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Abstract

Onchocerca lupi (Spirurida: Onchocercidae) is a filarial worm parasitizing domestic carni-
vores and humans. Adult nematodes usually localize beneath in the sclera or in the ocular
retrobulbar of infected animals, whilst microfilariae are found in the skin. Therefore, diag-
nosis of O. lupiis achieved by microscopic and/or molecular detection of microfilariae
from skin biopsy and/or surgical removal of adults from ocular tissues of infected hosts.
An urgent non-invasive diagnostic tool for the diagnosis of O. lupiin dog is mandatory. In
this study, an immunoproteomic analyses was performed using a combination of immuno-
blotting and mass spectrometry techniques. Onchocerca lupi major antigen (O-MJA) and
paramyosin (O-PARA) proteins were identified as potential biomarkers for serodiagno-
sis. Linear epitopes were herein scanned for both proteins using high-density peptide
microarray. Sera collected from dog infected with O. lupi and healthy animal controls led
to the identification of 11 immunodominant antigenic peptides (n =7 for OF-MJA; n = 4 for
OI-PARA). These peptides were validated using sera of dogs uniquely infected with the
most important filarioids infesting dogs either zoonotic (Dirofilaria repens, Dirofilaria immi-
tis) or not (Acanthocheilonema reconditum and Cercopithifilaria bainae). Overall, six anti-
genic peptides, three for O-MJA and for OFPARA, respectively, were selected as
potential antigens for the serological detection of canine O. lupiinfection. The molecular
and proteomic dataset herein reported should provide a useful resource for studies on O.
lupitoward supporting the development of new interventions (drugs, vaccines and diag-
nostics) against canine onchocercosis.

Author summary

The diagnosis of Onchocerca lupi (Spirurida: Onchocercidae), a zoonotic nematode of
domestic animals, is currently based on microscopic examination of skin snip sediments
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and on the identification of adults embedded in ocular nodules or by molecular assays.
An urgent non-invasive diagnostic tool for the diagnosis of O. lupi in dogs is mandatory.
In this context, combined immunoblotting and mass spectrometry-based analyses have
been performed to identify two proteins, major antigen and paramyosin, of O. lupi. Pep-
tides herein identified represent suitable candidate biomarker for the development of a
specific diagnostic test for canine onchocercosis. An accurate, minimally invasive diag-
nostic method could prove useful for the control of the canine diseases, for establishing
large sero-surveys, for mapping the distribution of the infection in endemic areas as well
as in areas where information on the disease is not available and for the reduction of risks
for human infection.

Introduction

Nematodes of the family Onchocercidae are common parasites of wild and domestic ungu-
lates, carnivores and humans [1-3]. Unlike the most studied species Onchocerca volvulus, the
causative agent of the river blindness, which has a large-scale public health concern [4], data
on the epidemiology and zoonotic potential of Onchocerca lupi, the agent of canine ocular
onchocercosis, are still scant [5-9]. Onchocerca lupi was firstly detected from a Caucasian wolf
(Canis lupus) in Georgia [10] and subsequently diagnosed in domestic animals (i.e., dogs and
cats) from European countries (i.e., Hungary, Greece, Germany and Portugal) and USA [9,
11-17]. The zoonotic role of O. lupi was reported for the first time in 2011 [7] and, since then
on, up to 18 patients have been diagnosed positive for this parasite, worldwide (i.e., Germany,
Tunisia, Hungary, Greece, Turkey, Iran and USA) [18-20]. The diagnosis of canine onchocer-
cosis is achieved by detection and identification of microfilariae (mfs) in small skin biopsies,
an invasive procedure not often accepted by dog owners, mainly in absence of typical clinical
lesions of the infection [21, 22], and or based on the presence of ocular nodules on the eyelids,
conjunctiva, and sclera of dogs [23, 24]. However, the results of these procedures may be
(false-) negative in the case of infections with immature or not reproducing worms and
according to the day-time of the sampling, considering the circadian rhythm of mfs [8]. Even
if, PCR-based DNA assays have been developed [7, 25] and preliminary investigations on
serology have been attempted [26, 27], a serological, non-invasive diagnosis is still missing.
Although, the preliminary immunological properties of paramyosin protein of O. lupi (Ol-
PARA) has been previously evaluated, no immunoreactive peptides have been identified [27].
Therefore, the aim of this study was to use an immunoproteomic approach combining immu-
noblotting and mass spectrometry-based analyses to identify novel antigens that might lead to
improve diagnostic tests for canine onchocercosis. The molecular and proteomic dataset
herein reported should establish large sero-surveys for mapping the distribution of the infec-
tion in endemic areas as well as in areas where information on the disease is not available.

Materials and methods
Ethics statement

The study was conducted according to the Guideline on Good Clinical Practices (The Euro-
pean Agency for the Evaluation of Medicinal Products, Veterinary Medicines and Information
Technology Unit, VICH Topic GL9; www.emea.eu.int/pdfs/vet/vich/059598en.pdf) and proce-
dures were approved by the ethical commission at the University of Evora (identification num-
ber: AE02Fila2013), complying with Portuguese legislation for the protection of animals
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(Decree-Law no. 113/2013). An owner consent agreement was obtained before sample
collection.

Flowchart description of the experimental procedure and computational analysis of candi-
date serum-diagnostic proteins have been reported in Fig 1.

Samples collection

Onchocerca lupi female (n = 3) and male (n = 2) specimens have been isolated from the eye of
an infected dog (3-year-old, male) that died accidentally in Algarve region (southern Portugal)
where O. lupi is known to occur [16]. Eggs were collected by cutting the uterus of female,
whilst mfs by sedimentation from the skin of the dorsal region of the dog (see below). All sam-
ples were preserved in RNAlater (Life Technologies, California, USA) and stored at -80°C
until used.

Skin samples were collected using a disposable punch over an area of ~0.4 x 0.5 cm from
the interscapular region of the dog, soaked in saline solution for 12 h at room temperature.

1
Tissues of O. lupi-infected dogs (mfs)
Ocular bulb of O. lupi-infected dogs (adult)
Sera of O. lupi from infected and uninfected dogs
2 . . .
Parasite (female adult) Protein extraction =~ ——— SDS-PAGE
Database search )
and protein «——— nLC-MS/MS analysis «<——— Immunoblotting
identification
= Parasite (adults, mfs) » mRNA extraction PCR and sequencing
and cDNA synthesis
Bioinformatic analysis
4 Epitope mapping and antigen selection
5

Epitopes validation

Fig 1. Experimental workflow for the identification of novel Onchocerca lupi antigens. Five steps were performed: 1) Parasites (adults and mfs) and
sera collection; 2) Immunoproteomic approach. Adult female parasite was lysed and proteins extracted before separating them in a SDS-PAGE were
blotted into a PVDF membrane and probed using sera collected from dogs infected with O. lupi. Bands at approximately 100 and 200kDa molecular
weight were identified and analysed by LC-MS/MS. Major antigen and paramyosin proteins were identified. 3) Identification of Ol-Mja nucleotide
sequence. cDNA of Major antigen protein gene from different life stages of parasite were obtained by RT-PCR and analysed by bioinformatics tools. 4)
Immunogenic linear epitope scanning of Ol-MJA and OI-PARA proteins was performed by high density-peptide array screening using sera collected from
uninfected dog, O. lupi-infected dog and dogs infected with other helminths. 5) Epitopes validation was performed by incubation of epitopes with serum
samples of O. lupi, Dirofilaria repens, Cercopithifilaria bainae, Dirofilaria immitis and Acanthocheilonema reconditum positive dogs and serum from
negative dog.

https://doi.org/10.1371/journal.pntd.0009027.9001
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Sediments (20 pl) were individually observed under light microscopy and mfs were identified
according to morphological keys [16].

Serum samples, one for each pathogen, were obtained from O. lupi positive dog and from
animals solely infected with Cercopithifilaria bainae, Acanthocheilonema reconditum, Dirofi-
laria repens and Dirofilaria immitis, sourced from previous researches [7, 28]. As negative con-
trol serum sample collected from pathogen-free dog [29] was included in the study.

SDS-PAGE and Western blotting

Proteins were extracted from an adult female of O. lupi using the TriPure (Roche Molecular
Biochemicals, Basel, Switzerland) protocol as described below and quantified (0.55 pg/ul)
using the QUBIT Protein Assay kit (Foster City, California, USA) according to the manufac-
turer instructions and subjected to SDS-PAGE and Western Blotting as previously described
[30, 31]. Total proteins (24 ul) were added to the same volume of 1x Sodium Dodecyl Sulphate
(SDS) sample buffer and 1 pl of B-mercaptoethanol, heated to 100°C for 10 min and microcen-
trifuge at 12000x g for 5 min. Each well of the two 7.5% SDS polyacrylamide gels (SDS-PAGE)
were loaded with 3 pl of O. lupi protein and with 5 pl of pre-stained standard (PageRuler Plus
Prestained Protein Ladder, Thermo Scientific Waltham, Massachusetts, USA) according to the
manufacturer instructions. Both gels were run at 200V for ~45min. Proteins from the gel were
transferred to polyvinylidene fluoride (PVDF) membrane (Hercules, California, USA) in a
semi-dry blotting cell (0.5A/45min) using the BioRad TurboBlot (Hercules, California, USA).
For immunostaining, each blot was incubated at 4°C overnight (O/N), in blocking solution
(PBS/0.1%Tween-20/5% skim milk powder). Following blocking, membranes were incubated
at 4°C with serum from an uninfected dog (negative control) or those infected with O. lupi, D.
immitis, D. repens, A. reconditum and C. bainae (1:1000 dilution), respectively. Dog antibodies
were detected using rabbit anti-dog IgG horseradish peroxidase conjugate (1:3000; Sigma
Adrich, Missouri, USA) and detected using the FemtoChromo kit (G Biosciences, Missouri,
USA). The second SDS-PAGE was stained with colloidal blue and putative bands at the same
molecular weight as the blotting, were cut and examined by nLC-MS/MS analysis from Cogen-
tech Proteomics/MS facility (Milan, Italy).

The SDS-PAGE of the O. lupi female protein in reducing conditions was included as S1 Fig.

In gel protein digestion

The gel slices were washed sequentially three times for 15 min with acetonitrile (ACN) 50%
and 25 mM ammonium bicarbonate (NH,HCO3), dehydrated with ACN 100% for 5 min fol-
lowed by vacuum centrifugation. Disulfide bridges were reduced using 10 mM DTT in 100
mM NH,HCO; for 1 h at 56°C. The reduced cysteines were alkylated with 55 mM iodoaceta-
mide in 100 mM NH,HCOj for 45 min in the dark, washed twice for 15 min with 100 mM
NH,HCO:s. Gel slices were dehydrated with ACN 100% for 5 min followed by vacuum centri-
fugation and the digestion buffer containing Sequencing grade Trypsin (Promega, Madison,
WI, USA) in 20 mM ammonium bicarbonate, incubated for 1 h at room temperature and then
overnight at 37°C. The supernatant was transferred to a low protein binding tube and tryptic
peptides were extracted from the gel slices using sequentially ACN 50%, trifluoroacetic acid
(TFA) 5% for 30 min. The peptides were desalted using Stage Tips with C18 disks (Sigma
Aldrich, St. Louis, Missouri, USA).

Liquid chromatography-tandem MS (LC-MS/MS) analysis

Two bands identified by SDS-PAGE and Western blotting were cut from gel and trypsinized
as previously described [32]. Peptides were desalted as described by [33], dried in a Speed-Vac
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and re-suspended in 10 pl of solvent A (2% ACN, 0.1% formic acid). Of them, 3 pl were
injected on a quadrupole Orbitrap Q-Exactive mass spectrometer (Thermo Scientific) coupled
with an UHPLC Easy-nLC 1000 (Thermo Scientific) with a 25 cm fused-silica emitter of

75 um inner diameter. Columns were packed in-house with ReproSil-Pur C18-AQ beads (Dr.
Maisch Gmbh, Ammerbuch, Germany), 1.9 um of diameter, using a high-pressure bomb
loader (Proxeon, Odense, Denmark). Peptides separation was achieved with a linear gradient
from 95% solvent A (2% ACN, 0.1% formic acid) to 40% solvent B (80% acetonitrile, 0.1% for-
mic acid) over 30 min and from 40% to 100% solvent B in 2 min at a constant flow rate of
0.25 pl/min, with a single run time of 33. MS data were acquired using a data-dependent top
12 method, the survey full scan MS spectra (300-1750 Th) were acquired in the Orbitrap with
70000 resolution, AGC target 1e6, IT 120 ms. For HCD spectra resolution was set to 35000,
AGC target le5, IT 120 ms; normalized collision energy 25% and isolation width of 3.0 m/z.
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE [34] partner repository with the dataset identifier PXD016311.

Protein identification

For protein identification the raw data were processed using Proteome Discoverer (version
1.4.0.288, Thermo Fischer Scientific, Waltham, Massachusetts, USA). MS? spectra were
searched with Mascot engine against uniprot_swsprot_all_20170110 database (553231 entries),
with the following parameters: enzyme Trypsin, maximum missed cleavage 2, fixed modifica-
tion carbamidomethylation (C), variable modification oxidation (M) and protein N-terminal
acetylation, peptide tolerance 10 ppm, MS/MS tolerance 20 mmu. Peptide Spectral Matches
(PSM) was filtered using Percolator based on g-values at a 0.01 FDR (high confidence). Pro-
teins were considered identified with 2 unique high confident peptides [35]. Scaffold (version
Scaffold 4.3.4, Proteome Software Inc., Portland, OR) was used to validate MS/MS based pep-
tide and protein identification. Peptide identification was established with a greater than 95%
probability by the Peptide Prophet algorithm [36] with Scaffold delta-mass correction. Protein
identification was accepted with a greater than 99% probability and contained at least 2 pep-
tides. Protein probabilities were assigned by the Protein Prophet algorithm [37]. Proteins that
contained similar peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evi-
dence were grouped into clusters.

RNA isolation and cDNA synthesis

Total RNA was isolated from adults (male and female), mfs and eggs of O. lupi, following
homogenization using a pestle and 400-600 pum glass beads (Sigma-Aldrich, Missouri, USA)
employing the TriPure isolation reagent according to the manufacturer’s instructions (Roche
Molecular Biochemicals, Basel, Switzerland). RNase inhibitor (RNasin, Promega, Wisconsin,
USA) was added to total RNA before quantification and storage at -80°C. Due to the tiny
amount of RNA able to be extracted from these nematodes, no DNase treatment was per-
formed. Nucleic acid was quantified using the QUBIT RNA Assay kit (Foster City, California,
USA) according to the manufacture instructions. First strand cDNA synthesis was performed
using the Super- Script Reverse Transcriptase II kit (Invitrogen, California, USA), 0.5 g oligo
dT primer (n = 12-18 primer, Promega, Wisconsin, USA) and 100 ng of total RNA from adult
male and female, mfs and eggs according to the manufacturer instructions. Each completed
reaction was diluted to 250 ng/l with TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) before use
in reverse transcription PCR.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009027  February 10, 2021 5/23


https://doi.org/10.1371/journal.pntd.0009027

PLOS NEGLECTED TROPICAL DISEASES Candidate serological biomarkers for the diagnosis of zoonotic Onchocerca lupi

PCR amplification, sequencing and nucleotide assembly of Onchocerca lupi
Major antigen

Amplification of the O. lupi-Major antigen protein (Ol-Mja) gene (~6300bp) was performed
using 250 ng of cDNA of female, male, pool of mfs and eggs, using Phusion High-Fidelity DNA
polymerase (New England Biolabs, Thermo Scientific, Ipswich, Massachusetts, USA) and seven
primer pair sets (S1 Table). Primers were designed on O. volvulus Major antigen (ovtl-gene)
nucleotide sequence (Accession U12681.1_OVT1) using Primer3web version 4.1.0 [38]. PCR
reactions consisted of 1XGC reaction buffer, 2.5 pmol of each primer, 0.6 mM of dNTPs and 1
U of DNA polymerase in a volume of 20 pl. Cycling conditions were reported in S1 Table. Prod-
ucts were resolved on 1% agarose stained with 0.5x GelRed (Biotium, California, USA) and
visualized on a GelLogic 100 gel documentation system (Kodak, New York, USA). Amplicon
sequencing was achieved using the same PCR primer pairs for each fragment, the Big Dye Ter-
minator v.3.1 chemistry and the 3130 genetic analyzer (Applied Biosystems, California, USA).
Whole OI-Mja nucleotide sequence was assembled from contiguous sequences (contigs) using
Geneious Pro (Version 6.06, Auckland, New Zealand), mapping on to the reference sequence of
O. volvulus ovtl-gene. The OI-Mja nucleotide sequence was conceptually translated into protein
(OI-MJA) using the standard code by MEGAG®6 software [39]. The open-reading frame and
codon usage profiles of protein-coding genes were analyzed by the Open Reading Frame Finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) using the standard code.

Bioinformatics and phylogenetic analyses

The identity of the full-length nucleotide sequences of Ol-Mja from adults, mfs and eggs was
confirmed by BLASTn queries from the NR database at NCBI (https://blast.ncbi.nlm.nih.gov/
Blast.cgi?’PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome) [40]. Pro-
tein sequences of OI-MJA and of OI-PARA were used as query to search for those of Oncho-
cercidae (taxid:6296), Nematoda (taxid: 6231), Metazoan (taxid:33208), Fungi (taxid:4751),
Plants (taxid:3193) and Bacteria (taxid:2) from the NR protein database using BLASTp
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) [41]. Protein sequences showing E-

value lower than 510778

, a query coverage greater than 85% and a percentage of identical res-
idues greater than 30% were used for the multiple sequence alignment (MSA) analysis. The
MSA of sequences was built by using ClustalW implemented in the sequence editor package
Jalview [42] both for Major antigen (M]JA) and Paramyosin homologous sequences.

The evolutionary history of homologues MJA sequences was inferred using the Maximum Like-
lihood (ML) method based on the Jones-Taylor-Thornton (JTT) matrix-based model [43] and a
discrete Gamma distribution (+Q), selected by best-fit model [44]. Evolutionary analysis was tested
with 100 bootstrap replications, using MEGAG6 software [39]. The corresponding amino acid
sequences from Acanthocheilonema viteae and Wuchereria bancrofti and Caenorhabditis elegans

(Accession numbers: VBB26490.1, VDM19311.1, NP4948193.1) were used as outgroups.

Prediction of signal peptides and protein 3D comparative modelling

The predicted OI-MJA protein was subjected to additional analyses for the presence of signal
peptides (http://www.cbs.dtu.dk/services/SignalP/) [45-47], trans-membrane domains and
classical secretion peptides using TMHMM Server v. 2.0 and SignalP 4.1 (https://www.expasy.
org/) [45] and for the detection of conserved protein domains (ProSite; www.expasy.ch/tools/
scnpsitl.html). Potential B-cell epitopes of OI-MJA were predicted using the BepiPred-2.0
(http://www.cbs.dtu.dk/services/BepiPred/). Conserved domain scan was performed using the
CD-Search [48] (https://www.ncbi.nlm.nih.gov/Structure/cdd/) [49].
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The pGenThreader and I-Tasser webservices were used for identifying putative crystallized
structures to be used as protein templates for attempting to build a 3D multi-template compar-
ative model for OI-MJA and OI-PARA proteins, by using Modeller, according to protocols pre-
viously described [50].

Epitopes identification and validation using amino acid slide scan

Peptide array synthesis and binding detection were performed by PEPperPRINT GmbH (PEP-
perCHIP1 Platform Technology, Heidelberg, Germany). The OI-MJA and OI-PARA proteins
sequences were linked and elongated with neutral GSGSGSG linkers at the C- and N-terminus
to avoid truncated peptides. The linked and elongated antigen sequences were translated into
15 amino acid peptides with a peptide-peptide overlap of 14 amino acids. The resulting peptide
microarrays contained 2,843 different peptides printed in duplicate (5,686 peptide spots), and
were framed by additional HA (YPYDVPDYAG, 156 spots) control peptides. Peptide microar-
ray was pre-stained with the secondary antibody in incubation buffer to investigate back-
ground interactions with the antigen-derived peptides. Peptide arrays was incubated with
1:1000 serum dilution samples of O. lupi positive and negative dogs and incubated for 16 h at
4°C and shacked at 140 rpm. A secondary antibody (Goat anti-dog IgG (Fc) DyLight680
(0.4 pg/ml)) was added for 45 min and stained in incubation buffer at room temperature (RT).
Mouse monoclonal anti-HA (12CA5) DyLight800 (0.5 ug/ml) was added for 45 min and stain-
ing in incubation buffer at RT. Arrays were scanned with LI-COR Odyssey Imaging System
and scanning fluorescence signals (offset 0.65 mm, resolution 21 um, scanning intensities of 7/
7 (red = 700 nm/green = 800 nm)) were used to calculate relative intensity compared to the
native peptide. Quantification of spot intensities and peptide annotation were done with Pep-
Slide Analyzer. The same peptide microarray layout was used to test serum samples of D.
repens and C. bainae at dilution of 1:1000 and serum samples of D. immitis and A. reconditum
at dilution of 1:250.

The comparison of epitopes herein identified with those of other nematodes was assessed
using ClustalW implemented in the sequence editor package Jalview (see above).

Results
Protein identification of Onchocerca lupi

PVDF membranes probed with serum samples allowed the identification of a band with a
molecular mass of ~200kDa reactive with O. lupi sample and of ~100kDa reactive with O. lupi
and D. repens (faint band) samples (Fig 2). The nLC-MS/MS analysis of gel bands resulted in
the identification of seven proteins (i.e., Actin 1 and 2, Calponin, Major antigen, Paramyosin,
Muscle cell intermediate filament protein and Tropomyosin) with a theoretical molecular
weight ranging from 33 to 273KDa, being associated to O. volvulus species (Table 1). Proteins
with a lower molecular weight (i.e., actin and calponin) were detected due to proteoforms or
cleaved products. In particular, the analysis of the gel band at ~200kDa identified five proteins
(i.e., Actin 2, Calponin, Major antigen, Paramyosin and Muscle cell intermediate filament pro-
tein) with a total of 20 and 16 unique tryptic peptides associated to O. volvulus paramyosin
(PARA) and Major antigen (MJA) proteins, respectively (Table 1). All proteins identified by
nLC-MS/MS analysis were reported in the S2 Table.

Nucleotide and amino acid sequences analyses

The 6,163bp of Ol-Mja cDNA gene was assembled from a series of contiguous overlapping
partial sequences, obtained from each adult (male and female) and mfs without nucleotide (nt)
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250 kDa
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100 kDa
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Fig 2. Inmunoblotting analysis. Proteins extracted from adult female Onchocerca lupi parasite separated by
SDS-PAGE and blotted to PVDF membrane. The PVDF membrane strips were incubated with the following serum
samples: 1) serum from Dirofilaria repens infected dog (diluted 1:1000); 2) serum from pathogen-free dog (negative
control); 3) serum from O. [upi infected dog (diluted 1:2000); 4) serum from O. lupi infected dog (diluted 1:1000);

L =ladder.

https://doi.org/10.1371/journal.pntd.0009027.g002

differences among them. No amplification was obtained from cDNA of eggs. BLASTn analysis
of Ol-Mja sequence revealed the highest nt identity with those of other related filarial nema-
todes as O. volvulus (96.47%; 5854/6068 nt; Accession no. U12681.1), D. immitis (88.9%; 5377/
6051 nt; Accession no. JR905253.1) and Loa loa (86.24%; 5248/6085 nt; Accession no.
XM_020451247.1). Conversely, nt identities up to 97% were observed with short fragments
(from 353 to 1945 bp) of other species (Table 2). The Ol-Mja sequence contained an open
reading frame (ORF) of 100bp of 5" no translated sequence. The codon for the initiation methi-
onine was the first ATG downstream from the spliced leader, whilst the termination codon
was identified at position 6062bp. The i silico translated OI-MJA protein consisted of 2021

Table 1. The nLC-MS/MS analysis. Proteins and number of unique peptides mapped to Onchocerca volvulus obtained from the upper (~200kDa) and lower (~100kDa)
gel bands. Protein description, organism, Uniprot code (ID), molecular weight (kDa) are reported.

Protein description Organism Uniprot ID Protein molecular mass (kDa) | Unique peptide count
Low band (~100kDa) Up band (~200kDa)
Major antigen O. volvulus | ANT1_ONCVO | 237 - 16
Paramyosin O. volvulus MYSP_ONCVO 101 - 20
Muscle cell intermediate filament protein O. volvulus OV71_ONCVO 50 - 4
Actin-2 O. volvulus ACT2_ONCVO 42 9
Actin-1 O. volvulus ACT1_ONCVO 42 3 -
Calponin homolog O.volvulus | CLPH_ONCVO |42 11 2
Tropomyosin O. volvulus | TPM_ONCVO 33 4 -

https:/doi.org/10.1371/journal.pntd.0009027.t001
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Table 2. Nucleotide identity of Onchocerca lupi Major antigen compared with those of other nematode species. Percentage of nucleotide identity, accordingly to

sequence coverage, accession number, and protein name are indicated.

Species

Onchocerca volvulus
Dirofilaria immitis
Loa loa

Onchocerca gibsoni
Onchocerca volvulus
Ancylostoma caninum
Brugia malayi
Brugia malayi
Brugia malayi
Onchocerca volvulus
Onchocerca volcalus
Onchocerca flexuosa

Brugia malayi

Nucleotide
Protein name Accession number Nucleotide coverage Identity (%)
Major antigen U12681.1 5854/6068 96.47
Unigene9325 JR905253.1 537716051 88.9
Major antigen XM_020451247.1 5248/6085 86.24
Paramyosin-related protein U20609.1 1945/2017 96.4
Myosin-like antigen M30398.1 1935/2016 96
ATAC-aaa78e06.g1 EX543135.1 633/673 94.1
Major antigen XM_001893962.1 601/726 82.78
SWYD25CAU10B11SK AW347993.1 544/650 83.7
SW3ICA2436SK AA255396.1 463/552 83.9
Myosin-like antigen AH001078.2 442/458 96.5
Major antigen ]03995.1 391/403 97
OFAA-aaa63a08.b1 FF141447.1 354/371 95.4
SW3ICA984SK N43571.1 353/415 85.1

https://doi.org/10.1371/journal.pntd.0009027 1002

amino acids (aa) in length (Fig 3), having a theoretical molecular weight of 237,342kDa. The
comparison between aa sequences of O-MJA and that of reference O. volvulus (P21249.2)
resulted in 78 variable sites, of which 44 were similar (chemically-related side chain) and one
was a gap (Fig 3). All 16 peptides identified by nLC-MS/MS analysis were found in the OI-
MJA sequence (Fig 3).

The BLASTp analysis of OI-MJA identified MJA-like homologous sequences in 23 nema-
todes, showing a percentage of identical aa residues ranging from 40 to 96%, whereas the per-
centage of similar aa residues ranging from 47 to 98% (S3 Table). Three sequences with a
percentage of identical residues between 22 and 23 aa were maintained as outgroups, with C.
elegans protein annotated as rootletin. An extract of 36 full-length aa Paramyosin homologous
sequences sampled among nematode and metazoan, showed a percentage of identical residues
ranging from 40 to 96%, whereas the percentage of similar residues ranges from 47 to 98% (54
Table). None of the identified sequences matched to host proteins retrievable from Canis lupus
familiaris and other screened organisms as fungi, plants and bacteria.

The phylogenetic analysis of MJA-like sampled proteins, show two main clusters grouping
MJA-homologous proteins of filaroids and non-filarial worms, respectively (Fig 4). Caenor-
habditis elegans rootletin and putative orthologs from W. bancrofti and A. viteae form a sepa-
rated cluster (Fig 4).

Nucleotide and amino acid sequences of Major antigen of O. [upi were deposited in Gen-
Bank database (Accession Number MW291130).

Prediction of signal peptides and protein 3D comparative modelling

Similarly to the results obtained from bioinformatic analyses of OI-PARA [27], OI-MJA
sequence did not reveal signal peptide and transmembrane domains. Prosite database scan
revealed the presence of several myristoylation, phosphorylation and N-linked glycosylation
sites and several domain motifs, with two leucine zipper (356-377 and 1779-1800) and one
RGD domains (679-681) identified.

The generated multi-template 3D comparative model of Ol-MJA was obtained based on
several crystallized structural proteins, i.e. cytoskeletal proteins (1st6.pdb), alpha actinin (1hci.
pdb), tropomyosin (2tma.pdb), portion of o-tubulin protein heterodimers (5009.pdb),
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o

.lupi MEQAREGAPSKERRSAEKTISRETKYEIAASDGDIGTDNIEYIDSVDSTGLGYGKTGEGISRILYEHPRDELINYKRRIDANTEQOREHADIMAALQRKIEEYRRRFAEIEGRLVVHDLNESGDLVNMKLKEEWLLS PKFKMEE IGDVDFANQLEDE 157
ol1/0ov ME+AREGAPSKERRSAE+TISRET++EIA +DGDIGTDNIEYIDS+DSTGLGYG+TGEGISRILYEHPRDELINYKRRIDANTEQQREHADIMAALQRKIEEYRRRFAEIEGRLVVHDLNESGDLVNMKLKEEWLLSPK KMEEI DVDF NQLEDE
.volvulus MEKAREGAPSKERRSAEETISRETRHEIAGNDGDIGTDNIEYIDSMDSTGLGYGRTGEGISRILYEHPRDELINYKRRIDANTEQQREHADIMAALQRKIEEYRRRFAETIEGRLVVHDLNESGDLVNMKLKEEWLLSPKIKMEEISDVDFPNQLEDE 157

o2

8

lupi RRRAEDLAIQLOQERLONDQLOSEIQRLROQFGISIRDKERIYQTRERNFTRYLGEEQRKMMELWSELQRVRKQCAEYREQTERDLENQRNEFIKVIRHVSGIVRGLNIENGTHTLLSDLSSESGVEITQDTVLIEAVKRFHESQQOAAPVIGPELI 314
ol/ov RRRAEDLATIQLOQERLONDQLOSETIQRLRQQOFGI IRDKERIYQTRERNFTR+LGEEQRKMMELWSELQRVRKQCAEYREQTERDLENQRNEFIKVIRHVSGIVRGLNIENGTHTLLSDLSSESGVEITQDTVLIEAVKRFHESQQQ APVIGPELI

m
O.volvulus RRRAEDLAIQLQOQERLONDQLOSEIQRLRQQFGICIRDKERIYQTRERNFTRFLGEEQRKMMELWSELQRVRKQCAEYREQTERDLENQRNEFIKVIRHVSGIVRGLNIENGTHTLLSDLSSESGVEITQDTVLIEAVKRFHESQQQTAPVIGPELI 314
O.1lupi TELRLARTEDAGLHDELMRKYEESAKRI IELEARDDESHNKLVALESDLKRTRDRLAESQNALRKLYDMTYSYEINAEKETRSPSPAKGYVPPPEVVRSVRYVLNSRANDNNVLORKLKNAEIQI SELTNKNDSLEETRRRLEKQTAEANRTITHRQ 471
m 01/0v TELRLAR EDAGLHDELMRKYEESAKRIIELEARDDESHNKLVALESDLKRTRDRLAESQNALRKLYDMTYSYEINAEKETRSPSP KGYVPPPEVVRSVRYVLNSRANDNNVLORKLKNAE+QISELT KNDSLEEIRRRLEK+IAEANRTITHRQ
O.volvulus TELRLARAEDAGLHDELMRKYEESAKRIIELEARDDESHNKLVALESDLKRTRDRLAESQNALRKLYDMTYSYEINAEKETRSPSPTKGYVPPPEVVRSVRYVLNSRANDNNVLORKLKNAEVQISELTTKNDSLEEIRRRLEKRIAEANRTITHRQ 471
0.lupi RELDDAKHTVKDLEDRLRSLEQEKASIDSARHHLEDE IRKMREQFNSTLLDVERRAAEDADERIRKIDEETKIRI SELTNRIEMLLEENKRLKDEADGMKNRIQDIEKEYNT I IRKLEEKDNALKNLENIRQRLVNELEEQRTRFDTMTSEFDNLRT 628
m 01/0v RELDDAKHTVKDLEDRL+SLEQEKASIDSARHHLEDE IRKMREQFNSTLLDVERRAAEDADERIRKIDEETKIRISELTNRIEMLLEENKRLKDE DGMKNRIQDIEKEYNTIIRKLEEKDNALKNLEN RQRLVNELEEQRTRFDTMTSEFDNLRT
O.volvulus RELDDAKHTVKDLEDRLKSLEQEKASIDSARHHLEDEIRKMREQFNSTLLDVERRAAEDADERIRKIDEETKIRISELTNRIEMLLEENKRLKDENDGMKNRIQDIEKEYNT I TRKLEEKDNALKNLENTRQRLVNELEEQRTRFDTMTSEFDNLRT 628
0. lupi NYDSANKNTVAIELTVKEIKQORDEIIKQKDKLVKELADLENKLNNETKMRGDVEKLNQRHLDEIDNFKKQINEY ITEVTTIRRONDDFDTOMKTNQAKLS SMENSLIAAKKE IEKLSEMNNRLQODKNDLIGAKOKGDTELNLLNEKIRKVELEFE 785
m Ol/0v NYDSANKNTVATELTVK+IK+QRDEITKQKDKL KELADLENKLNNETKMRGD EKLNQRHLDEIDNFKKQINEYITEVT IRRQNDDFDTQMKTNQAKLSSM+NSLIAAKKEIEKLSEMNNRLOQDKNDLIGAKQKGDTELNLL EKIRKVE+EFE
O.volvulus NYDSANKNTVAIELTVKQIKEQRDEIIKQKDKLAKELADLENKLNNETKMRGDAEKLNQRHLDEIDNFKKQINEYITEVTIIRRONDDFDTOMKTNQAKLSSMKNSLIAAKKEIEKLSEMNNRLOODKNDLIGAKQKGDTELNLLTEKIRKVEIEFE 785
O.lupi RIKKDNQELEDHERTARDDLKQETNRNHLLTKELEEARADIVALNDRLAKMDANFKIKLDETVKKSSADHET IKSRDSKSEKI IVKHETEIYEVNKYKAELEKLESDKDDLEKRIIGLODELNEKDRDNDRLNAE I DDLKRKLQTEIEKVRKETTTV 942
m 01/0v RIKKDNQELEDHERTARDDLKQETNRNHLL KELEEARADIVALNDRLAKMDANFKIKLDET+KKS ADHETIKSR+SKSEKIIVKHET+IYE+NKY+AELEKLESDKDDLEKRIIGLQDELNEKDRD DRLNAEIDDLKRKLQTEIEKVRKETTTV
0.volvulus RIKKDNQELEDHERTARDDLKQETNRNHLLAKELEEARADIVALNDRLAKMDANFKIKLDETIKKSPADHETIKSRESKSEKIIVKHETKIYEINKYRAELEKLESDKDDLEKRIIGLODELNEKDRDTDRLNAEIDDLKRKLQTEIEKVRKETTTV 942
0. lupi QERYHIELDEERDNHQKKIDSMNALIEELRAKLSDAERAMADLONRDSILERENTDWKEKSDALNME LDRLRDELLSVRRDAEKEINRYNTDLQT-ARNEIKLLTSTNNEMK SQLNVAEDKINSLNKVITDQONKIRDLTGEIRHLEGELKDAKGNV 1098
m O0l1/0v QERYHIE DEERDNHQKKIDSMNALI+ELR+KL+DAERAMADLONRDSILEREN DWKEKSDALNMELDRLRDELLSVRRDAEKEINRYNTDLQT ARNEIKLLT TNNEMKSQLN AEDKINSLNKVITDQONKIRDLTGE+ HLEGELKDAKGNV
O.volvulus QERYHIEWDEERDNHQKKIDSMNALIDELRSKLNDAERAMADLONRDSILERENNDWKEKSDALNMELDRLRDELLSVRRDAEKEINRYNTDLQTAARNE IKLLTPTNNEMKSQLNAAEDKINSLNKVITDQONKIRDLTGEVHHLEGELKDAKGNV 1099
0.1lupi ANLESELDTTRERIHLLGEQNASLQTELNKIKGDIDSLLGENDMLKTAKESNEAEIDRLKQKLORSTENAKKHSDALDKLRPEHDRLONLYREKLKQSENLTQAIQDLESRLNQSRRELRDATDKLIASEGDRNALRSEVERLQHEVQFMREQLLRK 1255
m 01/0v ANLESELDTTRERIHLLGEQNASLQTELNKIKGDIDSL GENDMLKTAKESNEAEIDRLKQKLORSIENAKK+SDALDKLRPE+DRLONLYREK+KQ+ENLTQA+QDLESRLNQSRRELRDATDKLIASEGDRNALRSEVE+LQHEVQFMREQLLRK
O.volvulus ANLESELDTTRERIHLLGEQNASLQTELNKIKGDIDSLFGENDMLKTAKESNEAEIDRLKQKLORSIENAKKYSDALDKLRPEYDRLONLYREKIKQAENLTQAVODLESRLNQSRRELRDATDKLIASEGDRNALRSEVEKLQHEVQFMREQLLRK 1256
0. lupi TDEYQAALSDLVNAHRTAEDGRVNAVQELEARKYEINDLQSRLDNAEQYLVTLQONYVAVENERDMLYDALRRLHSMIDRTVTINRFLIGVDESMEEKKETVPQTQKSPDGKTKERFDISDLDTNIQKLIGRIEKLELERNEYRDALDRIKKKSIES 1412
m Ol/0v TDEYQAALSDLVNAHRTAEDGRVNAVQ LEARKYEINDLQOSRLDNAEQYLVTLQONYVAVENERDMLYDALRRLHSMIDRTVTINRFLIGVDESM+EKKETV QTQKSPDGK+KERFDISDLDTNIQKLIGRIEKLELERNEYRDALDRIKKKSIES
O.volvulus TDEYQAALSDLVNAHRTAEDGRVNAVQALEARKYEINDLQSRLDNAEQYLVTLQONYVAVENERDMLYDALRRLHSMIDRTVTINRFLIGVDESMDEKKETVLQOTQKSPDGKSKERFDISDLDTNIQKLIGRIEKLELERNEYRDALDRIKKKSIES 1413
O.1lupi HIKINKQETIFTNIEDQLVDVEEEKRTLEMRLASAKQLLRSQEEALKQRDEERRHMKLKIAKFEMEARGKEAQLRQLNELVRNLRKDLETAQGDLGVLHDHEERWYAHKFHLE SKLKDQESESQOIRL.LLANFESERNSLNEKVRDLASRLQQTESK 1569
m 01/0v HIKINKQETIFTNIEDQLVDVEEEKRTLEMRLASAKQLLRSQEEALKQRDEER HMKLKIAKFEMEARGKEAQLRQLNELVRNLRKDLETAQGDLGVLHDHEERWYAHKFHLESKLKDQESESQQIRLL+ANFE+ERNSLNEKVRDLASRLOQTESK
O.volvulus HIKINKQETIFTNIEDQLVDVEEEKRTLEMRLASAKQLLRSQEEALKQRDEERSHMKLKIAKFEMEARGKEAQLRQLNELVRNLRKDLETAQGDLGVLHDHEERWYAHKFHLESKLKDQESESQOTRLLVANFETERNSLNEKVRDLASRLOQTESK 1570
0. lupi NADIKEDNDRLKKDLIKASTNEAELRRTIDQSSRVISDNQILKDQLESAQNDLSNANNRKQQLENELLVVRSELRDLKQRFSDNANRIMDLORHLTDAENDKKRLTNRLHSLEKTVSQORTIETEIRQQLSLALNERNTLONDLRDLORRLARMETE 1726
m Ol/0v NAD+KEDNDRLKKDLIKASTNEAELRRT IDQ+SRV+SDNQILKDQLESAQNDLSNANNRKQQLENELLVVRSELRDLKQRFSDNANRI+DLORHLTDAENDKKRLTNRL+SLEKTVSQORTIETETRQQLSLALNERNTLONDLRDLORRLARMETE
0O.volvulus NADMKEDNDRLKKDLIKASTNEAELRRTIDONSRVVSDNQILKDQLESAQNDLSNANNRKQQLENELLVVRSELRDLKQRFSDNANRIIDLORHLTDAENDKKRLTNRLNSLEKTVSQORTIETEIRQQLSLALNERNTLONDLRDLORRLARMETE 1727
O.lupi KKIMNDKYDELEKIRASLIKRIELLDEEKRTMENILHETALQREATESSLNALERENKELHRNCAQLOQQTAQLELENGNRLIQLTNKQREEYDKFTONMRTEKLQIERI IESRERSLKSRINQLENQLNIMRDQLNSERRRRRETISDKILSGEVNK 1883
m Ol/0v KKIMNDKYDELEKIRASLIKRIELLDEEKRTMENILHETALQREATESSLNALERENKELHRNCAQLOQQTAQLELENGNRLIQLTNKQREEYDKF QONMRTEK+QIERIIE+RERSLKSRINQLENQLNIMRDQLNSERRRRREISDKILSGEVNK
O.volvulus KKIMNDKYDELEKIRASLIKRIELLDEEKRTMENILHETALQREATESSLNALERENKELHRNCAQLOQOQIAQLELENGNRLIQLTNKQREEYDKFAQNMRTEKIQIERI IENRERSLKSRINQLENQLNIMRDQLNSERRRRREISDKILSGEVNK 1884

0.1lupi LNVTLSGIPDAYEIYDRTLYSYNTYFGTPSFTVGSSSFDPNITDDSKIILKHSDRLESSYAYGGGNHTSDTAITAPTGSSSYHSQRSDDHTVNESEGGGNDPGKGTKQVDGEGGSLSLSEIGQGATFEQQQORRRKRQ 2021

m 01/0v LNVTLSGIPDAYE+YDRTLY+YNTYFG+PSFTVGSSSFDPNITDDSKIILKHSDRLESSYAYGGGN TSDTA+TAPTGSSSYH QRSD HTVNESE GGND GKGTKQVDGEGGSLSLSEIGQGATFEQQQQORRRKRQ

0.volvulus LNVTLSGIPDAYEMYDRTLYTYNTYFGSPSFTVGSSSFDPNITDDSKIILKHSDRLESSYAYGGGNRTSDTAVTAPTGSSSYHGQRSDTHTVNESERGGNDSGKGTKQVDGEGGSLSLSEIGQGATFEQQQQRRRKRQ 2022

Fig 3. Alignment of Major antigen amino acid sequences of Onchocerca lupi and Onchocerca volvulus. Amino acids differences are reported in bold. Peptides
identified by nLC-MS/MS analysis are underlined and reported in bold. The amino acid substitution matrix (m Ol/Ov) is reported in the central line. Identical
residues and residues with positive substitution score (+) are indicated.

https://doi.org/10.1371/journal.pntd.0009027.g003

Saccharomyces cerevisiae ribosome maturation factor Real (6hyd.pdb) and a serine/ threonine
protein kinases involved in DNA damage sensing (5yz0.pdb). Similarly, the Paramyosin 3D
model was obtained based on the crystallized integrin-activating and tension-sensing focal
adhesion component Talin (6r9t.pdb), the dynein-2 complex (6rlb.pdb), a SMC multi subunit
complex (5xg2.pdb), the ROD domain of alpha actinin (1hci.pdb) and the microtubule associ-
ated protein PRC1 (Protein Regulator of Cytokinesis 1; 416y.pdb) (Fig 5A and 5B). The resulting
3D models were enriched in ohelix structures and showed the three antigenic peptides microar-
ray mapped of OI-MJA and OI-PARA exposed on the proteins surface (Fig 5A and 5B).

Linear epitope mapping and antigen selection

The incubation of the peptide microarray of OI-MJA and OI-PARA proteins with the patho-
gen-free dog serum resulted in a weak antibody response against the linear peptide sequences
(i.e., TDWKEKSDALNMELD, DQLESAQNDLSNAN for OI-MJA and IADLVSVNNNLTAIK
for OI-PARA) (Fig 6A and S5 Table). At a scanning intensity of 7 (red) and upon significant
increase of brightness and contrast was observed a very weak background interactions of the
secondary antibody with basic peptides like NNIMRDQLNSERRRRR and QGAT-
FEQQQQRRRKR presumably due to non-specific ionic binding (S5 Table). Incubation of a
peptide microarray with serum of O. lupi infected dog resulted in a moderate to strong and
with moderate to high spot intensities of complex IgG recognition profile against peptides of
both proteins (Fig 6B and S6 Table). Some of the strongest responses were originated from sin-
gle peptides-like for both O-MJA and OI-PARA. Since typical epitopes exhibit lengths from 4
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Fig 4. Phylogenetic analysis. Phylogenetic tree of Major antigen amino acid sequence of Onchocerca lupi and MJA homologous
proteins of filarioid and non filarioid worms.

https://doi.org/10.1371/journal.pntd.0009027.9004

to 8 aa, such single peptide interactions were rather atypical and resulted from less specific
interactions (Table 3). A number of epitope-like spot patterns with a clear spot morphology
based on peptides with the consensus motifs were identified for OI-MJA and for Ol-PARA pro-
teins, respectively (Fig 6B and Tables 3 and S6). Interference with the background interactions
of the secondary antibody or the antibody responses of pathogen-free dog serum was not
observed. The incubation of the peptide microarray with positive dog serum for D. repens and
for C. bainae showed, respectively, a complex IgG response profile with moderate to high and
low to moderate spot intensities against epitope-like spot patterns formed with the consensus
motifs for O-MJA and for O-PARA proteins (Fig 7A, 7B and Tables 3, S7 and S8). A single
peptide (i.e., KLQDDLHEAKEALAD) for Ol-PARA at moderate to high signal-to-noise ratios
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Fig 5. 3D comparative models of Onchocerca lupi Major antigen (OI-MJA) and Onchocerca lupi Paramyosin (Ol-
PARA) proteins are reported in white cartoon representation. Red cartoon indicates the position of the three
antigenic peptides identified for OI-MJA (A) and OI-PARA (B), respectively.

https://doi.org/10.1371/journal.pntd.0009027.9g005

was identified for D. repens dog positive serum (Fig 7A). Dog serum positive for A. reconditum
exhibited from low to high spot intensities of IgG recognition profile against peptides of Ol-
MJA and of OI-PARA proteins (Fig 7C and Tables 3 and S9). Differently, dog serum positive
for D. immitis showed a complex IgG recognition profile with high spot intensities adjacent
peptides with the consensus motifs for OI-MJA, but no any remarkable response against Ol-
PARA (Fig 7D and Tables 3 and S10). Comparing the peptides identified with sera collected
from O. lupi and from filarial infected dogs, six antigenic peptides (n = 3 for OI-MJA;
LQNDQLQSEIQRLR, IGRIEKLELERNEY, QREAIESSLNALE; and for O-PARA;
LEEARRRLE, SRLQSEVEVLIVDL, MQVDEEHKME, respectively) were selected as potential
candidate biomarkers for the diagnosis of canine O. lupi infection (Tables 3 and 4).

The BepiPred-2.0 algorithm (http://www.cbs.dtu.dk) to predict B-cell epitopes showed that
almost the entire protein of OI-MJA, including the peptide sequences identified experimen-
tally, were found at 0.5 epitope threshold. Using 0.6 as epitope threshold, the AYGGGNHTSD-
TAITAPTGSSSYHSQRS peptide was identified. Part of this epitope- SSYHSQRSDDHTVNE
—was identified to have an intensity of 7529 fluorescence units in the O. lupi positive serum
and 6.5 in the uninfected dog serum confirming its potential as immunogenic epitope.
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The MSA of peptides implemented in the sequence editor package Jalview revealed that the
three antigenic peptides of Ol-MJA (LQNDQLQSEIQRLR, IGRIEKLELERNEY, QREAIESSL-
NALE) showed a percentage of aa identity from 32 to 100%, from 28 to 100% and from 38 to
100% with those of other nematodes, respectively. A high value of identity (100%) was
observed with those of O. volvulus (Fig 8). Differently, the antigenic peptides of OI-PARA
(LEEARRRLE, SRLQSEVEVLIVDL, MQVDEEHKMEF) showed the aa identity ranging from
77 to 100%, from 36 to 100% and from 60 to 100%, respectively, with the high value retrieved
with more than one nematodes examined (Fig 8).

Discussion

Reactive linear peptides of Ol-MJA and OI-PARA proteins of O. lupi were identified by means
of a comprehensive strategy from sequence analyses to immunoproteomic and peptide
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Fig 6. Antigen identification using high density peptide microarray against sera from uninfected and infected
dogs. Intensity map of the linear peptides of Onchocerca lupi Major antigen (OI-MJA) and Onchocerca lupi
Paramyosin (OI-PARA) probed with serum of pathogen-free dog (A). Intensity map of the linear peptides of OI-MJA
and OI-PARA probed with O. lupi infected dog serum (ID sample: T1 9/57). In bold the linear peptides with the typical
IgG response (B).

https://doi.org/10.1371/journal.pntd.0009027.9g006
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Table 3. Linear antigenic peptides discovered by high-density microarray for Onchocerca lupi Major antigen (Ol-MJA) and Onchocerca lupi Paramyosin (Ol-
PARA) proteins using Onchocerca lupi, Dirofilaria repens, Cercophitifilaria bainae, Acanthocheilonema reconditum and Dirofilaria immitis infected dog serum

samples.

Protein

Major antigen

Paramyosin

O. lupi
LQNDQLQSEIQRLR
ISELTNKNDSLEE
RDELLSVRRDAEKE
QTELNKIKGDID
MLYDALRRLHSMID
IGRIEKLELERNEY
QREAIESSLNALE
LLLANFESERNSLNE*
SSYHSQRSDDHTVNE*
LASRLQQTESKNADI*
IRRQNDDEDTQMKTN*
HADIMAALQRKIEEY*
YDMTYSYEINAEKET*
ERAMADLQNRDSILE*

SPSMSAFGGLPAAF
LEEARRRLE
SRLQSEVEVLIVDL
MQVDEEHKMF
QAQLHQVQLEL*
EHSMKIDALRKSLEE*

Species/Linear antigenic peptides

D. repens C. bainae A. reconditum D. immitis
RYVLNSRAND EHPRDELINY SGVEIT ERENTDWK
QISELTNKNDSLE YVPPPEVVRSVRY VRYVLNSRANDNN ELRDATDKL
KIDEETKI PDAYEIYDRTL NSLIAAKK IRASLIKRIELLDE
YDSANKNTVA HHLEDEIRKMREQF EKVRKETTTVQER HTVNESEGGGN
KSSADHETIKS RTRFDTMTSEF QRDEERRHMKLK SEIGQGATFEQQQ
RDNHQKKIDSM KNTVAIELTVKEIK AQLELENGNR ISRETKYEIAASDGD*
LGENDMLK RDELLSVRRDAEKE SGIPDAYE QNASLQTELNKIKGD*
QQRRRKRQ HSMIDRTVTINR LVRNLRKDLETAQGD*
HDHEERW QQRDEIIKQKDKLVK*
NQILKDQLESAQ IEAVKRFHESQQQ
QLEDERRRAED
EGRLVVHDLNESGD
QQDKNDLIGAKQKGD*
EWLLSPKFKMEEIGD*
DLENKLNNETKMRGD*
AFGSMS ALADAARAVEQLHE TALDEESAARAEA
KLQDDLHEAKEALAD* KRQLGEAES

* = atypical IgG response recognition due to single peptide interaction which may result from less specific interactions or cross-reactions. Peptide sequence in italics are

overlapping with antigens recognized by sera from dogs infected with other filarioids. Peptide sequences in bold are reactive uniquely to serum sample from dog

infected with Onchocerca lupi.

https://doi.org/10.1371/journal.pntd.0009027.t003

microarray-based epitope mapping. The recognition of O-MJA and OI-PARA proteins by IgG
antibodies of dog infected with O. lupi indicates their appropriateness as antigen candidates to
develop serological diagnostics. In addition, the molecular and proteomic dataset herein
obtained for O. lupi provide firstly genetic and immunological information on this helminth.
Indeed, data on Ol-Mja cDNA (6,163bp) and on the predicted OI-MJA protein (2021 aa,
237,342 kDa), represent a unique database for this filarioid. The sequence length obtained
from OIl-Mja cDNA was consistent with those of other nematodes such as L. loa (6,085bp), D.
immitis (6,051bp) and O. volvulus (6,068bp). Analogously, the high nucleotide identity level of
OI-Mja with sequences from other filarioid analysed (ranging from 86.24% to 96.47%) reflects
their close relationship as confirmed also by southern blot for filarial such as Onchocerca liena-
lis, A. viteae, Brugia malayi and Brugia pahangi and in none of the non-filarial species [51].

Although no data is currently available on functional aspects of Ol-MJA, the close phyloge-
netic relationship between amino acid sequences of O. lupi and O. volvulus (96.1% identity)
may be of relevance for investigating analogies within the two taxa. For example, the presence
of the transcript encoding for Ol-MJA only in adult and microfilariae stages of O. lupi, but not
in eggs, was supported by studies on the O. volvulus embryogenesis [51] being Ov-OVT1
(234kDa) transcribed during embryonic development, only in the larval and adult forms of
this parasite [51].
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Fig 7. Antigen identification using high density peptide microarray against sera from infected dogs for Dirofilaria immitis, Dirofilaria repens,
Acanthocheilonema reconditum and Cercopithifilaria bainae. Intensity map of the linear peptides of Onchocerca lupi Major antigen (OI-MJA) and Onchocerca lupi
Paramyosin (OI-PARA) probed with D. repens (A), C. bainae (B), A. reconditum (C) and D. immitis (D) infected dog sera. In bold the linear peptides with the typical
IgG response.

https://doi.org/10.1371/journal.pntd.0009027.9g007

Similar to Ov-OVT]1, the role of OI-MJA as an embryogenesis-related protein, was sup-
ported by the detection of two leucine zipper and RGD domains as well as conserved domains
as Rootletin (76-256, pfam15035) required for centrosome cohesion [52] and two SMC supe-
family domains (482-1311, c134174 and 1007-1787, c137069) involved in the structural

Table 4. Intensity of reactivity, expressed as fluorescence units, of linear antigenic peptides selected for Major antigen (Ol-MJA) and Paramyosin (OI-PARA) pro-
teins obtained by testing Onchocerca lupi, Dirofilaria repens, Dirofilaria immitis, Acanthocheilonema reconditum and Cercophitifilaria bainae serum samples.

Proteins Species

Major antigen Peptides O. lupi D. repens D. immitis A. reconditum C. bainae
LQNDQLQSEIQRLR 2.526,5 948 180,25 0 0
IGRIEKLELERNEY 3.738 18,8 300,5 245,5 435
QREAIESSLNALE 3.556 0 44.5 19 22

Paramyosin LEEARRRLE 3.585 30 128,75 52 137,5
SRLQSEVEVLIVDL 10.231 4 274 35,5 38,5
MQVDEEHKMF 6.154 660,25 656,75 26,8 760,5

https://doi.org/10.1371/journal.pntd.0009027 1004
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Major Antigen

Onchocerca.lupiMJA L 1398
Onchocerca.volvulus.P21249.2 L| 1399
Onchocerca.ochengi.VDK66989.1 L 1566
Onchocerca.flexuosa.0ZC10422.1 L 1569
Loa.loa.XP_020304987.1 L 1396
Brugia.pahangi.VDN91001.1 L 1397
Toxocara.canis. KHN85055.1 L 1590
Brugia.malayi.V1093989.1 L 1389
Brugia.malayi.V1093990.1 L 1389
Litomosoides.sigmodontis.VDK74699.1 L 1562
Litomosoides.sigmodontis.VDK84582.1 L 1471
Dracunculus.medinensis.VON55373.1 L L 1373
Ancylostoma.caninum.RCN46736.1 L| L| 1628
Angiostrongylus.costaricensis.VDM58664.1 L| L| 1620
Caenorhabditis.elegans.NP_001024981.1 It M 1683
Caenorhabditis.elegans.NP_001362151.1 L ({0l 1761
Caenorhabditis.briggsae. XP_002644619.1 IL ({1l 1648
Caenorhabditis.remanei.XP_003118410.1 L ({0l 1690
Caenorhabditis.elegans.NP_494819.3 iU Al 1389
Acanthocheilonema.viteae.VBB26490.1 Y 1382
Wuchereria.bancroftiVOM19311.1 Al 1382
Strongyloides.rattiXP_024510717.1 L 1695
Necator.americanus.XP_013306712.1 L 1517
Consensus
| GNDQLEDENERLR IGRIEKLELERNEY

Paramyosin

Onchocerca.lupiAJO15918.1
Onchocerca.volvulus.Q02171.1
Onchocerca.ochengi.VDK60915.1
Onchocerca.flexuosa.VD024155.1
Loa.loa.XP_003141094.1
Litomosoides.sigmodontis.VDK87498.1
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Caenorhabdiitis.elegans.NP_492085.1
Caenorhabditis.latens.0ZG01738.1
Caenorhabditis.briggsae.XP_002646239.1
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Acanthocheilonema.viteae.VBB30920.1
Wuchereria.bancroftiVOM11188.1
Strongyloides.rattiXP_024504793.1
Thelazia.callipaeda.VDN0S577 .1
Dictyocaulus.viviparus. ABO07440.1
Anisakis.simplex.VDK48619.1
Dictyocaulus.viviparus. AAT36324.1
Heligmosomoides.polygyrus.VDO77857.1
Haemonchus.placeiVD039317.1
Steinernema.carpocapsae. TKR92131.1
Diploscapter.pachys.PAV77323.1
Pristionchus.pacificus.PDM67365.1
Enterobius.vermicularis.VDD92994.1
Anisakis.simplex.QINJAS.1
Anisakis.pegreffiil AGC60020.1
Oesophagostomum.dentatum.KHJ97007.1
Trichuris.trichiura. COW56486.1
Trichinella.spiralis XP_003371652.1
Trichinella.pseudospiralis.KRY65951.1
Trichinella.murrelli KRX38888.1
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Fig 8. Alignment of peptides of Onchocerca lupi Major antigen (OI-MJA) and Onchocerca lupi Paramyosin (Ol-PARA) identified
with those of other nematodes. Logo representation is reported for highlighting the conserved residues.

https://doi.org/10.1371/journal.pntd.0009027.9008
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maintenance of chromosomes. The presence of these domains is in accordance with the func-
tion of the Ce-LFI-1 protein of C. elegans (Lin-5 (Five) Interacting protein), orthologue of Ov-
OVT1 and OI-MJA, that interacts with LIN-5 and is involved spindle positioning and chromo-
some segregation [53]. Furthermore, the immunofluorescence staining of O. volvulus adult
worms using major antigen antisera revealed that Ov-OVT1 was located in the muscle of
female and male parasites [54] as well as southern blot analysis recognized this protein also in
the muscle of other nematodes as B. malayi, D. immitis and C. elegans [54]. Thus, OI-MJA pro-
tein may have a similar muscle localization in the O. lupi nematode.

In addition, the occurrence in OI-MJA of the RGD domain (detected in Ov-OVT1 extracel-
lular matrix protein) [51] suggests the same role in O. lupi. However, no signal peptide as well
as no transmembrane domains were found in OI-MJA, therefore suggesting that an extracellu-
lar release through non-canonical pathway might occur. Therefore, considering that antigenic
proteins should be located on the plasma membrane or secreted, Ol-MJA protein can exert its
immunological function in other ways still unknown. Indeed, the secreted proteins are likely
to represent the principal immunologically active products exerting an effect on the host sys-
tem [55]. Overall, it is known that the infection by helminth parasites, including Onchocerca
spp., strongly stimulate the hosts immune response [56]. In this context, the potential immu-
nological role of Ol-MJA protein, may be assumed considering the immunogenicity properties
associated to Ov-OVT1, as previously demonstrated by stimulation of the antibodies produc-
tion in rabbits [51]. Furthermore, the exposure of the epitopes observed in O-MJA 3D struc-
ture may support the immunological potential of this protein. In addition, the
immunogenicity of O-MJA may be also reinforced by the partial 3D structure homology with
those of other myosin-like proteins (i.e., tropomyosin, myosin, actin), as previously described
for Schistosoma mansoni [57] and for Fasciola hepatica, the latter conferring protection in F.
hepatica experimentally infected rats [58].

The main concerns of studies that involve serological assessments are the sensitivity and
cross-reactivity amongst antibodies and antigens of related pathogens as previously reported [24,
59]. Indeed, several studies have been attempted to adapt existing diagnostic methods for the
detection of filaroids taking advantage of the cross-reactions between antibodies and similar
antigens. For example, the Og4C3 monoclonal antibodies initially developed against non-phos-
phorylcholine antigens of Onchocerca gibsoni showed to cross-react with antigens of W. bancrofti
[59, 60]. Similarly, the ELISA kit using Og4C3 antibodies tested with sera of O. lupi-infected
dogs showed a low sensitivity detecting only three out of six infected serum samples [26].

Although, this study has some limitations (i.e., data were obtained from a single serum sam-
ple from each infected dog and OI-MJA and OI-PARA were examined as short peptides which
may not include all the immunoreactive epitopes), the epitope microarray assay demonstrated
a broad IgG immune response directed against three linear epitopes for O-MJA
(LONDQLQSEIQRLR, IGRIEKLELERNEY, QREAIESSLNALE). Nevertheless, their specific-
ity and reactivities as well as the conformational structure need to be validated with a larger
number of serum samples, considering that the immune response to parasites may vary signifi-
cantly from one individual to another. However, the immunological potential of linear anti-
genic epitopes has been demonstrated by microarray screening of the entire proteome of
different pathogens [61-63], as it is the case of O. volvulus for which three peptide motifs with
an IgGl, IgG3, IgE and IgM response profile were identified [64]. Furthermore, though Para-
myosin is a widely conserved protein across species with well-known antigenic potential [65,
66], the immunological properties of OI-PARA [25] have been herein investigated by the iden-
tification of the three linear epitopes (LEEARRRLE, SRLQSEVEVLIVDL, MQVDEEHKMEF),
which showed a high intensity of reactivity when tested against serum sample of O. lupi
infected dog.
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Even if the high epitopes identity were observed for both proteins when compared with
those of other nematodes, the results obtained both in silico and by the peptide microarray
assay may potentially lead to the development of novel serological tests useful for diagnostic
and immunoprophylactic studies for canine onchocercosis. However, their sensitivity and
specificity need to be tested in a larger cohort of O. lupi-infected dogs coming from different
geographical areas as well as further evaluation of co-infections, also considering the individual
variation in reactivity patterns of each dog. Moreover, the comparison of the performances of
these biomarkers in latent and patent phases is another important aspect that needs to be eval-
uated together with detection in subclinical or asymptomatic cases.

Conclusions

The development of an adequate diagnostic tool will enable further studies on the distribution
and prevalence of this little known zoonotic filarioid. Although, other investigations are neces-
sary to determine the utility of the epitopes identified (alone or in combination) for the diag-
nosis of canine onchocercosis, for mapping or monitoring the diseases, without excluding the
possibility of its application even in the diagnosis of feline and human infection, this study
indicates that linear peptides of OI-MJA and OI-PARA proteins may be suitable candidates for
the development of a diagnostic test.
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umn number of the microarray plate, peptide sequence, signal intensity against D. immitis dog
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immitis dog serum diluted 1:250. The table was generated from the formatted raw data and
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