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Canine influenza viruses (CIVs) could be a source of influenza viruses which infect humans because canine are important companion pets. To assess the potential risk of H3N2 CIVs currently circulating in southern China to public health, biological characteristics of A/canine/Guangdong/DY1/2019 (CADY1/2019) were detected. CADY1/2019 bound to both avian-type and human-type receptors. CADY1/2019 had a similar pH value for HA protein fusion to human viruses, but its antigenicity was obviously different from those of current human H3N2 influenza viruses (IVs) or the vaccine strains recommended in the North hemisphere. CADY1/2019 effectively replicated in the respiratory tract and was transmitted by physical contact among guinea pigs. Compared to human H3N2 IV, CADY1/2019 exhibited higher replication in MDCK, A549, 3D4/21, ST, and PK15 cells. Sequence analysis indicated that CADY1/2019 is an avian-origin virus, and belongs to the novel clade and has acquired many adaptation mutations to infect other mammals, including human. Taken together, currently circulating H3N2 CIVs have a zoonotic potential, and there is a need for strengthening surveillance and monitoring of their pathogenicity.
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INTRODUCTION

The Influenza A viruses (IAVs) belonging to the genus orthomyxovirus (Alexander and Brown, 2000) can cause endemics or pandemics (Webster et al., 1992). IAVs can infect broad-spectrum animals, including birds, human, swine, seals, whales, horses, dogs, and cats (Webster et al., 1992; Keawcharoen et al., 2004; Peiris et al., 2007; Sun et al., 2011; Yoon et al., 2014). A critical feature of ecology and epidemiology of IAVs is interspecies transmission (Webster, 1998; Webby et al., 2004). Equine-origin H3N8 canine influenza virus (CIV) was reported in America in 2004 (Crawford et al., 2005). Avian-origin H3N2 CIV was first isolated in South Korea in 2007. Besides, 2009 pandemic H1N1 virus (pdm/09), avian and swine IAVs were also reported infection in canine. Furthermore, α-2, 3, and α-2,6 gal sialic acids distribute on dog’s tracheal epithelial cells (Daly et al., 2008; Muranaka et al., 2011) and canines are considered as potential mixing vessels for reassortment between IVs (Chen et al., 2018). To some extent, CIVs pose a threat to public health.

H3N8 and H3N2 are the major subtypes of CIVs that are circulating in canines worldwide. H3N8 CIV was first isolated in racing greyhounds in Florida in 2004 (Crawford et al., 2005). Subsequently, H3N8 CIVs were reported to circulate in America, Canada, Britain, and Australia (Daly et al., 2008; Kruth et al., 2008; Kirkland et al., 2010; Rivailler et al., 2010; Crispe et al., 2011). In 2007, an avian-origin H3N2 CIV was first isolated in Korea (Song et al., 2008), which could be traced back to 2006 in China (Li et al., 2010). Since then, H3N2 CIVs have spread globally and circulated in Korea, China, Thailand, the United States, and Canada (Su et al., 2013; Bunpapong et al., 2014; Lee et al., 2016; Voorhees et al., 2018; Xu et al., 2020). Besides H3N2 and H3N8 CIVs, dogs were also reported to be infected with H5N1, H9N2, H6N1, and recombinant H5N2 avian influenza viruses (AIVs) (Songserm et al., 2006; Zhan et al., 2012; Sun et al., 2013; Lin et al., 2015), H1N1 swine influenza viruses (SIV) (Chen et al., 2018), H3N2 IAVs (Chen et al., 2015), and 2009 pandemic H1N1 virus (pdm/09) (Dundon et al., 2010; Su et al., 2014). Notably, reassortment viruses between H3N2 CIVs and pdm/09 viruses appeared in 2010–2012, and recombinants between H3N2 CIVs and swine-origin H1N1 viruses emerged in 2013–2015 (Song et al., 2012; Moon et al., 2015; Na et al., 2015; Chen et al., 2018). Also, CIVs can break through the species-barrier to infect cats (Song et al., 2011). These findings increase the concern about the zoonotic potential of CIVs.

H3N2 CIVs replicate in the respiratory tract of dogs and can be transmitted among them through physical contact or airborne droplet. H3N2 CIVs could transmit from experimentally infected dogs to contact-exposed dogs, causing these dogs to exhibit clinical signs (Song et al., 2009). Besides contact transmission, A/canine/Zhejiang/01/2010 (H3N2) (ZJ0110) could infect 6 month-old beagles by airborne transmission, causing severe respiratory syndrome (Teng et al., 2013). A/canine/Korea/AS-01/2009 (AS-01/09), A/canine/Korea/AS-05/2012 (AS-05/12), and A/canine/Korea/AS-11/2013 (AS-11/13) readily droplet-transmitted between dogs, of which, AS-05/12 induced more severe clinical diseases and fatalities in dogs compared with AS-01/09 (Lee et al., 2018). Besides dogs, H3N2 CIVs can infect other mammals. ZJ0110 H3N2 CIV could replicate in the upper respiratory tracts of mice and guinea pigs, and virus titers were comparable to those of dogs (Teng et al., 2013). CIV could induce influenza-like clinical signs, viral shedding, and serological responses in infected cats and ferrets, and transmit to naïve cats and ferrets via direct contact with infected animals of the same species (Kim et al., 2013). AS-05/12 exhibited higher viral shedding titers and airborne droplet transmission among ferrets (Lee et al., 2018). Interspecies transmission (dogs to cats) of CIV H3N2 via an airborne route was observed in experimentally infected animals (Kim et al., 2013). Also, cats infected with CIV H3N2 were reported in Korea (Song et al., 2011). These findings suggest that H3N2 CIVs have the potential to infect other mammals.

Dogs are susceptible to IAVs and have the potential to be a new mixing vessel for IAVs to generate a novel pandemic virus. Here we assess the zoonotic potential of A/canine/Guangdong/DY1/2019 (CADY1/2019), a H3N2 CIV which is circulating in dogs in southern China. The aims of this study were: (1) to characterize the virus’ molecular and antigenic features, (2) to assess the receptor-binding ability of the virus, (3) to detect the pH value of activation and inactivation for the virus, (4) to assess the virus’ replication in mammalian cells, and (5) to illustrate the virus’ infectivity and transmission in guinea pigs.



MATERIALS AND METHODS


Cells and Viruses

Madin-Darby canine kidney (MDCK) cells, human lung adenocarcinoma epithelial (A549) cells, African green monkey kidney (Vero) cells, porcine kidney (PK-15) cells, porcine alveolar macrophage (3D4/21) cells, and swine testicle (ST) cells were stored in our laboratory. Human bronchial epithelioid (HBE) cells were purchased from OTWO biotech incorporation (Shenzhen city, China). All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY, United States) containing 10% fetal bovine serum (Gibco, Grand Island, NY, United States) and 1% penicillin-streptomycin (PS) (BI, Kibbutz Beit Haemek, Israel). The CADY1/2019 was isolated from the nasal swab from a dog with influenza-like symptom in Guangdong province in 2019 and was propagated in MDCK cells and stored at −80°C. The human H3N2 seasonal influenza virus, A/Guangdong/47/2020 (47/2020), being isolated and purified in Guangdong Provincial Center for Disease Control and Prevention, was used as control. The human H3N2 seasonal influenza virus, A/Guangdong/1194/2019 (1194/2019) that was isolated and purified in Guangdong Provincial Center for Disease Control and Prevention, was used for viral antigen analysis.



Molecular and Genetic Analysis

Total RNA was extracted from the suspension of cells culture, and RT-PCR was performed using Uni12 (AGCAAAAGCAGG). The eight viral segments were amplified by PCR using specific primers (Hoffmann et al., 2001). After electrophoresis, PCR products were purified using the Gel Extraction Kit D2500 (Omega Bio-Tek, Guangzhou, China), and were then sequenced by Tianyihuiyuan Biotechnology Co. in Guangzhou city, Guangdong province. The sequences were spliced using Seqman software of Lasergene (Version 7.1). The phylogenetic trees of CADY1/2019 were constructed using of MEGA7.0 software.



Receptor-Binding Assay

The receptor binding characteristic of CADY1/2019 was detected by a solid-phase binding assay as previously reported (Sun et al., 2019). 47/2020 was used as control. Briefly, polystyrene Universal-Bind microplates (Corning, New York, United States) were coated with 1 μg streptavidin (PuriMag Biotech, Xiamen, China) in 99 μL phosphate citrate buffer at 37°C for 12–24 h until dry. After being washed three times with PBST (phosphate-buffered saline containing 0.05% Tween-20), the plates were incubated with α-2, 3-siaylglycopolymer or α-2, 6-siaylglycopolymer (GlycoTech, Inc., Gaithersburg, Maryland, United States) at 4°C for 24 h. The concentrations of siaylglycopolymer were twofold diluted to 0.78–100 ng in 100 μL PBS. After that, the plates were washed with PBS for three times and then incubated with virus in a titer of 64 HA units at 4°C. Twelve hours later, guinea pig sera against CADY1/2019 and a monoclonal antibody against H3 subtype AIV (Zoonogen, Beijing, China) were added in the plates, respectively, after being washed with PBST for three times. After being inoculated at 4°C for 5 h, the plates were washed three times with PBST and incubated with horseradish peroxidase (HRP)-conjugated goat anti-guinea pig antibody (Beijing Bioss Biological Technology, Beijing, China) or HRP-conjugated goat anti-mouse antibody (Bioworld Technology, Nanjing, China) at a concentration of 100 ng/mL at 4°C for 2 h. Next, the plates were washed three times with PBST and incubated with TMB (3, 3′, 5, 5′-Tetramethylbenzidine) (Solarbio, Beijing, China) at room temperature. Then the reaction was terminated by ELISA stop solution (Solarbio, Beijing, China) 5 min later. Then the optical density (OD) values at 450 nm were determined in a plate reader.



HA Acid Stability

The HA activation pH value of CADY1/2019 and 47/2020 were detected by syncytia assay described by a previous study (Reed et al., 2010). Briefly, when the confluence of Vero cells was about 90%, cells were infected with the virus at a multiplicity of infection (MOI) of 3. At 16 h post-infection (hpi), cells were incubated with TPCK-treated trypsin for 5 min, incubated with pH-adjusted PBS buffers for 5–10 min, neutralized, and finally cultured in DMEM containing 10% FBS for 3 h at 37°C. Subsequently, cells were fixed with absolute methanol and stained with haematoxylin and eosin (HE) for microscopy. To assess the resistance of viruses against inactivation caused by acid in vitro, 10 μL of virus stocks were diluted in 990 μL of pH-adjusted PBS solutions and incubated for 1 h at 37°C. Then, the infectivity of the virus was detected in MDCK cells. The infectivity curves of viruses were fitted to an asymmetric (5-parameter) regression model. The pH50 values were determined as the point at which viruses lose their 50% infectivity.



Antigenic Analysis of CADY1/2019

Guinea pig serum samples against CADY1/2019, 1194/2019, or 47/2020 were treated with receptor-destroying enzyme (RDE) (Denka Seiken Co., Tokyo, Japan) at 37°C for 18–20 h. Then, serum samples were bathed at 56°C for 30 min. The treated serum samples were 10-fold diluted with PBS. Hemagglutination inhibition (HI) assay was performed with 0.5% turkey erythrocytes, as described (Hirst, 1942). The treated serum samples were serially twofold diluted with Reduced Serum Medium (Opti-MEM medium) (Sigma-Aldrich, St. Louis, MO) and were then incubated with viruses with 100 TCID50 at 37°C for 2 h. Then, the mixture was added into MDCK cells and incubated at 37°C for 2 h. Next, the inoculation was replaced by Opti-MEM medium containing TPCK-treated trypsin with a concentration of 1 μg/mL and cells were cultured in an incubator at 37°C with 5% CO2 for 72 h. Microneutralization (MN) titers were detected and expressed as the geometric mean titer.



Replication of Viruses in Mammalian Cells

The in vitro replication of CADY1/2019 was characterized in MDCK, A549, PK-15, 3D4/21, ST, and HBE cells. A human H3N2 influenza virus, 47/2020, was used as a control. When the confluence of the cells in 12-well plates was about 90%, MDCK cells were infected with CADY1/2019 or 47/2020 at a MOI of 0.001; the other cells were inoculated with CADY1/2019 or 47/2020 at a MOI of 0.01. At 2 h post-infection (hpi), inoculants were discarded, and cells were washed with PBS for twice and then cultured in Opti-MEM I Reduced Serum Medium (Sigma-Aldrich, St. Louis, MO) with 1.0 μg/mL TPCK-treated trypsin and 1% penicillin and streptomycin. Supernatants of cells were collected at 12, 24, 36, 48, 60, and 72 hpi and were then titrated in MDCK cells.



Pathogenicity in Guinea Pigs

Nineteen female, 6 week-old, SPF Hartley strain guinea pigs were randomly divided into five groups to detect viral replication and transmission. Of which, under anaesthesia, three guinea pigs were intranasally inoculated with PBS in a volume of 300 μL as a negative control. To detect viral replication in guinea pigs, four guinea pigs were equally divided into two groups and were intranasally inoculated with CADY1/2019 or 47/2020 at a dose of 106 TCID50 in 300 μL under anaesthesia. Two infected guinea pigs and one control guinea pig were necropsied at 3 dpi, and turbinate, trachea, and lung were collected. The viral titers in tissues of guinea pigs were titrated in MDCK cells.

To detect viral transmission, six guinea pigs were equally divided into two groups and were intranasally inoculated with CADY1/2019 or 47/2020 at a dose of 106 TCID50 in 300 μL under anaesthesia. At 1 dpi, three naïve guinea pigs were co-housed with three infected guinea pigs in the same cage. The nasal washes of guinea pigs were collected at 2, 4, 6, 8, and 10 dpi and were titrated in MDCK cells. The sera were collected at 21 dpi for HI titration.



Statistical Analysis

Statistical analysis was performed using Prism 7.0 software (GraphPad, La Jolla, CA). The data between the groups were compared using t-tests. A p-value < 0.05 was considered to be significant. ∗ indicates P < 0.05, ∗∗ indicates P < 0.01, ∗∗∗ indicates P < 0.001.



Ethics Statements

This study was carried out in ABSL-2 facilities in compliance with approved protocols by the biosafety committee of South China Agricultural University. The handling of guinea pigs was conducted in compliance with the approved guidelines of the Experimental Animal Administration and Ethics Committee of South China Agriculture University (SCAUABSL2020-005; 5 May, 2020).



RESULTS


CADY1/2019 Was an Avian-Origin Virus and Formed a Novel Subclade Together With Current CIVs

To analyze the homology and phylogenetic of the virus, the entire genome of CADY1/2019 was amplified, sequenced, and submitted to GenBank at NCBI, and the accession numbers are MW126982–MW126989. Except for the NS gene, the other genes of CADY1/2019 shared the highest degree (99.12–99.87%) with the corresponding gene of A/canine/Guangdong/3/2018. The NS gene shared the highest similarity (99.40%) with those of A/canine/China/Shanghai-0103-2045/2019 and A/canine/Guangdong/2/2018, and exhibited higher homology (99.28%) with that of A/canine/Guangdong/3/2018 (Supplementary Table S1).

The eight phylogenetic trees of CADY1/2019 were constructed by Maximum Likelihood method using the MEGA 7.0 software. The phylogenetic tree of each gene segment was divided into three subgroups: canine and avian lineage, swine lineage, and swine/human lineage. The eight genes of CADY1/2019 were clustered into the canine and avian lineage and were close with those of CIVs circulating in China and the United States in recent years. This indicated that CADY1/2019 was an avian-origin CIV (Figures 1, 2 and Supplementary Figures S1–S6). All genes of CADY1/2019 were close to those of A/canine/Nanjing/20170328-7/2017 which belonged to a novel subclade emerged in 2016. And viruses in such novel subclade were reported phylogenetically and antigenically different from previously circulating CIV strains (Lyu et al., 2019).


[image: image]

FIGURE 1. Phylogenetic analysis of HA gene of CADY1/2019. Phylogenetic trees for whole gene segments of CADY1/2019 created with 1000 bootstrap replicates using MEGA 7.0 software. Solid red square indicated CADY1/2019 in each phylogenetic tree. Phylogenetic trees of HA genes based on nucleotides (nt) 30–1,730.
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FIGURE 2. Phylogenetic analysis of NA gene of CADY1/2019. Phylogenetic trees for whole gene segments of CADY1/2019 created with 1000 bootstrap replicates using MEGA 7.0 software. Solid red square indicated CADY1/2019 in each phylogenetic tree. Phylogenetic trees of NA genes based on nt 20–1,429.




CADY1/2019 Acquired Adaptation Mutations to Infect Mammals

To better understand the molecular characteristics of CADY1/2019, its whole genomes were analyzed. CADY1/2019 possessed 214I and 159N in HA protein which favors IAVs to bind the human-like receptor. CADY1/2019 carried 222L in the HA protein, 389R in the PB2 protein, 3V in the PB1 protein, and 409S in the PA protein, which can enhance the replication of AIVs in mammalian cells. In addition, CADY1/2019 posed the amino acids 89V and 309D in PB2 protein; 622G in PB1 protein; 66S in PB1-F2 protein; 224S in PA protein; 42S, 106M, 103F, and 106M in NS1 protein; and 30D and 215A in M1 protein, which were associated with increasing replication and virulence of AIVs in mammalian hosts (Table 1).


TABLE 1. The major amino acids of CADY1/2019 that may affect functions.
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CADY1/2019 Bound to Both Avian-Type and Human-Type Receptors

To better assess the zoonotic potential of CADY1/2019, the receptor-binding affinity of the virus was detected by a solid-phase binding assay. The result showed that CADY1/2019 bound to both α-2, 3-siaylglycopolymer (Avian receptor), and α-2, 6-siaylglycopolymer (Human receptor) (Figure 3A). 47/2020 strongly and exclusively bound to α-2, 6-siaylglycopolymer (Human receptor) (Figure 3B).


[image: image]

FIGURE 3. Receptor-binding ability of CADY1/2019 (A) and 47/2020 (B). The binding ability of the viruses to two different biotinylated glycans (α-2, 3-siaylglycopolymer, colored in blue, α-2, 6-siaylglycopolymer, colored in red) were detected. The antibody used for the receptor-binding ability of CADY1/2019 was guinea pig sera anti CADY1/2019. The antibody used for the receptor-binding ability of 47/2020 was a monoclonal antibody against H3 subtype AIV that reacts with 47/2020. Every experiment was conducted twice, expressed as mean ± SD.




CADY1/2019 Shared Similar Activation pH of HA Protein With 47/2020

To better assess the zoonotic potential of CADY1/2019, the stability of HA protein was measured by syncytia assay for three times. Human virus 47/2020 was used as the control. The results showed that HA activation pH value of CADY1/2019 and 47/2020 were 5.5 and 5.4, respectively. HA inactivation pH value of CADY1/2019 and 47/2020 were 5.40 and 5.28, respectively. CADY1/2019 posed similar HA stability with 47/2020. There was an approximate 0.1 units discrepancy between them in activation and inactivation pH value, respectively.



Antigenicity of CADY1/2019 Was Different From Current Human H3N2 IAVs

To illustrate the antigenicity relationship between CADY1/2019 and current human H3N2 IAVs, HI and MN assays were performed. 1194/2019 and 47/2020 carry the same amino acids at key antigenic sites: 145, 155, 156, 158, 159, 189, and 193 in the HA protein as vaccine candidate viruses recommended by the WHO for the northern hemisphere during 2017–2019 and 2020–2021, respectively. Compared to the human H3N2 IAVs, CADY1/2019 contained N, K, G, N, and Q at positions 145, 156, 158, 159, and 189, respectively (Table 2). The HI titers of CADY1/2019, 1194/2019, and 47/2020 sera were 1:1613, 1:1028, and 1:5120, respectively. The neutralization titers of CADY1/2019, 1194/2019, and 47/2020 sera were 1:113, 1:135, and 1:95, respectively. The sera against CADY1/2019 did not react with 1194/2019 or 47/2020 virus, and vice versa. This indicated that the antigenicity of CADY1/2019 was completely different from those of recent human H3N2 IAVs (Table 3).


TABLE 2. Key antigen residues of H3N2 viruses.
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TABLE 3. The antigenicity relationship between CADY1/2019 and human H3N2 influenza viruses.
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CADY1/2019 Effectively Replicated in Mammalian Cells

To evaluate the replication capability of CADY1/2019 in vitro, the growth kinetics of the virus in six cells were detected. Human virus, 47/2020, was used as control. CADY1/2019 efficiently replicated in MDCK cells, 3D4/21 cells, ST cells, PK-15 cells, and A549 cells. CADY1/2019 exhibited higher replication ability in MDCK cells than in other cells (p < 0.01), and reached a peak titer of 9.10 ± 0.346 lgTCID50/mL at 48 hpi. In 3D4/21 cells, CADY1/2019 reached the viral peak with a titer of 7.33 ± 0.416 lgTCID50/mL at 72 hpi. In ST and PK-15 cells, the viral peak of CADY1/2019 (7.56 ± 0.098 lgTCID50/mL) appeared at 32 and 24 hpi, respectively. In A549 cells, the viral peak (with a titer of 5.10 ± 0.346 lgTCID50/mL) appeared at 72 hpi. In HBE cells, CADY1/2019 reached the maximum titer (2.2 ± 0.173 lgTCID50/mL) at 48 hpi. There was no statistically significant difference between the peak titers of CADY1/2019 and 47/2020 in MDCK, PK-15, and 3D4/21 cells (p > 0.05). The peak titers of CADY1/2019 in ST and A549 cells were significantly higher than that of 47/2020 (p < 0.001 and p < 0.01, respectively), while the peak titer of 47/2020 in HBE cells was higher than that of CADY1/2019 (p < 0.001) (Figure 4).


[image: image]

FIGURE 4. Growth kinetics of viruses in mammalian cells. Excepting MDCK cells (A) were infected with viruses at a MOI of 0.001, HBE (B), A549 (C), 3D4/21 (D), ST (E), and PK-15 cells (F) were inoculated with viruses at a MOI of 0.01. The supernatants of cells were collected at 12, 24, 36, 48, 60, and 72 hpi and titrated in MDCK cells. The experiments were repeated for three times and the viral titer at each time point was expressed as mean ± standard deviation. Statistical analysis was performed using Prism 7.0 software (GraphPad, La Jolla, CA). ∗ indicates P < 0.05, ∗∗ indicates P < 0.01, ∗∗∗ indicates P < 0.001.




CADY1/2019 Transmitted Among Guinea Pigs Through Direct Contact

To detect the replication of CADY1/2019 in vivo, two guinea pigs were inoculated intranasally with 106 TCID50 of the virus. At 3 dpi, viral titers in the respiratory tract were titrated in MDCK cells. Human H3N2 influenza virus 47/2020 was used for the control. The results showed that viral titers of CADY1/2019 in turbinate, trachea, and lung in the treatment group were 2.00, 1.50, and 1.50 lgTCID50/g/mL, respectively (Figure 5). The viral titers of 47/2020 in respiratory tissues of guinea pigs were undetectable. This indicated that compared to human influenza virus, CADY1/2019 replicated efficiently in both upper and lower respiratory tract of guinea pigs without prior adaptation.
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FIGURE 5. The virus titers in different tissues of guinea pigs in CADY1/2019 inoculation group. Four guinea pigs were inoculated intranasally at a dose of 106 TCID50 of CADY1/2019 or 47/2020 in 300 μL. At 3 dpi, two infected guinea pigs in each virus experimental group were euthanized and turbinates, tracheas and lungs of them were collected for virus titration in MDCK cells. 47/2020 did not replicate in respiratory tissues of guinea pigs.


To detect the transmission of CADY1/2019, three guinea pigs were inoculated intranasally with 106 TCID50 of the virus. At 1 dpi, three naïve guinea pigs were co-housed with treatment guinea pigs in the same cage. Nasal washes were collected at 2, 4, 6, 8, and 10 dpi, and viral titers were detected in MDCK cells. Guinea pigs were necropsied at 21 dpi, and HI titers were detected by HI and MN assays. In the CADY1/2019 inoculation group, virus shedding (with titers of 2.30–3.50 lgTCID50/mL) was detected at 2–6 dpi (Figure 6A). In the CADY1/2019 contact group, virus shedding was detected at 7 and 9 days post-exposure (dpe), and the viral titers were 1.50–2.50 lgTCID50/mL (Figure 6B). Three treatment guinea pigs seroconverted and HI titers were 1:1,029–1:2,048. Two of three guineas pigs exposed to treatment guineas pigs seroconverted and HI titers were 1:64 and 1:256 (Supplementary Table S2). In the 47/2020 inoculation group, viral shedding with titers of 2.50–4.70 lgTCID50/mL was detected at 2 dpi (Figure 6C). The inoculation guinea pigs seroconverted and HI titers were 1:512–1:1,024 (Supplementary Table S2). Viral shedding and seroconversion were not detected in the contact group of 47/2020 and control guinea pigs. These results indicate that CADY1/2019 replicated in the respiratory tract and efficiently transmitted among guinea pigs through direct contact.
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FIGURE 6. Replication and transmission of viruses in guinea pigs. Six guinea pigs were inoculated intranasally at a dose of 106 TCID50 of CADY1/2019 or 47/2020 in 300 μL and were then co-housed with three naïve guinea pigs at 1 dpi. Three guinea pigs were intranasally inoculated with 300 μL PBS as control group. The nasal washes of the guinea pigs were collected at 2, 4, 6, 8, 10 dpi for virus titration in MDCK cells. The sera of guinea pigs were collected at 21 dpi for HI titers detection. (A) The nasal wash titers of CADY1/2019 treatment group. (B) The nasal wash titers of CADY1/2019 contact group. (C) The nasal wash titers of 47/2020 treatment group.




DISCUSSION

Canine are documented as a reservoir of IAV since 2004 (Crawford et al., 2005). That diverse subtype of IAVs that have emerged in canine increases the concern about canine serving as a potential source of epidemic or pandemic viruses. Here we found that CADY1/2019, an avian-origin canine influenza virus, posed a potential to infect human and other mammals. CADY1/2019 bound to both avian-type and human-type receptors. The antigenicity of CADY1/2019 was obviously different from current human H3N2 influenza viruses or recommended vaccine strains. CADY1/2019 has similar fusion pH values as human influenza viruses and effectively replicates in canine, human, and swine cells. CADY1/2019 replicated in the respiratory tract of guinea pigs and effectively transmitted among them through direct physical contact.

In China, avian-origin H3N2 CIV infection in pet dog was traced to 2006 (Li et al., 2010). H3N2 CIVs circulate in pet dogs, farmed dogs, and running dogs in many provinces of China, of which the majority are of avian-origin (Li et al., 2010; Lin et al., 2012; Su et al., 2013; Yang et al., 2014; Shen et al., 2020). The similarity index values of avian-origin H3N2 CIVs were higher than those of AIVs, and these indicated that H3N2 CIVs acquired adaptation in canine (Li et al., 2018). A novel antigenic and genetic distinct clade of H3N2 CIVs was reported in China in 2016. The novel H3N2 CIVs that acquired an adaptation mutation to infect mammals, replaced previous CIVs and posed a zoonotic potential (Lyu et al., 2019). CADY1/2019 belonged to such a clade. Besides, few CIVs fall into human/swine lineage, such as Guangxi isolates (Chen et al., 2015), which indicates that those viruses might originate from swine or human influenza viruses. CIVs have become increasingly diverse (Song et al., 2012; Moon et al., 2015; Na et al., 2015; Chen et al., 2018; Lyu et al., 2019; Shen et al., 2020) and have zoonotic potential.

Receptor binding specificity is one of the key factors involving in interspecies transmission (Shi et al., 2014). Previous study showed that CIV HAs exhibited an avian receptor-binding preference. According to the glycan-binding analyses, CIV HA revealed a strong binding preference for the α2–3-linked SAs and mixed α2–3/α2–6 branched SAs (Pulit-Penaloza et al., 2017). A/canine/Illinois/41915/2015 preferentially bound avian α2,3-linked SA receptor (Martinez-Sobrido et al., 2020). Our result showed that CADY1/2019 both bound to avian-type and human-type receptors. The V214I and S159N mutations in the HA protein enhanced the binding affinity of H5N1 IAV for α-2,6 SA (Wang et al., 2010; Watanabe et al., 2011). That mutations were detected in the CADY1/2019 virus, which might contribute to the binding affinity for the α-2,3-linked and α-2,6-linked sialic acid receptor. The binding affinity for the α-2,3-linked and α-2,6-linked sialic acid receptor of CADY1/2019 indicated the potential risk to infect human and other mammals.

HA activation pH values are related to host adaptation, pandemic potential, and cross-species transmission (Reed et al., 2010; Imai et al., 2012; Galloway et al., 2013; Zaraket et al., 2013; Russell et al., 2018). Generally, HA activation pH values of AIVs were higher than those of human-adapted IAVs (Reed et al., 2010; Zaraket et al., 2013). Relatively unstable HA proteins (activation pH 5.6–6.0) were essential for efficient replication and transmission of H5N1 AIVs among avian species. However, relatively stable HA proteins (activation pH < 5.6) were crucial for H5N1 AIVs to efficiently replicate and transmit by airborne in ferrets (Reed et al., 2010; DuBois et al., 2011; Imai et al., 2012; Linster et al., 2014). Similarly, a relatively stable HA protein (activation pH ≤ 5.5) is essential for pdm/09 (Russier et al., 2016). H1N1, H2N2, and H3N2 viruses pose relatively stable HA proteins (activation pH 5.0–5.4) (Scholtissek, 1985; Galloway et al., 2013; Costello et al., 2015). Our result shows that CADY1/2019 is a relatively stable HA protein with an activation pH of 5.5, which is 0.1 units higher than that of 47/2020, a H3N2 virus currently circulating in humans. These fusion values are similar to those of two American CIVs (Martinez-Sobrido et al., 2020). Do H3N2 CIVs pose similar activation pH values? Further studies will be needed to address this question. The S221P mutation in the HA protein of H5N1 IAV reduced HA activation pH by 0.2 units (DuBois et al., 2011). CADY1/2019 poses proline (P) at position 221 in the HA protein, which might contribute to the relative stable HA protein. The pH is acidic (pH5.5–6.9) in the respiratory tract of mammals and nasal pH drop to 5.2 upon infection with influenza viruses (Hoekstra and Klappe, 1993; Washington et al., 2000; Fischer and Widdicombe, 2006; Galloway et al., 2013). The HA activation/inactivation pH values of CADY1/2019 are similar to those of human-adapted influenza viruses. Relatively stable HA proteins might favor CADY1/2019 to infect human and other mammals.

Antigenic drift caused by single or multiple mutations in HA protein is essential for IAV to escape the host immune system. The mutations at position 145, 155, 156, 158, 159, 189, and 193 in HA protein of human H3N2 seasonal influenza viruses were responsible for the antigenic phenotype (Koel et al., 2013). Compared to the vaccine candidate strain recommended by the WHO for northern hemisphere during 2017–2021 and human H3N2 viruses currently circulating in southern China, CADY1/2019 mutated at positions 145, 156, 158, 159, and 189. The HI and MN results indicated that guinea pigs sera against CADY1/2019 did not react with human H3N2 virus 47/2020 or 1194/2019, vice versa. Previous studies showed the antigenicity of CIVs was different from human viruses (Pulit-Penaloza et al., 2017; Martinez-Sobrido et al., 2020). Our results were consistent with previous studies and indicated that the antigenicity of CADY1/2019 was obviously different from those of current human viruses. CADY1/2019 poses a potential threat to humans because we lack immunity against such CIVs.

Multiple-genetic mutations contribute to polymerase activity and replication of IAVs. The W222L mutation in HA protein increased infectivity and replication of H3N2 CIV in mammalian cells (Yang et al., 2013). The K389R mutation in the PB2 protein enhanced the polymerase activity and replication of H7N9 IAV in human and mammalian cells (Hu et al., 2017). The D3V mutation in the PB1 protein increased polymerase activity and viral replication of H5N1 IAV in avian and mammalian cells (Elgendy et al., 2017). The N409S substitution in PA protein increased polymerase activity and replication of H7N9 IAV in A549 cells (Yamayoshi et al., 2014). CADY1/2019 carries the above mutations. H3N2 CIV reached the viral peak titer of 7.7 lgTCID50/mL in MDCK cells at 24 hpi (Tao et al., 2019). CADY1/2019 achieved a peak titer of 9.1 lgTCID50/mL in MDCK cells at 48 hpi. H3N2 CIV infection has already been confirmed in a human (Lyu et al., 2019). The H3N2 CIV isolated in America had limited replication in the lungs of swine (Abente et al., 2016). CADY1/2019 effectively replicated in HBE, A549, 3D/21, ST, and PK-15 cells. These findings indicated that CADY1/2019 exhibit higher replication capability and has the potential to infect humans and swine.

Guinea pigs were considered as an effective animal model for testing infection and pathogenesis of avian-origin CIVs. Viral shedding failed to be detected from contact guinea pigs when co-caged with guinea pigs intranasally infected with A/canine/Korea/01/2007 (H3N2) at a dose of 107⋅1 EID50 (Lyoo et al., 2015). In the current study, virus shedding was detectable in two of three contact guinea pigs that co-caged with guinea pigs intranasally inoculated with CADY1/2019 at a dose of 106 TCID50. Compared to 47/2020, a current human H3N2 virus, CADY1/2019 exhibited a longer viral shedding period and contact transmission ability in guinea pigs. Although seroconvesion was detected in the guinea pigs inoculated with 47/2020, virus replication in tissues of guinea pigs failed to be detected at 3 dpi. The virus shedding in guinea pigs inoculated with 47/2020 was only detected at 2 dpi. The short time of viral replication might account for undetectable viral titer of 47/2020 in tissues at 3 dpi. Compared to 47/2020, CADY1/2019 replicated efficiently in both upper and lower respiratory tract of guinea pigs. The following amino acids increased the replication and virulence of AIVs in mammalian hosts: 89V and 309D in PB2; 622G in PB1; 66S in PB1-F2; 224S in PA; 42S, 106M, 103F, and 106M in NS1; and 30D and 215A in M1 (Conenello et al., 2007; Jiao et al., 2008; Fan et al., 2009; Li et al., 2009; Schmolke et al., 2011; Spesock et al., 2011; Ayllon et al., 2014; Sun et al., 2014; Yamayoshi et al., 2014; Feng et al., 2016). CADY1/2019 has molecular characteristics that might account for its efficient replication and transmission in guinea pigs.

In conclusion, CADY1/2019, which has an antigenicity distinct from current human H3N2 IAVs or recommend vaccine strains, bound to avian-type receptor and human-type receptor, efficiently replicated in canine, human, and swine cells, caused direct-contact transmission among guinea pigs, and thus poses a potential threat to public health. There is now an urgent need for strengthening surveillance of CIVs and monitoring their pathogenicity.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by the Experimental Animal Administration and Ethics Committee of South China Agriculture University.



AUTHOR CONTRIBUTIONS

HS designed the experiments, analyzed the data, and wrote the manuscript. MW conducted the experiments and wrote the manuscript. RS and JW isolated viruses and revised manuscript. YG, YY, SL, HPS, LP, XC, XZ, QY, YWL, FX, MLL, YL, and XQ conducted the experiments. ML designed the experiments and revised manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the Special Innovation Project of Guangdong Education Department (Grant No. 2018KTSCX022).



ACKNOWLEDGMENTS

We thank the Key Laboratory of Animal Vaccine Development, Ministry of Agriculture and Rural Affairs.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.628979/full#supplementary-material



REFERENCES

Abente, E. J., Anderson, T. K., Rajao, D. S., Swenson, S., Gauger, P. C., and Vincent, A. L. (2016). The avian-origin H3N2 canine influenza virus that recently emerged in the United States has limited replication in swine. Influenza Respir. Viruses 10, 429–432. doi: 10.1111/irv.12395

Alexander, D. J., and Brown, I. H. (2000). Recent zoonoses caused by influenza a viruses. Rev. Sci. Tech. 19, 197–225.

Ayllon, J., Domingues, P., Rajsbaum, R., Miorin, L., Schmolke, M., Hale, B. G., et al. (2014). A single amino acid substitution in the novel H7N9 influenza a virus NS1 protein increases CPSF30 binding and virulence. J. Virol. 88, 12146–12151. doi: 10.1128/JVI.01567-14

Bunpapong, N., Nonthabenjawan, N., Chaiwong, S., Tangwangvivat, R., Boonyapisitsopa, S., Jairak, W., et al. (2014). Genetic characterization of canine influenza a virus (H3N2) in Thailand. Virus Genes 48, 56–63. doi: 10.1007/s11262-013-0978-z

Chen, Y., Mo, Y. N., Zhou, H. B., Wei, Z. Z., Wang, G. J., Yu, Q. X., et al. (2015). Emergence of human-like H3N2 influenza viruses in pet dogs in Guangxi, China. Virol. J. 12:10. doi: 10.1186/s12985-015-0243-2

Chen, Y., Trovao, N. S., Wang, G., Zhao, W., He, P., Zhou, H., et al. (2018). Emergence and evolution of novel reassortant influenza a viruses in canines in southern China. MBio 9:e00909-18. doi: 10.1128/mBio.00909-18

Conenello, G. M., Zamarin, D., Perrone, L. A., Tumpey, T., and Palese, P. (2007). A single mutation in the PB1-F2 of H5N1 (HK/97) and 1918 influenza a viruses contributes to increased virulence. PLoS Pathog. 3:1414–1421. doi: 10.1371/journal.ppat.0030141

Costello, D. A., Whittaker, G. R., and Daniel, S. (2015). Variations in pH sensitivity, acid stability, and fusogenicity of three influenza virus H3 subtypes. J. Virol. 89, 350–360. doi: 10.1128/JVI.01927-14

Crawford, P. C., Dubovi, E. J., Castleman, W. L., Stephenson, I., Gibbs, E. P., Chen, L., et al. (2005). Transmission of equine influenza virus to dogs. Science 310, 482–485. doi: 10.1126/science.1117950

Crispe, E., Finlaison, D. S., Hurt, A. C., and Kirkland, P. D. (2011). Infection of dogs with equine influenza virus: evidence for transmission from horses during the Australian outbreak. Aust. Vet. J. 89(Suppl. 1), 27–28. doi: 10.1111/j.1751-0813.2011.00734.x

Daly, J. M., Blunden, A. S., Macrae, S., Miller, J., Bowman, S. J., Kolodziejek, J., et al. (2008). Transmission of equine influenza virus to English foxhounds. Emerg. Infect. Dis. 14, 461–464. doi: 10.3201/eid1403.070643

DuBois, R. M., Zaraket, H., Reddivari, M., Heath, R. J., White, S. W., and Russell, C. J. (2011). Acid stability of the hemagglutinin protein regulates H5N1 Influenza virus pathogenicity. PLoS Pathog. 7:e1002398. doi: 10.1371/journal.ppat.1002398

Dundon, W. G., De Benedictis, P., Viale, E., and Capua, I. (2010). Serologic evidence of pandemic (H1N1) 2009 infection in dogs, Italy. Emerg. Infect. Dis. 16, 2019–2021. doi: 10.3201/eid1612.100514

Elgendy, E. M., Arai, Y., Kawashita, N., Daidoji, T., Takagi, T., Ibrahim, M. S., et al. (2017). Identification of polymerase gene mutations that affect viral replication in H5N1 influenza viruses isolated from pigeons. J. Gen. Virol. 98, 6–17. doi: 10.1099/jgv.0.000674

Fan, S., Deng, G., Song, J., Tian, G., Suo, Y., Jiang, Y., et al. (2009). Two amino acid residues in the matrix protein M1 contribute to the virulence difference of H5N1 avian influenza viruses in mice. Virology 384, 28–32. doi: 10.1016/j.virol.2008.11.044

Feng, X. X., Wang, Z., Shi, J. Z., Deng, G. H., Kong, H. H., Tao, S. Y., et al. (2016). Glycine at position 622 in PB1 contributes to the virulence of H5N1 avian influenza virus in mice. J. Virol. 90, 1872–1879. doi: 10.1128/Jvi.02387-15

Fischer, H., and Widdicombe, J. H. (2006). Mechanisms of acid and base secretion by the airway epithelium. J. Membr. Biol. 211, 139–150. doi: 10.1007/s00232-006-0861-0

Galloway, S. E., Reed, M. L., Russell, C. J., and Steinhauer, D. A. (2013). Influenza HA subtypes demonstrate divergent phenotypes for cleavage activation and pH of fusion: implications for host range and adaptation. PLoS Pathog. 9:e1003151. doi: 10.1371/journal.ppat.1003151

Hirst, G. K. (1942). The quantitative determination of influenza virus and antibodies by means of red cell agglutination. J. Exp. Med. 75, 49–64. doi: 10.1084/jem.75.1.49

Hoekstra, D., and Klappe, K. (1993). Fluorescence assays to monitor fusion of enveloped viruses. Methods Enzymol. 220, 261–276. doi: 10.1016/0076-6879(93)20088-k

Hoffmann, E., Stech, J., Guan, Y., Webster, R. G., and Perez, D. R. (2001). Universal primer set for the full-length amplification of all influenza a viruses. Arch. Virol. 146, 2275–2289.

Hu, M., Yuan, S. F., Zhang, K., Singh, K., Ma, Q., Zhou, J., et al. (2017). PB2 substitutions V598T/I increase the virulence of H7N9 influenza a virus in mammals. Virology 501, 92–101. doi: 10.1016/j.virol.2016.11.008

Imai, M., Watanabe, T., Hatta, M., Das, S. C., Ozawa, M., Shinya, K., et al. (2012). Experimental adaptation of an influenza H5 HA confers respiratory droplet transmission to a reassortant H5 HA/H1N1 virus in ferrets. Nature 486, 420–428. doi: 10.1038/nature10831

Jiao, P., Tian, G., Li, Y., Deng, G., Jiang, Y., Liu, C., et al. (2008). A single-amino-acid substitution in the NS1 protein changes the pathogenicity of H5N1 avian influenza viruses in mice. J. Virol. 82, 1146–1154. doi: 10.1128/JVI.01698-07

Keawcharoen, J., Oraveerakul, K., Kuiken, T., Fouchier, R. A., Amonsin, A., Payungporn, S., et al. (2004). Avian influenza H5N1 in tigers and leopards. Emerg. Infect. Dis. 10, 2189–2191. doi: 10.3201/eid1012.040759

Kim, H., Song, D., Moon, H., Yeom, M., Park, S., Hong, M., et al. (2013). Inter- and intraspecies transmission of canine influenza virus (H3N2) in dogs, cats, and ferrets. Influenza Respir. Viruses 7, 265–270. doi: 10.1111/j.1750-2659.2012.00379.x

Kirkland, P. D., Finlaison, D. S., Crispe, E., and Hurt, A. C. (2010). Influenza virus transmission from horses to dogs, Australia. Emerg. Infect. Dis. 16, 699–702. doi: 10.3201/eid1604.091489

Koel, B. F., Burke, D. F., Bestebroer, T. M., van der Vliet, S., Zondag, G. C., Vervaet, G., et al. (2013). Substitutions near the receptor binding site determine major antigenic change during influenza virus evolution. Science 342, 976–979. doi: 10.1126/science.1244730

Kruth, S. A., Carman, S., and Weese, J. S. (2008). Seroprevalence of antibodies to canine influenza virus in dogs in Ontario. Can. Vet. J. 49, 800–802.

Lee, E., Kim, E. J., Kim, B. H., Song, J. Y., Cho, I. S., and Shin, Y. K. (2016). Molecular analyses of H3N2 canine influenza viruses isolated from Korea during 2013-2014. Virus Genes 52, 204–217. doi: 10.1007/s11262-015-1274-x

Lee, I. W., Kim, Y. I., Lim, G. J., Kwon, H. I., Si, Y. J., Park, S. J., et al. (2018). Comparison of the virulence and transmissibility of canine H3N2 influenza viruses and characterization of their canine adaptation factors. Emerg. Microbes Infect. 7:17. doi: 10.1038/s41426-017-0013-x

Li, G., Wang, R., Zhang, C., Wang, S., He, W., Zhang, J., et al. (2018). Genetic and evolutionary analysis of emerging H3N2 canine influenza virus. Emerg. Microbes Infect. 7:73. doi: 10.1038/s41426-018-0079-0

Li, J. W., Ishaq, M., Prudence, M., Xi, X., Hu, T., Liu, Q. Z., et al. (2009). Single mutation at the amino acid position 627 of PB2 that leads to increased virulence of an H5N1 avian influenza virus during adaptation in mice can be compensated by multiple mutations at other sites of PB2. Virus Res. 144, 123–129. doi: 10.1016/j.virusres.2009.04.008

Li, S., Shi, Z., Jiao, P., Zhang, G., Zhong, Z., Tian, W., et al. (2010). Avian-origin H3N2 canine influenza a viruses in Southern China. Infect. Genet. Evol. 10, 1286–1288. doi: 10.1016/j.meegid.2010.08.010

Lin, H. T., Wang, C. H., Chueh, L. L., Su, B. L., and Wang, L. C. (2015). Influenza A(H6N1) Virus in Dogs, Taiwan. Emerg. Infect. Dis. 21, 2154–2157. doi: 10.3201/eid2112.141229

Lin, Y., Zhao, Y., Zeng, X., Lu, C., and Liu, Y. (2012). Genetic and pathobiologic characterization of H3N2 canine influenza viruses isolated in the Jiangsu province of China in 2009-2010. Vet. Microbiol. 158, 247–258. doi: 10.1016/j.vetmic.2012.02.016

Linster, M., van Boheemen, S., de Graaf, M., Schrauwen, E. J. A., Lexmond, P., Manz, B., et al. (2014). Identification, characterization, and natural selection of mutations driving airborne transmission of A/H5N1 virus. Cell 157, 329–339. doi: 10.1016/j.cell.2014.02.040

Lyoo, K. S., Kim, J. K., Kang, B., Moon, H., Kim, J., Song, M., et al. (2015). Comparative analysis of virulence of a novel, avian-origin H3N2 canine influenza virus in various host species. Virus Res. 195, 135–140. doi: 10.1016/j.virusres.2014.08.020

Lyu, Y., Song, S., Zhou, L., Bing, G., Wang, Q., Sun, H., et al. (2019). Canine influenza virus A(H3N2) clade with antigenic variation, China, 2016-2017. Emerg. Infect. Dis. 25, 161–165. doi: 10.3201/eid2501.171878

Martinez-Sobrido, L., Blanco-Lobo, P., Rodriguez, L., Fitzgerald, T., Zhang, H., Nguyen, P., et al. (2020). Characterizing emerging canine H3 Influenza viruses. PLoS Pathog. 16:e1008409. doi: 10.1371/journal.ppat.1008409

Moon, H., Hong, M., Kim, J. K., Seon, B., Na, W., Park, S. J., et al. (2015). H3N2 canine influenza virus with the matrix gene from the pandemic A/H1N1 virus: infection dynamics in dogs and ferrets. Epidemiol. Infect. 143, 772–780. doi: 10.1017/S0950268814001617

Muranaka, M., Yamanaka, T., Katayama, Y., Hidari, K., Kanazawa, H., Suzuki, T., et al. (2011). Distribution of influenza virus sialoreceptors on upper and lower respiratory tract in horses and dogs. J. Vet. Med. Sci. 73, 125–127. doi: 10.1292/jvms.10-0276

Na, W., Lyoo, K. S., Song, E. J., Hong, M., Yeom, M., Moon, H., et al. (2015). Viral dominance of reassortants between canine influenza H3N2 and pandemic (2009) H1N1 viruses from a naturally co-infected dog. Virol. J. 12:134. doi: 10.1186/s12985-015-0343-z

Peiris, J. S., de Jong, M. D., and Guan, Y. (2007). Avian influenza virus (H5N1): a threat to human health. Clin. Microbiol. Rev. 20, 243–267. doi: 10.1128/CMR.00037-06

Pulit-Penaloza, J. A., Simpson, N., Yang, H., Creager, H. M., Jones, J., Carney, P., et al. (2017). Assessment of molecular, antigenic, and pathological features of canine influenza A(H3N2) viruses that emerged in the United States. J. Infect. Dis. 216, S499–S507. doi: 10.1093/infdis/jiw620

Reed, M. L., Bridges, O. A., Seiler, P., Kim, J. K., Yen, H. L., Salomon, R., et al. (2010). The pH of activation of the hemagglutinin protein regulates H5N1 influenza virus pathogenicity and transmissibility in ducks. J. Virol. 84, 1527–1535. doi: 10.1128/Jvi.02069-09

Rivailler, P., Perry, I. A., Jang, Y., Davis, C. T., Chen, L. M., Dubovi, E. J., et al. (2010). Evolution of canine and equine influenza (H3N8) viruses co-circulating between 2005 and 2008. Virology 408, 71–79. doi: 10.1016/j.virol.2010.08.022

Russell, C. J., Hu, M., and Okda, F. A. (2018). Influenza hemagglutinin protein stability, activation, and pandemic risk. Trends Microbiol. 26, 841–853. doi: 10.1016/j.tim.2018.03.005

Russier, M., Yang, G., Rehg, J. E., Wong, S. S., Mostafa, H. H., Fabrizio, T. P., et al. (2016). Molecular requirements for a pandemic influenza virus: an acid-stable hemagglutinin protein. Proc. Natl. Acad. Sci U.S.A. 113, 1636–1641. doi: 10.1073/pnas.1524384113

Schmolke, M., Manicassamy, B., Pena, L., Sutton, T., Hai, R., Varga, Z. T., et al. (2011). Differential contribution of PB1-F2 to the virulence of highly pathogenic H5N1 influenza a virus in mammalian and avian species. PLoS Pathog. 7:e1002186. doi: 10.1371/journal.ppat.1002186

Scholtissek, C. (1985). Stability of infectious influenza a viruses at low pH and at elevated temperature. Vaccine 3(3 Suppl.), 215–218. doi: 10.1016/0264-410x(85)90109-4

Shen, H. X., Ge, F. F., Li, X., Liu, J., Ju, H. B., Yang, D. Q., et al. (2020). Epidemiological survey and genetic evolution of H3N2 subtype influenza viruses from stray dogs in shanghai, China. Virus Genes 56, 329–338. doi: 10.1007/s11262-020-01748-2

Shi, Y., Wu, Y., Zhang, W., Qi, J. X., and Gao, G. F. (2014). Enabling the ‘host jump’: structural determinants of receptor-binding specificity in influenza a viruses. Nat. Rev. Microbiol. 12, 822–831. doi: 10.1038/nrmicro3362

Song, D., Kang, B., Lee, C., Jung, K., Ha, G., Kang, D., et al. (2008). Transmission of avian influenza virus (H3N2) to dogs. Emerg. Infect. Dis. 14, 741–746. doi: 10.3201/eid1405.071471

Song, D., Lee, C., Kang, B., Jung, K., Oh, T., Kim, H., et al. (2009). Experimental infection of dogs with avian-origin canine influenza a virus (H3N2). Emerg. Infect. Dis. 15, 56–58. doi: 10.3201/eid1501.080755

Song, D., Moon, H. J., An, D. J., Jeoung, H. Y., Kim, H., Yeom, M. J., et al. (2012). A novel reassortant canine H3N1 influenza virus between pandemic H1N1 and canine H3N2 influenza viruses in Korea. J. Gen. Virol. 93, 551–554. doi: 10.1099/vir.0.037739-0

Song, D. S., An, D. J., Moon, H. J., Yeom, M. J., Jeong, H. Y., Jeong, W. S., et al. (2011). Interspecies transmission of the canine influenza H3N2 virus to domestic cats in South Korea, 2010. J. Gen. Virol. 92(Pt 10), 2350–2355. doi: 10.1099/vir.0.033522-0

Songserm, T., Amonsin, A., Jam-on, R., Sae-Heng, N., Pariyothorn, N., Payungporn, S., et al. (2006). Fatal avian influenza A H5N1 in a dog. Emerg. Infect. Dis. 12, 1744–1747. doi: 10.3201/eid1211.060542

Spesock, A., Malur, M., Hossain, M. J., Chen, L. M., Njaa, B. L., Davis, C. T., et al. (2011). The virulence of 1997 H5N1 influenza viruses in the mouse model is increased by correcting a defect in their NS1 proteins. J. Virol. 85, 7048–7058. doi: 10.1128/JVI.00417-11

Su, S., Chen, J., Jia, K., Khan, S. U., He, S., Fu, X., et al. (2014). Evidence for subclinical influenza A(H1N1)pdm09 virus infection among dogs in guangdong province, China. J. Clin. Microbiol. 52, 1762–1765. doi: 10.1128/JCM.03522-13

Su, S., Chen, Y., Zhao, F. R., Chen, J. D., Xie, J. X., Chen, Z. M., et al. (2013). Avian-origin H3N2 canine influenza virus circulating in farmed dogs in guangdong, China. Infect. Genet. Evol. 19, 251–256. doi: 10.1016/j.meegid.2013.05.022

Sun, H., Jiao, P., Jia, B., Xu, C., Wei, L., Shan, F., et al. (2011). Pathogenicity in quails and mice of H5N1 highly pathogenic avian influenza viruses isolated from ducks. Vet. Microbiol. 152, 258–265. doi: 10.1016/j.vetmic.2011.05.009

Sun, H., Lin, J., Liu, Z., Yu, Y., Wu, M., Li, S., et al. (2019). Genetic, molecular, and pathogenic characterization of the H9N2 Avian Influenza viruses currently circulating in South China. Viruses 11:1040. doi: 10.3390/v11111040

Sun, X. X., Xu, X. K., Liu, Q., Liang, D. J., Li, C. Y., He, Q. S., et al. (2013). Evidence of avian-like H9N2 influenza a virus among dogs in guangxi, China. Infect. Genet. Evol. 20, 471–475. doi: 10.1016/j.meegid.2013.10.012

Sun, Y., Xu, Q., Shen, Y., Liu, L., Wei, K., Sun, H., et al. (2014). Naturally occurring mutations in the PA gene are key contributors to increased virulence of pandemic H1N1/09 influenza virus in mice. J. Virol. 88, 4600–4604. doi: 10.1128/JVI.03158-13

Tao, P., Ning, Z., Hao, X., Lin, X., Zheng, Q., and Li, S. (2019). Comparative analysis of whole-transcriptome RNA expression in MDCK cells infected with the H3N2 and H5N1 canine influenza viruses. Front. Cell. Infect. Microbiol. 9:76. doi: 10.3389/fcimb.2019.00076

Teng, Q., Zhang, X., Xu, D., Zhou, J., Dai, X., Chen, Z., et al. (2013). Characterization of an H3N2 canine influenza virus isolated from tibetan mastiffs in China. Vet. Microbiol. 162, 345–352. doi: 10.1016/j.vetmic.2012.10.006

Voorhees, I. E. H., Dalziel, B. D., Glaser, A., Dubovi, E. J., Murcia, P. R., Newbury, S., et al. (2018). Multiple incursions and recurrent epidemic fade-out of H3N2 canine influenza a virus in the United States. J. Virol. 92:e00323-18. doi: 10.1128/JVI.00323-18

Wang, W. J., Lu, B., Zhou, H. L., Suguitan, A. L., Cheng, X., Subbarao, K., et al. (2010). Glycosylation at 158N of the hemagglutinin protein and receptor binding specificity synergistically affect the antigenicity and immunogenicity of a live attenuated H5N1 A/Vietnam/1203/2004 vaccine virus in ferrets. J. Virol. 84, 6570–6577. doi: 10.1128/Jvi.00221-10

Washington, N., Steele, R. J., Jackson, S. J., Bush, D., Mason, J., Gill, D. A., et al. (2000). Determination of baseline human nasal pH and the effect of intranasally administered buffers. Int. J. Pharm. 198, 139–146.

Watanabe, Y., Ibrahim, M. S., Ellakany, H. F., Kawashita, N., Mizuike, R., Hiramatsu, H., et al. (2011). Acquisition of human-type receptor binding specificity by New H5N1 influenza virus sublineages during their emergence in birds in egypt. PLoS Pathog. 7:e1002068. doi: 10.1371/journal.ppat.1002068

Webby, R., Hoffmann, E., and Webster, R. (2004). Molecular constraints to interspecies transmission of viral pathogens. Nat. Med. 10, S77–S81. doi: 10.1038/nm1151

Webster, R. G. (1998). Influenza: an emerging disease. Emerg. Infect. Dis. 4, 436–441. doi: 10.3201/eid0403.980325

Webster, R. G., Bean, W. J., Gorman, O. T., Chambers, T. M., and Kawaoka, Y. (1992). Evolution and ecology of influenza a viruses. Microbiol. Rev. 56, 152–179.

Xu, W., Weese, J. S., Ojkic, D., Lung, O., Handel, K., and Berhane, Y. (2020). Phylogenetic inference of H3N2 canine influenza a outbreak in Ontario, Canada in 2018. Sci. Rep. 10:6309. doi: 10.1038/s41598-020-63278-z

Yamayoshi, S., Yamada, S., Fukuyama, S., Murakami, S., Zhao, D., Uraki, R., et al. (2014). Virulence-affecting amino acid changes in the PA protein of H7N9 influenza a viruses. J. Virol. 88, 3127–3134. doi: 10.1128/JVI.03155-13

Yang, G. H., Li, S. J., Blackmon, S., Ye, J. Q., Bradley, K. C., Cooley, J., et al. (2013). Mutation tryptophan to leucine at position 222 of haemagglutinin could facilitate H3N2 influenza a virus infection in dogs. J. Gen. Virol. 94(Pt 12), 2599–2608. doi: 10.1099/vir.0.054692-0

Yang, X., Liu, C., Liu, F., Liu, D., Chen, Y., Zhang, H., et al. (2014). Identification and genetic characterization of avian-origin H3N2 canine influenza viruses isolated from the Liaoning province of China in 2012. Virus Genes 49, 342–347. doi: 10.1007/s11262-014-1092-6

Yoon, S. W., Webby, R. J., and Webster, R. G. (2014). Evolution and ecology of influenza a viruses. Curr. Top. Microbiol. Immunol. 385, 359–375. doi: 10.1007/82_2014_396

Zaraket, H., Bridges, O. A., Duan, S., Baranovich, T., Yoon, S. W., Reed, M. L., et al. (2013). Increased acid stability of the hemagglutinin protein enhances H5N1 influenza virus growth in the upper respiratory tract but is insufficient for transmission in ferrets. J. Virol. 87, 9911–9922. doi: 10.1128/Jvi.01175-13

Zhan, G. J., Ling, Z. S., Zhu, Y. L., Jiang, S. J., and Xie, Z. J. (2012). Genetic characterization of a novel influenza a virus H5N2 isolated from a dog in China. Vet. Microbiol. 155, 409–416. doi: 10.1016/j.vetmic.2011.08.017


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Wu, Su, Gu, Yu, Li, Sun, Pan, Cui, Zhu, Yang, Liu, Xu, Li, Liu, Qu, Wu, Liao and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-628979-g001.jpg
A/duck/GuangXi/N42/2009
— 9% A/goose/Guangxi/139G20/2013
99

Alcanine/Guangdong/3/2018

Al/canine/China/Shanghai-0103-2021/2019
M A/canine/Guangdong/DY1/2019
A/canine/Ohio/A82/2017
A/canine/California/84315/2017
93 |- A/canine/Nanjing/20170328-7/2017
A/canine/California/BRW003/2018
- A/canine/Beijing/20170712-18/2017
' A/canine/South Korea/20170110-1F1/2016
Alcanine/Texas/2100186/2015

O
N

Alcanine/Georgia/95391/2015
Alcanine/Indiana/1177-17-1/2017

7 L A/canine/lllinois/M17-05782-1-1/2017

—— A/canine/Korea/S3001/2015

Alcanine/Jiangsu/01/2009

{— Al/canine/Guangdong/04/2011 Canine

- A/canine/Zhejiang/1/2010

— A/canine/Guangdong/02/2013

sllr Alcanine/Nanjing/11/2012

- A/canine/Liaoning/27/2012
A/canine/Thailand/CU-DC5299/2012

L Al/canine/Guangdong/12/2012

o0 — A/canine/China/JLM1/2015

Alcanine/Beijing/20140110-2/2014
Alcanine/California/043670/2017
ba | 1 A/canine/Guangxi/LZ45/2015

98 L A/canine/Beijing/20150120-265/2015
 A/canine/Korea/AS-01/2009
99

L A/canine/Korea/\VVC123578/2012

— A/canine/Guangdong/1/2007
— — A/canine/Guangdong/1/2006

A/duck/Jiangshu/YZ916/2016
A/duck/Hunan/139/2014
a 93 Al/duck/Jiangsu/J1436/2014
A/duck/Anhui/A1832/2014

79

A/duck/Anhui/A1786/2014

A/Mandarin duck/China/segment4-HA/2015

Alchicken/Guangxi/135C10/2013
_I:A/finch/China/R1 72/022002

Al/chicken/Guangdong/01/2013

100

A/duck/Zhejiang/6D4/2013
A/duck/Hunan/121/2014

Al/chicken/Guangxi/165C7/2014
A/duck/Shanghai/C84/2009
A/duck/Zhej

9/4625/2013
99 A/duck/Guangdong/W12/2011
97 | A/lcanine/Guangxi/L2/2013

Canine
Al/canine/Guangxi/L1/2013
9 |L A/swine/Guangdong/L22/2010

N /.
I

\/OVYV

Swine

rm

111G/ J

9/165/06 2006

9g | A/\Wuhan/11193/2019
e A/Homo sapien/China/LS339/2019

A/Homo sapien/China/LS340/2019
A/China/SMU375/2018
100

|_ A/Wuhan/1978/2018

A/Homo sapien/China/LS203/2018
94

A/swine/China/JG13/2019
A/swine/Guangxi/2803/2011

Swine/Human

A/swine/Guangxi/650/2012

4

A/swine/Guangxi/JG1/2014

A/swine/China/JG20/2019

Avian





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Molecular Characteristics, Antigenicity, Pathogenicity, and Zoonotic Potential of a H3N2 Canine Influenza Virus Currently Circulating in South China



		INTRODUCTION



		MATERIALS AND METHODS



		Cells and Viruses



		Molecular and Genetic Analysis



		Receptor-Binding Assay



		HA Acid Stability



		Antigenic Analysis of CADY1/2019



		Replication of Viruses in Mammalian Cells



		Pathogenicity in Guinea Pigs



		Statistical Analysis



		Ethics Statements







		RESULTS



		CADY1/2019 Was an Avian-Origin Virus and Formed a Novel Subclade Together With Current CIVs



		CADY1/2019 Acquired Adaptation Mutations to Infect Mammals



		CADY1/2019 Bound to Both Avian-Type and Human-Type Receptors



		CADY1/2019 Shared Similar Activation pH of HA Protein With 47/2020



		Antigenicity of CADY1/2019 Was Different From Current Human H3N2 IAVs



		CADY1/2019 Effectively Replicated in Mammalian Cells



		CADY1/2019 Transmitted Among Guinea Pigs Through Direct Contact







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-12-628979-g002.jpg
100

80

76
9%

87 L Alcanine/Beijing/20140110-2/2014

87

88

3‘7

6

Yo
| ©

1— Alcanine/Guangxi/LZ45/2015

A/canine/California/043670/2017

Alcanine/China/JLM1/2015
| Alcanine/Nanjing/11/2012

" {A/canine/ThaiIand/CU-DC5299/2012
[A/canine/Liaoning/27/2012

- Alcanine/Zhejiang/1/2010
K\/canine/Jiangsu/O1/2009

| g7 Alcanine/Texas/2100186/2015
100

- Alcanine/Korea/\VVC123578/2012

- Alcanine/Guangdong/1/2007

— A/canine/Guangdong/1/2006

— Alcanine/Beijing/20150120-265/2015

Alcanine/Guangdong/12/2012

Alcanine/Guangdong/04/2011

Alcanine/Beijing/20170712-18/2017

— Alcanine/Korea/S3001/2015

- A/canine/South Korea/20170110-1F1/2016

gl A/canine/Georgia/95391/2015

8100 A/canine/lllinois/M17-05782-1-1/2017
97 — M Alcanine/Guangdong/DY1/2019
{_A/canine/Guangdong/S/Zm8
ol Alcanine/California/BRW003/2018
- Alcanine/California/84315/2017
- Alcanine/Ohio/A82/2017
- Alcanine/Nanjing/20170328-7/2017

_‘A/caninellndianam 177-17-1/2017

O

Algoose/Guangxi/139G20/2013

Alchicken/Guangdong/01/2013

Alduck/Zhejiang/4625/2013
A/duck/Anhui/A1786/2014

Alduck/Jiangsu/J1436/2014

I— A/duck/Anhui/A1832/2014

97

A/duck/Jiangshu/YZ916/2016
—— A/duck/Hunan/139/2014

91|——NdchZhejiang/6D4/2013
Al/duck/Hunan/121/2014

S Alduck/Shanghai/C84/2009

A/duck/Guangdong/W12/2011

78 A/Mandarin duck/China/segment6-NA/2015
98 A/chicken/Guangxi/135C10/2013

95 1 A/canine/Guangxi/L2/2013

. Alcanine/Guangxi/L1/2013

A/swine/Guangdong/L22/2010

Alswine/Guangdong/165/06
95 - A/\Wuhan/11193/2019

A/Homo sapien/China/LS339/2019

Swine

100

A/Homo sapien/China/LS340/2019
A/China/SMU375/2018
A/Wuhan/1978/2018

A/Homo sapien/China/LS203/2018
A/swine/China/dG13/2019
A/swine/Guangxi/2803/2011
A/swine/China/JG20/2019
Alswine/Guangxi/JG1/2014
A/swine/Guangxi/650/2012
A/swine/Guangdong/2863/2012

Canine

Alchicken/Guangxi/165C7/2014

Swine/Human

Avian





OPS/images/fmicb-12-628979-g003.jpg
Absorbance (450 nm)

Absorbance (450 nm)

3.0

2.5

2.0

1.5-

1.0+

0.5

0.0

CADY1/2019

P

3.0

2.51

2.0

1.54

1.0-

0.5-

0.0

0.78 1.56 3.13 6.25 125 25 50 100
Siaylglycopolymer (ng/100ulL.)

47/2020

0.78 1.56 3.13 6.25 125 25 S50 100

Siaylglycopolymer (ng/100ulL)

-- (0-2,3
-2 (0-2,6

-- 0-2,3
- 0-2,6





OPS/images/fmicb-12-628979-g004.jpg
>

Virus titer (IgTCIDsy/mL)

MDCK o~ CADY1/2019 B HBE o~ CADY1/2019

(@

Virus titer (IgTCID5,/mL)

m

Virus titer (IgTCID5,/mL)

Virus titer (IgTCID5y/mL)
5

ox = 47/2020 ~ 101 - 47/2020
sk -
=
F
Kk =
&) -
O 6
S K e sk N
** E * *:/i_H\i/
= 27 ./I—I/.\H
=
< 0
12 24 36 48 60 72 12 24 36 48 60 72
Hours post-infection Hours post-infection
A549 o CADY1/2019 D 3D4/21 -~ CADY1/2019
- 47/2020 ~ 101 - 47/2020
-
£ & .
a
sk sk ek 5 6-
sk « E” *
ok T 4-
-
g 2
=
N > N
12 24 36 48 60 72 12 24 36 48 60 72
Hours post-infection Hours post-infection
ST - CADY1/2019 F PK-15 -~ CADY1/2019
- 47/2020 10- - 47/2020

I 1 I 1 I I 0 1 1 1 I I I

12 24 36 48 60 72 12 24 36 48 60 72

Hours post-infection Hours post-infection





OPS/images/fmicb-12-628979-g005.jpg
Virus titer (IgTCID5y/g/mL)

3.0-

2.51

2.0

1.5+

1.0+

0.5-

CADY1/2019

Bl GP-1
Bl GP-2

0.0

Turbinate

Trachea

Lung





OPS/images/fmicb-12-628979-g006.jpg
Nasal wash titer (IgTCID5y/mL) »

W

Nasal wash titer (IgTCID5y/mL)

@)

Nasal wash titer (IgTCID5y,/mL)

CADY1/2019 (Treatment)

Bl GP-I
4 Bl GP-2

B GP-3
3-
2-
1-
0' I 1 |
2 4 6 8 10

Days post-inoculation

CADY1/2019 (Contact)
5_

Bl GP-1
4+ Bl GP-2
3 B GP-3
2-

1_
0 1 1 1 1 1
1 3 5 7 9
Days post-exposure
47/2020 (Treatment)
5-

Bl GP-1
4+ Bl GP-2

B GP-3
3-

2-

1-

0- 1 1 I I
2 4 6 8 10

Days post-inoculation





OPS/images/cover.jpg
’ frontiers
in Microbiology

Molecular Characteristics,
Antigenicity, Pathogenicity,
and Zoonotic Potential of a
H3N2 Canine Influenza Virus

Currently Circulating in South
China









OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-628979-t002.jpg
Strains 145 155 156 158 159 189 193

CADY1/2019 N T K G N Q S
A/canine/Guangdong/3/20182 N T K G N Q S
A/Hong Kong/4801/2014b s T H N Y K F
A/Singapore/INFIMH-16-0019/2016° S T H N Y K F
A/Kansas/14/2017° S T H N S K S
A/Hong Kong/2671/2019° S T H N Y K 8
A/Hong Kong/45/2019P S T H N Y K S
A/Guangdong/SKLRDO01/2017¢ S T H N Y K F
A/Guangdong/YueFang277/2017¢ S T H N Y N S
A/Hong_Kong/2671/2019°¢ S T H N Y K 8
1194/2019¢ 8 T H N Y K F
47/2020¢ S T H N Y K 5

aH3N2 CIV of which the HA gene shared highest degree with that of CADY1/2019
at nucleotide level.

bVaccine candidate viruses recommended by WHO for using during 2017-2021
northern hemisphere influenza season.

CHuman H3N2 strains recently isolated from southern China.





OPS/images/fmicb-12-628979-t003.jpg
Virus

Guinea pig sera

CADY1/2019 47/2020 1194/2019
HI# MNP HI MN HI MN
CADY1/2019 1,613 113 <10 <10 <10 <10
1194/2019 <10 <10 50 14 1,028 135
47/2020 <10 <10 5,120 95 202 <10

aHl, hemagglutination inhibition.

VN, microneutralization; HI and MN titers were expressed at geometric mean titer.





OPS/images/fmicb-12-628979-t001.jpg
Gene

HA (H3 numbering)

PB2

PB1

PB1-F2

NS1

AA substitution

V214l
S159N
w2221

K389R

L89V + G309D

D3V

D622G
N66S

pP224S
N409S

P42S

1106M

L103F + 1106M
N30D

T215A

Function

Enhanced binding affinity of HSN1 AV for a-2,6 SA
Enhanced binding affinity of HSN1 AV for a-2,6 SA

Increased infectivity and replication efficiency of H3N2 CIV in
mammalian cells

Enhanced polymerase activity and virus growth capacity of H7N9
IAV in human and mammalian cells

Enhanced polymerase activity of HSN1 IAV in mammalian cell and
increased virulence of H5N1 IAV in mice

Enhanced polymerase activity and viral replication of HSN1 IAV in
avian and mammalian cells

Enhanced polymerase activity and virulence of HSN1 IAV in mice
Enhanced replication, virulence and antiviral response of HGN1 IAV
in mice

Increased the virulence of pdmH1N1 in mice

Enhanced polymerase activity and replication of H7N9 IAV in A549
cells

Increased virulence and decreased antiviral response of HSN1 1AV
in mice

Enhance the replication and pathogenicity of H7N9 IAV in mice
Increased replication and virulence of H5N1 IAV in mice

Enhance virulence of H5N1 IAV in mice

Enhance virulence of H5N1 IAV in mice

Amino acid(s)

References

Watanabe et al., 2011
Wang et al., 2010
Yang et al., 2013

Hu et al., 2017

Li etal., 2009

Elgendy et al., 2017

Fengetal., 2016

Conenello et al., 2007;
Schmolke et al., 2011

Sun et al., 2014
Yamayoshi et al., 2014

Jiao et al., 2008

Ayllon et al., 2014
Spesock et al., 2011
Fan et al., 2009

Fan et al., 2009






