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Introduction

Pigs have been considered as hypothetical “mixing vessels”
facilitating the genesis of pandemic influenza viruses."* The
pandemic HIN1/2009 virus (pHIN1/09) contained a very
unique genetic combination and was thought to be of
swine origin, as each of its eight gene segments had been
found to be circulating in pig populations for more than a
decade.” However, such a gene constellation had not been
found previously in pig herds all around the world. Only
after its initial emergence in humans has this virus been
repeatedly detected in pigs, and found to further reassort

with other swine influenza virus.>> A primary question
remaining to be answered is whether the pHIN1/09-like
and their genetically related viruses could become estab-
lished in pig populations, thereby posing novel threats to
public health.

Despite the fact that pHIN1/09 first appeared in Mexico
and the United States, and six of its eight gene segments
were derived from the established North American triple
reassortant swine influenza virus (TRIG), its neuraminidase
(NA) and matrix protein (M) genes belonged to the Eur-
asian avian-like swine lineage (EA), which had never been
detected in North America previously.”® Likewise, the
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TRIG-like viruses were never reported in Europe.® In con-
trast, both lineages of virus were frequently detected in
Asia, and reassortants between them have also been docu-
mented in recent years.> This has given rise to a compli-
cated ecological situation, i.e. the simultaneous prevalence
of multiple genotypes of HINI and HIN2 viruses in
pigs.>® Among them, two representative reassortants
showed the most similar genotypic characterization to the
pHIN1/09 virus, the Sw/HK/915/2004 (HIN2) and
Sw/HK/201/2010 (HIN1), which respectively harbor seven
and six gene segments closely related to the pandemic
strains.””

To understand their in vivo characteristics and zoonotic
potential, these two viruses, together with a human proto-
type strain and a swine pH1N1/09-like isolate, were chosen
for a study of their pathogenicity and transmissibility in
domestic pigs, ferrets, and mice.

Materials and methods

Viruses

The prototype pHIN1/09 virus, A/California/04/2009
(CA04), was provided by the World Health Organization
Collaborating Centers for Reference and Research on Influ-
enza (Atlanta, GA, USA). Three pHIN1/09-related swine
influenza viruses were isolated through our surveillance
program in South China as previously described. The
A/Swine/Guangdong/106/2009 (HIN1, GD106) virus was
a  pHIN1/09-like  swine isolate. =~ A/Swine/Hong
Kong/915/2004 (HIN2, HKO915), the closest pandemic
ancestor known to date, possesses an M gene derived from
the EA lineage, with the other gene segments from TRIG
viruses.? A/Swine/Hong Kong/201/2010 (H1IN1, HK201),
a recent pandemic reassortant progeny, had a pHIN1/09-
like NA gene (also belonging to the EA lineage), an EA-like
hemagglutinin (HA) gene, and six TRIG-like internal
genes.” All viruses were propagated in Madin-Darby canine
kidney (MDCK) cells for three passages, and their titers
were determined by plaque assays. All experiments with live
viruses were conducted in biosafety level 3 (BSL-3) con-
tainment laboratories.

Animal experiments

Pigs (4-6 week old, n = 5-6) and ferrets (5 month old,
male, n =3) were intranasally infected with 10° PFU of
each virus, and mice (8-9 week old, female BALB/c,
n=10) with a dose of 10* PFU. Naive uninfected pigs
(n = 2) were co-housed in the same cage with the inocu-
lated ones from each group. Body weights and clinical signs
were recorded daily. Virus replication was determined by
titration of the virus in nasal and rectal swabs (pigs), nasal
washes (ferrets), as well as from lungs and other organs
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(pigs and mice). Seroconversion was tested by hemaggluti-
nation inhibition (HI) assays. Histopathological and immu-
nohistochemical analysis were performed as previously

described.”

Statistical analysis

Statistical analysis was performed by Mean Analysis with
Pasw Statistics 18 (SPSS Inc., Chicago, IL, USA). The prob-
ability of a significant difference was computed using anova
(analysis of variance). Results were considered significant at
P < 0:05.

Results

Pathogenicity and virus replication in mice

The pathogenicity of the four viruses tested differed signifi-
cantly in inoculated mice. Animals infected with 10* PFU
of HK915 experienced the most severe body weight loss
(251 *+ 47%) but started to recover after 8 days post-infec-
tion (dpi). HK201 caused similar peak body weight loss
(169 £ 4:6% on 8 dpi) in mice as did CA04 (17-3 + 2-4%,
on 7 dpi), but the onset of clinical signs and weight loss
(on 4 dpi) was 1 day later than those caused by the other
three viruses. The GD106-infected group suffered the least
body weight loss (6:9 £ 1:9%, 5 dpi) and was the earliest
to recover.

Although all four viruses were detected in the lungs with
comparable virus titers on 3 dpi (P > 0-05), mice inocu-
lated with GD106 consistently showed the lowest lung
index (lung weight/body weight, %) on 3, 6, and 14 dpi
(P < 0-01), suggesting the slightest injury and consolidation
of the lungs. In concordance with the body weight change,
the lung index from the HK915 group was higher than that
from any other groups on 6 and 14 dpi, indicating the
marked virulence of HK915 in mice. Notably, virus titer of
HK201 in the nasal turbinate was lower than the other
groups both on 3 and 6 dpi (P < 0-01), but virus replica-
tion in the lower respiratory tract was either higher (in the
trachea) or similar (in the lungs).

Pathogenicity and virus shedding in ferrets

Observations of the body weight changes caused by infec-
tion of pHIN1/09 or its genetically related swine viruses in
ferrets have come to a similar conclusion as that for the
mouse experiment. After nasal inoculation with 10° PFU of
each virus, all groups of ferrets experienced transient body
weight loss for 2-3 days, except for those infected with
GD106, which showed no significant weight loss
(P > 0-05). Although ferrets from the CA04-infected group
reached their peak weight loss (6:2 * 0-8%, 2 dpi) one day
earlier than those from the HK201 and HK915 groups,
they began to regain body weight quickly thereafter.
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HK201-infected ferrets also recovered rapidly and their
body weights reached the same level as those of the
GD106-infected group at 6 dpi. Comparatively, ferrets
inoculated with HK915 had the most retarded body weight
recovery, which did not get back to the baseline level until
11 dpi. HK201 was only detectable in the nasal wash on
2 dpi, whereas the duration of virus shedding for GD106,
HK915, and CA04 was 4-6 days. By combining the data
obtained from the virus titration in the mouse turbinate
and ferret nasal washes, a possible conclusion can be made
that HK201 may have lower transmissibility than the other
three viruses.

Pathogenicity and transmissibility in domestic
pigs

After inoculation or exposure by direct contact (physical
contact) with the pHIN1/09 virus and its close relatives,
most pigs experience no or mild symptoms, such as slight
loss of appetite and inactivity. Body weight loss was only
recorded in pigs inoculated with HK915 during the second
week post-inoculation, but not in their contact pigs or in
the other groups.

Diarrhea was observed intermittently in each of the inoc-
ulated or contact groups throughout the experiment, and
viruses could be recovered in the rectal swabs, saliva, drink-
ing water, and environmental swabs (inner cage walls
accessible to the pigs) at various time points. However,
virus titers in the positive rectal swabs were just slightly
above the detection limit, while those from the environ-
ment sometimes could be higher. Whether these viruses
can replicate in the digestive tract or were just carried-over
by contaminated foods and water requires further investi-
gation.

Although virus could be detected in the nasal swabs of
all infected or contact animals, the lowest peak titer was
from pigs inoculated or in contact with HK201 (0-5-1-5 log
TCID50/ml lower than the other groups), suggesting unfa-
vorable replication in the nasal cavity for this virus. Post-
mortem examination on 4 and 7 dpi revealed that pigs
infected with HK915 had the most extensive gross lesions
in the lungs, and histochemical staining of viral nucleopro-
tein (NP) in lung tissues on 4 dpi also suggested the best
replication for HK915 in the lower respiratory tract. On
11 days post-contact (dpc), all pigs exposed to the inocu-
lated animals developed sero-conversions (HI = 80-160)
except for one from the GD106 contact group. However,
on 17 dpg, its HI titer reached 40, indicating slower sero-
conversion.

Conclusions

This study revealed that both the 2009 pandemic HIN1
and its genetically related swine viruses could readily infect
mice, ferrets, and pigs causing mild to moderate clinical
symptoms. They could also transmit efficiently between
pigs. When compared with the pandemic stains and its re-
assortant progeny (HK201), the HK915 (HIN2) virus con-
taining the EA-like M gene in the genetic context of the
TRIG virus showed consistently higher virulence in all
three mammalian models tested, but it is still unknown
what might happen if such a virus further reassorts to
obtain the pandemic-like or EA-like NA gene. However,
our findings suggest that pigs could likely maintain the
prevalence of different genotypes of pandemic-related influ-
enza viruses, and highlight the zoonotic potential of multi-
ple strains of swine influenza virus.
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