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Abstract

Echinococcus granulosus causes echinococcosis, an important zoonotic disease worldwide and a major public
health issue. Vaccination is an economical and practical approach for controlling E. granulosus. We have previously
revealed that a recombinant protein P29 (rEg.P29) is a good vaccine candidate against E. granulosus. However, T
cell immunogenic epitopes have not been identified. In the present study, we use rEg.P29-immunized mice as
models to screen immunogenic epitopes for the construction of a novel multi-epitope vaccine. We search for
immunodominant epitopes from an overlapping peptide library to screen the peptides of rEg.P29. Our results
confirm that rEg.P29 immunization in mice elicits the activation of T cells and induces cellular immune responses.
Further analyses show that a T cell epitope within amino acids 86-100 of rEg.P29 elicits significant antigen-specific
IFN-y production in CD4* and CD8* T cells and promotes specific T-cell activation and proliferation. Collectively,
these results provide a reference for the construction of a novel vaccine against broad E. granulosus genotypes

based on epitopes of rEg.P29.
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Introduction

Echinococcus granulosus is a cause of potentially lethal zoonotic
infections characterized by space-occupying lesions worldwide,
especially in areas of animal husbandry. In endemic areas, the an-
nual incidence of echinococcosis is 1/100,000 to 200/100,0000, and
the mortality of cystic echinococcosis (CE) is 2%-4% [1] The
World Health Organization estimated that 91% of new cases of
hepatic encysted liver disease worldwide each year occur in China
[2]. Tt is one of 17 diseases identified, as it is easily overlooked by
the WHO [3].

According to established guidelines [4], treatment options for
human echinococcosis include: (i) radical hepatectomy as the first
choice, (ii) long-term chemotherapy in cases where surgery is not
possible or only partial resection is possible, and (iii) anti-infective
drug treatment. However, the risk of recurrence represents a major
issue [5-7]. Furthermore, population screening has shown that CE
liver cysts in humans grow very slowly. Human echinococcosis

lacks symptoms in the early stages of development and is often
diagnosed at a late stage. Therefore, vaccination is expected to be an
effective way against E. granulosus [8].

The P29 protein was first described by Excler et al. [9] as a novel
29 kDa antigen from E. granulosus protoscoleces. As a diagnostic
antigen, it has a high sensitivity and specificity (i.e., 88% and
89.9%, respectively) [10]. We have previously found that rEg.P29
shows 94.5% protective efficacy in a sheep model with secondary
infection and could induce strong cellular and humoral immune
responses against E. granulosus [11]. In view of these data for rEg.
P29, a multi-epitope vaccine containing proper antigenic peptides
may serve as an efficient vaccine against E. granulosus infection.

Reverse vaccinology targeting the development of multi-epitope
vaccines is a promising strategy [12]. Compared with conventional
vaccines, epitope vaccines are relatively safe, stable, and can se-
lectively initiate multiple immune responses. Epitope vaccines have
been studied extensively in the context of the prevention and
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treatment of tumors, tuberculosis, dust mite, parasites, and other
diseases [13-16], representing a new direction for vaccine devel-
opment. The T cell-mediated cellular immune response [17,18] and
B cell-mediated humoral immune response [19,20] play important
roles in protection against E. granulosus.

In this study, we searched for immunodominant epitopes based
on experimental evaluations of candidate epitopes identified from
overlapping peptide libraries, and provided a reference for the de-
velopment of rEg.P29 epitope vaccines.

Materials and Methods

Antigen preparation

The complete amino acid sequence of rEg.P29 was obtained from
the NCBI database (AADS53328.1). The recombinant protein ex-
pression and purification were performed following the previously
published methods [21]. In brief, expression was induced at 37°C
for 10 h in the presence of 50 pg/mL isopropyl-B-d-thiogalactoside
(IPTG; Invitrogen, Waltham, USA). Then, the rEg.P29 protein was
purified using the His Purification kit (Merck, Kenilworth, USA)
according to the manufacturer’s instructions. The purified rEg.P29
was identified by SDS-PAGE, and the protein concentration was
detected using the BCA kit (KeyGEN BioTECH, Nanjing, China).
The 45 overlapping peptides of rEg.P29 (Table 1) and CpG ODN
1826 (TCCATGACGTTCCTGACGTT) were synthesized by Sangon
(Shanghai, China). The purity of the synthesized peptide was
>98%, as determined by high-performance liquid chromatography,
and the content, sterility, and the absence of endotoxin were con-
firmed. The dry powder was dissolved to a concentration of
1 mg/mL and stored at -80°C.

Animals and immunizations

Six to eight-week-old female specific pathogen-free C57BL/6 mice
(SCXK2016-0006) were provided by the Animal Center of Ningxia
Medical University. The study was approved by the Experimental
Animal Ethics Committee of Ningxia Medical University and ex-
periments were carried out in strict accordance with national and
institutional guidelines. Mice were randomly assigned into 3
groups, i.e., control group (injected with PBS only), rEg.P29 + FCA
group (injected with 20 ng rEg.P29 emulsified with FCA), and rEg.
P29 + CpG group (injected with 20 pg rEg.P29 and 20 ng CpG ODN
1826). For the subcutaneous immunization, the emulsified mixture
was suspended in phosphate-buffered saline (PBS) and injected into
the lower quadrant of the abdomen (100 pL/mouse). One week
later, the purified proteins were mixed with Freund’s incomplete
adjuvant or CpG ODN 1826 as protein vaccines to boost immunity.
We performed two boost, as shown in Figure 1.

Sample collection and cell culture

At indicated time after immunization, mice were anesthetized with
chloral hydrate, serum samples and the splenic tissues were col-
lected from each mouse. Spleen cells were isolated immediately by
pushing the spleen through a 70-um strainer in Hank’s balanced
salt solution, followed by Ficoll-Hypaque (Tianjin HaoYang Bio-
logical Manufacture, Tianjin, China) density gradient centrifuga-
tion at 450 g for 20 min. Mononuclear cells were collected, washed
twice with Hank’s balanced salt solution, and re-suspended at a
final concentration of 2 x 10° cells/mL in complete RPMI 1640
medium (HyClone, Logan, USA) supplemented with 10% heated-
inactivated fatal calf serum (FCS; GeminiBio, West Sacramento,

Table 1. Amino acid sequences of overlapping peptides
No. Name Sequence Length
ID1 rEg.P29, 5 MSGFDVTKTFNRFTQ 15
D2 rEg.P29, _, VTKTFNRFTQRAGEL 15
ID3 rEg.P29,, ;5 NRFTQRAGELVNKNE 15
D4 rEg.P29 4.3 RAGELVNKNEKTSYP 15
ID5 rEg.P29,, 35 VNKNEKTSYPTRTSD 15
ID6 TEg.P29,4 49 KTSYPTRTSDLIHEI 15
ID7 rEg.P29;3, 45 TRTSDLIHEIDQMKA 15
ID8 rEg.P29;4 5 LIHEIDQMKAWISKI 15
D9 rEg.P29,,_s5 DQMKAWISKIITATE 15
ID10 TEg.P296 6o WISKIITATEEFVDI 15
ID11 rEg.P295, s ITATEEFVDINIASK 15
ID12 TEg.P2954 5 EFVDINIASKVADAF 15
ID13 rEg.P29¢; 55 NIASKVADAFQKNKE 15
ID14 TEg.P29¢ g0 VADAFQKNKEKITTT 15
ID15 rEg.P29;, g5 QKNKEKITTTDKLGT 15
ID16 TEg.P29,6_99 KITTTDKLGTALEQV 15
ID17 TEg.P29g o5 DKLGTALEQVASQSE 15
ID18 TEg.P29g4 109 ALEQVASQSEKAAPQ 15
ID19 TEg.P29g;_1¢5 ASQSEKAAPQLSKML 15
ID20 TEg.P29¢_110 KAAPQLSKMLTEASD 15
ID21 TEg.P29,01_115 LSKMLTEASDVHQRM 15
D22 TEg.P29,06-120 TEASDVHQRMATARK 15
D23 rEg.P29;1; 155 VHQRMATARKNFNSE 15
D24 TEg.P29,14_130 ATARKNFNSEVNTTF 15
ID25 TEg.P295 135 NFNSEVNTTFIEDLK 15
ID26 TEg.P29 56 149 VNTTFIEDLKNFLNT 15
ID27 TEg.P29 3, 145 IEDLKNFLNTTLSEA 15
ID28 TEg.P29 34_150 NFLNTTLSEAQKAKT 15
D29 TEg.P29,41_155 TLSEAQKAKTKLEEV 15
ID30 TEg.P2946-160 QKAKTKLEEVRLDLD 15
ID31 TEg.P295_1¢5 KLEEVRLDLDSDKTK 15
ID32 TEg.P2956_170 RLDLDSDKTKLKNAK 15
ID33 TEg.P29 4, 175 SDKTKLKNAKTAEQK 15
ID34 TEg.P2966-150 LKNAKTAEQKAKWEA 15
ID35 TEg.P29,7_1g5 TAEQKAKWEAEVRKD 15
ID36 TEg.P29,7 199 AKWEAEVRKDESDFD 15
ID37 TEg.P29 5, 195 EVRKDESDFDRVHQE 15
D38 TEg.P29 156 200 ESDFDRVHQESLTIF 15
ID39 TEg.P29,9; 505 RVHQESLTIFEKTCK 15
ID40 TEg.P29,06-210 SLTIFEKTCKEFDGL 15
D41 TEg.P29,0,_315 EKTCKEFDGLSVQLL 15
ID42 TEg.P29,06_221 EFDGLSVQLLDLIRA 15
ID43 TEg.P29,,_ 555 SVQLLDLIRAEKNYY 15
D44 TEg.P29,16 231 DLIRAEKNYYEACAK 15
1D45 TEg.P29,51_ 335 EKNYYEACAKECSMM 15

USA), 100 pg/mL streptomycin, 100 U/mL penicillin, 2 mM L-
glutamine, and 50 pM 2-mercaptoethanol (Gibco, Grand Island,
USA).

Lv et al. Acta Biochim Biophys Sin 2022



484

Protective rEg.P29 epitope against E. granulosus

Prime&Boost Groups

Priming
S.C.: .
1.PBS N

2.rEg.P29+FCA !
3.rEqg.P29+CpG

<«n +

| |
4 3
) J

Sample testing

Figure 1. Scheme of immunization and sampling C57BL/6 mice (n=5-7/group) were subcutaneously immunized following the prime-boost
protocol. We performed two boosts (-1 and 0). Spleen sample and serum sample were collected and tested at indicated time points.

ELISA and ELISpot

Mononuclear cells were suspended in complete RPMI 1640 medium
at density of 2 x 10° cells/mL. A total of 200 uL cell suspension was
seeded into each well of a round-bottom 96-well plate, and stimu-
lated with or without rEg.P29 or peptides (15 pg/mL) in the pre-
sence of anti-CD28 (1 pg/mL) at 37°C with 5% CO, for 3 days.
Cytokines (IFN-y, TNF-a, IL-2, IL-4, and IL-10) in the supernatants
were detected using BD OptEIA Mouse ELISA Sets (BD Biosciences,
San Jose, USA) according to the manufacturer’s instructions. Re-
actions were stopped with 1 M H,SO,, and the optical density of
each well was measured at 450 nm using a microplate reader
(Thermo Fisher, Waltham, USA). Concentrations were calculated
using standard serial dilutions of cytokines.

For the ELISpot assay of cytokine-producing cells, mononuclear
cells were suspended in complete RPMI 1640 medium at density of
1 % 10° cells/mL. Then, 100 pL of cell suspension was seeded into
each well of pre-coated BD ELISpot plates (BD Biosciences) and
stimulated with or without rEg.P29 or peptides (15 pg/mL) in the
presence of anti-CD28 (1 ng/mL) at 37°C with 5% CO, for 24 h.
After being washed with RPMI 1640 medium, the plates were in-
cubated with biotinylated detecting antibodies (BD Biosciences),
followed by incubation with streptavidin-HRP (BD Biosciences).
AEC substrate (BD Biosciences) was added to the wells for spot
development, and the reaction was stopped by washing the wells
with deionized water. The plate was air-dried at room temperature,
and IFN-y and IL-4-producing cells were enumerated using AID
Classic ELR08 (Aid Autoimmun Diagnostika Gmbh, Strafiberg,
Germany) according to the manufacturer’s instructions. The results
are shown as the mean values from triplicate wells.

Flow cytometric analysis

To measure the level of intracellular cytokines, cells were sus-
pended in culture medium at a concentration of 1 x 10° cells/mL
and cultured with or without rEg.P29 or peptides at 15 pg/mL in the
presence of anti-CD28 (1 pg/mL) at 37°C with 5% CO, for 20 h.
Brefeldin A (Sigma-Aldrich, St Louis, USA) was added to the culture
during the final 6 h at concentration of 10 pg/mL. The cells were
washed twice with PBS containing 0.1 % bovine serum albumin and
0.05% sodium aside (Buffer 1), followed by staining with fluor-
ochrome-conjugated monoclonal antibodies (mAbs) for phenotyp-
ing for 30 min at 4°C in the dark. Then, the cells were washed with
Buffer 1, fixed with 4% paraformaldehyde and permeabilized with
Buffer 2 (Buffer 1 with 0.1% saponin) overnight at 4°C. After
staining for the detection of intracellular cytokines with fluor-
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ochrome-conjugated monoclonal antibodies for 30 min at 4°C in
the dark, cells were washed with Buffer 1 and evaluated using the
FACSCelesta (BD Biosciences) for data collection. Data were
analyzed using FlowJo 10 (TreeStar, San Carlos, USA). For phe-
notyping, cells were washed with Buffer 1, and then stained with
phenotyping mAbs for 30 min at 4°C in the dark. The following
fluorochrome-antibodies were purchased from BD Biosciences and
used for flow cytometric analysis: Phycoerythrin-Texas Red (PE-
CF594) conjugated-anti-CD3 antibody, Allophycocyanin-Cyanin 7
(APC-Cy7) conjugated-anti-CD4 antibody, Pacific Blue con-
jugated-anti-CD8 antibody, Fluorescein isothiocyanate (FITC)
conjugated-anti-IFN-y antibody, Phycoerythrin (PE) conjugated-
anti-CD25 antibody, and Alexa Fluor conjugated-anti-CD69 anti-
body. Fixable Viability Dye eFluor™506 was obtained from In-
vitrogen.

Cell proliferation assay

To evaluate proliferation, cells were washed twice with pre-
warmed PBS. Carboxyfluorescein diacetate succinimidylester
(CFSE; Invitrogen) at a concentration of 2.5 pM was added and
incubated for 15 min at 37°C in the dark. The reaction was termi-
nated with precooled PBS (containing 10% FBS), incubated at 4°C
for 5 min, and washed twice with precooled PBS. CFSE-labeled
cells were then cultured with or without rEg.P29 or peptide at
15 pg/mL for the indicated time at 37°C with 5% CO,. Cell samples
were collected and stained with fluorochrome-conjugated mono-
clonal antibodies for phenotyping at 4°C in the dark. Then, samples
were assayed using the FACSCelesta. Data were analyzed using
FlowJo.

Multiple sequence alignment

To determine whether the core epitope was conserved among P29
proteins, the P29 protein amino acid sequences of E. granulosus
reported by Boubaker et al. [22] were analyzed. Homology between
TEg.P29g4_100 in the P29 protein and different E. granulosus s.1. iso-
lates were compared using BLAST (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) and Jalview (Version 2.11.1.5).

Localization of the core epitope on rEg.P29
SWISS-MODEL (https://swissmodel.expasy.org/interactive) was
used to predict the three-dimensional structure of rEg.P29. Two
threading templates were selected by this program for construction
(2d4c.1.A and 6up6.1). Core epitope was mapped against the three-
dimensional structure.


https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://swissmodel.expasy.org/interactive

Protective rEg.P29 epitope against E. granulosus

485

Statistical analysis

All statistical tests were performed using GraphPad Prism 8.0
(GraphPad Software Inc., San Diego, USA) and SPSS 22.0. The
unpaired Student’s t-test was used for comparisons between two
groups and one-way or two-way ANOVA was used for comparisons
among more than two groups. The LSD test or SNK test was used for
data with normal distribution and homogeneous variance. Dun-
nett’s T3 test or independent sample t-test was used for data that
conformed to normal distribution but had uneven variance. Data
are presented as the mean or the mean+SD. P<0.05 was con-
sidered statistically significant.

Results

rEg.P29 induces a cellular immune response

rEg.P29 was first expressed in Escherichia coli and purified using a
His-Affinity Agarose column, as shown in Supplementary Figure S1.
To explore the preventive effect of rEg.P29 against E. granulosus,
we immunized mice subcutaneously with rEg.P29 plus Freund’s
adjuvant (rEg.P29 +FCA) and rEg.P29 plus CpG (rEg.P29 + CpG)
respectively, as summarized in Figure 1. Control mice were injected
with PBS only. Lymphocytes were prepared from the spleen of
immunized mice from week 1 to week 16.

After in vitro rEg.P29 stimulation, the production of cytokines
was evaluated in lymphocytes isolated from the spleen of im-
munized mice. Cells from mice immunized with rEg.P29 + FCA and
rEg.P29 + CpG produced higher levels of cytokines than those of
cells from controls (Figure 2A). The IFN-y, IL-2, and TNF-a levels
peaked at week 2, and then gradually decreased to week 16, while
the levels of IL-4 and IL-10 were not detectable during this time
period. These results indicated that immunization with rEg.P29 +
FCA and rEg.P29 + CpG established a cellular immune response in
our mouse model.

Flow cytometry was used to analyze the subtypes of cells that
respond to rEg.P29. Lineage differentiation by flow cytometry in-
dicated that most cytokine-producing cells were CD3*T cells
(Figure 2B,C). Cells from rEg.P29+FCA and rEg.P29 + CpG-im-
munzed mice produced the highest levels of IFN-y (Figure 2D,E)
after induction with rEg.P29, with higher frequencies of IFN-y-
producing cells than the cells from control mice (all P<0.0001).
These results are consistent with those of the quantitative ELISA.
The cytokine-producing T cells included both CD4* and CD8*T
cells, and there was no significant difference in the frequencies of
these cell types. These data suggested that rEg.P29 could stimulate
the induction of IFN-y production by CD4* and CD8* T cells.

rEg.P29 contains an immunodominant epitope of T cells
Overlapping peptides were used to screen epitopes recognized by
rEg.P29-specific T cells. These peptides were 15-mers, overlapping
by 10 amino acids and spanning the entire region of the rEg.P29
sequence (Figure 3A). By quantitative ELISA, we found that ID16-18
induced mononuclear cells isolated from mice immunized with rEg.
P29 + FCA and rEg.P29 + CpG to produce IFN-y and IL-2 (Figure 3B,
C). Next, ID15, ID16, ID17, ID18, and ID19 were used to stimulate
mononuclear cells isolated from PBS-, rEg.P29+FCA-, and
rEg.P29 + CpG-immunized mice (Figure 3D,E). We found that ID18
and ID19 stimulated significantly higher levels of IL-2 and IFN-y
than those in the control group.

Given these results, we then synthesized ID18 (rEg.P29g4_100),
ID19 (rEg.P29y;_105), and their overlaps (rEg.P29g4 105 and

rEg.P299,_190) (Table 2). The levels of IL-2 and IFN-y production
elicited by rEg.P29g, 190 and rEg.P294,_ 05 were lower than those
elicited by rEg.P29 and were significantly higher than those elicited
by the medium control (Figure 3F,G).

Using ELISPOT-counting, we found that rEg.P29, rEg.P29s_,00,
and rEg.P29¢_, s elicited mononuclear cells isolated from rEg.P29 +
FCA-, and rEg.P29 + CpG-immunized mice to produce IFN-y (Figure
4A,B), demonstrating a dominant T-cell epitope at this location. In
contrast, TEg.P29, rEg.P29g4 109, and rEg.P29g, ;s were unable to
stimulate IL-4 production (Figure 4C,D).

To determine the cell subsets exhibiting a response to
TEg.P29g4_100 and rEg.P29g, ,o5, we analyzed lineage differentiation
of IFN-y-producing cells by flow cytometry. T cells producing IFN-y
were CD4* T cells and CD8* T cells; however, the IFN-y*T cells
induced by the overlapping peptides were slightly lower than those
induced by rEg.P29 (Figure 4E,F). Furthermore, as shown in Figure
4G, there was no significant difference in IFN-y*T cells between
TEg.P29g4 100 and rEg.P29g, 05 groups. Given that epitopes are the
smallest units of immune function in antigens, we proposed thata T
cell epitope exits within amino acids 86-100 of rEg.P29, and this
epitope could induce a dominant T cell response specific to rEg.P29.

rEg.P29g¢_100 and rEg.P29 activate specific CD4* and
CD8* T cells
We detected CD69 and CD25 expressions to evaluate the kinetics of
cell activation by flow cytometry. After cells were cultured with
15 pg/mL of rEg.P29 or 1Eg.P29g4 100, and 1 pg/mL anti-CD28 anti-
body, CD4* T cells showed elevated expressions of CD69 and CD25
beginning on day 1 (Figure SA-C). The level of CD69 expression in
CD4* T cells was decreased on day 3. The level of CD69 expression
on CD4* T cells after treatment with rEg.P29 or rEg.P29g,_,90 Was
significantly different from the frequencies for cells cultured without
rEg.P29 or 1Eg.P29g4_ 190 On day 1. In addition, after treatment with
rEg.P29 or rEg.P29g, 140, CD25-expressing cells were significantly
elevated on day 3 compared with that in the group without rEg.P29
or rEg.P29¢ 40, suggesting that most rEg.P29-specific CD4* T cells
were already activated on day 3 by rEg.P29 or rEg.P29gs_1p0. It is
worth noting that rEg.P29g,_,o induced a lower increase in CD69
than rEg.P29; however, there was no significant difference in the
magnitude of CD25 elevation between rEg.P29 and rEg.P29_; .
CD8* T cells were also activated (Figure 5D-F). The level of CD69
expression on CD8* T cells in rEg.P29- or rEg.P29g_,q,-activated
cells was significantly different from that in cells cultured without
rEg.P29 or rEg.P29¢, 14, on day 1. The level of CD69 expression in
CD8*T cells was decreased on day 3. The increase in CD25-ex-
pressing cells after culture with rEg.P29 or rEg.P29g._,o, Was sig-
nificantly elevated on day 3 compared with that in the control
group. Similar to thatin CD4* T cells, rEg.P29g4_,o, induced a lower
level of CD69 elevation in CD8* T cells than rEg.P29; however,
there was no significant difference in the level of CD25 elevation
between rEg.P29 and rEg.P29g4_,¢. The timing of elevations in CD25
and CDG69 expressions differed slightly between the rEg.P29 + FCA
and rEg.P29 + CpG groups.

rEg.P29g¢_100 and rEg.P29 promote the proliferation of
CD4* and CD8* T cells

Next, we used a CFSE labeling approach to estimate cell prolifera-
tion as a parameter for cell expansion. After cultured with rEg.P29
or TEg.P29_19o, the CFSE intensity of a portion of CD4* T cells was
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Figure 2. rEg.P29 immunization induced a cellular immune response Mice were primed and boosted with PBS, rEg.P29 + FCA, or rEg.P29 + CpG,
following the prime-boost protocol. (A) At the indicated time intervals, mice were sacrificed and mononuclear cells were isolated from the spleen
and stimulated with rEg.P29. The supernatants were tested for cytokine production by ELISA. Brefeldin A was added to the culture during the final
6 h. The cells were harvested and stained with fluorochrome-conjugated monoclonal antibodies for lineage differentiation and intracellular
cytokine expression assays. Cells were analyzed by flow cytometry and data were analyzed using FlowJo. (B,C) Representative dot plots showing
the identification of IFN-y-producing T cells. (D,E) Frequencies of IFN-y-producing CD4* T cells and CD8* T cells in the immunization groups are
shown. Data were obtained from seven mice. ****P<0.0001, ***P<0.001, **P<0.01, and ns, P>0.05.
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Figure 3. Overlapping peptide screening of T-cell epitopes Mice were primed and boosted with PBS, rEg.P29 + FCA, or rEg.P29+CpG and
sacrificed at week 2 after boosting. Mononuclear cells were isolated from the spleen. (A) Design of individual overlapping peptides. (B,C) Cells
were stimulated with a mixture of the peptides and rEg.P29. The medium for dissolving the peptides was used as the control. IFN-y and IL-2
production in the supernatant were assessed by ELISA. (D,E) Cells were stimulated with rEg.P29, ID15, ID16, ID17, ID18, ID19 and medium, the
levels of IFN-y and IL-2 were detected by ELISA. (F,G) Cells were stimulated with rEg.P29, rEg.P29 140, rEg.P29g1_100, rE9.P29g6 195, rE9.P29g1_105, OF
medium, and then the levels of IFN-y and IL-2 were detected by ELISA. Data were obtained from 7 mice and are expressed as the mean +SD.
**%¥¥P<0.0001, ***P<0.001, **P<0.01, *P<0.05, and ns, P>0.05.
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Table 2. Amino acid sequence of the dominant peptides
Peptide name Sequence Length
TEg.P29%;¢_100 ALEQVASQSEKAAPQ 15
TEg.P299,_10s ASQSEKAAPQLSKML 15
TEg.P29;_109 ASQSEKAAPQ 10
TEg.P29g4 105 ALEQVASQSEKAAPQLSKML 20

decreased on day 3 and further decreased on day 5 (Figure 6A,C).
rEg.P29 and rEg.P29g,_,¢, also promoted the proliferation of CD8* T
cells. When cultured with rEg.P29 or rEg.P29gs 1oy, the CFSE in-
tensity of a portion of CD8* T cells was decreased on day 3 and
further decreased on day 5 (Figure 6 B,D). However, the ability of
rEg.P29g4 100 in promoting CD4* T cell proliferation was weaker
than that of rEg.P29, while no difference was found in promoting
CD8* T cell proliferation between rEg.P29 and rEg.P29g,_; 0.

rEg.P29g¢ 4 is relatively conserved among different
isolates of E. granulosus

To explore the conservation of the core epitope, we aligned the
amino acid sequences of ten distinct genotypes (G1-G10) of E.
granulosus s.l. AHA85395 (E. canadensis) shares a sequence simi-
larity of 93.3% in the position of the rEg.P294_,4, epitope (ALEQ-
VASQSEKAAPQ), with 1 amino acid difference at the thirteenth
residue. Other E. granulosus s.l. isolates share 100% sequence si-
milarity with rEg.P29g¢ 09 (Figure 7A).

Localization of rEg.P29g4 100 On the P29 protein

A three-dimensional model of the P29 protein was constructed
based on templates on the SWISS-MODEL server website (Figure
7B). Two monomer templates, 2d4c.1.A and 6upé.1, were selected
for construction based on the score that combined the highest se-
quence coverage and sequence similarity. rEg.P29g4_ 90 (ALEQ-
VASQSEKAAPQ) was predicted on the surface of the P29 protein.

Discussion
The control of E. granulosus relies on preventing E. granulosus s.1I.
transmission by interventions in dogs and livestock [23]. Primary
prevention measures aiming at avoiding the ingestion of Echino-
coccus eggs may reduce the burden of human CE. Additionally,
vaccines play an important role in primary prevention [24].

The Eg95 vaccine is a commercial vaccine against E. granulosus.
It confers 96 %-98 % protection in sheep, and previous studies have
shown that the vaccine is effective [25-27]. However, the Eg95
vaccine mainly targets the G1 genotype and may not be effective
against other genotypes, such as G6. Hence, we attempted to pro-
duce a multi-epitope vaccine which is able to provide broad pro-
tection against E. granulosus genotypes. Previous studies have
identified rEg.P29 as a candidate molecule for E. granulosus vaccine
development [12]. However, whole antigen immunization has
some limitations [28]; for example, antigenicity is influenced by the
expression system. With advances in reverse vaccinology, multi-
epitope vaccines are now used in many applications [29,30]. In
addition, epitope vaccines have high specificity, and the design of
epitope vaccine is flexible, with the ability to combine different T
and B cell antigen epitopes. Therefore, epitope vaccines are an
important area of research.

The early epitope vaccines mainly consisted of B cell epitopes,
which could only elicit a single humoral immune response. The
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humoral immune response requires the activity and regulation of
the cellular immune response. Several recent studies have demon-
strated that a protective B cell epitope is essential for epitope vac-
cines [31], and the presence of T cell epitopes in epitope vaccine
constructs can significantly improve the level of immunoprotection
[32-34]. Our previous research did not reveal the dominant role of
humoral or cellular immunity in rEg.P29 protection. Therefore, in
this study, we filtered out multi-epitope vaccines composed of a T
cell epitope from rEg.P29. To determine which peptide can induce a
robust T cell response, we searched for dominant epitopes from an
overlapping peptide library to screen the epitope peptides against
rEg.P29 of E. granulosus.

Using a mouse model, we demonstrated that rEg.P29 im-
munization elicited a Thl-type response. After prime and boost
doses of rEg.P29, the cytokine-producing cells peaked at week 2.
Most cytokine-producing cells expressed IFN-y, IL-2, and TNF-q,
and a few expressed IL-4 and IL-10. Cytokine production was
maintained for at least 16 weeks. Moreover, rEg.P29 could stimulate
the induction of IFN-y production by CD4* and CD8"* T cells. Im-
portantly, we found that rEg.P29 contains a murine T cell-specific
epitope within amino acids 86-100 (rEg.P29g¢_,00). The level of IFN-
v and number of IFN-y-producing cells induced by rEg.P29;_;, and
TEg.P29g4_195 Were slightly lower than those induced by rEg.P29.
Results for tEg.P29¢, 10 (15 aa) and rEg.P29¢. ;45 (20 aa) indicated
that both CD4* and CD8* T cells contribute to IFN-y production.
These results may be explained by the fact that rEg.P29g,_,0o and
TEg.P29g4_195 contain both CD4* T and CD8* T cell epitopes. We
ultimately chose the shortest and most effective epitope,
rEg.P29g, 10 (15 aa), as the T-cell peptide of rEg.P29. The level and
number of IFN-y-producing cells induced by rEg.P29g,_,oo Were the
same as those for rEg.P29,5_,s but lower than those induced by rEg.
P29. Interestingly, T cell responses were restricted to long peptides
and were not induced by stimulation with 10-mer peptides, in line
with the results of Schumacher et al. [13] Additionally, rEg.P29- or
TEg.P29g4_190-induced CD4* and CD8* T cells showed a rapid in-
crease in the expression of CD69 one day after encountering the
cognate antigen, with a much higher frequency of CD69 expression
than that for cells without induction by rEg.P29 or rEg.P29_;o-
CDG69 expression was substantially declined and CD25 expression
was increased on day 3. These data suggested that rEg.P29- or rEg.
P29g4_100-specific CD4* and CD8* T cells respond rapidly to E.
granulosus challenges and establish an efficient adaptive immune
response at the early stage of pathogen invasion. However, peptides
are limited by weak immunogenicity, and rEg.P29g:_ ;oo had a
weaker effect on specific T-cell activation than rEg.P29. Both rEg.
P29 and rEg.P29,_;, could induce the proliferation of specific CD4 *
and CD8* T cells.

Ten distinct genotypes (G1-G10) of E. granulosus s.l. have al-
ready been documented and are named according to their most
commonly identified intermediate host [22]. The majority of these
genotypes are known to infect humans, with the exception of the G4
horse strain, which has not been reported to be zoonotic in litera-
ture. We detected high sequence similarity between rEg.P29g4 140
(ALEQVASQSEKAAPQ) and the corresponding positions in
AHAB85395 (E. canadensis), with only one amino acid difference,
and 100% similarity between other E. granulosus s.I. isolates and
TEg.P29¢4_100- These results are promising for the development of
vaccines that are able to protect against a wider range of genotypes.
Furthermore, as determined by three-dimensional homology mod-
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Figure 4. Ability of T-cell epitope peptides to stimulate cytokine production Mice were primed and boosted with PBS, rEg.P29 + FCA, or rEg.P29 +
CpG, and sacrified at week 2 after boosting. Mononuclear cells were isolated from the spleen. (A-D) Cells were stimulated with rEg.P29g4 10, rEg.
P29¢5 105, rEQ.P29, or medium, and cells producing IFN-y and IL-4 were counted by ELISpot. The cells were harvested and stained with fluor-
ochrome-conjugated monoclonal antibodies for lineage differentiation and intracellular cytokine expression assays. Cells were analyzed by flow
cytometry and data were analyzed using FlowJo. (E) Representative dot plots showing IFN-y-producing T cells. (F) Frequencies of IFN-y-producing
CD4* T and CD8* T cells in the immunization groups. (G) Frequencies of IFN-y-producing CD4* T and CD8* T cell populations from the rEg.P29 +
FCA and rEg.P29 + CpG groups are shown. Data were obtained from 7 mice and are expressed as the mean+SD. ****P<0.0001, ***P<0.001,
**P<0.01, and ns, P> 0.05.

eling, rEg.P29g4_,0 is on the surface of rEg.P29, facilitating binding immunogenicity of rEg.P29. The use of CpG was based on other
to antigenic epitopes. studies, and Freund’s adjuvant was used as a control. In addition,
In our prime and boost procedure, adjuvant CpG promoted the CpG ODN was approved in 2017 by the FDA as an adjuvant for the
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Figure 5. rEg.P29g; 1o and rEg.P29 activate specific CD4* and CD8* T cells Mice were primed and boosted with PBS, rEg.P29 + FCA, or rEg.P29 +
CpG, and sacrificed at week 2 after boosting. Mononuclear cells were isolated from the spleen. (A-C) Cells were stimulated with rEg.P29gg.140, rEg.
P29, or medium for 1 and 3 days. The cells were harvested and stained with fluorochrome-conjugated monoclonal antibodies for CD69 and CD25.
Cells were analyzed by flow cytometry and data were analyzed using FlowJo. (A) Representative dot plots showing CD69 and CD25 expressions in
CD4* T cells. (B,C) Frequencies of CD69 and CD25 expression in CD4" T cells from rEg.P29 + FCA and rEg.P29 + CpG groups. (D) Representative dot
plots showing CD69 and CD25 expressions in CD8™ T cells. (E,F) Frequencies of CD69 and CD25 expression in CD8* T cells from rEg.P29 + FCA and
rEg.P29 + CpG groups are shown. Data were obtained from 5 mice and are expressed as the mean +SD. ****P<0.0001, ***P<0.001, **P<0.01,
*P<0.05, and ns, P>0.05.
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Figure 6. Specific CD4* and CD8* T cell proliferation Mice were primed and boosted with PBS, rEg.P29 + FCA, or rEg.P29 + CpG and sacrificed at
week 2 after boosting. Mononuclear cells were isolated from the spleen. Cells were used for CFSE labeling and stimulated with rEg.P29gg 100, rEg.
P29, or medium for 3 and 5 days. The cells were harvested and stained with fluorochrome-conjugated monoclonal antibodies for CD4 and CD8.
Cells were analyzed by flow cytometry and data were analyzed using FlowJo. (A,B) Representative dot plots showing the identification of
proliferative CD4* and CD8* T cells. (C,D) Frequencies of proliferative CD4* and CD8* T cells from rEg.P29 + FCA and rEg.P29 + CpG groups. Data
were obtained from 5 mice and are expressed as the mean £ SD. ****P <0.0001, ***P<0.001, **P<0.01, ¥*P<0.05, and ns, P> 0.05.

human hepatitis B virus vaccine HEPLISAV-BTM (Dynavax,
Emeryville, USA). Adjuvant CpG enhanced the antigen-specific
Th1l-type immune response and increased antibody levels. In view
of its safety, we chose CpG as the adjuvant. It is important to note
that adjuvants (e.g., FCA and CpG) in this study did not in-
dependently induce a T cell response without rEg.P29 or rEg.P29g4_140,
as shown in Supplementary Figure S2. Adjuvants have been shown to
significantly enhance the immune effect without inducing a specific
immune response [35]. We did not determine the immunoprotective
effects of peptide vaccines. However, we screened the T cell epitope
of rEg.P29 from the overlap library to provide a reference for the next
step in epitope vaccine research.

In conclusion, rEg.P29, as a whole antigen, can induce a cellular
immune response and contains a T cell epitope (rEg.P29g4_190)- This
study provides a reference for the development of novel and uni-
versal multi-epitope vaccines against E. granulosus.

Supplementary Data
Supplementary data is available at Acta Biochimica et Biophysica
Sinica online.
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