and
445–455 exhibited strong hydrophobicity. In contrast, the most hydrophilic region encompassed amino acids 195–205,
while amino acid sites 120–130 and 235–245 exhibited strong hydrophilicity (Figure 3A). According to the TMHMM 2.0
and SignalP 4.0 data, Em-CI was further confirmed to feature a signal peptide located at amino acids 1–18 (Figure 3B)
and to lack a transmembrane structure (Figure 3C). Em-CI was predicted to have PPIs with 11 other ESPs (Figure 3D).
The antigenic peptide prediction analysis (Supplementary Table S5) revealed that Em-CI contained 30 antigenic
determinants with an average antigenic propensity of 1.0390. The region including amino acids 79–115 had the highest
antigenic propensity, followed by the regions including amino acids 459–485 and 589–613 (Figure 3E). According to
data from NetPhos, Em-CI contained 120 phosphorylation sites. Sites 46, 48, 658, 409, and 578 had somewhat higher
phosphorylation potential than the other sites (Figure 3F). Self-Optimized Prediction Method with Alignment (SOPMA)
analysis indicated that Em-CI contained α-helices, β-sheets, disordered coils, and β-turns with proportions of 4.11%,
22.43%, 68.04%, and 5.43%, respectively. The tertiary structure of Em-CI was visualized with Visual Molecular
Dynamics (VMD) (Figure 4).

To verify whether EmuJ_000439500 mRNA was expressed in mouse lesions, liver samples were obtained from 6
infected Mongolian jirds and 3 noninfected jirds. As expected, the results of quantitative real-time PCR suggested that
EmuJ_000439500 mRNA was expressed in the liver lesions of E.m-infected mice but was not expressed in normal liver
specimens. Therefore, EmuJ_000439500, which encodes Em-CI, is markedly expressed in mouse livers during E.m
infection (Supplementary Figure S3).

Recombinant EmuJ_000439500-Encoded Em-CI Displays Complement Inhibition
Ability
To confirm that EmuJ_000439500 encodes an Em-CI, we constructed a recombinant plasmid containing the
EmuJ_000439500 gene. After the pPICZαA vector was amplified with E. coli, the pPICZαA plasmid and the
EmuJ_000439500 gene were digested with EcoRI and XbaI, ligated with ligase and transferred into E. coli for amplification
(Figure 5A). The verified plasmid was then linearized and transferred into yeast (Supplementary Figures S4–S7). In the
presence of 500 µg/mL bleomycin, a small amount of protein was expressed. Protein samples were collected after 24 h, 48 h
and 72 h of bleomycin treatment and then verified by SDS-PAGE and Western blot analysis. Compared with empty vector
transfection, recombinant vector transfection induced ESP production (Figure 5B and C).

To evaluate the complement-inhibiting ability of the recombinant Em-CI, we tested the haemolysis rates of 2 × 108

REs incubated with NHS at a 1:5 dilution and with the recombinant Em-CI at different concentrations (5 µg/mL, 10 µg/
mL, 20 µg/mL, 50 µg/mL and 100 µg/mL). There was no difference in the haemolysis rate between the Em-CI group and
the heat-inactivated Em-CI (HI-Em-CI), which suggested that Em-CI could not inhibit complement activation through
the AP (Figure 6A and B). The effect of Em-CI on the CP was further tested in ShEs (concentration: 1 × 107) incubated
with NHS at a 1:50 dilution and with recombinant Em-CI at the same concentrations listed above. The haemolysis rate of
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Em-CI group was significantly lower than that of the HI-Em-CI group, and the rate decreased with increasing
concentrations of Em-CI (Figure 6C and D). Taken together, these results suggest that recombinant Em-CI inhibits
complement activation through the CP in a dose-dependent manner.

Discussion
Oncospheres of E.m are able to avoid attack by the host complement system, while they penetrate the intestinal wall to
enter the portal vein and eventually colonize the liver. However, the mechanism has remained unclear. Our findings
reveal that E.m may selectively inhibit CP activation of the complement system by ESPs to evade complement killing. In
addition, this study found that the medium of in vitro-cultured protoscoleces of E.m inhibits complement activation via
the CP, suggesting that particular components secreted by protoscoleces into the CM can help inhibit complement
activation. Bioinformatics methods were used to annotate and analyse the E.m proteome. The protein A0A068Y4F2
encoded by EmuJ_000439500 was ultimately selected from among 653 ESPs. A0A068Y4F2 was the only ESP contain-
ing 7 Sushi domains and was also the only potential inhibitor of complement activation. After predicting the basic
physical and chemical properties of this protein, we used a yeast recombination system to produce recombinant Em-CI

Figure 3 Prediction of the physical and chemical features of Echinococcus multilocularis derived complement inhibitor (Em-CI). (A) Hydrophobicity/hydrophilicity of Em-CI.
Positive scores indicated hydrophobicity, and negative scores indicated hydrophilicity. A higher absolute value indicates a higher degree of hydrophobicity/hydrophilicity. (B)
Em-CI transmembrane structure prediction. (C) Em-CI signal peptide prediction.fgh. (D) Protein-protein interaction network of Em-CI. (E) Antigenic epitope prediction of
Em-CI. (F) Phosphorylation site predictions of Em-CI.
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and found that it could inhibit activation of the complement system through the CP. These results were similar to the
results obtained with E.m CM, suggesting that Em-CI may be a component of the CM that inhibits complement
activation. The discovery of Em-CI sheds light on the mechanism by which E.m escapes killing by the complement
system and provides potential targets for immunotherapy for parasitic diseases.

Following an improved method for in vitro culture of E.m protoscoleces reported by Wang et al,19 we obtained CM
containing E.m protoscolex excretory proteins. The complement haemolysis assay verified that the CM inhibited
complement CP activation. We thus hypothesized that ESPs contained in the medium inhibited complement activation.
In previous studies, ESPs have been able to be discovered and verified only through conventional experimental methods,
which are undoubtedly extremely costly in terms of time and financial and material resources. However, it is now
possible to discover proteins and predict their functions through bioinformatics.20 The genome of E.m was published by
Tsai et al in 2013.21 Based on the whole genome, this study utilized a variety of analysis tools to exclude proteins
containing transmembrane regions and then distinguished between classical and non-classical pathway-secreted proteins
according to whether the proteins contained N-terminal signal peptide sequences. Mitochondrial proteins, endoplasmic
reticulum proteins, and glycosylphosphatidylinositol-anchored proteins were excluded from the list of possible secreted
proteins. On this basis, we analysed the theoretical structures, functions, pathways, and interactions of the ESPs. Our
findings not only lay a foundation for further discovery of potential complement inhibitors but also provide insights into
the mechanisms of action of other E.m-derived molecules during the infection process.

Due to the presence of the typical complement regulatory protein domain, bioinformatics analysis revealed only one
potential complement inhibitor among the E.m-derived ESPs. Thus far, only a few studies have used bioinformatics to
predict E.m-derived ESPs and their functions. Multiple antigens have been confirmed to have good immunogenicity or

Figure 4 (A) Secondary structure of Echinococcus multilocularis derived complement inhibitor (Em-CI). hh denotes an α-helix, ee denotes an extended strand, tt denotes a β-
turn, and cc denotes a random coil. (B) Tertiary structure of Em-CI.
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immunoregulatory effects.22,23 However, few ESPs have been discovered so far, and there is very little information
available on ESP structures and functions. The Em-CI found in this study was annotated as the only complement
inhibitor because it contained 7 Sushi domains. The Sushi domain is a highly conserved functional domain. Many studies
have demonstrated that multiple continuous Sushi domains are common features of complement inhibitors, such as H
factor and CD46.12,24 In this study, Em-CI was annotated as the C4BP β chain in UniProt, suggesting that its function and
mechanism may be similar to those of C4BP. However, in the human body, the C4BP α chain, rather than the β chain,
binds to the C4-activated fragment C4b and thereby inhibits the formation of C3 convertase to inhibit complement
activation. Moreover, C4BP does not even contain a β chain in mice and rabbits.11 Further analysis has shown that the β
chain of C4BP in humans has a mass of 45 kDa and contains only two Sushi domains;25 thus, it is quite different from
Em-CI. These results show that bioinformatics analyses can provide important clues for proteomics research but still
cannot replace conventional proteomics research techniques. The structures and functions of proteins will eventually be
able to be verified through experiments with recombinant proteins.

Figure 5 (A) Construction process of the pPICZαA recombinant vector. (B and C) Low levels of recombinant protein expression were validated by SDS-PAGE and
Western blot analysis. Lanes 1–3: intracellular protein expression in yeast transfected with recombinant pPICZαA at 24 h, 48 h and 72 h. Lanes 4–6: extracellular protein
expression by yeast transfected with recombinant pPICZαA at 24 h, 48 h and 72 h. Lanes 7–9: intracellular protein expression in yeast transfected with the empty vector at
24 h, 48 h and 72 h. Lanes 10–12: extracellular protein expression by yeast transfected with the empty vector at 24 h, 48 h and 72 h.
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After detecting only one potential Em-CI through bioinformatics analysis, we produced recombinant Em-CI using a
yeast recombinant expression system. Further experiments verified that Em-CI inhibited complement activation via the
CP in a dose-dependent manner, confirming the prediction results of the bioinformatics analysis. Em-CI may inhibit the
activation of CP through a pattern similar to that of C4BP, binding to and limiting the function of the activated
complement fragment C4b. Em-CI may also act as a cofactor to the serine protease factor I in the proteolytic inactivation
of both soluble and surface-bound C4b fragments, thus preventing the formation of the C4bC2a complex. Moreover, Em-
CI may be capable of accelerating the natural decay of C3-convertase, which further inhibits the activation of CP. Unlike
other pathogens, including gram-positive26 and negative bacteria27, E.m protoscolex directly excretes C4BP-like protein
to inhibit activation of CP rather than recruit host-originated C4BP from serum. This novel mechanism may also
enlighten a new avenue of study on pathogen-host complement interaction.

This study still had certain flaws. E.m is a parasite with a very complicated life history; it must develop from an egg
into an oncosphere, colonize the liver, and further develop into a metacestode. However, E.m cannot fully mature into the
adult stage in intermediate hosts, such as humans and mice and can only reproduce asexually via budding cysts in the
liver of the intermediate host.28 E.m expresses different proteins at different stages of its life history.29 Some studies have
investigated the use of specific proteins as markers for the identification of specific stages of the E.m life cycle.30–32 The
medium collected in this study was used mainly for culturing protoscoleces. Whether the ESPs contained in CM are the
same for E.m at other life stages requires further study. In addition, there is still a lack of Em-CI monoclonal antibodies;

Figure 6 Determining complement inhibition ability of recombinant EmuJ_000439500-encoded Echinococcus multilocularis derived complement inhibitor (Em-CI) through
haemolytic assay. (A and B) The AP-related haemolysis rates of the recombinant Em-CI and negative control groups were not significantly different when the RE
concentration was 2×108, the NHS dilution was 1:5, and different concentrations of recombinant Em-CI were used. (C and D) When the ShE concentration was 1×107 and
the NHS dilution was 1:50, the CP-related haemolysis rate of Em-CI group was significantly lower than that of heat-inactivated Em-CI (HI-Em-CI), and the haemolysis rate
decreased with increasing concentrations of recombinant Em-CI. ***p < 0.0002 and ****p < 0.0001.
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such antibodies would be useful tools for further research on the protective effect of Em-CI on E.m protoscoleces and
even the immunotherapeutic efficacy of Em-CI targeting.

In this study, we discovered that an excretory protein of E.m can inhibit complement activation through the CP. Using
bioinformatics analysis, we predicted the identity of a potential complement inhibitor among the excretory proteins of E.m. We
confirmed that recombinant EmuJ_000439500, which encodes this excretory protein, is a dose-dependent CP complement
inhibitor. This study provides research strategies and insights regarding the mechanisms of the interactions between E.m and the
innate immune system. The complement system may be useful as a target for parasite immunotherapy in the future, and
complement inhibition may be the final “secret” mechanism by which E.m escapes host immune system-mediated death.

Conclusion
In this research, we revealed that in vitro CM of E.m can inhibit activation of the CP of the complement system.
Bioinformatics analysis identified an excretory protein encoded by EmuJ_000439500 that may be an effective component
in the CM. Moreover, a recombinant form of this excretory protein expressed in a yeast system could also inhibit
activation of the complement system CP. Therefore, we conclude that E.m may inhibit activation of the complement
system via excretory proteins and thus evade complement killing.
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