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ARTICLE INFO ABSTRACT
Keywords: Infectious Bronchitis (IB) is an economically important avian disease that considerably threatens the global
Bivalef‘t DNA vaccine poultry industry. This is partly, as a result of its negative consequences on egg production, weight gain as well as
Plasmid mortality rate.The disease is caused by a constantly evolving avian infectious bronchitis virus whose isolates are
Infectious bronchitis virus s . . .

. classified into several serotypes and genotypes that demonstrate little or no cross protection. In order to curb the
Coronavirus . . . .
Immunogenicity menace of the disease therefore, broad based vaccines are urgently needed. The aim of this study was to develop
Poultry a recombinant DNA vaccine candidate for improved protection of avian infectious bronchitis in poultry. Using
Chitosan bioinformatics and molecular cloning procedures, sets of monovalent and bivalent DNA vaccine constructs were
Saponin developed based on the S1 glycoprotein from classical and variants IBV strains namely, M41 and CR88
Nanoparticle respectively. The candidate vaccine was then encapsulated with a chitosan and saponin formulated nanoparticle

for enhanced immunogenicity and protective capacity. RT-PCR assay and IFAT were used to confirm the tran-
scriptional and translational expression of the encoded proteins respectively, while ELISA and Flow-cytometry
were used to evaluate the immunogenicity of the candidate vaccine following immunization of various SPF
chicken groups (A-F). Furthermore, histopathological changes and virus shedding were determined by quanti-
tative realtime PCR assay and lesion scoring procedure respectively following challenge of various subgroups
with respective wild-type IBV viruses. Results obtained from this study showed that, groups vaccinated with a
bivalent DNA vaccine construct (pBudCR88-S1/M41-S1) had a significant increase in anti-IBV antibodies, CD3+
and CD8+ T-cells responses as compared to non-vaccinated groups. Likewise, the bivalent vaccine candidate
significantly decreased the oropharyngeal and cloacal virus shedding (p < 0.05) compared to non-vaccinated
control. Chickens immunized with the bivalent vaccine also exhibited milder clinical signs as well as low
tracheal and kidney lesion scores following virus challenge when compared to control groups. Collectively, the
present study demonstrated that bivalent DNA vaccine co-expressing dual S1 glycoprotein induced strong im-
mune responses capable of protecting chickens against infection with both M41 and CR88 IBV strains. Moreso, it
was evident that encapsulation of the vaccine with chitosan-saponin nanoparticle further enhanced immune
responses and abrogates the need for multiple booster administration of vaccine. Therefore, the bivalent DNA
vaccine could serve as efficient and effective alternative strategy for the control of IB in poultry.
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Table 1

Oligonucleotides used for the amplification of S-glycoprotein genes of M41 and CR88 IBV strains for cloning into pBudCE vector.
Primer Name Sequences (5'-3") Size (bp) RE
pBudCR88S1-F ATCCTGTCGACACCATGTTGGACAAACCGCTTTTAC 1620 Sall
pBudCR88S1-R ACGTTGGATCCACAACGTCTAGAGCGACGTGT BamHI
pBudM41S1V5-F TCCTGCGGCCGCACCATGTTGGTAACACCTCTT 1614 Notl
pBudM41S1V5-R ACCGTTCTCGAGTCACGTCTAAAACGACGTGTTC Xhol

1. Introduction

Infectious bronchitis (IB) causes significant economic loss in the
poultry industry worldwide. The disease is associated with a decrease in
egg production, poor weight gain, low carcass score as well as increased
morbidity and mortality rates [1,2]. IB is caused by the avian infectious
bronchitis virus which is an RNA virus classified under gamma coro-
navirus, family coronaviridae [3]. There are growing number of
emerging IBV genotypes that usually shows limited cross protection,
thus making control of the disease, a daunting challenge [4]. Conven-
tionally, chickens are vaccinated against IB at an early age as well as at
point of lay (breeders) using live attenuated vaccine (LAV) and/or killed
vaccines [5,6]. However, there are several limitations associated with
the use of live attenuated IB vaccines, notably, reversion to virulence,
ability to cause disease, tissue damages; interference by maternally
derived antibodies as well as loss of immunogenicity as a result of over
attenuation [7,8]. Live attenuated vaccines have also been linked with
mutation and recombination events, thus, leading to the emergence of
new viruses probably having diverse tissue tropism and failure of the
vaccinated chickens to respond to the commercially availlable vaccines
[9,10]. On the other hand, vaccination with inactivated vaccines often
requires multiple boosting and results in poor cellular immune response
[8]. These challenges might complicates the use of conventional IB
vaccines and invariably hampers the control and prevention of the dis-
ease [9,11,12]. The need for broad and safe vaccine alternatives,
therefore become highly important. DNA vaccines are new generation,
recombinant based vaccines with the ability to induce both humoral and
cell mediated immune responses against intending pathogen such as
coronaviruses [13-15]. Compared to live attenuated vaccines, DNA
vaccines are considered safe, thermostable and highly efficacious. They
could be produced within a short period of time without the need to
invest huge capital. Interestingly, one or more antigenic proteins or
epitopes from the same virus or different serotypes could be incorpo-
rated in a single plasmid to achieve broad immunization [16,17]. While
there are some developments in DNA vaccines in poultry, not many
studies have focused on dual or multiple serotype-based IB vaccines [18,
19]. Moreover, improvement in the delivery and immunogenicity of
DNA vaccines is needed to reduce the effect of enzymatic degradation as
well as enhances their ability to evoke effective immune response.
Recently, advances in nanotechnology have pave way to a significant
progress in the use of non-viral vectors for gene and vaccine deliveries.
In this regards, cationic polymers such as chitosan have been used as
biodegradable gene delivery alternatives [20]. On the other hand, im-
munomodulators such as saponin; a compound with amphiphilic prop-
erties have been incorporated to several vaccines with the view to
enhance the resultant immune response [21]. This study therefore,
aimed at developing nanoparticle encapsulated DNA vaccine as well as
determining its immunogenicity and protective capacity against infec-
tion with the two widely distributed avian infectious bronchitis viruses,
namely M41 and CR88 serotypes.

2. Materials and methods
2.1. Viruses used

A classical Massachussets strain (M41-IBV) [4] was commercially
obtained from the American Type Culture Collection (ATCC: VR-21™™),

while the Europe originating IBV variant designated CR88 (similar to
IBV 4/91 or 793B strains) [22] was kindly donated by the Rhone Ma
Holdings Berhad, Malaysia. Both strains were selected based on their
wide distributions and reported virulence. M41 belongs to GI-1 lineage
and mainly associated with the respiratory infections. On the other
hand, CR88 is classified as member of G1-13 lineage commonly found in
many countries of the world [23]. The two viruses were individually
propagated via the allantoic cavity in 10-day-old Specific Pathogen Free
(SPF) embryonated chicken eggs. Viruses were harvested 36 hs post
inoculation and either kept at -20 degree centigrade [24] or used to
determine the 50% Egg Infection Dose (EIDsp) by inoculating serial
10-fold dilutions of each virus into embryonated SPF chicken eggs and
quantified as previously described by Reed and Munch [25].

3. Amplification, bioinformatic analysis and construction of
plasmid DNA vaccines

The full-length S1 gene from M41 and CR88 IBV strains were
amplified by RT-PCR using gene specific primers, as listed in Table 1.
Briefly, viral RNA was extracted from the harvested allantoic fluid using
the QIAamp viral RNA mini kit (QIAGEN, Germany). First strand cDNA
was synthesized using the RevertAid H-minus Reverse Transcriptase kit
(ThermoScientifics, USA), and PCR amplification of the S1 gene was
carried out in a final volume of 25 pl in a gradient master cycler
(Eppendorf, Germany); following an initial denaturation (95 °C: 2 min),
amplification in 35 cycles of 20 s at 98 °C, 30 s at 62 °C and 2 min at
72 °C. Final extension step was achieved in 5 min at 72 °C. The amplified
genes were gel purified and verified through the sequencing of the full
length S1-gene. Bioinformatic and Phylogenetic comparison was carried
out based on the full-length S1-gene sequences to determine the genetic
relatedness between the two vaccine candidates (KMO067900[CR88];
KMOO067901[M41]) and other IBV virus strains reported in different
countries (appendix A). The verified S1-segments were then cloned into
a bicistronic mammalian expression vector pBudCE4.1 (Invitrogen,
USA) with the view to obtain three different DNA plasmids, namely,
pBudM41-S1 (encoding M41 S1 protein); pBudCR88-S1 (encoding CR88
S1 protein) and pBudCR88-S1/M41-S1 (bivalent plasmid co-expressing
M41 and CR88 S1 proteins). After transformation into Escherichia coli
(E. coli) Top 10 competent cells and screened on LB agar, recombinant
plasmids were confirmed by colony PCR and restriction enzyme map-
ping. Further, integrity and nucleotide sequence of the inserted genes
were verified by double-stranded sequencing approach (Medigene,
Malaysia).

4. In vitro expression analysis

In six-well tissue culture plates containing a cover-slip (SPL life sci-
ence, Korea), DNA plasmids were transfected into DF1 chicken fibroblast
using lipofectamine LTX PLUS (Life Technologies, USA) according to
manufacturer’s guidelines. By 48 h post-transfection, the cells were
tested for transgenes expression using commercially available Kkits.
Transcriptional expression was assessed by RT-PCR. For this, total RNA
was extracted from the cells using the RNA isolation Plus kit (Qiagen,
Germany) and then treated with the RQ1 RNase-Free DNase I (Promega,
USA). After verification of DNA removal by PCR, DNA-free samples were
used for RT-PCR analysis using one step access RT-PCR assay kit
(Promega, Germany) with gene specific primers designed in this study



F. Bande et al.

Microbial Pathogenesis 149 (2020) 104560

Table 2
Experimental animals grouping and their respective vaccination protocols.
No. Vaccination Vaccination protocol Number of chickens per group (n) Prime vaccination Booster 1 Booster 2
groups week3 week5 week?7
1 A PBS (pH 7.4) 12 NA v v
2 B pBudCE4.1 12 v v v
3 C pBudCR88-S1 12 v v v
4 D pBudM41-S1 12 v v v
5 E pBudCR88-S1/M41-S1+Nano 12 v v -
6 F pBudCR88-S1/M41-S1- Nano 12 v v v

NA= Not Applicable; v/ = Done; - = not done.

(Table 1).

Note: coloured sequences indicates RE; italicize sequence indicates
the Kozak sequence; bold sequence represents anchor, and underlined
sequences denotes the start codon. Similarly, stop codons were deleted
at the 5’ ends of each reverse primers and the two genes; CR88-S1 and
M41-S1 were fused with myc and V5 epitopes respectively to enable the
detection of the individual proteins using IIFT.

Briefly, DNA-free samples were subjected to RT-PCR. Following a
reverse transcription step at 45 °C for 45 min and then denaturation at
94 °C for 2 min, gene amplification was carried out in 35 cycles of 30 s at
94 °C; 30 sec at 62 °C; 2 min at 72 °C; and a final elongation step at 72 °C
for 7 min. The products were analysed on 1% agarose gel and viewed
under the GelDocR® illumination system.

Translational expression of the transgenes was evaluated by indirect
immunoflourescence test (IIFT) as previously described [26]. The
transfected cells were washed first with 1 x PBS, and fixed with 3.7%
formaldehyde at room temperature (RT) for 15 min before treatment
with 0.2% buffered Triton X-100 for 5 min. After blocking the cells with
1% BSA for 1 h at RT, the cells were incubated with V5-Mouse mono-
clonal antibody and Alexa Fluor® 568 goat anti-mouse IgG2a as primary
and secondary antibodies, respectively to detect V5 epitope-fused
M41-S1 glycoprotein. Mouse anti-myc monoclonal antibody and Alexa
Fluor® 488 Goat anti-Mouse IgG1 antibody were used for the detection
of myc-epitope fused-CR88-S1 glycoprotein. Thereafter, the cells were
rinsed with PBS and stained with DAPI (4, 6-Diamidino-2-Phenylindole,
Dihydrochloride) (Life Technology, USA) for 5 min at RT. The cover-slip
was carefully removed and inverted on the surface of a microscope slide
containing a drop of ProLong® antifade reagent (Life Technology, USA).
The mounted slides were kept in the dark and allowed to dry before
visualization under confocal microscope (Nikon, Japan).

4.1. DNA vaccination in chicken

4.1.1. DNA vaccine preparation

All the DNA plasmids were purified using a large-scale endotoxin-
free plasmid purification kit (Qiagen, USA) and kept at —20 °C. The
bivalent DNA vaccine pBudCR88-S1/M41-S1 was either coated with
chitosan-saponin nanoparticle (+Nano) or kept uncoated (-Nano) as
described previously by Bande et al. [27].

4.2. Animal care and Use Committee

The present study was approved by the Institutional Animal Care and
Use Committee (IACUC), Universiti Putra Malaysia (Ref.: AUP. No.
R0O53/2013). . All the guidelines and standards governing the approval
were observed for the study.

4.3. Immunization protocol

Three-week old Specific Pathogen Free (SPF) chickens were
commercially obtained from the Malaysian Vaccine and Pharmaceuti-
cals (MVP) firm, Malaysia and kept at the control experimental facility,
Institute of BioScience, UPM. The chickens were randomly assigned into
six different groups A to F (Table 2) each comprising up of 12 chickens

Table 3
Subgrouping and experimental challenge protocol used in the evaluation of
immunogenic potentials and protective capacity of the recombinant IB-DNA
vaccine .

No.  Groups Vaccination protocol M41 challenged- Chickens/
subgroup group
1 Al PBS (pH 7.4) Al 6
2 Bl pBudCE B1 6
3 Cl pBudCR88-S1 C1 6
4 D1 pBudM41-S1 D1 6
5 El pBudCR88S1/ El 6
M41S1+ Nano
6 F1 pBudCR88S1/ F1 6
M41S1- Nano
CR88-
Challengesubgroup
7 A2 PBS (pH 7.4) A2 6
8 B2 pBudCE B2 6
9 C2 pBudCR88-S1 Cc2 6
10 D2 pBudM41-S1 D2 6
11 E2 pBudCR88S1/ E2 6
M41S1+ Nano
12 F2 pBudCR88S1/ F2 6
M41S1- Nano

kept in a barrier compartment with access to a feed ration and drinking
water ad libitum.

Chicken from groups B-F received intramuscular (i.m) injection of
100 pg plasmid DNA on the pectoral muscle, while those in the group A
(negative controls) received PBS. All vaccinated chickens received
booster at week 5 (booster 1), and week 7 (booster 2), except those in
group E that received a single booster vaccination at week 5 only.

4.4. Evaluation of humoral immune response

Blood samples were collected weekly via the wing vein and sera were
seperated and subjected to test using commercially available ELISA
(IDEXX-USA) with the view to measure total serum anti-IBV IgG anti-
bodies. Absorbance was determined in TECAN sunrise reader (TECAN,
USA) at 650 nm and the results analysed by using the mean absorbance
to calculate the sample positive ration (S/P) as well as the end point or
titre as described by the manufacturers.

4.5. Evaluation of T cell responses

Two weeks after the second booster vaccination, about 2-5 ml of
peripheral blood samples were collected from the chickens (depending
on age) via the wing vein and placed in a bottle preloaded with EDTA
solution (BD, USA). Subsequently, peripheral blood mononuclear cells
(PBMC) were isolated using Histopaque® (Sigma, USA) according to
manufacturer’s guidelines. A single cell suspension was prepared at a
concentration of 1 x 107 cells/ml and about 100 pl of cell suspensions (1
x 10° cells) were incubated for 2 h at 4 °C with mouse anti-chicken CD3-
FITC (Southern Biotech, USA), mouse anti-chicken CD4-R-phycoery-
thrin (R-PE) (Southern Biotech, USA), and mouse anti-chicken CD8 cy5
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Fig. 1. A neighbour joining phylogenetic analysis of candidate vaccine virus revealved two distict clusters of either CR88-like IBV (pink) or M41-like IBV (blue)
strains as reported in different countries. Phylogenetic analysis was carried out based on nucleotide sequences of S1 gene. All analyses were conducted in Geneious

software version R.

(Southern Biotech, USA). Leukocytes were triply labelled with CD3, CD4
and CD8 and further processed using fluorescence activated cell sorter
(Guava®, Merck Millipore, USA).

4.6. Virus challenge experiment

For virus challenge, each of the six vaccinated groups (A-F) were
subdivided into M41 (A1, B1, C1, D1, E1, F1) and CR88 (A2, B2, C2, D2,
E2, F2) challenged sub groups (Table 3). All the chickens were chal-
lenged accordingly with 10° EIDsq/ml of respective viruses via ocular
route at two weeks after the last booster vaccination.

Following virus challenge, clinical signs associated with IB, were
monitored daily and recorded for each challenged virus group up to 15
days post challenge. Oropharyngeal and cloacal swab samples were
collected at days 3, 5, 10 and 15 post challenge to determine virus
shedding. Quantification of the virus shedded was carried out by a one
step Sybr-green qRT-PCR assay (Kappa BioScience, South Africa) using
IBV polymerase (pol) gene-specific primers set IBV-pol-F: 5GTGGT
GATGCTACTACTGCTTATGC3' and IBV-pol-R: 5'CAACTCATACTGCA
GGCTCTTAATG3'. Additionally, microscopic changes in trachea and
kidney tissues in both vaccinated and control groups were evaluated two
weeks after virus challenge using Hematoxylin & Eosine (H&E) method.
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Lesions were then scored according to the modified procedure of Grgiae
et al. [28] (for trachea) and based on protocol optimised in our labo-
ratory (for kidney tissue).

4.7. Statistical analysis

Analyses of mean antibody response as well as virus load were car-
ried out using a repeated measures ANOVA in JMP-SAS software,
version 10 (SAS Inst. Inc., USA). Data on CD37CD4" and CD3"CD8*
ratio were subjected to a One Way ANOVA; since the data on CD37CD4 ™"
cell response did not meet up with the assumption of equal variance, the
data was subjected to a non-parametric Wilcoxan test. The scored
tracheal and kidney lesions were analysed based on mean and standard
error of the mean. All the statistical analyses were carried out using the
95% confidence interval (CI) with p-value < 0.05 considered as signif-
icant. After performing a test, significant results were further subjected
to a posthoc analysis using the Turkey-HSD method.

5. Results
5.1. Phylogenetic analysis

Phylogenetic comparison between the vaccine candidates and other
sequences deposited in the genebank revealved two clusters of either
Mass-like or CR-like variants reported in different countries (Fig. 1).

5.2. Construction of DNA vaccine

The S1-glycoprotein genes derived from two widely distributed IBV
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» Fig. 2. Construction of IB DNA plasmids.
Three DNA plasmids were constructed using
a bicistronic co-expression vector
pBudCE4.1. (a) The M41 S1 gene was cloned
downstream of the EFla promoter to
construct the pBudM41-S1 DNA plasmid as
in the top left construct (b) The CR88 S1
gene was cloned downstream of the CMV
promoter to construct the pBudCR88-S1 as
in the top right DNA construct (c) The co-
expressing DNA plasmid pBudCR88S1/
M41S1 was constructed by inserting the S1
genes of CR88 and M41 strains downstream
of the EFla and CMV promoters, respec-
tively as depicted in the construct placed
below the two individual constructs.
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Fig. 3. In vitro transcription expression analysis. (A) Expression analysis of
the M41-S1 and (B) CR88-S1 genes 48 h post-trasfection in DF1 cells. Tran-
scriptional expression analysis was carried out by RT-PCR using primers specific
for the M41-and CR88-S1 genes which resulted in a PCR fragment of 1650 bp.
Lane 1: 1 kb DNA ladder (Viventis, Malaysia); Lane 2: negative control; Lane 3:
positive S1-gene control derived from reference M41 and CR88 viruses; Lane 4:
PCR product of the S1 gene from the recombinat pBudM41-S1 (A) and
pBudCR88-S1 (B) plasmids; Lane 5: pBudCR88S1/M41S1-transfected DF-1 cells
tested for the transcriptional expression of the M41-S1 (A) and CR88-S1 genes.
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pBudCR88-S1

pBudCR88-51/M41-51

Fig. 4. (A-H): In vitro expression of the DNA plasmids by indirect immunofluorescence. DF-1 cells were transfected with each of the recombinant plasmids and
at 48 h and gene expression was later detected by IIF. In pBudM41-S1-trasfected cells, anti-V5 mouse monoclonal antibody and Rhodamine conjugated anti-mouse
antibody were used for the detection of V5-fused S1 protein: (A) a red-stained cytoplasm signifies the presence of the expressed protein in the cytoplasm; (B) no
fluorescence signal was observed in the cytoplasm of the negative control cells. In pBudCR88S1-trasfected cells, anti-myc mouse monoclonal antibody and FITC
conjugated anti-mouse antibody were used as primary and secondary antibodies for the dection of myc-fused S1 protein: (C) the appearance of the green FITC-stained
cytoplasm and the blue colour DAPI stained nucleus indicated S1 protein expression; (D) no green fluorescence signal was observed in the cytoplasm of the negative
control cells. In the cells transfected with the bivalent plasmid pBudCR88-51/M41-S1, dual staining with anti myc- and anti-V5 antibodies recognizing myc and
V5 epitopes respectively, was applied. Both proteins were individually detected followed by a co-staining: (E) CR88-S1 fused protein was indicated by positve FITC-
stained green colouration in the cytoplasm; (F) M41-S1 protein was indicated by Rhodamine stained cytoplasm; (G) combinations of the two strainings; (H) un-

transfected (negative control) cells. Mag: x 100.
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Fig. 5. Antibody response in the vaccinated chickens. Anti IB antibody titer
was determined following vaccination with single and bivalent DNA vaccines.
Serum samples were evaluated weekly by indirect ELISA using the IDEXX IBV-
ELISA kit. (A) PBS; (B) pBudCE4.1; (C) pBudCR88-S1; (D) pbudM41-S1; (E)
pBudCR88-S1/M41-S1+nanoparticle; (F) pBudCR88-S1/M41-S1_Nano.

strains i.e. M41 and CR88 were amplified and cloned into a bicistronic
expression vector so as to construct DNA plasmids namely pBudM41-S1,
pBudCR88-S1 and a bivalent DNA plasmid pBud CR88S1/M41S1
(Fig. 2).

5.3. Invitro expression analysis of the DNA plasmids
In vitro transcription of the recombinant plasmids was confirmed by

the amplification of target S1-gene in the transfected cells (Fig. 3). This
was further established by sequencing the PCR product of the transcripts

and comparison of nucleotide and deduced amino acid sequence with
the reference Genbank sequences.

Translational expression of the constructed DNA plasmids was
confirmed using indirect immunoflourescent test (IIFT) as evidenced by
strong cytoplasmic fluorescence produced by individual constructs
encoding S1-glycoprotein and fused to their respective epitopes. This
occurred 48 h s following transfection of cells as revealed by red-
coloured rhodamin signals in cells transfected with pBudM41-S1
(Fig. 4A and 4B) and green signals in pBudM41-S1 transfected cells
(Fig. 4C and 4D). Similar signals and their combinations appeared in
cells transfected with the bivalent DNA plasmid pBudCR88S1/M41S1
encoding both M41 and CR88 S1 genes (Fig. 4: E-H).

5.4. In vivo evaluation of DNA vaccines

5.4.1. Evaluation of humoral immune response

The presence of IBV-specific antisera was quantified by ELISA and
humoral response was measured by taking the mean anti-IB antibody
titre in vaccinated- and control groups, as shown in Fig. 5. In contrast to
the PBS and naked plasmid control groups (A and B, respectively), sig-
nificant level of antibody titre (p < 0.05) was observed in chickens
vaccinated with different regimens of S1-encoded DNA plasmids (groups
C-F), one week post vaccination. Booster vaccination at the second week
as well as the fourth week resulted in an increase in the response in both
single and dual plasmid-vaccinated groups. Following second booster
vaccination, a significant increase in antibody response in the dual
pBudCR88-S1/M41-S1 vaccinated group was detected when compared
to other groups. Chickens in group E receiving pBudCR88-S1/M41-S1
encapsulated with nanoparticle showed comparably high antibody
response despite receiving a single booster vaccination.
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Fig. 6. Representative results showing distributions of (A) CD3" CD4" and (B) CD3" CD8* T-lymphocytes from IB DNA vaccinated chickens (group E) as determined

by flow cytometry.
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Fig. 7. Percentage CD3" CD4" and CD3" CD8™" T-lymphocytes in vacci-
nated and control chicken groups 2 weeks after booster vaccination with
IB - DNA vaccines. Vaccination regimen and control includes: (A) PBS; (B)
pBudCE4.1 (naked DNA); (C) pBudCR88-S1; (D) pBudM41-S1; (E)
pBudCR88S1/M41S1+Nano; (F) pBudCR88S1/M41S1- Nano. Evaluations of
Clinical signs and viral shedding after challenge.

5.4.2. Evaluation of T cell response

The percentage of CD3" CD4* and CD3" CD8™" T-lymphocytes were
enumerated by flow-cytometry using triple antibody staining methods.
The representative results are shown in Fig. 6.

Data on CD3" CD4" T-cells revealed a significant (p < 0.05) increase
in the CD3" CD8" cells in the vaccination groups compared to the
controls (Fig. 7). Evidently, dual S1-gene plasmid-vaccinated chickens in
group E and F showed significantly high CD3" CD4 " response compared
to the single S1-gene plasmid-vaccinated groups (C and D) as well as the
controls (groups A and B). Similarly, analysis of the CD3™ CD8" cell
ratio, revealed significantly higher CD3" CD8™ cell ratio in the chickens
vaccinated with a dual S1-gene plasmid with or without a nanoparticle
(groups E and F) as compared to the single S1-gene plasmid vaccinated
chickens pBudM41-S1 (C) and pBudCR88-S1 (D) groups. Although the
CD3* CD8™ response were not significantly different (p > 0.05) between
group E (encapsulated dual S1-plasmid: single booster) and Group F
(dual S1-plasmid: two booster) (see Fig. 7).

Three days post challenge, chickens in all the groups showed mild
clinical signs, including general weakness, depression and ruffle
feathers. These signs continued up to the 7th days but later subsided, in
the vaccinated groups (C-F). However, those receiving homologous
challenge (challenged with a virus similar to the vaccination plasmid)
resolved earlier than those challenges with a different virus (heterolo-
gous challenge). Control chickens in groups A and B continue to show
general weakness with occasional diarrhoea noticed in CR88 challenged
groups up to the day-14 post challenge.

The absolute concentration of virus in viral copy number (Log;o) was
measured in oropharyngeal and cloacal samples. In the M41 challenged
groups (A1-F1), significant decrease (p < 0.05) in oropharyngeal and the
cloacal viral shedding was observed in the vaccinated groups when
compared with the PBS- and pBudCE4.1-control groups (Al and B2).
The virus shedding was significantly low and consistent throughout the
sampling periods in the chickens vaccinated with pBudM41-S1 (C1),
pBudCR88-S1/M41-S1+Nano particle (group E1), and pBudCR88S1/
M41S1-Nano (F1). Similarly, CR88 challenge study revealed a signifi-
cant decrease in viral shedding throughout the sampling period in
pBudCR88-S1 (D2) and pBudCR88-S1/M41-S1+Nano (E2) vaccinated
chickens. The data generated is summarized in Table 4.

5.4.3. Evaluation of microscopic changes

Analysis of microscopic changes revealed that in M41 challenged
experiment, vaccinated chickens (C1-F1) had slightly lowered tracheal
lesion scores compared to the non-vaccinated ones (Al and B1). Like-
wise, mean kidney lesion scores were also lower in a pBudM41-S1
plasmid vaccinated (C1) as well as in dual S1 gene vaccinated groups
(E1 and F1). However, the differences in the mean tracheal as well as
mean kidney lesion scores were not statistically significant (p > 0.05). In
the CR88 challenge experiment, vaccinated chickens in groups (D2-F2)
had lower tracheal lesion scores compared to the control group (A2).
Low kidney lesions scores was also observed in vaccinated groups
compared with the non vaccinated chickens although the difference was
not statistical significant in both tracheal and kidney lesions recoded in
vaccinated and control chickens. In general, common microscopic
changes observed in the trachea tissue include mild to moderate infil-
tration of lymphocytes within the lamina propria, hyperplasia of the
epithelial tissue, and distention of goblet cells (Fig. 8).

On the other hands, microscopic changes in the kidney include mild
congestion, lymphocytic infiltration, tubular degeneration and necrosis
of the kidney tubule (Fig. 9).

6. Discussion

The emergence of different IBV strains and lack of effective vaccine
for the control of the disease is of great concern to poultry industry
worldwide [27]. Moreover, realization of a broad IB vaccine will not
only benefit the poultry industry but may serve as a model for the
needed vaccines against other emerging coronavirus diseases such as the
COVID-19. The IBV S1 glycoprotein play important role for the induc-
tion of neutralizing antibodies and cell mediated immune response, thus
it serves as an excellent candidate for the recombinant coronavirus
vaccine [29,30]. In the present study, mono and bivalent DNA vaccines
encoding the full-length S1-glycoprotein of two IBV serotypes, namely



F. Bande et al.

Table 4

Oropharyngeal and cloacal virus shedding from IBV-S1 plasmid vaccinated chickens following challenge of respective groups with M41 and CR88 IBV strains.

CR88- Challenged (Viral Copy No, Logi0)

Mean + SD

M41-Challenged (Viral Copy No, Log1o)

Mean + SD

B2 Cc2 D2 E2 F2

D1 El F1 A2

Al Bl Cl

Days post

challenge

10.62 + 0.41
10.96 + 0.49
6.99 + 0.96%*
9.27 £ 0.23
6.55 + 0.32

7.83 + 0.71%%% 5,69 + 0.30%**

8.03 + 0.89***

10.10 + 0.18
9.62 £+ 0.10
9.53 +£0.33

10.85 + 0.61
10.08 + 0.47
9.94 + 0.97
9.55 +0.33
8.40 + 0.17
8.70 £ 0.21
9.03 + 0.61
8.08 +0.70

6.38 + 0.08* 6.48 + 1.15*

7.54 + 0.34
8.63 + 2.1

5.37 £ 0.46*+*

7.12 +0.34
9.31 +2.82

8.25 + 0.34
11.9 £ 0.38
7.72 + 0.66
9.65 + 0.23
7.76 + 0.70
7.55 £ 0.75
7.36 = 0.43
8.88 + 0.54

CLO
O!

6.55 £ 0.20%**
5.94 £+ 0.05%**

7.70 £+ 0.69%**

7.24 £+ 0.25%**

7.34 + 0.38*

5.50 £ 0.32%*

6.75 £+ 0.15*

RO

6.76 £ 0.53***

7.51 £ 0.48**

6.64 + 0.21* 5.71 £+ 0.10%** 6.77 + 0.00*

6.56 + 0.37*

6.64 + 0.31*
9.03 +0.18

CLO

6.49 + 0.19%**  7.03 £ 0.02***

7.83 + 0.74**
9.20 +£1.17
8.79 + 0.20
8.55 + 0.08
7.14 £ 0.32

10.19 + 0.75
7.02 + 0.76
8.47 +£0.70
8.68 + 0.23
7.42 £ 0.21

6.93 + 0.13%**

5.27 + 0.028+**
5.49 £ 0.31%#

7.77 £ 0.12%**
6.82 + 0.35
6.59 + 0.19

6.56 + 0.25%**

ORO
CLO

5.98 + 0.79**

5.40 + 0.24**

5.72 + 0.06***
6.48 + 0.37

5.87 + 0.39%**
6.47 + 0.37

6.60 + 0.28*
7.48 + 0.68
7.21 £0.11
7.56 + 0.37

10

5.39 £ 0.38*** 7.80 + 0.146

6.73 £ 0.38***

5.46 + 0.38**

ORO
CLO

5.46 + 0.05%**  6.50 £ 0.74***

5.45 + 0.35%**

5.18 + 0.25%**

6.31 + 0.29%* 5.30 + 0.08***

5.19 + 0.10%**

15

5.04 + 0.03*** 6,79 £ 0.34**

6.16 + 0.07***

6.56 + 0.70***  6.16 £ 0.19*** 6.42 + 0.64***

5.71 + 0.34***

ORO

Note: Three chickens determined as biological replicates (n = 3) were tested from each control and vaccination groups as follows: A = PBS; B = pBudCE; C = pBudM41-S1; D = pBudCR88-S1; E = pBudCR88S1/

pBudCR88S1/M41S1-Nano. Statistical significance was checked in relation to PBS control mean and mean values that were found to be significant are denoted with an asterisk sign either as *** =P <

0.001; **P < 0.01; * = P < 0.05. CLO = cloaca; ORO

M41S1+Nano; F

Oropharyngeal.
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M41 and CR88 were generated and evaluated in SPF chickens. The S1
segment from selected vaccine candidates showed phylogenetic relat-
edness with several IBV isolates reported in different countries of the
world, thus suggesting the likely application of the vaccine in the control
of variously matched IBV variants reported in parts of the world [31]. In
vitro expression study revealed the successful expression of the target
genes in chicken DF-1 cells. Following immunization of SPF chickens,
the monovalent (pBudCR88-S1 and pBudM41-S1) and bivalent
(pBudCR88S1/M41S1) DNA plasmids produced higher IBV-specific
antibodies as compared with the negative control groups. Our findings
also revealed that encapsulated bivalent DNA vaccine given in addition
to one booster is able to generate high antibody titre in vaccinated
chickens which were comparable with the bivalent plasmid alone given
with two booster vaccinations. This findings signifies the importance of
encapsulating the DNA plasmid with nanoparticles to enhance its de-
livery, protects the DNA from enzymatic degradation and probably,
improve its release [27]. Earlier studies demonstrated the incorporation
of chitosan nanoparticle with DNA plasmid to enhance mucosal delivery
of influenza virus vaccine in a mouse model. These studies reported that
the humoral as well as cell mediated immune responses were all found to
be significantly increased after immunization [32]. Likewise, encapsu-
lation of live attenuated IB vaccine with chitosan nanoparticle has been
shown to improve antibody and cell mediated responses which was
characterized by the increased mucousal IgA and increased expression of
interferon gamma related genes at the primary sites of viral replication
[33]. The saponin used in this study might act as immunostimulant as
reported in other studies. In this regards, Berezin et al. [34], demos-
trated significant increase in antibody- (IgG, IgM and IgA) and cell
mediated (IFN-gamma and IL2) immune responses following single
intranasal immunization against influenza using saponin nanoparticle
based delivery. Similarly, Yu et al. [35], reported the use of oral ginseng
stem-leaf saponins (GSLS) to enhanced vaccine induce response in
immunosuppressed chickens. Both chitosan and saponin therefore might
as well acted as adjuvants or immunomodulators that positively im-
proves the desired host immune responses as revealed in the present
study [36]. Our analysis of CMI response, by taking the CD4*, CD8"
ratios, revealed that a single booster of chitosan-saponin DNA encap-
sulated bivalent plasmid (pBudM41-S1/CR88-S1) was able to induce
comparably high response compared to the bivalent plasmid (without
nanoparticle) given with additional two consecutive boosters. The same
scenario was observed when CD3" CD4" and CD3" CD8" T cell re-
sponses were assessed. In all the cases, bivalent DNA vaccinated groups
showed significantly higher CMI response as compared to the mono-
valent types. In a similar study, effective cellular response as well as
good protective capacity was achieved following prime immunization of
chickens with attenuated vaccine followed by further administration of
a multivalent DNA vaccine [37].

Virus challenge experiment revealed that the bivalent IB-DNA vac-
cine used in this study was able to significantly caused reduction in
oronasal and cloacal viral shedding in both M41 and CR88 IBV challenge
experiments, thus, demostrating its potential use in IBV vaccinations
against the classical M41 and variant CR88 like virus strains. interest-
ingly, bivalent DNA plasmid encapsulated with chitosan-saponin nano-
particle showed comparable reduction in virus shedding despite given in
single booster as well. This result suggests that, vaccination with a
bivalent IB DNA vaccine (pBudCR88S1/M41S1) could protect chickens
against challenge with the two virus strains (dual virus protection) as
demonstrated by the reduction in virus shedding. Also, encapsulation of
the said DNA plasmid aboragates the need for multiple booster vacci-
nation and thus showed potentials in relieving farmers from the burden
and cost associated with repeated vaccine applications. In another
related study Jiao et al. [38] used oral vaccination approach to admin-
ister a recombinant DNA vaccine encoding the S1 gene to induce sig-
nificant levels of virus eradication in vaccinated chickens when
compared to control groups. Similarly, another study reported that a
DNA plasmid encoding S1 gene resulted in 75% protection in challenged
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chickens, thus further demostrating the immunogenic potentials of IBV
S1 glycoprotein based DNA vaccine [39]. The protection observed in this
study interms of immununological responses, reduced virus sheddings,
low kidney and tracheal lesion scores as well as reduced clinical disease
might be associated with the abundance of protective epitopes within
the S1 glycoprotein of the two virus serotype and might signifies the
potential uses of the vaccine evaluated in this study for the control of IBV
for the [29,40,41]. In conclusion, the present study, demonstrated that a
bivalent IB DNA vaccine co-expressing the M41 and CR88 S1 glyco-
proteins is capable of inducing significant humoral and CMI responses
targeting M41 and CR88 IBV serotypes and perhaps any other geneti-
cally similar strain. These response could be enhanced through the use of
chitosan and saponin nanoparticles as vaccine delivery vehicles as well
as adjuvants to achieve the desired protection.

Further studies are needed to assess the applications of the present
findings in broilers and layers chicken types as well as to explore other
delivery methods especially the intranasal route of administering the
candidate vaccines to ease applications in large scale poultry settings.
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.= Fig. 8. Representative micrograph

A showing microscopic changes in tracheal

tissue of chicken following challenge

CE with IBV virus. A section of the trachea

showing (a) mild epithelial hyperplasia (EH)

with distended goblet cells (GC) and mild

lymphocytic infiltration (LI) in the lamina

propria (b) tracheal epithelium (E), cartilage

! - (C) with lymphocytic infiltration (LI) in the

"-"f lamina propria (c) tracheal epithelium (E)

’4“ ¥ T with large lymphoid germinal centers (LGC)

Y in the lamina propria, lymphocytic infiltra-

tion (LI) can also be seen in the submucosa

(d) tracheal epithelium (E) with distended

goblet cells (GC), cartilage (C) and multi-

focal lymphocytic infiltration (LI) in the
lamina propria (H&E, x200).

Fig. 9. Representative  micrograph
showing microscopic changes in kidney
tissue of chicken following challenge
with IBV virus. A section of the kidney
showing (a) tubular degeneration (TD),
congestion (C) and moderate lymphocytic
infiltration (LI) in the interstitium (b) an
intact glomerulus (G), area of tubular
degeneration (TD) and tubular necrosis (TN)
with multifocal areas of lymphocytic infil-
tration in the interstitium. (c) glomeruli (G),
tubular degeneration (TD) and mild focal
lymphocytic infiltration (LI) in the intersti-
tial tissue (d) glomerulus (G), congested (C)
blood vessel and tubular degeneration (TD)
(H&E, x200).
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