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A B S T R A C T   

Animal influenza viruses can spread across species and pose a fatal threat to human health due to the high 
pathogenicity and mortality. Animal models are crucial for studying cross-species infection and the pathogenesis 
of influenza viruses. Tupaia belangeri (tree shrew) has been emerging as an animal model for multiple human 
virus infections recently because of the close genetic relationship and phylogeny with humans. So far, tree shrew 
has been reported to be susceptible to human influenza virus subtype H1N1, avian influenza viruses subtype 
H9N2, subtype H5N1, and subtype H7N9. However, the pathogenicity, infection, and immunity of swine and 
land avian influenza viruses with low pathogenicity and the potential to jump to humans remain largely un-
explored in the tree shrew model. Previously, our team has successfully isolated the newly emerging swine 
influenza virus subtype H3N2 (A/Swine/GX/NS2783/2010, SW2783) and avian influenza virus subtype H6N6 
(A/CK/ZZ/346/2014, ZZ346). In this study, we observed the pathogenicity, immune characteristics, and cross- 
species infection potential ability of SW2783 and ZZ346 strains in tree shrew model with 50% tissue culture 
infective dose (TCID50), hematoxylin and eosin (HE) staining, immunohistochemistry (IHC), real-time quanti-
tative PCR (qRT-PCR) and other experimental methods. Both animal-borne influenza viruses had a strong ability 
on tissue infection in the turbinate and the trachea of tree shrews in vitro, in which SW2783 showed stronger 
replication ability than in ZZ346. SW2783 and ZZ346 both showed pathogenic ability with infected tree shrews 
model in vivo without prior adaptive culture, which mainly happened in the upper respiratory tract. However, the 
infection ability was weak, the clinical symptoms were mild, and the histopathological changes in the respiratory 
tract were relatively light. Furthermore, innate immune responses and adaptive immunity were observed in the 
tree shrew model after the infection of SW2783 and ZZ346 strains. We observed that the unadapted SW2783 and 
ZZ346 virus could transmit among tree shrews by direct contact. We also observed that SW2783 virus could 
transmit from tree shrews to guinea pigs. These results indicated that both animal-borne influenza viruses could 
induce similar pathogenicity and immune response to those caused by human-common influenza viruses. Tree 
shrews may be an excellent animal model for studying the interaction between the influenza virus and the host 
and the cross-species infection mechanism of the animal influenza virus.   

Abbreviations: SW2783, A/Swine/GX/NS2783/2010 (H3N2); ZZ346, A/CK/ZZ/346/2014 (H6N6); TCID50, 50% tissue culture infective dose; IAV, influenza A 
virus; AIV, avian influenza virus; HPAIV, highly pathogenic avian influenza virus; LPAIV, low pathogenic avian influenza virus; pdm/09, 2009 new H1N1 pandemic 
influenza; MDCK, Madin-Darby canine kidney; dpi, days post-infection; NP, nucleoprotein; HI, hemagglutination inhibition; SA, sialic acid. 
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1. Introduction 

Influenza A viruses (IAVs) have a wide range of hosts, frequent 
variation, multiple subtypes, and rapid spread. On one hand, the 
recombination between human and animal stains may lead to the 
emergence of seasonal outbreaks and even a pandemic since the general 
lack of immunity to the recombination strain in the population. On the 
other hand, IAVs are circularly transmitted among animal hosts, and 
some of the viruses can cross the species barrier and jump to humans, 
and result in zoonosis, which might trigger high mortality and morbidity 
pandemic risks. Therefore, IAVs pose a persistent threat to human health 
(Short et al., 2015; Richman et al., 2017; Zheng et al., 2019). Although 
the pathogenic mechanism and characteristics of IAVs, and the under-
lying mechanism of cross-species transmission, have been well studied, 
it is not fully understood. The gap between pathogenic and transmission 
has a profound impact on the precise implementation of influenza pre-
vention and control strategies. With the characteristics of gene subtypes 
diversity and strong adaptability, IAVs can cross the species barrier and 
cause cross-species infections. In addition, avian influenza viruses 
(AIVs) with low pathogenic (LPAIV) can turn into highly pathogenic 
avian influenza virus (HPAIV) strains through gene mutation or 
recombination events, thus gaining the functions of effective trans-
mission among humans. Based on the above reasons, it is tough to 
predict the next infectious phenotype of the influenza virus that will 
spread among human populations. Furthermore, the influenza pandemic 
depends on both the viral ecosystem and the virological factors (Monne 
et al., 2014; Long et al., 2019), so it is necessary to stay high alert for 
those strains with a high pandemic potential (Petrova and Russell, 2018; 
Zhao et al., 2019; Zhu et al., 2019). The research results from the global 
IVA community emphasized that coordinated global surveillance of 
zoonotic influenza viruses in animals and humans is needed. The further 
research should focus on epidemiological investigations, virology, 
pathogenesis, mechanism of cross-species transmission, and new pre-
vention and treatment strategies to provide a scientific basis for risk 
assessment and early warning of a potential influenza pandemic (Wang 
et al., 2021), research efforts can also provide an important tool to 
respond to the challenges of the continuous evolution of IAVs and the 
changes of ecological environment. 

Animal models have unique advances for studying the infection and 
transmission processes, the pathogenesis of diseases, and host immune 
response. They are also crucial for evaluating the efficacy and safety of 
new drugs and vaccines. Several animal models of the influenza virus 
have been established, such as mice, guinea pigs, pigs, ferrets, non- 
human primates, and each has its advantages and disadvantages (Mar-
gine and Krammer, 2014). For example, mice, the most widely used 
animal model in IAVs studies currently, can usually be infected by IAVs 
with adaptive cultivation, and no human-influenza-like symptoms, such 
as fever, cough, and runny nose were observed after infection (Mat-
suoka et al., 2009). Ferrets and non-human primates are ideal animal 
models for IVAs research (Bouvier, 2015). However, it is hard to 
investigate the molecular mechanism in ferrets during IAVs infection 
with lack of well-annotated genomic sequence information to charac-
terise immune responses; and the high maintenance cost has limited its 
application (Wong, 2019). As for non-human primates, clinical symp-
toms caused by IAVs infection and receptors distribution in the respi-
ratory tract are different from those of humans. The high maintenance 
cost, strict feeding requirements, and ethical problems make non-human 
primates the most ideal but difficult model for influenza research 
(Margine and Krammer, 2014). 

The tree shrew (Tupaia belangeri) belongs to the Scandentia. It has 
genetically closer to humans than rodents (Kumar and Hedges, 1998; 
Roberts et al., 2011; Xiao et al., 2017). Being a cousin of primates, tree 
shrews are emerging as potential animal models of various human dis-
eases with several unique characteristics, including highly identical 
neurodevelopment, immune, biochemistry, and metabolism; in addi-
tion, the small body size (about 100~150 g), fast growth and 

reproduction circle (about six weeks), and low feeding cost make it an 
ideal animal mode (Fan et al., 2013; Xiao et al., 2017; Yao, 2017; 
Kayesh et al., 2021). Study results showed that the distribution of IAV 
sialic acid receptors of respiratory in tree shrews is analogous to that of 
humans and ferrets (Yang et al., 2013). Tree shrews would present 
various pathological changes and clinical symptoms after being infected 
with pathogens such as human H1N1, avian influenza viruses H9N2, 
H5N1, and H7N9 (Yang et al., 2013; Li et al., 2018; Sanada et al., 2019; 
Xu et al., 2019); the release of pro-inflammatory cytokines and specific 
antibody was observed (Li et al., 2018; Sanada et al., 2019; Xu et al., 
2019). These studies suggest that tree shrews may be one of the helpful 
mammalian models for influenza virus research. 

To date, limited studies have shown up on the pathogenicity, infec-
tion, and immune characteristics of low-pathogenic swine and land bird 
influenza viruses that potentially to infect humans with the tree shrew 
model. To evaluate the availability of tree shrews as animal models for 
influenza viruses, in the current study, we selected two animal-born IAV 
virus strains that were proven to be potentially infective to humans by 
our team previously: the newly emerged H3N2 subtype and chicken 
H6N6 subtype avian influenza viruses. The genome of the H3N2 subtype 
of swine influenza virus integrates the gene fragment of the 2009 new 
H1N1 pandemic influenza (pdm/09), and the chicken H6N6 subtype 
avian influenza virus are mainly prevalent in domestic poultry. Tree 
shrews were used as experimental animal models to observe the ability 
of infection, pathogenicity, immunological characteristics, and potential 
cross-species transmission of the two zoonotic influenza viruses. 

2. Materials and methods 

2.1. Ethics and biosafety statements 

Animal experiments were approved and conducted following the 
protection and testing rules of the experimental animal’s ethical com-
mittee of Guangxi Medical University. The operation of virus infection 
and infectious materials involved in this project was carried out in the 
biosafety level 2 (BSL2) laboratory of Guangxi Medical University 
(registration number: Nanwei Laboratory [2019]00003). The experi-
mental operations of virology in this study referred to the standard 
operating procedures of the National Influenza Center and were opti-
mized according to the actual conditions. 

2.2. Animals 

Healthy adult tree shrews of the Western Yunnan subspecies (fe-
male/male, 100~140g of body weight) were purchased from the 
Experimental Animal Center of Kunming Medical University. Six-week- 
old Hartley strain guinea pigs (female, 250~300 g) were purchased from 
Vital River Co. Ltd., Guangdong, China. All animals were housed in 
ventilated cages and were allowed free access to food and water. They 
were confirmed both sero-negative to A/Swine/GX/NS2783/2010 
(H3N2) and A/CK/ZZ/346/2014 (H6N6) influenza viruses by hemag-
glutination inhibition (HI) assay and culture negative of isolated influ-
enza virus before used in the experiment. 

2.3. Viruses and cells 

A/Swine/GX/NS2783/2010 (H3N2) (abbreviation: SW2783) is a 
new H3N2 subtype swine influenza virus isolated by our research group 
in 2010, whose genome integrates the gene fragment of the 2009 new 
influenza H1N1 pandemic virus (pdm/09) and has the ability of cross- 
species infection. A/CK/ZZ/346/2014 (H6N6) (abbreviation: ZZ346) 
is a subtype AIV of chicken-origin H6N6 isolated from Zhangzhou, 
Fujian province. A/DK/ST/3208/2012 (H9N2) (abbreviation: ST3208) 
is a subtype AIV of duck-origin H9N2 isolated from Shantou, Guangdong 
province. A/California/07/2009 (H1N1) (abbreviation: CA09) is the 
vaccine strain of the 2009 new H1N1 pandemic virus. The above virus 
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strains were expanded using 9~11 days old embryonated chicken eggs 
with specified pathogens free (SPF) and stored in the -70℃ for subse-
quent experiments. Madin-Darby canine kidney (MDCK) cells donated 
by Prof. Guan Yi from the University of Hong Kong were cultured with 
MEM medium containing 10% FBS and 1% mixture of penicillin, 
streptomycin in 37℃, 5% CO2 condition. 

2.4. In vitro studies 

Healthy adult Western Yunnan tree shrews were anesthetized and 
dissected. The respiratory tract, nasal turbinate, trachea, and lung tis-
sues were taken for culture in vitro (Zhang et al., 2010). In short, the 
tissues were infected with 106 TCID50/ mL influenza viruses SW2783, 
ZZ346, ST3208, and 105 TCID50/ mL CA09, respectively. Meanwhile, 
PBS treatment as the control group and tissues were incubated in 37℃, 
5% CO2 incubator for one hour, then discarded the supernatant, and the 
tissue was repeatedly rinsed with sterile PBS. Afterward, the virus 
growth solution (serum-free F-12K medium containing 0.2% TPCK 
trypsin and 1% penicillin-streptomycin) was added and cultured in 
37℃, 5% CO2 incubator. At 12 h, 24 h, 36 h, 48 h, and 72 h after 
infection, the culture medium was collected for TCID50 assay. The tissue 
was ground in cold virus preservation solution, and after centrifuged, 
the supernatant was collected for TCID50 assay. Another piece of tissue 
was fixed in 4% paraformaldehyde, and observed for histopathological 
changes by HE staining and IHC. 

2.5. In vivo study 

Healthy adult Western Yunnan tree shrews were anesthetized with 
3% sodium pentobarbital through intraperitoneal injection. 105 TCID50/ 
mL SW2783, ZZ346, and PBS were infected through a nasal drip (200 
μL), conjunctiva drip (20 μL), and pharyngeal tonsil drip (30 μL). The 
status of tree shrews was recorded regularly after infection (~14th day), 
including mental status, activity, food intake, infection-related symp-
toms, body temperature, and weight. On the 1st, 3rd, 5th, and 7th day 
after infection (1, 3, 5, and 7-day post-infection (dpi)), swab samples 
from nasal cavities, pharyngeal cavities, and conjunctival eyes were 
collected and inoculated with MDCK cells, consequent upon measuring 
virus titer by TCID50 assay. On the 3rd, 5th, and 7th day after infection 
(3, 5, 7 dpi), four tree shrews were randomly selected from each infec-
tion group. After euthanasia, sera were collected for HI assay. At the 
same time, the appearance of tissues such as turbinate, trachea, lung, 
thymus, spleen, and kidney were recorded and weighed. Organ coeffi-
cient (%) was calculated (organ weight (g))/body weight (g)×100). The 
trachea and lung tissues of tree shrews were divided into three parts. 
One tissue block was ground in cold virus preservation solution, and the 
virus titer of the supernatant was assessed by TCID50 assay. Another 
tissue block was fixed with 4% paraformaldehyde for histopathological 
and immunohistochemical examination. The last tissue block was used 
to determine immune molecules by real-time quantitative PCR. 

2.6. Histopathological and immunohistochemical staining 

The tissues were fixed with 4% paraformaldehyde, embedded in 
paraffin, and selected with a thickness of 4 μm. The pathological changes 
and nucleoprotein (NP) expression in infected tissues were observed by 
HE and IHC staining, respectively (Zhang et al., 2010; Zhu et al., 2018). 
In brief, after dewaxing and hydration, the tissue sections were repaired 
antigen, obstructed by endogenous peroxidase inhibitor for 10 min, then 
blocked by non-specific serum of normal goat for 10 min, followed by 
mouse anti-influenza virus nucleoprotein (NP) monoclonal antibody 
(primary antibody), and incubated overnight at 4℃. On the next day, we 
added biotinylated goat anti-mouse IgG (secondary antibody) and 
streptavidin-peroxidase to the section, coloration with DAB, and restain 
with hematoxylin. Results were observed and recorded under the 
microscope. 

2.7. Total RNA extraction and real-time quantitative PCR 

Total RNA was extracted by the TRIzol method, and cDNA was 
synthesized by reverse transcription (RT-PCR) with PrimeScriptTM RT 
Reagent Kit with gDNA Eraser (Takara, Japan). TB Green Premix Ex 
TaqTM II (Tli RNasH Plus) (Takara, Japan) was used for fluorescence 
real-time quantitative PCR (qRT-PCR) detection according to in-
structions, and mRNA relative expression of innate immune molecules 
were calculated by 2− △△C (Livak and Schmittgen, 2001). NCBI primer 
Blast was used to design qRT-PCR primers online. Primer information is 
shown in Supplementary table 1. 

2.8. Influenza virus specific antibody measurement 

We measured specific antibodies against the influenza virus in serum 
by modified HI assay . In short, serum samples were inactivated at 56℃ 
for 30 min and diluted with PBS in a U-shaped bottom microtitration 
plate, followed by the addition of 4 agglutinating units of viral antigen, 
incubation at room temperature for 1 h. Subsequently, added an equal 
volume of 0.6% Turkey red blood cell suspension, and determined 
antibody titer after 30 min of incubation at room temperature. The 
maximum dilution of the serum that completely inhibited erythrocyte 
agglutination was defined as HI titer (the detection limit was 1). 

2.9. Intra- or inter-species transmission study 

For the intra-species transmission study, three tree shrews or guinea 
pigs (a well-difined transmission model for influenza virus as a control) 
were inoculated through a nasal drip (200 μL) and conjunctiva drip (20 
μL) with 105 TCID50 of the test virus. After 24 h post-infection, three 
guinea pigs or tree shrews were cohoused in the same cage with the 
inoculated animals. For the inter-species transmission study, three tree 
shrews or guinea pigs were inoculated through a nasal drip (200 μL) and 
a conjunctiva drip (20 μL) with 105 TCID50 of test virus, and three ani-
mals of the other species (guinea pigs or tree shrews) were cohoused in 
the same cage at 24 h post-infection. Body weights of the experimental 
animals were recorded regularly after infection (~21th day). Swab 
samples from nasal cavities and conjunctival eyes were collected from 
all animals at 2-day intervals, starting on day two post-infection or one 
day post-exposure, and first kept at − 80◦C, consequent upon measuring 
virus titer by TCID50 assay. After euthanasia, sera were collected from 
each animal on day two before infection and day 21th post-infection for 
HI assay. 

2.10. Statistical analysis 

The data were processed and analyzed by GraphPad Prism 8.0 soft-
ware. The Student’s unpaired t test or Mann-Whitney U test was used to 
compare the difference of virus titer and mRNA expression between 
groups. P values <0.05 was considered significant. 

3. Results 

3.1. Effectively replication in respiratory tissues in vitro of tree shrew 
model 

Newly emerged H3N2 subtype swine influenza virus SW2783, H6N6 
subtype chicken influenza virus ZZ346, H9N2 subtype duck influenza 
virus ST3208, and H1N1 subtype human influenza virus CA09) were 
selected to infect nasal turbinate, trachea, and lung of tree shrews in vivo. 
Results showed that all four influenza viruses could infect and replicate 
in the respiratory tract of the tree shrew model without adaptive culti-
vation. Although the difference in infection ability in various tissues and 
at timepoints was not significant among different experimental groups, 
the trends of virus titers were not the same. Among the tissue culture 
supernatant, SW2783 had the highest titer, followed by ZZ346, while 
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ST3208 and CA09 were relatively lower, indicating SW2783 had strong 
replication ability in the respiratory tract of tree shrews. In the lung 
tissue abrasive solution, the replication trend of SW2783 and ST3208 
strains was similar to the trend in the tissue culture supernatant, 
showing an increasing trend in the late stage of culture. However, ZZ346 
and CA09 showed a decreasing trend in the late stage of culture 
(Fig. 1A). 

In addition, respiratory tract tissue samples inoculated with the virus 
were prepared for IHC to detect the expression of NP protein in influenza 
viruses. IHC staining showed that distinctive NP proteins were expressed 
in four influenza viruses in the respiratory turbinate, trachea, and lung 
tissues (Fig. 1B, Supplementary Fig. 1, and Supplementary Fig. 2). The 
NP protein tested positive in the turbinate, trachea, and lung tissues of 
tree shrews, and was still detectable at 24h, 48h, 36h, and 72h post- 
infection. In the respiratory tract tissues of infected tree shrew models, 
NP protein was highest expressed in turbinate tissues, followed by tra-
chea tissues, and relatively less expressed in lung tissues. 

The total number of NP protein-expressed cells from tree shrew 
respiratory tract tissue infected with SW2783 was significantly higher 
than with ZZ346. Moreover, at the early stage of SW2783 infection, 
more NP protein-positive cells detected in the nasal turbinate tissue and 
trachea tissue. Our results indicated that both SW2783 and ZZ346 
influenza viruses could effectively replicate in the respiratory tract of 
tree shrews but replicated mainly in the upper respiratory tract. SW2783 
has a stronger ability for cross-species transmission compared with 
ZZ346. Upon CA09 infection, NP protein-expressed various in the tra-
chea and lung tissues of tree shrews. Interestingly, the NP protein in 
turbinate tissues mainly presented at 12h and 24h after infection, and in 
trachea tissues, it was still detectable at 12 h and 48h after infection, 
while in lung tissues, few NP protein positive cells were observed at each 
time points after 24 h of infection. It demonstrated that the replication 
ability of the CA09 virus strain in the tissues of the respiratory tract was 
relatively weak. Furthermore, only a limited amount of NP protein was 
detected after the ST3208 infection. Some NP protein-expressed cells 
were detected merely at 48 h post-infection in turbinate, at 36 h in 
trachea tissue, and 48 h and 72 h in lung tissue, illustrating that ST3208 
was barely to infect the respiratory tract tissue of tree shrews. 

These results in vitro showed that all four influenza viruses could 
infect the respiratory tract tissues of tree shrews, but the infection ability 
was different. The new emerging swine-derived SW2783 and chicken- 
origin ZZ346 virus strain have a good infection capacity. In contrast, 
human pdm/09 vaccine strain CA09 and duck-origin ST3208 virus 
strain showed limited and poor replication ability. Thus, we selected 
SW2783 and ZZ346 virus strains to observe pathogenicity, immune 
characteristics, and cross-species infection potential with tree threw in 
vivo study. 

3.2. New emerging swine SW2783 and avian ZZ346 could infect tree 
shrews in vivo and cause mild clinical symptoms without adaptive 
cultivation 

To further investigate the infection ability of the two influenza 
strains in vivo, we inoculated swine SW2783 and avian ZZ346 (105 

TCID50/ mL) with tree shrews through the nasal cavity, pharynx cavity, 
and conjunctiva, respectively. 

We first observed the general situation and symptoms in virus- 
infected tree shrews: on the 1st day of the infection, decreased appe-
tite, reduced activity, and increased nasopharyngeal secretions were 
observed and lasted eight days. The symptoms described above were 
severe in models infected with the SW2783 group than in the ZZ346 
group, but no severe symptoms or animal death were observed. The 
body temperature and the body weight of tree shrews were affected by 
the infection (Fig. 2B, C). Tree shrews’ body temperature first increased 
gradually after the SW2783 infection and then decreased slowly after 
the 8th day of infection. Especially, body temperature on the 4th and 5th 
days was significantly higher than those in the control group (P<0.05), 

and it was also significantly higher than those in the ZZ346 group on the 
5th day. The body temperature of tree shrews after ZZ346 infection was 
slightly higher than that of the control group, but there was no signifi-
cant difference (As the body temperature curve showed). 

Compared with the control group, despite the weight changes, tree 
shrews showed no significant difference in SW2783 and ZZ346 infected 
groups, the weight of tree shrews decreased slightly on the 2nd day after 
infection, and the ZZ346 infected group showed a light and continuous 
decrease until 10th day after infection. Interestingly, the tree shrews 
gained weight in the later stage of SW2783 infection. After SW2783 and 
ZZ346 virus infection, no animal died before the scheduled sacrifice 
(Fig. 2D). Our results emphasize that both influenza viruses SW2783 and 
ZZ346 can cause disease to tree shrews. Nevertheless, no obvious clin-
ical symptoms were observed in infected tree shrew models. 

Next, we access the replication and release characteristics of SW2783 
and ZZ346 influenza virus strains in tree shrew respiratory tissues 
(Fig. 2E). High titers of the virus in the nasal cavity, pharyngeal cavity, 
and conjunctival eye of tree shrews were detected on 1st-day post- 
infection, and the high titers maintained until 5th day of infection. In 
detail, virus titers in nasal and pharyngeal swabs peaked on the 5th day 
of infection, while those titers in conjunctiva eye swabs peaked on the 
1st day and dropped after the first day of infection; the virus titer 
dropped sharply on day 7 of infection, it was undetectable in some tree 
shrews by then; and the titers cannot detect in all tree shrews since 14th 
day. The results indicated that both viruses could replicate and spread 
well in tree shrews; the replication capacity of SW2783 was stronger 
than that of ZZ346, especially on the first day of infection (P<0.05). 

Then, the replicative infection ability of the two influenza viruses in 
respiratory tissues, such as nasal turbinate, tracheal, and lung tissues of 
the tree shrews were further evaluated (Fig. 3). The virus titer of nasal 
turbinate tissue from SW2783-infected tree shrews were relatively high 
on the 3rd day post-infection, and then peak on the 5th day. The trends 
of the titers were similar to those replicated in nasal swabs. For the 
infection in tracheal tissue, virus titers were detected in two tree shrews 
on the 3rd and 5th day of post-infection. As for lung tissue infection, the 
virus was detected only in one tree shrew on 3rd day. The replication 
ability of ZZ346 in the tree shrew respiratory tract was weaker than that 
of SW2783, presenting the virus replication was only detected in one of 
the models on day three and day five of infection. On the 7th and 14th 
day, virus titers were undetectable in nasal turbinate, tracheal, and lung 
tissues (Fig. 3A). The results emphasized again that both the influenza 
virus trains could infect and replicate in tree shrews without adaptation. 
Although there was no statistical difference in virus titer at each time- 
point, the replication ability of the two strains was distinct in different 
tissues, and the newly emerged swine SW2783 has a much stronger 
replication ability than that of avian ZZ346. 

The infectious ability and characteristics of the two influenza viruses 
were further evaluated by investigating the expression and distribution 
of NP protein in tree shrew respiratory tract tissues using the IHC 
staining method (Fig. 3B and Table 1). NP protein was detected positive 
in the turbinate tissues on the 3rd, 5th, and 7th days after virus infection, 
which was relatively high on the 3rd and the 5th days. The NP protein 
expression in the SW2783 infected turbinate tissues was decreased on 
the 7th day after the infection, while it declined on 5th day in the ZZ346 
infected turbinate tissues. The NP protein expression was detected only 
in one turbinate tissue on the 7th day of post-infection infected with 
ZZ346, no NP protein was detected in the two influenza viruses infected 
turbinate tissue of tree shrew on the 14th day. During the observation 
period, NP protein was undetectable in the trachea and lung tissues 
except one trachea tissue; NP protein was expressed weakly in trachea 
tissue on the 5th day after the SW2783 infection. These results again 
emphasized that both virus strains could infect tree shrews in vivo, of 
which SW2783 was much contagious. However, the infection was 
restricted to the upper respiratory tract; expression peaked at 3-5 days 
and gradually recovered at 7-14 days. The infectious process consisted 
with the infection of human influenza. 
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Fig. 1. Susceptibility of four influenza virus strains in ex vivo cultures of tree shrew respiratory tract tissues. A. Growth kinetics in ex vivo culture of nasal 
turbinate, trachea, and lung (n=3 per time point) were infected with 106 TCID50 /mL of influenza virus (SW2783, ZZ346, or ST3208), or 105 TCID50 /mL of CA09. 
Viral titers were determined by TCID50 assay. Data are show as means ± SD. B. Immunohistochemical staining in ex vivo cultures of tree shrew nasal turbinate tissues 
infected with four influenza virus strains. Nasal turbinate tissues were harvested at 12 h, 24 h, 36 h, 48 h, and 72 h post-infection, prepared for IHC staining to detect 
the expression of NP protein in influenza viruses. Black arrows indicate positive staining. Bar, 50 μm. 
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Additionally, four tree shrews were weighed and executed on the 
3rd, 5th, 7th, and 14th days after infection of SW2783 and ZZ346, 
respectively. Organ indexes were calculated on the trachea lung, 
thymus, spleen, and kidney. The turbinate, trachea, and lung tissues 
were stained with HE staining to study the histopathological changes 
after the viruses’ infection. The results showed no significant differences 
in the lung, trachea, and thymus gland (Fig. 4A, B). The spleen index on 
the 5th day after ZZ346 infection was lower than that of the control 
group (P<0.05), while no difference was observed at other time points. 
The left and right renal indices on the 3rd day after the ZZ346 infection 
were lower than those in the control group and in the SW2783 group 
(P<0.05). However, there were no significant differences between the 
two virus infection groups and the control group at other time points 
(Fig. 4B). Results of HE staining showed that the nasal turbinate and 
lung tissues from the two viral strains infected models had various de-
grees of histopathological changes, with a small number of cell necrosis 
and inflammatory cell infiltration in the mucosal epithelium of the nasal 
turbinate (Fig. 4C). The infiltration of inflammatory cells was around 
parabronchus, and alveolar septal congestion was observed in the lung 
tissues (Fig. 4C). There were no pathological changes in the tracheal 
tissues after infection (Fig. 4C). The Mock group (PBS treated) showed 

complete structures of turbinate, trachea, and lung tissues with no 
structural damage. 

3.3. SW2783 and ZZ346 induced effective innate and adaptive immune 
responses in tree shrews 

To understand the immune response, and the antibody dynamics 
after SW2783 and ZZ346 infection, qRT-PCR was used to measure the 
mRNAs of ten innate immunity molecules, such as innate immune 
pattern recognition molecules (TLR7, MDA5/IFIH1), the antiviral pro-
tein IFN-β, the interferon-induced antiviral protein Mx1, the pro- 
inflammatory cytokine (TNF-α, IL-6, IFN-γ, CCL2/MCP-1, CXCL10/IP- 
10), and immunomodulatory molecular IL-10, et al. in the turbinate 
mucosa in tree shrews. Viral hemagglutination inhibition (HI) assay was 
used to test the antibody in serum. 

Results showed that except for innate immune pattern recognition 
molecules TLR7 and antiviral protein IFN-β, other molecules have been 
up-regulated after the two stains infection. For SW2783, TNF-α and IL-6 
peak on the 3rd day after infection; the degree was higher than those in 
the ZZ346 group (P<0.05). On the 5th day after infection, MDA5, Mx1, 
CCL2/ McP-1, CXCL10/IP-10, IFN-γ, and IL-10 expression achieved the 

Fig. 2. Clinical symptoms and growth kinetics of viruses in tree shrews after infection with swine and avian influenza viruses. A. Study design and 
experimental schedule. Tree shrews (n = 4 per group) were inoculated with swine SW2783, avian ZZ346 (105 TCID50/ mL) and PBS via nasal cavity, pharynxcavity, 
and conjunctiva, respectively. Changes of body temperature (B), body weight (C) and survival curve (D) in tree shrews infected with SW2783 and ZZ346 influenza 
viruses. E. Changes of viral titers in swab samples. Viral titers in nasal cavity, pharynxcavity, and conjunctival swap samples harvested from tree shrews infected with 
influenza viruses at 0, 1, 3, 5, 7, and 14 dpi (days post-infection). Viral titers were determined by TCID50 assay. Data are shown as means ± SD. For panels (B) and 
(C), “a” indicates a significant difference between SW2783 and Mock groups, P<0.05. and “b” indicates a significant difference between SW2783 and ZZ346 groups, 
P<0.05. For panels (E), asterisks indicate significant difference between SW2783 and ZZ346 groups. *P<0.05, ***P<0.001. 
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peak, and MDA5, Mx1, IFN-γ, IL-10 were significantly higher than the 
ZZ346 group (P<0.05), besides IL-10, was still at a high level on 7th day 
after infection (Fig. 5A). These results demonstrated that tree shrews 
infected with the two influenza stains could stimulate early antiviral 
immunity effectively and regulate the response degrees. 

In addition, the HI assay results proved that no specific influenza 
virus antibody was detected on the 3rd and 5th day after infection. 
However, virus antibodies were detected in two tree shrews in each 
group on the 7th day after infection. On the 14th day after infection, all 
tree shrews infected with the two virus strains were detected with an-
tibodies against the influenza virus (Fig. 5B). It highlighted that antiviral 
immunity could gradually initiate in tree shrews after influenza virus 
infection. 

Fig. 3. Replication and release characteristics of SW2783 and ZZ346 influenza viruses in tree shrew respiratory tissues. A. Viral titers from different tissues 
of the respiratory tract in tree shrews infected with SW2783 and ZZ346 influenza viruses. Tree shrews (n = 4 per group) were infected with 105 TCID50 /mL of swine 
SW2783 and avian ZZ346 influenza virus, respectively. The kinetics and time courses of viral load in nasal turbinate, trachea, and lung tissues harvested from 
infected tree shrews. Viral titers were determined by TCID50 assay. The dots represent the viral titer of individual tree threw; the thick horizontal bars indicate the 
mean values in each inoculated group. B. Immunohistochemical staining in tree shrew respiratory tract tissues infected with SW2783 and ZZ346 influenza viruses. 
Nasal turbinate and trachea tissues were harvested at 3, 5, 7, and 14 dpi, prepared for IHC staining to detect the expression of NP protein in influenza viruses. Black 
arrows indicate positive staining. Bar, 50 μm. 

Table 1 
Positive results of immunohistochemical staining in tree shrew respiratory tract 
tissues infected with SW2783 and ZZ346 influenza viruses.  

Viruses Tissues Days post-infection 
3 dpi 5 dpi 7 dpi 14 dpi 

SW2783 Nasal turbinate 4/4 4/4 4/4 0/4 
Trachea 0/4 1/4 0/4 0/4 
Lung 0/4 0/4 0/4 0/4 

ZZ346 Nasal turbinate 4/4 3/4 1/4 0/4 
Trachea 0/4 0/4 0/4 0/4 
Lung 0/4 0/4 0/4 0/4  
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3.4. New emerging swine SW2783 influenza viruses and chicken-origin 
ZZ346 influenza virus are transmissible in tree shrews, and SW2783 could 
also transmit from tree shrews to guinea pigs 

To evaluate the intra- or inter-species transmissibility of two animal 
influenza viruses among tree shrews or guinea pigs, as well as between 
tree shrews and guinea pigs by using a direct-contact approach, we 
collected swab samples from nasal cavity and conjunctiva of tree shrews 
and guinea pigs infected with either swine SW2783 or avian ZZ346 
influenza virus. We measured the viral titers by TCID50 assay. Sera were 
collected from each animal on day two before infection and on day 21 
post-infection, the influenza virus-specific antibodies were measured by 
HI assay. 

In the intra-species transmission experiment for swine SW2783 virus, 
surprisingly, SW2783 virus was readily transmitted from the three 
inoculated tree shrews to the three contacts. The viral load in the nasal 
and conjunctiva swap samples peaked at 6 and 7 dpi, respectively. The 
detectable virus persisted in nasal and conjunctiva swap samples from 
exposed tree shrews until 9 dpi, respectively (Fig. 6A, D). Sera from all 
inoculated and exposed tree shrews were seroconverted with higher 
antibody titers (Table 2). Viral titers was detected only in two of three 
exposed guinea pigs in the nasal swap samples at 3, 5 and 7 days post- 
exposure (Fig. 6B). Serum antibodies from two of three exposed 
guinea pigs were seroconverted, whereas all inoculated guinea pigs were 
seroconverted high antibody titers (Table 2). 

However, in the intra-species transmission experiment for the avian 

Fig. 4. The pathological changes in tree shrews after infection with swine and avian influenza viruses. A. Representative gross appearance of lungs from tree 
shrews inoculated with SW2783, ZZ346 influenza viruses and PBS. B. The organ coefficient of different organs from tree shrews (n = 4 per group) infected with 
influenza viruses. Data are show as means ± SD. Asterisks indicate significant differences, *P<0.05. C. Histopathology of tree shrew respiratory tract tissues infected 
with SW2783 and ZZ346 influenza viruses. Tree shrews (n = 4 per group) were infected with 105 TCID50 /mL of swine SW2783 and avian ZZ346 influenza virus, 
respectively. Representative pathological images (HE staining) of nasal turbinate, trachea, and lung tissues were harvested on 3 and 5 dpi. Black arrows indicate 
infiltration of inflammatory cells, cell necrosis, sloughed epithelial cells and alveolar septal congestion. Bar, 50 μm. 
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ZZ346 influenza virus, only one of the three tree shrews replicated the 
virus at 5 and 7 days post contact (Fig. 6 A), and seroconverted at 21 
days post contact (Table 2). ZZ346 virus did not transmit in guinea pigs 
by direct contact in the present study (Fig. 6 B). 

Based on the intra-species transmission experiment, we observed 
whether the swine SW2783 and avian ZZ346 viruses could transmit 
from tree shrew to guinea pig or vice versa. Viral shedding of SW2783 
virus was detected at 3, 5, 7, and 9 (in nasal swap samples) and at 3, 5 7 
(in conjunctiva swap samples) days post contact from the three exposed 
guinea pigs housed with the inoculated tree shrews (Fig. 6C), but the 
virus was not detected in the exposed tree shrews housed with the 
inoculated guinea pigs (Fig. 6C). The chicken-origin influenza virus 
ZZ346 could not transmit from tree shrews to guinea pigs, or vice versa 

(Supplementary Fig. 3, Table 2). Consistent with the above, in the four 
groups of exposed animals, only sera from three of the exposed guinea 
pigs co-housed with the inoculated tree shrews were seroconverted 
(Table 2). 

Together, these results indicated that the swine SW2783 virus can 
transmit among tree shrews or guinea pigs, it can also spread from tree 
shrews to guinea pigs via direct contact. The transmissibility among tree 
shrews is much stronger than among guinea pigs. On contrast, avian 
ZZ346 virus only transmitted among tree shrews with low transmission 
efficiency. The swine SW2783 virus can use eyes as entry portals in tree 
shrew and guinea pig models. 

Fig. 5. Host immune responses of tree shrew against infection of SW2783 and ZZ346 influenza viruses. A. Gene expression levels of innate immune molecular 
in tree shrew nasal turbinate tissues (n = 4 per group) inoculated with SW2783, ZZ346 influenza viruses and PBS at 3, 5, and 7 dpi (days post-infection). The mRNA 
expression levels of pattern recognition receptor (TLR7, MDA5/IFIH1), antiviral molecules (IFN-β, Mx1), inflammatory molecules (TNF-α, IL-6, CCL2/MCP-1, 
CXCL10/IP-10), and immunomodulatory molecules (IFN-γ, IL-10) were measured by qRT-PCR (real-time quantitative PCR). The relative expression values were 
normalized to those of tree shrew GAPDH and the expression level of mock group was set to one. Data are shown as means ± SD. B. Antibody response in tree shrew 
against influenza viruses’ infection. Serum antibody titer were determined by HI (hemagglutination inhibition) assay to SW2783 and ZZ346 influenza viruses with 
tree shrews’ serum collected at 3, 5, 7, and 14 dpi. The dots were presented HI titer of individual animal; the thick horizontal bars indicate the mean values in each 
inoculated group. *P<0.05, **P<0.01, and ***P<0.001. 
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4. Discussion 

Transmission of influenza A virus (IAV) may mainly focus on species. 
However, the IAV can conquer the species barrier and directly jump to 
humans under certain conditions (Kuiken et al., 2006; Short et al., 
2015). Humans infected with avian influenza viruses, such as H5N1, 
H6N1, H7N9, H9N2, H5N8, and H10N3, etc., and with swine influenza 
viruses H1N1, H2N2, and H3N2, etc. have been reported recently 

(Brown, 2000; Van Reeth, 2007; Freidl et al., 2014; Richman et al., 
2017; Sun et al., 2018; Zheng et al., 2019; Pyankova et al., 2021; Qi 
et al., 2022). The new emerging virus has posed a fatal threat to human 
health. Two LPAIVs used in this study, SW2783 and ZZ346 were isolated 
from pigs and landfowls, respectively. SW2783 is a new H3N2 subtype 
swine influenza virus recombined with M and NP gene fragments of 
pdm/09 human influenza A H1N1 pandemic strain in 2009 (Zhu et al., 
2011; Liang et al., 2014), whose gene sequence is highly correlated with 

Fig. 6. Transmission of SW2783 and ZZ346 influenza viruses in tree shrews and guinea pigs. Intra-species transmission of SW2783 and ZZ346 viruses in tree 
shrews (A, D) or guinea pigs (B, E), and inter-species transmission of SW2783 viruses between guinea pigs and tree shrews (C, F). Groups of tree shrews or guinea pigs 
seronegative for influenza viruses (n=3) were inoculated with 105 TCID50 /mL of swine SW2783 or avian ZZ346 influenza virus, respectively. The next day, for the 
intra-species transmission experiment, the inoculated animals were co-housed with three guinea pigs or tree shrews, and for C and F, the inoculated tree shrews were 
co-housed with three guinea pigs, and vice versa. After infection with the test virus, the nasal and conjunctiva swabs of tree shrews and guinea pigs were collected at 
the indicated dpi. Virus titers were determined by TCID50 assay. Each color bar represents a value from an individual animal. The dashed black lines indicate the 
lower limit of detection. 
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the H3N2 triple-reassortant virus (TRV) strain (Vietnam/302/11) iso-
lated from a Vietnamese girl with influenza (Liang et al., 2014). Studies 
have proved that the M gene of pdm/09 contributes to the effective 
transmission of the pdm/09 virus in animal models (Chou et al., 2011; 
Ma et al., 2012), and swine influenza virus recombined human genes H3, 
N2 with pdm /09 M genes may gain the function of human infection 
(Takemae et al., 2017). It found that the H3N2 subtype variant (H3N2v) 
from swine IAV which caused outbreaks in the United States contained 
the M gene of pdm/09 H1N1 (Jhung et al., 2013). In addition, genes of 
the pdm/09 virus can be re-introduced into pigs and produce new IAV 
variants in pigs, which results in the persistence and prevalence of IAV in 
humans (Liang et al., 2014; Rajao et al., 2017; Takemae et al., 2017). 
Our data from the transmission experiment also showed that the new 
emerging swine SW2783 (H3N2) virus can cross the species barrier from 
tree shrews to guinea pigs. Therefore, it is concerned that new emerging 
H3N2v recombined with internal gene fragments of pdm/09 H1N1 
would cause a new surge. The landfowl H6N6 subtype of IVA is the 
dominant epidemic strain of poultry currently (Wang et al., 2014; Zou 
et al., 2019), which has a wide range of hosts spectrum, the subtype can 
infect not only birds but also mice, pigs, and other mammals without 
adaptive culture (Zhao et al., 2013; Wu et al., 2016; Zou et al., 2019). 
Wang and other researchers (Wang et al., 2014) found that 68.6% of the 
H6N6, a strain isolated from live poultry markets in Southern China, 
could bind to human SAα-2,6-Gal receptors. Recent studies proved that 
H5N6, the recombination of H6N6 and H5 subtype of HPAIV, can spread 
in humans (Pan et al., 2016; Yang et al., 2017; Wang et al., 2021). Re-
searchers (Xin et al., 2015) found the positive rate of H6 antibody was 
0.4% in a serological investigation with 15,689 Chinese participants, 
which implies that the H6 subtype of IAV may have crossed the species 
barrier and have infected mammals, including humans (Zou et al., 
2019). All these findings suggest that the newly emerged swine influ-
enza virus SW2783 and landfowls influenza virus ZZ346 may potentially 
infect humans. 

As close relatives of primates, studies have reported that the infec-
tion of human H1N1, avian H9N2, and H7N9 in tree shrews will cause 
mild or moderate symptoms and pathological changes in respiratory 
tissues. The infection of H5N1 led to severe pneumonia with fever and 
weight loss (Sanada et al., 2019); furthermore, infection in tree shrews 
have induced pro-inflammatory cytokines and specific antibodies (Li 
et al., 2018; Sanada et al., 2019; Xu et al., 2019), it demonstrates that 
tree shrews may be a excellent model for influenza virus research. 
Therefore, we used tree shrews as an animal model to describe the 
cross-species infection ability, pathogenic characteristics, and induced 
immune response of LPIAV stain of newly emerged swine SW2783 and 
landfowl H6N6 subtype ZZ346. 

The capacity of hemagglutinin glycoprotein HA in the IAV envelope 
binding with the sialic acid (SA) receptor of the host cell is the deter-
minant of IAV infection (Glaser et al., 2005; Imai and Kawaoka, 2012; 

de Graaf and Fouchier, 2014; Greber, 2016). Generally, human influ-
enza viruses mainly bind to SAα-2,6-Gal receptors expressed in host 
cells, whereas avian influenza viruses always bind to SAα-2,3-Gal re-
ceptors (Rogers and Paulson, 1983; de Graaf and Fouchier, 2014). 
Respiratory tract tissue of swine expresses both human SAα-2,6-Gal and 
avian SAα-2,3-Gal receptors, which means human and avian influenza 
viruses can infect swine and provides an ideal host for gene recombi-
nation of these viruses. Therefore, as the influenza virus gene mixer, 
swine is the critical intermediate host in influenza virus evolution and 
transmission (Ito et al., 1998; Richman et al., 2017). Other researchers 
have confirmed that the sialic acid receptors, including Saα-2, 3-Gal, 
Saα-2, and 6-Gal, are expressed in the respiratory tract tissues of land-
fowls, turkeys, and quails (Wan and Perez, 2006; Kuchipudi et al., 2009; 
Kimble et al., 2010; Yu et al., 2011). It indicates that the avian and 
human influenza virus can replicate in landfowls, thus becoming 
adaptive hosts for the AIV receptor conversion and potential interme-
diate hosts for the AIV spread to humans and other mammals (Imai and 
Kawaoka, 2012). It’s concerned that frequent recombination with 
multiple species-borne IAV subtypes in intermediate hosts, persistent 
transmission, and epidemic may increase the binding affinity for human 
receptors, eventually evolving into new recombinant virus strains which 
can cross the species barrier and pose a fatal threat to the human health. 

Studies have confirmed that the nasal turbinate and trachea tissues of 
the upper respiratory tract of tree shrews mainly express human re-
ceptor SAα-2,6-Gal. In the lung tissues of the lower respiratory tract, 
non-ciliated cuboid epithelial cells of terminal bronchioles mainly ex-
press SAα-2,6-Gal, while alveolar epithelial cells and macrophages 
mainly express SAα-2,3-Gal, suggesting that the distribution of influenza 
virus receptor in the respiratory tissues of tree shrews is akin to that of 
human and ferrets (Stevens et al., 2006; Nicholls et al., 2007; Yang et al., 
2013; Byrd-Leotis et al., 2019). In this study, we observed that two 
animal influenza A viruses (SW2783 and ZZ346) could both infect tree 
shrews without adaptation, and SW2783 had a much stronger infection 
and replication ability than ZZ346, suggesting that the two animal 
influenza A viruses could bind sialic acid (SA) receptor and enters tree 
shrew cells for effective replication. Among them, the newly emerged 
swine influenza A virus SW2783 enabled strong infect the turbinate and 
trachea of tree shrews, indicating that SW2783 had a much stronger 
ability to bind the human receptor. While the landfowl influenza virus 
ZZ346 infects both upper and lower respiratory tract tissues of tree 
shrews, it indicates that ZZ346 may have evolved into the ability to 
recognize both human and avian influenza virus receptors. The details 
need further verified. Furthermore, the results of our transmission 
experiment showed that the new emerging swine SW2783 (H3N2) virus 
can transmit among tree shrews or guinea pigs and from tree shrews to 
guinea pigs via direct contact, and the chicken-origin influenza virus 
ZZ346 (N6N6) could also transmit among tree shrews. Our data indicate 
that the two zoonotic influenzas A viruses, especially swine SW2783, 
have the potential to cross the species barrier to infect mammals and 
humans. And a previous report (Xu et al., 2019) has found that H7N9 
viruses could transmit among tree shrews and transmit from tree shrews 
to naïve guinea pigs by direct contact. These results suggest that the tree 
shrew would be another useful animal model for the pathogenesis and 
transmission of animal-origin IAVs research. 

Interestingly, the two viruses mainly caused upper respiratory 
infection in vivo in the tree shrew model; the result was consistent with 
that in vitro. However, unlike in vitro, no NP antigen was detected in the 
trachea except one and lung tissues in vivo infection, and different de-
grees of inflammatory response were observed in the lung tissues. The 
result was in line with the results reported by Li (Li et al., 2018) after the 
infection of tree shrews with the avian influenza virus H9N2. Our results 
suggest that the complex mechanism of host-virus interactions impacts 
the ability and outcome of viral infection. 

Slight symptoms such as decreased appetite and increased naso-
pharyngeal secretions in tree shrews were observed after SW2783 and 
ZZ346 infection through nasopharyngeal and eye pathways, which 

Table 2 
Seroconversion of tree shrews and guinea pigs inoculated or contact with 
SW2783 and ZZ346 influenza viruses.  

Viruses Inoculated Direct contact 
animals HI titersa animals HI titersa 

SW2783 tree shrews 3/3 (8, 9, 8) tree shrews 3/3 (7, 7, 8) 
guinea pigs 3/3 (6, 7, 6) guinea pigs 2/3 (4, 6) 
tree shrewsb 3/3 (7, 8, 8) guinea pigsb 3/3 (7, 6, 5) 
guinea pigsb 3/3 (6, 7, 7) tree shrewsb 0/3 

ZZ346 tree shrews 3/3 (7, 6, 8) tree shrews 1/3 (5) 
guinea pigs 3/3 (4, 4, 5) guinea pigs 0/3 
tree shrewsb 3/3 (7, 7, 6) guinea pigsb 0/3 
guinea pigsb 3/3 (6, 5, 5) tree shrewsb 0/3  

a Seroconversion of the infected or exposed animals was tested by HI assay on 
21 days post inoculation or post exposed. Seroconversion: no. positive/no. total 
(HI titers, log2). 

b Animals were used for the inter-species transmission study. 
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gradually improved after eight days of infection. Symptoms of SW2783 
infection were more apparent than ZZ346. With the SW2783 infection, 
the body temperature of tree shrews showed an increasing trend and 
peaked on the 4th day and the 5th day and then decreased gradually 
after the 8th day of infection. While the ZZ346 infection barely caused 
body temperature change. Compared with the control groups, there was 
no significant difference in the weight change in the tested groups. The 
results were similar to the symptoms of human seasonal influenza 
(Richman et al., 2017; Krammer et al., 2018) and similar to the findings 
of waterfowl influenza virus H9N2 infected with tree shrews (Li et al., 
2018). Our observation proved that both strains had great infectivity 
and replication activity in tree shrew respiratory tract tissue. However, 
the strains mainly caused self-limited upper respiratory tract infection in 
turbinate tissue. Our findings indicated that the replication and clinical 
symptoms caused by the two animals LPAIV strain were closely related 
to each other and were similar to those of human seasonal influenza 
viruses (H1N1, H3N2), especially with pandemic A (H1N1) (Ip et al., 
2016; Richman et al., 2017; Krammer et al., 2018), demonstrating that 
tree shrew is a suitable model to study human LPAIV. 

In addition, replication of influenza viruses SW2783 and ZZ346 in 
the conjunctiva was also observed in our experiments. The observation 
was consistent with the previous study, which reported that H5N1 and 
H7N9 could replicate in the conjunctiva of tree shrews (Sanada et al., 
2019). However, some avian influenza virus subtypes, such as H7 and 
H5, can effectively replicate in human conjunctiva and corneal epithe-
lial cells in vitro (Belser et al., 2009; Chan et al., 2010), which was 
different from human influenza viruses H1N1 and H3N2. The AIV H7 
and H5 subtypes, and pandemic strain pdm/09 H1N1, can also use eyes 
as entry portals in mouse models, which always leads to a systemic and 
fatal infections. Our data from the transmission experiment showed that 
the swine SW2783 virus could use eyes as entry portals in the tree shrew 
model. These results suggest that animal-borne influenza viruses, espe-
cially newly emerged influenza viruses (such as swine H3N2 SW2783 
strain) that incorporate the internal genes of pandemic pdm/09 H1N1, 
which has gained the function of the potential to infect humans through 
eyes, and tree shrews may present as a good model for studying the risk 
of cross-species transmission of viruses through eyes. 

The outcome of influenza A virus infection depends on the complex 
interaction between multiple factors of the host, the virus, and the 
environment (Mishra et al., 2017). The strength of the host immune 
response induced by virus infection plays a crucial role (Peiris et al., 
2009; Oslund and Baumgarth, 2011; Chen et al., 2018; Gu et al., 2019). 
We tested ten molecules involved in innate immune recognition, anti-
viral, inflammatory response, and immune regulation in infected tree 
shrew turbinate tissue. Except for TLR7 and IFN-β, Mx1, MDA5, TNF-α, 
IL-6, MCP-1, IP-10, IFN-γ, and IL-10 have up-regulated after infection 
with the two strains of virus. Pro-inflammatory cytokines peaked on the 
5th day after infection, while the TNF-α and IL-6 were expressed most on 
the 3rd day. These results matched the viral replication trends and 
clinical symptom phenotypes. It highlights that with the enhancement of 
viral replication, the host initiated corresponding innate immune re-
sponses, which have played an important role in antiviral activities. 
However, IFN-β, the critical antiviral protein, was not significantly 
increased in our study, which was similar to the swine influenza virus 
H1N1 subtype infected pig lung tissue (Li et al., 2011). It may relate to 
the early production of IFN-β (before 3rd day), or the LPAIV used in this 
study may not provide enough stimulation. Besides, TLR7, which can 
recognize the virus ssRNA in the cell, was not significantly increased 
either, suggesting that the recognition of the two virus nucleic acids by 
tree shrews mainly rely on RIG-like receptor MDA5/IFIH1. Moreover, 
the expression of IFN-γ and IL-10 up-regulated on days 5 and 7 after 
infection. The two cytokines have served as crucial intermedium in the 
differentiation and development of Th cells and thus play a key regu-
latory role in innate and adaptive immunity (Schoenborn and Wilson, 
2007; Couper et al., 2008). The results indicate that an appropriate 
adaptive immune response was initiated in the middle and late stages of 

infection to promote the recovery of tree shrews. The results were 
verified mutually with the detection of coagulation antibody production 
on day seven after infection. Several studies reported expressions of 
IFN-α, IFN-γ, IL-6, TNF-α, and IL-10 increased in the nasal cavity and 
blood in the early stage of humans infected with the influenza virus. The 
IL-6 was correlated with disease progression, while the IFN-γ in the nasal 
cavity was correlated with the virus titer decreasing. Virus-specific 
serum antibodies will present in first week of illness in adults (Rich-
man et al., 2017). The changes of cytokines and virus-specific antibodies 
in this study were consistent with those reported above, suggesting that 
the tree shrew model of influenza infection had consistency with the 
human influenza process in terms the cytokines expression and antibody 
production. 

The IAV gradually adapted to the host and continuously broke 
through the species barrier and limited factors to spread cross-species 
and to cause a new host pandemic, which included binding, entering, 
and replicating in host cells, escaping the host innate immune response, 
and transmitting between hosts (Long et al., 2019). The emerging IAVs 
with human-adaptive potential that might lead to the next pandemic 
(Thompson and Paulson, 2021). Our results showed that the newly 
emerged swine influenza virus SW2783 and chicken-origin influenza 
virus ZZ346 could directly infect tree shrews and replicate effectively 
without adaptation. After virus infected tree shrews, the antiviral innate 
immunity and humoral immune response are activated at the right time 
to limit virus infection and promote recovery. We also observed that the 
newly emerged swine influenza virus SW2783 could transmit among 
tree shrews through direct contact, and from tree shrews to guinea pigs 
across the species barrier. Yet, the specific mechanisms may need further 
elaboration. We will further identify of the interaction between the two 
animal H3N2 and H6N6 influenza viruses HA and SA receptors of the 
host, and the genetic, and phenotypic changes required for host adap-
tation and transmission of these two animal influenza viruses in future 
studies. 

In conclusion, based on the evidence of our study, we propose that 
tree shrews can surpassingly simulate the pathogenicity, trans-
missibility, and immune process of human infection with the influenza 
virus. It is considered a suitable mammalian model to study the patho-
genicity and cross-species transmission of animal influenza A viruses. 
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