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Abstract 

Avian influenza virus (AIV) causes an economically important disease called avian 

influenza in poultry which pose potential threat to humans worldwide. Mitogen 

activated protein (MAP) kinases such as extracellular signal regulated kinase (ERK), 

c-Jun N terminal kinase  (JNK) and p38 play an important role in Low pathogenicity 

Avian Influenza Virus (LPAIV)-infected chicken macrophages to induce host 

inflammatory responses in controlling  viral replication as well as production of pro-

inflammatory cytokines. Activation of MAP kinases is regulated by a group of protein 

phosphatases known as MAP Kinase phosphatase (MKP) or Dual specificity 

phosphatases (DUSP). Hence the study of the role of MAPK in the regulation of 

proinflammatory cytokine secretion from macrophages and the role of MKP in 

regulating MAP  kinase pathway is vital for  understanding the pathogenesis of AIV in 

birds. The first objective of this study was to investigate the role of MKP in the 

regulation of proinflammatory cytokine in AIV infected chicken macrophages.  

Chicken macrophage cell line (HTC) was infected with a LPAIV H9N2 and 

proinflammatory response post infection was investigated using western blotting, real 

time RT PCR using SYBR green and siRNA transfection to understand the role of 

MKP in the regulation of proinflammatory response. Our results showed that MKP1 

and MKP5 are upregulated in response to AIV infection at 10 h and 20 h p.i. 

indicating their involvement in the inflammatory response. Subsequent knockdown of 

MKP1 siRNA in HTC cells followed by  realtime RT PCR showed that at 10 h and 20 

h post infection the realtime RT PCR data showed that upregulation of 

proinflammatory cytokine IL-1β was moderate for all three siRNA specific for MKP1 

used. Our second objective was to obtain detailed knowledge of the role of MAPK 

kinases and to differentiate their function in H9N2 infected chicken macrophages 

through the study of differential gene expression and regulation in HTC cells treated 

with specific inhibitors against MAP kinase ERK (U0126),  p38 (SB203580), JNK 

(InSolution JNK Inhibitor II) followed by infection with H9N2 virus using Agilent 

Chicken expression microarray. Microarray data demonstrated differential regulation 

of a large number of genes among the various study groups. Ingenuity Pathway 
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Analysis (IPA) analysis revealed that in response to H9N2 infection with ERK 

inhibitor treatment had more effect on the expression of many of the upstream and 

downstream molecules involved in MAPK signaling pathway, pathway analysis of 

ERK, STAT3 and NFkB and network of molecules in inflammatory response.  
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Introduction 

Innate immunity in conserved any living host serves as the first line of defense 

against invading pathogenic microorganisms through an evolutionary pattern 

recognition system. Innate immune cells such as macrophages and dendritic cells 

express a wide range of receptors called Toll Like Receptors (TLR) which recognize 

the conserved sequence present in the microorganisms (Wang and Li, 2007; Chen and 

Liu, 2002; Owens and Keyse, 2007).  Interaction of these TLRs with microorganisms 

leads to the activation of multiple signaling cascades which are important for effective 

clearance of  microorganisms from the host. Some of the members of the signaling 

cascades include: family of interleukin-1 receptor associated kinase (IRAK), 

phosphatidyl inositol 3 phosphate kinase, adaptor proteins, Toll/IL-1 receptor domain 

containing adaptor inducing interferon. They ultimately activate mitogen activated 

protein (MAP)  kinase pathways and multiple transcription factors (Ringwood and Li, 

2008; Cousart et al., 2000;  Kawagoe et al., 2008; Lye et al., 2008; Su et al., 2007; Hu 

et al., 2002; Leam et al., 2001). An important transcription factor known as nuclear 

factor (NF)-κβ is also activated by the signaling pathway. NF-κβ can bind to the 

promoter regions of a number of pro inflammatory cytokine (TNF-α, IL-1β, IL-6, IL-

8, IL-12 and IL18) and chemokine genes and activate their transcription (Beutler and 

Kruys, 1995;  Ono and Han, 2000). MAP kinases, including  extracellular signal 

regulated kinase (ERK), c-Jun N terminal kinase  (JNK) and p38 also play a major 

role in the process of proinflammatory cytokine and chemokine production. 

Subsequently the host elicits a highly proinflammatory phenotype and produces a wide 

variety of proinflammatory cytokines, anti microbial peptides and other effector 

proteins which will participate in the killing of microbial pathogens (Li et al., 2009). 

MAP kinases are evolutionary conserved serine/threonine protein kinases in 

eukaryotes (Nishida and Gotoh, 1993). MAP kinases can be grouped into 3 

subfamilies which include ERK, JNK and p38. They are activated by phosphorylation 

by specific kinases and are involved in variety of cellular responses including host 

immune response (Dong et al., 2002). ERK has been shown to be important for viral 
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replication as well as proinflammatory cytokine production upon H9N2 infection in 

chicken macrophages (Xing et al., 2010). Kujime et al. 2000 demonstrated that 

another MAP kinase p38 controls the expression of RANTES (Regulated upon 

Activation, Normal T-cell Expressed, and Secreted) . IL8 and TNFα which regulates 

the proinflammatory response in Influenza virus infection (Xing et al., 2010). 

The primary role of rapid inflammatory response is to protect the host by activation of 

defense system in time. A balance between activation and subsequent deactivation of 

inflammatory response is critical for host immune response during microbial infection.  

Initiation of signaling cascade results in  immune response to invading pathogen 

whereas deactivation of signaling cascade protects host immune system from 

potentially harmful effects of inflammatory response (Wang and Liu 2007). 

Unregulated production of pro-inflammatory cytokines leads to thedevelopment of a 

variety of inflammatory, allergic and autoimmune diseases (Salojin et al., 2006). A 

variety of negative regulators modulate the signal transduction pathway which initiates 

inflammatory responses and regulates the production of proinflammatory cytokines. 

Moreover a number of anti inflammatory proteins such as NF-κB  inhibitor and anti 

inflammatory cytokine IL-10 are also induced to counteract inflammatory response 

(Fan and Cook, 2004).  In addition, a large group of protein phosphatases act as 

negative regulators of immune response. These phosphatases are commonly known as 

MKPs (MAP kinase phosphatase). These MKPs can deactivate MAP kinases by 

removing the phosphate group from critical tyrosine and threonine residues of 

activated MAPkinases thereby silencing the signaling pathway and stopping 

production of proinflammatory cytokines (Keyse, 2000).  

Avian influenza virus (AIV) causes an economically important disease called avian 

influenza in poultry and pose potential threat to humans worldwide (Spackman et al.,  

2010, Perdue and Swayne, 2005). (AIV are classified into highly Pathogenic (HPAIV) 

and Low pathogenicity virus (LPAIV) subtypes based on their pathogenesity. The 

highly pathogenic subtypes (H5N1, H5N2) are lethal and cause rapid mortality of the 

host. Highly pathogenic Avian influenza virus (H5N1) has the potential to cause a 
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state of hypercytokinemia in human respiratory tract (To et al., 2001). LPAIV are 

associated with no or mild respiratory symptoms in birds.  Upregulation of 

proinflammatory cytokines such as IL-1β, IL-8 and IL-18 has been observed during 

LPAIV infection  in birds (Xing et al., 2008). Since upregulation of proinflammatory 

cytokines is one of the key consequences of LPAIV infection in birds,  MAP kinase 

pathway and MKP seem to play a major role in disease progression. Hence the study 

of the role of MAPK in the regulation of proinflammatory cytokine secretion from 

macrophages and the role of MKP in regulating MAPkinase pathway is vital for  

understanding the pathogenesis of AIV in birds.  

The main objective of this study was to investigate the role of MKP in the regulation 

of proinflammatory cytokine in AIV infected chicken macrophages. 
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Review of literature  

       

The review of literature is described under the following subheadings: 

a. Avian Influnenza virus (AIV) 

b. MAP kinases 

c. Proinflammatory cytokines 

d. Role of MKP in host immune response 

e. MKP in the regulation of pro-inflammatory cytokine 

f. Structure of MKP 

g. Substrate specificity 

h. Role of MKP in viral infections 

Avian Influnza virus (AIV) 

 AIV are negative sense single stranded enveloped RNA viruses that belong to genus 

“Influenza A” of family “Orthomyxoviridae” (Webster et al., 1992).  They are divided 

into several subtypes based on the combination of one of the 16 antigenically distinct 

transmembrane glycoprotein, Hemagglutinin (HA) with one of 9 Neuraminidase (NA) 

present on the surface of the virion (Fouchier et al., 2005; Hinshaw et al., 1982; Rohm 

et al., 1996). AIV have been classified by the World organization of Animal Health 

(OIE) into two forms: Low pathogenicity (LP) and high pathogenicity (HP) subtypes 

based on their virulence in chickens (Senne DA 2010).  Viruses of subtypes H5, H6, 

H7, H9 and H10 have been associated with  major outbreaks of disease in poultry 

where as subtypes of H11 to H16 have rarely been reported in  poultry other than in 

wild bird population (Wood et al., 1996; VanDalen et al., 2008;  Alexander 2000). 

HPAIV  causes high mortality in chickens and pose serious threat to human health 

(Perdue &Swyne 2005, Perez et al 2005).  
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Wild aquatic and migratory birds in the order of Anseriforms and Chradriiformes are 

considered to be the natural reservoir of all influenza A viruses . They rarely display 

clinical signs of the disease when infected (Stallknecht and Shane 1988, Webster et 

al., 1992). Transmission of AIV occurs via indirect fecal oral route involving virus 

shedding in shared aquatic habitat in aquatic bird population (Webster et al., 1992). 

Influenza A viruses from this natural reservoir can be transmitted to a wide variety of 

animals including human, pigs, horses and domestic poultry (Khalenkov et al., 2008). 

In poultry AIV is associated with mild disease usually manifested by minor respiratory 

signs and low mortality rates (Benedictis et al., 2007;  Alexander 2000). Although 

severity of the disease can change when occurring in combination with other viral or 

bacterial infections leading to higher mortality rates.  In contrast HP AI viruses are 

virulent subtypes which cause systemic disease with high mortality rates in poultry. 

HPAI infection in chickens and other gallinaceous birds are associated with initial 

respiratory or intestinal tract infections followed by viremia and also localization and 

replication of the virus in skeletal muscle (Swayne 2006). The disease is caused by 

certain strains of H5 and H7 subtypes when transmitted from wild birds. Severe AI 

disease outbreaks have been occurred worldwide in the poultry due to HPAI as well as 

LPAI subtypes worldwide. A high pathogenic AI virus strain H5N1 emerged in Hong 

Kong in 1996-1997 and caused human deaths along with enormous damage to the 

poultry industry causing more than 300 outbreaks in domestic poultry and wild birds 

in Asia, Central Europe, Africa and parts of Middle East (Alphin et al., 2009;  WHO, 

2009). Many of the outbreaks in commercial poultry have occurred in USA by HPAI 

(H5N2) as well as LPAI (H7N2, H9N2) strains (Alphin et al., 2009;  Spackman et al., 

2010).  The prevailing theory suggests that HPAI viruses have evolved from H5 and 

H7 subtypes of LPAI viruses by mutation (Garcia et al., 1996, Perdue et al., 1998). 

AIVs are also potentially zoonotic, some strains of subtypes H5, H7 and H9 have 

crossed the species barriers and have caused serious disease in humans (Fouchier et 

al., 2004). 

LPAI virus infection in poultry is associated with asymptomatic infections, mild to 

severe respiratory disease with loss in production (Suarez et al., 2000). Lack of disease 
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progression in birds with LPAI virus subtypes can possibly be associated with 

suppression of innate and adaptive immune response (Kodihalli et al., 1994; 

Sivanandan et al., 1991). At present there is not much information available regarding 

immune response in birds with HPAI virus infection. However HPAI virus infection 

in mammals has been studied extensively. Avian HPAI subtype H5N1 are potent 

inducer of proinflammatory cytokines IL-1β, IL-6, TNFα, IFNβ cytokines and 

chemokine IP-10 (interferon γ inducible protein 10), MIP-1α and MCP  from infected 

macrophages (Chan et al., 2005). Thus H5N1 infection in human reparatory tract 

might induce a state of hypercytokinemia which can be potentially lethal (To et al., 

2001). There is some information available regarding LPAI virus infection in 

chickens. LPAI, H9N2 infection in chickens up regulates the production of 

proinflammatory cytokines such as IL-1β, IL-8 and IL-18 and a bunch of chemokines 

( CCL3, CXCL14 etc) suggesting that chicken macrophages play a key role in 

response to H9N2 infection (Xing et al., 2008) where as cytokine genes responsible 

for adaptive immunity was down regulated. These findings suggest that immune 

response to avian species is similar to mammalian response to AIV infection. Still the 

molecular mechanism that eliminates the influenza virus from avian host and allows it 

to survive is unclear. As it is known that cytokines are important in generating  

proinflammatory response and a proper regulation of proinflammatory cytokine 

secretion is important as well to prevent damage in host. MAP kinases play a directive 

role for the regulation of proinflammatory cytokines production. Earlier published 

literature has shown that MKP regulates the activity of MAP kinases. Therefore study 

of pathogenesis of AIV infection is crucial to determine this plausible mechanism of 

regulation of proinflammatory cytokine response. 

MAP kinases 

A wide variety of extracellular stimuli such as stress, microbes, hormone and growth 

factors trigger a cascade of evolutionary conserved signal transduction events within 

the cell which in turn activate NFkB and MAP kinase pathways (Farooq and Zhou, 

2004; Wang and Liu, 2007). MAP Kinases (MAPK) are highly conserved 

serine/threonine protein kinases in eukaryotes (Wang and Liu, 2007). MAP kinases 
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play important role in a variety of cellular processes including cell proliferation, 

differentiation, stress response, apoptosis and host immune response. MAP kinases are 

grouped into three families: extracellular signal regulated kinase (ERK-1/2)), c-jun-

NH2 kinase (JNK-1/2/3) and p38 proteins (p38-α/β/γ).They all carry a signature 

sequence –TXY- where T and Y are threonine and tyrosine respectively, X being 

glutamate, proline/glycine in ERK, JNK,  and p38 (Farooq and Zhou, 2004). The 

MAP kinase pathway is activated by a cascade of sequential phosphorylation events 

upon induction by pathogens, which culminate in the secretion of a variety of 

cytokine, chemokine and other inflammatory mediators from the innate immune cells 

to generate inflammatory response against the pathogen. The sequential cascade 

begins with the activation of MAP kinase kinase kinase (MKKK), which in turn 

phosphorylates MAP kinase kinase (MKK) at two serine residues. Finally MKK 

phosphorylates MAP kinase  at the threonone and tyrosine residues at the conserved –

TXY-  motif at the activation domain (Wang and Liu, 2007). Getting activated MAPK 

can phosphorylate a variety of targets including protein kinases else can go to the 

nucleus and phosphorylate proteins and transcription factors such as AP1, NFkB 

which in turn activates transcription of MAPK induced genes (Wang and Liu, 2007). 

There are reports stating the activation of MAPK pathway induces production of 

proinflammatory cytokine such as IL6, IL8 (Chen and Liu, 2009; Owens and Keyse, 

2007) in response to microbial infection. A study by Xing et al., (2010) demonstrated 

that in response to H9N2 infection, ERK, JNK and p38 Map kinases are activated in 

chicken macrophages. They also showed that MAP kinase ERK plays an essential role 

in the expression of proinflammatory cytokines IL-1β, IL-6 and IL-8 during AIV 

infection supporting its role in viral pathogenesis. 

Proinflammatory cytokines 

In response to microbial infection the host immune system elicits a variety of immune 

responses to fight against invading pathogens. For vertebrates it can be broadly 

classified as innate and adaptive immune response. In the beginning of infection the 

innate immune system plays a significant role in the production of  various types of  

inflammatory mediators  such as cytokines, chemokines, nitric oxide and reactive 
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oxygen species. The cytokines and chemokines mobilize immune effector cells to the 

site of infection to contain microbes and initiate adaptive immune response for 

microbial clearance (Janeway et al., 2001). A wide array of cytokines are produced in 

response to bacterial and viral infection which include TNFα, IL-1β,IL-6, IL-8, IFNγ 

etc. (Mogensen and Paludan, 2001). During a viral infection the host immune system 

induces the activation of pre-existing antiviral defense machinery, commitment to 

apoptosis and production of cytokines which helps in the reduction of viral load, 

restricts viral spread and clears the virus from the host system (Mogensen and 

Paludan, 2001).  

Role of MKP in host immune response 

To understand the role of MKP 1 in host immune response during microbial infection 

people have developed mouse models (Zhao et al., 2006; Hammer et al., 2006; Salojin 

et al., 2006; Chi et al., 2006; Zhao et al., 2005). MKP1 deficient mice are fertile and 

exhibit no phenotypic or histologic abnormalities (Dorfman et al., 1996). According to 

this study primary macrophage isolated from MKP1 knockout mice showed prolonged 

p38 and JNK  activation upon induction with LPS compared to primary macrophages 

isolated from wild type mice. Moreover, no change in ERK activation was observed in 

the fibroblasts derived from MKP1 deficient mouse. This finding was supported by 

other studies which stated that primary mouse embryonic fibroblasts derived from 

mice lacking MKP1 showed hyperactivation of p38 and JNK in response to serum 

osmotic stress and anisomycin (Wu and Bennett, 2005). In another study 

hyperactivation of all the three members of MAPK family, ERK, JNK and p38 was 

seen in MKP1 deficient mice in insulin response tissues (Wu et al., 2006). These 

studies support the finding that MKP1 primarily dephosphorylates p38 and JNK in 

immortalized macrophages (Shepherd et al., 2004). 

As MAP kinases play a significant role in the regulation of innate immune responses, 

MKPs can be involved in the negative regulation of innate immunity restricting the 

activity of MAPK bydephosphorylation. MKP1 is an important negative regulator of 

innate immune system in the infections caused by both Gm +ve and Gm-ve bacteria. 
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Following exposure  to Listeria monocytogenes, immortalized murine macrophages 

elicited robust MKP1 induction (Stewart et al., 1999). MKP1 over expression 

attenuated phagocytosis of L.monocytogenes in immortalized macrophages promoting 

its role in negative regulation of innate immune function (Schwan et al., 1996). 

Induction of MKP1 in macrophages derived from mouse bone marrow by bacterial 

LPS requires transcriptional mechanism mediated by protein kinase Cε and tyrosine 

kinases. This study also demonstrated that MKP1 induction occurred along with the 

ERK inactivation, indicating its role in the  deactivation of ERK in this system (Kugler 

et al., 1997). MKP1 deficient mice was more readily affected by LPS challenge as 

indicated by injury and dysfunction to multiple organs and a higher rate of mortality 

than wild type mice (Zhao et al., 2006; Hammer et al., 2006; Salojin et al., 2006; Chi 

et al., 2006). In addition, cell wall components of Staphyloccous aureus or heat killed 

S. aureus can induce more severe injury and higher mortality in MKP1 deficient mice 

compared to the wild type mice (Wang et al., 2007). 

MKP in the regulation of pro-inflammatory cytokine 

To understand regulation of cytokine expression in innate immune cells during 

bacterial infection RAW264.7 macrophages have been studied as a model system. 

Stimulation with LPS resulted in rapid and transient activation of JNK and p38 

enzymes. The activities of these MAP kinases peaked within 15 min and returned to 

nearly basal level within 60 min whereas MKP1 protein level was increased 

dramatically from undetectable basal level. The kinetics of p38 and JNK deactivation 

correlated with accumulation of MKP1 while activated ERK level inresponse to LPS 

remained unchanged with the accumulation of MKP1 (Shepherd et al., 2004). 

Stimulation of RAW264.7 macrophages with bacterial peptidoglycan also elicited a 

transient activation of JNK and p38 and deactivation of the MAP kinases happened 

with MKP1 induction (Shepherd et al., 2004). Moreover a modest increase of MKP1 

in RAW264.7 cells shortened the window of JNK and p38 activation with LPS 

stimulation and substantially inhibited the production of both TNFα and IL-6 (Chen et 

al., 2002; Shepherd et al., 2004; Zhao et al., 2005). These studies supported the 

concept that MKP1 plays an important role in the negative regulation of innate 
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immune cells. Although MKP1 deficient mice did not show significant abnormalities 

in lymphoid and myeloid development, they experienced markedly elevated serum 

levels of proinflammatory cytokines and other cytokines in response to LPS challenge 

compared to wild type mice. The inflammatory response was mediated by release of 

macrophage-derived cytokines such as TNFα, IL6, IL10, Il12 and some other 

chemokines (CCL3, CCl4, CXCL2). Hyper responsiveness to these low dose LPS can 

be attributed to the uncontrolled release of these pro inflammatory cytokines from 

activated macrophages leading LPS induced hepatotoxicity and shock (Zhao et al., 

2006;  Chi et al., 2006; Salojin et al., 2006; Hammer et al., 2006). MKP-1 deficient 

mice compared to wild type mice, also produce significantly higher amount of TNFα, 

IL-1β, GM-CSF, IL6, IL10 and IL-12p70 in response to LPS challenge. MKP-1 

deficient mice is also susceptible to LPS challenge leading to severe multi organ 

failure and higher mortality than wild type mice (Zhao et al., 2006; Hammer et al., 

2006; Salojin et al., Chi et al., 2006). To understand the  role of MKP1 in the 

regulation of inflammation Hammer et al. challenged MKP-1 knockout mice and wild 

type mice with LPS and compared the gene expression profile of these two systems by 

Affymetrix  microarray. The result showed >2 fold increase in approximately 160 

transcripts  in wild type mice where as some 480 transcripts showed >2 fold increase 

in knockout mice (Hammer et al., 2006). MKP-1 knockout macrophages (isolated 

from MKP-1 deficient mice) also produce higher amount of proinflammatory 

cytokines including TNFα and IL6 as well as other chemokines like Macrophage 

inflammatory protein (MIP)-1α, MIP-1β and MIP-2 than wild type mice (Zhao et al., 

2006; Hammer et al., 2006; Salojin et al., Chi et al., 2006). However expression of two 

Th1 cytokines IL12 and IFN-γ was decreased in MKP-1 deficient splenocytes and 

dendritic cells suggesting a shift in cytokine expression profile (Zhao et al., 2006). In 

addition a dramatic  increase in the production of TNF-α, IL-6 and IL-10 was 

observed in response to LPS challenge in macrophages, splenocytes and bone marrow 

derived dendritic cells derived from MKP-1 knock-out mice (Zhao et al., 2006; Chi et 

al., 2006). So in addition to profound secretion of proinflammatory cytokines and 
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chemokines MKP-1 deficiency also enhanced the production of a potent anti-

inflammatory cytokine IL-10.  

The second MAP kinase which plays essential role in regulating immune response is 

MKP5/DUSP10. The expression of MKP-5 is strongly induced in macrophages in 

response to LPS. In MKP-5 knock out animals elevated JNK activities are observed in 

T cells and macrophages upon exposure to LPS.Peritoneal macrophagesMKP-5 -/- 

mice secrete higher level of proinflammatory cytokines,TNFα and IL-6 in response to 

LPS challenge compared to WT mice ex vivo. Thus during innate or adaptive immune 

response, the important role of MKP5 appears to be regulating JNK activity. MKP5 -/- 

macrophages were also hyper responsive to a broad range of TLR signals. MKP-/- 

deficient macrophages produce increased level of IL6 and TNF α in response to 

peptidoglycan and poly(I:C) which trigger TLR 2 and 3 respectively. MKP5 -/- T cells 

produced increased level of  IFNγ indicating the role of MKP5 as a negative regulator 

of effector T cell cytokine expression . 

Structure of MKP 

MKPs are a group of evolutionary conserved dual specificity phosphatases (DUSP) 

which can specifically dephosphorylate MAP kinases at the threonine and tyrosine 

residues  present within the  signature sequence –pTXpY- motif of the activation loop 

of MAP kinase (Farooq and Zhou, 2004).  Presence of at least 10MKPs in mammalian 

cells has been reported so far (Keyse, 2000). MKPs have two domains: MAPK 

binding domain (MKB) or kinase interaction domain  present in the N terminal region 

and phosphatase catalytic site or dual specificity phosphatase (DSP) domain  present 

in the C terminal part (Kondoh and Nishida, 2007; Li et al., 2009). High sequence 

homology is observed at the C terminal DSP domain of all MKPs (Muda et al., 1998; 

Tanoue et al., 1999). Besides that the MKB domain is homologous to the   rhodanese 

family protein. DSP domain share sequence homology with the catalytic domain of 

proteintyrosine phosphatase (Keyse, 1993). MKB domain has the consensus sequence 

ψψXRRψXXG, where X represents any amino acid residue and ψ is hydrophobic 

amino acid and is flanked by two Cdc25 homology domain (Keyse, 1993; 2000).In 
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addition this domain helps in defining the substrate specificity for MKPs through  

docking  site interaction with MAP kinases (Muda et al., 1998; Tanoue, 1999).At the 

catalytic site of all DUSPs there is a highly conserved signature motif HCXXXXXR 

characteristic of all protein phosphatases (Denu and Dixon, 1998). The MKB domain  

MKPs can be grouped into 3 types based on their sequence similarity, protein 

structure, substrate specificity and subcellular localization. MKP1, PAC1, MKP2 and 

hVH3 are the members of Type I MKPs. They are localized in the nucleus and 

inducible. Members of type I MKPs are 300-400 amino acids long and bear nuclear 

localization signal at their N terminal end (Wu et al., 2005). MKP 1 seems to have 

more substrate specificity toward JNK and p38 compared to ERK (Chu et al., 1996; 

Dorfman et al., 1996; Franklin and Kraft, 1997). Type II MKPs include MKP3, MKP-

X and MKP4. They are cytoplasmic and bear nuclear export signal. A member of 

Type II, MKP3 is specific to ERK1/2 and ERK5 (Muda et al., 1998; Camps et al., 

1998). MKP5, MKP7 and M3/6 are the members of Type III MKPs which have an 

additional domain in the N or C terminal besides the MKB and DSP domain with 

unknown function (Rechsteiner and Rogers, 1996). MKP5 has strong substrate 

specificity for JNK and p38 but not ERK (Tanoue et al., 1999; Theodosiou et al., 

1999). In addition to these 4 types there is also an atypical group of MKPs which have 

only a catalytic domain and some of the member of these group can dephosphorylate 

MKPs (Alonso et al., 2001; Todd et al., 1999; Vasudevan et al., 2005; Wu et al., 

2006). So far no studies have been carried out to demonstrate the role of MKP in the 

regulation of proinflammatory response in chickens during AIV infections. 

Substrate specificity 

MKP 1 was identified in cultured mouse cells in 1980s. It was also discovered that 

MKP1 can be expressed in cells immediately after exposure to oxidative stress, heat 

shock and growth factor (Charles et al., 1992; Keyse and Emslie, 1992; Noguchi et al., 

1993). After a couple of years the human homologue of MKP1 named CL100 was 

identified (Keyse and Emslie, 1992). Further studies revealed that MKP1 expression 

can be upregulated by growth factors, UV, LPS, heat shock, phorbol  esters, p53 and 

Calciumionophores (Tamura et al., 2002;  Saxena and Mustelin, 2000; Sun et al., 
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1993; Dorfman et al., 1996). Scimeca et al., (1997) showed that Calcium is required 

for the activation of MKP1 gene expression. Regarding the substrate specificity of 

MKP1 earlier it has been reported that MKP1 can specifically dephosphorylate ERK 

under in vivo, in vitro condition and in cultured cells (Alessi et al., 1993; Sun et al., 

1993; Zheng and Guan, 1993; Charles et al., 1993). On the other hand there are reports 

stating that perhaps stress activated MAPK JNK and p38 are preferential substrates for 

MKP1 (Chu et al., 1996; Dorfman et al., 1996; Franklin and Kraft, 1997; Liu et al., 

1995; Raingeaud et al., 1995). In 1995, Liu et al demonstrated that MKP1 specifically 

inactivates JNK with less effect on ERK under genotoxic stress condition. Moreover 

ERK helps in stabilization of MKP1 protein by phosphorylation (Brondello et al., 

1999). To determine the substrate specificity of MKP1, in 1997, Kraft et al. 

established U937 cell line that conditionally express MKP1. By titrating MKP1 

expression level they reported that JNK and p38 are much more preferred by MKP1 as 

substrate than ERK (Franklin and Kraft, 1997). More studies with MKP1 knock out 

cells further supports that compared to JNK and p38, ERK is not a preferred substrate 

for MKP1 (Zhao et al., 2006; Hammer et al., 2006; Chi et al., 2006).  

Role of MKP in viral infection  

To analyze the effect of HCV core protein on MAP kinase signaling pathway Erhardt 

et al.(2002) established a HepG2 Tet-Off cell line with regulated expression of 

Hepatitis C virus (HCV)  core protein. They showed that HCV core protein expression 

activates ERK, JNK and p38 MAP kinases and also induces MKP1 expression along 

with increasing cell proliferation (Erhardt et al., 2002). 

Infection with Lymphocytic Choriomeningitis virus (LCMV)  in MKP5-/- mice 

showed little difference in viral clearance compared to wild type  (WT) mice 

suggesting that MKP5 is dispensable for T cell activation. However MKP5-/- mice 

shows increased mortality upon secondary infection with LCMV which can be 

explained with the  phenomenon that MKP5 deficient T cells produce increased level 

of proinflammatory and effector cytokine leading to exacerbated inflammatory 

immune response (Zhang et al., 2004).   
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MKP1 appears to be dispensable for T cell development (Zhang et al., 2009). It is 

possible that deficiency of MKP1 in T cell development can be compensated by other 

MKP family members. MKP1 is a negative regulator of JNK and perhaps ERK but not 

p38 in T cells. MKP1 is required for T cell activation and proliferation. MKP1 is 

required for T cell activation proliferation and T cell effector function. MKP1 knock 

out (KO) mice exhibited increased weight loss compared to wild type mice in response 

to influenza virus infection. Examination of HA and NA gene expression in the lungs 

of WT and KO mice showed that MKP1 is dispensable for viral growth at an early 

stage of infection. However it was also found that MKP1 KO mice are impaired in 

influenza viral clearance. This finding was consistent with other finding that on days 7 

and 9 after influenza virus infection BAL  fluid of MKP1 KO mice contained lower 

percentage of CD8 T cells but increased percentage of CD4T cells compared to WT 

mice. MKP1 KO mice produce significantly lower percentage of IFNγ  in BAL fluid 

and lungs compared to WT mice. MKP-1 deficiency results in defective influenza 

virus specific CD4 and CD8 T cell response (Zhang et al., 2009). 
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Chapter 1 

 

The role of MAP kinase phosphatase in the regulation of 

proinflammatory response in chicken macrophages infected with 

H9N2 AIV 
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Summary 

In response to AIV infection in chickens MAP kinases present in chicken 

macrophages are activated by a cascade of sequential phosphorylation events which 

result in the secretion of a variety of cytokines, chemokines and other inflammatory 

mediators to generate inflammatory response against the AIV. MAP kinase 

phosphatases (MKP) are a group of protein phosphatases which can specifically 

dephosphorylate MAP kinases thereby controlling the inflammatory response.  

In this study chicken macrophage cell line (HTC) was infected with a LPAIV H9N2 

and proinflammatory response post infection was investigated. We performed western 

blot, real time RT PCR using SYBR green and siRNA transfection to understand the 

role of MKP in the regulation of proinflammatory response.The western blot data 

showed that MAP kinase ERK was activated at 8 hrs and 16 hrs post infection (p.i). 

MAP kinase JNK was also activated at 8 hrs post infection whereas p38 activation was 

absent at all 3 time points i.e 8, 16 and 24 h p.i. Realtime PCR data indicated that 

proinflammatory cytokines IL-1β, IFN-α, IFN-β, IL-6, IL-8 were upregulated at 10 h 

and 20 h p.i. IFNβ upregulation was not significant at 10 h p.i but IL-6 was. From the 

Realtime PCR data it is also evident that MKP1 and MKP5 are involved in the 

inflammatory response as they are upregulated in response to AIV infection at 10 h 

and 20 h p.i.  

To further study the role of MKP1 in the proinflammatory response in AIV infection, 

MKP1 was knocked down using siRNA in HTC cells and expression of 

proinflammatory cytokine IL-1β was examined. HTC cells were transfected with three 

different siRNA all specific for MKP1 and one scramble siRNA. At 10 h and 20 h post 

infection the realtime RT PCR data showed that upregulation of proinflammatory 

cytokine IL-1β was moderate for all three siRNA specific for MKP1 used. 
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Introduction 

Avian influenza in birds has caused significant concern due to its devastating 

economic impact in the poultry industry and as a zoonotic disease. AIV infection in 

birds can be asymptomatic to lethal depending on the pathogenicity of the virus 

involved and on the bird species as well. Though the virulence markers and 

transmission have been studied very little work has been done on the host responses to 

AIV infection and pathogenesis to the birds. 

Macrophages, play a significant role in the innate and active immunity through various 

ways such as antigen presentation, phagocytosis and secretion of inflammatory 

mediators etc.  It is also been reported that influenza virus first infects respiratory 

ciliated epithelial cells and subsequently macrophages (Fugisawa et al., 1987; 

Kaufmann  et al. 2001). Xing et al. (2010) in a study  characterized  host responses to  

LPAIV  infection  in chickens in respiratory tissue and immune cells. They showed 

that proinflammatory cytokines and chemokines were induced and the MAP kinases 

(ERK, p38 and JNK) were activated upon infection.  Proinflammatory cytokines  IL-

1β, IL-6 and IL-8 were up-regulated by ERK MAP kinase, but in contrast apoptotic 

responses were suppressed. Another study by Xing et al. (2008)  using an Affimetrix 

microarray identified a group of protein phosphatases which are upregulated in 

response to AIV infection in chicken macrophages. These phosphatases are called 

MAP kinase phosphatases or Dual specificity phosphatases (DUSP) which can 

specifically dephosphorylate serine/threonine MAP kinases.  

The objective of the present study was to examine whether MKP  play any role in the 

regulation of proinflammatory cytokine secretion in response to AIV infection in 

chicken macrophages. Chicken macrophage cell line HTC was infected with a LPAIV 

H9N2 and then we performed realtime RT PCR to see the transcript level of chicken 

MKP1, 2 , 3 and 5. In addition, we also analysed the transcript level of 

proinflammatory cytokines IL-1β, IFNγ, IL-8, IL-6 and TNFα in response to AIV 

infection at different time points.To further understand the role of MKP in AIV 

infection, we designed siRNA specific for chicken MKP1 to knockdown MKP1. Then 
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we  analyzed the transcript level of proinflammatory cytokine IL-1β at different time 

points. 

Hypothesis 

 MKP-1 act as feedback control mechanism to be induced in response to AIV infection 

in chicken immune cells. Induced MKP1 will act on activated MAP kinase and 

regulate the secretion of proinflammatory cytokines. Differential induction of chicken 

MKP may serve as a part of host immune response to diminish the detrimental side 

effects in AIV-infected chickens and play an important role in AI pathogenesis in 

birds. 
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Materials and Methods 

Cell lines: The HTC monocyte /macrophage cell line was obtained from Dr. N.C Rath 

(Agricultural Research Service, USDA, Fayetteville, USA). These cells were derived 

from peripheral blood monocyte/macrophage cells. HTC cells have been 

spontaneously transformed. Cells were grown in RPMI 1640  medium (Invitrogen) 

containing 10% Fetal Bovine serum (FBS)  at 37C under 5% CO2 (Rath et al. 2003). 

Madin-Darby canine kidney (MDCK) cell lines were purchased from ATCC and were 

grown in Dulbecco’s modified Eagle’s medium containing 10% FBS. 

Virus infection in HTC cell line: The LPAIV used in the study was 

A/Pheasant/California/2393/1998 (H9N2). The virus was originally isolated from a 

domestically raised pheasant during an LPAIV outbreak in California (Woolcock et al. 

2001). The viruses were grown in 10-day-old embryonated chicken eggs from specific 

pathogen free chickens (Charles River SPAFAS). Allantoic fluid was harvested 48 h 

after inoculation and was alliquoted and stored at -80C. Virus present in the allantoic 

fluid was titrated using a standard hemagglutination test (Hirst 1942) and infectious 

viral titer was determined in MDCK cells by plaque assay (Gaush& Smith 1968).  

This Chicken macrophage cell line, HTC was first grown in RPMI media with 10% 

FCS. Cells were again incubated at 37C under 5% CO2. For infection with virus 

H9N2 , HTC cells were split using Trypsin-EDTA and were resuspended in RPMI 

1640 containing 10% FBS. Cells were then plated (5 X 10^6 cells) on 10cm tissue 

culture plates and incubated at 37C for 16h. At the time of infection media was 

removed and the cells were infected with H9N2 virus at an m.o.i of 1 and was 

incubated for 2 h at 37C for viral adsorption. After adsorption viral inoculum was 

removed and serum-free RPMI 1640 with 1μg of TPCK trypsin was added. 

RNA Extraction and Real time RT PCR: RNeasy RNA extraction kit (Qiagen) was 

used for the preparation of total RNA from HTC cell culture. Control and infected 

macrophages were washed with PBS twice before buffer RLT was added. Shredder 

columns (Qiagen) was used to homogenize HTC cells. Protocol for RNA extraction 

(Qiagen) was followed for RNA extraction. The presence of mRNA transcript of 



20 

 

MKP1, 2, 3 and 5, proinflammatory cytokines IL-1β, IFNγ, IL-8, IL-6 ,TNFα and 

glyceraldehydes 3 phosphate dehydrogenade (GAPDH) genes in control and infected 

HTC cells were analyzed by a two step Real time RT-PCR. Total RNA (1µg) was 

used for each RT reaction using Quantitect Reverse Transcription kit (Qiagen) 

following the manufacturer’s instructions. Realtime PCR was conducted using 1µl of 

cDNA in a reaction volume of 25µl for each gene using Quantifast SYBR Green Real 

time PCR kit following manufacturer’s instructions. Relative expression values were 

normalized using an internal GAPDH control. Fold change of relative expression level 

was calculated using the formula. Melting curves were analyzed to determine the 

specificity of each reaction. All the reactions were conducted in duplicate for each 

sample and the mean value was calculated. The Real-time PCR primers were designed 

using a web based software Primer 3. The primer sequences are listed below. 

Western blot analysis: Cell lysates were prepared by lysing uninfected and infected 

HTC cells using a hypotonic buffer with 1% NP-40 lysis buffer containing 1mM 

PMSF and 1% Aprotinin (Sigma) as described previously (Sternsdorf et al. 1997; 

Xing et al. 2004). SDS-PAGE gels (12%) was used for gel run. Proteins were 

transferred to Immuno-Blot PVDF membrane (Bio-Rad) and Western blot analysis 

was performed using standard protocol. Rabbit or mouse anti-MAPK and MKP1 

antibodies (1:500) were used followed by an AP-conjugated anti-rabbit or anti-mouse 

IgG secondary antibody (1:10,000). Monoclonal anti actin antibody (Santa Cruz) was 

used a input control. BCIP/NBT reagents (Invitrogen) was used for the detection of 

colorimetric signals on the membrane. 

Transfection with siRNA:  HTC cells were transfected with  three different siRNA 

specific for MKP-1 and one coltrol siRNA in different plates. For transfection 

Lipofectamine TM (Invitrogen) was used and the procedure was followed as per 

manufacturer’s instruction. Briefly, HTC cells were trypsinized and then seeded at cell 

density of 5X10.5. Cells were allowed to settle for 3 hrs. Lipofectamine was mixed 

with Opti-MEM1 (Invitrogen). The siRNA was diluted in Opti-MEM1. Then 

Lipofectamine and siRNA were mixed gently and added to each plate containing cells 
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and medium. Cells were incubated at 37C O/N. After that cells were infected with the 

virus A/Pheasant/California/2393/1998 (H9N2) and RNA was extracted for Real-Time 

RT PCR as described above. 
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Results 

From the NCBI data base we have identified that there are at least 4 different chicken 

MKPs. At the protein level they share 50-70% sequence homology between chicken 

and mammalian MKP counterparts. The sequence alignment of MKPs of chicken and 

other mammals are shown in Fig.1.  Figure 

The results shown in Fig.2 indicate that MAPK  ERK and JNK are activated in 

response to AIV infection in chicken macrophages. ERK is activated through 8 to 16 h 

p.i where as JNK activation was detected at 8 h p.i only. ERK phosphorylation was 

also evident at a basal level in HTC cells. At 24 h p.i none of the MAP kinases were 

activated. From the SDS-PAGE data it is also evident that for chickens there is only 

one isoform of ERK with  a molecular mass of  42 kDa. For JNK two isoforms were 

detected using a specific antibody. These are 46 and 36 kDa  also known as JNK1 and 

JNK2, respectively. 

 The Real-Time PCR data shown in Fig.3 indicate that all the 4 chicken MKPs 

(MKP1, 2, 3 and 5) can be detected using RT-PCR. Interestingly MKP1 and 5 are 

upregulated in response to AIV infection significantly at 10 and 20 h p.i. Upregulation 

of MKPs indicate that they may play a role in the infection process.  

The Real-Time PCR data as shown in Fig.4 indicate the proinflammatory cytokines 

are also upregulated in response to AIV infection in chicken macrophages at 10 and 20 

h p.i. 

The siRNA data shown in Fig.5 indicate that siRNA 1, 2 and 3 specific for chicken 

MKP-1 were effective to knockdown the target gene MKP-1. As a result ERK 

activation remained active which resulted in sustained activation of proinflammatory 

cytokine IL-1β at 10 and 20 h p.i. 
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Discussion 

MAPK and MKPs play crucial role in the host response of AIV infection in chickens. 

MAPK proteins such as ERK, JNK and p38 are structurally and functionally diverse 

among all the species. This ERK is important for efficient viral replication in chicken 

macrophages  as well as for the  production of proinflammatory cytokines post 

infection (Xing et al., 2010; Ludwig et al., 2003). Furthermore, Xing et al. (2010) also 

demonstrated that ERK suppresses TNF family mediated  apoptosis in H9N2 infected 

chicken macrophages. In chickens only one isoform of ERK  ERK2 (p42) is present.  

 On the other hand JNK pathway is involved in host innate antiviral response. 

Additionally, Ludwig et al. (2003) suggested that JNK is also involved in the 

regulation of apoptosis.  

In the present study we have found that ERK activation is detectable at 8 hrs and 16hrs 

post infection. Concurrently since the western blot data showed a similar regulation of 

MKP1, it can be understood that MKP1 activation occurs after 8hrs p.i which leads to 

the dephosphorylation of ERK. Our qRt-PCR data also demonstrated the MKP1 is 

upregulated at 20 h p.i. The less intense band of  phosphoERK at 16 hrs p.i can be 

explained  by the Real-time PCR data. Activation of JNK was detected at 8 h p.i only. 

For MAPK ERK and JNK both the data match with previous findings (Xing et 

al.,2010).  Kujimi et al. (2000) suggested that MAPK p38 controls the expression of 

proinflammatory cytokines after infection. On the contrary, although Xing et al. 

(2010) demonstrated that p38 is important in the regulation of proinflammatory 

cytokines post infection in chicken macrophages but in our present study we were 

unable to detect activation of p38 at various time points post infection. This could be 

because phosphorylated p38 had been deactivated by the time or the amount of 

phosphorylated p38 was not sufficient enough for detection.  

MKPs play significant role in the deactivation of MAP kinases in macrophages which 

results in decreased production of proinflammatory cytokines  (Shepherd et al., 2004). 

In  this study we have found that there are at least 4 different chicken MKPs which 

play important role in the regulation of MAP kinases which in turn are involved in the 
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regulation of proinflamatory responses. The present study demonstrated that MKP1 

and 5 are upregulated in response to AIV infection in chicken macrophages. When 

MKP1 was knocked down using siRNA specific for MKP1, proinflammatory cytokine 

IL-1β was upregulated. This data strongly suggest that MKP1 may play a significant 

role to control proinflammatory response by inactivationg MAPK  in AIV infected 

chicken macrophages. 

The MAP kinase pathway is activated by a cascade of sequential phosphorylation 

events post infection by pathogens which culminate in the secretion of a variety of 

cytokine, chemokine and other inflammatory mediators from the innate immune cells. 

This may generate undesirable inflammatory  response against the pathogen. Effective 

termination of proinflammatory cytokine production during innate and adaptive 

immune response is important to prevent detrimental side effects including 

autoimmunoty and septic shock. Since MAP kinases are activated by phosphorylation, 

dephosphorylation by MKPs could be an important mode for deactivation of these 

kinases. In influenza virus infection macrophages act as main source of cytokine and 

chemokine production.  Understanding the role of MKP s in the regulation of  

proinflammatory cytokine secretion from macrophages in response to influenza virus 

infection will enable us for better understand the host immune response against AIV 

infection in birds and also to devise novel methods to these economically important 

animals. 
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Figure 1. Amino acid sequence alignment of MKP from different species. Amino acid 

changes from the consensus sequence are indicated by one letter abbreviation

 

Fig. 1a Amino acid sequence alignment of MKP 1 from various species 
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Fig. 1b Amino acid sequence alignment of MKP 2 from various species 
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Fig. 1c Amino acid sequence alignment of MKP 3 from various species 
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Fig. 1d Amino acid sequence alignment of MKP 5 from various species 
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Figure 2.  Phylogenetic analysis of MKP 1 and MKP 5  

 

 

Fig. 2a 

 

 

                           

 

Fig. 2b 
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Figure 3. Western blot data for activation of MAPK ERK and JNK  in  HTC cells 

infected with virus H9N2 

 

 

Fig. 3a   
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Fig. 3b 

 

 

 

 

 

Fig. 3 Activation and phosphorylation of ERK and JNK MAP kinase in chicken 

macrophages infected with H9N2 virus. Cell lysates were prepared from infected and 

uninfected cells at 8, 16 and 24 h p.i and 12% SDS-PAGE gel run was performed. 

Anti phospho ERK, anti phospho JNK, anti non structural protein (NS1), anti actin as 

well as anti ERK, anti JNK and anti p38 antibodies were used for Western blot 

analysis. 

 

 

 

 

Phospho JNK (46 KDa) 

JNK (46 KDa) 

Actin 

P38 

 8   8  16  24  h.p.i 

-          +H9N2 

Phospho JNK (36KDa) 

JNK (36 KDa) 



32 

 

Figure 4. Upregulation of Proinflammatory cytokines in HTC cells in response to 

H9N2 infection 

 

 

 

 

The X axis and Y axis represent different chicken cytokines and corresponding fold 

changes respectively. Three color bars represent three time points 12h, 24h and 36h 

respectively.This figure shows expression of chicken cytokines, however IFN-β is 

upregulated most in response to viral infection at all the three time points. 
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Figure 5.  Activation of MKPs  in HTC cells in response to H9N2 infection 

 

 

 

 

The X axis and Y axis represent different chicken MKPs and corresponding fold 

changes respectively. Three color bars represent three time points 12h, 24h and 36h 

respectively. This figure shows upregulation of MKP-1 and 5 is maximum at 36 hrs 

p.i. 
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Figure 6. Upregulation of IL-β in siRNA treated  and H9N2 infected HTC cells at 

10 hrs and 20 hrs p.i. 

               

 

 

 

The X axis and Y axis represent three different siRNAs and corresponding fold 

changes, respectively. Two color bars represent two different time points 10hrs and 

20hrs respectively. This figure shows that three siRNAs designed to targeted MKP1 

were able to downregulate expression of proinflammatory cytokine IL-1β. 
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Table 1. Primers sequences for Real-time RT PCR of chicken macrophage cell line 

Gene symbol Gene name Sequence 

GAPDH Glyceraldehyde 3 phosphate 

dehydrogenase 

Forward  5’CCTCTC TGG CAA AG 

TCC AAG 3’ 

Reverse   5’ CAT CTG CCC ATT TG 

ATG TTG 3’ 

IL-1β Interleukin 1β Forward  5’ GCT CTA CAT GTC GTG 

TGT GAT GAG 3’ 

Reverse  5’ TGT CGA TGT CCC GCA 

TGA 3’ 

IL-8 Interleukin 8 Forward  5’GCT CTG TCG CAA GG 

TAG GAC 3’ 

Reverse   5’ GCG TCA GCT  TCA CA 

TGT TGA 3’ 

 

IL-6 Interleukin 6 Forward  5’ ATG TGC AAG AAG TTC 

ACC GTG 3’ 

Reverse   5’ TTC CAG GTA GGT CTG 

AAA GGC GAA 3’ 

 

TNF-α Tumor necrosis factor α Forward  5’ AGA TGG GAA GGG AA 

TGA ACC  3’ 

Reverse  5’ GAC GTG TCA CGA TC 

ATC TGG 3’ 

IFN-β Interferon β Forward  5’ AAT GCT GGA TCT GGT 

TGA GG 3’  

Reverse  5’  ACC ATC AGT CTC CAG 

GGA TG 3’ 

MKP-1 Mitogen activated protein 

kinase phosphatase 1 

Forward  5’ TGG AGG AAG GGT ATT 

TGT GC 3’ 

Reverse  5’  GGC TTC ATC CAG CTT 

GAC TC 3’ 

 

MKP-2 Mitogen activated protein 

kinase phosphatase 2 

Forward  5’ TAC AAG TGC ATC CCT 

GTG GA3’  

Reverse  5’ CGC AGC ACT CTT TCA 

CTG AG 3’ 

 

MKP-3 Mitogen activated protein 

kinase phosphatase 3 

Forward  5’ GCG AAA CGA ACC TAG 

ACA GC 3’  

Reverse  5’  CTC GAT GTC CGA TGA 

GGA AT 3’ 

MKP-5 Mitogen activated protein 

kinase phosphatase 5 

Forward  5’ ACT GTG GCA ACG TAC 

GAC AA 3’ 

Reverse  5’ GGC ACT CTC ATT GCT 

GTT GA  3’ 
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Chapter 2 

 

Host responses regulated by Mitogen activated protein kinases in AIV 

H9N2-infected chicken macrophages: A microarray analysis 
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Summary 

Mitogen activated protein (MAP) kinases such as extracellular signal regulated kinase 

(ERK), c-Jun N terminal kinase  (JNK) and p38 play a pivotal role in Avian Influenza 

Virus (AIV)-infected chicken macrophages to induce host inflammatory responses by 

being instrumental in carrying out important roles in the control and regulation of viral 

replication as well as production of pro-inflammatory cytokines. Activation of MAP 

kinases is regulated by a group of protein phosphatases known as MAP Kinase 

phosphatase (MKP) or Dual specificity phosphatases (DUSP). 

In the present study, chicken macrophage cells were treated with specific inhibitors 

against MAP kinase ERK (U0126), p38 (SB203580), JNK (InSolution JNK Inhibitor 

II) followed by infection with H9N2 virus to understand the role of MAPK in AIV-

induced host responses in chicken macrophages. Total RNA were extracted from AIV-

infected chicken macrophage cells with and without inhibitor pretreatment, which 

were then followed by reverse transcription, cRNA labeling, and hybridization to 

Agilent Chicken expression microarray, to analyze differential gene expression and 

regulation. Microarray data were analyzed using GeneSpring gx 11.5 software and 

Ingenuity Pathway Ananysis (IPA) system.  

The results demonstrated differential regulation of a large number of genes among the 

various study groups. Gene expression analysis data on MKPs showed that MKP 1 

and MKP 5 are up-regulated in response to AIV infection among all other MKPs 

present in chicken macrophages. It was also found that in ERK-inhibitor treated H9N2 

infected chicken macrophage cells (HTC cells), upregulation of MKP1 and MKP5 was 

lower as compared to the untreated but infected group, suggesting that expression of 

MKP1 and MKP5 may also be regulated by ERK in a feedback to control ERK 

signaling responses. Gene expression microarray data on interleukin (IL) showed that 

proinflammatory cytokines IL1β and IL6 were down regulated in ERK-inhibitor 

treated H9N2 infected cells whereas IL8 was upregulated, indicating that the induction 

of IL1β and IL6, but not IL8, is dependent upon ERK activation. Differential 

regulation of proinflammatory cytokines by MAP kinases was demonstrated by the 
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fact that IL1β, IL6 and IL8 were up regulated in p38 inhibitor-treated H9N2 infected 

cells, while IL6 was down regulated in JNK inhibitor treated H9N2 infected cells with 

upregulation of IL1β and IL8. On the other hand, IFNβ was significantly down 

regulated in ERK inhibitor treated H9N2 infected cells and also in JNK and p38 

inhibitor treated cells, indicating that MAP kinases are critical to IFNβ induction. The 

results showed a notable difference between H9N2 infected and uninfected chicken 

macrophages both in terms of expression of MKP genes and also pro-inflammatory 

response genes. Further differences were observed when these cells were additionally 

challenged with MAP kinase gene-specific inhibitors. Ingenuity Pathway Analysis 

(IPA) suggested that in response to H9N2 infection with ERK inhibitor treatment had 

more prominent effect on the expression of molecules involved in various pathways 

and networks.  
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Introduction 

AIV infection in birds can be asymptomatic or fatal depending on the virus subtype 

and its virulence. In poultry, (Low Pathogenicity Avian Influenza Virus (LPAIV) 

infection is usually asymptomatic and is associated with mild to severe respiratory 

disease with loss in egg production (Suarez et al. 2000). Lack of disease progression in 

birds with LPAIV infection can be attributed to suppressed innate and adaptive 

immune responses. Higher eukaryotes have developed complex ways to detect and 

respond to microbial pathogens. In response to microbial infection, MAP kinases are 

stimulated through signal transduction pathway which lead to the production of 

proinflammatory cytokines  to generate host inflammatory responses (Ringwood and 

Li, 2008; Li et al., 2009). In addition, an important nuclear factor called NFκB is also 

activated by the signal transduction pathway. NKκB binds to promoter regions of 

many cytokine and chemokine genes and induces their transcription (Beutler and 

Kruys, 1995; Ono and Han, 2000). Proinflammatory cytokine response can be induced 

via the activation of  NFκB and  MAPK p38 pathway (Bernasconi et al., 2005, 

Ichiyama et al., 2004, Kenrie et al., 2011).  By using specific inhibitors against three 

MAP kinases (ERK, JNK and p38) Xing et al.( 2010) showed that all of them were 

activated in response to LPAIV infection in chickens.  Among them ERK and p38 

regulate cytokine production. Also it has been reported that H5N1 infection in human 

induces cytokine dysregulation through the activation of p38 pathway (Mok et al., 

2007).  ERK was found to be important for viral replication and blocking of MAPK 

pathway associated with reduced viral replication (Xing et al. 2010, Marjuki et al., 

2006). JNK promotes apoptosis through the mediation of antiviral responses (Hrincius 

et al., 2010). Another study by Xing et al. (2008) demonstrated that H9N2 infection in 

chicken macrophages can differentially modulate expression of a large number of 

genes which include those for cytokines.  

To further explore the role of MAP kinases and to characterize their function in AIV 

infection, we performed a global gene expression analysis in H9N2-infected and 

uninfected HTC cells treated with specific inhibitors of ERK, p38 and JNK with 
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Agilent chicken microarrays.  

Microarray analysis is a relatively new technology which performs simultaneous 

analysis and identification of mRNA expression of a large number of differentially 

expressed genes belonging to a particular genome between control and treated groups. 

Concurrent use of microarray analysis and bioinformatics analysis with IPA system 

enables us to better understand the complex pathways and mechanisms involved in a 

biological process. It also has the potential to identify novel genes of interest and find 

new association within an established pathway. 
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Materials and Methods 

Cell lines:  Chicken monocyte /macrophage cell line (HTC) was obtained from 

Dr.N.C Rath (Agricultural Research Service, USDA, Fayetteville, USA). These cells 

were derived from peripheral blood monocyte/macrophage cells and have been 

spontaneously transformed. Cells were grown in RPMI 1640 medium (Invitrogen) 

containing 10% Fetal Bovine serum (FBS)  at 37
0
C under 5% CO2 (Rath et al. 2003). 

Madin-Darby canine kidney (MDCK) cell lines were purchased from ATCC and were 

grown in Dulbecco’s modified Eagle’s medium containing 10% FBS. 

Treatment of HTC cells with MAPK inhibitors: MAP kinase inhibitors U0126, 

InSolution JNK II and SB203580 specific for ERK, JNK and p38 (EMD Biosciences) 

respectively were used in this study. These inhibitors were selected based on their 

effectiveness in inhibition and low relative toxicity in the cells. The viable cell count 

using trypan blue exclusion method remained comparable between treated and 

untreated group throughout the period of study. Cells were grown in  RPMI 1640  

medium (Invitrogen) containing 10% Fetal Bovine serum (FBS) on 10 cm tissue 

culture plates (5 X 10^6 cells per plate) at 37C under 5% CO2 (Rath et al., 2003) for 

15h. Then the cells were pretreated with MAP kinase inhibitors diluted in RPMI 1640 

1h prior to infection with H9N2 virus. The inhibitor concentrations 5µM, 10 µM and 

50µM were used for p38, ERK and JNK respectively. After 1h treatment cells were 

infected with the virus. 

Virus infection in macrophages: The LPAIV used in the study was 

A/Pheasant/California/2393/1998 (H9N2). The virus was originally isolated from a 

domestically raised pheasant during an LPAIV outbreak in California (Woolcock et 

al., 2001). The viruses were grown in 10-day-old embryonated chicken eggs from 

specific pathogen free chickens (Charles River SPAFAS). Allantoic fluid was 

harvested 48 h after inoculation and was alliquoted and stored at -80
0
C. Virus present 

in the allantoic fluid was titrated using a standard hemagglutination test (Hirst 1942) 

and infectious viral titer was determined in MDCK cells by plaque assay (Gaush& 

Smith 1968).  
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The HTC cells, treated with inhibitors were then infected as written below. At the time 

of infection media was removed and the cells were infected with H9N2 virus at an 

m.o.i of 1 and was incubated for 1 h at 37C for viral adsorption. After adsorption viral 

inoculum was removed and subsequently cells were maintained in serum-free RPMI 

1640 with MAPK inhibitors along with 1μg of TPCK trypsin.  RNA was extracted at 

18h post infection. 

RNA extraction from chicken macrophages: RNeasy RNA extraction kit (Qiagen) 

was used for the preparation of total RNA from HTC cells. Control, treated and 

infected macrophages were washed with PBS twice before buffer RLT (Qiagen) was 

added. Shredder columns (Qiagen) was used to homogenize HTC cells. RNA 

extraction (Qiagen) was performed following Qiagen protocol. After homogenization, 

ethanol (70%) was added to each sample and centrifuged. After centrifugation buffer 

RPE (Qiagen) was added (twice) to the column and centrifuged again. The supernatant 

was discarded. Finally RNA was eluted from the spin column membrane with 

nuclease free water and was stored at -80
0
C. 

Micro array procedure: Agilient one color spike mix was diluted following the 

manufacturers’ instruction using dilution buffer provided in the kit. RNA extracted 

from the samples were then mixed with the diluted spike mix and T7 promoter primer. 

The primers were denatured by incubating the mixture at 65
0
C   for 10 min followed 

by storage on ice. The cDNA master mix was prepared by adding 5X First standard 

buffer, 0.1M DTT, dNTPs, MMLV-RT and RNease out enzymes to each sample 

containing the spike mix. Then the samples were incubated at 40
0
C in a circulating 

water bath for 2 h.  After incubation at 65
0
C for 15 min, it was placed on ice. Next the 

transcription master mix was prepared by adding Nuclease free water, 0.1M DTT, 

transcription buffer, NTP mix, 50% PEG, RNase out, inorganic phosphatase, T7 RNA 

polymerase and Cyanine 3-CTP in specified amount. Specified volume of 

transcription master mix was added to each sample and then incubated at 40C for 2h in 

a water bath. Qiagen RNasey mini spin columns were used to purify the labeled / 

amplified RNA as described above. After cRNA purification the quantity of cRNA 
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was measured using Nanodrop. The yield and specific activity of the prepared cRNA 

was measured. Then the labeled cRNA samples were sent to UC Barkley Genomics 

Facility for hybridization and scanning. 
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Results 

Comparison of gene expression between the treatments in HTC cells: Microarray 

analysis of the gene expression pattern in HTC cell lines representing the eight 

different experimental conditions described in materials and methods section, viz., 

uninfected, unifected+ERKi inhibitor, unifected+JNK inhibitor, unifected+p38 

inhibitor, H9N2-infected, infected+ERK inhibitor, infected+JNK inhibitor, infected+ 

p38 inhibitor, showed characteristic gene expression signature for each experimental 

group and sample. The overall gene regulation results along with hierarchical 

clustering have been pictorially represented in the heat map as shown in Fig. 1. 

Additionally, group by group comparison was performed whereby each infected group 

with or without the treatment of inhibitor was compared with its uninfected 

counterpart. The results of this pair-wise comparison for each infected vs. uninfected 

pair was investigated in terms of fold change (at a cut off ≥2) data and studied 

thoroughly. Group wise comparison of fold changes of  up and down regulated genes 

are listed in Table 1 and 2 respectively. 

Results shown in Fig. 2  indicate that, between control and H9N2 infected group, the 

most up-regulated genes are RCJMB04 (NEDD binding protein 2), F box binding 

protein, DNA ligase (LIG4), NFKβ inhibitory protein (NFKBIA), Centrosomal protein 

(CEP290), CD 80 gene. These genes are up-regulated between 60 to 200 fold.  On the 

other hand steroyl CoA desaturase 5 (SCD5), somatostatin (SST), nerve growth factor 

beta (NFGb), GATA binding protein (GATA3), fibroblast growth factor 8 (FGF 8),  

Cysteine knot superfamily (Ggremlin1,GREM 1) are the genes that are down 

regulated by 124 to 557 fold.  

Within the unifected+ERK inhibitor and infected+ERK inhibitor group the following 

genes are upregulated most (100-10239 fold): collagen type alpha, RCJMB04, Fas 

ligand (FasL), homeodomain interacting protein kinase 3 (HIPK3). In the same group 

the genes which are down regulated most (228 to 3000 fold) include SCD5, eukaryotic 

translation elongation factor 1 alpha (EEFIA2), GATA 3, SST etc. 
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Among the unifected+p38 inhibitor and infected+p38 inhibitor group  F box binding 

protein, NFKBIA, RCJMB04, CD80, LIG4 etc are upregulated most. Whereas SCD5, 

gremlin 1 (GREM 1), SST, NGF8, GATA3, FGF8 etc are downregulated.  

Again between the unifected+JNK inhibitor and infected+JNK inhibitor group the 

following genes are up regulated most (30 to 2200 fold):  Toll like receptor adaptor 

molecule 1 (TICAM1), F box binding protein, RCJMB04, CXC chemokine receptor 4 

(CXCR4), LIG4, NFKBIA etc. In the same group fatty acid binding protein (FABP2), 

SCD5, NGFB, SST, FGF8, GREM1, GATA 3 are down regulated to a great extent.  

MKPs were upregulated in AIV infection in HTC cells: MKPs were up-regulated 

in response to AIV infection in chicken macrophages (Fig. 3). Of these, the up-

regulation of MKP1/DUSP1 and MKP5/DUSP10 was significant as compared to the 

others; DUSP1 was up-regulated 21.53 fold, DUSP10 was up-regulated 7.33 fold. 

However, MKP3/DUSP6 up-regulation was 2.21 fold compared to the uninfected 

cells. 

MKP expression was down regulated followed by ERK inhibitor administration: 

The Heat map analysis in Fig. 3 also demonstrates that MKP1 was up-regulated by 5.5 

fold only in ERK inhibitor treated H9N2 infected cells. The same effect of ERK 

inhibitor treatment was observed for MKP5 as well as the up-regulation was only 7.44 

fold. With the treatment of p38 inhibitor the up-regulation of MKP 1 and 5 was further 

decreased. This data suggested that MKP 1 and 5 induction upon AIV infection is 

partially dependent on ERK and even to a larger extent on p38 signaling. However 

treatment with  JNK inhibitor did not have much effect in the expression of MKP1 and 

MKP5 in infected cells. 

Differential expression of MKP1 and MKP5 in H9N2 infected HTC cells: The 

scatter plot data from Fig. 4 demonstrates that MKP1 and MKP5 are predominantly up 

regulated in H9N2 infected chicken macrophages. 

Interleukin genes were differentially regulated: Proinflammatory cytokines IL1β, 

IL8, IL6 and chemokine CCL20 were up-regulated 3-4 fold while IL4, IL17 and IL21 
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were down regulated (Fig. 5). The latter are important for the development of adaptive 

immune responses. 

Effect of ERK, p38 and JNK on cytokine regulation: Previous studies by Kujimi et 

al. (2000) and Lee et al. (2005) indicated that MAPK p38 is involved in regulating 

proinflammatory cytokine response in influenza infected mammalian cells. In the 

present study it was found that chicken macrophages treated with all three MAPK 

specific inhibitors showed differential expression of proinflammatory cytokines in 

response to AIV infection, indicating that these cytokines are regulated by MAPK. In 

ERK inhibitor-treated cells infected with H9N2 infection, up-regulation of IL1β and 

IL6 was 2.39 and 2.48 fold respectively. The extent of these fold change were less 

when compared to the infected but untreated group, suggesting that IL1β and IL6 

induction was dependent on ERK. On the other hand ERK can act as a negative 

regulator for IL-8 response because IL8 expression was 4.3 fold in ERK inhibitor-

treated cells where as it was 3.44 fold for the non-treated cells. On contrary, treatment 

with p38 inhibitor up-regulated IL6 and IL8 expression when compared to the infected 

no inhibitor treated group, suggesting that p38 plays a different role in 

proinflammatory cytokine responses in chicken macrophages. We also observed that 

all three MAPK inhibitors down regulated expression of IL4, IL17 and IL21 compared 

to the H9N2 infected group. These cytokines are critical to the development of 

adaptive immunity. 

Comparative analysis of gene expression by Ingenuity Pathway Analysis (IPA): 

The results of Gene Spring were further interpreted using Ingenuity Pathway analysis 

(Ingenuity Systems®, http://www.ingenuity.com) for comparative analysis and to 

retrieve related networks and pathways associated with our experimental conditions. 

The significant pathways are shown in Figs. 6, 7 and 8. The IPA system categorizes 

genes in canonical pathways, networks and biological functions based on the available 

scientific literature. IPA pathway analysis includes all possible interactions within the 

differentially expressed genes. Further, within a particular pathway and network, 

differentially expressed genes of our particular interest can be identified using 

http://www.ingenuity.com/
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computational algorithm. Thus IPA analysis provides biological information in a form 

that enables us to get an overview of general biological information associated with 

our microarray dataset. During the course of the current study, first we searched for 

canonical pathways, networks and biological functions with our microarray data set 

using IPA. Subsequently, we looked into MAPK signaling pathway, IL-8 signaling 

pathway and immune and inflammatory networks at different experimental conditions. 

The top pathways which showed up for MKP 1/ DUSP 1 gene are cell cycle, amino 

acid metabolism and post transcriptional modification pathways. For MKP 5/DUSP10, 

the top pathways include cellular growth and proliferation, cellular compromise and 

drug metabolism. 

MAPK signaling pathway: From the heat map analysis, we have already observed 

that among all the experimental conditions, gene expression profile in virus infected 

and ERK inhibitor treated condition had most distinct pattern. Therefore, while 

performing IPA analysis we looked into the ERK/MAPK signaling pathway. Upon 

comparison (uninfected with the infected condition) we observed differential 

expression of a number of up- and downstream genes of the MAPK signaling 

pathway, as has been shown in Fig. 6a. These genes include nuclear transport factor 

genes (cas) and adaptor proteins important for signaling pathway  (crk), some 

downstream molecules of MAPK pathway including nuclear factor for activated T 

cells cytoplasmic (NFATc), cAMP responsive element binding protein (CREB), 

eukaryotic translation initiation factor (eIF4E), Peroxisome proliferator-activated 

receptor gamma (PPARγ). In response to H9N2 infection and/or MAPK inhibitor 

treatment some of the upstream molecules of MAPK ERK pathway like cas, crk were 

activated. H9N2 infection with ERK inhibitor treatment resulted in down regulation of 

NFATc, PPARγ and eIF4E as shown in Fig.6b. Genes involved in macrophage 

migration were also activated in response to H9N2 infection. We detected differential 

expression of MKP in response to H9N2 infection with or without treatment with 

MAPK inhibitors in all the experimental conditions. We also observed enhanced 

upregulation of nuclear factor NFATc, PPARγ and transcription elongation factor 
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eIF4E in H9N2 infected condition as compared to infection and MAPK inhibitor 

treated conditions. 

Pathway analysis of ERK, STAT3 and NFKB in response to H9N2 infection: 

Pathway analysis of ERK, STAT3 and NFKB in response to H9N2 infection revealed 

interaction within ERK, STAT3 and NFKB signaling in response to H9N2 infection 

with or without MAPK inhibitor treatment. Activation of ERK, STAT3, IL1 and IL8 

was detected in response to H9N2 infection as well as with H9N2 infection and 

MAPK inhibitor treated condition  (figures 7a and 7b). This finding implicates the role 

of ERK, STAT3, IL1 and IL8 in inducing inflammation. Activation of NFKB was not 

detected in any of the experimental conditions which however suggest that further 

investigation is necessary in order to understand its role in inflammation in response to 

infection.  

Networking of players important in immune and inflammatory response:  

Genes annotated with immune and inflammatory responses were differentially 

expressed in all the experimental conditions as was observed from the IPA network 

analysis. H9N2 infection with or without MAPK inhibitor treatment resulted in the 

upregulation of a number of genes which play important role in immune response 

represented in Fig.8a and b. These include interferon regulatory factor (IRF); 

CCAAT/enhancer binding protein beta (CEBPB), a transcription factor important for 

the regulation of genes involved in immune and inflammatory response; signal 

transducer and activator of transcription 3 (STAT3) involved in the function of 

immune system; myeloid differention primary response gene (MyD88), an adaptor 

protein used to initiate NFkB signaling, etc.  
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Discussion 

A closer look at the gene expression patterns generated from our micro array analysis 

reveals some pretty interesting results which when analyzed in the context of the 

research question we had in mind while undertaking this project as a whole gives us 

valuable hints and clues.  

MAP kinases play important roles in variety of cellular responses including cell 

signaling, proliferation, apoptosis and immune responses (Wang and Liu, 2007). AIV 

infection in macrophages activates relevant MAPK pathway which in turn induces 

proinflammatory response (Hrincius et al., 2010).  Also AIV infection in chickens 

leads to the activation of MAP kinases in chicken macrophages which in turn up 

regulate the production of proinflammatory cytokines. Activation of ERK, p38 and 

JNK MAP kinases require phosphorylation at specific tyrosine and threonine residues 

(Xiao et al., 2002). Dephosphorylation of either residues result in deactivation of the 

MAP kinases.  We have seen that AIV infection in HTC results in upregulation of 

MKP1 and MKP 5 20h p.i. 

 Microarray technique has been successfully used for detection, subtyping and 

pathotyping of AIV which helps  in rapid diagnosis of the disease (Astrid et al., 2009 

). Microarray technique has also been used for gene expression analysis in avian 

species (Tamsyn et al., 2009). This technique is also useful to understand the 

pathogenicity of pandemic strains by investigating host immune response (Mukherjee 

et al., 2011 ). To study avian innate immunity researchers have devised avian innate 

immunity microarray (AIIM). This array is used to investigate global gene expression 

pattern in avian species (Keeler et al., 2007). 

In the present micro array analysis we have found the similar finding as MKP1 and 

MKP5 are upregulated in response to AIV infection in chicken macrophages. It is also 

found that in H9N2 infected ERK  p38 inhibitor treated cells upregulation of MKP1 

and MKP5 were marginal compared to the  infected cells, which indicate that MAPK 

1/5 induction  inresponse to AIV infection is partially dependent on ERK and p38 

signalling. 
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It is quite evident from the micro array data that proinflammatory cytokines IL1β, IL8, 

IL6 and chemokine CCL20 are upregulated in response to AIV infection in chicken 

macrophages which indicate that chicken macrophages play important role in AIV 

infection as suggested by Xing et al. 2008. It is already known that MAPK ERK and 

p38 play important role in the production of proinflammatory cytokines (Watson  et 

al., 2005). With the help of cell permeable chemical inhibitors of protein kinases it is 

possible to investigate the functions of intracellular signaling events (Matthew et 

al.2001). Addition of ERK inhibitor in H9N2 infected cells down regulated the 

production of IL1β and IL6 compared to the infected but no inhibitor treated group. 

However addition of p38 and JNK inhibitor upregulated the production of IL1β and 

IL8.  In H9N2 infected cells treated with U0126 , IL6 production was upregulated less 

compared to p38 inhibitor treated cells. These results suggest that MAPK play a 

important role in the regulation of proinflammatory cytokines in response to AIV 

infection in chicken macrophages. Another finding is that chicken macrophages 

treated with the ERK inhibitor upregulates Fas ligand (FasL) expression which 

indicates that ERK may suppress FasL-mediated apoptosis  which  has already been 

reported earlier (Xing et al., 2010). 

MAPK ERK is involved in the transduction of extracellular signals inside the cell 

leading to the regulation of a wide array of intracellular processes through the 

mediation of a complex signaling cascade. One of the key examples of a vital process 

regulated by MAPK ERK pathway is the activation of proinflammatory cytokines 

which then results in the activation of factors that control transcription of DNA.  

Subsequently the controlled regulation of DNA transcription leads to the production of 

mRNAs that produce necessary proteins in a sufficient amount to elicit the desirable 

response.  One such transcription factor is NFkB that is involved in cellular response 

to stress, cytokines, bacterial and viral antigens etc. Regulation of NFkB is linked with 

inflammation , autoimmune disease , immune responses and more importantly viral 

infections (Bernasconi et al., 2005, Ichiyama et al., 2004,). Correspondingly in our 

study we observed that NFkB inhibitory protein (NFKBIA) expression was 

upregulated in infected cells compared to the uninfected and MAPK inhibitor treated 
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cells. Additionally we observed a down regulation of NFkB expression when ERK 

inhibitor was administered which is pretty understandable given the fact that ERK is 

instrumental in generation of proinflammatory responses. However a deeper 

understanding of the correlation between ERK and NFkB is required to draw any 

further inference. Recently a cross-talk between ERK and NFkB signaling pathways 

was found in pandemic H1N1 (2009)-infected swine macrophages, in which inhibition 

of ERK led to dephosphorylation and deactivation of NFkB, indicating that at least 

one of the mechanisms to activate NFkB is through ERK in influenza-infected 

macrophages (Xing et al., unpublished, 2011) 

In the present study we found that IL4, IL17 and IL21 were downregulated in H9N2 

infected chicken macrophages which are important for the development of adaptive 

immune responses. We also observed down regulation of MHC II β1 chain.  This 

findings are consistent with the results reported previously (Xing et al., 2008). 

 A large number of genes are upregulated in response to H9N2 infection in chicken 

macrophages which include NFKBIA, LIG4 (DNA ligase), F box binding protein etc. 

These genes are important for inflammatory response, normal cellular function, 

protein-protein interaction etc.  The down regulated genes include somatostatin, 

GATA3, TMEM215 (Trans membrane protein) etc. Somatostatin is a multifunctional 

peptide, GATA 3 belong to GATA family of transcription factors which play 

important role in the secretion of cytokines. 

Top functions/pathways detected by the IPA analysis include cell death, cell cycle, 

cellular growth and proliferation, gene expression and post translational modifications. 

ERK MAPK signaling pathway analysis revealed upregulation of specific up- and 

downstream molecules of MAPK signaling pathway in response to H9N2 infection 

(with or without MAPK inhibitor treatment). This infers that induction of signal 

transduction initiated with the upregulation of upstream molecules leads to the 

activation of MAP kinase signaling pathway. Finally immune response is elicited by 

the downstream molecules (nuclear and transcription factors) of MAPK signaling 

pathway. This ERK signaling pathway also indicates differential expression of MKPs 
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and is consistent with the observations of microarray data analysis. Inflammatory 

response to infections is a complex process which involves a lot of molecules. Our 

results obtained from the inflammatory response analysis network suggest that adaptor 

proteins, interferon responsive elements, transcription factors play important roles in 

the development of immune response during H9N2 infection. IPA analysis indicated 

upregulation of IL1 and IL8 in virus infected condition. IPA analysis conducted in the 

current study also detected that among the three MAPK inhibitors, ERK MAPK 

inhibitor treatment generated more distinct pattern of gene expression along with 

H9N2 infection.  

The results of our analysis show that gene expression signatures present in the 

experimentally grouped cells is predictive of the nature and type of H9N2 infection. 

Furthermore, the results of our investigation provide interesting clues towards 

understanding and deciphering the role of MKPs in proinflammatory responses to AIV 

infection. Future studies like gene expression microarray analysis ingeniously 

designed to focus solely on the aspect of MKPs and its direct role in the response to 

disease will provide further insights into this aspect. 
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Figure 1. Heat map representing overall regulation of gene expression in HTC 

cell line studied 

 

- H9N2                                                           +H9N2 

 

 

Each column represents different conditions and the color represents up or down 

regulation of genes. Red color represents upregulation, green represents down 

regulation and black represents no change. 

Control    p38i       JNki           ERki Control     p38i        JNki        ERki 
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Figure 2. Venn Diagrams representing the correlations of differentially regulated 

genes (cut off >= 10) between  various pair-wise comparisons 

Fig. 2a 

 

Fig. 2b 

 

Fig. 2a shows a Venn diagram representing the correlations between gene found to be 

UP-regulated in the all possible matched pairwise comparison studies undertaken on 

the chicken macrophage cell lines following administration of MAP kinase gene 
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inhibitor, while Fig. 2b depicts a Venn diagram showing correlations between the 

down-regulated genes.  

 

Fig. 2c 
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Fig.  2c  represents a set of Venn diagrams that compare the UP-or DOWN-regulated 

genes each pairwise comparison against the uninfected vs. infected comparison. 
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Figure 3. Heat map representing regulation of gene expression of MKP genes in 

HTC cell lines studied 

 

 

Each row represents different DUSP genes and each column represents different 

conditions. 

Red color represents upregulation, green represents down regulation and black 

represents no change. 
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Figure 4. Scatter plot representing differential expression of MKP genes between 

uninfected and H9N2-infected HTC cells 

 

 
The X axis represents fold change uninfected HTC cells and the Y axis represents fold 

change in H9N2 infected cells. The circled points correspond to MKP1 and MKP5 

gene. 
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Figure 5. Heat map representing differential expression of interleukin genes 

 

 

 

Each column represents conditions and each row represents the names of interleukin 

genes. 

Red color represents upregulation, green represents down regulation and black 

represents no change. 
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Figure 6. Analysis of ERK MAPK signaling pathway using IPA  

Fig. 6a 

 
 

Fig. 6a shows up and down stream genes involved in the ERK MAPK signaling 

pathway which are differentially expressed in response to H9N2 infection in chicken 

macrophages.  Red color represents upregulation, green represents down regulation. 
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Fig. 6b 

 

Fig. 6b represents up and down stream genes involved in the ERK MAPK signaling 

pathway which are differentially expressed in response to H9N2 infection and ERK 

inhibitor treatment in chicken macrophages. Red color represents upregulation, green 

represents down regulation. 
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Figure 7. Pathway analysis of ERK, STAT3 and NFκB using IPA 

Fig. 7a 

 

Fig. 7a  shows genes involved in ERK, STAT3 and NFκB pathway are differentially 

expressed in response to H9N2 infection in chicken macrophages. Red color 

represents upregulation, green represents down regulation. 
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Fig.7b 

   

Fig. 7b shows genes involved in ERK, STAT3 and NFκB pathway are differentially 

expressed in response to H9N2 infection and ERK inhibitor treatment in chicken 

macrophages. Red color represents upregulation, green represents down regulation. 
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Figure 8.  Networking of players important in immune and inflammatory 

response using IPA 

Fig. 8a 

 

Fig. 8a represents differential expression of genes involved in immune and 

inflammatory network in response to H9N2 infection in chicken macrophages. Red 

color represents upregulation, green represents down regulation. 

 

 

 



66 

 

Fig. 8b 

 

Fig. 8b represents differential expression of genes involved in immune and 

inflammatory network in response to H9N2 infection and ERK inhibitor treatment in 

chicken macrophages. Red color represents upregulation, green represents down 

regulation. 
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Table 1. List of top genes that were upregulated in chicken macrophages under 

various experimental conditions 

Gene 

symbol 

Gene name Fold change 

+H9N2 vs 

control 

+H9N2 

ERKi vs  

uninfeced 

ERKi 

+H9N2 JNKi 

vs  

uninfected 

JNKi 

+H9N2  p38i  

vs  

uninfected 

p38i 

RCJMB04 NEDD binding 

protein  2 

+ 197.03 239.07 135.09 86.97 

FBX08 F box protein 8 + 132.34  66.45 97 

LIG4 Ligase IV + 101  50.27 52.27 

NFkBIA Nuclear factor of 

kappa light 

polypeptide gene 

enhancer in B cells 

inhibitor alpha 

+ 100  39.68 78.47 

CEP 290 Centrosomal 

protein 

+ 93    

CD80 CD 80 gene + 60.11   45.96 

CoL20A1 Collagen type 

alpha 

 10239.98   

HIPK3 Homeo domain 

interacting protein 

kinase 3 

 181   

FASLG Fas ligand 99.9 99.96   

TICAM1 Toll like receptor 

adaptor molecule 

  2149.47  

CXCR4 Chemokine 

receptor 4 

  52.9  
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Table 2. List of top genes that were down-regulated in chicken macrophages 

under various experimental conditions 

Gene 

symbol 

Gene name Fold change 

+H9N2 vs 

control 

+H9N2 

ERKi vs 

uninfeced 

ERKi 

+H9N2 JNKi 

vs uninfected 

JNKi 

+H9N2  p38i  

vs 

uninfected  

p38i 

SCD5 Stearoyl CoA 

desaturase 5 

-557.27 -1484.05 -1087.7487 -530.134 

SST Somatostatin -337.026 -397.9 -203.72 -317.949 

NGFB Beta nerve 

growth factor 

precursor 

-237.33  -328.78 -207.703 

GATA 3 GATA binding 

protein 

-210.44 -180.711 -137.84 -123.16 

FGF8 Fibroblast 

growth factor 8 

-127  -121. -115 

EEFIA2 Eukaryotic 

translation 

elongation 

factor 1α 2 

 -910.839   

GREM1 Gremlin 1, 

cyateine knot 

superfamily 

-315.58  -492.47 -354.005 

FABP2 Fatty acid 

binding protein  

  -15070.308  
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