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Abstract: Indigenous breeds of young chickens in India are believed to be resistant to the classical
strain of infectious bursal disease virus (IBDV). However, the mechanism underlying this resistance
is obscure. Innate immunity is a key factor in defining the clinical course and pathology of microbial
infections. The present study is aimed to compare the pathology of very virulent IBDV (vvIBDV) and
immunological host response in experimentally infected - vaccinated and unvaccinated indigenous
Aseel and commercial White Leghorn chickens. The viral loads and innate immune gene expression
profiles of MDA-5, Mx, IFN-«, and IFN-§ in different lymphoid organs were analyzed by quantitative
PCR. The histopathological scores in Aseel birds were lower than in White Leghorns despite
comparable viral loads. The degrees of histopathological lesions were fewer in vaccinated birds than
in unvaccinated birds of both breeds. Analysis of innate immune response genes revealed that the
cytoplasmic pattern recognition receptor MDA-5 gene was overexpressed mainly in the cecal tonsils
of both vaccinated and nonvaccinated White Leghorn chickens. An increase in the expression of the
IFN-o gene was seen in the cecal tonsils of Aseels, and an increase in IFN-[3 gene expression was seen
in the thymuses of White Leghorns following vvIBDV challenge both in vaccinated and nonvaccinated
birds. In addition, we observed that the Mx gene plays a minimal role, if any, in vvIBDV infection of
the breeds under study. It remains interesting and important that although vvIBDV causes disease
in indigenous Aseel birds, the faster clearance and reduced pathology of the virus in Aseel birds
compared to White Leghorn chicken indicate some unidentified innate immune factors that are
limiting IBDV in this breed. Further studies will be required to correlate kinetics of humoral and
cellular immune response in relation to the virus load in different organs to illuminate the mechanism
of genetic resistance in native breeds of chicken.
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1. Introduction

Infectious bursal disease (IBD) is one of the most important emerging viral diseases in the poultry
industry. It is caused by a non-enveloped virus belonging to the family Birnaviridae with a bisegmented
double-stranded RNA (dsRNA) genome [1]. The virus has a predilection for pre-B lymphocytes in the
bursa of Fabricius. Birds at 3-6 weeks of age display clinical signs, principally when the bursa is at its
maximum development and when maternal antibodies are waning [2]. The disease is economically
important because of the high mortality rates attributed to a highly virulent emergent variant of the
virus capable of infecting vaccinated chickens and causing severe immunosuppression in surviving
birds. However, mechanisms of pathogenic and immunosuppressive aspects of IBDV are still not well
known [3].

Chickens of all breeds are susceptible to infectious bursal disease virus (IBDV) infection [4].
Lighter breeds of chickens such as the White Leghorn (WLH) are considered more susceptible than
heavier breeds [5,6]. In addition, layer-type chickens of all genetic backgrounds show higher IBD viral
antigenic loads in the bursa compared to the broiler breeds [7]. Broiler breeds were also found to be
less susceptible to IBDV based on an assessment of clinical signs and lesions [8]. Aseel breed of chicken
is considered a native chicken breed and therefore believed to be resistant to the IBD. The resistance of
native breeds to tropical diseases is thought to be specific to genetic line and disease, mainly because
of their natural selection in tropical environments.

Both innate and adaptive immunities are required for highly efficient recognition and clearance of
infective pathogens. Highly conserved components of the innate immune system are key factors in
determining the clinical course and pathology of microbial infections. This immune arm provides the
first line of defense against microbial pathogens [9-11]. The excessive or insufficient production of
innate immune factors such as pro-inflammatory cytokines determines the pathophysiology of the
disease by regulating inflammation and immunity [12].

Melanoma differentiation-associated gene-5 (MDA-5), an intracytoplasmic pattern recognition
receptor, belongs to the retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) family [13]. MDA-5 is
said to recognize long dsRNA independent of its phosphorylation status [14]. Once MDA-5 binds with
viral dsRNA, it can make active a number of downstream transcription factors that translocate to the
nucleus and stimulate expression of type I interferon (IFN) genes [15-17]. The type-I IFN pathway
plays a central role in innate immune responses to viral infection, inducing expression of multiple genes
encoding kinases such as 2’, 5’ oligoadenylatesynthatase and the myxoma gene (Mx), which is known
to encode proteins that participate in antiviral responses [18,19]. Mx is one of the best-characterized
interferon-regulated antiviral genes [20,21], and it has shown antiviral activity against various RNA
viruses through post-transcriptional regulation and interaction with nucleocapsid-like structures,
which restricts the localization of certain viruses within cells [22,23].

Although the critical role of MDA-5 in the recognition of several RNA viruses [24,25] and its
effects on chicken embryo fibroblasts [26] have been shown, its role in IBDV infection in live birds is
yet to be determined. Because of this gap, the relative expression of innate immune response genes,
namely MDA-5, Mx, IFN-«, and IFN-{ in the bursa, spleen, thymus, and cecal tonsils of chickens
was determined using real-time PCR (RT-PCR). Absolute quantification of vvIBDV in these lymphoid
organs in both vaccinated and nonvaccinated challenged WLH and Aseel chickens was also performed.
The indigenous Aseel breeds showed minimal changes in various lymphoid organs compared to the
commercial white leghorn breed despite comparable virus load. IFN-a was found to be up-regulated in
Aseel breeds whereas higher gene expression of IFN-f3 was observed in WLH. No significant increase
in expression of the Mx gene was seen in any of the experimental groups studied. Our results define
an essential role for Interferons (IFN-o IFN-f3) and demonstrate redundant roles for MDA-5 and Mx
genes involved in the innate immune response to vvIBDV infection in different chicken breeds.
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2. Materials and Methods

2.1. Source of Virus

The very virulent IBDV (strain UP-01-2013), maintained in the Avian Viral Diseases Lab, Division
of Pathology, Indian Veterinary Research Institute, Bareilly, India, was used to prepare the inoculums
used in the challenge study. The virus was propagated in 10-day-old specific-pathogen-free (SPF)
embryonated chicken eggs by the chorioallantoic membrane (CAM) route, using the method described
by [27]. The stock virus was quantified by determining the 50% egg infectious dose (EIDsg) [28].

2.2. Experimental Birds

One-day-old Aseel (n = 54) and WLH (n = 54) chickens were divided randomly into six groups of
18 birds each and housed individually under strict hygienic conditions. The seronegativity of these
chicks for IBDV was confirmed by commercial antibody enzyme-linked immunosorbent assay kit for
IBD (IDEXX Laboratories, Inc., Westbrook, ME, USA). The experiment was carried out after approval
from the Institute Animal Ethics Committee of the Indian Veterinary Research Institute (Approval no.
F.1-53/2012-13/]D-R).

2.3. Experimental Design

The experimental birds were divided into six groups: (1) NWG, consisting of nonvaccinated
challenged WLH; (2) VWG, consisting of vaccinated challenged WLH; (3) CWG, which served as
a WLH control and were neither vaccinated nor challenged; (4) NAG, consisting of nonvaccinated
challenged Aseel; (5) VAG, consisting of vaccinated challenged Aseel, and (6) CAG, which served
as Aseel controls and were neither vaccinated nor challenged. At 2 weeks of age, chickens in the
VWG and VAG groups were vaccinated with a single dose of Georgia strain Infectious Bursal Disease
(Gumboro) Live Vaccine (Indovax Pvt. Ltd., India). At 4 weeks of age, chickens in the four groups,
namely NWG, VWG, NAG, and VAG, were inoculated with 0.5 mL/chick of the vvIBDV inoculum
with a titer of 10° egg infectious dose (EID5q)/mL through the oral route. Chicks from both of the
control groups, i.e., CWG and CAG, were sham inoculated with 0.5 mL of virus diluents. The birds
were monitored for clinical signs up to 5 days post-inoculation (dpi). Three birds from each group were
sacrificed at 24 h post-inoculation and successively up to 5 days at 24 h intervals. Gross pathological
lesions in different organs were noted. Based on gross lesions in different lymphoid organs namely
bursa, spleen, thymus and caecal tonsils scoring were done. Samples of lymphoid organs, namely the
bursa, spleen, thymus, and cecal tonsils, were collected in RNA Later (Sigma, USA) for preservation
at —20 °C until absolute quantification of viral load and relative quantification of immune response
genes MDA-5, IFN-«, IFN-{3, and Mx genes by RT-PCR. Remaining bursa, spleen, thymus, cecal tonsil,
and Harderian gland (HG) tissues were collected in 10% neutral buffered formalin for histopathology.

2.4. Histopathology

Representative tissues were routinely processed for paraffin embedding and 5-6-um thick sections
were cut. Routine hematoxylin and eosin (H&E) staining was performed as per the conventional
procedure. Lesions in spleens, thymuses, and cecal tonsils were scored according to the method
proposed by earlier workers [29] with some modifications. Bursal lesions were scored according to the
method of Williams and Davison [30] with slight modifications.

2.5. Immunohistochemistry

For immunohistochemistry (IHC), 5-6-um thick sections were cut from paraffin-embedded tissue
blocks on Poly-1-lysine (Sigma-Aldrich, St. Louis, MO, USA)-coated slides. Bursal sections were
deparaffinized by baking in an oven at 60 °C for 1 h and given two washes of xylene (10 min each).
The sections were rehydrated in descending grades of alcohol to remove the xylene, followed by 95%,
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70%, and 50% alcohol. The sections were then submerged in phosphate-buffered saline (PBS) (pH 7.4).
Heat-induced antigen retrieval was performed by microwaving the sections in Coplin jars containing
10 mM Tri-sodium citrate buffer (pH 6) for 20 min. The slides were incubated in 0.3-3% H,O; in
absolute methanol for 15 min in the dark to quench endogenous peroxidase activity. Non-specific
antigen blocking was done by covering the sections with 5% normal goat serum in PBS (pH 7.4).
Immunostaining was performed by adding primary antibody, raised in rabbits against vvIBDV, at a
dilution of 1:20. Goat Anti-Rabbit IgG HRPO (Catno.105499, Genei) was used as the secondary antibody
at the dilution rate of 1:40 in PBS. The titer of primary antibody raised in rabbits against vvIBDV was
checked by Indirect haemaglutination test (IHA) and found to be Logzs. 3-Amino-9-ethylcarbazole
(product no. AEC 101, Sigma-Aldrich) substrate was used according to the manufacturer’s protocol,
and then sections were counterstained with Mayer’s hematoxylin for 2 to 3 min. The specificity of
staining was confirmed by excluding primary antibodies in the controls. The degree or intensity of
vvIBDV infection was scored as described by earlier workers [31]. IHC scoring was based on the
percentage of antigen-positive cells in 10 randomly selected high-power fields.

2.6. RNA Preparation

Total RNA was extracted from lymphoid organs using TRIzol (Thermo Fisher Scientific, Waltham,
MA, USA) as per the manufacturer’s protocol. Isolated total RNA was treated with deoxyribonuclease-1
to avoid DNA contamination using AMPD-1 kit (product no. AMPD1-1kt, Sigma-Aldrich, St. Louis,
MO, USA). The purity of RNA was checked by measuring the optical density value using a NanoDrop
1000 (Thermo Fisher Scientific, USA) at wavelengths of 260 and 280 nm. Samples with a 260/280 ratio of
1.8 or above were selected for cDNA synthesis. Reverse transcription for the first-strand synthesis was
done by using a standard reverse transcription procedure and RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, USA). The cDNA samples were cooled at 4 °C and stored at —20 °C.

2.7. Quantitative Real-Time RT-PCR

The real-time PCR for relative quantification of chicken MDA-5, IFN-«, IFN-3, Mx, and GAPDH
genes was performed using SYBR Green Real-Time Master Mix (Thermo Fisher Scientific, San Jose,
CA, USA), respective primer sets (Table 1), and a QB 96 Server Gradient Thermal Cycler (Quanta
Biotech Ltd., Surrey, UK). A reaction mixture containing 10 pL. SYBR Green Real-Time Master Mix,
1.0 uL of a 10-pmole working solution of each gene-specific forward and reverse primer, 1.0 pLof
cDNA, and RNase-free water up to a final volume of 20 pL, was subjected to the following thermal
cycle: one cycle of 95 °C for 10 min and 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s.
A dissociation curve analysis after real-time amplification was performed at 95 °C for 1 min, 61 °C for
30's, and 95 °C for 30 s. To determine the relative change in gene expression, the 2*~AACt
employed [32]. Then, the following formula was used to calculate the fold change in gene expression:
fold change = 2"~ AACt where AACt = (Ct of the target gene — Ct of GAPDH) treatment — (Ct of the
target gene — Ct of GAPDH) control. The results of the gene-specific amplification were corrected for
the difference in the quantity of input RNA by comparison with expression levels of the housekeeping
gene GAPDH, and the results were analyzed by one-way analysis of variance (ANOVA) to determine
statistically significant differences between mean values of each group. Values with p < 0.05 were
considered significant.

method was
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Table 1. Details of primer sequences used for Quantitative Real-Time PCR.

Product Amplification

. ’ ’ *
Gene Primer Sequence (5" — 3') Size (bp) Slope Factor

PCR Efficiency

ATCCTGCTGCTCACGCTCCTTCT
TFN-oc [33] GGTGTTGCTGGTGTCCAGGATG 13 —3.295 201 101.14

, ACCAGGATGCCAACTTCTCTTGGA
TFN-5 [34] ATGGCTGCTTGCTTCTTGTCCTTG 145 3.673 1.87 87.18

GCACACACCCAACTGTCAGCGA
Mx [35] CCCATGTCCGAAACTCTCTGCGG 156 -3.182 2.06 106.19

TGCAAGGGAGCTGTTGAGCAGAAT
MDAS5 [34] GGCTTTCATGTTGGGTTTCTCGCA 8 —3.251 203 103.05

ATCAAGAGGGTAGTGAAGGCTGCT

GAPDHI[35] 10 A A AGGTGGAGGAATGGCTGTCA 116 —3.441 1.95 9526
WIBDVVP2 AGATAACCCAGCCAATCAC
gene [36] CACTCTTTCGTAAGCTACTAGTG 173 —3.239 2.036 1035

* Slope at 95% confidence level, R?: 0.9978.

2.8. Determination of Viral Load and Preparation of a Standard Curve

The cDNA was synthesized using a standard reverse transcription procedure and cDNA synthesis
kit. RT-PCR was performed with a known positive vvIBDV sample using the following primer pair:
forward, 5'-AGATAACCCAGCCAATCAC-3, and reverse, 5'-CACTCTTTCGTAAGCTACTAGTG-3'.
The amplified product was purified using a QIAquick gel extraction kit (Qiagen). The mean DNA
concentration of each purified fragment was determined by NanoDrop A260 measurement, and the
number of molecules of construct per microliter was determined. The copy number of the 172-bp
segment was calculated according to a method described earlier [37]. To generate the standard curve,
10-fold serial dilutions of the amplification product having 10° to 10! copies of amplified DNA were
prepared in triplicate along with non-template controls for RI-PCR with SYBR Green Master Mix
in a QB 96 Server Gradient Thermal Cycler (Quanta Biotech Ltd., UK). The PCR mixtures (20 puL)
contained 10 pL SYBR Green Real-Time Master Mix, 1.0 uL of a 10-pmole working solution of each
gene-specific forward and reverse primer for vvIBDV, 1.0 uL of cDNA, and RNase-free water up to
a final volume of 20 uL. The thermal cycling conditions comprised an initial heat-denaturing step
at 95 °C for 10 min, followed by 40 cycles of amplification, each with denaturation at 95 °C for 15s,
annealing at 56 °C for 15 s, and extension at 72 °C for 15 s. The log;g copy number in each dilution was
plotted against the Ct value obtained to generate a standard curve. Viral copy numbers for each sample
were interpolated from the standard curve by linear regression. The amplification plot and standard
curve for quantitation of vvIBDV copy number by real-time PCR has been provided as additional
image (Appendix A, Figure A1). In the regression analysis of the Ct values generated from the dilution
series, the following values were obtained: correlation coefficient, 0.9987; amplification factor, 2.036;
and PCR efficiency, 103.5%. The slopes of the regression lines were —3.235. The limit of detection
(LOD) of the vvIBDV genome was 102 copies/pl.

2.9. Statistical Analyses

Data were analyzed by using analysis of variance (ANOVA) with GraphPad Prism 5 software
(Graphpad Software Inc., San Diego, CA, USA). Post hoc tests were calculated using the Bonferroni’s
multiple comparison tests. Results were designated significant when the p-value p < 0.05 %, p < 0.01 **,
p <0.001 ***.

3. Results and Discussion

In the present study, the challenged birds showed reluctance to move when provoked, ruffled
feathers, anorexia, and white watery diarrhea. The clinical signs in infected Aseel chicks were less
intense than those in WLH. This agrees with the finding that vvIBDV does not induce overt clinical
signs in three-week-old Aseel chickens, whereas signs are apparent in WLH of the same age [38].
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However, no mortality was recorded in any group during the study period. This may be because
recorded deaths have been associated with various factors, including the route of inoculation, viral dose,
age of birds, and the presence of other poultry pathogens [39]. Gross lesions such as hemorrhage in the
breast and thigh muscles, enlargement and edematous bursa, renal changes, and hemorrhage in cecal
tonsils were noted (Figure 1), except in vaccinated Aseel group, in which gross lesions were negligible.
The gross lesions seen in nonvaccinated Aseel were of less intensity than those in nonvaccinated WLH.
The lesions encountered were consistent with those reported previously [40,41]. A semi-quantitative
assessment of gross pathology among the challenged and control birds is shown in Table 2.

Figure 1. Gross pathological lesions caused by the vvIBD virus in different groups of chicken.
(a) Paintbrush pattern hemorrhages in the breast and (b) thigh muscles of NWG at 4 dpi. (c) Edematous
enlarged bursa (arrow) and enlarged pale kidneys with tubules distended with urates in NAG at 4 dpi.
(d) Enlarged and hemorrhagic bursa in NWG on 5 dpi. (e) Petechial hemorrhages in the thymus of
NWG at 5 dpi. (f) Hemorrhages in caecal tonsils of NAG at 3 dpi. NWG- Nonvaccinated challenged
White Leghorn Group; NAG-Nonvaccinated challenged Aseel Group.

Table 2. Depicting the semi-quantitative assessment of the severity of disease based on gross lesions in
lymphoid organs among the challenged and control chicken of various groups.

Group White Leghorn Aseel
VWG NWG CWG VAG NAG CAG
1dpi + + - - - -
2 dpi + ++ - - ++ -
3 dpi - ++ - - ++ -
4 dpi + +++ - - + -
5 dpi + +++ - - + -

Score/ Grade: - for no gross lesions and appearing normal; + for bursa slightly enlarged and edematous; ++ for
edematous, enlarged or hemorrhagic bursa with changes in any of the organs (hemorrhages in thymus/ necrotic
foci in spleen/hemorrhage in caecal tonsils) and +++ for gross changes in all the lymphoid organs. VWG:
Vaccinated challenged WLH group; NWG: Nonvaccinated challenged WLH group; CWG: WLH control group;
NAG: Nonvaccinated challenged Aseel group; VAG: Vaccinated challenged Aseel group; CAG: Aseel control group.

Comparative histopathology of different lymphoid organs showed that the lesions in bursae of
vaccinated WLH, nonvaccinated WLH, and nonvaccinated Aseel chickens were comparable at all
time points in the study, except at 5 dpi when lesions were most severe in the nonvaccinated WLH
group (Figure 2a and Table 3). Chickens in the nonvaccinated Aseel group showed rounding of
follicles, depletion of lymphocytes, and elevated numbers of macrophages with increased fibroplasia
(Figure 2b). However, chickens in the vaccinated Aseel group showed relatively normal bursal
architecture. There are reports [42] suggesting a significantly higher mean Bursa Body Weight Ratio



Vaccines 2020, 8, 627 7 of 19

(BBWR) in nonvaccinated challenged WLH than the control birds, while the pre-infection bursal index
of WLH was reported greater than Aseel birds. The spleens from chickens in the vaccinated Aseel
group were nearly normal throughout the study. Reactive splenic white pulp with increased numbers
of germinal centers were seen at 3, 4, and 5 dpi in the vaccinated group. Mild depletion of lymphocytes,
with focal areas of necrosis, as seen in the splenic parenchyma of unvaccinated challenged WLH
(Figure 2c). Focal areas of hemorrhage were also encountered (Figure 2d). In a previous study [43],
a similar increase in germinal centers in vaccinated birds, and splenic necrosis in nonvaccinated
IBDV-infected birds was observed.

Figure 2. Histopathological lesions in lymphoid organs of different groups. (a) Bursa of NWG with
depletion of lymphocytes, cystic cavities in the medulla, extensive hemorrhages and disruption of
bursal architecture at 5 dpi H&EX200. (b) Bursa of NAG showing rounding of follicles, depletion of
lymphocytes and increased macrophages and fibroplasia at 5 dpi H&EX400. (c) The spleen of NWG
showing areas of necrosis (*) and mild depletion of lymphoid cells around the trabecular vein (—)
at 2 dpi and (d) hemorrhages at 5 dpi H&EX100. (e) Hemorrhages in the thymus of NWG at 1 dpi
H&EX200. (f) Caecal tonsils showing depletion of lymphocytes and infiltration of heterophils (—)
in NWG at 1 dpi. (g) Caecal tonsils showing severe depletion of lymphocytes and an increase in
macrophages (—) in NWG at 3 dpi. H&EX400. (h) Hemorrhages in caecal tonsils of NAG at 3 dpi
H&EX100.

The thymus of chickens in the Nonvaccinated WLH showed focal hemorrhages and mild cortical
lymphocyte depletion (Figure 2e). A significant difference was seen in the histopathological scores of
the thymus in both the groups of white leghorns at 3rd, 4th and 5th dpi as compared to the control.
However, the histopathological scores of the thymus in both groups of Aseel were close to normal at
all study intervals (Table 3). The cecal tonsils of vaccinated Aseel chickens were comparatively normal.
Depletion of lymphocytes from a few follicles and aggregated lymphoid tissue with an increase in
macrophages (Figure 2f,g) were common findings in cecal tonsils of chickens in the remaining three
groups. Hemorrhages in cecal tonsils were also observed in NAG (Figure 2h). Histopathological
scores in cecal tonsils were more on 1st, 2nd, and 3rd dpi in NAG with a gradual decrease thereafter.
Histopathological scores in the different groups are presented in Table 3.
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Table 3. Depicting the histopathological lesion scores (Mean + SE) in various lymphoid organs in

different groups at different intervals of time.

Organ Groups Day 1 Day 2 Day 3 Day 4 Day 5
VWG 2.00+00°¢ 2333+£033b¢  1667+033P  2333+033P  2333+033P
NWG 2.00 £ 0.57 ¢ 2.667 +0.33 ¢ 3.00 £0.57 ¢ 3.333+0.33¢ 4333+0.0°¢
Bursa CWG 00+002 0.00 £0.02 0.00 £0.02 0.00 £0.02 0.00 £0.02
VAG 0.00 £0.0° 0.3333+0.332  0.3333+0.332 0.6667 +0.332 0.3333+0.332
NAG 1.00 £ 0.0 1.667 £0.33P 2667 +033¢  3.333+033¢ 2.00 £0.33P
CAG 0.00 £0.0° 0.00 £0.0° 0.00 £0.0° 0.00 £0.02 0.00 £0.02
VWG 0.3333+£0.332  1.667 +0.33P 1.00 + 057 06667 £0.332  1.00+0.33P
NWG  03333+0332  2667+033¢ 2667+033¢ 2333+033P 2.00+0.33°¢
Spleen CWG 0.00 £0.02 00+002 00+002 0.0+002 0.0+0.02
VAG 0.00 £0.02 0.6667 £ 0.332  0.3333 +0.332 00+002 0.0+0.0%
NAG 0.6667 £0.332  0.6667 +0.332 1333 +1.33P 00+002 0.0+0.0%
CAG 0.00 £0.002 0.0+002 0.0+002 0.0+0.02 0.0+0.0%
VWG 0.6667 £0.332  0.6667 £0.332  1.333+033P  1.667+033P 1.00 + 0.00 P
NWG 0.6667 £0.332  1.00 = 0.00° 1.667 +0.33%  2333+033P  2.667+0.33¢
Thymus CWG 0.0+0.02 0.0+0.02 00+002 00+002 0.0+0.02
VAG 0.0+0.02 0.0+0.02 0.0+002 00+002 0.0+0.02
NAG 0.6667 +0.332  0.3333 + (.33 2 00+002 00+002 0.0+0.02
CAG 0.0+0.02 0.0+0.02 00+002 00+002 0.0+0.02
VWG 0.6667 +0.332  1.333 +0.33P 1.00 + 0.00 P 1.667 + 0.33 P 2.00+0.00P
NWG 1.00 + 0.57P 2333+033°  2333+033°  1.667+033P  1.667+0.33P
Caecal CWG 0.0+002 00+002 00+002 00+002 0.0+0.02
tonsils VAG 0.3333+0.332  0.3333 +0.332 00+002 0.3333 +0.332 0.0+0.02
NAG 1.667 £ 0.33P  1.667 £0.33P¢  1.667 £0.33b¢  0.3333 +0.332 0.0+002
CAG 00+002 0.0+002 00+002 00+002 0.0+0.0%

(a—c): Different lowercase superscript letters within a column for each lymphoid organ indicate significance difference
(p < 0.05); NWG: Nonvaccinated challenged WLH group; VWG: Vaccinated challenged WLH group; CWG: WLH
control group; NAG: Nonvaccinated challenged Aseels group; VAG: Vaccinated challenged Aseels group; CAG:
Aseel controls group.

Avian Harderian Gland (HG) is thought to have a good vascular supply that favors the spread of
infectious agents throughout the organ. Avian HG is comprised of three types of lymphoid cells namely,
heterophils, lymphocytes, and plasma cells and become densely populated with mainly the plasma cells
when the birds reach about 3—4 weeks of age [44]. Hyperemia in HGs was observed in both the groups
of White Leghorn at 1st and 2nd dpi (Figure 3a). Necrosis and mild depletion of plasma cells were
observed from 2dpi in all the birds of non-vaccinated white leghorn groups but not in the vaccinated
group (Figure 3b). However, only a single isolated case of HG hyperemia was noticed at 1dpi in an
Aseel bird from NAG. In contrast, HGs of the control birds were densely populated with plasma cells
(Figure 3c). The reduction in plasma cells, however, is considered transient, with numbers returning to
normal after 14 days [45]. Microscopic alteration in HG namely necrosis, depletion of plasma cells and
degeneration of glandular epithelial cells has been reported earlier by many workers [46,47]. Necrosis
and the depletion of plasma cells may be the result of direct viral activity.

Immunohistochemical reactions to vvIBDV antigens in bursal tissues were assayed and graded in
the present study. The Immunohistochemistry (IHC) results showed that viral antigen was present in
chickens in all the four experimental groups (Table 4). An important finding in our study was that
the localization of the vvIBDV antigen was primarily in the medulla, some cortical cells, and in the
cytoplasm of follicle-associated epithelial cells (Figure 4a,b). Similar findings were observed in earlier
studies [30]. Viral replication results in severe lymphoid cell damage in medullary and cortical areas of
follicles [48]. Intense staining of bursal follicles with lymphoid depletion and interfollicular edema was
seen from 2 dpi onwards in VWG, NWG, and NAG (Figure 4d). Positive IHC staining in bursal tissues
of vaccinated Aseel chickens indicated that viral antigen was present in bursae but was not associated
with significant lesions. To check the specificity of staining, the primary antibody was omitted in the
testing of the positive control (Figure 4e). Bursas from the control White Leghorn and control Aseel
were kept as the negative controls (Figure 4c,f). All the control groups showed no staining for the virus.
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Figure 3. (a) Harderian gland of VWG showing hyperemia at 1 dpi. (b) HG of NWG showing
hyperemia, necrosis and mild depletion of plasma cells (arrows) at 2 dpi. (c) HG of control birds densely
populated with plasma cells H&E X400.

Table 4. Inmunohistochemical scoring of bursal sections in different groups of WLH and Aseel birds

at different intervals of time.

White Leghorn Aseel
Group VWG NWG CWG VAG NAG CAG
1dpi + ++ - - ++ -
2 dpi +++ +++ - + +++ -
3 dpi +++ +++ - + +++ -
4 dpi +++ +++ - ++ +++ -
5 dpi +++ +++ - ++ +++ -

Score/ Grade: - for no staining, + for minimal staining (<10% of cells present), ++ for moderate staining (>10% and
<30% of cells present), +++ for intense staining (>30% of cells present); NWG: Nonvaccinated challenged WLH
group; VWG: Vaccinated challenged WLH group; CWG: WLH control group; NAG: Nonvaccinated challenged
Aseel group; VAG: Vaccinated challenged Aseel group; CAG: Aseel controls group.

Figure 4. Immunohistochemical staining of bursa detecting the vvIBD viral antigen by IPO-AEC-
Mayer’s Haematoxylin. (a) Bursa of VWG showing vvIBD viral antigen in medullary and a few cortical
cells at 1 dpi. IHC 400X. (b) The positive staining could also be seen in the cytoplasm of follicle
associated epithelial cells (—), a few cortical and medullary cells in NWG at 1 dpi. IHC 400X. (c) Bursa
of CWG showing no staining for the virus. IHC 100X. (d) A bursal follicle of NAG showing intense
staining as well as lymphoid depletion at 3 dpi. IHC 400X. (e) Bursa from NAG (where the omission of
primary antibodies was done) showing a significant widening of interfollicular spaces but no staining

for the virus at 1dpi. IHC 100X and (f) bursa of CAG showing no staining for the virus. IHC 200X.
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Viral loads in various lymphoid organs of vaccinated and nonvaccinated challenged birds with

vvIBDV are presented in Table 5.
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Table 5. Viral copy number (Mean+ SEM) in various organs of challenged birds.

Organ DPI VAG NAG VWG NWG

1DPI 12893+ 12.72 1469.8 + 57.3 2 9489 + 5342 7788 +118.12

2 DPI 0.0+002 234129 + 36859 55252 +154.1°¢ 1459.5 + 111.7P

Bursa 3 DPI 0.0+002 0.0+0.02 8615.1 + 301.8 1492.5 + 83.4P
4 DPI 0.0+002 0.0+0.02 5282.1 +231.1° 4999.8 + 236.7 P

5 DPI 0.0+002 0.0+0.02 1786.8 + 75.6 ° 8937.8 + 427 ¢
1 DPI 0.0+002 0.0+0.02 0.0+0.02 12405.3 + 664.4 P

2 DPI 0.0+002 0.0+002 625.7 £24.24 1116.0 = 118.3 2

CT 3 DPI 0.0+0.02 868.4 + 4152 1114.7 £ 9392 1170.3 + 21392
4 DPI 0.0+002 1030.3 = 64.12 1064.0 + 62.52 5092.7 + 1280.5 P

5 DPI 0.0+002 1463.9 + 58.12 1168.7 £ 52.4 2 4665.0 + 1062 P

1 DPI 0.0+002 0.0+002 0.0+0.02 0.0+0.02

2 DPI 0.0+0.02 0.0+0.02 5000.7 + 265 P 4500.7 £ 331.7b

Spleen 3 DPI 0.0+0.02 0.0+0.02 1065.3 + 133.5P 7836.0 + 3189 ¢
4 DPI 0.0+002 0.0+002 1282.7 +97.1P 7984.0 + 544.7

5 DPI 0.0+0.02 0.0+0.02 1834.3 + 482.9P 7633.0 + 380 ¢

1DPI  1428.6 + 65.72 1459.1 + 4622 0.0+0.0°b 1406.3 + 85.8 2

2 DPI 0.0+002 0.0+0.02 28369.0 + 863.8¢  1301.7 +179.9P

Thymus 3 DPI 0.0+0.02 0.0+002 2477.3 +207.3P 1573.7 + 65.8 P
4 DPI 0.0+002 0.0+0.02 1160.3 = 60.9 P 1684.7 + 2353 b
5 DPI 0.0+0.02 0.0+0.02 6070.7 +237.72  14470.0 + 559.5 ¢

(a—d): Different lowercase superscript letters between experimental groups for each observation day indicate
significance difference (p < 0.05); Values below limit of detection (LOD) were represented by 0.0. VAG- Vaccinated
Aseel Group; NAG- Nonvaccinated Aseel Group VWG- Vaccinated WLH Group; NWG- Nonvaccinated WLH
Group CT- Caecal tonsils.

In vaccinated WLH chickens, significant viral replication occurred in all the organs except
CT (p < 0.01). T-cells play an important role in IBD virus replication in various lymphoid organs.
Vaccination with Intermediate IBDV strain has known to cause significant thymus atrophy due to
the migration of vaccine virus from the spleen to the thymus during 15-day post-vaccination and
consequent depletion of T cells [49]. Kim et al. [50] have shown that T cell-intact birds had a significantly
lower IBDV-antigen load than T cell-depleted-birds. The significant higher viral load in vaccinated
WLH might be due to vaccine-induced T-cells depletion. A similar study of vaccinated SPF chickens
conducted by some researchers earlier [51] showed virus replication in chickens challenged one week
after vaccination in comparison to those challenged three weeks after vaccination. After vaccination,
it takes some time to develop an optimal immune response. Challenge with vvIBDV, two weeks after
vaccination might have resulted in viral replication in the bursa of chickens in the vaccinated WLH
group. In both vaccinated and nonvaccinated Aseel birds, no significant virus load could be observed
in any of the organs barring exceptionally high virus load in the bursa of NAG at 2 dpi (p < 0.001).
Almost no histopathological lesions and undetectable virus in vaccinated challenged Aseel showed that
the vaccine might have had a protective effect in this breed. Previous immune sensitization through
vaccination might result in the attenuation of secondary viral replication.

Viral loads were higher in nonvaccinated WLH than in nonvaccinated Aseel birds in all organs at
all-time points, except for bursae, with viral loads that were higher in nonvaccinated Aseel group than
in nonvaccinated WLH on 2 dpi. In a previous study of SPF chickens, the highest viral load in most
organs was detected on 2 dpi [52]. The significant high (p < 0.01) number of viral genome copies in the
spleen of both the vaccinated and nonvaccinated WLH group from 2 dpi onwards can be explained by
the fact that after massive virus replication in the bursa of Fabricius, viremia develops, resulting in
secondary virus replication in the spleen, thymus, cecal tonsils, and kidneys at 2-8 dpi [53].
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Significantly, a high viral load in cecal tonsils of nonvaccinated WLH was observed at 1, 4, and
5 dpi, which can be attributed to viral replication in gut-associated lymphoid tissue after initial oral
infection (p < 0.001, Table 5). Viral loads remained non-significant in cecal tonsils of groups other
than NWG during the entire study duration. Persistent copies of the viral genome in the thymus and
histopathological lesions were observed in both nonvaccinated and vaccinated WLH in our study but
not in the thymus of vaccinated and nonvaccinated Aseel birds. Earlier studies [54] showed marked
atrophy with severe apoptosis of thymocytes in the acute stage of IBDV infection. The differences in
peak levels of viral loads in different organs of chickens in the four experimental groups in the present
study might be because of their vaccination statuses or the different replication efficiency of the virus
in different breeds.

The expression of MDA-5 in the bursa of Fabricius is shown in Figure 5a. The expression of
the MDA-5 gene in the bursa of Fabricius of both two breeds had shown downregulation following
infection with vvIBDV throughout the study period. The expression data for IFN-« and IFN-{ in
the bursa of Fabricius were shown in Figure 5b,c, respectively. The expression of IFN- « gene in the
bursa of Fabricius was significantly higher (19-fold) in NAG than that in the NWG at 4 dpi (p < 0.01).
The expression of IFN-[3 revealed a five-fold rise in the bursa of Fabricius of NWG at 4th and 5th DPI
(p <0.001). At5 dpi, VWG has significantly higher IFN-3 mRNA expression in bursa compared to the
VAG (p < 0.001).
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Figure 5. Expression of (a) MDA-5 (b) IFN-« (c) IFN-f (d) Mx. genes in Bursa of vaccinated and
Non-vaccinated Aseel and White Leghorn chicken infected with very virulent IBDV. The groups were as
follows: VAG-Vaccinated Aseel Group; VWG-Vaccinated White Leghorne group; NAG-Non-vaccinated
Aseel Group; NWG- Non-vaccinated White Leghorn Group. Error bars represent standard error of the
mean. Relative changes in the expression of genes were quantified by real-time PCR by comparison
with expression levels of the housekeeping gene GAPDH and expressed as the fold-change. The value
of 1.00 was kept as the control and the fold change values which were above the control values were
considered as significant. * significant difference comparing VAG with VWG and NAG with NWG
chickens of the same line at the same point where p < 0.01 **, p < 0.001 ***. (a—c): Experimental groups
sharing common lowercase superscript letters are statistically non-significant for each observation day.



Vaccines 2020, 8, 627 12 of 19

The expression of MDA-5 gene in caecal tonsil is shown in Figure 6a. At 4 and dpi, the NWG has
significantly higher MDA-5 mRNA expression in CT compared to the NAG (p < 0.001). Meanwhile,
the expression of this gene in VWG has significantly higher compared to the VAG at 3 dpi (p < 0.01).
The expression of IFN-a and IFN-f in CT was shown in Figure 6b,c, respectively. A 70- and 80- fold
rise in the expression of IFN-« in CT of VAG was observed at 1 and 2 dpi, respectively, when compared
to that in CT of the VWG (p < 0.001), which later on sharply declined to non-significant level at 3, 4,
and 5 dpi. Similarly, a 100- and 35-fold increase in IFN-« expression was noticed in NAG compared to
NWG at 2 and 3 dpi respectively. The expression of IFN-f3 gene increased moderately in CT of VAG
during 1 dpi (p < 0.001) and in CT of NWG at 5 dpi (p < 0.001). No significant difference was observed
in the expression of Mx gene in all the experimental groups during the study period.
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Figure 6. Expression of (a) MDA-5 (b) IFN-« (c) IFN-f (d) Mx. genes in Caecal tonsil of vaccinated and
Non-vaccinated Aseel and White Leghorn chicken infected with very virulent IBDV. The groups were as
follows: VAG-Vaccinated Aseel Group; VWG-Vaccinated White Leghorn group; NAG-Non-vaccinated
Aseel Group; NWG- Non-vaccinated White Leghorn Group. Error bars represent standard error of the
mean. Relative changes in the expression of genes were quantified by real-time PCR by comparison with
expression levels of the housekeeping gene GAPDH and expressed as the fold-change. The value of 1.00
was kept as the control and the fold change values which were above the control values were considered
as significant. * significant difference comparing VAG with VWG and NAG with NWG chickens of
the same line at the same point where p < 0.05*, p < 0.01 **, p < 0.001 ***. (a—c): Experimental groups
sharing common lowercase superscript letters are statistically non-significant for each observation day.

The expression of MDA-5, IFN- « and Mx gene in spleens are shown in Figure 7a,b,d.
The expression of all three genes showed down-regulation in the spleen of all groups of birds.
A significant increase in IFN- (3 expression was observed at 5 dpi in VWG and NWG groups (p < 0.05
and p < 0.001) respectively as shown in Figure 7c.
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Figure 7. Expression of (a) MDA-5 (b) IFN-« (c) IFN-f (d) Mx genes in spleen of vaccinated and
Non-vaccinated Aseel and White Leghorn chicken infected with very virulent IBDV. The groups were as
follows: VAG-Vaccinated Aseel Group; VWG-Vaccinated WhiteLeghorn group; NAG-Non-vaccinated
Aseel Group; NWG- Non-vaccinated WhiteLeghorn Group. Error bars represent standard error of the
mean. Relative changes in the expression of genes were quantified by real-time PCR by comparison
with expression levels of the housekeeping gene GAPDH and expressed as the fold-change. The value
of 1.00 was kept as the control and the fold change values which were above the control values were
considered as significant. * significant difference comparing VAG with VWG and NAG with NWG
chickens of the same line at the same point where p < 0.05 *, p < 0.001 ***. a,b: Experimental groups
sharing common lowercase superscript letters are statistically non-significant for each observation day.

The expression of MDA-5 in the thymus is shown in Figure 8a. vvIBDV infection caused minor
but significant upregulation of expression of the MDA-5 gene in the thymus of VAG at 3 dpi (p < 0.001).
The expression data for IFN-« and IFN-f in the thymus are shown in Figure 8b,c, respectively.
The expression of IFN-w in the thymus of NAG has an increased tendency at 2 and 3 dpi, followed by a
decrease to nonsignificant level by 5 dpi (p < 0.05). The expression of IFN- {3 in the thymus of NWG
was 170- and 100-fold higher when compared to that in the thymus of NAG (p < 0.001). In addition,
vvIBDV infection caused the increase of expression (130- and 100-fold) of IFN-f in the VWG at 4 and
5 dpi respectively (p < 0.001). None of the groups showed upregulation in the expression of the Mx
gene in the thymus of vvIBDV infected birds.

Interferon (IFN) responses, mediated by IFN-stimulated genes (ISGs), are the most profound
innate immune responses against viruses. The transcription of the antiviral cytokines chMDAS, chIFN-
«, chIFN-, and chMx in different lymphoid organs were evaluated after normalization using GAPDH
as reference genes.
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Figure 8. Expression of (a) MDA-5 (b) IFN-« (c) IFN-3 (d) Mx. genes in thymus of vaccinated and
non-vaccinated Aseel and White Leghorn chicken infected with very virulent IBDV. The groups were as
follows: VAG-Vaccinated Aseel Group; VWG-Vaccinated WhiteLeghorn group; NAG-Non-vaccinated
Aseel Group; NWG- Non-vaccinated WhiteLeghorn Group. Error bars represent standard error of the
mean. Relative changes in the expression of genes were quantified by real-time PCR by comparison
with expression levels of the housekeeping gene GAPDH and expressed as the fold-change. The value
of 1.00 was kept as the control and the fold change values which were above the control values were
considered as significant. * significant difference comparing VAG with VWG and NAG with NWG
chickens of the same line at the same point where p < 0.05 *, p < 0.001 ***. (a—c): Experimental groups
sharing common lowercase superscript letters are statistically non-significant for each observation day.

In a previous study, chicken MDA-5 was found to be ubiquitously expressed in different
tissues, with the highest expression in the intestines, followed by cecal tonsils and the thymus [34].
Oral administration of the virus could be responsible for inducing increased expression of MDA-5
in cecal tonsils. Differential activity of type I interferons in chickens has been suggested by previous
studies [55,56].

In the present study, no increase in IFN-« could be observed in any organ or at any time point in
WLH birds. In contrast, IFN-« increased beginning at 2 dpi in the bursae and thymuses of chickens in
both Aseel groups. A 100-fold increase in IFN-« was noted in cecal tonsils on 2 dpi in non-vaccinated
Aseel chickens, and a 70-fold increase was noted on one day in vaccinated Aseel chickens. Similar
upregulation of IFN-a was seen in resistant lines of chicken challenged with IBDV [57]. A lack of IFN-«
early in infection is thought to offer a chance for the virus for establishing infection [58]. In the IBDV
infected commercial chickens, interferon (IFN)-« and (3 were significantly increased compared with
the indigenous chicken breed [38]. An increase in IFN-o in the cecal tonsils of Aseel could be the result
of the induction of receptors other than MDA-5. Chicken IFN-« and IFN-f3 showed different induction
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potencies for various sets of interferon-stimulated genes (ISGs), and the stronger antiviral activity of
chicken IFN-« than IFN-{3 is credited to higher expression levels of downstream antiviral ISGs [59].

Relative expression of INF-f3 was increased on 4 and 5 dpi in all four organs of WLH. A similar
increase in IFN-3 was found in the bursae of SPF chicken on 3, 5, and 7 dpi when inoculated with
classical and variant strains of IBDV [58]. Many researchers have shown increased IFN-[3 expression
through upregulation of MDA-5 in response to Poly I:C in the cytoplasm [9,34,60,61]. A 10-fold
increase in IFN-{3 in the cecal tonsils of VWG might have resulted in MDA-5 upregulation. However,
a great increase in IFN-f in the thymuses of WLH on 4 and 5 dpi could not be attributed to the
induction of MDA-5, because there was no change in MDA-5 expression in this organ. Some other
pattern recognition receptors (PRRs) such as TLR-3 might be responsible for the high levels of IFN-f3
expression. In the case of Aseels, an increase in IFN-3 was noted only in cecal tonsils on 1 and 2 dpi in
nonvaccinated and vaccinated Aseel groups, respectively.

The MXx proteins are key components and its coding protein had been shown to be induced by
interferon (IFN) namely IFN-o and IFN-f to inhibit the replication of RNA virus. In Atlantic salmon,
replication of the infectious pancreatic necrotic virus, the prototype of Birnaviridae was prevented
by type I IFNs, because of the expression of Mx proteins [62]. In our study, there was no significant
increase in the expression of the Mx gene in any group or breed, indicating that the Mx gene played no
significant role in the pathology observed in the selected genetic lines in the present study. Moreover,
recent studies have demonstrated a highly polymorphic nature of the Mx gene and multiple Mx alleles
exist in chickens [63]. Some reports have suggested only a specific variant confers antiviral activity [64].
Mx is a large protein with multiple functional domains. “Functional” variants of the Mx gene in
different chicken lines have been found to exist, which might cause resistance or susceptibility to viral
infections [65].

Earlier studies have shown that local innate effectors such as TLR-3 and IL-15 are differentially
upregulated in the spleens of Aseel chicks at 3 dpi by vvIBDV [38]. The present study indicates
that in an indigenous breed such as the Aseel, lymphoid tissues such as the spleen, thymus, and
cecal tonsils show minimal to no lesions, as well as undetectable viral loads, following challenge
with vvIBDV. The bursa also showed less severe histological lesions than those in commercial WLH,
despite high viral loads. This indicates that certain innate factors other than MDA-5 receptors and
the Mx protein might play a role in the resistance of this breed. These other innate immune factors
should be further explored to determine the mechanism underlying the reduced susceptibility of Aseel
to vvIBDV. Genetic resistance is known to be associated with several outcomes of IBDV infection,
including reduced severity of IBDV-induced histological lesions in the thymus and bursa, as well as
reduced mortality [66].

4. Conclusions

To summarize, the virulence of the IBDV is determined by its ability to cause death, which, in turn
is determined by the ability of the virus to infect lymphoid organs, including the bursa. The vvIBDV
strain used in this study induced lesions in lymphoid organs such as the thymus, spleen, and cecal
tonsils, in addition to the bursa, in the case of WLH. The bursa was the only organ showing significant
changes in Aseel, indicating that some innate factor(s) in this breed is or are responsible for this
difference in pathology. Therefore, innate immune response genes other than MDA-5 and Mx should
be explored to better understand this difference in pathology exhibited by Aseel and WLH. Knowledge
of chicken IFNs and their antiviral activity is scarce; hence, future research aimed at understanding
the molecular mechanism of IFN-« induction and associated antiviral factors is warranted. IFN-«
has been shown to be related to genetic differences linked with susceptibility to different viruses and
its expression levels varied after vvIBDV infection in different chicken lines. Expression of the PRR
MDA-5 was limited to cecal tonsils in WLH, whereas no expression in lymphoid organs of Aseel birds
was observed here. Additional studies should be directed at characterizing the most effective PRR



Vaccines 2020, 8, 627 16 of 19

signal transducer for vvIBDV, specifically in the apparent absence of essential components of IFN
pathways, such as RIG-I, that potentiates a strong innate immune response in native chickens.
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References

1.  Kibenge, F.S.B.; Dhillon, A.S.; Russel, R.G. Biochemistry and immunology of Infectious Bursal Disease virus.
J. Gen. Virol. 1988, 69, 1757-1775. [CrossRef] [PubMed]

2. Kegne, T.; Chanie, M. Review on the Incidence and pathology of Infectious Bursal Disease. Br. J. Poult. Sci.
2014, 3, 68-77.

3. Prandini, F; Simon, B.; Jung, A.; Poppel, M.; Lemiere, S.; Rautenschlein, S. Comparison of infectious bursal
disease live vaccines and a hvt-ibd vector vaccine and their effects on the immune system of commercial
layer pullets. Avian Pathol. 2016, 45, 114-125. [CrossRef] [PubMed]

4. Chrysostome, C.A.A.M.; Bell, ].G.; Demey, E; Verhulst, A. Sero prevalencies to three diseases in village
chickens in Benin. Prev. Vet. Med. 1995, 22, 257-261. [CrossRef]

5. Bumstead, N.; Reece, R.L.; Cook, J.K. Genetic differences in susceptibility of chicken lines to infection with
infectious bursal disease virus. Poult. Sci. 1993, 72, 403-410. [CrossRef]

6. Nielsen, O.L.; Sorensen, P.; Hedemand, J.E.; Laursen, S.B.; Jorgensen, P.H. Inflammatory response of different
chicken lines and B haplotypes to infection with infectious bursal disease virus. Avian Pathol. 1998, 27,
181-189. [CrossRef]

7. Tippenhauer, M.; Heller, D.E.; Weigend, S.; Rautenschlein, S. The host genotype influences infectious bursal
disease virus pathogenesis in chickens by modulation of T cells responses and cytokine gene expression.
Dev. Comp. Immunol. 2013, 40, 1-10. [CrossRef]


http://dx.doi.org/10.1099/0022-1317-69-8-1757
http://www.ncbi.nlm.nih.gov/pubmed/2841403
http://dx.doi.org/10.1080/03079457.2015.1127891
http://www.ncbi.nlm.nih.gov/pubmed/26743805
http://dx.doi.org/10.1016/0167-5877(94)00418-I
http://dx.doi.org/10.3382/ps.0720403
http://dx.doi.org/10.1080/03079459808419321
http://dx.doi.org/10.1016/j.dci.2012.10.013

Vaccines 2020, 8, 627 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Igwe, A.O. Comparative study of genetic influence on the susceptibility of exotic cockerels, pullets and
broilers to infectious bursal disease virus. Niger. Vet. |. 2017, 38, 235-249.

Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783-801.
[CrossRef]

Beutler, B.; Eidenschenk, C.; Crozat, K.; Imler, J.L.; Takeuchi, O.; Hoffmann, J.A.; Akira, S. Genetic analysis of
resistance to viral infection. Nat. Rev. Immunol. 2007, 7, 753-766. [CrossRef]

Medzhitov, R. Recognition of microorganisms and activation of the immune response. Nature 2007, 449,
819-826. [CrossRef] [PubMed]

Ingrao, F.; Rauw, F.; Lambrecht, B.; van den Berg, T. Infectious Bursal disease: A complex host—pathogen
interaction. Dev. Comp. Immunol. 2013, 41, 429-438. [CrossRef] [PubMed]

Bruns, A.M.; Horvath, C.M. Antiviral RNA recognition and assembly by RLR family innate immune sensors.
Cytokine Growth Factor Rev. 2014, 25, 507-512. [CrossRef] [PubMed]

Yoneyama, M.; Onomoto, K.; Jogi, M.; Akaboshi, T.; Fujita, T. Viral RNA detection by RIG-I-like receptors.
Curr. Opin. Immunol. 2015, 32, 48-53. [CrossRef] [PubMed]

Meylan, E.; Curran, J.; Hofmann, K.; Moradpour, D.; Binder, M.; Bartenschlager, R.; Tschopp, J. Cardif is
an adaptor protein in the RIG-I antiviral pathway and is targeted by hepatitis C virus. Nature 2005, 437,
1167-1172. [CrossRef]

Seth, R.B.; Sun, L.; Ea, C.K.; Chen, Z.J. Identification and characterization of MAVS, a mitochondrial antiviral
signaling protein that activates NF-«xB and IRF3. Cell 2005, 122, 669—-682. [CrossRef]

Xu, L.G,; Wang, Y.Y,; Han, KJ.; Li, L.Y.; Zhai, Z.; Shu, H.B. VISA is an adapter protein required for
virus-triggered IFN-( signaling. Mol. Cell 2005, 19, 727-740. [CrossRef]

Stark, G.R.; Kerr, LM.; Williams, B.R.; Silverman, R.H.; Schreiber, R.D. How cells respond to interferons.
Annu. Rev. Biochem. 1998, 67, 227-264. [CrossRef]

Stetson, D.B.; Medzhitov, R. Type I interferons in host defense. Immunity 2006, 25, 343-348. [CrossRef]
Muller, U,; Steinhoff, U.; Reis, L.F.; Hemmi, S.; Pavlovic, J.; Zinkernagel, R.M.; Aguet, M. Functional role of
type I and type I1 interferons in antiviral defense. Science 1994, 264, 8-12. [CrossRef]

Horisberger, M. A. Interferons, Mx genes, and resistance to influenza virus. Am. J. Respir. Crit. Care Med.
1995, 152, S67-S71. [CrossRef] [PubMed]

Kochs, G.; Haller, O. GTP-bound human Mx protein interacts with the nucleocapsids of Thogoto virus.
J. Biol. Chem. 1999, 274, 4370-4376. [CrossRef] [PubMed]

Randall, R.E.; Goodbourn, S. Interferons and viruses: Interplay between induction, signalling, antiviral
responses and virus countermeasures. J. Gen. Virol. 2008, 89, 1-47. [CrossRef]

Xing, Z.; Harper, R.; Anunciacion, J.; Yang, Z.; Gao, W.; Qu, B.; Cardona, C.J. Host immune and apoptotic
responses to avian influenza virus HIN2 in human tracheobronchial epithelial cells. Am. ]. Respir. Cell Mol.
Biol. 2011, 44, 24-32. [CrossRef] [PubMed]

Rue, C.A,; Susta, L.; Cornax, I; Brown, C.C.; Kapczynski, D.R.; Suarez, D.L.; Afonso, C.L. Virulent Newcastle
disease virus elicits a strong innate immune response in chickens. J. Gen. Virol. 2011, 92, 931-939. [CrossRef]
Lee, C.C.; Wu, C.C;; Lin, T.L. Chicken melanoma differentiation-associated gene 5 (MDAS) recognizes
infectious bursal disease virus infection and triggers MDAb5-related innate immunity. Arch. Virol. 2014, 159,
1671-1686. [CrossRef]

Rodriguez-Chavez, LR.; Rosenberger, ] K.; Cloud, S.S. Characterization of the antigenic, immunogenic, and
pathogenic variation of infectious bursal disease virus due to propagation in different host systems (bursa,
embryo, and cell culture). II. Antigenicity at the epitope level. Avian Pathol. 2002, 31, 473-483. [CrossRef]
Villegas, P. Titration of biological suspensions. In A Laboratory Manual for the Isolation and Identification of Avian
Pathogens, 4th ed.; Swayne, D.E., Glisson, ].R., Jackwood, M.W., Pearson, J.E., Reed, WM., Eds.; American
Association of Avian Pathogens: Kennett Square, PA, USA, 1998; pp. 248-253.

Tanimura, N.; Tsukamoto, K.; Nakamura, K.; Narita, M.; Maeda, M. Association between pathogenicity of
infectious bursal disease virus and viral antigen distribution detected by immunohistochemistry. Avian Dis.
1995, 39, 9-20. [CrossRef]

Williams, A.E.; Davison, T.F. Enhanced immunopathology induced by very virulent infectious bursal disease
virus. Avian Pathol. 2005, 34, 4-14. [CrossRef]

Pantin-Jackwood, M.].; Brown, T.P. Infectious bursal disease virus and proventriculitis in broiler chickens.
Avian Dis. 2003, 47, 681-690. [CrossRef]


http://dx.doi.org/10.1016/j.cell.2006.02.015
http://dx.doi.org/10.1038/nri2174
http://dx.doi.org/10.1038/nature06246
http://www.ncbi.nlm.nih.gov/pubmed/17943118
http://dx.doi.org/10.1016/j.dci.2013.03.017
http://www.ncbi.nlm.nih.gov/pubmed/23567344
http://dx.doi.org/10.1016/j.cytogfr.2014.07.006
http://www.ncbi.nlm.nih.gov/pubmed/25081315
http://dx.doi.org/10.1016/j.coi.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25594890
http://dx.doi.org/10.1038/nature04193
http://dx.doi.org/10.1016/j.cell.2005.08.012
http://dx.doi.org/10.1016/j.molcel.2005.08.014
http://dx.doi.org/10.1146/annurev.biochem.67.1.227
http://dx.doi.org/10.1016/j.immuni.2006.08.007
http://dx.doi.org/10.1126/science.8009221
http://dx.doi.org/10.1164/ajrccm/152.4_Pt_2.S67
http://www.ncbi.nlm.nih.gov/pubmed/7551417
http://dx.doi.org/10.1074/jbc.274.7.4370
http://www.ncbi.nlm.nih.gov/pubmed/9933640
http://dx.doi.org/10.1099/vir.0.83391-0
http://dx.doi.org/10.1165/rcmb.2009-0120OC
http://www.ncbi.nlm.nih.gov/pubmed/20118223
http://dx.doi.org/10.1099/vir.0.025486-0
http://dx.doi.org/10.1007/s00705-014-1983-9
http://dx.doi.org/10.1080/0307945021000005842
http://dx.doi.org/10.2307/1591976
http://dx.doi.org/10.1080/03079450400025364
http://dx.doi.org/10.1637/7018

Vaccines 2020, 8, 627 18 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res.
2001, 29, e45. [CrossRef] [PubMed]

Villanueva, A.I; Kulkarni, R.R.; Sharif, S. Synthetic double-stranded RNA oligonucleotides are
immunostimulatory for chicken spleen cells. Dev. Comp. Immunol. 2011, 35, 28-34. [CrossRef] [PubMed]
Lee, C.C.; Wu, C.C;; Lin, T.L. Characterization of chicken melanoma differentiation-associated gene 5 (MDADJ)
from alternative translation initiation. Comp. Immunol. Microbiol. Infect. Dis. 2012, 35, 335-343. [CrossRef]
[PubMed]

Wang, Y.; Brahmakshatriya, V.; Lupiani, B.; Reddy, S.; Okimoto, R.; Li, X.; Chiang, H.; Zhou, H. Associations
of chicken Mx1 polymorphism with antiviral responses in avian influenza virus infected embryos and
broilers. Poult. Sci. 2012, 91, 3019-3024. [CrossRef]

Li, Y.P; Handberg, K.J.; Kabell, S.; Kusk, M.; Zhang, M.F; Jorgensen, P.H. Relative quantification and
detection of different types of infectious bursal disease virus in bursa of Fabricius and cloacal swabs using
real time RT-PCR SYBR green technology. Res. Vet. Sci. 2007, 82, 126-133. [CrossRef]

Mackay, I. Development and evaluation of a quantitative PCR for the determination of cytomegalovirus
load. In Proceedings of the Abstracts of the XIth International Congress of Virology, Sydney, Australia,
9-13 August 1999; VP65 Volume 23, p. 63.

Raj, G.D.; Rajanathan, T.C.; Kumanan, K.; Elankumaran, S. Changes in the cytokine and Toll-Like receptor
gene expression following infection of indigenous and commercial chickens with infectious bursal disease
virus. Indian |. Virol. 2011, 22, 146-151. [CrossRef]

Ignjatovic, J. Very Virulent Infectious Bursal Disease Virus; Australia and New Zealand Standard Diagnostic
Procedures; SCAHLS: Canberra, Australia, 2004; p. 6.

Haghighi, S.Z.M.; Tavasoly, A.; Marjanmehr, S.H.; Shoshtary, A.; Bahmaninejad, M.A. An experimental
study on early pathogenesis of a very virulent isolate of infectious bursal disease virus, employing
immunohistochemistry. Iran. J. Vet. Res. 2009, 10, 125-131.

Singh, J.; Banga, H.S.; Brar, R.S.; Singh, N.D.; Sodhi, S.; Leishangthem, G.D. Histopathological and
immunohistochemical diagnosis of infectious bursal disease in poultry birds. Vet. World 2015, 8, 1331-1339.
[CrossRef]

Prabhu, S.N.; Singh, A.P,; Varghese, B.P.; Kumar, M.A_; Palanivelu, M.; Dhama, K.; Singh, S.D.; Singh, R.
Comparative study of very virulent infectious bursal disease virus induced bursal pathology in experimentally
infected Indian native Aseel and exotic White Leghorn chicken. Indian J. Vet. Pathol. 2017, 41, 94-101.
[CrossRef]

Scanavini Neto, H.; Ito, N.M.K,; Miyaji, C.I.; Lima, E.D.A.; Okabayashi, S.; Corréa, A.R.A.; Eleutério, G.C;
Zuanaze, M.A. Infectious bursal disease virus: Case report and experimental studies in vaccinated and
unvaccinated SPF chickens and commercial broiler chicks. Rev. Bras. Cienc. Avic. 2004, 6, 41-54. [CrossRef]
Survashe, B.D.; Aitken, I.D. Inmunocompetent cells in avian paraocular glands. Res. Vet. Sci. 1978, 24,
182-190. [CrossRef]

Eterradossi, N.; Saif, Y.M. Infectious bursal disease. In Diseases of Poultry, 12th ed.; Hofstad, M.S., Barnes, HJ.,
Calnek, B.W,, Reid, W.M., Yoder, H.-W., Eds.; lowa State University Press: Ames, IA, USA, 2008; pp. 194-195.
Hemalatha, S.; Manohar, B.M.; Balachandran, C. Sequential immunohistochemical detection of infectious
bursal disease virus antigen in experimental chicken. Indian ]. Vet. Pathol. 2009, 33, 82-84.

Zakeri, A.; Kashefi, P. A Study of Apoptosis in Harderian Gland of Infected Chickens by IBDV (Infectious
Bursal Disease Virus) with Using EM (Electronic Microscope). Glob. Vet. 2011, 7, 438-442.

Tanimura, N.; Sharma, ].M. Appearance of T cells in the bursa of Fabricius and cecal tonsils during the acute
phase of infectious bursal disease virus infection in chickens. Avian Dis. 1997, 41, 638—645. [CrossRef]
Corley, M.M.; Giambrone, ].J.; Dormitorio, T.V. Detection of Infectious Bursal Disease Vaccine Viruses in
Lymphoid Tissues after in ovo Vaccination of Specific-Pathogen-Free Embryos. Avian Dis. 2001, 45, 897-905.
[CrossRef]

Kim, L].; You, S.K,; Kim, H.; Yeh, H.Y.; Sharma, ].M. Characteristics of bursal T lymphocytes induced by
infectious bursal disease virus. J. Virol. 2000, 74, 8884-8892. [CrossRef]

Kabell, S.; Handberg, K.J.; Li, Y.; Kusk, M.; Bisgaard, M. Detection of vvIBDV in vaccinated SPF chickens.
Acta Vet. Scand. 2005, 46, 219-227. [CrossRef]

Kaufer, I.; Weiss, E.U. Significance of bursa of Fabricius as target organ in infectious bursal disease of chickens.
Infect. Immun. 1980, 27, 364-367. [CrossRef]


http://dx.doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://dx.doi.org/10.1016/j.dci.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20692289
http://dx.doi.org/10.1016/j.cimid.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22459580
http://dx.doi.org/10.3382/ps.2012-02471
http://dx.doi.org/10.1016/j.rvsc.2006.03.002
http://dx.doi.org/10.1007/s13337-011-0053-0
http://dx.doi.org/10.14202/vetworld.2015.1331-1339
http://dx.doi.org/10.5958/0973-970X.2017.00022.0
http://dx.doi.org/10.1590/S1516-635X2004000100006
http://dx.doi.org/10.1016/S0034-5288(18)33071-6
http://dx.doi.org/10.2307/1592155
http://dx.doi.org/10.2307/1592869
http://dx.doi.org/10.1128/JVI.74.19.8884-8892.2000
http://dx.doi.org/10.1186/1751-0147-46-219
http://dx.doi.org/10.1128/IAI.27.2.364-367.1980

Vaccines 2020, 8, 627 19 of 19

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Mc Ferran, J.B. Infectious Bursal Disease. In Virus Infections of Birds; McFerran, J.B., McNulty, M.S., Eds.;
Elsevier Science Publishers B.V.: Amsterdam, The Netherlands, 1993; pp. 213-228.

Tanimura, N.; Sharma, J.M. In-Situ apoptosis in chickens infected with infectious bursal disease virus.
J. Comp. Pathol. 1998, 118, 15-27. [CrossRef]

Sick, C.; Schultz, U.; Staeheli, P. A family of genes coding for two serologically distinct chicken interferons.
J. Biol. Chem. 1996, 271, 7635-7639. [CrossRef]

Staeheli, P.; Puehler, F; Schneider, K.; Gobel, T.W.; Kaspers, B. Cytokines of birds: Conserved functions- a
largely different look. J. Interferon Cytokine Res. 2001, 21, 993-1010. [CrossRef] [PubMed]

Smith, J.; Sadeyen, J.R.; Butter, C.; Kaiser, P; Burt, D.W. Analysis of the early immune response to infection
by infectious bursal disease virus in chickens differing in their resistance to the disease. J. Virol. 2015, 89,
2469-2482. [CrossRef] [PubMed]

Rauf, A. Persistence, Distribution and Immunopathogenesis of Infectious Bursal Disease Virus in Chickens.
Ph.D. Thesis, The Ohio State University, Columbus, OH, USA, 2011; p. 75.

Qu, H,; Yang, L.; Meng, S.; Xu, L.; Bi, Y,; Jia, X.; Li, J.; Sun, L.; Liu, W. The differential antiviral activities of
chicken interferon « (ChIFN-«) and ChIFN-f are related to distinct interferon-stimulated gene expression.
PLoS ONE 2013, 8, 59307. [CrossRef] [PubMed]

Gitlin, L.; Barchet, W.; Gilfillan, S.; Cella, M.; Beutler, B.; Flavell, R.A.; Colonna, M. Essential role of MDA-5 in
type I IFN responses to polyriboinosinic: Polyribocytidylic acid and encephalomyocarditis picornavirus.
Proc. Natl. Acad. Sci. USA 2006, 103, 8459-8464. [CrossRef]

Kato, H.; Takeuchi, O.; Sato, S.; Yoneyama, M.; Yamamoto, M.; Matsui, K.; Uematsu, S.; Jung, A.; Kawai, T.;
Ishii, K.J.; et al. Differential roles of MDAS5 and RIG-I helicases in the recognition of RNA viruses. Nature
2006, 441, 101-105. [CrossRef]

Larsen, R.; Rokenes, T.P.; Robertsen, B. Inhibition of infectious pancreatic necrosis virus replication by
Atlantic salmon Mx1 protein. J. Virol. 2004, 78, 7938-7944. [CrossRef]

Ko, J.H.; Jin, HK,; Asano, A.; Takada, A.; Ninomiya, A.; Kida, H.; Hokiyama, H.; Ohara, H.; Tsuzuki, M.;
Nishibori, M.; et al. Polymorphism and the differential antiviral activity of the chicken Mx gene. Genome Res.
2002, 12, 591-601. [CrossRef]

Sartika, T.; Sulandari, S.; Zein, M.S.A. Selection of Mx gene genotype as genetic marker for Avian Influenza
resistance in Indonesian native chicken. In BMC Proceedings; Biomed Central: London, UK, 2011; Volume 5,
p. S37.

Fulton, J.E.; Arango, J.; Ali, R.A.; Bohorquez, E.B.; Lund, A.R.; Ashwell, C.M.; Settar, P.; O’Sullivan, N.P;
Koci, M.D. Genetic variation within the Mx gene of commercially selected chicken lines reveals multiple
haplotypes, recombination and a protein under selection pressure. PLoS ONE 2014, 9, 108054. [CrossRef]
Sharma, ].M.; Lee, L.F. Effect of infectious bursal disease on natural killer cell activity and mitogenic response
of chicken lymphoid cells: Role of adherent cells in cellular immune suppression. Infect. Immun. 1983, 42,
747-754. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0021-9975(98)80024-8
http://dx.doi.org/10.1074/jbc.271.13.7635
http://dx.doi.org/10.1089/107999001317205123
http://www.ncbi.nlm.nih.gov/pubmed/11798457
http://dx.doi.org/10.1128/JVI.02828-14
http://www.ncbi.nlm.nih.gov/pubmed/25505077
http://dx.doi.org/10.1371/journal.pone.0059307
http://www.ncbi.nlm.nih.gov/pubmed/23527158
http://dx.doi.org/10.1073/pnas.0603082103
http://dx.doi.org/10.1038/nature04734
http://dx.doi.org/10.1128/JVI.78.15.7938-7944.2004
http://dx.doi.org/10.1101/gr.210702
http://dx.doi.org/10.1371/journal.pone.0108054
http://dx.doi.org/10.1128/IAI.42.2.747-754.1983
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Source of Virus 
	Experimental Birds 
	Experimental Design 
	Histopathology 
	Immunohistochemistry 
	RNA Preparation 
	Quantitative Real-Time RT-PCR 
	Determination of Viral Load and Preparation of a Standard Curve 
	Statistical Analyses 

	Results and Discussion 
	Conclusions 
	
	References

