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Abstract 

Background: Cystic echinococcosis (CE) is a serious parasitic zoonosis caused by the larvae of the tapeworm Echino-
coccus granulosus. The development of an effective vaccine is one of the most promising strategies for controlling CE.

Methods: The E. granulosus 3-hydroxyacyl-CoA dehydrogenase (EgHCDH) gene was cloned and expressed in Escheri-
chia coli. The distribution of EgHCDH in protoscoleces (PSCs) and adult worms was analyzed using immunofluores-
cence. The transcript levels of EgHCDH in PSCs and adult worms were analyzed using quantitative real-time reverse 
transcription PCR (RT-qPCR). The immune protective effects of the rEgHCDH were evaluated.

Results: The 924-bp open reading frame sequence of EgHCDH, which encodes a protein of approximately 34 kDa, 
was obtained. RT-qPCR analysis revealed that EgHCDH was expressed in both the PSCs and adult worms of E. granu-
losus. Immunofluorescence analysis showed that EgHCDH was mainly localized in the tegument of PSCs and adult 
worms. Western blot analysis showed that the recombinant protein was recognized by E. granulosus-infected dog 
sera. Animal challenge experiments demonstrated that dogs immunized with recombinant (r)EgHCDH had signifi-
cantly higher serum IgG, interferon gamma and interleukin-4 concentrations than the phosphate-buffered saline 
(PBS) control group. The rEgHCDH vaccine was able to significantly reduce the number of E. granulosus and inhibit the 
segmental development of E. granulosus compared to the PBS control group.

Conclusions: The results suggest that rEgHCDH can induce partial immune protection against infection with E. 
granulosus and could be an effective candidate for the development of new vaccines.
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Background
Cystic echinococcosis (CE) is a zoonotic parasitic dis-
ease caused by larvae of the tapeworm Echinococcus 
granulosus [1]. Dogs are the main definitive hosts of E. 

granulosus. In recent years, the number of stray dogs has 
increased annually, which has greatly increased the risk 
of transmission of CE [2]. Mammals, such as sheep, cat-
tle, camels and donkeys, are critical intermediate hosts in 
China [3]. Humans are infected by accidentally ingesting 
food or water containing E. granulosus eggs [4]. CE is a 
serious threat to human health and is a burden to patients 
and the economy [5, 6]. The World Health Organization 
has listed CE as one of the 17 neglected diseases in the 
2020 strategic roadmap because of its prevalence and 
severity [7]. CE control currently relies primarily on 
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prevention and the use of anticoccidial drugs and vac-
cines. Drugs, such as praziquantel, are used mainly to 
deworm the definitive hosts (dogs)  in order to block the 
transmission of E. granulosus. However, deworming with 
these drugs is time-consuming and difficult to implement 
on a large scale in epidemic areas, and there is also the 
risk of the development of drug resistance. To date, the 
recombinant Eg95 vaccine is able to protect sheep and 
other intermediate host species against CE [8]. However, 
the Eg95 vaccine had no protective effect on infected ani-
mals with cysts. Therefore, the development of a dog vac-
cine against E. granulosus is urgently needed.

Cestodes lack a digestive tract, and all tapeworms must 
transport nutrients from the host through the tegumental 
syncytium [1]. Analysis of the genomic data of E. granu-
losus revealed that it lacks the ability for de novo synthe-
sis of lipids, purines and most amino acids, but it  has a 
complete set of tricarboxylic acid cycle enzymes (TCA) 
[9]. Among these enzymes, 3-hydroxyacyl-CoA dehydro-
genase (HCDH) is one of the main functional enzymes in 
the β-oxidation process [9, 10]. In this study, to further 
explore the role of E. granulosus HCDH (EgHCDH) in the 
development of E. granulosus and to evaluate its potential 
as a vaccine antigen candidate, we cloned and molecu-
larly characterized the gene encoding HCDH in E. granu-
losus (EgHCDH). We also evaluated the immunogenicity 
of recombinant (r)EgHCDH in a dog challenge model.

Methods
Ethics statement
This study was reviewed and approved by the Care and 
Use of Laboratory Animals Department of the Xinjiang 
Academy of Agricultural and Reclamation Sciences (Shi-
hezi, China) (Approval No. 2019-012, April 9, 2019). All 
animals were handled in strict accordance with the ani-
mal protection laws of the People’s Republic of China (a 
draft of the animal protection law was released on Sep-
tember 18, 2009) and the National Standards for Labora-
tory Animals in China (executed on January 5, 2002).

Animals
Female BALB/c mice aged 6–8 weeks were purchased 
from the Laboratory Animal Center of Xin Jiang Medical 
University (Xingjiang, China). Nine 8-month-old beagle 
dogs of mixed breed were obtained from the Institute of 
Musk Deer Breeding.

Parasites
Hydatid cysts were collected from the livers of naturally 
infected sheep at an abattoir in Urumqi, Xinjiang Prov-
ince, China. The fertility of the cysts was confirmed by 
observing the protoscoleces (PSCs) within the cysts 
under light microscopy. Once identified, the PSCs were 

separated and treated as previously described [11]. 
Briefly, 2000 PSCs were cultured in 1 ml of Roswell Park 
Memorial Institute 1640 medium with 10% bovine serum 
albumin (Hyclone, Logan, UT, USA), 100 U/ml penicillin 
and 100  μg/ml streptomycin (Sigma-Aldrich, St. Louis, 
MO, USA). Echinococcus granulosus adult worms were 
obtained from an 8-month-old dog 28  days after being 
artificially infected with PSCs.

Bioinformatics analysis
The cDNA sequence of EgHCDH was downloaded from 
the National Centre for Biotechnology Information 
(NCBI), and the physicochemical parameters were ana-
lyzed using ProtParam of ExPASY (https:// web. expasy. 
org/ protp aram/). The open reading frames (ORFs) of 
EgHCDH were analyzed using ORF Finder (https:// 
www. ncbi. nlm. nih. gov/ orfnd er/). Signal peptides and 
transmembrane areas were predicted using the SignalP 
server available online (http:// www. cbs. dtu. dk/ servi ces/ 
Signa lP-3. 0/) and the TMHMM-2.0 software package 
(http:// www. cbs. dtu. dk/ servi ces/ TMHMM-2. 0/). Ter-
tiary (three-dimensional) structures were modeled using 
SWISS-MODEL (http:// swiss model. expasy. org/).

EgHCDH-similar sequences were aligned, and phyloge-
netic trees were constructed using MEGA software (ver-
sion 5.05) with the neighbor-joining method [12].

Expression and purification of EgHCDH
Total RNA was extracted using an RNA prep Pure Tis-
sue Kit (Nanjing Vazyme Biotech, Nanjing, China). 
First-strand cDNA was synthesized using a reverse tran-
scription system kit (Nanjing Vazyme Biotech). The full 
coding sequence of the non-membrane region of EgH-
CDH was amplified using the primers 5′- CGG GAT 
CCA TGT CAG CCG GTG CTG G-3′ (BamHI) and 
5′-GAC GTC GAC  TCA CTG TTT TTC CTT GAC 
AAT GCG C-3′ (SalI). Amplification reactions were per-
formed using the following cycling conditions: pre-dena-
turation at 95 °C, 5 min; then denaturation at 95 °C/30 s, 
62  °C/30 s, 72  °C/1 min; with a final extension at 72  °C, 
5 min. Through sequencing, digestion and ligation, EgH-
CDH was ligated into the pET32a (+) plasmid (Novagen, 
Darmstadt, Germany) and transformed into Escherichia 
coli BL21 (DE3) cells (Tiangen, Beijing, China). Protein 
expression was induced with 1 mM isopropyl-1-thio-β-d-
galactopyranoside at 37 °C for 6 h. The rEgHCDH protein 
was purified using  Ni2+ affinity chromatography (Bio-
Rad, Hercules, CA, USA), with the the purity of the final 
product determined by 10% sodium dodecyl sulfate–pol-
yacrylamide gel electrophoresis (SDS-PAGE). The con-
centrations of the purified protein were determined using 
a NanoDrop 2000c spectrophotometer (Bio-Rad).

https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
https://www.ncbi.nlm.nih.gov/orfnder/
https://www.ncbi.nlm.nih.gov/orfnder/
http://www.cbs.dtu.dk/services/SignalP-3.0/
http://www.cbs.dtu.dk/services/SignalP-3.0/
http://www.cbs.dtu.dk/services/TMHMM-2.0/
http://swissmodel.expasy.org/
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Preparation of polyclonal antibodies
Each mouse was subcutaneously immunized with 50 µg 
rEgHCDH emulsified in Freund’s complete adjuvant 
(Sigma-Aldrich), followed by three repeated inoculations 
with 50 µg rEgHCDH emulsified in Freund’s incomplete 
adjuvant (Sigma-Aldrich) every 2  weeks. Control mice 
were immunized with phosphate-buffered saline (PBS). 
Sera were collected at post-immunization days 0, 14, 28, 
42 and 56.

Western blotting
Total proteins extracted from PSCs and rEgHCDH pro-
tein were separated by 10% SDS-PAGE and then trans-
ferred onto PVDF membranes. The membranes were 
blocked in 5% (w/v) skim milk at 37 °C for 2 h and then 
incubated with E. granulosus-infected dog sera or anti-
rEgHCDH mouse sera (1:100 v/v dilutions) overnight at 
4  °C. The membranes were then washed and incubated 
with horseradish peroxidase (HRP)-conjugated sheep 
anti-mouse IgG or rabbit anti-dog IgG (1:5000 v/v dilu-
tion) for 2  h. Signals were visualized using an ECL kit 
(Pierce ECL Western Blotting Substrate; Thermo Scien-
tific, Waltham, MA, USA) and a molecular imaging sys-
tem (Bio-Rad).

Reverse‑transcription quantitative PCR
Total RNA was extracted from PSCs and strobilated 
worms, and cDNA was synthesized as described above. 
Reverse-transcription quantitative PCR (RT-qPCR) was 
performed on a LightCycler 96 real-time fluorescent 
quantitative PCR system (Bio-Rad). The SYBR Green I 
dye was used, and the primers for EgHCDH were 5′-TAG 
AGA TGT GGG AGC GTT GC-3′ and 5′-TCC GTA 
ACC GCA CTT TTT GC-3′. Expression of the actin 
gene was used as an internal control for normalization. 
Primers specific to E. granulosus actin were 5′-CGC ATC 
GGT CGT CTT GTG TT-3′ and 5′-CGG TAA TCC 
TGT GGC TGT CAA T-3′. The data were analyzed using 
the  2−ΔΔCT method [13].

Immunolocalization
To determine the tissue location of EgHCDH, fresh PSCs 
and adult worms were first fixed in 4% paraformaldehyde 
phosphate buffer overnight, followed by permeabiliza-
tion with 1% Triton X-100 for 30 min and then soaking 
in 0.01% Triton X-100 for 1 h at 4 °C. After three washes 
with 0.01×  PBS, the sections were blocked in 5% (w/v) 
skim milk at 37  °C for 2  h, then incubated with anti-
rEgHCDH mouse IgG or native mouse IgG (1:100 v/v 
dilutions in PBS + Tween-20 [PBST]) overnight at 4  °C, 
washed again and finally incubated with fluorescein 
isothiocyanate-conjugated goat anti-mouse IgG (H + L) 
(1:1000 v/v dilution in PBST) at room temperature for 

2 h in the dark. After four washes with PBST, the sections 
were examined under a fluorescence microscope (Leica 
Microsystems GmbH, Wetzlar, Germany).

Vaccination and parasite challenge
Nine beagle dogs were randomly divided into three 
groups. Group 1 was vaccinated with rEgHCDH mixed 
with Quil A adjuvant (Sigma-Aldrich); Group 2 was vac-
cinated with Quil A adjuvant only (Sigma-Aldrich); and 
Group 3 was vaccinated with PBS as a control group. One 
dose of vaccine comprised 200  μg of soluble rEgHCDH 
and 100 μg of Quil A in 825 μl of PBS. The mixture was 
stirred overnight at 4  °C prior to being used as vaccine. 
One week after the last immunization, all three groups 
were orally challenged with 100,000 PSCs. For safety rea-
sons, all dogs were euthanized and necropsied at 28 days 
post-infection and E. granulosus worms were collected 
and counted [14].

Indirect enzyme‑linked immunosorbent assay
The enzyme-linked immunosorbent assay (ELISA) con-
ditions were optimized by checkerboard titration of the 
rEgHCDH antigen and sera. The purified rEgHCDH pro-
tein (5 μg/ml) was diluted in 0.1 M carbonate buffer (pH 
9.6). The ELISA plates were coated with the diluted anti-
gen solution overnight at 4  °C, then washed with PBST 
and incubated with 5% skim milk for 2  h at 37  °C. The 
wells were then washed thoroughly and incubated with 
100 μl of serum samples (1:80) in PBST at 37 °C for 1.5 h. 
After washing, the HRP-labeled rabbit anti-dog IgG 
(1:3000; Solarbio, Beijing, China) was added to the plates 
and incubated at 37 °C for 1.5 h, following which the wells 
were washed again and incubated with the substrate 3, 3′, 
5, 5′-tetramethylbenzidine (Tiangen, Beijing, China) at 
37  °C for 15 min. Finally, the reaction was stopped with 
100 μl of 1 M  H2SO4 and the optical density at 450 nm 
was determined.

Detection of cytokines
The immune stimulation effect of rEgHCDH protein 
in dogs was evaluated using quantitative ELISA on day 
28 post-challenge. Dog cytokine ELISA Quantitation 
kits (Jianglaibio, Shanghai, China) were used to quan-
tify interleukin (IL)-1, IL-4, IL-5, IL-6, and interferone 
gamma (IFN-γ). An ELISA strip in its aluminum foil bag 
was left at to equilibrate at room temperature for 60 min; 
then the strip was removed from the bag and placed in 
the the standard sample well. Each well received 50 μl of 
dog serum at a different concentration. Next, 100  μl of 
HRP-labeled antibody was added to each well. The reac-
tion wells were sealed with a sealing film and incubated 
at 37  °C for 60 min. The liquid was then discarded, and 
the plate was patted dry using absorbent paper. Each well 
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was filled with 350 μl of PBST and left to stand for 1 min. 
The detergent was removed, the plate was patted dry 
using absorbent paper and the detergent washing step 
was repeated five times. Each well was then incubated 
with 50 μl of substrate A and 50 μl of substrate B at 37 °C 
for 15 min, following which 50 μl of termination solution 
was added to each well, and the optical density value of 
each well was measured at 450 nm within 15 min.

Data analysis
All statistical analyses were performed using SPSS ver-
sion 22.0 software (SPSS IBM Corp., Armonk, NY, USA). 
All data analyses and graphs were performed using 
GraphPad Prism 6.0 software package (GraphPad Soft-
ware Inc., San Diego, CA, USA). Differences between 
groups were considered significant if the P value was ≤ 
0.05. All experiments were repeated a minimum of three 
separate times.

Results
Molecular characteristics
The full-length cDNA sequence of EgHCDH consisted 
of 924 bp and encoded a protein of 308 amino acids (aa) 
with a predicted molecular mass of 34  kDa. The pro-
tein had a predicted pI of 9.03 and an instability index 
of 34.22. Analysis with the SignalP program revealed 
that the protein had a putative transmembrane domain 
(15–35 aa) but no signal peptide. The deduced EgHCDH 
sequence contains a conserved domain and belongs to 
the FadB family of enzymes. The structure of EgHCDH 
shows five α-helices around four β-folds (Additional 
file  1: Fig. S1). Alignment and phylogenetic analysis 
showed that EgHCDH is highly conserved with respect 
to its orthologs from Echinococcus multilocularis (Addi-
tional file 2: Fig. S2).

Expression and purification of rEgHCDH
The cDNA encoding the non-transmembrane region of 
EgHCDH was amplified and cloned into the pET32a (+) 
expression vector. rEgHCDH was expressed as an insolu-
ble protein and was present in an inclusion body in E. coli 
BL21 (DE3) as a His-tag protein. Purified rEgHCDH was 
detected using SDS-PAGE and approximately presented 
the expected molecular weight of 47  kDa (Fig.  1; Addi-
tional file 3: Fig. S3).

Western blotting
In western blotting, the native EgHCDH protein from 
the PSC extract could be recognized by the anti-rEgH-
CDH mouse IgG, and its apparent molecular mass 
was approximately 34  kDa, as expected. Moreover, 
rEgHCDH was probed by the serum from dogs infected 

with E. granulosus, and a single band of approxi-
mately  47 kDa was observed on the PVDF membrane, 
while no band was observed in the negative control 
(Fig. 2; Additional file 4: Fig. S4).

Transcriptional profiles of EgHCDH
The EgHCDH gene was transcribed in both PSCs and 
28-day strobilated worms, and the transcript levels of 
EgHCDH in 28-day strobilated worms were signifi-
cantly higher (P < 0.05) than those in the PSCs (Fig. 3). 
(t-test: t = 3.67, P = 0.02).

Fig. 1 Expression and purification of recombinant (r)EgHCDH 
protein. Lanes: M, Protein molecular weight markers; 1, total proteins 
from Escherichia coli BL21 (DE3) transformants harboring pET32a(+)–
EgHCDH; 2, total proteins from E. coli BL21 (DE3) transformants 
harboring pET32a(+)–EgHCDH induced by isopropyl-β-d-1-thiogal
actopyranoside; 3, purifed rEgHCDH detected using SDS-PAGE and 
approximately presented the expected molecular weight of 47 kDa

Fig. 2 Western blot analysis. Lanes: 1, Total protein extracts of  
protoscoleces (PSCs) probed with preimmunized mice sera; 2, total 
protein extracts of PSCs probed with anti-rEgHCDH mice sera; 3, 
purified rEgHCDH probed with non-infected dog sera; 4, purified 
rEgHCDH probed with E. granulosus-infected dog sera
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Immunolocalization of EgHCDH
The EgHCDH protein was localized in different life-cycle 
stages of E. granulosus, as detected by immunofluores-
cence using mouse rEgHCDH antibody. In PSCs, the 
fluorescence signals were mainly localized in the paren-
chymal region, while positive signals were also detected 
in the tegument tissues (Fig.  4a). In adult worms, EgH-
CDH was widely distributed in tegument tissue and 
hooks of the scolex (Fig. 4b). No fluorescence signal was 
detected in the negative control samples.

IgG titers and cytokine concentrations in the sera 
of rEgHCDH‑immunized dogs
Based on indirect ELISA, the preliminary serodiagnos-
tic potential of rEgHCDH was assessed. Sera from nine 
immunized dogs were measured at 14, 28 and 42  days 
post-vaccination. The IgG antibody responses were sig-
nificantly increased in the immunized dogs after the first 
immunization with rEgHCDH compared with that of the 
control group, with the peak response detected at 42 days 
post-vaccination. The antibody levels gradually increased 
at 28 days after the protoscolex challenge and were sig-
nificantly higher than those in the control group at all 
post-vaccination measurement time points (Fig. 5) (t-test 
at 14 days: t = 6.54, P = 0.0028; t-test at 28 days: t = 7.74, 
P = 0.0015; test at 42 days: t = 17.56, P < 0.0001; t-test 
after the protoscolex challenge: t = 17.81, P < 0.0001).

The serum IFN-γ levels in the vaccinated dogs gradually 
increased until week 6 post-vaccination (P < 0.05) (t-test 
at 14 days: t = 1.32, P = 0.26; t-test at 28 days: t = 0.93, 
P = 0.41; t-test at 42 days: t = 3.001, P = 0.04), and then 
decreased during protoscolex challenge (P > 0.05) (t-test: 

t = 0.73, P = 0.51) (Fig.  6a). The serum IL-4 levels had 
significantly increased in the groups of vaccinated dogs 
at 4–6 weeks after first post-vaccination compared with 
that of the negative control (P < 0.01, P < 0.05) (t-test 
at 14 days: t = 0.13, P = 0.90; t-test at 28 days: t = 4.90, 
P = 0.008; t-test at 42 days: t = 4.31, P = 0.0126), but did 
not increase at 28  days after protoscolex challenge (P 
>  0.05) (t-test: t = 0.55, P = 0.61) (Fig.  6b). The serum 
IL-6 levels in the vaccinated dogs increased gradually 
from the initial vaccination until week 2 (P < 0.05) (t-test 
at 14 days: t = 10.57, P = 0.0005; t-test at 28 days: t = 0.11, 
P = 0.92; t-test at 42 days: t = 0.17, P = 0.88) and then 
decreased (P > 0.05) at 3 weeks after vaccination (Fig. 6c). 
There were no significant changes in the serum IL-5 and 
IL-1 levels in the vaccinated dogs (P > 0.05) (Fig. 6d, e).

Vaccine efficacy of rEgHCDH proteins combined with Quil 
A
We counted the number of worms in each of the three 
groups. The total and average numbers of E. granulosus 
worms are shown in Table  1. Compared with the PBS 
(control) group, rEgHCDH-vaccinated dogs showed an 
87.2% reduction in the number of E. granulosus worms 
at 28  days post-challenge. We measured the sizes of 30 
randomly selected worms from each experimental group 
and recorded the percentage of developed (≥ four seg-
ments) versus underdeveloped (≤ three segments) worms 
[15]. The inhibition rate of the rEgHCDH protein on the 
development and maturation of worms was 67.7% com-
pared to the development and maturation of worms in 
the PBS group. Thus, the rEgHCDH vaccine induced an 
obvious protective effect in terms of the inhibition of 
worm growth (Table 2).

Discussion
Lipids are an important source of energy metabolism. 
The TCA cycle and β-oxidation process are the most 
important pathways for most organisms to obtain energy. 
Fatty acid β-oxidation mainly involves acetyl-CoA. In the 
process of β-oxidation of fatty acids, HCDH, one of the 
key enzymes in fatty acid metabolism, is involved in the 
process of removing two carbon atoms from long-chain 
fatty acids [9]. To further explore the role of EgHCDH 
in the development of E. granulosus and to evaluate its 
potential as a vaccine candidate antigen, this study used 
EgHCDH to lay the foundation for the successful devel-
opment of a canine anti-E. granulosus vaccine.

The homology alignment of the EgHCDH protein 
sequence showed that it was in the same branch as the 
sequence of E. multilocularis, while its homology with 
the sequences of other species was much lower. Previous 

Fig. 3 Comparison of transcript levels of EgHCDH gene in the 
PSCs and 28-day strobilated worms. Data are presented as the 
mean ±standard deviation (SD) of triplicate experiments. Statistically 
significant differences between PSCs (as the control) and 28-day 
strobilated worms were determined using Student’s t-test (*P < 0.05)
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gene expression studies have shown that EgHCDH is 
consistently expressed in the larval and adult stages of 
E. granulosus, but especially in adults, suggesting that 
EgHCDH might play an important role in controlling and 
maintaining the specificity of the parasite life-cycle [16]. 
Thus, the crucial importance of TCA to E. granulosus and 
the low identity of EgHCDH with dog HCDH suggests 
that this molecule could be a promising target for vaccine 
development. Moreover, we found that EgHCDH was 

abundantly expressed in the teguments of PSCs and adult 
worms. It is well known that tapeworms like E. granulo-
sus lack an intestinal tract and only possess microvilli or 
microfibrils, which are the main sites for nutrient absorp-
tion and waste excretion [17]. Thus, the distribution of 
EgHCDH in the tegument indicates its potential roles in 
nutrient absorption and metabolism. Furthermore, the 
location of EgHCDH in the suction cups and hooks of 
protocercus might be related to the energy demand while 

Fig. 4 Immunofluorescent localization of EgHCDH in different stages of E. granulosus. The EgHCDH protein was localized in the protoscoleces and 
adult worms using specific anti-rEgHCDH IgG (positive) or preimmune serum (negative). Nuclei were was stained with propidium iodide (red). 
Abbreviations: H, Hook; PI, propidium iodide; PR, parenchymal region; Teg, tegument. Scale bars: a 50 µm, b 250 µm
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being attached to the host intestine; thus, EgHCDH might 
be involved in the interaction between the parasite and 
its host [18, 19]. These results also suggest that EgHCDH 
plays a key role in the growth and physiological activities 
of E. granulosus [20]. The western blotting results showed 
that the serum from mice injected with rEgHCDH could 
recognize EgHCDH among the natural proteins of PSCs 
and that the positive serum from dogs infected with E. 
granulosus could also recognize rEgHCDH; these results 
indicate that rEgHCDH had good immunoreactivity. To 
our knowledge, if a protein can be recognized by natu-
rally infected host serum, it indicates that the protein 
either contains a signal peptide or has exosome secretion 
[17, 21]. However, the results showed that the predicted 
amino acid sequence of EgHCDH did not contain a sig-
nal peptide, which indicated that EgHCDH might be a 
component of the excretory/secretory (ES) products of E. 
granulosus.

In echinococcosis, some studies have shown that 
Th1-type and Th2-type cytokines coexist [22, 23]. Th2 
cytokines can induce a protective humoral immune 
response and play a key role in the parasite escape from 
immune surveillance [24]. IL-4 is a key cytokine. This is 
an important step in the development of a prophylactic 
E. granulosus vaccine [25]. In our study, compared with 
the PBS control group, rEgHCDH showed a high effec-
tiveness in dogs, and the IL-4 level in the serum of the 
immunized dogs increased significantly until day 42 
post-inoculation (P < 0.05). This suggests that rEgHCDH 

mixed with QuilA could be effective for the induction of 
Th2 immune responses, although there was a downward 
trend 28  days after challenge infection. Studies on the 
E. granulosus-infected dogs have shown a defined Th2-
type cytokine which, possibly, may suppress the growth 
and development of PSCs to the adult worms, which is 
remarkable [26, 27]. The Th2 immune response might 
also play an important role in the anti-parasite response 
[28]. In comparison, IFN-γ is one of the key Th1-type 
cytokines that can enhance the expression of MHC-II 
molecules and antigen presentation ability, thus inhibit-
ing the growth of protoscolex of E. granulosus [29]. These 
results support the view that rEgHCDH plays an impor-
tant role in anti-E. granulosus infection.

The Quil A adjuvant has been proven to be a key com-
ponent of current vaccines. Adding adjuvants to vaccine 
candidates could enhance the efficacy of the antigen, 
reduce the required dosage of the vaccine, facilitate a 
more rapid induction of the host immune response, 
enable T helper cells bind more effectively to optimize 
the quality and persistence of the antibody response or 
induce effector CD4+ or CD8+ T cells to kill pathogens 
in cells [30]. Therefore, this study used rEgHCDH mixed 
with the Quil A adjuvant to induce a more effective 
immune response. After the third immunization, 100,000 
PSCs were administered orally in the PBS group as the 
control. The IgG titers in each immunization group were 
monitored. We observed that the antibody levels of the 
vaccine group increased gradually with prolonged immu-
nization time, indicating that specific antibodies were 
produced by stimulation with rEgHCDH. In the present 
study, all dogs were sacrificed at 28 days post-challenge, 
before the appearance of eggs, for safety reasons. Com-
pared with the PBS control group, the worm reduction 
rate was 87.19% in the rEgHCDH group, which is higher 
than that reported for the Salmonella vaccine EgA31-
EgTrp (70%–80%) [15], but slightly lower than that of the 
recombinant vaccine EgM123 (89.2%) [30]. Furthermore, 
worm development to the mature stage was significantly 
decreased in the rEgHCDH group, with an inhibition 
rate of 67.7%, which is lower than that reported for the 
recombinant vaccine EgM123 [14]. These results indicate 
that rEgHCDH could inhibit the growth and develop-
ment of tapeworms in canine intestines, which supports 
rEgHCDH as a potential vaccine candidate against E. 
granulosus infection.

Conclusions
This study is the first to evaluate the immunoprotective 
effect of rEgHCDH protein against E. granulosus infec-
tion in canines. The results showed that rEgHCDH could 

Fig. 5 Changes in antibody IgG level in dogs. Data represent values 
of the immunized (rEgHCDH + Quil adjuvant) and challenged dogs 
compared to control groups. Plots show the changes in serum 
concentrations of dog IgG in the different experimental groups. 
Serum samples were diluted 1:100 and measured by ELISA. Asterisks 
indicate significant differences between groups: *P < 0.05, **P < 0.01, 
***P < 0.001. Abbreviations: PBS, phosphate buffered saline
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Fig. 6 The results of ELISA for different cytokines in dogs. Data represent values of the immunized (rEgHCDH + Quil A adjuvant) and challenged 
dogs compared to control groups. Plots show the changes in the serum concentrations of dog IFN-γ (a), IL-4 (b), IL-6 (c), IL-5 (d) and IL-1 (e) in 
different experimental groups. Serum samples were diluted 1:100 and measured by ELISA. (* P < 0.05, ** P < 0.01, *** P < 0.001). Abbreviations: IL, 
Interleukin; IFN, interferon
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induce specific antibodies in dogs, effectively reduce the 
worm burden and inhibit the development of tapeworms, 
indicating that rEgHCDH is a potential candidate vaccine 
for canines against E. granulosus infection.

Abbreviations
CE: Cystic echinococcosis; EgHCDH: Echinococcus granulosus 3-hydroxyacyl-
CoA dehydrogenase; ELISA: Enzyme-linked immunosorbent assay; SDS-PAGE: 
Sodium dodecyl sulfate–polyacrylamide gelelectrophoresis.
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Additional file 1: Fig. S1. Prediction of the three-dimensional structure of 
the EgHCDH protein.

Additional file 2: Fig. S2. Phylogenetic tree of EgHCDH. The evolution-
ary tree was constructed using the neighbor-joining method in MEGA 
software.

Table 1 Worm burden for dogs

P value < 0.05 means that the reduction  between the PBS and experimental groups was signficant according to analysis of median values

Mann–Whitney U-test: U = 2.000, Z = −1.091, P = 0.400
a Reduction % = (PBS control group average − experimental group average)/(PBS control group average) × 100
b The Mann–Whitney U-test was used to compare the worm burden median

Experimental group Dog no. Number of worms Reduction (%)a

Phosphate bufered saline (control) group 1 2400

2 3000

3 27,000

 Average 14,400 –

Quil A adjuvant-only group 4 13,000

5 3200

6 3800

 Average 6666 –

rEgHCDH + Quil A adjuvant  griyo 7 3600

8 133

9 1800

 Average 1844 87.2

P  valueb 0.400

Table 2 The development of worm segments in each experimental group

Experimental group Dog no. Development of the worms Worm inhibition

 ≤ 3 segments  ≥ 4 segments

rEgHCDH + Quil A adjuvant group 1 21 9

2 19 11

3 20 10

 Average 20 10 66.7%

Phosphate buffered saline (control) group 4 13 17

5 5 25

6 10 20

 Average 9 21 –

QuilA adjuvant-only group 7 3 27

8 9 21

9 18 12

 Average 10 20 –

https://doi.org/10.1186/s13071-021-05001-z
https://doi.org/10.1186/s13071-021-05001-z
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Additional file 3: Fig. S3. Expression and purification of rEgHCDH 
protein. a Lanes: M, Protein marker; 1, recombinant plasmid (pET-32a 
empty vector) was transferred to BL21 induced by isopropyl-1-thio-β-d-
galactopyranoside (IPTG) for 6 h; 2–6, rRecombinant plasmids (pET32a–
EgHCDH) were transferred to BL21 induced by IPTG for 0, 2, 4, 6 and 8 h. b 
Lanes: M, Protein marker; 1–2, purified protein.

Additional file 4: Fig. S4. Western blot analysis. Lanes: 1, Total protein 
extracts of PSCs probed with preimmunized mice sera; 2, total protein 
extracts of PSCs probed with anti-rEgHCDH mice sera; 3, purified rEgHCDH 
probed with non-infected dog sera; 4, purified rEgHCDH probed with E. 
granulosus-infected dog sera.

Acknowledgements
The authors thank Professor Wei Hu, School of Life Sciences, Fudan University, 
Shanghai, PR China, for providing technical assistance.

Authors’ contributions
JX, NW and PZ performed all experiments, collected and analyzed the data 
and completed the manuscript preparation. XM and XG helped with the study 
design and implementation. YZ and JM participated in the collection of parasite 
specimens and performed the immunofluorescence experiments. ZW and XB 
conceived the study, participated in its design and coordination and helped to 
interpret the results. All authors read and approved the final manuscript.

Funding
This research was funded by the National Natural Science Foundation of China 
(Grant Number 31860701), the International Scientific and Technological Coopera-
tion Projects of Xinjiang Production and Construction Corps (Grant Numbers 
2021BC008, 2020BC007) and and the Important Science & Technology Specific 
Projects of State Key Laboratory of Sheep Genetic Improvement and Healthy 
Production (Grant Number 2021ZD02).

Availability of data and materials
The full-length DNA sequence of EgHCDH was deposited in the GenBank database 
(https:// www. ncbi. nlm. nih. gov/) under the accession number XP_024352997.1. 
Data supporting the conclusions of this study are included in the article. The data 
used and/or analyzed during the current study are available from the correspond-
ing author upon reasonable request.

Declarations

Ethics approval and consent to participate
This study protocol was approved by the Research Ethics Committee and the 
Animal Care and Use Committee of the State Key Laboratory of Sheep Genetic 
Improvement and Healthy Production/Institute of Animal Husbandry and 
Veterinary.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 State Key Laboratory of Sheep Genetic Improvement and Healthy Produc-
tion/Institute of Animal Husbandry and Veterinary Medicine, Xinjiang Acad-
emy of Agricultural and Reclamation Sciences, 832000 Shihezi, China. 2 College 
of Animal Science and Technology, Shihezi University, Shihezi 832000, China. 
3 State Key Laboratory of Veterinary Etiological Biology, Key Laboratory of Vet-
erinary Parasitology of Gansu Province, Lanzhou Veterinary Research Institute, 
Chinese Academy of Agricultural Sciences, Gansu 730046, China. 

Received: 2 June 2021   Accepted: 8 September 2021

References
 1. Brehm K, Koziol U. Echinococcus-host interactions at cellular and molecu-

lar levels. Adv Parasitol. 2017;95:147–212.
 2. Jenkins DJ, Macpherson CNL. Transmission ecology of Echinococcus in wild-life 

in Australia and Africa. Parasitology. 2003;127(Suppl):S63-72.
 3. Jenkins DJ. Echinococcus granulosus in Australia, widespread and doing well! 

Parasitol Int. 2006;55(Suppl):S203–6.
 4. Moro P, Schantz PM. Echinococcosis: a review. Int J Infect Dis. 2009;13:125–33.
 5. Budke CM, Deplazes P, Torgerson PR. Global socioeconomic impact of cystic 

echinococcosis. Emerg Infect Dis. 2006;12:296–303.
 6. Cardona GA, Carmena D. A review of the global prevalence, molecular epide-

miology and economics of cystic echinococcosis in production animals. Vet 
Parasitol. 2013;192:10–32.

 7. Atkinson JA, Gray DJ, Clements AC, Barnes TS, McManus DP, Yang YR. 
Environmental changes impacting Echinococcus transmission: research 
to support predictive surveillance and control. Glob Chang Biol. 
2013;19:677–88.

 8. Gauci C, Heath D, Chow C, Lightowlers MW. Hydatid disease: vaccinology 
and development of the EG95 recombinant vaccine. Expert Rev Vaccines. 
2005;4:103–12.

 9. Tsai IJ, Zarowiecki M, Holroyd N, Garciarrubio A, Sánchez-Flores A, Brooks KL, 
et al. The genomes of four tapeworm species reveal adaptations to parasitism. 
Nature. 2013;496:57–63.

 10. Liu Y, Wang ZR, Pang S, Zhao WJ, Kang LC, Zhang YY, et al. Evaluation of 
dynamic developmental processes and the molecular basis of the high body 
fat percentage of different proglottid types of Moniezia expansa. Parasit Vec-
tors. 2019;12:390.

 11. Zhan JF, Song HY, Wang N, Guo C, Shen NX, Hua RQ, et al. Molecular and 
functional characterization of inhibitor of apoptosis proteins (IAP, BIRP) in 
Echinococcus granulosus. Front Microbiol. 2020;11:729.

 12. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: molecu-
lar evolutionary genetics analysis using maximum likelihood, evolutionary 
distance, and maximum parsimony methods. Mol Biol Evol. 2011;28:2731–9.

 13. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods. 
2001;25:402–8.

 14. Zhang ZZ, Guo G, Li J, Shi BX, Zhao L, Guo BP, et al. Dog vaccination with EgM 
proteins against Echinococcus granulosus. Infect Dis Poverty. 2018;7:61.

 15. Petavy AF, Hormaeche C, Lahmar S, Ouhelli H, Chabalgoity A, Marchal T, et al. 
An oral recombinant vaccine in dogs against Echinococcus granulosus, the 
causative agent of human hydatid disease: a pilot study. PLoS Negl Trop Dis. 
2008;2:e125.

 16. Zheng HJ, Zhang WB, Zhang L, Zhang ZZ, Li J, Lu G, et al. The genome of the 
hydatid tapeworm Echinococcus granulosus. Nat Genet. 2013;45:1168–75.

 17. Xin Q, Yuan MM, Lv W, Li HP, Song XX, Lu J, et al. Molecular characterization 
and serodiagnostic potential of Echinococcus granulosus hexokinase. Parasit 
Vectors. 2021;14:105.

 18. Coltorii EA, Varela-Díaz VM. Echinococcus granulosus: penetration of macromol-
ecules and their localization on the parasite membranes of cysts. Exp Parasitol. 
1974;35:225–31.

 19. Deng CH, Sun JF, Li XR, Wang LX, Hu XC, Wang XY, et al. Molecular identifica-
tion and characterization of leucine aminopeptidase 2, an excretory-secretory 
product of Clonorchis sinensis. Mol Biol Rep. 2012;39:9817–26.

 20. Wang N, Zhu H, Zhan JF, Guo C, Shen NX, Gu XB, et al. Cloning, expression, 
characterization, and immunological properties of citrate synthase from 
Echinococcus granulosus. Parasitol Res. 2019;118:1811–20.

 21. Siles-Lucas M, Sánchez-Ovejero C, González-Sánchez M, González E, Falcón-
Pérez JM, Boufana B, et al. Isolation and characterization of exosomes derived 
from fertile sheep hydatid cysts. Vet Parasitol. 2017;236:22–33.

 22. Riganò R, Profumo E, Buttari B, Teggi A, Siracusano A. Cytokine gene 
expression in peripheral blood mononuclear cells (PBMC) from patients 
with pharmacologically treated cystic echinococcosis. Clin Exp Immunol. 
1999;118:95–101.

 23. Riganò R, Profumo E, Di Felice G, Ortona E, Teggi A, Siracusano A. In vitro 
production of cytokines by peripheral blood mononuclear cells from hydatid 
patients. Clin Exp Immunol. 1995;99:433–9.

 24. McManus DP, Gray DJ, Zhang WB, Yang YR. Diagnosis, treatment, and manage-
ment of echinococcosis. BMJ. 2012;344:e3866.

https://www.ncbi.nlm.nih.gov/


Page 11 of 11Xian et al. Parasites Vectors          (2021) 14:489  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 25. Zhang WB, Ross AG, McManus DP. Mechanisms of immunity in hydatid 
disease: implications for vaccine development. J Immunol. 2008;181:6679–85.

 26. Pourseif MM, Moghaddam G, Nematollahi A, Khordadmehr M, Naghili B, 
Dehghani J, et al. Vaccination with rEGVac elicits immunoprotection against 
different stages of Echinococcus granulosus life cycle: a pilot study. Acta Trop. 
2021;218:105883.

 27. Gottstein B, Soboslay P, Ortona E, Wang J, Siracusano A, Vuitton DA. Immu-
nology of alveolar and cystic echinococcosis (AE and CE). Adv Parasitol. 
2017;96:1–54.

 28. Rostami-Rad S, Jafari R, Yousofi DH. Th1/Th2-type cytokine profile in C57 black 
mice inoculated with live Echinococcus granulosus protoscolices. J Infect Public 
Health. 2018;11:834–9.

 29. Baz A, Ettlin GM, Dematteis S. Complexity and function of cytokine responses 
in experimental infection by Echinococcus granulosus. Immunobiology. 
2006;211:3–9.

 30. Reed SG, Orr MT, Fox CB. Key roles of adjuvants in modern vaccines. Nat 
Med. 2013;19:1597–608.

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


	Molecular characterization and immune protection of the 3-hydroxyacyl-CoA dehydrogenase gene in Echinococcus granulosus
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Ethics statement
	Animals
	Parasites
	Bioinformatics analysis
	Expression and purification of EgHCDH
	Preparation of polyclonal antibodies
	Western blotting
	Reverse-transcription quantitative PCR
	Immunolocalization
	Vaccination and parasite challenge
	Indirect enzyme-linked immunosorbent assay
	Detection of cytokines
	Data analysis

	Results
	Molecular characteristics
	Expression and purification of rEgHCDH
	Western blotting
	Transcriptional profiles of EgHCDH
	Immunolocalization of EgHCDH
	IgG titers and cytokine concentrations in the sera of rEgHCDH-immunized dogs
	Vaccine efficacy of rEgHCDH proteins combined with Quil A

	Discussion
	Conclusions
	Acknowledgements
	References




