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Abstract

HON?2 avian influenza viruses sporadically infect humans worldwide. These viruses have also contributed internal genes to
H5N1, H5N6, H7N9, and H10NS8 viruses, which have been isolated from humans with infections and are a substantial public
health threat. To investigate the potential pathogenic mechanism of the HON2 virus, we performed serial lung-to-lung passage
of an avirulent HON2 avian influenza virus (A/Chicken/Shandong/416/2016 [SD/416]) in mice to increase the pathogenic-
ity of this virus. We generated a mouse-adapted (MA) virus that exhibited increased viral titers in the lungs, caused severe
lung damage in mice, and induced body weight loss in mice; however, the avirulent parental virus did not cause any clinical
symptoms in infected mice. Global gene expression analysis was performed and indicated that the transcriptional responses
of these viruses were distinct. The lungs of mice infected with the MA virus exhibited the downregulation of genes related
to innate immunity and ubiquitin-mediated proteolysis, which was not seen in infections with the avirulent parental virus.
These data indicated that the MA virus might evade immune surveillance and changed its replication capacity to increase
the viral replication level and pathogenicity. Our study demonstrates that host factors play an important role in the adaptive
evolution of influenza virus in new hosts.
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Introduction

Influenza A virus is a segmented negative-sense RNA virus
composed of 18 hemagglutinin (HA) subtypes (H1-18) and
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H5N6, H7N9, and HON2, have sporadically infected humans
directly from terrestrial animals, suggesting that other influ-
enza virus subtypes also pose a potential threat as the cause
of new pandemics through further evolution [5-7].
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significantly, HON2 viruses function as a “vehicle” that
deliver different subtypes of influenza viruses from avian
species to humans [9]. HON2 viruses contributed internal
genes to HSN1, HSN6, H7N9, and H10NS viruses isolated
from humans with infections [10—14]. In our previous stud-
ies, the co-infection of a bird with H4N6 and HON?2 viruses
led to a high frequency of reassortment and generated some
reassortants that had higher virulence than that of the wild-
type viruses in mammals [15].

In nature, the adaptive evolution of influenza viruses in
new hosts occurs regularly, and the viruses acquire higher
replication abilities, pathogenicity, transmissibility, anti-
genicity, and receptor-binding properties by undergoing
adaptive evolution in the new host. In the laboratory, the
serial passage of AIVs in mammalian hosts can result in
adaptive viral changes. Currently, scientists have mainly
studied the pathogenic mechanism of viral adaptability
in regard to viral replication, transmission, and virulence.
For example, Wang et al. reported that the combination of
147 L and 627 K in the PB2 protein was a major contribu-
tor to the adaptation and increased virulence of the HON2
influenza virus in mice [16]. The PB1-K577E mutation
is a marker of the mammalian adaptation of the HON2
virus [17]. The NS1-T5S substitution has previously been
observed in a mouse-adapted (MA) avian HON2 subtype
(A/Ck/Korea/163/04H9N2), implying that this mutation
may be preferentially selected during the viral adaptation of
avian influenza in mammals [18]. However, scientists rarely
study the pathogenic mechanism of the interaction between
an adapted virus and the new host.

Mice are the most common animal model used for patho-
genicity studies of influenza virus. Many low-pathogenic
avian influenza (LPAI) viruses have been shown to acquire
high virulence after passage in mice [16, 17]. Here, we
sought to explore the impact of mammalian adaptation on
the pathogenesis of an HON2 AIV by performing five blind
serial lung-to-lung passages in mice. We obtained an MA
virus with increased virulence. To study the pathogenic
mechanisms of the adapted virus toward the host, we com-
pared and analyzed the gene expression in the lung tissues
of infected mice to obtain information concerning the host
response to infection.

Materials and methods

Ethics statement

The mouse study was carried out in strict accordance with
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the Ministry of Science and Tech-

nology of the People’s Republic of China. The protocols
for animal studies were approved by the Committee on the
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Ethics of Animal Experiments of Liaocheng University
(BRDW-XBS-17-04).

Virus and mouse experiments

HO9N2 (A/Chicken/Shandong/416/2016 [SD/416]) was
isolated from a chicken. Virus stocks were propagated in
specific-pathogen-free (SPF) embryonated chicken eggs
(Merial, Beijing, China) at 37 °C and stored at — 80 °C.

Adaptation of the SD/416 virus in mice

The adaptation of the SD/416 virus to the mouse lung was
carried out by serial lung-to-lung passage. Three 6-week-
old female BALB/c mice (Vital River, Beijing, China) were
intranasally (i.n.) inoculated with 10° 50% egg infective dose
(EIDs) of SD/416 and designated line A, line B, and line
C. Mice were monitored for weight loss and survival and
were sacrificed 3 days postinoculation (dpi). The lungs were
harvested in 1 mL of PBS, and 0.05 mL of supernatant from
the centrifuged homogenate was used to inoculate mice for
the next passage. Passaging was performed five times.

According to the changes in mouse body weights, MA
virus had acquired adaption in line C. Then the viruses
in line C were plaque-purified and then cultured in eggs.
After amplification, we performed next-generation sequenc-
ing. The results showed the monoclonal with identical
sequences that were two amino acid alterations in PB2
(T129A/E627K), a single codon change in NP (T62S) and
two changes in NS1 (T5S/S42A).

Mouse experiments and lung tissue collection

Groups of 14 6-week-old female BALB/c mice were anes-
thetized with CO, and i.n. inoculated with 10° EIDs,/mL test
viruses in a volume of 0.05 mL. Three mice were euthanized
at 3 dpi, and the nasal turbinates, lungs, kidneys, spleens,
and brains were collected for virus titration in SPF-embry-
onated chicken eggs. Organs of each mouse were titrated
separately in SPF-embryonated chicken eggs. For histologi-
cal examinations, three other mouse lungs were collected
from mice at 3 dpi after virus inoculation and were fixed in
10% phosphate-buffered formalin. The sections were stained
with hematoxylin—eosin (H & E). For expression microar-
ray analysis, groups of three mice were euthanized at 3 dpi,
and their lung tissues were immediately harvested, frozen,
and stored in liquid nitrogen. The remaining five mice in
each group were monitored daily for 14 days for weight loss
and survival. Mice that lost more than 25% of their initial
body weight were recognized as being at the experimental
endpoint and were humanely euthanized.
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Expression microarray analysis and bioinformatics

Total RNA isolation and mRNA amplification were per-
formed with equal amounts of total RNA isolated from
the frozen lungs of influenza virus and mock-infected
mice. Expression oligonucleotide arrays were performed
using RNA isolated from the lung tissues of three indi-
vidual animals per group at 3 dpi. Total genome gene
expression was detected using an Illumina Mouse WG-6
Expression Bead chip (San Diego, CA, USA). To evalu-
ate gene expression changes in response to infection, we
used a random variance model (RVM) to filter differen-
tially expressed genes (DEGs), because the RVM 1 test
performs much better than the standard ¢ test when iden-
tifying significantly different genes between groups. To
select for genes that were the most relevant to infection,
a P value of <0.05 was considered significantly different
[19, 20]. The detailed information of DEGs is described
in Supplementary table 1.

Gene ontology (GO) analysis was performed using
MAS 3.0 software, which is based on the Database for
Annotation, Visualization, and Integrated Discovery [21],
to analyze DEG functions. Fisher’s exact test was used,
and the threshold for statistical significance was set at
P <0.01. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was used to identify signifi-
cantly different regulatory pathways. Fisher’s exact test
and the Chi-square test were used to identify the signifi-
cant pathways. The threshold for statistical significance
was set at P <0.01. The detailed information of GO analy-
sis and pathway analysis is described in Supplementary
tables 2 and 3, respectively.

Confirmation of tag-mapped genes by qRT-PCR

Total RNA of qRT-PCR and total RNA of expression
microarray analysis were a batch of samples. cDNA was
synthesized by First-Strand cDNA Synthesis Kit (Thermo
Fisher Scientific). Microarray results were validated by
qRT-PCR using SYBR green-based (TAKARA, Japan)
detection with an ABI PRISM 7500 cycler (Applied
Biosystems, Foster City, CA). To confirm DEGs, six
genes (LY86, TLR13, CYP2AS5, TCER2A, MAP3K6,
and CLECL2A) were selected at random for quantitative
RT-PCR assays. The GAPDH gene was used for expres-
sion normalization. RT-qPCR data were analyzed using
the standard 27227 method and presented as the fold
expression normalized to the reference GAPDH gene.
The expression of six genes (LY86, TLR13, CYP2AS,
TCER2A, MAP3K6, and CLECL2A) by qRT-PCR agreed
with the results from Tag-seq analysis (Fig. 4).

Statistical analyses

The statistical significance of differences between experi-
mental groups was evaluated using analysis of variance
(one-way ANOVA and Newman—Keuls) in the GraphPad
Prism five software package (GraphPad Software, La Jolla,
CA, USA). P values less than 0.05 were considered statisti-
cally significant.

Accession numbers

All sequences were deposited in the GenBank database
under the accession numbers (MN857550-MN857557).

Results
Adaptation of the wild-type SD/416 virus in mice

To acquire the MA virus, we performed serial passaging of
an avirulent HON2 virus [A/Chicken/Shandong/416/2016
(SD/416)] in mice, beginning with the intranasal inoculation
of 10° EIDs, of virus per mouse. The survival of infected
animals was monitored, and weight changes in the mice were
recorded every day. The mice infected with SD/416 did not
show any clinical symptoms of disease. From three inde-
pendent series of sequential lung-to-lung passages of virus
in BALB/c mice, line A and line B of mice did not detect
clinical symptoms and loss of body weight. In line C, the
infected mice began to lose body weight at the third passage.
The body weight loss at the fifth passage was up to 17.7% of
the initial body weight, and the mice showed clinical symp-
toms of disease (Fig. S1). These results showed that the MA
virus had acquired adaption at passage five in line C.

Enhanced virulence of the MA virus in mice

We compared the pathogenicity of the SD/416 and MA
viruses in mice. Mice infected with the adapted virus lost
20.8% of their body weight, and one mouse died at 5 dpi
(50% mean lethal dose (MLDsy), > 6.38 log EIDs) (Fig. 1a,
b, and Fig. S2). In contrast, the body weight of the mice
infected with the SD/416 virus continued to increase, and no
morbidity or mortality was observed in mice infected with
the SD/416 virus (Fig. 1b). The MA viral titers in infected
mouse lungs and nasal turbinates reached 10*7> and 10'%3
EIDsy/mL, respectively (Fig. 1c). In contrast, SD/416 lung
titers reached 10> EIDsy/mL, and virus was not detected in
the turbinates (Fig. 1¢). Mouse kidneys, spleens, and brains
were free of virus for both SD/416- and MA-infected mice.
However, MA-infected mice incurred severe pathologi-
cal damage, including focal pulmonary consolidation, the
necrosis of alveolar epithelial cells, edema, and interstitial
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Fig.1 Virulence of SD/416 and MA viruses in mice. Groups of five
BALB/c mice were i.n. inoculated with 10° EIDs, of the SD/416 or
MA virus or with PBS (a, b). a Body weight changes in mice infected
with 10° EIDs, of the SD/416 or MA virus or with PBS. b Percent
survival of mice infected with 10° EIDs of the SD/416 or MA virus
or with PBS. ¢ Viral titers in the lungs and nasal turbinates of infected

broadening as well as inflammatory cell infiltration (Fig. 2a).
The lung damage of the mice infected by the MA virus
was much more severe than that of the mice infected with
SD/416 (Fig. 2a—c).

We then sequenced by the next generation and compared
the complete genomes of both viruses. We found two amino
acid alterations in PB2 (T129A/E627K), a single codon
change in NP (T62S) and two changes in NS1 (T5S/S42A).
The E627K mutation was previously associated with an
increase in virulence and adaptation to mammals [22, 23].

Host gene expression analysis

To investigate the potential pathogenic mechanism of
the HON2 MA virus towards the new host, we performed
mRNA expression analysis of lung tissues from infected
and control mice during acute infection (3 dpi). We

Days postinoculation

Lung Nasal turbinate

mice at 3 dpi. Groups of three BALB/c mice were i.n. inoculated with
10° EIDs,, of the SD/416 or MA virus or with PBS. Lungs and nasal
turbinates were collected at 3 days p.i. for virus titration in eggs (c).
Each value represents the mean of triplicates. Asterisk denotes sta-
tistical significance (¥**P <0.01; ***P <0.001) for one-way ANOVA
and Newman—Keuls to SD/416, respectively

identified 975 differentially expressed transcripts, which
included 390 upregulated and 585 down-regulated genes,
between the uninfected controls and the SD/416-infected
mouse lungs (Table S1). We also found 2511 differentially
expressed transcripts, which included 756 upregulated and
1755 down-regulated genes, between the control and the
MA virus-infected mouse lungs (Table S1). Compared to
the control mice, MA- and SD/416-infected mice shared
117 upregulated genes and 323 down-regulated genes
(Fig. 3).

To validate the results of RNA-Seq, six genes were cho-
sen for quantitative RT-PCR (qRT-PCR) analysis. Figure 4
displays the gene expression patterns derived from the RNA-
Seq and qRT -PCR experiments. For six genes, i.e., LY86,
TLR13, CYP2AS5, TCER2A, MAP3K6, and CLECL2A,
the qRT-PCR expression profiles completely agreed with
the RNA-Seq data (Fig. 4). These data suggested that the

Fig.2 Histopathologic analysis of lesions in the lungs of mice
infected with SD/416 and MA viruses. Mice were i.n. inoculated with
10® EIDs, of the test virus, and the lungs were collected for patho-
logical study. The lungs of SD/416 virus-inoculated animals showed
no obvious pathological symptoms (H&E staining) (a), the lungs of
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MA virus-inoculated mice showed severe pathological lesions (H&E
staining) (b), and the lungs of control animals showed no pathologi-
cal symptoms (H&E staining) (c). Images a—c were taken at X200
magnification
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results of the RNA-Seq analysis were reliable indicators of
the overall changes in the gene expression.

MA viral infections impact the innate immune
response in the lung

Three mice infected with MA or SD/416 were euthanized at
3 dpi to harvest mouse lung tissues for expression microarray
analysis. To examine the biological functions of the DEGs,
we used GO enrichment analysis to examine the genes of
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the SD/416 and MA-infected mouse lungs (Table 1). This
analysis method enriched the key genes and the surrounding
genes of related biological functions, and in this study, we
only focused on the key genes. We found that the transcrip-
tional activity of the innate immune response and proteoly-
sis were altered (Tables S2 and S3). The key genes of the
innate immune response were down-regulated by infections
with the MA virus compared with the control (Table S2).
In addition to GO enrichment analysis and pathway analy-
sis, key DEGs were assembled into a functional pathway,
generating a global view of the host—pathogen immune
response to influenza virus infection (Fig. 5). Genes were
color coded according to the signaling pathways and gene
expression differences (Fig. 5). Compared to the control
group, the genes of MA-infected mouse lungs encoded three
pattern-recognition receptors, including RIG-I-like receptors
(RLRs), Toll-like receptors (TLRs), and NOD-like receptors
(NLRs) (Table S3). We found changes in TLR3 and TLR7
that have been implicated in the defense against influenza
virus infections [24, 25]. The expression levels of the TLR
genes were reduced in response to the MA virus infection,
suggesting that the MA virus inhibits TLR signaling through
TLR3 and TLR7. The CYLD and TANK genes, which are
RLR family members, were down-regulated in MA-infected
mouse lungs but were not down-regulated in response to
SD/416 infection (Fig. 5). CYLD is a negative regulator of
RIG-I-mediated innate antiviral responses [26]. TANK inter-
acts with MAVS, TRIF, and TBK1 to regulate RLR- and
TLR-mediated interferon production [27]. We also found
that the NLR signaling group members CASP1 and CASPS8
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Table 1 Top 30 selected

‘ . . Biological function —log10 (p value)  Total no. of mol-  No. of mole-
EIDO}Z%%CZilgull\l/lcz?ilzlsfeiietgemouse ecules in function cules in function
lungs with ingreased

expression

SD/416 MA
Cell cycle 66.49 565 63 121
Cell division 45.73 333 49 78
Protein transport 45.22 538 22 96
Transport 43.91 1712 71 238
Mitosis 37.85 241 40 61
Response to DNA damage stimulus 32.59 361 15 67
DNA repair 30.88 291 14 59
Phosphorylation 26.67 684 38 83
DNA replication 25.94 123 10 37
Transcription, DNA-dependent 25.11 1756 18 181
mRNA processing 24.57 278 0 51
Regulation of transcription DNA-dependent 23.84 1852 22 193
Protein phosphorylation 23.03 611 37 73
Metabolic process 22.78 991 49 125
Negative regulation of apoptotic process 22.77 480 31 79
Apoptotic process 20.01 540 23 64
Innate immune response 19.62 180 17 37
Vesicle-mediated transport 18.77 190 0 37
Ion transport 18.75 570 30 73
Positive regulation of cell proliferation 18.19 382 22 71
RNA splicing 17.10 212 0 37
Biological_process 17.00 10237 0 222
Cell differentiation 12.55 636 33 88
Signal transduction 11.77 2212 0 71
Multicellular organismal development 11.01 954 35 101
Proteolysis 8.76 584 17 88
Transmembrane transport 8.48 385 19 23
Drug metabolic process 8.37 14 5 6
G-protein-coupled receptor signaling pathway 8.29 1850 0 24
Oxidation—reduction process 7.57 706 42 89

decreased after MA viral infections (Fig. 5). To validate the
results of the innate immune response in the lung, two genes
(IRF5 and TLR2) that are down-regulated in both SD/416
and MA virus-infected mouse lungs were chosen for qRT-
PCR analysis (Fig. S3a, b). Overall, the MA virus inhibited
TLR, RLR, and NLR signaling more than the SD/416 virus,
which may be related to the greater pathogenicity of the
MA virus.

The MA virus alters ubiquitin-mediated proteolysis
Three mice infected with MA or SD/416 were euthanized at
3 dpi to harvest mouse lung tissues for expression microar-

ray analysis. As mentioned above, MA viral infections alter
the expression of proteolytic genes (Table 1). The pathway
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analysis of the genes involved with proteolysis revealed
that these genes were involved in ubiquitin-mediated pro-
teolysis in MA virus-infected mice compared with the
control (Table S2). This pathway was generally absent in
SD/416-infected mice compared with the control (Table S3).
Eighteen genes were induced with the MA virus infection,
and only two genes were induced with SD/416 infection.
These 18 genes were members of E1 (SAE1 and UBAG6), E2
(UBE2A, UBE2C, UBE2J1, and UBE2N), and E3 (WWP2,
HERC4, RCHY1, FANCL, CUL2, TCEB2, BIRC3, RBX1,
CDC16, CDC20, ANAPC4, and CDC27) (Fig. 6). Further
research on the biological functions of these genes showed
that approximately one-third of the genes (RBX1, UBE2N,
WWP2, RCHY 1, UBE2J1, and HERC4) [28-33] play roles
in antiviral innate immunity, while others (CDC16, SAE1
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and CUL2) [34, 35] are related to viral replication. To vali-
date the results of ubiquitin-mediated proteolysis in the lung,
two genes (UBE2A and CDC20) that are down-regulated in
both SD/416 and MA virus-infected mouse lungs were cho-
sen for qRT-PCR analysis (Figs. S3C, D). This suggests that
the MA virus had a stronger replication ability and higher
virulence, and these characteristics were related to the down-
regulation of the ubiquitin—proteasome system (UPS).

Discussion

Previous studies have investigated the pathogenesis of
adapted viruses from the perspective of the virus itself,
but have rarely studied the interaction between the adapted
virus and the new host. In the current study, we acquired
an adapted virus by performing five passages of a virus in
mice. The viral titers in the MA virus-infected lungs were
almost 1000-fold greater than those in the SD/416-infected

MAPK signaling pathway
@ Jak-STAT pathway
@ 'F\-stimulated Protein

depicted in white are those that either are not observed or are not dif-
ferentially expressed during infection. All colored genes represent
down-regulated genes

lungs, and the MA virus could kill one in five infected mice
(MLDs,> 6.38 log EID5). The transcriptome data indicated
that the MA virus activated the innate immune response and
ubiquitin-mediated proteolysis. The differences in the host
transcriptional responses to infection mirrored the clinical
manifestations of the disease, with a clear response pro-
file distinguishing the MA virus from SD/416. This study
described the pathogenesis of influenza virus resulting from
the interaction between the adapted virus and the new host.

HON?2 influenza virus is an avian virus with low path-
ogenicity, so mandatory immunization is not required.
Because of this, the HON2 virus is easily amplified and dis-
seminated in nature, increasing the probability of transmis-
sion to other birds and humans. In China, HON2 infections
in humans were documented in 1999, 2003, and 2013 [9].
India, Cambodia, Romania, the United States, Nigeria, and
Vietnam have reported that poultry workers were serologi-
cally positive for HON2 [36-43]. In addition, HON2 virus
can act as a “vehicle” to deliver different subtypes of AIVs
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to humans. The internal genes of HSN1, HSN6, H7N9, and
H10NS viruses, which pose a substantial threat to public
health, came from HON2 viruses [10—13]. The mechanisms
through which the H9 avian influenza virus adapts to mam-
mals and crosses the species barrier are a scientific problem
that needs to be solved now. The “serial passage of virus”
approach is an experimental method for adapting an AIV to
mammals to make the virus pathogenic to mammals, which
could simulate the phenomenon of viruses crossing the inter-
species barrier in a natural environment [16]. Therefore, we
chose a wild-type SD/416 virus that was avirulent in mice
for our tests. Here, we gained a virulent HON2 virus using
the lung-to-lung passages in BALB/c mice, and the virulent
virus acquired five amino acid alterations [PB2 (T129A/
E627K), NP (T62S), and NS1 (T5S/S42A)]. The PB2/
E627K substitution not only contributed to the increased vir-
ulence and transmission efficiency of viruses in mammals,
but also affected virus escape [44, 45]. The NP protein plays
an important role in both viral assembly and RNA synthesis,
and the NP-T62S substitution located near the RNA-binding
region which affected the formation of RNP [46]. The NS1
protein counteracts innate immune responses by several
mechanisms. In this study, the amino acids residue S42A
of the NS1 locates near the nuclear localization signals, and
interacts with RIG-I, TRIM25 to affect the innate immune
responses [47]. In addition, the NS1-TS5S substitution was
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in white are those that are either not observed or are not differentially
expressed during infection. All colored genes represent down-regu-
lated genes

commonly appeared in the mouse-adapted virus [18]. This
study indicated that HON2 viruses can acquire pathogenic-
ity under the appropriate circumstances and could pose a
substantial public health threat.

Global transcriptome data have the potential to reveal
the systemic changes in host gene expression that occur in
the process of viral infection, which could be beneficial for
understanding the interaction mechanisms and the patho-
genesis of viruses and host [48, 49]. To study the interaction
between the adapted virus and the new host, we used global
transcriptome technology to analyze the gene expression in
the lung of mice infected by SD/416 and MA viruses. In this
study, the global transcriptome data showed that the gene
expression patterns for protein-coding genes significantly
changed after the lung tissue was infected by MA viruses.
We used GO enrichment analysis to examine the biological
functions of the DEGs and found that many biological func-
tions had unclear effects on viral pathogenicity. However, the
innate immune response and proteolysis were clearly related
to the virulence of influenza virus.

Innate immunity is the first line of defense against
invading pathogens and plays a pivotal role in viral infec-
tion. Microarray analysis revealed that the transcription
of genes involved in the innate immune response was
inhibited. This inhibition included the suppression of
TLR, RLR, and NLR signaling in response to infection
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with the MA virus. This may be related to the adapted
virus evading immune surveillance. Previous reports have
demonstrated that the NS1 protein is a very potent inhibi-
tor of immunity that allows influenza virus to efficiently
escape immune surveillance and to establish an infection
in the host [50]. Furthermore, the NS1 protein that con-
tains S42A mutation can interact with RIG-I, TRIM25 to
affect the innate immune responses [47]. The PB2 E627K
mutation permits escape from a species-specific restriction
factor that targets viral polymerases [44]. In addition, anti-
genic drift in NP enabled viral escape from recognition by
cytotoxic T lymphocytes [51]. The results of our analysis
suggest that adapted viruses evade immune surveillance
by adaptive mutations.

Ubiquitin-mediated proteolysis plays key roles in regu-
lating innate antiviral signaling pathways and the life cycle
of influenza viruses [52]. In this study, some of the identi-
fied genes act as activators that regulate antiviral innate
immunity. The downregulation of the expression of these
genes can help viruses to escape immune surveillance. For
instance, UBE2N as an activator that is essential for RIG-
I-mediated MAVS aggregation in antiviral innate immu-
nity [32]. In coronaviruses, RCHY1 interacts with the
SARS unique domain to trigger the degradation of p53 and
alters antiviral innate immunity [30]. The genes involved
with ubiquitin-mediated proteolysis are involved in viral
replication. CDC16 is an RAB1 GTPase-activating pro-
tein that mediates viral replication. SAE1 enzymes acti-
vate E1 by sumoylation and can restrict intracellular viral
movement [35]. Perhaps, the ability of adapted viruses to
replicate more is associated with the downregulation of
these genes.

This study demonstrates that HON2 viruses are a sub-
stantial threat to public health. Importantly, if a novel
virus is generated via adaptation from birds to humans,
this virus may be virulent in mammal. Further study is
needed on the mechanism by which the adapted virus
escapes immune surveillance and gains a higher ability to
replicate. Therefore, these findings further underscore the
pandemic potential of the HON2 AIV and provide mecha-
nistic insights into the replication and virulence of this
influenza virus among mammalian hosts.
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