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Newcastle disease is a highly contagious viral infection primarily affecting poultry, leading to significant
economic losses worldwide due to its high morbidity and mortality rates. Given the severity of the disease
and its impact on the poultry industry, there is an urgent need for a preventative approach to tackle this issue.
Developing an efficient and effective vaccine is a valuable step toward reducing the burden of this virus.
Consequently, investing in preventive measures, such as vaccination programs, is a top priority to mitigate the
economic losses associated with Newcastle disease and protect the livelihoods of those relying on the poultry
industry. Despite many vaccines against this viral disease, it still infects many wild and domestic birds world-
wide. In this work, chimeric proteins, composed of the recombinant B subunit of Enterotoxigenic E. coli with
one or two HN (Hemagglutinin-neuraminidase) subunits of NDV (LHN and LHN2, respectively), expressed
using E. coli host. In-silico, in-vitro, and In-vivo procedures were performed to evaluate the immunogenicity of
these proteins. The sera from immunized mice were analyzed using Western Blotting and ELISA. The LHN2
protein with an extra HN subunit elicited a higher antibody titer than the LHN protein (P<0.05). Both products
could effectively elicit an immune response against NDV and can be considered a component of Newcastle

disease vaccine candidates.
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Introduction

Newecastle disease virus (NDV) is an important riddle
for the poultry industry, which can afflict many domestic
and wild birds. Birds’ meat supplies 30% of animal pro-
tein in the human diet (1), and Newcastle disease harms
the economy and food safety (2). Considering its high
morbidity and mortality rate and economic impacts, any
positive cases of this disease should be directly notified to
the OIE organization (3). Positive cases of ND can be ob-
served with various clinical presentations, including res-
piratory, neurological, gastrointestinal, and reproductive
symptoms; in some cases, the virus could induce about
90 percent mortality among infected birds. The severity
of clinical signs varies depending on the host’s immunity,
environmental factors, and the strain of NDV. Based on
viral pathogenicity, this virus is classified into three main
strains from low to high: lentogenic, mesogenic, and ve-
logenic (4). The viral genome contains a negative-sense
RNA that encodes six main structural proteins. Among
NDV proteins, hemagglutinin-neuraminidase (HN) and
fusion (F) glycoproteins involve host-virus interaction.
HN protein identifies and binds the virus to the sialic acid
receptor on the cell membrane, and the F protein plays a
critical role in fusion and entering the viral genome into
the host cell (5). This virus can be detected with mole-
cular methods, including PCR assay (6). ND prevention
is usually through early diagnosis and commercial vac-

cines. Live attenuated and inactivated viral vaccines are
commercially available and have been used widely since
the 1950s. Live attenuated vaccines against Newcastle
disease, including B1, LaSota, and VG/GA, are not fea-
sible in some developing countries due to the high cost,
lack of cold chain transportation, unavailable facilities,
and insufficient protection. On the other hand, inactivated
forms of vaccines cannot elicit a long-term immune res-
ponse which is very important in laying hen and parents’
stock. Furthermore, poultry injected with these vaccines
cannot be consumed instantly after injection, and efficient
immunity with this type of vaccine usually depends on
an extra dosage with live attenuated vaccines (2). Hence,
corrective measures should be considered to tackle these
issues, and a practical alternative is to replace the former
commercial vaccines with new ones. Generally, several
strategies enhance a vaccine’s immunogenicity and spe-
cificity, including using a proper adjuvant and designing
a recombinant protein vaccine containing a conserved
moiety of immunogens instead of their entire length. In
particular, recombinant protein-based vaccines offer seve-
ral advantages, including effectiveness, safety, and inex-
pensiveness, and those vaccines can induce an adequate
immune response against various viral diseases. Different
heterologous systems including plant-based recombinant
protein vaccine candidates (7, 8), Lactobacilli (9), E. coli
(10-13), and Pichia pastoris (14) based on either HN or F
structural proteins were used for expressing recombinant
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NDV vaccine candidates. Generally, subunit and recom-
binant vaccines are effective but less immunogenic than
live attenuated vaccines containing the entire viral par-
ticle. Therefore, adjuvants have to be used to boost their
immunogenicity. In general, various chemical, synthetic
or biological adjuvants can be used to enhance the immu-
nogenicity of vaccines. Bio-adjuvants, such as binding
moiety of some bacterial entero-toxins, generally perform
through improving antigen presentation. An example of a
vaccine bio-adjuvant is the B subunit of Labile toxin from
enterotoxigenic £. coli (ETEC) or LTB protein which has
been proven and used in recombinant vaccines (15). In this
study, we have investigated and compared the efficiency
of LHN and LHN2 chimeric vaccine candidates to elicit
immune responses against NDV in BALB/c mice. Further-
more, In-silico steps were used to predict the immunogeni-
city of two novel recombinant chimeric vaccine candidates
composed of one or two rHN components and rLTB as the
adjuvant part. LHN2 construct was designed to prove the
claim that doubling the HN component can improve the
antigenicity and, subsequently, the immunogenicity of the
candidate vaccine in comparison with the LHN protein.
The results of this study provide the basis for the produc-
tion of an innovative chimeric recombinant vaccine candi-
date against NDV.

Materials and Methods

In-silico Analyses

SnapGene software Version 6.2 was used to simulate the
PCR and cloning steps and, subsequently, the immunoge-
nicity for the /hn2f fragment (gene bank accession number
MH023426) (16) as the source of /hn and /hn2 fragments.
The Expacy database translated the DNA sequences to the
amino acids. The ProtParam was triggered to calculate the
physicochemical parameters of both LHN and LHN2 pro-
teins, including isoelectric point, amino acid arrangement,
grand average of hydropathicity (GRAVY), half-life, and
molecular weight (17, 18). Three online tools, including
I-TASSER, Robetta, and SCRATCH, were used to pre-
dict the best 3D structure of proteins (19-21). The most
suitable 3D models were selected based on Z-score, Ra-
machandran plot, and overall quality factor (22, 23). The
allergenicity of the chimeric recombinant proteins was
anticipated using AllerTOP v. 2.0 and AlgPred servers (24,
25). Finally, the Antigenicity of the designed proteins was
predicted by VaxiJen and ANTIGENpro online servers
(26, 27).

Bacterial strains and growth condition
In the present study, BL21 (DE3) and DH5a strains of
E. coli bacteria have been used for expression and cloning

procedures, respectively, and cultured using Luria-Bertani
(28) medium in 37°C. The construct was firstly cloned into
pTG19-T and then was sub-cloned into the pET28a vector
(Novagene, USA). Ampicillin (50 pg/ml) or Kanamycin
(50 pg/ml) was added to the culture medium depending on
the plasmid antibiotic resistance gene.

Constructs preparation

The lhn2f synthetic gene (gene bank accession number
MH023426) (16) and specific primers (Table 1) were used
to amplify /hn and /hn2 constructs which contain a recom-
binant gene with this order: mature part of the B subunit of
LT toxin from enterotoxigenic E. coil attached to recombi-
nant HN proteins of NDV with one or two repeats by four
and five repeats of EAAAK linker, respectively (Fig 1).
The PCR products were cloned to the pTG19-T/A vector.
The authentic recombinant plasmids were digested using
BamHI/HindIll enzymes, and the genes were sub-cloned
into the pET28a expression vector digested with the same
enzymes. The recombinant pET28a plasmids were trans-
formed into competent E. coli BL21 (DE3) expression
hosts by the heat-shock protocol. All the cloning proce-
dures were verified through enzymatic digestion, colony
PCR, and sequencing. Finally, 32 amino acids were added
to the beginning of the expression cassette by the pET28a
vector, including six His-tags which is used to purify pro-
teins using Ni-NTA affinity chromatography.

Recombinant protein Expression and purification

The expression host harboring recombinant pET28a
vector was grown in Luria-Bertani broth (50pg/ml kana-
mycin, OD, = 0.3) and induced by 1mM isopropyl-B-D-
galactopyranoside (IPTG). Consequently, protein content
was analyzed on Sodium Dodecyl Sulfate Polyacrylamide
Gel electrophoresis (SDS-PAGE) 15% at different time
intervals post-induction (0, 4, 6, 10, 12, and 16 hours) to
find the best time for recombinant protein expression. The
proteins were purified in denaturing conditions (8 molar
Urea) and a Ni-NTA affinity chromatography system
(Qiagen, USA) followed by dialysis in phosphate-buffe-
red saline (PBS, pH7). Bradford assay was conducted to
evaluate protein concentration. The final concentration for
LHN and LHN?2 purified proteins were calculated at 844

@A Ith | | hn ]
x4 EAAAK
®) Ith ey hn ey hn |
x4 EAAAK x5 EAAAK
Figure 1. Schematic view of constructs. A): 1hn, B): hn2.

Table 1. Primers used for amplification of /in and /hn2 fragments. The Restriction enzyme sites are underlined.

Primer Sequence (5'-3") ™ Restriction site  PCR product length (bp)
L Forward TTGCTTEGRBEEATGGCGCCGCAAAG 67.95 BamHI
LHN
HN Reverse ~ TCGACHRBMGERITTAACCGCCGAAACGAC — 66.59 HindIII 611 bp
LHN2
HN2Reverse ~ GTCGACBBGERETTAGCCACCAAAACGAC  66.68 HindIIl 900 bp
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ug/ml and 464 pg/ml, respectively.

Western Blotting

Western blotting was performed to verify protein ex-
pression. The transferred protein on the polyvinylidene
difluoride (PVDF) membrane was separately incubated
with an anti-His-tag antibody conjugated to Horse Radish
Peroxidase (HRP) with the dilution of 1: 2000 recom-
mended by the manufacturer (Sigma Aldrich) or immune
serum derived from BALB/c mice immunized with com-
mercial B1 live attenuated virus vaccine strain ((Razi Vac-
cine & Serum Research Institute, Iran) with the dilution of
1: 5000. followed by another step which was coated with
an anti-mouse commercial antibody conjugated to Horse
Radish Peroxidase (HRP) with the dilution of 1: 5000.
The last sera were used as the specific antibody conducted
from a previous study.

Immunization protocol

Female BALB/c mice (six-week-old weighing 25-30
grams) were prepared from the Pasteur Institute of Iran.
Six animals per group were categorized as LHN, LHN2,
negative and positive controls. For groups 1 and 2, immu-
nization was performed on days 0, 14, 21, and 28 with 20,
10, 5, and 2 pg of LHN and LHN2 purified proteins. Ani-
mals from the negative control (group 3) received PBS,
while the positive control (group 4) received B1 commer-
cial Newcastle vaccine strain. Blood samples were collec-
ted within a week after booster doses, and sera were used
for immunological analyses.

ELISA Assay

IgG antibody titer in mice sera was measured against
LHN and LHN?2 proteins by indirect ELISA. For indirect
ELISA, the proteins were coated on each well and then the
specific antibody (mice sera) and anti-mouse commercial
antibody conjugated to Horse Radish Proxidase (HRP)
with the dilution of 1: 5000 were used.

Statistical analysis

GraphPad Prism version 9.0 was used to draw charts
and graphs. All statistical analyses were carried out by
SPSS.16.0 software. Antibody titers of various groups
were compared using a one-way ANOVA assay provided
by SPSS software, and the P values less than 0.05 were
considered statistically significant.

Results

Bioinformatics analysis
The final construct consists of 106 amino acids from
LTB and 71 amino acids from HN proteins fused by
EAAAK linker repeats (16). The physio-chemical charac-
terization of both proteins is presented in Table 2.
The 3D models predicted by Robetta’s server were
selected for further bioinformatics analysis (Fig. 2). ER-

RAT server (Fig. 3) and Z-Score (Fig. 4) were used to
determine the overall quality of models chosen for LHN
and LHN?2 proteins, and (Table 3.) Ramachandran plot for

(A)

()

Figure 2. The 3D model prediction by the Robetta server. A): Rib-
bon view of 3D models for LHN, B): Ribbon view of 3D models for
LHN2 (The red regions represent 6 His-tags, the purple represents the
32 amino acids that were added to the construct, the yellow and light
brown represent the 4x EAAAK and 5x EAAAK linkers, the green
region represents LTB, the blue represents the HN and HN2 moieties.
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Figure 3. The overall quality factor of proteins predicted by ER-
RAT server. A): LHN, B): LHN2. (White bars represent the low error
rate, yellow represents the error rate between 95 and 99 percent, and
red bars represent misfolded areas).

Table 2. The physico—chemical characterization of the proteins.

. Amino Theoretical  Instability Half-life of GRAVY  The aliphatic
Protein  Length . . . . . .
acids* Pi index protein index index
LHN 611 bp 229 aa 8.98 36.96 30 hours -0.593 60.57
LHN2 900 bp 325 aa 8.98 34.75 30 hours -0.612 58.06

The length of amino acids are calculated considering the added sections to the beginning of the construct by the pET28a vector
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Table 3. The quality score of the predicted 3D model of proteins.

Recombinant Z-Score ERRAT2
roteins (overall model (Overall model
P quality) quality factor)
LHN -5.07 85.922
LHN2 -8.83 89.590

QOverall model quality

e -5.07

%o
N of ressues

Ovarall model quality

e «8.83

(B)
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Figure 4. Overall model quality of the proteins 3D models by Pro-
sa-web (Z-Score). A): LHN, B): LHN2.

ey
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Figure 5. Ramachandran plot of the proteins 3D models predicted

by PROCHECK and Zlab Servers. (A): LHN, (B): LHN2.

the same boosters in the LHN group (p<0.05). The IgG
titer against LHN was doubled after the third booster (Fig.
7. A). Recombinant proteins were cross-reacted with anti-
bodies against LTB, HN, HN2, LHN2F and B1 vaccine
strains (Fig. 7. B).

Discussion

The Newcastle disease poses a significant hazard that
intimidates the poultry industry. Given the high costs and
logistical complexities associated with existing vaccina-
tion methods, there is a critical need to develop a more
efficient and cost-effective approach for protecting against
ND (1). Recombinant vaccines have garnered increasing
attention in recent years due to their superior safety profile
and demonstrated effectiveness in preventing infectious
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Figure 6. SDS-PAGE and Western-Blotting analysis of LHN and
LHN2 constructs. A): LHN2 (~ 35 kDa), B): LHN (~ 25 kDa) C):
Western blot analysis of LHN2 (line 1), LHN (line 2), and LHN2F
(line 3, positive control) proteins confirmed by the reaction with se-
rum from immunized mice with B1 vaccine strain: lane 4: negative
control (Bovine serum albumin protein) In all cases the line M is Page
Ruler protein ladder (Thermo Scientific).

10—

LHN was predicted by the Zlab server (Fig 5). Using Vaxi-
Jen and ANTIGENpro servers, both recombinant proteins
were predicted to have antigenic properties. AlgPred and
AllerTOP v 2.0 servers determined both proteins as non-
allergens.

Cloning, expression, and purification of chimeric pro-
teins

The expressed LHN and LHN2 proteins (10 hours after
induction) were purified using Ni-NTA affinity chroma-
tography systems. The purified proteins were dialyzed
and screened on 15% SDS-PAGE (Fig. 6. A-B). The final
concentration of LHN and LHN2 proteins calculated by
Bradford’s assay were 844 and 464 mg per 100 ml culture
media, respectively. The expression of both proteins was
confirmed through the western blotting method by anti-
His tags (data not shown) and the antisera derived from the
B1 strain of Newcastle disease virus (Fig. 6. C).

Immunological analysis

The indirect ELISA test has been used to detect IgG
titers against recombinant chimeric proteins. In both LHN
and LHN2 groups, the antibody titers were shown a slight
increase after each booster dose. The IgG titers against
LHN and LHN2 after the second, and third boosters were
compared, and the ELISA results showed that the boosters
of LHN2 could elicit higher antibody titers compared with
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Figure 7. Total IgG antibody responses against LHN and LHN2
chimeric antigens. A): Antibody response against LHN and LHN2
after 2" and 3" injection, (B): cross-reactivity for LHN and LHN2

antigens with different antibodies.
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diseases (29). Different investigations have evaluated the
feasibility of producing recombinant surface glycoproteins
using the Newcastle disease virus's HN or F glycoprotein.
In these studies, recombinant vaccine models were suc-
cessfully developed via various platforms, including plants
(7, 8), yeast (14), and bacteria (10). Despite considerable
efforts, developing a safe and effective vaccine remains an
ongoing challenge. Given the limitations of existing vac-
cines, there is a pressing need to develop more effective
and safe alternatives (30). In this study, two novel vaccine
models based on the use of HN and LTB proteins were
presented. A computational strategy was employed to si-
mulate the molecular procedures and protein expression
steps in developing the vaccine model. Based on the cal-
culated GRAVY index (-0.593 and -0.612), both HN and
LTB proteins were classified as hydrophilic, suggesting a
high likelihood of efficient interaction with immune cell
surface receptors, an important feature for a suitable an-
tigen. As determined by the Z-score, the quality of the 3D
protein structures fell within the normal range for proteins
of similar dimensions. Furthermore, several online tools
predicted that both recombinant proteins were antigenic
yet non-allergenic, indicating their safety for vaccine deve-
lopment. The final concentrations of the LHN and LHN2
proteins were determined to be 0.844 mg/mL and 0.464
mg/mL, respectively, which were higher than those repor-
ted in a similar study in the concentrations of rHN and
rF were determined to be 0.37 mg/mL and 0.45 mg/mL,
respectively (10). The production of the LHN and LHN2
recombinant chimeric proteins was confirmed by western
blot analysis using antibodies derived from the B1 New-
castle disease virus strain. The immune response elicited
by recombinant proteins was evaluated in BALB/c mice,
given that mice are more cost-effective and less logisti-
cally challenging animal models than chickens in the early
stages of experiments. Also, mice can mimic the immune
response of chickens (31). The result of ELISA has shown
high titers of IgG immune response after administering to
BALB/c mice. Compared to similar studies, these results
are consistent with previous findings that HN recombinant
protein can induce a strong immune response against NDV
in animal models. For example, a study by Wong et al.
(2009) evaluated a recombinant HN protein in chickens
and found that it induced a significant immune response
(12). Another study by Motamedi et al. (2018) examined
the immunogenicity of the recombinant HN and F proteins
in mice. They induced a strong immune response in the
BALB/c mice, which were not significantly different (10).
However, this study is unique because it evaluated two dif-
ferent recombinant protein vaccine candidates (LHN and
LHN?2) that contain different numbers of HN parts. This
approach allows for a comparison of the effectiveness of
the two vaccine candidates and can provide insight into
the optimal composition of NDV vaccines. Furthermore,
the LTB was used as a bio-adjuvant in designing the vac-
cine candidate, which has several potential advantages
compared to other vaccine adjuvants and has been shown
to enhance antigen-specific immune responses, including
both cellular and humoral responses. It is important to
note that the in-line combination of an adjuvant with an
antigen could eliminate the separate quality control, dose
adjustment, and, more importantly, the effective presence
of an adjuvant near the antigen molecule. In particular,
LTB has been found to improve the immunogenicity of

various vaccine antigens, such as the influenza virus. The
cross-reactivity of the chimeric recombinant proteins with
IgG antibodies against HN, HN2, LHN, LHN2, B1 vac-
cine strain, and LHN2F helps validate the specificity of
recombinant LHN and LHN2 proteins. Understanding the
cross-reactivity of these antibodies with the recombinant
proteins is a crucial and indispensable part of formulating
vaccine strategies (32). Expectedly, antibodies with higher
similarity with the recombinant proteins exhibited better
reactivity, demonstrated through a higher optical density
in ELISA assay. Adding two HN subunits in the LHN2
protein significantly elicited a higher humoral immune
response in the second, and third boosters compared with
LHN protein with only one HN subunit (p<0.05). Accor-
dingly, incorporating two HN subunits has significantly
enhanced the vaccine's humoral immune response by aug-
menting the antigen dosage. The result of this study sug-
gests that incorporating such enhancers may be a viable
means of improving vaccine effectiveness. In conclusion,
the results of this study provide promising evidence that
LHN and LHN2 recombinant protein could produce a
humoral immune response in mice and might be a viable
approach for preventing NDV infection. Notably, LHN2
demonstrated a statistically significant increase in immune
response compared to LHN, suggesting a potential advan-
tage of LHN2 as a vaccine candidate for NDV. However,
further research will be necessary to evaluate the immuno-
reactivity of these vaccine candidates in chicken models
and field trials.
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