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Lentiviruses, including equine infectious anemia virus (EIAV), are considered viral quasispecies because of their
intrinsic genetic, structural and phenotypic variability. Inmunoenzymatic tests (ELISA) for EIAV reported in the
literature were obtained mainly by using the capsid protein p26, which is derived almost exclusively from a
single strain (Wyoming), and do not reflect the great potential epitopic variability of the EIAV quasispecies. In
this investigation, the GenBank database was exploited in a systematic approach to design a set of representative
protein antigens useful for EIAV serodiagnosis. The main bioinformatic tools used were clustering, molecular
modelling, epitope predictions and aggregative/ solubility predictions. This approach led to the design of two
antigenic proteins, i.e. a full sequence p26 capsid protein and a doublestrain polypeptide derived from the gp45
transmembrane protein fused to Maltose Binding Protein (MBP) that were expressed by recombinant DNA
technology starting from synthetic genes, and analyzed by circular dichroism (CD) spectroscopy. Both proteins
were used in an indirect ELISA test that can address some of the high variability of EIAV. The novel addition of
the gp45 double-strain antigen contributed to enhance the diagnostic sensitivity and could be also useful for
immunoblotting application.

1. Introduction

Equine infectious anemia virus (EIAV) is a lentivirus (family Retro-
viridae) that infects horses, mules and donkeys. It shares many charac-
teristics with other lentiviruses like HIV and SRLV including its viral
structure, genome and certain aspects of its life cycle and transmission
(Leroux et al., 2004). EIAV establishes a persistent infection and is
naturally transmitted between hosts by biting insects like Tabanidae;
inappropriate iatrogenic practices with contaminated blood can also be
responsible for the transmission (Issel and Foil, 2015). The presence of
the virus has been documented worldwide including Africa (Fathi et al.,
2014; Wegdan et al., 2016) and Australia (https://www.business.qld.
gov.au/industries/farms-fishing-forestry/agriculture/livestock/animal
-welfare/pests-diseases-disorders/equine-infectious-anaemia), with a
very high prevalence in warm swampy areas. Phylogeographic studies
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suggest that the virus originated in Hungary that was one of the most
important centers of diversification for the disease (Jara et al., 2020).
Historical EIAV spread was predominantly due to long-distance
dissemination following globalized animal trade. EIAV infection is a
substantial concern for equine health worldwide equids and requires
reporting to the World Organization for Animal Health (WOAH). Like
other lentiviruses it is considered a viral quasispecies due its very high
genetic, structural and antigenic variability (Wang et al., 2018). Glob-
ally circulating strains characterized so far, is related to six phylogenetic
clades, or lineages (Cursino et al., 2018).

EIAV infection is characterized by an acute stage, that occurs
sporadically with high fever, anemia and thrombocytopenia, a chronic
stage with fluctuating viral loads and recurring febrile episodes and an
asymptomatic phase with a decreased viral load and no apparent clinical
manifestations. In many countries, preventing transmission is obtained
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by isolation or euthanasia of animals that test positive for infection
(Leroux et al., 2004), since there are no treatments and no prophylactic
vaccines in current use against EIAV.

Disease testing is performed using serological tools mainly Agar Gel
Immunodiffusion Assay (AGID), that is considered the “gold standard”,
ELISA and western blotting. Recently ELISA was suggested to be the first
choice of test for screening followed by AGID and western blotting as
confirmatory tools, owing to the greater diagnostic sensitivity of the
ELISA when compared to the AGID (Issel et al., 2013). Three structural
viral proteins are the main antigens used in the EIAV serodiagnosis, the
capsidic protein p26 (CA), the transmembrane protein gp45 (TM) and
the surface protein gp90 (SU). AGID is exclusively, and ELISA, is pref-
erentially based on the p26 protein, whereas all three proteins can be
used in combination in western blotting (Issel et al., 2013). At the best of
our knowledge, a single ELISA has so far been based on the combination
of p26 and gp45 derived antigenic peptides and validated according to
WOAH criteria (Rosati et al., 2004, Scicluna et al., 2018). It was reported
that this test was superior to other ELISAs based only on p26 with
respect to the precocity in antibody detection (Nardini et al., 2017).
Other indirect ELISA based only on gp45 peptides as antigens were
described (Soutullo et al., 2001; Naves et al., 2019). Almost all the
p26-based ELISA tests depend on the prototypic Wyoming strain because
it was one of the first to be isolated and considered as reference strain. In
view of the high structural and immunogenic variability due to the
“quasispecies” nature of EIAV, it could be interesting to assess the use-
fulness of combinations of peptide/proteins derived from different
strains in immunochemical tests. This approach was applied for other
lentivirus such as SRLV (Grego et al., 2002; Ostuni et al., 2021) to
improve the diagnostic performances of the ELISAs and is currently used
in certain commercial ELISAs for SRLV.

A relatively large number of EIAV protein sequences derived from
different viral strains are available for p26 and gp45 in GenBank; these
sequences were used as a starting point for this investigation. In this
study bioinformatic tools were used, such as protein clustering, molec-
ular modelling, epitope predictions and aggregative/solubility pre-
dictions, to develop a more systematic approach in the design of a set of
representative protein antigens, based on p26 and gp45, useful in the
EIAV serodiagnosis. The designed antigenic proteins were expressed by
recombinant DNA technology starting from synthetic genes. Circular
dichroism spectroscopy was exploited to analysed the secondary struc-
ture of the polypeptides in solution. ELISA and western blotting were
used for the immunochemical characterization of the antigens.

2. Materials and methods
2.1. Sequence clustering analysis

The proteins investigated were the p26 capsid protein and the
transmembrane (TM) protein gp45. The exodomain of the TM protein
was identified using the program TM pred (Hofmann and Stoffel,1993).
Cd-Hit, a sequence-based clustering software (Huang et al., 2010), was
used to analyze the protein sequences retrieved with BlastP from the
Non-Redundant database.

A clustering procedure to organize protein sequences into homolo-
gous and functionally similar groups was performed as previously re-
ported (Ostuni et al., 2021). In the present analysis we used a two-level
clustering. The sequences were clustered at 95 % identity threshold, and
then the representative sequences of the individual clusters were
“re-clustered” at lower identity thresholds between 75 % and 90 %.
Default input parameters were used in CD-Hit.

2.2. Homology modelling and structural analyses
The structural homology model of p26 of EIAV (residues 18-224 of

ABE03841.1) was generated with SwissModel (Waterhouse et al., 2018)
with the primary template EIAV CA-SP (PDB ID: 6T61) (Dick et al.,

Journal of Virological Methods 315 (2023) 114704

2020). The 3D-models of two gp45 sequences of EIAV, gp45_1 (residues
483-630 of AFW99173.1) and gp452 (residues 483-630 of
QIC50013.1), were built by Modeller (Fiser and Sali, 2003) by using the
ectodomains of gp45 of EIAV (residues 474-530 and 567-601 of PDB ID:
3WMI), and gp41 of SIV (residues 1-123 of PDB ID: 1QCE) and HIV
(residues 531-581 and 629-681 of PDB ID: 2x7R) (Buzon et al., 2010)
as templates. In the gp45 models, structural restraints were used for
intramolecular disulfide bond formation between C68 and C76 in each
protomer. The gp45_1_2 polypeptide contains the sequences of gp45_1
and gp45_2 joined by a flexible linker. Two homology models of the
double-strain gp45_1_2 polypeptide were generated starting from the
model of the trimeric gp45_1: in both models the gp45_1 domain is
placed in the position of chain A of the trimer, whereas gp45_2 is placed
either in the position of chain B (gp45.1 _2_AB) or chain C
(gp45_.1.2_ AC). All top evaluated models were energy minimized
through the YASARA energy minimization server (Krieger et al., 2009).

For the structural analyses several programs were used. Protein ge-
ometry was evaluated by MolProbity (Williams et al., 2018). Multiple
sequence alignments of p26 and gp45 homologs were generated by
ClustalW in Seaview (Gouy et al., 2010) and sequence conservation was
displayed on the structural models by ConSurf (Ashkenazy et al., 2016).
Linear B-cell epitopes of the p26, gp45_1 and gp45_2 sequences were
predicted by ABCpred (Saha and Raghava, 2006), BcePred (Saha and
Raghava, 2004), BepiPred 2.0 (Larsen et al., 2006), COBEpro (Swer-
edoski and Baldi, 2009) and ElliPro linear (Ponomarenko et al., 2008).
Discontinuous epitopes were predicted in the structural models by using
Epitopia (Rubinstein et al., 2009), DiscoTope 2.0 (Kringelum et al.,
2012), ElliPro discontinuous (Ponomarenko et al., 2008), EPCES (Liang
et al., 2009) and SEPPA 3.0 (Zhou et al., 2019). The epitope consensus
prediction for each position was calculated based on the results from the
ten above-mentioned programs.

2.3. Computational aggregation study

An in-silico method that can predict the aggregative properties of
proteins starting from the modelled 3D structures was used. Calculations
were done with the Aggrescan3D software available at: http://biocomp.
chem.uw.edu.pl/A3D2/ web site (Zambrano et al., 2015). Structures
were used with no further energy minimization and default input pa-
rameters were applied. Results were analyzed with the tools provided by
the software.

2.4. Synthesis and purification of the polypeptides

All polypeptides were obtained by recombinant DNA technology in
Escherichia coli strain BL21(DE3) (Stratagene, La Jolla, CA, USA). The
p26 synthetic gene (Eurofins Genomics, Ebersberg, Germany) was
subcloned into the HindIIl- BamHI sites of plasmid pQE30 to obtain a
protein with a N-terminal histidine tag (MRGSHHHHHHGS). The
gp45_1_2 synthetic gene was cloned (GenScript Company) into the
expression vector pMAL-c4X (Addgene) thus obtaining the recombinant
polypeptide fused with the maltose-binding protein at the N-terminal; a
histidine tag was added to the C-terminal.

All the proteins recovered from lysed IPTG-induced cells were
analyzed by 4 %—12 % SDS-PAGE. Polypeptides were purified from
soluble protein fraction by affinity chromatography with a HisTrap HP
(GE Healthcare) column and analyzed by western blot using a Mono-
clonal Anti-poly-Histidine-Peroxidase antibody (Sigma A7058). Poly-
peptide concentrations were determined spectrophotometrically at 280
nm using an extinction coefficient of 22585 and 140050 M lecm ! at
280 nm (https://web.expasy.org/protparam/) for the p26 and gp45
constructs, respectively. Purity analysis was made by SDS-PAGE and
HPLC on a reverse phase C4 column (Jupiter 5 mm, 300 A, 250 x 4.60
mm, Phenomenex).
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2.5. CD spectroscopy analysis

CD spectra were acquired at 25 °C with a Jasco J-815 CD Spec-
trometer with a light source constituted by a Xenon 250 W lamp and
equipped with a thermoelectric temperature controller. The acquisition
was carried out in a thermostated cylindrical quartz cell with an optical
path of 0.1 cm in the spectral range 190-250 nm, a scanning speed of 50
nm/min, 1.5 nm bandwidth, a time-constant of 1 s, 20 mdeg of sensi-
tivity and a total number of 16 accumulations for each spectrum. Then,
the baseline spectra of the solvents were subtracted and spectra were
smoothed using the Fourier transform. Data were expressed in terms of
the molar ellipticity per residues in units of deg x cm? x dmol >
Analysis of CD spectra for the evaluation of secondary structure content
was performed with DICHROWEB (Miles et al., 2021) using the CON-
TINLL algorithm (Provencher and Glockner, 1981; Sreerama et al.,
2000).

2.6. Sample collection

A total of 210 serum samples were used in this investigation of which
107 samples were collected from officially EIAV negative animals in the
Basilicata and Campania Regions while of the 103 positive samples used,
100 were obtained from IZSLT (National Reference Center for EIA and
WOAH Reference Laboratory for EIA) and 3 samples were collected in
Basilicata region from EIAV positive animals confirmed by the National
Reference Center for EIA. All sampling procedures were conducted in
strict accordance with European legislation, regarding the protection of
animals used for scientific purposes (European Directive 2010/63).
Veterinary officers of the Italian National Health System collected blood
samples during the compulsory, official eradication and surveillance
program on EIA, for which equids must be periodically sampled.

2.7. Indirect ELISA

Preliminarily checkerboard titrations were conducted to optimize
the in-house indirect ELISA tests. Maxi Binding Immuno plates SPL (Life
Sciences) were coated with the p26 protein or the gp45 double-strain
polypeptide (range 8-0,5 pg/ml) alone and with a combination of
p26/ gp45 polypeptides in the mass ratio 1:5 at different total concen-
trations in the coating buffer (0.5 M carbonate buffer, pH 9.6), and then
incubated at 4 °C overnight. The optimal antigens coating concentra-
tions were 0.5 pg/100 pl and 0.1 pg/100 pl for gp45 and p26, respec-
tively. Non-specific binding was inhibited with blocking buffer 2 %
ovalbumin (Sigma-Aldrich) in PBS. Plates were washed twice with
phosphate-buffered saline (PBS pH 7.4). Sera were diluted with PBS
Tween 0.05 % (PBS-T) at 1:200. Protein G Peroxidase (Sigma-Aldrich)
diluted in (PBS-T) at 1:60000 was added as secondary antibody; then,
tetramethylbenzidine (TMB, Sigma-Aldrich) was used as a substrate.
The reaction was stopped with 1 N sulfuric acid and the optical density
(OD) read at 450 nm. The percentage of reactivity of each serum was
calculated by applying the following formula: (OD sample - OD Negative
control)/ (OD Positive Control - OD Negative Control) x 100. The
diagnostic accuracy and the optimal cut off -point value were evaluated
by ROC analysis performed using the MedRoc software (https://stenstat.
com/MedRoc/MedRoc.htm).

2.8. Western blotting

The western blot analysis was performed as per a previously reported
method (Martinelli et al., 2018) with some modifications. Both poly-
peptides separately resolved with SDS-PAGE on a 4 %—12 % gel were
electrotransferred onto a nitrocellulose membrane (AmershamTM Pro-
tranTM Nitrocellulose Blotting Membrane, GE Healthcare). After a 2 h
blocking phase at RT, with 2 % non-fat dried milk in PBS with 0.05 %
Tween 20 (PBS-T), membranes were probed overnight at 4 °C with sera
1:200 in PBS-T. The membranes were washed with PBS-T and incubated
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with Protein G- peroxidase 1:6000 at room temperature for 1 h, and the
signals were visualized by the ECL™ Western Blotting Detection Re-
agents (GE Healthcare, Chicago, IL, USA), using the Chemidoc TM XRS
detection system equipped with Image Lab Software for image acquisi-
tion (BioRad, Hercules, CA, USA). Densitometric analysis was performed
by using GelAnalyzer 2010 software (Debrecen, Hungary). Protein
expression level was expressed as a percentage of an EIAV positive
control.

3. Results

3.1. Clustering analysis of the variable protein sequences of the EIAV p26
and gp45 (TM) proteins

To obtain EIAV sequence variants for the clustering analysis, the
representative non-Wyoming strain EIAV sequences ABE03841.1 of p26,
which has been exploited previously in two serological tests with good
results (Alvarez et al., 2007; Singha et al. 2013), and AFW99173.1 of the
TM exodomain were used in Blastp searches. Blastp retrieved 187 and
142 clear EIAV homologue sequences for the p26 protein and for the
145-residue-polypeptide fragment of the TM (gp45) protein (sequence
488-632 envelope glycoprotein accession AFW99173.1) (Quinlivan
et al., 2013), respectively. In the Blastp analysis, the lowest sequence
identities of the retrieved homologues were 82 % with respect to the p26
query sequence (ABE03841.1) (Alvarez et al., 2007) and 70 % with
respect to the TM peptide query sequence (AFW99173.1). The 145-res-
idue polypeptide represents the exodomain of the transmembrane pro-
tein and was chosen with the aid of a TM-pred analysis. Sequences
shorter than the full-length one were also retrieved in the case of p26.
Twenty and 18 clusters were obtained at 95 % identity for the p26 and
TM sequences, respectively. This preliminary calculation was done to
obtain a single representative sequence from very similar ones, for
example those related to a specific outbreak. The centroids thus gener-
ated were the input for a successive clustering (Re-clustering).
“Re-clustering” results are summarized in Table 1. In the case of the p26
at 80 % of sequence identity a single cluster is obtained with the
representative sequence related to the accession number ABE03841.1
(Alvarez et al., 2007). The clustering of the gp45 (TM) polypeptide at 75
% of sequence identity shows that two main clusters are present with 13
and 3 sequences, respectively (these sequences are the centroids of the
preceding clustering at 95 % threshold). They represent 140 out of the
original 142 retrieved TM sequences (98.6 %). The representative se-
quences of the clusters are related to the accession numbers
AFW99173.1 (Quinlivan et al., 2013) and QIC50013.1 (Malossi et al.,
2020).

In conclusion, this analysis reduced a large data set of sequences to a
limited number of representative sequences that were used for the an-
tigen design.

3.2. Structural bioinformatics analysis of the EIAV p26 and TM proteins

To gain a better insight into the immunogenic properties of these
proteins that complements the literature data presently available, a
structural analysis and an epitope prediction was conducted both for
p26 and for the transmembrane protein on the polypeptides gp45_1,
gp45_2 and a double-strain gp45_1_2 polypeptide. A rational approach
was taken to design recombinant constructs of p26 and gp45_.1_2
considering structural and antigenicity aspects by using molecular ho-
mology modelling and epitope prediction.

3.2.1. Homology models of p26, gp45_1, gp45_2 and a double-strain
polypeptide gp45_.1_2

The homology model of p26 was generated on the primary template
Gag polypeptide from EIAV, which share 91 % identical sequence. As its
template, the p26 model has a two-domain structure: a N-terminal
domain with seven a-helices, which is connected by a flexible linker to
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Table 1
Reclustering results for p26 and gp45 (TM) proteins retrieved with BLASTP.
@
LT. Clusterl Cluster2 Cluster3 Cluster4 Cluster5 Cluster6 Cluster7 Cluster8
80% ABE03841.1
20
Argentina
85% ABE03841.1 ADJ93850.1 ACY02859.1
18 1 1
Argentina Italy Italy
90% ABE03841.1 ADU02647.1 AHL29039.1 AFV61763.1 QHD59425.1 ADJ93850.1 ACY02859.1
10 3 3 1 1 1 1
Argentina China Germany Japan USA Italy Italy
(b)
LT. Clusterl Cluster2 Cluster3 Cluster4 Cluster5 Cluster6 Cluster7 Cluster8
75% AFW99173.1 QIC50013.1 AAA43017.1 QBC73619.1
13 3 1 1
ireland Brasil UK UK
80% AFW99173.1 QBC73613.1 QHD59426.1 BAB12107.1 QHD59411.1 QIC50013.1 QBC73619.1 AFV61762.1
2 7 1 4 1 1 1 1
Ireland UK USA Japan USA Brasil UK Japan

L.T. Identity Threshold. In green are highlighted the accession numbers related to the biosynthesized

sequences. Under the accession numbers, the number of sequences in each cluster is indicated and the country from which they were isolated.

(a) Re-clustering results for the 187 sequences of the p26 protein retrieved with BLASTP. The Query sequence was the p26 (ABE03841.1)

(b) Re-clustering results for the 142 sequences of the gp45(TM) polypeptide retrieved with BLASTP. The Query sequence was TM-1 (AFW99173.1)

the C-terminal domain, which consists of four a-helices and contains a
disulphide bond (Supplementary Fig. 1). The p26 model did not deviate
much from the protein geometry of its template (Supplementary
Table 1). Typical for globular proteins the majority of the hydrophobic
residues are buried in the interior of the protein, whereas the polar
residues are on the surface (Supplementary Fig. 2). The structurally
buried residues coincide with evolutionary conserved ones while the
non-conserved residues are found in exposed positions (Supplementary
Fig. 3). Taken together, the physics- and knowledge-based analyses of
the generated 3D-structure of p26 of EIAV suggest that the model is
sound.

Structural homology models of gp45_1 and gp45_2 were generated,
by using as templates the structures of p45 of EIAV (48 % similar to
gp45_1 and gp45_2), and gp41 of SIV and HIV (28 % and 21 % similar to
gp45_1 and gp45_2). As their templates, the obtained homology models
of gp45_1 and gp45_2 consist of trimeric helix-loop-helix structures with
a pseudo threefold symmetry axis and they were evaluated in several
ways. Not surprisingly, both models display similar overall structure
(Supplementary Fig. 4) and protein geometry deviations (Supplemen-
tary Table 2), which are comparable with their templates. As expected,
hydrophobic residues are mainly buried in the inter-helical interfaces,
whereas the polar residues are solvent-accessible (Supplementary
Fig. 5). The structurally buried residues are also evolutionary conserved
while the non-conserved residues are found in exposed positions (Sup-
plementary Fig. 6). Furthermore, a structural model was built of the
double-strain construct with the linker-fused sequences of gp45_1 and
gp45_2 in the two possible conformations within the pseudo-three-fold
symmetry of the trimer (Supplementary Fig. 7). These two versions
were energy minimized and their protein geometry did not display
distortions (Supplementary Table 2). In conclusion, the analyses imply
that over-all the generated models of gp45 of EIAV are plausible.

Continuous (linear) and discontinuous (conformational) B-cell epi-
topes were predicted in the p26, gp45_1 and gp45_2 sequences and
homology models, respectively (Supplementary Figs. 8-9). The
consensus epitope predictions were mapped onto the models of p26,
gp45_1 and gp45_2. In p26, the majority of the discontinuous epitopes
are found on one side of the N-terminal domain and in the linker con-
necting the two domains on the opposite side as well as on most of the
exposed surface of the C-terminal domain (Supplementary Fig. 10). In
both gp45_1 and gp45_2, the discontinuous hotspot epitopes are mainly

located in solvent-accessible residues in the beginning and end of the
a-helices as well as in the connecting loop region (Supplementary
Fig. 11). The same result, but maybe even clearer, is obtained when
considering the epitope predictions from all programs, also including
the continuous epitope predictions (Fig. 1a-b). It is worth to note that
the first approximately 70 residues at the N-terminal of p26 do not show

Fig. 1. (a) The consensus predictions for linear and discontinuous epitopes
(A_CONS, Supplementary Fig. 8) are displayed on the homology model of p26
in blue with the consensus intervals > 80 % (red), 70-79 % (orange), 60-69 %
(yellow) and 50-59 % (green); (b) the consensus predictions for linear and
discontinuous epitopes (A_CONS, Supplementary Fig. 9) are displayed on the
homology models of gp45_1 (top) and gp45.2 (bottom) in blue with the
consensus intervals > 80 % (red), 70-79 % (orange), 60-69 % (yellow) and
50-59 % (green).
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significant epitopes. The results on p26 are in a quite good agreement
with the experimental results obtained by Soutullo et al. (2007) using
epitope scanning techniques with overlapping synthetic peptides. It
should be added that our analysis correctly identifies a major (immu-
nodominant) C-terminus epitope in the region 193-223 of our sequence,
that has already been reported (Soutullo et al. 2007; Hu et al. 2016). In
gp45_1 and gp45_2, the consensus epitope predictions identify the major
epitope hotspot in a region encompassing the loop (CIEKTHTFC and
CVERSHTEFC for gp45_1 and gp45_2, respectively) and the beginning of
the second a-helix, which protrudes from the rest of the structure in both
proteins (Fig. 1b). It is again noteworthy that the potentially epitopic
region following the loop, found in our prediction, was not clearly
identified by Naves et al. in a systematic investigation using epitope
scanning techniques with synthetic peptides (Naves et al., 2019).

3.3. Design and production of the EIAV p26 and gp45 (TM) antigens

Antigen constructs of the EIAV p26 and gp45_1_2 double-strain
polypeptides, which were designed according to considerations from
the sequence clustering and structural modelling analyses described in
the previous sections, were expressed in E. coli and purified.

Since a low solubility for a gp45 exodomain polypeptide was re-
ported (Du et al., 2018), the aggregation propensity of structural models
of gp45_1 (trimer), gp45_1 (monomer) and the double-strain gp45_1_2
was investigated by using the computational approach Aggrescan3D
(Supplementary Figure 12). The gp45_1 trimer structure contains
exposed aggregative residues in the loop region, which are also found in
the other models, whereas additional aggregative surfaces are found on
the monomer at the N terminal a-helix and the double-strain gp45_1_2
close to the N- and C-termini. This qualitative analysis predicts a risk of
low solubility for both the monomers and the gp45_1_2 polypeptide. To
avoid the expression of an insoluble form of the gp45_1_2 double-strain
polypeptide, maltose-binding protein (MBP) (Austin et al., 2009) was
fused to its N- terminus in an attempt to improve the solubility of the
protein. It is worth to note that a p26 protein fused to MBP was already
used in an EIAV test with no reported interference due to the presence of
MBP (Fontes et al., 2018).

The qualitative analysis of the proteins produced was carried out by
western blotting, SDS PAGE and HPLC chromatography (Supplementary
Figure 13). Some of the sera were also assessed for reactivity to both
polypeptides by western blotting (Supplementary Table 3). The immu-
noreactive bands obtained from the western blot analysis on the positive
control serum were used to normalize the immunoreactive bands ob-
tained from some of them, thus demonstrating that western blotting can
be a confirmatory analysis at in-house made ELISA.

3.4. CD analysis of the EIAV p26 and gp45 antigens

To evaluate if the secondary structure implied by the structural
modelling is consistent with that of the recombinantly obtained anti-
gens, we performed a spectroscopic study of the polypeptides. CD
spectra of p26 and gp45_1_2 are reported in Fig. 2. The predicted sec-
ondary structures deduced from the experimental CD spectra appear
qualitatively coherent with those implied by the modelled 3D structures
of p26 and gp45_1_2 (data not shown), thus suggesting an overall correct
folding of the polypeptides.

3.5. ELISA to test the EIAV p26 and gp45 antigens

An indirect in-house ELISA was optimized from checkerboard titra-
tion performed for each of the antigens as well as combining p26 and
gp45_1_2 polypeptide in a fixed mass ratio of 1:5.

All the positive samples were confirmed with a commercial indirect
ELISA test (Eradikit -https://www.in3diagnostic.com/en/eradikit-ei
av-elisa/) that recognizes antibodies to both p26 and gp45 antigens or
with western blotting performed with the p26 and gp45_1_2 polypeptide
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Fig. 2. CD spectra of p26 (red) and gp45_1_2 (blue) polypeptides in 20 mM
phosphate buffer, pH 6.8. The inset shows the fractions of secondary structure
estimated from the deconvoluted CD spectra by the Contin method.

antigens separately. The negative samples were confirmed with the
commercial kit. The positive samples were retested with our in-house
p26, gp45 and combined p26/ gp45_1_2 ELISA. Negative samples
were only tested with the combined p26,/gp45 ELISA. A preliminary Roc
analysis relative to the combined p26/gp45 ELISA showed 96 % sensi-
tivity and 100 % specificity for our test when a cut-off value for the
reactivity of 50 % was applied using the 210 samples included in the
analysis (103 positive and 107 negative). Fig. 3.

Considering only the 99 samples correctly identified as positive with
the in-house test, 3 samples were reactive only to the gp45_1_2 antigen
and one sample was reactive only to the p26 ELISA protein; the
remaining samples were reactive to both antigens. Thus, the gp45_1_2
antigen in the combined ELISA test contributed to enhance its diagnostic
sensitivity. It is important to note that we found 100 % agreement be-
tween our combined ELISA and the commercial Eradikit test in the
analysis of the 210 samples.

4. Discussion and conclusions
Lentiviruses exhibit heterogeneous and complex populations with
similar but non-identical genomes, since they evolve rapidly mainly due

to the large population size, the high replication rate, the defective
proofreading ability of their RNA-dependent DNA polymerase (Reverse
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Fig. 3. ROC analysis- DATA Points: 210, Sensitivity: 96 %, Specificity: 100 %,
Cut-off: 50 % reactivity. Area under the non-parametric ROC = 0.9851 Stan-
dard Error of Area = 0.0096.
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Transcriptase); therefore, many authors have classified them as viral
quasispecies (Holland et al., 1992).

Regarding EIAV, recent findings show an extended genetic vari-
ability between geographically distinct EIAV strains that were greatly
underestimated in the past (Capomaccio et al., 2012a, 2012b; Dong
et al., 2013; Quinlivan et al., 2013). As a result, the development of
universally applicable direct detection molecular diagnostics were hin-
dered (Cappelli et al., 2017). It is now quite clear that additional EIAV
molecular characterization is required because the known sequences are
numerically limited with respect to the circulating EIAV strains (Cap-
pelli et al., 2017), even when compared to the number of known se-
quences of other lentiviruses such as HIV and SRLV. So far, the potential
consequences of the genetic and structural variability of EIAV were
scarcely considered when developing serological tests, in particular for
ELISA. This could probably be ascribed to the almost exclusive use of the
capsid p26 protein as target antigen, since this protein was considered
quite conserved between the different strains. In addition, historical
reasons have also led to the use of a unique strain (Wyoming) in most of
the serological tests.

In the present investigation, a minimum of 82 % of identity was
found in the sequences retrieved with respect to the query sequence in
our Blastp analysis for p26. In the EIAV gp45 exodomain sequences a
minimum 70 % of identity was found that is very similar to the result
obtained for the corresponding TM protein of SRLV (68 %) (Ostuni et al.,
2021). It is also possible that the differences in identity will be increased
with the growing number of strains sequenced in the future. We
reasoned that methodologies could be developed so as to take into ac-
count the intrinsic diversity of EIAV strains when designing pro-
tein/peptide antigens for serological diagnostic purposes with similar
approaches as previously reported for SRLV (Ostuni et al., 2021).
Starting from the known sequences, a simple algorithm reduced the data
set to a reasonable number of representative protein sequences. Clus-
tering with an acceptable threshold identity appeared quite appropriate
for this scope. In the present investigation, the clustering approach has
been slightly modified compared to the previously reported one (Ostuni
et al., 2021). In fact, a “two steps” approach was used: an initial clus-
tering at 95 % of identity was followed by a clustering of the centroids
found. In this way, the preliminary groups contain very similar se-
quences, for example those likely derived from a single outbreak, that
are hence represented by a single centroid in the successive analysis.
This should result, in our opinion, in a more balanced and readable
clustering information, without biasing the results of the analysis.

The clustering analysis performed provided a number of sequences of
the same protein corresponding to different strains at various levels of
identity. In our test, we used for p26 a single sequence of an isolate from
Argentina obtained at 80 % identity. The expressed and used double-
strain polypeptide antigen was obtained by the fusion of a multi-
epitope region of the gp45 exodomain derived from two selected
representative sequences. To identify the location of the potential epi-
topes in this domain, a preliminary consensus prediction based on linear
and conformational (discontinuous) epitopes was performed. The
knowledge of the protein 3D structure was necessary for the confor-
mational epitope predictions and, since no experimentally determined
structure was available for the specific sequences selected, homology
modelling was used. In the case of the gp45_1_2 construct, an "artificial"
fusion polypeptide was created through a linker and probably each
antigen incorporated in the double-strain polypeptide very closely
mimics its native state, against which most likely the antibodies in the
infected animals are raised. Considering the results of the aggregative
study, we decided to add the maltose binding protein in the gp45_1_2
fusion polypeptide, that likely enhanced the solubility profile of the
construct and allowed us to obtain the polypeptide expressed in solu-
tion, thus avoiding a setback previously reported for a similar poly-
peptide (Du et al., 2018).

It is worth to note that the TM exodomain of gp45 contains an
immunodominant epitope in the loop region. This epitope is common to
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many lentiviruses (Saman et al., 1999) and comprises a sequence of few
residues between two conserved cysteines that are engaged in a disul-
phide bond. In the case of EIAV, as for other lentiviruses (Saman et al.,
1999), the propensity of this region to be a good epitope much depends
on the conformational restriction imposed by the disulphide bond. In
fact, it has been reported that a cyclic peptide that mimics this immu-
nodominant sequence of gp45 showed excellent reactivity in an EIAV
ELISA test, thus suggesting that its functional activity depends signifi-
cantly on its conformation, because very low reactivity was observed in
the linear form of the peptide (Soutullo et al., 2001). Our goal was to
have as many epitopes as possible in the TM antigen construct and a
folded conformation of the immunodominant epitope described above.
The results show that, very likely, the gp45_1_2 polypeptide has a folded
structure in the loop regions due to the favourable intramolecular in-
teractions between the four a-helices (two helix-loop-helix motifs) pre-
dicted in the model, thus retaining the immunogenic properties in the
region between the two cysteines without any need of chemical oxida-
tion of the polypeptide.

In our current ELISA, just one p26 antigen and one double-strain TM
antigen are used, however, by further exploiting the clustering and
epitope analyses, the set of useful p26 and gp45 antigens could easily be
expanded to represent more accurately the structural and immunogenic
variability of the deposited sequences. In any case, we believe that the
present test can complement well the available ELISA tests that use a
single protein from a single strain. In addition, the recombinant soluble
gp45_1_2 double strain polypeptide was used in western blotting and can
be potentially useful in an AGID test.

Immunoinformatics was applied to design suitable antigens for
human and veterinary vaccine development over the last two decades
(Tomar and De, 2014; De Groot et al., 2020). However, application of
bioinformatic and biostructural tools to design antigens for veterinary
immunoassays are quite a few. Our effort is focused on introducing an
in-silico analysis coupled with recombinant protein expression starting
from synthetic genes in the veterinary diagnostic sector, which hope-
fully could benefit from this approach.

Further validation is required to fully assess the use of the described
test in the routine serological diagnosis of EIA.
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