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A B S T R A C T

Selenium supplementation in poultry feeds has been known to have beneficial effects on the bird health and
performance; however antiviral effects of selenium have remained largely unknown. In this study, we have
evaluated the effects of supplementation of chicken diets with organic (Selenium Enriched Yeast; SEY) and
inorganic selenium (Sodium Selenite; SS) on low pathogenicity avian influenza virus (H9N2) shedding in the
cloacal and oropharyngeal swab samples as well as examined the expression of immune related genes. Chickens
were fed two doses (High- 0.30mg/kg of feed; Low- 0.15mg/kg of feed) of selenium supplementation for 2
weeks followed by low pathogenicity avian influenza virus challenge. Our results showed that the cloacal
shedding of virus in all the selenium supplemented groups was significantly lower when compared to the non-
supplemented control groups. In addition, the oropharyngeal shedding of virus in chickens fed with organic
selenium supplementation was significantly lower than that in the chickens that received either inorganic se-
lenium supplemented feed or controls. Furthermore, the expression of interferon stimulated genes (Viperin, OAS:
2′-5′ oligoadenylate synthetase and MDA5: melanoma differentiation-associated gene) in the cecal tonsils was
significantly elevated in the selenium treated groups when compared to controls. Additionally, a significantly
higher transcription of interferon (IFN)-α, IFN-β and IFN-γ genes in the cecal tonsils and spleens of chickens
receiving SEY-L and SS-H supplemented feed was also observed at post virus challenge time points compared to
untreated controls. The results of this study demonstrated that supplementation of chicken diets with selenium,
can enhance antiviral defense and thus, may have a beneficial effect in controlling viral infections in poultry.

1. Introduction

Many nutrients, including vitamins and minerals have been de-
monstrated to influence performance parameters and enhance immune
responses to infectious agents as well as experimental antigens (Jose
et al., 2017; Pan et al., 2018; El-Senousey et al., 2018). Among these
nutrients, selenium which has a beneficial role on the immune system
(Arthur et al., 2003) is of note. Selenium is an important micronutrient
and is fed either in organic or inorganic forms in poultry rations, with
organic selenium known to be more bioavailable (Delezie et al., 2014).
The effect of different selenium sources on bird performance or the
immune system has been investigated. For example, organic selenium

supplementation has been shown to enhance performance and anti-
oxidant activity in broiler chickens during heat stress (Rao et al., 2016).
Rajashree et al. (2014) found that supplementing broiler breeder diets
with selenium, at the onset and during egg production, resulted in
higher egg production and hatchability. Furthermore, the important
role of selenium in the regulation of immune system functions including
innate and adaptive responses has been studied (Turner and Finch,
1991; McKenzie et al., 2001; Arthur et al., 2003).

Immune enhancing activities of selenium are largely attributed to its
role as an antioxidant. Selenium essentially regulates the function of
glutathione peroxidase (GPx; Baker et al., 1993), an enzyme with an-
tioxidant activity that neutralizes Reactive Oxygen Species (ROS;
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Bogdan et al., 2000), to reduce oxidative stress and protect the integrity
of cells, including cells of the immune system (Bathige et al., 2015;
González de Vega et al., 2017). It has been shown that dietary selenium
levels are directly related to the level and activity of GPx (Cantor and
Tarino, 1982; Penglase et al., 2010). In the context of viral or bacterial
infections, selenium supplementation has been shown to influence T
helper (Th1/ Th2) responses (Steinbrenner et al., 2015). Feed supple-
mentation with selenium has also been shown to regulate the in-
flammation process, which underscores the important role of selenium
in resolving infection via avoiding unwanted excessive pathology
(Duntas, 2009). In this context, a challenge of selenium deficient mice
with influenza virus has been shown to result in a severe infection with
increased lung lesions (Beck, 2001).

Avian influenza (AI) is considered a major challenge to the poultry
industry (Capua and Marangon, 2006). Despite significant losses due to
mortality, as well as prevention and control effort costs, the current
advances in science and technology have not been able to prevent or
control AI outbreaks. Different types of vaccines have been used to
confer immunity against avian influenza viruses (AIV) (Swayne, 2009).
However, vaccines have had limited success partly due to the fact that
AIV, like other influenza viruses undergoes antigenic shift and drift
(Cattoli et al., 2011). Therefore, other strategies are required to en-
hance immunity against AIV. These strategies may include supple-
mentation of feed with nutrients with immunostimulatory effects in
order to enhance innate immune defenses against the virus as well as
augmenting vaccine induced protective immune responses.

In the present study, we evaluated the effect of supplementation of
chicken diets with organic (Selenium Enriched Yeast: SEY) and in-
organic (Sodium Selenite: SS) selenium on avian influenza virus shed-
ding and expression of antiviral genes in tissues.

2. Materials and methods

2.1. Experimental design

Two experiments were conducted. In the first experiment, which
was designed to assess viral shedding, 60 one day old SPF chickens were
randomly divided into 6 treatments of 10 chickens/group, and placed in
Horsfall units in a biosafety level II facility in the Isolation Unit at the
University of Guelph. Treatments included diets supplemented with the
following doses of selenium: a low dose of SEY (SEY-L; 0.15mg/kg of
feed), high dose of SEY (SEY-H; 0.30mg/kg of feed), low dose of SS (SS-
L; 0.15mg/kg of feed), high dose of SS (SS-H; 0.30mg/kg of feed), as
well as two groups where chickens were fed unsupplemented diet and
either challenged with H9N2 virus strain (A/turkey/Wisconsin/1/
1966) by oculo-nasal route (Positive Control) or unchallenged
(Negative Control). Ad-libitum access to selenium supplemented diets
was provided from day one.

In the second experiment, which was conducted to evaluate the
effect of selenium on antiviral gene expression, 150 one day old SPF
chickens were randomly divided into 6 treatment groups of 25
chickens/group with the same treatments as in the first experiment.
Feed and water were provided ad libitum from day one. At 14 days of
age, groups 1 to 5 were challenged with 400 μl of 107 TCID50 of H9N2
strain. All animal experiments were approved by the Animal Care
Committee, University of Guelph.

2.2. Virus propagation, titration and infection of chickens

Propagation of the virus was performed by injection of low patho-
genicity H9N2 AIV into allantoic fluid of 10 day old SPF embryonated
chicken eggs, as described previously (Szretter et al., 2006) with some
modifications. Briefly, embryonated SPF chicken eggs (CFIA, Ottawa
Laboratory, Nepean, ON, Canada) were incubated at 37 °C for 10 days
followed by inoculation of each egg with 4HA units of H9N2. Eggs were
further incubated for 72 h at 35 °C and monitored every 24 h and dead

embryos were discarded. At 72 h of incubation, embryonated eggs were
kept at 4 °C overnight followed by the collection of allantoic fluid and
centrifugation at 400 x g for 5min. Allantoic fluid was pooled and
stored at −80 °C until further use. Virus titre of allantoic fluid was
determined using Tissue Culture Infectious Dose50 (TCID50) on Madin-
Darby canine kidney (MDCK) cells (WHO, 2002). At 14 days of age, all
birds except negative control were challenged with 400 μl of the sus-
pension containing 1×106 TCID50/mL of the virus through the oculo-
nasal route. At 3, 5 and 7 days post challenge, oropharyngeal and
cloacal swab samples were collected. A virus titration assay using
MDCK cells was performed to assess viral shedding from both or-
opharyngeal and cloacal swabs as described previously (WHO, 2002).
Viral titre was expressed as TCID50/mL of virus present in the super-
natant of each well after 3 days of inoculation, and was calculated
based on the formula by Reed–Muench (Szretter et al., 2006).

2.3. RNA extraction and complementary DNA (cDNA) synthesis

Six chickens per time point and treatment were euthanized at 14,
17, 19 and 21 days of age (days 0, 3, 5 and 7 days post infection; dpi),
and tissue samples from the cecal tonsils and spleens were collected and
preserved in RNAlater at −80 °C until extraction of RNA. Tissue sam-
ples were homogenized in Trizol for RNA extraction according to the
manufacturer’s instructions (Invitrogen Canada Inc., Burlington,
Ontario, Canada). RNA quantity and quality were determined using the
NanoDrop® ND-1000 spectrophotometry (NanoDrop Technologies,
Wilmington, DE). cDNA synthesis was done by reverse transcription of
500 ng of total RNA using oligo (dT)12–18 primers and the Super
Script™First Strand Synthesis System was carried out in a total reaction
volume of 20 μl according to manufacturer’s instructions (Life
Technologies Inc., Burlington, Ontario, Canada).

2.4. Quantitative real-time polymerase chain reaction

Quantitative real-time polymerase chain reaction (qRT-PCR) was
run in 384-well plates with 20 μL total reaction volume consisting of
5 μl of cDNA (1:10 dilution), 1 μl of each forward and reverse primers
(5 μM each), and 13 μl of SYBR Green (Roche Diagnostic, Laval, QC,
Canada). Primer sequences along with their respective annealing tem-
peratures are provided in Table 1.

2.5. Statistical analysis

The results for shedding of the virus (TCID50/ml), as well as the
expression of each gene relative to beta-actin (housekeeping gene) were

Table 1
Primer sequences used for real-time PCR.

Target Gene Primer Sequence, 5’-3’ Annealing
temp
(°C)

Reference

Viperin F: GGAGGCGGGAATGGAGAAAA
R: CAGCTGGCCTACAAATTCGC

60 Barjesteh
et al., 2015

MDA5 F: GCAAAACCAGCACTGAATGGG
R: CGTAAATGCTGTTCCACTAACGG

60 Barjesteh
et al., 2015

IFN-α F: ATCCTGCTGCTCACGCTCCTTCT
R: GGTGTTGCTGGTGTCCAGGATG

64 St. Paul
et al., 2011

IFN-γ F: ACACTGACAAGTCAAAGCCGC
R: AGTCGTTCATCGGGAGCTTG

60 Brisbin et al.,
2010

IFN-β F: GCCTCCAGCTCCTTCAGAATACG
R: TGGATCTGGTTGAGGAGGCTGT

64 Villanueva
et al., 2011

OAS F: 5′-AGA ACT GCA GAA GAA CTT
TGT C-3′
R: 5′-GCT TCA ACA TCT CCT TGT
ACC-3′

60 Villanueva
et al., 2011

β-Actin F: CAACACAGTGCTGTCTGGTGGTA
R: ATCGTACTCCTGCTTGCTGATCC

60 Shojadoost
et al., 2017
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calculated and compared among groups in each time point, using one
way ANOVA, Kruskal Wallis and Tukey’s test with chickens as an ex-
perimental unit. GraphPad Prism 6.0 software (GraphPad Software Inc.,
San Diego, CA) was used for this purpose and P value less than 0.05 was
considered significant.

3. Results

3.1. Virus shedding

To determine the efficacy of selenium as a feed supplement in re-
ducing H9N2 AIV infection burden in chickens, shedding of the virus in
cloacal and oropharyngeal samples of birds was analyzed at 3, 5 and 7
dpi. Chickens receiving SEY-H supplemented feed had significantly
lower virus titers (P < 0.01) in their cloacal samples at all the time
points when compared to untreated but H9N2 challenged birds
(Fig. 1A). In addition, the oropharyngeal shedding of virus in SEY-H
chickens was significantly lower (P < 0.01) at 5 dpi when compared to
chickens that received SS-L/ SS-H supplemented feed or no treatment
but only the virus challenge (Fig. 1B). Cloacal virus shedding at 7 dpi in
all selenium treated groups was significantly lower when compared to
the virus challenged control group; however, there was no significant
difference among the supplemented groups. Furthermore, orophar-
yngeal shedding analysis showed that at 3 and 5 dpi, SEY-L supple-
mented feeding resulted in a significantly lower virus shedding com-
pared to virus challenged control group (Fig. 1B).

3.2. Expression of immune system genes

To determine the effects of selenium supplementation in chicken
feed on the immune system, we evaluated the expression of interferon

stimulated genes (ISG) and interferon (IFN) genes in cecal tonsil and
spleen tissues. These genes included: Viperin, OAS (2’-5’ oligoadenylate
synthetase), MDA5 (melanoma differentiation-associated gene 5), in-
terferon (IFN)-α, IFN-β and IFN-γ.

As depicted in Figs. 2A, 2C and 2E, while the chickens that received
SS-L or SS-H supplemented feed had significantly higher (P < 0.0001)
expression of viperin in their cecal tonsils at the pre-virus challenge
time point (day 0) compared to the rest of the groups, the expression of
MDA5 and OAS genes was significantly elevated (P < 0.0001) in all
the selenium treated groups when compared to untreated controls.
However, no changes in the expression of viperin, OAS or MDA5 genes
were observed at 3, 5 or 7 dpi. Furthermore, in the spleen, there were
no changes observed between the groups at any of the time-points ex-
amined (Figs. 2B, 2D and 2 F).

In regard to the expression of interferon genes, there was a sig-
nificantly higher transcription of IFN-α in the cecal tonsils of chickens
receiving SEY-L supplemented feed at 5 dpi compared to those fed with
SS-H supplemented diet (Fig. 3A). Furthermore, IFN-α gene expression
in the cecal tonsils of these birds remained significantly higher at 7 dpi
when compared to groups that received either SS-L supplemented feed
or virus-alone challenge. However, no changes were observed in the
expression of IFN-α gene between the groups at either 3 dpi in the cecal
tonsils (Fig. 3A) or at any of the time points in the spleen (Fig. 3B).
Furthermore, expression of IFN-β gene in the cecal tonsils of chickens
fed with SS-H supplemented diet was found to be significantly higher at
3 dpi when compared to chickens receiving either SS-L or no selenium
supplementation (Fig. 3C). However, no changes were observed in the
expression of IFN-β gene between the groups at either later time-points
dpi in the cecal tonsils (Fig. 3C) or at any of the time-points in the
spleen (Fig. 3D).

Significant (P < 0.05) changes in the IFN-γ expression were

Fig. 1. Effect of in-feed selenium supplementation on cloacal (A)
and oropharyngeal (B) shedding of low pathogenic avian influ-
enza virus. Chickens were fed with a diet supplemented with se-
lenium enriched yeast (SEY: 0.15 and 0.30 mg/kg) and sodium
selenite (SS: 0.15 and 0.30mg/kg) and were challenged with low
pathogenic AIV (H9N2), at 14 days of age. Challenged and un-
challenged control groups did not receive supplemented selenium.
Cloacal and oropharyngeal samples were collected at 3, 5 and 7
dpi and the titer of the virus was measured by TCID50 assay. The
error bars indicate standard error of means of ten biological re-
plicates (n=10). Groups with different letters are significantly
different (P < 0.05).
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observed in spleen but not in the cecal tonsils. To this end, chickens fed
with SEY-L had significantly elevated splenic IFN-γ transcription when
compared to virus only challenged controls (Fig. 3F).

4. Discussion

Selenium has been used experimentally and commercially as a feed

supplement and has been shown to improve bird health and perfor-
mance. However, the antiviral activity of selenium is not well studied.
In the present study, the effects of supplementation of chicken diets
with organic (SEY) and inorganic selenium (SS) on the avian H9N2 low
pathogenicity virus shedding and the induction of immune system
genes were evaluated. We found that selenium supplementation re-
sulted in reduced virus shedding and enhanced expression of ISG and

Fig. 2. Relative Viperin, OAS, MDA5 gene expression in lymphoid tissues of chickens fed with selenium supplemented diet. Chickens were fed with a diet sup-
plemented with selenium enriched yeast (SEY: 0.15 and 0.30 mg/kg) and sodium selenite (SS: 0.15 and 0.30mg/kg) and were challenged with low pathogenic AIV
(H9N2), at 14 days of age. Challenged and unchallenged control groups did not receive selenium. Cecal tonsils and spleens were collected at 0, 3, 5, and 7 dpi and
viperin (A, B), MDA5 (C, D) and OAS (E, F) gene expression was quantified using real-time PCR technique. The results are shown as relative to β-actin. The error bars
indicate standard error of means of 6 biological replicates (n=6). Groups with different letters are significantly different (P < 0.05).
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IFN genes.
Successful control of AIV is not just limited to preventing the disease

in birds but more importantly, to curtail virus shedding. This is because
AIV that replicates in mucosa and is shed through feces as well as small
air droplets, can pose a great threat to other susceptible birds within the

flock and also those in the neighboring flocks (Jonges et al., 2015).
Therefore, reducing AIV shedding could potentially prevent the spread
of the virus restricting the size of AI outbreaks. To this end, we observed
that the chickens given both SEY and SS supplemented feed had sig-
nificantly reduced virus shedding as determined by virus titers in their

Fig. 3. Relative IFN-α, IFN-β and IFN-γ gene expression in lymphoid tissues of chickens fed with selenium supplemented diet. Chickens were fed with a diet
supplemented with selenium enriched yeast (SEY: 0.15 and 0.30mg/kg) and sodium selenite (SS: 0.15 and 0.30mg/kg) and were challenged with low pathogenic
AIV (H9N2), at 14 days of age. Challenged and unchallenged control groups did not receive selenium. Cecal tonsils and spleens were collected at 0, 3, 5, and 7 dpi and
IFN-α (A, B), IFN-β (C, D) and IFN-γ (E, F) gene expression was quantified using real-time PCR technique. The results are shown as relative to β-actin. The error bars
indicate standard error of means of 6 biological replicates (n=6). Groups with different letters are significantly different (P < 0.05).
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cloacal samples at 7 dpi compared to untreated virus challenged control
chickens. In particular, organic SEY fed birds shed significantly less
virus cloacally (3, 5 and 7dpi) as well as oropharangeally (3 and 5dpi)
compared to untreated chickens. These observations suggest an effica-
cious role for selenium as a beneficial feed supplement in reducing AI
virus shedding in chickens. In this context, it is noteworthy that the
extent and severity of some viral diseases including AI are directly re-
lated to the selenium levels in the soil. For example, during the highly
pathogenic AI outbreaks during 1983-84 and 1994-95 in North
America, the levels of selenium were found to be low in the affected
areas (Swayne et al., 1998). Furthermore, experiments using the mouse
model have shown that feeding a diet containing higher levels of se-
lenium reduces pathogenicity of influenza virus and the resulting lung
lesions (Beck et al., 2003). In the present study, we used a low patho-
genicity virus and it would be interesting to determine the effects of
selenium on pathogenicity and shedding of highly pathogenic viruses in
the future.

An important observation of the present study was that supple-
mentation of chicken feed with the organic form of selenium (SEY) was
more effective at reducing virus shedding compared to the inorganic
selenium (SS) supplemented det. This may be due to the fact that SEY is
more bioavailable than SS and that it may also have a more potent
immunostimulatory activity in terms of augmenting the functions of the
immune system cells through reducing the cellular oxidation status
(Delezie et al., 2014). This concept is further supported by the findings
of Peretz et al. (1991) and McKenzie et al. (2008) who found that SEY
supplementation was associated with an increased lymphocyte pro-
liferation with augmented IL-2 receptor expression as well as reduced
damage to immune system cells by free radicals. Similar observations
regarding the superior activities of enriched organic dietary selenium
have also been reported in broilers and turkeys. For example, while
feeding young turkeys with organic selenium supplemented feeds en-
hanced plasma GPx activity (Cantor and Tarino, 1982), feeding breeder
turkeys with a diet supplemented with organic selenium resulted in
reduced rate of oxidation in eggs as well as in the tissues of newly
hatched poults (Jankowski et al., 2011). Similarly, it was observed that
broiler chicks fed on a diet containing organic selenium had improved
performance and enhanced antioxidant activity as determined by re-
duced lipid peroxidase and increased superoxide dismutase activities
(Rao et al., 2016). Furthermore, Rajashree et al. (2014) showed that
parent broiler breeder feeding with organic selenium diets led to in-
creased egg productivity, number of settable eggs and hatchability as
well as reduced oxidation activity in hatching eggs. Considering these
lines of evidence, our findings add on a new dimension to the beneficial
effects of dietary selenium supplementation in terms of augmenting
antiviral immunity in poultry.

Selenium is an essential dietary element with antioxidant roles in
immune functions; however, there is little information available as to
how this element acts at the molecular level in host immunity and in-
flammation (Shrimali et al., 2008). It is known that selenium is in-
corporated into the amino acid selenocysteine, which in turn is inserted
into selenoproteins. The selenoproteins within immune system cells
perform antioxidant functions, carry out protein folding and promote
certain cell signaling events required in cellular activation (Huang
et al., 2012). Cells of the immune system express several selenoproteins
of which GPx isoenzymes 1 and 4 have been shown to have the highest
expression levels, particularly in T cells and macrophages (Steinbrenner
et al., 2015). In this regard, it is important to note that the level of
cellular GPx activity has been shown to be directly associated with the
amount of available dietary selenium and that additional dietary sele-
nium supplementation results in enhanced GPx activity which in turn
augments IFN-γ mediated T cell responses during infections (Broome
et al., 2004). Several studies have demonstrated the beneficial effects of
dietary selenium in immunity to viruses including influenza, HIV and
Coxsackie viruses (Gill and Walker, 2008). For example, infection with
influenza virus in mice is shown to decrease GPx activity resulting in an

increased oxidative stress in T cells leading to impaired immune re-
sponse and reduced virus clearance (Beck et al., 2001). It has also been
found that Selelnium deficient mice and rats infected with influenza
virus had macrophages, NK cells and CD8+T cells with impaired
functions (Ferencik and Ebringer, 2003; Hoffmann and Berry, 2008).
Furthermore, Jaspers et al (2007) used an in vitro system of differ-
entiated human bronchial epithelial cells to suggest that selenium has a
significant impact on the maintenance of epithelial cell integrity and
thus, host defense against influenza virus infection (Jaspers et al.,
2007). Considering the observation in the present study that selenium
supplementation could reduce low pathogenic avian influenza virus
shedding in chickens and although the exact mechanisms of selenium
mediated enhancement of immune function are not fully known, it
seems reasonable to s uggest that selenium can exert its effect by al-
tering the redox status of the cells or by meeting the increased re-
quirements for selenoproteins of the activated immune system cells that
contribute to an effective antiviral defense (Gill and Walker, 2008).

An important antiviral defense mechanism includes efficient pro-
duction of interferons and induction of ISGs that help curtail virus re-
plication and reduce virus shedding. Considering the evidence that in-
dicate dietary selenium supplementation improves immune system cell
functions and that these cells will possess better interferon production
ability, we further sought to measure the expression of interferons and
ISGs (OAS, MDA5 and Viperin) in lymphoid tissues, the cecal tonsils
and spleen, at pre- and post-virus challenge stages. It was found that
selenium supplemented chickens had significantly higher expression of
IFN-α, β and γ in these tissues following to virus challenge compared to
untreated controls. It was also observed that the expression of OAS,
MDA5 and Viperin genes in the cecal tonsils was significantly elevated
in the selenium treated groups at pre-challenge stage when compared to
untreated controls. It is of note that while MDA5 is an important virus
sensing receptor, OAS and Viperin have been shown to assist in pre-
venting budding and release of influenza virus particles from the in-
fected cells (Chakrabarti et al., 2011; Tan et al., 2012). One of our
findings was also that the induction of ISG expression preceded the
expression of interferon genes, although it is generally observed that
interferons induce ISG expression (Helbig and Beard, 2014), which was
suggestive of a mechanism of ISG expression independent of IFN. This
concept is supported by a previous study that used an in-vitro T cell
culture to show that Interferon regulatory factor-3 (IRF-3), a ubiqui-
tously expressed protein early on during viral infection, can directly
stimulate expression of certain ISGs, including OAS, in an IFN-in-
dependent manner (Grandvaux et al., 2002). Similarly, IFN-in-
dependent expression of MDA5 has also been reported (Iwasaki, 2012).
To this end, we have recently reported a significant expression of OAS
and Viperin genes expression prior to the expression of type-I IFN in
tracheal organ cultures in response to treatment by TLR ligands
(Barjesteh et al., 2016). Nevertheless, taken together, our observations
from these gene expression experiments suggest that selenium supple-
mentation of poultry diets can result in augmented expression of in-
terferon and ISG genes in the cells of the lymphoid tissues. Further-
more, it can be speculated that the selenium incorporation towards the
synthesis of selenoproteins can likely render an antioxidant status in the
immune cells and hence augment their antiviral responses including
interferon and ISG production. Therefore, in summary, our results de-
monstrate that selenium supplementation of chicken diets increases the
expression of antiviral response genes which could lead to reduction of
virus shedding from infected birds.

Conflict of interest

Authors declare no conflict of interest.

Acknowledgements

This research was supported by Alltech, Ontario Centers of

B. Shojadoost et al. Veterinary Immunology and Immunopathology 207 (2019) 62–68

67



Excellence, and Ontario Ministry of Agriculture, Food and Rural Affairs
partnership with the University of Guelph. The authors wish to ac-
knowledge Dr. Ted Sefton (Alltech) for his significant contribution to
this research.

References

Arthur, J.R., McKenzie, R.C., Beckett, G.J., 2003. Selenium in the immune system. J. Nutr.
133 (5 Suppl. 1), 1457S–1459S.

Baker, R.D., Baker, S.S., LaRosa, K., Whitney, C., Newburger, P.E., 1993. Selenium reg-
ulation of glutathione peroxidase in human hepatoma cell line Hep3B. Arch.
Biochem. Biophys. 304 (1), 53–57.

Barjesteh, N., Shojadoost, B., Brisbin, J.T., Emam, M., Hodgins, D.C., Nagy, É., Sharif, S.,
2015. Reduction of avian influenza virus shedding by administration of Toll-like
receptor ligands to chickens. Vaccine 33 (38), 4843–4849.

Barjesteh, N., Negash Alkie, T., Hodgins, D.C., Nagy, É., Sharif, S., 2016. Local innate
responses to TLR ligands in the chicken trachea. Viruses 8 (7) Pii, E: 207.

Bathige, S.D., Umasuthan, N., Godahewa, G.I., Thulasitha, W.S., Whang, I., Won, S.H.,
Kim, C., Lee, J., 2015. Two variants of selenium-dependent glutathione peroxidase
from the disk abalone Haliotis discus discus: molecular characterization and immune
responses to bacterial and viral stresses. Fish. Shellfish Immunol. 45 (2), 648–655.

Beck, M.A., 2001. Antioxidants and viral infections: host immune response and viral
pathogenicity. J. Am. Coll. Nutr. 20 (Suppl. 5), 384S–388S.

Beck, M.A., Nelson, H.K., Shi, Q., Van Dael, P., Schiffrin, E.J., Blum, S., Barclay, D.,
Levander, O.A., 2001. Selenium deficiency increases the pathology of an influenza
virus infection. FASEB. J. 15 (8), 1481–1483.

Beck, M.A., Levander, O.A., Handy, J., 2003. Selenium deficiency and viral infection. J.
Nutr. 133 (5 Suppl. 1), 1463S–1467S.

Bogdan, C., Rollinghoff, M., Diefenbach, A., 2000. Reactive oxygen and reactive nitrogen
intermediates in innate and specific immunity. Curr. Opin. Immunol. 12 (1), 64–76.

Brisbin, J.T., Gong, J., Parvizi, P., Sharif, S., 2010. Effects of lactobacilli on cytokine
expression by chicken spleen and cecal tonsil cells. Clin. Vaccine Immunol. 17 (9),
1337–1343.

Broome, C.S., McArdle, F., Kyle, J.A., Andrews, F., Lowe, N.M., Hart, C.A., Arthur, J.R.,
Jackson, M.J., 2004. An increase in selenium intake improves immune function and
poliovirus handling in adults with marginal selenium status. Am. J. Clin. Nutr. 80 (1),
154–162.

Cantor, A.H., Tarino, J.Z., 1982. Comparative effects of inorganic and organic dietary
sources of selenium on selenium levels and selenium-dependent glutathione perox-
idase activity in blood of young turkeys. J. Nutr. 112 (11), 2187–2196.

Capua, I., Marangon, S., 2006. Control of Avian influenza in poultry. Emerg. Infect.
Diseases. 12 (9), 1319–1324.

Cattoli, G., Milani, A., Temperton, N., Zecchin, B., Buratin, A., Molesti, E., Aly, M.M.,
Arafa, A., Capua, I., 2011. Antigenic drift in H5N1 avian influenza virus in poultry is
driven by mutations in major antigenic sites of the hemagglutinin molecule analo-
gous to those for human influenza virus. J. Virol. 85 (17), 8718–8724.

Chakrabarti, A., Jha, B.K., Silverman, R.H., 2011. New insights into the role of RNase L in
innate immunity. J. Interferon. Cytokine. Res. 31, 49–57.

Delezie, E., Rovers, M., Van der Aa, A., Ruttens, A., Wittocx, S., Segers, L., 2014.
Comparing responses to different selenium sources and dosages in laying hens. Poult.
Sci. 93 (12), 3083–3090.

Duntas, H.L., 2009. Selenium and inflammation: underlying anti-inflammatory mechan-
isms. Horm. Metab. Res. 41 (6), 443–447.

El-Senousey, H.K., Chen, B., Wang, J.Y., Atta, A.M., Mohamed, F.R., Nie, Q.H., 2018.
Effects of dietary vitamin C, vitamin E, and alpha-lipoic acid supplementation on the
antioxidant defense system and immune-related gene expression in broilers exposed
to oxidative stress by dexamethasone. Poult. Sci. 97 (1), 30–38.

Ferencik, M., Ebringer, L., 2003. Modulatory effects of selenium and zinc on the immune
system. Folia. Microbiol. (Praha) 48 (3), 417–426.

Gill, H., Walker, G., 2008. Selenium, immune function and resistance to viral infections.
Nut. Diet. 65 (S3), S41–S47.

González de Vega, R., García, M., Fernández-Sánchez, M.L., González-Iglesias, H., Sanz-
Medel, A., 2017. Protective effect of selenium supplementation following oxidative
stress mediated by glucose on retinal pigment epithelium. Metallomics 10 (1), 83–92.

Grandvaux, N., Servant, M.J., tenOever, B., Sen, G.C., Balachandran, S., Barber, G.N., Lin,
R., Hiscott, J., 2002. Transcriptional profiling of interferon regulatory factor 3 target
genes: direct involvement in the regulation of interferon-stimulated genes. J. Virol.
76 (11), 5532–5539.

Helbig, K.J., Beard, M.R., 2014. The role of viperin in the innate antiviral response. J.
Mol. Biol. 426 (6), 1210–1219.

Hoffmann, P.R., Berry, M.J., 2008. The influence of selenium on immune responses. Mol.
Nutr. Food. Res. 52 (11), 1273–1280.

Huang, Z., Rose, A.H., Hoffmann, P.R., 2012. The role of selenium in inflammation and
immunity: from molecular mechanisms to therapeutic opportunities. Antioxid.

Redox. Signal. 16 (7), 705–743.
Iwasaki, A., 2012. A virological view of innate immune recognition. Annu. Rev.

Microbiol. 66, 177–196.
Jankowski, J., Zduńczyk, Z., Sartowska, K., Tykałowski, B., Stenzel, T., Wróblewska, M.,

Koncicki, A., 2011. Metabolic and immune response of young turkeys originating
from parent flocks fed diets with inorganic or organic selenium. Pol. J. Vet. Sci. 14
(3), 353–358.

Jaspers, I., Zhang, W., Brighton, L.E., Carson, J.L., Styblo, M., Beck, M.A., 2007. Selenium
deficiency alters epithelial cell morphology and responses to influenza. Free Radic.
Biol. Med. 42 (12), 1826–1837.

Jonges, M., van Leuken, J., Wouters, I., Koch, G., Meijer, A., Koopmans, M., 2015. Wind-
mediated spread of low-pathogenic avian influenza virus into the environment during
outbreaks at commercial poultry farms. PLoS One 10 (5), e0125401.

Jose, N., Elangovan, A.V., Awachat, V.B., Shet, D., Ghosh, J., David, C.G., 2017. Response
of in ovo administration of zinc on egg hatchability and immune response of com-
mercial broiler chicken. J. Anim. Physiol. Anim. Nutr. (Berl). 102 (2), 591–595.

McKenzie, R.C., Rafferty, T.S., Arthur, J.R., Beckett, G.J., 2001. Effects of selenium on
immunity and ageing. In: Hatfield, D.L. (Ed.), Selenium: Its Molecular Biology and
Role in Human Health. Kluwer, Academic Publishers, Boston, MA, pp. 258–272.

McKenzie, R.C., Beckett, G.J., McLean, S., Arthur, J.R., Macve, J.C., Nicol, F., Howie, A.F.,
Norval, M., 2008. Differential effects of doses and forms of dietary selenium on im-
mune cell numbers in the skin of ultraviolet-irradiated and unirradiated mice. Biol.
Trace. Elem. Res. 125 (3), 255–267.

Pan, S., Zhang, K., Ding, X., Wang, J., Peng, H., Zeng, Q., Xuan, Y., Su, Z., Wu, B., Bai, S.,
2018. Effect of High dietary manganese on the immune responses of broilers fol-
lowing Oral salmonella typhimurium inoculation. Biol. Trace. Elem. Res. 181 (2),
347–360.

Penglase, S., Nordgreen, A., Meeren, T., van der, Olsvik, P.A., Sæle, Ø., Sweetman, J.W.,
Baeverfjord, G., Helland, S., Hamre, K., 2010. Increasing the level of selenium in
rotifers (Brachionus plicatilis ‘Cayman’) enhances the mRNA expression and activity
of glutathione peroxidase in cod (Gadus morhua L.) larvae. Aquaculture 306 (1/4),
259–269.

Peretz, A., Nève, J., Desmedt, J., Duchateau, J., Dramaix, M., Famaey, J.P., 1991.
Lymphocyte response is enhanced by supplementation of elderly subjects with sele-
nium-enriched yeast. Am. J. Clin. Nutr. 53 (5), 1323–1328.

Rajashree, K., Muthukumar, T., Karthikeyan, N., 2014. Comparative study of the effects of
organic selenium on hen performance and productivity of broiler breeders. Br. Poult.
Sci. 55 (3), 367–374.

Rao, S.V., Prakash, B., Raju, M.V., Panda, A.K., Kumari, R.K., Reddy, E.P., 2016. Effect of
supplementing organic forms of zinc, selenium and chromium on performance, anti-
oxidant and immune responses in broiler chicken reared in tropical summer. Biol.
Trace. Elem. Res. 172 (2), 511–520.

Shojadoost, B., Kulkarni, R.R., Brisbin, J.T., Quinteiro-Filho, W., Alkie, T.N., Sharif, S.,
2017. Interactions between lactobacilli and chicken macrophages induce antiviral
responses against avian influenza virus. Res. Vet. Sci. https://doi.org/10.1016/j.rvsc.
2017.10.007.

Shrimali, R.K., Irons, R.D., Carlson, B.A., Sano, Y., Gladyshev, V.N., Park, J.M., Hatfield,
D.L., 2008. Selenoproteins mediate T cell immunity through an antioxidant me-
chanism. J. Biol. Chem. 283 (29), 20181–20185.

Steinbrenner, H., Al-Quraishy, S., Dkhil, M.A., Wunderlich, F., Sies, H., 2015. Dietary
selenium in adjuvant therapy of viral and bacterial infections. Adv. Nutr. 6 (1),
73–82.

St. Paul, M., Mallick, A.I., Haq, K., Orouji, S., Abdul-Careem, M.F., Sharif, S., 2011. In vivo
administration of ligands for chicken toll-like receptors 4 and 21 induces the ex-
pression of immune system genes in the spleen. Vet. Immunol. Immunopathol. 144
(3–4), 228–237.

Swayne, D.E., 2009. Avian influenza vaccines and therapies for poultry. Comp. Immunol.
Microbiol. Infect. Dis. 32 (4), 351–363.

Swayne, D.E., Beck, J.R., Garcia, M., Perdue, M.L., Brugh, M., 1998. Pathogenicity shifts
in experimental avian influenza virus infections in chickens. Swayne, D.E., Slemons,
R.D. (Eds.), Proceedings of the Fourth International Symposium on Avian Influenza
171–181.

Szretter, K.J., Balish, A.L., Katz, J.M., 2006. Influenza: propagation, quantification, and
storage. Curr. Protoc. Microbiol. Chapter 15: Unit 15G.1.

Tan, K.S., Olfat, F., Phoon, M.C., Hsu, J.P., Howe, J.L., Seet, J.E., Chin, K.C., Chow, V.T.,
2012. In vivo and in vitro studies on the antiviral activities of viperin against influ-
enza H1N1 virus infection. J. Gen. Virol. 93 (Pt 6), 1269–1277.

Turner, R.J., Finch, J.M., 1991. Selenium and the immune response. Proc. Nutr. Soc. 50
(2), 275–285.

Villanueva, A.I., Kulkarni, R.R., Sharif, S., 2011. Synthetic double-stranded RNA oligo-
nucleotides are immunostimulatory for chicken spleen cells. Dev. Comp. Immunol. 35
(1), 28–34.

WHO, WHO Manual on Animal Influenza Diagnosis and Surveillance World Health
Organization Department of Communicable Disease Surveillance and (2002). https://
www.who.int/csr/resources/publications/influenza/whocdscsrncs20025rev.pdf.

B. Shojadoost et al. Veterinary Immunology and Immunopathology 207 (2019) 62–68

68

http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0005
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0005
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0010
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0010
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0010
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0015
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0015
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0015
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0020
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0020
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0025
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0025
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0025
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0025
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0030
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0030
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0035
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0035
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0035
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0040
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0040
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0045
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0045
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0050
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0050
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0050
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0055
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0055
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0055
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0055
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0060
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0060
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0060
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0065
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0065
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0070
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0070
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0070
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0070
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0075
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0075
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0080
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0080
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0080
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0085
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0085
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0090
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0090
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0090
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0090
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0095
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0095
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0100
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0100
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0105
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0105
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0105
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0110
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0110
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0110
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0110
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0115
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0115
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0120
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0120
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0125
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0125
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0125
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0130
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0130
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0135
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0135
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0135
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0135
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0140
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0140
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0140
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0145
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0145
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0145
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0150
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0150
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0150
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0155
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0155
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0155
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0160
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0160
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0160
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0160
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0165
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0165
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0165
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0165
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0170
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0170
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0170
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0170
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0170
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0175
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0175
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0175
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0180
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0180
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0180
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0185
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0185
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0185
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0185
https://doi.org/10.1016/j.rvsc.2017.10.007
https://doi.org/10.1016/j.rvsc.2017.10.007
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0195
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0195
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0195
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0200
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0200
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0200
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0205
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0205
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0205
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0205
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0210
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0210
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0215
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0215
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0215
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0215
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0220
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0220
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0225
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0225
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0225
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0230
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0230
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0235
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0235
http://refhub.elsevier.com/S0165-2427(18)30444-6/sbref0235
https://www.who.int/csr/resources/publications/influenza/whocdscsrncs20025rev.pdf
https://www.who.int/csr/resources/publications/influenza/whocdscsrncs20025rev.pdf

	Dietary selenium supplementation enhances antiviral immunity in chickens challenged with low pathogenic avian influenza virus subtype H9N2
	Introduction
	Materials and methods
	Experimental design
	Virus propagation, titration and infection of chickens
	RNA extraction and complementary DNA (cDNA) synthesis
	Quantitative real-time polymerase chain reaction
	Statistical analysis

	Results
	Virus shedding
	Expression of immune system genes

	Discussion
	Conflict of interest
	Acknowledgements
	References




