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ABSTRACT

Novel avian-origin influenza A(H7N9) viruses were first reported to infect humans in March 2013. To date, 143 human cases,
including 45 deaths, have been recorded. By using sequence comparisons and phylogenetic and ancestral inference analyses, we
identified several distinct amino acids in the A(H7N9) polymerase PA protein, some of which may be mammalian adapting. Mu-
tant viruses possessing some of these amino acid changes, singly or in combination, were assessed for their polymerase activities
and growth kinetics in mammalian and avian cells and for their virulence in mice. We identified several mutants that were
slightly more virulent in mice than the wild-type A(H7N9) virus, A/Anhui/1/2013. These mutants also exhibited increased poly-

merase activity in human cells but not in avian cells. Our findings indicate that the PA protein of A(H7N9) viruses has several

amino acid substitutions that are attenuating in mammals.

IMPORTANCE

Novel avian-origin influenza A(H7N9) viruses emerged in the spring of 2013. By using computational analyses of A(H7N9) viral
sequences, we identified several amino acid changes in the polymerase PA protein, which we then assessed for their effects on
viral replication in cultured cells and mice. We found that the PA proteins of A(H7N9) viruses possess several amino acid substi-

tutions that cause attenuation in mammals.

n 31 March 2013, three individuals were reported to be infected

with an avian influenza A virus of the H7N9 subtype [A(H7N9) ]
(1). To date, 143 confirmed cases of A(H7N9) virus infection and 45
associated deaths have been reported. This represents a case-fatality
rate of ca. 31.5%; however, this rate may actually be lower because the
number of mild cases is unknown (2). Phylogenetic analysis has re-
vealed that the hemagglutinin (HA) and neuraminidase (NA) genes
of the A(H7N9) viruses share the greatest sequence identities with
Eurasian avian A(H7N3) viruses and N9 viruses of different HA sub-
types, respectively (3—6). The other six viral genes are highly related to
A(HON2) viruses that have circulated in poultry in China (1, 3-7).
These findings indicate that A(H7N9) viruses are reassortant viruses
with genes from several avian isolates.

We (8) and others (9-14) recently reported that prototype
A(H7ND9) viruses replicate efficiently in mammalian cells, mice, and
ferrets, and transmit among subsets of pairs of ferrets. A(H7N9) vi-
ruses isolated from humans possess several amino acid changes al-
ready known to facilitate infection of mammals, including leucine at
position 226 of HA (H3 HA numbering), which confers increased
binding to human-type receptors (15), and lysine at position 627
(PB2-627K) (16, 17) and asparagine at position 701 (PB2-701N) (18,
19) in the polymerase protein PB2, which increase the polymerase
activity in mammalian cells. Notably, the PB2-627K and PB2-701N
markers have been detected in almost all human, but not avian or
environmental, A(H7N9) isolates (6).

In addition to the known mammalian-adapting amino acid
changes in the PB2 and HA proteins, additional amino acid
changes in A(H7N9) proteins may have enabled these viruses to
infect mammals. We therefore undertook a comprehensive anal-
ysis of A(H7N9) sequences and identified several amino acids in
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the polymerase PA protein that are typically found in human (but
not avian) influenza A viruses or are characteristic of A(H7N9)
viruses (i.e., not commonly detected among human or avian in-
fluenza viruses). Here, we evaluated these distinguishing amino
acid changes in vivo and in vitro.

MATERIALS AND METHODS

Viruses. A/Anhui/1/2013 (H7N9; Anhui/1), kindly provided by Yuelong
Shu (Director of the World Health Organization [WHO] Collaborating
Center for Reference and Research on Influenza, Director of the Chinese
National Influenza Center, and Deputy Director of the National Institute
for Viral Disease Control and Prevention China CDC, Beijing, People’s
Republic of China) was propagated in embryonated chicken eggs and
stored as a stock virus. All experiments with A(H7N9) viruses were per-
formed in enhanced biosafety level 3 (BSL3) containment laboratories at
the University of Tokyo (Tokyo, Japan), which are approved for such use
by the Ministry of Agriculture, Forestry, and Fisheries of Japan.

Cells. Madin-Darby canine kidney (MDCK) cells were maintained in
Eagle minimal essential medium (MEM) containing 5% newborn calf
serum. Human embryonic kidney 293T cells, human alveolar adenocar-
cinoma epithelial A549 cells, and chicken fibroblast DF-1 cells were main-
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tained in Dulbecco modified Eagle medium (DMEM) containing 10%
fetal calf serum. MDCK, 293T, and A549 cells were incubated at 37°C
under 5% CO,. DF-1 cells were incubated at 39°C under 5% CO,.

Construction of plasmids. Plasmids were constructed as previously
described (8). Briefly, viral RNA was extracted from stock Anhui/1 virus
(segment ID in the EpiFlu database of the Global Initiative on Sharing All
Influenza Data; EPI439503-10) with ISOGEN-LS (Nippon gene). A
cDNA was synthesized by reverse transcription using Superscript I1I (Life
Technologies) with the universal primer U12 for influenza A virus genes.
The ¢cDNA products were amplified by PCR using Phusion high-fidelity
DNA polymerase (Thermo Scientific) with specific primers for each virus
gene and cloned into the RNA polymerase I plasmid (20), in which viral
RNA is synthesized under the control of the human RNA polymerase I
promoter and the mouse RNA polymerase I terminator. Mutations in the
PA gene were generated by PCR amplification of the respective RNA poly-
merase I plasmid with primers possessing the desired mutations (primer
sequences available upon request). All constructs were sequenced to con-
firm the absence of unwanted mutations.

To prepare plasmids for viral protein expression, the open reading
frames of the PB2, PB1, PA, and NP genes were amplified by PCR with
gene-specific primers (primer sequences available upon request). The
PCR products were cloned into pPCAGGS/MCS (21). All constructs were
sequenced to confirm the absence of unwanted mutations.

Reverse genetics. Plasmid-based reverse genetics for virus generation
were performed as previously described (22). Briefly, eight RNA polymer-
ase I plasmids (for the synthesis of the eight influenza A viral RNAs),
together with plasmids for the expression of the viral PB2, PB1, PA, and
NP proteins derived from an influenza A virus strain A/WSN/33 (HIN1)
(23), were transfected into 293T cells using Trans-IT 293 (Mirus). At 48 h
posttransfection, culture supernatants were harvested and inoculated into
MDCK cells for virus propagation. After 48 h, cell culture media, includ-
ing viruses, were centrifuged to remove cell debris, and the supernatants
were stored as stock viruses. The titers of the stock viruses were deter-
mined by plaque assays in MDCK cells. All viruses were sequenced to
confirm the absence of unwanted mutations.

Experimental infection of mice. Six-week-old female BALB/c mice
(Japan SLC) were used. Baseline body weights were measured before in-
fection. Under anesthesia, four mice per group were intranasally inocu-
lated with 10" to 10° PFU (50 pl) of the indicated viruses. Body weight and
survival were monitored daily for 14 days; mice with body weight loss of
>25% of their baseline body weight were euthanized. For virological ex-
aminations, six mice per group were intranasally infected with 10° PFU
(50 pl) of the viruses, and three mice per group were euthanized at 3 and
6 days postinfection. The virus titers in the nose tissue, lung, brain, spleen,
kidney, liver, and colon were determined by plaque assays in MDCK cells.
All experiments with mice were performed in accordance with the Uni-
versity of Tokyo’s Regulations for Animal Care and Use and were ap-
proved by the Animal Experiment Committee of the Institute of Medical
Science, University of Tokyo.

Growth kinetics of virus in cell culture. Human alveolar adenocarci-
noma epithelial (A549) and chicken fibroblast (DF-1) cells were infected
with the indicated viruses at a multiplicity of infection (MOI) of 0.001.
After incubation at 37°C for 1 h, the viral inoculum was replaced with
MEM containing 0.3% bovine serum albumin and TPCK (tolylsulfonyl
phenylalanyl chloromethyl ketone)-treated trypsin (0.45 pg/ml for A549
cells or 0.25 pg/ml for DF-1 cells), followed by further incubation at 37°C
for A549 cells or 39°C for DF-1 cells, respectively. Cell culture superna-
tants were collected at 8, 24, 48, and 72 h postinfection and subjected to
virus titration by use of plaque assays in MDCK cells.

Minigenome assay. A minigenome assay based on the dual-luciferase
system was performed as previously reported (24, 25). Briefly, A549 and
DEF-1 cells, incubated at 37 and 39°C, respectively, were transfected with
viral protein expression plasmids for NP, PB1, PB2, and PA or its mutants
(0.2 pg of each), with a plasmid expressing a reporter VRNA encoding the
firefly luciferase gene under the control of the human or chicken RNA
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polymerase I promoter [pPoll/NP(0)Fluc(0) or pPolIGG-NP(0)Fluc(0),
respectively; 0.2 g of each], and pRL-null (Promega, 0.2 pg), which
expresses Renilla luciferase, as an transfection control. Control experi-
ments established transfection efficiencies of 30 to 40% and 40 to 50% for
A549 and DF-1 cells, respectively. The luciferase activities in the trans-
fected A549 and DF-1 cells were measured by using a Dual-Glo luciferase
assay system (Promega) at 24 h posttransfection. Polymerase activity was
calculated by standardization of the firefly luciferase activity to the Renilla
luciferase activity. The polymerase activity of the wild type was set to
100%.

Phylogenetic analysis and inference of ancestral amino acid
changes. Using sequences downloaded from GenBank (http://www.ncbi
.nlm.nih.gov/genomes/FLU/FLU.html) or GISAID (http://gisaid.org), we
generated a phylogenetic tree for the PA segment of the Eurasian influenza
A viruses from all host species, with the exception of human H1, H2, and
H3 viruses. Sequences were aligned using CLUSTAL W (26), with subse-
quent manual editing. We also removed duplicate and short gene se-
quences (i.e., those missing >5% of the nucleotides at either end). For the
resulting 4,160 PA sequences, we inferred the maximum-likelihood phy-
logeny under the GTR+I" model of evolution using RAXML 7.6.3 on the
CIPRES Science Gateway (27). From this tree, we selected the A(H7N9)
sublineage and all neighboring and ancestral sublineages that potentially
contained pertinent information on the emergence of the A(H7N9) vi-
ruses. We then inferred the maximum-likelihood phylogeny for all se-
lected sequences using PhyML 3.0 (28) under the GTR+I" model of evo-
lution. Support for the maximum-likelihood tree topology was calculated
from 100 bootstrap replicates using PhyML under the HKY+1I" model of
evolution. Branches in the topology with at least 70% bootstrap support
are indicated in Fig. 1. Finally, the ancestral amino acid sequence at each
internal node between the selected ancestral node (blue circle in Fig. 1)
and the most recent common ancestor of A(H7N9) viruses (MRCA, red
circle in Fig. 1) was inferred using the codeml routine of PAML 4.4 (29)
holding the maximum-likelihood tree fixed. When the inferred ancestral
amino acid at a site differed between the two ends of a branch, and the
posterior probability of both inferred ancestral amino acids exceeded
90%, then we assumed that a substitution occurred on this branch. In-
ferred amino acid changes are shown in Fig. 1.

RESULTS AND DISCUSSION
Identification of amino acid changes in A(H7N9) PA that are
associated with the genesis of A(H7N9) viruses. To identify
amino acid changes that are associated with the genesis of A(H7N9)
viruses, we first inspected the amino acid sequences of A(H7N9) virus
proteins (obtained from GISAID, www.gisaid.org, and NCBI, http:
/fwww.ncbi.nlm.nih.gov/genomes/FLU/FLU.html). The polymerase
PA protein of A(H7N9) viruses possesses several amino acid changes
that were predicted by computational analysis (20, 30—32) to be host
species specific. Therefore, we focused on the PA protein for further
analysis and experimental studies. The predicted host species-specific
amino acid substitutions in PA include alanine/valine at position 100,
arginine/lysine at position 356, and asparagine/serine at position 409,
which are characteristic of human/avian influenza viruses, respec-
tively (5, 20, 30-33) (Table 1). At all three of these positions,
A(H7N9) PA proteins encode the human virus-type amino acid. To
test the biological significance of these potentially mammalian-
adapting amino acids, we converted them individually and in com-
bination to their avian virus-type counterparts. The respective muta-
tions were introduced into A/Anhui/1/2013 [Anhui/1; a prototype
A(H7ND9) virus recently characterized by us (5)] PA protein and vi-
rus; the resulting PA protein expression plasmids and viruses are re-
ferred to as PA-A100V, PA-R356K, PA-N409S, and PA-A100V/
R356K/N409S.

In addition to these predicted host species substitutions, our
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FIG 1 Phylogenetic tree and inferred ancestral changes of influenza A virus PA. A phylogenetic tree of the PA gene, which includes the A(H7N9) viruses and
neighboring and ancestral sequences that may have played a role in the genesis of A(H7N9) PA, is shown. A(H7N9) PA genes are shown in red; the group of
chicken HON2 viruses is indicated in green, while the groups of duck and wild-bird viruses are indicated in orange. The Anhui/1 virus used in the present study
is indicated by a purple arrow. The MRCA of A(H7N9) PA genes is indicated by a red circle. Ancestral inference was carried out for branches on the path to
A(H7N9) PA located between an ancestral node (blue circle) and the MRCA; all significant bootstrap values (i.e., those >70) are shown. Also shown is the
potentially mammalian-adapting PA-V100A substitution, which occurred within the group of A(H7N9) PA genes.
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TABLE 1 PA amino acid substitutions with a potential role in A(H7N9) genesis

PA amino acid at position’:

No. of
Source viruses” Representative isolate 37 61 63 100 262 272 337 356 388 405 409 423 554 607 684
Human 16 A/Anhui/1/2013 S T I A R N T R N C N v Vv L E
3 A/Zhejiang/2/2013 S T I V R D T R N C S v VvV L E
Avian or 31 A/chicken/Shanghai/S$1053/2013 S T I A R N T R N C N vV V L E
environmental 4 A/chicken/Hangzhou/48/2013 S T 1 V K N T R N C S Vv VvV L E
3 A/pigeon/Shanghai/S1421/2013 S 1T 1 A R N T R N C N v Vv L E
3 Al/chicken/Shanghai/S1358/2013 S T I V K N T R N C N v VvV L E
2 A/chicken/Zhejiang/SD033/2013 S T 1 V R D T R N C S VvV V L E
1 A/chicken/Shanghai/S1080/2013 S T I V R N T R N C N v Vv L E
1 Alenvironment/Shanghai/S1439/2013 § T 1 A K N T R N C N Vv VvV L E
Avian A1 V V@) K D A K@) S S S(92) 1 I M G
HON2 AT V VMO2) K D A K@) S S S I I M G
Human HIN1 pdm2009 A I V VO R D A R(100) G S N (100) I I M G
Human seasonal HIN1 A I V AW K N S R(91) S S N9 1 1 M G
Human H3N2 A1 V A9) K N S R(98) S S N(@©92) 1 I M G

“ That is, the number of viruses with the indicated amino acids at the respective positions; note that PA proteins may differ at amino acid positions not shown here.

b Predicted human virus-type amino acids at PA-100, -356, and -409 are indicated in boldface. Amino acids found in the majority of viruses are listed. For the predicted host
species-specific amino acids at positions 100, 356, and 409, the percentages for the respective amino acids are shown in parentheses; numbers are rounded to the nearest whole
number. The reference sequences are based on the inspection of 8,224, 377, 4,238, 1,457, and 3,692 full-length avian, avian HON2, human HIN1 pdm2009, human seasonal HINT,

and human H3N2 PA sequences, respectively.

inspection of A(H7N9) PA sequences also identified several
amino acids that are not commonly found among avian or human
PA proteins (Table 1). To investigate the evolutionary history of
these amino acid changes, we performed phylogenetic and ances-
tral inference analyses. First, we generated a phylogenetic tree of
all of the Eurasian influenza A virus PA genes (excluding human
H1, H2, and H3 viruses). From this tree, we selected all A(H7N9)
PA sequences, as well as viruses of neighboring lineages and an-
cestral sequences located on the evolutionary path to A(H7N9);
for these selected PA sequences, we inferred a phylogenetic tree
(Fig. 1). This tree shows that the PA genes of A(H7N9) viruses
have closest sequence similarity with the PA genes of chicken
HON?2 viruses, as previously described by us (12) and others (6, 9,
13, 15). To identify amino acid changes that may have been critical
to the evolution of A(H7N9) viruses, we inferred ancestral se-
quences of all nodes between a selected ancestral node (blue circle
in Fig. 1) and the most recent common ancestor (MRCA; red
circle in Fig. 1) of the A(H7N9) PA genes. The particular ancestral
node chosen for the starting point for our ancestral inference anal-
ysis is the point of divergence of a subtree containing A(H7N9)
and chicken HIN2 viruses (indicated in green in Fig. 1) from a
subtree of primarily duck and wild-bird viruses (the latter subtree
is collapsed into a triangle in Fig. 1 and labeled in orange). Ances-
tral inference was not performed for descendants of the MRCA;
these are very closely related, resulting in low bootstrap support
for the topology of this subtree and therefore low-confidence an-
cestral inferences.

Our ancestral inference analysis identified several amino acid
substitutions on the branches to A(H7N9) PA (Fig. 1). The PA
changes identified by ancestral inference analysis included the po-
tentially mammalian-adapting PA-K356R and -S409N mutations
(see above); the potentially mammalian-adapting PA-V100A mu-
tation that occurred within the group of A(H7N9) viruses is also
indicated in Fig. 1.

We focused on amino acid changes located near the base of the
subtree from which the A(H7N9) PA genes evolved, since some
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subsets of these ancestral amino acid changes may have defined
the path for A(H7N9) PA evolution. A relatively long branch sep-
arates the PA genes of A(H7N9) and chicken HIN2 viruses from
the PA genes of contemporary ducks and wild birds. A pilot an-
cestral inference analysis based on a small number of PA se-
quences identified eight amino acid changes on this branch,
prompting us to introduce the respective “back-mutations” (PA-
T611/163V/R262K/N272D/C405S/N409S/V5541/L607M) into the
background of Anhui/l (PA-8Mut). A subsequent, comprehen-
sive ancestral inference analysis based on >4,100 PA sequences
(see Materials and Methods) revealed that these changes occurred
on two consecutive branches with six and two amino acid substi-
tutions, respectively (Fig. 1). These amino acids are not com-
monly found among avian and human influenza viruses (see Ta-
ble 1) with the exception of PA-S409N, which is predicted to be
host species-specific (see above and Table 1). Next toward
A(H7N9) PA genesis is a PA-A37S substitution (Fig. 1 and Table
1); we tested this mutation alone since PA-37A is highly conserved
among human influenza viruses, and the amino acid at this position
may affect the PA endonuclease activity (21). Since our focus was on
“early” and potentially mammalian-adapting mutations, we did not
test the PA-A337T, -S388N, -1423V, and -G684E substitutions, for
which no functions have been described to date. Since the mutations
selected here for experimental testing may have cooperative effects
on PA function, we also created a mutant PA protein expression plas-
mid and virus possessing all 11 of these amino acid changes in com-
bination (PA-11Mut; PA-S37A/T611/163V/A100V/R262K/N272D/
R356K/C405S/N409S/V5541/L607M).

Polymerase activity of mutant PA proteins in A549 and DF-1
cells. Since PA is one of the components of the viral replication com-
plex, we evaluated viral polymerase activity in human A549 and avian
DEF-1 cells by using a luciferase-based mini-replicon assay, as previ-
ously described (24, 25). A549 or DF-1 cells were transfected with
viral protein expression plasmids for NP, PB1, PB2, and PA or its
mutants (i.e., PA-A100V, PA-R356K, PA-N409S, PA-A100V/
R356K/N409S, PA-S37A, PA-8Mut, or PA-11Mut), a plasmid ex-
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FIG 2 Viral polymerase activity in vitro. A549 or DF-1 cells were transfected
with plasmids encoding the PB2, PB1, NP, and wild-type or mutant PA pro-
teins, with a plasmid for the expression of a virus-like RNA encoding the firefly
luciferase gene, and with a control plasmid encoding Renilla luciferase. At 24 h
posttransfection, firefly and Renilla luciferase activities were measured by
means of a dual-luciferase assay. Polymerase activity was calculated by nor-
malization of the firefly luciferase activity to the Renilla luciferase activity. The
data are shown as the relative polymerase activity with the standard deviation
(SD; n = 3). The polymerase activity of the wild-type PA was set to 100%. * and
**, P < 0.05 and P < 0.01, respectively, according to a one-way analysis of
variance (ANOVA), followed by a Dunnett’s test.

pressing viral RNA encoding firefly luciferase, and pRL-null, which
expresses Renilla luciferase, as a transfection control. At 24 h post-
transfection, viral polymerase activities were measured by using
the dual-luciferase assay (Fig. 2). In human A549 cells, PA-N409S,
PA-S37A, and PA-8Mut moderately increased the viral polymer-
ase activity (P < 0.01, P < 0.05, and P < 0.05, respectively). The
viral polymerase activity was not, however, affected by the other
mutations tested. In avian DF-1 cells, the viral polymerase activity
was not affected by any of the mutations tested. These results
indicate that some of the PA amino acid changes identified
through sequence alignments and ancestral inference analysis af-
fect Anhui/1 polymerase activity in a host-specific manner.

Growth kinetics of PA mutant viruses in A549 and DF-1 cells.
Next, we compared the viral growth kinetics of the PA mutant
viruses with those of Anhui/1 in human A549 and avian DF-1
cells. Cells were infected with Anhui/1 or Anhui/1-PA mutant
viruses at an MOI of 0.001 and then incubated at 37 or 39°C,
respectively. At 8, 24, 48, and 72 h postinfection, virus titers in the
cell culture media were determined in MDCK cells (Fig. 3). In
A549 cells, the PA-N409S and PA-S37A viruses grew better than
did Anhui/1, except at 8 h postinfection. At 48 h postinfection, the
PA-A100V/R356K/N409S and PA-11Mut viruses also displayed
increased replicative ability compared to Anhui/1. In DE-1 cells,
the PA-8Mut and PA-11Mut viruses grew less efficiently than did
Anhui/1 at 24, 48, and 72 h postinfection. The other mutants
replicated with similar kinetics to Anhui/1.

Replicative ability and pathogenicity of PA mutant viruses in
a mouse model. To assess the importance of the selected PA mu-
tations in vivo, we compared the virulence of the PA mutant vi-
ruses in a mouse model. First, to evaluate replicative ability in vivo,
we compared virus titers in nose tissue, lungs, brains, spleens,
kidneys, livers, and colons of infected mice. At 3 days postinocu-
lation, the virus titers in the nose tissue and lungs of mice infected
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FIG 3 Growth kinetics of mutant viruses in vitro. A549 (A) or DF-1 (B) cells
were infected with the indicated viruses at an MOI of 0.001. The supernatants
of the infected cells were collected at the indicated time points. Virus titers
were determined by use of a plaque assay in MDCK cells. The virus titers are
means * the SD (n = 3). * and **, P < 0.05 and P < 0.01, respectively,
according to a one-way ANOVA, followed by a Dunnett’s test.

with the PA-8Mut virus were significantly higher than those in the
nose tissue and lungs of mice infected with Anhui/1 (P < 0.01)
(Table 2). The PA-8Mut virus was also recovered from the brain of
amouse at 107" PFU/g (data not shown). At 6 days postinocula-
tion, the virus titers in the lungs of mice infected with the PA-S37A
virus were significantly lower than those in the lungs of mice in-
fected with Anhui/1 (P < 0.05). In addition, the PA-11Mut virus
was recovered from the brain of a mouse at 10"*” PFU/g (data not
shown). The titers of all other viruses tested here were not statis-
tically different from those obtained for the wild-type Anhui/1

TABLE 2 Average virus titers in the organs of infected mice”

Avg titer (mean log,, PFU * SD/g)

Day 3 Day 6

Virus Nose tissue Lung Nose tissue Lung
Anhui/l 6.05 + 0.42 6.89 £ 0.23 6.20 + 0.74 5.95 = 0.09
PA-A100V 6.49 = 0.23 6.98 = 0.07 5.76 £ 0.39 6.55 = 0.51
PA-R356K 6.21 = 0.17 6.62 = 0.26 593 £0.17 5.69 £0.14
PA-N409S 6.29 = 0.15 7.05 = 0.04 6.04 = 0.40 5.75 = 0.16
PA-A100V/R356K/N409S 6.33 * 0.09 7.27 £0.19 580 *0.66 6.57 *0.26
PA-S37A 597 £ 0.53 7.15 %= 0.21 5.63 +0.34 5.17 * 0.24*
PA-8Mut 7.23 £ 0.22%*  7.81 = 0.45** 6.61 = 0.58 6.40 * 0.21
PA-11Mut 6.43 = 0.33 7.36 = 0.22 6.78 £ 0.67 6.28 = 0.44

“ Mice were inoculated with 10° PFU of each virus intranasally. Three animals per
group were euthanized on days 3 and 6 postinfection. Statistically significant differences
in the virus titers of Anhui/l-infected mice and of mice infected with the other viruses
were assessed by use of a one-way ANOVA, followed by a Dunnett’s test (*, P < 0.05;
**, P < 0.01). No virus was recovered from the brains, spleens, kidneys, livers, or colons
of infected animals, except on days 3 and 6 postinfection from the brain of one mouse
each infected with PA-8Mut (1.71 log,, PFU/g) or PA-11Mut (1.87 log,, PFU/g),
respectively.
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FIG 4 Virulence of mutant viruses in mice. Four mice per group were intranasally inoculated with 10%, 10%, 10°, 10%, 10°, or 10° PFU (each in 50 pl) of the
indicated viruses. Body weight and survival were monitored daily. Mice that lost >25% of their baseline weight were euthanized. The values represent the average

of body weight compared to the baseline weight = the SD from four mice.

virus. With the exceptions listed above, the viruses tested here did
not spread beyond the respiratory organs.

Second, we evaluated the pathogenicity of the mutants in mice.
Four mice per group were intranasally infected with the indicated
virus at 10", 10% 10°, 10% 10°, and 10° PFU. Body weight and
mortality of each infected mouse were observed daily for 14 days
(Fig. 4). Although the original Anhui/1 virus (8), which contains a
mixture of at least five variants of HA, was lethal to mice, the
reverse genetics Anhui/l virus used here (which encodes an HA
consensus sequence) did not kill mice, even at the highest dose
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tested. Infection of mice with PA-A100V, -R356K, -A100V/
R356K/N409S, or -S37A killed some of the animals infected with
10° PFU, resulting in slightly higher mouse 50% lethal dose values
(MLDs,; Table 3); however, these differences were not statistically
significant. Three viruses, PA-N409S, -8Mut, and -11Mut, caused
the deaths of a subset of animals infected with 10> PFU of viruses
(or 10* PFU for PA-8Mut), leading to statistically lower MLDs,
values (Table 3); hence, these three viruses were more virulent in
mice than was the control Anhui/l virus generated by using re-
verse genetics. However, none of the mutant viruses tested here
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TABLE 3 MLDj,, values of mutant viruses”

Virus MLD,,” (log,, PFU)
Anhui/1 >6.5

PA-A100V 5.7

PA-R356K 6.3

PA-N409$ 5.0
PA-A100V/R356K/N409S 6.0

PA-S37A 6.0

PA-8Mut 53

PA-11Mut 4.5

“ Mice were infected with 10, 10, 10%, 10%, 10°, or 10° PFU.
¥ MLDs,, 50% mouse lethal dose.

possessed an MLD;,, value higher than that of the original Anhui/1
isolate (MLDs,, 10*° PFU/ml [8]).

Here, we have identified several amino acid changes in
A(H7N9) PA proteins that may have provided functional benefits
that allow A(H7N9) viruses to replicate in mammals. Recent stud-
ies suggest that increases in replicative ability may be critical to
allow avian influenza virus to replicate in mammals (16-19, 34).
Back-mutations to avian virus-type or commonly found amino
acids at a particular position may thus be expected to reduce the
replicative ability of these viruses in mammals. Interestingly, we
observed the opposite trend: for example, back-mutation of the
human virus-characteristic PA-409N to the avian virus-character-
istic PA-409S residue resulted in slightly increased replication
and/or virulence in human cells and/or mice in the background of
Anhui/1. On the other hand, back-mutation to amino acids com-
monly found among avian HIN2 viruses reduced the replicative
ability of those viruses in avian cells (see PA-8Mut and PA-11Mut
in DF-1 cells). These findings suggest that an ancestor of the
A(H7N9) PA genes accumulated several amino acid changes that
increased its replicative ability in avian cells but decreased its rep-
licative capacity in mammalian systems; nonetheless, A(H7N9)
viruses possessing such a mammalian-adapted PA replicate effi-
ciently in mammals. We recently found the same phenomenon for
the NS gene of H5N1 highly pathogenic avian influenza viruses
(35), which possesses two mutations that synergistically attenuate
the H5N1 virulence in mammalian hosts. Collectively, these data
indicate that avian influenza virus replication in mammals is as-
sociated with mutations that increase (for example, PB2-627K) or
decrease (for example, some of the PA mutations tested here)
virus replicative ability in mammals; in the latter case, we specu-
late that the ancestral virus may have been “too aggressive” in
mammals.

The most significant increases in virulence in mice were de-
tected for the PA-11Mut, PA-8Mut, and PA-N409S viruses (Table
3). PA-8Mut and PA-11Mut showed slightly increased replicative
ability in minireplicon assays, cultured cells, and/or mice, al-
though not all values reached statistical significance. Among the
eightamino acid changes shared by these mutants, PA-N409S may
be the most important since this mutation, when tested individu-
ally, increased the polymerase activity as measured by minirepli-
con assays and viral growth in human cells. In mice, the PA-N409S
virus replicated to slightly higher titers on day 3 but slightly lower
titers on day 6 compared to Anhui/1; however, these differences
were not statistically significant. Several computational studies
have described PA-409S as avian-, and PA-409N as human-virus
specific (5, 20, 30-32); as discussed earlier, we found that the avian
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virus-type amino acid (PA-409S) increased virus replicative abil-
ity in mammalian systems, in contrast to what may have been
expected. Inspection of the X-ray crystallographic structure of PA
amino acids 239 to 716 in complex with the 15 N-terminal amino
acids of PB1 (PDB 2ZNL) (36) revealed a likely interaction be-
tween PA-409 and the PB1 N-terminal region. Mutations at PA-
409 may therefore alter this interaction with PB1 and through this
mechanism affect virus replication and virulence. Two other
amino acid changes that were predicted to be host species-specific
(valine or alanine at position 100 and arginine or lysine at position
356) did not show statistically significant effects on replication or
virulence in the background of Anhui/1.

In summary, we identified several amino acids in A(H7N9) PA
proteins that affect virus replicative ability and virulence in mice
in the background of a prototype A(H7N9) virus. Some of these
amino acid changes attenuated an A(H7N9) virus in human cells
and in mice.
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