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			ABSTRACT

		

		
			Wild birds, as reservoirs of viruses, play active roles in influenza virus transmission and reassortment. To further evaluate the potential infection risk of H6 AIVs from wild birds, we inoculated these viruses into A549 cells, which showed that these wild bird H6 AIVs have acquired the ability to cross interspecific barriers and have the potential to infect mammals. We analysed the level of cytokine expression in response to four H6 AIVs in CEFs and DEFs using real-time PCR. The results showed that the viruses from wild birds could induce a higher level of cytokine expression in CEFs than in DEFs. These findings suggested that H6 AIV in wild birds, especially migratory species, play an indispensable role in the spread and reassortment of AIVs and provide unknown opportunities for mutation and emergence of novel influenza viruses. Additional studies of AIVs originating from wild birds will help to determine viral adaptation and maintenance in alternative hosts.
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			INTRODUCTION

			Wild birds represent major natural reservoirs for avian influenza viruses (AIVs), which have been associated with stable host switch events to novel hosts, including domestic gallinaceous poultry, horses, swine, and humans, leading to the emergence of influenza A virus lineages that are transmissible in the new host (Olsen et al., 2006). In recent years, different subtypes of influenza viruses (such as H5, H6, H7, and H10), which are pathogenic to humans, have emerged in poultry in succession, crossing the species barrier and leading to frequent outbreaks of human infection (Liu et al., 2013).

			H6 AIV was first discovered in turkeys in Massachusetts, USA, in 1965 (Wang et al., 2014). Currently, H6 AIVs are widely distributed and have been detected in different species of animals worldwide (Wu et al., 2015). The biological characteristics of H6 viruses indicate that this subtype can have a profound impact on human health. On June 21, 2013, the first case of a human infection by an avian-origin H6N1 influenza A virus (A/Taiwan/2/2013, Taiwan2) was reported by the Taiwan Centres for Disease Control (Shi et al., 2013). Human infection with H6 in mainland China has not been reported, but a serum antibody positive for the H6 virus has been found in poultry workers. More than 30% of the H6 AIVs from poultry circulat­ing in China have enhanced affinity to human-like recep­tors (ɑ-2, 6 NeuAcGal) (Wang et al., 2014). Some strains of the H6 subtype can also infect mice without prior adaptation (Chen et al., 2009), and some can be transmitted efficiently among guinea pigs (Wang et al., 2014). These events are an indication that H6 AIVs can cross species barriers and directly infect humans. As the natural host of AIVs, wild birds play an important role in virus reassortment, transmission and even cross-species transmission (Fouchier and Munster, 2009). However, existing research on the biological assessment and potential threat to mammals of H6 AIVs from wild birds is less prevalent than that conducted on poultry.

			In infected duck, highly pathogenic avian virus (HPAV) is asymptomatic, rarely causes death, and only evokes a weak immune response (Philpott et al., 1989). However, in infected chicken, HPAV evokes a strong immune response and triggers a “cytokine storm” (Suarez and Schultz-Cherry, 2000). The host has been shown to play an important role in AIV infection. Many studies have reported that the host innate immune response significantly functions in resisting AIV infection (Higgins et al., 1987; Wang et al., 2015). However, no immediate reports about the immune responses of chicken and duck to AIVs from wild birds are available. 

			In this study, two strains of the H6 virus, H6N1 and H6N2, which showed good proliferative abilities in mice, were selected for infection experiments in A549 cells. Both viruses could grow in A549 cells, indicating that H6 AIVs have the potential to infect humans. Because of frequent contact between wild birds and poultry, virus originating in wild birds may be transmitted to poultry or undergo reassortment between poultry and wild birds and then cause spreading. Comparison of cytokine expression in chicken embryo fibroblasts (CEFs) with that in duck embryo fibroblasts (DEFs) revealed that these viruses evoked higher cytokine expression levels in CEFs than in DEFs. H6 AIVs have received increasing attention from researchers. As natural hosts, wild birds increase the scale of influenza virus during their seasonal migration and accelerate viral gene reassortment. The surveillance of wild birds for early warning, prevention, and control of viral outbreaks should be enhanced to reduce the risk of pathogen emergence from wildlife host reservoirs.

			MATERIALs AND METHODS

			Viral replication in human lung cells (A549)

			A549 cell (human alveolar epithelial cell) monolayers were infected at a multiplicity of infection (MOI) of 0.01. The cells were incubated at 37°C in Opti-MEM (Gibco, Thermo Fisher, Australia) containing 0.2 μg/ml TPCK-treated trypsin (TPCK-treated trypsin, Sigma, USA). Culture supernatant containing viruses was collected at five time points (hours post infection) and titrated in embryonated chicken eggs. The growth data shown are averages of the results of three independent experiments.

			Virus, cells and cell infection

			We prepared CEFs and DEFs according to conventional methods (Liang et al., 2011). In brief, 10-12-day-old SPF chicken embryos and SPF duck embryos were obtained from Harbin Veterinary Research Institute (HVRI) of the Chinese Academy of Agricultural Sciences (CAAS). The cells were cultured overnight in 8% foetal bovine serum (FBS)/DMEM with a density of 1×106 cells per plate. After the cells were cultured overnight, the cells were washed with sterile PBS to remove the adherent cells. The cells were infected with 100 µl of virus at a MOI of 0.01. Culture plates were rocked 4 times during incubation for 1 h. One hour later, the cells were washed with sterile PBS three times to remove the viruses completely. The media were replaced with 2 ml of Opti-MEM supplemented with 1 µg/µl TPCK trypsin per plate. The cell monolayer was collected at the indicated time points (2, 4, 8, 12, 24 and 36 h post-infection), and RNA was extracted.

			RNA extraction and DNA preparation

			RNA was extracted according to the TRIzol regent extraction protocol (Invitrogen). RNA samples were quantified using a spectrophotometer. RNA samples were treated with a PrimeScript™RT Reagent Kit with gDNA Eraser (TaKaRa, Japan) before use as a template for cDNA synthesis. Transcription was performed using a TaKaRa One Step Kit with SYBR®Premix Ex Taq™II (TaKaRa, Japan) in a 40 µl volume containing 1 µg RNA.

			Quantitative real-time PCR

			qRT-PCR was performed using the specific primers designed by Primer Premier 5.0 and Oligo 7.0 software based on published and previously reported target sequences (Adams et al., 2009) (Table I).We verified the primers’ specificity by sequencing and dissociation curves. The expression levels of cytokines were monitored on an Agilent Mx3005p using SYBR Premix Ex TaqTM II (TaKaRa). The reaction conditions were as follows: 95°C for ~30 s, followed by 40 cycles of 95°C for ~5 s, 56~60°C for 30 s and 72°C for ~30 s. Dissociation curves of the fluorescentquantitativePCR products were generated at the final step.

			Calculations and statistics

			We normalize the expression levels of these cytokines using the housekeeping gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) using the -△△Ct method (Li et al. 2006). Every time point was compared against the baseline (at 0 h). The data were analysed by the fold change. The error bar was calculated by three replicates for each cytokine measured.

			RESULTS

			Replication of H6 viruses in A549 cells

			We selected two H6 viruses (one N1 subtype and one N2 subtype) based on their NA subtypes and proliferation ability in mice. The two viruses were inoculated in A549 monolayers at a MOI of 0.01. Then, the cell culture supernatants were collected after 12, 24, 48, 60, and 72 h. The two H6 viruses in this study replicated well in 

			Table I. Primers used in quantitative RT-PCR.
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							Sequence

						
							
							GenBank number

						
					

					
							
							DIL-6 F

						
							
							TTCGACGAGGAGAAATGCTT

						
							
							AB191038

						
					

					
							
							DIL-6 R

						
							
							CCTTATCGTCGTTGCCAGAT

						
					

					
							
							DIL-8 F

						
							
							AGGACAACAGAGAGGTGTGCTTG

						
							
							NM_205498

						
					

					
							
							DIL-8 R

						
							
							GCCTTTACGATCCGCTGTACC

						
					

					
							
							DIL-10 F

						
							
							GGGGAGAGGAAACTGAGAGATG

						
							
							JN786941.1

						
					

					
							
							DIL-10 R

						
							
							TCACTGGAGGGTAAAATGCAGA

						
					

					
							
							DTLR7 F

						
							
							CCTTTCCCAGAGAGCATTCA

						
							
							AY940195

						
					

					
							
							DTLR7 R

						
							
							TCAAGAAATATCAAGATAATCACATCA

						
					

					
							
							DIFN-α F

						
							
							TTGCTCCTTCCCGGACA

						
							
							 EF053034

						
					

					
							
							DIFN-α R

						
							
							GCTGAGGGTGTCGAAGAGGT

						
					

					
							
							DGAPDHF

						
							
							ATGTTCGTGATGGGTGTGAA

						
							
							 AY436595

						
					

					
							
							DGAPDHR

						
							
							CTGTCTTCGTGTGTGGCTGT

						
					

					
							
							(C and D)IFN-β F

						
							
							AGATGGCTCCCAGCTCTACA

						
							
							AY831397

						
					

					
							
							(C and D)IFN-β R

						
							
							AGTGGTTGAGCTGGTTGAGG

						
					

					
							
							CIL-6 F

						
							
							ATGTGCAAGAAGTTCACCGTG

						
							
							EU170468

						
					

					
							
							CIL-6R

						
							
							TTCCAGGTAGGTCTGAAAGGCGAA

						
					

					
							
							CIL-8F

						
							
							AAGTTCATCCACCCTAAATC

						
							
							NM_205498

						
					

					
							
							CIL-8R

						
							
							GCATCAGAATTGAGCTGAGC

						
					

					
							
							CIL-10 F

						
							
							TGCTGCGCTTCTACACAGAT

						
							
							NC_006113

						
					

					
							
							CIL-10 R

						
							
							TGGCTTTGCTCCTCTTCTCG

						
					

					
							
							CTLR-7F

						
							
							TGTGATGTGGAAGCCTTTGA

						
							
							DQ780342
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							ATTATCTTTGGGCCCCAGTC

						
					

					
							
							CIFN-α F

						
							
							CAACGACACCATCCTGGACA

						
							
							EU367971

						
					

					
							
							CIFN-α R

						
							
							ATCCGGTTGAGGAGGCTTTG

						
					

					
							
							CGAPDHF

						
							
							CCTCTCTGGCAAAGTCCAAG

						
							
							V00407

						
					

					
							
							CGAPDHR

						
							
							CATCTGCCCATTTGATGTTG

						
					

				
			

			A549 cells, suggesting that H6 subtype AIVs could be a threat to humans (Fig. 1).
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			Fig. 1. Multi-cycle replication of H6 avian influenza viruses in A549 cells. A549 monolayers were inoculated with virus at a MOI of 0.01, and the culture supernatants were collected at the indicated time points and then titrated in eggs. 

			Analysis of the expression of pro-inflammatory factors, antiviral cytokines, an anti-inflammatory cytokine and a pathogen recognition receptor in CEFs and DEFs

			To understand the function of the innate immune response in the good replication of AIVs in mice, we compared the expression levels of cytokines, including pro-inflammatory factors (IL-6 and IL-8), antiviral cytokines (IFN-α and IFN-β), an anti-inflammatory cytokine (IL-10) and a pathogen recognition receptor (TLR7). The expression levels of IL-6 were similar in CEFs and DEFs separately infected with the four virus strains, with low expression and obvious down-regulation. Only in the early stage (2 h post-infection) did the viruses evoke a slightly high level of IL-6 expression in CEFs. In DEFs, IL-6 expression levels did not cross the baseline at any time point. The expression levels of IL-6 did not significantly differ in CEFs and DEFs infected with any of the virus strains; the same result was observed for each virus strain (Fig. 2A).
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			Fig. 2. Expression of pro-inflammatory factors (IL-6 and IL-8), antiviral cytokines (IFN-α and IFN-β), an anti-inflammatory cytokine (IL-10) and a pathogen recognition receptor (TLR7) in CEFs and DEFs. Monolayer cells were collected at 0, 2, 4, 8, 12, 24, 36 h after infection. For each cytokine, the expression data were normalized to GAPDH expression. The column data were calculated by -△△Ct. The results are presented as the mean fold change±SD. Error bars represent standard error.

			The levels of IL-8 expression in CEFs and DEFs showed obvious differences. In CEFs, the level of IL-8 expression was higher than that in DEFs. Over time, the level of IL-8 expression declined gradually. At 36 h, the expression level showed a slight recovery, except for cells infected with AH/L144. Of the CEFs infected with these four viruses, IL-8 expression levels were obviously higher in CEFs infected with AH/S20 and AH/L221 than in CEFs infected with AH/L9 and AH/L144. Similar to IL-6 expression, a higher fold change in IL-8 expression was observed in CEFs than in DEFs (Fig. 2B). 

			Regarding type I IFN, we compared IFN-ɑ and IFN-β expression. The fold changes in their expression levels were much larger, with approximately ten-fold differences and exited significant difference between CEFs and DEFs in IFN-ɑ expression In CEFs, IFN-ɑ and IFN-β expression reached the highest levels at 36 h post-infection. In DEFs, the sign of significant difference was not existing in all four viruses except only AH/L9 at 4h and 36h post-infection (Fig. 2D and 2E). IFN-ɑ and IFN-β expression results indicated that chicken could trigger a strong immune response to antivirus but that duck may not. IL-10 expression appeared at 2 h post-infection and then decreased over time. Most time points showed down-regulation. Remarkably, AH/L9 infected DEFs, with high expression at 12 and 24 h (Fig. 2D). 

			We next compared the differences in TLR 7 expression levels in CEFs and DEFs. Once again, higher levels were observed in CEFs than in DEFs. TLR 7 expression reached the highest level at 36 h in both CEFs and DEFs (Fig. 2F).

			DISCUSSION

			According to the morphological characteristics of the birds and the faeces collected, the bird host of these H6 AIVs was the bean goose, which taxonomically belongs to the Anseriformes family. When these H6 viruses were infected into DEFs and CEFs, a much higher titre of viral amplification was found in DEFs than in CEFs after 48 h (data not shown). This phenomenon of cell preference further confirmed that waterfowl were the hosts of these H6 viruses.

			Poultry is a basilica linkage between wild birds and humans in the emergence and duration of virus, which could potentially infect humans. CEFs and DEFs can function as initial research models when studying influenza virus infection to  detect the host immune response in poultry. We compared the differences in the expression of cytokines, including pro-inflammatory factors, antiviral cytokines, an anti-inflammatory cytokine and a pathogen recognition receptor to further understand whether these viruses evoked immune responses and whether the pathogenesis of these viruses differed between the two important host species of influenza virus to preliminary evaluate the transmission of these viruses from wild birds to poultry. IL-6 may have an important role in mediating clinical symptoms after AIV infection (Liang et al., 2011; Skoner et al., 1999). In this study, the expression level of IL-6 was down-regulated in cells infected with virus. The animal experiments confirmed this result; all of the mice in the infected groups had no clinical symptoms. NS1 protein has a significant function in inducing type I IFN. In our study, the expression levels of IFN-α and IFN-β remarkably differed, thus indicating differing susceptibilities of CEFs and DEFs to the inhibitory action of the NS1 gene on type I IFN expression (Goraya et al., 2017). Recognized as an anti-inflammatory cytokine, IL-10 could modulate many cell types to regulate immune and inflammatory responses (Moore et al., 2001; Zou et al., 2014). 

			H6 AIVs are distributed worldwide, similar to H5N1 and H9N2 (Pepin et al., 2013) and cause considerable losses in poultry farming. The case of an H6-infected human serves as a warning. As the natural host of influenza virus, wild birds, especially migratory species, play an indispensable role in the spread and reassortment of AIVs and provide unknown opportunities for mutation and emergence of novel influenza viruses (Driskell et al., 2010). Additional studies of AIVs originating from wild birds will help to determine viral adaptation and maintenance in alternative hosts.
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INTRODUCTION

Wild birds represent major natural reservoirs for
avian influenza viruses (AIVs), which have been
associated with stable host switch events to novel hosts,
including domestic gallinaceous poultry, horses, swine,
and humans, leading to the emergence of influenza A
virus lineages that are transmissible in the new host
(Olsen ef al., 2006). In recent years, different subtypes of
influenza viruses (such as H5, H6, H7, and H10), which
are pathogenic to humans, have emerged in poultry in
succession, crossing the species barrier and leading to
frequent outbreaks of human infection (Liu ef al., 2013).
H6 AIV was first discovered in turkeys in
Massachusetts, USA, in 1965 (Wang et al., 2014).
Currently, H6 AIVs are widely distributed and have been
detected in different species of animals worldwide (Wu
et al., 2015). The biological characteristics of H6 viruses
indicate that this subtype can have a profound impact on
human health. On June 21, 2013, the first case of a human
infection by an avian-origin H6N1 influenza A virus (A/
Taiwan/2/2013, Taiwan2) was reported by the Taiwan
Centres for Disease Control (Shi ef al/., 2013). Human
infection with H6 in mainland China has not been reported,

AlVs, avian influenza viruses;

but a serum antibod Cﬁ%sﬁlc heIC o?nt%glﬂé%/{ir%oﬁl%?géen
found in poultry wor Ore than 30% ot ?heaﬁ?g’AIVs
from poultry circulating i’ na Rg{}%ogneﬁzll%ggéagfﬁnity
to human-like receptg%s fa-z, 6 NeuAcGal) (Wang et al.,
2014). Some strains of the H6 subtype can also infect mice
without prior adaptation (Chen ef al., 2009), and some can
be transmitted efficiently among guinea pigs (Wang et al.,
2014). These events are an indication that H6 AIVs can
cross species barriers and directly infect humans. As the
natural host of AIVs, wild birds play an important role in
virus reassortment, transmission and even cross-species
transmission (Fouchier and Munster, 2009). However,
existing research on the biological assessment and
potential threat to mammals of H6 AIVs from wild birds is
less prevalent than that conducted on poultry.

In infected duck, highly pathogenic avian virus
(HPAV) is asymptomatic, rarely causes death, and only
evokes a weak immune response (Philpott ef al., 1989).
However, in infected chicken, HPAV evokes a strong im-
mune response and triggers a “cytokine storm” (Suarez
and Schultz-Cherry, 2000). The host has been shown to
play an important role in AI'V infection. Many studies have
reported that the host innate immune response significantly
functions in resisting AIV infection (Higgins ef al., 1987,






