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Abstract

Background

Influenza A subtype H9N2 is widespread and prevalent in poultry. It has repeatedly trans-

mitted zoonotically to cause mild influenza-like illness in humans and is regarded as a

potential pandemic candidate. In additon, the six internal genes of H7N9 and H10N8

viruses which caused infection in human in China as well as some of the highly pathogenic

H5N1 strains are origined from H9N2. Previous studies have shown that the mammalian

adaptation PB2-Q591K contributes to the pathogenicity of H5N1 and H7N9 viruses. How-

ever, the role of the PB2-Q591K mutation in H9N2 subtype is still not well understood.

Methods

To define and compare the individual role of PB2-Q591K substitution in the PB2 gene seg-

ment of H9N2 in relation to polymerase activity, replication competence and the pathoge-

nicity using in vitro and in vivo models.

Results

The PB2-Q591K mutation in H9N2 virus enhanced the polymerase activity and virus replication

in human NHBE cells when compared to the wild type strain. Mice infected with the PB2 mutant

showed significant weight loss, higher virus replication and immune responses in the lungs.

Conclusions

Our evidences suggest that the PB2-Q591K, in addition to the -E627K mutation in H9N2

enhanced the pathogenicity in mammalian host.
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Introduction

Influenza A subtype H9N2 viruses are the most widespread and prevalent influenza viruses in
poultry found in Asia. Prior to the interventions from the government, the H9N2 virus isola-
tion rates in Hong Kong’s live poultrymarkets was around 5% of all birds tested increasing to
almost 20% in game-birds such as quail [1,2]. Since the poultries in Hong Kong are mainly
imported from China, similar isolation rates are presumably common in the southern China
region where market interventions applied in Hong Kong are not used. H9N2 viruses have
repeatedly caused zoonotic human infections [3–5]. In most cases, it only causes a mild self-
limited illness and thus the frequency of human infection is probably hugely under-estimated
compared with H5N1 and H7N9 diseases which are usually much more severe to human.

The impact of H9N2 subtypes has been known to influence the human health through two
pathways: On one hand, the 2+6 (2 surface genes + 6 internal genes) recombination was repeat-
edly found in the H5N1, H7N9 and H10N8 outbreaks in human being. In these outbreaks, the
six internal genes of H9N2 viruses were found to combine with the HA and NA genes of other
subtypes resulting to new virus strains and subsequently caused pathogenicity in human. On
the other hand, mammalian adaptation in avian influenza viruses also raises the concern about
its potential threat to human. Mutations in the PB2 gene of avian influenza virus have been
known as important factors to the pathogenesis as PB2 is involved in the viral replication pro-
cess and also functions in the determination of host range [6–7]. Studies of the highly patho-
genic H5N1 or H7N9 viruses demonstrated that residue 627 of the PB2 plays a crucial role in
adaptation and pathogenicity in mammalian hosts [6, 8]. For instance, infection of H5N1 with
PB2-Q627K mutation in primary human lung epithelial cells and macrophages increases the
virus replication as well as pro-inflammatory cytokines production and these factors have been
shown to associate with the pathogenicity of H5N1 in human [9–11]. Recently, amino acid
change at PB2-591 has been identified from the human pandemic H1N1, H5N1 and H7N9
viruses which is also related to the pathogenicity in mammalian hosts [8, 12–13]. Previous
study has shown that mammalian adaptations at both 590S591R and 627K in pandemic H1N1
backbone have no synergistic effect when tested in combination [13]. Our previous study
found that two amino acids residues located at the position 253 and 591 of the H9N2 PB2 gene
were mutated after serial passages in mammalian cells while all other gene segments being
unaffected [14]. The virus with both D253N and Q591K mutations in its PB2 showed higher
cytokine induction and replication phenotype in our human cell models. In addition, infection
of the mutant in balb/c mice caused significant weight loss when compared to the mice infected
by the wild type strain. In this study, we extended our investigation to the role of the
PB2-Q591K mutation when it is independently introduced in the genetic background of H9N2
virus.

Materials and Methods

Cells

Human embryonic kidney 293T and MDCK cells were maintained in Eagle’s minimal essential
medium (MEM) containing 10% fetal calf serum and antibiotics. Normal Human Bronchial
Epithelial (NHBE) Cells were obtained from Lonza and cultured according to the manufactur-
er’s protocol.

Polymerase activity assay

Plasmids of the segments of the A/Quail/Hong Kong/G1/97 (H9N2/G1) and A/Duck/Hong
Kong/Y280/97 (H9N2/Y280) viruses including those with single mutation at Q591K or E627K
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in the PB2 were generated. In brief, the RT-PCR products of viral RNA segments were cloned
into the expression vector which contains dual promoters to produce viral RNAs and viral pro-
tein. The mutant PB2 constructs containing a mutation with amino acid at the position of
interest were generated by QuikChange™ Site-DirectedMutagenesis Kit (Agilent Technolo-
gies). 293T cells monolayers were transfected with the luciferase reporter plasmid (pluci) and
the internal control plasmid (phRL-CMV) together with the mix of PB2, PB1, PA and NP plas-
mids. After 24-hour incubation, cell extracts were prepared in 500 ul of lysis buffer. The lucifer-
ase levels were assayed with Luciferase Assay System (Promega) and detected by luminometer.

Generation of recombinant viruses

All eight plasmids containing the full genome of the viruses were transfected into Human
embryonic kidney (293T) cells to generate recombinant viruses according to the previous
description [8].

Cell Infection

Primary human bronchial epithelial cells were infected with the H9N2/G1 or H9N2/Y280 or
their PB2 mutants at MOI of 0.01 according to the indicated condition. Evidences of viral repli-
cation from the supernantant of the infected cells were assessed by tissue infectious dose 50 in
MDCK cells.

Experimental mice infection

Specific pathogen free Female BALB/c mice (6–8 weeks old) were infected with 1.5x105 PFU of
each virus in 25 ul intranasally and were monitored daily for weight loss. Mice were sacrificed
at the indicated days post-infection for virological and cytokine assays. The lungs were homog-
enized in PBS containing antibiotics. This study protocol was carried out in strict accordance
with the recommendations and was approved by the Committee on the Use of Live Animals in
Teaching and Research of the University of Hong Kong (CULATR 2270–10). Humane end-
points for animal’s experiments and methods were undertaken to minimize potential pain and
distress. All animals were euthanized by Phentobarbital (200mg/kg, i.v.) at the end of the
experiments or once they are severely sick which show more than one of the signs of the follow-
ing (score>1, as one sign = 1): loss of weight more than 30%, respiratory signs, depression,
diarrhea, cyanosis of the exposed skin, edema of the face and head, and neurological signs. No
mice was fulfilled the above criteria and was euthanized before the end of the experiments.

Quantitative analysis of cytokine levels

Expression levels of TNF-α, MIP-1α, MIP-1β, MCP-1, MCP-3, RANTES, KC and IP-10 in the
lung homogenates and blood serumwere quantitatively determined by flow cytometry–based
immunoassay (Flowcytomix Multiplex, BenderMedSystems). In brief, both lung homogenates
and blood serumwas collected at indicated days of post-infection. 25ul of each sample was pro-
cessed according to the manufacturer’s protocol. The amount of cytokines (pg/mL) in the sam-
ples was acquired on a BD LSRII (BD Bioscience) and was calculated by FlowCytomix Pro 2.3
software (BenderMedSystems).

Virus titration

The amount of virus in the supernatant was titrated on MDCK cells and the titers were
reported as tissue culture infectious dose units per 100ul (TCID50/100ul).
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Quantification of immune cells in the mice lungs

Whole lung cell suspensions from the mice were prepared in Dulbecco’s minimal essential
media (DMEM) with 20% fetal calf serum following collagenase-DNase treatment and manual
disruption. Red blood cells were removed by lysis buffer treatment. Lung cell suspensions were
then incubated with anti-Fc block (anti- mouse CD16/CD32) to reduce non-specific antibody
binding for 10 min prior to staining for 1 hr with fluorophore-conjugated antibodies specific
for immune cell populations: CD11b-PE-Cy7, CD11c-PE, Ly6G/C-PerCP-Cy5.5, CD3-APC-
eFluor 780, Dx5-Alexa Fluor 647. Cells were washed twice with PBS and fixed for 15 min with
2% paraformaldehyde and further stained for influenzaNP-FITC antibody. Flow cytometry
was performed on a FACSAria flow cytometer (BD Biosciences).

Statistical analysis

Statistical significance of the difference between the experimental groups was determined by
using unpaired, non-parametric Student’s t test. Values of p<0.05 were considered as
significant.

Results

Q591K mutation in the PB2 gene of H9N2 virus enhances polymerase

activity in mini-genome reporter assay

Our previous study has shown that the amino-acid substitution Q591K and E627K in
H9N2/G1 enhances polymerase activity in human 293T cells at 37°C [14]. We further exam-
ined and compared the effect of these mutations by mini-genome reporter assay using the
backbones of the H9N2/G1 and the H9N2/Y280 at 33°C which represents the body tempera-
ture at the upper respiratory tract. Compared to the polymerase activity of the wild type
H9N2/G1 (no mammalian signature in the PB2), both of the amino acid substitutions
(PB2-Q591K and -E627K) resulted in a higher polymerase activity at 37°C and 33°C respec-
tively in mammalian 293T cells (Fig 1A and 1B). However, the mutant PB2-E627K showed
higher polymerase activity than the PB2-Q591K at both temperatures suggesting that
PB2-Q591K mutation can only partially compensate the function of PB2-E627K. Similar
results were observed using the H9N2/Y280 as the backbone under the same condition
(Fig 1C and 1D).

The PB2 mutants increase the virus replication in primary bronchial

epithelial cells during the early time point after infection

Initial infection and onward transmission of an influenza virus depends on efficient virus
replication in the human respiratory tract. Normal human bronchial epithelial (NHBE) cells
were infected at MOI of 0.01 at 33°C and 37°C with H9N2/G1 or H9N2/Y280 or their PB2
mutants. At 37°C, both PB2-Q591K and -E627K mutants from H9N2/Y280 and H9N2/G1
backgrounds showed significant higher virus replication than the wild type viruses at 24
hours post infection (Fig 2A and 2B). No difference of replication level was found between
the wild type and the PB2 mutants at 48 and 72 hours post infection at the same temperature
except the PB2-E627K mutant of H9N2/Y280, which showed significant higher replication
than the wild type at 72 hours post infection. Both of the lineages grew ineffectively and no
significant difference was found from the wild type strains and their PB2 mutants at 33°C
(Fig 2C and 2D).
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Fig 1. The polymerase activity of H9N2/G1 and H9N2/Y280 with PB2 mutations. 293T cells were transfected with plasmids containing

H9N2/G1 or H9N2/Y280 PB2, PB1, PA, NP genes plus a control luciferase reporter plasmid and a viral UTR-driven luciferase reporter

plasmid. After transfected cells were cultured at A) H9N2/G1-37˚C and B) H9N2/G1-33˚C C) H9N2/Y280-37˚C D) H9N2/Y280-33˚C for 24

hour, luciferase activity was then assayed in cell extracts. Results are the average of three experiments. The values were statistical analyzed

by two tailed, paired t-test. *: p<0.05

doi:10.1371/journal.pone.0162163.g001
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The PB2-Q591K mammalian adaptation of H9N2 virus contributes to

the pathogenicity in mice

To examine the role of H9N2 PB2-Q591K mutation to the pathogenicity in mice, we intrana-
sally infected 6 to 8-week-old healthy female BALB/c mice (five mice in each group) with
1x105 PFU of the recombinant wild type H9N2/G1 or mutants with PB2-Q591K or–E627K.
Mice inoculatedwith the viruses were monitored for 14 days for weight loss and mortality (Fig
3A). No mice died after infection of any of the recombinant viruses even at the highest concen-
tration we inoculated. The mice infected by the recombinant wild type H9N2/G1 virus showed

Fig 2. Virus replication of primary NHBE cells infected by H9N2 viruses. Primary NHBE cells were infected at MOI of 2 with H9N2/G1 or

H9N2/Y280 and their PB2 variants. The virus titers were measured from the supernatant of 24, 48 and 72 hours post-infection by TCID50 assay.

(A) H9N2/G1, 37oC (B) H9N2/Y280, 37oC (C) H9N2/G1, 33oC (D) H9N2/Y280, 33oC. The data is shown by the results of the mean value of

three independent experiments. *: p<0.05

doi:10.1371/journal.pone.0162163.g002
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less than 5% of weight loss in the next 14 days of post infection. The mice showed around 10–
15% and 25–30% of weight loss at most after infection with the mutants of PB2-Q591K and
-E627K respectively, suggesting that these two mutants contribute to the enhanced pathogenic-
ity in mice. The appearance of the lungs isolated from the mice infected by wild type H9N2 or
its PB2 mutants are shown in Fig 3B. Next, the virus replication in the respiratory tract and the
cytokine induction from the mice infected by the recombinant wild type and their PB2 mutants
were compared. No virus dissemination was found in the brain among all groups (data not
shown). We determined the levels of virus replication in the nasal and lung of the virus-
infectedmice. Mice infected by the mammalian adapted H9N2 (PB2-Q591K and -E627K)
showed higher replication level than the wild type in nasal wash samples collected at 3 days

Fig 3. The weight change of the mice infected with the H9N2 and their PB2 variants. Female BALB/c mice were infected intranansally with

1.5x105 PFU of the H9N2/G1 and their PB2 mutants. Weight of the infected mice were expressed as percentage change compared to the weight at

day 0. Results from each time point were expressed as mean ± SD of five mice. *:p<0.05. The data is the representative results from one of two

independent experiments (B) The photographs from the lungs of the mice infected by the H9N2/G1 and their PB2 mutants.

doi:10.1371/journal.pone.0162163.g003
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post infection (Fig 4A). A longer virus shedding (up to day 8) was observed in the group
infected by the PB2-E627K mutant. The virus titer in the lung showed significant higher level
in the groups of recombinant mutants compared to the wild type (Fig 4B).

Clinical studies as well as in vivo models has been suggested that cytokine dysregulation
contributes to the pathogenesis of H5N1 and H7N9 infection in humans. To have a better
understanding to the role of H9N2 PB2-Q591K on cytokine induction, we compared the levels
of several key proinflammatory cytokines in the lung and serumof the mice infected by wild
type H9N2/G1 and PB2 mutants (Figs 5 and 6). In general, both the wild type and PB2 mutants
triggered higher level of cytokines than the uninfected control. However, both PB2-Q591K and
-E627K mutants induced significant higher amount of IP-10, MCP-3 and MCP-1 in the lung
than the wild type virus, up to 5 days post infection. There was no difference on the levels of
MIP-1α, MIP-1β, TNF-α and RANTES among all groups. In serum samples, both mutants
triggered higher IP-10, KC and MCP-3 at day 2 of post infection but not found at the other
days of infection.

To further assess the immunity of the mice triggered by the PB2 mutants, we next deter-
mined the numbers of specific immune cell populations in the lungs using flow cytometry (Fig
7). Immune cells from the lungs of the mice infected by the H9N2/G1 wild type or the two PB2
mutants were identified by a combination of specificmarkers. Compared to the uninfected
condition, mice infected with H9N2 viruses (Wild type or PB2 mutants) exhibited an increase
in the numbers of macrophages (CD11b+, CD11c-, Ly6G/c-, CD3-), neutrophils (CD11b+,
CD11c-, Ly6G/c+, CD3-), T cells (CD11b-, CD11c-, Ly6G/c-, CD3+) and NK cells (Dx5+,
CD3-) since the first day of infectionwhile the dendritic cells (CD11b-, CD11c+, Ly6G/c-,
CD3-) increased at day 8. Among all the immune cells we tested, both of the PB2 mutants trig-
gered higher influx of neutrophils than the wild type started from 2 days of post infection.
Higher infection rates of T cells, neutrophils, macrophages and NK cells were found from both
PB2 mutants but not in the wild type virus.

Discussion

The H9N2 viruses have been repeatedly isolated from humans since 1999 [3,4,15]. While the
viral determinants of pathogenicity in other avian influenza viruses such as H5N1 and H7N9
have been intensively studied, the role of these factors in H9N2 has not been fully investigated
hitherto. We have previously reported that the PB2 mutations at the residues Q591K together
with D253N are functionally relevant in H9N2 virus [14]. As PB2-Q591K mutation has been
recently reported from human H5N1 and H7N9 isolates, we here aim to further investigate the
pathogenic effects of this new identified PB2 mutation using in vitro and in vivo models with a
parallel comparison to E627K, which is a well-studiedmammalian adaptation. We showed that
PB2-Q591K mutation in H9N2 backgrounds increases the polymerase activity as well as the
early cycles of viral replication in human epithelial cells when compared to our wild type con-
trol which does not adapt to any mammalian signature. Recombinant H9N2 virus with the
PB2-Q591K mutation clearly enhances the pathogenicity in mice as well as increasing virus
replication in lung and triggering higher immune responses (proinflammatory cytokines and
immune cells influx) compared with the wild-type control. However, consistent to our previous
study using human H7N9 isolate as model, H9N2 virus with PB2-Q591K appeared to partially

Fig 4. The virus titers from the nasal wash and the lung of the mice infected with the H9N2/G1 variants. Female BALB/c mice were

infected intranasally with 1.5x105 PFU of the H9N2/G1 and their PB2 variants. (A) Nasal wash and (B) lung were harvested for virus titration

at 3 and 6 days post-inoculation. Lungs were homogenized in 1 ml of PBS and 200 ul of PBS was used as nasal wash. The results from each

group are represented by the average titer of six mice and are the representative results from one of two independent experiments. The virus

titers were determined by TCID50 in MDCK cells. Results from each time point were expressed as means ± SD. *:p<0.05

doi:10.1371/journal.pone.0162163.g004
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compensate for the lack of the PB2-E627K adaptation in polymerase activity and weight loss in
mice [8]. In our in vivo experiments, although both mutants showed significant weight loss
than the wild type virus, mice infected with PB2-Q591K mutant showed less weight loss and
recovered faster than the one with PB2-E627K throughout the 14 days of post infection.How-
ever, both of them showed compatible level of replication in lung and no clear prolonged differ-
ence on immune responses suggesting that there is still an unknown factor to differentiate the
pathogenicity between the two mutants.

Previous study from Mehle et al proposed that pandemic swine origin human influenza
virus H1N1 that emerged in 2009 used the similar approach to overcome the species barrier
from swine to humans [13]. A SR polymorphisms at position 590 and 591 of PB2 have been
identified as substituting the function of the PB2-627K. However, no synergistic effect was
observedwhen both of the G590S/Q591R and E627K mutations appear together suggesting
that such mutations are a compensation substitution. Computational modeling and X-ray crys-
tal structure of the “627” domain from the pandemic H1N1 PB2 protein showed that the PB2-
590S591R can partially rescue the positive charge on the "627-domain” given that the PB2
retains 627E [12,13]. The introduction of these mutations into the PB2 of the pandemic H1N1
avian influenza increases higher polymerase activity but still, lower than the isogenic counter-
part with PB2-E627K.

The host range of influenza viruses has shown to dependent on the compatibility between
the virus components and the human host [16,17]. Several studies have demonstrated that the
mammalian adaptation at PB2 switches the host factor dependence in avian and human host.
It has been demonstrated that the polymerase activity and the replication of the influenza virus
with PB2-E627K in mammalian hosts is positively regulated by importin-α1 and -α7 protein
while -α3 generally plays a negative function to all influenza viruses [18, 19]. Moreover, virus
with human-like PB2 627K but not avian-like PB2-627E displayed reduced pathogenicity and
virus replication in importin-α7 knockout mice [20]. The mechanism on how the PB2 muta-
tion affects the binding affinity with importin-α protein is still not known. While the
PB2-Q591K mutation retains the similar structure and the charge on the surface of the same
domain to the one with PB2-627K, it is interesting to further compare the interaction of the
two PB2 with the importin-α protein given that PB2-Q591K showed a lower pathogenicity in
our models.

Our results implicate that infection of H9N2 with specific PB2 mutation may possibly
induce a more severe outcome in human. The cytokine storm and high virus replication were
suggested as crucial factors to the pathogenicity of avian influenza virus in human [21–23]. We
observedhigher level of pro-inflammatory cytokines in the lung of the mice infected by the
PB2-Q591K and E627K mutants and this phenomenon is likely due to the fact that more virus
replication in the upper respiratory tract lead to more infection to immune cells resulting to
more cytokines production. However, the lack of lethality in the mice infected by the mutants
in high infectious dose suggested the mutations do not show a high virulence phenotype in the
vivo model compared to H5N1 in which the unique property of hemagglutinin of the H5N1 is
also shown as an important pathogenic factor.

In summary, our results showed the functional role of the PB2-Q591K mutation in H9N2
viruses. This adaptive change have been reported in human virus isolates of other avian viruses

Fig 5. Cytokine expression in the lungs of H9N2/G1 virus infected mice. Cytokine (TNF-a, MIP1-a, MIP-1b, MCP-1,

MCP-3, RNATES and IP-10) levels from infected lungs collected from days 3 and 6 post-inoculation were measured

individually by the FlowCytomix system. Results from each time point are expressed as means ± SD of three infected

mice (n = 3) and are the representative results from one of two independent experiments. Dot lines represent the level of

mock. *:p<0.05

doi:10.1371/journal.pone.0162163.g005
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Fig 6. Cytokine responses in the serum of H9N2/G1 virus infected mice. Cytokine (IP-10, KC, MCP-1, MCP-3, MIP1-a, MIP-1b and

RANTES) levels from the serum of infected mice were collected from days 3 and 6 post-inoculation and measured individually by the

FlowCytomix system. Results from each time point are expressed as means of three infected mice (n = 3) and are the representative results

from one of two independent experiments. Dot lines represent the level of mock. *:p<0.05

doi:10.1371/journal.pone.0162163.g006
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(e.g. H5N1 or H7N9 viruses) and was shown to increase the virulence, it is possibly that H9N2
with the similar mutation may increase the pathogenicity during human infection.Neverthe-
less, National Center for Immunization and Respiratory Diseases has included the PB2-Q591K
mutation as one of the molecular determinants of important viral phenotypic characteristics in
H5N1 virus (http://www.cdc.gov/flu/pdf/avianflu/h5n1-inventory.pdf). Taken together, our
evidences suggested that this PB2 mutation in H9N2 enhanced the virus replication, immune
responses and pathogenicity in mammalian host but did not contribute to the increasing of
lethality.
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