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Abstract

Echinococcus granulosus is the parasite responsible for cystic echinococcosis
(CE), an important worldwide-distributed zoonosis. New effective vaccines
against CE could potentially have great economic and health benefits. Here, we
describe an innovative vaccine design scheme starting from an antigenic
fraction enriched in tegumental antigens from the protoscolex stage (termed
PSEx) already known to induce protection against CE. We first used mass
spectrometry to characterize the protein composition of PSEx followed by Gene
Ontology analysis to study the potential Biological Processes, Molecular
Functions, and Cellular Localizations of the identified proteins. Following,
antigenicity predictions and determination of conservancy degree against other
organisms were determined. Thus, nine novel proteins were identified as
potential vaccine candidates. Furthermore, linear B cell epitopes free of
posttranslational modifications were predicted in the whole PSEx proteome
through colocalization of in silico predicted epitopes within peptide fragments
identified by matrix-assisted laser desorption/ionization-TOF/TOF. Resulting
peptides were termed “clean linear B cell epitopes,” and through BLASTp
scanning against all nonhelminth proteins, those with 100% identity against any
other protein were discarded. Then, the secondary structure was predicted for
peptides and their corresponding proteins. Peptides with highly similar
secondary structure respect to their parental protein were selected, and those
potentially toxic and/or allergenic were discarded. Finally, the selected clean
linear B cell epitopes were mapped within their corresponding 3D-modeled
protein to analyze their possible antibody accessibilities, resulting in 14 putative
peptide vaccine candidates. We propose nine novel proteins and 14 peptides to
be further tested as vaccine candidates against CE.
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1 | INTRODUCTION

Cystic echinococcosis (CE) is an important zoonotic
disease, currently listed as a Neglected Tropical Disease
by the World Health Organisation (WHO). Echinococcus
granulosus—the parasite responsible for CE—is a cestode
that requires two mammalian hosts for completing its life
cycle: canids (mainly dogs) act as definitive hosts,
whereas farm or wild ungulates are usually the inter-
mediate hosts. Humans are considered accidental inter-
mediate hosts, and the WHO estimates that more than 1
million people worldwide are infected at any one time.'
Intermediate hosts become infected by ingesting infective
eggs containing oncospheres, which migrate to various
visceral organs, such as liver and lungs, and develop into
the metacestode stage (hydatid cyst). When hydatid cysts
are fertile, they asexually produce protoscoleces (PSC)
turning into the infective stage for definitive hosts.?
Interestingly, if a fertile cyst accidentally ruptures within
an intermediate host, spilled PSC have the developmental
plasticity to develop into new cysts in a process called
secondary infection.’

Efforts to mitigate CE worldwide have focused on
controlling the parasite life cycle by using antithelmintic
drugs, by promoting hygienic slaughter and by improving
health education in rural communities. Reported costs
for controlling CE is over U$S 3 billion annually, and
despite those efforts, the number of human cases is
substantially increasing worldwide every year.* In the last
decades, efforts in designing effective vaccines against
E. granulosus infection have increased, focusing on both
intermediate and definitive hosts, but showing different
and inconsistent success. Up to date, only one vaccine
against CE (named EG95) has reached the market.
EG95 contains a recombinant 17 kDa protein derived
from E. granulosus oncospheres, and induces over 95%
protection in sheep.>® However, the EG95 vaccine antigen
—originally developed for the G1 parasite genotype—has
been shown to be polymorphic and immunologically
different in other parasite genotypes and/or isolates,
raising the question whether the current EG95 vaccine
would be effective against every E. granulosus genotype.”*

Currently, there are two main approaches for designing
vaccines. Originally, most vaccines were created by
immunization with the whole pathogen, and—when
possible—using some purified antigens responsible for
the overall protection. More recently, after the concept of
reverse vaccinology was proposed, new vaccine candidates
are selected from the whole pathogen genome/proteome
by in silico tools.” Both approaches have pros and cons,
and currently approved vaccines have been designed
following both strategies. Additionally, strategies for
peptide-based (or epitope-based) vaccines can complement

both abovementioned approaches through finding the
smallest part of an antigen retaining protective activity.
The primary advantage of this approach is that peptides
can be produced in nonbiological synthetic ways, reducing
production costs enormously. Peptide mapping (or epitope
mapping) can be performed in vitro or in silico, being the
second option less accurate although virtually costless.*
In this regard, peptide-based vaccines for helminth-
derived infections have also been reported.'*™® In the
case of CE, two studies using different approaches to
obtain peptide-based vaccines derived from the EG95
antigen have been reported. In the case of Woollard et al,'
they studied four different EG95-derived peptides, which
all successfully induce anti-EG95 antibodies in immunized
sheep, although no oncospheres-killing activity was
observed in vitro. In the other study, Read et al'” worked
with an EG95-derived mimotope (a linear peptide that
mimics a conformational B cell epitope) named E-100,
which showed high efficiency in inducing antibodies able
to kill oncospheres in vitro.

In the present work, we identified novel protein
candidates to be further tested as vaccine antigens, and
we also proposed a new strategy for designing peptide-
based candidates through the integration of proteomics,
systems vaccinology, and bioinformatics. To that end,
we first performed a proteomic characterization of a
PSC-derived fraction composed of tegumental antigens,
and then applied a systematic bioinformatic and immu-
noinformatic pipeline. After that, novel proteins were
proposed as vaccine candidates against E. granulosus.
Additionally, through an innovative bio-informatic work-
flow, we identified peptides for being further tested in
peptide-based vaccines, which represent linear B cell
epitopes most likely to be accessible to antibodies and free
of posttranslational modifications within the native
protein. Their sequences were studied in depth and
peptides were selected for their specificity, for not being
neither toxic nor allergenic, and for retaining a secondary
structure similar to the native peptide within their parental
protein, thus improving the likelihood of inducing
protective cross-reacting responses after immunization.

2 | MATERIALS AND METHODS

2.1 | Parasites and antigens

E. granulosus PSC were collected by opening fertile
hydatid cysts from natural bovine infections with a
scalpel and they were washed several times with
phosphate-buffered saline (PBS) pH 7.2 containing anti-
biotics (penicillin 60 ug/mL, streptomycin 100 pg/mL, and
amphotericin-B 250 ng/mL). Tegumental proteins were
extracted from highly viable PSC (viability > 80%) using
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an extracting solution consisting of the detergent
MEGA-10 (1% w/v), EDTA (5 mM) and phenylmethyl-
sulfonyl fluoride (2 mM) in PBS according to Hernandez
and Nieto.'® Briefly, 125.000 viable PSC/mL of extract-
ing solution were incubated for 2hours at room
temperature with soft constant shaking. Then, PSC
were allowed to settle down and the supernatant was
removed and extensively dialyzed at room temperature
against PBS through a dialysis tube cellulose membrane
(MW cut-off: 12000 Da). Obtained antigens (termed
PSEx) were characterized in terms of lipid, protein,
and carbohydrate content according to,"” and stored
at —20°C until used. Treated PSC were washed three
times with PBS, and their integrity was assessed by
observation under a light microscope staining with
eosin to improve contrast.

2.2 | Transmission electron microscopy

Aliquots of PSC pre- and post-extraction were fixed with
2.5% glutaraldehyde and 2% paraformaldehyde in PBS
and stored at 4°C until use. After changing fixing buffer
to cacodylate buffer (50 mM cacodylate, 50 mM KCI,
2.6 mM CaCl,, 2.6 mM MgCl,, and 2% sucrose), PSC
samples were incubated with 1% osmium tetroxide in
100 mM cacodylate buffer for 60 minutes at room
temperature, washed two times with 100 mM cacodylate
buffer and two times with EM-grade water and incubated
overnight at 4°C in 1% uranyl acetate in water. Samples
were rinsed two times with water, dehydrated in a graded
acetone series (from 30% to 100%) at room temperature
before being embedded in epoxy resin, and polymerized
for at least 48 hours at 60°C. Ultrathin sections of 70 nm
were obtained by sectioning PSC with a Leica EM UC6
ultramicrotome (Leica Microsystems, Wetzlar, Germany)
and a diamond knife. Sections were collected on EM
grids, counterstained using lead citrate and uranyl
acetate, and examined with a Zeiss 10C transmission
electron microscope (80kV; Carl Zeiss, Goettinger,
Germany).

2.3 | 2D sample preparation and
electrophoresis

PSEx antigens were resolved by 2D electrophoresis as
described elsewhere.”® Briefly, 300 ug of proteins were
incubated overnight at —20°C in 300 L of ice-cold
acetone containing 20% of trichloracetic acid and 0.07%
dithiothreitol (DTT). After centrifugation for 15 minutes
at 10000g and 4°C, the supernatant was discarded and
300 ul of ice-cold acetone containing 20% dimethyl-
sulfoxide and 0.07% DTT was added and incubated for
60 minutes at —20°C. Then, the sample was centrifuged
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for 15 minutes at 10.000 g and 4°C, the supernatant was
discarded and 300 ul of ice-cold acetone containing 0.07%
DTT was added. This step was repeated twice. Finally,
the pellet was lyophilized, resuspended in IPG buffer and
frozen at —80°C for 24 hours to improve solubilization.
For the first dimension, 7cm linear pH gradient (pH
3-10) Immobiline DryStrips (GE Healthcare, Darmstadt,
Germany) were rehydrated with the sample and run on
an IPGphore isoelectric focusing system (9.5 hours run
and a total of 35.500 Vh), and stored at —80°C until use.
Strips were then equilibrated in equilibration buffer
(50 mM, Tris-Cl pH 8.8; urea, 6 M; glycerol, 30%; sodium
dodecyl sulfate (SDS), 2%; and traces of bromphenol blue)
containing DTT (10mg/mL) for 15minutes, further
equilibrated in equilibration buffer containing iodoace-
tamide (25mg/mL) for 15minutes, and sealed to 10%
acrylamide gels using 0.5% agarose in standard Tris-
glycine electrophoresis buffer. Second dimension SDS-
PAGE was run at 50V for the first 15 minutes and then
raised to 150 V until ending. Finally, replicates of 2D gels
were stained with either Coomassie blue dye or mass-
spectrometry compatible silver nitrate staining.

2.4 | Mass spectrometry

Spots obtained from both Coomassie blue and silver
nitrate-stained 2D gels were analyzed by matrix-assisted
laser desorption/ionization (MALDI)-TOF/TOF mass
spectrometry. First, spots were excised, faded and tryptic
digestions were performed using sequencing-grade
modified trypsin (Promega, Madison, WI). After gel
extraction into 60% acetonitrile containing 0.1% TFA,
the excess of acetonitrile was removed by speed vacuum.
Peptide samples were then combined with an equal
volume of matrix and spotted onto a MALDI sample
plate and allowed to dry at room temperature. Mass
spectra were acquired on a MALDI-TOF/TOF mass
spectrometer (4800 MALDI TOF/TOF Mass Analyzer,
Abi Sciex, Warrington, UK) operating in the positive ion
reflector mode. Protein identifications were performed
using an in-house Mascot v.2.3 search engine by
searching a custom database that includes the full
proteome of E. granulosus and Echinococcus multi-
locularis, composed of 20787 sequences (10310548
residues) obtained from the Sanger Helminth Database
(http://www.sanger.ac.uk/resources/downloads/
helminths/). Additionally, every mass spectrum was also
analyzed using NCBI database to discard possible host
related proteins. The search criteria used were cystein
carbamidomethylation and methionine oxidation as
variable modification, and mass deviation <200 ppm
with peptide fragment tolerance of 0.45 Da. Scores > 56
were considered significant (P < 0.05).
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2.5 | Gene ontology analysis

A global comprehension of PSEx was obtained by
analyzing the relationship between all protein-related
Gene Ontology (GO). In the first place, GO terms were
collected from UniProtKB database for each protein.
Since protein annotation was incomplete in terms
of GO codes, further terms were assigned to each
protein using the software FFPred3, which predicts the
functions based on the amino acid sequence and the
relationship between biophysical attributes (secondary
structure, transmembrane helices, intrinsically disor-
dered regions, and signal peptides among other motifs)
and protein functions.?! Only terms with high storage
virtual machine (SVM) reliability and P> 0.8 for
Biological Process and Molecular Function, and
P> 0.7 for Cellular Component were included. If no
terms reached the abovementioned thresholds, the
highest probability term was included. Due to software
limitations, only proteins less than 1500 amino acids in
length were analyzed. Finally, the proteome GO
analysis was performed by REVIGO** and visualized
as pie charts showing the top represented “super-
clusters” of loosely related terms. For this, all the
GO terms were submitted to REVIGO and set to
use SimRel as the semantic similarity measure and
allowing similarities of 0.9.

2.6 | Insilico proteome characterization

An extensive in silico characterization of MALDI-TOF/
TOF identified proteins was performed. First, each
protein cellular sublocalization was predicted by
DeepLoc software.”> Then, individual and global
antigenicity was assessed by predictions with
ANTIGENpro software,”* and abundance of antigenic
regions (AAR) was predicted using the web server
Secret-AAR.?® Proteins with ANTIGENpro scores > 0.5
were considered as highly antigenic.® Finally, we
obtained a “uniqueness score” (US) of each protein
by BlastP, where we defined the US as the product
between query coverage and identity percentages of
the highest max score match against all the
proteins on the nonredundant NCBI database (exclud-
ing Cestoda, Trematoda, and Nematoda taxonomy).
US values of 0.5 to 0.8 identified “highly divergent”
proteins, while US values<0.5 corresponded to
“unique” proteins.

2.7 | Clean linear B cell epitopes

Linear B cell epitopes were predicted in each protein
using the algorithm Bepipred (version 2.0).>” Continuous

antigenic segments more than or equal to six amino
acids in length were considered as linear B cell
epitopes. Epitopes were further colocalized on the
matching peptides used to identify the corresponding
protein by MALDI-TOF/TOF, assuming those regions
are free of posttranslational modifications (PTMs).
Linear B cell epitopes that completely overlapped with
those regions or included the N-terminal Lys/Arg of the
trypsin-cut peptides, were termed “clean linear B cell
epitopes.”

2.8 | Peptide quality control

Sequences identified as clean linear B cell epitopes were
evaluated in terms of safety before proposing them as
peptide-based vaccine candidates. A pipeline was
designed to avoid unwanted-cross reactivity, toxicity,
and/or allergenicity. In addition, a study of secondary
structure similarity (SSS) was performed to compare the
possible secondary structure of synthetic peptides with
the corresponding sequence on the native protein. For
this, we first discarded every peptide exhibiting a 100%
similarity (BlastP) with any protein on the nonredun-
dant NCBI database (excluding Cestoda, Trematoda,
and Nematoda taxonomy). Then, secondary structures
of clean linear B cell epitopes and their corresponding
proteins were predicted using SOPMA software,*® and
the percentage of amino acids in the same conformation
(SSS) was calculated. Only peptides with SSS > 80%
were selected. Finally, peptides predicted to be toxic
and/or—if longer than 11 amino acids—allergenic were
excluded from further analyses. Such predictions were
performed using Toxinpred®® and AlgPred*® softwares,
respectively.

2.9 | 3D modeling and epitope mapping

Clean linear B cells epitopes that successfully passed
the above-mention pipeline were mapped within
the 3D structure of their corresponding protein to
analyze the antibody accessibility according to.*®
Briefly, we first performed a 3D structure modeling
by low-homology protein threading using RaptorX
software®’ to every protein that exhibited at least one
peptide that successfully passed the previous pipeline.
Only 3D models with uGDT (unnormalize Global
Distance Test) higher than 50 were taken into
account, and for proteins with more than one
predicted 3D model, the structure with the highest
uGDT was chosen. Then, clean linear B cell epitopes
were mapped within each selected structure using
SWISS-PdbViewer,** and their antibody accessibility
was evaluated.
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FIGURE 1 Tegumental ultrastructure and 2D-electrophoresis. Micrographs (top row) depict TEM images of pre-PSEx-extracted (A) and
post-PSEx-extracted (B) PSC at x6000. The Ex, FZ, MC, and In of the parasite are shown in (A) and (B), as well as the DC in (A). 2D-PAGE
(bottom row) show 2DE of PSEx stained with Coomassie blue (C) or silver nitrate (D). Gels show proteins typically less than 120 kDa with IP
values in the linear range 3 to 10 (from left to right). Arrows in gels indicate localization of proteins identified by mass spectrometry, and

numbering correspond to the description in Table 1. DC, distal cytoplasm; Ex, exterior; FZ, fibrous zone; In, interior; MC, muscle cell;
PAGE, polyacrylamide gel; PSE, protoscolex; TEM, transmission electron microscopy

3 | RESULTS

3.1 | Structural morphology of PSC

Tegument morphology in PSC pre-extraction (Figure 1A)
and post-extraction (Figure 1B) was analyzed in 70 nm
thick sections by transmission electron microscopy
(TEM). A comparative study between them showed
that after protein extraction, the general parasite
structure remained mostly intact, while a complete
disruption of tegumental distal cytoplasm was observed
(Figure 1B). In fact, while distal cytoplasm and
tegumental spines almost completely disappeared, the
fibrous zone, muscle cells and inner structures were
still observed with little or no changes. This suggests
that the PSEx fraction was composed mostly of proteins

present in classical tegumental structures, with few
internal parasite proteins as contaminants.

3.2 |

Biochemical composition of PSEx showed protein-to-
carbohydrates and protein-to-lipids mass ratios of 7.2 and
1.3, respectively; suggesting that PSEx is an antigenic
fraction enriched in proteins and lipids. Therefore, an
extensive proteomic analysis of PSEx was performed by
2D gel electrophoresis followed by mass spectrometry
(MALDI-TOF/TOF). To that end, after removal of lipids
and highly hydrophobic proteins from PSEx, 2D SDS-
PAGE (linear pH 3%-10% and 10% acrylamide) were run
and stained with either Coomassie blue (Figure 1C) or
silver nitrate (Figure 1D). After that, 96 spots were

PSEx proteome
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excised from gels (50 spots from Coomassie blue stained
gels and 46 spots from silver stained gels), and then they
were faded and trypsin-digested for mass spectrometry
analysis. Finally, 58 different proteins were successfully
identified within 63 spots (Table 1). Among these, 27
proteins were identified only in Coomassie blue-stained
gels, 20 proteins only in silver-stained gels, and 11
proteins were found in spots excised from both gels. In
some spots, more than one protein—exhibiting similar
molecular weights and isoelectric points—were identi-
fied. Since, in that case, it is virtually impossible to
differentiate such proteins in a 2D gel, all of them were
included in the final proteome. At the end, 22 new
proteins were described for the first time in this study,
while the remaining 36 have been already reported in
previous E. granulosus proteomic analyses (Table 1).
Interestingly, no host-derived proteins (ie Bos taurus)
were identified.

33 |

For each identified protein, GO terms were first obtained
from their corresponding annotation in UniProtKB
database. Then, the prediction of complementary terms
was performed for each protein using FFPred3 software.
Due to software limitations, only proteins less than 1500
amino acids long were analyzed. From annotated
proteins in UniProtKB database, 197 GO terms were
obtained, which did not cover the three categories
(Biological Process, Molecular Function, and Cellular
Component) for most proteins. After GO prediction using
FFPred3 software, 544 additional terms were obtained.
Finally, by combining both GO terms sources—and
removing duplicates between annotated and predicted
terms—711 terms corresponding to 56 proteins were
obtained. Among them, 184 unique GO terms were
found, which were reduced into a two-level hierarchy of
GO terms resulting in 67, 79, and 33 unique Biological
Processes, Molecular Functions, and Cellular Compo-
nents, respectively. Pie charts show top represented
loosely related terms joined into “superclusters.”** From
this analysis, PSEx components could globally be
described as mostly vesicle-related proteins involved in
microtubule-based processes with diverse metabolic
functions (Figure 2).

PSEx Gene Ontology

3.4 | In silico PSEx characterization

To obtain a protein-by-protein characterization of PSEX,
an extensive in silico study of its identified proteome was
performed (Table 2). Prediction of cellular localization
showed a predominance (73%) of cytoplasmic proteins
(42 in 57), followed by 11% characterized as mitochondrial
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Cellular Component

@ Vesicle

@ Integral component of plasma
membrane

@ Endomembrane system

@ Extracellular space

Other

R

Biological Process

@ Microtubule-based process

@ Protein peptidyl-prolyl isomerization
@ Anlon transport

@ Response to stress

Other

\ Y

Molecular Function

),

FIGURE 2 Gene Ontology study of PSEx proteome. GO
analysis of PSEx proteins is shown for Cellular Component,
Biological Process, and Molecular functions. For each category, the

@ Calmodulin binding

@ NADP binding

@ Malate deshydrogenase activity

@ Uridylyl-transferase activity
Mator acthvity
Calcium dependent phospholipid binding
Other

unique terms were reduced into a two-level hierarchy of GO terms,
and visualized as pie-charts showing top represented loosely
related terms joined into “superclusters.” GO, Gene Ontology;

PSEX, protoscolex

proteins (6 in 57), and the remaining 16% classified as
belonging to other cellular or extracellular compartments
(9 in 57). Additionally, the overall antigenicity of PSEx
proteome was determined. In this sense, ANTIGENpro
obtained a mean antigenicity score of 0.67, while a mean
AAR value of 41.0 was calculated through Secret-AAR.
Proteins with ANTIGENpro scores>0.50 are usually
considered highly antigenic,”® and according to this
threshold, 74% of proteins within PSEx proteome (43 in
58) belonged to that category (Table 2). Finally, a US was
calculated for each protein, resulting in 40% of “highly
divergent” proteins (23 in 58), and 34% of “unique”
proteins (20 in 58) within PSEx proteome (Table 2).
Interestingly, similar values were obtained when consider-
ing only first time-identified proteins: 0.68 and 40.0 mean
values for antigenicity score and AAR, respectively.

oy SRR

Furthermore, 27% of such proteins (5 in 22) were
categorized as “highly divergent”, while 36% (8 in 22)
were “unique” (Table 2).

3.5 | Identification of clean linear B cell
epitopes

Proteins within PSEx proteome were scanned for
linear sequences potentially recognizable by antibodies
(eg, linear B cell epitopes). Due to software limitations,
only proteins less than 2500 amino acids in length (56 out
of 58) were analyzed. Results showed 578 lineal B cell
epitopes within the PSEx proteome (Figure 3), with a
mean value of 10 epitopes per protein. Every protein
showed at least two linear B cell epitopes, and two
proteins (#37 and #46) exhibited 33 epitopes, the largest
number observed. Then, in the interest of identifying
clean linear B cell epitopes, for example those PTMs-free,
we evaluated the colocalization of every obtained epitope
over the sequence fragments used to identify proteins by
mass spectrometry. Since the mass of those fragments is
practically equal to the overall sum of their constituent
amino acids, we can assume that such regions are free of
PTMs. After colocalization, 146 clean linear B cell
epitopes were predicted in 46 proteins within PSEx
proteome (Figure 3). Those epitopes ranged from six to 46
amino acids in length, with a mean value of 12 amino
acids per epitope. Then, aiming to avoid unwanted cross-
reactivity, the 146 sequences were scanned against all
nonhelminth proteins by BlastP, and those peptides
matching with 100% identity to any protein were
discarded (Figure 3). Interestingly, only peptides ranging
from 9 to 46 amino acids in length were identified among
the 50 epitopes selected, which belonged to 29 different
proteins (Figure 3). After that, and in pursuance of
maximizing the likelihood of selecting peptides able to
induce cross-reacting antibodies against their parental
native proteins, SSS values were calculated for those 50
selected epitopes. Results showed that 17 peptides—
belonging to 15 different proteins—exhibited SSS
scores > 80% (Figure 3), being 16 and 1 of them mostly
random coil and a-helix in secondary structure,
respectively. Finally, those sequences were further
analyzed for safety considerations, removing peptides
predicted to be toxic and/or allergenic. Only one peptide
was discarded in this step, leaving 16 peptide candidates
from 15 different proteins present in PSEx (Figure 3).
Summing up, from the initially 578 peptides identified
(derived from an input of 56 proteins), only 16 of them
(roughly 3%) belonging to 15 different proteins success-
fully passed through our rationally designed pipeline.
Interestingly, four of these proteins were identified
for the first time in this study (#3, #8, #45, and #53),
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TABLE 2 Immunobioinformatic characterization of PSEx

Number
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Protein name

14-3-3 Protein

3-Oxoacyl acyl carrier protein reductase
Actin

Actin cytoplasmic A3

Actin, cytoplasmic 2

Actin-2

Aldo keto reductase family 1 member B4
Ankyrin

Annexin

Annexin

Annexin

Annexin

Basement membrane specific heparan sulfate
Calreticulin

Cathepsin d lysosomal aspartyl protease
Citrate synthase

Endophilin B1

Enolase

Expressed protein

Fatty acid binding protein FABP2

Fatty acid binding protein FABP2
Filamin

Fructose-bisphosphate aldolase
Gelsolin

Glucose-6-phosphate isomerase
Glyceraldehyde-3-phosphate dehydrogenase
Heat shock 70 kDa protein

Heat shock 70 kDa protein 4

Heat shock 70 kDa protein 4

Heat shock protein 60

Heat shock protein 71 kDa protein
Heat shock protein HSP 90a

Major egg antigen p40

Major vault protein

Malate dehydrogenase

Malate dehydrogenase
Mechanosensory protein 2

Nucleoside diphosphate kinase
Paramyosin

Peptidyl-prolyl cis-trans isomerase
Peptidylprolyl isomerase

Phosphatase 2a inhibitor i2pp2a
Phosphoenolpyruvate carboxykinase
Protein disulfide-isomerase

SPRY domain containing protein
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Accession number

Q56J98
AOAO68WATS3
W6UMH9
U6ILF5
W6UFA4
Q03341
AOA068WU90
AOA068WVL6
AOAO68WIF9
AOA068WRHS5
AOAO68WURS
U6JIM9
AOA068X0X0
A5YTY7
AOAO68WAAL
U6JOK5
AOA068WMU2
DOVLV3
AOAO68WLY9
AOAO68WLTS
U6IF28
AOAO68WYB5
U6IXV3
U6IX85
AOAO68WLHO
AOA068WKQ2
AOA068X4W2
AOA068WHVO
U6JICS
AOA068WSGO
AOA068X560
W6UM50
U6JBWS
AOA068WUZ9
AOA068WYBS
AOA068X1L3
AOAO68WMO3
AOA068WL30
AOAO68WAG67
P14088
ADA068X276
AOAO68WLN2
AOA068X1LO
AOAO068WIL3
AOA068WNG3

Localization
Cytoplasm
Peroxisome
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm

NP

ER

Vesicle
Mitochondrion
Mitochondrion
Cytoplasm
Extracellular
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Mitochondrion
Cytoplasm
Cytoplasm
Mitochondrion
Cytoplasm
Mitochondrion
Cytoplasm

Cell membrane
Cytoplasm
Cytoplasm
Cytoplasm
Cytoplasm
Nucleus
Cytoplasm
Cytoplasm
Cytoplasm

Antigenicity AAR

0.76
0.10
0.43
0.39
0.35
0.35
0.63
0.76
0.50
0.85
0.72
0.30

0.90
0.26
0.43
0.94
0.53
0.74
0.52
0.67

0.75
0.82
0.80
0.80
0.96
0.92
0.90
0.66
0.93
0.73
0.74
0.42
0.43
0.45
0.58
0.24
0.87
0.92
0.89
0.85
0.60
0.80
0.94

NP

NP

41.3
65.4
32.8
47.0
34.4
47.1
62.7
37.5
46.3
31.1
24.9
47.4
27.9
49.5
42.4
35.8
42.2
31.0
21.4
42.8
33.5
25.8
33.1
33.2
49.8
29.4
36.1
35.0
34.3
33.5
35.1
38.9
31.5
39.5
37.7
41.6
69.3
150
34.6
32.6
22.0
50.2
35.3
37.7
35.0

US

0.62
0.40
0.93
0.91
0.97
0.90
0.40
0.28
0.43
0.46
0.42
0.34
0.05
0.51
0.50
0.65
0.24
0.88
0.12
0.61
0.74
0.52
0.73
0.32
0.67
0.71
0.67
0.82
0.84
0.79
0.82
0.74
0.28
0.56
0.63
0.63
0.40
0.43
0.73
0.77
0.58
0.38
0.61
0.27
0.11

(Continues)
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TABLE 2 (Continued)

ey R

Number Protein name Accession number Localization Antigenicity AAR US
46 Structural maintenance of chromosomes protein ~AOA068WEW7 Nucleus 0.66 421 041
47 Superoxide dismutase [Cu-Zn] W6V983 Cytoplasm 0.86 35.6  0.58
48 Thioredoxin peroxidase Q8T6C4 Cytoplasm 0.67 64.7 0.65
49 Triosephosphate isomerase U6JNO02 Cytoplasm 0.62 359 0.81
50 Tubulin § chain AO0A068WELS5 Cytoplasm 0.83 37.0 0.97
51 Tubulin g chain AO0A068WLAO Plastid 0.84 43.0 0.86
52 Tubulin § chain A0A068WQC9 Cytoplasm 0.73 42.5 0.78
53 Tubulin § chain U6JING6 Cytoplasm 0.84 37.2 097
54 Tubulin § chain U6IM68 Cytoplasm 0.78 37.1  0.96
55 Tubulin 3/f2 chain AO0A068WML9 Cytoplasm 0.76 372 0.96
56 Uncharacterized protein U6JRE4 Mitochondrion  0.46 371 NH
57 UTP-glucose-1-phosphate uridylyltransferase W6UT22 Cytoplasm 0.69 59.3 0.58
58 Vesicular amine transporter A0A068X307 Cell membrane 0.72 247 017

Abbreviations: AAR, abundance of antigenic region; ER, endoplasmic reticulum; NH, no hit protein obtained by BLASTp; NP, not performed due to software

limitations; US, uniqueness score.

The full PSEx proteome was characterized through several immunobioinformatic tools. “Localization” column shows the predicted subcellular localization of
each protein. “Antigenicity” and “AAR” columns show the predicted values for antigenicity and abundance of antigenic regions, respectively. “US” column
shows the uniqueness score calculated for each protein. NH, no hit protein obtained by BLASTp (indicating query coverage and identity percentage smaller
than 25%), thus a US value of 0.00 was assigned. Details of software settings are described in Section 2.

7 corresponded to “unique” proteins (#8, #11, #17, #33,
#44, #45, and #58), and four were “highly divergent”
proteins (#1, #14, #16, and #23). Moreover, two of them
(#8 and #45) were “unique” as well as highly antigenic,

Input= 56 proteins

Linear B cell epitopes prediction
(Continuous antigenic segments 26 amino acids)

; Epitopes= 578; Proteins= 56

Co-localization in mass spec fragments

‘ Epitopes= 146; Proteins= 46

Selection of unique peptides by BlastP
(ID<100%)

* Epitopes= 50; Proteins= 29

Secondary Structure Similarity
(280% against peptides within parental protein)

* Epitopes= 17; Proteins= 15

Toxic and/or allergenic peptides discarded

FIGURE 3 Insilico prediction of peptide-based vaccine
candidates. Bioinformatic workflow designed and used for
predicting antigenic peptides derived from experimentally
identified proteins within PSEx. Details on software settings are
described in Section 2

and were identified for the first time in this study
(Tables 1 and 2).

3.6 |

3D models of those 15 proteins exhibiting at least one
clean linear B cell epitope that overcame our previous
analysis, were obtained using RaptorX software. In this
regard, among the 15 obtained models not a clear
predominant tertiary structure was observed (Figure 4).
Then, to analyze epitope surface accessibility, selected
petides etides were mapped in their 3D-modeled parental
protein as described elsewhere.”® Only models with
uGDT > 50 were selected, resulting in 14 good models
(Figure 4). Regarding “SPRY domain containing protein”
(#45 in our set), its 3D model did not reach the uGDT
threshold and it was discarded from accessibility analysis
(Figure 4P). Then, by means of SWISS-PdbViewer, we
assessed the surface accessibility to antibodies, obtaining
14 accessible epitopes. One of them, corresponding to
“Heat shock 70 kDa protein 4” (#29 in our set), although
mapped on a good 3D model (uGDT = 470), it located on
a highly disordered portion of the predicted model, and
therefore it was discarded (Figure 40). Finally, we
rationally identified 14 accessible clean linear B cell
epitopes—belonging to 13 different proteins present in
PSEx—which deserve further testing as vaccine candi-
dates against E. granulosus infection (Table 3). Interest-
ingly, among the parental proteins of such epitopes, 3 of
them belonged to the set of 22 proteins identified for the

3D modeling and epitope mapping
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FIGURE 4 Mapping of clean linear B cell epitopes in 3D-modeled protein structures. For every protein that exhibited at least one
selected peptide, a 3D-modeled structure was predicted by means of RaptorX software, and the clean linear B cell epitopes were visualized in

the 3D models using DeepView. For visualization purposes, 3D overall structure are represented in gray, while mapped epitopes are depicted
in yellow. The corresponding proteins are: A,B, calreticulin (#14); C, ankyrin (#8); D, endophilin B1 (#17); E, heat shock protein 60 (#30);
F, actin (#3); G, annexin (#11) H, citrate synthase (#16); I, tubulin 8 chain (#53); J, 14-3-3 protein (#1); K, fructose-bisphosphate aldolase
(#23); L, major egg antigen p40 (#33); M, vesicular amine transporter (#58); N, protein disulfide-isomerase (#44); O, heat shock 70 kDa

protein 4 (#29); P, SPRY domain containing protein (#45)

first time in this study (#3, #8, and #53). Additionally, 4
(#1, #14, #16, and #23) and 6 (#8, #11, #17, #33, #44, and
#58) proteins were classified as “highly divergent” or
“unique”, respectively (Table 2).

4 | DISCUSSION

Due to the increasingly high economic and health costs
of CE, new effective vaccines are needed for primary
and/or secondary infections. The only currently mar-
keted vaccine was designed for primary infection of sheep
against parasite G1 genotype, but its performance against
different E. granulosus sensu lato genotypes has to be
analyzed.”®** Several studies have shown promising
results for new vaccines against CE, although a robust
alternative has not been proposed so far.* In this sense,
an antigenic fraction composed of tegumental antigens
from E. granulosus PSC (termed PSEx) has been
previously shown to induce specific antibodies in dogs*

as well as in sheep™; and to induce protection against
secondary infection in CD1 immunized mice."® Although
PSEx is assumed to contain only tegumental antigens, no
extensive characterization has been performed so far.
Additionally, since tegumental components would be the
first ones to interact with the host immune system,
identifying putative protective antigens within this
fraction is a logical approach for designing new vaccines
against E. granulosus. In the present study, we aimed at
identifying—and designing—novel vaccine candidates
against E. granulosus based on PSEx characterization
through a multidisciplinary approach that combined
TEM, proteomics, and bio-immuno-informatics.

First, we characterized some biochemical properties of
PSEx. In this sense, we initially measured its protein,
carbohydrate and lipid content, showing that PSEx is an
antigenic fraction mainly enriched in proteins and lipids.
Then, to test whether PSEx is primarily composed of
tegumental antigens, we performed TEM studies on pre-
PSEx-extracted and post-PSEx-extracted PSC. In this
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regard, we observed that PSEx extraction completely
disrupted the external tegumental layer of PSC, without
any remarkable morphological changes in inner parasite
structures. In fact, while distal cytoplasm and tegumental
spikes disappeared almost completely after PSEx extrac-
tion, the fibrous zone, muscle cells, and inner PSC
structures showed little, if any, modifications (Figure 1A
and 1B). Therefore, we concluded that PSEx mostly
contains antigens derived from PSC distal cytoplasm and
tegumental spikes, which might include cytoplasmic,
vesicular, and/or mitochondrial proteins.

Second, 2D electrophoresis was applied to PSEx to the
extent of performing proteomic analyses by mass spectro-
metry. A complete list of the 58 identified proteins in
PSEx is shown in Table 1. It is worth mentioning that
some proteins were found in multiple spots—either in
both gels or multiple times within the same gel—and,
therefore, their MASCOT scores correspond to the lowest
one and the sequence coverage correspond to a recon-
struction made with the peptides obtained from every
matching spot (maximum combined sequence coverage).

Several proteomic analyses of different E. granulosus
stages or antigenic fractions have been reported up to
date, including PSC excretion/secretion products,33 So-
matic antigens of PSC?>**374° somatic antigens of adult
worms,>* hydatid fluid from fertile, and infertile
cysts, %% as well as extracellular vesicles obtained
from fertile hydatid fluid.*® Among the 58 proteins we
reported for PSEx, 36 of them were previously identified
in at least one of the abovementioned studies, while 22
proteins were described for the first time in the present
work (Table 1). Furthermore, several of the here-
identified proteins have been proposed as vaccine
candidates against E. granulosus.**>** Among them,
Eg.P29—also known as endophilin Bl (#17 in our set)
—revealed significant protective activity against second-
ary infection in mice,*” as well as against primary
infection in sheep,” inducing in both cases roughly
95% protection levels. According to our classification, this
protein is “unique” (US: 0.24) and highly antigenic
(ANTIGENpro score: 0.94), showing an AAR value (42.2)
similar to the one obtained for the whole PSEx proteome.

Third, we performed an extensive immunobioinfor-
matic characterization of PSEx proteome, including
global as well as a protein-by-protein analyses. Regarding
PSEx global analysis, we performed a GO terms study. It
is worth mentioning that since PSEx proteome was
identified via 2DE followed by MALDI-TOF/TOF, it is
impossible to know which protein(s) is more abundant.
Thus, unlike GO enrichment analysis—where the
frequency a term is found is taken into consideration—
our GO analysis only included unique terms describing
the whole fraction characteristics. Therefore, our results

show that proteins within PSEx are mostly involved in
microtubules-associated processes related to vesicles
structures, and exhibit diverse metabolic functions
(Figure 2). These results are in accordance with the
already known functions of PSC tegument.*’ As seen in
Figure 1A, PSC tegument (particularly its distal cyto-
plasm) is heavily composed of vesicular structures, which
can be arranged in tegumental spikes (probably through
microtubule rearrangement). Additionally, PSC tegument
is extremely important in several aspects of parasite
metabolism, like nutrient absorption and waste dispo-
sal.* Our GO analysis also suggested that PSC tegument
might act as a defensive barrier against the host attack, as
it is involved in stress response processes (eg, removal of
superoxide radicals). Also, our results showed a pre-
dominance of cytoplasmic and, to a lesser extent,
mitochondrial proteins within PSEx (Table 1), and
although such results might seem contradictory with
GO results, it is important to bear in mind that PSC
tegument is a cellular syncytium whose outer layer is the
distal cytoplasm, where mitochondria are usually
found.*

Although the information provided by our GO and
subcellular analyses is valuable, it does not allow to
identify novel putative protective antigens. Therefore, we
further studied other characteristics of PSEx proteome,
such as protein-by-protein intrinsic antigenicity and
conservancy values. Regarding antigenicity, most pro-
teins within PSEx (74%) were predicted to be highly
antigenic and displaying relatively low AAR values
(mean of PSEx proteome = 41.0). AAR value is an inverse
measure of antigenicity, mostly used to measure the
antigenicity of a set of proteins. Interestingly, the mean
AAR value of PSEx proteome is slightly higher than the
value predicted for a set of secreted proteins from
parasitic cestodes (mean AAR = 24.5) proposed as highly
antigenic candidates useful for serodiagnosis.’® Then,
when analyzing proteins’ “uniqueness score”—a measure
of protein divergence obtained by BLASTp against
nonhelminth organisms—we observed that over 40% of
PSEx proteins can be assessed as “highly divergent” (US
values in the 0.5-0.8 range) and 34% as “unique” proteins
(US <0.5). On the basis of these results, and bearing in
mind that PSEx is able to induce protection after
immunization,'®we propose nine new proteins to be
further tested as vaccine candidates against E. granulosus
infection. Those proteins were selected from the set of 22
proteins identified for the first time in the present study
since they are: (i) either “highly divergent” or “unique”,
and (ii) highly antigenic. According to our protein
set, candidate proteins are: (#7) aldo keto reductase
family 1 member B4, (#8) ankyrin, (#21) fatty acid
binding protein FABP2, (#27) heat shock 70 kDa protein,
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(#37) mechanosensory protein 2, (#41) peptidylprolyl
isomerase, (#42) phosphatase 2a inhibitor i2pp2a, (#45)
SPRY domain containing protein, and (#52) tubulin
chain. Unfortunately, since no additional information is
available on possible polymorphisms in such proteins,
their potential as universal vaccine candidates needs to
be further studied.

Additionally, we also predicted and selected
PSEx-derived peptides to be further tested as epitope-
based vaccines. To that end, we designed and applied a
novel working pipeline following a step-by-step reduc-
tion to select linear B cell epitopes free of PTMs on
the native protein, which are not present in any other
non-helminth organism, exhibiting similar secondary
structure to the native peptide within the parental
protein and displaying neither toxicity nor allergenicity
potential (Figure 3). Additionally, surface antibody
accessibility to the peptides within the native protein
was also assessed (Figure 4). Here, it is worth mention-
ing that when deciding to use peptides as vaccines
antigens in a carrier-conjugated format, some considera-
tions must be taken into account. In this sense, although
peptide synthesis can be performed in a nonbiological
way, greatly reducing manufacturing costs, only a half of
them, when conjugated to a carrier protein, have shown
the ability to induce cross-reactive antibodies against the
native protein.41 In this sense, our workflow aimed at
maximizing this cross-reactivity potential by performing
SSS analyses in early developmental stages. In addition,
predicting their surface accessibility to antibodies would
probably increase their success.”® Another key-step in
our pipeline is selecting peptides only found in helminth
species. This step, in combination with the “uniqueness”
analysis would be useful for two main reasons. On the
one hand, if peptide sequences are present in host
proteins, no antibody induction would probably occur
because of tolerance processes or, if produced, self-
reacting antibodies could display autoimmunity-indu-
cing potential. On the other hand, if peptide sequences
are present in other pathogens, then induced antibodies
could interfere in diagnostic tests deriving in false-
positive results in clinical settings. An additional
consideration that must be taken into account when
designing peptide-based vaccines is the need for protein
carriers, which possess T cell epitopes useful for
T-dependent antibody production. Although this
seems to be a drawback for peptide-based vaccines, it
may actually be an opportunity for success since
“unique” epitopes could be used even when the whole
protein shows low US. For example, by attaching
unique epitopes like those described for actin (#3, US:
0.93) or tubulin f§ chain (#50, US: 0.97) to a carrier
protein, specific antibodies against the peptide could be
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obtained, with cross-reactive binding to the native
protein, bypassing possible host tolerance mechanisms.
However, this hypothesis has still to be experimentally
confirmed.

Finally, it is important to highlight that as far as our
knowledge extends, the present study is the first one to
perform linear B cell epitope predictions within mass
spectrometry identified protein fragments to identify
clean linear B cell epitopes, that is, free of PTMs. Such
a strategy, in combination with additional bioinformatic
tools, constitutes a novel rational approach for identifica-
tion of potential peptide-based vaccine candidates. In this
regard, we finally suggested 14 novel peptides derived
from 13 different proteins—ranging from 9 to 46 amino
acids in length—to be further tested as vaccine candi-
dates against E. granulosus infection (Table 3). Interest-
ingly, one of those peptides (#3 in Table 3) belonged to
one of the proteins also proposed as new vaccine
candidates (#8 in Table 1). We are currently designing
the effectiveness testing of the suggested vaccine candi-
dates. To that end, in vivo immunogenicity will be firstly
assessed in mice, and those effectively immunogenic will
be further studied for their ability to induce antibodies
with in vitro parasite-killing activity. Finally, promising
candidates will be tested in the murine model of
secondary CE,”® and protective antigens might be later
assayed in experimental infections using relevant live-
stock species.
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