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Cocktail vaccine induces

immunoprotection and modulates the

fecal microbiota in dogs against
Echinococcus granulosus infection
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Cystic echinococcosis (CE) is a global zoonotic parasitic disease that represents a significant public
health challenge. Although vaccination is considered an ideal strategy for controlling CE, no effective
vaccines are currently available for dogs. Herein, bioinformatic approaches were employed to identify
vaccine candidates. The selected proteins, including Echinococcus granulosus enolase (EQENO),
severin (EgSev), cyclophilin (EgCyc), fatty acid-binding protein 1 (EgFABP1), calmodulin (EgCaM), and
serine protease inhibitor 1 (EgSrp1), were expressed in Escherichia coli. These proteins were grouped
into cocktail vaccines: rEgENO&rEgSev&rEgCyc and rEgFABP1&rEgCaM&rEgSrp1, and were
combined with the Quil-A adjuvant to evaluate vaccine efficacy in beagles. After two subcutaneous
immunizations, the rEQENO&rEgSev&rEgCyc and rEgFABP1&rEgCaM&rEgSrp1 vaccines reduced
the parasite burden by 80.58% (p < 0.01) and 47.92% (p < 0.01), respectively. Additionally,
Ligilactobacillus, Fusobacterium, and Streptococcus correlated significantly with immunoprotection.
This study demonstrated bioinformatically screened antigens were effective vaccine candidates, and

vaccine-microbiota interactions provided a potential strategy to improve vaccine efficacy.

Echinococcus granulosus sensu lato (E. granulosus s.1.), a cestode residing in
the intestinal tract of canids, is the causative agent of cystic echinococcosis
(CE), a globally prevalent zoonotic disease characterized by the establish-
ment of its metacestodes in the organs of livestock (e.g., sheep, goats, cattle,
yaks, pigs, horses, camels) and humans'. This disease poses significant
threats to both public health and livestock economies, leading to con-
siderable socioeconomic burdens’. Recognizing its impact, the World
Health Organization (WHO) has included CE in its 2021-2030 strategic
plan for control or elimination™. As definitive hosts, dogs serve as the
primary source for CE infection, facilitating transmission to humans and
animals primarily through the ingestion of food or water contaminated with
feces containing E. granulosus eggs’. The current strategy to control E.
granulosus infection in dogs relies on monthly praziquantel-based
deworming programs’. However, this approach is hindered by significant
challenges, including high resource demands and the emergence of
anthelmintic resistance caused by prolonged drug use, ultimately under-
mining intervention efficacy””.

With further advances in our understanding of dogs’ mucosal immune
responses following E. granulosus infection, the development of effective
vaccines for dogs is increasingly regarded as a cornerstone strategy to
mitigate CE transmission”'’. Compared with intermediate hosts such as
sheep, cattle, and yak, the relatively smaller canine population makes
dog vaccination a potentially more cost-effective strategy'"'>. Current
research on dog vaccination against E. granulosus primarily focuses on
screening protective antigens. Recently, studies have demonstrated that dog
vaccination provides protection by reducing the parasite burden and sup-
pressing its developmental progression'*'*'*. Candidate vaccines, such as
those comprising EgM family proteins"'’, tropomyosin/paramyosin'/,
3-hydroxyacyl-CoA dehydrogenase', and the EgTIM-EgANXB3 (triose-
phosphate isomerase and annexin B3) cocktail vaccine'’, have exhibited
variable protective efficacy. To date, no vaccines have been licensed for
use in dogs. A key challenge to commercialization is the inter-individual
variability in protection rates, which compromises herd immunity and
reduces the efficacy of population-level control*".
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The inter-individual variability in vaccine-induced protective efficacy
is modulated by multiple intrinsic and extrinsic factors, including host
genetic background, innate immune status, and nutritional conditions®.
Recent studies have revealed significant correlations between the gut
microbiota composition and vaccine efficacy” ™. Specifically, a higher
abundance of Actinobacteria is positively associated with robust vaccine
responses, whereas Bacteroidetes is linked to reduced immunogenicity.
The association between Firmicutes and Proteobacteria abundance and
vaccine responsiveness appears to be taxon-specific* . Nevertheless,
research exploring vaccine-induced microbiota modulation remains lim-
ited, particularly in the context of parenteral immunization®. Notably,
helminth infections lead to substantial microbiota remodeling™”, sug-
gesting a potential interplay between parasite-induced dysbiosis and
vaccine-mediated microbiota regulation. Determining this interaction
could provide new insights into the mechanisms underlying vaccine-
induced immunoprotection®". A systematic investigation into the corre-
lation between vaccine-induced protection and alterations in fecal micro-
biota composition would provide valuable insights to develop next-
generation vaccine adjuvants and delivery strategies.

In this study, we utilized bioinformatics to identify E. granulosus
vaccine candidate antigens, followed by vaccination trials to systematically
assess their efficacy and investigate the correlations between immunopro-
tection efficacy and fecal microbiota dynamics. Our findings provide a
theoretical basis for controlling echinococcosis and offer novel insights
into optimizing vaccine design.

Results

Bioinformatics-assisted identification of vaccine antigens
Proteomic profiling of exosomes identified 1916 high-confidence proteins.
To establish a complete excretory/secretory (ES) proteome of adult
E. granulosus, we integrated prior ES proteomic datasets, resulting in a
catalog of 1940 proteins (Supplementary Table 1).

Through the multi-step antigen discovery pipeline, we identified 13
potential vaccine candidates: (1) Transcriptomic profiling of developmental
stages revealed 439 genes that were significantly upregulated during parasite
maturation (Supplementary Fig. 1a—c). (2) Comparative proteomic analysis
via the Venn diagram intersection of protein datasets (Supplementary Table
1) identified 92 shared antigen candidates (Supplementary Fig. 2 and
Supplementary Table 2). (3) Functional annotation based on literature
mining further refined the selection to 15 well-characterized proteins. In
silico antigenicity prediction using ANTIGENpro (cutoft >0.5) further
identified 13 antigenic candidates (Table 1). Among them, triosephosphate
isomerase (TIM), annexin B3 (ANXB3), and fatty acid-binding protein 2
(FABP2) have been validated as vaccine candidates with protective efficacy
by our previous study”. Consequently, six proteins (rEgENO, rEgSev,
rEgCyc, rEgFABP1, rEgCaM, rEgSrpl) were prioritized for further vaccine
development.

Recombinant protein expression

Six E. granulosus genes were successfully cloned and expressed. PCR
amplification using cDNA templates derived from PSCs and strobilated
worms yielded distinct bands corresponding to EGENO (1302 bp),
EgSev (1101 bp), EgCyc (489 bp), EgFABP1 (402 bp), EgCaM (450 bp), and
EgSrpl (1104bp) (Supplementary Fig. 3a). Six recombinant proteins
(rEgENO, rEgSev, rEgCyc, rEgFABP1, rEgCaM, and rEgSrpl) were con-
firmed by the SDS-PAGE analysis. The molecular weights of the recombi-
nant proteins, including the pET-32a (+) vector-derived tag, were
consistent with their theoretically approximate values: rEGENO (65.7 kDa),
rEgSev (58.4kDa), rEgCyc (35.9 kDa), rEgFABP1 (32.7 kDa), rEgCaM
(34.5 kDa), and rEgSrp1 (58.5 kDa) (Supplementary Fig. 3b, c).

Vaccine-induced protection against E. granulosus in dogs

At 28 days post-challenge, necropsy was performed, which demonstrated
varying levels of protection efficacy among the groups (Fig. 1 and Supple-
mentary Table 3). In the control group, the worm burden in each dog

reached 100,451 + 10,340, with a mean worm length of 1.199 + 0.014 mm
and width 0f 0.199 + 0.003 mm. The rEgFABP1&rEgCaM&rEgSrp1 vaccine
group exhibited a 47.92% reduction in worm burden compared with that
of the control (p < 0.01), with 52,313 + 8754 worms. Worm length showed
a marked reduction by 15.51% (p < 0.05), whereas width remained com-
parable (Fig. 2 and Supplementary Table 4). Notably, the rEgENO&r-
EgSev&rEgCyc vaccine demonstrated superior efficacy, achieving an
80.58% reduction in worm burden (p <0.01), with 19,511 + 6621 worms.
Additionally, worms exhibited 0.86 fewer proglottids, and 24.85% (p < 0.01)
and 22.11% (p <0.01) reductions in body length and width, respectively
(Fig. 2 and Supplementary Table 4).

Histopathological evaluation

Histopathological analysis indicated some degree of vaccine-associated
protection against intestinal damage caused by E. granulosus infection (Fig.
3a—c). Gross examination of control dogs showed diffuse mucosal edema
and hemorrhagic exudates, whereas vaccinated groups generally exhibited
better-preserved mucosal integrity. H&E staining demonstrated notable
villus architectural disruption in control dogs, including immune cell
infiltration at parasite attachment sites (Fig. 3a). Vaccinated dogs main-
tained well-preserved villus morphology, exhibiting fewer parasite adhesion
sites (Fig. 3b, c). PAS staining showed strong mucin production across all
groups. Notably, goblet cell density was elevated in the vaccinated dogs,
consistent with parasite-driven mucus hypersecretion.

Serum IgG and cytokine dynamics

Serum IgG profiling (Fig. 4a—f) revealed distinct antibody kinetics among
the vaccine groups. The rEgFABP1&rEgCaM&rEgSrpl group achieved
high IgG titers at D21, but the levels had declined by D49, with greater inter-
individual variation. Additionally, the rEgENO&rEgSev&rEgCyc group
exhibited a robust IgG response, peaking at D21 and persisting at sig-
nificantly higher levels than the control group (p < 0.05) until D49. Serum
IgG longevity in dogs vaccinated with the rEGENO&rEgSev&rEgCyc
vaccine suggested that antibody responses could be maintained for at
least 6 months, potentially contributing to sustained immunoprotection
(Fig. 4g-i).

Cytokine profiling (Fig. 4k) revealed a mixed Th1/Th2 response in the
rEgFABP1&rEgCaM&rEgSrpl group at D21 after the second immuniza-
tion, characterized by concurrent IL-2, IL-4, and IFN-y upregulation
(p <0.05). Following parasite challenge (Day 35), levels of IL-2, IL-4, and
IFN-y significantly decreased (p < 0.05), suggesting a suppression of host
immune responses. Interestingly, the rEgENO&rEgSev&rEgCyc group
displayed a unique immune response (Fig. 41). While cytokine levels
remained unchanged at D21, a pronounced Th2-skewed immunity
occurred at D35 post-challenge, characterized by significant IL-4 and IL-10
upregulation (p <0.05) and IL-2 suppression below the detection limit.
Furthermore, IFN-y levels rose significantly at D35 (p < 0.05), indicating
IFN-y pathway activation.

Alpha diversity and beta diversity analysis of the fecal microbiota
composition

To investigate the interplay between the fecal microbiota and vaccine-
induced immune responses, we performed 16S rRNA gene sequencing
to profile fecal microbiota composition. Comparative analysis of the three
experimental groups (Fig. 1) demonstrated dynamic shifts in microbial
diversity at both the phylum and genus levels throughout the vaccination
process and E. granulosus infection (Supplementary Fig. 4).

Analysis of longitudinal a-diversity (Fig. 5a-f) revealed distinct
microbial community shifts in dogs in the rEgENO&rEgSev&rEgCyc vac-
cine group (Fig. 5e, f). Shannon and Chaol indices exhibited significant
increases at 7 days post-secondary immunization (D21, p < 0.05) relative to
baseline (DO), indicating a vaccine-mediated expansion of microbial
diversity. The sustained elevation of the Shannon index at 14 days post-
challenge (D35, p <0.05) suggested that microbiota remodeling might
contribute to enhanced host immune defense. In contrast, the dogs in the
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Fig. 1 | Overview of the experimental framework, including vaccination schedule,
parasite challenge, and sampling timeline. Schematic summary of the study
design, including the vaccination regimen and sample collection across three
experimental groups. The timeline illustrates the major experimental procedures,
including vaccination, parasite challenge, and designated sampling points (marked
above the timeline). Stool and blood samples were obtained at specified time points

(indicated by specific labels) for 16S rRNA sequencing and assessment of serum IgG
levels and cytokine dynamics. Sample labels: A_a: Group A, time point Day0; A_b:
Group A, Day21; A_c: Group A, Day35; A_d: Group A, Day49. B_a: Group B, Day0;
B_b: Group B, Day21; B_c: Group B, Day35; B_d: Group B, Day49. C_a: Group C,
Day0; C_b: Group C, Day21; C_c: Group C, Day35; C_d: Group C, Day49.
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Fig. 2 | Assessment of vaccine-induced protection against E. granulosus infection
in dogs. Quantitative evaluation of parasite burden and morphology, including

a worm burden reduction, b worm length, and ¢ worm width at 49 days post-
infection across the experimental groups. Representative micrographs of 28-day

worms from d the control group, e the rEgFABP1&rEgCaM&rEgSrpl group, and
f the rEgENO&rEgSev&rEgCyc group. Scale bar: 500 pm. Data are presented as
mean + SEM; *p < 0.05, ¥¥p < 0.01, ***p < 0.001.

rEgFABP1&rEgCaM&rEgSrpl group exhibited microbiota dysregulation
(Fig. 5¢, d), with a transient increase in the Shannon index at D21, followed
by a sustained decline post parasite challenge, leading to a significant
decrease at D49 (p < 0.05). Meanwhile, the Chaol indices remained statis-
tically unchanged. To assess vaccine-specific effects on a-diversity
dynamics, control group analyses were conducted. The control group
exhibited a progressive decline in both Shannon and Chaol indices
throughout the study, with a significant reduction at D35 post-challenge
(p <0.05, Fig. 5a, b), confirming the parasite’s ability to suppress microbiota
diversity. The divergence between vaccinated and control groups suggested
that vaccine antigens might counteract parasite-driven microbial adapta-
tions by modulating the fecal microbiota composition.

Analysis of B-diversity (Fig. 5g-i) demonstrated distinct vaccine-
mediated clustering of rEgENO&rEgSev&rEgCyc samples along the PC1

and PC2 coordinates (ANOSIM: R = 0.7636, p = 0.001). Principal coordi-
nate analysis (PCoA) based on Bray-Curtis distances revealed that PC1
(32.36%) and PC2 (19.39%) explained 51.75% of the total variance, sug-
gesting dynamic, vaccine-induced shifts in the fecal microbiota composi-
tion. In contrast, the control group exhibited substantial post-parasite
challenge displacement along PC1 (27.32%) and PC2 (16.64%) (ANOSIM:
R=0.5876, p=0.001), forming a distinct clustering pattern relative to the
vaccinated groups.

Variability of the fecal microbiota in vaccinated or E. granulosus-
infected dogs

To investigate the impact of E. granulosus infection and vaccination on fecal
microbiota regulation, longitudinal dynamic analysis was performed,
revealing intervention-specific taxonomic alterations. By analyzing the top
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Fig. 3 | Analysis of histopathological changes in the small intestine on day 49.
Small intestines collected from dogs in the control (a) and vaccinated groups (b, c)
(rEgFABP1&rEgCaM&rEgSrpl and rEgENO&rEgSev&rEgCyc) at 4 weeks post-

PSC challenge and processed for H&E and PAS staining. Parasite attachment sites,
hemorrhagic exudates, and goblet cells were indicated by black frames, black arrows,
and yellow arrows, respectively. Scale bar: 200 pm.

10 core bacterial genera (Figs. 6a, 7a), combined with LEfSe analysis
(LDA > 3.5, FDR-corrected p < 0.05 via Kruskal-Wallis test; Figs. 6b, 7b),
identified three key taxa—Ligilactobacillus (phylum Firmicutes), Fuso-
bacterium (phylum Fusobacteria), and Streptococcus (phylum Firmicutes)
—exhibiting distinct responses to vaccination and E. granulosus infection.

In the control group, following E. granulosus colonization (D35), the
relative abundance of Ligilactobacillus increased by 33.98% (p = 0.008) and
that of Streptococcus increased by 7.87% (p = 0.014), whereas Fusobacterium
exhibited a 9.46% decline (p=0.014) (Fig. 6d). Conversely, the rEgE-
NO&rEgSev&rEgCyc vaccine group exhibited an inverse regulatory trend
(Fig. 7a-d), with Ligilactobacillus and Streptococcus abundances decreasing
by 13.03% (p=0.008) and 27.28% (p =0.008), respectively, while Fuso-
bacterium levels increased by 5.76% (p = 0.007) (Fig. 7d).

LEfSe analysis further confirmed Ligilactobacillus (LDA = 5.23/4.79),
Fusobacterium (LDA =4.78/4.43), and Streptococcus (LDA = 4.66/5.15) as
key discriminative taxa across both experimental groups (Wilcoxon test,
FDR-adjusted p <0.05) (Figs. 6b and 7b). These findings suggested that
vaccination might counteract E. granulosus-induced microbiota dysbiosis
by modulating the relative abundances of key bacterial taxa.

Links between vaccine-induced immunity and fecal microbiota
alterations

Building on previous evidence linking host immunity with the gut
microbiota”, we employed a multidimensional integrative approach to
determine the relationship between vaccine-induced immune responses
and microbiota alterations. Environmental factor analysis revealed sig-
nificant dynamic covariation between the relative abundances of Ligi-
lactobacillus, Fusobacterium, and Streptococcus and the host Th1/Th2
cytokine profiles (Fig. 8a).

Mantel tests and redundancy analysis (RDA) identified IFN-y as the
principal factor of microbiota restructuring following vaccination (Mantel’s
r=0.79, p=0.01). IFN-y exhibited a strong positive correlation with IL-4
and IL-10, while showing a negative association with IL-2 (Fig. 8b). These
findings suggested that the Th1/Th2 equilibrium plays a pivotal role in
orchestrating temporal microbial shifts. Notably, RDA constrained 24.42%
of microbiota variance (RDAI: 17.60%, RDA?2: 6.82%; p < 0.001) (Fig. 8¢),
with IFN-y (r=0.79, p=0.01, Mantel test) accounting for the highest
proportion of constrained variation. These findings highlighted vaccine-
induced host immune shifts as a key determinant of microbiota remodeling.

Discussion

Cystic echinococcosis (CE), caused by E. granulosus, remains a global public
health challenge, imposing significant burdens on both human health and
livestock productivity””. Given the chronic and complex nature of CE,
control strategies should prioritize simple, cost-effective, and efficient
approaches®”'%. Vaccination, widely regarded as the most cost-effective
approach of infectious disease control, holds great promise for CE pre-
vention. Moreover, mathematical models of E. granulosus transmission
dynamics have further demonstrated that vaccinating dogs can reduce
infection pressure on intermediate hosts; if herd immunity reaches 75%,
parasite elimination may be achievable®”. However, the lack of effective
commercial vaccines for dogs—the primary definitive hosts and reservoirs
of E. granulosus—remains a critical barrier in CE eradication'*"".

The complex life cycle of E. granulosus, involving multiple host
transitions’, facilitates its sophisticated immune evasion strategies . This
complexity poses a significant challenge in identifying antigens with high
protective efficacy, constituting a major bottleneck in vaccine development.
Traditional antigen screening approaches, which rely on animal infection
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Fig. 4 | Serum-specific IgG and cytokine responses in dogs following immuni-
zation and challenge. Serum-specific IgG levels against rEgFABP1 (a), rEgCaM (b),
rEgSrpl (c), rEGENO (d), rEgSev (e), and rEgCyc (f) in the experimental groups.
Serum IgG longevity. Serum-specific IgG levels against rEGENO (g), rEgSev (h),
rEgCyc (i) over 6 months. j—1 Cytokine response patterns. j In the control group, IL-2
levels increased significantly at day 21, whereas IL-4 levels decreased, indicating a
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Th1-skewed response. k In the rEgFABP1&rEgCaM&rEgSrp1 group, IL-2, IL-4, and
IFN-y levels increased significantly at day 21. 1 In dogs vaccinated with rEgGENO,
rEgSev, and rEgCyc, no notable cytokine fluctuations were observed at day 21. Post
PSCs challenge, the IL-2 levels decreased, whereas the IL-4 and IL-10 levels
increased, favoring a Th2-biased response. *p < 0.05, **p < 0.01, ***p < 0.001.

models, are hindered by lengthy experimental timelines, high costs, and
biosafety concerns, severely restricting progress in vaccine research”*. The
integration of multi-omics data with bioinformatics provides an innovative
strategy to identify novel vaccine antigens”. Based on the developmental
biology of E. granulosus, key biological processes, such as PSC growth,
adaptation to the intestinal environment, and immune evasion, are medi-
ated by specific functional proteins*’. These proteins, critical for parasite
survival and host-parasite interactions, represent promising candidate tar-
gets for dog vaccines.

This study firstly established a comprehensive proteomic database
of EVs from 28-day E. granulosus, integrating three functional protein
subsets based on E. granulosus biological processes. Bioinformatic
screening identified thirteen annotated proteins, including three pre-
viously validated vaccine candidates”. Based on this selection frame-
work, six of the remaining ten proteins were prioritized for vaccine
efficacy assessment. These proteins were tegument-localized or E.
granulosus secreted proteins likely to interact directly with the host
intestinal mucosa, thereby triggering antigen-specific immune
responses’**. Notably, EgENO functions not only as a glycolytic enzyme
essential for parasite energy metabolism, but also as a major exosome
component in adult worms, playing a role in hostimmune modulation™®.
Similarly, the tegument-localized EgSev protein is presumed to facilitate
parasite motility via mechanisms similar to those of EgA31***. Bioin-
formatic profiling of EgCyc identified highly immunogenic epitopes,
reinforcing its potential as a vaccine candidate. EgFABPI, a lipid

trafficking protein crucial for parasite survival'’, mediates host-derived
lipid acquisition essential for growth and development®, while exhi-
biting strong immunogenic properties for vaccination”. Functional
analyses of EgCaM*" and EgSrp1°** further delineated their roles in
parasite maturation and adaptation to the gut microenvironment.
Collectively, these findings confirm the reliability of our bioinformatics-
driven vaccine antigen discovery framework. Additionally, antigen
delivery strategies significantly influence vaccine efficacy. The antigenic
complexity of multicellular helminths such as E. granulosus means that
single-antigen vaccines might be insufficient to provide immunopro-
tection because of epitope diversity™. Cocktail vaccines provide a viable
approach to enhance protective efficacy and durability, representing a
promising direction in antiparasitic vaccine development™**. Our
cocktail vaccines were designed to align with this approach.

Building upon these foundational studies, our cocktail vaccine (rEgE-
NO&rEgSev&rEgCyc) achieved an 80.58% reduction in the worm burden
following a two-dose immunization regimen, representing an approxi-
mately 10% improvement over existing two-dose vaccines'’. Comparative
analysis highlighted three key advantages: (1) The two-dose subcutaneous
regimen confers enhanced protection against high-dose PSC challenge,
while maintaining operational feasibility; (2) sustained antibody levels for 6
months post-immunization support a biannual vaccination strategy to
prevent parasite establishment; (3) high sequence homology (>98%) with
Echinococcus multilocularis homologous antigens (Table 1) suggests
potential cross-protection against both cestode species'. Dogs also serve as
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Fig. 5 | Changes in fecal microbiota diversity and composition in dogs following
immunization and PSC challenge. a—f Temporal a-diversity analysis (Shannon and
Chaol indices). In the control group, both indices exhibited a continuous decline,
with a significant reduction observed at day 35 (p < 0.05) (a, b). In the rEgFAB-
P1&rEgCaM&rEgSrpl group, the Shannon index showed a transient increase at day
21, followed by a progressive decline that became significant at day 49 (p < 0.05),
whereas the Chaol index remained unchanged (c, d). In the rEgENO&r-
EgSev&rEgCyc group, both the Shannon and Chaol indices increased significantly
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at day 21 and day 35 (p < 0.05) (e, f). g-i p-diversity analysis based on Bray-Curtis
distance. Principal coordinate analysis (PCoA) revealed distinct clustering of fecal
microbiota from the control (g), rEgFABP1&rEgCaM&rEgSrpl (h), and rEgE-
NO&rEgSev&rEgCyc (i) groups. Sample labels: A_a: Group A, Day0; A_b: Group A,
Day21; A_c: Group A, Day35; A_d: Group A, Day49. B_a: Group B, Day0; B_b:
Group B, Day21; B_c: Group B, Day35; B_d: Group B, Day49. C_a: Group C, Day0;
C_b: Group C, Day21; C_c: Group C, Day35; C_d: Group C, Day49.

definitive hosts of E. multilocularis, and in many CE-endemic areas,
alveolar echinococcosis coexists as a major concern in Central Asia
and western China, where E. multilocularis and E. granulosus exhibit
high endemicity"'*"*. Given the absence of licensed vaccines against
E. multilocularis™, the cross-protective potential of the vaccine developed
in the present study holds substantial socioeconomic and public health
significance for the simultaneous control of CE and alveolar echinococcosis
within endemic regions.

Although existing candidate vaccines against E. granulosus induce
variable protective responses in dogs, substantial inter-individual differ-
ences in vaccine efficacy have been reported'’. A substantial proportion of
low responders might hinder herd immunity development, thereby redu-
cing overall disease control effectiveness™. Thus, unraveling the complex
host-parasite interactions and immune protection mechanisms of E. gran-
ulosus is essential to optimize vaccination strategies. Recent studies high-
lighted the gut microbiota composition as a pivotal determinant of vaccine
efficacy’™”’. However, the relationships between E. granulosus infection,
microbiome dynamics, and vaccine efficacy have yet to be explored in
canine models.

This study provides the first comprehensive characterization of the
interactions between E. granulosus infection, fecal microbiota altera-
tions, and vaccine-mediated immunity, offering novel insights into
vaccine response variability. Experimental validation confirmed that
E. granulosus infection drives distinct fecal microbiota remodeling
in dogs. Unlike typical helminth infections that promote a-diversity”,
E. granulosus infection significantly decreased the Shannon index
(p <0.05) while increasing Ligilactobacillus and Streptococcus abun-
dance and suppressing Fusobacterium. These microbial alterations
might enhance parasite survival through three mechanisms: (1) Ligi-
lactobacillus-derived lactate might disrupt mucosal immune surveil-
lance by modulating dendritic cell-T cell interactions, thereby
facilitating immune evasion®; (2) Streptococcus enrichment might sus-
tain parasite-favorable microenvironments by modulating metabolic
reprogramming”. Notably, the depletion of Fusobacterium mirrors
patterns observed in enterobiasis”’, suggesting the presence of a con-
served helminth-driven immunoregulatory mechanism. Collectively,
these findings suggest that E. granulosus strategically manipulates its
ecological niche through targeted microbiota modulation.
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The rEgENO&rEgSev&rEgCyc vaccine, which exhibited the highest
efficacy in reducing E. granulosus burden in this study, comprises
ES antigens from adult worms that are potentially involved in host-
parasite interactions***. To investigate the microbiota-immunity
interplay underpinning anthelmintic protection, comparative analyses

between the high-efficacy vaccine groups and controls revealed inverse
abundance patterns of Ligilactobacillus, Fusobacterium, and Strepto-
coccus. Vaccine-induced microbiota remodeling was observed to
influence E. granulosus colonization, thereby contributing mechan-
istically to protective immunity. Notably, longitudinal variations in
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Ligilactobacillus, Fusobacterium, and Streptococcus abundances corre-
lated positively with IL-4 concentrations in vaccinated dogs, supporting
a Th2-skewed immune response that promoted parasite clearance and
mitigated intestinal pathology®. Simultaneously, IFN-y fluctuations
exhibited microbiota-dependent associations, suggesting that vaccine-
induced IFN-y production might sustain long-term protection through
interactions with microbial communities®’. These findings provide novel
insights to optimize vaccine design to enhance efficacy. However, this
study is limited in its ability to identify specific bacterial species and to
elucidate the mechanisms underlying microbiota-mediated modulation
of host immunity. Future studies employing metagenomic sequencing
and mechanistic approaches are warranted to further clarify the roles of
key microbial taxa in shaping vaccine-induced protection.

Methods
Animals and parasites
A total of 22 6-month-old beagles (11 males and 11 females) were obtained
from the Beagle Breeding Center at the Sichuan Institute of Musk Deer
Breeding (Sichuan, China). Eighteen dogs were used for vaccine efficacy
assessment and fecal microbiome dynamics assessment. Four were used to
assess serum IgG longevity in vaccinated dogs. All dogs were housed under
specific-pathogen-free conditions in a controlled quarantine facility and fed
a standardized diet of commercial dog food with free access to tap water.
Hydatid cysts were harvested from the livers of sheep naturally infected
with CE and slaughtered at an abattoir in Sichuan Province, China. Pro-
toscoleces (PSCs) were isolated from these cysts following the methods
described in our previous study”. The viability of the PSCs exceeded 95%
were used for vaccine trials. Species identification was performed via PCR
amplification and sequencing, confirming the E. granulosus sensu stricto
Gl genotype™.

Bioinformatics-assisted screening of vaccine candidates

Based on our previously acquired mass spectrometry proteomics dataset of
adult E. granulosus exosomes, raw spectral data were analyzed using Mascot
v2.3.02” against the UniProt database under rigorous quality control cri-
teria (false discovery rate [FDR] <1%). This study employed a multi-step
vaccine antigen screening pipeline by integrating our 28-day E. granulosus
worm-derived exosome proteomic profile with publicly available E. gran-
ulosus proteomic and transcriptomic datasets**>***’: (1) Comparative
transcriptomics identified genes functionally upregulated in adult worms
relative to PSCs (log2fold-change >2, p < 0.05) through volcano plot ana-
lysis; (2) gene selection was refined using threshold-optimized multi-group
volcano plots and GO clustering, focusing on host-parasite interaction and
immune evasion genes; (3) Four protein sets were constructed based on the
multi-omics data, with the selection rationale detailed in Supplementary
Table 1. Notably, cross-species interaction proteins were identified through
Western blot analysis of the E. granulosus proteome using sera from infected
dogs. Then, Venn diagram analysis was used to identify proteins shared
among at least two sets, prioritizing those essential proteins for vaccine
candidates. Antigenicity was predicted using ANTIGENpro (http://scratch.
proteomics.ics.uci.edu/) with a cut-off value of 0.5, while cross-species
protection potential was evaluated through BLAST (https://www.uniprot.
org/blast) alignment against Echinococcus multilocularis orthologs.

Protein expression

The six recombinant E. granulosus proteins (rEgENO (enolase), rEgSev
(severin), rEgCyc (cyclophilin), rEgFABPI (fatty acid-binding protein 1),
rEgCaM (calmodulin) and rEgSrpl (serine protease inhibitor 1) were
expressed as follows. Primers with homologous arms were designed using
Primer Premier 5.0 (Premier Biosoft, San Francisco, CA, USA) based
on target sequences obtained from GenBank (Supplementary Table 5).
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The target genes were amplified by PCR, and the amplicons were verified via
1% agarose gel electrophoresis before being inserted into the pET-32a (+)
expression vector (Invitrogen, USA) using a Seamless Cloning Kit (Gene-
sand Biotech, China). Recombinant plasmids were subsequently trans-
formed into Escherichia coli BL21 (DE3) competent cells (Tiangen, China)
and induced with 1 mM Isopropyl f-D-1-thiogalactopyranoside (IPTG) at
16 °C for 6 h. The his-tagged recombinant proteins were purified using an
Ni”-NTA affinity chromatography column (Bio-Rad, USA), and the final
protein concentrations were quantified using a bicinchoninic acid (BCA)
protein assay kit (Beyotime, China).

Vaccination and parasite challenge

Eighteen beagles (1 = 6 per group, half male and half female) were randomly
assigned into three experimental groups, following the design outlined in
Fig. 1. Each dog received two doses of a subcutaneous injection of the
designated cocktail vaccine formulations rEgENO&rEgSev&rEgCyc and
rEgFABP1&rEgCaM&rEgSrpl (detailed in Fig. 1), with a primary immu-
nization at Day 0 (D0) and a booster at D14. On D21, each dog was orally
challenged with 150,000 PSCs. At D49, animals were first sedated with an
intramuscular injection of xylazine hydrochloride (2 mg/kg) to induce
anesthesia. After confirming the absence of reflexes, euthanasia was per-
formed by intravenous administration of sodium pentobarbital at a dose of
100 mg/kg body weight. This method was consistent with the guidelines of
the American Veterinary Medical Association. The entire small intestine
was excised aseptically, and the intestinal contents were systematically
collected for microscopic enumeration of the total worm burden. In each
dog, 50 randomly selected worms were measured for body length and
maximal width. Intestinal tissue samples were fixed in 4% paraformalde-
hyde for subsequent histopathological assessment.

Serum IgG detection
Serum antigen-specific IgG levels were quantified using an indirect enzyme-
linked immunosorbent assay (ELISA). Recombinant proteins (rEgENO,
rEgSev, rEgCyc, rEgFABP1, rEgCaM, and rEgSrpl) were coated in 96-well
plates at 5 pg/mL in 0.05 M carbonate-bicarbonate buffer (pH 9.6) (100 pL/
well) and incubated at 4 °C for 16 h. After three washes with PBST (0.05%
Tween-20 in phosphate-buffered saline (PBS); 200 uL/well, 5 min per
wash), the wells were blocked using 5% (w/v) skim milk in PBS at 37 °C for
2 h. Serum samples (diluted 1:100 in PBST) were then added and incubated
at 37 °Cfor 1 h, followed by incubation with horseradish peroxidase (HRP)-
conjugated rabbit anti-dog IgG (1:3000, Solarbio, China) at 37 °C for 1.5 h.
The 3,3/,5,5'-Tetramethylbenzidine (TMB; Tiangen) substrate was added
for 20 min in the dark, followed by reaction termination using 100 uL of 2 M
H,SO,. The optical density (OD) was then measured at 450 nm.

Serum IgG longevity in dogs vaccinated with the rEgGENO&r-
EgSev&rEgCyc vaccine was assessed using an indirect ELISA following the
above protocol, with blood sera collected over 6 months.

Serum cytokine profiling

Serum levels of interleukin (IL)-2, IL-4, IL-5, IL-10, and interferon gamma
(IFN-y) were quantified using commercial ELISA kits (Solarbio, China)
according to the manufacturer’s instructions. Before assay execution, all kit
components were equilibrated to room temperature. Standard curves were
generated using recombinant cytokine calibrators provided in each kit.

Histopathological analysis

Dog small intestinal tissue samples were processed using standardized
histopathological protocols. Freshly excised small intestinal segments
(1 cm®) were immediately fixed in 4% paraformaldehyde (0.1 M PBS, pH
7.4) at 4°C for 24 h, with one solution replacement. Fixed tissues were
subsequently dehydrated through a graded ethanol series, cleared in xylene,
and embedded in paraffin at 56-58 °C. Serial 5 um sections were stained
with hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS), followed
by mounting with neutral resin. Three consecutive sections per sample
were prepared.

Dog fecal microbiome profiling

Total genomic DNA was extracted from canine fecal samples using the
E.ZN.A.® DNA Kit (Omega Bio-tek, USA) following the manufacturer’s
instructions. The V3-V4 hypervariable regions of the 16S rRNA gene were
amplified using primers 338 F (5-ACTCCTACGGGAGGCAGCAG-3)
and 806 R (5-GGACTACHVGGGTWTCTAAT-3)*. Amplicon sequen-
cing was performed on the Illumina NextSeq 2000 platform (Majorbio,
China), and raw reads were deposited in the NCBI SRA database (Acces-
sion: PRINA1244299).

Quality filtering and denoising of raw reads were conducted using
DADA2% within QIIME2” under default parameters. Sequences were
subsampled to the minimum sequencing depth (Good’s coverage >99.09%)
before a- and B-diversity analyses. Amplicon sequence variants (ASV's) were
taxonomically classified against the SILVA 16S rRNA database (v138) using
QIIMEZ2’s Naive Bayes classifier.

Bioinformatic analyses were conducted on the Majorbio Cloud Plat-
form (https://cloud.majorbio.com). a-Diversity indices (Chaol, Shannon)
were computed using mothur’', with intergroup differences assessed via the
Wilcoxon rank-sum test. B-Diversity was evaluated via Bray—Curtis-based
principal coordinate analysis (PCoA) with ANOSIM (999 permutations).
Linear discriminant analysis effect size (LEfSe)’” was used to identify
differentially abundant taxa (linear discriminant analysis (LDA) > 3.5,
p<0.05) from phylum to genus levels. Redundancy analysis (RDA) was
employed to explore cytokine-microbiome associations, while Spearman
correlation networks (p <0.05) were constructed to visualize key species
interactions.

Statistical analysis

All parasitological parameters (total worm count, body length, and maximal
width) were analyzed using SPSS 20.0 (IBM Corp., USA) and GraphPad
Prism 8.0 Software (GraphPad Inc., USA). Protection efficacy was calculated
as: (Mean worm burden in the control group—Mean worm burden in
the vaccinated group)/Mean worm burden in the control group x 100%.
The Mann-Whitney U test was used for statistical analysis, and differences
with a p value less than 0.05 were considered statistically significant.

Ethics

The animal study was reviewed and approved by the Animal Care and Use
Committee of Sichuan Agricultural University (SYXK2019-187). All animal
procedures used in this study were carried out in accordance with the Guide
for the Care and Use of Laboratory Animals (National Research Council,
Bethesda, MD, USA) and recommendations of the ARRIVE guidelines
(https://www.nc3rs.org.uk/arrive-guidelines). All methods were carried out
in accordance with relevant guidelines and regulations.

Data availability

All data generated or analyzed during this study are included in this pub-
lished article and its Supplementary Information files. The 16S rRNA gene
sequence data generated in this study have been deposited in the NCBI
Sequence Read Archive (accession number PRINA1244299). The dataset is
publicly  accessible  at:  https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA1244299/.
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