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Abstract | Vaccination against Highly Pathogenic Avian Influenza” (HPAI) is the effective control practices in endemic 
countries to minimize the expected economic losses and human threats.  Currently AI inactivated vaccine depend on 
using classical Oil excipients as adjuvants. We have formulated a novel monovalent experimental vaccine against the re-
cent circulated HPAI H5N8 clade 2.3.4.4b viruses using following adjuvants (MONTANIDE™ GEL 01 PR, MON-
TANIDE™ IMS 1313, and MONTANIDE™ ISA70 to evaluate their impact on the vaccine efficacy, potency, with 
special focus to humoral and cell mediated immune response. Seven groups of specific pathogen-free (SPF) chickens 
were treated as G1 and G2 vaccinated with (H5N8+Gel 01), G3 and G4 with (H5N8+IMS1313) by intranasal (IN) 
and intramuscular (IM) for each treatment respectively. Each group (G1-G4) was vaccinated twice at day 7 and 21 of 
age. Meanwhile, G5 treated with (H5N8+ISA70) received the primary vaccination dose intramuscularly only on day 7 
of age. Group G6 served as a positive control (untreated and challenged), and G7 served as a negative control (untreated 
and unchallenged). Chickens were challenged at day 35 of age with 106 EID50 of widely circulating H5N8 strain in 
Egypt to evaluate vaccine potency, efficacy, and safety. Results indicated that polymer GEL01/IM G2 and ISA70/IM 
G5 successfully conferred a high humoral immune response, reflecting 85% and 90% protection post- challenge respec-
tively. ISA70/IM G5 also significantly enhanced mucosal immune responses (IgA level) post-challenge. In contrast, 
groups receiving intranasal vaccine (G1 and G3) showed unacceptable humeral immune response with protection rates 
of 45% and 15%, respectively. IMS1313 (G4) provided 0% protection accompanied with substantial increase in IL-6, 
IL-2, IL-4, and IFN-γ levels post-challenge, indicative of acute infection.  We conclude that the vaccine adjuvant qual-
ity plays the corner stoon in initiation, magnitude and longevity of the specific immune response against target disease. 
Both GEL01/IM and ISA70/IM have demonstrated robust potency and efficacy. However, the superiority of ISA70 
but the mucosal GEL01 adjuvant still showing promising results and space of improvement is required for the inacti-
vated vaccine manufacturing. To achieve the highest level of protection, further studies on dual vaccination strategies 
involving both intranasal and intramuscular administration of different adjuvanted polymer is needed for optimizing 
the vaccine’s efficacy against HPAI.
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INTRODUCTION

Avian influenza (AI) poses a major economic threat to 
the poultry industry worldwide, leading to substantial 

financial losses. Belonging to the Orthomyxoviridae fami-
ly, genus Orthomyxovirus, AI viruses are characterized by a 
negative-sense, single-stranded, segmented RNA genome. 
Antigenically classified based on their hemagglutinin 
(HA) and neuraminidase (NA) spike proteins into 18 HA 
and 11 NA variants (Davis, 2014; Fiala et al., 2018; Nagu-
ib et al., 2019). Highly pathogenic avian influenza viruses 
(HPAIVs), particularly subtypes H5 and H7, pose signifi-
cant threats to poultry due to their high mortality rates and 
zoonotic potential (Alexander, 2007; Bialy and Shelton, 
2020). Mortality rates in infected poultry flocks can reach 
100%, affecting economic and food security (Perkins and 
Swain, 2003). While human infections with AI viruses are 
rare in the Middle East and Africa, they can be fatal and 
usually occur through direct contact with infected poultry 
(Chen et al., 2005; Peiris et al., 2007). The emergence of 
H5N8 clade 2.3.4.4 in domestic poultry in China around 
2009-2010 marked the beginning of its global spread, lead-
ing to subsequent outbreaks in South Korea, North Ameri-
ca, Asia, Europe, Africa, and the Middle East by 2016 (Lee 
et al., 2015). Vaccination is critical to control avian influ-
enza infections in poultry however, challenges persist due 
to viral mutations and mismatches between vaccine strains 
and circulating field viruses (Kandeil et al., 2018). Current 
inactivated vaccines primarily induce humoral immune 
responses but may insufficiently induce mucosal immu-
nity, which is critical for preventing respiratory infections 
(Kang et al., 2004). Mucosal vaccination strategies, such as 
intranasal administration, have emerged as promising al-
ternatives. These strategies enhance both local and systemic 
immune responses, making them effective for mass vacci-
nation campaigns during disease outbreaks (Atmar et al., 
2007; de Geus et al., 2011; De Wit et al., 2010; El Naggar 
et al., 2017; Worrall et al., 2009). Under normal conditions, 
inhaled antigen induces a state of tolerance rather than 
strong immune responses when it meets the respiratory 
tract mucosa (Akbari et al., 2001; El Naggar et al., 2017; 
Kapczynski et al., 2013) resulting in a tolerogenic mucosal 
environment. The intranasal application of the whole in-

activated virus alone has poor immunogenicity (Akbari et 
al., 2001; El Naggar et al., 2017; Hagenaars et al., 2008; 
Tseng et al., 2009). Sodium polyacrylate gel particles in wa-
ter form, known as the polymer-based adjuvant MONTA-
NIDE™ Gel 01 ST (Gel 01) and MONTANIDE™ IMS 
1313 N, are aqueous nanoparticles containing an immunos-
timulants. These adjuvants enhance the immunogenicity of 
fully inactivated viruses by boosting the local mucosal im-
mune response at the site of entry, thereby inhibiting virus 
multiplication (Ismail et al., 2018). They have demonstrated 
effectiveness for large-scale vaccination and are suitable for 
intensive poultry operations, whether applied via shower, 
spray, or water source (Branton et al., 2005; Deville et al., 
2012; El Naggar et al., 2017; Riffault et al., 2010). The goal 
of this study is to approve concept of mucosal inactivated 
AI vaccine against the HPAI H5N8 clade 2.3.4.4b using 
two mucosal adjuvants, MONTANIDE™ GEL 01 and 
MONTANIDE™ IMS 1313 either intranasally or intra-
muscularly compared to the oil-based MONTANIDE™ 
ISA70 vaccine. The study will assess the safety, efficacy, and 
immunogenicity of these vaccines by measuring mucosal, 
cellular, and humeral immune responses and their ability to 
protect against the HPAI H5N8 challenge.

MATRIALS AND METHOD

Viruses
Viral vaccine: Reassortant H5N8 (rgA/chicken/ME-
2018/H5N8) (Accession n° MW193074) belonging to 
clade 2.3.4.4b was developed by MEVAC - Middle East 
for Vaccines, Egypt (Ibrahim et al., 2021). The vaccine 
strain was used for producing the antigen bulk for vaccine 
preparation through its propagation in 9-11 embryonated 
SPF chicken eggs (Nile SPF eggs, Kom Oshiem, Fayoum, 
Egypt) via allantoic sac (AS) route, incubated at 37°C and 
65% RH for 72 hrs.

Challenge virus: HPAI strain [A/chicken/Qalubia/ME-
VACF33/2017(H5N8)] (Accession n° MH349012) be-
longing to clade 2.3.4.4b was used for challenge experi-
ment.
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Figure 1: The experimental design for potency and efficacy testing  (A) Schematic plane of the experimental design 
to evaluate the efficacy of various adjuvanted inactivated H5N8 AI vaccines (B) Sampling outline of the parameters 
evaluated during the experiment.

Preparation of vaccinal virus antigen
The vaccine seed virus was propagated by inoculating SPF 
Embryonated Chicken Eggs (ECE) via AS route for 10 
days. The inoculated eggs were kept at 37°C and 65% RH 
for 72 hrs. After that, the infected allantoic fluid (AF) was 
collected and clarified using a low-speed centrifuge at 2000 
rpm for 10 minutes at 4°C (WOAH, 2021). Subsequently, 
the harvested bulk virus was titrated to determine HA log2 
titers and calculate the embryo infectious dose 50 (EID50) 
(Karakus et al., 2018; Reed and Muench, 1938). 

Virus Inactivation and neutralization
The bulk virus harvest was inactivation by adding 0.2% for-
maldehyde solution per Liter. The bulk virus inactivation 
was confirmed by adopting three successive passages using 
five SPF-ECE (10-day-old)/passage inoculated/ passage 
using the AS route. The inoculated SPF-ECE were then 
incubated at 37°C and 65% RH for 72 hrs. Slide hemag-
glutination (HA) testing was conducted to assess HA pos-
itivity. This involved adding an equivalent volume of allan-
toic fluid containing 10% washed chicken red blood cells 
(WOAH, 2021).

Vaccines preparation
The different vaccines were prepared following the World 
Organization for Animal Health (WOAH) manual of di-
agnostic tests and vaccines for terrestrial animals (Kilany 

et al., 2016; WOAH, 2021). The inactivated bulk virus an-
tigen was mixed with different adjuvants according to the 
manufacturer’s instructions: Montanid Gel 01, composed 
of a 20% gel phase and 80% water phase (v/v); IMS 1313, 
which consists of a 50% oil phase and 50% water phase 
(v/v); and Montanid ISA 70 Oil, comprising a 30% water 
phase and 70% oil phase (v/v) (SEPPIC, 2012). Emulsi-
fication of the vaccines was achieved using the Silverson 
L5M high-shear laboratory mixer (Silverson Machines, 
Inc., Buckinghamshire, United Kingdom). The tempera-
ture of the mixture was carefully maintained between 18°C 
and 22°C throughout the emulsion formulation process 
(Kilany et al., 2016).

Birds and experimental design
A total of 210 one-day-old SPF chicks (Nile SPF eggs, 
Kom Oshiem, Fayoum, Egypt) were randomly allotted 
into seven groups (n=30 chicks/group).  They were individ-
ually housed in chicken isolators at the BSL-3 Facility for 
Laboratory Animals, MEVAC - Middle East for Vaccines, 
Egypt, and provided with ad libitum food and water.  Bird 
groups, vaccination strategies, and sampling taken were 
summarized in Figure 1.  The positive control group was 
exposed to virus challenge conditions while the negative 
control group received sterile PBS injections without treat-
ment.
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Challenge experiment
On day 35 of age, six groups of chickens [G1-G6] were 
intentionally exposed to 100μl (6log10

 EID50) of HPAI 
H5N8 virus subtype 2.3.4.4b/Chick through oculonasal 
instillation. Over the next ten days post-challenge (dpc), 
we closely monitored the chickens to evaluate the safety 
and efficacy of the vaccine. This comprehensive assessment 
included observing any clinical signs of HPAI, as well as 
evaluating mortality and survival rates, level of protection, 
and virus shedding. Tracheal swabs were collected at 3, 6, 
and 8 dpc in 1 mL PBS (pH 7.2-7.4) to determine the level 
of virus shedding by the EID50 method. Subsequently, the 
collected swabs were centrifuged to remove debris, and the 
resulting supernatants were then diluted using sterile PBS. 
The diluted samples were carefully titrated into embryo-
nated SPF chicken eggs, incubated at 37°C with 55-60% 
RH, and examined for hemagglutinating activity after 3 
days (Karakus et al., 2018). 

Measured parameters 
Measurement of humoral immune response
Serum samples (n=15/Group) were collected weekly from 
days (D0 to D43) to measure the humoral immune re-
sponse by hemagglutination inhibition (HI) assay using 
the diagnostic avian influenza viruses H5N8 subtype clade 
2.3.4.4b (Karakus et al., 2018). In the HI assay, four he-
magglutination (HA) units of diagnostic antigen were 
combined with twofold serial dilutions of sera. A 1% sus-
pension of red blood cells (RBCs) was used, and the HI 
titer was measured. The arithmetic means of HI titers were 
represented as reciprocal log2 values. A hemagglutination 
suppression at a dilution ≥ 2log2 was considered as a specif-
ic positive antibody for AIV.

Measurement of cell-mediated and local immune response
The expression levels of interleukins (IL-2, IL-4, IL-6) and 
interferon (IFN-γ) mRNA in spleen tissues of the experi-
mental chicks were measured at 2 and 7 days post-vaccina-
tion (dpv) and 2 days post-challenge (dpc) using a quanti-
tative Real-Time Polymerase Chain Reaction (qRT-PCR) 
kit: AgPath-ID™ One-Step RT-PCR Reagents, with the 
RNA extraction performed using the Easy Pure® Simple 
Viral DNA/RNA Kit. The primers and thermal conditions 
are detailed in Tables 1 and 2, (Kaiser et al., 2003; Peters 
et al., 2003; Rothwell et al., 2004).  In addition, the IgA 
expression levels were measured in tracheal lavage using an 
Enzyme-Linked Immunosorbent Assay (ELISA) with the 
chicken IgA ELISA Core Kit, as per the manufacturer’s 
instructions (Catalog No. K0231034). Spleen samples and 
tracheal lavage were collected on RNAlater® (ThermoFish-
er Scientific, UK). (Kaiser et al., 2003; Peters et al., 2003).

Statistics 
The data was analyzed using SPSS version 21.0 (2016). A 
one-way ANOVA was performed to assess the statistical 

significance of group differences. After that, Duncan’s new 
multiple-range test was used to evaluate the significance 
of variations between specific treatments and comparable 
controls.

Table 1: Cytokines Oligonucleotide primers and probes
Primer/Probe Sequence
IL-2 probe1
(Kaiser et al., 2003)

[FAM] 5'-ACT GAG ACC CAG 
GAG TGC ACC CAG C-3' [TAM-
RA]

IL-2 F1 5'-TTG GAA AAT ATC AAG AAC 
AAG ATT CAT C-3'

IL-2 R1 5'-TCC CAG GTA ACA CTG CAG 
AGT TT-3'

IL-4 probe1
(Rothwell et al., 2004)

[FAM] 5'-AGC AGC ACC TCC 
CTC AAG GCA CC-3' [TAMRA]

IL-4 F1 5'-AAC ATG CGT CAG CTC CTG 
AAT-3'

IL-4 R1 5'-TCT GCT AGG AAC TTC TCC 
ATT GAA-3'

IL-6 probe1
(Kaiser et al., 2003)

[FAM] 5'-AGG AGA AAT GCC 
TGA CGA AGC TCT CCA-3' 
[TAMRA]

IL-6 F1 5'-GCT CGC CGG CTT CGA-3'
IL-6 R1 5'-GGT AGG TCT GAA AGG 

CGA ACA G-3'
28S rRNA probe1
(Peters et al., 2003)

[FAM] 5'-AGG ACC GCT ACG 
GAC CTC CAC CA-3' [TAMRA]

28S rRNA F1 5'-GGC GAA GCC AGA GGA 
AAC T-3'

28S rRNA R1 5'-GAC GAC CGA TTT GCA 
CGT C-3'

IFN-ɣ probe1
(Kaiser et al., 2003)

[FAM] 5'-TGG CCA AGC TCC 
CGA TGA ACG A-3' [TAMRA]

IFN-ɣ F1 5'-GTG AAG AAG GTG AAA 
GAT ATC ATG GA-3'

IFN-ɣ R1 5'-GCT TTG CGC TGG ATT 
CTC A-3'

Table 2: Thermocycling condition using in qRT-PCR.
Stage Temperature Time Cycles
Reverse Transcription 50 °c 30 min 1
Primary denaturation 94 °c 10 min 1
Amplification
Secondary denaturation

94 °c 15 sec 40

Annealing and extension 60 °c 1 min

RESULTS AND DISCUSSION

Humoral immune response after vaccination
Postvaccination humoral antibody response against H5N8 
2.3.4.4b were carefully monitored in chickens after vacci-
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nation on weekly basis. Two weeks after the first dose and 
two weeks after the booster dose. In the group G5 (ISA70/
IM) which did not receive a booster dose, the antibody lev-
els started to increase after 3 weeks of vaccination, while 
the negative control group SPF (G7) remained negative for 
HI antibodies. Our results indicated that the highest HI 
antibody titers were observed in groups G2 (GEL01/IM) 
and G5 (ISA70/IM) where the differences in HI antibody 
titers were statistically significant compared to other groups 
(p < 0.001). In G2, the titers increased during the first- 
and second-weeks post- booster dose (log2 6.5±2.6 and 
log2 7.8±2.2, respectively). In G5, the titers increased after 
2- and 3-weeks post-vaccination (log2 6.25±1.9 and log2 
8.3±1.4, respectively) and reached the maximum after four 
weeks of vaccination (8.5±0.9). Conversely, the titers were 
less than log2 2.5±1.4 in the other groups G1(GEL01/IN), 
G3 (IMS1313/IN), and G4 (IMS1313/IM) (Figure 2). 

Figure 2: Mean serum hemagglutination inhibition titers 
of HPAI H5N8 virus (log2) of vaccinated chicken groups 
weekly.

Cell-mediated immune response post-
vaccination
mRNA expression levels of cytokines: The mRNA ex-
pression levels of IL-2, IL-4, IL-6, and IFN-γ in spleno-
cytes did not demonstrate a statistically significant increase 
after vaccination in all vaccinated groups at 2- or 7-days 
post-vaccination (dpv) according to a two-way ANOVA 
test (p > 0.05) Nonetheless, IL-2 was upregulated 2.9, 
2.7, and 1.4 times after 2dpv in the G5 (ISA70/IM), G2 
(GEL01/IM), and G3 (IMS1313/IN) vaccinated groups 
respectively, and by 1-fold after 7dpv for both G2 and G5 
compared to the negative control group (Figure 3).

The mRNA expression levels of IL-4 increased after 2 
dpv by 36.5-fold with G4 (IMS1313/IM), 17.4-fold with 
G3 (IMS1313/IN), 10.7-fold with G5 (ISA70/IM), and 
9.7-fold with G2 (GEL01/IM) compared to the negative 
control. After 7 dpv, the expression levels numerically ele-
vated by 211.2-fold in G1 (GEL01 IN), 125.9-fold in G5 
(ISA70 IM), and 123.9-fold in G2 (GEL01 IM), while it 

persisted with a 17.4-fold increase in G3 (IMS1313/IN) 
compared to the negative control group (Figure 3).

Interleukin-6 mRNA expression levels were upregulated 
by 4.9-fold after 2dpv with G4(IMS1313/IM) vaccinated 
group, while they were elevated by 78.8, and 77.4-fold with 
G5(ISA70/IM), and G2(GEL01/IM) vaccinated groups 
respectively compared to the negative control group (Fig-
ure 3).

The mRNA expression of interferon-gamma showed a 
slight 6.5-fold increase with G4 (IMS1313/IM) at 2dpv 
and elevated 38.7-fold with G4 (IMS1313/IM), 28-fold 
with G5 (ISA70/IM), and 26.6-fold with G2 (GEL01/
IM) vaccinated groups at 7dpv, compared to the negative 
control (Figure 3).
 
Local immune response post-vaccination
IgA antibody levels: Following vaccination, there was 
a significant 692-fold (P < 0.05) increase in the levels of 
secretory IgA antibodies specific for influenza AIV virus 
(sIgA) in the tracheal lavage of experimentally vaccinated 
chickens with G5 (ISA70/IM) at 7 days post-vaccination 
while they were non-significantly increased by 283-fold at 
2 days post-vaccination. Groups G1, G4, and G2 showed 
non-significant increases of 137-, 132- and 15-fold re-
spectively at 7 days post-vaccination, compared to negative 
controls (Figure 4).

Challenge experiment
Protection percentage and survival rate post-challenge: 
The negative control group (G7) remained free of clini-
cal symptoms throughout the trial. In contrast, the SPF 
non-vaccinated challenged control chicks (G6) exhibited 
typical avian influenza clinical symptoms, including ede-
ma, cyanosis of the comb and wattles, and blood spots on 
leg shanks just 2 days after the challenge, with a mortality 
rate of up to 100% at 3 days post-challenge. Among the 
vaccinated challenged groups, the G2 (GEL01/IM) and 
G5 (ISA70/IM) groups displayed remarkably high protec-
tion levels of up to 85% and 90% respectively, followed by 
G1 (GEL01/IN) and G3 (IMS1313/IN) with partial and 
lower protection levels of 46% and 15%. However, the G4 
(IMS1313/IM) group showed zero protection post-chal-
lenge (Figure 3).

Virus shedding post-challenge
Table 3, shows the percentage of HPAI H5N8 virus 
shedding in tracheal swabs for experimental groups after 
the challenge which was examined by EID50 on all in-
tervening days. All vaccinated challenged chicken groups 
(G1 to G5) showed a decrease in virus shedding titres 
(0.5, 0.5, 0.2, 0.3, 0.3 log10) respectively at 6dpc. No vi-
ral shedding was detected in groups G1(GEL01/IN), 
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Figure 3: (A) Protection percentage (B) survival curve of chicken vaccinated groups after challenge with HPAI-H5N8.

G3(IMS1313/IN), and G5(ISA70/IM) while G2(GEL 
01/IM) showed a 2.2 log2 decrease in shedding titres at 
8dpc (Table 3, Figure 3).

Table 3: Results of shedding ratio and titters in vaccinated 
chickens at intervening days after challenge with HPAI-
H5N8
Groups Days pos- challenge (DPC)

3DPC 6DPC 8DPC
G1 4/10

(40%)
7.4 log10 EID50/mL

3/9
(33%)
6.9 log10 EID50/mL

0/6
(0%)

G2 2/10
(20%)
6.9 log10 EID50/mL

4/10
(40%)
6.4 log10 EID50/mL

2/9
(22%)
4.2 log10 
EID50/mL

G3 3/7
(42%)
7.4 log10 EID50/mL

2/3
(66%)
7.2 log10 EID50/mL

0/2
(0%)

G4 6/7
(85%)
8.2 log10 EID50/mL

4/4
(100%)
7.9 log10 EID50/mL

N/A (All 
dead)

G5 2/9
(22%)
8.2 log10 EID50/mL

2/9
(22%)
7.9 log10 EID50/mL

0/9
(0%)

G6 N/A (All dead) N/A N/A
G7 0/9

(0%)
0/9
(0%)

0/9
(0%)

Measured outcomes of cell-mediated 
and local immune response 2dpc
Cytokines expression levels (2dpc): IL-2 mRNA ex-
pression levels significantly increased by 76.3-fold 
(P****<0.0001) with G1(GEL01/IN), 40.8-fold (P*<0.05) 

with G4(IMS1313/IM), and 24.3-fold with G3(IMS1313/
IN) compared to the negative control group (Figure 4). 

IL-4 mRNA expression level was significantly high-
er by 424.2-folds (P*<0.05) with G4(IMS1313/IM) and 
slightly increased by 37.9, 35.9, 20.5 and 18.1-folds with 
G5(ISA70/IM), G2(GEL01/IM), G1(GEL01/IN) and 
G3(IMS1313/IN) vaccinated groups respectively com-
pared to the negative control (Figure 4).

IL-6 mRNA expression level significantly increased by 
31096-fold with the G4(IMS1313/IM) group (P**<0.01). 
Non-significant increases were observed by 16199, 887, 148, 
and 139.7-folds with G1(GEL01/IN), G3(IMS1313/IN), 
G2(GEL01/IM), and G5(ISA70/IM) vaccinated groups 
respectively compared to the negative control (Figure 4).  

There was a significant regulated increase in IFN-γ mRNA 
expression level by 925 (P**<0.01) with G4(IMS1313/IM) 
and by 641-folds with G3(IMS1313/IN) (P*<0.05). Ad-
ditionally, a non-significant, numeric increase by 293, 65, 
and 63-folds with G1(GEL01/IN), G5(ISA70/IM), and 
G2(GEL01/IM) vaccinated groups respectively were de-
tected compared to the negative control group (Figure 4).

IgA local antibody levels (2dpc): The chickens vaccinat-
ed with ISA70/IM (G5) showed a highly significant in-
crease of local sIgA antibody response by 1115-folds 2 dpc 
which was comparable to the 984-fold increase seen in the 
non-vaccinated challenged positive control group (G6) 
(P****<0.0001).  

However, no other vaccinated challenged groups exhibited 
a similar response compared to the negative control group 
(Figure 5).
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Figure 4: Cytokines foldchange expression levels in splenocytes of all chicken groups compared to 28S housekeeping 
gene (mean±STD).

Figure 5: IgA ELISA titters in tracheal lavage for all 
chicken groups on intervening days after vaccination and 
challenge

HPAI is an extremely contagious avian illness that presents 
significant economic risks to the poultry industry and po-

tential threats to public health (Neumann, 2015). The key 
to preventing avian influenza virus infection is vaccination. 
Current AI-inactivated vaccines are effective but the evo-
lution of different AIV strains can reduce their efficacy. 
Determining the safety and effectiveness of vaccines is es-
sential to identify the best ones. Progress has been made 
in developing vaccine antigens with adjuvants that act on 
mucosal surfaces to enhance cellular immunity, delivering 
a safer and more effective vaccine across the mucosa to 
mimic the natural route of infection and provide optimal 
protection  (El Naggar et al., 2017). Nowadays, polymers 
and nanoparticles adjuvanted vaccines are more effective 
against viral disease infections (Corbanie et al., 2007; Shak-
ya and Nandakumar, 2013). In this study we have tried to 
prove concept of mucosal adjuvants to enhance the im-
mune response when used as inactivated vaccine excipient. 
In this regard, we formulated two novel mucosal monova-
lent AIV H5N8 inactivated vaccines using nanoparticles 
(IMS1313), and polymers (GEL01) adjuvants, and exper-
imentally evaluate their role when applied via intranasal 
instillation and intramuscular injection methods compared 
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to MONTANIDE™ ISA70, on the vaccine potency and 
efficacy.   

Our results documented the effects of MONTANIDE™ 
adjuvants on both innate and adaptive immune responses 
in immunized birds. In this regard, we used the HI test to 
determine the humoral specific immune response. HI re-
sults post-vaccination showed that the polymeric adjuvant 
vaccine GEL01/IM (G2) and ISA70/IM (G5) were more 
capable of conferring higher levels of specific HI antibod-
ies above 6 Log2, after 3 and 4 weeks of vaccination and 
reached the maximum (8.5 Log2) with lower standard de-
viation coefficient (+0.9) where the variation between two 
groups did not exceed than 0.7 confirming their potency. 
Whereas groups vaccinated intranasally with either poly-
mer GEL01/IN (G1) or nanoparticle IMS1313/IN (G3) 
gave a lower antibody response during the four weeks fol-
lowing vaccination that did not exceed 2.2 Log2. However, 
we have used same antigen concentration /dose/vaccine 
type. Our findings align with those of ( Joo et al., 2010) who 
observed that IgG production was stronger after intramus-
cular vaccination of mice compared to intranasal vaccina-
tion with inactivated avian influenza vaccine. They attrib-
uted this to the greater numbers of IgG antibody-secreting 
cells in the bone marrow and IgG memory B cells.  Also 
coincided with those reported by (El Naggar et al., 2017) 
who found that SPF chicken groups vaccinated intrana-
sally with MONTANIDE™ inactivated H9N2 IMS1313 
or GEL01 showed weak HI titers (<5log2) throughout 
15 weeks post-vaccination, while the MONTANIDE™ 
ESA71 intramuscularly vaccinated group maintained 
a higher titer (9log2) at 7 to 15 weeks after vaccination. 
Same as to the findings reported by (Ichinohe et al., 2006), 
who demonstrated that microparticle adjuvant resulted in 
lower HI levels than other adjuvants, also aligns with (Is-
mail et al., 2018) who confirmed the effectiveness of the 
inactivated AI ISA71 vaccine using inactivated H5N1 the 
MONTANIDE™ adjuvanted compared with IMS1313. 

By highlighting how the immune system defends against 
AIV H5N8 infection and examining how our formulat-
ed vaccines help stimulate this defense mechanism using 
qRT-PCR, we identified and characterized the gene ex-
pression of cytokines IFN-γ, IL2, IL4, and IL6 in sple-
nocytes after vaccination to understand their role in the 
immune response. Our results showed a numerical eleva-
tion in mRNA gene expression levels for cytokines were 
observed with GEL01/IM (G2) and ISA70/IM (G5), 
where IL-6 and INF-γ levels were increased at 7 dpv and 
IL-4 at 2 and 7 dpv. Our findings confirmed the partici-
pation and effect of vaccines in enhancing the cellular im-
mune response, that in turn was reflected in an increase in 
the adaptive immune response after vaccination.  Where-
as IL-2 slightly increased at 2 dpv compared to the oth-

er vaccinated and negative control groups, these findings 
differ from those reported by (Li et al., 2023), where they 
observed that administering COS (Chitosan oligosaccha-
ride), a biopolymer, successfully prevented the reduction in 
IL-2 protein and mRNA expression. 

The data we have obtained is supported by the fact that 
cytokines play a crucial role in activating and regulating 
immune system cells. For example, IL-4 is considered a 
Th2 cytokine that stimulates humoral immunity by pro-
moting the proliferation of activated B and T lymphocytes. 
This, in turn, leads to the differentiation of naive T helper 
cells into Th2 cells and the differentiation of B lympho-
cytes into plasma cells (Hershey et al., 1997). Interferon-γ, 
on the other hand, is classified as a Th1 cytokine that is 
involved in the induction of cell-mediated immunity and 
plays a vital role in activating macrophages and modulat-
ing the immune system.  (Schoenborn and Wilson, 2007). 
Additionally, IL-6 is categorized as a proinflammatory cy-
tokine that is important for the induction and regulation 
of the innate immune response, leading to the activation of 
B lymphocyte proliferation and supporting their growth, 
ultimately prompting the adaptive immune response (Fer-
guson-Smith et al., 1988; Tanaka et al., 2014a). 

The results of our study differ from those of (Ismail et al., 
2018) who observed a significant increase in gene expres-
sion levels of IL-6 and IFN-γ in SPF chickens following 
intraocular vaccination with H5N1 IMS1313 nanopar-
ticles at two separate times. Additionally, (El Naggar et 
al., 2017) recorded higher levels of cytokines induced in 
SPF chickens immunized once with H9N2 IMS1313 or 
GEL01 administered intranasally and spraying for each 
type where spraying recorded higher levels. In our study, 
both polymers GEL01 and/or nanoparticles IMS1313.

IgA plays a crucial role in the mucosal immune system 
by enhancing the body’s defense against infections when 
it is secreted. It is primarily found in mucous secretions, 
including those from the respiratory epithelium, genito-
urinary system, gastrointestinal tract, prostate, and sweat 
(Holmgren and Czerkinsky, 2005). We utilized ELISA to 
analyze the expression of IgA titers in tracheal lavage. Our 
findings demonstrate that only ISA70/IM G5 was able to 
effectively stimulate mucosal antibodies, leading to a no-
table increase in sIgA levels at 2dpv and a significant ele-
vation after 7dpv (P*<0.05) while other vaccinated groups 
did not show a difference compared to the negative con-
trol group. The findings in our study differ from those of 
(Tanaka et al., 2014b), who reported that live adjuvanted 
vaccination led to a significantly higher IgA titers response 
to booster vaccination compared to the control group. 
However, they are consistent with our results for the ad-
juvanted ISA70 IM vaccines. Also correspond with ( Jang 
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et al., 2011), who observed higher levels of secretory IgA 
antibodies in hens immunized with certain adjuvants com-
pared to those immunized with antigen alone. Specifically, 
profilin combined with ISA 71 adjuvants enhanced anti-
body levels more effectively than profilin alone, especially 
at 7 and 10 days after secondary immunization.

In the challenge experiment with HPAI H5N8 virus, the 
GEL01/IM) G2 and ISA70/IM) G5 (groups were the 
only ones that showed no clinical signs of avian Influen-
za (AI) and achieved the highest levels of protection of 
85% and 90%, respectively, as well as virus shedding in 
tracheal swabs reduced by 2.2 log2 in G2 and completely 
disappeared in G5 6dpc. In the same regard, ISA70/IM 
(G5(, resulted in a much higher IgA titer in tracheal lav-
age, effectively preventing infection and the spread of the 
virus in infected birds. This led to the birds being free of 
clinical signs and achieving the highest survival rate. These 
findings are consistent with another research on this topic 
(El Naggar et al., 2017; Ismail et al., 2018). Interestingly, 
the genes GEL01/IM (G2) and ISA70/IM (G5) showed 
increased expression levels of IL-4, IL-6, and IFN-γ at 2 
days post-challenge. This suggests that the innate immune 
response assists in promoting and regulating specific adap-
tive immunity against infection. It’s important to note the 
role of IL-2, which was increased at 2 days post vaccina-
tion only in G2 and G5. IL-2 is secreted shortly after sple-
nocyte stimulation with Concanavalin A and is produced 
by activated CD4+T cells and CD8+T cells. IL-2 is a type 
of cytokine signaling molecule in the immune system that 
aids in natural defense against microbial infections, acti-
vates γδ T cells, and stimulates the development of helper, 
cytotoxic, and regulatory T cells (Arenas-Ramirez et al., 
2015; Choi and Lillehoj, 2000; Liao et al., 2011; Stepaniak 
et al., 1999).

In contrast, the remaining vaccinated groups were unable 
to fend off the viral infection. The GEL01/IN G1 polymer 
provided 46% protection, while the IMS1313/IN G3 na-
noparticles were not effective in providing an acceptable 
level of protection, only 15%, resulting in varying degrees 
of avian influenza manifestations. The superiority of GEL 
01 can be attributed to its high viscosity and density, which 
leads to slow absorption and allows it to form a gelatinous 
substance at the administration site. This unique charac-
teristic provides a depot effect and extends the duration 
of exposure of the antigen to the immune system. In con-
trast, IMS1313 with lower viscosity and density is quickly 
absorbed due to its hydrophilic nature. As a result, GEL 
01 offers enhanced immunity and protection compared to 
IMS1313 (SEPPIC, 2012).

These results were inconsistent with some previous publi-
cations where sprayed H9N2 GEL01 polymer adjuvants 
gave the highest protection level with no shedding in oro-

pharyngeal swabs compared to IMS1313 nanoparticles 
(El Naggar et al., 2017). Additionally, the H5N1 IMS1313 
intraocular adjuvants resulted in a 45% level of protection 
with virus shedding till 14 days post challenge. On the 
contrary, when primed with IMS1313/intraocular vac-
cine followed by ISA71/IM dose, a 90% protection level 
was achieved after challenge (Ismail et al., 2018). Unfor-
tunately, the nanoparticles mucosal vaccine IMS1313/IM 
G4 when applied parenterally like polymer (G2) did not 
provide any benefit. It resulted in 0% protection, leading to 
100% mortality and displaying characteristic signs of the 
disease (Ismail et al., 2018). On the other hand, gene ex-
pression levels of IL-6, IL-4, IL-2, and IFN-γ significant-
ly increased, particularly in G4, demonstrating differences 
of 30,947, 386.2, 40, and 860.4, respectively, compared to 
the elevation levels of the protected groups, confirming 
the severity of infection (Wang et al., 2020). Furthermore, 
a considerable increase in IgA levels was noted in G6 
(non-vaccination challenge), possibly due to the immedi-
ate production of IL-6 in response to infection, stimulating 
B cell proliferation and IgA secretion, and playing a crucial 
role in mediating inflammation during illness (Tanaka et 
al., 2014a). In group 4, levels of IL-6 and IFN-γ reached 
31,097 and 927.4, respectively, at 2 days post-challenge, 
followed by 16200 and 646.6 in group G3. These groups 
exhibited the least protective effects in the experiment.

CONCLUSIONS AND 
RECOMMENDATIONS

We conclude that the vaccine adjuvant quality plays the 
corner stoon in initiation, magnitude and longevity of 
the specific immune response against target disease. Both 
GEL01/IM and ISA70/IM have demonstrated robust 
potency and efficacy. However, the superiority of ISA70 
but the mucosal GEL01 adjuvant still showing promising 
results and space of improvement is required for the inac-
tivated vaccine manufacturing. To achieve the highest level 
of protection, further studies on dual vaccination strategies 
involving both intranasal and intramuscular administra-
tion of different adjuvanted polymer is needed for opti-
mizing the vaccine’s efficacy against HPAI.

Ethics Approval and Consent to Participate
The study protocol was approved by the ethical and re-
search committee at the Faculty of Veterinary medicine 
Suez Canal University.

ACKNOWLEDGEMENTS

The authors are grateful to the Avian and Rabbit Medi-
cine Department at the Suez Canal University in Ismailia, 
Egypt, and Middle East for Vaccines (MEVAC) Co. For 
their technical assistance from all the authors.



Advances in Animal and Veterinary Sciences

2024 | Volume 12 | Special issue 1 | Page 46

NOVELTY STATEMENT

The mucosal GEL01 adjuvant still showing promising re-
sults and space of improvement is required for the inacti-
vated vaccine manufacturing.

AUTHOR’S CONTRIBUTION

All authors contributed to this work. I. Ali is contributor to 
the process and methodological processing, acquisition of 
data and resources, formal analysis and writing of the first 
draft. W. Kilany; M. Zain El-Abideen and W. Elfeil are 
responsible for the supervision of sampling, methodolo-
gy, and conceptualization of data and resource acquisition, 
formal analysis, and review of the study. M. El Demerdash 
contributed to conceptualization, formal analysis, valida-
tion, resources, and review. H. Abdien is the senior super-
visor of the study, directing the work, analyzing the results, 
and writing the final manuscript. All authors carefully re-
viewed the final version of the manuscript and gave their 
approval.

Conflict of interest
The authors have declared no conflict of interest.

REFERENCES

Akbari, O., DeKruyff, R.H., Umetsu, D.T., (2001). Pulmonary 
dendritic cells producing IL-10 mediate tolerance induced 
by respiratory exposure to antigen. Nat. Immunol., 2: 725-
731. https://doi.org/10.1038/90667

Alexander, D.J., (2007). An overview of the epidemiology 
of avian influenza. Vaccine, 25: 5637-5644. https://doi.
org/10.1016/j.vaccine.2006.10.051 

Arenas-Ramirez, N., Woytschak, J., Boyman, O., (2015). 
Interleukin-2: biology, design and application. Trends 
immunol., 36: 763-777. https://doi.org/10.1016/j.
it.2015.10.003

Atmar, R.L., Keitel, W.A., Cate, T.R., Munoz, F.M., Ruben, 
F., Couch, R.B., (2007). A dose–response evaluation 
of inactivated influenza vaccine given intranasally and 
intramuscularly to healthy young adults. Vaccine, 25: 5367-
5373. https://doi.org/10.1016/j.vaccine.2007.05.002

Bialy, D., Shelton, H., (2020). Functional neuraminidase inhibitor 
resistance motifs in avian influenza A (H5Nx) viruses. 
Antivir. Res., 182: 104886. https://doi.org/10.1016/j.
antiviral.2020.104886

Branton, S.L., Roush, W.B., Lott, B.D., Evans, J.D., Dozier, W.A., 
Collier, S.D., Bearson, S.M.D., Bearson, B.L., Pharr, G.T., 
(2005). A Self-Propelled, Constant-Speed Spray Vaccinator 
for Commercial Layer Chickens. Avian Dis., 49: 147-151. 
https://doi.org/10.1637/7258-081004R 

Chen, H., Smith, G., Zhang, S., Qin, K., Wang, J., Li, K., Webster, 
R., Peiris, J., Guan, Y., (2005). H5N1 virus outbreak in 
migratory waterfowl. Nature, 436: 191-192. https://doi.
org/10.1038/nature03974

Choi, K.D., Lillehoj, H.S., (2000). Role of chicken IL-2 on γδ 
T-cells and Eimeria acervulina-induced changes in intestinal 

IL-2 mRNA expression and γδ T-cells. Vet. Immunol. 
Immunopathol., 73: 309-321. https://doi.org/10.1016/
S0165-2427(00)00148-3

Corbanie, E.A., Matthijs, M.G.R., van Eck, J.H.H., Remon, 
J.P., Landman, W.J.M., Vervaet, C., (2007). Deposition of 
differently sized airborne microspheres in the respiratory 
tract of chickens. Avian Pathol., 35: 475-485. https://doi.
org/10.1080/03079450601028845

Davis, L.E.E., (2014). Influenza Virus. Elsevier, pp. 695-697. 
https://doi.org/10.1016/B978-0-12-385157-4.00381-X

de Geus, E.D., van Haarlem, D.A., Poetri, O.N., de Wit, 
J.J., Vervelde, L., (2011). A lack of antibody formation 
against inactivated influenza virus after aerosol vaccination 
in presence or absence of adjuvantia. Vet. Immunol. 
Immunopathol., 143: 143-147. https://doi.org/10.1016/j.
vetimm.2011.05.023

De Wit, J.J., Swart, W.A.J.M., Fabri, T.H.F., (2010). Efficacy 
of infectious bronchitis virus vaccinations in the field: 
association between the α-IBV IgM response, protection 
and vaccine application parameters. Avian Pathol., 39: 123-
131. https://doi.org/10.1080/03079451003604639

Deville, S., Arous, J.B., Bertrand, F., Borisov, V., Dupuis, L., (2012). 
Efficacy of intranasal and spray delivery of adjuvanted live 
vaccine against infectious bronchitis virus in experimentally 
infected poultry. Procedia in Vaccinology, 6: 85-92. https://
doi.org/10.1016/j.provac.2012.04.012

El Naggar, H.M., Madkour, M.S., Hussein, H.A., (2017). 
Preparation of mucosal nanoparticles and polymer-based 
inactivated vaccine for Newcastle disease and H9N2 AI 
viruses. Vet. World 10: 187-193. https://www.ncbi.nlm.
nih.gov/pubmed/28344402. https://doi.org/10.14202/
vetworld.2017.187-193

Ferguson-Smith, A.C., Chen, Y.-F., Newman, M.S., May, L.T., 
Sehgal, P.B., Ruddle, F.H., (1988). Regional localization 
of the interferon-β2B-cell stimulatory factor 2/hepatocyte 
stimulating factor gene to human chromosome. Genomics, 
2: 203-208. https://doi.org/10.1016/0888-7543(88)90003-
1

Fiala, S.M., Elbestawy, A.R., Ibrahim, M.S., (2018). Isolation 
of H9N2 Influenza Virus from Backyard Ducks in Egypt. 
Alexandria J. Vet. Sci., 57: 72-78. https://doi.org/10.5455/
ajvs.292338

Hagenaars, N., Mastrobattista, E., Glansbeek, H., Heldens, J., 
van Den Bosch, H., Schijns, V., Betbeder, D., Vromans, 
H., Jiskoot, W., (2008). Head-to-head comparison of four 
nonadjuvanted inactivated cell culture-derived influenza 
vaccines: effect of composition, spatial organization and 
immunization route on the immunogenicity in a murine 
challenge model. Vaccine, 26: 6555-6563. https://doi.
org/10.1016/j.vaccine.2008.09.057 

Hershey, G.K.K., Friedrich, M.F., Esswein, L.A., Thomas, M.L., 
Chatila, T.A., (1997). The Association of Atopy with a Gain-
of-Function Mutation in the α Subunit of the Interleukin-4 
Receptor. New England J. Med., 337: 1720-1725. https://
doi.org/10.1056/NEJM199712113372403

Holmgren, J., Czerkinsky, C., (2005). Mucosal immunity and 
vaccines. Nat. Med., 11: S45-S53. https://doi.org/10.1016/
B978-012491543-5/50046-2

Ibrahim, M., Zakaria, S., Bazid, A.-H.I., Kilany, W.H., Zain El-
Abideen, M.A., Ali, A., (2021). A single dose of inactivated 
oil-emulsion bivalent H5N8/H5N1 vaccine protects chickens 
against the lethal challenge of both highly pathogenic avian 
influenza viruses. Comp. Immunol. Microbiol. Infect. Dis., 

https://doi.org/10.1038/90667
https://doi.org/10.1016/j.vaccine.2006.10.051
https://doi.org/10.1016/j.vaccine.2006.10.051
https://doi.org/10.1016/j.it.2015.10.003
https://doi.org/10.1016/j.it.2015.10.003
https://doi.org/10.1016/j.vaccine.2007.05.002
https://doi.org/10.1016/j.antiviral.2020.104886
https://doi.org/10.1016/j.antiviral.2020.104886
https://doi.org/10.1637/7258-081004R
https://doi.org/10.1038/nature03974
https://doi.org/10.1038/nature03974
https://doi.org/10.1016/S0165-2427(00)00148-3
https://doi.org/10.1016/S0165-2427(00)00148-3
https://doi.org/10.1080/03079450601028845
https://doi.org/10.1080/03079450601028845
https://doi.org/10.1016/B978-0-12-385157-4.00381-X
https://doi.org/10.1016/j.vetimm.2011.05.023
https://doi.org/10.1016/j.vetimm.2011.05.023
https://doi.org/10.1080/03079451003604639
https://doi.org/10.1016/j.provac.2012.04.012
https://doi.org/10.1016/j.provac.2012.04.012
https://doi.org/10.14202/vetworld.2017.187-193
https://doi.org/10.14202/vetworld.2017.187-193
https://doi.org/10.1016/0888-7543(88)90003-1
https://doi.org/10.1016/0888-7543(88)90003-1
https://doi.org/10.5455/ajvs.292338
https://doi.org/10.5455/ajvs.292338
https://doi.org/10.1016/j.vaccine.2008.09.057
https://doi.org/10.1016/j.vaccine.2008.09.057
https://doi.org/10.1056/NEJM199712113372403
https://doi.org/10.1056/NEJM199712113372403
https://doi.org/10.1016/B978-012491543-5/50046-2
https://doi.org/10.1016/B978-012491543-5/50046-2


Advances in Animal and Veterinary Sciences

2024 | Volume 12 | Special issue 1 | Page 47

74: 101601. https://doi.org/10.1016/j.cimid.2020.101601
Ichinohe, T., Watanabe, I., Tao, E., Ito, S., Kawaguchi, A., 

Tamura, S., Takahashi, H., Sawa, H., Moriyama, M., Chiba, 
J., Komase, K., Suzuki, Y., Kurata, T., Sata, T., Hasegawa, 
H., (2006). Protection against influenza virus infection by 
intranasal vaccine with surf clam microparticles (SMP) as 
an adjuvant. J. Med. Virol., 78: 954-963. https://www.ncbi.
nlm.nih.gov/pubmed/16721854. https://doi.org/10.1002/
jmv.20647

Ismail, N.M., El-Deeb, A.H., Emara, M.M., Tawfik, H.I., Wanis, 
N.A., Hussein, H.A., (2018). IMS 1313-nanoparticle 
Mucosal Vaccine Enhances Immunity Against Avian 
Influenza and Newcastle Disease Viruses. Int. J. Poult. Sci., 
17: 167-174. https://doi.org/10.3923/ijps.2018.167.174

Jang, S.I., Lillehoj, H.S., Lee, S.H., Lee, K.W., Lillehoj, E.P., 
Bertrand, F., Dupuis, L., Deville, S., (2011). Mucosal 
immunity against Eimeria acervulina infection in broiler 
chickens following oral immunization with profilin in 
Montanide™ adjuvants. Exp. Parasitol., 129: 36-41. https://
doi.org/10.1016/j.exppara.2011.05.021

Joo, H.M., He, Y., Sundararajan, A., Huan, L., Sangster, M.Y., 
(2010). Quantitative analysis of influenza virus-specific B 
cell memory generated by different routes of inactivated 
virus vaccination. Vaccine, 28: 2186-2194. https://www.ncbi.
nlm.nih.gov/pubmed/20056191 https://doi.org/10.1016/j.
vaccine.2009.12.058

Kaiser, P., Underwood, G., Davison, F., (2003). Differential 
cytokine responses following Marek’s disease virus infection 
of chickens differing in resistance to Marek’s disease. J. 
virol., 77: 762-768. https://doi.org/10.1128/JVI.77.1.762-
768.2003

Kandeil, A., Sabir, J.S.M., Abdelaal, A., Mattar, E.H., El-Taweel, 
A.N., Sabir, M.J., Khalil, A.A., Webby, R., Kayali, G., Ali, 
M.A., (2018). Efficacy of commercial vaccines against newly 
emerging avian influenza H5N8 virus in Egypt. Sci. Rep., 
8: 9697. https://www.ncbi.nlm.nih.gov/pubmed/29946159. 
https://doi.org/10.1038/s41598-018-28057-x

Kang, S.-M., Guo, L., Yao, Q., Skountzou, I., Compans, R.W., 
(2004). Intranasal Immunization with Inactivated Influenza 
Virus Enhances Immune Responses to Coadministered 
Simian-Human Immunodeficiency Virus-Like Particle 
Antigens. J. Virol., 78: 9624-9632. https://doi.org/10.1128/
JVI.78.18.9624-9632.2004

Kapczynski, D.R., Afonso, C.L., Miller, P.J., (2013). Immune 
responses of poultry to Newcastle disease virus. Dev. 
Comp. Immunol., 41: 447-453. https://doi.org/10.1016/j.
dci.2013.04.012

Karakus, U., Crameri, M., Lanz, C., Yángüez, E., (2018).  
Propagation and titration of influenza viruses. Influenza 
Virus. Methods and Protoc., 59-88. https://doi.
org/10.1007/978-1-4939-8678-1_4 

Kilany, W.H., Ali, A., Bazid, A.-H.I., El-Deeb, A.H., El-
Abideen, M.A.Z., Sayed, M.E., El-Kady, M.F., (2016). 
A dose-response study of inactivated low pathogenic 
avian influenza H9N2 virus in specific-pathogen-free and 
commercial broiler chickens. Avian Dis., 60: 256-261. 
https://doi.org/10.1637/11143-050815-Reg

Lee, D.-H., Torchetti, M.K., Winker, K., Ip, H.S., Song, C.-S., 
Swayne, D.E., (2015). Intercontinental Spread of Asian-
Origin H5N8 to North America through Beringia by 
Migratory Birds. J. Virol., 89: 6521-6524. http://www.ncbi.
nlm.nih.gov/pubmed/25855748 https://doi.org/10.1128/
JVI.00728-15

Li, X., Ye, H., Su, T., Hu, C., Huang, Y., Fu, X., Zhong, Z., Du, 
X., Zheng, Y., (2023). Immunity and reproduction protective 
effects of Chitosan Oligosaccharides in Cyclophosphamide/
Busulfan-induced premature ovarian failure model 
mice. Front. Immunol., 14. https://doi.org/10.3389/
fimmu.2023.1185921

Liao, W., Lin, J.-X., Leonard, W.J., (2011). IL-2 family 
cytokines: new insights into the complex roles of IL-2 
as a broad regulator of T helper cell differentiation. Curr. 
Opinion Immunol., 23: 598-604. https://doi.org/10.1016/j.
coi.2011.08.003

Naguib, M.M., Verhagen, J.H., Mostafa, A., Wille, M., Li, 
R., Graaf, A., Järhult, J.D., Ellström, P., Zohari, S., 
Lundkvist, Å., Olsen, B., (2019). Global patterns of avian 
influenza A (H7): Virus evolution and zoonotic threats. 
FEMS Microbiol. Rev., 43: 608-621. https://academic.
oup.com/femsre/article/43/6/608/5543894?rss=1&utm_
source=researcher_app&utm_medium=referral&utm_
campaign=RESR_MRKT_Researcher_inbound https://
academic.oup.com/femsre/advance-article/doi/10.1093/
femsre/fuz019/5543894. https://doi.org/10.1093/femsre/
fuz019

Neumann, G., (2015). H5N1 influenza virulence, pathogenicity 
and transmissibility: what do we know? Future Virol., 10: 
971-980. https://doi.org/10.2217/fvl.15.62

Peiris, J.M., De Jong, M.D., Guan, Y., (2007). Avian influenza 
virus (H5N1): a threat to human health. Clin. Microbiol. 
Rev., 20: 243-267. https://doi.org/10.1128/CMR.00037-06

Perkins, L.E.L., Swayne, D., (2003). Comparative susceptibility 
of selected avian and mammalian species to a Hong Kong–
origin H5N1 high-pathogenicity avian influenza virus. 
Avian diseases 47: 956-967. https://10.1637/0005-2086-47.
s3.956

Peters, M.A., Browning, G.F., Washington, E.A., Crabb, 
B.S., Kaiser, P., (2003). Embryonic age influences the 
capacity for cytokine induction in chicken thymocytes. 
Immunology, 110: 358-367. https://doi.org/10.1046/j.1365-
2567.2003.01744.x

Reed, L.J., Muench, H., (1938). A simple method of estimating 
fifty percent endpoints, pp. 493-496. https://doi.
org/10.1093/oxfordjournals.aje.a118408

Riffault, S., Meyer, G., Deplanche, M., Dubuquoy, C., Durand, 
G., Soulestin, M., Castagné, N., Bernard, J., Bernardet, P., 
Dubosclard, V., Bernex, F., Petit-Camurdan, A., Deville, S., 
Schwartz-Cornil, I., Eléouët, J.-F., (2010). A new subunit 
vaccine based on nucleoprotein nanoparticles confers partial 
clinical and virological protection in calves against bovine 
respiratory syncytial virus. Vaccine, 28: 3722-3734. https://
doi.org/10.1016/j.vaccine.2010.03.008

Rothwell, L., Young, J.R., Zoorob, R., Whittaker, C.A., Hesketh, 
P., Archer, A., Smith, A.L., Kaiser, P., (2004). Cloning and 
Characterization of Chicken IL-10 and Its Role in the 
Immune Response to Eimeria maxima. J. Immunol., 173: 
2675-2682. https://doi.org/10.4049/jimmunol.173.4.2675

Schoenborn, J.R., Wilson, C.B., (2007). Regulation of Interferon‐γ 
During Innate and Adaptive Immune Responses. Adv. 
Immunol., 96: 41-101. https://doi.org/10.1016/S0065-
2776(07)96002-2

SEPPIC, (2012). MONTANIDE Avian Adjuvants Technical 
Manual. SEPPIC. 

Shakya, A.K., Nandakumar, K.S., (2013). Applications of 
polymeric adjuvants in studying autoimmune responses and 
vaccination against infectious diseases. J. Royal Soc. Interface 

https://doi.org/10.1016/j.cimid.2020.101601
https://www.ncbi.nlm.nih.gov/pubmed/16721854
https://www.ncbi.nlm.nih.gov/pubmed/16721854
https://doi.org/10.1002/jmv.20647
https://doi.org/10.1002/jmv.20647
https://doi.org/10.3923/ijps.2018.167.174
https://doi.org/10.1016/j.exppara.2011.05.021
https://doi.org/10.1016/j.exppara.2011.05.021
https://www.ncbi.nlm.nih.gov/pubmed/20056191
https://www.ncbi.nlm.nih.gov/pubmed/20056191
https://doi.org/10.1016/j.vaccine.2009.12.058
https://doi.org/10.1016/j.vaccine.2009.12.058
https://doi.org/10.1128/JVI.77.1.762-768.2003
https://doi.org/10.1128/JVI.77.1.762-768.2003
https://www.ncbi.nlm.nih.gov/pubmed/29946159.
https://doi.org/10.1038/s41598-018-28057-x
https://doi.org/10.1128/JVI.78.18.9624-9632.2004
https://doi.org/10.1128/JVI.78.18.9624-9632.2004
https://doi.org/10.1016/j.dci.2013.04.012
https://doi.org/10.1016/j.dci.2013.04.012
https://doi.org/10.1007/978-1-4939-8678-1_4
https://doi.org/10.1007/978-1-4939-8678-1_4
https://doi.org/10.1637/11143-050815-Reg
http://www.ncbi.nlm.nih.gov/pubmed/25855748
http://www.ncbi.nlm.nih.gov/pubmed/25855748
https://doi.org/10.1128/JVI.00728-15
https://doi.org/10.1128/JVI.00728-15
https://doi.org/10.3389/fimmu.2023.1185921
https://doi.org/10.3389/fimmu.2023.1185921
https://doi.org/10.1016/j.coi.2011.08.003
https://doi.org/10.1016/j.coi.2011.08.003
https://academic.oup.com/femsre/article/43/6/608/5543894?rss=1&utm_source=researcher_app&utm_medium=referral&utm_campaign=RESR_MRKT_Researcher_inbound
https://academic.oup.com/femsre/article/43/6/608/5543894?rss=1&utm_source=researcher_app&utm_medium=referral&utm_campaign=RESR_MRKT_Researcher_inbound
https://academic.oup.com/femsre/article/43/6/608/5543894?rss=1&utm_source=researcher_app&utm_medium=referral&utm_campaign=RESR_MRKT_Researcher_inbound
https://academic.oup.com/femsre/article/43/6/608/5543894?rss=1&utm_source=researcher_app&utm_medium=referral&utm_campaign=RESR_MRKT_Researcher_inbound
https://academic.oup.com/femsre/advance-article/doi/10.1093/femsre/fuz019/5543894
https://academic.oup.com/femsre/advance-article/doi/10.1093/femsre/fuz019/5543894
https://academic.oup.com/femsre/advance-article/doi/10.1093/femsre/fuz019/5543894
https://doi.org/10.1093/femsre/fuz019
https://doi.org/10.1093/femsre/fuz019
https://doi.org/10.2217/fvl.15.62
https://doi.org/10.1128/CMR.00037-06
https://10.1637/0005-2086-47.s3.956
https://10.1637/0005-2086-47.s3.956
https://doi.org/10.1046/j.1365-2567.2003.01744.x
https://doi.org/10.1046/j.1365-2567.2003.01744.x
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1016/j.vaccine.2010.03.008
https://doi.org/10.1016/j.vaccine.2010.03.008
https://doi.org/10.4049/jimmunol.173.4.2675
https://doi.org/10.1016/S0065-2776(07)96002-2
https://doi.org/10.1016/S0065-2776(07)96002-2


Advances in Animal and Veterinary Sciences

2024 | Volume 12 | Special issue 1 | Page 48

10: 20120536. https://doi.org/10.1098/rsif.2012.0536
Stepaniak, J.A., Shuster, J.E., Hu, W., Sundick, R.S., (1999). 

Production and in vitro characterization of recombinant 
chicken interleukin-2. J. Interferon  Cytokine Res., 19: 515-
526. https://doi.org/10.1089/107999099313965

Tanaka, T., Narazaki, M., Kishimoto, T., (2014a). IL-6 in 
Inflammation, Immunity, and Disease. Cold Spring Harb. 
Perspect. Biol., 6: a016295-a016295. https://www.ncbi.
nlm.nih.gov/pubmed/25190079 https://doi.org/10.1101/
cshperspect.a016295

Tanaka, T., Narazaki, M., Kishimoto, T., (2014b). IL-6 in 
inflammation, immunity, and disease. Cold Spring Harb. 
Perspect. Biol., 6: a016295. https://www.ncbi.nlm.nih.gov/
pubmed/25190079 https://doi.org/10.1101/cshperspect.
a016295

Tseng, L.P., Chiou, C.J., Chen, C.C., Deng, M.C., Chung, T.W., 
Huang, Y.Y., Liu, D.Z., (2009). Effect of lipopolysaccharide 
on intranasal administration of liposomal Newcastle 
disease virus vaccine to SPF chickens. Vet. Immunol. 

Immunopathol., 131: 285-289. https://doi.org/10.1016/j.
vetimm.2009.04.009

Wang, T., Wei, F., Liu, J., (2020). Emerging Role of Mucosal 
Vaccine in Preventing Infection with Avian Influenza 
A Viruses. Viruses, 12: 862. https://doi.org/10.3390/
v12080862

WOAH, (2021). Chapter 3.3. 4. Avian influenza (including 
infection with high pathogenicity avian influenza viruses), 
Manual of Diagnostic Tests and Vaccines for Terrestrial 
Animals. World Health Organization/World Organisation 
for Animal Health, OIE-Manual, OIE Terrestrial. https://
www.woah.org/fileadmin/Home/eng/Health_standards/
tahm/3.03.04_AI.pdf https://www.woah.org/fileadmin/
Home/eng/Health_standards/tahm/3.03.04_AI.pdf

Worrall, E.E., Sudarisman, Priadi, A., (2009). Sialivac: An 
intranasal homologous inactivated split virus vaccine 
containing bacterial sialidase for the control of avian 
influenza in poultry. Vaccine, 27: 4161-4168. https://doi.
org/10.1016/j.vaccine.2009.04.058

https://doi.org/10.1098/rsif.2012.0536
https://doi.org/10.1089/107999099313965
ttps://www.ncbi.nlm.nih.gov/pubmed/25190079
ttps://www.ncbi.nlm.nih.gov/pubmed/25190079
https://doi.org/10.1101/cshperspect.a016295
https://doi.org/10.1101/cshperspect.a016295
https://www.ncbi.nlm.nih.gov/pubmed/25190079
https://www.ncbi.nlm.nih.gov/pubmed/25190079
https://doi.org/10.1101/cshperspect.a016295
https://doi.org/10.1101/cshperspect.a016295
https://doi.org/10.1016/j.vetimm.2009.04.009
https://doi.org/10.1016/j.vetimm.2009.04.009
https://doi.org/10.3390/v12080862
https://doi.org/10.3390/v12080862
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.03.04_AI.pdf
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.03.04_AI.pdf
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.03.04_AI.pdf
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.03.04_AI.pdf
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahm/3.03.04_AI.pdf
https://doi.org/10.1016/j.vaccine.2009.04.058
https://doi.org/10.1016/j.vaccine.2009.04.058

