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Swine influenza A virus isolates containing the pandemic HIN1
origin matrix gene elicit greater disease in the murine model
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ABSTRACT Since the 1990s, endemic North American swine influenza A viruses
(swFLUAVs) contained an internal gene segment constellation, the triple reassortment
internal gene (TRIG) cassette. In 2009, the HIN1 pandemic (pdmH1N1) virus spilled back
into swine but did not become endemic. However, the pdmH1N1 contributed the matrix
gene (pdmM) to the swFLUAVs circulating in the pig population, which replaced the
classical swine matrix gene (swM) found in the TRIG cassette, suggesting the pdmM
has a fitness benefit. Others have shown that swFLUAVs containing the pdmM have
greater transmission efficiency compared to viruses containing the swM gene segment.
We hypothesized that the matrix (M) gene could also affect disease and utilized two
infection models, resistant BALB/c and susceptible DBA/2 mice, to assess pathogenicity.
We infected BALB/c and DBA/2 mice with H1 and H3 swFLUAVs containing the swM or
pdmM and measured lung virus titers, morbidity, mortality, and lung histopathology. H1
influenza strains containing the pdmM gene caused greater morbidity and mortality in
resistant and susceptible murine strains, while H3 swFLUAVs caused no clinical disease.
However, both H1 and H3 swFLUAVs containing the pdmM replicated to higher viral
titers in the lungs and pdmM containing H1 viruses induced greater histological changes
compared to swM H1 viruses. While the surface glycoproteins and other gene segments
may contribute to swFLUAV pathogenicity in mice, these data suggest that the origin of
the matrix gene also contributes to pathogenicity of swFLUAV in mice, although we must
be cautious in translating these conclusions to their natural host, swine.

IMPORTANCE The 2009 pandemic H1N1 virus rapidly spilled back into North American
swine, reassorting with the already genetically diverse swFLUAVs. Notably, the M gene
segment quickly replaced the classical M gene segment, suggesting a fitness benefit.
Here, using two murine models of infection, we demonstrate that swFLUAV isolates
containing the pandemic HIN1 origin M gene caused increased disease compared to
isolates containing the classical swine M gene. These results suggest that, in addition
to other influenza virus gene segments, the swFLUAV M gene segment contributes to
pathogenesis in mammals.

KEYWORDS influenza virus, pathogenesis, swine influenza, mouse model, matrix gene,
pandemic influenza

nfluenza is considered a major public health threat causing between 250,000 and

300,000 deaths annually worldwide (1-3). Influenza A viruses (FLUAVs) are single-stran-
ded, negative-sense RNA viruses with a segmented genome containing eight gene
segments (4). These include the hemagglutinin (HA) and neuraminidase (NA) genes,
which encode the surface glycoproteins forming the spikes on the outside of the
virion and determine the virus subtype, the internal protein genes which include three
polymeraseS, polymerase basic 1 (PB1), polymerase basic 2 (PB2), and polymerase acidic
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(PA) genes, as well as the nucleoprotein (NP), non-structural (NS) and the matrix (M)
segments (4).

The M gene encodes two proteins, M1 and M2. M2 is a 97-amino acid (aa), well-char-
acterized proton channel which contributes to the release of viral RNA from the virion
during infection (5) as well as virus budding (6). The M2 proton channel also interacts
with the host immune response modifying inflammasome activation (7) and autophagy
(8-10). The 252-aa M1 protein bridges the viral ribonucleoprotein complexes (RNPs)
and membrane proteins. It plays an important role in the release of viral RNA from
the virion during infection, export of the viral RNPs out of the nucleus, inhibition of
reimport of RNPs, and assembly of virus particles. The M1 protein is a determinant of
the characteristic pleomorphic morphology of influenza virus particles, with filamentous
virus particles linked to increased neuraminidase activity, affecting transmission (11-13).

Similar to humans, FLUAVs have been enzootic in swine worldwide, causing
respiratory disease outbreaks in herds characterized by high morbidity, low mortality,
and significant economic losses (14). For almost eight decades, a single HIN1 FLUAYV,
known as “classical” swine influenza, was circulating in the North American swine
population (15, 16). However, in the late 1990s, novel triple reassortant HIN1, H1N2,
and H3N2 viruses emerged in pigs containing gene segments from classical swine,
human, and avian origin FLUAVs (17, 18). The six internal gene segments, known as
the triple reassortment internal gene (TRIG) cassette, became predominant, such that
since 2000, most fully characterized North American swine influenza strains contain
this internal protein gene combination with varying HA and NA combinations (16,
17, 19-22). Since the pandemic of 2009, which was caused by a novel reassortant
swine-origin HIN1 virus with gene segments from North American swine viruses and
an avian-like HIN1 Eurasian swine virus (23), the necessity for surveillance of the spread
and genetic diversity of swine influenza viruses has become evident. Recent studies have
shown regional differences in circulating strains both in the United States as well as
in other countries, with a diversification of genetic constellations and multiple HA and
NA subtypes and clades in cocirculation (24-32). At the same time, field surveillance
has demonstrated that since 2011, the pandemic origin M gene segment (pdmM) has
been systematically replacing the swine TRIG M gene segment (swM) in North American
swine FLUAVs, with up to 70% of swine influenza A virus (swFLUAVs) containing the
pdmM gene in 2011 and increasing to 100% by 2015 (30, 33-35). The pdmM gene
is commonly found in swFLUAVs isolated at state fairs (36), and the M gene segment
has been shown to be under differential selective pressure based upon different hosts,
possibly influencing host tropism and immune response (37, 38). The pdmM gene has
also been linked to increased neuraminidase activity and increased transmissibility when
combined with NA from the laboratory virus A/PR/8/1934 H1N1 or the original pandemic
virus A/NL/602/2009 (13) or the NA from a Eurasian H1N1 virus (39). However, the
influence of the pdmM gene on disease in the context of native swine HA and NA gene
segments in wild-type viruses has not been explored.

The murine model is one of the most common animal models used for FLUAV
pathogenesis research. Previous studies have shown a variation in pathogenesis
between inbred strains of mice, demonstrating a contribution of genetic background to
influenza-elicited disease and resulting in categorization of a continuum from suscepti-
ble to resistant (40). Susceptible strains, such as DBA/2, demonstrate higher morbidity,
mortality, and viral replication, while their immune response is characterized by greater
concentrations of proinflammatory cytokines and increased numbers of lung infiltrates
in response to influenza infection compared to resistant mouse strains such as BALB/c.
These two mouse models have been used to assess disease severity with a variety of
influenza viruses, including H1, H3, H5, and H7 viruses (40, 41). The susceptibility of
DBA/2 mice to infection and severe disease has resulted in use of this mouse model for
antiviral drug and vaccine efficacy studies (42, 43).

We hypothesized that infection of mice with swine FLUAV strains containing the
pdmM gene would result in greater morbidity and mortality and induce more severe
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lung lesions compared to infection with strains of the same subtype and combination
of gene segments containing the swM gene. We used both DBA/2 and BALB/c mice to
define the infection and disease phenotypes of swine influenza isolates to differentiate
the contribution of the M gene in susceptible and resistant murine strains. We define
virus replication kinetics, clinical disease, and pathology elicited by swM and pdmM
gene-containing viruses, demonstrating increased disease severity elicited by viruses
with the pdmM gene.

RESULTS

The matrix gene contributes to morbidity and mortality of swine H1 influ-
enza infection in mice

The TRIG cassette consists of the six internal gene segments, PB2, PB1, PA, NP, M, and NS
(Fig. 1A, light blue). We assessed the influence of the M gene segment on pathogenicity
by comparing disease elicited by swine FLUAV strains with related HA and NA gene
segments and for the internal gene segments, differing primarily in the M gene (Fig.
1A, light blue versus red). To reflect the potential for different morbidity and mortality
outcomes dependent on the host, we inoculated both resistant (BALB/c) and susceptible
(DBA/2) mouse strains (44) with a panel of swine H1 FLUAVs spanning a variety of HA and
NA clades and containing either the swM or pdmM gene segment (n = 5 mice/group)
(Fig. TA). The H1 viruses containing the pdmM caused greater morbidity, as demonstra-
ted by weight loss, and mortality in both resistant BALB/c (Fig. 1B and C) and susceptible
DBA/2 (Fig. 1D and E) mouse strains. As previously shown by others, infection of mice
with H3 viruses of human or swine origin resulted in minimal morbidity or mortality
without adaptation (41, 45). To investigate whether the pandemic origin matrix gene
can induce greater morbidity or mortality in mice infected with swine H3 influenza
strains, we inoculated both resistant BALB/c and susceptible DBA/2 murine strains with
H3 influenza strains differing only in the matrix gene (n = 5 mice/group). Both resistant
and susceptible mouse strains showed no morbidity, as determined by weight loss (Fig.
2), or mortality (data not shown) when infected with H3 strains containing either the
pdmM or swM gene segments.

The matrix gene contributes to increased viral replication in the lungs of
infected mice

Influenza-mediated morbidity and mortality in mouse models can be attributed to viral
replication and immune mediated damage. In order to determine whether viral replica-
tion contributes to the greater morbidity and mortality caused by FLUAV strains contain-
ing the pdmM gene segment, we inoculated resistant and susceptible murine strains
with swFLUAVs and assessed virus replication kinetics by lung virus titer (n = 5 mice/
virus/collection time point). The H1 influenza viruses containing the pdmM gene
segment replicated to significantly higher (between 1 and 4 logs greater) viral titers at 2
days post infection (DPI) and maintained significantly higher viral titers through 6 DPI in
the resistant BALB/c mice (Fig. 3A). The same viruses replicated only slightly better, 2-3
logs greater lung viral titers, than the swM-containing virus in the susceptible DBA/
2 mouse strain, apart from NC/702/pdmM, which replicated similarly to the MO/664/swM
virus (Fig. 3B). Lung virus titers were also compared between H3 viruses containing
pdmM or swM gene segments, in resistant and susceptible mouse strains. While neither
of the swine H3 influenza viruses caused clinical signs, the viruses did replicate in mice,
albeit at lower peak viral titers compared to the H1 swFLUAVs. Notably, NC/671/pdmM
replicated to higher viral titers compared to MN/993/swM and was detectable through 6
DPI, while MN/993/swM was cleared after 4 DPI (Fig. 3C). In the susceptible DBA/2 mouse
strain, no significant differences were observed in virus replication kinetics, although
titers following pdmM-containing H3N2 viral infection were consistently slightly higher
until cleared after 6 DPI (Fig. 3D). The robust replication of non-mouse-adapted H3N2
influenza viruses in mice was unexpected, so we assessed several human-origin H3N2

March 2024 Volume 12 Issue 3

Microbiology Spectrum

10.1128/spectrum.03386-23 3


https://doi.org/10.1128/spectrum.03386-23

Research Article Microbiology Spectrum

A Viral Gene Segment Origins

PB2 PBI PA HA NP NA M NS
ACATIO9 GIIN) s | | | [ [ [ ]
(AH/SI\KIi;;/Missouri/AO1444664/2013 MO/664/swM ----- 52.3 --
gmgfm(mh Carolina/ 27020005 0o --- 265 ----
gos;vauzgnl\INo?)h Carolin ADSO4S68 e --- - 80.0
gm?)em(mh Caroina IS4042015 00 --- - 80.4
(AH/SI\KIiil)e/Illinois/A00857300/2011 L300t --- - 80.3
(AH/slxgiil)e/Indiana/AOO%%S1/2011 NSt --- 933 - 9.9
ZZ\;;;;/Minnesota/Am125993/2012 VN/993/suM ----- 52.0
(AH/SS\KIi;)e/NorthCarolina/157671/2015 NC6T1/pdmM ----- 531

B oy o6 [ Hi-y [ N2-2002 [ NI-Classical
I tRIG [ JHI-52 [ H3-1V [ N2-1998

Influenza Strain

BALB/c BALB/c
110 —

-=- Control (PBS) 100 - Control (PBS)
= 100 = MO/664/swM T g0l i — MO/EBA/SWM
2 o -+ NC/702/pdmM H == NC/702/pdmM
2 e NC/074/pdmM I N B NC/074/pdmM

c
g 80 =~ NC/568/pdmM S 40 == NC/568/pdmM
oy S
% 70 a5
60 T T T T T T T T 0 T T + T T T 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Days Post Infection Days Post Infection
D oBAL E -~
110+
--- Control (PBS) c | (PB
100 - — Control (PBS)
= 100 -= MO/664/swM — MO/664/swM
= —
i 2 80
§° 904 — NC/702/pdmM S - NC/702/pdmM
= -o— NC/074/pdmM @ 609 NC/074/pdmM
Q E c
g 80 -~ NC/568/pdmM § 40 —-= NC/568/pdmM
& 70 [ 204
60— T T T T T T T 0 T — T 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Days Post Infection Days Post Infection

FIG 1 Influenza viruses used for mouse infections and morbidity and mortality in mice. (A) The origin of each gene segment is color coded according to the
key. Numbers indicate percent nucleotide sequence homology compared to A/CA/04/2009 (pdmH1N1). (B and D) Percent weight loss and (C and E) mortality
of (B and C) BALB/c or (D and E) DBA/2 mice following infection with indicated swine H1 influenza viruses. Mice were inoculated with 1e5 PFU of virus (n
=5 per group) and weights were recorded every other day. This study was repeated to confirm results. Statistical comparison between MO/664/swM and
the other viruses by two-way analysis of variance with Dunnett post hoc test (B and D). *<0.05, ***<0.001, ***¥<0.0001. Kaplan-Meier survival curves (C and
E). Abbreviations: HA, hemagglutinin; M, matrix; NA, neuraminidase; NP, nuclear protein; ns, not signficant; NS, non-structural; PA, polymerase acidic; PB1,
polymerase basic 1; PB2, polymerase basic 2; PDM, pandemic 2009 lineage; pdmH1N1, HIN1 pandemic; TRIG, triple reassortment internal gene constellation.

(huH3) viruses for replication in BALB/c and DBA/2 mice. While the swine H3N2 viruses
replicated in mice without causing disease, huH3 viruses having HA and NA genes
segments related to the swFLUAVs failed to replicate in either mouse strain, with no
detectable virus in the lung at 2 DPI (data not shown). The greater lung viral titers of both
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FIG 3 Lung virus titers over time from mice infected with swine H1 and H3 influenza viruses. (A and C) BALB/c and (B and D) DBA/2 mice were inoculated with
1e5 PFU of the indicated viruses. Lungs collected at indicated time points, homogenized, and assayed for virus titer by plaque assay (n = 5 mice/group/collection
time point, repeated). Statistical comparison between (A and B) MO/664/swM and the other viruses was completed using two-way analysis of variance (ANOVA)
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H1 and H3 influenza strains containing the pandemic origin matrix gene has the
potential to induce greater pathology in the lungs; therefore, we next assessed the lungs
of influenza-infected mice for histopathological changes.

The pandemic origin matrix gene contributes to greater disease and more
severe histological changes in the lungs of influenza-infected mice

In order to understand the development of disease and evaluate the characteristics
and extent of lesions induced in the lung, we inoculated both resistant (BALB/c) and
susceptible (DBA/2) mice with the panel of swFLUAVs and assessed histopathological
changes in the lung at 2 and 4 DPI (n = 2 mice/virus/collection time point). Mice
inoculated with MO/664/swM had mild pulmonary changes on 2 DPI characterized
by a small number of bronchioles with mild segmental necrosis of the epithelium
and minimal peribronchiolar infiltrations of lymphocytes admixed with neutrophils. In
addition, a small number of vessels with mild perivascular infiltrations of lymphocytes
admixed with fewer neutrophils and rare foci of alveoli containing small numbers of
neutrophils and macrophages were present (data not shown). Changes were slightly
more severe on 4 DPI (Fig. 4A and E). The number of involved bronchioles and vessels
increased but was still less than 25%, and there was an increased amount of epithelial
necrosis and numbers of peribronchiolar and perivascular inflammatory cells. Suscep-
tible DBA/2 mice were similarly infected with MO/664/swM, and lung analyses were
conducted for pathological changes. Mild to moderate interstitial changes were present
in the DBA/2 mice, characterized by mild multifocal alveolar infiltrations of a small
number of neutrophils and macrophages (data not shown).

The resistant BALB/c mice inoculated with NC/702/pdmM, NC/074/pdmM, or NC/568/
pdmM had similar pulmonary changes on 2 DPI compared to mice inoculated with
MO/664/swM; however, histopathology was more severe, ranging from mild to moderate
overall (Fig. 4E), with larger numbers of involved bronchioles and vessels, more extensive
epithelial necrosis, and increased numbers of perivascular and peribronchiolar lympho-
cytes admixed with neutrophils (data not shown). Pulmonary changes increased from
mild to moderate in the NC/702/pdmM mice by 4 DPI (Fig. 4B). However, in the NC/074/
pdmM and NC/568/pdmM mice, changes were already moderate on 2 DPI, with the
NC/568/pdmM inoculated mice being the most severe of all the groups. The resistant
BALB/c mice inoculated with the pdmM-containing viruses had more extensive and
severe interstitial involvement than seen in the swM-inoculated mice, which increased in
extent and severity of involvement by 4 DPI, being most severe in mice inoculated with
NC/568/pdmM (Fig. 4E). In NC/702/pdmM and NC/074/pdmM inoculated mice, intersti-
tial involvement ranged from mild (< 25%) on 2 DPI to moderate (25%-50%) by 4 DPI
and was characterized by foci with slightly thickened alveolar septa and small numbers
of neutrophils, lymphocytes, and macrophages in alveoli to foci, where alveoli were filled
with large numbers of inflammatory cells and necrotic debris (Fig. 4B and C). In NC/568/
pdmM inoculated mice, interstitial involvement was already moderate on 2 DPI (data not
shown) with >50% involvement of the parenchyma by 4 DPI (Fig. 4D). Interstitial foci
were similar to mice inoculated with NC/702/pdmM and NC/074/pdmM but also
included foci with moderately thickened alveolar septa with mild epithelial hyperplasia.
Mice inoculated with NC/568/pdmM by 4 DPI had multifocal interstitial hemorrhage that
was more severe than with any of the other virus isolates (Fig. 4D) and included the
development of hyaline membranes in DBA/2 mice, which suggests more extensive
alveolar septal damage with the NC/568/2013 isolate. Overall, there were significantly
greater pulmonary changes in mice inoculated with swFLUAVs containing the pdmM
gene segment compared to the virus containing the swM gene segment (Fig. 4E). Similar
results were observed in swFLUAV-infected, susceptible DBA/2 mice, although the
differences lacked statistical significance (Fig. STA).

Resistant BALB/c and susceptible DBA/2 mice were also inoculated with H3 swFLUAVs
containing either the pdmM or swM gene, and histopathological changes were assessed
in the lung at 2 and 4 DPI (n = 2 mice/virus/collection time point). On 2 DPI, lungs from
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FIG 4 Histological images and lesion scores from mice infected with swine influenza viruses. BALB/c
mice were inoculated with 1e5 PFU of the indicated viruses and euthanized, and the lungs were fixed
for histological analysis at 2 and 4 DPI (n = 2 mice/virus/collection, repeated). Lungs were assigned
histological lesion scores out of 22. (A-D) Images of lung sections from 4 DPI at 20x and 10x (inset)
for A/swine/Missouri/A01444664/2013 (H1N2) (A), A/swine/North Carolina/152702/2015 (H1N2) (B), A/
swine/North Carolina/154074/2015 (H1N1) (C), and A/swine/North Carolina/A01394568/2013 (H1N1)
(D). (A) MO/664/swM: mild perivascular and peribronchiolar infiltrations of mostly lymphocytes and mild
segmental necrosis of the bronchiolar epithelium are present, but there are no significant interstitial
changes. Lesion score: 6 out of 22. (B) NC/702/pdmM: bronchioles are dilated and there are moderate
peribronchiolar and mild perivascular infiltrations of mostly lymphocytes and diffuse necrosis of the
bronchiolar epithelium. Focally extending from the central bronchiole, alveolar septa are thickened and
there are small numbers of inflammatory cells in the alveoli. Lesion score: 10 out of 22. (C) NC/074/pdmM:
bronchioles are slightly dilated with mild epithelial necrosis and sloughed epithelial cells and a few
inflammatory cells in the lumen. There are mild to moderate peribronchiolar and perivascular infiltrations
of mostly lymphocytes. Diffusely, the alveolar septa are mildly thickened, and the alveoli contain
small numbers of inflammatory cells. Lesion score: 13 out of 22. (D) NC/568/pdmM: bronchioles are
slightly dilated and lined by the attenuated epithelium. There are mild peribronchiolar and perivascular
infiltrations of mostly lymphocytes. Diffusely, the alveolar septa are mildly thickened, and alveoli contain
small numbers of inflammatory cells admixed with erythrocytes. Lesion score: 10 out of 22. (E and
F) Histological lesion scores out of 22 for BALB/c mice inoculated with either the H1 or H3 swine influenza
isolates. Statistical differences were calculated using two-way ANOVA between (E) MO/664/swM and the
other viruses with Dunnett post hoc test or (F) MN/993/swM and NC/671/pdmM with Bonferroni post hoc
test. ¥<0.05, **¥<0.005, ***<0.001.
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BALB/c mice inoculated with MN/993/swM or NC/671/pdmM had minimal changes that
were not specific for influenza, however by 4 DPI, mice inoculated with NC/671/pdmM
had mild pulmonary changes consistent with influenza infection in contrast to minimal
non-specific changes in MN/993/swM infected mice (Fig. 4F). Pathological changes were
overall similar in DBA/2 and BALB/c mice; however, pathology was slightly more severe in
BALB/c mice and included minimal to mild lymphocytic infiltrations around a small
number of bronchioles and vessels and minimal to mild segmental epithelial necrosis in
a few larger apical bronchioles (Fig. S1B). Together these data suggest that the pandemic
origin matrix gene induces greater pathological changes in the lung resulting in greater
severity of disease in both susceptible DBA/2 and resistant BALB/c murine strains.
However, differences in H1 and H3 swFLUAVs suggest the HA and NA, as well as the
overall gene composition can influence the pathogenicity of a particular influenza strain.
To further address this possibility, we infected both resistant BALB/c and susceptible
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FIG 5 Morbidity, mortality, histology, and lung virus titers of mice infected with alternate swine H1 influenza viruses. (A-E) BALB/c mice were inoculated with
1e5 PFU of the indicated viruses and (A) weights were recorded every other day and lungs collected and (B) assayed for virus titer or (C-E) histopathology (n =5
mice/virus/collection for titers, n = 2 mice/virus/collection for histopathology, repeated). Images of lung sections from (C) A/sw/Indiana/A00968351/2011 (H1NT,
IN/351/swM) or (D) A/sw/Illinois/A00857300/2011 (H1NT, IL/300/swM) infected mice, 4 DPI at 20x and 10x (inset) and (E) histological lesion scores out of 22.
DBA/2 mice were inoculated with 1e5 PFU of the indicated viruses and (F) weights and (G) survival were recorded, or (H) lungs were collected and assayed for

virus titer. Statistical differences were calculated between MO/664/swM and the other viruses by two-way ANOVA with Dunnett post hoc test. *<0.05, **<0.005,

*#%<0.001, ***¥<0.0001.
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DBA/2 strains with a panel of H1 influenza strains containing the swM gene but varying
either in their HA or NA segments.

The HA and NA gene segments can impact disease severity of swM gene-con-
taining viruses

To determine whether swine H1 influenza strains containing the swM gene with either
HA or NA gene segments of different lineages or subtypes can cause greater morbidity,
mortality, and severity of disease, we inoculated both resistant BALB/c and susceptible
DBA/2 mouse strains with an alternate panel of FLUAVs with HA and NA gene composi-
tions differing from the MO/664/swM strain (H1 delta 1 cluster and N2 subtype, n =
5 mice/virus/collection time point). The swFLUAVs IN/351/swM and IL/300/swM contain
HA gene segments from the gamma cluster and NA gene segments from the classical
N1, which are comparable to the HA and NA segments of NC/568/pdmM and NC/074/
pdmM viruses (Fig. TA). Nucleotide and predicted amino acid sequence comparisons
were analyzed to ensure high homology among PB2, PB1, PA, NP, and NS genes (=91%
nucleotide and =92% predicted amino acid homology) as well as within HA and NA
clusters (Fig. 1A; Table S2). In the resistant BALB/c mouse strain, the alternate H1 FLUAV
strains containing the swM gene induced greater morbidity, as determined by weight
loss, but not greater mortality (Fig. 5A), despite replicating to significantly higher titers
in the lung (Fig. 5B). In the susceptible DBA/2 strain, the alternate H1 swM-containing
strains did cause both greater morbidity and mortality without replicating to significantly
higher titers (Fig. 5F through H) unlike the pdmM containing viruses seen previously.
Due to the potential for the increased replication of IN/351/swM and IL/300/swM to
induce greater pathology, we evaluated the lungs for histopathological changes (n =
2 mice/virus/collection time point).

For both murine models, on day 2, the predominant lesion was in the bronchioles
characterized by epithelial necrosis and minimal interstitial changes consistent among
the three swFLUAVS MO/664/swM, IN/351/swM, and IL/300/swM (data not shown). By
day 4, in both the resistant BALB/c (Fig. 5C and D) and susceptible DBA/2 strains (data
not shown), there were no significant differences in lung pathology scores for the three
swM gene-containing viruses (Fig. 5E). Vasculitis was present with all three swFLUAVs in
BALB/c and DBA/2 mice (data not shown). While the results comparing pdmM and swM
gene-containing viruses suggested the swM virus elicited limited pulmonary differences
compared to the pdmM gene-containing viruses (Fig. 4), comparison with the viruses
containing alternate HA or NA genes and the swM gene showed variable pulmonary
differences in the lungs of infected mice (Fig. 5E), suggesting the HA or NA may be
contributing to pathogenesis in the absence of differences in the origin of the M gene
segment.

DISCUSSION

Multiple introductions of the 2009 pH1N1 virus into the swine population have led
to reassortment events with previously circulating swine FLUAVs, resulting in hitherto
unseen genetic constellations. Prior research has shown the matrix gene from the
pandemic virus is replacing the classical swine origin matrix gene found in the TRIG
cassette, suggesting an evolutionary advantage or fitness benefit. We used resistant
BALB/c and susceptible DBA/2 mouse strains to investigate whether infection with swine
influenza isolates containing the pandemic origin matrix gene (pdmM) would induce
greater disease compared to isolates containing the classical swine origin matrix (swM)
gene. We chose influenza isolates reflecting the predominant strains found in North
America between 2010 and 2016 (33). Infection with H1 influenza viruses containing
the pdmM resulted in greater morbidity and mortality in both susceptible DBA/2 and
resistant BALB/c mouse strains. However, infection with H3 isolates containing either
the pdmM or swM did not induce morbidity or mortality, which is in agreement with
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previous studies that have shown a very high lethal dose for earlier swine H3 viruses and
an inability to infect mice with human H3N2 strains (41).

We evaluated virus replication in the lungs of both susceptible (DBA/2) and resistant
(BALB/c) mice. Both H1 and H3 swFLUAVs containing the pdmM replicated to higher viral
titers in the lungs of susceptible DBA/2 and resistant BALB/c mice compared to swFLUAVs
containing the swM. Higher viral titers in the mouse lungs suggests that the pdmM
gene confers increased infectivity or replication efficiency within the mice at least to
some degree. The higher viral load in the lungs may contribute to the greater morbidity
and mortality observed in pdmM-containing influenza virus-infected mice. However,
in comparing several swM-containing viruses, we observed varying lung virus titers in
BALB/c mice without concomitant differences in mortality, and in contrast, no differences
in lung virus titer yet clear differences in survival in susceptible DBA/2 mice. Thus, while
the M gene may affect outcomes of infection, other gene segments also impact infection
and disease and are additionally influenced by the host genetic background. These
differences could be due to virus replication at the cellular level or the host immune
response to infection.

Others have compared outcomes of influenza virus infection in susceptible versus
resistant mouse strains with avian H5N1 (46), mouse-adapted H1N1 (A/PR/8/1934) (47)
or H3N2 (A/HKX-31) (48), or mouse-adapted classical swine HIN1 (49) virus. Influenza
viruses replicated to higher titers in susceptible DBA/2 mice compared to resistant
(BALB/c or C57BI/6) mice in all of these studies and were correlated with increased
inflammatory responses as well as increased disease severity and mortality. In contrast,
virus titers were not entirely correlated with morbidity and mortality in DBA/2 and
BALB/c mice when infected with swFLUAVs containing swM or pdmM genes. The H1
influenza viruses containing the pdmM gene replicated to similarly high titers in BALB/c
and DBA/2 mice, resulting in greater morbidity and mortality compared to the swM
gene-containing H1 virus, MO/664/swM, that replicated to lower virus titers and showed
no mortality in either mouse strain. However, two other swM gene-containing H1 viruses
replicated to higher titers in BALB/c mice but did not cause mortality. Furthermore, the
three swM H1 viruses, MO/664/swM, IN/351/swM, and IL/300/swM, replicated to similar
titers in DBA/2 mice with variable mortality. Finally, the tested H3N2 swFLUAVs replicated
to similar or slightly lower titers compared to the HIN2 MO/664/swM virus, with the swM
gene-containing H3N2 virus replicating more poorly than the pdmM virus, but neither
caused morbidity or mortality in BALB/c or DBA/2 mice. While total virus replication
or peak viral load may contribute to disease severity between susceptible DBA/2 and
resistant BALB/c mouse strains, other factors may be affecting disease severity.

Differences in the proinflammatory response between susceptible and resistant
mouse strains have also been implicated in disease severity and mortality, with increases
in proinflammatory cytokines and other inflammatory mediators observed in susceptible
DBA/2 mice associated with increased disease severity and mortality following influenza
virus infection. We did not assess cytokine responses here; however, histopathological
changes were generally greater in DBA/2 mice compared to BALB/c mice, suggesting
increased inflammation.

The influenza matrix gene has been shown to influence the inflammasome and
autophagy (7-10) as well as to affect morphology, host range, and transmission (13,
37, 50). In humans, inflammation and development of pneumonia have been correla-
ted with swine origin and pandemic H1N1 infection (51), while other studies have
related an altered immune response with FLUAVs containing the pdmM gene (52). We
assessed the development of microscopic changes in the lungs of swFLUAV-infected
BALB/c and DBA/2 mice. Both H1 and H3 swFLUAVs containing the pdmM gene induced
greater histological changes characterized by necrosis, increased infiltrates, thickening
of the alveoli septa, and epithelial hyperplasia compared to viruses containing the swM
gene. This was seen in both resistant BALB/c and susceptible DBA/2 mouse strains. The
increased severity of lesions in the lungs of mice infected with an H3 swFLUAV containing
the pdmM gene compared to the H3 virus containing the swM, while not as severe as
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was seen with the H1 isolates, was evident despite a lack of significant difference in viral
replication in the susceptible DBA/2 murine strain. Together, these data suggest that
while greater viral replication by the swFLUAVs containing the pdmM gene contributes in
part to the increased histopathological lesions in the lungs, other viral and host factors
may also contribute to the enhanced lung lesions and subsequent disease. The lack of
significant pulmonary changes in the lungs of mice infected with the panel of swFLUAVs
containing the swM gene despite differences in replication supports this concept. Of
note, the microscopic changes in the lung switched from bronchiolar to more intersti-
tial over time in the mice inoculated with the H1 viruses containing the pdmM gene.
In humans, interstitial damage, along with the development of hyaline membranes,
has been associated with the development of severe influenza viral pneumonia (53).
Furthermore, in mice as well as in humans, severe influenza viral pneumonia has been
correlated with the dysregulation of inflammation of the airways (54-57). This suggests
that the differential lung pathology may in part be due to the subsequent immune
response to the infection and the potential for infection with swine influenza isolates
containing the pandemic matrix gene to generate an exacerbated immune response in
the murine model.

Studies using reverse genetic viruses would be useful in ascertaining to what degree
the pandemic matrix gene influences virus replication, disease progression, and outcome
in murine models. Others have shown the origin of viral segments such as PB1 and
NS1 genes may also contribute to swine influenza strain virulence and disease (58, 59).
Recently, a reverse genetic approach was used to compare influenza virus replication and
disease in BALB/c mice, comparing a Eurasian-origin M gene with the pdmM gene in
an Asian-origin HIN1 virus background (60). The pdmM gene conferred increased virus
titers, mortality, and disease, supporting our hypothesis and observations, although the
Eurasian M gene is distinct from the classical swM gene we assessed here (16). The M
gene has been shown in reverse genetic studies to modulate NA activity in recombinant
viruses containing N1 genes from the 2009 pandemic virus A/NL/602/2009, a historical
laboratory isolate, A/Puerto Rico/8/1934 (13), or a Eurasian lineage N1 (39), with the
last compared to a classical swine N1. The increased NA activity was associated with
increased transmission. We assessed the pathogenicity of a panel of wild-type viruses
containing swM or pdmM gene segments with N2 or classical swine N1 gene segments
with approximately 40% or 80% homology with the NA genes tested. It is unclear
whether the swine viruses containing the pdmM gene have increased NA activity or
transmissibility or if the impact of the M gene on these phenotypes is limited to distinct
NA clades or subtypes. Assessment of the role of the M gene in our model as well as
transmission models by reverse genetics will be important.

The NP gene has been shown to play an important role in viral RNA expression
and viral morphology, but less in known regarding pathogenicity (61-65). Analysis of
several Eurasian swine H1N1 viruses identified three mutations in the NP protein that did
influence pathogenicity in mice. Nucleoprotein mutations V313F and K305R resulted in
increased pathogenicity at high doses; the individual mutations did not confer increased
disease. In contrast, NP K357Q reduced disease severity (66). All of the viruses we tested
had NP K305 and K357, while all of the swM-containing viruses had F313 and the
pdmM containing viruses had V313 (data not shown). Based upon the work by Zhu and
colleagues, we would not predict the K305, F313, and K357 in NP to increase disease
compared to K305, V313, and K357 at lower challenge doses, and we observed the
viruses with the F313 caused less severe disease overall. Nevertheless, based upon the
virulence phenotype observed with Eurasian swine influenza viruses, reverse genetic
experiments involving the matrix gene alone as well as matrix gene and NP recombi-
nants together may confirm whether the origin of the NP gene contributes to the pdmM
linked results found in these studies.

Others have assessed immune responses in susceptible and resistant mouse strains
infected with avian, human (mouse-adapted human), and swine origin FLUAVs, noting
increased proinflammatory immune responses in susceptible mouse strains (46-49).
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Understanding differences in the immune response elicited by swM- compared to
pdmM-containing swFLUAVs would further clarify mechanisms of increased disease in
the different mouse strains and in the context of the matrix gene. The use of susceptible
DBA/2 and resistant BALB/c mouse models allows for the further exploration of host
factor influence in observed swM versus pdmM induced pathogenesis. The increased
susceptibility of DBA/2 mice provides increases in sensitivity for differences in patho-
genicity for apparently avirulent viruses tested in BALB/c mice. Further use of these
models may help discern subtle differences in phenotype when exploring matrix gene
interactions in a reverse genetics system to help define determinants contributing to
both mild and severe influenza infection outcomes. These studies, along with the work
reported here, will help define the impact of individual genes on virus replication, the
host response to infection, and determinants of disease.

MATERIALS AND METHODS
Cell culture and virus propagation

Influenza viruses A/swine/Missouri/A01444644/2013 (H1N2, MO/664/swM), A/
swine/North  Carolina/A01394568/2013 (H1N1, NC/568/pdmM), A/swine/Minne-
sota/A01125993/2012 (H3N2, MN/993/swM), A/swine/lllinois/A00857300/2011 (H1NT1,
IL/300/swM), and A/swine/Indiana/A00968351/2001 (H1N1, IN/351/swM) were obtained
from the United States Department of Agriculture National Veterinary Services Laborato-
ries reagent resource (30). Influenza viruses A/swine/North Carolina/152702/2015 (H1N2,
NC/702/pdmM), A/swine/North Carolina/154074/2015 (H1N1, NC/074/pdmM), and A/
swine/North Carolina/157671/2015 (H3N2, NC/671/pdmM) were obtained through the
swine influenza surveillance project of the NIAID Emory-UGA Center of Excellent in
Influenza Research and Surveillance (28, 67). Viruses were propagated in Madin-Darby
canine kidney (MDCK) cells (IRR FR-926) in Minimal Essential Medium [MEM (GIBCO)] with
0.002-pg tosyl phenylalanyl chloromethyl ketone trypsin (Worthington). Viruses were
cultured to achieve stock titers above 1e6 PFU/mL. Influenza virus titers were assessed
by plaque assay on MDCK cells as previously described (68). Briefly, a 24-well plate of
MDCK cells was incubated with serial dilutions of virus at 37°C and 5% CO, for 1-2
hours. The supernatant was removed; 1 mL of 1:1 2.4% Avicel solution and overlay
[MEM (GIBCO) with 1-M HEPES (GIBCO), 200-mM GlutaMAX-l, 7.5% NaHCO3 (GIBCO), and
antibiotic/antimycotic (GIBCO)] was added; and the cells were incubated at 37°C and 5%
CO,; for 48-72 hours prior to fixation with 80/20 methanol/acetone and staining with
crystal violet.

Sequencing and analysis

For the sequencing of viral gene segments, viral RNA was isolated using RNAzolRT
(Sigma-Aldrich) as per manufacturer’s protocol. cDNA synthesis and PCR were performed
using SuperScript [l One-step RT-PCR (Invitrogen) as per manufacturer’s protocol.
Primers used were as follows: all eight genes, simultaneously, MBTUni-12 (forward) 5-AC
GCGTGATCAGCRAAAGCAGG-3’, MBTUnI-13 (reverse) 5-ACGCGTGATCAGTAGAAACAAGG
-3’, PB2 (forward) 5-AGCRAAAGCAGGTCAATTATATTCA-3’, PB2 (reverse) 5-AGTAGAAACA
AGGTCGTTTTTAAACTA-3’, PB1 (forward) 5-AGCRAAAGCAGGCAAACCATTTGAATG-3’, PB1
(reverse) 5-AGTAGAAACAAGGCATTTTTTCATGAA-3’, PA (forward) 5-AGCRAAAGCAGG-
TACTGATYCGAAATG-3’, and PA (reverse) 5-AGTAGAAACAAGGTACTTTTTTGGACA-3". NGS
was performed using the lllumina MiSeq platform. All sequences are publicly available
in GenBank. Virus isolates sequenced for this study are listed under NCBI bioproject
accession number PRINA600894 (Table S1). Sequences were aligned using MUSCLE
alignment and comparison of predicted amino acids using Geneious (Biomatters Ltd.).
Sequences of each of the genes of the isolates were compared to reference genes of
pandemic origin, TRIG origin, and classical swine origin. Genes were categorized by the
highest percentage similarity between the isolate gene and the reference sequence
(Table S2).
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lllumina MiSeq sequencing platform
Amplicon purification and library preparation

The PCR products were purified using Agencourt AMPure XP Magnetic Beads (Beckman
Coulter) at 0.45x and eluted in 30 pL of HyClone molecular biology water (Genesee
Scientific). The concentrations of the eluates were measured using the Qubit dsDNA HS
Assay kit (ThermoFisher) on the Qubit v.3.0 fluorometer (ThermoFisher). Normalization
was done at 0.2 ng/uL. Adapters were added using the Nextera XT DNA library prepara-
tion kit (lllumina) with 40% of the suggested final volume. The libraries were cleaned
using 0.7x Agencourt AMPure XP Magnetic Beads, and the fragment size distribution
was evaluated on the Agilent Bioanalyzer using the High Sensitivity DNA kit (Agilent).
Thereafter, the samples were normalized to 4 nM. The pooled libraries were loaded at
a concentration of 15 pM and sequenced using the MiSeq v.2, 300 cycle reagent Kit
(Ilumina) in a paired - end fashion (150 x 2).

Genome assembly

Genome assembly was performed using a pipeline developed previously by Harm Van
Bakel from Icahn School of Medicine at Mount Sinai (69). Initially, Cutadapt was used to
remove low-quality sequences and adapters from paired fastq files. The initial assembly
was conducted using the inchworm module of Trinity (70). Viral contigs containing
internal deletions were detected by mapping against non-redundant IRD reference
sequencing using BLAT (71). Afterward, the inchworm assembly was iterated to eliminate
breakpoint-spanning kmers. The resulting contigs were then oriented and trimmed,
removing low-coverage ends as well as extraneous sequences beyond the conserved
FLUAV termini. Finally, to evaluate assembly contigs and contiguity for all segments,
sequences reads were mapped back to the ultimate assembly using Burrows - Wheeler
alignment (72).

Mice

Female 6- to 8-week-old BALB/c mice were purchased from Charles River Laboratories
(Raleigh, NC). Female 6- to 8-week-old DBA/2 mice were purchased from Jackson
Laboratories (Bar Harbor, ME). All animal studies were approved by the Animal Care and
Use Committee of the University of Georgia and carried out in strict accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Humane
euthanasia of mice followed American Veterinary Medical Association guidelines. All
murine experiments were repeated to confirm findings and increase robustness.

In vivo infection

Mice were anesthetized by isoflurane (Patterson Veterinary) inhalation and intranasally
inoculated with 50-pL virus diluted in phosphate-buffered saline (PBS). Control mice
were inoculated with 50-uL PBS.

Lung virus titers

Mice were humanely euthanized; lungs were collected at set time points, homogenized
in 1-mL cold PBS, and centrifuged; and the supernatant was aliquoted and frozen at
—80°C. Individual lung homogenate aliquots were thawed and assayed for influenza virus
by plaque assay on MDCK cells.

Histopathology

Mice were humanely euthanized at 2 and 4 DPI, and lungs were collected, inflated,
and fixed by immersion in 10% buffered formalin. Fixed lungs were submitted to
the American Association of Veterinary Laboratory Diagnosticians accredited histology
laboratory in the Department of Pathology at the University of Georgia for processing
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and sectioning. Briefly, lungs were embedded in paraffin so that all lung lobes could
be evaluated, and 4-um sections were cut and stained with hematoxylin and eosin.
Lungs were blinded, analyzed by a diplomate of the American College of Veterinary
Pathologists, and scored as follows: perivascular (bronchial tree) inflammation (0 = none,
1 = mild, 1-2 cells wide; 2 = moderate, 3-10 cells wide; 3 = severe, >10 cells wide);
percentage of bronchioles affected (0 = none; 1 < 25%, 2 = 25%-75%, 3 > 75%);
peribronchiolar inflammation (0 = none, 1 = mild, 2 = moderate, and 3 = severe); severity
of airway luminal exudate, epithelial necrosis and inflammation (0 = none, 1 = mild, 2
= moderate, and 3 = severe); percentage of alveolar involvement (0 = none, 1 < 25%,
2 = 25%-50%, 3 = 50%); severity of interstitial inflammation (0 = none, 1 = mild, 2 =
moderate, and 3 = severe); edema (0 = none and 1 = present); hemorrhage (0 = none
and 1 = present); type Il cell hyperplasia (0 = none and 1 = present); and vasculitis (0 =
none and 1 = present). This resulted in scores ranging from 0 to 22. BALT (well defined
aggregates of mixed lymphocytes or follicles) was scored separately as 0-3 (0 = none, 1=
mild, 2 = moderate, and 3 = severe).

Statistical analysis

Statistics were run using GraphPad Prism v.7.03. Statistical analysis included two-way
analysis of variance with Bonferroni post hoc test for weight loss, viral titers, and lung
pathology scores of H3 swFLUAVs, Dunnett post hoc test for weight loss, viral titers, and
lung pathology scores of H1 swFLUAVs or Kaplan-Meier survival curve for survival data.
All results were considered significant at P values of <0.05.
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