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Abstract

Hepatitis E virus (HEV) is a major zoonotic pathogen, and pigs are an important
reservoir. Serology for anti-HEV antibodies poorly reflects active infection, while reverse
transcription polymerase chain reaction (RT-PCR) is sensitive but not always feasible
for large-scale surveillance. This study aimed to develop an immunoglobulin Y (IgY)-
based sandwich enzyme-linked immunosorbent assay (ELISA) for direct detection of
HEV antigen (HEV-Ag). An antigenic epitope from the HEV open reading frame 2 capsid
protein was identified in silico, synthesized, and used to immunize laying hens; IgY was
purified from egg yolk and characterized by sodium dodecyl sulfate—polyacrylamide
gel electrophoresis. An in-house sandwich ELISA was subsequently developed using
the anti-HEV IgY antibodies. Its diagnostic performance was evaluated against RT-PCR
using 350 field-collected pig serum samples and compared with commercial anti-HEV
IgG and IgM ELISA kits. Immunization yielded high-purity IgY antibodies, with antigen-
specific antibody kinetics showing a significant increase in specific immunoreactivity
from week 4 onward and peak sensitivity at weeks 6-8 post-immunization. The anti-HEV
IgY showed high specificity, with no cross-reactivity observed against a heterologous
antigen (HBsAg). The optimized sandwich ELISA detected HEV-Ag with a sensitivity
of 95.4% and a specificity of 100% relative to RT-PCR. The prevalence of HEV-Ag was
17.7% (62/350), which was not significantly different from RT-PCR (18.6%, 65/350;
p=0.250). In contrast, commercial IgG and IgM ELISAs showed high seroprevalence
rates (34.9% and 28.3%, respectively) but exhibited significant discrepancies with
RT-PCR (p<0.0001), indicating limited utility for identifying active infection. Overall,
the developed IgY-based sandwich ELISA demonstrated high diagnostic performance
for detecting active HEV infection. This assay represents a viable alternative to RT-PCR
for large-scale surveillance, particularly in resource-constrained settings, and may
contribute to improved control of zoonotic HEV transmission.

Keywords: Hepatitis E virus; IgY antibodies; Sandwich ELISA; Antigen detection; Pig
serum; Diagnostic performance
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1. Introduction

Hepatitis E virus (HEV) is a leading cause of acute viral
hepatitis globally and represents a substantial public
health burden, especially in regions with limited resources.
Its zoonotic potential further elevates its significance
as a pathogen of concern.”” HEV belongs to the family
Hepeviridae and is categorized into eight genotypes.
Genotypes 1 and 2 are predominantly restricted to human
infections, whereas genotypes 3 and 4 are zoonotic,
with domestic pigs serving as a major reservoir and an
important source of human transmission.** Human
infections commonly occur through the consumption
of undercooked pork, exposure to contaminated water,
or direct contact with infected animals.>*7 The high
seroprevalence of HEV in swine populations, ranging from
30% to 90% across various regions globally, underscores
the considerable risk this virus poses to food safety.”*°

Although HEV infection in pigs is largely asymptomatic,
the virus actively replicates in the liver and is shed into
the environment via bile and feces, facilitating efficient
viral dissemination.'’ In humans, most infections are also
asymptomatic; however, nearly 20% of cases may progress
to acute or chronic liver disease, with symptoms ranging
from self-limiting jaundice to fulminant hepatic failure.'>"
Certain populations, including immune compromised
individuals and pregnant women, are at increased risk
of severe or chronic hepatitis outcomes.'*!*> The global
impact of HEV infection is substantial, with an estimated
20 million infections annually, resulting in nearly 60,000
deaths.? This profound burden on both public and animal
health highlights the critical need for robust surveillance
and diagnostic tools to monitor viral circulation in pig
reservoirs and to mitigate zoonotic transmission.

The HEV genome is approximately 7.2 kb in length and
contains three open reading frames (ORFs). ORF1 and
ORF3encodenon-structural proteinsand a phosphoprotein
involved in viral replication and pathogenesis, respectively.
In contrast, ORF2 encodes the viral capsid protein, which
is the primary target for host antibody responses.'®'®
The immunodominant conformational epitopes on this
capsid antigen (HEV-Ag) elicit both neutralizing and non-
neutralizing antibodies.’**® Serological assays detecting
anti-HEV IgG and IgM antibodies—most commonly
enzyme-linked immunosorbent assay (ELISA)—are
widely used in seroprevalence studies to determine
population-level exposure.””'® While antibody detection
can aid in diagnosis when used appropriately, its utility for
identifying active infection is limited by several factors,
including the critical timing of sample collection, antibody
persistence after viral clearance, potential cross-reactivity,
and variable host immune responses. These limitations can

lead to substantial interpretation challenges, complicating
the distinction between true-positive, true-negative, false-
positive, and false-negative results.’ Accordingly, the
development of diagnostic methods that enable direct
detection of HEV is essential.

Although reverse transcription polymerase chain
reaction (RT-PCR) of viral RNA remains the gold standard
for confirming active HEV replication, its reliance on highly
trained personnel and the need for costly imported reagents
and equipment limit its practicality for routine surveillance
in resource-constrained settings.”” An alternative approach
is the detection of viral antigens. In this context, chicken
egg yolk immunoglobulin Y (IgY) offers a promising
platform for diagnostic assay development. Compared
with mammalian IgG, IgY exhibits high antigen-binding
affinity, can be produced non-invasively and cost-
effectively in large quantities, and does not interfere with
mammalian complement systems.”** Based on these
advantages, we hypothesize that IgY antibodies raised
against a novel, rationally designed antigenic epitope from
the HEV ORF2-encoded capsid protein could effectively
detect HEV-Ag in serum. The objective of this study
was to develop a sensitive, affordable, and reliable novel
IgY-based sandwich ELISA for the efficient detection of
HEV-Ag, with the overall goal of improving the diagnosis
and surveillance of active infection. The scientific novelty
of this work lies in the integrated application of in silico
epitope prediction and design, followed by the generation
and diagnostic application of specific chicken IgY, thereby
creating a novel diagnostic reagent and assay format for the
direct detection of active HEV infection.

2. Materials and methods
2.1. Reagents

Commercial HEV IgG and IgM ELISA 3.0 (RUO)
kits were obtained from MP Biomedicals (Singapore).
Horseradish peroxidase (HRP)-conjugated goat anti-
porcine IgG (Catalog No. AP166P), HRP-conjugated
rabbit anti-chicken IgY (Catalog No. 12-341), Freund’s
complete adjuvant (CFA) (Catalog No. F5881), and
Freund’s incomplete adjuvant (IFA) (Catalog No. F5506)
were purchased from Sigma-Aldrich (United States of
America [USA]). An HRP-conjugated goat anti-pig
IgM secondary antibody (Catalog No. MBS224946) was
acquired from MyBiosource.com (USA). The QIAamp
Viral RNA Mini Kit was sourced from Qiagen (Germany).
The SuperScript™ III One-Step RT-PCR System with
Platinum™ Taq DNA Polymerase, tetramethylbenzidine
(TMB; Catalog No. 002023), and PageRuler™ Prestained
Protein Ladder (10-180 kDa; Catalog No. 26617) were
procured from Thermo Fisher Scientific (USA). Primer
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sequences targeting the HEV ORF2 region (Forward_
HEV-5260: 5-RGTRGTTTCTGGGGTGAC-3’; Reverse_
HEV-5330: 5-AKGGRTTGGTTGGRTGAA-3’; Probe:
(HEV5283: 5-FAM-TGAYTCYCARCCCTTCGC-
TAMRA-3’) used for HEV RNA detection were adopted
from* and supplied by TSINGKE Biological Technology
(China). The peptide representing a dominant HEV
capsid antigen epitope identified in this study, along with
two dominant antigenic epitopes located at the major
hydrophilic region of hepatitis B virus surface antigen
(HBsAg; P1: CTTPAQGNSMYPSCCCSKPSDGNC
and P2: CMICVQGTSMFPSCCCTKPTDGNC)* for
specificity testing, was synthesized by GenScript (USA).
All other reagents were of analytical grade and obtained
from commercial suppliers.

2.2. Generation of antigenic peptide epitopes from
the HEV viral capsid protein

Antigenic peptide epitopes were generated from the HEV
viral capsid protein using an established computational
design method.” Briefly, protein sequences from all HEV
genotypes were retrieved in FASTA format from the
National Center for Biotechnology Information database.
To ensure a non-redundant dataset, sequences were
subjected to a Basic Local Alignment Search Tool analysis
to identify and remove duplicates and highly similar
entries.

The refined sequences were aligned using the CLUSTAL
Omega algorithm within the BioEdit software to identify
conserved regions and generate consensus sequences.
The antigenic potential of these consensus sequences was
predicted using the VaxiJen v.2.0 server with a threshold of
0.5.% Subsequently, subcellular localization was predicted
using the Virus-mPLoc server, a multi-label predictor for
viral proteins.”” Then, to assess potential safety concerns,
the allergenicity of the candidate peptides was evaluated
using the AllerTOP v.2.0 server, a machine learning-based
tool that compares peptide sequence features with known
allergens.”®?° Finally, the antigenic peptide sequence
exhibiting the highest predicted antigenicity and lowest
allergenicity was selected for chemical synthesis and
subsequent immunization of laying hens.

2.3. Immunization of laying hens

Three 6-month-old Lohmann Brown Classic laying hens
were obtained from the AGROCAM Poultry Complex
(Foumbot, Cameroon). The hens were housed in cages
(150 x 100 x 80 cm) within the animal facility of the
Pharmacology Laboratory, Faculty of Health Sciences,
University of Buea. They were provided with layer feed (250
+ 10 g/hen/day) and tap water ad libitum. All procedures
were approved by the Institutional Animal Care and

Use Committee of the University of Buea (UB-IACUC
N°59/2023). The immunization protocol consisted of three
weekly intramuscular injections of 0.5 mL peptide antigen
(1 mg/mL) per hen. The primary immunization was
administered with the antigen emulsified in CFA, followed
by two booster injections using IFA. Pre-immune eggs (7/
hen) were collected 1 week before the first immunization.
Egg collection continued for 8 weeks post-initial
immunization for subsequent IgY extraction.

2.4. Extraction of IgY from eggs

A soluble fraction enriched for antigen-specific IgY was
isolated from egg yolks via a modified salt precipitation
protocol.’® For each weekly egg collection, yolks were
separated, rinsed with distilled water, and pooled in a
measuring cylinder. The pooled yolks were diluted 1:1 (v/v)
with 0.1 M phosphate-buffered saline (PBS) containing
0.1% sodium azide (Sigma-Aldrich, USA). This mixture
was further diluted with eight volumes of distilled water,
and the pH was adjusted to 5.0 using 0.5 N hydrochloric
acid (Sigma-Aldrich, USA) before being frozen at —20°C.
After thawing, the sample was centrifuged (Centrifuge
5804 R, Eppendorf, Germany) (4,000 x g, 30 min), and
the supernatant was filtered (0.22 wm). Sodium chloride
(Sigma-Aldrich, USA) was then added to the filtrate to a
final concentration of 8.8% (w/v), and the pH was lowered
to 4.0. Following a 2-h incubation at room temperature,
the solution was centrifuged again (3,700 x g, 30 min, 4°C).
The resulting pellet was resuspended in PBS to 10% of the
original filtrate volume, yielding the soluble IgY fraction,
which was aliquoted and stored at —80°C until used. IgY
concentration and purity were assessed using the Lowry
method and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) analysis, respectively.

2.5. Determination of protein concentration in the
specific IgY fraction

The protein concentration of the extracted antigen-specific
IgY fraction was quantified using the Lowry method.* This
assay involves two sequential chemical reactions: first, the
Biuret reaction, in which copper ions form a complex with
peptide bonds under alkaline conditions and are reduced
to cuprous ions; second, the Folin-Ciocalteu reaction,
in which these reduced ions catalyze the reduction of
a  phosphomolybdic-phosphotungstic acid complex,
resulting in a blue chromophore. The absorbance of this
solution at 750 nm is directly proportional to the protein
concentration.

For the assay, 300 uL of 10-fold diluted IgY fraction
(assay) or PBS (blank) was combined with 2.5 mL of Biuret’s
reagent and incubated for 10 min at room temperature.
Subsequently, 0.5 mL of Folin-Ciocalteu reagent (Sigma-
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Aldrich, USA) was added, and the mixture was incubated
in the dark for 30 min. Absorbance was measured at
750 nm against the blank, and the protein concentration
was interpolated from a standard curve prepared with
bovine serum albumin (Sigma-Aldrich, USA).

2.6. Analysis of the antigen-specific IgY fraction by
SDS-PAGE

The identity and purity of the isolated antigen-specific IgY
were confirmed by SDS-PAGE, which separates proteins
based on their molecular weight under denaturing
conditions. Discontinuous gels were prepared by
polymerizing a 10% resolving gel, overlaid with ethanol
(Sigma-Aldrich, USA) to achieve a flat surface. After
polymerization, the ethanol was discarded and replaced
with a 5% stacking gel into which a comb was inserted to
form wells. The IgY samples were prepared by dilution in
5x Laemmli buffer (with or without dithiothreitol) (Sigma-
Aldrich, USA), heated at 100°C for 10 min, and briefly
centrifuged. Aliquots of 10 UL (containing approximately
50 ug of protein) were loaded onto the gel alongside a
molecular weight marker. Electrophoresis was carried
out at a constant voltage of 140 V for 60 min. Following
separation, the proteins were visualized by staining with
Coomassie Blue dye (Sigma-Aldrich, USA).

2.7. Evaluation of immunoreactivity in specific IgY
fractions

The antigen-binding capacity of the extracted IgY fractions
wasassessed viaanindirect ELISA, targetingarepresentative
HEV-Ag peptide epitope. Briefly, 96-well microplates were
coated with 100 UL of a solution containing 2 ug of the
peptide antigen in a 50 mM carbonate-bicarbonate coating
buffer (pH 9.6) (Sigma-Aldrich, USA) and incubated
overnight at 4°C. To prevent non-specific binding, the
plates were then blocked with 100 puL of 5% (w/v) skim
milk (Nestle, Cameroon) prepared in PBS (pH 7.4) for 1 h
at room temperature.

Following a wash step, 100 uL of the primary IgY sample
was added to each well and incubated for 2 h. Plates were
subsequently washed twice with PBS containing 0.05%
Tween-20 (PBST). HRP-conjugated goat anti-chicken
IgG secondary antibody was then added (100 pL/well)
and incubated for 1 h. After two additional PBST washes,
the enzymatic reaction was initiated by adding 100 uL of
TMB substrate and incubating for 15 min in the dark. The
reaction was terminated with 50 UL of 2 M sulfuric acid
(H,SO,) (Sigma-Aldrich, USA), and optical density (OD)
was immediately read at a wavelength of 450 nm using
a microplate reader (Multiskan FC spectrophotometer,
Thermo Scientific, USA).

2.7.1. Determination of the appearance time of
antigen-specific IgY in the extracted IgY fractions

To determine the kinetics of the immune response, all
IgY fractions, from pre-immune eggs through to those
collected up to 8 weeks post-initial immunization, were
analyzed at a fixed concentration of 10 ug per well using the
ELISA protocol described above. A sample was confirmed
as positive for antigen-specific IgY if its OD, value

exceeded 2.5-fold the background OD measured using the
pre-immune IgY control.

2.7.2. Assessment of sensitivity and specificity

The sensitivity of the antigen-specific IgY fractions was
evaluated using a concentration-dependent assay. Serial
two-fold dilutions of the specific IgY (starting from 10 pg
per well in a 100 uL volume) were tested. The endpoint
titer was defined as the lowest concentration at which the
OD,_ value remained greater than twice that of the highest

450
concentration of pre-immune IgY.

To evaluate specificity and potential cross-reactivity,
a parallel assay was conducted. A separate plate was
coated with a 2 pg/well of a peptide antigen epitope
from HBsAg. The immunoreactivity of the HEV-
specific IgY fractions was tested on both the HEV-Ag
and HBsAg-coated plates. The resulting OD values for
each concentration were directly compared to ascertain
binding specificity.

2.8. Collection of blood samples and serum
preparation

Between September 2023 and April 2024, a total of 350
blood samples were randomly obtained from slaughter-age
pigs at the exsanguination point of the abattoir in Bonaberi-
Douala, the economic capital of the Republic of Cameroon.
The inclusion criteria were pigs designated for routine
slaughter, with no overt signs of severe systemic illness at
ante-mortem inspection. Animals showing obvious signs
of acute febrile illness, severe weakness, or those that were
not part of the standard commercial slaughter process were
excluded from the study. The sampling aimed to represent
the general population of market-weight pigs, which are
the primary reservoir for zoonotic HEV transmission.
Blood was drawn directly into pre-labeled, anticoagulant-
free tubes (numbered 001 to 350) and immediately placed
in a cool box maintained at 4°C for transport. On arrival
at the laboratory, the samples were left to clot for 30 min
at ambient temperature. Subsequently, the tubes were
centrifuged (3000 x g for 10 min at 4°C) to separate the
cellular components. The resulting supernatant (serum)
was aliquoted into cryovials and stored at —80°C until
further analysis.
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2.9. Viral RNA extraction and molecular detection of
HEV via real-time RT-PCR

To confirm the presence of actively circulating HEV
within the pig population, all serum samples were first
screened for HEV RNA targeting the ORF2 region using
specific primers. Viral RNA was isolated from 140 uL of
each serum sample using the QIAamp Viral RNA Mini
Kit (Qiagen, Germany), by adhering to the manufacturer’s
protocol. Subsequent detection of HEV RNA was carried
out by real-time RT-PCR on an Applied Biosystems 7500
platform (Thermo Fisher Scientific, USA). The assays
were performed using the SuperScript™ III One-Step
RT-PCR System with Platinum™ Taq DNA Polymerase,
as previously established.”® Each 50 UL reaction contained
10 uL of the extracted RNA template, 0.4 uM of each primer,
2.3 mM magnesium sulfate, and 200 uM deoxynucleotide
triphosphates. The thermocycling conditions were initiated
with a reverse transcription step at 50°C for 30 min. This
was followed by an initial denaturation at 94°C for 2 min,
and 45 cycles of amplification (denaturation at 94°C for
15 s, annealing at 51°C for 1 min, and extension at 72°C
for 1 min). A final extension was performed at 72°C for
5 min. Fluorescence data were acquired at the end of each
annealing/extension step. A sample was considered positive
for HEV RNA if a characteristic sigmoidal amplification
curve emerged from the baseline with a cycle threshold
before the 40" cycle.

2.10. Serological detection of anti-HEV IgM and IgG
using commercial ELISA kits

The presence of anti-HEV IgM and IgG antibodies in the
serum samples was analyzed using commercial ELISA
kits. The manufacturer’s protocol was followed, with the
modification that the provided enzyme-conjugated anti-
human secondary antibodies were substituted with HRP-
conjugated goat anti-pig IgM and goat anti-porcine IgG
antibodies to ensure species-specific detection. In brief,
serum samples were diluted at 1:50 (v/v) and added to the
microtiter plate wells pre-coated with recombinant HEV
antigens. The plate was incubated at 37°C for 60 min and
subsequently washed to remove unbound proteins. For
the detection of specific Ig isotypes, the respective HRP-
conjugated secondary antibody (anti-pig IgM or anti-
porcine IgG) was added to each well and incubated at 37°C
for 60 min. Following another wash cycle, 100 uL of 0.1 M
TMB substrate solution was added to each well, initiating
an enzymatic reaction that produced a blue color. After a
30-min incubation at 37°C in the dark, the reaction was
stopped by adding 50 uL of 2 M H,SO,, resulting in a color
change from blue to yellow. The absorbance of each well
was measured at 450 nm. Each assay included a blank, and
the negative and positive controls supplied with the kit.

The cut-off value (COV) for each plate was calculated as
the mean absorbance of three negative control replicates
plus a constant (0.250 for IgM and 0.350 for IgG). Results
were expressed as a ratio of sample absorbance (As) to
COV. Samples were interpreted as positive for anti-HEV
antibodies if the As/COV ratio exceeded 1.200 for IgM or
1.100 for IgG.

2.11. Diagnostic evaluation of antigen-specific
IgY in detecting HEV-antigen in serum through a
sandwich-ELISA

To evaluate the diagnostic potential of the most
immunoreactive antigen-specific IgY, an in-house
sandwich-ELISA was developed. For initial evaluation, 10
RT-PCR-positive and 10 RT-PCR-negative serum samples
were randomly selected. The assay was optimized by coating
a 96-well immuno-plate with varying concentrations of
the specific IgY (1.25, 2.5, and 5 ug per 100 uL). Non-
specific binding sites were subsequently blocked with 5%
dehydrated skim milk. The protocol incorporated control
wells, including a blank reagent and IgY derived from pre-
immune eggs. Each well was incubated with 100 uL of a
50-fold diluted serum sample for 2 h. After two washes
with PBST, 5 pg/mL of the specific IgY was introduced and
allowed to incubate for another 2 h. Following another wash
cycle, HRP-conjugated goat anti-chicken IgG secondary
antibody was added for 2 h. After a final wash cycle, the
enzymatic reaction was initiated by adding 100 pL of 0.1 M
TMB substrate and incubating for 30 min in the dark. The
reaction was terminated by the addition of 50 uL of 2 M
H,SO,, and the OD was read at 450 nm. The COV for
HEV-Ag positivity was defined as twice the highest OD
value obtained from pre-immune IgY controls. Based on
the outcomes of this initial evaluation, the optimal IgY
coating concentration was selected for subsequent analysis
of all serum samples.

2.12, Statistical analysis

To minimize analytical bias, all laboratory analyses were
performed in a blinded manner. Personnel performing
RT-PCR, commercial ELISA, and the in-house IgY-based
ELISA were unaware of the results from the other tests
until all laboratory data had been finalized and the blinding
codes were released for statistical analysis. Results of all
laboratory tests for each blood sample were compiled and
recorded in Microsoft Excel 2016 (Microsoft Corporation,
USA) (Supplementary File S1) before export into the
appropriate software for data analysis. Quantitative
data are expressed as the mean * standard deviation
of three independent experiments, each performed in
triplicate. Qualitative data are presented as frequency
and percentage (%). Comparisons of means between
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two groups were performed using an unpaired Student’s
t-test. Comparisons among more than two groups were
analyzed using one-way analysis of variance (ANOVA),
followed by Bonferronis post hoc test. Comparisons
of frequency distributions (proportions) between two
categorical variables were assessed by cross-tabulation
followed by Chi-square or McNemar’s test. A p<0.05 was
considered statistically significant. All statistical analyses
were performed using GraphPad Prism (version 8.0.2)
(GraphPad Software, USA) and IBM SPSS Statistics
(version 25.0) (IBM Corp., USA).

3. Results

3.1. Prediction of antigenic peptide epitopes from
HEV capsid protein sequences

Using the CLUSTAL Omega algorithm implemented in
BioEdit, we generated consensus sequences representing
potential antigenic epitopes of the HEV capsid protein.
Based on the predefined selection criteria, three peptides
were identified and designated as P1 (111 aa), P2 (660 aa),
and P3 (111 aa) (Table 1). Antigenicity analysis using the
VaxiJen server yielded scores of 0.7457 for P1, 0.6291 for
P2, and 0.5138 for P3, all exceeding the recommended
threshold of 0.5, indicating good antigenic potential.
Subcellular localization predictions performed using the

Virus-mPLoc server indicated that P1 localizes to the host
cell membrane, P2 to the host cytoplasm, and P3 to the
viral capsid. Furthermore, allergenicity assessment using
the AllerTOP server predicted that none of the peptides
were allergenic (Table S1 and Figures S1-S4). Based on
its highest predicted antigenicity score, peptide P1 was
selected for synthesis and subsequently used as an antigen
for immunizing laying hens.

3.2. Protein content and purity of egg yolk IgY
fractions following immunization

The total protein concentration of the extracted IgY fraction
was quantified using the samples collected from pre-
immune eggs and eggs obtained weekly for 8 weeks post-
immunization. Immunization with the HEV-Ag antigenic
peptide did not significantly (p>0.05) alter the total protein
content of the IgY fraction at any post-immunization
time-point compared with pre-immune eggs (Figure 1A).
Across the study period, IgY concentrations remained
consistent, ranging from 31.49 + 2.7 mg/mL at week 1 to
34.64 + 2.2 mg/mL at week 7.

The successful extraction and purity of IgY were
confirmed by SDS-PAGE (Figure 1B). Under non-
reducing conditions, a single prominent band was
observed at approximately 180 kDa, corresponding to the
molecular weight of intact IgY. Under reducing conditions,

Table 1. Antigenic peptide epitopes identified from HEV capsid protein sequences

S/N Antigenic peptide epitopes sequences

Number of Subcellular ~ Antigenicity Allergenicity
amino acids localization score*

1 MFCIHGSPVNSYTNTPYTGALGLLDFALELEFRNLTPGNTNTRVSRY

TSTARHRLRRGADGTAELTTTAATRFMKDLHFTGT
NGVGEVGRGIALTLENLADTLLGGLPTEL

111 Host cell 0.7457
membrane

Non-allergenic

2 MRPRAVLLLFFVLLPMLPAPPAGQPSGRRRGRRS

GGAGGGFWGDRVDSQPFALPYIHPTNPFAADVVSQSGAGARPRQPAR

PLGSSWRDQSQRPSAAPRRRSTPAGAAPLTAVSPAP

660 Host 0.6291
cytoplasm

Non-allergenic

DTAPVPDVDSRGAILRRQYNLSTSPLTSSVASGTNLVLYAAPLNPLLPL

QDGTNTHIMATEASNYAQYRVVRATIRYRPLVP

NAVGGYAISISFWPQTTTTPTSVDMNSITSTDVRILVQPGIASELVIPS

ERLHYRNQGWRSVETSGVAEEEATSGLVMLCIH

GSPVNSYTNTPYTGALGLLDFALELEFRNLTPGNTNTRVSRYTSTAR

HRLRRGADGTAELTTTAATRFMKDLHFTGTN
GVGEVGRGIALTLENLADTLLGGLPTELISSAGGQLF
YSRPVVSANGEPTV
KLYTSVENAQQDKGIAIPHDIDLGDSRVVIQDYDNQHEQD
RPTPSPAPSRPESVLRANDVIWLSLTAAEYDQTTYGSSTNPM

YVSDTVTFVNVATGAQAVARSLDWSKVTLDGRPLTTIQQYSKTFYVLP

LRGKLSFWEAGTTKAGYPYNYNTTASDQILIENAA

GHRVAISTYTTSLGAGPVSVSAVGVLAPHSALAVLEDTIDYPARAHT

FDDFCPECRNLGLQGCAFQSTIAELQRLKMKVGKTRES

3 SPCALGLFCCCSSCFCLCCPRHRPVSRLAAVVGGAAAVPAVVSGVTGL 111

ILSPSPSPIFIQPTPSPPMSPRNPGLELALDSPPAPSAPLGVTSPS}
APPLPHVVDLPQLGLRR

Viral capsid 0.5138 Non-allergenic

* Antigenicity (cut-off=0.5). HEV: Hepatitis E virus.
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Figure 1. Protein content and sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) analysis of the egg yolk IgY fraction.
(A) Total protein concentration in the extracted IgY fraction. Data are
expressed as mean + SD. Statistical analysis was performed using one-
way ANOVA followed by Bonferroni’s post hoc test; ns indicates a non-
significant difference (p>0.05) compared to the pre-immune eggs group.
(B) Representative SDS-PAGE gel under non-reducing and reducing
conditions.

Notes: M: Molecular weight marker; PIE: IgY fraction from pre-immune
eggs; W2, W5, W8: IgY fraction from eggs collected at weeks 2, 5, and 8
post-immunization, respectively.

the IgY fraction separated into two predominant bands
at approximately 68 kDa and 25 kDa, consistent with the
expected molecular weight of the heavy and light chains,
respectively. The overall purity of the extracted IgY was
estimated to exceed 95%, demonstrating the effectiveness
of the purification protocol.

3.3. Immunoreactivity of the extracted antigen-
specific IgY fractions

3.3.1. Kinetics of antigen-specific IgY appearance in
egg yolks

An indirect ELISA was developed to assess the
immunoreactivity of the extracted IgY fractions against the
HEV antigenic peptide epitope. To determine the kinetics
of the specific antibody response, all IgY fractions—from
pre-immune eggs through to those collected 8 weeks
post-initial immunization—were analyzed at a fixed
concentration of 10 ug/well against plates coated with

2 pg/well of antigen. The COV for positivity (OD,, nm)
was established at 0.648 + 0.05, defined as twice the highest
OD value obtained using pre-immune IgY.

As shown in Figure 2A, IgY from immunized hens
exhibited a gradual increase in OD values over time. During
weeks 1-3 post-immunization, OD values remained
marginally above the pre-immune baseline. A significant
increase (p<0.05) was first observed at week 4 and
persisted through week 8. All IgY fractions collected from
weeks 4 to 8 significantly exceeded the established COV
and continued to increase, indicating that the production
and accumulation of HEV-specific IgY were first detectable
in egg yolks at week 4, following the third immunization.
Based on this kinetic profile, IgY fractions from weeks 4-8
were selected for subsequent sensitivity analysis.

3.3.2. Concentration-dependent reactivity of antigen-
specificlgY

The sensitivity of IgY fractions from weeks 4 to 8 was
evaluated using a concentration-response assay. Serial two-
fold dilutions of each fraction (10 to 0.019 ug/100 uL) were
tested against plates coated with 2 ug/well of HEV antigen.
As illustrated in Figure 2B, all fractions demonstrated
a clear concentration-dependent binding profile. IgY
fractions from weeks 4 and 5 exhibited the lowest
sensitivity, with endpoint titers of 5 ug/100 uL and
2.5ug/100 uL, respectively. In contrast, IgY from weeks 6-8
demonstrated markedly higher sensitivity, with endpoint
titers of 0.625 ng/100 uL for week 6 and 0.312 ug/100 puL
for both weeks 7 and 8. Given their superior sensitivity,
IgY fractions from weeks 6-8 were selected for specificity
assessment.

3.3.3. Specificity of the HEV antigen-specific IgY
fractions

The specificity of the selected HEV-specific IgY
fractions (weeks 6-8) was assessed by comparing their
immunoreactivity toward the target HEV-Ag and a
heterologous control antigen (HBsAg). IgY fractions
were tested at concentrations of 0.625, 1.25, 2.5, and
5 ug/100 puL on plates coated with either HEV-Ag or
HBsAg (2 pg/well).

As illustrated in Figure 2C, the reactivity of the HEV-
specific IgY with HBsAg remained consistent across all
concentrations tested, indicating minimal cross-reactivity.
In contrast, binding to HEV-Ag (OD values) increased in a
concentration-dependent manner. At each corresponding
concentration, OD values obtained for HEV-Ag were
significantly higher (p<0.05) than those observed for
HBsAg. These findings confirm the high binding specificity
of the extracted IgY fractions for the target HEV epitope.
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Figure 2. Indirect enzyme-linked immunosorbent assay (ELISA)
analysis of antigen-specific immunoreactivity of IgY fractions. IgY was
extracted from pre-immune eggs and eggs collected over 8 weeks post-
immunization. Their reactivity towards hepatitis E virus (HEV) and
hepatitis B virus (HBV) (for specificity test) antigenic peptide epitopes
was assessed by indirect ELISA (OD 450 nm). (A) Kinetics of specific
anti-HEV IgY appearance in egg yolks. (B) Sensitivity of the antigen-
specific IgY response, shown by concentration-dependent reactivity.
(C) Specificity of the IgY fractions, tested against HBsAg and HEV-Ag
antigenic peptide epitopes.

Notes: Data are presented as mean + SD (n=3 independent experiments,
each in triplicate). Statistical annotations: ns denotes p>0.05 vs. cut-
off value (one-way analysis of variance [ANOVA] with Bonferroni’s
post hoc test); *denotes p<0.05 vs. cut-off value (one-way ANOVA with
Bonferroni’s post hoc test); A denotes p<0.05 between indicated groups
(unpaired Student’s t-test). IgY_0: IgY fraction from pre-immune eggs;
IgY_1,2,3....8: IgY fraction collected at week 1 to 8 post-immunization.

Accordingly, these fractions were selected for diagnostic
evaluation.

3.4. Diagnostic potential of HEV-specific IgY
fractions for detecting HEV-antigen in serum

Following confirmation of sensitivity and specificity,
an indirect sandwich ELISA was developed to evaluate

the diagnostic potential of the anti-HEV IgY fractions
(weeks 6-8) for the detection of HEV-Ag in serum. IgY
was coated onto microplates at concentrations of 1.25, 2.5,
and 5 ug/100 uL/well. Plates coated with pre-immune IgY
served as controls.

As summarized in Table 2, the absorbance values
obtained using pre-immune IgY control were consistently
low, ranging from 0.177 to 0.270 for both positive (1=10)
and negative (n=10) HEV serum samples. Similarly, the
anti-HEV IgY fractions, when incubated with negative
serum, yielded a low absorbance range comparable to the
pre-immune IgY control, confirming the absence of non-
specific binding. In contrast, incubation of the anti-HEV
IgY with positive HEV serum resulted in a pronounced,
concentration-dependent increase in absorbance. At
coating concentrations of 1.25, 2.5, and 5 ug/100 UL,
OD values ranged from 0.694-1.155, 1.036-1.759, and
1.144-2.116, respectively, across all ten positive samples.
The positive cut-off value was defined as 2.5-fold the
maximum OD value of the pre-immune control (0.695).
At a coating concentration of 1.25 ug/100 uL, 7 out of 10
values exceeded the cut-off. Interestingly, at the higher
coating concentrations of 2.5 and 5 ug/100 uL, all 10
positive samples produced OD values significantly above
the cut-off (p<0.05), demonstrating successful detection
of HEV-Ag. Based on these results, the HEV-specific IgY
fraction at a coating concentration of 2.5 ug/100 uL was
selected for subsequent screening of all collected serum
samples.

3.5. Prevalence and diagnostic performance of
serological assays and in-house IgY ELISA antigen
test compared to RT-PCR

3.5.1. Seroprevalence of anti-HEV antibodies

Among the 350 blood samples collected, 168 (48.0%; 95%
CI: 42.8-53.2) were positive for at least one serological
marker of HEV infection (anti-HEV IgG and/or IgM)
(Figure 3A). Specifically, anti-HEV IgG was detected in
122/350 samples (34.9%; 95% CI: 29.8-39.9) (Figure 3B),
while anti-HEV IgM was detected in 99/350 samples
(28.3%; 95% CI: 23.5-33.0) (Figure 3C). A Venn diagram
illustrating mono- and co-detections revealed that, among
the 168 seropositive samples, anti-HEV IgG mono-
detection, anti-HEV IgM mono-detection, and anti-HEV
IgG/IgM  co-detection accounted for 19.7% (69/350),
13.1% (46/350), and 15.1% (53/350) of the total population,
respectively (Figure 3D).

3.5.2. Prevalence of HEV viremia and antigenemia

To identify active HEV infection within the pig
population, the presence of HEV RNA and HEV-Ag was
assessed. RT-PCR analysis detected HEV RNA in 65 of
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Table 2. Detection of HEV-Ag in pig serum specimens by sandwich ELISA using antigen-specific IgY

SerumID IgY_0 (5 ug/100 uL) 1gY_6 (5 ug/100 uL) IgY_6
1.25 ug/100 uL 2.5 ug/100 uL 5ug/100 uL
Negative Positive Negative HEV serum Positive HEV Positive HEV Positive
HEYV serum HEV serum serum serum HEYV serum
1 0.177 0.178 0.272 1.042* 1.307* 1.729*
2 0.202 0.270 0.181 1.106* 1.473* 1.824*
3 0.179 0.196 0.163 0.787 1.042* 1.298*
4 0.169 0.265 0.210 1.155* 1.759* 2.116*
5 0.186 0.212 0.138 0.694 1.036* 1.144*
6 0.219 0.181 0.169 1.121* 1.614* 1.853*
7 0.178 0.182 0.211 1.120* 1.519* 1.848*
8 0.256 0.182 0.171 1.093* 1.475* 1.804*
9 0.212 0.273 0.203 0.861 1.164* 1.521*
10 0.259 0.176 0.223 1.018* 1.474* 1.685*

Data represent the mean absorbance values of three independent experiments performed in triplicate. The cut-off value for positive detection (dashed
line) was set at 0.695+0.1, defined as 2.5-fold of the highest absorbance value (0.270) obtained with IgY_0, either with negative or positive serum
specimens. *Significantly higher than the cut-off value, P<0.05 (one-way ANOVA with Bonferronis post-hoc test), indicating positive detection.
IgY_0: IgY fraction from pre-immune eggs. IgY_6: Specific antigen IgY fraction from eggs collected in the 6™ week after immunization.
Abbreviations: ELISA: Enzyme-linked immunosorbent assay; IgG: Immunoglobulin G; HEV: Hepatitis E virus.

A B
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(122/350)
65.1%
(228/350)
B 1gG/IigM” (| IgG;
3 1gG* and/or IgM* O 1gG
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B HEV RNA
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Figure 3. Seroprevalence and virological markers of hepatitis E virus (HEV)
infection in pig sera. Serum samples (n=350) were analyzed for: (A) Overall
anti-HEV seropositivity (IgG and/or IgM). (B) Anti-HEV IgG. (C) Anti-
HEV IgM. (D) IgG and IgM mono- and co-detection. (E) HEV RNA by
reverse transcription polymerase chain reaction. (F) HEV antigen (HEV-Ag)
by the in-house sandwich IgY-Enzyme-linked immunosorbent assay.

the 350 samples (18.6%; 95% CI: 14.5-22.7) (Figure 3E).
Similarly, the in-house sandwich IgY-ELISA developed for
HEV-Ag detection in serum identified 62 positive samples
out of 350 (17.7%; 95% CI: 13.7-21.7) (Figure 3F).

3.5.3. Diagnostic performance of ELISAs compared to
RT-PCR

The diagnostic performance of the commercial anti-HEV
IgG/IgM ELISA Kkits, as well as the in-house HEV-Ag
ELISA, was evaluated against the RT-PCR gold standard
using McNemar’s test (Table 3).

The commercial anti-HEV IgG assay showed a
significant discrepancy when compared with RT-PCR
(p<0.0001). Of the 122 IgG-positive samples, 69 were
RT-PCR negative, while 12 of the 228 IgG-negative samples
were RT-PCR positive. Similarly, the commercial anti-
HEV IgM assay also demonstrated a significant difference
relative to RT-PCR (p<0.0001). Among the 99 IgM-positive
samples, 42 were RT-PCR negative, while 8 of the 251 IgM-
negative samples were RT-PCR positive.

In contrast, the in-house IgY-ELISA HEV-Ag test
showed no significant difference compared with RT-PCR
(p=0.250). All 62 HEV-Ag-positive samples were also
RT-PCR positive, and 285 of the 288 HEV-Ag-negative
samples were RT-PCR negative. Relative to RT-PCR,
the assay showed a sensitivity of 95.4% (62/65) and a
specificity of 100% (285/285); PPV and NPV were 100%
(62/62) and 98.95% (285/288), respectively. These results
indicate that the in-house IgY-ELISA HEV-Ag test is a
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Table 3. Cross-tabulation analysis of the diagnostic performance of ELISA tests compared to RT-PCR

Diagnosis methods Outcomes RT-PCR HEV RNA Cross-tabulation McNemar’s
Negative, n (%) Positive, 1 (%) Total analysis (p-value)
ELISA-IgG Negative 216 (61.7) 12 (3.4) 228 (65.1) <0.0001*
Positive 69 (19.7) 53 (15.1) 122 (34.9)
Total 285 (81.4) 65 (18.6) 350 (100.0)
ELISA-IgM Negative 243 (69.4) 8(2.3) 251 (71.7) <0.0001*
Positive 42 (12.0) 57 (16.3) 99 (28.3)
Total 285 (81.4) 65 (18.6) 350 (100.0)
ELISA-IgG/IgM Negative 282 (80.6) 15 (4.3) 297 (84.9) 0.008*
Positive 3(0.9) 50 (14.3) 53 (15.1)
Total 285 (81.4) 65 (18.6) 350 (100.0)
In-house Sandwich Negative 285 (81.4) 3(0.9) 288 (82.3) 0.250
ELISA-HEV-Ag Positive 0(0.0) 62(17.7) 62(17.7)
Total 285 (81.4) 65 (18.6) 350 (100.0)

The statistical analysis of proportions was performed using cross-tabulation followed by McNemar’s Test. *Denotes significant difference at P<0.05.
Abbreviations: RT-PCR: Reverse transcription polymerase chain reaction; ELISA: Enzyme-linked immunosorbent assay; IgG: Immunoglobulin G;

HEV: Hepatitis E virus.

promising alternative for the detection of active HEV
infection.

4, Discussion

This study reports the successful development and
validation of a novel in-house sandwich IgY-ELISA for
the detection of HEV-Ag in swine serum. The scientific
novelty of this work encompasses three key aspects:
(i) The rational in silico design of a conserved and highly
antigenic HEV capsid epitope; (ii) the use of this designed
peptide to generate specific chicken IgY antibodies,
representing a non-mammalian and high-yield source of
immunoglobulins; and (iii) the deployment of these IgY
antibodies in a sandwich ELISA format for the direct,
sensitive, and specific detection of viral antigen as a marker
of active infection. A key finding of this study is the high
diagnostic performance of the IgY-ELISA-based test, which
showed no statistically significant difference compared
with the RT-PCR gold standard method (p=0.250) and
achieved a sensitivity of 100% and a specificity of 98.95%.
The practical significance of this assay is substantial, as it
provides a viable, high-performance alternative to RT-PCR
for large-scale surveillance and point-of-care diagnosis of
active HEV infection in swine populations. These results
position the IgY-based assay as a reliable, cost-effective,
and practical alternative tool for diagnosing active HEV
infection, particularly suited for resource-limited settings
where the technical complexity and financial burden of
molecular methods like RT-PCR impede widespread
surveillance. In this context, the IgY-ELISA provides a
pragmatic bridge, offering a field-deployable tool with

accuracy approaching that of the gold standard, while
retaining the simplicity, speed, and affordability of ELISA-
based testing.

A critical foundation underlying the success of this
diagnostic assay is the rational in silico approach employed
for antigen design prior to laying hen immunization. Using
a robust computational pipeline, a conserved and highly
antigenic epitope (P1) within the HEV ORF2 capsid protein
was successfully identified among several consensus
sequences generated across various HEV genotypes.
Indeed, antigenicity prediction using the VaxiJen server
ensured that the selected peptide was capable of eliciting a
strong and potentially broad-spectrum immune response.
Furthermore, the prediction of non-allergenicity through
AllerTOP v2.0 and the confirmation of host cell membrane
localization using Virus-mPLoc were crucial steps in
selecting a safe and biologically relevant immunogen.?-**
This rational design strategy likely contributed directly
to the high affinity and specificity of the resulting IgY
immunoglobulins, as reflected by the minimal cross-
reactivity observed and the excellent diagnostic accuracy
of the developed assay.

The high overall seroprevalence of anti-HEV antibodies
(48.0%) observed in the studied pig population aligns with
the well-established role of swine as a major reservoir for
zoonotic HEV genotypes.** The observed seroprevalence
rates of IgG (34.9%) and IgM (28.3%) are consistent with
the broad range (30-90%) reported globally, including
studies from other sub-Saharan African settings.”*'*** This
high seroprevalence indicates substantial and continuous

Volume 3 Issue 3 (2026)

10

doi: 10.36922/MI1025470126


https://dx.doi.org/10.36922/MI025470126

Microbes & Immunity

Chicken IgY for serodiagnosis of HEV in Swine

exposure to HEV in Cameroon, involving pigs, humans,
and the environment.”>* Consequently, these findings
underscore a significant risk of zoonotic transmission
via the food chain, contaminated water supply, or direct
contact with infected animals.>®

However, our results clearly highlight the limitations
of serological antibody-based assays for detecting active
infection. The significant discrepancies (p<0.0001)
observed between commercial IgG/IgM ELISA results
and RT-PCR outcomes confirm that antibody detection
alone is an unreliable indicator of active viremia. The high
proportion of false-positive IgM results (42 of 99 IgM-
positive samples were RT-PCR negative), often considered
indicative of recent infection,” may reflect persistence of
IgM beyond the viremic phase or non-specific reactivity.
Conversely, the occurrence of RT-PCR-positive but
seronegative samples (12 for IgG and 8 for IgM) suggests the
presence of a narrow diagnostic window period between
infection and seroconversion, or variability in humoral
immune responses, during which viral replication occurs in
the absence of detectable antibodies.* These observations
are consistent with previous reports cautioning against
reliance on serological antibody-based tests for diagnosing
active HEV cases and reinforce the need for diagnostic
methods that directly detect viral components.”*"*

These limitations of serological antibody-based assays
underscore the value of our in-house antigen detection
assay. While RT-PCR remains the undisputed gold
standard for diagnosing viral infection, its application
in routine field surveillance is often limited by high
costs, technical complexity, and the need for specialized
equipment and trained personnel.”? Our sandwich IgY-
ELISA directly addresses these challenges. By leveraging
chicken IgY technology, we have developed a diagnostic
tool that combines high accuracy with practical utility.
Antibody production in laying hens is a non-invasive,
high-yield, and cost-effective method, circumventing the
ethical concerns and financial constraints associated with
mammalian antibody production.?** The rigorous i silico
design and selection of the immunogenic peptide from the
conserved ORF2 capsid region ensured the generation of
specific IgY with high affinity, as confirmed by the absence
of cross-reactivity with heterologous antigens like HBsAg.

The diagnostic performance of the developed sandwich
IgY-ELISA represents the most significant achievement of
this study. The perfect sensitivity (100%) suggests that no
active infections detectable by RT-PCR were missed by our
in-house sandwich IgY-ELISA test. The very high specificity
(98.95%) demonstrates that false positives are exceedingly
rare. The three discrepant samples (HEV-Ag negative but
RT-PCR positive) likely reflect very low viral loads below

the detection limit of our in-house IgY-ELISA antigen-
capture assay, a recognized scenario in which nucleic
acid amplification by RT-PCR retains an advantage."’®
Notably, no false positives were observed (all HEV-Ag-
positive samples were RT-PCR-positive), confirming the
high specificity of our assay. The non-significant difference
(p=0.250) in HEV RNA prevalence (18.6%; 95% CI: 14.5-
22.7) and HEV-Ag prevalence (17.7%; 95% CI: 13.7-21.7)
further validates the reliability of our assay. Indeed, this
close correlation is expected, as the presence of viral capsid
antigen in serum directly reflects viremia. Collectively,
these findings demonstrate that our in-house sandwich
IgY-ELISA test for HEV-Ag detection is a reliable and
practical tool for diagnosing active infection, effectively
bridging the diagnostic gap between complex molecular
techniques and indirect serological antibody testing.

5. Conclusion

This study aimed to develop a sensitive, affordable, and
reliable IgY-based ELISA for the efficient detection of
HEV-Ag in pig serum specimens. Our findings lead to
two main conclusions. First, our findings confirm a high
prevalence of HEV circulation in Cameroonian pigs,
representing a persistent public health risk that underscores
the need for enhanced surveillance and control strategies.
Second, and more importantly, we successfully developed
and validated a robust, sensitive, and specific in-house IgY-
ELISA for HEV-Ag detection. The assay’s performance,
coupled with the cost-effectiveness, scalability, and
ease of production of IgY technology, makes it an ideal
tool for large-scale screening programs in veterinary
diagnostics and abattoir surveillance. By enabling efficient
identification of viremic animals, this test can directly
inform targeted control strategies, such as targeted testing
of pork products or herds, thereby mitigating the risk
of zoonotic HEV transmission from pigs to humans.
Furthermore, it provides a viable alternative to RT-PCR
for large-scale screening and diagnosing active infection
in resource-constrained settings. Future research should
focus on validating this assay across more diverse pig
populations and investigating its potential applicability in
human diagnostics.
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