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A B S T R A C T

Certain strains of fowl adenovirus serotype 4 (FAdV-4) of the family Adenoviridae are recognized to be the
causative agents of Hydropericardium Syndrome (HPS) in broiler chicken. Despite the significantly spiking
mortality in broilers due to HPS, not much effort has been made to design an effective vaccine against FAdV-4.
The combination of immuno- and bioinformatics tools for immunogenic epitope prediction is the most recent
concept of vaccine design. It reduces the time and effort required for hunting a potent vaccine candidate and is
economical. Previously, we have reported the penton base protein of FAdV-4 to be a candidate for subunit
vaccine against HPS. In the present study, we have computationally pre-screened promising B- and T-cell epi-
topes of the penton base. Multiple methods were employed for linear B-cell epitope identification; BepiPred and
five other methods based on physicochemical properties of the amino acids. The penton base was homology
modeled by means of Modeller 9.17 and after refinement of the model (by GalaxyRefine web server) ElliPro web
tool was used to predict the discontinuous epitopes. NetMHCcons 1.1 and NetMHCIIpan 3.1 servers were used
for the likelihood of peptide binding to Major Histocompatibility Complex (MHC) class I & II molecules re-
spectively for T-cell epitope forecast. As a result, we identified the peptide stretch of 1–225 as the most pro-
miscuous B- and T-cell epitope region in penton base Full Length (FL) protein sequence. Escherichia coli based
expression vectors were generated containing cloned peptide stretch 1–225 (penton base1–225) and penton base
FL gene sequence. The recombinant penton base1–225 and penton base FL proteins were expressed and purified
using Escherichia coli-based expression system. Purification yield of penton base1–225 was 3-fold higher compared
to penton base FL. These proteins were injected in chickens to determine their competence in protection against
HPS. The results showed equal protection level of the two proteins and the commercial inactivated vaccine
against FAdV-4 infection. The results suggest the peptide stretch 1–225 of penton base as a valuable candidate
for developing an epitope-driven vaccine to combat HPS.

1. Introduction

Fowl adenovirus serotype 4 (FAdV-4) is a non-enveloped, icosahe-
dral particle belonging to the species Fowl Aviadenovirus C, genus
Aviadenovirus of family Adenoviridae. The virion ranges from 70 to
90 nm in diameter and is one of the twelve serotypes of the fowl ade-
novirus (Hess, 2000; Mansoor et al., 2009). The Hydropericardium
Syndrome (HPS), caused by FAdV-4, is a highly infectious disease of

three to five weeks old broiler chicken. It is characterized by the ac-
cumulation of fluid in the pericardial sac-giving a flabby appearance to
the heart, and hepatitis (McFerran and Smyth, 2000). Furthermore, it
has a mortality rate of 80%, resulting considerable economic loss
(Asthana et al., 2013). HPS was first reported in 1987 in Angara Goth in
Karachi, Pakistan, that is why it is also known as the ‘Angara Disease’
(Asthana et al., 2013). Until now it has spread across a wide geographic
scale including countries like Iraq (Abdulaziz and Alattar, 1991),
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Slovakia (Jantosovic et al., 1991), Mexico, Peru, Chile (Voss et al.,
1996), South and Central America (Shafique et al., 1993; Shane, 1996),
Russia (Borisov et al., 1997) and Korea (Kim et al., 2008).

The genome of FAdV-4 is non-segmented, linear double-stranded
DNA of 45 kb size. It encodes a number of non-structural proteins and
three major structural proteins; hexon, fiber and penton base. The
penton base protein holds a morphologically prominent position at the
vertex capsomeres of the capsid shell and consists of a pentamer of
penton base together with two molecules of fiber (long and short). This
protein is known to be involved in the secondary attachment of virus to
the host cell; initial attachment is by means of the fiber protein of FAdV-
4 via N-terminal tail, and also contributes in endocytosis (Shah et al.,
2017a). As the virus enters the host cell, it encounters acidification in
the endosome and consequently sheds the penton base (Asthana et al.,
2013; Smith et al., 2010).

Presently, several vaccines are being used for the prevention of HPS,
comprised of formalininactivated whole virus vaccine, prepared from
FAdV-4 infected liver organ. These conventional vaccines don’t always
serve the purpose of protection because of insufficient quantity of virus
titer, improper inactivation of virulent strain (chances of virus rever-
sion), less efficacy, poor hygiene during preparation etc. (Shah et al.,
2017b). An alternative to resolve these limitations is the use of subunit
vaccines, which are particularly prepared from parts of the surface
capsid proteins instead of the whole virus through recombinant DNA
technology (Heldens et al., 2008; Lei et al., 2015; Pitcovskia et al.,
2003). For development of subunit vaccine against HPS, a study was
performed to evaluate the immunogenicity of recombinant penton base
protein expressed in Escherichia coli in chicken. The results showed that
the recombinant protein conferred higher protection (90%) against
experimental FAdV-4 challenge as compared to commercial formalin-
inactivated vaccine (60%) (Shah et al., 2012). Along the same lines,
penton base full length (FL) protein (GenBank accession number:
HE653773.1) was expressed in E. coli in our group as vaccine candidate.
However, very small amount of penton base FL was expressed in soluble
form and purification yield was quite low, as experienced previously,
which impeded its application as cost-effective vaccine (Shah et al.,
2012). It is generally considered that small proteins, having lower
molecular weights, can be expressed in larger quantities in their native
conformation as compared to those having higher molecular weight, in
E. coli expression system (Dyson et al., 2004). Therefore, in-silico
identification of antigenic portions of the penton base FL will be of
great interest. It will assist in finding potent vaccine candidates that can
be produced in large amounts by recombinant means, subsequently,
warranting economic feasibility.

In birds, like other animals, the antigen-specific components of the
antibody- and cell-mediated immune response are the B and T lym-
phocytes respectively. Both of these express antigen-specific receptors
on their surface with a known repertoire of about 109 antigen-specifi-
cities for each (Erf, 1997). To date, there has been no in silico study of
the B- and T-cell epitopes of the penton base (528 amino acids long;
GenBank Acc. No. HE653773.1) of FAdV-4. So in this work, the dis-
crimination of B- and T-cell epitopes from non-epitopes of the penton
base of FAdV-4 was carried out by computational tools. Due to the non-
availability of 3D structure of the penton base of FAdV-4, a homology
model for the protein structure was also generated. This homology
model was then refined and the quality of the final model was evaluated
by different software tools. After establishing that the homology model
is a good model, it was used to predict the discontinuous epitopes on
the basis of different characteristics of the penton base 3D structure.
The effectiveness of the predicted epitope region (penton base1–225) as
vaccine candidate was evaluated in chickens after its expression and
purification using E. coli expression system.

2. Materials & methods

2.1. Retrieval of the penton base sequence

The sequence of the previously reported Pakistani isolate of penton
base of FAdV-4 (Acc. No.: HE653773.1) was retrieved from the
GenBank database of National Center for Biotechnology Information
(https://www.ncbi.nlm.nih.gov/genbank) (Shah et al., 2012).

2.2. B-cell epitopes prediction

2.2.1. Linear or continuous epitope prediction
For the linear B-cell epitope prediction, an improved method,

BepiPred (Jespersen et al., 2017)-combining the hidden Markov model
with one of the best propensity scale methods, was used. It has already
been shown in an earlier study that B cell epitope prediction perfor-
mance can be increased by combining several methods (Yang and Yu,
2009). So other physicochemical properties of amino acids such as
antigenicity (Kolaskar and Tongaonkar) (Kolaskar and Tongaonkar,
1990), surface accessibility (Emini et al.), flexibility (Karplus & Schulz)
(Emini et al., 1985; Karplus and Schulz, 1985), hydrophilicity (Parker
et al.) (Parker et al.) and beta-turns (Chou and Fasman) (Chou and
Fasman, 1978) were also determined by the tools available at the
platform of Immune Epitope Database (IEDB) Analysis Resource
(http://tools.iedb.org/bcell).

The retrieved protein sequence, in FASTA format, was fed to the
online tools integrated at the afore-mentioned resource. The protein
sequence scanning window length for all methods was adjusted to seven
residues. The thresholds were set to be 0.44 for BepiPred method and
unity for other methods (Amat-ur-Rasool et al., 2015).

The final unanimous epitope results were obtained by combining
the results of the six methods together making use of a previously
published consensus method (Yang and Yu, 2009). This consensus
method has also been used recently by Yang, et al. for the in silico B-cell
epitope prediction of Per a 9 allergens of the American cockroach (Yang
et al., 2016). Each of the result from the six tools was given an equal
weightage of 16.67% and the consensus result was 0% epitope only if
all the results were non-epitope. Likewise, if the predicted results had
two, one or zero non-epitope(s), the consensus result was 66.7%, 83.3%
or 100% respectively. Ultimately, only those regions with consensus
epitope result spanning from 66.7 to 100% were recognized as the
potent linear epitopes.

2.2.2. Structure-based epitope prediction
The penton base of FAdV-4 is not structurally characterized,

therefore, the penton base protein sequence retrieved from GenBank
(Acc. No.: HE653773.1) was fed to NCBI (National Center for
Biotechnology Information) BLAST (Basic Local Alignment Search Tool)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) to search
for structural templates from Protein Data Bank (Altschul et al., 1990).
Modeller 9.17 was then used to build the corresponding comparative
models for the protein (Webb and Sali, 2014).

Once the homology model was derived, loop refinement was carried
out by Modeller 9.17 followed by refinement with GalaxyRefine server
(Heo et al., 2013). The comparative model was then validated by
submitting the predicted structure to different servers like PROCHECK
(Laskowski et al., 1993), PROQ (Cristobal et al., 2001), VERIFY3D
(Bowie et al., 1991; Lüthy et al., 1992), ProSA-web (Wiederstein and
Sippl, 2007) and ERRAT (Colovos and Yeates, 1993). The overall
quality assessment of the predicted homology model was then carried
out by ProTSAV which is an ensemble protein validation server (Singh
et al., 2016). Furthermore, the validation modules of ProtSav were also
computed for the template crystal structure (4AQQ). Results from
ProTSAV for both the structures were then compared.

For the discontinuous epitope prediction, the refined model of the
penton base in PDB format was served to a web tool named ElliPro
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(Ponomarenko et al., 2008). The threshold values for minimum Pro-
trusion Index (PI) and maximum distance (for grouping discontinuous
epitopes) were selected as 70% and 6 Å respectively (Amat-ur-Rasool
et al., 2015).

2.3. T-cell epitope prediction

The peptides binding with MHC class I and II molecules were
identified to predict T cell immunogenicity as described (Andreatta
et al., 2015; Karosiene et al., 2012).

2.3.1. Best human substitute alleles
There was no data regarding chicken MHC alleles available in the

immunoinformatics tools used for MHC-peptide binding prediction. So
the best human substitute alleles for the chicken MHC were chosen
from an earlier study (Valdivia-Olarte et al., 2015). Valdivia-Olarte and
colleagues compared all the sequences of human MHC-I and MHC-II
alleles (available in NetMHCpan and NetMHCIIpan) with the most
frequent haplotypes of the chicken MHC alleles and screening only
those human MHC alleles which had sequence identities greater than
70%. They used the software MHCcluster (Thomsen et al., 2013) to get
heat maps indicating the human MHC-I/II alleles that best substitute its
chicken homologues. From this study, three alleles were selected for
MHC class I (HLA*B 40:06, HLA*B 41:04 and HLA*B 41:03) and four
DRB1 alleles (DRB1:1482, DRB1:1366, DRB1:1310 and DRB1:1445)
were chosen for MHC class II.

2.3.2. MHC I binding prediction
For the prediction of MHC-I binding affinity, NetMHCcons 1.1

server was used (http://www.cbs.dtu.dk/services/NetMHCcons). The
thresholds for strong binding peptides was set in terms of IC50 value as
2 nM whereas that for weak binders was kept at 50 nM. Therefore,
peptides with IC50 < 2 nM were categorized as strong binders and
those with 2 nM < IC50 < 50 nM were considered weak binders. For
IC50 > 50 nM, lack of binding was considered. The protein sequence
was cut into 9 amino acids length of the many possible lengths
(Karosiene et al., 2012; Valdivia-Olarte et al., 2015).

2.3.3. MHC II binding prediction
NetMHCIIpan 3.1 server was employed to predict binding of pep-

tides to MHC class II molecules (http://www.cbs.dtu.dk/services/
NetMHCcons). The penton base was cleaved into peptides, of 15
amino acids length each, in the server. The server then returned a
number of peptides binding to MHC alleles, of which only those peptide
(s) were selected which were recognized as strong binders (%Rank< 2)
for all the MHC alleles (Andreatta et al., 2015).

2.4. Immunogenic analysis

2.4.1. Cloning of penton base1–225 sequence in prokaryotic expression
vector

The nucleotide sequence for coding 1–225 amino acids of penton
base, corresponding to the predicted linear and discontinues epitope
region (penton base1–225) was amplified from penton base FL nucleotide
sequence (GenBank Acc. No.: HE653773.1) as template using
Polymerase Chain Reaction (PCR). Penton base FL gene was available in
Structural Biology Lab stock, NIBGE, cloned in pET28a-PreS vector.
PreS denotes cleavage site for highly robust PreScission (PreS)/human
rhinovirus 3C protease which was introduced into the vector instead of
the thrombin protease site, present in PMSJ-Penton vector, used in
previous studies (Shah et al., 2012). PCR was performed with forward (
GGAATTCCATATGATGTGGGGGTTGCAGCC) and reverse (CGGAATTC
TTATTGCACGTTGTTCTGGTGCCC) primers, designed using vector NTI
bioinformatics tool. Restriction sites for Nde I and Eco RI enzymes were
inserted into the PCR product at 5′ and 3′ ends respectively during
amplification. The amplified PCR product and pET28a-PreS vector were

restricted with the restriction enzymes, Nde I and Eco RI. The purified
restriction products were ligated to the vector in fusion with sequence
coding for oligohistidine (His6) tag and a linker “PreS” for purification
and tag-removal, if needed, to generate pET28a-PreS-penton base1–225

construct. The construct was confirmed by colony PCR and restriction
digestion reaction which showed the presence of 675 bp nucleotides
sequence, corresponding to the penton base1–225 sequence cloned in
pET28a-PreS vector.

2.4.2. Protein expression and purification
The constructs, pET28a-PreS-penton base1–225 and pET28a-PreS-

penton base FL were transformed to E. coli BL21-DE3 (Novagen) com-
petent cells using heat shock method (Inoue et al., 1990). Transformed
cells were spread on LB-agar plates containing kanamycin (30 μg/mL)
and incubated overnight at 37 °C. Morphologically similar, 5–6 colonies
were picked from the plates, pre-inoculated in 20mL LB media (Ka-
namycin 30 μg/mL) and incubated at 37 °C with shaking at 220 rpm.
Next morning, the overnight cultures were diluted fifty folds in fresh LB
broth supplemented with kan (30 μg/mL) in 2-litre flasks and trans-
ferred to 37 °C incubator with 220 rpm shaking. The growth phase of
the cells was determined after every 45min using cell density meter
(Bio-Wave) until OD600 of cultures reached to a value between 0.5 and
0.6. At this stage, cultures were immediately cooled down at 4 °C for
30min. Protein expression was induced with 1mM IsoPropyl β-D-
ThioGalactoside (IPTG). The expression was continued for 16 h at 18 °C
and 220 rpm. Then the E. coli cells, producing His6-PreS-penton
base1–225 and His6-PreS-penton base FL proteins, were centrifuged at
4000 rpm for 10min and the cell pellet was obtained.

To purify proteins, the cell pellet was re-suspended in pre-chilled
lysis buffer (50mM Tris−HCl pH: 7.9, 500mM NaCl, 5 mM imidazole
and 4mM β-Mercaptoethanol) and passed through cell disrupter
(Constant System Ltd.) at 25 kpsi pressure. The cell lysate was cen-
trifuged at 13,000 rpm for 25min to separate inclusion bodies/cell
debris and soluble fraction. The supernatant was transferred to fresh
tubes and to purify protein from inclusion bodies, the pellet was re-
suspended in equal volume of lysis buffer containing 8M urea. The re-
suspended solution was mixed with needle and left on stirrer for one
hour for thorough mixing. A small fraction of supernatant and re-sus-
pended inclusion bodies were analysed on SDS-Polyacrylamide gel.

To avoid protein degradation by intrinsic proteases, the protein
solutions were added with 1mM phenylmethylsulfonyl fluoride
(PMSF). The pellet was settled by spinning at 13,000 rpm for 25min in
Beckman Centrifuge.

The supernatant and the re-suspended inclusion bodies were loaded
on separate Nickel-nitrilotriacetate (Ni-NTA) agarose columns pre-
equilibrated with lysis buffer. To remove non-specific, loosely bound
proteins, the column was washed with 25–30 column volume lysis
buffer containing 25mM imidazole. Finally, the purified protein was
recovered with lysis buffer containing 250mM imidazole. All the pur-
ification buffers for the re-suspended inclusion bodies were having 8M
urea. Initial fractions were run on SDS-PAGE and pure protein fractions
from soluble purified part were pooled, dialyzed against 1x Phosphate
Buffer Saline (PBS) pH: 7.4, quantified using Nanodrop spectro-
photometer (Thermo Scientific) and stored at 4 °C.

2.4.3. Refolding of denatured proteins
To remove the strong denaturation agent urea and to refold the

protein, the purified protein solution was dialyzed against dialysis
buffer in subsequent steps. Step-wise dialysis was performed in lysis
buffers containing 6M, 4M, 2M and 0M urea subsequently with the
interval of 8 h for each dialysis step and finally the protein was dialyzed
against PBS, quantified using Nanodrop spectrophotometer (Thermo
Scientific) and analyzed on SDS-PAGE.

2.4.4. Experimental chickens
One-day-old 16 broiler chicks were purchased from commercial
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hatchery (Anchor poultry breeders, Faisalabad). It was ensured that the
chicks were not pre-vaccinated against FAdV-4 or any other virus and
were reared under standard management conditions in an animal
house. The experiment was conducted under the regulations of the
Institutional Animal Care and Use Committee (IACUC) of Animal
Sciences Division, Nuclear Institute for Agriculture and Biology (NIAB),
Faisalabad, Pakistan. Chicks were randomly divided into four groups
(A, B, C, D) at 7 days of age, having 4 broiler chicks in each group. For
all the chicks, same conditions of feed, water, air and hygiene were
maintained.

2.4.5. Immunization and challenge studies
Candidate vaccine formulations, having 100 μg total quantity of

His6-PreS-penton base1–225 protein or His6-PreS-penton base FL protein
were prepared by stringently mixing 0.47 μg/μL of each protein with
Montanide ISA71 VG adjuvant in 70: 30 (w/v) adjuvant: protein ratio
(Klimka et al., 2015), for enhanced immunogenicity (Shah et al., 2012).
On day 7, a total 500 μL of the above mixture was then injected sub-
cutaneously (s.c.) into the corresponding groups of chicks; group A
(100 μg His6-PreS-penton base1–225 + adjuvant) and group B (100 μg
His6-PreS-penton base FL+ adjuvant).

On the same day (day 7), each bird in Group C was vaccinated
through subcutaneous route by injecting 300 μL of formalin-inactivated
commercial vaccine (NIAB Angara), prepared from infected liver
homogenate. Group D was kept as challenge control and received only
s.c. dose of 500 μL PBS. On day 21, a booster dose of 500 μL of His6-
PreS-penton base1–225 and His6-penton base FL purified recombinant
proteins (100 μg+ adjuvant) in 3:7 (v/v) ratio of protein: adjuvant,
300 μL commercial vaccine and 500 μL PBS were injected S.C. to their
corresponding groups (group A, B, C and D respectively). Blood antisera
was collected from birds in each group (from wing veins) before im-
munization as well as after immunization until 28th day with time in-
terval of 7 days. At the age of 28 days, chickens were challenged with
500 μL of pathogenic FAdV-4-isolated in fresh field cases provided by
Animal Sciences Division, Nuclear Institute for Agriculture and Biology
(NIAB), Faisalabad, Pakistan, having biological titer 105.5 units of lethal
dose 50 (LD50) per mL (Shah et al., 2016).

Birds were kept under observation for 7 days post-infection.
Mortality was recorded in birds during this period and post-mortem was
performed to analyze signs and symptoms related to HPS (Shah et al.,
2016).

To determine antibody titer in each group, Indirect Enzyme Linked
ImmunoSorbent Assay (ELISA) was performed (Ojkic and Nagy, 2003).
His6-PreS-penton base1–225 protein (4 μg) was coated as antigen to de-
termine the antibody titer in group A while His6-PreS-penton FL protein
(4 μg) was coated against antisera produced in group B, C and D in 96
well flat bottom ELISA plates. The serum was added in serial dilutions
in PBS to determine the optimal concentration of primary antibody for
the assay and finally 1/100 dilution of antisera in PBS was selected for
ELISA. Anti-chicken IgG antibodies conjugated with alkaline phospha-
tase conjugate (A9171- Sigma) were used as secondary antibodies in
1:12,500 dilution. p-nitrophenyl phosphate (MP Biomedicals) was
added as substrate to detect the level of secondary antibodies bound to
primary antibodies. After 30min of incubation, the reaction was
stopped with 3M NaOH and data was collected with ELISA microplate
reader (Shenzhen heales technology, Co, Ltd) using 405 nm wave-
length.

3. Results

3.1. Continuous B-cell epitopes

B-cell epitopes were predicted by using different methods and ob-
serving several peptide characteristics for antigenicity. The antigenicity
prediction method of Kolaskar and Tongaonkar (Kolaskar and
Tongaonkar, 1990) and BepiPred (Jespersen et al., 2017) method were

used to predict potent B-cell epitopes. Among the predicted epitopes,
only those were chosen for further investigation which had higher an-
tigenicity (Kolaskar and Tongaonkar, 1990) based on parameters like
surface accessibility (Emini et al., 1985), flexibility (Karplus and Schulz,
1985), hydrophilicity (Parker et al., 1986) and number of beta turns
(Chou and Fasman, 1978). Seventeen epitopes, LE1 (Linear Epitope 1)
to LE17 (Linear Epitope 17), in the 528-amino acids long penton base
protein were eventually selected from the result of all these tools on the
basis of consensus method, described in the Materials and methods
section. The peptide lengths, amino acid sequences and positions of
these epitopes are given in Table 1.

3.2. Penton base homology model

Five energy minimized comparative protein models were generated
by Modeller 9.17 using five different templates in the Protein Data
Bank, having highest alignment scores with the penton base (Altschul
et al., 1990). The sequence identities of the five structural templates
having PDB IDs: 2C6S, 1X 9P, 3IYN, 3ZIF, 4AQQ with the penton base
sequence were 53%, 53%, 52%, 45% and 44% respectively. To evaluate
the quality of each model, the DOPE (Discrete Optimized Protein En-
ergy) score ( Shen and Sali, 2006) i.e. the atomic distance-dependent
statistical potential of the five homology models was compared. The
homology model generated using the template having PDB ID: 4AQQ,
with the lowest DOPE score, was selected since large negative DOPE
score is indicator of high quality protein model (di Luccio and Koeh,
2012d).The resulting homology model showed a good sequence cov-
erage (93%) with the template protein.

Though the DOPE score of the chosen protein model was lowest;
indicating high quality of the model, yet the sequence identity of the
penton base with the corresponding template was low i.e. 44%. Due to
low sequence identity, it was assumed that significant information
could be missing from certain local regions in the structure such as
loops. This affects the quality of the protein model and consequently the
structure needed refinement. Thus, loop refinement was carried out for
the chosen homology model by Modeller 9.17 (Fiser and Sali, 2003)
followed by refinement with GalaxyRefine server (Colovos and Yeates,
1993; Heo et al., 2013).

3.3. Homology model refinement and validation

The homology model was refined using two different web based
refinement programs (Fiser and Sali, 2003; Heo et al., 2013). The 3-D
model had an N-terminal hanging loop from 1 to 80 amino acids. The
model was subjected to refine the loop using Modeller 9.17 program

Table 1
Linear epitopes of the penton base of FAdV-4.

Linear
Epitope

Start
Position

Sequence End Position Length

LE1 5 QPPTSIPPPPPPTELTPSTY 24 20
LE2 27 MVNGYPPPAASAQSCPSSDGQSE 49 23
LE3 60 PTGGRNSIKYRDYTPCRNT 78 19
LE4 86 NKASDIDTYNKDANHSNF 103 18
LE5 111 QDLDADTAA 119 9
LE6 121 ESIQLDNR 128 8
LE7 140 RTNCPNV 146 7
LE8 163 RDPPTSTAPPSAVGSGYSVPGAQYK 187 25
LE9 218 EGHQNNVQKSDI 229 12
LE10 252 GTYVYKGYH 260 9
LE11 299 EDLQGGDI 306 8
LE12 313 DSVDVNDADGE 323 11
LE13 348 QVTGKPVT 355 8
LE14 366 VPNSPANQT 374 9
LE15 402 GFKEDNTTN 410 9
LE16 437 RLENSCQS 444 8
LE17 461 APPMNVSSVCDNQPA 475 15
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(Fiser and Sali, 2003) and out of a set of ten proposed models with
refined loops, the best contender with lowest value of molpdf (sum of
restraint violations) was selected (Yoshikawa et al., 2010). Further, to
minimize the structural differences between target and template se-
quences, resulting from dissimilarities of side-chains (Xiang, 2006), the
model was refined making use of GalaxyRefine server (Heo et al., 2013)
for correct packing of side-chains. A number of metrics of protein
structure accuracy were calculated for each of the five models gener-
ated by GalaxyRefine server, as shown in S1 Table. It is known that a
structure with numerically low value of molprob score (Chen et al.,
2010) and a high GDT-HA (Global Distance Test-High Accuracy) (Heo
et al., 2013) is close to a physically realistic model (Dalkas et al., 2014;
Pellequer et al., 1993; Su et al., 2012). So, Model 2 (S1 Table) was
selected as the optimum model as it had the lowest RMSD (Root Mean
Square Deviation), highest GDT-HA and smallest molprob score. This
model, as viewed in UCSF Chimera molecular visualization program
(Pettersen et al., 2004), is shown in Fig. 1 in purple ribbon, overlapped
on the homology model before refinement (in yellow). This refined
homology model was then validated by a number of structure valida-
tion servers like PROCHECK (Laskowski et al., 1993), ProQ (Cristobal
et al., 2001), VERIFY3D (Bowie et al., 1991; Lüthy et al., 1992), ProSA-
web (Wiederstein and Sippl, 2007) and ERRAT (Colovos and Yeates,
1993) (S2 Table).

PROCHECK server (Laskowski et al., 1993) was used to derive the
popular Ramachandran plot, Φ versus Ψ backbone torsion angles, for
the penton base model (S1 Fig) (Lovell et al., 2003). The results of
PROCHECK showed a higher proportion of Rama favored residues in
the model. Out of 528 amino acid residues, there were a total of 444
non-proline, non-glycine residues for which the Ramachandran plot
was attained using PROCHECK, as shown in S1 Fig. S2 Table depicts
that the percentage of the non-proline and non-glycine residues in the
most favored, additional allowed and generously allowed regions of the
plot is 91, 7.9 and 0.5 correspondingly, making a sum total of 99.4%.
And only a small fraction is located in the disallowed region (0.6%). In
the G-factor (Goodness factor) evaluation, the dihedral angles i.e. Φ-Ψ
distribution, χ1-χ2 distribution, χ1 only, χ3 and χ4 and ω, altogether
yield an average score of 0.26. And the covalent bond lengths and
angles return an average score of -0.34. The overall average G-factor
turns out to be 0.03 which signifies that the quality of covalent and
overall bond/angle distances was appropriate and the probability of the
confirmation of the proposed model was high; G-factor above -0.5
corresponds to a reliable model (Laskowski et al., 1993). The computed
Ramachandran plot statistics and the average goodness factor indicate
that the stereochemistry of the model is acceptable.

From ProQ server (Cristobal et al., 2001), LG score of 1.74 was
achieved for the model (S2 Table). As penton base is a long protein with

528 aa (amino acids) and the score lies in the range of 1.5–3.0, the
quality of the model is predicted to be good. The overall verify3D
(Bowie et al., 1991; Lüthy et al., 1992) score is 66.1% (S2 Table) which
shows that more than 65% amino acids have scored> =0.2 in the 3D/
1D profile (S2 Fig). Hence, it may be deduced that the residues of the
model fit to their structural environment quite satisfactorily.

The ProSA-web (Wiederstein and Sippl, 2007) Z-score of the model
was −7.37 (S2 Table) nearer to the X-ray crystallography models,
shown as a dark dot in the scatter plot in S3 Fig. This indicates that the
homology model of the penton base has good quality comparable to
real experimental quality of X-ray crystallography structures.

To determine the ERRAT (Colovos and Yeates, 1993) quality factor,
each residue in the model was evaluated by the percentage confidence
limit within which the raw score of the residue occurs in comparison
with the score distribution of residues in correct protein structures (S4
Fig). The overall quality factor evaluated by ERRAT for the predicted
3D structure of penton base is greater than 80% (S2 Table), which infers
that homology modeled structure of the penton base of FAdV-4 is of a
decent quality and the residues are reasonably folded.

The ProTSAV scores for quality assessment of the two structures;
template and homology model, are shown in S5 Fig. The four regions
show the Root Mean Square Deviations; Red (5–8 Å), Orange (2–5 Å),
Yellow (2–5 Å), and Green (0–2 Å). It can be seen that the ProTSAV
score for the homology model is at yellow-orange interface whereas
that for the template structure is in the orange region. Since the scores
are in close proximity, it may be inferred that the built model is good
and comparable to the template crystal structure. All these tools vali-
dated the homology model and ensured that the model was good en-
ough for discontinuous epitope prediction.

3.4. Discontinuous B-cell epitopes

Discontinuous epitopes were predicted using ElliPro (Ponomarenko
et al., 2008) which generated two epitopes, DE1 (Discontinuous Epitope
1) and DE2 (Discontinuous Epitope 2), having score greater than 0.7, as
depicted in Table 2. Fig. 2(A) shows the first predicted conformational
epitope i.e. DE1 with peptide length of 38 residues. The score/ PI for
this epitope is 0.777 which signifies that 77.7% of the amino acids are
exposed to the surface. Similarly, Fig. 2(B) shows the second dis-
continuous epitope DE2 with a peptide length of 131 residues and
76.1% of the total 131 amino acid residues are on the outer surface of
the structure. The higher surface exposure recommends these con-
formational epitopes as promising candidates for vaccine development.

Fig. 1. Refined and un-refined homology model of FAdV-4 penton base.
Homology model no.2 (S1 Table), shown in purple ribbon, is selected from the five proposed refined homology models from the GalaxyRefine web server (Heo et al.,
2013). It is overlapped on the homology model before refinement (yellow ribbon).
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3.5. T-cell epitopes

3.5.1. MHC-I epitope
Two peptide stretches of the FAdV-4 penton base sequence i.e.

GQSELYMPL45−53 and IELDNAAPL324-332 were identified to bind
strongly with MHC-I alleles (percentage rank ≤ 0.5). Since the peptide
GQSELYMPL45-53 was predicted by only one of the three human sub-
stitute alleles i.e. HLA-B41:04, it was dropped. And the 9-mer peptide
sequence IELDNAAPL324-332 was selected to be the prospective MHCI T-
cell epitope.

3.5.2. MHC-II epitope
A number of 15-mer peptide fragments were identified as strong

MHC-II binders with the four human substitute MHC-II alleles as de-
picted in Table 3. It can be seen from Table 3 that all four human
substitute alleles identified the peptide stretch at residue position 145
(VSSFFQSNSVRVRMM145–159). The optimal peptide binding core
(Andreatta et al., 2015) of this peptide was FFQSNSVRV148−156. As this
epitope was identified by all MHC-II alleles so it was selected as a
promiscuous MHCII T-cell epitope.

3.6. Construction and confirmation of recombinant plasmid

Considering the overall results of the linear and discontinuous epi-
tope prediction and validation, it was deduced that the initial 1–225
amino acid sequence in penton base full length sequence, corresponds
to a highly favourable target for vaccine development. The nucleotide
sequence for the particular linear and discontinuous epitope region was
inserted into pET28a-PreS vector (Ullah et al., 2016). The resultant
vector was named pET28a-PreS-penton base1–225. Colony PCR and re-
striction digestion of the construct showed a fragment of the required
size on the Agarose gel. Overall strategy and vector design is shown in
Fig. 3.

3.7. Expression and purification of His6-PreS-penton base1–225 and His6-
PreS-penton base FL protein

E. coli BL21-DE3 cells harboring pET28a-PreS-penton base1–225 and
pET28a-PreS-penton base FL were expressed to produce His6-PreS-
penton base1–225 and His6-PreS-penton base FL proteins which were
then purified using Ni-NTA chromatography. The His6-PreS-penton
base1–225 protein was expressed in inclusion bodies and purified under
denaturation condition using chaotropic agent urea whereas His6-PreS-
penton base FL protein was purified from soluble fraction. The purified
and refolded His6-PreS-penton base1–225 (∼27 kDa) and His6-PreS-
penton base FL (∼60 kDa) can be seen at corresponding positions ac-
cording to their molecular weights on SDS-PAGE (Fig. 4). Purification
yield of His6-PreS-penton base1–225 was found to be approximately 3-
fold (3.2 mg per liter culture volume) higher than His6-PreS-penton
base FL (1.2 mg per liter culture volume). These results show that the
amount of both proteins (in terms of mg/liter) was adequate for further
immunization experiments in chicken which usually require 25–100 μg
protein for injection to one bird (Shah et al., 2012; Shane, 1996; Wang
et al., 2018).

3.8. Immunogenicity and challenge protection test

The immunogenicity studies were performed for the peptide stretch
corresponding to the linear and discontinuous epitope region, His6-
PreS-penton base1–225 in comparison with His6-PreS-penton base FL
protein and commercial vaccine along with negative control (non-
vaccinated-PBS injected only) in chickens and mortalities and disease
symptoms were recorded for 7 days post-infection as described in the
Materials and Methods section. Among the different immunized groups,
half of the birds survived after challenge with FAdV-4. The results re-
vealed equal survival rates (50%) of the birds immunized with His6-
PreS-penton base1–225 (Penton 1–225) compared to the birds im-
munized with His6-PreS-penton base FL protein (penton) and com-
mercial vaccine (vaccinate), as shown in Table 4. Table 4 also shows the

Table 2
Antigenic discontinuous epitopes of the penton base of FAdV-4.

Dis-continuous Epitope Residues Number of residues Score

DE1 _:W161, _:K162, _:R163, _:D164, _:P165, _:P166, _:T167, _:S168, _:T169, _:A170, _:P171, _:P172, _:S173, _:A174, _:V175,
_:G176, _:S177, _:G178, _:Y179, _:S180, _:V181, _:P182, _:G183, _:A184, _:Q185, _:Y186, _:K187, _:L216, _:S217, _:E218,
_:G219, _:H220, _:Q221, _:N222, _:N223, _:V224, _:Q225, _:G268

38 0.777

DE2 _:M1, _:W2, _:G3, _:L4, _:Q5, _:P6, _:P7, _:T8, _:S9, _:I10, _:P11, _:P12, _:P13, _:P14, _:P15, _:P16, _:T17, _:E18, _:L19, _:T20,
_:P21, _:S22, _:T23, _:Y24, _:P25, _:A26, _:M27, _:V28, _:N29, _:G30, _:Y31, _:P32, _:P33, _:P34, _:A35, _:A36, _:S37, _:A38,
_:Q39, _:S40, _:C41, _:P42, _:S43, _:S44, _:D45, _:G46, _:Q47, _:S48, _:E49, _:L50, _:Y51, _:M52, _:P53, _:L54, _:Q55, _:R56,
_:V57, _:M58, _:A59, _:P60, _:T61, _:G62, _:G63, _:R64, _:N65, _:S66, _:I67, _:K68, _:Y69, _:R70, _:D71, _:Y72, _:T73, _:P74,
_:C75, _:R76, _:N77, _:T78, _:T79, _:K80, _:F82, _:K87, _:A88, _:S89, _:D90, _:I91, _:D92, _:T93, _:Y94, _:N95, _:K96, _:D97,
_:A98, _:N99, _:R104, _:T105, _:T106, _:V107, _:I108, _:H109, _:N110, _:Q111, _:D112, _:L113, _:D114, _:A115, _:D116,
_:T117, _:A118, _:A119, _:T120, _:E121, _:S122, _:I123, _:Q124, _:D126, _:N127, _:R128, _:S129, _:S486, _:P489, _:G490,
_:L491, _:Q492, _:R496, _:S523, _:S524, _:A525, _:T526, _:L527, _:Q528

131 0.761

Discontinous epitopes were predicted by ElliPro web tool.(Ponomarenko et al., 2008).

Fig. 2. Discontinuous epitopes for the FAdV-4
penton base predicted by ElliPro web tool
(Ponomarenko et al., 2008).
(A) 38 immunogenic residues with 77.7% of
the residues exposed to the environment. (B)
131 amino acid residues with a protrusion
index of 76.1%. The immunogenic epitopes are
depicted as globules on the ball and stick re-
presentation of the protein structure.
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overall strategy for chicken experiments, including details of amount of
each injected protein plus adjuvant, treatment/injection days, chal-
lenge day and mortalities in birds. In contrast, highest mortality rate
was observed in non-immunized birds after challenge with the virus
and no bird survived the challenge (100% mortality). All the mortalities
occurred between 3–5 days post-infection. Typical signs and symptoms
of IBH-HPS were observed in post-mortem results of dead chickens
showing straw-colored fluid in pericardial sac and necrotic liver. ELISA
results showed a significant increase in titer of antibodies detected in
antisera, produced in different groups of birds injected with the re-
combinant proteins (group A and B) and commercial vaccine (C) as
compared to the birds in unimmunized group (D) (Fig. 5).

4. Discussion

In this study, computational screening of the epitopes of a pre-
viously identified immunogenic protein by our group (Shah et al.,
2012) i.e. penton base of FAdV-4, was conducted along with im-
munization studies of the predicted epitopes for the development of a
peptide-based vaccine against a much neglected broiler disease (HPS)
in Pakistan. This in silico approach towards vaccine design is rapid and
cost effective (Pushpakumara et al., 2016) and currently in practice for
a variety of diseases like Hantavirus Cardiopulmonary Syndrome
(Kalaiselvan et al., 2017), Acne vulgaris (Ahmadi et al., 2016), Dengue
(Amat-ur-Rasool et al., 2015; Pushpakumara et al., 2016), Hepatitis C
(Abdel-Hady et al., 2014) etc (Valdivia-Olarte et al., 2015). An effective
vaccine candidate should elicit humoral as well as cell-mediated im-
mune response (Ahmadi et al., 2016), therefore, both B- and T-cell
epitope mapping was done to predict peptide epitopes for FAdV-4
penton base FL protein.

Since no single parameter could predict the potential antigenic sites,
multiple methods based on different biophysical characteristics of
amino acid residues and highly predictive of linear B-cell epitopes were
used. The same tools have been employed previously for linear B-cell
epitope prediction and were found superior for vaccine design against
Saint Louis Encephalitis Virus (Hasan et al., 2013).

The sequences predicted as linear B-cell epitopes (Table 1) are based
on diverse peptide characteristics of the penton base. The surface ac-
cessibility of the penton base was evaluated to identify whether the
amino acid residues are buried or exposed to the solvent. Generally, the
amino acid residues located on protein surface serve as antigen binding
sites (Gowder et al., 2014). The heptapeptide KYRDYTP68−74 of linear
epitope LE3, with surface residue 71, has the highest surface accessi-
bility of all i.e. 6.222 (S6 Fig). For antibody recognition, it is very much
likely that the antigenic sites are accessible. And since these sites are on
surface these are most probably hydrophilic (Parker et al., 1986). The
epitopes LE2 and LE15 were found to contain the highest hydrophilicity
peptides PSSDGQS42-48 and KEDNTTN404-410 respectively with corre-
sponding scores of 6.19 and 6.84 at amino acid positions 45 and 407
(S7 Fig).

Besides surface accessibility and hydrophilicity, surface flexibility is
also an indicative of the antigenic determinants (Karplus and Schulz,
1985). Karplus and Schulz’ method makes use of temperature factors of
Cα-atoms i.e. B-factors as a measure for flexibility (Karplus and Schulz,
1985). The predicted linear epitope LE2 also had the highest surface
flexibility i.e. 1.128 for the amino acid residue 46 with the peptide
stretch running from 43 to 49 (S8 Fig).

It has been reported previously that the epitopes have significantly
less secondary structures (strands and helices) and more loops as
compared with the remaining antigen (Kringelum et al., 2013). This
over-representation of loops is small but important and is in agreement
with the perception that antigen-antibody binding sites are flexible
regions (Neuvirth et al., 2004). Chou’s beta turns was, hence, used as
yet another propensity scale for linear B-cell epitope prediction (Su
et al., 2012). It exhibits the properties of surface accessibility, hydro-
philicity and flexibility which are all correlated with antigenicity
(Pellequer et al., 1993). The peptide sequence 11–17 in LE1 was eval-
uated to have the largest score for beta turns method i.e. 1.44 for amino
acid residue 14 followed by 1.43 in LE2 for amino acid position 43
(SCPSSDG40−46), as depicted in S9 Fig.

For the Kolaskar and Tongaonkar method (Kolaskar and
Tongaonkar, 1990), the LE13-residue 354 (GKPVTVY351−357)

Table 3
List of the strong MHC-II binders for FAdV-4 penton base.

Allele Residue Position Peptide Core 1-log50k (Chiocca et al., 1996)a Binding Affinity in nanoMolar IC50 % Rankb

145 VSSFFQSNSVRVRMM FFQSNSVRV 0.785 10.23 0.08
423 NKIYYQAASTYVQRL YYQAASTYV 0.741 16.46 0.5

DRB1_1310 422 YNKIYYQAASTYVQR IYYQAASTY 0.739 16.83 0.5
454 NEILKQAPPMNVSSV LKQAPPMNV 0.717 21.39 1
320 DGEVIELDNAAPLLH IELDNAAPL 0.699 25.84 1.7
145 VSSFFQSNSVRVRMM FFQSNSVRV 0.784 10.40 0.4

DRB1_1366 423 NKIYYQAASTYVQRL YYQAASTYV 0.739 16.82 1.6
422 YNKIYYQAASTYVQR IYYQAASTY 0.739 16.81 1.6

DRB1_1445 145 VSSFFQSNSVRVRMM FFQSNSVRV 0.472 303.37 1.6
454 NEILKQAPPMNVSSV LKQAPPMNV 0.471 307.44 1.7

DRB1_1482 145 VSSFFQSNSVRVRMM FFQSNSVRV 0.562 114.77 1.6

The MHC-II binders were predicted by NetMHCII Pan 3.1 server with thresholds: Threshold for Strong binding peptides (%Rank): 2%.
Threshold for Weak binding peptides (%Rank): 10%.

a Predicted binding affinity (nano Molar IC50) in log scale from 0 to 1.
b Percentage Rank of predicted affinity compared to a set of 200,000 random natural peptides. This measure is not affected by inherent bias of certain molecules

towards higher or lower mean predicted affinities (Andreatta et al., 2015).

Fig. 3. Cloning strategy for the generation of
pET28a-PreS-Penton base1–225 plasmid under
bacterial T7 promoter in reading frame with six
Histidine and HRV 3C protease site, PreS.
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corresponded to the highest score i.e. 1.101 closely chased by residue
252 (VTPGTYV249-255) of LE 10 with the value 1.098 (S10 Fig). Fur-
thermore, a random forest algorithm method trained on epitopes an-
notated from antibody-antigen protein structures was also used for
predicting linear B-cell epitopes for the penton base (Jespersen et al.,
2017). The maximum score of 3.234 was observed for hepta-peptide
SIPPPPP9-15 in LE1 (S11 Fig). The average scores for all the linear B-cell
epitopes can be seen in S3 Table for further detail.

The web tool ElliPro (Ponomarenko et al., 2008), for the non-linear
epitope prediction in the penton base protein, demonstrates a correla-
tion between antigenicity, solvent accessibility and flexibility
(Ponomarenko et al., 2008). This tool has been utilized with success in
numerous studies for vaccine design/development, for instance Amat-
ur-Rasool et al (Amat-ur-Rasool et al., 2015) used it for identifying
potent vaccine candidates against dengue virus, and Ren J. et al (Ren
et al., 2015) utilized it for structure based B-cell epitope prediction for
Hand-Foot and Mouth Disease.

In previous studies, it was commonly noticed that most of the
continuous epitopes are actually part of a larger discontinuous epitope
(Van Regenmortel, 2001). In our case as well, it is evident that most of
the B-cell continuous epitopes are parts of the two identified dis-
continuous epitopes (DE1 and DE2) of lengths 38 and 131 amino acids
respectively (Tables 1 and 2). LE1-LE6 form part of DE2 while LE8 and
LE9 overlap DE1. This observation enhances the confidence in the ac-
curacy of the predicted B-cell epitopes.

Moreover, it is known that the linear as well as conformational
epitopes interact with the antibodies primarily through the loop regions
comprising of turns, bends and irregular structures (Dalkas et al.,
2014). For antibody recognition of the pathogen protein, the secondary
structure of the epitope needs to be intact. This is possible only if the
epitope, once isolated, does not get influenced by the environmental
conditions and resembles its native conformation- as in the host, during
cloning (Strugnell et al., 2011). The intrinsically disordered nature of
the loop regions within the protein structure precludes this issue of
preservation of native conformation during in vitro protein synthesis
and its downstream applications. Thus, preference is given to those
peptides which lie in long loops connecting the secondary structure
motifs (Reche, 2019). From the predicted secondary structure of penton
base, it may be observed that the linear epitopes LE1, LE2, LE3, LE10,
LE11, LE12, LE13 and LE15 have loop structure. Hence, keeping in view

the preceding results, the peptide stretch 1–225 is identified as the most
promising region to evoke the immune response as B-cell epitopes.

The antibody memory response gets vanished easily by the antigen,
but T-cell specific epitopes, induce a long-term immune response and
dodge antigenic drift (Hasan et al., 2013). The T-cell specific epitopes
are, therefore, considered superior and highly favorable for vaccine
design and development. In the cell-mediated immunity, CD4+ and
CD8+ T-cells have an essential role in evading virus infected cells.
Theses T-cells also support in the form of clonal proliferation of B cell
against the antigen (Dar et al., 2016).

The major step in triggering this cell-meditated immune response is
the recognition of specific peptides bound to MHC class I and II mole-
cules by T-cells. The genomic region which encodes the MHC molecules
is exceedingly polymorphic and is composed of thousands of alleles,
each encrypting a distinct MHC molecule with unique binding affinity
motif. As of June 2016, the Immuno Polymorphism Database (IPD) and
International ImMunoGeneTics information system (IMGT)/ Human
Leukocyte Antigen (Motamedi et al., 2014) database (Motamedi et al.,
2014) reports protein sequences of about 15,000 HLA (Class I and II)
alleles. But a very small number of HLA molecules have been char-
acterized with peptide binding data in spite of the huge advancement in
high-throughput screening technologies due to enormous technical
cost. The situation is poorer for species other than humans (Robinson
et al., 2015). Hence, the best human substitute alleles were used instead
of chicken alleles for MHC-I and II peptide binding estimation.

The approach used for determining MHC-peptide binding affinities
for predicting T-cell epitopes was adopted from a study carried out for
vaccine design against Peruvian FAdV-C (Valdivia-Olarte et al., 2015).
MHC class I and II molecules present peptides of lengths 8–11 and
12–25 amino acids respectively on the surface of an antigen presenting
cell. A 9-mer peptide sequence IELDNAAPL324−332 was identified as
MHC-I T-cell epitope and a 15-mer peptide stretch VSSFFQSNSVRV-
RMM145–159 was recognized as MHC-II T-cell epitope. The peptide
stretch 145–159 coincides with the already predicted 1–225 peptide
region for triggering humoral immunity. It was, therefore, concluded
that the peptide stretch 1–225 may serve as an excellent candidate for
devising a vaccine which can transmit strong humoral and cell-medi-
ated immunity for safeguarding broilers against HPS.

Previously, the immunization and challenge protection tests for the
penton base FL protein were performed and higher level of protection

Fig. 4. Purification of His6-PreS-penton base FL
and His6-PreS-penton base1–225 produced in E.
coli BL21 (DE3) using pET28a-PreS expression
vector. [A] His6-PreS-penton base FL protein
expressed in E. coli strain BL21 (DE3) and [B]
His6-PreS-penton base1–225. Protein expression
was carried out using 1mM IPTG as inducer
and post induction temperature of 18 °C for
16 h. Ni-NTA affinity chromatography was used
for protein purification. Lanes F1-F5 shows the
pure protein obtained after elution from the Ni-
NTA columns. The mobility of marker proteins
of known molecular mass are shown on the left.

Table 4
Post challenge mortality and percent protection in treatment and control groups.

Group Treatment Treatment/Injection Age at challenge Protection
(N=4)* (Total injected) (days) (days)

A Penton 1-225 protein (100 μg/214 μL) + 7th and 21st 28 50%
Montanide ISA71 V G adjuvant (386 μL)

B Penton protein (100 μg/214 μL) + 7th and 21st 28 50%
Montanide ISA71 V G adjuvant (386 μL)

C Commercial vaccine (300 μL) 7th and 21st 28 50%
D PBS (300 μL) 7th and 21st 28 100%

(N=4)*: The number of total birds in each group. Mortality in birds occurred between 3–5 days post-challenge (after 28th day).
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against FAdV-4 in chickens was observed. In our study, immunization
and protection studies of the predicted epitope region (penton
base1–225) in comparison with penton base FL were performed in
chickens. His6-PreS-penton base1–225 and His6-PreS-penton base FL
protein were produced in E. coli using pET28a-PreS expression vector
(Shah et al., 2017b) and purified by metal-affinity chromatography.
His6-PreS-penton base1–225 can be produced/purified in greater
amounts (3-fold higher) than His6-PreS-penton base FL. The inclusion of
His6-PreS-penton FL protein and commercial vaccine against FAdV-4
(NIAB Angara) in the study were meant for their role as positive con-
trol. The results showed equivalent protection ability of penton
base1–225 as compared to the penton base FL protein and commercial
vaccine, containing the whole inactivated virus. The commercial vac-
cine used in our study offered 50% protection level, comparable to the
previously used formalin-inactivated liver organ vaccine, used for the
protection of FAdV-4 infections which also conferred 60% (Shah et al.,
2012) and 35% protection (Mansoor et al., 2011). The protection level
offered by these vaccines was low. Beside low level of protection, an
alarming situation is highlighted recently, regarding the use of such
vaccines because most of the outbreaks of IBH-HPS occurred post-
vaccination and due to this reason, the production of vaccines is
minimized in Pakistan and subunit vaccines are suggested (Khan et al.,
2005; Mehmood et al., 2011; Shah et al., 2017a). In our study a 50%
protection level was observed in all bird groups (injected with ad-
juvanted penton base FL, penton base1–225 and commercial vaccine) as
compared to challenge control group, injected with only PBS, where no
bird survived, after challenge with pathogenic FAdV-4 having 105.5

units LD50 titer. Contrary to these results, a higher protection level was
observed in past using penton base FL vaccine candidate against FAdV-
4 challenge, as compared to commercial vaccines which resulted in
60% protection rate (Shah et al., 2012).

These variations in results may be attributed to some changes in
conformation of penton base FL and predicted epitope region (penton
base1–225) during purification preparations which resulted in equal
protection compared to full length penton base and commercial vac-
cine. In future, experiment could be performed under multiple condi-
tions to achieve complete assessment of comparative efficacy. At this
point, the findings confirm the likely role of the anticipated epitope
region, penton base1–225, in the immunogenicity and protection against
FAdV-4 and control of HPS exactly similar to penton base FL. This
outcome further supports the bioinformatics analysis which predicted
the initial 1–225 amino acids as a potential antigenic region.

5. Conclusions

A significant amount of resources and time are spent in vaccine
development against viruses so this dry lab approach deducing potent
B- and T-cell vaccine candidates is a way forward at first stage. In the
present study, the N-terminal peptide stretch of 1–225 in penton base
full length protein was recognized as a potential epitope for eliciting
humoral and cell-mediated immune response. Afterwards, im-
munogenic analysis was carried out in broiler chicken for verifying the
in-silico epitope prediction. It was concluded that penton base1–225

could activate equal level of specific immunity against FAdV-4 similar
to that of the penton base FL protein in addition to its 3-fold higher
purification yield compared to the penton base FL. Such a study for the
penton base protein for Pakistani isolate of FAdV-4 has been reported
first time. The resulting predicted epitope region in the penton base of
FAdV-4 is hereby proposed as a potent vaccine candidate against HPS.
This may assist in vaccine design for FAdV-4 infections, making use of
penton base1–225, in future.
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Fig. 5. Antibody titers determined in serum after im-
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control Phosphate Buffer Saline (PBS) using ELISA. Blood
serum samples were collected at different days post-im-
munization.
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