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Abstract

Novel HIN2 and H3N2 swine influenza A viruses (IAVs) were identified in commercial farms in Chile. These viruses
contained H1, H3 and N2 sequences, genetically divergent from IAVs described worldwide, associated with pandemic
internal genes. Guinea pigs were used as human surrogate to evaluate the infection dynamics of these reassortant
viruses, compared with a pandemic H1N1 virus. All viruses replicated and were shed in the upper respiratory tract
without prior adaptation although H1N2 viruses showed the highest shedding titers. This could have public health
importance, emphasizing the need to carry out further studies to evaluate the zoonotic potential of these viruses.

Introduction, methods and results

Influenza A virus (IAV) has economic and public health
relevance, being considered ubiquitous in the swine
industry worldwide [1, 2]. There was limited information
about IAVs circulating in swine population around the
world, but the pandemic HIN1 (pdmH1N1) lineage that
emerged in 2009 underscored the need to increase the
surveillance and research of IAV in swine (IAV-S) [3]. In
Chile, novel IAVs-S of the H1 and H3 subtypes have been
recently identified in commercial swine farms, which
are genetically divergent from IAVs described in other
countries. These novel IAV-S lineages were most closely
related to human seasonal HIN1 and H3N2 viruses from
the late 1980s and early 1990s and were named: Chile
H1 human I, Chile H1 human II, Chile H3 human I, and
Chile H3 human II [4]. To date, phylogenetic analyses
have been based on hemagglutinin (HA) sequences only,
highlighting the need for additional studies to fully char-
acterize these viruses, including the evaluation of their
zoonotic potential.
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Different animal models have been used for the study
of IAVs, with guinea pigs, ferrets and mice being the
most frequently used. Guinea pigs have several advan-
tages compared to ferrets, such as their commercial
availability, small size, low cost, and their ease of han-
dling and housing, which make them an attractive model
for IAV. In addition, they have been shown to have a high
susceptibility to low-passage human isolates, in contrast
to mice, in which virus adaptation is usually required
for efficient infection [5, 6]. Guinea pigs have been used
to assess the 2009 pdmH1N1 [7, 8] and seasonal HIN1
and H3N2 human influenza viruses [9, 10], because the
anatomy and physiology of the guinea pig respiratory sys-
tem resembles that of humans [11]. However, few stud-
ies have used this animal model to assess novel 1AVs-S
circulating on commercial farms worldwide, which may
pose a risk to human public health. Hence, we evaluated
the replication kinetics and shedding of novel reassortant
HIN2 and H3N2 IAVs-S in the guinea pig model, com-
pared with a pdmH1NT1 virus.

We isolated pdmH1N1, HIN2 and H3N2 IAVs-S dur-
ing passive and active surveillance carried out on Chilean
commercial swine farms in 2014—-2015. Thirty-two farms
belonging to 22 companies, which represent >90% of the
pig inventory in Chile, were enrolled in the study. The
farms were integrated one-site or multi-site farming sys-
tems with greater than 800 sows in the farrowing units.
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Briefly, TRIzol® LS Reagent (Invitrogen", Carlsbad,
CA, USA) was used to isolate RNA from nasal swab or
oral fluid samples, and a real time RT-PCR based on
highly conserved regions of the IAV matrix (M) gene was
carried out [12]. Positive RT-PCR samples were inocu-
lated in Madin-Darby Canine Kidney (MDCK) cell mon-
olayers and were incubated for 1 h at 37 °C to allow virus
absorption. Cells were then rinsed with 1x phosphate-
buffered saline (PBS) to remove unbound virus, and IAV
growth medium (MEM supplemented with 1 pg/mL of
trypsin treated with N-tosyl-L-phenylalanyl chlorome-
thyl ketone (TPCK), 0.3% bovine serum albumin, and 1%
antibiotic—antimycotic solution) was added. The mon-
olayers were incubated at 37 °C and observed for cyto-
pathic effect (CPE) daily for 5 days.

The HA gene sequences of isolated IAVs-S were
obtained by Sanger sequencing, which was performed
at Veterinary Diagnostic Laboratory, University of Min-
nesota, Saint Paul, MN, USA. Sequence alignment of the
HA gene was carried out with MUSCLE and phyloge-
netic trees were constructed with the Maximum likeli-
hood method and a General Time Reversible model with
a variation rate among sites given by gamma distribution
with invariant sites (GTR + G+1I), using MEGA v7.0 soft-
ware. Reference sequences of swine and human influ-
enza viruses were selected from GenBank [13], and from
searches using BLAST [14] and the Influenza Research
Database [15]. Bootstrap values were determined with
1000 replicates of the dataset. The new swine H1 clade
classification tool was used to determine the identity of
H1 viruses [15, 16].

HA sequences were clustered within the lineages Chile
H1 human I, Chile H1 human II, Pandemic—Chile 2
and Chile H3 human I, previously described by Nel-
son et al. [4]. We selected 1 virus per lineage (4 viruses
in total): A/swine/Chile/VN1401-4/2014(HIN2), A/
swine/Chile/VN1401-274/2014(H1IN2), A/swine/Chile/
VN1401-559/2014(H1IN1), and A/swine/Chile/VN1401-
1824/2015(H3N2), respectively. According to the Hl
classification described by Anderson et al. [16], the
strains A/swine/Chile/VN1401-4/2014(H1N2) and A/
swine/Chile/VN1401-274/2014(HIN2) were classified
within the human seasonal lineage 1B.2, while the strain
A/swine/Chile/VN1401-559/2014(HIN1) was classified
within the pdmH1N1 lineage (1A.3.3.2). Chilean H1 and
H3 sequences were most closely related to human sea-
sonal HIN1 and H3N2 IAVs, respectively, from the late
1980s and early 1990s. The HIN2 and H3N2 viruses were
grouped in independent monophyletic clusters, geneti-
cally distant from IAVs identified in swine and humans
globally (Figures 1, 2, Additional files 1 and 2).

Whole genome sequencing of selected IAVs-S was
performed at the Sequencing Core Laboratory of the
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Center for Research on Influenza Pathogenesis (CRIP),
Icahn School of Medicine at Mount Sinai, New York City,
NY, USA. Briefly, all viral segments were amplified by a
multisegment reverse transcription-PCR (M-RTPCR),
following a previously described protocol [17]. Mul-
tiplexed libraries were prepared and sequenced on an
[lumina HiSeq 2500 platform in a single-end 100 nt run
format, and the viral genomes were assembled de novo.
The neuraminidase (NA) segment was evaluated by the
same phylogenetic analysis previously described for the
HA segment. Internal gene sequences were submitted to
BLAST to reveal the closest sequences for each segment.

The Chilean N2 sequences were most closely related to
human seasonal H3N2 IAVs from the late 1980s and early
1990s. These sequences were grouped in independent
monophyletic clusters, genetically divergent from IAVs
described in other countries. The N2 sequences of HIN2
viruses were genetically distant (13%) from that of H3N2
virus (Additional file 3). On the other hand, the N1 seg-
ment was closely related to pdmH1N1 viruses (up to 98%
identity). All viruses contained internal genes derived
from the pdmHINI1. The GenBank accession numbers
for these sequences are provided in Additional file 4.

The four selected viruses were propagated in MDCK
cells, aliquoted and stored at —80 °C until used. Viruses
were then titrated in triplicate by median tissue culture
infective dose (TCID;,) assay. Briefly, confluent MDCK
cells in 96-well plates were washed three times with
150 pL of PBS containing 1 pg/mL of TPCK-treated
trypsin and inoculated with 100 pL of ten-fold serial dilu-
tions of each virus (4 replicates per virus dilution). The
cells were incubated at 37 °C and observed for CPE daily
for 5 days. The virus titer was expressed in TCID;,/mL
according to the Reed-Muench method [18]. Immedi-
ately before the inoculation of animals, each virus was
diluted to 10° TCID,,/300 pL in PBS containing 100
units/mL penicillin G, 100 pg/mL streptomycin sulfate,
250 ng/mL amphotericin B and 0.3% bovine serum albu-
min (PBS-PSA-BSA). This titer was confirmed by back-
titration (TCIDy, assay).

Twenty-four Pirbright strain guinea pigs were obtained
from the Instituto de Salud Publica de Chile. They were
acclimated for a week on a 12 h light/dark cycle and
were allowed access to food and water ad libitum. Ani-
mals were then randomly separated into four groups of
six animals each, which were inoculated intranasally with
300 pL of PBS-PSA-BSA containing 10° TCIDy, of each
selected virus. Prior to virus inoculation and sample col-
lections, the guinea pigs were anesthetized intramuscu-
larly with a mixture of ketamine (30 mg/kg) and xylazine
(2 mg/kg) [9]. Nasal washings were collected from ani-
mals on 1, 3, 5, 7, 9, and 11 days post-inoculation (dpi)
by instilling 1 mL of PBS-PSA-BSA into the nostrils.
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Figure 1 Phylogenetic trees based on HA sequences of subtype H1. Maximum Likelihood method and General Time Reversible model with a
variation rate among sites given by gamma distribution with invariant sites (GTR 4+ G + 1) were used. Human and swine reference sequences are in
black. Branches of Chilean IAVs-S sequences are in red, and nodes of selected viruses for guinea pig infection are highlighted with a red circle.
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Samples were centrifuged for 8 min at 6000 x g and
4 °C and the supernatants were stored at —80 °C. Serum
samples were obtained from each animal at O (prior to
inoculation) and 11 dpi (euthanasia). Procedures were
conducted in biosafety level-2 (BSL-2) conditions and
were approved by Institutional Animal Care and Use
Committees of the Universidad de Chile, under protocol
number 02-2016.

An ELISA to detect antibodies against IAVs was
performed on serum samples, according to the manu-
facturer’s instructions (IDEXX Influenza A Ab Test,
IDEXX Laboratories, Inc., Westbrook, ME, USA). The
virus titration of each nasal wash sample was calcu-
lated by the TCIDg, assay described above. Viral titers
were compared among animal groups in each sampling
time, and area under the curve (AUC) was calculated
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Figure 2 Phylogenetic trees based on HA sequences of subtype H3. Maximum Likelihood method and General Time Reversible model with a
variation rate among sites given by gamma distribution with invariant sites (GTR+ G+ 1) were used. Human and swine reference sequences are in
black. Branches of Chilean IAVs-S sequences are in red, and the node of the selected virus for guinea pig infection is highlighted with a red circle.
The closest related sequences to the Chilean H3 IAV-S correspond to human sequences, which are highlighted in blue.

to compare the total shedding among virus strains. test, using GraphPad Prism 5 software (version 5.01). A
Kruskal-Wallis test followed by Dunn’s multiple com- P value of<0.05 was considered statistically significant.
parisons test was performed for these analyzes, using Guinea pigs were seronegative to IAV at 0 dpi (Addi-
the RStudio software (version 1.1.383). Statistical anal-  tional file 5). All viruses were able to infect guinea

ysis of infection curves

was performed by Mantel-Cox  pigs, reaching a peak at 3 dpi with an average nasal
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viral load of 10%7 TCID;y/mL for A/swine/Chile/
VN1401-4/2014(HIN2), 10°* TCID;)/mL for A/
swine/Chile/VN1401-274/2014(H1N2), 10> TCIDg,/
mL for A/swine/Chile/VN1401-559/2014(H1N1)
and 10°® TCID;,/mL for A/swine/Chile/VN1401-
1824/2015(H3N2).  The  strains A/swine/Chile/
VN1401-4/2014(H1N2) and A/swine/Chile/VN1401-
274/2014(H1N2) showed higher viral titers than strains
A/swine/Chile/VN1401-559/2014(HIN1) and Al
swine/Chile/VN1401-1824/2015(H3N2) on 1 and 3 dpi
(P<0.05). The overall shedding during the experiment
was statistically higher (P<0.05) in animals infected
with  strains A/swine/Chile/VN1401-4/2014(H1N2)
and A/swine/Chile/VN1401-274/2014(H1N2) than
those infected with strains A/swine/Chile/VN1401-
559/2014(H1N1) and A/swine/Chile/VN1401-
1824/2015(H3N?2) (Figure 3). Moreover, 1 of 6 animals
inoculated with the pdmH1NT1 virus did not show viral
titers at 1 dpi. However, there was no statistical differ-
ence in the infection rate among the different groups
(P=0.94) (Figure 4).

The seroconversion rates, determined by ELISA
at 11 dpi, were higher in animals inoculated with A/
swine/Chile/VN1401-4/2014(H1N2) (6 out of 6) and
A/swine/Chile/VN1401-274/2014(HIN2) (4 out of 6)
than those inoculated with A/swine/Chile/VN1401-
559/2014(H1IN1) (2 out of 6) and A/swine/Chile/
VN1401-1824/2015(H3N2) (2 out of 6) (Additional
file 5). Note that all animals were infected, and that the
ELISA test was only performed to assess the percentage
of early seroconverted animals at the end of the experi-
ment (11 dpi), since at that time point it is premature to
determine overall seroconversion [19].

The viral load decreased by 5 dpi, and most
of the animals became negative by 7 dpi, except
for 2 animals infected with the A/swine/Chile/
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Figure 4 Infection dynamics of novel reassortant IAVs-S in the
guinea pig model. Infection curves indicate de percent of animals
that were found to be positive by TCIDs, assay after inoculation
with either A/swine/Chile/VN1401-4/2014(H1N2), A/swine/Chile/
VN1401-274/2014(H1N2), A/swine/Chile/VN1401-559/2014(H1N1) or
A/swine/Chile/VN1401-1824/2015(H3N2) viruses. Viral infection was
determined on six guinea pigs per group on 1, 3,5, 7, and 9 dpi.

VN1401-1824/2015(H3N2) virus. The viral clear-
ance was observed in all groups between 7 and 9 dpi
(Figure 3).

Discussion

These results demonstrate that novel reassortant HIN2 and
H3N2 IAVs-S with pandemic internal genes were able to
infect, replicate and be shed efficiently in the upper respira-
tory tract of guinea pigs without prior adaptation. These
viruses were compared with a pdmHIN1 virus, lineage
that has been well studied in the guinea pig model since its
emergence in 2009 [7, 8, 20]. Overall, all viruses had similar
shedding kinetics except that both HIN2 viruses showed
higher shedding titers than pdmH1N1 and H3N2 viruses.
On the other hand, only animals inoculated with the H3N2
virus showed titers at 7 dpi. Using guinea pig model, Sun
et al. [21] reported similar shedding kinetics for HIN2 and
H3N2 IAVs-S isolated in 2006 in China and a pdmH1N1
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Figure 3 Replication kinetics of novel reassortant |AVs-S in the guinea pig model. Groups of 6 guinea pigs were intranasally inoculated with
105TCID50 of either A/swine/Chile/VN1401-4/2014(H1N2), A/swine/Chile/VN1401-274/2014(H1N2), A/swine/Chile/VN1401-559/2014(H1N1) or A/
swine/Chile/VN1401-1824/2015(H3N2) viruses. Nasal wash samples were collected on 1, 3, 5, 7, and 9 dpi, and viral titers were determined by TCIDs,
assay. Data are shown as mean # SD. Horizontal dashed line represents the limit of detection of the assay (10" TCIDs,/mL).
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virus isolated from human in 2009, where H3N2 [AVs-S
took a longer time to clear from the nasopharyngeal cavity
than pdmH1N1 and seasonal human viruses.

This is of importance, since the respiratory system of
guinea pigs has anatomical and physiological charac-
teristics comparable to those of humans [11] along with
a similar IAV receptor distribution [21]. Hence, these
results suggest that these novel reassortant IAVs-S might
be capable of replicating efficiently in other mammal
hosts, such as humans.

Some cases of zoonotic human infections with swine-
origin HIN2 and H3N?2 variants, which contain a pan-
demic M gene, have been reported in North America
[22, 23]. The pandemic M gene has been hypothesized
as a critical factor in these zoonotic events, because it is
thought to contribute to increased IAV transmission [20].
In addition to the pandemic internal genes, the HIN2
and H3N2 IAVs-S reported here also have human-origin
HA genes [4], which may lead to an increase in the risk
of human-to-human transmission if they are introduced
back into humans. Recently, a pig farm worker became
infected with a reassortant HIN2 IAV-S in Brazil (lin-
eage 1B.2.2). This virus also had a human-origin HA
(introduced into swine in the late 1990s) and pandemic
internal genes [24]. Notably, HIN2 viruses have been fre-
quently detected in Chilean commercial swine farms [4],
underscoring the risk of this strain as a potential zoonotic
virus.

Recently a Chilean HIN2 strain was detected in a back-
yard farm in 2014 [25], which unexpectedly had 100% of
nucleotide identity with the HA and internal genes of A/
swine/Chile/VN1401-4/2014(H1N2) strain used in this
study. This lineage has frequently been found in com-
mercial swine farms since 2012 [4]. Hence, one plausi-
ble explanation is that the backyard farm virus could be
a result of a spillover event from a commercial farm, a
situation that has been reported in Chile for other swine
viruses such as porcine reproductive and respiratory syn-
drome virus [26].

There exist other animal models for IAV research,
such as mouse and ferret. The main drawback to the
mouse model is the need to use mouse-adapted viruses
in order to achieve productive infection [6]. Bravo-
Vasquez et al. [25] obtained a lower average nasal titer
(10** TCID;, approx.) at 3 dpi in mice compared to
the nasal titer obtained at the same time point in this
study (107 TCIDy,), using the same inoculation dose
(10° TCID;,) and a similar Chilean HIN2 IAV-S strain.
Moreover, anatomical features of mouse airways are
different from that of humans [11], and sialic acid «2,6-
Gal receptor is rarely detected in the upper respiratory
tract of BALB/c mice [21]. On the other hand, ferret
is a validated model that is susceptible to influenza
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infection and develops symptoms similar to those of
humans [27]. Nonetheless, the high cost and lack of
commercial availability of ferrets in countries like Chile
is a great disadvantage for the use of these animals.
Although one limitation of the guinea pig model is the
lack of clinical signs due to influenza infection [28], it
is a valuable model for assessing viral replication, shed-
ding and transmission.

Overall, these results highlight the guinea pig model
as a useful tool to assess novel IAVs-S circulating in
swine. Recently, other H1 IAVs-S classified within the
human seasonal lineage 1B.2 have also been identi-
fied in Argentina, Brazil, China, Mexico, and Vietnam,
highlighting the need to characterize these viruses
more thoroughly [16]. Hence, guinea pigs could be used
to further characterize these IAVs-S in challenge and
transmission studies, to evaluate their zoonotic poten-
tial, and for the development and updating of IAV-S
vaccines. Furthermore, studies related to genetic diver-
sity and distribution of IAV in swine and human pop-
ulation in Chile and the region are necessary to fully
evaluate the zoonotic potential of these viruses.

Additional files

Additional file 1. Phylogenetic trees based on HA sequences of
subtype H1. Maximum Likelihood method and General Time Reversible
model with a variation rate among sites given by gamma distribution
with invariant sites (GTR+ G+ 1) were used. Human and swine reference
sequences are in black. Chilean IAVs-S sequences are in red, and nodes of
selected viruses for guinea pig infection are highlighted with a red circle.

Additional file 2. Phylogenetic trees based on HA sequences of
subtype H3. Maximum Likelihood method and General Time Reversible
model with a variation rate among sites given by gamma distribution
with invariant sites (GTR + G 4+ 1) were used. Human and swine reference
sequences are in black. Chilean IAVs-S sequences are in red, and the node
of the selected virus for guinea pig infection is highlighted with a red
circle. The closest related sequences to the Chilean H3 IAV-S correspond
to human sequences, which are highlighted in blue.

Additional file 3. Phylogenetic tree based on NA sequences of
subtype N2. Trees were inferred using the Maximum Likelihood method
and a General Time Reversible model with a variation rate among sites
given by gamma distribution with invariant sites (GTR+ G+ 1). Human and
swine reference sequences are represented in black. Chilean I1AVs-S used
for guinea pig infection sequences are shown in red.

Additional file 4. GenBank accession numbers of all sequenced gene
segments of the IAVs-S described in this study.

Additional file 5. Seroconversion of guinea pigs infected with novel
reassortant IAVs-S. Six guinea pigs were intranasally inoculated with
either (A) A/swine/Chile/VN1401-4/2014(H1N2), (B) A/swine/Chile/
VN1401-274/2014(H1N2), (C) A/swine/Chile/VN1401-559/2014(H1N1) or
(D) A/swine/Chile/VN1401-1824/2015(H3N2) viruses. An NP competitive
ELISA test was performed with serum samples obtained from each animal
at 0 (prior inoculation) and 11 dpi (euthanasia). Results are expressed as
the sample to negative control (S/N) ratio from optical density of each
sample. Horizontal dashed line represents the threshold value, where S/N

ratios < 0.6 were considered positive.
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