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Synergistic PA and HA mutations
confer mouse adaptation of a
contemporary A/H3N2 influenza
virus
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The mouse is the most widely used animal model for influenza virus research. However, the
susceptibility of mice to seasonal influenza virus depends on the strain of mouse and on the strain of
the influenza virus. Seasonal A/[H3N2 influenza viruses do not replicate well in mice and therefore they
need to be adapted to this animal model. In this study, we generated a mouse-adapted A/H3N2 virus
(A/Switzerland/9715293/2013 [MA-H3N2]) by serial passaging in mouse lungs that exhibited greater
virulence compared to the wild-type virus (P0-H3N2). Seven mutations were found in the genome of
MA-H3N2: PA(K615E), NP(G384R), NA(G320E) and HA(N122D, N144E, N246K, and A304T). Using
reverse genetics, two synergistically acting genes were found as determinants of the pathogenicity

in mice. First, the HA substitutions were shown to enhanced viral replication in vitro and, second, the
PA-K615E substitution increased polymerase activity, although did not alter virus replication in vitro
or in mice. Notably, single mutations had only limited effects on virulence in vitro. In conclusion, a co-
contribution of HA and PA mutations resulted in a lethal mouse model of seasonal A/[H3N2 virus. Such
adapted virus is an excellent tool for evaluation of novel drugs or vaccines and for study of influenza
pathogenesis.

Type A and B influenza viruses cause substantial morbidity and mortality each year, imposing significant eco-
nomic and health burden. Influenza viruses are enveloped negative-stranded RNA viruses with a segmented
genome belonging to the Orthomyxoviridae family'. Influenza A viruses are composed of eight genetic segments
encoding several different structural and non-structural/regulatory proteins®. The hemagglutinin (HA), neurami-
nidase (NA) and matrix 2 (M2) proteins are embedded in the viral envelope, whereas viral polymerase proteins
(PB1, PB2, and PA), nucleoprotein (NP), matrix 1 (M1), non-structural protein 1 (NS1) and nuclear export pro-
tein (NEP) are localized inside the virion. Subtypes HIN1 and H3N2 of influenza A virus are currently circulating
in the human population. Since the emergence of the H3N2 pandemic virus in 1968, influenza seasons in which
A/H3N2 viruses are predominant over those of A/HINI strains have been associated with a greater number of
hospitalizations and deaths.

The susceptibility of mice to influenza viruses depends on both mouse and viral strains. In general, mice are
not naturally infected with seasonal influenza viruses and infections are typically asymptomatic with little or no
viral replication. The basis of this phenomenon is that inbred mice possess an interferon-inducible restriction fac-
tor known as Mx1%. However, most influenza strains can be experimentally adapted for mouse virulence by serial
lung-to-lung passages*’. Mouse adaptation results in the acquisition of functions that are critical determinants
of virulence with increased viral titers in the lungs and increased pathogenesis and mortality. Mouse-adapted
influenza mutants usually induce pathologic changes in the bronchi or lungs, possess an increased ability to
infect alveolar cells and can cause lethal pneumonitis*°. The main advantage of using mice is that the pulmonary
pathology is similar to that seen in the cases of viral pneumonia in humans’.
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Several factors affecting influenza virus host range and virulence in mice have been identified. The influenza
virus hemagglutinin (HA) is a primary determinant for mouse adaptation. Mutations in the HA receptor binding
or protease cleavage sites as well as gain or loss of glycosylation sites alter virulence, replication, tissue tropism
and host range®'. The viral polymerase, the nucleoprotein (NP) and the viral RNA genome form the ribonucleo-
protein (RNP) complex, which is required for both transcription and viral genome replication'®. The influenza
polymerase is a heterotrimeric protein containing three virally- encoded subunits: PB1, PB2 and PA and adaptive
mutations in these proteins also contribute to overcome species’ barriers'®. The majority of the mammalian adap-
tive substitutions occur in the PB2 protein; E627K and D710N are two well-characterized substitutions in PB2
protein, which are critical for mammalian adaptation in multiple subtypes of avian influenza viruses'’-*%. PB1 and
PA have also been implicated in mouse lung virulence and play a critical role in mammalian adaptation'+?3-%,
Finally, the non-structural 1 (NS1) protein is important for blocking an innate cellular immune response against
the virus and may be crucial for influenza virus pathogenicity***!.

An old seasonal mouse-adapted A/H3N2 influenza virus such as A/Victoria/3/75 is frequently used for the
evaluation of antivirals and vaccines. In order to use a contemporary seasonal A/H3N2 virus, we generated a
mouse-adapted A/H3N2 influenza virus, A/Switzerland/9715293/2013, by performing sequential lung-to-lung
blind passages in immunosuppressed (IS) mice followed by additional lung-to-lung blind passages in immu-
nocompetent (IC) C57/BL/6 mice. We subsequently characterized the in vitro and in vivo replication kinetics,
histopathology, cytokine/chemokine profiles of the adapted virus and we elucidated the molecular basis of
pathogenicity using a reverse genetics system. Herein, we report on a novel combination of substitutions in HA
(N122D, N144E, N246K and A304T) and PA (K615E) proteins responsible for the adaptation and increased
pathogenicity of a contemporary A/H3N2 seasonal virus in mice.

Results

Mouse adaptation. Murine adaptation was carried out by lung-to-lung blind passages. First, IC C57BL/6
mice were infected with an inoculum of 2.5 x 10> PFU/50 pl of an avirulent influenza strain for mice: A/
Switzerland/9715293/2013 (P0-H3N2). Four serial blind passages were performed followed by titration of lung
homogenates. No virus titer was detected in any of the four passages (data not shown). A pharmacologically-in-
duced IS mouse model was then used to favor the replication of the parental virus**->. A group of three mice were
given a dose of cyclophosphamide (100 mg/kg) one day before intranasal infection with 2.5 x 10° PFU/50 pl of the
parental A/H3N2 virus (PO-H3N2). After seven consecutive blind passages, virus titers of lung homogenates were
assayed for each passage (Fig. 1A). IS mice infected with the parental A/H3N2 virus generated virus titers ranging
from 3.1 log,, TCIDs,/mL (passage 1) to 4.9 log,, TCIDs,/mL (passage 7). One mouse from the 7" passage had
a titer of 7.2 log,, TCIDso/mL and was referred as the P7-IS-H3N2 virus. This strain was plaque purified and the
virus was amplified in Madin-Darby canine kidney (MDCK) cells overexpressing the 2.6 sialic acid receptor
(ST6-Gall-MDCK cells). P7-IS-H3N2 virus was then used to infect eight IC mice with an inoculum of 2.5 x 10*
PFU/50 ul. Although mice did not show significant weight loss (mean of 4.3%) on day 5 (Fig. 1B) and no mortality
was observed, mean virus titers in the lungs on days 3 and 6 post-infection (p.i.) were 6.1 and 4.5 log,, TCID5,/
mL, respectively (Fig. 1C). Eight additional lung-to-lung passages in IC mice using the P7-IS-H3N2 virus were
performed resulting in titers ranging from 6.5 log,, TCIDs,/mL (passage 1) to 7.3 log,, TCIDs,/mL (passage 8)
(data not shown). In order to evaluate the virulence of this virus, IC mice (n = 8) were infected with 2.1 x 10*
PFU/50 ul of lung homogenate from one mouse of passage 8 resulting in 75% mortality between days 6 and 7 p.i.
(data not shown). These results indicate that the A/Switzerland/9715293/2013 isolate had acquired mutations that
significantly affected virulence in mice. This adapted virus was called MA-H3N2.

Kinetics of replication of parental and mouse-adapted H3N2 viruses in vitro. To evaluate the
replicative ability of MA-H3N2, virus yields assays were performed comparing the adapted virus with the paren-
tal virus (PO-H3N2) after multiple replication cycles, in both MDCK and ST6-Gall-MDCK cells (Fig. 2). In vitro
growth kinetics revealed that both the PO-H3N2 and MA-H3N2 viruses achieved similar titers at all time points
in both cell lines. Both parental virus and mouse-adapted strains generated peak titers at 36 h p.i. (Fig. 2). The
mean peak viral titers of PO-H3N2 and MA-H3N2 viruses were 8.4 and 7.95 log,, TCID,,/mL in MDCK cells and
8.1 and 7.7 log;, TCIDsy/mL in ST6-Gall-MDCK cells, respectively. These data show that the enhanced virulence
of the MA-H3N2 virus in mice does not correlate with in vitro replication in standard cell lines for influenza
viruses.

Virulence and kinetics of replication of PO-H3N2 and MA-H3N2 viruses in IS and IC mice. The
virulence of the generated MA-H3N?2 variant was compared to that of the parental virus (P0-H3N2), in two
C57BL/6 mouse models i.e., IC and pharmacologically-induced IS mice.

We observed that the MA-H3N2 virus was significantly more virulent than the parental virus in both IC and
IS mice with a 50% mouse lethal dose (MLDs,) of 3.6 and 2.0 x 10° PFU, respectively, compared to no mortality
for the parental virus (see Supplementary Figure). The kinetics of replication for a given dose of 1 x 10* PFU/
mouse of PO-H3N2 and MA-H3N2 viruses in IC and IS mice are displayed in Fig. 3. MA-H3N2 virus replicated
to high titers in both the upper and lower respiratory tracts. Virus titers in the nasal turbinates (NTs) of IC and IS
mice inoculated with MA-H3N2 virus peaked at 10°® and 1063 TCID,,/mL, respectively, at 3 days post infection
(dpi) while PO-H3N2 did not replicate at all in IC mice and exhibited very low titers in the N'Ts of IS mice (10°7°
TCIDsy/mL) (Fig. 3A). A similar pattern was observed in the lungs of IC and IS mice with virus titers of 10>® and
10>7 TCID5y/mL, respectively, at 3 dpi. Detectable virus lung titers were still observed at day 9 p.i. in both mouse
models infected with MA-H3N2 virus (10*4 and 10?7 TCID,,/mL for IC and IS mice, respectively). PO-H3N2
did not replicate at all in the lungs of mice with an inoculum of 1 x 10* PFU/mouse (Fig. 3B). None of the viruses,
P0-H3N2 or MA-H3N2, were isolated in the brain or spleen of IC or IS mice (data not shown).
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Figure 1. Mouse adaptation. (A) Lung-to-lung passages were done in pharmacologically-induced IS mice
(n=3) initially infected with 2.5 x 105 PFU/50 ul of the parental H3N2 virus, PO-H3N2. Virus titers in the
lungs from passages 1 to 7 are shown. (B) Mean percentage of weight loss of IC mice infected with an inoculum
of 2.5 x 10* PFU/50 pl of P7-1S-H3N2 virus (highlighted in figure A). Mice were observed daily for 10 days

for clinical signs of illness, including weight loss, ruffled fur, and hunching. (C) Mean virus titers in the lungs
of mice on days 3 and 6 post-infection. Titers are expressed in log,, TCID50/ml. The dashed horizontal line
indicates the lower limit of detection.

Whole genome sequence analysis. We sequenced the genomes of the parental, an intermediate virus iso-
lated after 7 passages in IS mice (P7-IS-H3N2) and the mouse-adapted H3N2 viruses to identify the amino acid
substitutions responsible for the increased virulence in mice (Table 1). Compared to the genetic sequences of the
parental virus, amino acid substitutions were identified in four protein-coding regions in both P7-IS-H3N2 and
MA-H3N?2 viruses. Specifically, both passaged viruses harbored mutations in PA (K615E), HA (N144E, N246K
and A304T), NP (G384R) and NA (G320E). An additional amino acid mutation in the HA protein (N122D) was
detected in the MA-H3N2 virus.

Cytokine and chemokine analysis. We evaluated and compared 23 cytokines and chemokines in lung
homogenates of IC and IS mice infected with both PO-H3N2 and MA-H3N2 viruses on day 6 p.i. (Fig. 4). In IC
mice, MA-H3N?2 virus induced statistically significant increases in IL-18, IL-5, IL-6, IL-10, KC, IFN-~, G-CSE,
MCP-1, MIP-1a, MIP-18, and RANTES levels compared to the PO-H3N2 virus. Only IL-2 levels were signifi-
cantly lower in MA-H3N2-infected IC mice. IS mice infected with the MA-H3N2 virus had significant increases
in IL-10, IL-5, IL-6, KC, IFN-~, and MCP-1 levels and significant decrease of IL-2 level compared to the PO-H3N2
virus (Fig. 4). No changes in the levels of the other cytokines (IL-1a, IL-2, IL-3, IL-4, IL-6, IL-9, IL-12(p40),
IL-12(p70), IL-13, IL-17A, eotaxin, GM-CSF and TNF-«) were observed between the two groups of mice (data
not shown).
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Figure 2. Kinetics of replication of parental (P0-H3N2) and mouse-adapted (MA-H3N2) A/H3N2 viruses in
MDCK and ST6-Gall-MDCK cells. Confluent cells were infected with each of the viruses at a multiplicity of
infection (MOI) of 0.0001 PFU/cell. Supernatants were harvested at 12, 24, 36, 48, 72, and 96 h postinfection
and titrated by end point titration in 96-well plates. Titers are expressed in log,, TCID50/ml. The dashed
horizontal line indicates the lower limit of detection.

Histopathology. To confirm the pathogenicity of the MA-H3N2 virus, we investigated the histopathological
changes in lungs of IC- and IS- infected mice at day 6 p.i. There was no lung damage in IC or IS mice infected with
P0-H3N2 (total inflammation score of 0) (Fig. 5A). In contrast, total inflammation scores in the lungs of IC and
IS mice infected with the MA-H3N?2 virus were significantly increased (p < 0.0001) compared to IC and IS mice
infected with PO-H3N2 virus. In general, IC mice infected with the MA-H3N2 virus had higher inflammation
scores in all evaluated parameters, although the differences for single parameters were not significant. Similarly,
the total inflammation score for IC mice infected with MA-H3N2 virus was higher (7.3 &£ 2.0) than that of the IS
mice infected with the same virus (5.7 & 1.1), although the difference was not significant. Figure 5B shows repre-
sentative lung tissues stained with hematoxylin-eosin for both viruses in IC and IS mice.

Generation of recombinant H3N2 influenza viruses.  Seven amino acid substitutions were identified in
the PA (K615E), NP (G384R), NA (G320E) and HA (N122D, N144E, N246K, and A304T) proteins of MA-H3N2
compared to the parental virus (Table 1). To identify the viral factors that contributed to mouse-adaptation, we used
site-directed mutagenesis and reverse genetics in order to rescue several recombinant (rec) viruses containing one
or more of the MA-H3N2 associated segments with the remaining segments from the parental virus (P0-H3N2)
(Table 2). The rec viruses were named according to the origin of their exchanged genes. For example, the rec virus
containing the PA derived from MA-H3N2 with the rest of its genes from P0-H3N2 was named rec MA-H3N2-PA.

Replication kinetics of recombinant viruses in vitro. To explore the effect of mouse-adapted substitu-
tions on growth properties in mammalian cells, we performed replication kinetics experiments using MDCKa2.6
cells. As shown in Fig. 6A, the rec-P0-H3N2 virus grew at significantly higher titers at 12 and 24 hours post infec-
tion (hpi) compared to rec MA-H3N2. However, the rec PO-H3N2 and rec MA-H3N2 viruses had similar viral
titers at 36, 48, and 72 hpi. Thereafter, at 96 and 120 hpi, the rec MA-H3N2 showed higher titers. Replacement of
the PA or NA segments in the PO-H3N2 with those of the MA-H3N2 virus did not alter the replication kinetics
(Fig. 6B,C). Of note, rec MA-H3N2-PA + NA virus had significant higher titers at 72, 96, and 120 hpi than the rec
P0O-H3N2 virus (Fig. 6D). Interestingly, the rec MA-H3N2-NP virus had significantly higher titers at 24, 36 and
48 hpi than the rec PO-H3N2 virus (Fig. 6E). When MA-H3N2-NP and NA segments were combined, significant
higher titers were also observed at 36-120 hpi (Fig. 6F). By contrast, no significant increase in viral titers was
seen with the combination MA-H3N2-PA and NP segments (Fig. 6G). Noteworthy, rec viruses containing the
MA-H3N2-HA alone (Fig. 6H) or in combination with other mutated genes (Fig. 61-N) exhibited higher replica-
tion efficiency compared to the rec PO-H3N2 virus at several times points. Collectively, these finding highlights
the importance of the MA-H3N2-HA gene for increased replication in vitro.
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Figure 3. Kinetics of replication of PO-H3N2 and MA-H3N2 viruses in IC and IS mice. Group of mice (n=>5)
were intranasally infected with 1 x 10* PFU/mouse. Virus titers in the nasal turbinates (A) and lungs (B) of 5
mice per group sacrificed on 3 and 6 dpi are expressed as log,, TCIDs,/mL of tissue. Horizontal bars represent
mean titers and symbols represent titers from individual mice. The dashed horizontal line indicates the lower
limit of detection.

Mutation sites (residue number)
Virus protein | PO-H3N2 P7-IS-H3N2 MA-H3N2
PB2 — — —
PB1 — — —
PA Ke615 615E 615E
HA N122 — 122D
N144 144E 144E
N246 246K 246K
A304 304T 304T
NP G384 384R 384R
NA G320 320E 320E
M — — —
NS — — —

Table 1. Amino acid substitutions between of PO-H3N2, P7-IS-H3N2* and MA-H3N2 viruses. ¥*P7-1S-H3N2:

virus isolated after 7 passages in immunosuppressed mice.
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Figure 4. Pulmonary cytokines/chemokine levels on day 6 post-infection in IC and IS C57BL/6 mice
intranasally infected with 1 x 10* PFU/mouse of PO-H3N2 and MA-H3N2 viruses. Bars represent mean values
+ SDs (n=4/group). One-way analysis of variance (ANOVA) with Tukey’s multiple comparison post-test

(*p <0.005, **p < 0.01, ¥**p < 0.001, ****p < 0.0001) was used for the comparisons.
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Figure 5. Lung histopathology on day 6 post-infection in IC and IS C57BL/6 mice intranasally infected

with 1 x 10* PFU/mouse of PO-H3N2 and MA-H3N2 viruses. (A) Histological scores of IC and IS mice. (B)
Pulmonary histology of IS mice infected with PO-H3N2 (upper left; inflammation score 0), IS mice infected
with MA-H3N2 (lower left; inflammation score 7), IC mice infected with PO-H3N2 (upper right; inflammation
score 0) and IC mice infected with MA-H3N2 (lower right; inflammation score 11). All photomicrographs

are from 4 um thick sections of formalin-fixed paraffin-embedded lung tissue stained with hematoxylin-eosin
scanned with a Nanozoomer 2.0 (Hamamatsu, Japan). Micrometric scale of 500 um.
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Genotype
Viruses PB2 |PB1 |PA NP HA NA |M |NS
rec PO-H3N2
rec MA-H3N2 * * * *
rec MA-H3N2-PA *
rec MA-H3N2-NP *
rec MA-H3N2-HA *
rec MA-H3N2-NA *
rec MA-H3N2-(PA + NP) * *
rec MA-H3N2-(PA +HA) * *
rec MA-H3N2-(PA +NA) * *
rec MA-H3N2-(NP + HA) * *
rec MA-H3N2-(NP + NA) * *
rec MA-H3N2-(HA +NA) * *
rec MA-H3N2-(PA + NP + HA) * #* *
rec MA-H3N2-(PA + NP+ NA) * * *
rec MA-H3N2-(PA + HA + NA) #* * *
rec MA-H3N2-(NP + HA +NA) * * *
rec MA-H3N2-(PAg 5p + HA | 45) *615E *144E
rec MA-H3N2-(PAg;s; + HA,46x) *615E * 246K
rec MA-H3N2-(PAg 5 + HA3p41) *615E *304T
rec MA-H3N2-(PAg) s + HA 445 2465) *615E *144E + 246K
rec MA-H3N2-(PAg 55+ HA 4451 3047) *615E *144E+304T
rec MA-H3N2-(PAg 55 + HAs 61 3041) * 615E #246 K +304T

Table 2. Schematic representation of recombinant viruses generated with different plasmid combinations.

Minigenome assay for polymerase activity. To examine whether the observed mutations in the PA
and NP proteins of MA-H3N2 virus affected the transcription activity of the ribonucleoprotein (RNP) complex,
we performed a luciferase minigenome assay in 293 T cells. The polymerase activity of rec virus containing the
PA-615E and NP-384R mutations was significant higher (181.5%; P < 0.0001) than that of rec PO-H3N2 parental
virus (100%) (Fig. 7), reflecting higher transcription and replication activity. To assign this increased activity to a
specific polymerase gene, an analysis of two combinations of the polymerase subunits was performed. A significant
higher level (127.6%; P < 0.0001) of luciferase activity was observed with PA-615E subunit compared to that of the
rec PO-H3N2 virus, whereas the transcription activity of NP-384R subunit had no significant effect, reflecting the
predominant implication of MA-H3N2-PA gene in the increased polymerase activity in mammalian cells (Fig. 7).

Identification of substitutions involved in increased virulence in mice. To determine the genetic
basis for the high virulence of the rec MA-H3N2, groups of mice were infected intranasally with 1 x 10° PFU of
each rec virus and monitored daily for body weight loss and lethality. All mice infected with the rec MA-H3N2 died
by 6 dpi. Mice inoculated with rec PO-H3N2 viruses containing only one mutated segment (rec MA-H3N2-PA, rec
MA-H3N2-HA, and rec MA-H3N2-NP) or a combination of two mutated segments (rec MA-H3N2-PA + NP) did
not die over 14 days p.i. The rec MA-H3N2 and rec MA-H3N2-PA + HA group suffered the most drastic weight loss,
21.5% and 16.1% by 6 and 5 dpi, respectively (Fig. 8A). Mice infected with the rec MA-H3N2-PA + HA virus exhib-
ited 87.5% of mortality (Fig. 8B) suggesting a synergic effect between MA-PA and MA-HA mutations on virulence
in mice. To analyze the impact of each single and/or double adaptive mutations from MA-HA and MA-PA on viru-
lence, we rescued several rec viruses (referred as; rec MA-H3N2-PA¢, 5 + HA | 445, rec MA-H3N2-PA 5 + HA 46k
rec MA-H3N2-PA; sz + HA3p4p, rec MA-H3N2-PA 5z + HA | 445 2461 TeC MA-H3N2-PA¢ g + HA |45 4 304 and rec
MA-H3N2-PAg; 55 + HA, 461 3041) (Table 2). Of note, rec MA-H3N2-HA,,,, was not evaluated because in a previ-
ous study in mice infected with 1 x 10° PFU/50 ul of P7-IS-H3N2 virus, the latter demonstrated a virulence similar
to MA-H3N2 (data not shown). Since the only difference in the genome of the two viruses was the HA-N122D
substitution, it could be concluded that this mutation was not responsible for the adaptation. Thus, eight groups
of C57BL/6 mice were infected with 1 x 10° PFU of each mutant, and monitored for 14 days. We did not observe
significant weight loss after combining one or two MA-HA mutations with the single MA-H3N2-PA mutation
(Fig. 8C). However, all rec MA-H3N2-PA + HA infected mice died by 8 dpi (100% mortality) (Fig. 8D). These
results demonstrate that both MA-H3N2-PA containing one mutation (K615E) and MA-H3N2-HA containing all
3 mutations (N144E, N246K, and A304T) are required for the increased pathogenicity of MA-H3N2 virus in mice.

Discussion

Seasonal H3N2 viruses do not replicate well in mice. Historically, old mouse-adapted A/H3N2 variants, such as
A/Hong Kong/1/68, A/Aichi/2/68, and A/Victoria/3/75, have been frequently used to evaluate the activities of
new antivirals drugs or vaccine®*—. The objective of this study was to generate a contemporary mouse-adapted
H3N2 strain and to identify the molecular basis for viral adaptation in this species. We selected a recent A/H3N2
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Figure 6. Replicative capacity of PO-H3N2 and recombinant influenza viruses in STG6Gall-MDCK cells. Cells
were infected at a MOI of 0.0001 PFU/cell in triplicate for each group and rec viruses were harvested at 12, 24,
36,48,72, 96, and 120 h postinfection and titrated by end point titration in 96-well plates. Titers are expressed
in log,, TCID50/ml. The mean values for three experiments with standard deviations are presented. *P < 0.05,
**P < 0.01, ***P < 0.001. The dashed horizontal line indicates the lower limit of detection.

influenza strain (A/Switzerland/9715293/2013) and generated a pathogenic mouse-adapted virus (MA-H3N2)
after fifteen serial lung-to-lung passages in mice. As expected, mice infected with the wild-type virus (P0-H3N2)
did not exhibit clinical signs of illness or death. In contrast, more serious body disease resulting in weight loss,
significant mortality, high virus titers, and more severe pathological changes in lung tissues were observed in the
group of mice infected with the MA-H3N2 virus.

Genomic analysis indicated that the MA-H3N2 variant acquired seven amino acid substitutions among four
gene segments, PA(K615E), NP(G384R), HA(N144E, N144D, N246K, and A304T), and NA(G320E). The RNP
complexes containing the PA(K615E) presented significant higher transcription activity in 293 T cells compared
to the parental virus while this single mutant did not influence replication kinetics in ST6-Gall-MDCK cells and
pathogenicity in mice, indicating that adaptation requires additional mutations. In recent years, studies have
shown that multiple amino acid substitutions in the PA gene such as PA-T20A, K22R, T971, M155T, D216N,
P277S, L315E, P3558S, and K615N/R, have been associated with adaptation in mice'”'%?3, Gabriel et al.'” reported
that amino acid substitutions at residue 615 were associated with the adaptation of H5N2 and H7N7 influenza
viruses by enhancing the polymerase activity and the virulence in mice together with other mutations!***. These
results suggest that the PA(K615E) substitution in MA-H3N2 may play a similar role to that of previously identi-
fied mutations at position 615 in the PA protein.

The HA protein is responsible for the initial attachment of the influenza virus to the host cell membrane by
binding to sialic acid (SA) receptors, linked to galactose through either SAa2-3 or SAa2-6 bonds®. In vitro, the
HA (N122D, N144D, N246K, and A304T) mutants displayed the highest replication kinetics in ST6-Gall-MDCK
cells, but these mutations alone did not correlate with increased pathogenicity in mice. The HA (N144E and
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Figure 7. Polymerase activity of RNP complex combinations between the PO-H3N2 and MA-H3N?2 viruses by
minigenome assay. Each luciferase activity value is the average of three independent experiments performed in
triplicate and is normalized to the average of luciferase values for the three separate PO-H3N?2 replicates which
was set to 100% as measured on 293 T cells. The PB2 and PB1 genes had no mutations relative to PO-H3N2
(indicated by dashes). The gene segments derived from PO-H3N2 and MA-H3N2 are shown in blue and pink,
respectively. ***P < 0.0001 compared to PO-H3N2.

N246K) substitutions found in the MA-H3N2 virus potentially abolished N-linked glycosylation sites. In an
experimental approach, removal of N-glycosylation sites from influenza virus led to increased pathogenicity to
mice*!. These observations suggest that the loss of N-linked glycosylation may play a critical role in increasing
the virulence to mice. Previous reports have shown that A/H3N2 viruses with a loss of N-linked glycosylation
sites at residues 144 and 246 are associated with significant increased pathogenicity in vivo, which translated in
higher viral replication and greater pulmonary inflammation**-*%. Bragstad et al.** suggested that the loss of gly-
cosylation at residue 144 in the HA protein might have contributed to the enhanced infectivity of the reassorted
A/H3N2 viruses during the 2003-2004 season in Denmark. The HA (A304T) mutation was not reported in
previous studies and its functional role in the enhanced virulence of rec MA-H3N2 is unknown, but our study
showed that this mutation is necessary to increase the virulence in mice. It has been suggested that the gain or/
and the loss of N-linked glycosylation sites in the HA protein has selective advantages to the influenza virus by
preventing the binding of antibodies to antigenic sites and also participate in the antigenic drift. For instance,
Skehel et al. have previously reported that a gain of N-glycosylation site at position 63 in HA1 allowed an anti-
genic variant of an H3N2 to escape neutralization by a monoclonal antibody (MADbs)*. Gu et al., reported that a
gain of N-glycosylation at position 131 and an amino acid insertion at position 134 in the HA protein eliminated
the reactivity of H5N1 viruses with the MADbs, and therefore, have a role in the antigenic variation of influenza
viruses”. We have performed hemagglutination inhibition assay (HAI) (data not shown) with the PO-H3N2 and
MA-H3N2 viruses against serum from mice inoculated with the PO-H3N2 virus and observed no significant
difference in the HAT titers (80 and 160, respectively.) Therefore, we conclude that our adapted virus did not alter
the antigenicity of the H3N2 strain and could be used for vaccine challenge studies.

Overall, the results obtained in the present study are in line with those obtained in previous studies*>-4
where the loss of N-linked glycosylation sites on the HA protein of MA-H3N2 influenza virus is a critical factor
modulating the virulence and pathogenicity in mice. Collectively, our data reveal that the MA-H3N2-PA and
MA-H3N2-HA genes play critical roles in pathogenicity of our adapted virus. The rec viruses containing either
the MA-H3N2-HA or MA-H3N2-PA segment alone were not as virulent in mice while the rec virus containing
both segments (PA and HA) had similar virulence to rec MA-H3N?2. Therefore, the PA (K615E) and HA (N144E,
N246K, and A304T) are necessary for adaptation and acquisition of the virulence in mice. Furthermore, the
evaluation of the effect of individual or double substitutions in the HA protein in combination with PA mutation
does not appear to affect the virulence and pathogenicity in mice compared to rec virus possessing both segments
with all mutations (rec MA-H3N2-PA + HA). Thus, our findings suggest that the substitutions in the PA (K615E)
and HA (N144E, N246K, and A304T) proteins are all required for a virulent phenotype of the MA-H3N2 in mice.
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Figure 8. Virulence of rescued recombinants viruses in C57BL/6 mice. (A,B) Body weight loss and survival
curve of mice inoculated with 1 x 10° PFU/5,, of each recombinant virus. (C,D) Body weight loss and survival
curve of mice infected with 1 x 10° PFU of recombinant viruses containing a single substitution (K615E) in
MA-H3N2-PA segment and various substitutions in MA-H3N2-HA segment (N144E, N246K, and A304T).
Mice were observed daily for 14 days for clinical signs of illness, including weight loss, ruffled fur, and hunching
and were sacrificed if they lost >20% of their original body weight.

Further, we found that infection with the MA-H3N2 virus induced high levels of pro-inflammatory cytokines
and chemokines in NTs and lungs of mice. Previous data suggested that cytokine/chemokine production is closely
related to the host damage after influenza virus infection*. Indeed, we detected significantly higher levels of IL-5,
IL6, IL-10, INF-~, IL-13, KC, G-CSE MCP-1, MIP-o, MIP-13, and RANTES in lungs of IC mice and IL-13, IL-5,
IL-6, KC, IFN-~, and MCP-1 levels in lungs of IS mice infected with the MA-H3N2 virus compared to those infected
with the PO-H3N2 virus. These results suggest that the MA-H3N2 mutations may enhance the ability of the virus to
replicate in mouse lungs, which is positively correlated with weight loss and high lungs viral titers at day 6 p.i. High
levels of IL-6 have been observed to correlate with infection severity while IL-5 levels were associated with a delay in
influenza virus clearance in infected mice**-'. IFN-~ was shown to mediate the increased production of nitric oxide
which can subsequently result in the recruitment of more neutrophils and macrophages®?. IL-10 is a negative regula-
tor of inflammation, and high levels of this cytokine may act as a feedback regulator of virally-induced severe inflam-
mation®. High concentrations of MCP-1 were observed to be responsible for recruiting inflammatory cells in the
lungs of mice infected with highly pathogenic viruses*->°. High G-CSF levels were observed in lungs and sera from
mice infected with A/H3N2 followed by superinfection with Streptococcus pneumoniae serotype 3, leading to fatal
disease®’”. High levels of MCP-1, MIP-1a, MIP-13, RANTES, and KC have been strongly upregulated during infec-
tion with the A/H5N1 virus, leading to the recruitment of neutrophils and monocytes in the lung and resulting in
acute inflammation correlated with severe pulmonary disease*®. Furthermore, our results show that the MA-H3N2
virus clearly elicited robust inflammatory response, which may explain the extensive pathological lesions, including
hyperaemia, edema, and exudative pathological changes in the lung tissues compared to the wild-type virus.

For influenza virus, the efficacy of therapeutic agents has been extensively evaluated in mice by challenging
with lethal adapted variants®®*-%°. Our mouse-lethal A/H3N2 virus is an important preclinical tool to test the
efficacy of antiviral drugs options for A/H3N2 variant, with the aim to improve the treatment outcomes in both
immunocompetent and immunosuppressed patients. Furthermore, a recombinant virus generated by reverse
genetics provides a powerful technology to develop influenza virus vaccines and to study the mechanisms of
antiviral resistance, fitness, and pathogenesis.
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In summary, we generated a lethal mouse model of seasonal A/H3N2 virus following serial lung-to-lung pas-
sages of a wild-type virus in mice and found that both HA (N144E, N246K, and A304T) and PA (K615E) genes
co-contribute to enhance viral pathogenicity and virulence in mice. This present study suggests that adaptation
and virulence of the MA-H3N2 in mice are clearly polygenic as identified in other studies®'~>. Our mouse-lethal
A/H3N2 seasonal virus can be used for evaluation of new antiviral agents and vaccine candidates.

Methods

Ethics statements. This study was conducted in agreement with the guidelines of the Canadian Council
on Animal Care. All experimental protocols were approved by the Institutional Animal Care Committee at
Université Laval.

Cells and virus. Madin-Darby canine kidney (MDCK) were obtained from the American Type Culture
Collection (ATCC: CCL-34) (Manassas, VA, USA) and were grown in minimum essential medium (MEM)
Supplemented with 10% fetal bovine serum (FBS, Invitrogen), HEPES and antibiotics. MDCK cells overex-
pressing the a2.6 sialic acid receptor (ST6-Gall-MDCK cells) were kindly provided by Y. Kawaoka from the
University of Wisconsin, Madison, WI*, and grown in MEM supplemented with 10% FBS, HEPES and 7.5 pg/ml
of puromycin. The human embryonic kidney 293 T cell line (ATCC, CRL-3216) was maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen), supplemented with 10% FBS and HEPES. The influenza A/
Switzerland/9715293/2013 (A/H3N2/sw/2013) virus was obtained from NIBSC (code number 14/224).

Mouse adaptation. Six-to eight-week-old female C57BL/6 mice were purchased from Charles River
Canada (St-Constant, Quebec, Canada). Animals were housed 3 per cage, kept under conditions which prevented
cage-to-cage infections and fed with sterilized food and water. A mouse-adapted variant was derived from a series
of sequential lung-to-lung passages in pharmacologically-induced IS mice followed by sequential lung-to-lung pas-
sages in IC mice. Briefly, mice (n = 3/passage) were treated intraperitoneally (i.p.) with 100 mg/kg of cyclophospha-
mide (CP; Sigma, St-Louis. MO) one day before infection and on day 3 post-infection (p.i.)*>%. Fifty pL of MEM
containing 2.5 x 10° plaque-forming units (PFU)/mouse of A/H3N2/sw/2013 virus (passage 1) were inoculated
intranasally (i.n.). At four days p.i., three inoculated mice were euthanized by cervical dislocation under isoflu-
rane anesthesia and lungs were harvested and homogenized in 1 mL of PBS containing 2X antibiotic-antimycotic
solution (penicillin streptomycin and amphotericin B) (Invitrogen-Gibco) using the Omni Tip™ Homogenizer.
Tissue homogenates were clarified by centrifugation (2000 x g for 5min), then supernatants were collected and 50
pL of the centrifuged homogenate were used to infect the next three naive mice (passage 2) the same day. After 7
passages, the virus in the lung homogenates was cloned once by plaque purification in ST6-Gall-MDCK cells and
then amplified and titrated in the same cell line. An inoculum of 2.5 x 10* PFU/mouse was used to perform 8 addi-
tional lung-to-lung passages in IC mice. Lung homogenates were titrated in ST6-GalI-MDCK cells by end-point
titration in 96-well plates. Briefly, 10-fold serial dilutions were made and 20 pl/well of virus were added to confluent
cells plates were incubated at 37°C, 5% CO, for 4 days. Titers were recorded by the presence of cytopathic effects
and expressed as log,, of the mean tissue culture infectious dose per mL (TCID5y/mL). The virus producing the
highest lung homogenate titer, so-called MA-H3N2, was plaque purified and amplified in ST6-Gall-MDCK cells.

Kinetics of replication of parental, adapted and recombinant H3N2 viruses in vitro. Confluent
MDCK and ST6-Gall-MDCK cells were infected with the parental H3N2 (P0-H3N2) and the adapted H3N2
(MA-H3N2) viruses at a multiplicity of infection (M.O.1.) of 0.0001 PFUs/cell. Supernatants were collected at 12,
24, 36, 48, 72 and 96 hpi. Virus titers were determined by end point titration as described above and expressed as
log,, TCID5y/mL. The kinetics of replication of recombinant H3N2 viruses were performed as described above
but supernatants were collected at 12, 24, 36, 48, 72, 96 and 120 hpi.

Virulence and kinetics of replication of P0-H3N2 and MA-H3N2 viruses in IS and IC mice.
Groups of five six-to eight-week-old female IS or IC C57BL/6 mice were inoculated with 10! to 10° PFU/50 pl of
P0-H3N2 or 10 to 10° PFU/50 ul of MA-H3N2 viruses, respectively. Mice were observed daily for 14 days for
clinical signs of illness, including weight loss, ruffled fur, and hunching. In accordance with our animal study pro-
tocol, mice were sacrificed if they lost >20% of their original body weight. The 50% mouse lethal dose (MLDs)
was calculated for lethal viruses using the Reed and Muench method®. To determine lung titers, groups of 12
mice were infected with 1 x 10* PFU/mouse of PO-H3N2 and MA-H3N2 viruses. Four mice per group were sac-
rificed on days 3, 6 and 9 p.i. and lungs, NTs, spleens and brains were harvested and stored at —80°C. Organs were
homogenized in 1 mL of PBS containing 2X antibiotic-antimycotic solution as described above. Tissue homogen-
ates were clarified by centrifugation (2000 x g for 5min) and supernatants were titrated in ST6-Gall-MDCK cells.
Titers were expressed as log,, TCIDs,/mL.

Whole genome sequence analysis. Viral RNA was extracted from 140 ul of lung homogenates using
the QIAamp Viral RNA kit (Qiagen) and eluted in 100 uL of elution buffer. cDNA was synthesized using ran-
dom hexamer primers (Amersham Pharmacia Biotech) and the SuperScript II reverse transcriptase enzyme (Life
Technologies Corporation). Viral cDNAs were amplified by PCR using the Phusion high-fidelity DNA polymer-
ase (New England BioLabs, Whitby, ON, Canada) and universal primers® in standard conditions. The nucleotide
sequences of the PCR products were determined using the ABI 3730 DNA analyzer, and chromatogram peaks
were analyzed using BioEdit, version 7.0.5.

Cytokine and chemokine analysis. The concentration of 23 cytokines and chemokines (IL-1a, IL-13,
IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-17A, eotaxin, G-CSF, GM-CSE, IFN-~,
KC, MCP-1, MIP-1a, MIP-13, RANTES and TNF-a) were measured on day 6 p.i. in lung homogenates (n =4/
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group) from both IC and IS mice infected with PO-H3N2 or MA-H3N2 viruses using the Bio-Plex Pro™ Mouse
Cytokine 23-plex panel (Bio-Rad Laboratories) according to the manufacturer’s instructions. Cytokine and
chemokine concentrations were expressed as pg/ml of lung.

Histopathology. To compare the lung histopathology induced by PO-H3N2 and MA-H3N2 viruses in IC and
IS mice, four mice per group were anesthetized and intranasally infected with 1 x 10* PFU/mouse of PO-H3N2
and MA-H3N2 viruses. At 6 days p.i., mice were euthanized and their lungs were fixed in 4% paraformaldehyde,
embedded in paraffin and cut into four pm-thick histologic sections. Sections were then stained with hematoxylin
and eosin. Slides were digitalized at 40X magnification using a Nanozoomer slide scanner (Hamamatsu, Japan)
and scored using NDP viewer 2.0 software (Hamamatsu, Japan). The histopathological scores were determined
by a pathologist and a medical biologist who were blinded to the experimental data. A semi-quantitative scale was
used to score bronchial/endobronchial, peribronchial, perivascular, interstitial, pleural and intra alveolar inflam-
mation, capillary vascular congestion and pulmonary edema®. The results were expressed as total pulmonary
inflammatory scores.

Generation of recombinant H3N2 influenza viruses. Reverse transcription-PCR using univer-
sal influenza primers®” was performed to amplify the eight genomic segments of PO-H3N2 and MA-H3N2
viruses. All segments were cloned into bidirectional expression/translation pLLBA/G vectors as previously
described®. Wild-type and mutant viruses (Table 1) were rescued in a 6-well plate of co-cultured 293 T and
MDCK cell mixtures (5 x 10° cells of each cell line) following transfection of the corresponding eight viral plas-
mids (each containing 1 pg of plasmid) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA), according to the
manufacturer’s instructions. Transfection medium was removed after 6h and replaced with DMEM contain-
ing 1 ug/ml TPCK-treated trypsin (Sigma-Aldrich, St. Louis, MO, USA). The supernatant was harvested after
72h post-transfection, and used to inoculate ST6Gall-MDCK cells to prepare stocks for subsequent analyses.
The resulting rescued viruses were fully sequenced to ensure the absence of undesired mutations, titrated by
plaque assays in ST6Gall-MDCK cells and then stored at —80 °C until used. Mutations found in the MA-H3N2
virus (Table 1) were introduced into the plasmid constructs of PO-H3N2, using appropriate primers and the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA), according to the manufacturer’s instruc-
tions. The resulting plasmids were sequenced to ensure the absence of undesired mutations.

Minigenome assay for polymerase activity. To compare the effect of PA-yr and NP-y segments of
the MA-H3N2 virus on viral RNA polymerase activity, a reconstituted minigenome assay with a reporter plasmid
containing the Gaussia luciferase gene flanked by noncoding regions of the non-structural (NS) gene of influenza
A/Quebec/147144/09 virus (PNS-Luc) was designed®. Briefly, reporter plasmid PNS-Luc (1 pg) was transfected
into 293 T cells using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA), together with 1 g of each of the
pLLB plasmids encoding PB2, PB1, PA and NP (wild type or mutated H3N2 viruses) in 6-well plates. After 6h,
the transfection medium was replaced with fresh medium. Mock transfections were performed with PNS-Luc
alone. Forty-eight hours following transfection, cells were harvested and luciferase activity was measured with a
multilabel plate reader (Victor; PerkinElmer, Waltham, MA), with an acquisition period of 1 second. Luciferase
activities of the different samples were normalized to the average of three independent experiments values for the
three PO-H3N?2 replicates, which was set to 100% as measured on 293 T cells.

Statistical analyses. Lung viral titers, cytokine/chemokine levels and polymerase activities were com-
pared by one-way analysis of variance (ANOVA) with Tukey’s multiple-comparison post-test. Replicative
capacity of recombinant viruses and histopathologic scores were analyzed with two-way ANOVA with Tukey’s
multiple-comparison post-test. All analyses were done using GraphPad, version 8.

Received: 2 June 2019; Accepted: 7 October 2019;
Published online: 12 November 2019

References
1. Wright, P,, Neumann, G., Kawaoka, Y. In Knipe, D. M., Howley, P. M., Griffin, D. E., Lamb, R. A., Martin, M. A., Roizman, B. &
Straus, S. E. (ed.), Fields virology, 5th ed. Lippincott Williams & Wilkins, Philadelphia, PA. Orthomyxoviruses, p. 1691-1740.
(2007).
2. Hutchinson, E. C. et al. Conserved and host-specific features of influenza virion architecture. Nat Commun 5, 4816 (2014).
3. Staeheli, P. et al. Mx protein: constitutive expression in 3T3 cells transformed with cloned Mx cDNA confers selective resistance to
influenza virus. Cell 44, 147-158 (1986).
4. Raut, S. et al. The pathogenesis of infections of the mouse caused by virulent and avirulent variants of an influenza virus. | Med
Microbiol 8, 127-136 (1975).
5. Hirst, G. K. Studies on the Mechanism of Adaptation of Influenza Virus to Mice. ] Exp Med 86, 357-366 (1947).
6. Wyde, P. R. et al. Effects of low- and high-passage influenza virus infection in normal and nude mice. Infect Immun 15, 221-229
(1977).
7. Sweet, C. & Smith, H. Pathogenicity of influenza virus. Microbiol Rev 44, 303-330 (1980).
8. Matrosovich, M. N. et al. Avian influenza A viruses differ from human viruses by recognition of sialyloligosaccharides and
gangliosides and by a higher conservation of the HA receptor-binding site. Virology 233, 224-234 (1997).
9. Horimoto, T. et al. Origin and molecular changes associated with emergence of a highly pathogenic H5N2 influenza virus in Mexico.
Virology 213, 223-230 (1995).
10. Keleta, L. et al. Experimental evolution of human influenza virus H3 hemagglutinin in the mouse lung identifies adaptive regions in
HA1 and HA2. ] Virol 82, 11599-11608 (2008).
11. Matsuoka, Y. et al. Neuraminidase stalk length and additional glycosylation of the hemagglutinin influence the virulence of influenza
H5N1 viruses for mice. J Virol 83, 4704-4708 (2009).
12. Smee, D. E. et al. Influenza A (HIN1) virus resistance to cyanovirin-N arises naturally during adaptation to mice and by passage in
cell culture in the presence of the inhibitor. Antivir Chem Chemother 18, 317-327 (2007).

SCIENTIFIC REPORTS |

(2019) 9:16616 | https://doi.org/10.1038/s41598-019-51877-4


https://doi.org/10.1038/s41598-019-51877-4

www.nature.com/scientificreports/

13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.

24.

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.

35.
. Galabov, A. S. et al. Rimantadine and oseltamivir demonstrate synergistic combination effect in an experimental infection with type

37.
38.
39.
40.
41.
42.
43.
44.

45.
46.

47.
48.

49.

Vines, A. et al. The role of influenza A virus hemagglutinin residues 226 and 228 in receptor specificity and host range restriction. J
Virol 72,7626-7631 (1998).

Zhao, D. et al. Glycosylation of the Hemagglutinin Protein of H5N1 Influenza Virus Increases Its Virulence in Mice by Exacerbating
the Host Immune Response. J Virol 91 (2017).

Pflug, A. et al. Structural insights into RNA synthesis by the influenza virus transcription-replication machine. Virus Res 234,
103-117 (2017).

Manz, B. et al. Adaptation of avian influenza A virus polymerase in mammals to overcome the host species barrier. J Virol 87,
7200-7209 (2013).

Gabriel, G. et al. The viral polymerase mediates adaptation of an avian influenza virus to a mammalian host. Proc Natl Acad Sci USA
102, 18590-18595 (2005).

Li, Z. et al. Molecular basis of replication of duck H5N1 influenza viruses in a mammalian mouse model. J Virol 79, 12058-12064
(2005).

Subbarao, E. K. et al. A single amino acid in the PB2 gene of influenza A virus is a determinant of host range. J Virol 67, 1761-1764
(1993).

Zhang, Y. et al. Key molecular factors in hemagglutinin and PB2 contribute to efficient transmission of the 2009 HIN1 pandemic
influenza virus. J Virol 86, 9666-9674 (2012).

Bussey, K. A. et al. PB2 residue 271 plays a key role in enhanced polymerase activity of influenza A viruses in mammalian host cells.
J Virol 84, 4395-4406 (2010).

Shi, J. et al. H7N9 virulent mutants detected in chickens in China pose an increased threat to humans. Cell Res 27, 1409-1421 (2017).
Song, M. S. et al. The polymerase acidic protein gene of influenza a virus contributes to pathogenicity in a mouse model. J Virol 83,
12325-12335 (2009).

Bussey, K. A. et al. PA residues in the 2009 HIN1 pandemic influenza virus enhance avian influenza virus polymerase activity in
mammalian cells. J Virol 85, 7020-7028 (2011).

Zamarin, D. et al. Influenza A virus PB1-F2 protein contributes to viral pathogenesis in mice. ] Virol 80, 7976-7983 (2006).
Rudneva, I. A. et al. Studies on the genetic determinants of influenza virus pathogenicity for mice with the use of reassortants
between mouse-adapted and non-adapted variants of the same virus strain. Arch Virol 90, 237-248 (1986).

Wu, R. et al. Multiple amino acid substitutions are involved in the adaptation of H9N2 avian influenza virus to mice. Vet Microbiol
138, 85-91 (2009).

Song, J. et al. Synergistic Effect of $224P and N383D Substitutions in the PA of H5N1 Avian Influenza Virus Contributes to
Mammalian Adaptation. Sci Rep 5, 10510 (2015).

Feng, X. et al. Glycine at Position 622 in PB1 Contributes to the Virulence of HSN1 Avian Influenza Virus in Mice. J Virol 90,
1872-1879 (2016).

Jackson, D. et al. A new influenza virus virulence determinant: the NS1 protein four C-terminal residues modulate pathogenicity.
Proc Natl Acad Sci USA 105, 4381-4386 (2008).

Jiao, P. et al. A single-amino-acid substitution in the NS1 protein changes the pathogenicity of H5N1 avian influenza viruses in mice.
J Virol 82, 1146-1154 (2008).

Sidwell, R. W. et al. Inhibition of influenza virus infections in immunosuppressed mice with orally administered peramivir (BCX-
1812). Antiviral Res 60, 17-25 (2003).

Cruz-Chamorro, L. et al. Examination of host immune resistance against Listeria monocytogenes infection in cyclophosphamide-
treated mice after dietary lipid administration. Clin Nutr 26, 631-639 (2007).

El-Abasy, M. et al. Preventive and therapeutic effects of sugar cane extract on cyclophosphamide-induced immunosuppression in
chickens. Int Immunopharmacol 4, 983-990 (2004).

Shultz, L. D. & Sidman, C. L. Genetically determined murine models of immunodeficiency. Annu Rev Immunol 5, 367-403 (1987).

A (H3N2) influenza virus in mice. Antivir Chem Chemother 17, 251-258 (2006).

Masihi, K. N. et al. Low dose oral combination chemoprophylaxis with oseltamivir and amantadine for influenza A virus infections
in mice. ] Chemother 19, 295-303 (2007).

Smee, D. E et al. Effects of the combination of favipiravir (T-705) and oseltamivir on influenza A virus infections in mice. Antimicrob
Agents Chemother 54, 126-133 (2010).

Soltanialvar, M. et al. Genetic analysis of polymerase complex (PA, PB1 and PB2) genes of HON2 avian influenza viruses from Iran
(1999 to 2009). Asian Pac ] Trop Biomed 2, 858-862 (2012).

Wagner, R. et al. Functional balance between haemagglutinin and neuraminidase in influenza virus infections. Rev Med Virol 12,
159-166 (2002).

Summerfield, J. A. et al. Mannose binding protein gene mutations associated with unusual and severe infections in adults. Lancet
345, 886-889 (1995).

Reading, P. C. et al. Loss of a single N-linked glycan from the hemagglutinin of influenza virus is associated with resistance to
collectins and increased virulence in mice. Respir Res 10, 117 (2009).

Tate, M. D. et al. Glycosylation of the hemagglutinin modulates the sensitivity of H3N2 influenza viruses to innate proteins in airway
secretions and virulence in mice. Virology 413, 84-92 (2011).

Cheng, X. et al. Surface glycoproteins of influenza A H3N2 virus modulate virus replication in the respiratory tract of ferrets.
Virology 432, 91-98 (2012).

Bragstad, K. et al. The evolution of human influenza A viruses from 1999 to 2006: a complete genome study. Virol J 5, 40 (2008).
Skehel, J. J. et al. A carbohydrate side chain on hemagglutinins of Hong Kong influenza viruses inhibits recognition by a monoclonal
antibody. Proc Natl Acad Sci USA 81, 1779-1783 (1984).

Gu, C. et al. Glycosylation and an amino acid insertion in the head of hemagglutinin independently affect the antigenic properties
of H5N1 avian influenza viruses. Sci China Life Sci 62, 76-83 (2019).

Perrone, L. A. et al. H5N1 and 1918 pandemic influenza virus infection results in early and excessive infiltration of macrophages and
neutrophils in the lungs of mice. PLoS pathogens 4, €1000115 (2008).

Baumgarth, N. et al. Novel features of the respiratory tract T-cell response to influenza virus infection: lung T cells increase
expression of gamma interferon mRNA in vivo and maintain high levels of mRNA expression for interleukin-5 (IL-5) and IL-10. J
Virol 68, 7575-7581 (1994).

. Conn, C. A. et al. Cytokines and the acute phase response to influenza virus in mice. Am ] Physiol 268, R78-84 (1995).
. Moran, T. M. et al. Interleukin-4 causes delayed virus clearance in influenza virus-infected mice. J Virol 70, 5230-5235 (1996).
. Karpuzoglu, E. & Ahmed, S. A. Estrogen regulation of nitric oxide and inducible nitric oxide synthase (iNOS) in immune cells:

implications for immunity, autoimmune diseases, and apoptosis. Nitric Oxide 15, 177-186 (2006).

. Rojas, J. M. et al. IL-10: A Multifunctional Cytokine in Viral Infections. ] Immunol Res 2017, 6104054 (2017).
. Chan, M. C. et al. Proinflammatory cytokine responses induced by influenza A (H5N1) viruses in primary human alveolar and

bronchial epithelial cells. Respir Res 6, 135 (2005).

. Kobasa, D. et al. Aberrant innate immune response in lethal infection of macaques with the 1918 influenza virus. Nature 445,

319-323 (2007).

SCIENTIFIC REPORTS |

(2019) 9:16616 | https://doi.org/10.1038/s41598-019-51877-4


https://doi.org/10.1038/s41598-019-51877-4

www.nature.com/scientificreports/

56. Nakajima, N. ef al. The first autopsy case of pandemic influenza (A/H1N1pdm) virus infection in Japan: detection of a high copy
number of the virus in type Il alveolar epithelial cells by pathological and virological examination. Jpn J Infect Dis 63, 67-71 (2010).

57. Speshock, J. L. et al. Filamentous influenza A virus infection predisposes mice to fatal septicemia following superinfection with
Streptococcus pneumoniae serotype 3. Infect Immun 75, 3102-3111 (2007).

58. Leneva, L. A. et al. The neuraminidase inhibitor GS4104 (oseltamivir phosphate) is efficacious against A/Hong Kong/156/97 (H5N1)
and A/Hong Kong/1074/99 (HON2) influenza viruses. Antiviral Res 48, 101-115 (2000).

59. Sidwell, R. W. et al. Inhibition of influenza virus infections in mice by GS4104, an orally effective influenza virus neuraminidase
inhibitor. Antiviral Res 37, 107-120 (1998).

60. Takahashi, K. et al. Efficacy of recombinant chimeric lectins, consisting of mannose binding lectin and L-ficolin, against influenza A
viral infection in mouse model study. Virus Res 178, 495-501 (2013).

61. Imai, H. et al. The HA and NS genes of human H5N1 influenza A virus contribute to high virulence in ferrets. PLoS Pathog 6,
1001106 (2010).

62. Sakabe, S. et al. Mutations in PA, NP, and HA of a pandemic (HI1N1) 2009 influenza virus contribute to its adaptation to mice. Virus
Res 158, 124-129 (2011).

63. Yao, Y. et al. Characterization of low-pathogenic H6N6 avian influenza viruses in central China. Arch Virol 158, 367-377 (2013).

64. Hatakeyama, S. et al. Enhanced expression of an alpha2,6-linked sialic acid on MDCK cells improves isolation of human influenza
viruses and evaluation of their sensitivity to a neuraminidase inhibitor. J Clin Microbiol 43, 4139-4146 (2005).

65. Baz, M. et al. Combination Therapy with Oseltamivir and Favipiravir Delays Mortality but Does Not Prevent Oseltamivir Resistance
in Immunodeficient Mice Infected with Pandemic A(H1N1) Influenza Virus. Viruses 10 (2018).

66. Reed, L. & Muench, H. A simple method of estimating fifty percent endpoints. Am ] Hyg 27, 493-497 (1938).

67. Hoffmann, E. et al. Universal primer set for the full-length amplification of all influenza A viruses. Arch Virol 146, 2275-2289 (2001).

68. Hamelin, M. E. et al. Pathogenesis of human metapneumovirus lung infection in BALB/c mice and cotton rats. J Virol 79, 8894-8903
(2005).

69. Liu, Q. et al. Improved and simplified recombineering approach for influenza virus reverse genetics. ] Mol Genet Med 3, 225-231
(2009).

Author contributions

M.B. and G.B. conceived and coordinated this project. M.B., Z.M. and J.C. conducted work described herein.
S.L.and C.C. prepared Fig. 5. Y.A. contributed with plasmid for Fig. 7. M.B. and Z.M. wrote the manuscript. G.B.
reviewed the manuscript. All authors reviewed the last version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51877-4.

Correspondence and requests for materials should be addressed to M.B. or G.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:16616 | https://doi.org/10.1038/s41598-019-51877-4


https://doi.org/10.1038/s41598-019-51877-4
https://doi.org/10.1038/s41598-019-51877-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Synergistic PA and HA mutations confer mouse adaptation of a contemporary A/H3N2 influenza virus

	Results

	Mouse adaptation. 
	Kinetics of replication of parental and mouse-adapted H3N2 viruses in vitro. 
	Virulence and kinetics of replication of P0-H3N2 and MA-H3N2 viruses in IS and IC mice. 
	Whole genome sequence analysis. 
	Cytokine and chemokine analysis. 
	Histopathology. 
	Generation of recombinant H3N2 influenza viruses. 
	Replication kinetics of recombinant viruses in vitro. 
	Minigenome assay for polymerase activity. 
	Identification of substitutions involved in increased virulence in mice. 

	Discussion

	Methods

	Ethics statements. 
	Cells and virus. 
	Mouse adaptation. 
	Kinetics of replication of parental, adapted and recombinant H3N2 viruses in vitro. 
	Virulence and kinetics of replication of P0-H3N2 and MA-H3N2 viruses in IS and IC mice. 
	Whole genome sequence analysis. 
	Cytokine and chemokine analysis. 
	Histopathology. 
	Generation of recombinant H3N2 influenza viruses. 
	Minigenome assay for polymerase activity. 
	Statistical analyses. 

	Figure 1 Mouse adaptation.
	Figure 2 Kinetics of replication of parental (P0-H3N2) and mouse-adapted (MA-H3N2) A/H3N2 viruses in MDCK and ST6-GalI-MDCK cells.
	Figure 3 Kinetics of replication of P0-H3N2 and MA-H3N2 viruses in IC and IS mice.
	Figure 4 Pulmonary cytokines/chemokine levels on day 6 post-infection in IC and IS C57BL/6 mice intranasally infected with 1 × 104 PFU/mouse of P0-H3N2 and MA-H3N2 viruses.
	Figure 5 Lung histopathology on day 6 post-infection in IC and IS C57BL/6 mice intranasally infected with 1 × 104 PFU/mouse of P0-H3N2 and MA-H3N2 viruses.
	Figure 6 Replicative capacity of P0-H3N2 and recombinant influenza viruses in STG6GalI-MDCK cells.
	Figure 7 Polymerase activity of RNP complex combinations between the P0-H3N2 and MA-H3N2 viruses by minigenome assay.
	Figure 8 Virulence of rescued recombinants viruses in C57BL/6 mice.
	Table 1 Amino acid substitutions between of P0-H3N2, P7-IS-H3N2* and MA-H3N2 viruses.
	Table 2 Schematic representation of recombinant viruses generated with different plasmid combinations.




