
Saudi Journal of Biological Sciences 29 (2022) 2095–2111
Contents lists available at ScienceDirect

Saudi Journal of Biological Sciences

journal homepage: www.sciencedirect .com
Original article
Selenium nanoparticles enhance the efficacy of homologous vaccine
against the highly pathogenic avian influenza H5N1 virus in chickens
https://doi.org/10.1016/j.sjbs.2021.11.051
1319-562X/� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail address: dr.m.adel.vsvri@gmail.com (M.A. AbdelSabour).

Peer review under responsibility of King Saud University.

Production and hosting by Elsevier
Nahed Yehia a, Mohammed A. AbdelSabour b,⇑, Ahmed M. Erfan a, Zeinab Mohammed Ali b,
Reem A. Soliman c, Ahmed Samy a, Mohamed Mohamed Soliman d, Mohamed E. Abd El-Hack e,
Mohamed T. El-Saadony f, Kawkab A. Ahmed g

aReference Laboratory for Veterinary Quality Control on Poultry Production (RLQP), Animal Health Research Institute (AHRI), Agricultural Research Center (ARC), Dokki, Giza 12618,
Egypt
b Poultry Viral Vaccines Production and Research Department, Veterinary Serum and Vaccine Research Institute (VSVRI), Agriculture Research Center (ARC), Egypt
cResearcher in Department of Evaluation of Inactivated Viral Poultry Vaccines, Central Laboratory for Evaluation of Veterinary Biologics, Agriculture Research Center (ARC), Egypt
dClinical Laboratory Sciences Department, Turabah University College, Taif University, P.O. Box 11099, Taif 21944 Saudi Arabia
eDepartment of Poultry, Faculty of Agriculture, Zagazig University, Zagazig 44511, Egypt
fDepartment of Agricultural Microbiology, Faculty of Agriculture, Zagazig University, Zagazig 44511, Egypt
gDepartment of Pathology, Faculty of Veterinary Medicine, Cairo University, Giza 12211, Egypt

a r t i c l e i n f o a b s t r a c t
Article history:
Received 11 September 2021
Revised 13 October 2021
Accepted 17 November 2021
Available online 25 November 2021

Keywords:
Avian influenza
HPAI (H5N1)
Vaccine
Nanoselenium
Humoral immunity
A proper vaccination against avian influenza viruses in chicken can significantly reduce the risk of human
infection. Egypt has the highest number of recorded humans highly pathogenic avian influenza (HPAI)-
H5N1 infections worldwide despite the widespread use of homologous vaccines in poultry. Enhancing
H5N1 vaccine efficacy is ultimately required to better control HPAI-H5N1. The aim of this study is to
boost chicken immunity by combined with inactivated HPAI-H5N1 with selenium nanoparticles
(SeNPs). The chickens groups 1–3 were fed diets supplemented with SeNPs concentrations (0.25, 0.5,
and 1 mg/kg) for 3 weeks and then vaccinated (inactivated HPAI-H5N1). while groups 4,5 and 6 were
fed with SeNPs free diets and administered with 0.5 ml of the vaccine combined with 0.02, 0.06, and
0.1 mg/dose of SeNPs and then all groups were challenged with homologous virus 3 weeks post-
vaccination (WPV). Group 7, 8 were used as control positive and negative respectively. At 4, 5, and 6
WPV, antibody titer was considerably higher in the group fed a meal supplemented with 1 mg SeNPs/
kg. In contrast, both methods of SeNPs supplementation significantly increased the Interleukin 2 (IL2),
Interleukin 6 (IL6), and Interferon c (IFNc) expressions in the blood cells in a dose-dependent manner,
with a higher expression observed in the group that was vaccinated with 0.1 mg/dose. After the chal-
lenge, all groups that received SeNPs via diet or vaccines dose showed significant reduction in viral shed-
ding and milder inflammation in lung, trachea, spleen, and liver in addition to higher expression of IL2,
IL6, and IFNc, with the highest expression observed in the group that was vaccinated with 0.1 mg/dose
compared the plain vaccinated group. The groups of 1 mg SeNPs/kg and combined vaccinated with
0.1 mg/dose showed the best vaccine efficacy. However, the group vaccinated with 0.1 mg/dose showed
the earliest reduction in viral shedding. Overall, SeNPs supplementation in the diet and the administra-
tion of the vaccine formula with SeNPs could enhance vaccine efficacy and provide better protection
against HPAI-H5N1 in chickens by enhancing cellular immunity and reducing inflammation. We recom-
mend using SeNPs as a vaccine combination or feeding with diet to increase the immunity and vaccine
efficacy against H5N1.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The highly pathogenic avian influenza virus (HPAIV)
(H5N1A/goose/Guangdong/1996 [Gs/GD] lineage) has been
reported in 84 countries throughout Asia, Africa, Europe, and North
America (Criado et al., 2020), causing severe economic losses and
increase human infection (Zhang et al., 2020). In 2005, 2006, an
H5N1 highly pathogenic avian influenza (HPAI) of clade 2.2 was
reported and spread in Central Asia, Europe, Africa, and the Middle
East. It was introduced into Egypt in early 2006 (Aly et al., 2008).
Despite all the control measures including extensive vaccination
programs, the virus spread all over Egypt causing massive eco-
nomic losses threatening human health and was declared to be
enzootic in 2008 (Peyre et al., 2009; Abdelwhab and Hafez,
2011). After 1 year of extensive vaccination, a genetic and antigenic
variant 2.2.1.1 emerged as a vaccine escape mutant that circulated
in vaccinated commercial farms, whereas 2.2.1c circulated in back-
yard farms and was responsible for most of the human cases
(Grund et al., 2011). Further evolution of 2.2.1c led to the emer-
gence of the 2.2.1.2 clade that was associated with a surge of
HPAI-H5N1 human infections and became the dominant lineage
circulating in Egypt (Arafa et al., 2015).

In Egypt, after a few weeks of HPAI-H5N1 virus introduction,
the veterinary authorities adopted a massive vaccination strategy
(Aly et al., 2008; Abdelwhab et al., 2016). Since then, at least 24
influenza H5 vaccines were licensed for use in Egypt (Kayali
et al., 2016). According to experimental infection, vaccines with
seed viruses with a high degree of genetic homology (88% or more)
given better clinical protection against H5N1 virus (Abdelwhab
et al., 2016). However, under field conditions, partial protection
or even vaccination failure was also reported due to antigenic vari-
ation, concurrent infections, maternally derived antibodies, or
rearing various species especially in the backyard system
(Kandeil et al., 2017). Moreover, the efficacy of the H5 vaccine used
in Egypt, even the ones with homologous vaccinal seeds, need to be
improved.

In the present study, selenium nanoparticles (SeNPs) were
evaluated as immunomodulatory agents in the HPAI-H5N1
homologous vaccine for enhancing vaccinal immune response
by delivering long-lasting humoral and cellular immune
responses (Chan et al., 2009), which enhances the immune
response to the infectious agent’s long-term viability as well as
disease infection resistance (Firenzouli et al., 2008; Weickert
and Pfeiffer, 2008). The selenium (Se) is antioxidants that protect
cells from reactive oxygen (RO) by reducing free radicals and pre-
venting lipid peroxidation (Harsini et al., 2012). Selenium (Se) is
needed for the activity of Se-dependent glutathione peroxidases,
which are enzymes that reduce hydrogen peroxide and lipid
hydroperoxides (Vakili and Daliri, 2010). Furthermore, selenium
is a key component in a number of compounds that boost
immune system response by altering the production of certain
cytokines or improving immune cells’ resistance to oxidative
stress (Mohamed et al., 2015). In comparison to sodium selenite,
nanoselenium appears to be less toxic and more biocompatible, as
well as possessing a variety of useful properties such as catalytic
performance, adsorption strength, surface activity, and chemical
stability and high antioxidant effect (Wang et al., 2007; Zhang
et al., 2008; Boostani et al., 2015a, 2015b; Skalickova et al.,
2017). It is also increasing the humoral immunity (Cai et al.,
2012).

The selenium nanoparticles also had antiviral activity in recent
years. It inhibits the activity of hemagglutinin and neuraminidase
that is important in the binding of influenza virus in the host cell
(Li et al., 2017). Also, Se NPs inhibiting p53 signalling and ROS-
mediated AKT pathways so it inhibits apoptosis induced by H1N1
influenza virus (Wang C. et al., 2020).
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The aim of this study was evaluating the effect of the different
doses of SeNPs incorporated in the chickens’ diet or vaccine for-
mula on the immunogenicity and efficiency of H5N1 whole inac-
tivated vaccine against the homologous HPAI-H5N1 challenge
strain.
2. Material and methods

2.1. Selenium nanoparticle preparation, characterization

20 ml freshly prepared ascorbic acid (400 mg ml�1) was added
dropwise to 200 ml of Na2SeO3 (10 mmol) with constant stirring
for 30 min at room temperature to become red colored. Then, the
mixture was centrifuged and washed several times with double-
distilled water (El-Saadony et al. 2021a; Sheiha et al. 2020;
Abdel-Moneim et al. 2021; Alagawany et al. 2021a). The surface
plasmon resonance absorbance peak of SeNPs was evaluated using
the LaxcoTM dual-beam spectrophotometer (USA) (El-Saadony et al.
2020). The active compounds in both soluble and powdered SeNPs
were evaluated by collecting the Fourier transform infrared (FTIR)
spectrum of SeNPs on KBr plates cast by using a Bruker Tensor 37,
Kaller (Germany). To identify the size, distribution, and morphol-
ogy of the SeNPs, transmission electron microscopy (TEM) was
used (Abd El-Hack et al., 2021; El-Ashry et al., 2022; Saad et al.,
2021). The particle size, polydispersity index (PDI), and zeta poten-
tial of the SeNPs were measured using the dynamic light scattering
(DLS) technique (DLS, Zetasizer Ver. 6.32, Malvern, UK) (El-
Saadony et al. 2021b; El-Saadony et al. 2021c; El-Saadony et al.
2021d).

2.2. Virus propagation and vaccine preparation

The HPAI-H5N1 isolate clade 2.2.1.2 (A/chicken/
Egypt/1575S/2015, EPI573317) was used as a challenge virus
which has accession no.: EPI579780 was propagated and titrated
in SPF-ECE.

The vaccinal seed (A/chicken/Egypt/1575S/2015, EPI573317)
was produced by plasmid-based reverse genetics with the HA
and NA genes from the Egyptian HPAI-H5N1 strain (1575S) and
internal gene segments from a laboratory-adapted strain
(A/PR8/1934) (Webby et al., 2004). The reverse genetic-based vac-
cinal strain used in the present study was developed in the
National Research Centre (NRC), Egypt. The reverse genetic-
based vaccinal strain used in the present study was developed
in the National Research Centre (NRC), Egypt. The viruses were
propagated in a 10-day-old specific pathogen free embryonated
chicken egg (SPF-ECE) in accordance with the standard procedure
(Swayne and Brown, 2015). For vaccine formulation and testing,
allantoic fluid was harvested from infected eggs, tested for steril-
ity, and then the inactivation process was carried out according to
Beard, (1989). Preparation of 25 ml of formalin solution 10%, as
follows: 2.5 ml formalin (40%) (Sigma-Aldrich, Inc., Germany)
was added to 22.5 ml saline. Twenty-five ml of formalin solution
10% was added to each liter of the virus (infectious allantoic
fluid), to give a final concentration of formalin 0.1%. The har-
vested allantoic fluid was treated with formalin at a final concen-
tration of 1:1000 and put on magnetic stirrer for continuous
stirring during inactivation process. Final concentration of 2%
sodium bisulfite was added as a residual formalin neutralizing
agent. It used as an antigen for vaccine production and serological
assays. The inactivation was confirmed by the absence of hemag-
glutination test (HA) after three successive passages in SPF-ECE.
The vaccine was adjuvanted with Montanide ISA 70 VG (Seppic,
France) in accordance with the manufacturer’s instructions. Using
a high-shear mixer, three concentrations of SeNPs (0.02, 0.06, and
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0.1 mg/dose) were added to prepare three vaccine formulas. The
antigens were adjusted to have 512 hemagglutinating units HAU
per 0.5-ml dose. Moreover, vaccine safety and sterility were eval-
uated (Swayne and Brown, 2015).
2.3. Genetic relationship between recent field strains, challenged virus
and vaccine used

In the present study, we tested the most recent samples from
broiler chicken farms from five governorates (10 Giza, 8 Cairo,
5Alexandria, 5Assuit and 2El- fayum) during2016, The extraction
of viral RNA of pooled collected swabs was done by using a
QIAmp viral RNA mini kit (Qiagen, Hilden, Germany), as directed
by manufacturer and tested by reverse transcriptase real time-
polymerase chain reaction (RRT-PCR) for detection of matrix
(M) and Hemagglutine (HA) genes typing by using the real-time
PCR step one plus System (Applied Biosystems, Foster City, CA,
USA) and the AgPath Real-time Kit (Ambion) (Fereidouni
et al., 2012; Hoffmann et al. 2016). The positive samples were iso-
lated in SPF-ECE and allantoic sac was collected and tested by
rapid HA test according to (OIE manual, 2008). We select 5 posi-
tive isolates for HA gene sequencing using First-Strand Synthesis
method SuperScriptTM III (Thermo Fisher Scientific, MA, USA) using
specific primer (Hoper et al. 2009) then purification carried out
by the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany).
By using Big Dye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, California, USA), the National Center for Biotechnol-
ogy Information has published the descriptions of the strains used
in this study. The accession number (from MW454822 to
MW454826).

The nucleotide sequence alignment and analysis were carried
out using studying strains and other related strains and challenged
Fig. 1. Characterization of SeNPs:(a) UV spectrum, (b) TEM image, (c) size di
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virus used in this study ((A/Duck/Egypt/CLEVEB-24-N00238/2015,
EPI579780) and (A/chicken/Egypt/1575S/2015, EPI573317) vaccine
seed. The CLUSTAL-W tool and the DNASTAR software Meg-Align
module were used to align the sequences (Lasergene version 7.2;
DNASTAR, Madison, WI, USA). Mega7 software was used to create
a phylogenetic tree using maximum likelihood methods (Tamura
et al., 2013). DNASTAR software was used to calculate pair-wise
nucleotide percent identity.

2.4. Experimental design

2.4.1. Experiment 1: Study the safety of different concentration of
SeNPs in chicken

The animal experiment was conducted in the animal experi-
mental facility of the Poultry Dept., Faculty of Agriculture, Zagazig
University, Egypt. The experimental procedures were performed in
accordance with the Local Experimental Animal Care Committee.
Total 70one-day-old Ross 308 broilers were purchased from a local
commercial provider and kept for 1 week on basal diet. One week
later, the birds were randomly assigned to six groups: one control
group (basic diet) and Groups 2, 3, 4, 5, and 6 fed with basal diet
supplemented with 25, 50, 75, 100, and 125 mg SeNPs/kg, respec-
tively. Moreover, all birds had free access to water. Four weeks
post-treatment (5 weeks old), blood samples were collected from
six birds of each group. The serum samples tested for the concen-
tration of aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), and alkaline phosphate (ALP) activities were
evaluated using the commercially available kits (Bio Diagnostic
Co.; Giza, Egypt) (Reda et al. 2021; Alagawany et al. 2021b;
Alagawany et al. 2021c). The markers of oxidative stress were esti-
mated in the blood serum, including malondialdehyde (MDA) and
reduced glutathione (GSH), using kits manufactured by Merck
(KGaA, Darmstadt, Germany).
stribution in aqueous solutions, (d) zeta potential, (e) FTIR, and (f) XRD.
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2.4.2. Experiment 2: Study the effect of the different doses of SeNPs
incorporated in the chicken’s diet or vaccine formula on H5N1 whole
inactivated vaccine immunogenicity and efficiency

The animal experimental designs and procedures were
reviewed and approved by the Institutional Animal Care and Use
Committee of Central Laboratory for Evaluation of Veterinary Bio-
logics, Egypt (CLEVB), in accordance with the guidelines of the
Ministry of Agriculture and Land Reclamation of Egypt and the
European Union Directive 2010/63/EU regarding the protection of
animals used for scientific purposes.

Total 200 SPF one-day-old chicks were obtained from the
national project for the production of SPF eggs, Kom-Oshim,
Fayom, Egypt. The chicks were randomly assigned to eight groups
with access to food and water throughout the experiment. Each
group (25 chicks) was housed in a biosafety level 3 isolator at
the CLEVB animal experimental facility, Agricultural Research
Centre, Egypt. The first three groups were fed with diets supple-
mented with SeNPs at a concentration of 0.25, 0.5, and 1 mg
Fig. 2. Phylogenetic tree of the nucleotide sequences of the HA gene of Egyptian HPA
maximum likelihood method and bootstrapped with 1000 replicates using the GTR subs
indicated with a black circle and other vaccinal and challenge viruses with a black recta
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SeNPs/kg, respectively, whereas the remaining groups were fed
with diets without SeNPs supplementation. On 3 weeks, Groups
1, 2, 3, and 7 received 0.5 ml of the prepared plain vaccine sub-
cutaneously, whereas Groups4, 5, and6 were subcutaneously
injected with 0.5 ml of the vaccine combined with 0.02, 0.06,
and 0.1 mg/dose of SeNPs, respectively. Group 8remained as the
unvaccinated control group. Three weeks after vaccination, all
birds were challenged intranasally via the choanal cleft with
106Egg Infective Dose 50 (EID50) per 0.1 ml of challenge virus.
Then, the birds were monitored daily for clinical signs and mor-
tality for 2 weeks.

2.5. Evaluation of the immunogenicity and protective effects

2.5.1. Hemagglutination inhibition (HI)
To evaluate the specific antibodies titers, the blood samples

were collected pre-and post challenge on a weekly basis and the
sera were separated and tested via HI test using a vaccine virus
I (H5N1) viruses representing different clades. The tree was generated using the
titution model with gamma distribution. The viruses characterized in this study are
ngle.
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antigen. The titers were expressed as the reciprocal of the serum
dilution of the positive samples and were converted to log2. The
HI assay was performed in accordance with the reference proce-
dure (Swayne and Brown, 2015).
2.5.2. Viral shedding
Oropharyngeal swabs were collected at 1, 3, 5, 7, and 10 days

post challenge (DPC) from three birds in each group and processed
using quantitative real-time PCR (qRT-PCR) (Lee and Suarez, 2004)
to quantify viral shedding. The standard curve was generated using
tenfold serial dilution of the challenge virus to correlate between
the qRT-PCR cycle threshold (CT) and virus titer (expressed in
EID50/ml). A CT value of 35 was used as a cutoff point between
positive and negative shedding.
2.5.3. Cytokine gene expression
Peripheral blood mononuclear cells (PBMCs) were separated

from whole blood collected at 2 and 3 weeks post vaccina-
tion using Ficoll-Paque PLUS (GE HealthcareBio-Sciences AB,
Sweden), as previously described (Samy et al., 2016a). The
lung and spleen were aseptically collected from live or
freshly dead birds at 2 weeks DPC. The PBMCs, lung, and
spleen were collected from three birds in each group and
stored in RNA later solution (Ambion, USA) in accordance
with the manufacturer’s instruction until RNA extraction was
done to measure the cytokine gene expression. The gene
express ions of Interleukin 2 (IL2), Interleukin 6 (IL6), and
Interferon c (IFNc) were relatively quantified as previously
described (Samy et al., 2016b).
Fig. 3. Nucleotide identities of sequenced H5N1 virus related to other sele

Table 1
Serum biochemical and oxidation markers of chickens administered with different concen

Parameters Control SeNPs (mg mL�1)

25 50

ALT (U/lit) 11.2 ± 0.9d 11.30 ± 0.7 cd 10.60
AST (U/lit) 121.9 ± 0.2e 122.22 ± 1.2d 121.8
ALP (U/lit) 1.7 ± 0.3d 1.6 ± 1.3 cd 1.65 ±
GSH (mmol/g protein) 4.9 ± 0.5a 4.8 ± 0.9ab 4.75 ±
MDA (mmol/g protein) 13.2 ± 0.4d 13.9 ± 0.5 cd 13.5 ±

The values are mean ± SD. Values in the same raw with different lowercase letters are sig
AST, aspartate aminotransferase.
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2.6. Histopathology

At the end of the experiment (2 weeks DPC), the trachea,
lungs, spleen, cecal tonsils, and liver tissue specimens were col-
lected from five birds / each experimental group and fixed in
10% neutral buffered formalin. Then, they were sectioned at a
thickness of 5 mm and stained with hematoxylin and eosin
(H&E) for subsequent histopathological examination by a light
microscope (Olympus BX50, Tokyo, Japan) under x100 and
x200 magnification power (Suvarna et al., 2012). The histopatho-
logical lesions were scored through the determination of the per-
centage of lesions in five randomly examined microscopic fields
per bird (n = 5) as follows: (�) no lesions of 0–10%, (+) mild
lesions of 10–20%, (++) moderate lesions of 20–60% and (+++)
severe lesions of greater than 60%. (Eladl et al., 2019; Rohaim
et al., 2021).
2.7. Statistical analysis

Data analysis was performed using the GraphPad Prism version
8.0 software (GraphPad Software Inc., San Diego, CA, USA). HI titer,
viral shedding, and cytokine fold change were expressed as mean
value ± SD. The Mann-Whitney test and Tukey one-way ANOVA
were performed to determine the significant differences among
various groups. The difference between the means was considered
significant at P < 0.05. Fold changes in the cytokine gene expression
level were calculated using the DDCt method (Livak and
Schmittgen, 2001), with 28 s ribosomal RNA being the endogenous
reference gene to normalize the level of the target gene expression
cted strains (vaccine strains used in this study and challenged virus).

trations of chemical selenium nanoparticles (25–125 mg kg�1).

75 100 125

± 0.9 cd 11.22 ± 1.3c 70.3 ± 0.2b 85.4 ± 0.6a
± 1.3 cd 121.12 ± 1.5c 190.22 ± 0.3b 210.33 ± 0.7a
1.9 cd 1.6 ± 2.1c 15 ± 0.5b 30.44 ± 0.5a
0.2b 4.67 ± 0.3bc 3.8 ± 0.4c 3.5 ± 0.6 cd
1.2c 14.2 ± 0.8c 17.2 ± 0.9b 18.9 ± 0.4a

nificantly different (p � 0.05). ALP, alkaline phosphatase; ALT, alanine transaminase;
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and control group (vaccinated without ‘‘SeNPs” treatment) being
the calibrator.
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3. Results

3.1. Characterization of SeNPs

The reduction of selenium ions into selenium nanoparticles was
demonstrated by the visual color change from yellow to reddish
with a maximum absorption peak at 280 nm (Fig. 1a). The TEM
characterization of SeNPs particles revealed a 10–25 nm size range
with spherical morphology (Fig. 1b). Furthermore, the PDI and zeta
potential of SeNPs were 65.32 nm, 0.193 (Fig. 1c), and �21.3 mV
(Fig. 1d), respectively, indicating a higher stability. The FTIR spec-
trum analysis revealed the displayed IR absorbance peaks at
2425 cm�1and 3243 cm�1corresponding to the conjugated C@O
and OAH groups in water and alcohol (Fig. 1e). The XRD analysis
of the crystal structure was in the range of 10�–90� (Fig. 1f).

3.2. Vaccine preparation, safety, and potency

The reassortant H5N1 vaccine seed (1575S) was propagated in
the SPF egg, and the HAU and EID50 of the harvested allantoic fluid
were 512 HAU/50 lL and 109.0/ml, respectively. The inactivation
was confirmed by the absence of HA reaction after three blind pas-
sages of the inactivated virus in the SPF egg. All vaccinated SPF
chickens showed no local or systemic reaction after vaccination
within 4 weeks before challenge.

3.3. Genetic relationship between recent field strains, challenged virus
and vaccine used

The tested broiler chicken flocks suffered from respira-
tory signs, including dyspnea, swelling of the ocular and
nasal sinus, coughing, cyanosis in leg with high mortality
rate reach 80–100%. The post-mortem lesions recorded con-
gestion of muscles and haemorrhage in pancreas and
spleen and confirmed positive by RRT-PCR in 20 flocks
in (8Giza, 5Cairo,2 Alexandria, 3Assuit and 2 El- fayum)
during 2016.

Phylogenetic analysis indicated that all tested viruses
belonged to clade 2.2.1.2 and were clustered with HA gene
sequences of viruses isolated in Egypt from -2015-2016
(Fig. 2). Full HA gene sequence indicated 99.1 to 99.2 % similar-
ity with the vaccinal seed used and 98.6%-98.7% with the used
challenge virus with a typical polybasic cleavage site sequence
(PQGEKRRKKR/G) (Fig. 3). All tested viruses possessed antigenic
sites A, B, and E, which were identical to the challenge and vac-
cine seed viruses.

3.4. Animal experiment

3.4.1. Experiment 1: Safety of different concentration of SeNPs in
chicken

The levels of ALT, AST, and ALP were normal in the groups fed
with diets supplemented with 25, 50, and 75 mg SeNPs/kg com-
pared with the control group fed with a diet without SeNPs supple-
mentation. Moreover, the group fed with a diet supplemented with
a higher concentration of SeNPs (100 and 125 mg SeNPs/kg)
showed significantly higher levels of ALT, AST, and ALP, with a rel-
ative increase of about 87% compared with safe concentrations. In
contrast, the oxidative markers were in normal ranges in the low-
est concentrations (25, 50, and 78 mg SeNPs/kg), but increased
concentration led to a significant decrease in GSH and increase in
MDA (Table 1).
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Fig. 4. The survival curve of the vaccinated (with and without SeNPs treatment) and unvaccinated (Sham) chickens challenged at 4 weeks of age with H5N1 HPAIV (clade
2.2.1.2) at a dose of 106 EID50/0.1 ml.
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3.4.2. Experiment 2: The effect of the different doses of SeNPs
incorporated in the chickens diet or vaccine formula on H5N1 whole
inactivated vaccine immunogenicity and efficiency
3.5. Clinical protection mortality

All birds challenged with HPAI-H5N1 without previous vaccina-
tion showed typical clinical signs with 100% mortality (Table 2 and
Fig. 4), whereas all vaccinated birds with and without SeNPs treat-
ment showed no observable clinical signs. Higher dietary supple-
Fig. 5. Serum HI titers pre-challenge (2, 3, and 4 weeks post-vaccination) and post-chal
mean titters (GMT-log2) of sera collected from seven birds with error bars included (sta
the legend. The asterisks indicate p < 0.05 compared with the vaccinated non-treated ch
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mentation of SeNPs (0.5 and 1 mg) improved the survival rate of
vaccinated challenged chickens to 90% compared with 80% in other
treated groups. Note that the SeNPs treatment relatively delays the
onset of death in all treated groups (Fig. 4, Table 2).
3.6. Evaluation of the immunogenicity and protective effects

3.6.1. Hemagglutination inhibition (HI)
All vaccinated birds, with and without SeNPs treatment,

showed an increase in protective HA neutralizing antibodies
lenge (5 and 6 weeks post-vaccination). The HI titters were expressed as geometric
ndard deviation). The different groups are represented by the numbers as shown in
ickens (Group 7).



Table 3
Viral shedding titers in vaccinated and nonvaccinated challenged control groups. Titers expressed as mean ± SD of three birds from each group.

Days post challenge H5N1 (2.2.1.2) vaccine Challenged
control group

SeNPs in diet (per kg) SeNPs with vaccine (per dose) No SeNPs

0.25 mg 0.5 mg 1 mg 0.02 mg 0.06 mg 0.1 mg

1 4.1 ± 0.25 4.2 ± 0.9 3.6 ± 0.2 4.2 ± 0.1 4.2 ± 0.1 3.3 ± 0.2 4.5 ± 0.2 5.3 ± 0.2
3 3.2 ± 0.1 3 ± 0.1 2.1 ± 0.4 4.6 ± 1.6 2.5 ± 0.3 0.6 ± 1.1 4.4 ± 0.1 5.9 ± 0.1
5 3.6 ± 0.2 2.9 ± 0.2 0 3.4 ± 0.1 1.6 ± 1.4 0 3.6 ± 0.1 6.3 ± 0.2
7 0 0 0 0.9 ± 1.5 0 0 2.4 ± 0.1 All dead

Fig. 6. Oropharyngeal viral shedding in vaccinated birds with and without SeNPs treatment. Viral shedding measured using quantitative real-time PCR analysis and expressed
as EID50/ml ± SD. The different groups are represented by numbers as shown in the legend. The asterisks indicate p < 0.05, compared with the vaccinated non-treated
chickens (Group 7).
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against homologous H5N1 antigens. However, a significantly
higher antibody titer was observed in chickens fed with diets sup-
plemented with a high dose of SeNPs (1 mg/Kg) during the 4th (8.
6 ± 1.1),5th (8.7 ± 0.5), and 6th (8.7 ± 0.7) week post-vaccination
(WPV). Moreover, a significantly higher antibody titer was
observed in chickens fed with diets supplemented with a lower
dose of SeNPs (0.5 mg/kg) during the 5th (8.5 ± 0.9) and 6th
(8.6 ± 1.1) WPV, and in the vaccinated nontreated group during
the 4th (7.5 ± 0.9), 5th (7.6 ± 0.9), and 6th (7.6 ± 0.7) WPV, but
not statistically significant. Furthermore, the groups that were
administered with SeNPs incorporated in the vaccine formula
showed no difference (Fig. 5).
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3.6.2. Viral shedding
A significant reduction of viral shedding was observed in all

vaccinated groups compared with the challenged nonvaccinated
group at all time points (Table 3). An earlier significant reduc-
tion of viral shedding at 1 and 3 DPC in Group 6 (0.1 mg/dose)
and 3 DPC in Group 3(1mgSeNPs/kg) compared with the vacci-
nated nontreated group with the absence of any detectable
viral shedding at5 and 7 DPC was observed. Moreover, the
birds in Group 5 (0.06 mg/dose) showed a significant reduction
of viral shedding at 5 DPC, whereas the remaining groups
showed a significant reduction of viral shedding at 7 DPC
(Fig. 6).



Fig. 7. Effect of the different concentrations of SeNPs incorporated in the chickens’diet and vaccine formula on the mRNA gene expressions of IFNc, IL6, and IL2. Data are
expressed as mean ± SD (n = 3). *P � 0.05, **P � 0.01, ***P � 0.001, and ****P � 0.001.
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3.6.3. Cytokine gene expression
To determine whether the SeNPs treatments used in the present

study can impact cellular immunity, we examined the expression
of IFNc, IL2, and IL6 in PBMCs at 2 and 3 WPV and in the spleen
and lung at 14 DPC. The expression was calculated relative to the
2103
vaccinated nontreated group. As shown in Fig. 6, the results
revealed that the IFNc, IL2, and IL6 mRNA expression levels were
upregulated in a dose-dependent manner inall groups. However,
a significantly higher expression was observed when 0.1 mg of
SeNPs per vaccine dose was administered compared with in the



Fig. 8. Photomicrographs of histological H&E-stained tracheal sections of chickens. (a) Normal control showing the normal histological architecture of tracheal layers. (b)
Group 1 (0.25 mg selenium/kilogram) showing edema in the lamina propria/submucosa (black arrow) associated with the infiltration of a few inflammatory cells (red arrow).
(c) Group 2 (0.5 mg/kilogram) showing edema in the lamina propria/submucosa (black arrow). (d) Group 3 (1 mg/kilogram) showing apparently a normal histological
structure. (e) and (f) Groups 4 and 5 showing edema in the lamina propria/submucosa (black arrow) associated with the infiltration of inflammatory cells (red arrow). (g)
Group 6 (vaccine + o.1 mg/dose) showing edema in the lamina propria/submucosa (black arrow). (h) Group 7 (raw vaccine) showing edema in the lamina propria/submucosa
(black arrow) associated with the infiltration of inflammatory cells (red arrow). (i) Non-vaccinated and challenged group showing the activation of mucous-secreting glands
(red arrow), intraluminal accumulation of mucous (black arrow), and edema in the lamina propria/submucosa (yellow arrow) (scale bar, 50 lm).
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other groups except IFNc in the spleen. Moreover, no significant
difference was observed between the group fed with a diet supple-
mented with 1mgSeNPs/kg and the group vaccinated with0.06-
mg/dose (Fig. 7).

3.7. Histopathological findings

The trachea, lungs, spleen, cecal tonsils, and liver tissue speci-
mens were collected from live or freshly dead birds under aseptic
conditions. All samples collected from the control chickens
revealed normal microscopical. In contrast, challenged nonvacci-
nated birds showed severe inflammatory response in all tested
organs (Fig. 8i�Fig. 11i).

The histopathological findings of the trachea revealed that
edema in the lamina propria/submucosa was associated with
the infiltration of a few inflammatory cells in Group1
(Fig. 8b). No changes were observed except the edema in the
lamina propria/submucosa in Group 2 (Fig. 8c) Apparently,
Group 3 showed anormal histological structure (Fig. 8d). Edema
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in the lamina propria/submucosa associated with the infiltration
of inflammatory cells in Groups 4 and 5 (Fig. 8e and f). More-
over, edema in the lamina propria/submucosa was the only
change observed in the trachea of the chickens in Group 6
(Fig. 8g). Edema in the lamina propria/submucosa and the infil-
tration of a few inflammatory cells were observed in Group 7
(Fig. 8g). In contrast, severe histopathological changes were
observed in the trachea of nonvaccinated and challenged
chickens, due to the activation of mucous-secreting glands,
intraluminal accumulation of mucous, and edema in the lamina
propria/submucosa (Fig. 8i).

The histopathological findings of the lungs revealed a conges-
tion of the pulmonary blood vessels in Group1 (Fig. 9b). Infiltration
of a few heterophils (Fig. 9c) and slight edema (Fig. 9d) in Groups 2
and 3, respectively, were observed. The congestion of the pul-
monary blood vessels was associated with the infiltration of a
few inflammatory cells in Group 4 (Fig. 9e). Congestion and inter-
lobular edema were observed in Group 5 (Fig. 9f). In Group 6, only
congestion was observed in the lungs (Fig. 9g). In Group 7, the



Fig. 9. Photomicrographs of the histological H&E-stained lung sections of chickens. (a) Normal control showing the normal histological architecture of the parabronchus and
air capillaries. (b) Group 1 (0.25 mg selenium/kilogram) showing the congestion of pulmonary blood vessels (arrow). (c) Group 2 (0.5 mg/kilogram) showing the infiltration of
a few heterophils (arrow). (d) Group 3 (1 mg/kilogram of diet) showing slight edema (arrow). (e) Group 4 (vaccine + 0.02 mg/dose) showing the congestion of pulmonary
blood vessels (black arrow) associated with the infiltration of a few inflammatory cells (yellow arrow). (f) Group 5 (vaccine + 0.06 mg/dose) showing congestion (black arrow)
and interlobular edema (yellow arrow). (g) Group 6 (vaccine + 0.1 mg/dose) showing congestion (arrow). (h) Group 7 (raw vaccine) showing marked edema in the wall of the
parabronchus (black arrow) associated with the infiltration of heterophils (yellow arrow). (i) Non-vaccinated and challenged group showing necrosis in the mucosa of the
parabronchus (black arrow) and intraluminal and interlobular inflammatory exudate (yellow arrows) (scale bar, 50 lm).
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lungs (raw vaccine) revealed marked edema in the wall of para-
bronchus associated with the infiltration of heterophils (Fig. 9h).
In contrast, the lungs of nonvaccinated and challenged chickens
showed severe alterations, such as necrosis in the mucosa of the
parabronchus and intraluminal and interlobular inflammatory
exudates (Fig. 9i).

The histopathological findings of the spleen revealed no
histopathological alterations in Groups 1, 2, 3, 5, and 6 (Fig. 10b,
c, d, f, and g). Slight lymphocytic necrosis and depletion were
observed in Group4 (Fig. 10e). Hyperplasia of the reticular cells
and infiltration of a few heterophils were observed in the spleen
of chickens from Group 7 (raw vaccine) (Fig. 10h). Moreover, sev-
ere histopathological lesions described as lymphocytolysis with
severe lymphocytic depletion, fibrinoid necrosis, and infiltration
of heterophils were observed in Group 8 (Fig. 10i).

Histopathological findings of the cecal tonsils revealed slight
lymphocytic necrosis and depletion in Group 1 (Fig. 11b). No
histopathological alterations were observed in Groups 2, 3, and 6
(Fig. 11c, d, and g). Slight lymphocytic necrosis and depletion were
observed in Groups 4 and 5 (Fig. 11eand f). Lymphocytic necrosis
and depletion were observed in Group 7 (Fig. 11h). Moreover, lym-
phocytolysis with severe lymphocytic depletion and fibrinoid
necrosis were observed in Group 8 (Fig. 11i).
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Histopathological findings of the liver revealed no histopatho-
logical lesions except a slight congestion of the hepatic sinusoids
in Groups 1, 2, and 3 (Fig. 12b, c, and d). Small focal hepatocellular
necrosis was associated with the infiltration of inflammatory cells
in Group 4 (Fig. 12e). A slight vacuolization of hepatocytes and
infiltration of a few heterophils were observed in Group 5
(Fig. 12f). A slight vacuolar degeneration of some hepatocytes
was observed in Group 6 (Fig. 12g). A slight vacuolar degeneration
of hepatocytes and infiltration of a few heterophils were observed
in Group7 (Fig. 12h). Moreover, a marked cytoplasmic vacuolar
degeneration of hepatocytes and focal hepatocellular necrosis were
associated with the infiltration of inflammatory cells in Group 8
(Fig. 12i). Table 4 shows the histopathological scoring of the
lesions.
4. Discussion

Viral diseases affect the health of animals, causing severe dam-
age to them. These diseases are expensive to treat, in addition, they
cause high mortality in animals, causing high economic losses for
breeders (Swelum et al., 2020). Despite the observed reduction of
HPAI-H5N1 outbreaks and high prevalence of HPAI-H5N8 in Egypt



Fig. 10. Photomicrographs of histological H&E-stained spleen sections of chickens. (a) Normal control showing the normal histological architecture of the white pulp. (b), (c),
and (d) Groups 1, 2, and 3 (0.25, 0.5, and 1 mg selenium/kilogram, respectively) showing no histopathological alterations. (e) Group 4 (vaccine + 0.02 mg/dose) showing
lymphocytic necrosis and depletion. (f) and(g) Groups 5 and 6 (vaccine + 0.06 and 0.1 mg/dose) showing no histopathological changes. (h) Group 7 (raw vaccine) showing
hyperplasia of reticular cells (black arrow) and infiltration of a few heterophils (yellow arrow). (i) Non-vaccinated and challenged group showing lymphocytolysis with severe
lymphocytic depletion (black arrow), fibrinoid necrosis (red arrow), and infiltration of heterophils (yellow arrow) (scale bar, 25 lm).
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since late 2016 (Kandeil et al., 2019), vaccination against H5N1
virus should still be required. Moreover, the reduction of the virus
outbreaks does not rely on an efficient control plan nor adequate
surveillance procedure and avian influenza remains a major public
health concern in Egypt (Gomaa et al., 2020). Due to several indus-
trial logistic considerations, egg-based whole inactivated vaccine
against avian influenza virus is still the primary technological plat-
form in use especially in developing countries (Rao et al., 2009).
Whole inactivated vaccines with seed viruses with ahigh degree
of genetic homology with the circulating viruses showed good pro-
tectively and significant reduction of viral shedding (Abdelwhab
et al., 2016). However, considerable viral shedding is still released
from vaccinated birds especially under field conditions with mixed
infection or mixed age and species of birds (Kandeil et al., 2017).
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This leads to an increase in environmental load and enhances the
risk of infection of susceptible hosts, including wild birds, which
explains the endemicity of influenza viruses in Egypt despite the
massive vaccination strategy (Abdelwhab et al., 2016). Highlight-
ing the importance of continuous increase of the inactivated vac-
cine efficiency even that with high genetic homology.

In the present study, we evaluated the use of different concen-
trations of SeNPs in feed and vaccine formula to enhance whole
inactivated HPAI-H5N1 vaccine efficacy. To this end, we incorpo-
rated different concentrations of SeNPs in the chickens’ diet and
vaccine formula and evaluated the immune response post vaccina-
tion and protectively post challenge by using vaccine seed and
challenge virus of high genetic similarity (>98%) to the most recent
isolated viruses.



Fig. 11. Photomicrographs of histological H&E-stained cecal tonsil sections of chickens. (a) Normal control showing the normal histological structure. (b) Group 1 (0.25 mg
selenium/kilogram) showing slight lymphocytic necrosis and depletion (arrow). (c) and(d) Groups 2 and 3 (0.5 and 1 mg selenium/kilogram, respectively) showing no
histopathological alterations. (e) and (f) Groups 4 and 5 (vaccine + 0.02 and 0.06 mg/dose, respectively) showing slight lymphocytic necrosis and depletion. (g) Group 6
(vaccine + 0.1 mg/dose) showing no histopathological changes. (h) Group 7 (raw vaccine) showing lymphocytic necrosis and depletion (arrow). (i) Non-vaccinated and
challenged group showing lymphocytolysis with severe lymphocytic depletion and fibrinoid necrosis (arrow) (scale bar, 50 lm).
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The avian influenza H5N1 were circulated in high incidence till
2016 then the incidence rate was decrease till the H5N8 was
recorded in 2017 (Selim et al., 2017; Kandeil et al., 2017; Kandeil
et al., 2019). In our study we detected 20 out of 30 swab samples
collected with 4 governorates with 66% incidence rate during
2016 and we selected the challenged strain that grouping with
recent viruses during 2016. Chickens fed with a higher concentra-
tion of SeNPs (1 mg/kg) demonstrated significantly enhanced hum-
eral immunity, indicated by HI titer as well as cellular immunity
indicated by higher expressions of IL2, IL6, and IFNc in PBMCs.
Moreover, the high concentration of SeNPs (0.1 mg/dose) incorpo-
rated in the vaccine did not lead to any significant change in HI
titer but resulted in a significantly high expression of IL2, IL6,
and IFNc among all tested groups, indicating different immune
responses based on the method of application. Our data supports
the ability of nanoselenium to boost both cellular and antibody-
mediated immune response as well as the studied impact of sele-
nium deficiency associated with the reduction in circulated T lym-
phocytes and immunoglobulin G (IgG) and immunoglobulin M
(IgM) antibodies (Chang et al., 1994; Boostani et al., 2015a,
2015b). Selenium supplementation enhances both cellular and
humeral immune response (Rao et al., 2013; Boostani et al.,
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2015a, 2015b). Furthermore, it was shown that the SeNPs applica-
tion method and the dose differentially affected various types of
immune responses (Hoffmann and Berry, 2008; Lin et al., 2021).

After the challenge, Groups 3 (1 mg/kg) and 6 (0.1 mg/dose)
showed an early significant reduction of viral shedding and early
clearance of the virus (5DPC) compared with the other groups.
However, the group vaccinated with0.1 mg/dose showed a signifi-
cant reduction of viral shedding at 1DPC comparing with the group
supplemented with 1mgSeNPs/kg at 3 DPC. Our results are consis-
tent with those of Shojadoost et al., (2020) who showed a signifi-
cant reduction of H9N2 shedding in vaccinated birds fed with
diets supplemented with organic and inorganic selenium. How-
ever, in contrast to our study, Shojadoost et al., (2020) showed that
both higher- and lower-level selenium supplementation reduced
oropharyngeal virus titers to the same degree. This difference
could be attributed to the fact that SeNPs have a higher retention
in the body, good intestinal absorption, and higher safety range
compared with other sources of selenium (Hu et al., 2012).

It has been reported that Se supplementation supports immu-
nity by reducing inflammation (Fan et al., 2020). Inflammatory
response is an important mechanism of HPAI-H5N1 pathogenicity
(Suzuki et al., 2009). In the present study, all treated groups



Fig. 12. Photomicrographs of histological H&E-stained liver sections of chickens. (a) Normal control showing the normal histological architecture of hepatic parenchyma. (b),
(c), and (d) Groups 1, 2, and 3 (0.25, 0.5, and 1 mg selenium/kilogram, respectively) showing a slight congestion of hepatic sinusoids (arrow). (e) Group 4
(vaccine + 0.02 mg/dose) showing small focal hepatocellular necrosis associated with the infiltration of inflammatory cells (arrow). (f) Group 5 (vaccine + 0.06 mg/dose)
showing a slight vacuolization of hepatocytes (black arrow) and infiltration of a few heterophils (yellow arrow). (g) Group 6 (vaccine + 0.1 mg/dose) showing a slight vacuolar
degeneration of some hepatocytes (arrow). (h) Group 7 (raw vaccine) showing a slight vacuolar degeneration of hepatocytes (black arrow) and infiltration of a few heterophils
(yellow arrow). (i) Non-vaccinated and challenged groups showing a marked cytoplasmic vacuolar degeneration of hepatocytes (arrow) (scale bar, 25 lm).
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showed a reduction of pathological findings in all tested tissues
compared with vaccinated non treated group, indicating a reduc-
tion in inflammation. These findings were more prominent in the
group fed with diets supplemented with 1mgSeNPs/kg and the
group vaccinated with 0.1 mg/dose, which showed a normal and
mild inflammatory response in the trachea, respectively. This find-
ing supports the lower viral shedding and early clearance in both
groups as well as the higher IL2, IL6, and IFNc gene expressions
in the spleen and lung at 14DPC. IL2 and IFNc are associated with
the initiation and regulation of cellular immune responses in birds
(Göbel et al., 2003), whereas IL6 (pro-inflammatory cytokine) is
associated with the final maturation of B lymphocytes into
antibody-secreting plasma cells (Jones, 2005) and development
of T cell memory to influenza virus (Longhi et al., 2008). The signif-
icant upregulation of IL2, IL6, and IFNc in the lungs along with mild
inflammatory response upon SeNPs supplementation is indicative
of the localized role of cellular immunity in the reduction of viral
shedding and reduction of inflammatory reaction indicated by
histopathology. Furthermore, SeNPs supplementation is associated
2108
with the higher expression of IL2, IL6, and IFNc in the spleen which
acts as a secondary lymphoid organ where in the maturation and
activation of B and T lymphocytes take place (Yiming et al.,
2020). It is worth noting that the incorporation of SeNPs in the vac-
cine formula (0.1 mg/dose) induced a significantly higher expres-
sion of tested cytokines, which might be attributed to the direct
exposure of circulating immune cells to the injected SeNPs.

5. Conclusions

The incorporation of SeNPs in the chickens’ diet and vaccine for-
mula enhanced the protectivity of homologous whole inactivated
H5N1 vaccine in a dose-dependent manner. The high protectivity
induced by SeNPs treatment without significant enhancement in
the HI titers (in all groups except 1 mg/kg) indicated that humeral
immune enhancement is not the primary derivative of a higher
protectivity induced by SeNPs. In contrast, the anti-inflammatory
impact along with cellular immunity is associated with enhanced
protectivity induced by SeNPs. Based on the amount of SeNPs



Ta
bl
e
4

H
is
to
pa

th
ol
og

ic
al

sc
or
in
g
of

le
si
on

s
in

th
e
di
ff
er
en

t
or
ga

ns
of

fi
ve

bi
rd
s/
gr
ou

p
(n

=
5)
.T

he
hi
st
op

at
ho

lo
gi
ca
ll
es
io
ns

w
er
e
sc
or
ed

th
ro
ug

h
th
e
de

te
rm

in
at
io
n
of

th
e
pe

rc
en

ta
ge

of
le
si
on

s
in

fi
ve

ra
nd

om
ly

ex
am

in
ed

m
ic
ro
sc
op

ic
fi
el
ds

pe
r

bi
rd

(n
=
5)

as
fo
llo

w
s:

(�
)
no

le
si
on

s
of

0–
10

%
,(
+)

m
ild

le
si
on

s
of

10
–2

0%
,(
++

)
m
od

er
at
e
le
si
on

s
of

20
–6

0%
an

d
(+
++

)
se
ve

re
le
si
on

s
of

gr
ea

te
r
th
an

60
%
.

Tr
ea

tm
en

ts
Tr

ac
h
ea

Lu
n
gs

Sp
le
en

C
ec

al
to
n
si
ls

Li
ve

r

Ed
em

a
in

th
e

la
m
in
a
pr
op

ri
a/

su
bm

u
co

sa

In
fi
lt
ra
ti
on

of
in
fl
am

m
at
or
y

ce
ll
s

A
ct
iv
at
io
n

of
m
u
co

u
s-

se
cr
et
in
g
gl
an

ds

C
on

ge
st
io
n

Ed
em

a
In
fi
lt
ra
ti
on

of
in
fl
am

m
at
or
y

ce
ll
s

Ex
u
da

te
in

th
e

pa
ra
br
on

ch
u
s

Ly
m
ph

oc
yt
ic

n
ec
ro
si
s
an

d
de

pl
et
io
n

Fi
br
in
oi
d

n
ec
ro
si
s

In
fi
lt
ra
ti
on

of h
et
er
op

h
il
s

Ly
m
ph

oc
yt
ic

n
ec
ro
si
s
an

d
de

pl
et
io
n

C
on

ge
st
io
n

V
ac
u
ol
ar

de
ge

n
er
at
io
n

of
h
ep

at
oc

yt
es

H
ep

at
oc

el
lu
la
r

n
ec
ro
si
s

G
ro
u
p
1
(0
.2
5
m
g/
kg

)
+

+
�

++
�

+
�

�
�

�
+

+
�

�
G
ro
u
p
2
(0
.5

m
g/
kg

)
+

�
�

�
+

+
�

�
�

�
�

+
�

�
G
ro
u
p
3
(1

m
g/
kg

)
�

�
�

�
+

�
�

�
�

�
�

+
�

�
G
ro
u
p
4
(0
.0
2
m
g
/d
os

e)
++

+
�

++
�

+
�

+
�

+
+

+
�

+
G
ro
u
p
5
(0
.0
6
m
g
/d
os

e)
++

+
�

+
+

�
�

�
�

�
+

�
+

�
G
ro
u
p
6
(0
.1

m
g
/d
os

e)
+

�
�

+
+

�
�

�
�

�
�

�
+

�
G
ro
u
p
7
(v
ac
.O

n
ly
)

++
+

+
++

+
+

�
++

�
+

+
+

+
�

G
ro
u
p
8
(H

5N
1)

++
++

++
+

++
+

++
+

++
++

++
+

++
++

++
+

++
++

+
+

N. Yehia, M.A. AbdelSabour, A.M. Erfan et al. Saudi Journal of Biological Sciences 29 (2022) 2095–2111

2109
administered to the different groups and the vaccine efficacy out-
comes, the vaccination effectiveness was highest in the groups that
were fed a diet supplemented with 1mgSeNPs/kg and vaccinated
with 0.1 mg/dose. The group vaccinated with 0.1 mg/dose, on the
other hand, demonstrated the most rapid reduction in virus shed-
ding. Further studies should investigate the amount and time of
retention of a higher concentration of SeNPs in different organs.
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