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Abstract

Replication and transmission of avian influenza virus in humans poses a pandemic threat. The
molecular determinants that facilitate this process are not well understood. We used DBA/2 mice
to identify viral factors that mediate the difference in pathogenesis between a virulent (H7N3) and
a non-virulent (H7N9) avian influenza virus from North America. /n vitroand in vivo
characterization of reassortant viruses identified the PB2 and PA polymerase genes as major
determinants of H7N3 pathogenesis. Analysis of individual residues in the PB2 and PA genes
identified position 358 (E3s5gV) in PB2 and positions 190 (P190S) and 400 (Q4ggP) in PA that
reduced the virulence of H7N3 virus. The E3sgV and P19gS substitutions also caused reduced
inflammation after infection. Our results suggest that specific residues in the polymerase proteins
PB2 and PA are important for replication and virulence of avian influenza viruses in a mammalian
host.
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Introduction

Avian influenza A viruses (IAV) continue to pose a significant threat to human health. H5
and H7 subtype 1AV sporadically transmit from avian species to humans, sometimes causing
fatal disease. The molecular mechanisms, associated with replication and pathogenesis of
avian influenza viruses in a mammalian host, are not well understood. A better
understanding of the molecular basis for mammalian tropism will improve influenza virus
surveillance and epidemiology and provide insights into fundamental influenza biology.
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Highly pathogenic avian H5N1 1AV emerged in Hong Kong in 1997 and has since spread to
across Asia to other continents. The World Health Organization has identified over 650 cases
and nearly 50% of these have died. In 2003, a highly pathogenic avian H7N7 1AV caused a
large outbreak in the Netherlands with approximately 80 confirmed human cases (Fouchier
et al., 2004). Besides these larger outbreaks, there have been several reports of human
infections with avian HON2, H7N2, H7N3, H6N1 or H10N8 virus (Chen et al., 2014;
Reperant et al., 2012; Wei et al., 2013). In March of 2013 the first human cases of a novel
H7N9 1AV were reported in China (Chen et al., 2013; Li et al., 2014; Watanabe et al., 2013).
Since then nearly 700 cases have been reported and of those nearly 40% have died. The
factors allow these viruses to transmit and replicate in a human host are only partially
defined. The surface proteins HA and NA are very important for transmission of 1AV from
birds to mammals due to their role in attachment and release of the virus (Imai and
Kawaoka, 2012). Avian HA proteins bind predominantly to a.2-3 linked sialic acids, while
HA proteins from human 1AV bind a2-6 linked sialic acids. This differential binding
provides a significant barrier for avian 1AV replication in the human host, because human
airway epithelial cells express predominantly a.2-6 linked sialic acids. However, certain
mammalian species, such as pigs, express both a2-3 and a2-6 linked sialic acids in the
upper respiratory tract providing an environment for adaptation to human-like receptors. The
polymerase proteins PB2, PB1 and PA of influenza virus are also major determinants of host
range and transmission. A lysine at PB2 position 627 is found in most human influenza
viruses and in avian influenza viruses isolated from humans (Jonges et al., 2014; Mok et al.,
2014). In contrast, avian influenza viruses isolated from birds have a glutamic acid at this
position. Genetic differences in the host factor ANP32A, account for the species specificity
of this residue (Long et al., 2016). Additional residues at 701, 590 and 591 of PB2 have
similar effects and allow avian 1AV to replicate more efficiently in mammalian host cells
(Liu et al., 2012). Similarly, several residues on the PA and PB1 protein have been
associated with increased replication and virulence in mammalian hosts (Manz et al., 2013;
To et al., 2014; Yamayoshi et al., 2014).

The continued transmission of avian influenza viruses to humans, specifically H7 influenza
viruses, makes the identification of virus and host factors important for this process a
priority. Despite this, H7 virus pathogenesis and transmission have not been extensively
studied (Belser et al., 2013a; Belser et al., 2013b; Belser et al., 2007; Belser and Tumpey,
2014; Joseph et al., 2007). One of the reasons is that H7 viruses often do not cause severe
disease in mice and ferrets, preventing us from identifying viral factors associated with
pathogenesis and disease. Recently, we and others reported on the utility of the DBA/2
mouse strain to study /7 vivo replication and pathogenesis of natural isolates of avian and
human influenza viruses (Boon et al., 2010; Pica et al., 2011), including avian H7 influenza
viruses. We have now extended this model to identify molecular determinants of
pathogenesis in North-American avian H7 viruses. A genetic analysis between a virulent
H7N3 and a non-virulent H7N9 virus identified three residues on the PB2 and PA
polymerase proteins that impact virulence and disease. The protein domains containing these
residues are therefore potentially important for pathogenesis in a mammalian host.
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In vivo and in vitro characterization of H7N3 and H7N9 influenza A virus

Previously we had described a significant difference in virulence between an avian H7N3
virus (A/shorebird/Delaware/22/2006) and an avian H7N9 virus (A/mallard/Alberta/
177/2004) (Boon et al., 2010). This H7N9 virus is very different from the avian H7N9 virus
that is circulating in China and is closely related to other avian 1AV circulating in North
America (Supplemental Table 1). The H7N3 virus is nearly identical to other H7N3 viruses
that were isolated near the Delaware Bay area in 2006 (Supplemental Table 1). To identify
the molecular determinants that define this reported difference in virulence we first
generated molecular clones of these two avian AV and inoculated female DBA/2J mice
intranasally with 103 TCIDs of either wild-type or reverse genetics derived H7N3 and
H7NQ9 virus. Weight-loss and mortality were monitored over a 21 day period. Similar to our
previous report (Boon et al., 2010), the wild-type H7N9 induced minimal weight loss (Table
1) and the majority of the animals survived the infection. Inoculation with 103 TCIDs of
wild-type H7N3 induced significantly more weight-loss (P<0.001) and mortality (P<0.01) in
these animals (Figure 1a and Table 1). Importantly, the molecular clones of both H7N3 and
H7N9 demonstrated identical /n7 vivo pathologies compared to the E2 passage of the
respective virus isolates -

To assess if the difference in pathogenesis was caused by a difference in virus replication,
we quantified viral titers in lung homogenates of male DBA/2J mice at 2, 3, 6, and 9 days
post inoculation with 102 TCIDsp. Significant differences in virus titer were observed at 2, 3
and 9 days post-infection (Figure 1b). The differences in titer at days 2 (100-fold, A<0.001)
and 3 (100-fold, £<0.001) were particularly striking and provided additional evidence that
early virus replication and increased viral load are major determinants of severe disease. At
day 6, the viral load in the lungs of infected animals was similar (£>0.45) between H7N3
and H7N9, while at day 9, the viral load in H7N9 infected animals was lower (10-fold,
£<0.05).

The in vitro growth properties of these two viruses in mammalian cell culture were also
different. In MDCK cells, the H7N3 virus grew significantly faster compared to H7N9.
Within 24 hours after inoculation with 50 TCIDsgg of H7N3 the culture supernatant
contained 108 TCIDsp/ml. In contrast, it took 48 hours for the H7N9 virus to reach similar
peak titers (Figure 1c).

The polymerase proteins of H7N3 virus determine the difference in disease severity

A genetic comparison between H7N3 and H7N9 identified a total of 53 amino-acid
differences across 7 gene segments (Figure 2). The NA gene-segments were not included in
this analysis as they belong to different serotypes (N3 versus N9). The majority of the
differences were found in the HA (10 changes), PB1 (17 changes including PB1-F2) and PA
(12 changes including PA-X) gene segments. In order to identify the specific residues
associated with the increase in pathogenicity of H7N3, we first wanted to identify the gene
segment(s) responsible for the difference in disease severity. The effects of PB2, PB1, and
PA polymerase proteins (H7N3s.3), the surface HA and NA glycoproteins (H7N3g+) or the
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non-structural proteins (NS) (H7N3741) on pathogenesis were evaluated. The three
polymerase genes had the largest impact on pathogenesis. H7N3s.3 virus, containing the
PB2, PB1 and PA gene segments of H7N9, caused significantly (£<0.001 at 103 TCIDs and
P<0.0001 at 102 TCIDsg) reduced mortality compared to H7N3 (Figure 3a/c and Table 1). In
the converse experiment, we observed a significant (£<0.005 at 103 TCIDsp) increase in
mortality and morbidity when we exchanged the polymerase genes of H7N9 with those of
H7N3 (H7N9s,3). Exchange of the HA/NA gene-segments also reduced (£<0.01 at 103
TCIDsg for H7N3g,5) and increased (A<0.05 at 103 TCIDsq for H7N9g,) mortality of
H7N3 and H7NO9 virus respectively. However, the effects on morbidity and mortality were
smaller compared to the polymerase genes (Figure 3a/b and Table 1). Finally, we did not
observe an effect of NS gene-segment on mortality of H7N9 and H7N3 virus (Figure 3a/b
and Table 1).

In vitro characterization of the reassortant viruses also revealed that exchanging the
polymerase genes (H7N35.3 or H7N9s.3) had the largest impact on virus replication in
MDCK cells. The presence of the PB2yg, PB1ng and PAng genes in H7N3 (H7N3s..3)
significantly decreased (~<0.05) the viral titer in the supernatant of infected MDCK cells 24
hours post infection (Table 2). Introducing the PB2y3, PB1y3 and PAns genes of H7N3 on a
H7N9 backbone (H7N9s.3) increased (A<0.05) viral titers in the supernatant 24 hours post
infection (Table 2). Substitution of the HA/NA or NS gene-segment had no significant effect
on the replication of H7N3 virus in MDCK cells. Similarly, substitution of the NS segment
in H7N9 virus also did not significantly change the growth properties of the reassortant
virus.

The PB2 and PA proteins of H7N3 virus cause the increase in pathology

Next we interrogated the effect of individual gene segments on H7N3 replication and
pathogenesis. Because H7N3 virus is highly virulent at a dose of 103 TCIDsq (100%
mortality) we used a 10-fold lower inoculum (102 TCIDsg) to detect small effects of single
gene-segments on viral pathogenesis. DBA/2J mice were inoculated with H7N3 virus
containing the PB2 (H7N3-PB2yq), PB1 (H7N3-PB1yg) or PA (H7N3-PAyg) gene-segment
from H7N9 and weight loss and mortality were monitored for 21 days. As shown in Figure
3c and Table 1, H7N3-PB2yg and H7N3-PAyg inoculated animals lost significantly less
weight (12%, A£<0.0001 and 5.8%, ~£<0.0001 respectively) compared to those inoculated
with the H7N3 virus (23.9%). Also, fewer animals succumbed to infection with H7N3-
PB2Ng (37%, (P<0.0001) and H7N3-PAng (12%, (/£<0.0001)) compared to H7N3 virus
infection (83%). The introduction of the PB1 gene segment of H7N9 (H7N3-PB1yg) had a
significant effect on morbidity (15.8%, A<0.01), but no effect on mortality (86%, ~>0.6).

Increased polymerase activity of the H7N3 virus polymerase complex

The polymerase activity of 1AV can be quantified with a mini-genome assay using firefly
luciferase activity as the readout for activity (Salomon et al., 2006). The polymerase activity
of H7N3 was 3-fold higher (A<0.001) compared to that of H7N9 (Figure 4). Upon
substitution of individual gene-segments between H7N9 and H7N3, we observed significant
changes in polymerase activity. The PB2 and PA gene-segment of H7N9 reduced the
polymerase activity of the H7N3 complex by 75% (~<0.001) and 49% (/~<0.01) respectively
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(Figure 4a). Consistent with this result, the inclusion of the PB2 (£<0.01) or PA (~<0.05)
gene from H7N3 increased the polymerase activity of the H7N9 complex (Figure 4b).
Interestingly, the PB1 gene of H7N9 increased polymerase activity of the H7N3 polymerase
complex 3-fold (Figure 4a, A<0.001), while the addition of H7N3 PB1 to the H7N9 complex
reduced activity (P<0.01, Figure 4b).

Position 358 in the PB2 protein affects replication and pathogenicity of H7N3 virus

Six amino-acid differences were identified between the PB2 protein of H7N3 (PB2y3) and
H7N9 (PB2yg) (Figure 2). Four positions were selected (Gg2R, E3zs8V, As71T, and Egg1G)
based on the difference in chemical properties of the amino-acids involved. These 4 residues
were modified in the PB2 gene of H7N3 and the viruses were generated and tested in our
DBA/2J mouse model. Compared to the wild type H7N3, position GgoR, and Egg1G had no
effect on morbidity and mortality (Figure 5 and Table 1). The A471 T substitution
significantly increased morbidity (£<0.01 on 6 dpi) and mortality (A<0.05) of the mutant
virus compared to wild type H7N3. Finally, the E3sgV change in the PB2y3 gene resulted in
significantly reduced weight loss and increased survival (£<0.001). Inoculation of DBA/2J
mice with the H7N3-PB2g3sgy Virus induced a maximum weight loss of 15.3% on day 8
and only 20% of the inoculated animals succumbed to infection. In contrast, 83% of the
H7N3 virus infected animals succumbed to the infection and the average weight-loss on day
8 post inoculation is significantly higher (23.9%, £<0.001).

To determine how PB235g affects pathogenesis /n vivo, we inoculated animals with 100
TCIDsg of H7N3 and H7N3-PB2g35gy Virus and determined lung viral titers on days 2, 3, 6
and 9 post inoculation. On day 2, the viral load was significantly lower (£<0.001) in the
H7N3-PB2g35gy inoculated animals compared to the H7N3 infected animals (Table 3). On
days 3 and 6 the viral load between the two viruses was similar, while on day 9 the viral load
in the H7N3-PB2g35gy infected animals was again significantly reduced (P<0.01).
Cytokines and chemokines play an important role in the pathogenesis of influenza virus
(Boon et al., 2011; Brandes et al., 2013; Hatta et al., 2010). To assess inflammation, we
quantified the production of pro-inflammatory cytokines in lung homogenates 3 and 6 days
post inoculation with H7N3 and H7N3-PB2g35gy,. The concentration of several pro-
inflammatory cytokine and chemokines (CCL2, CCL3, G-CSF, IL-1p and GM-CSF) was
significantly lower 3 dpi in the H7N3-PB2g35gy, infected animals compared to the H7N3
infected mice (/<0.05, Figure 7). No differences were observed on 6 dpi. Finally, the
glutamic acid to valine change at position 358 of the PB2 of H7N3 virus significantly
reduced the polymerase activity (A<0.001, Figure 2C). Combined, these data suggest that a
valine at position 358 in the PB2 of H7N3 attenuates virus replication resulting in reduced
amounts of pro-inflammatory cytokines, reduced weight loss and increased survival after
inoculation.

To evaluate the importance of PB235g in the context of the H7N9 virus, we introduced a
glutamic acid (V3sgE) at this position and evaluated pathogenesis. Compared to H7N9 virus,
inoculation with H7N9-PB2y/35g resulted in an increase in weight-loss on day 8 (7% versus
15%, £<0.01, Table 1) and mortality (15% versus 33%, P =0.25, Table 1).

Virology. Author manuscript; available in PMC 2017 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DesRochers et al.

Page 6

Positions 190 and 400 in the PA protein affect H7/N3 pathogenesis

The PA gene-segment of H7N9 also attenuated the H7N3 virus /n vivo (Figure 6 and Table
1). Sequence analysis identified seven amino-acid differences in the full-length PA protein
and seven differences in the newly identified PA-X protein (Figure 2) (Jagger et al., 2012).
Three positions in the PA gene were selected (N1g4S, P190S, and QaqgP) based on the
difference in chemical properties of the amino-acids involved. Interestingly position 190 is
within the decanucleotide sequence that is involved in the +1 ribosomal frameshift required
to produce the PA-X protein. Following intranasal infection, two of the three PA mutant
viruses demonstrated an attenuated phenotype. Animals infected with the P19pS mutant or
the QggoP mutant lost significantly (A<0.01) less weight and fewer animals succumbed to
infection (Figure 6 and Table 1). The N1g4S substitution had no effect on weight loss or
survival after intranasal infection in DBA/2J mice. To determine if the P1goS substitution
reduced virus replication we analyzed viral loads at day 2, 3 and 6 post inoculation. A small
but significant increase in virus titer was found on 2 dpi (/<0.05, Table 3), but not on 3
(P>0.4) or 6 dpi (P>0.1). Analysis of the cytokine and chemokine concentration in lung
homogenates of H7N3 and H7N3-PAp19gs inoculated mice, we found significantly less
CCL2, CCL3, KC, and GM-CSF at 3 dpi (P<0.01) and 6 dpi (/<0.05, Figure 7). Finally, we
measured the impact of N1g4S, P190S and QuqqP substitutions on the polymerase activity of
H7N3 virus (Figure 2C). A serine at position 184 increased (£<0.05) the polymerase
activity, while a serine or proline at positions 190 and 400 respectively reduced (£<0.001)
the polymerase activity.

Discussion

Avian influenza viruses continue to pose a significant threat to human health as exemplified
by the most recent outbreak of avian H7N9 influenza virus in the People's Republic of
China. Therefore, there is a growing need to identify residues that impact replication and
pathogenesis of avian-lineage influenza viruses in mammalian hosts. Our study shows that
virulence and pathogenesis of avian H7 subtype influenza viruses are influenced by multiple
residues on the polymerase genes. The identification of several residues on the PB2 and PA
gene segment highlight the importance of the polymerase complex for virulence and
pathogenesis. The identified determinants and implied functions may improve genotype
screening of avian and human isolates, and support the generation of novel antiviral drugs.

PB235g was found to have a significant effect on virus replication and pathogenesis. H7N3
virus harboring a glutamic acid (E) at this position was more virulent compared to a virus
with a Valine at this position. This is in contrast to avian H1N1 viruses, in which a Valine at
PB235g was associated with increased virulence in DBA/2J mice (Kocer et al., 2014).
PB235g is highly conserved residue (>99.5% of all influenza A viruses have a glutamic acid
(E) at this position) is adjacent to a conserved histidine residue which is reported to interact
with the inverted guanidine cap of mRNA (Guilligay et al., 2008). Interestingly, a Hzs7N
change in PB2 was found in 2009 pdmH1N1 influenza virus that was experimentally
adapted to the murine host (Ping et al., 2011). This data highlights the importance of the
cap-binding domain in the fitness of the virus and this information may be used to generate
alternate attenuated influenza viruses and serve as an antiviral target (Pautus et al., 2013).
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Other residues within the domain have also been reported to affect pathogenesis (Liu et al.,
2013). Interestingly the E3sgV in H7N3 had a much greater impact than the reciprocal V3sgE
mutation in H7N9. We speculate that this is due to compensatory mutations elsewhere in the
mRNA cap binding domain on the PB2 protein of H7N9 virus, for example position 471 or
the adjacent 340. Alternatively, differences in the PA or PB1 protein between H7N3 and
H7N9 influenced the effect of position 358 in PB2. The cap binding domain of the PB2 gene
of influenza A virus is fairly well conserved and several species specific residues have been
identified. The importance of these changes on replication and pathogenesis of human and
avian influenza viruses are currently unknown, but should be evaluated in future studies.

Evaluation of the differences in the PA protein between H7N3 and H7N9 virus identified
two residues that changed the virulence of H7N3 virus. Residue 400 on the PA protein of
influenza virus is highly variable with the majority of North American avian influenza virus
PA proteins expressing proline (49%), glutamine (34%), and serine (10%). In contrast, the
PA genes from human isolates (n=6025), including the pandemic 2009 H1N1 virus, contain
predominantly proline (52%) and leucine (47%) and none had a glutamine at this position.
Interestingly, a glutamine at position 400 is often found in North American lineage avian
isolates but not in Eurasian avian influenza viruses. Our studies show that a glutamine (Q) at
position 400 on the PA protein increases virulence in a mammalian host. It remains to be
determined if position 400 affects virus replication and hence pathogenesis, or whether the
residue affects the host response to 1AV. Position 400 is near the PA-arch (366-397) that is
involved in the binding of the 5 promoter region by the polymerase complex. The double
proline at position 396-397 stacks on the bases of the 5" and 6™ nucleotide of the viral RNA
(Pflug et al., 2014). Several residues within this region have been implicated in host
adaptations (Manz et al., 2013). Finally, C-terminal residue changes in the PA protein of
WSN virus affected virus replication through several mechanisms (Liang et al., 2012).

A proline at position 190 on PA is relatively unique with less than 1% of all sequenced avian
viruses harboring this specific amino-acid residue (Jagger et al., 2012). Position 190 was
recently identified to be part of a highly conserved decanucleotide position that was
important for frame-shifting and the translation of a newly identified influenza virus protein
called PA-X (Desmet et al., 2013; Gao et al., 2015a; Gao et al., 2015b; Gao et al., 2015c;
Hayashi et al., 2015; Hu et al., 2015; Jagger et al., 2012; Khaperskyy et al., 2016; Oishi et
al., 2015). PA-X is important for host protein shut-off and avian PA-X proteins are more
active compared to PA-X from human viruses (Desmet et al., 2013). The effects of PA-X on
pathogenesis vary between different influenza viruses. In the 1918 Spanish influenza virus
or highly pathogenic H5N1 virus, deletion of PA-X exacerbated disease (Gao et al., 2015b;
Hu et al., 2015; Jagger et al., 2012), while in HON2 and 2009 pandemic H1N1 virus,
deletion of PA-X attenuates the virus (Gao et al., 2015c; Hayashi et al., 2015). In the North
American H7N3 virus, a proline to serine substitution at position 190 in the PA protein
attenuated the virus /n vivo. One possibility is that the nucleotides encoding for serine
(UCC) or proline (CCA) at this position changed the frameshift efficiency and therefore the
production of PA-X protein. A different codon for proline (CCC) was reported to reduce the
frame-shift efficiency by 20-30% (Jagger et al., 2012). Alternatively, the proline at this
position has an effect on protein activity or it modulates the host response to infection.
Interestingly, position 190 was found to mutate from a serine to a phenylalanine or threonine
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in several mouse-adapted influenza viruses (Ping et al., 2011). The rationale for this change
in the context of mouse adaptation is unknown, although it has been reported that more
inflammation supports increased virus replication through the recruitment of uninfected cells
(Pang et al., 2013).

Previous analysis of virulence determinants in H7 viruses also discovered a role for PB2 and
PA protein (de Wit et al., 2010; Munster et al., 2007). Molecular characterization of the
amino-acid differences between a H7N7 virus isolated from a fatal case in 2003 in The
Netherlands, and a H7N7 virus isolated from an individual with conjunctivitis, revealed that
the PB2, PA, HA and NA gene contained molecular determinants of adaptation to the human
host. Combined these two studies suggest that the polymerase genes are very important for
adaptation and virulence of avian H7 viruses in the mammalian host.

The lung virus titer 2 and 3 days after H7N9 infection spanned several logs of virus. A
similar variation in early lung tissue titer between mice was previously observed after
intranasal inoculation of C57BL/6 mice with another avian H7N3 virus (Driskell et al.,
2010) suggesting that this is a characteristic of the virus and not the mouse model that we
used. We associate this variation in lung virus titer with poor growth in and adaptation to the
murine host. It is interesting to note that the day 6 virus titer does not have this variation in
virus titer. The rationale for this is not known but could imply rapid adaptation of the avian
virus to the murine host.

Despite the importance of the polymerase proteins in virulence and pathogenesis in vivo, we
and others (Bussey et al., 2010; Bussey et al., 2011) have found that the polymerase activity,
measured in 293T cells, does not always correlate with morbidity and mortality in mice. The
PB1 protein of H7N9 increased the polymerase activity (~3-fold) of the H7N3 polymerase
complex, but had not impact on virulence. Similarly, the PA gene of A/California/04/2009,
increased the polymerase activity of H7N3 proteins 20-fold. The corresponding H7N3 virus
containing this PA gene was attenuated /n vivo (Williams et al., 2016). This inconsistency
can be caused by the differences between human tissue culture and mice, or additional
interactions between the polymerase and other viral proteins. Finally, virulence is not always
directly associated with virus replication /n vive.

This study is the first of its kind to identify molecular determinants of pathogenesis in North
American avian H7 influenza viruses in a mammalian host. We observed that disease
severity of avian influenza viruses is modulated by differences in the PB2 and PA protein.
The amino-acid differences in PB2 (E3sgV) and PA (P190S) affected replication and
inflammation, resulting in reduced disease and death of the infected host. Emerging
influenza viruses should be monitored for these residues and understanding how these
residues impact replication and virulence will help develop novel intervention strategies to
combat influenza viruses.
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Material and Methods

Mice and viruses

Six- to ten-week-old DBA/2J mice were purchased from Jackson Laboratories (Bar Harbor,
ME) or bred in-house in a barrier facility at Washington University School of Medicine, St
Louis, MO, USA. The mice received food and water ad /ibitum and all experiments were
conducted in accordance with rules of the Institutional Animal Control and Use Committee.
Per animal protocol mice that lost more than 30% of their starting body weight were
sacrificed to minimize discomfort.

Wild-type and plasmid-derived low pathogenic influenza A viruses (IAV), A/shorebird/
Delaware/22/2006 (H7N3) and A/mallard/Alberta/177/2004 (H7N9), were propagated in 10-
day-old embryonated chicken eggs (Cackle Hatcheries, 1A, USA). After 48 hours at 35°C,
the allantoic fluid containing the infectious virus was harvested and stored at -80°C. The
viral titer (tissue culture infectious dose 50, TCIDsg) was determined using MDCK cells.
Each viral stock in this study was titrated at least twice to accurately quantify the amount of
infectious virus.

Generation of plasmid-derived influenza A viruses

Viral RNA was extracted from an egg (E1) passage of the H7N3 and H7N9 viruses and used
to generate cDNA. Individual gene-segments were amplified from the cDNA using gene-
specific primers (Hoffmann et al., 2000a; Hoffmann et al., 2000b) and a high fidelity
polymerase enzyme (Phusion, New England Biolabs) followed by cloning into the Topo-
Blunt vector (Invitrogen). After sequence confirmation, the gene-segments were cloned into
the pHW2000 vector using the BsmBI or Aarl restriction sites (New England Biolabs). After
a second round of DNA sequencing the plasmids were used to generate recombinant H7N3
and H7NO9 virus as well as various combinations or viruses containing point mutations
according to published methods (Hoffmann et al., 2000b; Neumann et al., 1999). The
pHW2000 vectors containing the PB2, PB1, PA, or NP gene-segments of H7N3 or H7N9
virus were used to generate pcDNA3.1+ expression vectors for the mini-genome reporter
assay.

Sequence Analysis of North American avian influenza viruses

Genetic differences between H7N3 and H7N9 virus were identified using Lasergene
MegAlign (DNAStar). A total of 53 amino-acid differences on 7 gene-segments were
identified (NA was excluded because they belong to different serotypes). Four residues on
PB2 protein and three residues on PA were selected for further evaluation. These residues
were selected based on changes in the chemical properties of the amino-acids involved per
NCBI amino-acid explorer. The amino-acid substitutions were introduced into pHW?2000
and pcDNAS3.1+ vectors containing the PB2 or PA genes of H7N3 or H7N9 virus by site-
directed mutagenesis. The consensus sequence was identified by the influenza virus
sequence database website using all available North American avian influenza viruses (PB2,
n=6790; PB1, n = 6840; PB1-F2, n = 6146; PA, n = 6918; PA-X, n = 8519; NP, n = 6395;
M2, n = 6496; NS1, n = 6721; NS2, n = 6490). For the HA protein, we identified the
consensus for H7 HA proteins from North American avian influenza viruses (n = 858).
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Residues that are found in more than 10% of the available sequences are shown in the
consensus in Figure 2.

Multistep Growth Curves of Influenza A virus

MDCK cells were seeded in 24-well plates and infected the next day with 50 TCIDs of the
different IAV. MDCK cells were washed once with PBS before adding the inoculum in
Minimal Essential Medium (MEM) containing penicillin, streptomycin, glutamine, and
vitamins plus 0.1% bovine serum albumin (M0.1B) for one hour at 37°C. After the one hour,
the cells were washed with PBS and 1.0 ml of M0.1B with 1pg/ml TPCK-trypsin
(Worthington Technologies) was added to each well. Culture supernatants were collected at
8, 24, 48 and 72 hours post infection and the amount of infectious virus was quantified by
titration on MDCK cells.

Mini-genome luciferase assay with polymerase genes of influenza A virus

The PB2, PB1, PA and NP genes from H7N3 and H7N9 were cloned into the pcDNA3.1+
(Invitrogen) mammalian expression vector. The pLuci plasmid was kindly provided by Dr.
Yen (Hong Kong University, Hong Kong, China) and contains the Firefly luciferase gene
flanked by the non-coding regions of NP gene segment in the negative orientation. The
transcription of this influenza A virus-like gene segment is under the control of a human
polymerase | promoter. A Renilla luciferase gene containing expression plasmid is used to
normalize for transfection efficiency. 293T cells are transfected with the expression plasmids
containing the PB2, PB1, PA and NP gene segments of 1AV plus the two luciferase
containing plasmids (500 ng per plasmid) using TransIT LT1 (Mirus Bio LLC). The next
day the media was changed and the cells were incubated for 48 hours before the cells were
harvested, lysed and used to analyze Firefly and Renilla luciferase activity (Promega). Each
condition (set of plasmids) was done in duplicate and repeated independently in separate
experiments at least three times. The relative light units (RLU) of Firefly are normalized to
the RLU for Renilla and the activity of varying polymerase combinations are then
normalized to that of H7N3 or H7N9 IAV. Statistical analysis was done on the average value
from a single assay.

Inoculation of mice with influenza A virus

DBA/2J mice were inoculated with AV intranasally in 30 pl of sterile PBS after sedation
with Avertin (2,2,2-tribromoethanol, Sigma-Aldrich, MO, USA). Morbidity and mortality
upon intranasal inoculation was monitored for 21 days in female DBA/2J mice. To assess
lung viral titers, lungs of male DBA/2J mice were collected on days 2, 3, 6 and 9 post
inoculation with 102 or 103 TCIDs of 1AV, homogenized in 1.0 ml of MEM, spun for 5 min
at 1000xg and stored in aliquots at —80°C. The homogenates were used to quantify the
amount of infectious virus (TCIDsg) present in the lungs using MDCK cells as described
previously (Boon et al., 2009). Lung homogenates were also used to assess cytokine and
chemokine production after infection with 1AV using a 23-plex cytokine array (Bio-Plex
Pro™ Mouse Cytokine 23-plex Assay, Biorad) according to manufacturer's protocol. The
cytokine screen included IL-1a, IL-1B, IL-2, IL-3 IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40,
IL-12p70, IL-13, IL-17, Eotaxin, G-CSF, GM-CSF, IFN-y, KC, MCP-1 (CCL2) MIP-1la
(CCL3), MIP-1p (CCL4), RANTES (CCL5), and TNF-a. The results from the cytokine
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array are the average of two experiments with three and four different mice per time-point
per experiment. The results from the lung titrations are the average of two experiments with
four or more different mice per time-point per experiment. The cytokine and chemokine
concentrations in mock-infected lung homogenates of C57BL/6 mice was: IL1a (3 pg/ml),
IL1b (144 pg/ml), CCL4 (20 pg/ml), 1L12p40 (19 pg/ml), CCL3 (1.2 pg/ml), G-CSF (19 pg/
ml), GM-CSF (22 pg/ml), KC (10 pg/ml), and CCL2 (< 1 pg/ml).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.0 software. Differences in
mortality were determined using the log-rank (Mantel-Cox) test. The Mann-Whitney U-test
was used to analyze differences in lung virus titers between the different virus strains. The
Student's T-test was used to determine statistical significance in cytokine and chemokine
production, weight loss on day 8 after influenza A virus infection, and in the polymerase
activity assay.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Polymerase proteins PB2 and PA are important for virulence of avian
influenza viruses in mice.

Mutations in PB2 (E358V) and PA (P190S and Q400P) play crucial roles in
the pathogenesis of avian influenza viruses in mice.

DBA/2 mice are a suitable animal model to identify virulence factors in low
pathogenic avian influenza viruses.
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Figure 1. Characterization of

Time post infection (h)

H7N3 and H7N9 Influenza A virus

(A) Wild-type and plasmid-derived H7N3 and H7N9 influenza A virus were used to

inoculate 6-8 week old fema

le DBA/2J mice and mortality was observed for 21 days. (B)

Virus titers in lungs homogenates of H7N3 and H7N9 infected DBA/2J mice. Male DBA/2J
mice were inoculated with 103 TCIDso of H7N3 or H7N9 virus and lungs were harvested at
2, 3, 6, and 9 days post inoculation. Lung virus titers were quantified on MDCK cells. (C)
MDCK cells were inoculated with an MOI of 0.0001 and the virus titer in the supernatant
was quantified at 6, 24, 32 and 48 hours post infection on MDCK cells. The data
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(TCIDgg/ml) is the average of two wells per virus and is representative of two experiments.
Dotted line is the limit of detection. ** = A<0.01; *** = A<0.001
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Figure 2. Amino acid variation between H7N3 and H7N9 virus
A total of 53 amino-acid differences were identified between H7N3 (in red) and H7N9 (in

blue) influenza A virus. The consensus (Cons.) amino-acid for each position is indicated in
grey and residues identified in >10% of all the sequences from North American avian
influenza viruses are included. Neuraminidase was not evaluated because they belong to
different subtypes and contains many amino-acid differences. 1 HA numbering based on the
mature HA protein according to recommended numbering scheme (Burke and Smith, 2014)
and the consensus is from all H7 HA proteins from North American avian influenza A
viruses. 2 PA-X residues include only those found in the +61 amino-acids that represent the
C-terminal tail of the protein.
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Figure 3. The polymerase complexes of H7N3 and H7N9 1AV affect pathogenesis
Reassortant H7N3 and H7N9 viruses were generated by reverse genetics containing the

three polymerase genes (PB2, PB1, and PA), the two glycoproteins (HA and NA), or the
non-structural proteins (NS) from the reciprocal virus. (A) Female DBA/2J mice were
infected with 108 TCIDsg of H7N3 virus containing the PB2, PB1, PA (H7N3s,3), or HA
and NA (H7N3g.,) or NS (H7N37.1) of the H7N9 virus, and morbidity and mortality were
monitored for 21 days. (B) Female DBA/2J mice were infected with 102 TCIDsg of H7N9
containing the PB2, PB1, PA (H7N9s.3), or HA and NA (H7N9g+,) or NS (H7N97,1) of the
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H7N3 virus, and morbidity and mortality were monitored for 21 days. (C) Female DBA/2J
mice were infected with 102 TCIDsq of H7N3 virus containing all three (H7N3s43) or
individual polymerase gene-segments (H7N3 PB2yg, H7N3 PB1yg, H7N3 PAyg) of the
H7N9 1AV and morbidity and mortality was monitored for 21 days. Each virus strain was
tested in two or more separate experiments and includes at least seven animals per strain of
IAV. * = P<0.05; ** = P<0.01; *** = ;A<0.001.
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Figure 4. H7N9 influenza A virus demonstrates reduced polymerase activity
293T cells were transfected with expression plasmids (pcDNA3.1) encoding the PB2, PB1,

PA, and NP protein of H7N3 (red squares), H7N9 (blue squares), or a mutated PB2 or PA
protein of influenza A virus in addition to a vector producing an influenza virus like gene-
segment containing the firefly luciferase protein in the negative orientation and a
transfection control plasmid encoding for the Renilla luciferase protein. Forty-eight hours
later the amounts of firefly and Renilla luciferase protein activity is quantified. The results
are normalized based on Renilla luciferase activity and compared to the polymerase activity
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of H7N3 (A and C) or H7N9 (B) polymerase genes. The data represents the mean relative
activity + SD from three or more independent experiments in duplicate. * = £<0.05; ** =
F£<0.01; *** = P<0.001 compared to H7N3 (A) or H7N9 activity (B).
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Figure 5. A Valine at Position 358 in the PB2 gene of H7N3 attenuates the virus
H7N3 viruses were generated containing single point mutations at position 62 (Gg2R), 358

(EssgV), 471 (A471T) and 681 (Egg1G) of the H7N3 PB2 polymerase gene. Female DBA/2)
mice were infected with 102 TCIDsq of H7N3 viruses containing each of the four point
mutations and mortality (A) and morbidity (B) was compared to H7N3 and H7N3 PB2yg
virus. Each virus strain was tested in two or more separate experiments and includes at least
eight animals per strain of IAV. * = P<0.05; ** = P<0.01; *** = A<0.001.
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Figure 6. Residue 190 and 400 of PA affect virulence of an avian H7N3 influenza virus
H7N3 viruses were generated containing single point mutations at position 184 (N1g4S), 190

(P190S), and 400 (Q4qoP) of the H7N3 PA polymerase gene. Female DBA/2J mice were
infected with 102 TCIDsg of H7N3 viruses containing each of the four point mutations and
mortality (A) and morbidity (B) was compared to H7N3 and H7N3 PApg virus. Each virus
strain was tested in two or more separate experiments and includes at least eight animals per

strain of IAV. ** = /£<0.01; *** = £<0.001.
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Figure 7. Cytokine and chemokine concentration in lung homogenates after H7N3, H7N3-
PB2g358y, and H7N3-PAp1ggs Virus infection

Male DBA/2J mice were inoculated with 100 TCIDsgq of the H7N3, H7N3 PB2g35gy/, OF
H7N3 PAp190s and lungs were collected at 3 and 6 days post infection (dpi). The tissue was
homogenized in 1.0ml of PBS and used for cytokine and chemokine quantification. The
results are the average plus standard error of the mean of at least seven mice from two
different experiments. * = A<0.05; ** = A<0.01; *** = A<0.001; ns = not significant.
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Morbidity and mortality in DBA/2 mice after inoculation with mutant or reassortant avian H7 influenza

Table 1

viruses.
Virus Dosel N % Mortality % Weight-loss on d8 (SEM)
H7N3-wt€ 103 4 100 26.8 (0.4)
H7N3-rg 103 15 100 29.0 (0.7)
H7N3-5+3% 10° 8 63 20.8 (1.5)
H7N3-6+2 100 8 100 235 (1.1)
H7N3-7+1 108 9 100 27.7 (0.9)
H7N9-wt 108 5 20 7.2(3.5)
H7N9-rg 103 13 15 7.0 (2.6)
H7N9-5+3 108 8 75 25.1 (1.4)
H7N9-6+2 108 8 62 16.6 (2.5)
H7NO-7+1 108 7 29 15.0 (2.4)
H7N9 PB2ygsee 103 15 33 15.9 (1.5)
H7N3-rg 102 40 83 23.9 (1.1)
H7N3-5+3 102 8 0 0.6 (2.9)
H7N3 PB2yq 102 33 37 12.0 (2.5)
H7N3 PB2ger 102 10 90 23.0 (1.1)
H7N3 PB2ggsgy 102 10 20 15.3 (2.4)
H7N3PB2psrir 102 10 100 29.9(0.7)
H7N3 PB2gggic 102 10 20 24.4 (1.7)
H7N3 PB1yg 102 7 86 15.8 (1.2)
H7N3 PAyg 102 17 12 5.8 (2.8)
H7N3 PAn1sss 102 10 20 23.3(0.8)
H7N3 PAp1g0s 102 9 44 13.6 (2.4)
H7N3 PAga00p 102 10 50 9.8(3.7)
H7N9-rg 102 4 0 7.0 (2.9)
H7N9-5+3 102 4 50 18.7 (2.4)

'ZDose in TCID50/30pl inoculum volume.

& . . . . . .
wt = wild-type virus, rg = reverse genetics or plasmid-derived virus.

#

Page 26

H7N3 5+3 denotes H7N3 influenza A virus genetic backbone with the PB2, PB1 and PA of H7N9 virus. Similarly 6+2, and 7+1 denotes a
reassortment of the HA and NA, or NS gene-segment respectively.
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Table 2
The polymerase proteins PB2, PB1 and PA of H7N3 and H7N9 virus affect replication in MDCK cells.

Virus  Substituted gene-segments  Virus Titer (logyg/ml)

H7N3 5.9 (1.0)
PB2, PB1, PA a4 *

HA, NA 6.4 (0.5)

NS 5.1(0.6)

H7N9 45(0.8)
PB2, PB1, PA 6.4(0.7)

HA, NA -
NS 3.8(0.4)

Results are the average and standard deviation of the log1-transformed virus titers 24 hours after inoculation of MDCK cells derived from at least
two independent experiments.

*
= P<0.05 compared to H7N3 virus.

#z P<0.05 compared to H7N9 virus.

“-” no data.
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Table 3

Effects of PB2g35gy and PAp1ggg substitutions on virus replication /n vivo.

Lung virus titer (logyg/ml)
Virus

Day 2 Day 3 Day 6 Day 9
H7N3 3.9(0.6) 54(0.7) 6.0(08) 5.9(0.5)

H7N3PB2e3sey 22 (0.5)** 49(10) 62(05) 44(12)**

HIN3PApioos  45(10)* 49(11) 56(0.7) ND

Average lung virus titers in H7N3 or mutant virus infected DBA/2J animals. Results are the average and standard deviation of the log10-
transformed virus titer obtained from at least two different experiments.

Hook:

*
= P<0.001;

Hok

= F<0.01;

*

= P<0.05.

ND = not done.
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