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ABSTRACT Influenza A virus pandemics are rare events caused by novel viruses
which have the ability to spread in susceptible human populations. With respect
to H1 subtype viruses, swine HIN1 and H1N2 viruses occasionally cross the spe-
cies barrier to cause human infection. Recently isolated from humans (termed
variants), swine viruses were shown to display great genetic and antigenic diver-
sity, hence posing considerable public health risk. Here, we utilized in vitro and
in vivo approaches to provide characterization of H1 subtype variant viruses iso-
lated since the 2009 pandemic and discuss the findings in context with previ-
ously studied H1 subtype human isolates. The variant viruses were well adapted
to replicate in the human respiratory cell line Calu-3 and the respiratory tracts of
mice and ferrets. However, with respect to hemagglutinin (HA) activation pH, the
variant viruses had fusion pH thresholds closer to that of most classical swine
and triple-reassortant H1 isolates rather than viruses that had adapted to hu-
mans. Consistent with previous observations for swine isolates, the tested variant
viruses were capable of efficient transmission between cohoused ferrets but
could transmit via respiratory droplets to differing degrees. Overall, this investi-
gation demonstrates that swine H1 viruses that infected humans possess adapta-
tions required for robust replication and, in some cases, efficient respiratory
droplet transmission in a mammalian model and therefore need to be closely
monitored for additional molecular changes that could facilitate transmission
among humans. This work highlights the need for risk assessments of emerging
H1 viruses as they continue to evolve and cause human infections.

IMPORTANCE Influenza A virus is a continuously evolving respiratory pathogen. En-
demic in swine, H1 and H3 subtype viruses sporadically cause human infections. As
each zoonotic infection represents an opportunity for human adaptation, the emer-
gence of a transmissible influenza virus to which there is little or no preexisting im-
munity is an ongoing threat to public health. Recently isolated variant H1 subtype
viruses were shown to display extensive genetic diversity and in many instances
were antigenically distinct from seasonal vaccine strains. In this study, we provide
characterization of representative HINTv and H1N2v viruses isolated since the 2009
pandemic. Our results show that although recent variant H1 viruses possess some
adaptation markers of concern, these viruses have not fully adapted to humans and
require further adaptation to present a pandemic threat. This investigation high-
lights the need for close monitoring of emerging variant influenza viruses for molec-
ular changes that could facilitate efficient transmission among humans.
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nfluenza A virus (IAV) is a serious respiratory pathogen that poses an ongoing public

health problem, as it leads to annual epidemics and occasional pandemics. The latter
are rare but recurrent events caused by novel viruses which have the ability to
efficiently transmit in human populations with no or limited preexisting immunity.
Unlike influenza epidemics, which take place annually during fall and winter months,
pandemics are difficult to predict, as they do not occur at regular intervals. Several
influenza pandemics have been documented in the past; the most recent was caused
by a swine origin HIN1 virus that quickly spread worldwide, leading to approximately
200,000 deaths in 2009, mostly in persons <65 years of age (1).

Classical swine HIN1 influenza viruses, which emerged concurrent with the 1918
pandemic, were first isolated from pigs in the 1930s (2). Evolution of these viruses was
furthered by reassortment due to the susceptibility of pigs to both human and avian
IAVs (3). In the late 1990s, triple-reassortant swine H3N2 viruses containing genome
segments from classical swine H1N1 viruses (nucleoprotein [NP], matrix protein [MP],
and nonstructural protein [NS]), North American avian viruses (PB2 and PA), and
seasonal human H3N2 viruses (hemagglutinin [HA], neuraminidase [NA], and PB1) were
detected in North American pigs (4). These viruses subsequently reassorted with
classical swine lineage H1 viruses and human lineage H1 viruses, which were intro-
duced into the swine population, leading to the appearance of HIN1 and H1N2 viruses
containing the triple-reassortant internal gene (TRIG) cassette and HA and NA genes
originating from swine and/or human influenza viruses (5). Around 2009, quadruple-
reassortant H1N1 viruses with a classical swine lineage HA and TRIG constellation
containing NA and MP gene segments derived from Eurasian avian-like lineage viruses
emerged and caused a pandemic (6).

Endemic in swine, H1 subtype viruses sporadically cause human infections, in most
cases via direct exposure to infected pigs, and are termed H1 variant (H1v) viruses. The
majority of variant influenza cases are associated with agricultural fairs and are reported
during the summer and fall months (7). Prior to the 2009 pandemic, the largest cluster
of classical swine H1N1 virus infections occurred in soldiers at Fort Dix, NJ, in 1976 (8,
9). The outbreak caused an estimated 230 cases, 13 hospitalizations, and 1 death.
Limited human-to-human transmission was observed; however, the outbreak did not
spread to other locations, likely due to poor transmissibility of this virus (10). Since
2005, dozens of HIN1v and H1N2v virus infections have been reported in the United
States. As a result of continuous evolution and antigenic drift, ferret antisera produced
against previously and currently circulating human seasonal H1 strains poorly cross-
reacted with many of the variant viruses isolated in recent years (11, 12). In addition,
poor reactivity of pooled human sera suggests that people may not have adequate
humoral immunity to contemporary variant viruses. Although sustained human-to-
human transmission of variant H1 viruses has not been documented since the 2009
pandemic (13), each human infection caused by a swine influenza virus provides the
opportunity for novel influenza viruses to acquire the ability to cause disease and
spread readily among humans. Furthermore, North American triple-reassortant H1
isolates have been shown to replicate and transmit among ferrets (13), which serve as
the gold standard animal model for influenza virus pathogenesis and transmission risk
assessment (14), underscoring the need to closely monitor variant viruses.

Because IAV pathogenicity and transmissibility represent polygenic traits and there
is considerable heterogeneity among swine origin H1 subtype viruses, clear interpre-
tation and contextualization of data available on variant virus strains present a chal-
lenge. In this study, we provide comparative in vitro and in vivo analysis of recent
representative HIN1v (OH/09, I1A/39) and H1N2v (MN/45, MN/19, and WI/71) viruses
and assess their potential for sustained human-to-human transmission. We evaluated
replication kinetics in a human respiratory tract cell line and pathogenesis and trans-
mission in mammalian models, assessed HA activation pH and receptor binding
preference, and analyzed molecular features. We found that the recent human infec-
tions with variant viruses were caused by strains possessing many mammalian adap-
tation markers in the HA and polymerase genes. We showed that all the tested variant

November 2018 Volume 92 Issue 22 e01444-18

Journal of Virology

jviasm.org 2


https://jvi.asm.org

Risk Assessment of H1 Variant Influenza Viruses

viruses displayed a preference for alpha 2,6-linked sialic acid receptors (alpha-2,6 SA)
but in some instances could also bind alpha-2,3 SA. Each of the viruses replicated
efficiently in human airway epithelial cells and in the respiratory tracts of mice and
ferrets. Similarities with swine H1 viruses were observed with respect to HA activation
pH and transmission rates among cohoused ferrets. However, the ability of variant H1
viruses to transmit through the air among ferrets varied between virus strains but was
not HA clade dependent. Together, these findings suggest that although some adap-
tation markers of concern have been noted, recent variant H1 viruses require further
adaptations to present a pandemic threat to humans.

RESULTS

Replication of HIN1v and H1N2v influenza viruses in human airway cells. To
test the capacity of swine H1v viruses isolated from human cases since the 2009
pandemic to replicate in human airway epithelium cells, the Calu-3 cell line was
selected. These immortalized human bronchial epithelium cells, when grown on Trans-
well inserts, form tight, polarized monolayers that resemble the human airway epithe-
lium (15). Because the ability to replicate efficiently at temperatures found in the upper
(~33°C) and lower (37°C) respiratory tracts of mammals is one of the human adaptation
features of influenza viruses, replication kinetics were evaluated at these physiologically
relevant temperatures. Five recent variant viruses were selected for comparison (for
H1N1v, OH/09 and 1A/39; for HIN2v, MN/45, MN/19, and WI/71). We also tested variant
viruses isolated prior to the 2009 pandemic (for HIN1v, TX/14 and OH/02) and during
the 2009 pandemic (HIN1pdmO09 CA/07) and a representative human seasonal virus
(HTN1 Bris/59). All viruses were capable of replication in Calu-3 cells. At the 24-h time
point, each virus, except OH/02 and TX/14, had significantly higher titers in the cultures
incubated at 37°C than in those incubated at 33°C (statistical analysis is included in
Table S1 in the supplemental material); however, all of the viruses achieved a similar
peak titer at both temperatures by 72 h (Fig. 1A). In comparison to other viruses,
significantly lower mean peak titers were observed for the HIN1pdmQ9 virus, CA/07,
which were 6.2 log,, PFU/ml (P < 0.5) at 33°C and 6.3 log,, PFU/mI (P < 0.001) at 37°C
(Fig. 1B and C; see also Table S2 in the supplemental material). In contrast, the peak
titers for all of the other viruses included in our study ranged between 7.4 and 9.1 log;,
PFU/mI at both temperatures. MN/19, WI/71, OH/02, and OH/09 viruses replicated to
titers similar to those of the human seasonal virus, Bris/59, while the titers of MN/45,
IA/39, and TX/14 viruses were significantly lower at the 48-h and/or 72-h time point
than the titer of Bris/59 virus. These data indicate that despite continuous genetic
evolution of H1 viruses in swine, all of the variant viruses were ultimately capable of
reaching higher titers in human airway cells than those viruses isolated during the 2009
pandemic and, in many instances, were able to replicate as efficiently as the human
seasonal virus, Bris/59, warranting more extensive evaluation in additional cell sources
and conditions.

Pathogenicity of HIN1v and H1N2v influenza viruses in mice. The emergence of
new variant influenza strains with pandemic potential necessitates in vivo assessments
of virulence. Mice offer numerous advantages as a model for influenza virus research
and are routinely used to evaluate the pathogenicity of emerging influenza viruses (16).
To determine the capacity of H1v viruses to cause disease in the mouse model, MN/45,
OH/09, 1A/39, MN/19, and WI/71 viruses were evaluated for their virulence in mice, and
a representative HIN1pdm09 virus (CA/07) was included for comparison. High virus
titers were detected in the lungs of mice on day 3 postinoculation (p.i.) (mean titer, 5.4
to 7.3 log,, PFU/ml). WI/71 virus displayed significantly higher titers in lungs and in
most cases in nose tissues on day 3 p.i. than other tested viruses (see Table S3 in the
supplemental material). Lung titers were reduced, but still detectable in all mice, at day
6 p.i. (mean titer, 3.4 to 5.3 log,, PFU/mI) for all of the viruses (Fig. 2A; Table 1). The
influenza viruses that reached the highest titers in lung tissue on day 6 p.i. (OH/09 and
CA/07) caused mortality rates of 80% and 75%, respectively, whereas all of the mice
inoculated with MN/45, MN/19, or IA/39 virus did not display signs of severe disease
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A log1o PFU/mI mean peak titer + SD
Virus name . Name Subtype (h.p.i.)
in study
33°C 37°C
A/Minnesota/45/2016 MN/45 H1N2v 7.4+0.88 (72h) 7.4%0.88 (72h)
A/Ohio/09/2015 OH/09 H1IN1v 8.3+0.19 (72h) 8.4 +0.11 (48h)
Allowa/39/2015 IA/39  H1IN1v 7.7+0.06 (72h) 7.4 +0.26 (48h)
A/Minnesota/19/2011 MN/19  H1N2v 9.0+0.08 (72h) 8.7 £0.04 (48h)
A/Wisconsin/71/2016  WI/71  HIN2v 8.9+0.51 (72h) 9.1 £0.22 (48h)
AlTexas/14/2008 TX14  HIN1v 8.0+0.83 48h) 7.5%0.15(72h)
A/Ohio/02/2007 OH/02 H1IN1v 8.0+0.18 (72h)  8.2+0.13 (48h)
AlCalifornia/07/2009  CA/07 pdmH1N1 6.2 +0.52 (72h) 6.3 + 0.22 (48h)
A/Brisbane/59/2007  Bris/59 H1N1 8.6+0.14 (72h) 8.8 £0.43 (72h)
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FIG 1 Replication kinetics of H1 influenza viruses in polarized human airway epithelial cells. Calu-3 cells grown on
Transwell inserts were inoculated apically with virus at an MOI of 0.01. The cells were incubated at 33°C or 37°C,
and culture supernatants were collected at 2, 24, 48, and 72 h postinoculation for viral titer determination by
standard plaque assay. (A) Mean peak viral titers are shown as log,, PFU/milliliter = standard deviation (SD). Hours
postinoculation of peak titers are shown parenthetically. (B and C) Replication kinetics curves at 33°C (B) or 37°C
(C) are expressed as mean titers from three time courses and are expressed as log,, PFU/milliliter = SD. The limit
of detection is 10 PFU. Statistical analysis is included in Tables S1 and S2 in the supplemental material.

and survived the challenge (Fig. 2B; Table 1). Virus titers in nose samples of mice
averaged from 1.7 to 4.2 log,, PFU/ml on day 3 p.i. and persisted through day 6 p.i. (Fig.
2A) in all mice inoculated with MN/19, WI/71, OH/09, or IA/39 virus (2.2 to 3.6 log,,
PFU/ml). CA/07 virus was detected in nose samples from only 1 of 3 mice on day 3 or
6 p.i, and no virus was detected in the MN/45 virus group at the later time point. Brain
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FIG 2 Pathogenicity of H1 influenza viruses in mice. (A) Mice were intranasally inoculated with 5.0 log,, PFU of virus, and then lung and
nose tissues were collected on day 3 (n = 3) and day 6 (n = 3) p.i. for virus titer determination by plaque assay. Mean titers are expressed
as log,, PFU/milliliter = SD. The limit of detection is 10 PFU. (B) The remaining mice were monitored for signs of morbidity and mortality
for 14 days p.i. (n = 4 for CA/07, n = 5 for all other viruses); percent survival is shown. Statistical analysis is included in Table S3 in the
supplemental material.
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TABLE 1 Pathogenicity of HIN1 and H1N2 influenza viruses in mice

Mean viral titer log,, PFU/ml = SD (no. testing positive/

total no.)
Name in % wt loss Day 3 p.i. Day 6 p.i.

Virus strain study Subtype (day)® Mortality® Lung Nose Lung Nose
A/Minnesota/45/2016 ~ MN/45 H1N2v 13.0(3) 0 6.0*+0.5(3/3) 21*+05(3/3) 3.8+0.5(3/3) ND?
A/Ohio/09/2015 OH/09 HIN1v 23.0(7) 80 59+04(3/3) 33%£01(3/3) 53%0.1(3/3) 3.6*0.2(3/3)
A/lowa/39/2015 I1A/39 HIN1v 11.1(7) 0 56*+02(3/3) 23*04(3/3) 34%x03(3/3) 3.0%04 (3/3)
A/Minnesota/19/2011  MN/19 HT1N2v 6.8 (5) 0 6.0*+03(3/3) 33*02(3/3) 42*04(3/3) 3.0*0.3(3/3)
A/Wisconsin/71/2016 ~ WI/71 HIN2v 8.4 (6) 0 73%£03(3/3) 42=*0.1(3/3) 41*06(3/3) 22=*0.7(3/3)
A/California/07/2009 CA/07 pdm09 H1N1 19.2(7) 75 54+02(3/3) 1.7(1/3) 53*£03(3/3) 1.3(1/3)

Mean maximum percent weight loss (n = 4 for CA/07, n = 5 for all others) following inoculation with 5.0 log,, PFU.
bPercent mortality (n = 4 for CA/07, n = 5 for all others) following inoculation with 5.0 log,, PFU.

cFrom animals with detectable virus titer.

9ND, not detected.

tissue was also collected from mice on day 3 p.i., but no virus was detected above the
limit of detection for any of the viruses (data not shown).

Pathogenicity and transmissibility of H1N2v influenza viruses in ferrets. The
ferret model has been used widely for the study of influenza virus pathogenicity and
transmissibility because ferrets generally exhibit clinical signs and transmission patterns
similar to those of humans after influenza virus infection (14). In addition, the ferret
model has been indispensable in providing information necessary for evaluation of the
pandemic potential of novel influenza viruses using the Influenza Risk Assessment Tool
(IRAT) (17). Previous analysis of the pathogenicity and transmission of OH/09 and |A/39
viruses in ferrets showed that two H1N1v viruses replicated well in the ferret respiratory
tract, transmitted efficiently among cohoused ferrets, but transmitted less efficiently
than CA/07 virus in the respiratory droplet transmission model (11). Because none of
the recently isolated variant HIN2v viruses has been tested in the ferret model, we
selected 3 representative viruses (MN/45, MN/19, and WI/71) for risk assessment.
Groups of 6 to 9 ferrets each were inoculated with 6.0 log,, PFU of HIN2v virus and
were evaluated for their ability to transmit virus to naive ferrets in both direct contact
and respiratory droplet settings. The direct contact model provides the opportunity for
transmission by contact or inhalation, while the respiratory droplet model restricts
transmission events to those occurring through the air. All animals inoculated with
H1N2v influenza viruses exhibited mild lethargy and a mean increase in body temper-
ature, 1.2 to 1.6°C above baseline (Table 2). Nasal discharge and/or sneezing was
observed in some of the inoculated ferrets (5/6 MN/45, 5/9 MN/19, 3/6 WI/71), and
ocular discharge was observed in one of the WI/71 virus-inoculated ferrets. MN/45
virus-infected animals had the greatest weight loss (mean maximum, 15.6%) among all
the virus groups. All of the animals survived the full course of infection except for one
ferret inoculated with WI/71 virus, which was euthanized due to excessive weight loss.
Each of the viruses replicated well in inoculated animals; nasal wash titers peaked on
day 1 p.i. (mean titer, 6.6 to 6.7 log,, PFU/ml) and were maintained at =4.0 log,,
PFU/ml through day 5 p.i. (Fig. 3). In general, severity of disease and respiratory signs
were comparable with those observed for other HIN1v and HIN1pdmO09 viruses tested
in this model (11, 18, 19). In the direct-contact transmission model, MN/45 virus was
detected in all 3 contact animals at =4.7 log,, PFU/ml 1 day postcontact (p.c.), while
MN/19 and WI/71 virus shedding was not as high in all of the contact animals until day
3 p.c. (Fig. 3A). In the respiratory droplet transmission model, MN/45 virus transmitted
to all 3 contact animals by day 3 p.c. and peaked at 6.2 to 6.6 log,, PFU/ml. MN/19 and
WI/71 influenza viruses did not transmit by respiratory droplets as readily; MN/19 virus
was detected in a single contact animal, and WI/71 virus was detected in 2 of the
contact ferrets (Fig. 3B). Consistently, seroconversion was observed only in those
contact ferrets that had detectable virus in nasal wash samples.

Most swine origin influenza viruses are capable of replication in both upper and
lower respiratory tract tissues of ferrets (13). To evaluate the systemic spread of recently
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FIG 3 Transmissibility of HIN2v influenza viruses in ferrets. Ferrets were inoculated with 6.0 log,, PFU of
A/Minnesota/45/2016, A/Minnesota/19/2011 or A/Wisconsin/71/2016. After 24 h, the direct-contact transmission
(DCT) model was used by adding a naive ferret to each cage housing an inoculated ferret (3 ferret pairs per virus)
(A), and the respiratory droplet transmission (RDT) model was used by placing a naive ferret in an adjacent cage
(3 ferret pairs per virus) (B). Virus titers in nasal wash samples collected from individual inoculated ferrets are shown
on the left side of each panel, while those from individual contact ferrets are shown on the right side of each panel.

The limit of detection is 10 PFU.

isolated variant H1 viruses, three groups of three ferrets each were inoculated with 6.0
log,, PFU of MN/45, MN/19, or WI/71 virus and were humanely euthanized on day 3 p.i.
for assessment of virus titers in pulmonary and extrapulmonary tissues (Fig. 4). All of the
H1N2v viruses were found throughout the respiratory tracts of all of the inoculated
animals. Nasal turbinate and trachea mean virus titers were 4.1 to 5.3 log,, PFU/ml or
g, and lung virus titers averaged 3.7 to 4.1 log,, PFU/g of tissue (Table 2). In most
instances, virus was not detected in any of the extrapulmonary tissues examined,
except for one ferret inoculated with MN/19 virus, which had detectable virus in the
olfactory bulb (2.8 log,, PFU/g), and one ferret inoculated with WI/71 virus, which had
detectable virus in the olfactory bulb and brain (2.6 and 2.0 log,, PFU/g, respectively)
(Fig. 4). Overall, the H1N2v viruses replicated well in the ferret respiratory tract and
displayed tissue distribution similar to those of the previously tested OH/09 and 1A/39
H1N1v viruses; however, only the MN/45 virus transmitted as efficiently as the
H1N1pdmQ9 virus, CA/07 (11).

H1 subtype influenza virus acid stability. Stability in the acidic environment has
been associated with host adaptation of influenza viruses. In general, the HA activation
pH for influenza viruses ranges from about 5.0 to 6.0, but the activation pH is higher for
avian influenza viruses (~5.6 to 6.0) than for human influenza viruses (~5.0 to 5.5). As
HA stabilization prevents virus inactivation in the mildly acidic mammalian upper

November 2018 Volume 92 Issue 22 e01444-18

Journal of Virology

jviasm.org 7


https://jvi.asm.org

Pulit-Penaloza et al.

>

Viral titer
(log1o PFU/ml or g of tissue)
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(log1g PFU/ml or g of tissue)
w

MN/19

(@)
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WI/71

Viral titer

FIG 4 Detection of HIN2v influenza viruses in tissues of ferrets. Viral titers in tissues from individual
ferrets on day 3 following inoculation with 6.0 log,, PFU of A/Minnesota/45/2016 (A), A/Minnesota/19/
2011 (B), and A/Wisconsin/71/2016 (C). Blood and nasal turbinate (Nasal Tur) viral titers are presented as
log,, PFU/milliliter, and kidney, spleen, liver, intestines (pooled duodenum, jejuno-ileal loop, and
descending colon), olfactory bulb (BnOB), brain (pooled anterior and posterior brain), lungs, and trachea
are presented as log,, PFU/gram of tissue. The limit of detection is 10 PFU.

respiratory tract (20), adaptation of an H5 virus to the upper respiratory tract of ferrets
and enhanced transmissibility were associated with mutations that led to a lower HA
activation pH (21, 22). Similarly, evolution leading to lower HA activation pH was
observed between precursor swine HIN1 viruses (pH 5.5 to 6.0), early human isolates
(~5.5), and the later human isolates of HIN1pdmO09 viruses (5.2 to 5.4). A pH of =5.5
was shown to be necessary for human-adapted viruses (23). Here, the measured HA
activation pH was =5.5 for the human seasonal virus Bris/59 and H1N1pdmQ9 viruses
TX/15 and CA/07 (Fig. 5). In agreement with previous observations for classical swine
and triple-reassortant H1 viruses (23), NJ/08, OH/02, TX/14 and all the variant viruses
tested had HA activation pHs of 5.5 to 5.7. The lowest HA activation pH (5.5 to 5.6) was
observed for the most transmissible virus in the respiratory droplet contact model,
MN/45 virus, which suggests that although the variant viruses have not fully adapted
to humans, lower activation pH may be associated with increased respiratory droplet
transmissibility.

Receptor binding specificity and molecular marker analysis. Zoonotic viruses
require host adaptation to replicate and transmit efficiently among humans. Receptor
binding specificity has been identified as a critical determinant of efficient virus
transmissibility. The combination of amino acid residues in H1 subtype HA at positions
187 and 222 (H1 numbering) is important for the prediction of receptor binding
specificity of emerging strains. However, additional residues located in the HA receptor
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FIG 5 HA activation pH of selected H1 viruses. HA activation was determined by syncytium formation
in infected Vero cells exposed to pH 4.8 to 7.4 fusion buffers increasing by 0.1 increments. The means
and ranges from 3 or 4 independent experiments are shown. Variant H1 viruses: A/New Jersey/08/
1976, A/Ohio/02/2007, A/Texas/14/2008, A/Minnesota/45/2016, A/Ohio/09/2015, A/lowa/39/2015,
A/Minnesota/19/2011, A/Wisconsin/71/2016. HIN1pdm09 viruses: A/California/07/2009, A/Texas/15/
2009. Human seasonal H1N1 virus: A/Brisbane/59/2007.

binding site may contribute to the receptor binding specificity. In this comparison, the
combination of amino acids in positions 187 and 222 of all the variant viruses (D187/
D222 [IA/39 and WI/71], D187/G222 [MN/45 and OH/09], and N187/D222 [MN/19])
indicated a preference for alpha-2,6 SA binding specificity or dual alpha-2,6 SA and
alpha-2,3 SA binding specificity (Table 3). All of the tested variant viruses contained
Q223, a residue previously shown to be critical for the HINTpdmQ9 virus to bind to
human-type receptors and transmit among mammals (11, 12). In order to evaluate SA
binding specificity of H1v viruses isolated after the 2009 pandemic (MN/45, OH/09,
IA/39, MN/19, WI/71), a resialylated red blood cell assay was used. Following the
removal of SA receptors from turkey red blood cells (TRBCs) using Vibrio cholerae
neuraminidase, specific sialyltransferases were used to restore either alpha-2,3 SA or
alpha-2,6 SA. Avian influenza viruses preferentially bind alpha-2,3 SA receptors, while
human influenza viruses preferentially bind alpha-2,6 SA receptors (24). As expected,
the control avian H7N7 (mlI/NL/12) virus showed binding to TRBCs bearing alpha-2,3 SA
but not alpha-2,6 SA (Table 3). Swine origin influenza viruses predominantly have
alpha-2,6 SA and, less frequently, dual (alpha-2,6 and alpha 2,3 SA) receptor specificity
(24, 25), which is in accord with the reported similarity in SA receptor distribution in the
respiratory tracts of swine and humans (26). Consistent with previous data (25), control
H1N1v viruses displayed binding to TRBCs containing only alpha-2,6 SA receptors
(OH/02 virus) or bound to both types of receptors (TX/14 virus). The H1v viruses MN/45
and |A/39 displayed binding to alpha-2,6 SA TRBCs, while OH/09, MN/19, and WI/71
viruses displayed higher HA titers with alpha-2,6 SA TRBCs but could also bind alpha-2,3
SA TRBCs. Each of the tested variant viruses, whether possessing alpha-2,6 SA or dual
receptor binding specificity, was capable of transmission in the respiratory droplet
model. However, the frequency of transmission differed among strains and could not
be predicted by the receptor binding preference alone.

A second critical determinant of host adaptation is the composition of the influenza
polymerase complex. The amino acid substitutions T271A, T588I, G590S/Q591R, E627K,
and D701N in PB2 have been shown to play a role in overcoming species barriers by
increasing replication efficiency in mammalian cells (27-32). E158G in PB2 (33), F35L
(34) and T971 (35) in PA, and S66 in PB1-F2 (36, 37) were also shown to increase
pathogenicity in the mouse model. All tested variant viruses were capable of efficient
replication in a human bronchial epithelial cell line at both 33 and 37°C and in mouse
lungs and ferret respiratory tracts. Consistently, most of the amino acids encoded by
key locations in the polymerase genes are similar in the variant viruses and in earlier
isolates containing polymerase gene segments derived from the TRIG cassette (TX/14,
OH/02, CA/07, TX/15). Interestingly, two markers previously associated with increased
virulence in mice (588l in PB2 and S66 in PB1-F2) are observed in the OH/09 virus. This
virus was isolated from a fatal human case (11), and in addition, it caused mortality in
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1/9 inoculated ferrets and 80% of inoculated mice, suggesting that mutations at these
positions may be associated with increased virulence for this virus.

DISCUSSION

The pandemic potential of swine influenza viruses was made clear in 2009 when a
novel HIN1 virus containing Eurasian avian-like lineage NA and MP gene segments
jumped from pigs to humans and spread worldwide within months of its emergence.
Although human infections with swine H1 viruses are rare, each such event is an
opportunity for a novel virus to adapt to humans and possibly cause a pandemic.
Antigenic analyses have revealed that some of the recent H1v viruses isolated from
humans, including MN/45, OH/09, MN/19, and WI/71 viruses, are antigenically distinct
from previously and currently circulating human seasonal viruses (11, 12) and thus may
not be adequately covered by vaccination. Here, we provide side-by-side analysis of
molecular determinants of virulence and adaptation of variant H1 viruses isolated
between 2011 and 2016 and discuss the phenotypic traits associated with airborne
transmission to better understand the potential for sustained human-to human trans-
mission of these viruses and to aid in pandemic risk assessments.

Previous phylogenetic analyses revealed that recently isolated H1v viruses possess
highly diverse gene segment constellations (11, 38). The five variant viruses described
in this study cluster into three distinct H1 HA clades: alpha (MN/45), gamma (OH/09 and
IA/39), and delta (MN/19 and WI/71). Viruses in the alpha and gamma clades contain a
classical swine lineage HA, while viruses in the delta clade contain a human seasonal
lineage HA. There are also differences in the subtype and origin of NA among these
viruses; OH/09 and 1A/39 viruses possess classical swine lineage N1 NA, whereas MN/45,
MN/19, and WI/71 viruses possess human seasonal lineage N2 NA. Each of the recent
variant viruses possesses a TRIG constellation, characteristic of pre-2009 pandemic
triple-reassortant viruses (11, 38). Following the introduction of Eurasian avian-like
lineage NA and MP gene segments during the 2009 pandemic (6), a plethora of H1v
isolates containing various combinations of H1N1pdmO09-derived virus gene segments
have been detected (39). Each of the tested variant viruses, except for MN/19 virus,
contained a Eurasian avian-like lineage MP, among which IA/39 and MN/45 also
contained H1N1pdmO09-derived PA and NP gene segments. The Eurasian avian-like
lineage MP gene was the most frequently observed gene among swine isolates,
suggesting that acquisition of this gene confers a fitness advantage in guinea pig and
pig models (40, 41). Multiple studies demonstrated that an optimal gene segment
constellation is required for respiratory droplet transmission to occur. Eurasian avian-
like lineage virus gene segments MP and NA were shown to be important for respira-
tory droplet transmission of HIN1pdmO09 viruses (40, 42, 43). Barman et al. assessed the
transmissibility of triple-reassortant viruses isolated from pigs prior to the pandemic
and found an association between transmissibility in the ferret model and the origin of
HA and NA genes. Efficient transmission via respiratory droplets was observed for
viruses containing human-like HA and NA, moderate transmission efficiency was ob-
served for viruses containing mixed-origin HA and NA, and poor respiratory droplet
transmission was observed for viruses containing swine origin HA and NA (13). In
agreement, previously studied variant H1 viruses containing swine origin HA and NA
(TX/14 [beta clade] and OH/02 [gamma clade]), did not have the ability to transmit
efficiently via respiratory droplets (19). However, this consensus did not hold true for
H1N1pdmO09 viruses or H1v viruses that emerged as a result of reassortment with
H1N1pdmO09 viruses. In our study, transmissibility did not correlate with gene origin or
H1 clade. Overall, all of the H1v viruses included in this and previous studies transmit-
ted efficiently between cohoused ferrets (11, 18, 19). Of the five variant viruses isolated
between 2001 and 2016 (MN/45, OH/09, 1A/39, MN/19, WI/71), the most transmissible
via respiratory droplets variant virus was MN/45; it transmitted with efficacy similar to
that of human seasonal and H1N1pdmQ9 viruses (11, 18).

Despite great heterogeneity between H1 viruses, the recently isolated H1v viruses
share many known markers of mammalian adaptation for virulence and transmission in
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the HA and polymerase genes with HIN1pdm09 viruses. The importance of alpha-2,6
SA binding for transmission has been demonstrated using mammalian models (44-46).
The respiratory tracts of humans, pigs, and ferrets share similarities with respect to the
distribution of sialic acids, with upper respiratory tract epithelia enriched for alpha-2,6
SA while the lower respiratory tract is enriched with alpha-2,3 SA (26, 47, 48). Consis-
tently, swine and human viruses have been shown to have preference for alpha-2,6 SA
receptors (49). A role for the soft palate in the selection of alpha-2,6 SA binding mutants
in ferrets has been recently identified (50). In the current study, all the variant viruses
displayed binding to TRBCs presenting alpha-2,6 SA receptors, while OH/09, MN/19,
and WI/71 were also capable of binding to alpha-2,3 SA. Although airborne transmis-
sion requires a gain of long-chain alpha-2,6 SA binding, an accompanying loss of
alpha-2,3 SA binding is not necessary for transmission (50). Viruses with HA proteins
containing E187/G222, E187/D222, D187/G222, and N187/D222 have been previously
shown to bind alpha-2,3 SA in addition to binding alpha-2,6 SA receptors (25, 51, 52).
The D222G substitution and mixed-receptor binding specificity were detected in the
1918 (53) and 2009 (54, 55) pandemic viruses. HINTpdmOQ9 viruses that possess D222
were associated with a number of severe human infection outcomes, presumably
because of their ability to infect epithelial cells presenting alpha-2,3 SA receptors that
line the lower respiratory tract, bronchi, bronchioles, and type Il pneumocytes (56-58).
Two of the tested viruses, MN/45 and OH/09, contained G222. Interestingly, the OH/09
virus was associated with increased virulence in humans and mammalian models (11);
however, it is not clear whether the G222 substitution contributed to the severity of
disease. Unlike the other H1v viruses tested in the ferret respiratory droplet transmis-
sion model, MN/45 was the only virus that was capable of efficient transmission
between all ferret pairs. Although the presence of D187/G222 in the HA of both MN/45
and OH/09 suggested dual binding specificity, MN/45 did not bind alpha-2,3 SA-
containing TRBCs, which may have contributed to the highly transmissible phenotype
of this virus.

Transmission of influenza viruses containing avian-origin polymerase genes may be
limited by inefficient replication at temperatures found in the mammalian upper
respiratory tract (59). Unlike human influenza viruses, which have adapted to replicate
in temperatures ranging from 32°C in the upper respiratory tract to 37°C in the lower
respiratory tract (60, 61), avian influenza viruses have evolved to replicate at the higher
temperatures, 40 to 41°C, of the avian enteric tract (62). The E627K substitution in PB2
has been identified as a marker associated with adaptation to enhanced replication in
the temperatures of the human respiratory tract. In some virus subtypes, the absence
of E627K could be compensated with a D701N substitution (28). In this study, only the
human seasonal virus, Bris/59, and the classical swine virus NJ/08, which was associated
with the largest cluster of human infections prior to the 2009 pandemic, contained
K627 in the PB2 gene. The H1v viruses with a PB2 gene of avian origin contained 627E,
701D, and compensatory substitutions, S590/R591, critical for viral replication and
virulence of swine influenza viruses (31, 32). The lack of K627 and the presence of the
S590/R591 polymorphism were commonly observed among triple-reassortant and
H1N1pdm09 viruses (13). Each of the H1v viruses was able to replicate efficiently in a
human airway epithelial cell line at both 33°C and 37°C, as well as in the upper and
lower respiratory tracts of mice and ferrets, consistent with observations for previously
tested swine origin viruses (13, 18, 19, 63). Except for WI/71 virus (S271), all variant
viruses contained A271, which was shown to play a role in increased polymerase
activity in mammalian cells (30). Several substitutions in the polymerase genes have
been previously associated with increased virulence in mammalian models. In our
study, OH/09 virus caused mortality in both mouse and ferret models and possessed
markers in the polymerase genes for increased virulence in mammal models. These
include S66 in PB1-F2, which was shown to contribute to pathogenesis in mice (36, 37),
and 1588 in PB2, which was shown to enhance HIN1pdmOQ9 virus virulence by increas-
ing replication and inhibition of interferon signaling (29).

Multiple studies have suggested a correlation between HA activation pH and
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transmissibility between ferrets, underscoring the importance of monitoring fusion pH
to aid in the identification of viruses with pandemic potential. Mutations that led to acid
stabilization of HA were associated with adaptation of H5 viruses to the upper respi-
ratory tract of ferrets and gain of transmissibility (21, 22). Adaptation of HIN1pdm09
viruses from swine to humans also coincided with stepwise acid stabilization of HA pH
from 5.5 to 6.0 observed for precursor HINTpdmO09 viruses to approximately 5.5 for
early 2009 pandemic isolates, and 5.2 to 5.4 for isolates that had adapted to humans.
A study by Russier et al. (23) suggested that an activation pH of =<5.5 was necessary for
human adaptation. Further analysis of swine H1N1 viruses isolated after the 2009
pandemic revealed a shift in HA activation pH. Multiple post-2009 pandemic isolates
had activation pH values that overlapped those of viruses that were adapted to
humans, suggesting pigs as a bridging host for HA stabilization (64). In the current
study, the lowest activation pH was observed for H1 viruses that were capable of
sustained transmission in humans: Bris/59 (pH 5.3 to 5.4) and HIN1pdmO09 viruses
CA/07 and TX/15 (pH 5.4 to 5.5). Variant viruses examined here had activation pH of
>5.5, which was similar to that of most classical swine and North American triple-
reassortant isolates (23). The lowest activation pH was observed for NJ/08 and MN/45
viruses (pH 5.5 to 5.6). Interestingly, NJ/08 virus was associated with an outbreak in
1976, during which limited human-to-human transmission was observed (10). No
human-to-human transmission was observed in the case of H1IN2v MN/45 virus;
however, this virus transmitted efficiently via the respiratory droplets between all ferret
pairs. Other tested variant viruses had activation pH values of =5.6 and transmitted less
efficiently between ferrets, but it is not clear whether poor transmissibility of these
viruses was attributed to the higher HA activation pH and/or additional viral traits.

Growing evidence indicates that swine can facilitate adaptations of zoonotic influ-
enza viruses to humans, including increased binding to alpha-2,6 SA receptors, in-
creased replication at temperatures found in mammalian respiratory tracts, increased
pathogenicity and transmissibility, and decreased HA activation pH (64, 65). As viru-
lence and transmissibility are multifactorial traits, additional determinants such as virus
morphology, HA-NA balance, and the ability to evade innate immune responses may
also be important (66). Continuous emergence of genetically and antigenically distinct
variant influenza viruses that possess humanizing adaptations necessitates in vitro and
in vivo evaluations of these viruses. Contextualization of current and previous obser-
vations is essential to recognize trends and similarities among viruses, which will
ultimately improve our risk assessment of emerging strains of influenza so that we are
better prepared for the next pandemic.

MATERIALS AND METHODS

Viruses. Stocks of A/Minnesota/45/2016 (MN/45) H1N2v, A/Wisconsin/71/2016 (WI/71) H1N2y,
A/Minnesota/19/2011 (MN/19) H1N2v, A/Ohio/02/2007 (OH/02) H1IN1v, and A/Texas/15/2009 (TX/15)
H1N1pdm09 viruses were propagated in MDCK cells at 37°C for 48 h. Virus stocks of A/Ohio/09/2015
(OH/09) H1N1v, A/lowa/39/2015 (IA/39) HIN1v, A/Texas/14/2008 (TX/14) HIN1v, A/New Jersey/08/1976
(NJ/08) H1N1v, A/California/07/2009 (CA/07) HIN1pdm09, and A/Brisbane/59/2007 (Bris/59) HIN1 were
propagated in the allantoic cavity of 10-day-old embryonated hens’ eggs at 35°C for 48 h (67). Pooled
cell supernatants or allantoic fluid were clarified by centrifugation and frozen in aliquots at —80°C. Virus
titers of each stock were determined by standard plaque assay in MDCK cells. The stock viruses were
exclusivity tested by real-time reverse transcription (RT)-PCR to rule out the presence of other subtypes
of influenza virus. All the stocks have been sequenced to ensure preservation of the consensus sequence
of the original isolate. All work with variant influenza viruses was conducted in a biosafety level 2
(BSL2)-enhanced or higher laboratory.

Replication kinetics in Calu-3 cells. The human bronchial epithelial cell line, Calu-3 (ATCC), was
cultured on Transwell membrane inserts in a 12-well plate (Corning, Inc.) for 1 week under liquid-liquid
interface conditions as previously described (15). Virus was applied to cells apically at a multiplicity of
infection (MOI) of 0.01 and incubated for 1 h, after which the cells were washed with medium and
cultured at either 37°C or 33°C. Culture supernatants were harvested at 2, 24, 48, and 72 h p.i. and frozen
at —80°C until titration for determination of infectious virus titers in MDCK cells by standard plaque assay.

HA activation pH. A previously described virus-induced syncytium formation assay was used to
determine the pH of HA activation (68). Briefly, Vero cells (ATCC, Manassas, VA) were inoculated with
influenza viruses at an MOI of 1 to 20, standardized to achieve a minimum of 50% infectivity (based on
NP staining). Sixteen hours p.i., infected cells were treated with 5 ug/ml of N-p-tosyl-L-phenylalanine
chloromethyl ketone (TPCK)-treated trypsin for 15 min at 37°C to induce fusion and then incubated for
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5 min at 37°C in prewarmed fusion buffers (20 mM HEPES, 2 mM CaCl,, 150 mM NacCl, 20 mM citric acid
monohydrate/sodium citrate tribasic dehydrate) at pH values ranging between 4.8 and 7.4, increasing by
0.1 increments. Next, the cells were incubated with Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) for 3 h, followed by fixation with 4% paraformalde-
hyde. Fixed monolayers were stained with mouse anti-NP primary antibody (clone A1, A3 blend;
Millipore) and goat anti-mouse IgG (H+L) Alexa Fluor Plus 488 secondary antibody (Thermo Fisher
Scientific) and viewed by immunofluorescence microscopy. The HA activation pH was defined as the
highest pH value at which =50% syncytia were observed.

HA binding specificity. Hemagglutination assays using resialylated TRBCs were performed as
previously described with minor modifications (69). Briefly, TRBCs were desialylated using Vibrio cholerae
neuraminidase (Sigma-Aldrich) followed by resialylation using CMP-sialic acid (Sigma) and either alpha-
2-6-(N)-sialyltransferase or alpha-2-3-(N)-sialyltransferase (Prozyme). Betapropiolactone (BPL)-inactivated
A/mallard/Netherlands/12/2000 (H7N7)-IBCDC-1 (70), OH/02, and TX/14 viruses were used as controls
(25).

Mouse experiments. All animal experiments were performed under the guidance of the Centers for
Disease Control and Prevention’s Institutional Animal Care and Use Committee and were conducted in
an Association for Assessment and Accreditation of Laboratory Animal Care International-accredited
animal facility. Three groups of 6- to 8-week-old female BALB/c mice (Charles River Laboratories,
Wilmington, MA) were anesthetized intraperitoneally with 0.2 ml of 2,2,2-tribromoethanol in tert-amyl
alcohol (Avertin; Acros Organics) and inoculated intranasally (i.n.) with 50 ul of 5.0 log,, PFU of either
MN/45, CA/07, OH/09, 1A/39, WI/71, or MN/19 virus diluted in phosphate-buffered saline (PBS). Five mice
per group were monitored for 14 days p.i. for clinical signs of infection and loss of body weight; any
mouse that lost >25% of preinoculation body weight was humanely euthanized. On days 3 and 6 p.i.,
3 mice from each group were euthanized for determination of viral titers in lungs and noses by plaque
assay (71).

Ferret experiments. Five- to 7-month-old male Fitch ferrets (Triple F Farms, Sayre, PA), serologically
negative for currently circulating influenza viruses, were housed in Duo-Flo Bioclean mobile units (Lab
Products Incorporated, Seaford, DE) during experimentation. Ferrets (n = 9) were inoculated i.n. with 1
ml of 6.0 log,, PFU of MN/19, MN/45, or WI/71 virus diluted in PBS. The following day, a serologically
naive ferret was placed in the same cage as each of three inoculated ferrets (direct-contact transmission
model) or in a cage with a perforated side wall adjacent to each of three additional inoculated ferrets
(respiratory droplet transmission model) (72). Clinical signs of infection, including weight loss, fever,
respiratory tract signs, and food and water intake, were monitored daily for 14 days p.i. Lethargy was
assessed using the Reuman scale (73). Nasal wash samples were collected every 2 days for virus titer
determination. The 3 remaining inoculated ferrets in each virus group were euthanized on day 3 p.i. for
the assessment of virus spread to pulmonary and extrapulmonary tissues as previously described (71).
Convalescent-phase sera collected from all the ferrets 3 weeks p.i. or p.c. were tested by hemaggluti-
nation inhibition assay using homologous virus and 0.5% TRBCs to determine seroconversion.

Genetic analysis. Alignments of full-length coding sequences were done using BioEdit (v7.1.3.0) (74)
and Muscle (75) software. Protein identity data were obtained using MegAlign version 14.1.0 software.

Statistical analysis. Experimental results were analyzed by two-way analysis of variance (ANOVA)
followed by Tukey’s posttest. Analyses were performed using GraphPad Prism 6.0 software.

SUPPLEMENTAL MATERIAL
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