Molecular characterisation, pathogenesis and immunological effect of avian influenza H9N2 virus isolated from broiler chickens in Egypt during 2019
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ABSTRACT
Many commercial flocks in Egypt were infected with the low pathogenic avian influenza virus (LPAIV) subtype H9N2, resulting in severe economic losses, particularly when combined with other viral and bacterial diseases. The current study aimed to investigate the genetic evolution of LPAIV (H9N2) in  broiler farms in Egypt during 2019 and evaluate its effect on the viral pathogenesis, cytokine response, innate immunity and  oxidative state in specific pathogen free (SPF) chicks. Sixty tracheal swabs were collected from broilers and tested by RRT-PCR and the HA gene were sequenced for the genetic evolution. Then this isolated virus was experimentally studied in a total of 20 SPF chicks (21 days old) that were divided into two equal groups. Group-1(G1) was negative control and group-2 (G2) was experimentally infected with the isolated LPAIV (H9N2). The obtained results revealed that all isolated LPAIV (H9N2)  in this study were belong to G1-like Eurasian sub-lineages (A/quail/Hong Kong/G1/97-like) and clustered with Israeli strains in group B with specific mutation specific for Egyptian AIV-H9N2 isolated in 2018-2019 forming new subgroup-I. The experimental infection with LPAIV (H9N2) (G2) in SPF chickens, induced mild clinical signs, moderate histopathological changes in lung and spleen, shedding of higher mean LPAIV (H9N2) titre in trachea, up regulation of both  the pro-inflammatory (IL-6) and the anti-viral (IFN-γ) cytokines, significant decrease of the serum levels of lysozyme and  disturbance of the oxidative state where the serum nitric oxide (NO) and the malondialdehyde (MDA) levels were significantly  increased and the antioxidants glutathione (GSH) and superoxide dismutase (SOD) were significantly decreased. In conclusion, the LPAIV (H9N2) was continually circulated in broiler chicken farms and highly evolved. The induced oxidative stress in LPAIV (H9N2) infection could be contributed to the viral pathogenesis, up-regulation of pro-inflammatory and anti-viral cytokines and down-regulation of the innate immune response. 
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1. INTRODUCTION   
 Avian influenza (AIV) of the family orthomyxoviridae is segmented single-strand RNA. It is divided into A, B, and C. Only type A can infect the birds (Wood et al., 1993). It is classified into 18 H (H1 to H18) and 11 N subtypes (N1 to N11) (Tong et al., 2013).  It is classified according to the pathogenicity into HPAIV and LPAIV. The HPAIV causes high mortality and high economic losses but the LPAIV H9N2 cause mild respiratory infection in poultry flocks and high mortality rate especially when accompanied with secondary viral and bacterial infection (Alexander, 2000).
Avian influenza (H9N2) has been recorded worldwide in the last few years. It is first recorded in Asia (Cameroon et al., 2000) then it was recorded in the Africa and Middle East (Roussan et al., 2009). It was first isolated in Egypt in May 2011(El-Zoghby et al., 2012). It was cluster to the Qa/HK/G1/97 lineage with close related to Israeli viruses then it circulated in Egypt in all governorates in all domestic birds (Abdel-Moneim et al., 2012; ELbayoumi et al., 2013; El Miniawy et al., 2014, Awad et al., 2016 and El-Shall et al., 2019).
The diagnosis of avian influenza was dependent on the virus isolation but it takes a long time and not sensitive but in recent years the real-time RT-PCR (RRT-PCR) was developed for rapid and sensitive detection of influenza viral RNA (Rahman et al., 2015).  
The avian influenza H9N2 enhances the pathogenesis of secondary bacterial and viral infection as I.B, E.COLI, Mycoplasma, staphylococcus causing high mortality and economic losses. (Azizpour et al., 2014; Bano et al., 2003; Sid et al., 2015). These may be due to change of innate immune response or increase the cytokine especially Interleukin-6 and gamma interferon (IFN-γ) that is involved in the mediation of both innate and adaptive immune responses and increase the inflammation that enhances tissue damage (Choy and John 2017; Kim et al., 2015) and increase the pathogenicity of the secondary infection (Debets-Ossenkopp et al., 1982; Engelich et al., 2002; Navarini et al., 2006).
The cellular metabolism of host cells may be impaired during influenza virus infection, resulting in an increase in reactive species (RS) production and change in RS scavenging antioxidant systems, triggering redox homeostasis deregulation and oxidative stress (Chen et al., 2020). In influenza infection, uncontrolled RS development damages DNA, proteins, lipids, and other cellular structures (Rehman et al., 2018). Reactive species (RS) are also known as reactive oxygen and nitrogen species (ROS and RNS, respectively). The RNS is primarily made up of NO, which is formed by NO syntheses (NOS), from L-arginine, and oxygen (Vliet et al., 1998). One of the consequences of RS damage may be an increase in lipid per oxidation (Sochaski et al., 2002). Malondialdehyde (MDA) is the end product of polyunsaturated fatty acid lipid per oxidation. It's the most researched biomarker for lipid per oxidation and oxidative stress in damaged tissue (Baltacioglu et al., 2014).
The antioxidant systems of several enzymes and non-enzymes, such as superoxide dismutases (SODs) and glutathione (GSH), play a key role in suppressing the oxidative stress caused by RNA viruses, like influenza virus. They maintain redox homeostasis by suppressing or preventing the development of free radicals or reactive species (RS) in cells (Reshi et al., 2014). 
However, little information is available about the relation between pathogenicity of LPAIV (H9N2) infection in chicken and the induced disturbances in the innate immunity and oxidative state. Therefore the present study aimed to study the genetic evolution and pathogenesis of LPAIV (H9N2) isolated from broiler chicken in Egypt during 2019 and its effect on cytokines response (IL-6 and IFN-γ), innate immunity in correlation with the oxidative state in SPF chickens. 

2. MATERIALS AND METHODS
2.1. Sampling from broiler chicken farms. 
Sixty A/H9N2 tracheal swab samples were collected from  diseased broiler chicken farms  aged from 12-45 day old suffered from mild respiratory signs with mortality rate ranged from 20-30% suffered from cough, sneezing, depression, ruffled feather and decrease in egg production. They were collected  during 2019  from Cairo, Giza, Alexandria, Assiut, El-Minia, Kafr El-Sheik, and El-Fayoum Egyptian governorates (Table.1).  The tracheal swabs were collected in sterile phosphate-buffered saline (PBS) with penicillin, streptomycin, and amphotericin B (OIE, 2014) and stored in -80 till examination.
2.2. Isolation of H9N2 virus
A 0.2 ml of sample suspension was injected in the SPF emberyonated chicken eggs (ECE) aged 9 to 11 days according to standard protocols (OIE, 2015). The allantoic fluid was harvested and tested for the Hemagglutination activity by HA assay (OIE, 2015) and stored in -80 till use.
2.3. Reverse transcriptase Real time PCR for H9N2 virus. 
The collected samples were examined by carrying out the Reverse transcriptase Real-time PCR (RRT-PCR). The extraction occurred by Qiamp viral RNA mini kit (Qiagen, Germany) following the manufacturer's protocol and then examine for AIV type A (Spackman, et al., 2002) and typing by H9 primers by RRT-PCR using Qiagen one-step kit  (Qiagen, Germany) (Ben Shabat et al., 2010).
2.4. HA gene of LPAIV (H9N2) amplification and sequencing of H9N2 virus isolates. 
Four isolates were selected for genetic characterization of the HA gene of LPAI (H9N2). The RNA virus was extracted from the isolates using a QIAmp viral RNA mini kit (Qiagen, Hilden, Germany), the cDNA was synthesis by SuperScript™ III (Thermo Fisher Scientific, MA, USA) as kit manufacture. The HA gene of A/H9N2  was amplified by using Phusion® high fidelity DNA polymerase (Thermo Fisher Scientific, MA, USA) by gene-specific primer according to kit manufacture (Naguib, et al., 2015) and the PCR product was detected by agarose gel electrophoresis. By using the QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany), the positive amplified product was purified. The BigDye Terminator v3.1 Cycle Sequencing Kit was used for the sequencing (Applied Biosystems, California, USA) and An ABI 3500 Genetic Analyzer was used to gather the nucleotide sequence. (Life Technologies, California, USA).
2.5. Genetic and phylogenetic analysis
Studying strains and other related strains from genebank were used to align and analyze nucleotide and amino acid sequences. The CLUSTAL-W program and the DNASTAR software MegAlign module were used to align the sequences (Lasergene version 7.2; DNASTAR, Madison, WI, USA).  Mega7 software was used to create a phylogenetic tree using maximum likelihood methodology (Kumar et al., 2016). DNASTAR software was used to calculate pair-wise nucleotide percent identity.
2.6. Experimental design and sampling
2.6.1. Ethical approval 
The current research was performed following the regulations of the Public and Ethics Health committee in Egypt. The animals and protocols used was approved by the Animal Care and Use Committee in Egypt (The Central Laboratory for Evaluation of Veterinary Biologics).
2.6.2. Virus. 
Egyptian strain (A-chicken-Egypt-FFN2-2019) was selected randomly from the Egyptian H9N2 positive samples that were isolated in this study. The virus was propagated in SPF at 9-11 days according to (OIE, 2015). The EID50 was measured using a standard protocol (OIE, 2014; Reed and Muench, 1938). The harvested allantoic fluid was tested using reverse transcription-polymerase chain reaction for other common avian viruses such as Newcastle disease virus, infectious bronchitis virus, and AIV H5N1 virus to ensure it was negative. 
2.6.3. Experimental design. 
Twenty SPF chicks were divided into two equal groups (10 chicks/group). At 21 days of age, dropping of 20 ul of LPAI (H9N2) (106 EID50/ml) in nostrils and eyes (G2) and the second group act as a negative control (G1). The clinical signs, mortality, and gross lesions were observed for 14 days after the challenge. Serum samples were collected from chicks at 1st, 3rd, 7th, and 14th day post infection (dpi) to estimate the level of NO, MDA, GSH, SOD, and lysozyme. All chicks were reared in a controlled environment conditions and were offered feed and water ad libitum during the experimental period.
2.6.4.   Virus shedding and Cytokines (IL-6 and IFN-γ) quantification. Tracheal   swabs were collected at 2nd, 4th, 7th, 14th dpi in PBS and kept at -80 till examination for virus shedding quantification, and lungs were collected at 2nd and 14th  dpi on RNA later for Cytokines mRNA relative quantification. The viral RNA were extracted from swabs using Qiamp viral RNA mini kit (Qiagen, Germany) following the manufacturer's protocol and the Cytokines mRNA were extracted from the lung by  QIAamp RNeasy Mini kit (Qiagen, Germany, GmbH) by adding RLT buffer (600 µl) containing 10 μl β-mercaptoethanol per 1 ml to 30 mg of the tissue sample. For homogenization of samples, the tubes were inserted into the adaptor sets, which were fixed into the clamps of the Qiagen tissue Lyser. A two-minute high-speed (30 Hz) shaking phase was used to cause disruption. The steps were completed according to the Purification of Total RNA from Animal Tissues protocol of the QIAamp RNeasy Mini kit (Qia) and one volume of 70% ethanol was applied to the cleared lysate. qRT-PCR was used to titrate viral RNA using a standard curve for a known titer of challenged strain, a Qiagen one stage kit (Qiagen, Germany), and H9 specific primers (Ben Shabat et al., 2010). Furthermore, the same kits were used to measure IL-6 and IFN- in the lungs, and the results were standardized to the chicken 28SrRNA house-keeping gene (Kaiser et al., 2000; Eldaghayes et al., 2006).
2.6.5. Histopathological examination.  
The lung and spleen tissues from the two groups were collected at the 14th  dpi, put in 10% formalin, dehydrated in multiple grades of alcohol, embedded in paraffin, sectioned at 4u thickness, and stained with H&E stain (Bancroft, et al., 2012).
2.6.6. Measuring of serum nitric oxide (NO). 
It was carried out on all serum samples after deproteinization of the serum following the method of Yang et al. (2010). 
2.6.7. Evaluating of serum malondialdehyde (MDA), glutathione reduced (GSH) and superoxide dismutase (SOD). 
They were calculated following the manufacturer's instructions of Biodiagnostic according to Ohkawa et al.1979; Beutler et al., 1963 and Nishikimi et al., 1972 respectively. 
2.6.8. Lysozyme Assay. 
It was studied by agarose gel plate lyses method (Peeters and Vantrappen, 1977). 
2.6.9. Statistical analysis. 
The obtained data were presented as means and standard errors by conducting One-way ANOVA using Statistical Package for Social Science 20 (SPSS20) software and comparison between groups at least significant difference (LSD) (p < 0.05) 

3. RESULTS 
3.1. Clinical signs and Gross lesion of tested flocks. 
The tested flocks were suffered from  cough, sneezing, runny nose, depression, ruffled feather and decrease in egg production. With mortality rate ranged from 20-30%. The post mortem lesions were mild congestion in the lung and trachea with catarrhal and fibrinopurulent inflammations.
3.2. Isolation and detection of H9N2 subtype by RRT-PCR.     
In this study, 30 out from 60 tested samples were positive for HA after isolation in ECE with mean log2 7-8 HAU and 20 tested flocks were confirmed positive by RRT-PCR (33.33%) from Cairo, Giza, Alexandria, Assuit, El-Minia, Kafr El-Sheik, and El-Fayoum (Table.1).
Table.1: Result of RRT-PCR of tested broiler farms in different governorates in Egypt
	Number of positive sample for H9
	No of tested flocks
	Governorates

	7
	20
	Cairo

	4
	10
	Giza

	2
	5
	EL-Minia

	3
	4
	Assuit 

	2
	10
	Alexandria

	1
	6
	Kafr El-Sheik

	1
	5
	El-Fayoum




3.3. Molecular characterization of HA gene of H9N2 subtype. 
We selected four isolates to be sequenced. The amino acid (A.A.) phylogenetic analysis of HA gene of LPAIV (H9N2) observed that the Egyptian viruses in this study were belong to G1-like Eurasian sub-lineages (A/quail/Hong Kong/G1/97-like) and clustered with Israeli strains in group B. They were cluster with 2018- 2019 Egyptian viruses  published in genebank in new subgroup I with bootstrap value 80 as shown in (Fig.1). The sequence was published in the National Center for Biotechnology with accession number in (Table 2).

Table.2 Accession number and epidemiological data of H9N2 sequenced viruses
	GenBank Accession numb of HA gene

	Governorate
	Code

	MW741567
	Giza
	A/chicken/Egypt/FFN1/2019
	1

	MW741569
	 Cairo
	A/chicken/Egypt/FFN2/2019
	2

	MW741568
	Assuit
	A/chicken/Egypt/FFN3/2019
	3

	MW741570
	  Alexandria
	A/chicken/Egypt/FFN4/2019
	4










[image: E:\influenza\joornaaaal\journal writ e\mama\f1.jpg]Fig.1. The A.A Phylogenitic tree of HA protein of H9N2 viruses. The H9N2 viruses in our study are indicated with a black dot.

The A.A. identity percent of the HA gene of LPAIV H9N2 Egyptian viruses in this study were 93.7%-95.8% when compared with other Egyptian viruses during 2014-2015 and 94.8-.97.4% when compared with Egyptian viruses during 2018-2019 as shown in (Fig.2). The mutation analysis of the current study compared with the A/quail/Hong Kong/G1/97-reveal that M58K, T121I/V, I134M, T145S, N179T as specific to all Egyptian viruses and N41G, I75V, V212I, V267L/I, K294R, resemble Egyptian viruses in 2018-2019. Also, the A/chicken/Egypt/Egypt/FFN3/2019, A/chicken/Egypt/Egypt/FFN4/2019 had Q234L in the receptor-binding site. All Egyptian viruses in this study had PARSSR/GLF cleavage site and 232NGLIGR237 in the left receptor binding site and 146GTSKS150 in the right receptor binding site. 
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Fig. [2]: A.A. Identities and divergence of Sequenced viruses in comparison to other selected strains from Egypt, Israel, Iran, and Hongkong

3.4. Pathogenesis of avian influenza H9N2 virus
3.4.1.  Virus: 
The Egyptian strain (A/chicken/Egypt/FFN2/2019) was isolated and titrated in 9-11 day SPF chicks. It was titrated 106 EID50. It confirmed positive for H9 subtype by RRT-PCR and negative for infectious bronchitis virus, Newcastle disease virus, and AIV H5N1 virus. 
3.4.2. Clinical signs, gross lesions of the LPAIV (H9N2) challenged chickens: 
After the challenge, The LPAIV (H9N2) infected group (G2) showed no mortalities, mild respiratory signs (rales, nasal discharge, sneezing, cough), depression, and ruffled feathers and the post mortem examination revealed mild congestion in the lung whereas the spleens were normal. While the negative control group (G1) had no clinical signs.
3.4.3. Histopathological examination. 
The lungs and spleens of the infected group with the LPAIV (H9N2) virus (G2) showed moderate numerous changes in comparison with the normal group (Fig. 3). The Lungs showed moderate focal mononuclear cell infiltration in the pulmonary parenchyma and perivascular haemorrhage and oedema with marked vacuolar degenerative in the wall of the pulmonary blood vessels. And the spleen showed dilated sinusoid and blood vessels, perivascular odema.
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Fig [3]: Histopathological lesions in SPF chicken experimentally infected with LPAIV (H9N2) viruses. A,B & C are lung tissues ( (H&E X 200). A: normal lung tissue (G1). B: lung tissue from infected group (G2)  showing perivascular hemorrhage and odema with marked vacuolar degenerative in the wall of the pulmonary blood vessels. C:  lungs from G2 showing moderate focal mononuclear cells infiltration in the pulmonary parenchyma.  D, E & F : are spleen tissues.  D: normal spleen from G1 (H&E X 200).  E: spleen from G2 showing dilated sinusoid and blood vessels and perivascular odema  (H&E X 400).  F:  spleen from G2 showing moderate white pulp lymphoid cells depletion (H&E X 200).

3.4.4. Result of tracheal virus shedding by qRRT PCR. 
Real-time PCR was used to quantify virus shedding from the trachea in comparison to a standard curve created by the challenge strain (LPAIV H9N2). The mean of H9N2 virus shedding was 6.2 x 102  and 9.4x102  from 100% of chicks in the infected group at 2nd , 4th  dpi respectively. And was 7.1 x 102  from 15% of chicks in the infected group at  7th dpi, then disappeared at 14 dpi.

3.5.  Results of cytokine mRNA gene expression of IL-6 and IFN-γ . 
In H9N2-infected chickens, mRNA expression of lung cytokines (IL-6 and IFN-) genes was induced at higher levels than in uninfected chickens. At 2nd dpi, infected chickens group revealed significant upper regulation of IL-6 and tend to be higher expressed than IFN-γ genes. Then these values significant down-regulated at 14th dpi (Fig. 4) 
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Fig [4]: Real-time RT-PCR for mRNA expression of IL-6 and IFN-γ genes in chicken lungs from H9N2 infected group. 2−ΔΔCt method is used to calculate the relative expression fold change. Data is shown as means with error bar (n = 3). Column with an asterisk indicates significantly different than the other column within the same time point (p < 0.05). 

3.6. Serum MDA and NO levels. 
The levels of serum NO and  MDA were shown in Fig. (5), which declared that, infection with H9N2 in SPF chicks (G2) induced significantly higher levels of NO than normal group at 3rd and 7th dpi. While the levels of MDA were significantly increased at 3rd , 7th  and 14th  dpi in comparing to the normal group. 
3.7. Serum antioxidants levels (GSH and SOD). 
The levels of the antioxidants enzymes were shown in Fig. (5), which revealed that H9N2 infection induced significant lower values of  GSH at 3rd , 7th  and 14th  dpi. Also the levels of serum SOD were significantly decreased than the normal group at 3rd  and 7th dpi.
3.8. Serum lysozyme levels.
 The levels of serum lysozyme (Fig.5) showed that, H9N2 infection (G2) induced significantly decreased lysozyme levels compared to normal group at 3rd , 7th  and 14th  dpi. 
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Fig [5]: The effect of LPAIV (H9N2) infection on the serum levels of  NO & MDA,  GSH & SOD and lysozyme. G1 is normal non-infected chickens and G2 is infected chickens. Data is shown as means with error bar (n = 3). Column with an asterisk indicates significantly different than the other column within the same time point (p < 0.05).

4. DISCUSSION 
The H9N2 was first appeared in 1966 (Homme and Easterday, 1970) and it affect multiple species including chicken, quail, duck, geese, turkey and can infect human in the last time and it is categorized as a low pathogenic virus (Wu et al., 2008; Xu et al., 2007; Nagarajan et al., 2009; Yu et al., 2008; Li et al., 2003). It first appeared in Egypt in November 2011 from quail belong to the G1 lineage (El-Zoghby et al., 2012) then it circulated in domestic poultry causing high mortality in case of co-infected by other viruses and bacteria as IBV, NDV, IBD, E.coli, and mycoplasma (Abdel- Moneim et al., 2012; Arafa et al., 2012; Shakal et al., 2013). It was evolved rapidly (Samy et al., 2017; Abdel-Hamid et al., 2016; Adel et al., 2019).

This study aimed to find out more about the genetic variability, pathogenesis, and infectivity of Egyptian LPAIV (H9N2) isolates during 2019 and its immunological and oxidative effect in SPF chickens.

We collected sixty suspected samples suffered from mild respiratory manifestation from seven governorates. The LPAIV (H9N2) was continually circulated in Egypt with high incidence.  Out of 60 tested flocks, there were 20 positive flocks (33.33%) during 2019 as recorded in many studies that increase the incidence of LPAIV (H9N2) in the broiler farms in the last years ranged from 10% (Shalaby et al., 2014), 15% (Soliman, 2014), 32% (Abdel-Hamid et al., 2016), 9.8% (Awad et al., 2016), 15.90% (El-Shall et al., 2019) and 76.5% (Adel et al., 2019).

 We detected the genetic evolution of the HA gene of LPAIV (H9N2) sequencing HA gene of four selected strains. They were related to G1-like Eurasian sub-lineages (A/quail/Hong Kong/G1/97-like) and clustered with Israeli strains in group B as previously recorded (Abdel- Moneim et al., 2012; Monne et al., 2013; Shakal et al., 2013; Naeem et al., 2007) with acquiring a specific mutation that characterized the 2018-2019 Egyptian LPAIV H9N2 viruses forming new subgroup- I. 

The cleavage site in this study was PARSSR/GLF. It is significant of the low pathogenic avian influenza as previously described (Kawaoka and Webster, 1998). We recorded mutation in the receptor-binding site in all Egyptian strains was L234 while in A/chicken/Egypt/Egypt/FFN3/2019, A/chicken/Egypt/Egypt/FFN4/2019 was Q234. The Q234 is preferring to 2, 3 linked sialic acid avian type but the L234 was linked to human 2,6 sialic acid (human receptor) as previously recorded (Wan and Perez, 2007). All Egyptian viruses in this study had T212I that affect human transmission as recorded by Liu et al., 2020.

Viral replication is crucial for disease pathogenesis and has a significant impact on the infection's outcome. In the current study, the viral tracheal shedding of the newly evolved H9N2 virus was studied in the experimentally infected group (G2) from 1 to 14 dpi which revealed that the virus titer was increased particularly at 4 dpi (9.4x102 ) which was agreed with Mahana et al. (2019).  

Also, the obtained data of H9N2 infection in SPF chicks (G2) showed mild clinical signs as previously recorded by (Abdel-Hamid et al., 2016) inspit of many studies recorded that LPAIV (H9N2) alone had no clinical signs but the clinical signs observed when co-infection occurred by viral or bacterial pathogen (Mahana et al. 2019; Kishida et al., 2004). Whereas, the histopathological examination in G2 revealed moderate pathological lesions in lung and spleen which agreed with the findings of Abdel-Hamid et al., (2016) who found that LPAIV (H9N2) caused severe histopathlological changes in the respiratory and lymphoid organs which lead to immunosuppression. While, Hassan et al. (2017) and Mahana et al. (2019), found mild changes in lung and spleen in chicken experimental infected with LPAIV (H9N2) strains. This variation in the severity of the symptoms and histopathologic features possibly because of difference in many factors such as the dose and quantity of the virus inoculation, virus isolate genetic variation  and the using of SPF or commercial broiler chickens in the experiments (Abdel-Hamid et al., 2016).

The viral pathogenicity was not simply linked to the magnitude of viral replication and associated with the capability of viral strains to provoke proinﬂammatory cytokines which may be implicated in both the clearance of virus and the pathological tissue damage (Kobasa et al., 2004). In the current study, the moderate lung and spleen tissue pathological changes were accompanied with higher levels of IL-6 and IFN-γ especially at 2 dpi. These results agreed with Wang et al. (2016), who stated that the increased pro-inflammatory cytokine (IL6) was positively correlated with the damage effect of AIV H9N2, because the IL-6 can trigger the inﬂammation and the pulmonary tissue damage. Also the significantly increases in IFN-γ in G2 was previously reported by Nang et al., (2011), who found that  H9N2 infections effectively stimulated inflammatory cytokines response including IFN-γ in trachea, lung and intestine of chickens  as The IFN-γ is an important cytokine during viral infection.
Innate immune cells are stimulated in all viral infections, triggering the development of RS such as NO and suppressing the synthesis of antioxidants such as SOD and GSH and resulting in a redox imbalance (Reshi et al., 2014). This was clear in LPAIV (H9N2) group, where the NO and MDA were significantly increased than the normal group. The increased levels of NO were come in accordance with Burggraaf et al., 2011 and Wasilenko et al., 2008, who observed that the expression of NO and/or iNOS was increased in H5N1 influenza-infected chickens and ducks. NO production, on the other hand, can be beneficial as an antiviral effector mechanism against viruses, but it can also be injurious by leading to respiratory tract and lung inflammation, as seen in G2, through the production of toxic reactive nitrogen intermediates such as reactive nitrogen oxide, peroxynitrite which can lead to oxidation and nitration of protein amino acid residues, lipid peroxidation, and DNA cleavage, both of which can lead to cellular dysfunction and death (Brennan et al., 2002) 
The increased levels of MDA due to LPAIV (H9N2) infection in G2 were agreed with  Zhang et al. (2017), who reported that H9N2 infection in BALB/C mice increased the level of MDA, the final product of lipid peroxidation from the damaged tissues, which is triggered by damaging effect of the increased RNS production (NO) (Gallab et al., 2016). This was obvious in G2 where the increased NO was correlated with increased MDA in association with moderate damage in the lung and spleen tissues. 
This increased oxidative parameters (NO & MDA), viral pathogenicity and cytokines response in G2 may arise due to the  effect of inﬂuenza A virus (AIV) infection (i.e. H9N2) in activating the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzyme that produces ROS within the endosomes and consequently activate the oxidant-sensitive pathways, such as p38 and NF-κB, that implicate inﬂuenza virus replication and pro-inﬂammatory response (Lin et al., 2016). This may explain the significant increased levels of IL-6 and IFN-γ occurred in G2 in correlation with the significant increased levels of MDA and NO.
Antioxidation reactions, which involve the antioxidant processes of many enzymes and non-enzymes, such as superoxide dismutases (SODs) and glutathione (GSH), maintain redox homeostasis in normal cells (Reshi et al., 2014). In this study, the antioxidants (GSH & SOD) were significantly decreased in G2 than the normal group. This result come in accordance with Lin et al. (2016), who found that, GSH production were decreased in A549 cells  due to AIV (H5N1) infection which disrupts the redox balance and encouraging the propagation of the virus progeny and host cell death.
Also the decreased SOD observed in G2 was agreed with Qi et al. (2016), who found a decrease in antioxidants activity, including SOD, in primary chicken oviduct epithelial cells due to the effect of H9N2 non-structural protein-1 (NS1) which is considered to be a determining factor for H9N2 viral virulence and pathogenicity (Hale et al., 2008). This disturbance of cellular oxidative state may also related to the viral protein PB1-F2, the key virulence factor of AIV, that stimulates the mitochondrial ROS generation through lowering the SOD level in alveolar epithelial A549 cells and induce apoptosis of phagocytes and other cells of innate immune system (Shin et al., 2015), which may point to the cause of down regulation of serum lysozyme production and the lymphocytic depletion in the spleen tissue in G2 in association with the induced oxidative stress.
Lysozyme is considered as a vital constituent in the innate immune system.  Although it was known for its ability to cleave the peptidoglycan of the bacterial cell wall, also it can inactivate some viruses such as murine and human noroviruses (Takahashi et al., 2015).  Also its effect on the inﬂuenza viruses were similar to the inhibition effect of the lactoferrin (Creager et al., 2018). However the induced oxidative imbalance occurred in G2 may impair the innate immunity as the levels of the lysozyme in G2 were significantly decreased in comparing with the normal group. This result was supported by Pang et al. (2000) who reported that, different strains of AIV had a significantly reduced lysozyme secretion from sputum neutrophils that could reduce the ability to control bacterial colonization in the respiratory tract and facilitate the secondary bacterial infection following influenza virus infection. The lysozyme downregulation in G2 may resulted from defective formation of phagolysosomes in AIV infection and thus defective lysozyme secretion (Pang et al. (2000), in addition to the immunosuppressive effect of the  increased RS as in G2 on the innate immune cells functions (Paiva and Bozza 2014).  Furthermore,  less production and activity of antioxidant enzymes (GSH & SOD) in H9N2 group may downregulate the immune response and thus lysozyme production, as these antioxidants are required in high amounts for immune cells than other cells (Reshi et al., 2014). Although the low pathogenicity nature of the isolated H9N2 infection however, the induced lung and spleen tissue damage, oxidative disturbance, upregulation of inflammatory cytokines and downregulation of the innate immunity may cause serious problem and enhanced the secondary bacterial infection  and trigger the morbidity and mortality particularly when co-infected with other viruses. 
CONCLUSION
The LPAIV (H9N2) was continually spread in Egypt and evolved by acquires new mutation forming new subgroup I with 2018-2019 Egyptian strains. The LPAIV (H9N2) isolated during 2019 induced mild signs with moderate pathological changes in lung and spleen and causing oxidative stress in chicken through increasing the serum NO and subsequently the MDA and decreasing the serum antioxidants such as the GSH and SOD. This oxidative imbalance could be contributed to the viral pathogenicity and the induction of moderate histopathological lesions associated with up-regulation of pro-inflammatory and anti-viral cytokines and down-regulation of the innate immune response as the lysozyme level has significantly decreased that increase the possibility of co-infection with bacterial and viral pathogens causing high economic losses. Further investigation is needed to target the oxidative stress induced by LPAIV (H9N2) infection in chicken with the supplementation of RS scavenging antioxidants to try to alleviate the inﬂuenza virus pathology and immune suppression.  
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